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Commissural and Entorhinal Fibers to the Dentate Gyrus
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The factors governing the characteristic laminated termination of hippocampal afferents are essentially unknown. Principally, diffusible
factors of the target region, membrane-bound molecules on the ingrowing afferent fibers and on the postsynaptic target cells as well as
molecules of the extracellular matrix (ECM), may play a role. Using slice cocultures as a model, we show that hyaluronic acid, an ECM
molecule, is essential for the segregated, layer-specific termination of entorhinal fibers but not of commissural afferents to the mouse
dentate gyrus. Laminar specificity of the latter, in contrast, is determined by the position of the postsynaptic granule cells. Thus,
malpositioning of the granule cells in slice cultures from reeler mutant mice altered the projection of commissural fibers from cocultured
wild-type hippocampus. In contrast, commissural fibers from reeler mouse hippocampus formed a normal, sharply delineated projec-
tion to the inner molecular layer of cocultured wild-type dentate gyrus, precluding a cell-autonomous effect of the reeler mutation on
commissural neurons. Interestingly enough, entorhinal fibers formed their normal, sharply delineated projection in cocultured reeler
dentate gyrus despite the malpositioning of the target granule cells. Because hyaluronan-associated molecules are likely to control the
segregated termination of entorhinal fibers, we compared immunolabeling for neurocan and chondroitin sulfate in sections from reeler
and wild-type mice and found it similar in both genotypes. Together these results show that different mechanisms underlie the formation
of commissural and entorhinal fiber layers during the development of the dentate gyrus.
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Introduction
The dentate gyrus is characterized by its laminated organization.
The somata of the granule cells form the densely packed granular
layer and extend their dendrites into the molecular layer. Fibers
from the entorhinal cortex terminate in the outer molecular
layer, whereas fibers from the ipsilateral and contralateral hip-
pocampus innervate the inner molecular layer (Blackstad, 1956,
1958; Frotscher et al., 1988; Amaral and Witter, 1995). A sharp
border segregates these two fiber projections. Although recent
studies shed some light on the molecular and cellular factors
involved in pathfinding of hippocampal afferents (Skutella and
Nitsch, 2001), the determinants of the clear-cut segregation of
these two projections have remained unknown.

Previous studies suggested that the lamination of entorhinal
and commissural fibers forms by their sequential ingrowth dur-
ing development (Bayer, 1980; Bayer and Altman, 1987); how-
ever, reversing this sequence in sequential cocultures did not alter
this characteristic layer-specific termination (Frotscher and
Heimrich, 1993). Recent studies have provided evidence that

early-generated Cajal-Retzius (CR) cells in the outer molecular
layer guide the entorhinal fibers to the hippocampus and serve as
transient targets (del Rio et al., 1997; Frotscher, 1998; Ceranik et
al., 1999), keeping this projection in its appropriate termination
zone. In fact, elimination of CR cells prevented the ingrowth of
entorhinal afferents to the outer molecular layer (del Rio et al.,
1997). With a similar concept, GABAergic interneurons in the
inner molecular layer were assumed to be transient targets of
commissural fibers (Borrell et al., 1999); however, in a mutant
that lacks GABAergic interneurons in the hippocampus (Pleasure
et al., 2000), the characteristic laminated termination of commis-
sural fibers was preserved.

In addition to transient target neurons, membrane-bound
molecules on granule cell dendrites and on the axons of the in-
growing afferents as well as extracellular matrix molecules may
play a role in fiber segregation in the dentate gyrus. We have
shown recently that the layer specificity of entorhinal afferents is
lost by degradation of hyaluronan, an extracellular matrix (ECM)
molecule (Förster et al., 2001). In the present study we demon-
strate that degradation of hyaluronan specifically alters the ento-
rhinal projection but leaves the commissural projection unaf-
fected. In contrast, we show here that the laminar specificity of
commissural fibers is altered when the tight packing of granule
cells is lost, as happens to be the case in reeler mutant mice,
indicating that the granule cells themselves carry a signal for the
commissural fibers. In a triplet culture assay, commissural fibers
from a wild-type culture form their normal compact projection
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to the inner molecular layer in cocultured wild-type dentate gy-
rus, but collaterals of the same commissural neurons are malpo-
sitioned in cocultured reeler dentate gyrus. Remarkably, malpo-
sitioning of the granule cells in reeler mice did not prevent the
entorhinal fibers from forming a compact, sharply segregated
fiber projection. Together these findings indicate that different
mechanisms control the laminar specificity of entorhinal and
commissural afferents to the dentate gyrus.

