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In the hindbrain, rhombomeres represent morphological units
that develop characteristic, segment-specific structures. Simi-
lar segments, known as prosomeres, have been proposed to
exist in the forebrain. The neuroepithelial cells of the sharp
boundary regions that form the borders between many seg-
ments often exhibit distinct shapes, reflecting unique cytoskel-
etal organization. The present investigation examined the ex-
pression of one family of actin-binding, regulatory proteins, the
tropomyosins (TM), in boundaries. We found that high molec-
ular weight TMs selectively concentrate in boundary cells and
other neuroepithelial zones that exhibit unique cell shapes and
movements. Specific TM expression is found at hindbrain
boundaries as early as embryonic day 10 in the rat, whereas
rhombomeres themselves were TM-negative. Highly restricted
TM localization also defined some prosomere boundaries in the
early forebrain, particularly those exhibiting unique cell shapes.

Furthermore, several regions of the neuroepithelium that evagi-
nate are TM-immunoreactive, including tuberal and preoptic
neuroepithelium. Most striking, a subpopulation of neuroepi-
thelial cells in the medial telencephalic wall expresses TM,
apparently marking the neuroepithelial region that gives rise to
the choroid plexus at least 2 d before its formation. This sug-
gests that the medial cerebral wall is not entirely dedicated to
generating cells that comprise allocortex. TM expression in the
choroid plexus is maintained through initial evagination and
appearance in all ventricles. The spatially restricted expression
of TMs implicates that this actin-binding protein is involved in
the dynamic regulation of cell shape or motility associated with
boundary formation and morphogenesis of the neuroepithelium
during critical stages of brain development.
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During CNS development in vertebrates, the neuroepithelium
becomes divided into morphologically distinct segments. Tran-
sient hindbrain structures, known as rhombomeres, are units of
cell lineage restriction in which cells of one segment rarely cross
into an adjacent one (Fraser et al., 1990; Birgbauer and Fraser,
1994). Similarly, forebrain neuroepithelium has been postulated
to be segmented into prosomeres or neuromeres (Figdor and
Stern, 1993; Rubenstein et al., 1994), based on differential expres-
sion of well defined combinations of transcription factors and
intercellular signaling molecules (Puelles and Rubenstein, 1993;
Papalopulu, 1995). Furthermore, limits of expression of
homeobox-containing transcription factors, hox genes, obey rhom-
bomere boundaries, and it is thought that the set of hox genes
expressed in an individual rhombomere provides positional iden-
tity (Krumlauf et al., 1993). There is increased immunoreactivity
for L1, laminin (Lumsden and Keynes, 1989), and a peanut
lectin-binding epitope (Layer and Alber, 1990) at boundaries, but
none is unique to boundary cells.
The unusual shape of many boundaries and the morphogenetic

movements that are associated with their formation suggest that
regulation of the cytoskeleton plays an important role in estab-
lishing segmented patterns, perhaps by differential expression of
contractile or structural proteins in boundary cells. One study by
Guthrie et al. (1991) showed that actin, expressed by all neuro-
epithelial cells, exhibits a unique distribution in cells at rhom-
bomere boundaries, suggesting a role for microfilaments in gen-
erating boundaries. Evidence exists for the role of microfilaments
in cell shape changes associated with primary neurulation (Burn-
side, 1971; Karfunkel, 1971) and for folding of other epithelial
sheets (Kam et al., 1991; Freemann et al., 1992). The actin
cytoskeleton is likely to be a target of unique molecular regulation
in regions of the neuroepithelium that actively undergo morpho-
genesis. This type of regulation must involve specific actin-binding
proteins, but unique expression patterns of these proteins by cells
undergoing morphogenesis have not been described in the devel-
oping CNS.
Tropomyosins (TM), a multigene family of coiled-coil, actin

filament-binding proteins, regulate actomyosin function and sta-
bilize the actin filament (Fujime and Ishiwata, 1971; Hitchcock et
al., 1976; Bernstein and Bamburg, 1982; Fattoum et al., 1983;
Broschat, 1989, 1990). The role of TM is well established in
skeletal muscle contraction, but its function in nonmuscle cells is
less clear (Lees-Miller and Helfman, 1991). In the rat, at least 14
isoforms of TM are present and differ in actin-binding affinity and
actomyosin-regulatory function (Pittenger et al., 1994). Many of
these isoforms, including the brain-specific a-TM isoforms
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TMBr-1 and TMBr-3, exhibit tissue- and cell type-specific pat-
terns of expression (Stamm et al., 1993; Had et al., 1994; Hannan
et al., 1995; Weinberger et al., 1996). High molecular weight TMs
bind actin strongly (Cote and Smillie, 1981; Matsumura and
Yamashiro-Matsumura, 1985), and a downregulation of their
expression accompanies the cytoskeletal disorganization induced
by viral transformation (Hendricks and Weintraub, 1981). We
report three major patterns of high molecular weight TM expres-
sion that demonstrate early parcellation of the neural tube into
structurally and molecularly distinct regions corresponding to
boundaries and areas undergoing morphogenetic movements.
Thus, patterns of expression of high molecular weight TMs
strongly suggest a role for the protein as a fundamental player in
regulating cell shape during neuroepithelial morphogenesis.

