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A B S T R A C T

Aim: Previously, we reported that mice deficient in most of the Zfp521 coding region (Zfp521Δ/Δ mice) displayed
abnormal behaviors, including hyperlocomotion and lower anxiety. In this study, we aimed to elucidate the
involvement and mechanisms of monoamine variation.
Main methods: First, we compared the levels of dopamine (DA), noradrenaline (NA), and serotonin in the brains
of Zfp521Δ/Δ and Zfp521+/+ mice using enzyme-linked immunosorbent assay. Next, we elucidated the me-
chanisms using quantitative PCR and Western Blotting. Additionally, we administered inhibitory drug to the
mice and performed behavioral tests.
Key findings: Our results showed that the DA level decreased and the NA level increased in Zfp521Δ/Δ mice. We
found that ZFP521 suppresses the expression of dopamine β-hydroxylase (DBH), which converts DA into NA. We
also demonstrated that paired homeodomain transcription factor 2 and early growth response protein-1, which
are the transcription factors for Dbh, were involved in the upregulation of Dbh by ZFP521. The administration of
nepicastat, a specific inhibitor of DBH, attenuated the abnormal behaviors of Zfp521Δ/Δ mice.
Significance: These results suggest that the lack of ZFP521 upregulates the expression of DBH, which leads to a
decrease in the DA level and an increase in the NA level in the brain, resulting in abnormal behaviors.

1. Introduction

Zinc finger protein 521 (ZFP521) is a transcriptional regulatory
factor with 30 Krüppel-like zinc finger motifs and a nuclear localization
signal [1]. In mice, ZFP521 is ubiquitously expressed in the whole body,
with an especially high expression in the brain [2]. Although the exact
role of ZFP521 in the brain remains unclear, Kamiya et al. suggested
that it serves as a switch for neural stem cell differentiation during
development [3]. They also reported that the suppression of ZFP521
inhibited differentiation from epiblast cells into neuroectodermal stem
cells, even when differentiation was induced. By contrast, over-
expression of ZFP521 promoted differentiation into neuroectodermal
stem cells [3]. In the embryonic brain, ZFP521 has been shown to
promote the proliferation and differentiation of neurons in the striatum
[4]. In the adult brain, Zfp521 is expressed in the hippocampus and
striatum [5]. In the striatonigral region of the adult brain, ZFP521
seems to interact and to be inhibited by early B-cell factor 1 (EBF1),
which is important for the development of spiny neurons [4].

Previously, we generated mice deficient in most of the Zfp521
coding region (Zfp521Δ/Δ mouse). We then analyzed their behaviors
using methods like the open field test and elevated plus maze test,

which revealed that Zfp521Δ/Δ mice had a hyperlocomotive action and
lower anxiety levels compared to Zfp521+/+ mice [5]. However, the
mechanisms underlying these abnormal behaviors due to Zfp521 mu-
tation were unknown.

Monoamine neurotransmitters, such as dopamine (DA), nora-
drenaline (NA), and serotonin (5-HT), can greatly impact animal be-
havior. For example, DA or its receptor deficiency in mice results in
chronic depression and anxiety [6]. It has also been reported that the
motor activity correlates with the cortical levels of DA and NA [7].
Colomba mice exhibit hyperactivity locomotor and an imbalance in
catecholamine regulation, in which brain DA reduced, whereas NA
concentrations are considerably increased [8].

In the present study, we compared the levels of DA, NA, and 5-HT in
the brains of Zfp521Δ/Δ and Zfp521+/+ mice. We then investigated the
mechanism of monoamine regulation by ZFP521 using cultured cells
transfected with Zfp521 expression vectors or siRNA.
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2. Materials and methods

2.1. Reagents

2-CAT (N-D) and serotonin enzyme-linked immunosorbent assay
(ELISA) kits were purchased from Labor Diagnostika Nord GmbH and
Co. (Nordhorn, Germany). DNA oligonucleotides as primers for real-
time polymerase chain reaction [quantitative PCR (qPCR)] were syn-
thesized and purchased from Sigma-Aldrich (St. Louis, MO, USA).
Rabbit anti-ZFP521 (ZNF521) polyclonal antibody was purchased from
ProteinExpress Co., Ltd. (Chiba, Japan), rabbit anti-dopamine β-hy-
droxylase polyclonal antibody from ImmunoStar (Hudson, WI, USA),
rabbit anti-PHOX2A polyclonal antibody from ProSci Incorporated
(Poway, CA, USA), rabbit anti-EGR-1 monoclonal antibody from Cell
Signal Technology (Boston, MA, USA), rabbit anti-P300 polyclonal
antibody from Santa Cruz Biotechnology (Santa Cruz, CA, USA), rabbit
anti-β-actin polyclonal antibody from FUJIFILM Wako Pure Chemical
(Osaka, Japan), rabbit anti-tyrosine hydroxylase polyclonal antibody
from Cell Signaling Technology, HRP conjugated anti-rabbit IgG poly-
clonal antibody from Promega (Madison, WI, USA), and Alexa Fluor
568-conjugated anti-rabbit IgG antibody from Thermo Fisher Scientific
(Rockford, IL, USA). Zfp521 siRNA and scrambled control siRNA were
purchased from Sigma-Aldrich. Mammalian expression vector pCMV6
containing mouse Zfp521 full-length cDNA was purchased from
OriGene Technologies (Rockville, MD, USA). Polyethyleneimine (PEI)
max was purchased from Polysciences Inc. (Warrington, PA, USA).
Nepicastat hydrochloride was purchased from Sigma-Aldrich. All other
reagents were purchased from FUJIFILM Wako Pure Chemical.

