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The development of hippocampal circuitry depends on the proper
assembly of correctly specified and fully differentiated hippo-
campal neurons. Little is known about factors that control the
hippocampal specification. Here, we show that zinc finger protein
Zbtb20 is essential for the specification of hippocampal CA1 field
identity. We found that Zbtb20 expression was initially activated
in the hippocampal anlage at the onset of corticogenesis, and
persisted in immature hippocampal neurons. Targeted deletion
of Zbtb20 in mice did not compromise the progenitor prolifera-
tion in the hippocampal and adjacent transitional ventricular
zone, but led to the transformation of the hippocampal CA1 field
into a transitional neocortex-like structure, as evidenced by
cytoarchitectural, neuronal migration, and gene expression phe-
notypes. Correspondingly, the subiculum was ectopically located
adjacent to the CA3 in mutant. Although the field identities of the
mutant CA3 and dentate gyrus (DG) were largely maintained,
their projections were severely impaired. The hippocampus of
Zbtb20 null mice was reduced in size, and exhibited increased
apoptotic cell death during postnatal development. Our data
establish an essential role of Zbtb20 in the specification of CA1
field identity by repressing adjacent transitional neocortex-spe-
cific fate determination.
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The hippocampus is an archicortical structure located at the
medial-temporal edge of the neocortex. It can be divided into

distinct cytoarchitectonic regions: the CA1 and CA3 of Ammon’s
horn, and the dentate gyrus (DG) (1). All three regions consist of
a principal layer of densely packed neurons—pyramidal cells in
the CA1 and CA3, and granule cells in the DG. The subiculum
and the transitional neocortex (also known as mesocortex) lie
between Ammon’s horn and the neocortex. The subiculum
comprises a principal cell layer of large, less-compact pyramidal
neurons, whereas the cytoarchitecture of the transitional neo-
cortex is distinct from the archicortex in that the principal lam-
inae comprise several subsets of relatively less compact neurons
organized into deep and upper layers (2).
The complex developmental cell fate decisions that orchestrate

the partitioning of the cerebral cortex into neo- and archicortices
remain poorly understood. The hippocampal primordium devel-
ops at the caudomedial edge of the dorsal telencephalon and is
flanked dorsally by the transitional neocortex primordium. Dur-
ing embryonic stages, it consists of three distinct germinative
zones that give rise to CA pyramidal neurons and DG granule
neurons (3). The cortical hem, an embryonic structure located
adjacent to the ventral edge of the hippocampal anlage, releases
patterning cues and functions as a hippocampal organizer (4). In
the absence of Wnt3a from the hem, or loss of Wnt signaling
component LEF1 or β-catenin in the presumptive anlage, the
hippocampal primordium fails to develop (5, 6). Furthermore, a
number of other factors have been found to participate in the
initial phase of hippocampal development by regulating Wnt
signaling, including FOXG1, FGF, BMPs, Gli3, and EMX1/2

(7, 8). However, little is known about how hippocampal field iden-
tities are specified and how differential cell fate decisions in the
hippocampal and transitional neocortex primordia are devel-
opmentally controlled.
Zbtb20, a new member of the BTB/POZ zinc finger family,

plays a variety of important roles in multiple systems, as sug-
gested by the severe phenotypes in the mice lacking Zbtb20 (9).
In liver, Zbtb20 acts as a transcriptional repressor of alpha-
fetoprotein gene (10). It has been implied that Zbtb20 may also
be involved in corticogenesis (11), but its physiological role in
hippocampal development has not been defined. In this study,
we present evidence that Zbtb20 is essential for the specification
of CA1 field identity by repressing the acquisition of transitional
neocortex cell fates.

