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Promyelocyte Leukemia Zinc Finger (PLZF) is a Kruppel- 
like zinc finger gene previously identified in a unique case 
of acute promyelocytic leukemia (APL) as the counterpart 
of a reciprocal chromosomal translocation involving the re- 
tinoic acid receptor (Y gene (RAR~Y). PLZF is highly con- 
served throughout evolution from yeast to mammals. To 
elucidate its role, we isolated the murine PLZF gene and 
studied its expression during embryogenesis. 

PLZF is expressed in an extremely dynamic pattern with 
transcripts appearing at E 7.5 in the anterior neuroepithel- 
ium and quickly spreading to the entire neuroectoderm un- 
til E 10. At E 8.5, PLZF is transcribed in most of the endo- 
derm. 

During mid to late gestation PLZF is expressed in re- 
stricted domains of the developing CNS as well as in spe- 
cific organs and body structures. We have focused our at- 
tention on the developing forebrain where PLZF is tran- 
scribed in a transverse, segment-like domain correspond- 
ing to the anterior pretectum, in the alarmost part of the 
dorsal thalamus, in the epithalamus, and in the hypothal- 
amus along a defined longitudinal subdomain. Further- 
more, PLZF is expressed in several segmentary bound- 
aries, among them, the zona limitans intrathalamica. Com- 
bined analysis with other regionally restricted genes, such 
as Orfhopedia and D/xl, indicates that in the hypothalamus 
the PLZFdomain is contained within that of Orfhopediaand 
both are complementary to that of D/xl. 

Our data suggest a role for PLZF in the establishment 
and maintenance of transverse identities, longitudinal sub- 
domains, and interneuromeric boundaries, providing ad- 
ditional evidences in favor of the neuromeric organization 
of the forebrain. 
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The morphogenesis of the CNS and the differentiation of the 
neural structures are highly complex processes. The first event 
during embryonic development is represented by the so-called 
neural induction. This phenomenon is defined as an interaction 
between an inducing and a responding tissue, the result of which 
is a change in the differentiative fate of the latter (Gurdon, 
1987). When induced by an organizer (Spemann and Mangold, 
1924), responding ectoderm tissue undergoes morphogenetic 
changes and gives rise to a complete patterned CNS. The phe- 
nomenon of regional differentiation in the induced CNS is called 
regionalization (Gallera, 1971; Hara, 1978; Storey et al., 1992; 
Ruiz i Altaba, 1993, 1994). 

When the neural pattern is established, a complex temporally 
and spatially regulated series of morphogenetic events (e.g., cell 
differentiation and migration) gives rise to smaller areas that are 
phylogenetically, functionally, and often morphogenetically dif- 
ferent. 

Repeated regions have been interpreted as segment-like struc- 
tures. This architecture is particularly evident in the hindbrain 
(Kuhlenbeck, 1973; Puelles et al., 1987; Lumsden and Keynes, 
1989; Fraser et al., 1990; Lumsden, 1990). 

In the rostra1 vesicles, the first overall division is followed by 
a subsequent differentiation of various neuroepithelial domains, 
resulting in the identification of neural structures with different 
histologies (Altman and Bayer, 1986, 1988; Puelles et al., 1987). 

Anatomical, as well as histological studies, postulate the ex- 
istence of genetic fate determinants that subdivide the large neu- 
ral regions into smaller longitudinal and transverse domains 
(Vaage, 1969; Altman and Bayer, 1988; Bulfone et al., 1993a; 
Figdor and Stern, 1993). Two main models have carefully de- 
scribed the morphology of the forebrain: the columnar (Herrick, 
1933; Kuhlenbeck, 1973) and the neuromeric (Vaage, 1969; 
Puelles and Rubenstein, 1993; Rubenstein et al., 1994; see also 
discussion; Kuhlenbeck, 1973) models. Furthermore, the seg- 
mental organization of the embryonic diencephalon has been 
recently proposed (Figdor and Stern, 1993) demonstrating that 
each segmental unit is represented by a polyclonal cell popula- 
tion with a restricted cell fate. 

Specific gene combinations could supply positional and dif- 
ferentiative information to define a regional identity both in the 
hindbrain as well as in the rostra1 CNS (reviewed in McGinnis 
and Krumlauf, 1992; Rubenstein et al., 1994). 

Gene candidates for the specification of forebrain regions 
have been isolated. Several of these are homologs of Drosophila 



4928 Avantaggiato et al. * PLZF Expression in Murine Development 

genes controlling head development such as empty spirucles 
(ems), orthodenticle (otd), Distal-less (Dll), and orthopedia 
(Dm otp) (Dalton et al., 1989; Cohen and Jiirgens, 1991; Fin- 
kelstein and Perrimon, 1991; Porteus et al., 1991; Price et al., 
1991, 1992; Simeone et al., 1992a,b, 1993, 1994a,b). In addition, 
mouse genes related to Drosophila NK, Wingless (Wg), en- 
grailed (en) and the Pax gene family have been also isolated 
and studied (Kim and Nirenberg 1989; Martinez et al., 1991; 
Roelink and Nusse, 1991; McMahon et al., 1992; Price et al., 
1992; Bulfone, 1993; Stoykova and Gruss, 1994). Their expres- 
sion pattern is more consistent with the longitudinal and trans- 
verse boundaries proposed in the neuromeric model (reviewed 
in Puelles and Rubenstein, 1993; Rubenstein et al., 1994), sug- 
gesting the existence of a highly conservative evolutionary law 
that might regulate the most anterior axial patterning in the em- 
bryonic rostra1 CNS. 

Furthermore, many .examples do exist, indicating that regu- 
latory genes involved in the establishment of the neural cell 
identity and phenotype are identical or closely related to those 
controlling the fate of hemopoietic cells (reviewed in Jesse1 and 
Melton, 1992). 

On these bases, we report a detailed analysis of the Promye- 
locyte Leukemia Zinc Finger (PLZF) gene expression during 
murine embryonic development. Our results suggest that besides 
in the hemopoiesis, a major role could be played by PLZF also 
in the early neuroepithelial differentiation, in the establishment 
of regional identities of forebrain derivatives and in the differ- 
entiation of specific body structures and organs. 

These data support the neuromeric model and reinforce the 
idea that a complex combinatorial code of regionally restricted 
genes, belonging to different regulatory gene families, supply 
positional as well as differentiative information in the organi- 
zation of the forebrain. 

Materials and Methods 
Isolation of PLZF cDNA and relative probes. Single-stranded cDNAs 
were generated from I p,g of KG1 total RNA using a commercial kit 
(Promega RiboClone cDNA Synthesis System; Promega Corporation) 
and amplified in a standard 40.cycle PCR reaction (Saiki et al., 1988). 
Denaturing, annealing, and elongation temperatures were 94”C, 60°C 
and 72”C, respectively. MgCl, final concentration was 2.5 mM. To gen- 
erate the P6 DNA probe the following primers were used: PLZFl 5’- 
AAGCCTCATGCCTGAGCCGA-3’ as the 5’ primer and PLZF2 5’- 
TACTCGATCTCCAGGATCTC-3’ as 3’ primer. The mouse macro- 
phage cDNA library (purchased from Clontech) was screened according 
to established procedures (Maniatis) using the P6 probe. The P5 and 
AS mouse PLZfF probes were generated from one of the isolated mouse 
PLZF cDNAs bv PCR using. the following mimers: PLZFn4 5’-TTCA- 
TCCAGAGGGAGCTGTT-3’ and PLZFn?&5’-CACACTCGTAGGGG- 
TGGTCGCCTGTATGTG-3’ for P5 and PLZF-MS S’-CGAGGAGCC- 
AACTCTGGC-3’ and PLZF-A46 5’-GAGCTCGCACCCGTACG-3’ for 
AS. 

