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Hyaluronan
(HA) is a ubiquitous
component
of extracellular
matrices,
and in several systems it plays a central role in
regulating
cellular proliferation
and differentiation.
Cell, or
tissue,-specific
functions of HA are likely to be mediated by
cell, or tissue,-specific
HA-binding
proteins. We previously
reported
the cloning of BEHAB, a CNS-specific,
secreted,
hyaluronan-binding
protein from rat and cat (Jaworski
et al.,
1994). In view of the potential
role of HA in neural differentiation, we examined the expression
of BEHAB during late
embryonic
and early postnatal development
of the rat. BEHAB is expressed
at very high levels in ventricular
zones
throughout
the neuraxis. Expression
is first detected at embryonic day 15 (E15) in the spinal cord, and is detected
at
progressively
more rostra1 levels at later ages. BEHAB expression, like other features of neural development,
follows
both caudal-to-rostra1
and ventral-to-dorsal
gradients.
The
timing of BEHAB expression
parallels the timing of the generation of glial cells. In all areas of the CNS examined, BEHAB
expression
begins after the peak of neurogenesis
and coincident with gliogenesis.
The regulation
of proliferation
and
differentiation
by HA in other tissues, together with the expression of BEHAB in zones of mitotic activity coincident
with the generation
of glia, suggests that the extracellular
matrix protein encoded
by BEHAB could play a role in the
generation
or differentiation
of CNS glia.
[Key words: gliogenesis,
development,
hyaluronan,
hyaluronan-binding
protein, CNS specific, extracellular
matrix]

A fundamental, but as yet unresolved, question in developmental neurobiology is how the apparently homogeneouspopulation of cellsin the neural tube neuroepithelium generatesthe
cellular complexity and heterogeneity of the mature CNS. Two
opposing mechanismshave been proposed. The first invokes
the existenceof committed progenitor cells within the ventricular zone, each of which with the capacity to generateone, or
a very restricted subsetof, cell types (Levitt et al., 1981, 1983;
Levine and Goldman, 1988; Luskin et al., 1988, 1993). This
mechanismdictates that intrinsic factors inherited by progeny
are responsiblefor maintaining cell fate through development.
The secondproposesthat the progenitor cellsare multipotential,
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with the capacity to give rise to many different cell types (Rakic,
1981; Turner and Cepko, 1987; Price and Thurlow, 1988; Galileo et al., 1990; Leber et al., 1990; Frank and Sanes, 1991;
Williams et al., 1991). At the extreme, a singleprogenitor cell
could give rise to the entire complement of neuronal and glial
cell types (Turner and Cepko, 1987). The initial multipotentiality would be progressively restricted by a seriesof cell fate
decisionsregulated by environmental factors, through cell-cell
and cell-matrix interactions. If intercellular cuesdetermine fate
choices, one would then expect to find cell surfaceor extracellular proteins localized to areasof cellular proliferation coincident with the generation of specificcell types.
In several tissuesthe extracellular matrix glycosaminoglycan
hyaluronan (HA) and HA-binding proteins participate in the
regulation of many aspectsof cell proliferation, differentiation,
and migration (Toole, 1991; Laurent and Fraser, 1992;Knudson
and Knudson, 1993). In the brain, HA is expressedat highest
levels in the embryo (Margolis et al., 1975;Delpechet al., 1989).
BecauseHA is a ubiquitous component of extracellular matrices, any cell type-specific function for HA is likely to be mediated through tissue, or cell-, specific HA-binding proteins.
Previously, we reported the cloning and initial characterization
of BEHAB (brain enriched hyaluronan-binding protein), a secreted, CNS-specific,HA-binding protein (Jaworskiet al., 1994).
In the presentstudy we report the temporal regulation and spatial distribution of BEHAB expressionduring the late embryonic
period. The two major cell types in the CNS are generatedover
different time courses,with neuronslargely generatedin advance
of glial cells (Altman, 1966; Das, 1979; Altman and Bayer,
198Oa-c).The timing of BEHAB expressioncoincideswith the
generationof glial cells.BEHAB mRNA isabundantly expressed
in the ventricular zone from embryonic day 16 to postnatalday
0. BEHAB is the only CNS-specificHA-binding protein reported
to date. This, combined with its enrichment in proliferative
zonescoincident with gliogenesis,suggests
that BEHAB encodes
an extracellular matrix protein that could play a role in glial cell
generation or differentiation.