Results
Zbtb20 Is Expressed in the Developing Hippocampal Anlage. Zbtb20
mRNA was first detected by in situ hybridization in the hippo-
campal primordium as early as embryonic day (E) 12.5, and was
greatly increased by E13.5 (Fig. 1Aand Fig. S1A). Anti-Zbtb20
immunostaining revealed that Zbtb20 protein was expressed
within the E13.5 hippocampal primordium, but was excluded
from the cortical hem and neocortical region (Fig. 1B). By E14.5,
when immature pyramidal cells from Ammon’s horn start to
migrate out of the proliferative ventricular zone (VZ) to form
the cortical plate (CP) (12), Zbtb20 expression was observed in
presumptive postmitotic pyramidal cells in the CP and, to a much
less extent, in the VZ (Fig. 1C). In addition, robust Zbtb20
expression was detected in the dentate migratory path and the
DG anlage at E16.5 (Fig. S1B). Zbtb20 expression was main-
tained in the hippocampus throughout late embryonic stages and
early postnatal development (Fig. S1 B and C), but was absent in
subiculum, which is consistent with the previous report (11).
To further define the expression distribution of Zbtb20, we

pulse labeled with bromodeoxyuridine (BrdU) at E15.5 for 1 h,
the stage at which the generation of pyramidal cells in Ammon’s
horn is most active (4). We found that the majority of BrdU-
positive cells in the hippocampal VZ were colabeled with anti-
Zbtb20, and the majority of Zbtb20-positive cells located outside
the VZ were not labeled with BrdU, indicating that these were
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postmitotic cells (Fig. 1 D–F). In summary, Zbtb20 transcripts
are detected in the hippocampal primordium as early as E12.5,
and thereafter Zbtb20 is expressed specifically in progenitor cells
and postmitotic neurons of the developing hippocampus.

Cytoarchitectonical Transformation in Zbtb20−/− CA1. To investigate
the role of Zbtb20 in hippocampal development, we analyzed the
hippocampal anlage of Zbtb20 null mice and found that, though
it did not differ noticeably from wild-type or heterozygous lit-
termate controls with respect to its size, cell density, and cellular
distribution pattern before E16.5 (Fig. S2 A and B), morpho-
logical defects became apparent by E18.5. At this developmental
time point, the wild-type hippocampal anlage has a thin and
compact CP that is clearly distinguishable from the intermediate
zone (IZ) and the CP of the adjacent transitional neocortex. In
contrast, the E18.5 CA1 region of Zbtb20−/− mice was wider and
less dense, and the reticular IZ was thinner than that in control
and thus appeared very similar to the adjacent transitional
neocortex (Fig. S2 C and D).
This transformation became progressively more conspicuous

during early postnatal development, when both the hippocampus
and transitional neocortex gradually acquire their mature fea-
tures (Fig. S2 E–H). By postnatal day 21 (P21), the pyramidal
cell layer in the CA1 region of Zbtb20 null mice was divided into
two principal layers: a compact upper layer comprising small
neurons and a deep layer with relatively large, loosely packed
neurons. This formation of deep and upper lamination is highly
reminiscent of the dorsal transitional neocortex (13). In addition,
the stratum radiatum (SR) and the stratum oriens (SO), nor-
mally located on either side of the pyramidal layer in wild type,
were unidentifiable in Zbtb20 null mice (Fig. 2 A and B and A′
and B′). At more caudal levels, the subiculum lies between the
CA1 and the retrosplenial cortex (Rsc) in wild-type mice.
However, the subiculum appeared to be located adjacent to CA3
region in mutant, as shown by the appearance of a single prin-
cipal cell layer with relatively large, loosely packed neurons (2)
(Fig. 2 C and D and C′ and D′). Taken together, these findings
suggest that Zbtb20 ablation leads to the transformation of the
CA1 field into a transitional neocortex-like structure and the
corresponding translocation of subiculum adjacent to the CA3.
In addition to the CA1, the CA3 and DG also exhibited

severe morphological defects in Zbtb20 knockout mice. At
E18.5, the mutant CA3 began to exhibit a wider and more

loosely packed CP than in wild type (Fig. S2 C andD). In contrast
to the mutant CA1, the mutant CA3 maintained a single pyr-
amidal layer comprising morphologically homogenous neurons
during postnatal development (Fig. 2 A and B and Fig. S2 E–H).
However, compared with the wild-type control, the mutant
DG was obviously smaller at E18.5 (Fig. S2 C and D), and ex-
hibited shorter bladelike structure during postnatal develop-
ment, with the external blade (DGe) even much shorter (Fig. S2
E–H). At P7, many DG neurons in mutant were still present in
the DG migratory path from dentate VZ to DG anlage, whereas
few were observed in the wild-type counterpart. At P21, only a
residual of DG was left in mutant (Fig. 2 A and B). These data
indicate the severe defects of DG development in the absence
of Zbtb20.