Materials and Methods
Preparation of hippocampal slice cultures. For the preparation of slice
cultures, 0- to 4-d-old mouse pups (wild-type and reeler mutants) were
used. Reeler mice were identified by their well known morphological
malformations in the cortex and hippocampus. The genotype of reeler
mutants was confirmed by PCR analysis of genomic DNA, as described
(Deller et al., 1999b). Brains were removed after decapitation under hy-
pothermic anesthesia. All experiments were performed in agreement
with the institutional guide for animal care. The hippocampi were dis-
sected and sliced (300 �m) perpendicular to their longitudinal axis with
a McIlwain tissue chopper.

Preparation of hippocampal– hippocampal and entorhinohippocampal
cocultures. For entorhinohippocampal cocultures, slices containing the
hippocampus and the adjacent entorhinal cortex of newborn mouse
pups (P0) were cultivated as static cultures for 12 d in vitro (DIV) (Stop-
pini et al., 1991). Slices were placed onto Millipore membranes and
transferred to a six-well plate with 1 ml of nutrition medium per well
(25% heat-inactivated horse serum, 25% HBSS, 50% minimal essential
medium, 2 mM glutamine, pH 7.2). Cocultures of two or three hip-
pocampal slices were used to study the formation of “commissural” con-
nections. Wild-type to wild-type, wild-type to reeler, and reeler to wild-
type cocultures were used. Slices were positioned in close vicinity to each
other and incubated in 5% CO2 at 37°C. The medium was changed every
2 d.

Hyaluronidase treatment of cocultures. Hyaluronidase (Calbiochem,
San Diego, CA) was diluted in 0.9% NaCl to concentrations ranging from
70 to 700 turbidity reducing units (TRU)/ml (Förster et al., 2001). Two
microliters of the diluted hyaluronidase were applied directly to each
individual coculture twice per day, beginning with the day of slice culture
preparation until 10 DIV. Two microliters of 0.9% NaCl without enzyme
were added to control cultures.

Tracing of entorhinohippocampal fibers and hippocampal commissural
fibers. After 10 DIV, a crystal of biocytin (Sigma, Munich, Germany) was
placed on the entorhinal portion of the coculture or on the hilar region of
one of two hippocampal cocultures to trace entorhinal and commissural
projections to the dentate gyrus, respectively. In cocultures of different
genotypes, projections either from wild type to reeler or from reeler to
wild type were analyzed. After 12 DIV, the cultures were fixed with 4%
paraformaldehyde, sectioned (50 �m), and incubated with avidin– bi-
otin–peroxidase complex (Vector Laboratories, Burlingame, CA). Sec-
tions were developed with diaminobenzidine/nickel and counterstained
with cresyl violet.