Materials

and Methods

In situ hybridizationwasperformedaspreviouslydescribed(Jaworski
et al., 1994).Frozensections12-14pm thick werepostfixedin phosphate-buffered
4% paraformaldehyde
(pH 7.4),rinsedin 1x PBS,2x
SSC,and acetylated.Sectionswerethen rinsedin 2x SSC,1x PBS,
dehydratedin ethanols,and delipidatedin chloroform.Sectionswere
prehybridizedin 2~ SSC,50%formamideat 50°Cfor 1 hr and then
hvbridizedin 0.75MNaCl. 50%formamide.1x Denhardt’s.10%dextian sulfate,30 mM DTT, i0 mMTris-HCl (PH 7.5), 1 mMtiDTA,-lb0
&ml salmonspermDNA, 0.5 mg/mlyeasttRNA, and 1 x lo6 cpm
3SS-CTP-labeled
probeper slideat 50°Cfor at least12hr. Following
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Figure 1. The distribution and developmental regulation of BEHAB mRNA in the embryonic nervous system. In situ hybridization was performed
with a 3ZS-labeled cRNA orobe to BEHAB on oarasaaittal sections of rat embrvos. A. BEHAB hvbridization is not detected at embrvonic day 14
(E 14). B, At E 1.5 only a small portion of the spinal c&d displays detectable signal (arrow). C, ACE 16 an intense hybridization signalis present in
the medulla (M) and rostra1 spinal cord (SC) extending through the zone of hybridization seen at El 5. A less intense signal is present in the midbrain
(MB). A very faint signal is present in the most posterior ventral portion of the developing cortex (arrow). D, By El7 BEHAB is expressed over
the entire rostrocaudal extent of the spinal cord. While BEHAB hybridization extends a greater distance from the ventricle in the spinal cord and
medulla, the signal remains intense in the medullary tegmental neuroepithelium (MTE). BEHAB expression in the pons is most intense in the
pontine tegmentum (Py). In the midbrain BEHAB hybridization is increased from E16, but remains restricted to the ventral aspect of the ventricular
zone. By El7 BEHAB is expressed throughout the developing cortical ventricular zone (CTX). E, At E20 BEHAB hybridization is more intense
in the neocortical ventricular zone (NC) and hippocampus (ZZ). For the first time hybridization is detected in the ganglionic eminence (GE), along
the surface of the lateral ventricle (L I’). Unlike E 17, hybridization in the midbrain is now detected along the dorsal surface of the cerebral aqueduct
(CA). In the brainstem, the motor trigeminal nucleus (MTN) and facial nucleus (FN) express BEHAB. The intense hybridization observed in the
MTE at E 17 is maintained at E20. In the spinal cord, BEHAB hybridization is enriched in the ventral gray, but also extends into the white matter.
BEHAB is not expressed in the developing cerebellar primordium (CZ?). F, As a positive control, a near adjacent section was probed with
neurofilament-middle
(NF) at E20. NF displays a distinct hybridization pattern from that of BEHAB. Unlike BEHAB, NF is not restricted to the
ventricular zone of the neocortex (NC) or midbrain (MB). Also, NF is expressed in the thalamus (7) and cerebellar primordium. Scale bar, 1 mm.

hybridization, sections were washed in 2 x SSC, 50% formamide, 0.1%
BME @-mercaptoethanol) at 50°C for 1 hr and treated with 20 &ml
RNase A at 37°C for 30 min. Sections were then washed in 2~ SSC,
50% formamide, 0.1% BME at 58°C for 30 min and 0.1 x SSC, 0.1%
BME at 63°C for 30 min and dehydrated.
For initial localization of the probe, slides were exposed to film (Hyperfilm, Amersham) for 4 d. Autoradiograms were used as negatives

for prints. Sections used for autoradiograms were counterstained with
cresyl violet and projection printed directly onto photographic paper.
For higher-resolution analysis of probe distribution, slides were dipped
in NTB-2 emulsion (Kodak), developed after 5 d, and counterstained
with cresyl violet. Neurofilament-middle
(NF) antisense and BEHAB
clone B 1 sense probes (see Jaworski et al., 1994, for clone description)
were used as positive and negative controls, respectively.