Increased Apoptosis in the Postnatal Hippocampus of Zbtb20 Null
Mice. Beginning at P3, the hippocampus of Zbtb20 null mice
was smaller and less compact than in wild-type and heterozygous
littermates, and the density of cells progressively decreased
during postnatal development (Fig. 2 A and B and Fig. S2 E–H).
This reduction could be due to a decrease in cell proliferation, an
increase in cell death, and/or neuronal disorganization. To
evaluate the cell proliferation of hippocampal precursors, we
conducted BrdU incorporation assays at E14.5, the peak period
of pyramidal neuron generation in Ammon’s horn (4), and at
E18.5, when DG granule neurogenesis is most active (14). After
1 h of pulse, the frequency of BrdU-labeled cells both in the
E14.5 hippocampal and transitional VZ and in the E18.5 DG
were comparable between Zbtb20 mutant and wild-type embryos
(Fig. S3 A–F), which indicate that Zbtb20 ablation does not alter
the precursor proliferation in the hippocampal or adjacent
transitional VZ.
To determine the apoptotic cell death of hippocampal neurons,

we performed TUNEL labeling. At E18.5, a few TUNEL-positive
cells were detected in the mutant hippocampus, with no signif-
icant difference from the wild-type control (Fig. S3G–I). From P0
through P21, however, there was a remarkable increase in
the number of apoptotic cells in the mutant hippocampus (Fig. S3
I–K). At P7, for example, there was a 10-fold increase in TUNEL-
positive cells in mutant hippocampus compared with control.
These data suggest that the reduced hippocampus in Zbtb20−/−

mice is mainly caused by the increased postnatal apoptosis of
hippocampal neurons.

Fig. 1. Zbtb20 expression in the developing hippocampus. (A) Zbtb20
expression was examined by in situ hybridization on the sagittal section of
E12.5 forebrain. (B and C) Zbtb20 expression was detected by immunohis-
tochemistry using anti-Zbtb20 antibody 9A10 on the coronal sections through
the forebrain at E13.5 (B) or E14.5 (C). (D–F) Double-immunostaining of
anti-BrdU and anti-Zbtb20 on the E15.5 coronal brain sections. (F) The
majority of BrdU+ cells in the hippocampal VZ (Hvz) were Zbtb20+ (yellow;
indicated by arrowheads), and a large number of Zbtb20+ cells outside the
Hvz were BrdU− (green; indicated by arrows). HP, hippocampal primordium;
Ncx, neocortex; Hcp, hippocampal cortical plate; LV, lateral ventricle. (Scale
bars: 250 μm for A and C; 175 μm for B; 30 μm for D–F.)

Fig. 2. Abnormal cytoarchitecture of the Zbtb20−/− hippocampus. (A–D)
Nissl-stained coronal forebrain sections at P21. (A′ and B′) High-magnification
views of the boxed areas in A and B, respectively. The normally single layer of
the stratum pyramidale (SP; A′) was transformed into two principal layers in
the mutant CA1 field (B′): an upper layer (small arrowheads) and a deep layer
(largearrowheads). (CandD)Atamore caudal level, a subiculum-like structure
appeared adjacent to the mutant CA3. Dotted lines indicate boundaries of
subiculum. (C′ andD′) High-magnification views of the boxed areas in C andD,
respectively. Sub, subiculum. (Scale bars: 400 μm for A–D; 50 μm for A′ and B′;
100 μm for C′ and D′.)
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Ectopic Expression of Transitional Neocortex-Specific Genes in
Zbtb20−/− CA1. To determine its molecular identity, we then eval-
uated the expression of hippocampal-specific genes in Zbtb20−/−

