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ABSTRACT  Mutations in each of the transcriptional co-activator genes - CBP, p300, Cited2, Cart1

and Carm1 - result in neural tube defects in mice. The present study thus furnishes a complete and

comparative temporal and spatial expression map of CBP/p300 and associated transcriptional co-

activators, Cited2, Cart1 and Carm1 during the period of murine neural tube development

(embryonic days 8.5 to 10.5). Each co-activator except Cart1 was expressed in the dorsal neural

folds on E8.5. Although CBP and p300 are functionally interchangeable in vitro, their respective

expression patterns diverge during embryogenesis before neural fold fusion is complete. CBP

gene expression was lost from the neural folds by E8.75 and was thereafter weakly expressed in

the maxillary region and limb buds, while p300 exhibited strong expression in the first branchial

arch, limb bud and telencephalic regions on E9.5. Cart1 exhibited strong expression in the

forebrain mesenchyme from E9.0 through E10.5. Although CBP, p300, Carm1 and Cited2 share

temporal expression on E8.5, these co-activators have different spatial expression in mesenchyme

and/or the neuroepithelium. Nevertheless, co-localization to the dorsal neural folds on E8.5

suggests a functional role in elevation and/or fusion of the neural folds. Target genes, and

pathways that promote cranial neural tube fusion that are activated by CBP/p300/Carm1/Cited2/

Cart1-containing transcriptional complexes await elucidation.
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Models of neural tube defects (NTDs) include mice with mutations
in genes encoding the transcriptional activators or co-activators
CREB binding protein (CBP), p300, Cited2 (alternative designa-
tion Mrg1), Carm1, and Cart1 (Bamforth et al., 2001, Barbera et
al., 2002, Petrij et al., 1995, Tanaka et al., 2000, Weninger et al.,
2005, Yadav et al., 2003, Yao et al., 1998, Zhao et al., 1996). The
250 kDa CBP and the closely related 264 kDa p300 are function-
ally redundant histone deacetylases (McManus and Hendzel,
2001, Yao et al., 1998) that are essential for proliferation and
embryonic development (Kitabayashi et al., 2001, Li et al., 2002).
Homozygous deletion in transgenic mice of either the CBP or
p300 genes results in lethality on gestational day 9-11, with
defects in neurulation, cell proliferation and cardiac development
(Tanaka et al., 2000; Yao et al., 1998). Mutations in CBP in
humans result in Rubenstein-Taybi syndrome (Petrij et al., 1995)
characterized, in part, by a defined craniofacial phenotype. CBP
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has a high affinity binding site for another nuclear co-activator,
Cited2 (cAMP-responsive element-binding protein [CBP]/p300-
interacting transactivator with glutamic acid [E] and aspartic acid
[D]-rich tail). The interaction of CBP and p300 with Cited2 is
necessary for activation of transcription factors such as AP-2α
(Bamforth et al., 2001, Braganca et al., 2003). Owing to this close
functional linkage, deletion of the Cited2 gene also results in heart
and neural tube defects (Bamforth et al., 2001, Barbera et al.,
2002, Volcik et al., 2004, Weninger et al., 2005). Cart1 (cartilage
homeoprotein 1) is a 37 kDa paired class homeobox-containing
transcription factor that is selectively expressed in chondrocytes
(Zhao et al., 1994, Zhao et al., 1993). The importance of expres-
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Fig. 1. Distribution of CREB binding protein

(CBP) transcripts in E8.5 and E9.0 mouse

embryos and tissue sections as determined

by in situ hybridization. Mouse embryos
(A,C,E,G) or tissue sections (B,D,F,H) were
hybridized with CBP RNA antisense (A-D) or
sense (E-H) probes. Panels showing E8.5 whole
embryos are adjacent to stage-matched trans-
verse sections (A-B, E-F), while E9.0 embryos
are adjacent to stage-matched sagittal tissue
sections of the of the anterior cranial region (C-
D, G-H). The boxed inset in (B) shows a sche-
matic representing the plane of section indi-
cated by the dotted line. The boxed region of
the E9.0 whole embryo (C) is shown in a sagit-
tal tissue section (D). anf, anterior cranial neural
folds: ba1/ba2, first/second branchial arch; cnf,
cranial neural folds; fb, forebrain; h, heart; mv,
mesencephalic vesicle; ne, neuroepithelium;
nt, neural tube; opv, optic vesicle; plv,  pre-
sumptive left ventricle; pnf, posterior neural
folds.