MATERIALS AND METHODS
Animals
Timed pregnant Holtzman albino rats were obtained from Harlan
Sprague Dawley. Rats were maintained under a 12 hr light/dark cycle
with free access to food and water. Detection of the sperm plug was
considered embryonic day (E) 0. Pregnant dams were anesthetized with
Nembutal (i.p. injection, 50 mg/kg). The uterine horns were dissected
from the abdominal cavity and placed in HBSS. The extraembryonic
membranes were removed, and embryos were staged according to
crown–rump length (Olson and Seiger, 1972).

Antibodies
The distribution of one class of tropomyosins, the high molecular weight
TMs (281–284 amino acids), was determined using the monoclonal anti-
tropomyosin antibody TM311 (Sigma, St. Louis, MO). The microtubule-
associated protein 2 (MAP2) polyclonal antibody was generously pro-
vided by Dr. Itzhak Fischer (Fischer et al., 1987).

Immunoblot analysis
Epitope mapping. Approximately 500 ng of the following proteins and
peptides was applied to nitrocellulose membrane using a slot blot appa-
ratus (Schleicher & Schuell, Keene, NH): (1) recombinant rat striated
a-TM (Cho and Hitchcock-DeGregori, 1991); (2) recombinant rat
smooth a-TM (Cho and Hitchcock-DeGregori, 1991); (3) recombinant
TM80, which contains the first 80 residues of exon 1a of chicken striated
a-TM; (4) TM32, an N-acetylated synthetic peptide that contains the first
32 residues of exon 1a of rat a-TM (Greenfield et al., 1994); (5) TM35,
an N-acetylated synthetic peptide that corresponds to the N-terminal 14
residues of exon 1a of rat a-TM followed by 21 amino acids of a modified
coiled-coil sequence; (6) a synthetic peptide that corresponds to residues
30–44 of exon 1b of rat a-TM; and (7) TM43, an N-acetylated synthetic
peptide that corresponds to the first 14 residues of exon 1a of rat a-TM,
followed by a modified coiled-coil sequence (Greenfield and Hitchcock-
DeGregori, 1993). Recombinant proteins and peptides, expressed in
Escherichia coli, were unacetylated. Nonspecific binding was blocked with
5% fetal bovine serum in PBS for 1 hr before incubation in TM311,
diluted 1:500 in 1% dry milk in PBS. After washes in PBS, the membrane
was incubated in goat anti-mouse IgG-horseradish peroxidase (HRP;
Jackson ImmunoResearch, West Grove, PA) diluted at 1:2500, washed
again in PBS, and immunoreactive bands were visualized using enhanced
chemiluminescence (ECL; Amersham, Arlington Heights, IL).
Tissue lysate analysis. Tissue lysates of whole E16 and postnatal day (P)

10 brains were prepared in low-salt buffer, centrifuged at 1000 3 g, and
analyzed on 10% SDS-PAGE gels (Laemmli, 1970). Proteins were elec-
troblotted onto nitrocellulose, blocked in 5% fetal bovine serum in PBS,
and incubated with TM311 at a dilution of 1:500 in followed by extensive
washes in PBS and incubation in anti-mouse IgG-HRP (1:2500) in 1% dry
milk in PBS. Membranes were washed extensively in PBS and visualized
by ECL.

Immunocytochemistry
Whole embryos (E10–E14) or brains (E15–E16) were fixed by immersion
in 4% paraformaldehyde in phosphate buffer, pH 6.5, for 2 hr, followed
by immersion in 4% paraformaldehyde in phosphate buffer, pH 9.5,
overnight at 48C. The low- to high-pH fixation method (Berod et al.,
1981) was found to be superior to conventional aldehyde fixation for

immunolocalization of TM with the TM311 antibody (data not shown).
The tissue was cryoprotected by immersion in 10, 20, and 30% sucrose in
0.1 M phosphate buffer, pH 7.4, at 48C. The tissue was frozen in O.C.T.
mounting medium (Miles, Elkhart, IN) by immersion in the vapor phase
of liquid nitrogen. Ten micrometer cryostat sections were collected on
chrom alum-gelatin/poly-L-lysine-coated glass slides and were allowed
to air dry at room temperature overnight. Sections were stored at 48C
until use.
Immunolocalization of TM was performed by a modification of previ-