Immunostaining for the hyaluronan-associated molecules neurocan and
chondroitin sulfate. Four newborn reeler and three newborn wild-type
mice were deeply anesthetized with an overdose of Nembutal (300 mg/kg
body weight) and transcardially perfused with 4% paraformaldehyde in
0.1 M phosphate buffer (PB). The brains were removed and postfixed for
24 hr in 4% paraformaldehyde. Horizontal sections of the hippocampus
were cut with a Vibratome (50 �m). After incubation in 5% normal goat
serum and 0.2% Triton X-100 in 0.1 M PB for 1 hr at room temperature,
the sections were incubated in the following primary antibodies at 4°C
for 2 d: rabbit polyclonal anti-Neurocan (NC-2) (1:5000; kindly pro-
vided by Dr. U. Rauch, Lund University, Lund, Sweden), mouse anti-
chondroitin sulfate (CS-56) (1:500; Sigma). After they were rinsed sev-
eral times in 0.1 M PB, the sections were incubated in Cy3-conjugated
goat anti-rabbit secondary antibody (for NC-2, 1:500) and Cy2-
conjugated donkey anti-mouse (for CS-56, 1:500), respectively, at 4°C
overnight. Then the sections were rinsed with 0.1 M PB and mounted in
Mowiol.

Results
Laminar specificity of fiber projections to the dentate
molecular layer is maintained in slice cultures
Cocultures of entorhinal cortex and hippocampus confirmed
that the formation of the laminar projection of entorhinal fibers
to the outer molecular layer of the dentate gyrus is retained under
these in vitro conditions (Fig. 1A,B) (Li et al., 1993; Frotscher and
Heimrich, 1993; Frotscher et al., 1995; del Rio et al., 1997). Bio-
cytin, injected into the entorhinal cortex of the culture, labeled
many projection neurons in layers II and III of the entorhinal
cortex, and the axons of these neurons could be traced to the
entorhinal termination zones in the adjacent hippocampal por-
tion of the culture. As clearly shown in Figure 1, A and B, the
entorhinal axons spared the inner molecular layer, the termina-
tion zone of commissural/associational fibers, by forming a sharp
border. This clear-cut segregation of entorhinal fibers not enter-
ing the inner molecular layer was invariably seen in untreated
control cultures (n � 16), despite some variability in the labeling
of entorhinal axons. Similar results were obtained when not these
complex cultures containing both entorhinal cortex and hip-
pocampus in one section were used but individual slices of ento-
rhinal cortex and hippocampus were cocultured (data not
shown) (Frotscher and Heimrich, 1993).

When two hippocampal slices were cocultured and in one of
them the hilar region was injected with biocytin to trace fiber
connections between the two cultures, a different picture
emerged. Under these conditions, fibers heavily labeled with bio-
cytin populated the inner molecular layer bordering the granular
layer (Fig. 2A,B). The inner molecular layer is the termination
zone of commissural–associational fibers to the dentate gyrus
(Blackstad, 1956), known to originate from hilar mossy cells
(Frotscher et al., 1991; Amaral and Witter, 1995; Zappone and
Sloviter, 2001). Accordingly, labeled fibers in the inner molecular
layer after biocytin injection into the hilar area of a cocultured
hippocampal slice were defined as commissural fibers in the
present study. In these control cocultures, the commissural fibers
regularly formed a compact projection to the inner molecular
layer despite some variability in the amount of fibers labeled in
individual tracer experiments (n � 14). In addition to this com-
pact projection, a few fibers could regularly be traced to the outer
molecular layer, probably representing the GABAergic commis-
sural projection to the outer molecular layer described recently
by Deller et al. (1995).

Labeled axons in the injected culture itself were regarded here
as associational fibers. In fact, in the injected hippocampal cul-
ture, an associational projection to the inner molecular layer of
the dentate gyrus and the mossy fiber projection to CA3 were
stained (Fig. 2A). Labeling of many mossy fibers, i.e., granule cell
axons, is not surprising because they traverse the hilus, the site of
tracer injection, on their way to the CA3 pyramidal cells. As in
vivo, the mossy fiber projection was restricted to CA3 and did not
invade the CA1 region (Fig. 2A). Together these data indicate
that not only the signals for axonal pathfinding but also those for
target layer recognition of entorhinal, commissural, and associa-
tional fibers were preserved in these cocultures.