Fig. 2. Distribution of CREB binding protein

(CBP) transcripts in E9.5 and E10.5 mouse

embryos and tissue sections as determined

by in situ hybridization. Mouse embryos
(A,C,E,G) or tissue sections (B,D,F,H) were
hybridized with CBP RNA antisense (A-D) or
sense (E-H) probes. Panels showing E9.5 (A-B,
E-F) and E10.5 (C-D, G-H) whole embryos are
adjacent to panels showing the anterior regions
of stage-matched sagittal sections. 4v, fourth
ventricle; ba1/ba2, first/second branchial arch;
flb, forelimb bud; h, heart; mv, mesencephalic
vesicle; ne, neuroepithelium; opv, optic vesicle;
tv, telencephalic vesicle.
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sion in the developing craniofacial complex is highlighted by post-
natal lethality of Cart1-deficient fetuses that suffer from acrania
and meroanencephaly and die soon after birth (Zhao et al., 1996).
Methylation of CBP/p300 by co-activator-associated arginine
methyltransferase 1 (Carm1) inhibits the recruitment of CREB
(cAMP response element binding protein). Methylation of CBP/
p300 blocks its interaction with CREB resulting in repression of
cAMP signaling, therefore Carm1 is probably a co-repressor of
cAMP signaling (Xu et al., 2001). Despite the functional associa-
tion of Carm1 with CBP, Carm1-deficient mice have not been
reported to suffer from neural tube defects. However, the homozy-
gous mutation of Carm1 causes perinatal lethality and a much
smaller body size than heterozygous or wild type siblings (Yadav

et al., 2003). Proteins examined in this study are nuclear transcrip-
tional co-activators and the neural tube defects caused by defi-
ciency of their cognate genes would predict expression in neural
folds associated with neural tube fusion. Limited spatial expression
data has been published (Dunwoodie et al., 1998, Partanen et al.,
1999, Zhao et al., 1996), but no parallel comparison of these genes
during the critical period of neural tube development has been
conducted. The present study thus furnishes a complete and
comparative temporal and spatial expression map of CBP/p300
and associated transcriptional co-activators, Cited2, Cart1 and
Carm1 during embryonic days (E) 8.5-10.5.

Digoxigenin (DIG)-labeled RNA probes were transcribed from
CBP, Cart1, Cited2, and Carm1 templates for in situ hybridization
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experiments. Despite numerous attempts using different sequences
from the p300 cDNA sequence (NM_177821.5) as templates for
DIG-riboprobes, specific in situ hybridization signals correspond-
ing to p300 expression could not be obtained. After attempts at
amplifying the p300 3’-untranslated sequence for use as a tem-
plate were also unsuccessful, an anti-p300 antibody (Partanen et
al., 1999) was utilized for whole embryo immunohistochemistry in
order to, at least, demonstrate protein distribution. In order to
ensure reproducibility and specificity, in situ hybridizations and
immunostaining was replicated no less than three times with each
probe on each gestational day. Stage-matched negative controls
were performed for each gene/protein examined using sense
transcript riboprobes or pre-blocked antibody, respectively.