The PCR amplified fragments were cloned into the pCRI1 vector 
using the Invitrogen TA Cloning System (Invitrogen). T7 and Sp6 for- 
ward primers present into the pCRI1 vector were used for sequencing. 

Zoo blot analysis. The Zoo blot was prehybridized for 3 hr and hy- 
bridized for 18 hr at 65°C in 3X SSC, 10X Denhardt’s solution, 10% 
Dextran, 100 pglml Salmon sperm, 0.1% SDS. The filter was washed 
three times (30 min for each wash) at 65°C in 3X SSC/O.l% SDS and 
then exposed at -80°C for 12, 96, and 168 hr. The DNA probe was 
?2P labeled by “random priming.” For the analysis we used the murine 
PLZF AS probe, which spans the alternative exon and first zinc finger. 

RT-PCRI Total mRNA (1 pg) was converted to single-stranded 
cDNA using random mimers (cDNA Cvcle TM Kit Invitrogen, CA). 
Each of these cDNAsAwas amplified with two PLZF-specifi: piimers, 
M2 and M 1, producing a fragment of 204 base pairs (bp). As a positive 
control for amplification we used two abl primers, CA3- and A2, giv- 
ing rise to a fragment of 278 bp. The sequences of the primers are as 

follows: M2, 5’-GAGCTGGCTGTGGGCATGAA-3’; M 1, 5 ‘-ATGA- 
GCCAGTAAGTGCAT’I-3’: CA3. 5’.TGTTGACTGGCGTGATGT- 
Atz2mxrrGG-3'; A2, i!-TTCAGCGGCCAGTAGCATCTGACTT- 
3’. PCR amplifications were carried out in a buffer containing 12 mM 
MgCl, over 40 cycles, after an initial denaturation step at 94°C for 5 
min. Conditions during the reaction were as follows: denaturation at 
94°C for 45 set; primer annealing at 55°C for 1 min; primer extension 
at 72°C for 1 min. 

Synthesis “S-labeled RNA probes for Otp for RNase protection and 
in situ hybridization. For in situ hybridization experiments, mouse 
PLZF sense and antisense RNA probes were synthetically produced by 
using the murine cDNA fragment corresponding to the probe P5 (Fig. 
1). Mouse Otxl, Otp, and Dlxl are the same probes described in Si- 
meone et al. (1993, 1994b). 

For in situ hybridization, transcription reactions with T7 or Sp6 poly- 
merase (Riboprobe Kit, Promega Biotec) were carried out in the pres- 
ence of [YS]CTP (Amersham)yThe template was then degraded-with 
RNase-free DNase (Pharmaciaj and the labeled RNA was ourified 
through a Sephadex G-50 column. In situ transcripts were progressively 
degraded by random alkaline hydrolysis to an average length of 150 
nucleotides. The probes were dissolved at a working concentration of 
1 X lo5 cpm/ml in the hybridization mix (Wilkinson and Green, 1990). 

In situ hybridization. In situ hybridization was carried out as de- 
scribed by Wilkinson and Green (1990), with minor modifications. The 
appropriate probe (30 ml) in the hybridization mix was added to each 
slide. Hybridization was carried out overnight at 55°C. The slides were 
then washed under stringent conditions (65”C, 2X SSC, 50% formam- 
ide) and treated with RNase to remove any unhybridized and nonspe- 
cifically bound probe. Autoradiography was performed with Kodak NT/ 
B2 emulsion. Exposure times were between 5 and 12 d. After devel- 
oping, sections were stained in 0.02% toluidine blue and mounted in 
De Pex (Serva). Sections were examined and photographed using a 
Zeiss SVI 1 microscope with both dark- and bright-field illumination. 

RA administration and malformation analysis. In a first preliminary 
experiment we quantified heterogeneity in embryonic development of 
several normal litters. Using standard morphological markers according 
to Theiler staging (Theiler, 1989), a typical CD1 litter consists of 60- 
70% of embryos of the expected developmental stage; 20-30% of em- 
bryos 4-8 hr delayed and lo-20% 4-6 hr anticipated. We then per- 
formed the RA administration experiment as follows: CD1 mice were 
mated between 1600 and 2300 hr, then scored for the presence of the 
vaginal plug; 1200 hr the next day is considered E 0.5. At the corre- 
sponding times shown in Figure 10 (E 7.4 and 7.8) all-trans-retinoic 
acid (Sigma) (25 mg/ml in dimethylsulfoxide) was diluted 1: 10 in veg- 
etable oil just before use, and 0.2 ml delivered by gavage, for a final 
dose of 20 mg/kg of maternal body weight (Conlon and Rossant, 1992; 
Marshall et al., 1992). Control mice were administered the same mixture 
without RA. At E 10-E 10.5 RA-administered mice were sacrificed by 
cervical dislocation and scored for phenotype malformations. A variable 
number ranging from 250 to 400 embryos for each time of RA admin- 
istration were scored, showing a very high penetrance (-90%) of the 
phenotype shown in Figure l-0 (A. Sirneon& V. Avantaggiato, M. C. 
Moroni. E Mavilio. C. Arra. F. Cotelli. V. Nigro. and D. Acamoora. 
unpublished observations). Representative memierb (n = 10) of td two 
different phenotypes were then utilized for in situ hybridization. 

Results 
Murine PLZF gene structure and conservation throughout 
evolution 
A human PLZF cDNA probe was isolated by RT-PCR from 
KG1 acute myelogenous leukemia RNA (probe P6, Fig. la). A 
mouse macrophage cDNA library was then screened with the 
P6 probe (see Materials and Methods) and several murine PLZF 
cDNAs were isolated. The deduced amino acid sequence were 
compared to the human PLZF coding sequence, revealing a very 
high degree of homology (-96%) and a full conservation of the 
structural domains (Fig. lb) (Chen et al., 1993). It is worth not- 
ing the presence of a 100 amino acid domain at the N-terminal 
region corresponding to the so-called POZ domain (Fig. lb). 
This domain has been recently described to mediate protein- 
protein interaction (Bardwell and Treisman, 1994). 