ously published methods (Ferri and Levitt, 1993). Sections were rehy-
drated in PBS, pH 7.2, and endogenous peroxidases were quenched by
incubation in 0.5% hydrogen peroxide in methanol for 30 min. Sections
were washed extensively in PBS, followed by 0.3% Triton X-100 in Blotto
(4% Carnation dried milk in PBS) and Blotto without detergent. Sections
were incubated overnight at room temperature in primary antibody
diluted in Blotto. TM311 was diluted 1:500 in Blotto, and MAP2 was
diluted 1:250. After three washes in 0.3% Triton X-100 in Blotto and
three washes in Blotto alone, the sections were incubated with HRP-
conjugated goat anti-mouse IgG (for TM311) (Jackson ImmunoRe-
search) at a 1:100 dilution in Blotto for 1 hr. For double immunostaining
with TM311 and MAP2, a cocktail of Cy3-conjugated goat anti-mouse
IgG (TM311) and FITC-conjugated goat anti-rabbit IgG (MAP2) was
used. Controls included incubating sections in either primary or second-
ary antibody alone. No immunostaining was present in control sections
(data not shown). After extensive washes in PBS, HRP was visualized
using a standard reaction with 3,39-diaminobenzidine tetrahydrochloride
as the substrate. Sections were washed extensively in PBS and dehydrated
through a graded series of alcohols and Hemo-De (Fisher Scientific,
Pittsburgh, PA), and coverslips were mounted with DPX mounting me-
dium (BDH Limited, Poole, UK). Fluorescently labeled sections were
washed and coverslips mounted with glycerol/PBS containing 5%
n-propyl-galate aqueous mounting medium. Immunoperoxidase-stained
sections were photographed in bright-field illumination with a Leica
photomicroscope on Kodak Technical Pan black and white film. Fluores-
cently double-immunolabeled sections were photographed using a G/R
double cube with P1600 Kodak color film. Alternate sections at each
embryonic age were stained with cresyl violet for analysis of brain archi-
tecture with the aid of an atlas (Altman and Bayer, 1995). The terminol-
ogy of embryonic zones is according to the Boulder Committee (1970).

RESULTS
Characterization of the monoclonal anti-tropomyosin
antibody TM311
Although the TM311 monoclonal antibody has been used in a
variety of studies, precise molecular characterization has not been
reported. It has been suggested that TM311 recognizes an epitope
encoded by exon 1a of the a-TM gene, which encodes residues
1–38 (Stamm et al., 1993). We defined the epitope recognized by
TM311 by slot blot analysis of proteins and peptides correspond-
ing to various a-TM gene products, containing sequences encoded
by either of the alternate first a-TM exons, 1a or 1b. Figure 1A
shows that TM311 bound to recombinant striated a-TM (slot 1)
and recombinant smooth a-TM (slot 2), both of which include
exon 1a. TM311 also recognized TM80, which contains the first 80
amino acids of chicken striated a-TM (slot 3) and TM32, which
contains just the first 32 amino acids of encoded by exon 1a (slot
4). TM311, however, did not recognize TM35 or TM43, both of
which contain only the first 14 residues of exon 1a of a-TM
followed by a modified coiled-coil sequence (slots 5 and 7).
Finally, TM311 did not bind to a peptide corresponding to TM
residues 30–44 encoded by exon 1b, present in the low molecular
weight TMs (slot 6). This epitope mapping showed that the
monoclonal anti-TM TM311 recognizes an epitope in the region
of residues 14–32 encoded by exon 1a of the rat a-TM gene.
Immunoblot analysis of tissue lysates from embryonic and post-

natal brains showed that both E16 and P10 brains contained three
TM311-immunoreactive bands (Fig. 1B). This pattern of immu-
noreactivity is similar to that reported by Stamm et al. (1993). All
three TM bands were present in whole embryos, embryonic
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brains, postnatal brains, and adult brains (data not shown). No
additional bands were observed in the embryonic tissue lysates,
indicating that we mapped TMs in both embryonic and postnatal
brains. TM311 will recognize any TM that contains exon 1a. There

are many TM isoforms, from both the a- and the b-TM genes,
that have been cloned in the rat and contain exon 1a (for review,
see Lees-Miller and Helfman, 1991). In the brain, the following
high molecular weight TM isoforms are known to be present and
would be recognized by this antibody: smooth a- and b-TM,
present in the smooth muscle of blood vessels; TM-2, present in
astrocytes (Had et al., 1993); and TMBr-1, present in neurons
(Weinberger et al., 1996) and astrocytes (Had et al., 1993). Based
on studies in other organisms, there are likely to be more TMs,
including brain-specific isoforms, that have not yet been reported
in the rat (Forry-Schaudies and Hughes, 1991). TM311 will not
recognize TMs that contain exon 1b, such as the low molecular
weight, brain-specific TMs TMBr-2 and TMBr-3. Although the
exact isoforms present in neuroepithelial cells are not known at
this time, labeling of early embryos with TM311 permits unam-
biguous identification of the high molecular weight TM class. We
found selective expression in cells comprising distinct regions of
the neuroepithelium, including all rhombomere boundaries, some
prosomere boundaries, and morphogenetically active regions of
the neuroepithelium, including the presumptive choroid plexus.

Rhombomere boundaries are labeled by TM311
At E10, the earliest age examined and corresponding to the onset
of rhombomere formation in the rat, TM311 specifically labeled
the cells that form the boundaries between rhombomere segments
in the hindbrain (Fig. 2A,B). The TM311-immunoreactive cell
bodies extended across the entire width of the neuroepithelium
from the ventricular to the pial surfaces (Fig. 2B). TM311 immu-
noreactivity was expressed in each boundary that is morphologi-
cally evident. Figure 2A shows four TM311-labeled boundaries
and a more posterior boundary that is just forming. Faint TM
immunoreactivity was observed in this latter boundary in adjacent
sections, indicating that TM expression occurs at the onset of
morphological segmentation in the hindbrain. The specific pattern
of TM immunoreactivity was maintained at E11 (Fig. 2C,D),
when strong TM311 labeling of all rhombomere boundaries was
observed.
At E12, the appearance of the boundary regions changed (Fig.

