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Abstract

In developing central nervous system, a variety of mechanisms couple cell cycle exit to
differentiation during neurogenesis. The cyclin-dependent kinase (CDK) inhibitor p57Kip2
controls the transition from proliferation to differentiation in many tissues, but roles in developing
brain remain uncertain. To characterize possible functions, we defined p57Kip2 protein expression
in embryonic day (E) 12.5 to 20.5 rat brains using immunohistochemistry combined with markers
of proliferation and differentiation. p57Kip2 was localized primarily in cell nuclei and positive
cells formed two distinct patterns including wide dispersion and laminar aggregation that were
brain region-specific. From E12.5 to E16.5, p57Kip2 expression was detected mainly in
ventricular (VZ) and/or mantle zones of hippocampus, septum, basal ganglia, thalamus,
hypothalamus, midbrain and spinal cord. After E18.5, p57Kip2 was detected in select regions
undergoing differentiation. p57Kip2 expression was also compared to regional transcription
factors, including Ngn2, Nkx2.1 and Pax6. Time course studies performed in diencephalon
showed that p57Kip2 immunoreactivity co-localized with BrdU at 8 hr in nuclei exhibiting the
wide dispersion pattern, whereas co-localization in the laminar pattern occurred only later.
Moreover, p57Kip2 frequently co-localized with neuronal marker, B-111 tubulin. Finally, we
characterized relationships of p57Kip2 to CDK inhibitor p27Kip1: In proliferative regions,
p57Kip2 expression preceded p27Kipl as cells underwent differentiation, though the proteins co-
localized in substantial numbers of cells, suggesting potentially related yet distinct functions of
Cip/Kip family members during neurogenesis. Our observations that p57Kip2 exhibits nuclear
expression as precursors exit the cell cycle and begin expressing neuronal characteristics suggests
that the CDK inhibitor contributes to regulating the transition from proliferation to differentiation
during brain development.
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Introduction

During development of the central nervous system (CNS), neuronal populations along the
rostrocaudal axis are produced from proliferative precursor cells that line the ventricular
system. Differences in neuronal populations along the axis presumably reflect expression of
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distinct transcription factors that are thought to define regional cell position and
differentiation (DiCicco-Bloom and Sondell, 2005). Despite regional differences, there is
tight correlation of proliferative precursor withdrawal from the cell cycle and onset of
neuronal differentiation. While proliferative precursors are localized to the ventricular zone
(VZ), and to overlying subventricular zone (SVZ) in the forebrain, cells that have exited the
cycle and begun differentiation are radially displaced in the more distal mantle zone. Thus
the transition from proliferation to differentiation classically correlates with cell migration
from the VVZ to regions of terminal differentiation.

Withdrawal of mitotic precursors from the cell cycle is under control of two families of
mitotic inhibitory proteins that are described as cyclin-dependent kinase (CDK) inhibitors,
the Cip/Kip and Ink4 families. The Ink4 (inhibitors of CDK4) family includes p15Ink4b,
pl6ink4a, p18ink4c, p19Ink4d (Elledge and Harper, 1994), proteins that inhibit specifically
the activities of CDK4 and CDKG6. These proteins contain multiple ankyrin repeats and bind
specifically to CDK4 and CDKG® proteins. In developing mouse nervous system, there is
differential Ink4 protein expression, with both p18Ink4c and p19Ink4d apparently involved
in neurogenesis while p15Ink4b and pl61ink4a are absent (Zindy et al., 1997a; Zindy et al.,
1997b; Zindy et al., 1999). p18Ink4c and p19Ink4d are expressed in developing neonatal
anterior SVZ (Coskun and Luskin, 2001; Legrier et al., 2001; Luskin and Coskun, 2002) and
cerebellum (Watanabe et al., 1998). The expression pattern of p19Ink4d has been associated
with progenitor cell cycle exit in the neonatal anterior SVZ and the rostral migratory stream.

The Cip/Kip family of inhibitors is more broadly acting, their actions affecting the activities
of cyclin D-, E-, and A-dependent kinases. The family is comprised of p21Cipl, p27Kipl
and p57Kip2. The Cip/Kip proteins bind to both cyclins and CDK subunits, either alone or
as molecular complexes. By binding the cyclin E/CDK2 complex, family members prevent
the critical transition from G1 into S phase, which establishes commitment to DNA
synthesis and cell division (Sherr and Roberts, 1999). Previous studies indicate that family
members affect cell cycle regulation in several neural regions including the retina, pituitary
gland, and cerebral cortex (Franklin et al., 1998; Carey et al., 2002; Coqueret, 2002;
Sumrejkanchanakij et al., 2003). However, recent studies indicate that family members play
additional roles in cell differentiation. For example, p21Cipl regulates cell cycle exit and
process outgrowth of retinal precursor cell (Tanaka et al., 2002). p27Kip1 is necessary for
cell cycle exit of oligodendrocyte precursors as well as astrocytes (Koguchi et al., 2002;
Crockett et al., 2005), and regulates specific stages of neural precursor differentiation in the
SVZ (Casaccia-Bonnefil et al., 1997; Doetsch et al., 2002; Bryja et al., 2005; Ishizaki, 2006;
Paris et al., 2006) and olfactory epithelium (Legrier et al., 2001). In addition, p27kipl
regulates differentiation and radial migration of cortical projection neurons (Nguyen et al.,
2006; Itoh et al., 2007). And in combination, p27Kipl and p19Ink4d apparently maintain
differentiated neurons in a quiescent state in the postmitotic brain (Zindy et al., 1999).

In comparison with p21Cipl and p27Kipl, p57Kip2 protein has distinct structural features
and exhibits different patterns of developmental expression, with prominent levels in
embryonic tectum (Lee et al., 1995; Matsuoka et al., 1995; Zhang et al., 1997). p57Kip2
plays an essential and uncompensated role as it is the only member whose deletion produces
early postnatal death. In the brain, p57Kip2 is expressed in postmitotic dopamine neurons,
influencing their survival and differentiation in the midbrain (Joseph et al., 2003). In the
retina, p57Kip2 is involved in cell cycle exit at early times, and later, in differentiation of a
subset of amacrine interneurons (Dyer and Cepko, 2000; Dyer and Cepko, 2001). The
importance of p57Kip2 in brain neurogenesis has been suggested by its role in mediating the
anti-mitogenic effects of PACAP in primary cerebral cortex precursors of the embryonic rat
(Suh et al., 2001; Carey et al., 2002). In addition, recent studies using peripheral neural
crest-derived neuroblastoma cell lines indicate that bHLH transcription factors target
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p57Kip2 to induce cell cycle withdrawal (Rothschild et al., 2006). Although expression of
p57Kip2 and other family members in embryonic brain has been reported previously, only
MRNA transcripts were examined and analyses were regionally limited (van Lookeren
Campagne and Gill, 1998). Further, cell cycle protein levels depend significantly on
posttranslational mechanisms, especially proteosomal degradation, leading to poor
correlation of CDK inhibitor protein to mRNA levels (Nguyen et al., 2006). Thus the
expression and possible roles of p57Kip2 protein in developing CNS has not been fully
characterized. Recently we described highly sensitive methods to detect p57Kip2 protein
immunoreactivity in the rat embryo (Ye and DiCicco-Bloom, 2005), though relationships to
the cell cycle and regions of differentiation remain to be defined. We now report that
p57Kip2 protein is expressed primarily in postmitotic cell nuclei that exhibit regionally
specific spatial and temporal patterns. p57Kip2 expression is strictly associated with cells
recently exiting the cycle and beginning differentiation in the VZ and mantle zone as they
migrate to regions of neuronal maturation. Furthermore, p57Kip2 and p27Kip1 appear to be
expressed sequentially in subsets of cells, suggesting the two members contribute related
though distinct functions during neurogenesis.