mice. NP2 and EphA4 are normally expressed in the entire hip-
pocampus from early embryonic development (15, 16), but were
greatly reduced in the mutant CA1 field at E16.5, 2 days before
the onset of the cytoarchitectonical abnormalities we observed
(Fig. S4 A–D). By E18.5, both factors were almost undetectable in
the mutant CA1, although they were expressed in the CA3 and
DG fields of knockouts (Fig. 3 A–D). Similarly, EphA6 is strongly
expressed by postnatal wild-type CA1 and CA3 (http://www.brain-
map.org/), but was almost lost in the mutant CA1 (Fig. 3 E and F).
Furthermore, Mannosidase 1 alpha (Man1α), a specific marker of
mature CA1 neurons (17), was totally absent from the Zbtb20−/−

CA1 region at P21 (Fig. 3G andH). In contrast to its homogenous
expression in wild-type CA1, Oct6 was detected in some neurons
scattered in the mutant CA1 region, with a pattern reminiscent of
that in transitional neocortex (Fig. S4 E and F) (18). These find-
ings strongly indicate that the neurons in the mutant CA1 region
have lost their CA1 identity.
We next analyzed the expression of various transitional

neocortex-specific genes in the mutant CA1 region. At E16.5,
the expression domains of Sox5 (a layer V, VI, and subplate
marker) (19), Tshz3 (a marker of all neocortical layers) (20), and
Id2 (a layer II–III, V–VI, and subplate marker) (21) were found
to expand ventrally in mutants (Fig. S5 A–F) and were present
in the E18.5 CA1 (Fig. 4 A–D and Fig. S5 G and H). Moreover,
the expression domain of neurotrophin 3 (NT3, a transient
marker for upper layer in cingulate and retrosplenial cortices)
(5), was also expanded ventrally in mutants at E18.5 (Fig. S5 I
and L), and NT3-positive neurons were distributed throughout

the upper layer of the mutant CA1 region at P7 (Fig. 4 I and J).
ER81 (a layer V marker) (22), Cux2 (a layer II–IV marker) (23),
and Mef2c (a layer I–VI marker) (24) were ectopically observed
in the mutant CA1 region (Fig. 4 E–H and Fig. S5 K and L).
Furthermore, at more caudal levels, the expression domain of
Fibronectin1 (a marker for subiculum), normally located between
CA1 and retrospenial cortex in wild type (http://www.brain-map.
org/), was ectopically present adjacent to the lateral border of
the CA3 (Fig. 4 K and L). These observations, together with the
loss of CA1-specific markers, suggest that the neurons in mutant
CA1 region have acquired a transitional neocortex-like identity.
Interestingly, none of these genes were ectopically expressed in
the CA3 and DG fields. Thus, both histological and genetic
evidence strongly indicates that Zbtb20 ablation leads to the
ventral expansion of transitional neocortex and a shift of sub-
iculum position at the expense of the CA1 region. Given the
apparently normal cell proliferation of the progenitors in hip-
pocampal and transitional VZ, the cytoarchitectonical trans-
formation is most likely caused by the misspecification of the
mutant CA1 precursors.
Although CA3 neurons in mutants still expressed NP2 and

EphA4, in situ signals appeared to be somewhat weak in com-
parison with wild-type controls (Fig. 3 A–D and Fig. S4 A–D).
Similarly, KA1 expression in the CA3, and Prox1 in the DG was
reduced in mutant mice from E16.5 onward (Fig. 3 I–L and Fig.
S4 G–L). These suggest that in the absence of Zbtb20, the
specification of CA3 and DG neurons is largely maintained,
although their differentiation is impaired.

Fig. 3. Loss of hippocampus-specific markers in the Zbtb20−/− CA1 region.
Coronal forebrain sections were detected for the indicated genes by in situ
hybridization at the indicated stages. (A–F) NP2, EphA4, and EphA6
expression was present in the mutant CA3 and DG, but undetectable in the
mutant CA1 (arrowheads in B, D, and F). (G and H) CA1-specific Man1α
expression was totally lost in the mutant CA1 (arrowhead in H). (I–L)
Decreased KA1 and Prox1 expression in the mutant CA3 (arrowhead in J) and
DG (arrowhead in L), respectively. (Scale bars: 200 μm for A–F and I–L; 350 μm
for G and H.)

