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Summary

The expression of the murine paired-box-containing
gene, Pax2, is examined in the developing central
nervous system by in situ hybridization. Pax2 ex-
pression is detected along the boundaries of primary
divisions of the neural tube. Initially, Pax2 is expressed
in the ventricular zone in two compartments of cells on
either side of the sulcus limitans and along the entire
rhombencephalon and spinal cord. At later times, Pax2
is restricted to progeny cells that have migrated to
specific regions of the intermediate zone. In the eye,
Pax2 expression is restricted to the ventral half of the

optic cup and stalk and later to the optic disc and nerve.
In the ear, expression is restricted to regions of the otic
vesicle that form neuronal components. The transient
and restricted nature of Pax2 expression suggests that
this murine segmentation gene homologue may also
establish compartmental boundaries and contribute to
the specification of neuronal identity, as do certain
Drosophila segmentation genes.

Key words: neurogenesis, paired box, Pax, optic vesicle,
otic vesicle, mouse embryology.

Introduction

The mammalian central nervous system is a highly
evolved network of interconnected cells designed to
sense, store and process information. Implicit in its
design is a precise architecture, the foundation of which
is laid down during embryogenesis. How the develop-
ment of the mammalian nervous system is regulated
and what genes encode determining factors for cell and
positional specification remain unknown. However,
recent experiments with Drosophila embryos demon-
strate that certain genes controlling the segmentation of
the embryo also affect neurogenesis and, in particular,
neuronal identities (Doe et al. 1988a,b; Patel et al.
1989).

Segmentation in Drosophila is controlled by the
sequential activation of the gap, pair-rule and segment
polarity genes (Niisslein-Volhard and Wieschaus, 1980;
for review see Ingham, 1988; Akam, 1987; Scott and
Carroll, 1987). First expressed at the cellular blasto-
derm stage, the Drosophila pair-rule genes are also
expressed during neurogenesis. Thus, a gene that func-
tions in the establishment of a segmented body plan is
also required for nervous system development from the
neuroectoderm. For example, the fushi tarazu (ftz)

protein is expressed in a segmented pattern of seven
stripes at the blastoderm stage and fifteen clusters of
germ band nuclei in the developing nervous system at
the early gastrulation stage (Carroll and Scott, 1985). In
fact, a specific neurogenic regulatory element controls
ftz expression at this stage (Hiromi et al. 1985). More
recent experiments point to a defined transformation of
a neuronal phentoype mftz mutants (Doe et al. 1988a).
Similar observations were also made in temperature-
sensitive mutants of the Drosophila pair-rule gene even-
skipped (eve) (Doe et al. 1988ft). These neurogenic
functions are not exclusive to segmentation genes of the
pair-rule class, as the segment polarity mutants goose-
berry, patched, cell and wingless also exhibit altered
neuronal identities (Patel et al. 1989).

Many segmentation and homeotic genes of Dros-
ophila share highly conserved protein domains that
have enabled investigators to isolate vertebrate genes
with similar domains (for reviews see: Dressier and
Gruss, 1988; Wright et al. 1989). The Pax2 gene was
identified (Dressier et al. 1990) through its homology to
the paired box found amongst the Drosophila segmen-
tation genes paired, gooseberry-proximal, gooseberry-
distal, Pox meso and Pox neuro (Bopp et al. 1986; 1989).
The Pax2 gene is expressed in the developing excretory
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system (Dressier et al. 1990), a transiently segmented
structure of mesodermal origin. In addition, this report
describes the spatial and temporal expression pattern of
Pax2 during neuronal differentiation in the central
nervous system, in defined regions of the otic vesicle,
and during morphogenesis and axonal elongation of the
optic cup and stalk. Thus Pax2 shares not only the
conserved paired domain with some Drosophila seg-
mentation genes, but also a similar biphasic expression
pattern during morphogenesis of segmented structures
and neurogenesis.

Materials and methods

The procedure for in situ hybridization is as described in detail
in the preceding report (Dressier et al. 1990). Pregnant
females were sacrificed at 8-18 days post coitum (p.c); the
day of the vaginal plug was designated as day 0.

Both antisense and sense mRNA were synthesized from a
unique Pax2 cDNA fragment downstream from the paired
box sequence to prevent potential cross hybridization with
other paired box containing genes (Dressier et al. 1990). In
addition, a mouse Hox 3.1 probe was used as a positive
control (Breier et al. 1988).

