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Abstract
During development, sympathetic neurons and chromaffin cells originate from bipotential
sympathoadrenal (SA) progenitors arising from neural crests (NC) in the trunk regions. Recently,
we showed that AP-2β, a member of the AP2 family, plays a critical role in the development of
sympathetic neurons and locus coeruleus and their norepinephrine (NE) neurotransmitter
phenotype. In the present study, we investigated the potential role of AP-2β in the development of
NC-derived neuroendocrine chromaffin cells of the adrenal medulla and the epinephrine (EPI)
phenotype determination. In support of its role in chromaffin cell development, AP-2β is
prominently expressed in both embryonic and adult adrenal medulla. In adrenal chromaffin cells
of the AP-2β−/− mouse, the expression levels of catecholamine biosynthesizing enzymes,
dopamine β-hydroxylase (DBH) and phenylethanolamine-N-methyl-transferase (PNMT), as well
as the SA-specific transcription factor, Phox2b, are significantly reduced compared to wild type.
In addition, ultrastructural analysis demonstrated that formation of large secretory vesicles, a
hallmark of differentiated chromaffin cells, is defective in AP-2β−/− mice. Furthermore, the level
of EPI content is largely diminished (>80%) in the adrenal gland of AP-2β−/− mice. Chromatin
immunoprecipitation (ChIP) assays of rat adrenal gland showed that AP-2β binds to the upstream
promoter of the PNMT gene in vivo; strongly suggesting that it is a direct target gene. Overall, our
data suggest that AP-2β plays critical roles in the epinephrine phenotype and maturation of adrenal
chromaffin cells.
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Introduction
Understanding the regulatory mechanisms underlying cell fate specification of a vast
number of different neural lineage cell types from pluripotent neural stem cells is a central
question in vertebrate development. NCs, which arise from the interface between the neural
plate and the surface epidermis, represent a useful paradigm to understand the molecular
networks involved in cell fate specification because they give rise to diverse cell types,
including the neurons and glia of the peripheral nervous system, bones, and cartilage
(Adams and Bronner-Fraser, 2009; Huber, 2006; Le Douarin et al., 2004; Sauka-Spengler
and Bronner-Fraser, 2006). Through the regulatory network of extracellular signals and
intrinsic transcription factors, NCs of trunk regions develop to be NE-producing sympathetic
neurons, EPI-producing chromaffin cells in the adrenal gland, and melanocytes. Sympathetic
neurons and chromaffin cells are thought to originate from bipotential SA progenitors
(Anderson, 1993; Anderson and Axel, 1986; Huber et al., 2005; Unsicker et al., 2005). NCs
migrate near the dorsal aorta and become SA progenitors in response to bone morphogenetic
proteins (BMP). These SA progenitors further migrate to target sites and become NE
neurons of the sympathetic ganglia (SG) and neuroendocrine chromaffin cells in the adrenal
gland. Another theory suggests that sympathetic neurons and chromaffin cells have distinct
origins. In this scenario, NCs develop into neural and chromaffin precursors, instead of
bipotential SA progenitors, and further differentiate into specific cell types at the target sites
(Ernsberger et al., 2005; Gut et al., 2005; Huber, 2006).

Fundamental mechanistic insights can be obtained by elucidating transcription factors that
play critical roles in development and cell fate specification during the development of SG
and adrenal chromaffin cells. Proteins of the AP2 family share unique structures consisting
of an N-terminus transactivation domain, a C-terminal DNA binding, and a dimerization
domain. They form hetero or homodimer, and bind to the palindromic recognition sequence
5′-GCCNNNGGC-3′ or its related GC-rich sequences (Eckert et al., 2005; Hilger-Eversheim
et al., 2000). Since AP-2α was first isolated (Mitchell et al., 1987), four other homologous
genes, AP-2β, AP-2γ, AP-2δ, and AP-2ε, have been reported as members of the AP2 family
(Chazaud et al., 1996; Feng and Williams, 2003; Moser et al., 1995; Oulad-Abdelghani et
al., 1996; Wang et al., 2004; Zhao et al., 2001). Though AP2 proteins are coexpressed in
some developing organs, they show distinct spatiotemporal expression during early mouse
embryogenesis. Also, gene inactivation studies suggest that the proteins have quite distinct
roles in development (Eckert et al., 2005). AP-2α knockout mice display defects in neural
tube, body wall, and craniofacial development (Schorle et al., 1996; Zhang et al., 1996).
AP-2β knockout mice suffer from kidney malfunction (Moser et al., 1997), while AP-2γ
knockout mice illustrate that it plays a role in the development of extraembryonic lineages
(Auman et al., 2002; Werling and Schorle, 2002). Thus, despite sequence homologies and
overlapping expression patterns, AP2 family members have non-redundant roles during
embryonic development (Eckert et al., 2005).