Fig. 4. Ectopic expression of transitional neocortex-specific genes in the
Zbtb20−/− CA1 region. Coronal forebrain sections were detected for indi-
cated genes by immunohistochemistry (A and B) or in situ hybridization (C–L)
at the indicated stages. The arrowheads in B and D indicate the mutant CA1
field. The star in C indicates the notch at the DG crest. The arrowheads in H
and J indicate the deep and upper layer of the mutant CA1, respectively. The
dotted lines in H and J outline the upper and deep boundary of mutant CA1,
respectively. (Insets) Low-magnification views of the hippocampus (A–D and
I–J). (K and L) At caudal level, the expression domain of Fibronectin1,
a marker for subiculum (K), was shifted adjacent to the mutant CA3 (L).
(Scale bars: 200 μm for A–D; 250 μm for E–L.)
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Transitional Neocortex-Like Migratory Behavior of the Zbtb20−/− CA1
Neurons. Hippocampal progenitors exhibit distinct migratory
behaviors from their counterparts of transitional neocortex. To
examine the migration of hippocampal neurons, we pulse labeled
the neurons born at E16.5 with BrdU and analyzed their
migration at E18.5 and P1. Consistent with previous reports (12),
most wild-type CA1 neurons born at E16.5 still remained within
the IZ at E18.5 and P1, which resulted in a compact IZ (Fig. 5 A
and C). In contrast, some of the mutant CA1 neurons born at
E16.5 had crossed the IZ and reached the CP by E18.5 (Fig. 5B),
and the majority of them had penetrated the CP by P1 (Fig. 5D).
These findings revealed that the mutant CA1 neurons migrated
more rapidly through the IZ to the CP than their wild-type
counterparts, at a rate similar to transitional neocortex neurons
(12). Therefore, the altered migratory behavior also supports the
notion that the mutant CA1 neurons have acquired the identity
of transitional neocortex neurons. In addition, the accelerated
migration may partly explain the appearance of a less-compact
mutant CA1 IZ at E18.5 (Fig. S2 C and D).

Impaired Neuronal Connections in Zbtb20−/− Hippocampus. To
examine the entorhinal projections to DG, we placed small
crystals of DiI into entorhinal cortex (EC). Consistent with the
previous report (25), the entorhino-hippocampal axons termi-
nated in the stratum lacunosum-moleculare (SLM) and the outer
molecular layer (OML) of DG in P5 wild-type mice. In Zbtb20
null mice, DiI-labeled axons in the SLM were increased, but
those in the OML were comparable to wild-type DG (Fig. 6 A
and B). The inner molecular laye (IML) could be clearly iden-
tified in wild-type DG with no entorhino-hippocampal axons, but
it was invisible in mutant DG. To distinguish two possibilities of
either abnormal penetration of entorhino-hippocampal projec-
tions into the IML or loss of the IML in Zbtb20 mutant DG, we
examined expression of Calretinin, which is indicative for the
axons of mossy cells in the IML (7). Calretinin-positive fibers
were densely distributed in wild-type IML, but absent in mutant
DG (Fig. 6 C and D), indicating the loss of IML in mutant DG.
After placing DiI in the DG of P14 mice, the mossy fibers were

clearly visualized in the stratum lucidum of wild-type CA3, but
absent in the mutant (Fig. S6 A and B). Similarly, Schaffer col-
laterals, which extend from CA3 to CA1, were present in the wild
types rather than the mutants after placing DiI in the CA3 and
DG (Fig. 6 E and F). Taken together, the tracing results show the
remarkable defects in hippocampal neuronal network in Zbtb20
mutant mice.