2E,F). The TM311-labeled zones remained discrete, but at this
time the region, which exhibited a characteristic delta shape,
contained darkly labeled cell bodies at the ventricular surface with
slender processes extending to the pial surface (Fig. 2F). The
boundary was approximately four to eight cells wide, similar to
previous reports with localization of actin (Guthrie et al., 1991), a
peanut lectin-binding epitope (Layer and Alber, 1990), and lami-
nin (Lumsden and Keynes, 1989). Figure 2E highlights five
TM311-immunoreactive boundaries between six rhombomeres in
the E12 hindbrain. At all ages, whenever a boundary was mor-
phologically evident TM311 labeling was seen in the cells present
at that boundary. By E13, the morphological distinctions between
rhombomeres began to disappear and, similarly, TM311 labeling
of boundary cells lying between these segments was no longer
present (data not shown). At all times, the nonboundary cells of
the surrounding rhombomeres were virtually free of any TM311
immunolabeling, except for the smooth muscle cells of the blood
vessels. In addition, TM311 immunoreactivity was observed in the
mesenchyme surrounding the neuroepithelium and distributed
throughout the embryo.

TM311 labels boundaries between some prosomeres
Given that TM311 specifically labeled boundaries between rhom-
bomeres in the hindbrain, we investigated whether TM expression

Figure 1. Characterization of monoclonal anti-tropomyosin antibody,
clone TM311. A, The epitope recognized by TM311 is contained within
residues 14–32 of exon 1 of the a-TM gene. A slot blot of 7 proteins or
peptides corresponding to various regions of the protein encoded by the
a-TM gene was probed with TM311. This antibody recognizes recombi-
nant striated rat a-TM (slot 1), recombinant smooth rat a-TM (slot 2),
TM80, which contains the first 80 residues of chicken a-TM (slot 3), and
TM32, which contains the first 32 residues of exon 1a of rat a-TM (slot 4 ).
This antibody does not cross-react with TM35 or 43, which both contain
only the first 14 residues of exon 1a of rat a-TM followed a modified
coiled-coil sequence (slots 5, 7 ), or a peptide corresponding to residues
30–44 of exon 1b of rat a-TM (slot 6 ). B, Immunoblot of E16 and P10
brain tissue lysates probed with TM311. Three TM-immunoreactive bands
are evident. Molecular weight markers are indicated at the left (in kDa).
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was specific to boundaries between prosomeres. Labeling of
boundaries was observed in several locations, corresponding to
the most morphologically distinct zones of neuroepithelium.
There was a TM311-immunoreactive boundary between the pre-
tectum and the tectum in the midbrain (Fig. 3A,B). The labeled
cells were arranged in a delta shape and had darkly stained cell
bodies at the ventricular surface with fine processes extending
toward the pial surface, similar to boundary labeling in the hind-
brain at this age (compare with Fig. 2F). The tectal–pretectal
boundary was labeled by TM311 in only three to four adjacent,
10-mm-thick sections and corresponds to the caudal extent of the
P1 prosomere as defined by Bulfone et al. (1993).
In a similar manner, TM-expressing cells marked the boundary

between the dorsal and ventral thalamus. Again, this labeling,
shown in the coronal plane (Fig. 3C,D), marked only the cells that
form the boundary between the segments, whereas the neuroep-
ithelial cells that make up the bulk of the dorsal and ventral
thalamus were TM311-negative. This restricted cellular zone be-

tween the dorsal and ventral thalamus, the zona limitans intrathal-
amica, corresponds to the boundary between the P2 and P3
prosomeres (Bulfone et al., 1993). The boundary between the
ventral thalamic and hypothalamic regions of the diencephalon
was also TM311-positive (Fig. 3C,D), although this boundary was
not as discrete as that between the dorsal thalamus and ventral
thalamus. The staining, however, highlights a distinction between
the P3 and P4 prosomeres. The prosomere model includes the
hypothalamus, or ventral secondary prosencephalon, within pro-
someres P4, P5, and P6; thus, the P3–P4 boundary can be consid-
ered the distinction between the ventral thalamus and hypothal-
amus, or diencephalon from secondary prosencephalon (see Fig.
1D of Puelles and Rubenstein, 1993). The examples mentioned
here were the only locations in which TM311 labeled a discrete
population of cells situated between prosomeres, which suggests
that the high molecular weight TMs may regulate the distinct cell
shapes associated with boundary cells in specific locations of the
forebrain. All of these boundaries were labeled by TM311 at E12,