Results

The expression of Pax2 was analyzed in various stages
of mouse embryogenesis by in situ hybridization. Pax2
transcripts were detected in embryo tissue sections from
days 9-18 post coitum and were restricted to four
different epithelial structures: embryonic kidney,
neural tube, optic and otic vesicles. Pax2 transcripts
were not detected in adult structures examined, includ-
ing the spinal cord, diencephalon and optic tract (data
not shown). The structure of the Pax2 cDNA and its
expression in the developing kidney is described in the
accompanying paper (Dressier et al. 1990), whereas this
paper describes Pax2 expression in the developing
nervous system.

At day 8 p.c , Pax2 RNA could not be detected in any
ectodermal or mesodermal structures (data not shown).
Pax2 expression on day 9 of gestation is detected in
both the optic and otic vesicles as will be described in
detail in the following sections. The earliest detectable
expression of Pax2 within the neural tube is during the
early stages of neuronal differentiation on day 10 of
gestation.

Neural tube
Overall pattern

Beginning at day 10, Pax2 transcripts are expressed
along the boundaries of two primary divisions in the
neural tube. The rostral limit of Pax2 expression was at
the mesencephalon-rhombencephalon border, the isth-
mus (Fig. 1A,B arrow) and expression extended
through the rhombencephalon and spinal cord, on both
sides of the sulcus limitans (Fig. 1C,D). This pattern of
expression persists in these cells and their progeny from
days 10 to 18 and is described in detail in the transverse

plane of the spinal cord during two phases: the periods
of (1) neurogenesis and (2) post neurogenesis. Based on
[3H]thymidine analysis, neurons in the mouse spinal
cord originate on days 9 to 13 (Nornes and Carry, 1978;
Sims and Vaugh, 1979; McConnell, 1981). During this
period, the pseudostratified cells in the neuroepi-
thelium (ventricular zone) are mitotically active. In a
precise ventral-to-dorsal order, the cells stop cycling
mitotically, and migrate from the margin of the lumen
radially to settle in the surrounding mantle layer (inter-
mediate zone). For details on this pattern of cell
kinetics in the developing mouse spinal cord refer to
Nornes and Carry (1978).

Pax2 expression during neurogenesis
On day 10 of gestation, Pax2 hybridization is detected
in two regions of the ventricular zone, one on either
side of the ventrodorsal midline, the sulcus limitans
(Fig. 2A,B). It is restricted to the basal region (distal to
lumen) of the neuroepithelium and is more extensive in
the basal plate than in its counterpart in the alar plate.
In the basal plate, the silver grains extend further along
the ventrodorsal axis as well as further medially towards
the apical (luminal) region of the neuroepithelial cells.
Pax2 transcripts were never detected in the cells in the
ventral 1/4 of the ventricular zone as well as in their
progeny which settles in the most ventral and lateral
intermediate zone and form motor neurons (Nornes
and Carry, 1978).

On day 11.0 of gestation, Pax2 transcripts in the
ventricular zone are still restricted to these same two
compartments bordering the sulcus limitans
(Fig. 2C,D, arrow). The hybridization is more intense
and extensive than on the previous day, particularly in
the alar plate component, as it extends further dorsally.
By this stage, more cells have migrated from the
ventricular zone and the intermediate zone is now
present in both the basal and alar plates. A few clusters
of silver grains are present in this zone immediately
radial to the position of transcripts in the ventricular
zone (Fig. 2D arrowheads).

On day 11.5 of gestation, Pax2 transcripts in the
ventricular zone are no longer restricted to two com-
partments on either side of the sulcus limitans but are
expressed continuously along the entire dorsal two-
thirds of this layer (Fig. 2E,F). In the intermediate
zone, Pax2 is expressed in the progeny cells that
expressed Pax2 on the previous day and is restricted to
two regions extending radially on both sides of the
sulcus limitans. In the basal plate, the signal is seen over
cells that have settled medial and dorsal to the nonex-
pressing and earlier formed putative motor neuroblasts
(Fig. 2F arrowheads). In the alar plate, transcripts are
present over the entire intermediate zone with the
highest density of silver grains along its most lateral
border.