We recently showed that of the three members of the AP2 family (AP-2α, β, and γ) that are
expressed in the nervous system, AP-2β specifically regulates development of sympathetic
neurons that are derived from SA progenitors (Hong et al., 2008). In this report, we
addressed the role of AP-2β in the development of chromaffin cells. Expression levels of
EPI and its biosynthetic enzymes, as well as SA determining transcription factors, were
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reduced in AP-2β knockout mice. We found abnormal ultrastructures in chromaffin cells of
AP-2β knockout mice. ChIP assays showed that AP-2β directly binds to the upstream
promoter of the PNMT gene, which converts NE to EPI, in rat adrenal glands. Taken
together, we propose that AP-2β is critical for maturation of adrenal chromaffin cells.

Results
The transcription factor AP-2β is expressed in the adrenal gland

Our recent study showed that AP-2β is predominantly expressed in the SG of developing
mouse embryos and is critical for the development and NE neurotransmitter phenotype
determination of the SG (Hong et al., 2008). We hypothesized that AP-2β is also involved in
the development of adrenal chromaffin cells. To address this, we first analyzed its in vivo
expression pattern with AP-2β specific antibodies that were characterized in a previous
report (Hong et al., 2008). Expression of AP-2β was detected in the adrenal gland of adult as
well as at e15.5 and neonate mice (data not shown). Expression of AP-2β was more
prominently detected in the adrenal gland of rats (Fig. 1A). Merging the immunostaining of
tyrosine hydroxylase (TH) and AP-2β showed that their expression almost completely
overlapped (Fig. 1D). Furthermore, reverse transcription quantitative PCR (RT-qPCR)
analyses of mouse adrenal glands confirmed AP-2β expression and showed higher
expression of AP-2β in e15.5 and P0 compared to adult mice (Fig. 1E). Together, these
expression patterns support the potential role of AP-2β in the development and/or phenotype
determination of adrenal glands.

The gross morphology and the number of adrenal chromaffin cells appear normal in AP-2β
knockout mice

In AP-2β−/− embryos, the number of NE neurons in the SG was reduced to 40% of wild type
(Hong et al., 2008). To address whether the number of chromaffin cells is similarly affected
in AP-2β−/− mice, we stained adrenal medulla with TH specific antibodies. We could not
detect significant differences in the size of adrenal medulla and the number of TH positive
cells between wild type and AP-2β−/− mice at P0 (Fig. 2). In addition, the intensity of TH
staining was comparable, suggesting that the level of TH gene expression is not detectably
affected in chromaffin cells of AP-2β−/− mice (also see Fig. 3 and 4). Furthermore, we failed
to detect any significant changes in apoptotic cell death in the adrenal medulla of AP-2β−/−

mice at P0 (data not shown). Therefore, we conclude that the gross development of adrenal
chromaffin cells is not detectably affected in AP-2β−/− mice.

Expression of SA specific genes is significantly compromised in adrenal chromaffin cells
of AP-2β knockout mice

We next tested if expression of SA-specific marker genes such as TH, DBH, and PNMT is
affected in adrenal chromaffin cells of AP-2β−/− mice. Consistent with the initial TH
immunostaining analysis described above, RT-qPCR analysis of mRNAs from adrenal
glands showed that the level of TH expression was almost identical in neonate AP-2β−/−

mice (Fig. 3). In sharp contrast, in AP-2β−/− mice the level of DBH mRNA expression was
dramatically reduced to 20% of wild type (Fig. 3). We next addressed if the absence of
AP-2β affected the RNA levels of EPI-synthesizing PNMT gene. Interestingly, in AP-2β−/−