Hyaluronidase treatment abolishes laminar specificity of
entorhinal fibers
When entorhinohippocampal cocultures were treated with hyal-
uronidase, biocytin tracing confirmed that the laminar specificity
of entorhinal fibers to the outer molecular layer is abolished by
this treatment (Förster et al., 2001). The entorhinal axons no
longer respect the border toward the inner molecular layer and
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heavily innervate this zone, which is normally reserved for com-
missural–associational axons (Fig. 1C,D) (n � 30). The density of
labeled entorhinal axons throughout the molecular layer varied
between individual tracer experiments and different hyaluroni-
dase concentrations up to 700 TRU/ml (Fig. 1E,F); however,
ingrowth of entorhinal fibers into the inner molecular layer was
already observed with the lowest enzyme concentration used (70
TRU/ml), suggesting that the effect was caused specifically by
digestion of hyaluronan and not by residual protease activity in
the enzyme preparation. We conclude that the entorhinal fibers
found their way to the molecular layer but have lost their speci-
ficity for its outer part. The data point to a role of hyaluronan in
the segregation of the entorhinal and commissural projection
and indicate that proximal granule cell dendrites are ready to
establish synaptic contacts with entorhinal fibers provided they
were allowed to enter the inner molecular layer.

Hyaluronidase treatment does not affect
laminar specificity of
commissural fibers
We wondered whether hyaluronidase
treatment would also abolish laminar
specificity of commissural fibers to the
dentate inner molecular layer. The same
hyaluronidase treatment that disrupted
laminar specificity of entorhinal fibers did
not alter the laminated termination of
commissural fibers in the inner molecular
layer (Fig. 2C,D) (n � 36). Similarly, the
projection of the mossy fibers was un-
changed after hyaluronidase treatment
(Fig. 2C). Thus, treatment with hyaluron-
idase did not cause an unspecific alteration
of the tissue resulting in general changes in
fiber ingrowth. Rather, the effect very spe-
cifically concerned the layer-specific ter-
mination of entorhinal afferents. The re-
sults indicate that molecules other than
hyaluronan and molecules bound to it de-
fine the laminar specificity of commissural
fibers.

Laminar specificity of commissural
fibers is determined by the position of
granule cells
To study a potential role of granule cell
positioning for the layer-specific termina-
tion of both fiber systems, cocultures of
wild-type and reeler mouse hippocampus
were prepared. In reeler mutant mice,
granule cells do not form a tightly packed
layer but are loosely distributed through-
out the hilar area (Stanfield and Cowan,
1979; Drakew et al., 2002). As a result of
this migration defect, proximal and distal
dendritic segments of neighboring granule
cells are no longer co-aligned. When a
wild-type hippocampal culture was cocul-
tured with reeler mouse hippocampus, the
commissural projection from the wild-
type culture to the reeler culture was al-
tered dramatically. The fibers no longer
showed a segregated, laminated termina-
tion in the inner molecular layer but were
loosely distributed throughout the hilar

region like their target neurons, the granule cells (Fig. 3A,B) (n �
40). In the wild-type culture, which was injected with the tracer,
the associational fibers formed their typical compact projection
to the inner molecular layer. Because both associational and com-
missural fibers originate from the same type of hippocampal neu-
ron, these findings strongly suggest that positioning of the gran-
ule cells and hence membrane-bound molecules on granule cell
somata and dendrites determine the layer specificity of hip-
pocampal (associational and commissural) afferents to the den-
tate gyrus. This was confirmed in triplet culture experiments in
which two wild-type hippocampal cultures were cocultivated
with reeler hippocampus (Fig. 3C–E). In this choice situation,
commissural fibers from a tracer-injected wild-type culture in-
vaded both the other wild-type culture and the reeler culture,
indicating that the signals attracting and guiding these fibers were