Two murine PLZF cDNA probes were then generated from 
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Figure 1. A schematic representation of the murine PLZF protein and probes used, is shown in a. In a, the dotted triangles represent nine zinc 
finger motifs; the location of the alternative exon, the presence or absence of which gives rise to two distinct isoforms (in human), the position of 
the initiation codon, and the break point (bpt) identified in the translocation involving the retinoic acid receptor o( gene, are also indicated. The 
corresponding location of three probes is shown under the cDNA. These are as follows: P6 is a human cDNA fragment used in the screening of a 
murine cDNA library; AS and P5 are the murine probes used, respectively, in the Southern Zoo blot experiment and in the in situ hybridization 
analysis (see Materials and Methods). b, is the putative full coding sequence of the murine PLZF gene. Its coding sequence was compared to the 
human PLZF, and divergent amino acids in the human sequence are written above their mouse counterparts. In b, the POZ domain at N-terminal 
is double underlined, the alternative exon is boxed, the nine zinc fingers are underlined, and the position of the primers utilized to produce the AS 
(m5 and m6) and P5 (n4 and n5) probes are also indicated. c Represents the nucleotide and corresponding amino acid sequences of the P5 probes. 
Numbers indicate the corresponding amino acid position in the PLZF coding sequence. d Shows the PLZF cross-hybridization to genomic DNA of 
several eukaryotic species. In d, each lane contains approximately 8 )*g of genomic DNA digested with the restriction enzyme EcoRI from the 
following species: lane I, yeast; lane 2, human; lane 3, monkey; lane 4, rat; lane 5, mouse; lane 6, dog; lane 7, bovine; lane 8, rabbit. The XDNA/ 
Hind111 size markers are indicated on the left. 

the mouse PLZF cDNA by PCR: P5, a 510 bp fragment con- 
tained within the PLZF region encoding the zinc finger motifs; 
and AS, a 633 bp fragment from the PLZF central region. The 
positions of the P6, AS, and P5 DNA probes with respect to the 
PLZF protein are shown in Figure 1, a and b. Nucleotide and 
corresponding amino acid sequences of the mouse P5 DNA frag- 
ment is shown in Figure lc. 

The extent of PLZF conservation throughout evolution has 
been investigated by Southern blot analysis. DNA isolated from 
the following eukaryotic species: yeast, human, monkey, rat, 
mouse, dog, bovine, and rabbit were hybridized with the PLZF 

cDNA probe AS. The Southern blot filter was washed as de- 
scribed and exposed for 12, 96, and 168 hr (see Materials and 
Methods). After the longest exposure, a single band of the ex- 
pected size was detected in the lanes corresponding to human 
and mouse DNA, indicating a specific hybridization to PLZF 

sequences and not to PLZF-related genes (Fig. 1 b). In the same 
experiment cross-hybridization to the AS probe was detected in 
all the tested species (Fig. lb). These findings suggest that PLZF 

is conserved throughout evolution from yeast to mammals. 

PLZF early expression 

The expression pattern of PLZF has been studied during mouse 
embryonic development between E 6.0 and E 17 performing in 
situ hybridization experiments on embryo sections. For these 
experiments, we used the cDNA probe P5 (Fig. lc). Control 
experiments with the sense strand of the same probe show no 
detectable signals (data not shown). 

The first detectable hybridization signal is present at E 7.5. A 
sagittal section at this stage (Fig. 2a) shows that PLZF tran- 
scripts appear only in the neuroectoderm of the presumptive 
head fold. 

At E 8, when the node is posteriorly regressed and the neu- 
roectoderm is induced, PLZF is strongly activated along the neu- 
roectoderm (Fig. 2b). At E 8.5, besides the neuroectoderm, 
PLZF is transcribed in the allantois and in the definitive embry- 
onic endoderm (Fig. 2~). 

Anteriorly, PLZF is expressed in the endoderm filling all the 
foregut diverticulum, including the endodermal component of 
the heart pocket (Fig. 2~). Transverse sections confirm previous 
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Figure 2. PLZF expression in sagittal 
sections of E 7.5 (a), E S-E 8.2 (b), 
and E 8.5 (c) mouse embryos. d-f show 
the PLZF expression in coronal sec- 
tions of E 8.5 mouse embryos. Bright 
fields of the same sections are indicated 
by a prime (‘). Abbreviations: Fb, fore- 
brain; Mb, midbrain; Hb, hindbrain; hJ; 
head fold; he, heart; en, endoderm; so, 
somite; al, allantois; ys, yolk sac; ne, 
neuroectoderm; fg, foregut; op, optic 
pit. 

sites of hybridizations (Fig. 2&f) and ‘show that PLZF is ex- 
pressed overall in the foregut endoderm, in the floor plate of the 
neuroectoderm, and in the prechordal plate (Fig. 2e). We studied 
further early developmental stages in sagittal, frontal, and trans- 
verse sections. At E 9.5 (Fig. 3a-e) PLZF is expressed in many 
districts. The strongest expression is again along the CNS (Fig. 
3a,d,e); however, PLZF is also expressed in the branchial arches 
including mesodermal, endodermal, and ectodermal derivatives 
(Fig. 3b,d), in the forelimb buds (Fig. 3c), in the hindgut (Fig. 
3a,c), and in specific structures such as the olfactory placode, 
the mesenchyme of the frontonasal prominence (Fig. 3b), the 
optic vesicle, the optic stalk (Fig. 3d), and the otic vesicle (Fig. 
3b,e). At E 10.5 the expression pattern of PLZF is very similar 
to that shown at E 9.5. However, although it is still abundant 
along the CNS (Fig. 3h), the expression of PLZF decreases in 
several regions. For example, through the midbrain and the hind- 
brain, PLZF transcripts are faintly detected in the primitive man- 

tle layer of the basal midbrain, as compared to the germinative 
layer (Fig. 3g and data not shown) and in the region including 
the floor plate of the hindbrain (Fig. 3j,k). The clearest example 
of adjacent regions with different levels of PLZF transcripts can 
be seen by comparing the posterior to the anterior parencephalon 
(Fig. 3i,k). 

Furthermore, the expression of PLZF also decreases in the 
regions of the tuberal and optic stalk of the hypothalamus (Fig. 
3g,i). Figure 4a shows a detail of the PLZF expression in the 
spinal cord, indicating an ubiquitous distribution excluding only 
the basal mantle layer and the floor plate. 

A gradual repression also appears in the mesenchyme of the 
branchial arches (Fig. 3h). It is worth briefly noting that this 
mesenchyme and that of the frontonasal prominence are derived 
from the cranial neural crest. Figure 6, a and d shows a detail 
of the optic cup and otic vesicle at E 10. In the optic cup, PLZF 
is expressed in the presumptive retina, but not in the lens vesicle. 
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Figure 3. PLZF expression in sagittal (a and b) and frontal (c-e) sections of E 9.5 mouse embryos and in sagittal (g and h), frontal (i andj) and 
coronal (k) sections of E 10.5 mouse embryos. Bright fields of the same sections are indicated by a prime (‘). A scheme of the frontal and coronal 
sections is also shown (fand I). Te, telencephalon; Di, diencephalon; MS, mesencephalon; SC, spinal cord; ov, otic vesicle; op, olfactory placode; 
np, nasal process; Jib, forelimb bud; Mb, hindlimb; OS, optic stalk; hg, hindgut; st, stomach; mz, maxillary process; Z, II, III are, respectively, the 
first, second, and third branchial arch. Other abbreviations are as in Figure 2. 

In the otic vesicle it is expressed at different level, gradually 
increasing along the mediolateral diameter of the structure. The 
expression analysis at earlier stages, from E 7.5 to E 10.5, is 
suggestive of a role of PLZF in the early differentiative pro- 
cesses regarding either specific structures, (e.g., branchial arches 
components, visual, and acoustic sense organs) or early cell 
types (e.g., early neuroectodermal cells, early embryonic endo- 
derm). 