Apparently Normal Wnt Signaling in the Zbtb20−/− Hippocampal
Primordium. To determine whether the loss of Zbtb20 affects
Wnt signaling in the CA region, we examined Wnt pathway
components at E13.5–14.5, when Zbtb20 is remarkably expressed
with the occurrence of active hippocampal neurogenesis. Con-
sistent with previous reports (26), we found that in wild-type
mice the Wnt receptor Frizzled 5 (Fzd5) and secreted frizzled-
related protein 1 (SFRP1) were expressed in the transitional/
neocortical VZ, whereas SFRP3 was expressed in the hippo-
campal and transitional VZ, but excluded from the neocortex
(Fig. S7 A–F). Wnt inhibitory factor (WIF) expression was
restricted to the hippocampal VZ just dorsal to the cortical hem,
whereas Axin2, an intracellular negative regulator of Wnt signal
transduction and a known downstream target of canonical Wnt
signaling, was highly expressed in the hem and the adjacent
hippocampal VZ (Fig. S7 G–J). In Zbtb20 mutant mice, the
pattern of expression of each of these Wnt pathway members was
not notably different from wild type. Furthermore, the β-catenin
activity at E13.5, detected broadly in the telencephalic VZ and
the cortical hem, was similar between Zbtb20 knockouts and
wild-type mice (Fig. S7 K and L). These data suggest that loss of
Zbtb20 does not lead to significant alterations of canonical Wnt
signaling in hippocampal primordium. In addition, by immuno-
histochemistry analysis, we did not find any remarkable change
of the activating status of the signaling components of TGF-β,
BMP, or FGF in the mutant hippocampal and adjacent transi-
tional VZ (Fig. S7 M–R).

Altered Gene Expression Profile in Zbtb20−/− Hippocampus. To
define the transcriptional signature of the mutant hippocampus,
we performed transcript profiling experiments. It turned out that
there were a total 153 up-regulated and 192 down-regulated
unique probe sets that exhibited a minimum 2-fold change and
reached statistical significance. Among of them, some were
indicated by bioinformatic analysis to participate in neuron
development, migration, apoptosis, and axon guidance (Table
S1). Notably, the increased expression of Tshz3, NT3,Mef2c, and
Id2 in knockout hippocampus is consistent with their ectopic

Fig. 5. Accelerated migratory behavior of the Zbtb20−/− CA1 neurons.
Hippocampal progenitors were labeled by BrdU incorporation at E16.5, and
subjected to BrdU immunostaining at E18.5 or P1. The majority of wild-type
CA1 neurons born at E16.5 (BrdU+ cells, dark brown) were still in the IZ
(arrowheads in C) by P1 (A and C), whereas some of BrdU+ cells in the
mutant CA1 had crossed the IZ and reached the CP by E18.5 (arrows in B),
with the majority of them penetrating into the CP by P1 (arrows in D). (Scale
bars: 175 μm.)

Fig. 6. Impaired connections in Zbtb20−/− hippocampus. (A and B) Hori-
zontal brain sections taken after the placement of DiI in the collateral EC
at P5. (Insets) High-magnification views of the boxed areas in A and B,
respectively. (C and D) Immunohistochemistry study for Calretinin-positive
fibers on P14 saggital sections. (E and F) Schaffer collaterals projecting from
the CA3 to the SO and SR of CA1 were detectable in wild-type hippocampus
(E) but not in the mutant (F) after placing DiI in the P6 CA3 and DG. (Scale
bars: 200 μm for A, B, E, and F; 100 μm for C and D.)
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expression in mutant CA1 (Fig. 4 C–F, I, and J and Fig. S5 C–J).
The up-regulation of Tbr1 and the orphan nuclear receptor
Nr4a2 (a marker for subiculum and deep layer projection neu-
rons) (27) and down-regulation of the trophic factor BDNF
(a survival factor of hippocampal progenitors) (28) in mutant
hippocampus were confirmed by RT-PCR (Fig. S6C), the latter
may partly account for the increased apoptosis of the mutant
hippocampal neurons. Taken together, these findings indicate
that Zbtb20 orchestrates the expression of key factors for
hippocampal development.