-

-‘
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Results
BEHAB mRNA is restricted to the CNS and is particularly
abundant in proliferative zones
Previously, we demonstrated by Northern hybridization that
BEHAB mRNA is present in the cortex and spinal cord at
embryonic day 17 (El 7) and that its expression is upregulated
postnatally (Jaworski et al., 1994). To characterize more fully
the spatial distribution and temporal regulation of BEHAB expression over the course of early brain development, in situ
hybridization was performed on rats aged E 14-E20 (Figs. l-3),
and PO and P5 (Fig. 4). Sections were probed with an antisense
cRNA probe of BEHAB clone B 1, which represents the second
tandem repeat domain encoded by nucleic acids 101 l-1520
(Jaworski et al., 1994). As a positive control, near-adjacent sections were probed with a cRNA probe for the middle-molecularweight subunit of neurofilament. As a negative control, sections
were probed with a sense cRNA probe of clone B 1, which produced virtually no detectable signal.
Over the embryonic period BEHAB expression is upregulated
in the CNS. Expression is first detected at E 15 and then increases
dramatically. Consistent with previous Northern analysis of adult
tissues, no BEHAB expression is detected outside of the CNS
at any embryonic age. Even tissues that express high levels of
HA and HA-binding proteins during the embryonic period, such
as precartilaginous mesenchyma, do not express BEHAB.
Within the CNS, the temporal and spatial regulation of BEHAB expression correlates with the general features of nervous
system development. The expression of BEHAB in the spinal
cord and brainstem precedes that in the cortex, and throughout
the neuraxis the onset of expression follows a ventral- to-dorsal
gradient.
At E 14 (Fig. 1A), no hybridization signal for BEHAB mRNA
can be detected. BEHAB expression is first observed at El 5,
when it is detected at a very low level over a limited portion of
the spinal cord (Fig. 1B). BEHAB expression increases at E 16
(Fig. 1C) and extends from the spinal cord level seen at E 15
well into the brainstem. An intense hybridization signal is present in the medulla and rostra1 spinal cord. A weak signal is also
detected along the ventral margin of the midbrain ventricular
zone. The most posterior ventral portion of the developing cortex also shows faint hybridization.
By El 7 (Fig. 1D), BEHAB mRNA expression has substan-
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tially increased, with hybridization detected throughout the entire rostrocaudal extent of the spinal cord. In both the spinal
cord and medulla BEHAB hybridization extends a greater distance from the ventricle than at younger ages. In the region of
the pontine flexure, BEHAB expression is intense in the pontine
tegmentum and in the medullary tegmental neuroepithelium.
Expression in the midbrain is greater than that seen at El 6, but
remains restricted to the ventral portion of the ventricular zone.
At E 17 BEHAB mRNA is detected in the developing cortex,
particularly in the allocortex, a region that will give rise to
phylogenetically primitive cortices, such as the olfactory and
limbic cortex.
At E20 (Fig. lE), BEHAB mRNA is abundant in the hippocampus and in the ventricular zone of the developing neocortex. Neocortical BEHAB expression is restricted to the ventricular zone, with little detected in the cortical plate (see also
Fig. 6). At E20 a weak hybridization signal is seen for the first
time in the striatum, along its border with the lateral ventricle.
In the midbrain BEHAB expression at E20 is no longer restricted
to the ventral portion of the ventricular zone, but now extends
along the dorsal surface of the developing cerebral aqueduct.
BEHAB mRNA is not detected in the cerebellar primordium,
even though there is abundant cellular proliferation at this time.
While an intense hybridization signal is still present in the medullary tegmental neuroepithelium, BEHAB is more widely distributed throughout the pons and medulla. Two cranial nerve
nuclei, the motor trigeminal nucleus and the facial nucleus, show
particularly high levels of BEHAB hybridization. In the spinal
cord, like in the brainstem, BEHAB hybridization is more widespread than at E17, extending into the ventral gray and white
matter. The ventral enrichment of BEHAB in the spinal cord
(see also Fig. 5) is observed at all spinal levels. The distribution
of neurofilament mRNA at E20 is strikingly different from that
of BEHAB (Fig. 1F). While the hybridization for BEHAB is
strongest in proliferative zones, neurofilament mRNA is most
abundant in regions that contain postmitotic neurons. Neurofilament mRNA is detected in the cortical plate and in the roof
ofthe midbrain, and its hybridization signal in the hippocampus
is less intense than that for BEHAB. Unlike BEHAB, neurofilament expression is detected in the thalamus, cerebellar primordium, and several brainstem nuclei. In the spinal cord, neurofilament mRNA is restricted to the motor neurons of the
ventral horn.