PLZF expression at E 12.5 

We studied the PLZF expression pattern at E 12.5 in sagittal, 
frontal, and transverse sections. In sagittal sections, PLZF is de- 
tectable along the longitudinal body axis in the hindbrain and 
spinal cord (Fig. 5~). 

In the hindbrain, PLZF is expressed in the germinal layer of 

the alar and basal plate with a remarkable increase at the level 
of the sulcus limitans (Fig. 5d,e), and in the primitive cerebellum 
(Fig. 5cj); in the spinal cord it is transcribed both in the basal 
and alar plate (Fig. 4b). In the alar plate the hybridization signal 
seems to define a ventral border roughly corresponding to the 
sulcus limitans (Fig. 4b). 

In the mesencephalon, PLZF is only expressed in the alarmost 
region including the roof plate (Fig. 5cj), and in the forebrain 
it is regionally restricted, disappearing from many of the regions 
in which it was expressed at E 9.5 and E 10.5. Sagittal, frontal, 
and transverse sections through the diencephalon indicate that 
PLZF is expressed in the epithalamus, in the alarmost part of 
the dorsal thalamus (dorsal area) (Fig. Su-d,h), and in a large 
stripe corresponding to the anterior pretectal area (Fig. 5a,i). 
This domain originates from the epiphyseal region located in the 
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Figure 4. PLZF expression in the spi- 
nal cord from E 10 to E 16.5 embryos 
(u-e). The solid lines (a’-e’) corre- 
spond to the presumptive sulcus limi- 
tans (sl) and define the presumptive 
distinction of the alar (up) from the 
basal plate (bp). Abbreviations: fp, 
floor plate; gl, germinative layer; ml, 
mantle layer; sg, somatic ganglia; dh, 
lh, and vh are, respectively, the dorsal, 
lateral, and ventral gray horn. 

roof of the epithalamus and is closely parallel to the fasciculus 
retroflexus (the future habenulo-interpeduncular tract). 

In the posterior pretectal region, including the posterior com- 
missure, PLZF is only faintly expressed (see Figs. 5a,i; 9d). 
These results indicate that at E 12.5 PLZF is expressed in a 
segment-like pattern in the anterior pretectal region. This area 
corresponds to the neuromere D3 according to Figdor and Stern 
(1993). However, its expression is also found in the dorsalmost 
region belonging to the neuromere D2 (prosomere 2). In the 
hypothalamus, PLZF is detected in two nonoverlapping regions. 
The former includes the eminentia thalami, the supraoptic para- 
ventricular region, and the preoptic area (Fig. 5a); the latter, the 
mammillary pocket (Fig. 5b,c). Transverse sections confirm 
these localizations (Fig. 5d-f). 

In the telencephalon, PLZF is expressed in the septal area 
(Fig. 5g). Additional sites of expression are shown in detail in 

Figure 6. PLZF is abundantly expressed in the sensory layer of 
the retina (Fig. 6b) and in the basal epithelium of the developing 
inner ear (Fig. 6e). Later on in development, the otic expression 
becomes undetectable (data not shown). PLZF is also detected 
in the infundibular recess (Fig. 5f; for a detail, see Fig. 6f) 
where the pars neuralis (posterior lobe) of the hypophysis is 
developing; in the mucosal layer of the stomach (Fig. 5i); in the 
duodenum; in the midgut loops (Fig. Sc,h,i) and, at lower levels, 
in the liver (Fig. Sa,h-j), in the intrinsic muscles of the tongue, 
in the lower jaw, possibly including the Meckel’s cartilage (Fig. 
5b) and in the prevertebrae (Fig. 5~). 

PLZF expression between E 13.5 and E 15.5 

The overall expression pattern of PLZF persists unaltered from 
that seen at E 12.5, also at E 13.5, E 14.5, and E 15 (data not 
shown). Nevertheless, several differences appear. At E 13.5, 
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Figure 5. PLZF expression in sagittal (u-c), coronal (d-f), and frontal (g-j) sections of E 12.5 mouse embryos. Bright fields of the same 
sections are indicated by a prime (‘). Schemes of the frontal and coronal sections are also shown. pc, posterior commissure; pr, pretectum; or, 
optic recess; man, mandible; fo, tongue; pv, prevertebrae; po, pons; mo, medulla oblongata; shy, anterior hypothalamus; cb, primordium of the 
cerebellum; fr, fasciculus retroflexus; se, et, dt, vt, opt, ppf emt, ma, spv, pop, mge, Zge are listed in the appendix. Other abbreviations are as 
in previous figures. 

PLZF is still expressed in the hindbrain and along ,the spinal 
cord. 

In the spinal cord, PLZF is detected in the external germinal 
layer of the alar plate (Fig. 4c) and at E 14.5 is clearly restricted 
to the same area, even if a weak signal persists also at the level 
of the internal germinal layer both of the alar and basal plate 
(Fig. 4d). 

In the diencephalon, PLZF is detected in the epithalamus, in 
the dorsal thalamus, in the anterior and posterior pretectum, and 
in restricted hypothalamic areas (Fig. 7a-c) including, at E 13.5, 
the basal tuberal area (Fig. 7b). Furthermore, a new suggestive 
expression domain is represented by a thin stripe morphologi- 
cally coincident with the zona limitans intrathalamica (Fig. 
7~2,~). To carefully assess this point we hybridized frontal adja- 
cent sections to PLZF and Dlxl genes. Dlxl has been exten- 

sively investigated because of its interesting segment-like ex- 
pression pattern in the ventral thalamus (Price et al., 1991; Bul- 
fone et al., 1993a; Simeone et al., 1994a,b). 

By comparing PLZF and Dlxl (Fig. 7c,d), we found that the 
PLZF thin stripe is exactly adjacent to the border of Dlxl, thus 
unambiguously confirming its location at the level of the zona 
limitans intrathalamica. This boundary distinguishes the dorsal 
thalamus from the ventral thalamus, and represents the boundary 
between the posterior and the anterior parencephalon, between 
the neuromeres Dl and D2 (Figdor and Stern, 1993), and the 
prosomeres p2 and p3 (Puelles and Rubenstein, 1993). At E 15.5 
the zona limitans intrathalamica corresponds to the lamina med- 
ullaris externa where PLZF is detected (Fig. 7e). At E 15.5, 
PLZF transcripts are still restricted in a segment-like domain to 
the anterior pretectal area (Fig. 7e). 



4934 Avantaggiato et al. l PLi’F Expression in Murine Development 

Figure 6. PLZF expression in visual 
(a-c) and acoustic (d and e) sense or- 
gans, in the pituitary (f and g), and ad- 
renal (h and i) glands. Stages of devel- 
oping mouse embryos are labeled on 
the top of each image. Bright fields of 
the same sections are indicated by a 
prime (‘). Abbreviations: oc, optic cup; 
Iv, lens vesicle; 012, optic nerve; If; lens 
fibers; sir and plr are, respectively, the 
sensory and the pigment layers of the 
retina; in1 and on1 ark, respectively, the 
inner and the outer nuclear layers; e, 
eyelid; ov, otic vesicle; sa and co are, 
respectively, the primordia of the sac- 
culus and cochlea; VIII is the acoustic 
ganglion, inr, infundibular recess; Rp, 
Rathke’s pocket; al and pl are, respec- 
tively, the anterior and posterior lobe of 
the pituitary gland; pi, pars intermedia 
of the pituitary gland; ag, adrenal 
gland; k, kidney; co and me are, re- 
spectively, the cortex and the medulla 
of the adrenal gland. 