On day 12 of gestation, the ventricular zone has
nearly completely regressed in the basal plate and
become thinner in the alar plate (Fig. 2G). In what
remains of the ventricular zone, Pax2 transcripts are
still expressed in the dorsal two-thirds; however, the
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Fig. 1. Expression of Pax2 transcripts along the rostrocaudal axis of the neural tube. Left in all the photographs is rostrad
and right is caudad. (A) Parasagittal section of the brain stem hybridized with Pax2 antisense probes, photographed under
bright-field illumination. (B) Same field as in A, photographed under dark-field illumination. Note the sharp rostral
boundary of silver grains at the rhombencephalic isthmus (arrow) and the continuous longitudinal strip of silver grains from
this point and caudally (arrowheads). (C) Parasagittal section of the spinal cord taken from the same animal as A and B,
photographed under bright-field illumination. (D) Same field as in C, photographed under dark-field illumination. Note the
continuous longitudinal stripes of silver grains along the rostrocaudal axis, one in the basal plate (bp) and the other more
dorsally in the alar plate (ap). 1, lumen; me, metencephalon;ms, mesencephalon; my, myelencephalon; si, sulcus limitans;
vnt, ventral border of neural tube; IV, fourth ventricle. Bar, 250 ̂ im.

density of silver grains is less (arrows, Fig. 2H). In the
intermediate zone of the basal plate, Pax2 expression is
still restricted to the cells medial and dorsal to the non-
expressing pool of motoneuroblasts. In the intermedi-
ate zone of the alar plate, the highest amount of Pax2
transcripts is in a band of cells that extends across the
midlateral region (Fig. 2H, arrowheads). This set of
cells appears to be in the same relative position as those
expressing the transcripts in the alar plate on the
previous day. Additionally, Pax2 transcripts are
detected in the newly formed cells in the most dorsolat-

eral alar plate. These cells will form the dorsal region of
the dorsal horn, the substantia gelatinosa.

Expression during postneurogenesis
By day 14 of gestation, all the neurons in the spinal cord
have been born and most of them are in their final
settling positions. The ventricular zone has regressed
and the lumen of the neural tube is now lined by
ependymal cells which do not express Pax2 (Fig. 3A,
B). Pax2 transcripts are expressed in the same popu-
lations of cells as described on the previous days. In the
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Fig. 2. Pattern of Pax2 mRNA expression in the transverse
plane of the embryonic spinal cord during representative
periods of neurogenesis. Top of the photographs is dorsal
and bottom is ventral. The photographs on the left
(A,C,E,G) were photographed under bright-field
illumination, and those on the right are the same sections
photographed under dark-field illumination. (A,B) A 10-
day p.c. embryo showing high density of silver grains
(arrowheads) in two clusters on either side of the
ventrodorsal midline (arrow) and restricted to basal region
(distal to lumen) of the neuroepithelium cells in the
ventricular zone (vz). (C,D) An 11-day p.c. embryo. The
two clusters of expressing cells are still primarily in the
basal region of the neuroepithelium in the ventricular zone
(vz) with a clear separation at the sulcus limitans (si, arrow)
between the cluster in the basal plate (bp) from that in the
alar plate (ap). Some hybridization above background levels
is also present in the intermediate zone (iz) lateral to the
regions of expression in the ventricular zone (arrowheads).
(E,F) An 11.5-day p.c. embryo. In the ventricular zone
(vz), the silver grains are still restricted to the basal region
of the neuroepithelial cells and, in the intermediate zone
(iz), two pools of cells express the transcript: one in the
basal plate (arrowheads) dorsal and medial to the putative
motor neuroblasts (mn), and the other in most of the alar
plate. (G,H) A 12-day p.c. embryo. The ventricular zone
(vz) has regressed considerably by this stage, nearly
completely in the basal plate. Expression is still restricted to
the same relative position but is less intense than on the
previous days (arrows). In the intermediate zone of the
basal plate (bp), expressing cells are in the same relative
positions as on the previous day, however, they are more
scattered; in the alar plate (ap), expressing cells are in two
clusters, one in the same relative position as those observed
in the alar plate on the previous day (arrowheads), and
another more diffuse pattern of grains over the newly
formed cells in the most dorsolateral region. Bar, 250 fim.

basal plate, Pax2 hybridization is seen in cells that have
settled in the intermediate grey, pars ventralis, a region
medial and dorsal to the putative non-expressing motor
neuroblasts (Fig. 3A,B arrowheads). In the alar plate,
Pax2 transcripts are in basically the same pattern as on
day 12. Pax2 hybridization occurs in the intermediate
grey, pars dorsalis (Fig. 3B, arrowheads) and in a
region extending medially from the central canal to the
most dorsolateral regions (substantia gelatinosa) of the
alar plate. The cells in the intermediate central grey still
are devoid of Pax2 expression. Since the cells are
basically in their final settling positions by day 14 of
gestation, the pattern of hybridization on day 18 ap-
pears basically the same as described above for day 14
(Fig. 3C.D).