+
Figure 2. The expression
of BEHAB at El 7 is highest in the ventral aspects of proliferative zones. To examine more closely the distribution of
BEHAB in the ventricular zone, in situ hybridization was performed on coronal and transverse sections of El7 embryos. Each in situ section is
shown counterstained with cresyl violet (below each in situ figure, indicated by the prime).Negative images of the cresyl violet photomicrographs
were prepared by projection printing directly to photographic film. Therefore, regions of highest cell density in cresyl violet-stained sections appear
white. A/A’, In the forebrain, BEHAB is expressed throughout the cortical ventricular zone. The most intense hybridization is present in the
archicortex (AC) along the medial wall of the lateral ventricle (L v. The signal in the neocortex (NC) diminishes ventrolaterally and is absent from
ihe ganglionic eminence (GE). BEHAB is expressed in the rhinal cortex (RC) but not the olfactory epithelium (OE). E/B’, The most cell-dense
area of the midbrain (MB) is along the roof of the midbrain (rMB) overlying the cerebral aqueduct (CA). In the midbrain BEHAB is restricted to
the ventral aspect of the midbrain ventricular zone (MBVZ) but is absent at the midline (arrow).BEHAB expression is also enriched along the
ventral borders of the third ventricle (3 v). Hybridization in the developing hippocampus (H) is detected at several levels (panels C and D). C/C’,
In the pons (P), BEHAB is restricted to the ventral aspect of the pontine ventricular zone (PVZ) of the fourth ventricle (4I’), and like the MBVZ
is absent from the midline (arrow). BEHAB is not expressed in the cerebellar primordium (CB), diencephalon (D), hypothalamus (HI’), or thalamus
(r). D/D’, In the medulla (M) BEHAB is enriched in the medullary ventricular zone (MU) and more diffise in the medullary tegmentum (Mr).
Like the MBVZ and PVZ, BEHAB expression is excluded from the midline of the MVZ (arrow).E/E’, Intense BEHAB hybridization is present
in the pontine tegmentum (PT). The ventral enrichment of BEHAB is present throughout the rostrocaudal extent of the spinal cord (SC) (panels
E and F). F/F’, The CNS specificity of BEHAB is demonstrated by the lack of hybridization in the dorsal root ganglia (DRG) and trigeminal
ganglia (TG). The specificity of the probe is demonstrated by the fact that BEHAB has substantial homology to aggrecan, which is expressed
abundantly in cartilaginous tissues, yet no BEHAB signal is detected in cartilage (C). G, The plane of section for each figure is indicated on this
cresyl violet-stained, parasagittal section. Scale bar, 500 Wm.
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At El 7 BEHAB mRNA is enriched in the ventral aspects of
proliferative zones
To document more precisely the distribution of BEHAB mRNA,
in situ hybridization was performed on coronal and transverse
sections of E 17 embryos (Fig. 2). The plane of section for each
figure is indicated on a cresyl violet-stained sagittal section (Fig.
2G). Each section used for the in situ analysis was subsequently
counterstained with cresyl violet to reveal histological details
(shown below each in situ figure and indicated by a prime). Both
the in situ autoradiograms and the cresyl violet-stained sections
were projection printed directly to photographic film. Therefore,
the cresyl violet-stained sections appear as negative images.
In sections through the forebrain of an El 7 animal (Fig. 2A),
BEHAB mRNA is most abundant in the ventricular zone of the
developing cortex. The highest signal is present along the medial
wall of the cortex, the archicortex, which will give rise to the
limbic cortex. While the rhinal cortex expresses BEHAB, the
olfactory epithelium shows no BEHAB hybridization. The BEHAB hybridization signal in the ventricular zone of the developing neocortex diminishes ventrolaterally and is absent from
the ganglionic eminence.
Hybridization is clearly detected in the developing hippocampus (Fig. 2B) but, again, not in the ganglionic eminence. Signal
in the underlying diencephalon is restricted to a zone immediately adjacent to the third ventricle. The dorsal borders of the
third ventricle do not show any signal, while signal along the
ventral borders is particularly intense. Similarly, in the midbrain, BEHAB expression is restricted to the ventral aspects of
the midbrain ventricular zone. However, the midline portion
of the ventricular zone does not show hybridization for BEHAB.
The restriction of BEHAB to the ventral portion of ventricular
zones is dramatically illustrated in the pons (Fig. 2C), where
the pontine ventricular zone of the fourth ventricle shows intense labeling over the ventral, but not the dorsal, surface. Here,
again, labeling is excluded from the ventral midline. In the
portion of this section that includes the diencephalon, the restriction of BEHAB expression to the more ventral aspects of
the third ventricle can also be appreciated. At this age (E17)
BEHAB is not expressed in the developing cerebellum, the thalamus, or the hypothalamus.
In the medulla (Fig. 20), BEHAB expression is enriched in
the medullary ventricular zone and is more diffuse in the medullary tegmentum. As seen in more rostra1 sections, along the
ventricular zone of the third ventricle BEHAB expression is
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excluded from the ventral midline of the medulla. Intense BEHAB hybridization is present in the pontine tegmentum (Fig.
2E). Hybridization is also observed in the most rostra1 segments
of the cervical spinal cord.
In sections through more caudal levels of the cervical spinal
cord (Fig. 2F), the enrichment of BEHAB expression along the
ventral aspect of the ependymal layer can be more easily appreciated. Signal also extends from the ependymal layer into the
medial aspect of the ventral horn. The absence of BEHAB mRNA
in dorsal root ganglia and trigeminal ganglia illustrates its CNS
specificity. In addition, even though BEHAB is homologous to
aggrecan, which is expressed abundantly in cartilaginous tissues,
BEHAB hybridization is not detected in cartilage.
At E20 BEHAB mRNA extends into the dorsal regions of
ventricular zones
The restriction of BEHAB mRNA to ventral proliferative zones
at E 17 is not maintained throughout development. As development proceeds, dorsal aspects of periventricular regions begin
to express BEHAB. At E20, BEHAB expression is still highest
in proliferative zones, but in several areas expression is no longer
restricted to ventral regions (Fig. 3).
Sections through the forebrain (Fig. 3A) show that, unlike at
E17, at E20 BEHAB hybridization is present throughout the
entire mediolateral aspect of the neocortical ventricular zone;
however, the overall medial-to-lateral gradient of expression
observed at El 7 is maintained. While hybridization is now detected in the ganglionic eminence, it is at a fairly low level
relative to that in the cortex. A distinct but low hybridization
signal is observed in the rostra1 portion of the corpus callosum.
The retina expresses no detectable BEHAB mRNA at this age.
In the E20 hippocampus (Fig. 3B) BEHAB expression has
increased from E 17. At this age BEHAB expression is no longer
restricted to the ventral aspects ofthe midbrain ventricular zone,
but now extends to the roof of the midbrain. However, as at
E17, no signal is detected at the ventral midline. The dorsal
midline also shows no signal. In contrast, in the region surrounding the third ventricle, there remains a ventral enrichment
of BEHAB expression.
Very high levels of BEHAB mRNA are detected in the hippocampus and neocortical ventricular zone (Fig. 3C). A rather
diffuse signal can be appreciated in the diencephalon. BEHAB
hybridization is not present in the trigeminal ganglia or anterior
pituitary.
The presence of BEHAB mRNA throughout the neocortical