Figure 7. PLZF expression in sagittal 
and frontal sections throughout the di- 
encephalon of E 13.5 (a-c) and E 15.5 
(e) mouse embryos. At E 13.5, PLZF 
expression (c) is compared to an adja- 
cent frontal section hybridized with 
Dlxl gene (d). Bright fields of the 
same sections are indicated by a prime 
(‘). hi, hippocampal primordium; zli, 
zona limitans intrathalamica; eml, lam- 
ina medullaris externa; et, dt, tt, apt, 
ppt, in, ma, and tu are listed in the ap- 
pendix. The open arrow in a’ indicates 
the level at which the frontal section 
(d’) was made. The arrows in a and a’ 
point, respectively, to the PLZF hybrid- 
ization and to the histology in the pre- 
sumptive zona limitans intrathalamica. 
The same PLZF hybridization in the 
zona limitans intrathalamica and cor- 
responding histology is also marked by 
two arrowhends, respectively, in c and 
d’. Note that the PLZF hybridization 
signal is adjacent to the Dlxl expres- 
sion domain in the ventral thalamus 
(d). The arrows in e and e’ point to the 
PLZF expression in the lamina medul- 
laris externa. Other abbreviations are as 
in previous figures. 

El0 E12.5 E14.5 E12.5 

E16.5 E13.5 

E13.5 E15.5 
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In summary, these new findings support a role for PLZF in 
the establishment and/or maintenance both of regional identities 
and segmentary boundaries. 

Additional sites of expression at El35 include the stomach, 
where the expression persists with a higher level in the mucosal 
layer (data not shown), the infundibular recess (Fig. 7b), the 
developing thymus (data not shown), and the adrenal gland (Fig. 
6h). 

Finally, at E15.5, PLZF is detected in the retina in close prox- 
imity of the future ciliary body (Fig. 6c) and at higher levels in 
the liver (data not shown). 

Lute expression at E 16.5 

PLZF expression in the spinal cord is most abundant in the dor- 
sal-alar plate and in a restricted area of the intermedial region 
(Fig. 4e). We assigned the alar expression to a subregion of the 
somatic-sensorial area and the intermedial signal, detected as 
two large spots, to the visceral-sensorial area of the lateral gray 
horn (Fig. 4e). In the hindbrain, PLZF is faintly expressed both 
in the basal and alar plate (data not shown), and in the rostra1 
CNS it is abundantly transcribed in a restricted area of the dorsal 
thalamus (Fig. Sa,c) and in the whole anterior pretectal area (Fig. 
Sa,b,d). However, PLZF is detected also in the epithalamus, 
ventral thalamus, hypothalamus, and hippocampal cortical layer 
(Fig. Sc,d). We have attempted to assign the PLZF expression 
domains to specific nuclei and regions. We suggest that the 
PLZF expressing regions include the ventrolateral nucleus (Fig. 
SC) in the dorsal thalamus; the medial habenula in the epithal- 
amus (Fig. SC); the paraventricular and the periventricular nuclei 
(Fig. 8c,d) in the hypothalamus; several small spotted regions 
in the zona incerta and in the reticular nucleus (Fig. 8d) of the 
ventral thalamus; the whole anterior pretectal area including re- 
lated nuclei (Fig. 8a,b); the presumptive lamina medullaris ex- 
terna (Fig. 8d). Additional structures expressing PLZF include 
the thymus (data not shown) and the anterior and posterior lobes 
of the pituitary gland (Fig. 6g). It is worth noting that at E 16.5 
the endocrine organs such as the anterior and posterior lobes of 
the pituitary gland, the thyroid (data not shown), and the adrenal 
gland (Fig. 6i) actively transcribe PLZF, suggesting that this 
gene might represent a common relevant factor during the de- 
velopment of these organs. 

Comparison between PLZF, Otxl, Otp, and Dlxl expression 
domains 
The results so far described indicate that PLZF shows a very 
dynamic pattern during neurogenesis. In the forebrain, PLZF 
expression is regionally restricted to derivatives of the posterior 
parencephalon, synencephalon, and secondary prosencephalon, 
and defines neuromeric boundaries (Figdor and Stern, 1993; 
Puelles and Rubenstein, 1993), suggesting its involvement in the 
establishment and/or differentiation of segmental identities. 
Therefore, to confirm this evidence, we have tried to define ex- 
actly the spatial relationships between PLZF and other regula- 
tory genes segmentally expressed in the forebrain. In fact, ex- 
amples of related expression patterns between homeobox-con- 
taining genes (e.g., Hoxb-I) and zinc finger genes (e.g., Krox20) 
have already been suggested (Wilkinson et al., 1989a,b; Mar- 
shall et al., 1992). Moreover, other gene families, vertebrate 
homologs of Drosophila regulatory genes (Jesse11 and Melton, 
1992; McMahon et al., 1992; Smith, 1994), seem to control the 
identity and the correct development of specific regions of the 
CNS. Although in mammals there is no direct evidence for a 

functional link between different families of regulatory genes, 
their expression patterns strongly suggest the existence of reg- 
ulatory interactions. Members of the zinc finger family could 
play a role in these interactions. 

We compared the expression pattern of Otxl, Otp, Dlxl, 
EmI, Emd, and Otx2 with that of PLZF at E 12.5. The ex- 
pression patterns of these genes have previously been docu- 
mented (Simeone et al., 1992b, 1993, 1994a,b; Bulfone et al., 
1993a; Puelles and Rubenstein, 1993). We only show more sig- 
nificant spatial relationships among PLZF and Otxl, Otp, and 
Dlxl in sagittal, transverse, and frontal serial sections (Fig. 9). 

Besides the expression in the germinal layer of the dorsal 
thalamus and epithalamus, which are not evident in Figure 9a, 
the Otxl expression pattern appears particularly interesting in 
the pretectal area (Fig. 9a) where its strongest signal appears 
adjacent to the PLZF domain in the anterior pretectal area and 
restricted to the posterior pretectal area (Fig. 9d). 