Brain stem
The pattern of expression in the myelencephalon of the
brain stem is essentially similar to that described above
for the spinal cord. To illustrate this common pattern,
representative transverse sections of the brain stem at
the level of the otic vesicle during the early period of
neurogenesis are presented. On day 10 of gestation,
Pax2 transcripts were detected in the ventricular zone in
two clusters on either side of the ventrodorsal midline,

presumably the sulcus limitans, and restricted to the
outer half to one fourth of the ventricular zone
(Fig. 4A,B, arrow). As in the spinal cord, there was no
detectable hybridization in the most ventral and dorsal
regions of the ventricular zone at this stage.

On day 11 of gestation, the roof plate expands
dorsally so the alar and basal plates seemingly open and
come to lie in a horizontal plane as illustrated in
Fig. 4C,D. Pax2 transcripts are still expressed in the
two compartments of the ventricular zone on either side
of the dorsoventral midline and also in their progeny in
the intermediate zone, which is comparable to the pars
ventralis and dorsalis of the spinal cord. The regions of
the intermediate zone that will form intermediate
central grey and motor columns are again devoid of
Pax2 expression.

Otic vesicle
The otic vesicle develops by a process of invagination of
an ectodermal placode in the region of the myelen-
cephalon. The earliest expression of Pax2 transcripts
was detected on day 9 of gestation when the otic vesicles
were completely separated from the surface ectoderm
and flanking the myelencephalon (not shown). On day
10 of gestation, the transcripts are present in the same
region of the vesicle; however, now the level of ex-
pression is higher (Fig. 4A,B, arrow). The expression is
restricted to the side of the vesicle flanking the neural
tube. On day 11 of gestation, high-intensity hybridiz-
ation is located in the more ventral region of the vesicle
which forms the saccular and cochlear (neurogenic)
portions of the ear (Fig. 4C,D; arrowheads). Pax2
transcripts were not detected in the more dorsal regions
of the vesicle, which forms the endolymph sac (open
arrowheads). On day 14 of gestation, Pax2 transcripts
were still detected in the saccular and cochlear regions
of the developing ear (not shown).

Optic vesicle
The description of Pax2 hybridization in the developing
eye is divided into two developmental phases: (1) the
period of morphogenesis of the optic cup and stalk and
prior to axon growth into the stalk, and (2) the period of
axogenesis. The first axons from the retina enter the
optic stalk at day 12.5 of gestation (Silver and Sapiro,
1981).

Pax2 expression during morphogenesis
The expression of Pax2 transcripts in the development
of the eye is first detected on day 9 of gestation when the
optic vesicle is making contact with the surface ecto-
derm. As illustrated in Fig. 5A,B, Pax2 hybridization
occurred in the most distal region of the optic vesicle,
which is apposed to the surface ectoderm. The same
section also shows that there is no detectable expression
in the neural tube at this early stage (Fig. 5B). Twenty-
four hours later on day 10 of gestation, the optic cup is
in the process of forming by the invagination of the
region of the vesicle that expressed Pax2 transcripts
during the previous day (Fig. 5C). Pax2 hybridization is
over the ventral half to two thirds of this invaginating
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Fig. 3. Pattern of Pajc2 transcripts at 14- and 18-days p.c. in the transverse plane. All the neuroblasts of the spinal cord have
been born and most of them are in their final settling positions. Dorsal is top and ventral is bottom. (A) 14-day p.c. embryo,
under bright-field illumination. The ventricular zone has completely regressed and ependymal cells (ep) now line the lumen.
(B) 14-day p.c. embryo under dark-field illumination. Pax2 expressing cells in the basal plate have settled to form the
intermediate grey, pars ventralis (igv, arrowheads), and those in the alar plate form the intermediate grey, pars dorsalis (igd,
arrowheads) and the substantia gelatinosa (sg). The central grey (eg) remains unlabeled. (C) 18-day p.c. embryo under
bright-field illumination, and (D) the same section photographed under dark-field illumination. Pax2 transcripts are still
expressed in the ventral (igv) and dorsal (igd) compartments of the intermediate grey (arrowheads) and in the substantia
gelatinosa. me, motor column. Bar, 250 fan.

germinal epithelial layer (Fig. 5D, arrow) and the
ventral region of the optic stalk (Fig. 5E,F; arrow). The
expression ends abruptly at the border with the dien-
cephalon.