Figure 1. Hyaluronidase treatment disrupts lamina-specific growth of entorhinal fibers to the dentate outer molecular layer in
entorhinohippocampal cocultures. A, B, Control: entorhinohippocampal cocultures incubated with medium not containing hyal-
uronidase. Entorhinal fibers (black) are visualized by tracing with biocytin. Asterisk marks injection site of tracer. Note that
entorhinal fibers do not invade the inner molecular layer (iml) but are restricted to the dentate outer molecular layer (oml). g,
Granule cell layer; EC, entorhinal cortex. Hippocampal areas CA1 and CA3 are indicated. Scale bars: A, 100 �m; B, 50 �m. C, D,
Entorhinohippocampal coculture, treated with hyaluronidase for 10 DIV. Entorhinal fibers still project to the dentate molecular
layer; however, they now invade the inner molecular layer and are no longer restricted to the outer molecular layer. Scale bars: C,
100 �m; D, 50 �m. E, F, Entorhinohippocampal cocultures treated with hyaluronidase in different concentrations: 70 TRU/ml ( E)
and 700 TRU/ml ( F). Both low and high concentrations of hyaluronidase induce invasion of entorhinal fibers into the inner
molecular layer, thus indicating the specificity of the enzyme treatment. Scale bars, 100 �m.
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present under both conditions; however,
only in the wild-type culture did the com-
missural afferents form their characteristic
compact band in the inner molecular layer
(Fig. 3C,E). In contrast, in the reeler cul-
ture the fibers were distributed all over the
hilar region (Fig. 3C,D). Because the fibers
to both cultures emerged from the same
cells of origin, these findings preclude the
possibility that the loose termination of
commissural fibers in the reeler mouse
hippocampus is caused by a cell-
autonomous effect of the reeler mutation
on the projecting cell itself. Rather, they
suggest that the position of the target gran-
ule cell determines the commissural pro-
jection to the dentate gyrus. This conclu-
sion was supported further by experiments
in which commissural fibers from a reeler
culture were traced to a wild-type culture
of dentate gyrus. These commissural fibers
from reeler hippocampus gave rise to a
compact, layer-specific projection in the
inner molecular layer of the wild-type den-
tate gyrus (Fig. 3F,G) (n � 18).

Entorhinal fibers form a sharply
demarcated projection in reeler cultures
As is known from tracer studies in reeler
mice (del Rio et al., 1997; Deller et al.,
1999a), the entorhinal fibers, unlike the
commissural fibers, form a sharply demar-
cated projection to the molecular layer in
these animals, likely because relevant mol-
ecules of the ECM such as hyaluronan and molecules bound to it
are in place. In fact, immunostaining for the hyaluronan-
associated molecules neurocan and chondroitin sulfate was sim-
ilar in sections from wild-type and reeler dentate gyrus (Fig. 4A–
D). As one would expect from these findings, cocultures of
entorhinal cortex and hippocampus from reeler mice revealed
the characteristic sharply segregated projection of entorhinal fi-
bers to the molecular layer, precluding an essential role of reelin
in pathfinding and target layer recognition of entorhinal afferents
(Fig. 5A,B) (n � 65). This sharply demarcated projection of
entorhinal fibers was lost, however, when the reeler hippocampal
cultures were treated with hyaluronidase. This enzyme treatment
resulted in a widespread distribution of entorhinal fibers
throughout the molecular layer and hilus (Fig. 5C,D) (n � 80).
These data are compatible with the notion that not granule cell
positioning but components of the ECM, hyaluronic acid and
associated molecules, determine the segregated termination of
entorhinal fibers.

Discussion
We have shown that different mechanisms underlie the segre-
gated layer-specific termination of entorhinal and commissural
afferents to the dentate gyrus. By using a coculture approach in
which the signals governing pathfinding of entorhinal afferents
are preserved, we show that hyaluronan and molecules bound to
it, such as chondroitin sulfate proteoglycans (Förster et al., 2001),
are required to keep these fibers in the outer molecular layer.
After treatment with hyaluronidase, the entorhinal fibers are no
longer prevented from invading the inner molecular layer; how-

ever, hyaluronidase treatment did not affect the laminar specific-
ity of commissural fibers. Their layer-specific termination, but
not that of the entorhinal fibers, was found to be dependent on
the position of the target neurons.