In the hypothalamus, an additional morphological relationship 
between Otxl and PLZF is represented by the narrow stripe 
running between the mammillary region, the ventral thalamus, 
the hypothalamic cell cord, the entopeduncular area, and the 
dorsal tuberal area (Fig. 9a,d,d’). Also, Otp is expressed exactly 
in the same area (Fig. 9, compare b and d). Interestingly, it 
appears that this narrow stripe expressing Otp and PLZF defines 
the posterior/ventral border of Dlxl (Fig. SC). Furthermore, Otp 
and PLZF are coexpressed in a longitudinal area entirely in- 
cluded in the hypothalamus and subdivided in transverse neu- 
romeric regions corresponding to the supraoptic/paraventricular 
area, the anterior hypothalamic area, and the preoptic posterior 
area (Fig. 9b,d,d’) (Bulfone et al., 1993a). In this region, PLZF 
and Otp are complementary to Dlxl (Fig. SC) (Simeone et al., 
1994b). The complementarity between PLZF and Dlxl is em- 
phasized by the additional PLZF expression in the eminentia 
thalami (Fig. 9c,d,d’). Transverse serial sections through the hy- 
pothalamus, along the plane indicated in Figure 9d’, confirm the 
relationships deduced from sagittal sections, between PLZF, 
Otn, and Dlxl. PLZF is expressed at this level in the anterior 
hypothalamic area (Fig. 9h). By comparing the PLZF expression 
pattern to that of Otp (Fig. 9f), it appears that the former is 
detected in two single spots included in the latter. Both PLZF 
and Otp are complementary to Dlxl (Fig. 9g). Despite the com- 
plementary pattern observed in the hypothalamus, in adjacent 
frontal sections through the plane indicated in Figure 9d’, we 
found that PLZF is expressed in a region included in the Dlxl 
domain (Fig. 9k,l). This area corresponds to the external ger- 
minal layer of a restricted subregion of the ventral thalamus. It 
is worth noting that the PLZF localization in the external ger- 
minal layer of the ventral thalamus is also complementary to 
that of Otxl, which is expressed in the internal germinal layer 
(Fig. 9i). 

PLZF regulation by retinoic acid (RA) 
Since PLZF is expressed early during mouse development and 
its later expression indicates a possible role in the establishment 
of CNS identities, we studied the effect of RA on the PLZF 
expression pattern both in vivo, by administering RA to early 
pregnant mice, and in vitro, in a human teratocarcinoma cell line 
(NT2/clone Dl). Precise effects of RA both in vivo and in vitro 
have been extensively described (Simeone et al., 1990, 1991; 
Conlon and Rossant, 1992; Marshall et al., 1992; Simeone, 
Avantaggiato, Moroni, Mavilio, Arra, Cotelli, Nigro, and Acam- 
pora, unpublished observations). In vivo RA administration at 
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Figure 8. PLZF expression in sagittal 
(a and b) and frontal (c and d) sections 
of E 16.5 mouse embryos. Bright fields 
of the same sections are indicated by a 
prime (‘). ham, medial habenula; pi, 
pineal recess; vl, ventrolateral nucleus; 
pan, paraventricular nucleus; pen, per- 
iventricular nucleus; et, dt, vt, apt, and 
ppt are listed in the appendix. Open ar- 
KXVS in b’ indicate the levels at which 
the frontal sections (c’ and d’) were 
made. Arrowheads in a and b and in a’ 
and b’ point, respectively, to the pos- 
terior border of the PLZF expression in 
the anterior pretectum and to the relat- 
ed histology. The filled arrow in b’ 
points to the fasciculus retroflexus and 
in d to the presumptive lamina medul- 
laris externa. Other abbreviations are as 
in previous figures. 

specific developmental stages results in stage-specific altera- E 7.2-E 7.4 (mid to late streak stage) show very severe altera- 
tions. Embryos analyzed at E10.5 previously RA treated at E tions, including a strong hypoproliferative reduction of the neu- 
7.8-E 8 (O-3 somite stage) show a remarkable neuroepithelial roepithelium (Fig. lOa’,b’) (Simeone, Avantaggiato, Moroni, 
hyperproliferation (Fig. lOc’,d’) (Simeone, Avantaggiato, Mo- Mavilio, Arra, Cotelli, Nigro, and Acampora, unpublished ob- 
roni, Mavilio, Arra, Cotelli, Nigro, and Acampora, unpublished servations). Many of the RA-altered structures do express PLZF 
observations), on the other hand, E10.5 embryos RA treated at in untreated embryos. For these reasons, we hybridized PLZF 
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Dlxl PLZF 

Figure 9. Detailed comparison of Utxl, Otp, Dlxl, and PLZF expression domains in sagittal (a-d) coronal (e-h), and frontal (i-l) sections in the 
diencephalon of E 12.5 mouse embryos. Hybridization was with Otxl (a, e, and i), Otp (b, j and j), Dlxl (c, g, and k) and PLZF (S h, and 1). 
Bright fields of the same sections are indicated by a prime (‘). All the abbreviations are listed in the appendix. The jlled arrows in d’ indicate the 
level at which the coronal (h’) and the frontal (I’) sections were made. The jilled arrows in b and d point to the PLZF and Otp common expression 
in a thin stripe bordering the posteroventral domain of Dlxl in the position indicated by an open arrow in c. The two arrowheads in 1’ define the 
Dlxl domain corresponding to the ventral thalamus. 

to E 10.5 embryos treated with RA at E 7.4 and E 7.8 (Fig. 10). 
Our results show that PLZF is abundantly expressed in both 
types of RA-induced phenotypes, either in the neuroepithelium 
and sense organs, or in the limbs and branchial arches (Fig. IOU- 
d) without qualitative changes in its expression pattern. In the 
strongest phenotype, the reduced number of districts expressing 
PLZF is simply due to the absence or reduction of several struc- 
tures (e.g., sense organs, branchial arches, limb buds, neuroec- 
toderm) (Fig. IO&). 

On the other hand, PLZF is essentially expressed at the same 
level both in uninduced and RA-induced teratocarcinoma cells. 
However, since RA treatment of NT2/Dl cells results in the 
differentiation of many cell types, we cannot rule out the pos- 
sibility that PLZF transcription is selectively induced into a spe- 
cific cell type and repressed in others, resulting in a constant 
mRNA level when compared to the uninduced cells (Fig. 10e). 

These results, however, suggest that RA does not modulate 
PLZF expression per se both in the NT2/Dl cell line and in 
early embryonic development. 

Discussion 
PLZF expression during early CNS development 
In a small fraction of acute promyelocyte leukemia (APL) pa- 
tients, the retinoic acid receptor cx gene (RARor) is fused to 

PLZF (Chen et al., 1993), a new Kruppel-like zinc finger gene 
that is found to be highly conserved throughout evolution from 
yeast to mammals. To elucidate the role of PLZF, we studied its 
expression pattern in developing mouse embryos. The first gen- 
eral observation is that PLZF is mainly expressed in the CNS, 
suggesting that its principal role might be played during neu- 
rogenesis rather than hemopoiesis. The second observation is 
that PLZF is expressed in a variegate, extremely dynamic pat- 
tern. Our findings indicate two different behaviors for PLZF 
during embryonic development. The first is apparent between E 
7.5 and E 10.5, and the second spans mid and late gestation (E 
12.5-E 16.5). In early development, a critical role is played by 
specific morphogenetic signals operating when the neural pattern 
is established and controlling the expression of responding 
genes, which, in turn, interpret positional (dorso/ventral and an- 
tero/posterior) and differentiative signals (reviewed in Jesse11 
and Melton, 1992; Ruiz i Altaba, 1993, 1994; Smith, 1994). 
When these signals are involved in establishing the neural pat- 
tern, PLZF is first expressed at E 7.5 in the head fold and is 
rapidly spread along all the neuroectoderm. Only a few hours 
later (5-8 somite stage) PLZF is detectable in many tissues of 
endodermal origin including those with inductive roles (e.g., 
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Figure 10. PLZF expression in E 10.5 RA-treated mouse embryos, respectively, at E 7.4 (a and b) and E 7.8 (c and d) and in a time course 
where uninduced (u) human embryonal carcinoma cell lines NT2/Dl are RA treated at the times indicated (e). For the in situ hybridizations, the 
bright fields of the same sections are indicated by a prime (‘). e, eye. Other abbreviations are as in previous figures. Besides the complete different 
phenotype induced at the two different times of RA administration, we would emphasize the different thickness of the neuroepithelium, which in 
a and b is highly hypoproliferated and in c and d highly hyperproliferated. In e is shown the RT-PCR analysis of PLZF expression in human 
embryonal carcinoma cell line NT2/Dl untreated (u) and RA treated, respectively, 2 d; 5 d; 7 d; 15 d. The amount of PLZF transcripts is 
approximately the same both in untreated and RA-treated cells. In all cases, 1 p,g of total mRNA was used for each reverse transcription reaction. 
Amplification with PLZF primers M2 and Ml produces a 204 bp fragment, coamplification with abl primers CA3- and A2 gives rise to a 278 bp 
fragment. Both the fragments are indicated by the arrows on the right. A negative control containing tRNA and a sample where only the abl 
fragment can be amplified using NT2/Dl RNA (U-&Z) are also shown. On the lej?, pEMBL/TaqI/PvuII molecular weight markers are shown. 