Figure 2. Tropomyosin is expressed at rhombomere boundaries in the developing rat hindbrain. Parasagittal sections at E10 (A, B), E11 (C, D), and E12
(E, F ) labeled with the anti-tropomyosin TM311 illustrate several TM311-immunoreactive boundaries between rhombomeres in the hindbrain ( filled
arrows and arrowheads in A, C, E; boundaries shown at higher magnification in B, D, F are indicated by arrowheads). At E10, corresponding to the onset
of rhombomere formation, the boundaries are narrow and lightly immunoreactive compared to later ages. Open arrow in A indicates a recently formed
boundary that shows TM immunoreactivity in adjacent sections. Higher-magnification photomicrographs of individual rhombomere boundaries (B, D, F )
show that TM311-immunoreactive boundaries are 4–8 cells wide and that the cells extend across the width of the neuroepithelium. Arrows in B and F
indicate locations of cell bodies. In the CNS, TM311 immunoreactivity is also evident in the smooth muscle of blood vessels and in connective tissue (F ).
Scale bars: A, 145 mm; B, D, E, 35 mm; C, E, 625 mm.
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Figure 3. TM311 labels some prosomere boundaries. A, Midsagittal section through E12 rat showing TM311 immunoreactivity localized to the
pretectum/tectum boundary (arrowhead ). Note the TM immunoreactivity in dorsal root ganglia and intersomitic mesenchyme. B, Higher magnification
of pretectum/tectum boundary (arrowhead in A), with TM311 immunolocalization that distinguishes the caudal boundary of prosomere P1. Note the blood
vessel staining on either side of the TM311-positive boundary. C, Coronal section through E12 rat diencephalon at the level of the optic vesicle (OV )
showing TM311 immunolocalization at the boundary between the dorsal thalamus (DT ) and ventral thalamus (VT ) (arrowhead, P2–P3 boundary). A
boundary is also suggested between the VT and hypothalamus (H; arrow), contrasting the P3–P4 prosomeres. D, Increased magnification of TM311
immunolocalization at the zona limitans intrathalamica, the border between the DT and VT, a representation of the P2–P3 prosomeric boundary
(arrowhead in C). Note the floor plate labeling in presumptive pons (arrow in A). Scale bars: A, 470 mm; B, D, 50 mm; C, 150 mm.
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but as the neuroepithelium folded further and neurogenesis pro-
ceeded, morphological boundaries became less evident and TM
labeling of the boundary disappeared by E14.
Segmentation of the diencephalon has also been described by

an alternative model (Figdor and Stern, 1993), in which the
diencephalon has been divided into four segments. TM immuno-
reactivity is evident in the D1/D2 and D4/midbrain boundaries,
which are characterized by morphologically evident ridges. The
remaining boundaries in the Figdor and Stern (1993) model are
defined by axon tracts that traverse that boundary at embryonic
ages later than the TM labeling described here and, thus, TM
immunolabeling was not observed in these boundaries.

TM311 labels midline boundaries
The roof and floor plate are comprised of cells with shapes distinct
from surrounding neuroepithelium. In the hindbrain, we noted
that a region in the presumptive pons was labeled with TM311
(Fig. 3A). Examination of adjacent sections revealed that the zone
is very narrow (three to four 10-mm-thick sections) and is situated
in the midline. This corresponds to TM311 labeling of the floor

plate of the neural tube. In fact, TM expression was present in the
ventral midline neuroepithelium and in the roof- and floorplate at
all levels of the neural tube (Figs. 4C, 5C,E) (data not shown).

Evaginating neuroepithelium expresses TM
TM311 labeled three large areas of the neuroepithelium that
undergo dramatic morphogenetic movements at E12 (Fig. 4A).
First, the preoptic area was heavily labeled with TM311 at the
time this region is evaginating to form the optic cup (Fig.
4A,C,D). Second, the tuberal epithelium of the hypothalamus,
which migrates down to surround Rathke’s pouch to form the
pituitary, was labeled with TM311 (Fig. 4A). Third, a zone of the
neuroepithelium that appears to contribute to the choroid plexus
strongly expressed TM (Fig. 4A,B). This latter region of the
neuroepithelium migrates out into the lateral ventricles to form
the epithelial component of the choroid plexus. All of these
regions demonstrated strong immunoreactivity across the width of
the neuroepithelium.
The TM-expressing regions also highlighted distinctions be-

tween adjacent prosomeres. First, the TM311-positive tuberal

Figure 4. TM is localized to areas of the neuroepithelium that undergo extensive morphogenetic movements. A, Midsagittal section through an E12 rat
showing TM immunolocalization in the tuberal (Tu), preoptic (POA), and presumptive choroid plexus neuroepithelium (arrowhead). Note floor plate (FP)
labeling in this section. B, Higher magnification of neuroepithelium containing the presumptive choroid plexus (arrowhead in A), which is labeled before
evagination. Note the well delineated boundary between TM311-positive and -negative neuroepithelium. C, Coronal section through E12 rat prosen-
cephalon showing TM311 immunoreactivity in the preoptic neuroepithelium (POA; arrowhead). D, Higher magnification of the TM311-labeled preoptic
neuroepithelium (arrowhead in C). Te, Telencephalic vesicle. Scale bars: A, C, 350 mm; B, D, 65 mm.
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epithelium contrasts with the less densely labeled anterior hypo-
thalamus, distinguishing between the alar and basal domains of
prosomere P5 (Fig. 4A). Second, the tuberal (TM311-positive) to
mammillary (TM311-negative) epithelium change in TM expres-
sion highlights the boundary between prosomeres P4 and P5 (Fig.
4A). Third, the distinction between the presumptive choroid
plexus (TM-positive) and the TM-negative thalamus that lies
posterior to it corresponds to prosomeres P2 and P3 differences
(Fig. 4A,B). Finally, the preoptic area is intensely TM-
immunoreactive, whereas the cells of the developing anterior
hypothalamus exhibit much less TM311 immunoreactivity (Fig.
4A,C,D), corresponding to a distinction between the P5 and P6
prosomeres.