Distribution of CBP and p300 during murine embryogenesis
(E8.5-10.5)

CBP transcripts were distributed in the dorsal neural folds along
the entire rostral-caudal axis of the embryo on E8.5 (Fig. 1A).
Examination of transverse sections (Fig. 1B) revealed that the
expression was strongest in the neuroepithelium itself at both the
anterior and posterior neural folds, and extended into the dorsal
mesenchyme at both the presumptive first branchial arch and in the
posterior region of the embryo. On E8.75, CBP transcripts were
expressed in the frontonasal region around the telencephalon, and
the first and second branchial arches (Fig. 1C). The presumptive
cardiac region was noticeably devoid of any CBP expression (Fig.
1C). Sagittal sections of the E9.0 cranial region found that low
levels of CBP expression was limited to the neuroepithelium of the
midbrain and forebrain (Fig. 1D). By E9.5, low levels of CBP
expression were restricted to the frontonasal region, the first and
second branchial arches and the forming forelimb bud (Fig. 2A).
Sagittal sections exhibited CBP expression limited to the neuroepi-
thelium and the branchial arch mesenchyme (Fig. 2B) consistent
with that observed on E8.5. On E10.5, CBP expression persisted
in the first and second branchial arches, the frontonasal region
around the optic and telencephalic vesicles, and in the limb buds

(Fig. 2C). CBP expression continued to be notably absent in the
heart on E10.5 (Fig. 2C). Analysis of tissue sections of E10.5
embryos revealed that CBP was strongly expressed in neuroepi-
thelium in the cranial region and the branchial arches (Fig. 2D).
Significant expression was not detected in sense probe-hybridized
embryos (Figs. 1 E-H and 2 E-H). The p300 protein was expressed
at high levels in the neural folds (Fig. 3A) along the entire rostral to
caudal axis on E8.5 as well as in somites (Fig. 3A). Transverse
sections, however, showed that in contrast to CBP, the p300
expression was pronounced in the mesenchyme as well as in the
neuroepithelium on E8.5, especially in the cranial neural tube (Fig.
3B). Subsequent to E8.5, p300 expression markedly decreased
and was not detected in sections from E8.75-9.0 embryos (not
shown). By E9.5, p300 expression was restricted to the first and
second branchial arches, the limb bud and caudal somites (Fig.
3C). Unlike sections from E8.5, sections taken fro E9.5 embryos
revealed weak expression in the neuroepithelium, surrounding
mesenchyme and the first branchial arch (Fig. 3D). Specific ex-
pression was not detected on E10.5 in either whole embryos or in
sagittal sections. Non-specific staining was not detected in nega-
tive controls (Fig. 3 E-H). Partanen et al. (1999) have shown that
on E8.5, both CBP and p300 transcripts were broadly distributed
throughout the developing neural tube. Specifically, in the caudal
region of the embryos, cells at all mediolateral positions of the
newly formed neural plate expressed CBP and p300 transcripts.
Interestingly, expression was restricted to the dorsal part of the
neural fold/tube in the head and trunk regions. However, while
expression in developing cardiac tissue was observed (Partanen
et al., 1999), we did not detect any cardiac expression at any stage
studied.

Distribution of Cited2 during murine embryogenesis (E8.5-
10.5)

Cited2 lacks a DNA-binding domain, thus its role as a transcrip-
tional regulator is mediated through its interactions with other co-
factors such as CBP/p300. We investigated the expression of
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AFig. 3. Distribution of p300 pro-

tein expression in E8.5 and E9.5

mouse embryos as determined

by whole-mount immunohis-

tochemistry. E8.5 and E9.5 whole
embryos (A,C) or sections (B,D)

were incubated with anti-p300
polyclonal antibodies. Specificity
of the antibody was demonstrated
by preincubating the antibody with
synthetic peptide before exposure
to the embryos for one hour at 4°C
at a 10 times molar excess (E-H).
Note the exceptionally strong p300
signal emanating from the neural
folds on E8.5. E8.5 embryos were
not cleared (A,E), while E9.5 em-
bryos were cleared (C,G) in order
to optimally demonstrate p300
staining. Note that clearing causes
the appearance of double images,
such as the branchial arches on
E9.5 (C) due to transparency of embryonic tissue. The boxed inset in (B) shows a schematic representing the plane of section as indicated by the
dotted line. 4v, fourth ventricle; acnf, anterior cranial neural folds; af, anterior foregut; ba1, first branchial arch; h, heart; ne, neuroepithelium; nt, neural
tube; opv, optic vesicle; ov, otic vesicle; pnf, posterior neural folds; som, somite.