Discussion
In this study, we examined the role of Zbtb20 in hippocampal
development. Our findings provide compelling evidence that
Zbtb20 is essential for the specification of CA1 field identity and
the postnatal survival of hippocampal neurons.
Our findings suggest that the hippocampal CA1 field from the

mice lacking Zbtb20 is transformed into a transitional neocortex-
like structure and the subiculum is correspondingly shifted into
the lateral border of mutant CA3. Although Zbtb20−/− CA1 pro-
genitor cells seemed to proliferate normally in the hippocampal
primordium, they migrated rapidly to the CP, pausing for an
abnormally short period in the IZ, in a manner similar to that of
transitional neocortex progenitors. The CA1 fields of Zbtb20−/−

mice lacked the typical compact and homogeneous composition of
the pyramidal cell layer and instead developed deep and upper
cortical layers reminiscent of the transitional neocortex. Remark-
ably, Zbtb20−/− CA1 neurons failed to express or expressed
reduced levels of CA1 markers, such as NP2, EphA4, EphA6, and
Man1α, but maintained Oct6 expression, which is normally
expressed in CA1 and transitional neocortex. Furthermore, the
mutant CA1 field ectopically expressed many transitional neo-
cortex-specific markers, including the transcription factors Sox5,
Tshz3, Id2, Mef2c, ER81, Cux2, and the trophic factor NT3. In
addition, the expression domain of Fibronectin1, a subiculum-
specific marker, was shifted laterally and located adjacent to
mutant CA3. When the results of this study are placed in context
with previous work that misexpression of Zbtb20 induces a CA1-
like transformation of the transitional neocortex and subiculum
(11, 29), we conclude that Zbtb20 is essential for the specification
of CA1 field identity in the developing hippocampus. Whether
Zbtb20 accordingly plays a role in the projections of CA1 neurons
remains to be defined.
Explant culture experiments have suggested that the hippo-

campal primordium is well established by E12.5 (3), supporting a
“protomap” model, which posits that embryonic patterning cues
act on cortical progenitor cells to specify the different areas of
the mature cortex (8). During the initial phase of hippocampal
development (before E12.5), Wnts from the cortical hem are
critical for the expansion of, and most likely the selection of, a
pool of hippocampal progenitor cells (5, 6). Our study showed
that the loss of Zbtb20 did not cause any notable alterations to
the expression and activity of both canonical and noncanonical
Wnt signaling components in the hippocampal region at
embryonic stages. These observations suggest that Wnt signaling
alone is not sufficient to induce archicortex differentiation. This
raises the possibility that Wnt signaling directs the expansion of
hippocampal progenitors, and Zbtb20 thereafter directs the
specification of presumptive hippocampal, particularly CA1,
progenitors. Alternatively, Zbtb20 may be an obligate down-
stream target of Wnt signaling in the specification of CA1 cell
fates. At present, we do not have data to distinguish between
these two possibilities. Given that Zbtb20 is activated in the
hippocampal anlage at E12.5, before the onset of CA1 differ-
entiation (which begins at E15.5), and is expressed by both
proliferating and postmitotic hippocampal progenitor cells, we
reason that Zbtb20 is necessary to maintain archicortical
potential in the presumptive CA1 subpopulation of multipotent

cortical progenitors, and/or to maintain CA1 area identities in
postmitotic neurons by suppressing transitional neocortex and
subiculum differentiation regimes. However, to determine the
exact roles of Zbtb20 in progenitor cells and postmitotic neu-
rons, experiments would need to be conducted wherein Zbtb20
expression is temporally controlled in hippocampal precursors
and postmitotic neurons, respectively. Notably, it was recently
reported that down-regulation of Zbtb20 expression by RNA
interference from E15 results in the loss of Calbindin-D28k
expression by CA1 neurons (29), although their cell fate was not
elaborately determined.
Another intriguing finding in this study is the field-dependent