By day 11 of gestation, the basic foundation of the
eye has formed with the development of the invagi-
nated (inner) layer of epithelium in the cup, which will
form the presumptive neural retina, the outer epithelial
layer of the cup, which will form the retinal pigment
epithelium, and the stalk, which will form the optic
nerve (Fig. 5G). The next major morphological event
to occur is the formation of the optic fissure in prep-
aration for the guidance pathway for retinal axons. This

fissure forms by invagination of the epithelial cells in the
most ventral region of the cup and distal optic stalk.
Pax2 transcripts appear coincidentally within these
regions of invagination. As illustrated in tissue sections
from 11 day embryos, high levels of Pax2 expression are
detected in the base of the optic cup (Fig. 5H, arrow)
and along the ventral region of the optic stalk extending
proximally to the border with the diencephalon
(Fig. 5J, arrow).

Pax2 expression during axogenesis
Representative sections through the eye on days 14 and
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Fig. 4. Pattern of Pax2 mRNA expression in the embryonic brain stem during the period of neurogenesis. Representative
transverse sections of the myelencephalon at the level of the otic vesicle (otv); dorsal is top and ventral is bottom. (A) A 10-
day p.c. embryo, photographed under bright-field illumination. (B) Same section as in A, photographed under dark-field
illumination. Pax2 expression is in the same relative position of the ventricular zone as described in Fig. 3 for the spinal
cord. Expression is restricted to the basal region (distal to lumen) of the pseudostratified neuroepithelial cells in two clusters
on either side of the dorsoventral midline (arrow). In the otic vesicle (otv), expression is restricted to the epithelial cells
flanking the neural tube (arrowheads). (C) An 11 day p.c. embryo photographed under bright-field illumination; (D) same
section as C under dark-field illumination. Expressing cells extend in two radial bands (arrows), extending from the lateral
1/3 of the ventricular zone (vz) into the intermediate zone (iz). In the otic vesicle (otv), expressing cells are in the ventral
extension of the vesicle (arrowheads) which forms the saccular and cochlear (neurogenic) portions of the ear. The dorsal
extension of the vesicle (open arrow) which forms the endolymphatic sac and duct lacks Pax2 expression, me, motor column;
IV, fourth ventricle. Bar, 250 fan.

18 illustrate the pattern of expression during axogene-
sis. The first axons enter the optic stalk on day 12.5 of
gestation (Silver and Sapiro, 1981). By day 14 of
gestation, the neural retina has two layers; an inner
(vitreal side) neuroblastic layer, containing cell bodies
of the axons extending to the optic disc and stalk, and
an outer layer, containing mitotically active neuroepi-
thelial cells that will give rise to more cells in the inner
neuroblastic layer (Fig. 6A). Pax2 hybridization is ab-
sent from the neuroblastic layer; however, there is
strong expression in the optic disc and extending along
the entire optic nerve (Fig. 6B, arrows). Four days later
on day 18, hybridization is not only found in the optic
stalk and disc, but also in a thin layer of cells along the
vitreal border of the neuroblastic layer (Fig. 6E, ar-
rows). Fig. 6F (arrowheads) is a higher magnification of
this thin layer of labeled cells along the inner border of

the neuroblast layer. Based on the size and location,
they appear to be some type of glial cell.

Discussion

The Pax2 cDNAs were cloned through their homology
to the conserved paired box domain which is found
amongst the Drosophila segmentation genes paired,
gooseberry-proximal, gooseberry-distal, Pox meso and
Pox neuro (Bopp et al. 1986; 1989). Its cDNA and
deduced amino acid sequence, as well as its expression
pattern in the developing excretory system, are de-
scribed in the preceding report (Dressier et al. 1990). In
this report, we describe its expression patterns during
neurogenesis in the brain and spinal cord, and in two
special sensory receptors, the eye and ear. The data
indicate that Pax2 may function not only during forma-
tion of the pro-, meso- and metanephros from inter-
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Fig. 5. Pattern of Pax2 expression in the optic stalk and cup during the period of morphogenesis and prior to axon growth
out of the neural retina. (A) Section through the optic vesicle (opv) of a 9-day p.c. embryo, photographed under bright-field
illumination. Note that the optic vesicle is apposed to the surface ectoderm, however, there is no morphological evidence of
a lens placode. (B) Same section as in A, photographed under dark-field illumination. Note the expression (arrow) in the
distal region of the vesicle. (C) Section through the optic cup (oc), 10-days p.c. embryo. At this stage the cup has begun to
invaginate and the lens placode (lp) has formed. (D) Same section as in C, photographed under dark-field illumination. Note
that peak levels of expression (arrow) are in the ventral 2/3 of the invaginating epithelium. (E,F) Same embryo as in C and
D, 10-day p.c, illustrating the expression of Pax2 in the optic stalk (os). Note the high expression (arrow) in the ventral
region of the stalk and ending proximally to the border with the diencephalon (di). (G) Section through the optic cup, 11
days p.c. embryo, photographed under bright-field illumination. (H) Same section as in G photographed under dark-field
illumination. Note the expression restricted to the base of the optic cup in both the inner and outer epithelial layers (arrow).
(I,J) Same embryo as in G and H, 11 day p.c, illustrating the expression in the optic stalk. Note the expression (arrow) in
the ventral region of the stalk, which extends to the border of the diencephalon (di). lv, lateral ventricle; nr, neural retina;
pe, pigment epithelium; te, telencephalon; III, third ventricle. Bar, 250 fim.