Laminar specificity of commissural fibers depends on granule
cell positioning
A comparison of neocortical and hippocampal organization sug-
gests that the strictly segregated termination of hippocampal af-
ferents results from the similarly rigid lamination of their target
cells. Thus, the dense, parallel packing of pyramidal neurons and
granule cells guarantees that identical dendritic segments of
neighboring neurons run in parallel. The layered termination of
afferents perpendicular to the ascending pyramidal and granule
cell dendrites might then reflect a segregated, proximodistal dis-
tribution of different positional cues along the dendritic tree. The
less rigid lamination of cell somata in the neocortex would be in
favor of this hypothesis because it is accompanied by a more
diffuse, overlapping termination of neocortical afferents when
compared with afferent hippocampal projections.

The results of the present study indicate that positional cues
on the target cell somatodendritic compartment may only ac-
count for the layer-specific termination of commissural fibers in
the inner molecular layer of the dentate gyrus. The loose distri-
bution and altered orientation of granule cells in the reeler mu-
tant hippocampus is accompanied by a diffuse projection of com-
missural fibers. Along this line, recent comparative studies in
reeler mice and in mutants lacking the reelin receptors apoli-
poprotein E receptor 2 (ApoER2) and very low density lipopro-

Figure 2. Hyaluronidase treatment does not affect laminar specificity of commissural fibers to the dentate inner molecular
layer in cocultures of two hippocampal sections. A, B, Control: hippocampal cocultures incubated with medium not containing
hyaluronidase. Commissural fibers (black) are visualized by tracing with biocytin. Injection site marked by asterisk. Note that the
commissural fibers form a well defined projection to the inner molecular layer (iml). The mossy fiber projection is marked by an
arrowhead. The boxed area in A is shown at higher magnification in B. g, Granule cell layer; h, hilus; oml, outer molecular layer.
Scale bars: A, 100 �m; B, 50 �m. C, D, Hippocampal coculture, treated with hyaluronidase for 10 DIV. Commissural fibers (black)
are still restricted to the inner molecular layer. Note also that the mossy fiber projection (arrowhead) is not affected by the
hyaluronidase treatment. The boxed area in C is shown at higher magnification in D. Scale bars: C, 100 �m; D, 50 �m.
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tein receptor (VLDLR) (Trommsdorff et al., 1999; Drakew et al.,
2002; Gebhardt et al., 2002) have revealed a graded expression of
the reeler phenotype in these animals. The severe malformation
of the dentate gyrus in reeler was followed by a less pronounced
granule cell dispersion in ApoER2-deficient mutants and by
rather mild changes in dentate structure in VLDLR knock-out
mice. The spread of the commissural projection clearly paralleled
the extent of the granule cell migration defect in these mutants
(Gebhardt et al., 2002). In agreement with the results of the

present study, no such correlation was
found for the entorhinal projection to the
dentate gyrus; however, our present in
vitro results are the first to prove that the
aberrant commissural projection in the
reeler dentate gyrus in fact is caused by
malpositioning of the target granule cells
and not by an altered growth capacity of
the commissural neurons, a conclusion
that could not be drawn from previous in
vivo studies of fiber projections in the
reeler hippocampus (Stanfield et al., 1979;
Deller et al., 1999a,b; Gebhardt et al.,
2002). Thus, commissural fibers from a
wild-type culture formed an aberrant pro-
jection in a target culture from reeler hip-
pocampus, and vice versa, commissural fi-
bers from a reeler hippocampus gave rise
to a normal compact projection to the in-
ner molecular layer in the wild-type den-
tate gyrus.