mice, the mRNA expression level of PNMT was also greatly diminished to <30% of wild
type (Fig. 3). In addition, we found that mRNA expression of the transcription factor
Phox2b, which is required for the development of chromaffin cells (Huber et al., 2005), was
diminished by approximately 50% in chromaffin cells of AP-2β−/− mice (Fig. 3), whereas
Phox2a expression appeared to be intact (data not shown). We also found that mRNA
expression of chromogranin A (CHGA), a major soluble protein in large dense-core
secretory granules of chromaffin cells (Taupenot et al., 2003), was significantly reduced in
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AP-2β−/− mice (Fig. 3). Thus, our results show that AP-2β does not control all genes critical
for chromaffin cell development but rather regulates a subset of genes critical for phenotypic
specification.

We next investigated whether these marker gene expressions are attenuated in chromaffin
cells of the AP-2β−/− mice at protein level by immunohistochemistry (IHC) analysis. In line
with our mRNA expression analysis (Fig. 3), we found that expression of DBH (Fig. 4C′, G
′, K′) and PNMT protein (Fig. 4B′, F′, J′) was greatly diminished in the AP-2β−/− mice,
while TH expression was not detectably affected (Fig. 4A′, E′, I′). In addition, the expression
level of Phox2b, which is required for the development of chromaffin cells (Huber et al.,
2005), was significantly reduced in AP-2β−/− mice during development (data not shown),
which is consistent with mRNA expression analysis (Fig. 3). Furthermore, we found that the
expression level of CHGA was significantly reduced in the adrenal gland of AP-2β−/− mice
(Fig. 4D′, H′, L′).

Based on the altered gene expression, we speculated that the major neurotransmitter of
chromaffin cells, EPI, may be affected in the adrenal gland of AP-2β−/− mice. Indeed, we
found that the content of EPI was diminished by more than 80% in the adrenal gland of
neonate AP-2β−/− mice (Fig. 5). Taken together, our data revealed that, although the gross
structure and TH-positive cell number appeared normal, SA-specific marker gene expression
and the level of EPI were significantly defective in the adrenal gland of AP-2β−/− mice.

The number of secretory granule is reduced in AP-2β knockout mice
Chromaffin cells usually contain large chromaffin granules, which is a feature distinct from
sympathetic neurons (Coupland and Tomlinson, 1989). Next, we sought to find if there was
any defect in chromaffin cells of AP-2β−/− mice at the ultrastructural level. To accomplish
this goal, we compared the cellular structure of chromaffin cells of wild type and AP-2β−/−

neonates (P0) using electron microscopy. As shown in Fig. 6A & C, this analysis
demonstrated the typical chromaffin cell structures in which many large dense core
secretory granules (core diameter > 100 nm) are distributed throughout the cytoplasm in
wild type mice. On the contrary, large secretory granules were found in the periphery of
cells and their number was greatly reduced in adrenal chromaffin cells of AP-2β−/− mice
(Fig. 6B & D). Higher numbers of secretory granules were found in wild type (10.2 per
μm2) compared to AP-2β−/− mice (7.3 per μm2) (Fig. 6F). The diameter of the secretory
granules in wild type (179 nm) was larger than that of AP-2β−/− mice (147 nm) (Fig. 6E).
Adrenal chromaffin cells were less attached to each other in AP-2β−/− mice (Fig. 6B),
indicating the abnormal structural and subcellular organization of chromaffin cells.

The transcription factor AP-2β directly binds to the rat PNMT promoter
We next sought to address whether AP-2β directly activates transcription of the PNMT gene
promoter in vivo. Previous co-transfection study showed that AP-2α is able to interact with
the rat PNMT promoter and to activate its promoter function in vitro (Ebert et al., 1998).
AP-2α and AP-2β show similar transactivation and DNA binding activities in vitro (data not
shown). In order to determine whether AP-2β directly binds to the PNMT gene promoter in
vivo, we performed ChIP assays. Rats’ adrenal glands were homogenized and cross-linked
with 1% formaldehyde, followed by sonication to generate 200–500 bp DNA fragments.
Following immunoprecipitation, specifically bound DNA fragments were purified and PCR
was performed using specific primer sets (Fig. 7A). ChIP assays using AP-2β specific
antibody yielded the expected products including the AP2i (Fig. 7B, lane 4) and AP2ii (Fig.
7B, lane 9) sites from the rat PNMT gene promoter. ChIP assays using normal rabbit IgG
did not detect clear bands (Fig. 7B, lanes 3, 8). We were not able to detect the binding of
AP-2β to the AP2iii site by ChIP assay, most likely due to its very low binding affinity to
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AP2 (Ebert et al., 1998). The results strongly suggest that the PNMT gene is a direct target
of AP-2β.