mediate mesoderm, but may have a neurogenic func-
tion as well.

Pax2 expression corresponds to longitudinal
compartments
The Pax2 gene is transcribed along boundaries of
primary divisions of the neural tube. In early develop-

ment, the neural tube is partitioned in the transverse
plane at the mesencephalic-rhombencephalic border to
form an anterior (prechordal) and posterior (epichor-
dal) division and in a horizontal plane to form a dorsal
(alar) and ventral (basal) division (His, 1888;
Kingsbury, 1920, 1922; Johnston, 1923; Bergquist and
Kallen, 1954; Jarvik, 1980; Jacobson, 1985). That cell
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lineages are restricted in movement to these classically
defined divisions in the neural tube has recently been
demonstrated by clonal analysis in the 512-cell Xenopus
embryo (Jacobson, 1983, 1985; Sheard and Jacobson,
1987). The rostral Pax2 expression boundary in the
neural tube is along the mesencephalic-rhombencepha-
lic border at the isthmus and is thus restricted to the
posterior division. Within this posterior compartment,
Pax2 is expressed along the entire length of the rhom-
bencephalon and spinal cord on both sides of the
boundary separating the ventral and dorsal division.
This boundary corresponds to the sulcus limitans (His,
1888).

Initially, all the cells in the neural tube are mitotically
active (Sauer, 1935, 1959; Langman and Haden, 1970;
Sidman et al. 1959; Nornes and Carry, 1978; Altman
and Bayer, 1984) and fixed to a particular position at the
luminal surface by tight junctions (Lyser, 1968; Holley,
1982). In a precise temporal and spatial pattern and
starting at the most ventral region of the basal plate, the
cells stop cycling, lose their attachment to the lumen,
and migrate radially and settle to form the intermediate
layer (mantle layer). While migrating and settling, the
cells maintain a relatively constant position with respect
to their neighboring cells. Cell birthdates have been
determined within each of these functional zones using
[3H]thymidine labeling and there is a ventral-to-dorsal
gradient in their genesis (Nornes and Das, 1974; Alt-
man and Bayer, 1984). In mouse, the motor neurons
originate on days 9 to 10 of gestation, followed by those
of the intermediate grey on days 10 to 11, and finally
those of the substantia gelatinosa on days 11 to 12
(Nornes and Carry, 1978; Sims and Vaugh, 1979;
McConnell, 1981; note that the day of the vaginal plug
was designated as day 1 in some references). Pax2 is
first expressed on days 10 in the mitotically active
neuroepithelial cells on both sides of the ventral and
dorsal boundary of the sulcus limitans. Some of these
Poj:2-expressing cells are in their last mitotic division on
day 10, and, by day 11.5, Pax2 is expressed in the region
of the intermediate zone where these earlier-labeled
cells have settled. The ventral Pax2 expressing com-
partment forms the ventral intermediate gray, pars
ventralis, and the dorsal compartment forms the pars
dorsalis of the intermediate grey region. These two
subsets of labeled neurons partition the intermediate
grey from the earlier formed motor neuroblasts ven-
trally and the later forming cells of the substantia
gelatinosa dorsally (schematized in Fig. 7). Thus, Pax2
is expressed as compartmental boundaries are estab-
lished along the longitudinal plane and may function in
restricting migration and settling of the cells within the
neural tube during this period of neurogenesis.