TM311 appears to mark neuroepithelial choroid
plexus precursors
TM311 labeled a discrete domain of cells in the dorsal neuroep-
ithelium that is generally defined as presumptive allocortex (Fig.
4A,B). Analysis of a series of midsagittal, parasagittal, and coro-
nal sections through the telencephalon and diencephalon at dif-
ferent ages, however, revealed that the TM311 immunoreactivity
marks a region that appears to contain the neuroepithelial fore-
runners of the choroid plexus. As early as E11, almost 3 d before
expansion of the choroid plexus into the lateral ventricles (Das,
1979; Altman and Bayer, 1995), TM311-labeled cells are apparent
at the dorsal midline of the telencephalon (Fig. 5A,B), before the
downfolding of the neuroepithelium to form the medial telence-
phalic walls. Coronal sections through the telencephalon at E12
show the intense TM311 immunoreactivity in cells just before the
onset of choroid plexus formation (Fig. 5C,D). This region cor-
responds to the neuroepithelium shown in the parasagittal plane
(Fig. 4A,B). In the coronal plane, it is evident that the darkly
labeled cells at the ventral-most part of the medial cerebral wall
are distinct from the TM311-negative cells comprising the dorso-
medial neuroepithelium.
The expression of high molecular weight TMs was maintained

at E14 and E16 in the neuroepithelium that appears to migrate
into the lateral ventricles to become the choroid plexus (Fig.
5E–H). At this age, the TM311 immunoreactivity was present not
only in the epithelial cells of the choroid plexus proper, but in a
restricted region of neuroepithelial cells in the ventral-most part
of the telencephalic wall. The immunolabeling of the choroid
precursors in the medial wall was most intense at the ventricular
surface, but is present in fine processes extending throughout the
width of the neuroepithelium. TM labeling also was observed in
the connective tissue underlying the epithelium. Beyond E16, the
region of TM311-labeled cells adjacent to the choroid plexus
decreased.
In the hindbrain, at all ages examined, the velum medulare and

the directly adjacent neuroepithelial cells, thought to be cerebel-
lar precursors, were TM311-positive, whereas the remaining pre-
sumptive cerebellar neuroepithelium was TM311-negative. When
we followed the pattern of labeling through development, it was
evident that the TM-immunoreactive cells appear to contain the
forerunners of the choroid plexus of the fourth ventricle (data not
shown). TM311 also labeled the region containing the precursors
of the choroid plexus of the roof of the third ventricle. In all areas,
TM311 continued to label the choroid plexus as it formed during
fetal development.

Allocortical and choroid plexus precursors are derived
from distinct cell populations
The differential labeling with TM311 in the ventromedial wall of
the dorsal telencephalon suggested that there is an early spatial
segregation of the neuroepithelial cells that form the choroid
plexus from those that give rise to the allocortex. To support this,
we performed double-labeling experiments with TM311 and
MAP2 at E15. MAP2 is a marker that labels neurons, such as
those in the primordial plexiform layer of the allocortex (Fig. 6).
TM311 immunolabeling was similar to that seen in Figure 5E–H,
with TM immunolabeling present in the choroid plexus itself and
in the apposed ventral neuroepithelium of the medial wall of the
telencephalon. The TM311 immunoreactivity was complementary
to MAP2 at all ages examined. The differential labeling of the
cells in this region shows that the neuroepithelium in the medial
telencephalic wall is spatially segregated to give rise to function-
ally distinct cell populations.