t
Figure 3. At E20 BEHAB expression
extendsinto the dorsalaspectsof proliferativezones.As in Figure2, eachin situ sectionis shownbelow
counterstained
with cresylviolet. A/A’, In contrastto E17, at E20 BEHAB is expressed
throughoutthe mediolateralextent of the neocortical

ventricularzone (NC), but maintainsthe medial-to-lateral
gradientpresentat E17. For the first time a faint BEHAB signalis detectedin the
ganglioniceminence(GE) alongthe surfaceof the lateralventricle(L k’).The rostra1portion of the corpuscallosum(CC) alsodisplaysa distinct
yet weakhybridizationsignal.An intensesignalis presentin the hippocampus
(H). The retina(R), whichcontainsboth neuronsandglia at this
age,doesnot expressBEHAB. B/B’, In the midbrain(ME) BEHAB hybridizationnow extendsaroundthe cerebralaqueduct(CA) to the roof of
the midbrain(rMB), and like at El7 is excludedfrom the midline.In the diencephalon,
the ventral enrichmentof signalsurroundingthe third
ventricle(3v) seenat E17is maintainedat E20(alsopanelC). C/C’, BEHABexpression
isintensein the hippocampus
andneocorticalventricular
zone,diffusein the diencephalon
(D), and absentfrom the trigeminalganglia(TG) and anteriorpituitary (AP). D/D’, The presence
of BEHAB
mRNA in both the dorsaland ventral aspectsof the telencephalic
ventricularzonecan he appreciatedin this section.A highlevel of BEHAB
expression
is detectedin the dentategyms(DC). In the ponsBEHABis expressed
in the pontinenucleus(Plv). E/E’, BEHAB isalsoexpressed
in
the pontinetegmentum(Py). F/F’, Hybridizationis diffusethroughoutthe medulla(M) andpons,exceptalongthe ventricularsurfaceof thefourth
ventricle(41/),which displaysan intensesignal.The hypoglossal
nucleus(HN) hasa high level of BEHAB expression.
As demonstrated
at El7
andin severalplanesof section,BEHAB is excludedfrom the midlineventricularsurfaceof the cerebralaqueductand fourth ventricle(arrows).
Like El 7 BEHAB is not expressed
in the developingcerebellum(CB). G/G’ andH/H’, In the caudalmedulla(G/G’) androstra1spinalcord(Hl
H’) BEHABexpression
is enrichedin the medialandmedialventral regions.I, A parasagittal
sectionindicatesthe planeof sectionfor eachof the
sectionsillustrated.Scalebar, 500pm.
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Figure 4. Sag&al sections of forebrain, cerebellum, and brainstem show that BEHAB expression in the ventricular zone decreases postnatally.
Near-adjacent sections were probed with an antisense cRNA probe for BEHAB and neurofilament-middle
(NF). A, At PO BEHAB remains enriched
in the ventricular zones adjacent to the lateral ventricle (LV) and cerebral aqueduct (CA). BEHAB expression along the ventricular surface of the
striatum (s) has increased from E20. A diffuse BEHAB hybridization signal is present in the brainstem, while no signal is detected in the cerebellum
(CL?). B, Unlike BEHAB, NF is not restricted to the ventricular zones. An NF signal is present in the parenchyma of the neocortex (MT) and
midbrain (MB). C, At PS BEHAB expression becomes more diffusely distributed in the forebrain and brainstem. In the cerebellum BEHAB appears
enriched along the ventricular border but is also present in the developing cerebellar cortex. D, NF expression is enriched in the thalamus (T) and
colliculi (C). In the cerebellum NF is present in the cerebellar nuclei and Purkinje cells. Scale bar, 1 mm.

ventricular zone is clearly demonstratedin Figure 30. BEHAB
hybridization marks the dentate gyrus as one of the few telencephalic regionswith labeling in the parenchyma at this age.
In the pons (Fig. 3D,E), BEHAB expression is enriched in
the pontine nucleus(Fig. 30) and pontine tegmentum (Fig. 3E).
A somewhatlower level of expressionis presentin most parts
of the medulla (Fig. 3F.G). As seenat both El7 and E20, and
in several planesof section, BEHAB expressionis absent from
the midline of the ventricular zone of the cerebralaqueduct and
fourth ventricle (Fig. 3F). In the medulla, the hypoglossalnucleusexpresseshigh levels of BEHAB (Fig. 3F). As seenat E17,
BEHAB is not expressedin the cerebellum at E20. In both the
caudal medulla (Fig. 3G) and rostra1spinal cord (Fig. 3H) BEHAB hybridization is most intensein medial and medial ventral
regions.