Hyaluronan and associated molecules
determine the segregation of
entorhinal fibers
During the development of the hippocam-
pal formation, the ingrowth of entorhinal
fibers precedes that of commissural affer-
ents. Although the former arrive as early as
on embryonic day 17, the latter invade the
dentate gyrus only postnatally (Supèr and
Soriano, 1994; Ceranik et al., 1999). Arriv-
ing entorhinal afferents do not meet their
proper target cells because the granule cells
are mostly generated postnatally, after the
arrival of entorhinal fibers in the outer
molecular layer (Schlessinger et al., 1975;
Bayer, 1980; Bayer and Altman, 1987).
Moreover, at the time of entorhinal fiber
ingrowth, even early-generated granule
cells have not yet grown their dendrites as
far as to the outer molecular layer (Lüb-
bers and Frotscher 1988; Rihn and Clai-
borne, 1990). Thus, it appears unlikely
that positional cues on distal granule cell
dendrites attract and keep the entorhinal
fibers in the outer molecular layer. Here
we have shown that not signals on granule
cell dendrites but hyaluronan in the extra-
cellular matrix controls the segregated ter-
mination of entorhinal fibers in the outer
molecular layer. These results are compat-
ible with previous studies showing that le-
sioning or elimination of the granule cells

did not alter the formation of a layer-specific entorhinodentate
projection (Laurberg and Hjorth-Simonsen, 1977; Frotscher et
al., 2001); however, pathfinding of entorhinodentate fibers was
abolished by eliminating CR cells, the early-generated transient
target cells of the entorhinal fibers (del Rio et al., 1997; Frotscher
et al., 2001). Unlike the granule cells, CR cells in the outer molec-
ular layer are present at the right time and in the right place to
serve as targets for the early ingrowing entorhinal terminals. CR
cells in the outer molecular layer have been shown to give rise to

Figure 3. The trajectory of commissural fibers is determined by the position of the target granule cells. A, B, Cocultures of a
wild-type (wt) hippocampal slice and a reeler mutant hippocampal slice. Commissural fibers projecting from the wild-type
hippocampal slice to the reeler slice are visualized by tracing with biocytin; the injection site is marked by an asterisk. Note that
commissural fibers do not form a sharp projection to the inner molecular layer of the reeler dentate gyrus (DG1) but intermingle
with the malpositioned granule cells, suggesting that the trajectory of the commissural fibers is determined by the position of
their target cells. As is characteristic for the reeler mutant, two pyramidal layers (p1, p2) are formed. Arrowhead points to the
mossy fiber projection in the injected culture. p, Single pyramidal layer in the wild-type culture. The boxed area in A is shown at
higher magnification in B. Scale bars: A, 100 �m; B, 50 �m. C–E, Triplet cocultures of two wild-type (wt) slices of hippocampus
together with a reeler hippocampal slice. The biocytin injection site into one of the wild-type cultures is marked with an asterisk.
Labeled commissural fibers invade the two other cultures, but only in the second wild-type culture do they show their character-
istic compact termination in the inner molecular layer of the dentate gyrus (DG2). In the reeler hippocampal culture, the commis-
sural fibers arising from the same cells of origin have lost their laminar specificity and terminate throughout the hilar region of the
dentate gyrus (DG1). Arrowhead points to the mossy fiber projection in the injected culture. The boxed areas are shown at higher
magnification in D and E. Scale bars: C, 100 �m; D, E, 50 �m. F, G, Coculture of reeler hippocampus and wild-type hippocampus.
Biocytin was injected (asterisk) into the reeler dentate gyrus (DG1). Note that commissural fibers from the reeler dentate gyrus
give rise to a compact projection to the inner molecular layer of the wild-type dentate gyrus (DG2). The boxed area in F is shown
at higher magnification in G. Scale bars: F, 100 �m; G, 50 �m.
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an early projection to the entorhinal cortex
(Ceranik et al., 1999), providing a tem-
plate for the outgrowing entorhinal axons,
similar to the subplate cells for thalamo-
cortical fibers (Gosh and Shatz, 1993). Like
the subplate cells, CR cells are transient
targets of ingrowing afferents, and most of
them disappear during later postnatal life,
when the definitive target neurons are
available for synaptic contact. Like CR
cells, subplate cells are present in reeler
mice and give rise to an early corticotha-
lamic projection providing the necessary
template for the formation of thalamocor-
tical projections (Molnar et al., 1998).