Morphological evidence shows that the neural tube
architecture is established by a series of subdivisions
into smaller and smaller cellular domains (His, 1888;
Kingsbury, 1920, 1922; Johnston, 1923; Herrick, 1948).
According to His the sulcus limitans is one of these
major divisions. A fundamental difference between
Drosophila and mouse is that compartmental bound-
aries in the nervous system are established in the

transverse plane during Drosophila neurogenesis
whereas vertebrates have functionally and morphologi-
cally distinct compartments in the longitudinal plane.
The segmentation established during Drosophila em-
bryogenesis is retained in the adult by segmentally
organized functions in the head, thoracic and abdomi-
nal segments. In contrast, the segmented body plan of
vertebrates is initially most obvious in mesodermal
structures. The segmental organization of neuronal
structures is retained in the peripheral nervous system
only, whereas the transiently segmented central ner-
vous system is fused into unified longitudinal zones
(His, 1888; Herrick, 1948; Bergquist, 1952; Kallen,
1952; Kallen and Eindskog, 1953; Jacobson and Tarn,
1982). This additional and rather subtle step in the
evolution of vertebrates unifies the function of the
sensory and locomotor systems along the entire rostro-
caudal axis. Thus, one could predict that a gene
specifiying the compartmentalization of the nervous
system into functional units would be expressed in a
continuous longitudinal manner rather than in reiter-
ated transverse compartments as evident in Drosophila.
The Drosophila gene Pox neuro is expressed in a few
neuroblasts per segment and later on in their progeny in
the peripheral as well as in the central nervous system
(Bopp et al. 1989). The difference in the establishment
of functional compartments during neurogenesis in
Drosophila and mouse may be reflected by the seem-
ingly different expression patterns of Pax2 and compar-
able Drosophila segmentation genes at comparable
stages. Therefore Pax2 and possibly Pox neuro may
have similar functions in defining cell lineages during
neurogenesis.

Pax2 expression in the optic and otic vesicles
The expression of Pax2 in the optic vesicle within the
context of the classical divisions in the neural tube is not
as clear. In the early stages (day 9 to 11), Pax2 is
expressed in the ventral half of both the optic cup and
stalk. The optic vesicle develops by evagination of the
prosencephalon, and it is not clear if this outpouching is
included in the anterior or posterior division of the
neural tube. Some classical schemes include the optic
chiasma within the posterior compartment of the neural
tube (Jarvik, 1980). By clonal analysis in Xenopus, the
eye is included within the anterior compartment,
although a boundary separating the dorsal from the
ventral cup and stalk is revealed (Jacobson, 1983). At
the very least, it is clear that Pax2 expression is
restricted to a particular compartment in the ventral
half of the developing optic cup.

The otic vesicle is a mosaic of specific regions that
give rise to specific elements of the developing ear (Li et
al. 1978; D'Amico-Martel and Noden, 1983; Noden,
1988), and Pax2 transcripts are found in all neurogenic
regions of the vesicle. In the early stages, Pax2 tran-
scripts are seen on the medial cells flanking the rhom-
bencephalon, and it is within this region that some cells
bud-off to form the acoustico-cochlear ganglia (Li et al.
1978). At later stages, the only region of the vesicle not
expressing the transcripts is the most dorsally projecting
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outpouching which forms the non-neurogenic endolym- analysis is necessary in order to relate specific regions of
phic duct. There is variability of intensity of expression high intensity of expression to specific structures in the
within the vesicle; however, a more comprehensive developing ear.



Fig. 6. Pattern of Pax2 expression in the optic cup and stalk
during the period of axogenesis. (A) Sections through the
optic disc (od) and optic nerve (on) at 14 days p.c,
hybridized with antisense mRNA and photographed under
bright-field illumination. Note that by this stage, the
neuroblastic layer (nl) has formed in the inner layer of the
neural retina (ne). (B) Same section as A, photographed
under dark-field illumination. Note the expression within
the optic disc and along the optic stalk (arrows). The bright
layer of illumination around the perimeter of the optic cup
is an artifact from the pigment epithelium (pe). (C) Control
section, adjacent tissue section to B, hybridized with sense
Pax2 probe and photographed under dark-field illumination.
Note the lack of silver grains above background levels in all
the structures, and again the artifactual illumination from
the pigment epithelium. (D) Tissue section through the
optic disc at 18 days p.c, hybridized with antisense Pax2
mRNA and photographed under bright-field illumination.
(E) Same section as D, photographed under dark-field
illumination. Note the expression over the optic disc and
extending into the thin layer of cells in the innermost region
of the neuroblastic layer (arrows). (F) High magnification of
the neuroblastic layer (nl) of the neural retina indicated by
the square in D. Note the silver grains over the small cells
(arrowheads) on the innermost region of the neuroblastic
layer, v, vitreous. Bar, A-E, 250pm, F, 25JOTI.