regionsthat contain postmitotic neurons,suchasbrainstemand
thalamic nuclei and the deep layers of the neocortex.
At PS (Fig. 4C), BEHAB hybridization is markedly lessintensearound the cerebral ventricles and hasbecome more diffuse throughout the brain parenchyma. BEHAB mRNA is detected along the pial surface, suggestingexpressionby subpial
astrocytes, giving the first indication that BEHAB is expressed
by mature glial cells. BEHAB hybridization in the cerebellum
is first detected at PS, when it is seenin the ventricular proliferative zone, the germinal zone for intemeurons, Purkinje cells,
and most glia, as well as in the developing cerebellar cortex.
Unlike the diffuse pattern of BEHAB hybridization present
throughout the brain, NF isexpressedprimarily in the thalamus,
colliculi, and several brainstem nuclei (Fig. 40). NF expression
is also present in the cerebral cortex and hippocampus.

BEHAB continuesto be expressedin the proliferative zonesas
late as PO
To determine whether BEHAB expression in the ventricular
zone is temporally restricted, in situ hybridization was performed on sagittal sectionsat POand P5 (Fig. 4). As a positive
control, near-adjacentsectionswere hybridized with a probe for
neurofilament (NF).
The pattern of BEHAB expressionat PO is very similar to
that at E20. Expression is most intense along the ventricular
surfacesofthe cerebralcortex, striatum, and midbrain (Fig. 4A).

In the developingspinal cord neurogenesis
precedesBEHAB
expression
The progressionof BEHAB expressionin the developing spinal
cord wasexamined at E17 and E20 on emulsion-coatedsections
counterstainedwith cresyl violet. In the spinal cord, neurogenesisoccurs between El 1 and E16, with ventral motor neurons
generatedfrom E 11 to El 3 and dorsal horn neuronsfrom El4
to E16 (Nomesand Das, 1974). BEHAB is first detectedin only
a limited portion of the spinalcord at E 15and extendsrostrally
into the brainstem at E16. BEHAB is not detected over the
entire rostrocaudal extent of the spinal cord until E17.
At El7 (Fig. 5A), BEHAB expression is most intense in a
dorsoventrally restricted portion of the ependymal zone surrounding the central canal. Hybridization is essentiallyabsent

Hybridization

is also present in the hippocampus,

the roof of

the midbrain, and throughout the medulla and pons. BEHAB
is not detected in the external granule cell layer of the cerebellum, which is undergoinggranule cell proliferation at this age.
NF is expressedat only very low levels in the cerebellum (Fig.
4B). As seenin the embryo, NF is most highly expressedin

from the most dorsal regions of the ependymal

zone, is highest

in the intermediate regions, and is presentat a low level in the
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ventral most regions. Hybridization is also absent from the ventral midline. A low level of hybridization is detected radiating
out from the region of most intense labeling. This band of hybridization extends into the medial portion of the ventral and
intermediate horns. Even though the dorsal horn (like the ventral horn at this age) contains postmitotic, differentiated neurons, no signal is detected in the dorsal horn at El 7.
One major difference between the spinal cord at E20 (Fig. 5B)
compared to E 17 is that at the later age BEHAB is expressed
in both the dorsal and ventral horns. Hybridization signal is
also detected in the white matter.

In the developing cortex BEHAB expression is enriched in the
ventricular zone
BEHAB expression in the developing cortex was more closely
examined at El 7, E20, and PO on emulsion-coated sections
counterstained with cresyl violet. From autoradiograms it appeared that BEHAB expression was enriched in the cortical
ventricular zone (e.g., see Figs. 2A, 3A-D, 4A). Examination at
higher magnification demonstrates that BEHAB expression is,
indeed, highest in the ventricular zone. At El7 (Fig. 6A), BEHAB hybridization is evenly distributed throughout the ventricular zone. No hybridization signal, above the background
seen in the ventricle, is present outside of the ventricular zone.
At E20 (Fig. 6B), BEHAB expression remains enriched in the
ventricular zone; however, unlike E17, a low level of BEHAB
hybridization is detected outside the ventricular zone. By PO
(Fig. 6C), BEHAB expression in the cortex has increased considerably. Although neurogenesis is largely completed by PO,
BEHAB is still most abundant in the ventricular zone.

Discussion
Previously we reported the cloning and initial characterization
of BEHAB, the gene for a secreted, CNS-specific, HA-binding
protein (Jaworski et al., 1994). Here we show that over the
course of late embryonic and early postnatal development BEHAB expression is highest in the ventricular zone at all levels
of the neuraxis. BEHAB is first detected in the spinal cord at
embryonic day 15 (El 5) in the caudal brainstem at El6 and in
the cerebral cortex at E17. The highest levels of BEHAB expression are found in the ventricular zone, where it is expressed
as late as postnatal day 0 (PO). By P5, BEHAB becomes more
diffusely distributed in both gray and white matter. While BEHAB expression is not restricted to areas of cellular proliferation, several features of the early expression of BEHAB correlate
with the generation of glial cells. The restriction of BEHAB to
the CNS, together with its enrichment in the ventricular zone
late in development, suggests a role in cell-cell and cell-matrix
interactions in glial cell differentiation.