Material and Methods

Animals

Time-mated pregnant Sprague Dawley rats were obtained from Hilltop Lab Animals
(Philadelphia, PA) and were housed and treated according to approved guidelines of the
UMDNJ IACUC and NIH regulations. Embryos from gestational days 10.5 (E10.5) to E20.5
were used.

BrdU injections and tissue processing

Thymidine analog BrdU was used as a proliferation marker to label cells replicating DNA in
S phase at the time of administration. Pregnant dams were injected intraperitoneally with
BrdU (100mg/kg) and, following deep anesthesia with a mixture of ketamine 30mg/kg and
xylazine 3mg/kg, were sacrificed at the indicated time points to remove embryos. For
embryos of E14.5 or younger, the entire head was transected and fixed directly overnight at
4°C in cold 4% paraformaldehyde in 0.1M PBS, pH7.4, while for E15.5 or older, the brain
was first dissected from the skull and then fixed using the same protocol. After a 3 hr rinse
with cold PBS, tissues were cryoprotected with 30% sucrose at 4°C for 2—-3 days until they
sank. Tissues were embedded in O.C.T, frozen on dry ice, cut in the coronal plane on a
cryostat at 12pum, and mounted on Superfrost plus slides (VWR, Bridgeport, NJ). Sections
were dried at least 2 hr at room temperature (RT), and then stored at —20°C until use.

Immunohistochemical procedures

For immunohistochemical staining of p57Kip2, at least two embryos from different
pregnancies were used at E10.5, E12.5, E14.5, E15.5, E16.5, E18.5 and E20.5. Sections
were pretreated with DNase |, exposed to goat anti-p57Kip2 primary antibody, then horse
anti-goat secondary, followed by Vector ABC development and enhancement with biotinyl
tyramide reagent, using methods described previously (Ye et al., 2007). Prior to DNase |
treatment, tissue sections were rinsed 3 times 15 min in PBS (pH 7.2), incubated in 3%
H»0, (diluted in methanol) for 30min, rinsed again 3 times 15 min in PBS, then incubated in
PBS containing 0.3% Triton X-100 (PBS-T) for 10 min. For DNase | treatment, sections
were incubated with DNase | buffer for 5 min followed by DNase | (500U/ml) for 10 min.
After 4 washes in de-ionized water over 40 min, tissues were blocked for 1 hr in blocking
buffer containing 10% normal horse serum (NHS), 3% bovine serum albumin (BSA, Sigma)
in 0.3% PBS-T. Sections were incubated with goat anti-p57Kip2 antibody (E-17, 1:200;
Santa Cruz Biotechnology, Santa Cruz, CA) diluted in 0.2% PBS-T containing 5% NHS and
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1% BSA, for 3 days at 4°C. After PBS rinses, sections were incubated for 1 hr at RT with
biotinylated horse anti-goat antibody (1:800; Vector Lab, Burlingame, CA) prepared in
0.2% PBS-T containing 1% NHS and 1% BSA, then rinsed with PBS, and incubated with
Elite ABC kit (Vector Lab) for 60 min. After rinses, signal was further amplified by
incubating sections for 10 min with biotinyl tyramide solution according to the
manufacturer's instructions (1:100; NEL700, PerkinElmer, Waltham, MA). Following
rinses, antigen was revealed using fluorescein-avidin D (1:2000; Vector Lab), diluted in
PBS containing 1% BSA, for 1 hr.

For double immunofluorescent labeling, p57Kip2 staining was performed first as above,
then, after blocking with 5% BSA in 0.3% PBS-T at RT for 30 min, sections were incubated
with different primary antibodies overnight at 4°C. Other primaries were mouse anti-BrdU
(1:75; BD Biosciences, San Diego, CA), mouse anti-B-111 tubulin (Tujl, 1:1000; Covance,
Emeryville, CA), mouse anti-MAP2 (1:1000; Sigma, St. Louis, MO), mouse anti-p27Kipl
(1:1000; BD Biosciences), rabbit anti-Neurogenin 2 (1:200; gift from Yongchao Ma,
Harvard Univ.), rabbit anti-Nkx2.1 (1:500; gift from Michael Matise, Robert Wood Johnson
Medical School), rabbit anti-Ki67 (1:500; Novocastra) and rabbit anti-Pax6 (1:1000;
Chemicon). After four 10 min washings in PBS, slides were incubated for 1hr at RT with the
appropriate secondary antibodies conjugated to Alexa Fluor 488 or 594 (1:1000; Molecular
Probes). Following PBS rinses, sections were mounted using ProLong Gold antifade reagent
(Molecular Probes) for images analysis.

For p57Kip2/BrdU/Tujl triple labeling, sections were sequentially stained for p57Kip2, then
rat anti-BrdU (1:75; BD Biosciences), and finally mouse anti-Tuj1. Rat anti-BrdU antibody
was revealed using chicken anti-rat Alexa Fluor 647 and mouse anti-Tujl antibody with
rabbit anti-mouse Alexa Fluor 594.

Microscope and image analysis

Results

Images were acquired using fluorescence microscopy on a Zeiss Axiovert 200M. The
ApoTome program was used to acquire Z stacks of 0.45 um on 40x or 63x magnification
images. Acquired images were analyzed using AxioVision software. Triple labeling images
were acquired using a laser scanning confocal microscope (Zeiss).

Quantification of immunolabeled cells on E14.5 was performed on two or more sections
from each of two or more embryos in each region, examining from 350-500 cells per
section. When assessing the BrdU labeling index, positive cells were compared to total
nuclei defined by DAPI staining. The BrdU labeled region was used to define the
proliferative zone in various brain areas and regions more laterally placed were termed as
non-proliferative zone. These regions were then used to characterize the proportion of CKI
markers expressed in each. For assessing double labeling of p57Kip2 and p27Kip1,
p57Kip2-expressing cells in both the proliferative and non-proliferative zones were
enumerated and then the percent that also expressed p27Kipl was determined.

Expression of p57Kip2 protein in the ventricular (VZ), subventricular (SVZ) and mantle
zones of the embryonic rat brain

Defining the patterns of p57Kip2 expression in the embryonic brain may provide clues
regarding its roles during CNS development. As a cell cycle regulator, it was critical to
characterize p57Kip2 expression in relation to mitotic S phase. To accomplish this goal, we
recently designed a new method that enhances detection of p57Kip2 immunoreactivity in
nuclei of embryonic brain tissues, increasing both signal intensity and numbers of positive
cells. Furthermore, since we found that p57Kip2 protein was especially labile to HCI
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exposure commonly used for BrdU immunolabeling, or citrate antigen retrieval, the
alternative use of an optimized DNase | pretreatment protocol allowed successful study of
developmental expression (Ye et al., 2007). First, we defined p57Kip2 protein expression
during prenatal development from E12.5 to E20.5, an age range that targets the period of
major neurogenesis in the forebrain. Our observations indicate that p57Kip2 expression is
detectable at almost all levels of the CNS during E12.5 to E16.5 from forebrain to spinal
cord. Furthermore, p57Kip2 expression exhibited both region-specific and time-dependent
patterns throughout the neural axis (Table 1). During this period, the majority of p57Kip2
immunoreactivity we detected was confined to the nucleus in cells localized to the VZ, SVZ
and emerging mantle zones (Fig. 1), where precursors are undergoing cell cycle progression
or cycle withdrawal and initiation of differentiation. High cellular densities and signal
intensities of p57Kip2 immunoreactivity were detected in the septal area, basal ganglia,
preoptic area, epithalamus, thalamus, hypothalamus, midbrain and spinal cord (Fig.1; Table
1). In other forebrain regions, the density of p57Kip2 positive cells was significantly lower
at the same embryonic stages (E12.5 to 16.5; Table 1).