foregut endoderm). These findings indicate that, besides being 
an early endodermal marker, PLZF is mainly an early neural 
gene, gradually expressed from anterior to posterior according 
to the rostrocaudal neural pattern establishment. The ubiquitous 
distribution in the early neuroectoderm appears unrelated to the 
regional differentiation, but mainly to the primitive neuroecto- 
dermal cell type. 

The ubiquitous presence of PLZF along the CNS is, however, 
a transient event. At E 10 PLZF begins to disappear from spe- 

cific regions of the CNS. This regional repression could be re- 
lated to the morphogenetic events that take place around E 10. 
These morphogenetic processes involve cellular differentiation 
and migration and represent the first event in the regional dif- 
ferentiation of the neuromeric identities. At this stage, several 
regionally restricted genes (e.g., the Dlx family, Orthopedia, the 
NK family, etc.) (Price et al., 1991, 1992; Bulfone et al., 
1993a,b; Simeone et al., 1994a,b) begin to be activated in de- 
fined areas of the forebrain subventricular neuroepithelium. His- 
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tochemical studies on rat and chick embryos indicate that the 
intricate pattern of nuclei formation in the diencephalon arises 
from the early differentiation of the neuroepithelium (Altman 
and Bayer, 1978, 1979; Puelles et al., 1987). At E 10-E 10.5, 
when the mentioned homeobox-containing genes are regionally 
activated, PLZF begins to be repressed and gradually confined 
to restricted areas. We attempt to speculate on this finding, sug- 
gesting that the early ubiquitous expression is a temporally reg- 
ulated event with a possible negative effect on the early differ- 
entiation program of specific regional identities corresponding 
to those where PLZF disappears. Moreover, since the PLZF ex- 
pression at E 12.5 becomes restricted to defined neuromeric 
regions, we also suggest that PLZF represents a putative nec- 
essary factor in the correct development of posterior parence- 
phalic and synencephalic derivatives as well as subregions of 
the hypothalamus. The gradual repression of a putative regula- 
tory gene, such as PLZF, opposed to the activation of other 
regulatory genes, opens up a new aspect in the complex mor- 
phogenetic program that gives rise to regional identities in the 
early commitment of the forebrain regions. 

PLZF expression in the CNS mid to late gestation: 
implications for the neuromeric model 
The anatomy of the rostra1 brain has been the focus of a wide 
number of morphological and molecular studies. Two main mod- 
els have been postulated, named the columnar and, more re- 
cently, the neuromeric models. The columnar mode1 (Herrick, 
1933; Kuhlenbeck, 1973) proposes the existence of four longi- 
tudinal columns, the Herrick’s columns, representing histogenic 
compartments separated by ventricular sulci such as the sulci 
diencephalic dorsalis, medius, and ventralis. The direction of 
these sulci defines the longitudinal axis. The neuromeric mode1 
(Puelles and Rubenstein, 1993; Rubenstein et al., 1994) postu- 
lates the existence of both longitudinal and transverse domains. 
The principal longitudinal domains are represented by the alar 
and basal neuroepithelium extending along all the CNS. The alar 
and basal longitudinal regions in the fore-, mid-, and hindbrain 
are subdivided into transverse domains (Bulfone et al., 1993a; 
Puelles and Rubenstein, 1993). Molecular analysis of many re- 
gionally restricted genes appears more consistent with the neu- 
romeric mode1 (reviewed Puelles and Rubenstein, 1993). Fur- 
thermore, the expression patterns of these genes suggest that the 
alar domain of the secondary prosencephalon can be subdivided 
in secondary longitudinal subdomains. 

On the other hand, previous results showing a genera1 sub- 
division into four large neuromeres, each of them representing 
a discrete unit of a polyclonal cell population with restricted 
lineage (Figdor and Stern, 1993) are consistent with the seg- 
mental nature of the diencephalon. In this case as well, the ex- 
pression domains of several regulatory conserved genes fill 
zones or structures defined by polyclonal cell lineage restrictions 
and morphology (Figdor and Stern, 1993). 

Neuromeric and subneuromeric identities are distinguished by 
defined boundaries. Their existence is frequently morphologi- 
cally revealed but, in several cases, suggested on the basis of 
the expression domains of segmentally restricted genes. This is 
particularly true in the case of subneuromeric boundaries. 

We show that PLZF is expressed in a complex pattern of 
expression in the developing forebrain and that its pattern is 
suggestive of a role in the definition and establishment of trans- 
verse (neuromeric), longitudinal domains, and intraneuromeric 
boundaries. In order to clarify these findings, we report the PLZF 

expression domains in a schematic representation of the longi- 
tudinal and transverse domains of the rostra1 CNS. To this end 
we have used the scheme proposed by Puelles and Rubenstein 
(1993). The PLZF expression pattern was compared to those of 
other segmentally restricted genes such as Otp and Dlxl (Fig. 
11) (Price et al., 1991; Bulfone et al., 1993a; Simeone et al., 
1994a,b). 

These genes have been particularly useful in our analysis be- 
cause of their expression in domains adjacent to or overlapping 
those of PLZF (Fig. 11). 