1100    V. Bhattacherjee et al.

Cited2 within the neural tube during early murine embryogenesis.
Unlike CBP or p300 (Figs. 1-3), expression of Cited2 on E8.5 was
restricted to the cranial dorsal neural folds, the presumptive
septum transversum, weak expression in the neuroepithelium
and the mesenchyme (data not shown). By E9.0, Cited2 expres-

sion was detected in the mes-
enchyme around the telen-
cephalon and in the first bran-
chial arch (data not shown).
Comparisons of hybridizations
of numerous comparable sec-
tions revealed that Cited2 ex-
pression, detected in the
somites, was reproducible al-
though not evident before or
after E9.5. On E9.5 Cited2 ex-
pression, was localized to the
telencephalic, otic and optic
vesicles, the first branchial arch,
and limb buds (Fig. 4A). Sec-
tional analysis revealed that the
neuroepithelium was the pri-
mary site of Cited2 expression
in the cranial region (Fig. 4B).
By E10.5, Cited2 expression
was pronounced in the cranial
neural tube, the telencephalon,
first and second branchial
arches and the limb buds (Fig.
4C). In situ hybridization of
Cited2 in sagittal sections re-
vealed strongest expression in
the neuroepithelium around the

Fig. 4. Distribution of Cited2 transcripts in E9.5 and E10.5 mouse embryos and tissue sections as

determined by in situ hybridization. E9.5 and E10.5 mouse embryos and sagittal sections were hybridized with
the Cited2 RNA antisense probe (A-D) or with the corresponding sense probe as a negative control (E-H). 4v ,
fourth ventricle; ba1/2, first/second branchial arch; fb, forebrain; flb, forelimb bud; hlb, hindlimb bud; mv,
mesencephalic vesicle; nt, neural tube; opv, optic vesicle; ov, otic vesicle; tv, telencephalic vesicle.
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fore-, mid- and hindbrain, the first branchial arch, as well as the
dorsal trunk neural tube (Fig. 4D). Sense probe-hybridized em-
bryos were generally signal free (Fig. 5 E-H). While a relatively
high background was consistent in the sense-hybridized E10.5
whole embryo (Fig. 4G), staining generated by the anti-sense-
hybridized probe was consistently and significantly higher, and
such background staining was absent in the hybridized sections
(Fig. 4H). Distribution of Cited2 expression was consistent with
previous reports showing limited expression in a 7-somite em-
bryo (Dunwoodie et al., 1998), and also consistent with earlier
reports (Barbera et al., 2002, Weninger et al., 2005) that Cited2
expression is elevated in regions where the neural folds fuse
(Dunwoodie et al., 1998). Cited2-deficient mice present with
exencephaly and increased apoptosis in the forebrain-midbrain
junction on E9.0 and E9.5 (Bamforth et al., 2001, Barbera et al.,
2002), further supporting the vital nature of the Cited2 protein for
proper neural tube closure.

Distribution of Cart1 during murine embryogenesis (E8.5-
10.5)

Cart1 did not exhibit reproducible expression during E8.5 that
could be detected in transverse sections (data not shown). On