DISCUSSION
Tropomyosin marks many boundaries in the
developing rat CNS
The mechanisms regulating the formation of boundaries between
neuroepithelial zones during embryonic development remain un-
known, but the present study serves as a first indication that the
microfilament-regulatory protein TM may play an important role.
High molecular weight tropomyosins are expressed in cells that
occupy boundaries between rhombomeres in the hindbrain from
E10 to E13, throughout the period during which rhombomeres
are present, whereas the neuroepithelium of the segments them-
selves exhibits no TM immunoreactivity. Furthermore, we identi-
fied three zones in which TM marks only the boundary region
between prosomeres, with the cells appearing similar to those
stained at rhombomere boundaries. TM has a well established
role in regulating actomyosin function and actin filament dynam-
ics in both muscle and nonmuscle cells (Lees-Miller and Helfman,
1991; Pittenger et al., 1994). The expression of high molecular
weight TMs in cells that form morphologically distinct boundaries
between hindbrain segments and regions of the forebrain indi-
cates a conserved mechanism of regulation of cell shape and/or
motility for establishing some CNS boundaries. It will be interest-
ing to learn whether TM expression absolutely precedes rhom-
bomere formation and whether it follows the precise temporal
sequence of rhombomere formation as reported for Fgf-3 in the
chick (Mahmood et al., 1995). Absolute identification of specific
rhombomeres, however, is normally carried out with whole-mount
staining and is difficult with sectioned early embryos, because of
embryonic flexion. Whole-mount immunocytochemistry is impos-
sible with TM311, because of high levels of TM expressed by
non-neural tissues. It is important to emphasize that forebrain
boundaries identified by others on the basis of molecular differ-
ences, but without distinct morphological appearance, did not
express high molecular weight TMs. This indicates that TM iso-
forms are not associated with all embryonic boundaries but,
rather, a large subset that is unique, based on both the organiza-
tion of discrete sets of neuroepithelial cells in narrow zones and
the molecular differences between surrounding cell regions.
It has been suggested that the unique structure of hindbrain

segments is generated because of a higher rate of cell division in
the rhombomeres, whereas the boundary cells divide more slowly,
leading to a bulging of rhombomeric neuroepithelium (Guthrie et
al., 1991). It is possible that boundary cells are nonmotile and
remain tethered to produce the morphologically evident ventric-
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ular ridges. The high molecular weight TMs have been shown to
reduce the flexibility of actin filaments (Fujime and Ishiwata,
1971) and to protect F-actin from severing and depolymerization
(Hitchcock et al., 1976; Bernstein and Bamburg, 1982; Fattoum et
al., 1983; Broschat, 1989, 1990). Interestingly, the low molecular

weight TMs, not examined in this study but potentially present in
some TM311-negative cells, have been associated with highly
motile regions of cells, such as the ruffling membranes of fibro-
blasts (Lin et al., 1988). Although high molecular weight TMs are
often associated with more stable microfilaments, it must be
emphasized that the precise role of TM in nonmuscle cells,
including the TM311-immunoreactive neuroepithelial cells in this
study, remains unclear. It also is important to note that, based on
TM311 staining, high molecular weight TMs are localized
throughout boundary cells, suggesting that TM regulation of cel-
lular processes other than apical constriction is involved in gen-
erating segment boundaries.
The mechanism regulating TM expression at boundaries is

unclear. Anterior limits of expression of many hox genes fall along
rhombomere boundaries, consistent with the possibility that TM
expression is transcriptionally regulated by these genes. Regula-
tion, however, is unlikely to occur through a single hox gene (or
even simple combination), because no single hox gene is present
in all cells of every boundary region. Fgf-3, however, was de-
scribed recently in rhombomere boundary cells during or soon
after boundary formation in the developing chick brain (Mah-
mood et al., 1995). Fgf-3 expression is induced early in boundary
regeneration experiments, suggesting that this molecule may reg-
ulate boundary cell identity, possibly including TM expression.
The promyelocytic leukemia zinc finger (PLZF) transcription
factor also is highly expressed at rhombomere boundaries (Cook
et al., 1995). This restricted expression occurs at E10 in a mouse,
later than the initial expression of TM at E10 in the rat, making it
an unlikely candidate for transcriptional regulation of TM at
rhombomere boundaries.

TM311 labels morphogenetically active regions of
the neuroepithelium
In contrast to the exclusive labeling of boundary cells demonstrated
in both hind- and forebrain, we also identified TM311-labeling of
morphogenetically active zones that highlight distinctions between
prosomeres. For example, the tuberal hypothalamus (P5) is TM311-
positive, whereas the mammillary epithelium (P4) is negative. These
patterns are similar to those shown with differential hybridization
with probes to homeobox genes, nonhomeobox transcription factors,
and other differentiation factors (Bulfone et al., 1993, 1995; Alvarez-
Bolado et al., 1995; Avantaggiato et al., 1995).
Although it is plausible that specific isoforms of cytoskeletal

proteins would be expressed by cells in regions of the neuroepi-
thelium undergoing morphogenetic movements, we did not antic-
ipate that these regions would correspond to precise prosomeric
organization. The regionalization of the forebrain is not typically
emphasized based on pronounced morphological characteristics,
but zones of neuroepithelial cells clearly undergo movements that
contribute to telencephalic differentiation. The observed pattern
of TM expression suggests an important role for TM in aspects of