From this analysis it is clear that PLZF expression identifies 
an extended longitudinal subdomain including the hypothalamic 
region where Otp is expressed, a subregion of the ventral thal- 
amus, the alarmost dorsal thalamus, and the epithalamus. De- 
spite the predicted longitudinal domain within the hypothalamus, 
no evidence exists of additional longitudinal subdivision of the 
ventral and dorsal thalamus even if a similar behavior with a 
decreasing dorsoventral gradient of expression has been already 
described for Writ 3 in the dorsal thalamus (Bulfone et al., 
1993a). On the other hand, the alternating pattern observed in 
the hypothalamus between Dlxl and PLZF, as previously re- 
ported for Otp (Simeone et al., 1994b), supports and stresses the 
idea that subregionally restricted identities are to be found in the 
original polyclonal cell lineage of a specific neuromere. Fur- 
thermore, alternating stripes between homeobox-containing 
genes and zinc finger genes are reminiscent of other regulatory 
genes such as Krox20 and Hoxb-I in the hindbrain transverse 
neuromeres (Wilkinson et al., 1989a,b; Frohman et al., 1990). 
In the hindbrain, Krox20 is expressed in rhombomeres 3 and 5, 
and defines the anterior and posterior borders of the Hoxb-I 
expression domain in the rhombomere 4; in our case, PLZF is 
expressed along the longitudinal subdomain behind the optic 
stalk, and Dlxl defines its dorsal and ventral borders (Fig. 11; 
see also Results). Finally, it is interesting to note that PLZF, 
together with Otp, defines also the alar/basal (longitudinal) 
boundary of Dlxl in the mammillary and retromammillary 
regions as well as the transverse boundary between the mam- 
millary and the tuberal hypothalamic areas. In the anterior pre- 
tectal region, PLZF is expressed in a transverse segment-like 
domain. A combined expression analysis with Otxl reveals that 
PLZF identifies the anterior pretectal region corresponding to 
the neuromere D3 described by Figdor and Stern (1993). PLZF 
is abundantly expressed in this region with a rostra1 border ex- 
actly adjacent to the fasciculus retroflexus and Otxl, also ex- 
pressed in the anterior pretectum, albeit at lower levels, is 
strongly expressed in the posterior pretectal area defining the 
posterior border of PLZF. Furthermore, Pax6 is also segmentally 
expressed in the posterior pretectum, corresponding to the neu- 
romere D4 (Walther and Gruss, 1991; Figdor and Stern, 1993). 

All together, these results strongly support the idea that an 
intriguing puzzle of regionally restricted genes, possibly belong- 
ing to different categories of regulatory genes, is necessary to 
obtain the correct spatiotemporal information to define segmen- 
tal and subsegmental identities, by using a sort of highly regu- 
lated combinatorial code (Puelles and Rubenstein, 1993; Rub- 
enstein et al., 1994). 

As previously shown, PLZF is also expressed at E 13.5 in a 
thin stripe corresponding to the zona limitans intrathalamica and 
at E 16.5 it is still detectable in the lamina medullaris externa. 
It seems unlikely that PLZF could be playing a role in the early 
establishment of this boundary, as it is activated in this region 
only when morphogenetic boundaries have already been defined 
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Figure Il. Schematic representation of the PLZF, Otp, and Dlxl expression domains in the transverse and longitudinal subdomains of the CNS 
regions spanning the mesencephalon, diencephalon, and secondary prosencephalon. On purpose the schematic representation is very similar to that 
proposed by Bulfone et al. (1993) and Puelles and Rubenstein (1993). However, in the same scheme we also included the four diencephalic 
neuromeres (01-04) deduced by Figdor and Stern (1993). Although the representation and gene expression domains are referred to E 12.5 mouse 
embryos, we report, as indicated on the top, also the PLZF additional expression domains identified at E 13.5 in the zona limitans intrathalamica 
and in the posterior basalmost tuberal region. The lower expression of PLZF in the posterior pretectal area is also indicated as a lighter gray. The 
main longitudinal boundary that separates the alar and basal regions is shown as a ticker horizontal Zirze. Further longitudinal and transverse 
boundaries that separate transverse neuromeric and longitudinal subdomains are also shown. In this scheme, PLZF is expressed in predicted defined 
regions corresponding to longitudinal and transverse regions as well as to segmental boundaries. It is also worth noting the segment-like expression 
in the anterior pretectal area filling the neuromere D3. This domain of expression, together with those of Otxl and Pax6 genes in the posterior 
pretectal area (see Results and Discussion sections), suggests a distinction of the pretectal region in two different transverse domains corresponding 
to the anterior and posterior pretectal area or to the neuromeres D3 and D4 (Figdor and Stern, 1993). All the abbreviations are explained in the 
appendix. 

and the segmental expression of Dlxl sharply identifies the ven- 
tral thalamus. However, we suggest that PLZF might be involved 
in the maintenance of this boundary or in its cellular differen- 
tiation, providing clues to axon pathfinding and patterning. 

Later on in the development, PLZF transcripts are restricted 
to specific diencephalic nuclei. Several of these nuclei, in par- 
ticular those in the hypothalamus, could play an important role 
in the regulation of the vegetative life. One of these, the para- 
ventricular hypothalamic nucleus, releasing neurosecretory ef- 
fectors, seems to play an important role in the control of several 
important neurohypophyseal, as well as adenohypophyseal, se- 
cretory functions (Kuhlenbeck, 1973). This observation appears 
particularly interesting considering that PLZF is strongly ex- 
pressed in the neurohypophysis and, from E 15, also in the ad- 
enohypophysis, in the thyroid and in the adrenal gland, indicat- 
ing that PLZF is a common marker of the major functionally 
related elements of the endocrine system. 

It is also worth considering PLZF expression in the midbrain, 
hindbrain, and spinal cord. In all these regions a regionally re- 
stricted expression follows the early ubiquitous one and, with 
the exception of the pons and medulla, PLZF is preferentially 
localized to the alar plate, and at E12.5-E 13.5 PLZF is dorsally 

restricted to the roof plate of the mesencephalon. In the spinal 
cord, PLZF is detected in postmitotic cells, localized at the alar 
boundary between external germinative and mantle layers. In 
summary, we conclude that PLZF could play a role in the mor- 
phogenetic processes acting to correctly define regional identi- 
ties within the synencephalon (pretectal area), the posterior par- 
encephalon (dorsal thalamus and epithalamus), the secondary 
prosencephalon (hypothalamus), as well as, segmentary bound- 
aries between the dorsal and the ventral thalamus and between 
alar and basal posterior hypothalamus (Fig. 11). Nevertheless, 
from this analysis additional molecular and morphological evi- 
dences emerge supporting the validity of the neuromeric orga- 
nization of the embryonic mouse forebrain. 

Appendix 
List of abbreviations 
acx archicortex 
aep anterior entopenduncular area 
ah anterior hypothalamus 
apt anterior pretectum 
cge caudal ganglionic eminence (1, lateral; m, medial) 
db diagonal band 
Dl-D6 neuromeres according to Figdor and Stern (1993) 
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Di 
dt 
emt 
ep 
et 
hcc 

tie 
MS 
ma 
we 
ncx 
ob 
OS 

pl-p6 
pep 
pea 
POP 
PPt 
rch 
rm 
sch 
se 
SP” 
tu 
vt 
zli 

diencephalon 
dorsal thalamus 
eminentia thalami 
epiphysis 
epithalamus 
hypothalamic cell cord 
infundibulum 
lateral ganglionic eminence 
mesencephalon 
mammillary area, basal zone of p4 
medial ganglionic eminence 
neocortex 
olfactory bulb 
optic stalk 
prosomeres l-6 
posterior entopenduncular area 
anterior preoptic area 
posterior preoptic area 
posterior pretectum 
retrochiasmatic area, basal zone of p6 
retromammillary area, basal zone of p3 
suprachiasmatic area 
septum 
supraoptic/paraventricular area 
tuberal hypothalamus, basal zone of p5 
ventral thalamus 
zona limitans intrathalamica 
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