Fig. 5. Distribution of Cart1 transcripts in E9.5 mouse embryos and

tissue sections as determined by in situ hybridization. Mouse em-
bryos or sections from E9.5 were hybridized with the Cart1 RNA antisense
probe (A,B) or with the sense probe as a negative control (C,D). The
expression detected in the orofacial region of the E9.5 embryo boxed in
A was confirmed in the equivalent region of a sagittal section (B). ba1, first
branchial arch; fb, forebrain; ne, neuroepithelium; opv, optic vesicle; tv,
telencephalic vesicle.
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medial nasal prominence and the medial region of the first
branchial arch (Fig. 6 B-D). Negative controls that were hybrid-
ized with sense Cart1 probes exhibited no specific staining (Fig.
5 C,D and 6 E-H). Previous spatial studies have shown that at the
Cart1 gene transcript was restricted to mesenchymal cells of the
E8.5 forebrain (Zhao et al., 1996). However, on E9.5, this expres-
sion pattern was expanded to mesenchymal cells in the frontonasal
region as well as those in the mesenchyme surrounding the optic
vesicles. No expression was visible in the midbrain, hindbrain or

Fig. 6. Distribution of

Cart1 transcripts in

E10.5 mouse embryos

and tissue sections as

determined by in situ

hybridization.  E10.5
mouse embryos (A,E) or
sections (B-D, F-H) were
hybridized with the Cart1
RNA antisense probe (A-

D) or with the sense probe
as a negative control (E-

H). Panels (B-D, F-H)

show adjacent sagittal
sections of the cranial re-
gion from medial to lat-
eral positions in the same
embryo. 4v,  fourth ven-
tricle; ba1, first branchial
arch; mnp, medial nasal
process;  mv, mesen-
cephalic vesicle; opv, op-
tic vesicle; tv, telencepha-
lic vesicle.G

B C D
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E9.0 and E9.5, however, Cart1 expression was tightly localized to
the frontonasal mesenchyme around the optic and telencephalic
vesicles (Fig. 5A). Sectional in situ hybridization demonstrated
Cart1 expression in the cranial neuroepithelium and the frontonasal
mesenchyme (Fig. 5B). On E10.5, Cart1 expression was tightly
restricted to the frontonasal region and the anterior region of the
first branchial arch (Fig. 6A). Expression was also visible in the
limb buds (Fig. 6A). In situ hybridization of serial sagittal sections
revealed that Cart1 was restricted to the lateral region of the
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Fig. 7. Distribution of

Carm1 transcripts in

early mouse embryos

at E8.5 and 9.5 as deter-

mined by in situ hybrid-

ization. Mouse embryos
(A,C) or tissue sections
(B,D) at E8.5- and E9.5
were hybridized with the
Carm1 RNA antisense
probe (A-D) or with the
sense probe (E-H). The
boxed inset in (B) shows
a schematic representing
the plane of section as
indicated by the dotted
line. (D) A cranial sagittal
section of the E9.5 em-
bryo. 4v, fourth ventricle;
acnf, anterior cranial neu-
ral folds; ba1, first bran-
chial arch; flb, forelimb

bud; fn, frontonasal mesenchyme; nt, neural tube; ov, otic vesicle; opv, optic vesicle; plv, presumptive left ventricle; pnt, posterior neural tube.
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neuroepithelium of the neural tube. The results from this study are
precisely consistent with our observations.

Distribution of Carm1 during murine embryogenesis (E8.5-
10.5)

Carm1 exhibited expression on both E8.5 (Fig. 7A) and E8.75
(not shown) that was most evident in the anterior and posterior
regions of the embryo. Transverse sections of E8.5 embryos
revealed strong expression, ubiquitously distributed throughout
the neuroepithelium, surrounding mesenchyme, presumptive car-
diac region, and first branchial arch (Fig. 7B). Expression did not
extend to the ventral mesenchyme of the posterior region of the
E8.5 embryo (Fig. 7B). In situ hybridization of whole E9.5 em-
bryos, revealed Carm1 expression in the maxillary region, first
and second branchial arches, the frontonasal region around the
optic vesicle and telencephalon, the otic vesicle and developing
limb buds (Fig. 7C). In situ analysis of sections from E9.5 embryos
confirmed cranial expression in the neuroepithelium around the
otic vesicle, hindbrain and forebrain, and in the mesenchyme of
the frontonasal region and branchial arch (Fig. 7D). By E10.5,
strong Carm1 expression was detected in the first and second
branchial arches, frontonasal region and fore and hindlimb buds
(Fig. 8A). Expression in the mesencephalic neural tube, espe-
cially evident in the ventral midbrain, was also detected (Fig. 8A).