manner in which Zbtb20 controlled hippocampal development.
In contrast to its essential role in the specification of CA1
neurons, Zbtb20 appeared to be dispensable for the specifica-
tion of CA3 pyramidal neurons and DG granule cells, whose
identities were largely maintained in Zbtb20 knockout mice.
This CA1-specific effect of Zbtb20 was also observed when
Zbtb20 was ectopically expressed in transitional neocortex (29).
This supports the hypothesis that hippocampal subfields are
patterned by unique mechanisms (18). Early differentiation of
the CA1 and CA3 regions begins at the two hippocampal poles
respectively, and progresses inwards, suggesting that the signals
that specify the two CA field identities are derived from
organizers close to each pole (18). Interestingly, we observed
that the expression domain of transitional neocortex markers
encroached into the CA1 region of Zbtb20 mutants gradually,
from dorsal to ventral and eventually expanding to, but not
beyond, the CA1/CA3 boundary. This phenomenon suggests
that, although Zbtb20 is expressed in the CA3 region from E12.5
and into postnatal development, this subfield relies on separate
mechanisms to suppress the expression of transitional neocortex
patterning genes.
Our study also indicates that Zbtb20 is required for the

postnatal survival of hippocampal neurons. We found that
increased apoptosis occurred throughout the entire region of
Zbtb20 null hippocampus during postnatal development. This
increase was not likely to be an indirect effect of global meta-
bolic dysfunction (9), because the majority of Zbtb20−/− mice
appeared normal and indistinguishable from wild-type controls
before P10, although they later developed hypoglycemia.
Therefore, we reason that the high levels of postnatal cell death
in hippocampal regions may result from cell-autonomous
defects, probably including the decreased BDNF expression. It
is also possible that nonautonomous factors contributed to the
occurrence of increased cell death. In Zbtb20 knockout mice,
the disruption of appropriate network connections would
diminish synaptic activity and trophic support.
Taken together, this study establishes a critical role for Zbtb20

in the specification of CA1 field identity and in the maintenance
of neuronal survival in the developing hippocampus, and pro-
vides insight into the regulation of corticogenesis.

Materials and Methods
Animals. Zbtb20 null mice were described previously (9). The wild-type or
heterozygous littermates were used as control. Mice were kept in a specific
pathogen-free (SPF) facility, and all animal experiments were preformed
according to institutional guidelines. Tissueswere harvest as described in SI Text.

In Situ Hybridization. Antisense riboprobes labeled with digoxygenin-UTP
were transcribed from cDNA clones (SI Text and Table S2). After overnight
hybrization with riboprobes, coronal forebrain cryosections were detected
with anti-digoxygenin (Roche) antibody conjugated to alkaline phosphatase,
and developed by nitro blue tetrazolium.

Immunohistochemistry. Tissue sections were incubated with the appropriate
primary antibody (SI Text) and visualized with the indirectly coupled Alexa
Fluor 594 (SI Text). DAPI was used for nuclear counterstaining. For Zbtb20
and BrdU colabeling, embryos were pulse labeled with BrdU for 1 h by i.p.
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injection into timed-pregnant female. Then BrdU was detected by Alexa
Fluor 594, and Zbtb20 visualized with Alexa Fluor 488.

Cell Proliferation and Apoptosis Assays. For proliferation assays, the embryos
were labeled with BrdU as described, and the forebrain sections analyzed for
BrdU incorporation. TUNEL staining was performed for apoptosis assay. The
frequency of labeled cells was measured by cells/100 μm2 area before stat-
istical test using Student’s t test. See also SI Text for details.

Neuronal Migration Assay in Vivo. Timed pregnant mice were injected i.p. with
BrdU (50 mg/kg body weight) at E16.5, and brains were harvested at E18.5 or
P1. Coronal forebrain sections were subjected to BrdU immunostaining.

DiI Tracing Study. Small crystals of FAST DiI were inserted into collateral EC or
DG and CA3, brains were incubated in 4% paraformaldehyde for 1∼10 days,

sectioned into 60 μm thickness, counterstained with DAPI, and photo-
graphed under fluorescence light (SI Text).

Transcript Profiling. P2 hippocampi were pooled for RNA extraction. Micro-
array analysis was performed using Affymetrix mouse 430 2.0 chip (SI Text).
All data sets are available in the Gene Expression Omnibus database (www.
ncbi.nlm.nih.gov/geo/). Some of the differentially expressed transcripts were
confirmed by in situ hybridization or real-time RT-PCR (SI Text).
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