Cells exhibiting p57Kip2 immunoreactivity appeared generally in one of two distinct
expression patterns. In the first pattern, cells expressing p57Kip2 demonstrated an
intermediate tissue density and relatively wide dispersion in regions surrounding the
ventricles, such as observed in the basal ganglia, septum and hippocampus (Fig. 1A-D).
Alternatively, p57Kip2-expressing cells formed a more dense laminar aggregation at the
basal extent of the proliferative zone, as seen in the thalamus, midbrain, preoptic area and
spinal cord (Fig. 1E-H). Significantly, these expression patterns were region-specific, as
described below, and did not exhibit change over the course of development.

p57Kip2 has proposed roles in cell cycle exit and the onset of differentiation during
neurogenesis. To begin defining relationships to the cell cycle, we examined p57Kip2
expression in combination with incorporation of thymidine analog, bromodeoxyuridine
(BrdU), which labels cells in S phase undergoing DNA synthesis. Embryos were processed
for double immunohistochemistry 1-2 hr after BrdU was administered to pregnant dams.
We found that p57Kip2 did not exhibit a simple relationship to BrdU labeled proliferative
precursors. Rather, in different CNS regions, p57Kip2 immunoreactivity was detected in
subsets of cells (Fig. 2A, B) and positive cell density varied as well (Table 1). For example
at E12.5, p57Kip2 immunoreactivity was present throughout the dorsoventral and
mediolateral extents of the CNS (Fig. 2A). A variety of spatial patterns of p57Kip2
expression are exemplified in a coronal section through the diencephalon at E14.5.
Differences in the expression patterns are striking when comparing the thalamus to the
hypothalamus and epithalamus surrounding the third ventricle (Fig. 2B, Table 1). Overall,
p57Kip2 immunoreactivity was present in the nuclei of progenitors with an increased
density of positive cells at the basal margins of the VZ (Fig. 2E, F, I, J). With further
development, however, p57Kip2 expression in the ventricular regions was significantly
down-regulated by E18.5 and 20.5 (Fig. 2G, K; Table 1).

While both p57Kip2-expressing and BrdU positive cells were distributed in the same or
closely adjacent regions, double labeled cells were rarely observed using the Zeiss Axiovert
200M ApoTome microscope. For further analysis, we employed Zeiss confocal imaging and
found no p57Kip2/BrdU double-labeled cells in the thalamus or hypothalamus at 1-2 hr
(Fig. 2C, D), indicating that p57Kip2 is not expressed in S, G2 or M phases and implying
that p57Kip2 is expressed by cells in G1 phase of the cell cycle. The studies also revealed
that p57Kip2 positive nuclei were smaller than those labeled by BrdU (insets in Fig. 2C, D),
though a quantitative analysis was not performed.
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By analyzing the spatial distribution of cells exhibiting p57Kip2 and BrdU
immunoreactivities in the thalamus and hypothalamus at E14.5, we further characterized the
two patterns of p57Kip2 expression, described above as wide dispersion and laminar
aggregation. In the wide dispersion pattern exemplified by the hypothalamus (Fig. 2B),
p57Kip2 expressing cells were widely dispersed among the BrdU labeled cells, forming a
mosaic pattern (Fig. 21, J). The density of p57Kip2 positive cells increased with the distance
from the apical surface that lines the ventricles and appeared highest at the basal margins of
the VZ or just outside the zone of BrdU labeled progenitors. Beyond this margin of p57Kip2
expression, signal rapidly diminished in the neuronal differentiation layer at E14.5 and
thereafter. We quantified the percentage of cells in the proliferative and non-proliferative
zones that exhibited either BrdU or p57Kip2 immunoreactivity, expressed as a ratio to total
cells stained with DAPI (Table 2). In the proliferative region of the hypothalamus,
approximately 15% of cells were BrdU labeled whereas a separate 52% expressed p57Kip2.
In the non-proliferative zone, ~1% and 2.4% were labeled with BrdU and p57Kip2,
respectively. This wide dispersion, mosaic pattern was also found in the proliferative regions
of the basal ganglia, septum, epithalamus and hippocampus (Table 1, Fig. 1A-D, Fig. 3A,
D, E). The second, dense laminar aggregate pattern appeared most prominently in the
thalamus at E14.5 (Fig. 2B), in which p57Kip2 positive cells were localized as a dense
aggregate lateral to the BrdU positive zone (Fig. 2E, F). Earlier, at E12.5, there were fewer
p57Kip2 positive cells in the thalamic neuroepithelium, some of which were within the VZ
(Fig. 2E). With further development, p57Kip2-expressing cells increased markedly in
number and were concentrated almost entirely outside the proliferative region (Fig. 2F). In
the thalamic proliferative zone, 50% of cells labeled with BrdU and only 3.5% with
p57Kip2, whereas 63% of the cells outside the VZ expressed p57Kip2, a striking difference
when compared to the hypothalamus (Table 2). This laminar aggregate pattern was also
observed in the preoptic area, midbrain and spinal cord (Fig. 1E-H, Fig. 3B, C, F). By
comparing the wide dispersion and laminar aggregation patterns in these several tissues we
also asked whether they may correlate with regions possessing an SVZ, which originates
from the VZ and serves as a secondary proliferative zone (Brazel et al., 2003;DiCicco-
Bloom and Sondell, 2005). However, this did not seem to be the case: the wide dispersion
pattern was observed in basal ganglia, septum, epithalamus which possess an SVZ as well as
in hypothalamus and hippocampus which lack this secondary zone. Similarly, the laminar
aggregation pattern was observed in the thalamus that has an SVZ as well as the midbrain
and spinal cord, where the SVZ is absent.

In addition to proliferation zones, p57Kip2 was also expressed in certain areas undergoing
neuronal differentiation (Table 1). p57Kip2 positive cells were prominent in the neural
differentiation field of the thalamus at E18.5 and later (Fig. 2G, H). In contrast, p57Kip2
was not expressed in the differentiating field of the directly adjacent hypothalamus at later
ages (Fig. 2K, L). The sequential expression of p57Kip2 in progenitors followed by later
expression during differentiation was also found in the septal area as well as preoptic area,
and therefore did not correlate specifically with the two early patterns of p57Kip2
expression (Fig. 1). In the cerebral cortex from E12.5 to E16.6, we detected low levels of
nuclear p57Kip2 in a subset of cells in both VZ/SVZ as well as the cortical plate (Fig. 2A;
Table 1), though this will be the subject of a separate manuscript. Overall, these
observations indicate that p57Kip2 is expressed in regionally restricted spatial-temporal
patterns during prenatal neurogenesis, localized to the VZ, SVZ and mantle zones at early
stages and subsequently in select fields of neuronal differentiation.
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Relationship of p57Kip2 expression to markers of developmental stages and specific
regional compartments