In situ analysis of sections from E10.5 embryos confirmed strong
expression in both the neuroepithelium and adjacent cranial
mesenchyme, as well as strong expression in the first branchial
arch. Negative controls that were hybridized with sense Carm1
probes exhibited little or no staining (Figs. 7 E-H and 8 C,D).
Previously published results (Chen et al., 2002) have shown that
on E8.25, Carm1 expression was observed in the fore- and
hindbrain, neural folds, somites, and posterior lateral plate of the
developing mouse embryo. This report also observed that on
E8.75, Carm1 expression became prominent in the neural tube
and somites (Chen et al., 2002).

For genes that are regulated by CBP- or p300-dependent
transcription factors, rates of transcription will depend, in part, on
cellular levels and distribution of CBP/p300. In the present study,
we show that the expression patterns of CBP and p300 are highly
divergent, both spatially and temporally. While CBP maintains
expression in the neuroepithelium from E8.5-E10.5, p300  exhib-
its greater expression in the adjacent mesenchyme at E8.5 and,
thereafter, expression decreases significantly and is undetect-
able by E10.5. While CBP and p300 are functionally redundant,
lethality of the CBP/p300  double heterozygous mutation has lead
to the conclusion that CBP/p300 gene dosage is important for
normal embryogenesis (Yao et al., 1998). This conclusion is
supported by differences in the spatial expression of CBP and
p300  in numerous developing tissues. Differential spatial expres-
sion of CBP and p300, combined with relatively low levels of p300
expression during later stages of embryonic development, is
likely to result in these two co-activators functioning in a rate
limiting capacity during transcriptional activation (Chakravarti et
al., 1996, Hanstein et al., 1996, Montminy, 1997). The actual
target genes, or pathways that promote cranial neural tube fusion
that are activated by CBP/p300/Carm1/Cited2-containing tran-
scriptional complexes await elucidation. Transcriptional activa-
tion of signaling pathways that contribute to ontogeny of the
neural tube, or development of other embryonic structures, may
require combinations of CBP, p300, Carm1 and Cited2 in tran-
scriptional complexes during organogenesis.

Materials & Methods

Cloning of cDNA sequences for riboprobes
Human full-length CITED2 was subcloned from pcDNA3-CITED2 into

pBluescript KS2+ (Stratagene, Cedar Creek, TX). First-strand cDNA was
synthesized from E11.0 mouse embryo total RNA using Superscript II
reverse transcriptase (both RNA and enzyme from Invitrogen, Carlsbad,
CA) using gene-specific reverse primers for Cart1 and Carm1. Subse-
quent PCR amplifications were carried out using Platinum Pfx enzyme
(Invitrogen, Carlsbad, CA) with specific forward and reverse primers for
Cart1 and Carm1. The sequences of the forward and reverse primers are
as follows: Cart1, 5’ CGC GAA TTC GTA TGG AGT TTC TGA GCG AGA
AG 3’ (forward) and 5’ GCG TCT AGA GGT ACC CAT GGC CCA TGA
AAT ATT GGC 3’ (reverse); Carm1 5’ CGC TCT AGA GGC TCC ATA ATG
ACC GTG TG 3’ (forward) and 5’ CGC GAA TTC CCC ATA GTG CAT
GGT GTT GG 3’ (reverse). Both primer pairs included EcoRI and XbaI
sites to allow directional cloning of Cart1 and Carm1 DNA fragments after
the expected PCR products were excised from agarose gels, purified and
ligated into vectors. The mouse Cart1 probe, corresponding to nucle-
otides 173-1150 of GenBank Accession number NM172553, was
subcloned into pSPT18 (Roche Diagnostics, Indianapolis, IN). Carm1,
corresponding to nucleotides 1216-1845 of GenBank Accession number
NM021531, was also cloned into pSPT18. For CBP, a 1000 bp Pst1