The timing of BEHAB expression in proliferative zones
parallels the time course of gliogenesis
The temporal and spatialpatterns of BEHAB expressionparallel
those of the generation of glial cells. All classesof differentiated
neurons and glial cells of the adult mammalian CNS are generated from progenitor cells in the neuroepithelial layer of the
neural tube. However, neurons and glia are generatedin temporally distinct phases,suchthat (with the exception ofthe radial
glial cells) neurons are generatedbefore most glial cells. In the
cerebral cortex, neurogenesisbeginsat E 12 with the generation
of Cajal-Retzius cells, peaksat E17, and is largely complete by
birth (Bayer and Altman, 1991).Gliogenesisdoesnot begin until

Figure 5. BEHAB mRNA is enriched in the ventral portion of the
developing spinal cord. The spatial distribution of BEHAB in the spinal
cord was more closely examined on emulsion-coated sections counterstained with cresyl violet (indicated by the prime). A/A’, At E17,
BEHAB hybridization is most intense in the middle portion of the
ependyma surrounding the central canal. A more diffuse signal extends
into the ventral and intermediate horns, while no signal is detected in
the dorsal horn. B/B’, By E20 BEHAB is expressed throughout the dorsal
and ventral gray matter. BEHAB is also expressed in the white matter,
particularly in the more ventral regions. Scale bar, 150 pm.

El7 and is not complete until after birth (Altman, 1966; Das,
1979). BEHAB is first detected in the cerebral cortex at E17,
and the highestlevels of expressionin the ventricular zone are
observed at E20 and PO. In the caudal brainstem gliogenesis
also lagsbehind neurogenesis,with the first neuronsgenerated
at El 1 (Altman and Bayer, 198Oa-c)and the first glial cells at
E16 (Das, 1979). BEHAB expressionin the caudal brainstemis
first detectedat E16. In all the areaswe have examined, BEHAB
expressionis highest in the ventricular zone at times after the
peak of neurogenesisand coincident with the period of gliogenesis.
Like neurogenesis,gliogenesisfollows both caudal-to-rostra1
and ventral-to-dorsal developmental gradients(Sturrock, 1982).
A caudal-to-rostra1gradient of BEHAB expressionbeginswith
very low levels in the spinal cord at E15, and then signal is
detected at progressivelymore rostra1levels of the neuraxis: in
the medulla and caudal pons at E16, and in the midbrain and
cortex at El 7. A ventral-to-dorsal gradient of BEHAB expression is clearly seenin the brainstem, where it is first detected
in the ventral regions of the ventricular zone at E16 and E17
and is not detected in the dorsal regions until E20.
The enrichment of BEHAB in the ventricular zone, alongwith
its time courseof expression,suggeststhat BEHAB is expressed
by progenitor cells that are producing glia. Whether glia and
neurons arise from separatepopulations of progenitor cells is
not yet known. Retroviral studies of cell lineage indicate that
in someareasof the CNS glial and neuronal progenitorsdiverge
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Figure 6. BEHAB mRNA is enriched in the ventricular zone of the developing cortex. The spatial distribution of BEHAB in the cortex was more
closely examined on emulsion-coated sections counterstained with cresyl violet (indicate by the prime). Iaminar assignments are according to
Kageyama and Robertson (1993). A/A’, At El 7 BEHAB is only expressed in the ventricular zone of the archicottex (VZ). No hybridization signal,
above the background seen in the lateral ventricle (Lv), is detected in either the subventricular zone (SVZ) or cortical plate (CP). BIB’, At E20
the most intense BEHAB signal is present in the neocortical ventricular zone, while a diffuse hybridization signal is now detected within the cortical
parenchyma. C/C’, By PO neurogenesis is largely complete, yet BEHAB expression in the ventricular zone is quite intense. Scale bar, 50 pm.

before most neurons have been generated(Luskin et al., 1988,
1993). In other areasof the CNS a singleprogenitor cell can
give rise to both neurons and glia (Turner and Cepko, 1987;
Temple, 1989; Galileo et al., 1990; Leber et al., 1990; Williams
et al., 1991). However, whether or not separateneuronal and
glial precursors exist, it is clear from a number of different
studiesthat neurons and glia are generatedwith different time

courses:the peak of neurogenesisprecedesthe peak of gliogenesisin all areasof the CNS (Berry and Rogers, 1965; Nomes
and Das, 1974; Das, 1979). BecauseBEHAB is expressedrelatively late in embryonic development, expressioncannot signal
an early choice of a progenitor cell to generateglia. Rather,
BEHAB expressioncoincides with the actual birth of cellsthat
will become,or can generate,glial cells.