To further clarify p57Kip2 expression patterns, we compared them to that of several makers
of cell development and lineage at E14.5, focusing on the hypothalamus which exhibits the
wide dispersion pattern, only commenting on the thalamus when observations differ (Fig. 4).
For an overview of the proliferative region, we examined p57Kip2 and nestin, a well-
characterized marker of neural precursors expressed in cell bodies as well as processes of
the radial glial cells (Noctor et al., 2001;Noctor et al., 2004). The majority of p57Kip2-
expressing cells fell within the nestin domain (Fig. 4A). However, as a cytoplasmic filament,
nestin immunoreactivity can be difficult to co-localize with nuclear markers, such as
p57Kip2. To more specifically label precursors, we used two different nuclear makers of
cells engaged in proliferation, PCNA and Ki67(Scholzen and Gerdes, 2000;Kee et al.,
2002;Muskhelishvili et al., 2003). By comparing neighboring sections, we found that PCNA
extended over a wider apicobasal extent than Ki67 (Fig. 4B, C). p57Kip2 immunoreactive
cells were localized to regions where cells were expressing either PCNA or Ki67. In the case
of PCNA, the overwhelming majority of p57Kip2-expressing cells also expressed PCNA,
with 90+7% of cells exhibiting double labeling in the hypothalamus and 92+3% in the
thalamus, suggesting that the cells were either still engaged in the cell cycle, such as G1
phase, or alternatively, recently withdrawn from the cycle. This model may be consistent
with the apparent inverse correlation in signal intensities of PCNA and p57Kip2 we
observed but did not quantify. In comparison, for Ki67 expression which is known to be
more tightly correlated with cell cycle stages, only 50+2% of p57Kip2-expressing cells
exhibited Ki67 in the hypothalamus and 14+5% of cells exhibited double labeling in the
thalamus.

We also examined relationships of p57Kip2 expression in the diencephalon to several
transcription factors whose domains of expression serve to pattern cell position and
identities in the CNS, including neurogenin 2 (Ngn2), Nkx 2.1 and Pax6 (Tuttle et al., 1999;
Bishop et al., 2000; Kawaguchi et al., 2004; Miyata et al., 2004). Overall, p57Kip2
immunoreactivity did not co-localize absolutely with any of these factors. In the
hypothalamus, Nkx2.1 was expressed in a wide domain (Fig. 4D), similar to nestin (Fig. 4A)
and p57Kip2 was expressed in a more narrow, periventricular region (Fig. 4F). In the upper
part of the hypothalamus, Ngn2 exhibited a narrow band of immunoreactivity adjacent to the
ventricle, consistent with the VZ, and p57Kip2 immunoreactive cells exhibited some co-
localization as well as isolated expression in more laterally placed cells (Fig. 4E). Double
labeling was also apparent though less common for Ngn2 and p57Kip2 in the thalamus (Fig.
4F). Finally, unlike these markers of proliferative precursors, Pax6 was expressed more
laterally in regions of neural differentiation, and exhibited no double labeling with p57Kip2,
whose expression localized medial to Pax6 (Fig. 4G). These observations suggest that these
markers of developmental compartments did not define the cells that express p57Kip2,
which protein seemed to straddle the proliferative and differentiative regions in these brain
structures.

Temporal relationship of p57Kip2 expression to S phase entry in proliferative regions

To further define the relationship of p57Kip2 expression to cell cycle progression and
withdrawal, we performed p57Kip2/BrdU double immunostaining in E14.5 embryos at
different time points after BrdU injection including 1, 8 and 24 hr. Representative images
from the diencephalon are shown for illustration (Fig. 5). Analyses were performed in the
hypothalamus, a structure exhibiting the wide dispersion pattern of p57Kip2 expression, and
the thalamus, in which p57Kip2-expressing cells form a dense laminar aggregate. At 1 hr,
BrdU labeled precursors in both structures were localized to more basal regions of the VZ as
expected for cells engaged in S phase (Fig. 5,1 hr). The cells expressing p57Kip2 formed a
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separate and distinct subpopulation of cells and exhibited no double labeling. At 8 hr, many
BrdU labeled cells were closer to the ventricle, having migrated to the apical region from
their initial basal location. In the hypothalamus, a small subset of BrdU labeled cells
expressed p57Kip2, while this co-localization was absent or rarely observed in the thalamus.
This may suggest that p57Kip2 plays a different role in each structure, or alternatively, that
the cell cycle times or modes of division differ between the two. By 24 hr (Fig. 5), the
number of cells double labeled for BrdU and p57Kip2 increased in the hypothalamus, and
double labeling was now observed in the thalamus. Interestingly, in the epithalamus, another
structure that exhibits the wide dispersion, mosaic pattern, p57Kip2/BrdU double labeling
first appeared at 8 hr and increased further by 24 hr, recapitulating the pattern defined in the
hypothalamus. This suggests that regions exhibiting the same p57Kip2 expression patterns
possess common cell cycle Kinetics. In all these structures, p57Kip2-expressing cells at 24 hr
appear as a band that sits between BrdU positive cells remaining in the proliferative region
and BrdU labeled cells on their way to zones of differentiation. It is unclear whether
p57Kip2 is expressed at a precise but brief moment in all precursors during development, or
alternatively, in only a distinct cell subset.

Expression of p57Kip2 occurs as precursors initiate neuronal differentiation

As the foregoing observations suggested that p57Kip2 expression correlates with cell cycle
withdrawal, we characterized its relationships to differentiation using double and triple
immunolabeling with p57Kip2, BrdU and neuron specific cytoskeletal marker B-111 tubulin
(TuJ1). Overall, p57Kip2 expression was localized to the boundary zone between regions of
proliferation and differentiation at E12.5-14.5. In the telencephalon, diencephalon and
spinal cord, p57Kip2 immunoreactivity was observed at the transitional region between the
VZ and cells expressing TuJ1 (Fig. 6). Significantly, a high proportion of cells were double
labeled for nuclear p57Kip2 and TuJ1, including E14.5 epithalamus (Fig. 6C), thalamus
(Fig. 7A-C) and hypothalamus, ranging from 60% to 85% of cells assessed using confocal
image analysis. In the thalamus, we found 70.8+7.5% (meanzSD) of cells were double
labeled. In the basal hypothalamus, the proportion was similar at 81.4+6.8%. However, in
some structures where p57Kip2-expressing cells localized more medially, in the apical VZ,
this proportion appeared to be lower, though this was not quantified. Furthermore, by adding
a BrdU pulse analysis at 2 and 8 hr, we assessed the apparent timing of cell cycle exit and
differentiation. At 2 hr, p57Kip2-expressing cells surrounding the third ventricle co-labeled
with TuJ1 but did not exhibit BrdU staining (Fig. 7A-C). In contrast, by 8 hr, a subset of
cells labeled with BrdU had now migrated towards regions of differentiation and also
expressed p57Kip2 as well as TuJl (Fig. 7D-G). These relationships were present in the
E14.5 hypothalamus, septal area and basal ganglia. These data indicate that as cells exit the
cycle, p57Kip2 is expressed in parallel with the differentiation marker, B-111 tubulin, and
suggest that increased expression of p57Kip2 is associated with neuronal differentiation. We
also noted that some cells at 8 hr exhibited p57Kip2 and BrdU but failed to express TuJ1,
which may potentially reflect precursors not destined to become neurons or simply the
technical limitations of associating cytoplasmic filaments with nucleus-localized signals.