Fig. 8. Distribution of Carm1 transcripts in E10.5 mouse embryos and

tissue sections as determined by in situ hybridization. Mouse em-
bryos (A,C) or sagittal sections (B,D) at E10.5 were hybridized with the
Carm1 RNA antisense probe (A,B) or with the sense probe (C,D). 4v,
fourth ventricle; ba1, first branchial arch; fb, forebrain; flb, forelimb bud;
hlb, hindlimb bud; tv, telencephalic vesicle.
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fragment corresponding to the 3’ end of the CBP cDNA sequence from
pRcRSV-CBP was subcloned into the Pst1 site of pSPT19 (Roche
Diagnostics, Indianapolis, IN). After cloning, the identities of cloned
template sequences were confirmed by sequencing. Antisense and
sense anti-digoxigenin-labeled probes were generated using a DIG RNA
labeling kit (Roche Diagnostics, Indianapolis, IN) according to the
manufacturer’s instructions.

Whole embryo in situ hybridization
ICR mice (Harlan, Indianapolis, IN) were maintained at a temperature

of 22°C with an alternating 12-hour light/dark cycle and were provided
access to food and water ad libitum. Mature male and female mice were
mated overnight and the presence of a vaginal plug the following morning
was taken as evidence of mating (E0.5). Embryos were collected on E8.5,
E8.75, E9.0, E9.5, and E10.5. Five embryos (selected from a pool
generated from no less than three dams) were processed for each time
point, and for each coactivator. For each of these five embryos, in situ
hybridization or immunohistochemistry was performed in triplicate. Whole
embryo in situ hybridizations were performed as previously described
(Nagy et al., 2003, Wilkinson and Nieto, 1993) with the following modifi-
cations: embryos from E8.5, E8.75 and E9.0 were processed in 15 mm
diameter netwells (74 μm netwells, Electron Microscope Services, Hatfield,
PA) to minimize damage. Bound probes were detected by an alkaline
phosphatase conjugated anti-digoxigenin antibody at a dilution of 1:2000
(Anti-Digoxigenin-AP Fab Fragments, Roche Diagnostics) in 1% sheep
serum (overnight, 4°C). Bound signals were visualized with 2% (vol/vol)
NBT/BCIP in NTMT substrate buffer (Roche Diagnostics) for 2-3 hours.
Cleared embryos were photographed using a Nikon SMZ1500 stereomi-
croscope (Fryer Company, Cincinnati, OH).

Sectional in situ hybridization
Embryos were washed in phosphate buffered saline (PBS) after

fixation, then cryoprotected in 30% sucrose in PBS for at least 30 min,
then stored in 15% sucrose in OCT (optimal cutting temperature com-
pound, Tissue-Tek 4583, Sakura Finetek USA, Inc., Torrance, CA)
overnight before embedding in OCT. Seven to ten μm transverse sections
of the embryos were cut and mounted on uncoated, uncharged, RNase-
free slides using a Leica CM1900 cryostat (Leica Inc., Bannockburn, IL).
Sections were dried overnight before use or stored at minus 80°C.
Sections were fixed in 4% (wt/vol) paraformaldehyde in PBS plus 0.1%
Tween 20 (PBT) (15 min) and washed twice in PBT (5 min each) before
permeabilization in 1 μg/ml proteinase K in PBT (15 min). Proteinase
treatment was stopped by washing twice in 2 mg/ml glycine in PBT (5 min
each) followed by washing twice in PBT (5 min each). Sections were fixed
again in 0.2% glutaraldehyde, 4% paraformaldehyde (PFA) in PBT (20
min) followed by washing three times in PBT (5 min each). Sections were
then hybridized to sense and anti-sense riboprobes and probe detection
was performed under the same conditions as described for whole em-
bryos. While all other hybridizations were performed at a probe concen-
tration of 1 μg/ml and a hybridization temperature of 65°C, Cited2
hybridizations were performed at a probe concentration of 600 ng/ml and
a hybridization temperature of 70°C. Bound probes were detected after a
three day exposure to alkaline phosphatase conjugated anti-digoxigenin
antibody. Sections were then photographed under differential interfer-
ence contrast optics using a Nikon Eclipse E600 microscope equipped
with a Nikon DXM1200 digital camera and Nikon Act-1 imaging software.