Pax2 and other murine genes
Of the many vertebrate genes isolated by sequence
homology to Drosophila developmental control genes,
nearly all are expressed in the central or peripheral
nervous system. The genes of the murine Hox family
were cloned by homology to Drosophila homeotic
genes (reviewed by Holland and Hogan, 1988; Wright et
al. 1989). Like their Drosophila homologues, they are
expressed in particular rostrocaudal regions of the
neural tube. In contrast to Pax2, some Hox genes are
expressed as early as day 7.5 in neural ectoderm
(Gaunt, 1987) and most are expressed by day 8. In
general, Hox gene expression predates neuronal differ-
entiation in the spinal cord by at least one full day.
Also, the genes of the Hox 1 and 2 cluster exhibit
variable anterior boundaries of expression in the neural
tube that correlate with gene order on the chromosome
(Gaunt et al. 1988; Graham et al. 1989). Thus, it has
been proposed that Hox genes may regionally delineate
position along the anterior-posterior axis.

Of particular interest for the interpretation of the
Pax2 expression pattern are other mouse genes that
were also cloned via their homology to Drosophila
segmentation genes. Expression of the mouse
engrailed-Uke genes demarcates specific regions of the
brain and spinal cord in the transverse plane. En-1
expression in cells of the neural tube (Davidson et al.
1988) partially overlaps with the Pax2 expression pat-
tern in the ventrolateral region of the basal plate. En-2
expression is limited to the brain, centered around the
rhombencephalic isthmus and metencephalon and does
not extend caudally (Davis et al. 1988). However, En-2
expression at 8.5 days appears in the more dorsal half of
the neuroepithelium and clearly demarcates the devel-
oping hindbrain along the transverse axis (Davis et al.
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Spinal Cord

Motor Neurons

Floor Plate

Neural Tube Pax2 Hybridization

Fig. 7. Schematized illustration of the longitudinal
organization of the neural tube. Arrows indicate how each
of these longitudinal columns gives rise to...(B) the
longitudinally organized functional systems in the adult
spinal cord. In early development, the lateral plate is
partitioned into a basal (ventral) and alar (dorsal) half at
the sulcus limitans (si). The most ventral column in the
basal plate gives rise to motor systems, the two columns on
either side of the sulcus limitans give rise to the
intermediate grey region (ig), and the most dorsal column
gives rise to the substantia gelatinosa. The motor neurons
are the output system, the intermediate grey neurons form
intersegmental and long ascending systems, and the
substantia gelatinosa neurons form an intersegmental
system within this same functional layer (Brown, 1981).
(C) Schematized pattern of Pax2 expression in the adult
spinal cord. Initially, Pax2 is expressed on either side of the
sulcus limitans and later in their progeny in the pars
ventralis (igv) and pars dorsalis (igd) of the intermediate
grey. The latest forming Pax2 expressing cells settle in the
substantia gelatinosa and the medial intermediate grey.

1988). Recent data with a mouse evenskipped related
gene also indicate very localized expression at the
midline along the entire longitudinal axis of the devel-
oping spinal cord (Bastian and Gruss, 1990). Thus, it is
possible that particular neuron types in a functionally
repeated unit are specified by expressing a unique
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combination of segmentation gene homologues. From
the evidence derived from certain Drosophila pair-rule
and segment polarity gene mutants (Patel et al. 1989;
Doe et al. 1988^,6), we would predict that the murine
segmentation gene homologues can also regulate early
neurogenic events such as cell birth, cell identity and
stereotypic axon growth in the longitudinally organized
cellular compartments of the neural tube.

As noted in the preceding paper (Dressier et al.
1990), there may be as many as four different Pax2
transcripts and at least two forms of the protein. At
present, we cannot discern whether the expression of
one particular form of mRNA and protein correlates
with ectoderm or mesoderm derived structures. In
addition, different forms of Pax2 protein may have
multiple functions depending on the local cellular
environment and its interaction with other factors.
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schSffel for excellent photography and D. Carlson for
artwork. H.O.N. was supported in part by NIH grant
NS213O9-03A1 and G.R.D. is an Alexander von Humboldt
fellow. This work was supported by the Max Planck Gesells-
chaft.
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