Potential cooperative roles of p57Kip2 and p27Kipl in E14.5 developing forebrain

As p27Kipl and p57Kip2 are members of the same CKI family and exhibit significant
sequence similarity (Lee et al., 1995), they may act cooperatively to sequentially regulate
the transition from proliferation to differentiation in individual cells, or alternatively,
function in parallel or redundant fashion. We examined the spatial expression patterns of
p27Kipl and p57Kip2 proteins in E14.5 brain by using combined immunostaining, and
compared patterns to BrdU and TuJ1 in the same or adjacent sections. Cells exhibiting
p27Kipl and p57Kip2 immunoreactivity were distributed in distinct and primarily adjacent
embryonic brain regions. p57Kip2 positive cells were primarily situated in proliferative
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zones, with signal diminishing rapidly as one approaches regions of differentiating neurons
(Fig. 8A). In contrast, p27Kipl immunoreactivity was expressed in a uniform fashion lateral
to the p57Kip2 positive zone, in regions exhibiting neuronal marker TuJ1 in the
diencephalon. Expression of p27Kip1 was rare and of low intensity in the VVZ when present.
To further define relationships, confocal analysis was employed on sections of the
epithalamus, where double staining was most robust. Cells exhibiting p57Kip2 nuclear
signal appeared to be located closer to the ventricles, within the VZ/SVZ, whereas the
majority of p27Kipl cells were displaced laterally, in areas of differentiation that expressed
TuJ1 (Fig. 8B). However, a subset of nuclei at this transitional zone exhibited double
immunolabeling for p27Kipl and p57Kip2 (Fig. 8B). Similarly, in E14.5 hypothalamus,
p57Kip2 expression was localized medially as a mosaic with BrdU labeled precursors, and
p27Kipl and TuJl were localized more laterally with evidence of CKI co-localization at the
boundary (Fig. 8C).

We also characterized the distribution of p57Kip2-expressing cells in the diencephalon in
both the proliferative and non-proliferative regions, defined by BrdU labeling in adjacent
sections. In the thalamus that exhibits a laminar aggregate pattern, less than 5% of p57Kip2-
expressing cells were localized to the proliferative region and greater than 95% were in the
non-proliferative zone (Table 3). In contrast, two structures exhibiting a wide dispersion,
mosaic pattern, the hypothalamus and epithalamus, localized 92% and 74% of p57Kip2-
expressing cells respectively in the proliferative zones. With regard to p27Kipl, however,
the distribution of this signal in the same locations was between 20 and 30% in the
proliferative regions, suggesting little correlation with p57Kip2 (Table 3). Finally, the rare
p57Kip2 positive cells in the thalamic proliferative zone infrequently co-localized p27Kip1,
whereas double labeling was far more common in mosaic proliferative zones, with 34% in
the epithalamus and 68% in the hypothalamus. While underlying mechanisms remain to be
defined, these observations suggest that cells undergo sequential expression of CKI family
members as they develop, with a transitional period of overlapping expression that may be
related to regional cell cycle parameters. Thus, transient p57Kip2 signal may be replaced by
sustained p27Kipl expression as neuronal progenitors transition from proliferation to
differentiation during developmental neurogenesis.

Discussion

In the developing nervous system, cell cycle exit is tightly coupled to neuronal
differentiation. While members of the Cip/Kip family of CDK inhibitors may serve to elicit
cell cycle withdrawal, the roles of p57Kip2 in developing brain are not fully explored. Our
observations indicate that p57Kip2 protein is expressed throughout the neural axis during
neurogenesis and exhibits both region-specific and time-dependent patterns. From E12.5 to
E16.5, p57Kip2 immunoreactivity was present in the VZ, SVZ and/or mantle zone, localized
primarily to cell nuclei. Cells exhibiting p57Kip2 generally appeared in one of two distinct
patterns of expression: p57Kip2-expressing cells were either widely dispersed among the
mitotic, BrdU labeled cells in the VVZ, forming a mosaic, or alternatively, p57Kip2 positive
nuclei were localized as a dense aggregate outside the proliferative zone. The distinct
patterns of expression raise the possibility that p57Kip2 serves different functions in specific
brain regions, or reflect distinct regional cell cycle kinetics during neurogenesis. At E18.5
and later, p57Kip2 protein was expressed in nuclei of a distinct subset of differentiating
fields. Time lapse studies indicated that p57Kip2 protein was expressed at about 8 hours
after cells were in S phase in regions exhibiting a dispersed, mosaic pattern, but only later
for structures exhibiting the dense laminar pattern. Moreover, p57Kip2 expression occurred
in parallel with neuronal differentiation marker, g-111 tubulin, placing these cells at the
boundary between cell proliferation and neuronal differentiation. Furthermore, in relation to
another family member, p27Kip1, the proteins were distributed in distinct and primarily
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adjacent tissue domains, with p57Kip2-expressing cells located closer to the ventricles,
whereas the majority of p27Kipl cells were displaced laterally, in areas of differentiation.
Nonetheless, substantial CKI co-labeling was observed. These observations suggest that
p57Kip2 is expressed as cells exit the cycle and begin differentiation and that, as cells
migrate radially, transient p57Kip2 signal is replaced by sustained expression of p27Kip1.

The detection of high levels of p57Kip2 nuclear immunoreactivity in embryonic brain
regions including the basal ganglia, septum, amygdala, hippocampus, preoptic area,
epithalamus, thalamus, hypothalamus, midbrain and spinal cord from E12.5 to E16.5
suggests that the inhibitor provides a general signal during the transition from proliferation
to differentiation in the nervous system. This is consistent with its critical anti-mitogenic
role throughout the embryo, where it negatively regulates the cell cycle and promotes cell
differentiation (Lee et al., 1995; Matsuoka et al., 1995). Deletion of p57Kip2 in mice is fatal,
and causes hyper-proliferation and failed differentiation in the many organs in which it is
specifically expressed (Lee et al., 1995; Zhang et al., 1997; Zhang et al., 1999; Takahashi
and Nakayama, 2000). p57Kip2 mRNA was initially detected in embryonic brain in the
tectum, and more recently, in the VZ/SVZ of the neocortex, ganglionic eminences, and
cortical plate in the latter half of neurogenesis, E16 to E18. p57Kip2 mRNA is also up-
regulated later at E20 in fully differentiated neurons (Lee et al., 1995; Matsuoka et al., 1995;
van Lookeren Campagne and Gill, 1998; Nagahama et al., 2001; Itoh et al., 2007). In
contrast to the mMRNA transcript, expression of p57Kip2 protein in most embryonic brain
regions has not been reported. It is especially important to define CKI protein expression
because it is frequently controlled by post-translational mechanisms, including protein
degradation through the proteasome, sequestration, and nuclear/cytoplasmic translocation,
leading to discrepancies in mMRNA and protein levels (Urano et al., 1999; Nishimori et al.,
2001; Fujita et al., 2003; Leibovitch et al., 2003; Quintanilla-Martinez et al., 2003; Nguyen
et al., 2006; Surjit and Lal, 2007). Our observation that p57Kip2 protein is expressed
throughout the neural axis at E12.5 suggests it may contribute to precursor cell symmetric
divisions that generate additional stem cells. The subsequent spatial and temporal patterns of
p57Kip2 expression in diverse brain structures suggest potential roles in controlling cell
division and neural differentiation that underlie regional neurogenesis (DiCicco-Bloom and
Sondell, 2005; Gotz and Huttner, 2005).