The Journal

BEHAB

is expressed by glial precursors

In addition to the spatial and temporal features of BEHAB
expression,four other observations suggestthat BEHAB is expressedby cells that will generateglial cells. First, the spinal
cord contains a population of proliferating glial precursorsin
the ventral portion of the ventricular zone between E16.5 and
E18.5 (No11and Miller, 1993) in the sameregion and at the
samedevelopmental period we observe high levels of BEHAB
expression. Second, a significant upregulation of BEHAB expressionoccurs during reactive gliosiscoincident with the expressionofthe PCNA (proliferating cell nuclearantigen),a marker
for mitotic cells(D. M. Jaworski, G. M. Kelly, and S. Hockfield,
unpublished observations). Third, human glioblastoma shows
an exceptionally high level of BEHAB (D. M. Jaworski and S.
Hockfield, unpublished observations). Fourth, the distribution
of BEHAB in the mature CNS is consistentwith expressionby
astrocytes (Jaworski et al., 1994). Together theseobservations
indicate that BEHAB is expressedby cells that can give birth
to glia.
BEHAB expression in the ventricular zone suggests a
participation
in HA-mediated
cellular interactions

The high level of expressionof BEHAB in the ventricular zone
is consistentwith a role in regulating cellular differentiation. In
non-neural tissues,elementsof the extracellular matrix control
both the rate of cell division and the state of cell differentiation.
In the CNS, the commitment to somefeaturesof cellular phenotype occurs concurrent with the last cell division, just prior
to the time when a cell leavesthe ventricular zone (Levitt et al.,
1981; McConnell and Kaznowski, 1991). Cell fate choice may
be influenced by the expressionof temporally regulated environmental cueswithin the ventricular zone (McConnell, 1989).
Since BEHAB expressionis enriched in the ventricular zone, it
could provide a differentiation signal, either to stimulate the
generationof glia or to inhibit the production of neurons,along
the lines suggestedin previous studies (Gao et al., 1991;
McConnell, 1992; Reh, 1992; Shah et al., 1994).
Hyaluronan and HA-binding proteins have been shown to
play a role in regulating cellular proliferation in non-neural tissues.HA and CD44 (an HA-binding protein) are enriched in
(but not restricted to) proliferative zones in the skin (Alho and
Underhill, 1989; Tammi et al., 1989). In addition, HA can
stimulate cell proliferation (Brecht et al., 1986; Toole, 1991).
In the CNS, HA concentrations are highest during the embryonic period (Margolis et al., 1975; Delpech et al., 1989). Like
embryonic extracellular matrices, tumor-associatedstroma are
enriched in HA, where HA is thought to facilitate both proliferation and tumor invasion (Knudson et al., 1989; Knudson
and Knudson, 1993). The HA-binding protein encodedby BEHAB is expressedat very high levels in areasof mitotic activity.
By binding HA, BEHAB could help sequesterHA in theseareas.
The observed upregulation of BEHAB in glioblastoma is consistentwith a facilitory role in mitotic activity. Further evidence
for extracellular matrix proteins regulating neural cell proliferation comesfrom Drosophila, where a glycoprotein secretedby
glia negatively regulatesneuroblast proliferation (Ebenset al.,
1993).
Extracellular matrix moleculesalso have been shown to be
required for cellular differentiation in a number of systems(reviewed in Adams and Watt, 1993; Joneset al., 1993; Lin and
Bissell, 1993). For example, extracellular matrix is required for
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cultured hepatocytes to acquire a differentiated morphology as
well as to expressalbumin and two liver-specific transcription
factors (Caron, 1990; Dipersio et al., 1991). Similarly, mammary epithelial cells require extracellular matrix elements to
attain a mature morphology
and to express the full repertoire
of milk proteins (Lee et al., 1984; Chen and Bissell, 1989). In
Drosophila, cell fate is regulated by the extracellular domain of
several transmembrane molecules(reviewed by Banerjeeand
Zipursky, 1990;Campos-Ortega, 1993),including notch (Lieber
et al., 1992; Coffman et al., 1993; Heitzler and Simpson, 1993)
and sevenless (Rubin, 1991; Zipursky et al., 1992).In the mammalian CNS, the differentiation of type 2 astrocytes requires
extracellular matrix-associatedmoleculesmadeby nonglial cells
in addition to ciliary neurotrophic factor madeby type 1 astrocytes (Lillien et al., 1990). Cerebellar granule cell fate is also
regulatedby the expressionof cell surfacemolecules(Gao et al.,
1991). BEHAB, a secretedprotein with both HA-binding and
immunoglobulin-like domains, is a good candidate for playing
a role in matrix-mediated differentiation.
Although HA is a ubiquitous component of the extracellular
matrix of virtually all tissues,BEHAB representsthe only CNSspecificHA-binding protein reported to date. BEHAB is a highly
conserved (Jaworski et al., 1994) developmentally regulated
protein restricted to the CNS. Its structure and expressionin
ventricular zones concurrent with the generationof glia suggest
that BEHAB is an important component of the CNS extracellular matrix that may have a role in proliferation or cell fate
decisionsduring neural development.
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