Discussion
Although sympathetic NE neurons and chromaffin cells are generally thought to originate
from common SA progenitors and share many characteristics such as catecholamine
synthesizing enzymes, TH and DBH, they also have distinct features. For example, while
typical neuronal markers are induced in sympathetic neurons, their expression is suppressed
or downregulated in chromaffin cells. Thus, chromaffin cells do not exhibit typical neuronal
properties or morphology. Chromaffin cells have large secretory granules, which are not
found in sympathetic neurons that have extended neurites (Coupland and Tomlinson, 1989;
Langley and Grant, 1999). In addition, the major neurotransmitters of SG and chromaffin
cells are NE and EPI, respectively. Expression of PNMT converting NE to EPI is an
essential and unique phenotype of chromaffin cells. Several signaling molecules (e.g.,
BMPs), and transcription factors (e.g., Mash1, Phox2a/2b, GATA-2/3, and dHand) have
been identified to be critical for the specification of sympathetic neurons (Brunet and Pattyn,
2002; Goridis and Rohrer, 2002; Howard, 2005; Lan and Breslin, 2009; Lim et al., 2000;
Morikawa et al., 2007; Morikawa et al., 2009; Wildner et al., 2008). Among these, Mash1,
Phox2b, and GATA-2/3 are also important for chromaffin cell differentiation. Also, a zinc
finger transcription factor Insm1 has recently been shown to be critical for the development
of the SG and adrenal chromaffin cells (Wildner et al., 2008).

We recently found that AP-2β could be another potential transcription factor that may
critically regulate the development of both the SG and adrenal chromaffin cells. In AP-2β−/−

mice we observed that the SG becomes gradually hypomorphic during embryonic
development (Hong et al., 2008). In the present study, we determined that AP-2β is also
important for chromaffin cell development. Notably, our results indicate that the specific
role and mechanism of AP-2β underlying SG and chromaffin cell development are
significantly distinct. For instance, in contrast to hypomorphism of SG in AP-2β−/− mice,
apparent development of chromaffin cells of the adrenal gland and TH gene expression
appeared to be generally normal, suggesting that sympathetic neurons and chromaffin cells
are differentially affected by AP-2β. However, the expression of DBH and PNMT was
greatly reduced in chromaffin cells of AP-2β−/− mice. Most significantly, this study revealed
that the level of EPI, the major neurotransmitter produced by chromaffin cells, was
diminished by more than 80% in AP-2β−/− mice compared to wild type mice. It is important
to note that in AP-2β−/− mice chromaffin cells’ developmental defects were not limited to
the neurotransmitter phenotype. Ultrastructural analysis revealed that formation of large
secretory vesicles, which is a hallmark of differentiated chromaffin cells, was significantly
defective. This observation is corroborated by the result that the expression of CHGA,
known to be critical for the genesis of large secretory vesicles (Huh et al., 2003; Kim et al.,
2001b), is significantly diminished. Furthermore, in these mice the cellular organization of
chromaffin cells appears to be abnormal at the ultrastructural level. AP-2β−/− mice die
during neonatal days 1–2 and this lethality has been attributed to kidney failure and a small
fraction (~10%) of newborn AP-2β−/− mice survive beyond P2, but none of them survived
past P20 (Hong et al., 2008; Moser et al., 1997). Thus follow-up of the development of the
adrenal gland during the postnatal period is not feasible.