Our studies identified two distinct patterns of cells expressing p57Kip2 protein, forming a
mosaic with BrdU labeled cells within the proliferative region (in hypothalamus,
epithalamus), or alternatively, forming a dense layer just lateral to the proliferative zone
(thalamus). Significantly, the patterns were region specific, and did not change over the
course of development. These patterns may reflect differing p57Kip2 functions, such as
eliciting cell cycle exit of precursors when in mosaic form as they traverse from apical to
basal regions, whereas the laminar aggregate outside the proliferative zone may indicate a
role in the onset of migration and/or neural differentiation. While we do not fully understand
its functions, ongoing studies examining the p57Kip2 knock out mouse and over-expression
techniques (Tury et al., 2006) may help address these issues. Alternatively, these expression
patterns may not reflect differences in protein function, but rather specific characteristics of
the neural precursors themselves in region. For example, different regions may possess
distinct cell cycle times (see below), may undergo different temporal profiles of symmetric
versus asymmetric cell division or may display distinct neurogenetic spatiotemporal
gradients. Moreover, in the diencephalon, there is differential expression of retinoid X
receptors, with beta receptors in thalamus and gamma in hypothalamus (Moreno et al.,
2004), as well as thyroid receptors (Vercelli et al., 2007), raising the possibility that different
cellular mechanisms control precursor proliferation that is also reflected in expression of
specific cell cycle regulators.
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Several lines of evidence indicate a role for p57Kip2 in regulating cell cycle exit of neural
progenitors. Levels of p57Kip2 protein and its association with the cyclin E/CDK2 kinase
complex were increased when PACAP treatment inhibited DNA synthesis of cerebral
cortical precursors, producing reductions in CDK kinase activity and G1 to S phase
transition (Suh et al., 2001; Carey et al., 2002). Further, genetic over-expression of p57Kip2
led to cell cycle exit in retinal precursors (Ohnuma et al., 1999) and G1 blockade in human
astrocytoma cell lines (Tsugu et al., 2000). In mouse neuroblastoma cells, p57Kip2 was
identified as a functional target recruited by bHLH transcription factors to induce cell cycle
arrest (Rothschild et al., 2006). However, little evidence links p57Kip2 expression to cell
cycle exit in developing brain. In our current studies, 1-2 hr after injection, BrdU labeled
cells were localized to the basal VZ where cells are engaged in DNA synthesis (Noctor et
al., 2004; Gotz and Huttner, 2005) and there was no co-localization with p57Kip2. However,
by 8 hr, cells have had time to complete S, G2 and M phases, and are now presumably
engaged in G1 or GO, as they begin moving away from the ventricle. It was at 8 hr that BrdU
co-localized with p57Kip2, suggesting that the inhibitor was first expressed after completion
of mitosis during G1 stage, when cells are deciding whether to re-enter the cell cycle or
withdraw from proliferation (Noctor et al., 2004; Gotz and Huttner, 2005). This time course
was observed in regions exhibiting the wide dispersion, mosaic pattern of p57Kip2 and
BrdU expression, including the hypothalamus and epithalamus. The mosaic pattern may
reflect a mixture of precursor cells including 1) the p57Kip2-expressing cells that are exiting
the cycle and will migrate out of the VZ toward differentiation fields, and 2) the BrdU
labeled cells that will re-enter the cell cycle as neural stem cells. Such a model may also be
supported by our localization studies of Ki67: Approximately 50% of p57Kip2-expressing
cells co-localized Ki67, potentially reflecting cells that completed M phase and have just
entered G1, a group of cells in which p57Kip2 will induce cell cycle withdrawal. In contrast,
the p57Kip2+/Ki67- cells in the proliferative region would have already exited the cycle and
would be engaged in migration and differentiation. In contrast to the mosaic pattern, in
regions where p57Kip2-expressing cells form a dense laminar aggregate, such as the
thalamus, BrdU co-labeling rarely occurred until after 8 hr, and far fewer cells co-expressed
Ki67. This may suggest that p57Kip2 is expressed at later times following the decision to
exit the cycle, potentially regulated by other mechanisms. More broadly, these region-
specific patterns of expression suggest that p57Kip2 may play distinct roles in different cell
populations, or that progenitors possess different cell cycle times or modes of division.
Regardless of region, by 24 hr, we observed p57Kip2 expression in a subset of BrdU labeled
cells lying between the proliferative zone and the mantle zone of differentiating neurons.
These results suggest that p57Kip2 activity serves to elicit cell cycle withdrawal prior to
neuronal differentiation. This conclusion is supported by recent studies in spinal cord, in
which p57Kip2 expression occurred 12 hr after S entry (Gui et al., 2007).

In addition to blocking cell cycle re-entry, p57Kip2 may also serve to couple mitotic
withdrawal with neuronal differentiation, the regulation of which is a central issue in neural
development (Bally-Cuif and Hammerschmidt, 2003). Major neurogenesis in developing rat
brain occurs from E12.5 to E16.5 (Gotz and Huttner, 2005), the period during which we
detected high p57Kip2 expression in proliferative regions. Significantly, the majority of
cells expressing p57Kip2 also co-localized BllI-tubulin, suggesting that this CKI identifies
the earliest stages of neuronal differentiation. Furthermore, at 8 hr when we first detected
co-localization of BrdU with p57Kip2 in the hypothalamus, we also observed p57Kip2 co-
expression with BllI-tubulin in many cells, with a subset expressing all three markers. These
results support the proposal that p57Kip2 activity is involved with the onset of neuronal
differentiation following cell cycle exit, potentially serving as a molecular coupling
mechanism. However, a clearer picture may emerge by performing a time course using triple
labeling for p57Kip2, BrdU and TuJ1, for which methods are being developed.
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A number of studies have explored the possible roles of Cip/Kip family inhibitors in cell
differentiation and fate determination. In Xenopus, p27Xic1, an analogue of p27Kip1, was
found to induce Muller glia cells from retinoblasts (Ohnuma et al., 1999). In mammals,
p27Kipl has been shown to regulate neuronal differentiation, migration, and proliferation in
developing brain (Casaccia-Bonnefil et al., 1997; Durand et al., 1997; Crockett et al., 2005;
Itoh et al., 2007). More recently, p27Kipl1 was found to promote neuronal differentiation by
stabilizing bHLH transcription factor Neurogenin 2 protein in mouse cerebral cortex
(Nguyen et al., 2006). A similar stabilizing interaction of p57Kip2 with bHLH transcription
factor MyoD was found in muscle development (Reynaud et al., 1999; Reynaud et al.,
2000). Further, in p57Kip2 knockout mice, there were numerous tissues exhibiting problems
in cell differentiation or fate determination (Zhang et al., 1997). In addition to potential
direct interactions, Cip/Kip inhibitors may also contribute to differentiation control by
inhibiting cycle-dependant kinases required for this process, such as cyclin E/CDK 2
(Reynaud et al., 1999) and cycle D/CDK4 (Ratineau et al., 2002; Berger et al., 2005).
Finally, recent evidence suggests that both p57Kip2 and p27Kip1 play additional roles in
regulating neural precursor migration in developing brain (Nguyen et al., 2006; Itoh et al.,
2007). In aggregate, these studies support the proposal that Cip/Kip family members
promote cell cycle exit, and contribute directly or indirectly to neuronal differentiation,
migration and cell fate determination during embryonic development. Our study suggests
that these effects may occur at all levels of the developing nervous system.