4

Figure 5. Tropomyosin immunolabels cells that are the forerunners of the choroid plexus. A, Coronal section through E11 rat showing TM311-
immunolabeled cells (arrowhead) at the dorsal midline of the telencephalon (Te) that will form the choroid plexus 2–3 d later. B, Higher magnification
of the restricted zone of TM311-labeled neuroepithelium (arrowhead in A). C, Coronal section through E12 rat telencephalon showing intensely
TM311-immunoreactive cells (arrowhead) at the ventral-most region of the medial wall of the dorsal telencephalon. These cells will form the choroid
plexus of the lateral ventricles. D, Higher magnification of the TM311-immunoreactive choroid plexus precursors (arrowhead in C). E, Coronal section
through E14 rat showing TM311-labeled choroid plexus (arrowhead) of the lateral ventricle (LV ). F, Higher magnification showing TM311-labeled cells
of the presumptive choroid plexus (arrowhead in E) distinguished from the TM311-negative presumptive allocortex. Note that the plexus has already
formed in the LV and is TM311-positive (lower right side).G, Coronal section through the E16 rat telencephalon showing TM311-immunoreactive choroid
plexus and choroid plexus precursors (arrowhead). H, Increased magnification showing TM311-positive cells of the developing choroid plexus at the
ventro-medial wall of the dorsal telencephalon. Scale bars: A, C, E, G, 500 mm; B, 100 mm; D, F, H, 200 mm.

Figure 6. Color photomicrograph highlighting the molecular distinction
between neuroepithelium-containing choroid plexus and allocortical pre-
cursors. Coronal section through E15 rat telencephalon reveals the sharp
boundary (arrow) between the region containing the TM311-labeled pre-
sumptive choroid plexus (ventrally, in red) and allocortex, shown by
MAP2-positive neurons in the primordial plexiform layer (dorsally, in
green). TM is also expressed in the smooth muscle of the blood vessels and
in connective tissue. Scale bar, 40 mm.
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regulation of forebrain morphogenesis. It is important to note that
TM311-labeled cells are located in regions of the neuroepithelium
that actively evaginate as epithelial sheets rather than through
individual cell movements. Furthermore, cells express TM before
their actual migration, as observed with the choroid plexus. This
expression may reflect the necessity for neuroepithelial cells to
regulate microfilament structure collectively at the onset of evag-
ination. TM has been localized previously to regions where epi-
thelial cells migrate or contract in unison, such as in the “purse
string” mechanism of wound healing (Bement et al., 1993) and in
the terminal web of intestinal epithelium (Mooseker, 1976; Bur-
gess, 1982). Many of the studies regarding the role of microfila-
ments in folding of the neural epithelium suggest that apical
constriction of microfilament bundles drives the morphogenetic
process (Burnside, 1971; Karfunkel, 1971). As we report here for
both the hindbrain and the forebrain, TM immunostaining is not
restricted to the apical region of the neuroepithelial cells, suggest-
ing that TM regulates microfilament dynamics other than apical
constriction.

TM expression and choroid plexus formation
The dorsomedial telencephalic wall often is designated as gener-
ating exclusively allocortex (Bulfone et al., 1993; Altman and
Bayer, 1995). The TM expression pattern reported in this study
suggests that this region contains two distinct precursor popula-
tions, the ventral-most of which appears to give rise to the choroid
plexus. These precursor cells demonstrate TM immunoreactivity
as early as E11 (Fig. 5), almost 3 d before the choroid plexus can
be identified morphologically in the rat lateral ventricle. The
generation of the epithelial component of the choroid plexus has
been investigated with [3H]TdR injections, and heavily labeled
cells were found in the third and fourth ventricles of the mouse
after injection at E12 (Miale and Sidman, 1961; Rakic and Sid-
man, 1968). Similar studies in the rat have shown that generation
of the ependyma occurs along a caudal-to-rostral gradient, begin-
ning at E14 (Das, 1979). The early TM expression is maintained
in a segregated population of neuroepithelial precursors and the
choroid plexus epithelium throughout fetal development. Other
proposed markers for early choroid plexus include transthyretin,
but its mRNA is localized only to the choroid plexus structure
itself (Thomas et al., 1988; Makover et al., 1989; Cavallaro et al.,
1993). TM311 labeling is thus far the earliest marker of the
choroid plexus, and it probably reflects an important role for
microfilament regulation in formation of this structure.
The segregation of allocortical neuronal and choroid plexus

precursors, based on our analysis of MAP2 and TM311 double
immunolabeling, is evident as early as E13 and throughout all
other ages evaluated (E13–E16). In fact, labeling of the dorsome-
dial prosencephalic wall at E11, before telencephalic vesicle for-
mation, indicates an early molecular distinction in this neuroepi-
thelium, where only a part is dedicated to generating cells that will
comprise allocortex (Bulfone et al., 1993; Altman and Bayer,
1995). The early expression of TM indicates an important role in
microfilament regulation during initial stages of precursor seques-
tration. The continued expression of TM in choroid plexus cells
that actively migrate out into the ventricles also implicates TM
regulation in morphogenetic movements associated with evagina-
tion of the choroid plexus throughout development. It is unclear,
however, which genes might regulate this segregation, because
none of the transcription factors examined thus far, either sepa-
rately or in combination, specifically marks this early, TM-positive
region of midline epithelium.

The discrete regulation of the expression of high molecular
weight TMs in the early developing rat CNS suggests a central role
in modulating actin filament dynamics. The control of such dy-
namics, based on our understanding of non-neural epithelium, is
likely to be critical for folding regions of the neuroepithelium and
maintenance of border regions in the neural tube during embry-
onic growth. The present study provides the first indication that
microfilament regulation by TM is a central component of neu-
roepithelial specialization.
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