Based on initial studies of AP-2α (Mitchell et al., 1991; Williams et al., 1988) it was
generally assumed that AP-2α may be important for differentiation of neural crest-derived
cells such as SA cells. In support of this notion, mutant zebra fish deficient in AP-2α
(tfap2a) showed defect in NE neuron development in both the locus coeruleus and
sympathetic neurons (Holzschuh et al., 2003). Several laboratories have shown that AP-2α is
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able to bind to the TH, DBH, and PNMT gene promoters and activate their transcriptional
activities using in vitro assays (Ebert et al., 1998; Greco et al., 1995; Kim et al., 2001a). In
addition, AP-2α was shown to be able to interact with the rat PNMT promoter and activate
its activity in vitro (Ebert et al., 1998). In contrast, our data indicate that AP-2β is
prominently expressed in SA lineage cells and participates in the neurotransmitter phenotype
specification by regulating the expression of genes involved in neurotransmitter
biosynthesis. In support of this conclusion, our ChIP assays show that AP-2β directly binds
to the PNMT gene promoter in vivo in adrenal chromaffin cells, strongly suggesting that it is
a direct downstream target of AP-2β. Thus, it is likely that AP-2α may have a different role
during the development of neural crest lineage cell types. Conditional knockout (Brewer et
al., 2004) and gain-of-function studies (Hong et al., 2008) indicated that AP-2α may be
critical for melanocyte differentiation. However, we cannot completely exclude a role for
AP-2α in chromaffin cell development because expression of AP-2α is detected in adrenal
medulla by immunohistochemical method (Ebert et al., 1998) and by RT-PCR, although its
signal is significantly weaker than AP-2β (data not shown). At present, it is not completely
known how AP-2β regulates downstream genes. For example, our in vitro data indicate that
AP-2β binds to rat TH, rat PNMT, and human DBH promoters (Kim et al., 2001a). In
contrast, the lack of an AP-2 binding site in the 2kb upstream promoter of the rat DBH gene,
which is present in the human DBH promoter, suggests that the promoter structure and
regulation mechanisms of human and rat DBH genes by AP-2β may be significantly
different. Taken together, this study shows that AP-2β critically regulates the
neurotransmitter phenotype of adrenal chromaffin cells by controlling expression of
epinephrine-synthesizing DBH and PNMT genes and also controls their maturation. The
development of NE-producing sympathetic neurons, EPI-producing chromaffin cells is
controversial; common precursor cells versus distinct origins (Huber, 2006). It is important
to address these two possibilities but our study does not completely prove which one is true.
Instead, our AP-2β knockout mice analyses focused more on its role in the regulation of
expression of specific genes critical for the neurotransmitter phenotype and maturation of
chromaffin cells.

Together with our previous study showing regulation of SG development, our data suggest
that AP-2β plays a critical role in the development of sympathoadrenergic lineage cells.
Notably, however, our results indicate that AP-2β regulates SG and chromaffin cell
development in a distinct manner and that it differentially controls only a subset of genes
critical for phenotypic specification and maturation, emphasizing the importance of the
cellular context and functional interaction with other transcription factors. Further
investigation is warranted to delineate its molecular and mechanistic insights and to
establish the AP-2β’s relation to other transcription factors in the transcriptional regulatory
cascade during the development of the SA system (Adams and Bronner-Fraser, 2009;
Huber, 2006; Le Douarin et al., 2004; Sauka-Spengler and Bronner-Fraser, 2006).

Experimental methods
Animals

Overnight-mated female AP-2β heterozygous mice (Moser et al., 1997) were tested for the
presence of a vaginal plug, which was recorded as gestation day 0.5 (e0.5). Embryos were
genotyped by PCR with reverse primer (5′-TTCTCTGAACTTCGCCCACAGTG-3′) and
forward primer (5′-TTCTTGGGAGGAATGTCAGTCAAC-3′) or (5′-
TGGATGTGGAATGTGTGCGAGG-3′) to detect the wild type or knockout loci of AP-2β,
respectively.
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Immunohistochemistry (IHC)
Adrenal glands were isolated from e15.5, e18.5, and neonate mice and fixed in 4%
paraformaldehyde in PBS at 4°C overnight. Adrenal glands were isolated from adult rats or
mice perfused with 4% paraformaldehyde. Adrenal glands were treated with 30% sucrose
overnight at 4°C prior to embedding in OCT compound and stored at −70°C. Adrenal glands
were sectioned with 10 μm thickness and IHC was performed. The following primary
antibodies were used: mouse anti- TH, 1: 200 (Chemicon, Temecula, CA); rabbit anti-
PNMT, 1: 200 (Chemicon, Temecula, CA); rabbit anti-DBH, 1:500 (gift of Dr. Eipper);
rabbit anti-chromogranin A, 1:500. For immunofluorescence microscopy, Alexa Fluor 488
or 594 (Molecular Probe, Carlsbad, CA) conjugated secondary antibodies were used to
detect specific primary antibodies.