The fact that p57Kip2 and p27Kipl possess similar CDK kinase inhibitory activity and share
partial structural similarity (Sherr and Roberts, 1995) raises the question of relationships
during brain development. Our analysis suggests that p57Kip2 and p27Kipl expression are
precisely coordinated with cell cycle exit and neuronal differentiation. In studies of mutant
mice several years ago, p57Kip2 and p27Kipl were shown to function together in partially
redundant fashion in controlling cell cycle exit and differentiation in lens and placenta
(Zhang et al., 1998). Further, in the retina, p27Kipl and p57Kip2 were expressed in different
subpopulations of progenitors suggesting they subserved distinct cell types heterogeneously
in the timing of cell cycle exit (Dyer and Cepko, 2001). In our current studies, p57Kip2 and
p27Kipl were expressed primarily in different subsets of cells, in adjacent regions. p57Kip2
was expressed in progenitors apparently exiting the cell cycle in proliferative regions. In
contrast, p27Kipl was found mainly in the differentiating neuronal layer where there was
intense and sustained expression of B-111 tubulin, suggesting p27Kip1 played roles in
maintaining cell cycle exit, or differentiation and migration. Significantly, a substantial
though variable proportion of p57Kip2-expressing cells at the boundary of the proliferative
and differentiative zones also co-expressed p27Kipl. This co-localization suggests there is a
coordinated transition within single cells from one to the other Cip/Kip member as cells exit
the cycle and initiate differentiation. However, further studies in individual cell types are
warranted because the distributions of cells expressing p57Kip2 and p27Kip1 in different
brain structures reveal no consistent relationships. At the mechanistic level, it is possible that
down-regulation of p57Kip2 in cells may induce p27Kipl expression. Indeed, recent
evidence suggests coordinate CKI regulation: in mouse brain, knockdown of p27Kipl
MRNA led to increased p57Kip2 expression, and alterations in neuronal migration (Itoh et
al., 2007). In sum, our studies indicate that p57Kip2 and p27Kipl expression are under
precise regulation during neurogenesis, suggesting that they function in coordinate fashion
to control the timing of cell cycle exit and coupling to neuronal differentiation. Whether the
two proteins are sequentially expressed in some cells but play separate and distinct functions
in others in region-specific fashion remains to be determined. A very specific role of
p57Kip2 in survival and differentiation of substantia nigra dopamine (but not other
catecholamine) neurons has been demonstrated previously (Joseph et al., 2003), supporting
region-specific functions.
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Overall, our studies indicate that p57Kip2 exhibits very early and extensive expression in
neural precursors as they exit the cell cycle and begin differentiation across the entire neural
axis during development. p57Kip2 expression is detected at about 8 hr after a cell has been
in S phase, and increases in parallel with differentiation marker, g-111 tubulin. While
p57Kip2-expressing cells may form a widely dispersed or laminar aggregate pattern, a
feature that is region-specific, the protein is expressed transiently, suggesting a temporally
discrete role in all cells, or alternatively, a specific role in a subset of precursors. The
expression of p57Kip2 in the embryonic brain is precisely regulated with the timing of cell
cycle exit of neuronal progenitors and may serve to link this stage with neuronal
differentiation (Fig. 9). Finally, p57Kip2 expression primarily precedes p27Kip1, though
variable cellular co-expression is observed, suggesting that their expression and function are
coordinated to control cell proliferation, migration and neuronal differentiation.
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Figure 1.
Patterns of p57Kip2 immunoreactivity in the embryonic rat CNS. Coronal cryosections were

obtained from a range of embryos (E12.5-16.5) and following DNase | pretreatment, were
processed for p57Kip2 immunoreactivity with TSA enhancement (see methods; Ye et al,
2007). p57Kip2 expression in specific brain regions formed two distinct patterns consisting
of an intermediate cell density with wide dispersion (A-D), or a more dense, laminar cell
aggregate (E-H). A) Ventral forebrain, E14.5; B) Epithalamus, E14.5; C) Hippocampus,
E15.5; D) Septum, basal ganglia, E16.5; E) Thalamus, hypothalamus, E15.5; F) Midbrain,
E15.5; G) Hypothalamus, preoptic area, E16.5; H) Spinal cord, E12.5. Bar=100pum. 3V:
third ventricle; Api: apical layer of ventricular zone; Bas: basal layer of ventricular zone;
BG: basal ganglia; CC: cerebral cortex; Hip: hippocampus; Hypoth: hypothalamus; LV:
lateral ventricle; PO: preoptic area; Sep: septum; Thal: thalamus; VZ: ventricular zone.
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Figure 2.

Relationships of p57Kip2-expressing cells to BrdU labeled progenitors in embryonic brains
during development. Embryos of various ages (E12.5 to E20.5) were processed for p57Kip2
and BrdU double immunolabeling 1-2 hr after maternal tracer injection. A) Coronal section
of E12.5 forebrain indicates that p57Kip2 immunoreactivity is present throughout the
dorsoventral and mediolateral extents of the CNS. B) The E14.4 diencephalon exhibits a
striking variety of p57Kip2 and BrdU labeling patterns, particularly evident when
comparing the thalamus to hypothalamus. C, D) Confocal images of E14.5 thalamus (C) and
hypothalamus (D) are shown. Insets indicate no co-localization of BrdU and p57Kip2 in cell
nuclei. p57Kip2 positive nuclei appear smaller than those exhibiting BrdU. E-H) in the
thalamus, the zone of p57Kip2 immunoreactive cells lies primarily outside the region of
BrdU labeled cells at E12.5 (E) and E14.5 (F). At E20.5, few positive cells lie adjacent to
the ventricle (G) whereas there is abundant signal in the laterally placed thalamic
differentiation region (H). I-L) In the hypothalamus, p57Kip2 positive cells are intermixed
among the BrdU labeled cells forming a mosaic pattern in the proliferative layer at 12.5 (1)
and E14.5 (J). At E20.5, p57Kip2 expression was minimal in the medial apical region (K)
and was rarely observed laterally (L). Immunofluorescence was detected with anti-p57Kip2
(green), anti-BrdU (red) and DAPI staining (blue). 3V: third ventricle; Api: apical layer;
Bas: basal layer; Epithal: epithalamus; NDif: neuron differentiation zone: VZ: ventricular
zone. Bars=50pum.
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Figure 3.

Distinct patterns of p57Kip2 expression are observed during embryonic development.
Embryos of various ages (E12.5 to E15.5) were processed for p57Kip2 and BrdU double
immunolabeling 1-2 hr after maternal tracer injection. The wide dispersion, mosaic pattern
of p57Kip2 and BrdU expression was observed in septum (A), ventral forebrain (D) and
hippocampus (E). The dense laminar aggregate pattern was observed in the preoptic area
(B), midbrain (C) and spinal cord (F). Immunofluorescence was detected with anti-p57Kip2
(green), anti-BrdU (red) and DAPI staining (blue). Api: apical layer; Bas: basal layer.
Bars=100pum.
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Figure 4.