CR cells are present in reeler mice but
do not secrete reelin. Thus, entorhinal ax-
ons can find their way to the dentate gyrus
along the template of CR cell axons. De-
spite an abnormal composition of the ex-
tracellular matrix in reeler mice (Sheppard
and Pearlman, 1997), entorhinal axons
form a compact, clearly segregated projec-
tion in these mutants that is abolished,
however, after degradation of hyaluronan
(Fig. 5C,D). These findings clearly indicate
that not the ECM molecule reelin but hya-
luronan and molecules bound to it are es-
sential for the segregation of entorhinal
axons (Förster et al., 2001). This conclu-
sion is compatible with the lack of signifi-
cant differences between reeler and wild
type in immunolabeling for neurocan and
chondroitin sulfate, two hyaluronan-
associated molecules (Fig. 4).

Temporal coincidence of granule cell
generation and commissural
fiber ingrowth
No transient target cells, such as CR cells
for entorhinal axons, are required for the
commissural fibers, which arrive late in
development. Their late arrival coincides
with the late generation of granule cells
lasting far into the postnatal period
(Schlessinger et al., 1975; Bayer and Alt-
man, 1987). Here we have provided evi-
dence that positional cues on the granule
cells determine the distribution of com-
missural fibers. In the present triplet cul-
tures (two wild-type hippocampal cultures
plus one reeler culture), commissural ax-
ons from the biocytin-injected wild-type
culture invaded the reeler culture where
they were distributed as loosely as their
target granule cells. In contrast, commis-
sural fibers entering the other wild-type
culture formed the characteristic compact
band in the inner molecular layer. Because
both projections originated from the same
cells of origin (hilar mossy cells in the in-
jected culture), the data imply that the ab-
normal commissural projection observed

Figure 4. Immunostaining for the hyaluronan-associated molecules chondroitin sulfate and neurocan in the hippocampus of
wild-type mice and reeler mutants. A, Immunostaining for chondroitin sulfate in the hippocampus of a wild-type mouse (P0).
Note the strong staining in the dentate molecular layer (arrow). B, Immunostaining for chondroitin sulfate in the hippocampus of
a reeler mutant (P0). Note that the intense staining of the molecular layer (arrow) is maintained. C, Neurocan immunostaining of
the same section as shown in A. Note the intense labeling of the dentate molecular layer (arrow). D, Neurocan immunostaining of
the same section from a reeler mutant as in B. The intense labeling of the dentate molecular layer (arrow) is similar as in C. Scale
bars, 100 �m.

Figure 5. The trajectory of entorhinal fibers is not determined by the position of the target granule cells but by hyaluronidase-
sensitive molecules. A, B, Coculture of a reeler entorhinal cortex (EC) and hippocampus. Biocytin injection sites into the entorhinal
cortex are marked with asterisks. Entorhinal fibers form a sharply segregated projection to the outer portion of the molecular layer
(oml) of the dentate gyrus (DG) despite the malpositioned granule cells, demonstrating that the trajectory of entorhinal fibers is
not influenced by the position of their target neurons. The boxed area in A is shown at higher magnification in B. p1, p2, Two
pyramidal layers in the reeler hippocampus. Scale bars: A, 100 �m; B, 50 �m. C, D, Coculture of reeler entorhinal cortex (EC) and
hippocampus treated with hyaluronidase for 10 d. Note that the sharply segregated projection of entorhinal fibers is lost. The
boxed area in C is shown at higher magnification in D. Scale bars: C, 100 �m; D, 50 �m.
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in reeler mice is not caused by aberrant pathfinding, defascicula-
tion, or target recognition of the commissural fibers but in fact is
caused by a migration defect of the granule cells carrying posi-
tional markers for commissural fibers. Accordingly, degradation
of hyaluronan did not alter the distribution of the commissural
fiber projection.
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