Whole embryo and sectional immunohistochemistry
Expression of p300 was detected using a rabbit polyclonal anti-p300

antibody (anti-p300-N15, sc-584, Santa Cruz Biotechnology, Santa Cruz,
CA) directed to the N-terminal 15 amino acids of the p300 protein, using
a previously published protocol (Davis et al., 1991). This antibody has
been shown to be specific for the p300 protein by immunoblotting
(Partanen et al., 1999). Embryos were fixed for 3 days in 4% PFA in PBS
at 4°C. For whole mount immunohistochemistry, embryos were washed

in PBS, dehydrated in methanol (Nagy et al., 2003) and bleached with 6%
hydrogen peroxide in methanol for 5 hours at room temperature before
storage in methanol at –20°C until further processing. Embryos were
rehydrated through 5 min washes in 75%, 50% and 25% (vol/vol)
methanol in PBS at room temperature, washed twice in PBS for 5 min, and
then blocked in two 30 min washes with PBSMT (0.5% Triton X-100, 2%
non-fat milk in PBS) at room temperature. For control samples, the anti-
p300 antibody was pre-bound for 90 min to a 10X excess of synthetic
peptide (the antigenic peptide originally used to raise the anti-p300-N15
antibody, sc-584 P, Santa Cruz) corresponding to the N-terminal amino
acids of p300 in PBSMT. Embryos were incubated with blocked or
unblocked antibody at 1 μg/ml in PBSMT overnight at 4°C followed by two
five-minute washes in PBSMT and then five washes in PBSMT of one
hour each at 4°C. Embryos were then incubated with a secondary
antibody (goat anti-rabbit HRP conjugate, sc-2004, Santa Cruz) at 0.4 μg/
ml overnight in PBSMT followed by two five-minute washes and five one-
hour washes in PBSMT at 4°C. The embryos were finally washed in
PBSBT (0.1% BSA Sigma cat. No. 7030, 0.5% Triton X-100 in PBS) for
10 min at room temperature. Expression of p300 was detected using a
DAB peroxidase kit (Vector Laboratories, Burlingame, CA). The
manufacturer’s protocol was followed except that only a single drop of
hydrogen peroxide was added to the substrate mixture. The embryos
were incubated in the substrate for 2-3 min (E8.5, and E8.75) or 10 min
(E9.5 and E10.5). The staining reaction was stopped by two 10 min
washes in PBSBT at room temperature. Stained embryos were rinsed in
PBS and fixed in 4% PFA in PBS for 2-3 days at 4°C. When necessary,
embryos were cleared in 1:2 benzyl alcohol: benzyl benzoate.

Sections were prepared as for sectional in situ hybridization. Sections
were washed in PBS (3 times, 5 min), fixed in 3.7% formaldehyde in PBS
(20 min) and washed in PBS again. Tissue sections were permeabilized
in 0.1% Triton X-100 in PBS (2 times, 5 min). Sections were blocked in 5%
inactivated sheep serum/0.1% BSA (Sigma cat. no. 7030)/0.1% Triton X-
100 in PBS for 30 min at 37°C. Either pre-blocked or unblocked anti-p300
antibody was added in 10% serum/PBS at a 1 μg/ml dilution and
incubated overnight at 4°C. The antibody was washed off in PBS (3 times,
5 min) and secondary antibody was added at 0.4 μg/ml in PBS for 60 min
at 37°C. After washing in PBS (2 times, 5 min), sections were washed in
PBSBT for 10 min and DAB detection was performed as for whole
embryos.
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