Relationships of p57Kip2 expression to markers of developmental stage and regional
identity in the E14.5 diencephalon. A-D) Basal hypothalamus. In the basal hypothalamus,
p57Kip2 expressing cells lie medially within the broad nestin positive area (A). The
majority of these cells co-localize p57Kip2 immunoreactivity with the proliferative marker,
PCNA (B). In contrast, only 50% of them co-express the proliferative marker, Ki67 (C).
p57Kip2 positive cells co-express the transcription factor, Nkx2.1. E, F) The proneuronal
gene neurogenin 2 exhibits minor co-localization with p57Kip2 in the upper hypothalamus
(E) and in the thalamus (F). G) In the thalamus, there is no co-localization of p57Kip2 with
Pax6. Bars=50um.
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Figure 5.
Temporal relationships of p57Kip2 expression to S phase entry in the E14.5 diencephalon.

Embryos were fixed at 1, 8 and 24 hr after BrdU injection into dams at E14.5 and processed
for double immunolabeling of p57Kip2 expression and BrdU incorporation in the
hypothalamus (top), dorsal thalamus (middle) and epithalamus (bottom). In the left BrdU +
p57 column, low magnification images show the relationship of S phase cells to p57Kip2
expression in each region, and demonstrate migration of BrdU labeled cells from the initial
basal location at 1 hr to a more apical position by 8 hr. High magnification images show
individual labeled nuclei, and white arrows identify doubled immunolabeled cells. (Top) In
the hypothalamus, p57Kip2-expressing cells exhibit BrdU co-labeling at 8 hr, with a further
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increase at 24 hr. (Middle) In the dorsal thalamus, double labeling is absent or very rare at 8
hr, and present by 24 hr. (Bottom) In the epithalamus, double labeled cells are common at 8
hr, at a time when the BrdU labeled precursors have migrated to the apical region adjacent to
the ventricle (green arrow) from the initial basal location at 1 hr. At 24 hr, many BrdU
labeled cell have migrated toward the basal margin (green arrow) and p57Kip2/BrdU double
labeling further increases. Immunofluorescent signals include p57Kip2 (green), BrdU (red)
and DAPI (blue). White arrows indicate co-localization of BrdU and p57Kip2 signals. Green
arrows indicate direction of BrdU labeled cell migration. Api: apical layer; Bas: basal layer.
Bar: 50pum in (A), 100pum in (B).
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Figure 6.

Relationship of p57Kip2 expression to neuronal differentiation marker, TuJ1, in the
developing CNS. Embryos were fixed at 1h after BrdU injection into dams at E12.5 (A, B)
and E14.5 (C) and processed for double immunolabeling of p57Kip2 and TuJ1 expression in
the cortex and diencephalon (A), spinal cord (B) and epithalamus (C). p57Kip2 signal is
detected at the transitional region between the proliferation zone and cells expressing TuJ1.
Immunofluorescent signals include p57Kip2 (green), BrdU (red) and DAPI (purple). Images
in (C) were obtained using confocal microscopy. Bars=50um.
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Figure 7.

Temporal relationships of p57Kip2 expression to S phase and neuronal differentiation in
E14.5 diencephalon. Embryos were fixed at 2 hr (A—C) and 8 hr (D-G) after BrdU injection
into dams at E14.5 and processed for triple immunolabeling of p57Kip2, TuJ1 and BrdU.
The double (A, B) and triple (C) labeling indicate the spatial distribution of p57Kip2, BrdU
and TuJ1 positive cells. Confocal image (D-G) analysis indicates the co-localization of
p57Kip2, TuJ1 and BrdU in new neurons at 8h after BrdU injection (arrows).
Immunofluorescent signals include p57Kip2 (green), BrdU (red) and DAPI (purple). Api:
apical layer; Bas: basal layer. Bars=50 pm.
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Figure 8.

Spatial relationship of p27Kipl and p57Kip2 expression in the E14.5 diencephalon. Double
immunolabeling of p57Kip2 (green) and p27Kipl (red) or TuJl (red) was performed on
adjacent sections. (A) p57Kip2 was expressed primarily in the proliferative zone whereas
p27Kipl signal was localized more laterally. (B) Confocal analysis of the epithalamus
indicates that p27Kipl is expressed in the neuronal differentiation zone (NDf) adjacent to
the VZ/SVZ zone exhibiting p57Kip2 signal (upper panels). A subset of cells co-localize
p27Kipl and p57Kip2 (inset, arrows). TuJ1 appears to be localized to the same region as
p27Kipl (middle panels). Many p57Kip2-expressing cells co-localize TuJ1 in the boundary
region. The epithalamus exhibits dispersed p57Kip2 expressing cells in a mosaic pattern
with BrdU labeled precursors (lower panels). (C) The hypothalamus also exhibits a mosaic
pattern of p57Kip2 and BrdU expressing cells (left) and p57Kip2-expressing cells co-label
with both p27Kipl and TuJ1 (right). Api: apical region; Bas: basal region. Bars=50um.
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Figure 9.

Model of p57Kip2 protein expression during embryonic development. As cells complete
mitosis on the apical border of the VZ, a subset will begin to express p57Kip2
approximately 8 hours after S phase, when cells are making the decision to exit the cycle
during G1 phase. The expression of p57Kip2 will be co-incident with the onset of
differentiation, including expression of cytoskeletal protein, B-111 tubulin (TuJ1). As
postmitotic neurons migrate away from the VZ into the intermediate zone, p57Kip2
expression diminishes and is followed by p27Kip1, which may plays roles in maintaining
the postmitotic state and/or in cell migration and differentiation.
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Table 2

Percentage of cells in the proliferative (Prolif) and non-proliferative (Non-P) regions of the E14.5
diencephalon that express p57Kip2 and BrdU.

Percent (%) Percent (%)

Structure Region BrdU+ cells p57+ cells

Dorsal Thalamus Prolif (P) 49.7+15.3 35%£19

(3874%) Non-P 24+12 63.2+4.2
Hypothalamus ~ Prolif 15436  522:3.1
(3330) Non-P  0.9+0.05 2405

Note: Two hours after maternal BrdU injection, E14.5 embryos were processed for combined p57Kip2 and BrdU immunolabeling and DAPI
nuclear staining. At least 2 sections from each of 2-3 embryos per region were assessed using confocal imaging at 400X magnification for the
percent of cells exhibiting each signal, expressed as a ratio to total cells visualized by DAPI staining. Data are expressed as mean + SD.

*
indicates the total number of cells counted for each structure. The proliferative region was identified by BrdU labeling and DAPI morphological
features, while the non-proliferative region was lateral to this.
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Table 3

Distribution of p57Kip2 and p27Kip1 positive cells in the proliferative (Prolif) and non-proliferative (Non-P)
regions of the E14.5 diencephalon.

p57+ Cell p27+ Cell p27+ p57+

Structure Region  Distribution Distribution  per total
(%) (%) p57+ Cell

Epithalamus  Prolif (P) 738195 20.7+3.2 343+21

*,
(2482) Non-P  262+47  793+67  485%46
Dorsal Prolif 44+£20 323+25 122+18
Thalamus

(3874) Non-P 95.6+2.0 67.7+25 73.0%2.6
Hypothalamus Prolif 922+11 21.0+138 68.1+4.6

(3330) Non-P 78+11 791446  7.6+10

E14.5 embryos were processed for combined p57Kip2 and p27Kipl immunolabeling and DAPI nuclear staining. At least 2 sections from each of
2-3 embryos per region were assessed using confocal imaging at 400X magnification for the distribution of positive cells between the proliferative
and non-proliferative regions in each structure. The percent of p57Kip2-expressing cells that also co-labeled for p27Kip1 was calculated as a ratio
to total p57Kip2 cells. Data are expressed as mean + SD.

*
indicates the total number of cells counted for each structure.
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