EPI measurement
Adrenal glands from newborn mice were frozen and stored at −70°C. Samples were
homogenized in the presence of 0.2 M perchloric acid and 0.1 mM EDTA. Samples were
disrupted by ultrasonication and centrifuged at 13,000 rpm for 15 min at 4°C. Supernatants
were filtered through a 0.45 μM syringe filter and then used to measure the amount of CA
by HPLC (high performance liquid chromatography). Pellets were resuspended in phosphate
buffer (10 mM potassium phosphate containing 0.2% Triton X-100) and the amount of
protein was determined.

Reverse transcription quantitative PCR (RT-qPCR) analysis
Total RNA from adrenal gland was prepared by treatment with Trizol Reagent (Sigma St.
Louis, MO). Five μg of total RNA were mixed with oligo (dT)12–18 and superscript II
(Invitrogen, Carlsbad, CA) to generate cDNA. RT-qPCR analyses were performed in
duplicate using SYBR green I on a DNA engine Opticon™ (MJ Research, Waltham, MA).
Primer sets are shown in Table 1.

Electron microscopy
Adrenal glands of wild-type and homozygous AP-2β knockout mice were fixed in sodium
cacodylate buffer containing 2% glutaraldehyde, 2% paraformaldehyde, and 3.5% sucrose
for 2 hr at 4°C. After three washes in sodium cacodylate buffer, tissues were postfixed with
1% osmium tetroxide on ice for 2 hr and washed three times with sodium cacodylate buffer.
The tissues were dehydrated in an ethanol and propylene oxide series then embedded in
Epon 812. Ultrathin sections were collected on collodion-coated cupper grids. The grids
were stained with uranyl acetate (7 min) and lead citrate (2 min), and were viewed with a
JEM 1011 (JEOL, Tokyo, Japan) electron microscope. The diameter of granules was
measured using the ImageJ program. Granules’ density is presented as granule number per
cytoplasm area (μm2) as described (Huh et al., 2003).

Chromatin immunoprecipitation (ChIP) assay
ChIP assays were performed according to the manufacturer’s protocol (Upstate, Lake Placid,
NY). Briefly, ten rat adrenal glands were homogenized and cross-linked with 1%
formaldehyde for 20 min and harvested in the presence of protease inhibitor (EDTA-free
Complete, Roche, IN). These cells were then lysed and sonicated to generate 200–500 bp
DNA fragments. One tenth of the lysates was used for input control. The remaining lysates
were halved, and each half was treated with 2 μg of anti-AP-2β antibody or normal rabbit
IgG as negative control (Santa Cruz Biotechnology, Santa Cruz, CA) and incubated
overnight at 4°C. Complexes were captured by addition of salmon sperm DNA/Protein A
agarose slurry and the precipitates were extensively washed and eluted with 1% SDS, 0.1M
NaHCO3. The cross-linked protein-DNA complexes were treated with NaCl to reverse the
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crosslinks and the DNA was recovered by phenol extraction. PCR was performed to detect
specifically bound DNA using GoTaq polymerase (Promega, Madison, WI). The following
primers were used to detect AP2i, ii, iii: 5′-AGGATTGTTGACTGAGGGGTGG-3′ and 5′-
GCATTTGATGGCAGCAGAGATAC-3′, 5′-GCATTAGACCCCACTCACCTGTATC-3′
and 5′-GCATCCCATCCCTTCTCTTTCC-3′, 5′-ACTGAGATGGATGGGGTGACAG-3′
and 5′-TAGTTGTTGCGGAGGTAGGCAC-3′, respectively (Fig. 7A).
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Fig. 1.
AP-2β is expressed in the adrenal gland. (A-D) Co-expression of AP-2β and TH in the
adrenal gland. Gene expression from adult rat’s adrenal medulla was analyzed. The same
section was stained with rabbit anti-AP-2β (A) and sheep anti-TH specific (C) antibodies.
Nuclei were stained with DAPI (B). Merged image of AP-2β and TH indicates that these
genes are co-expressed in the adrenal medulla (D). Scale bar; 40 μm. (E) AP-2β mRNA
expression analysis. Total RNAs from adrenal glands of e15.5, P0, and adult (eight weeks
old) wild type mice were isolated, and RT-qPCR was performed. AP-2β expression was
normalized according to the expression level of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). The level of gene expression of AP-2β of P0 and adult mice was compared to
that of e15.5, which was set at 100%. Data are from three independent experiments.
(*P<0.05; Student’s t-test)
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Fig. 2.
The size of adrenal medulla is unchanged in AP-2β−/− mice. Adrenal glands at P0 were
sectioned (10 μm thickness). Every fifth section was collected and stained with TH specific
antibodies. Nuclei were stained with Hoechst dye. After merging TH and Hoechst stained
sections, TH positive cells were counted. The number of TH positive cells in AP-2β
homozygous mutant mice was compared to that of wild types, which was set at 100%. Data
are from three littermates.
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Fig. 3.
mRNA level of SA specific gene is reduced in the adrenal gland of AP-2β−/− mice. Total
RNAs were isolated from adrenal glands of P0 mice, and RT-qPCR was performed. Each
gene expression was normalized according to the expression level of GAPDH. The level of
gene expression of AP-2β homozygous mutant mice was compared to that of wild types,
which was set at 100%. Data from four independent experiments. (***P<0.001; Student’s t-
test)
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Fig. 4.
Expression of SA specific genes is reduced in adrenal medulla of AP-2β−/− mice. (A–L′)
Cryosectioned adrenal gland of e15.5 (A–D′), e18.5 (E–H′), and P0 (I–L′) wild type (A–L)
and AP-2β homozygous mutant mice (A′–L′) was analyzed. TH (A, A′, E, E′, I, I′), PNMT
(B, B′, F, F′, J, J′), DBH (C, C′, G, G′, K, K′), and CHGA (D, D′, H, H′, L, L′) are stained
with their specific antibodies, and visualized using fluorescence conjugated secondary
antibodies. The same section was used to detect TH and PNMT. Scale bar; 200 μm.
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Fig. 5.
EPI content in adrenal gland is reduced in AP-2β−/− mice. The amount of EPI from adrenal
glands of neonate mice (P0) was measured by HPLC. Normalized EPI contents to the total
proteins in AP-2β homozygous mutant mice were compared with those from their wild type
littermates. EPI contents in wild type are set as 100%. The data are from nine littermates.
(***P<0.001; Student’s t-test)
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Fig. 6.
Ultrastructural analysis of adrenal medulla of AP-2β−/− mice. (A-D) Electron microscopy
was performed in the adrenal gland of wild type (A, C) and AP-2β homozygous mutant mice
(B, D) at P0. Chromaffin granules are found in the periphery of cells and their number is
reduced in AP-2β homozygous mutants (compare C, D). Scale bar; 5 μm (A, B), 1 μm (C,
D). (E, F) Secretory granules were analyzed in the adrenal gland of wild type and AP-2β
homozygous mutant mice. (E) Diameter of granules was measured using the ImageJ
program and presented as nm. Data are from 200 granules. (F) The number of granules was
counted in the cytosol of adrenal medullar cells and presented as granule number per surface
area (μm2). Data are from 10 random fields of three wild type and AP-2β homozygous
mutant mice. (***P<0.001; Student’s t-test)
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Fig. 7.
ChIP analysis showing in vivo binding of AP-2β to the AP2 binding sites of the rat PNMT
promoter. (A) Schematic drawing of the three AP2 binding sites (i, ii, iii) in the rat PNMT
promoter as described (Ebert et al., 1998). Primer sets to detect the AP2 binding sites and
the size of expected PCR products are shown. The bent arrow represents the PNMT
transcription start site. The first PNMT exon is shown (Exon I). (B) The protein-DNA
complexes were immunoprecipitated using antibodies against AP-2β (lane 4, 9). Normal
rabbit IgG was used as a negative control (lane 3, 8). PCR was performed without template
and used for PCR control (lane 2, 7). Input DNA (lane 1, 6) and 300 bp DNA size marker
(lane 5, 10) are shown. PCR products were analyzed by electrophoresis on 7%
polyacrylamide gel.
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