2.2. Animals

All mice were housed in a specific pathogen-free facility under a
12 h light/dark cycle with ad libitum access to water and a regular diet.
Zfp521Δ/+ mice were crossed to obtain Zfp521Δ/Δ mice, and littermate
Zfp521+/+ mice were used as controls. The mice were routinely gen-
otyped as described previously [5]. Male Zfp521Δ/Δ mice (5–8week-old;
weight approximately 10 g) and age-matched, sex-matched Zfp521+/+

mice (5–8week-old; weight approximately 20 g) were used for beha-
vioral studies or brain samples' collection. The protocol for ZFP521
mutant mice studies was approved by the Institutional Review Board of
Ehime University Graduate School of Medicine (Permit no. 05-SO-38-
16). All animal studies were carried out in accordance with the
guidelines of the Ehime University School of Medicine Committee on
Animals. All surgeries were performed under anesthesia with the ad-
ministration of midazolam (4mg/kg BW), medetomidine hydrochloride
(0.3 mg/kg BW), and butorphanol tartrate (5 mg/kg BW). All efforts
were made to minimize suffering.

2.3. Cell culture and transfection

Murine neuroblastoma neuro-2a cells were maintained in
Dulbecco's modified Eagle's medium (DMEM; Wako Pure Chemicals)
supplemented with 10% fetal bovine serum (FBS) with penicillin-
streptomycin solution (FUJIFILM Wako Pure Chemical) in a humidified
5% CO2 environment at 37 °C. Rat pheochromocytoma (PC12) cells
were maintained in DMEM supplemented with 10% FBS and 5% horse
serum with penicillin-streptomycin solution in a humidified 5% CO2

environment at 37 °C.
Cells were precultured for 16 h in DMEM containing 1% FBS in 12-

well plates (1.5× 105 cells/mL). After preculture, pCMV6 vector or
siRNA was added to the cell culture supernatant using PEI max. After
four hours of transfection, the medium was removed and replaced with
a fresh medium.

2.4. Measurement of monoamine levels

For cell culture, 1 μM of ascorbic acid and 55mM of potassium
chloride were added to the PC12 cell culture supernatant to synthesize
and secrete DA and NA. After 24 h, samples of the supernatant were
collected for use in the DA and NA ELISA tests. The cultured cells were
collected and lysed with RIPA buffer (20mM Tris-HCl (pH 7.4),
150mM NaCl, 2 mM EDTA, 1% NP-40, 1% deoxycholate, and 0.1%
sodium dodecyl sulfate, SDS) containing a complete protease inhibitor
cocktail tablet (Roche Diagnostics Ltd., Mannheim, Germany). The
amount of protein in the cell lysate was measured using a protein assay
BCA kit (FUJIFILM Wako Pure Chemical) according to the manufac-
turer's protocol. The levels of DA and NA were normalized by the
amount of the protein.

In order to assess neurotransmitter levels in various brain regions,
the mouse brains were dissected, cut into five parts [prefrontal cortex
(Pfc), striatum (Str), hippocampus (Hip), midbrain (Mid), and cere-
bellum (Cbl)], and frozen in liquid nitrogen. The frozen tissue was
suspended in sample buffer (0.01N HCl, 1mM EDTA, and 4mM sodium
metabisulfite), and adjusted to 0.1mg/mL. After homogenization, the
tissue suspension was centrifuged and the supernatant was used as the
sample for the ELISA. The levels of DA, NA, and 5-HT in each sample
were measured using ELISA kits according to the manufacturer's pro-
tocol.

2.5. RNA extraction and qPCR

The pCMV6 vector or siRNA was transfected into neuro-2a cells.
After 48 h, the cells were collected and dissolved in 0.75mL of ISOGEN
II (Nippon Gene, Tokyo, Japan). Total RNA was extracted from the
collected cells according to the manufacturer's protocol. To obtain
mRNA from total RNA, 2 μg of extracted total RNA was treated with
DNase and then subjected to reverse transcriptase reaction with
ReverTra Ace qPCR RT Master Mix with gDNA Remover (TOYOBO,
Osaka, Japan) as described in the manufacturer's protocol.
Subsequently, mRNA was reacted with a THUNDERBIRD SYBR mix
(TOYOBO), as per the manufacturer's instructions, and qPCR analysis
was performed using an Applied Biosystems 7300 real-time PCR system
(Applied Biosystems, Foster City, CA, USA). PCR primer pairs were
selected from different exons of the corresponding genes. The following
primers were used for qPCR: forward primer for phenylalanine-4-hy-
droxylase (Pah) (5′-ACTGTCACAGAGTTCCAGCCTC-3′) and reverse
primer for Pah (5′-TGTCCAGGACCTCAACCCTTTG-3′); forward primer
for tyrosine-3-hydroxylase (Th) (5′-AAAACCCTCCTCACTGTCTCGG-3′)
and reverse primer for Th (5′-CGAAGCGCACAAAGTACTCCAG-3′);
forward primer for aromatic L-amino acid decarboxylase (Aadc) (
5′-CAGTTCGCAGAGCTGGACAATC-3′) and reverse primer for Aadc (
5′-ATCCACCATCTCCTTGCCTCTC-3′); forward primer for dopamine β-
hydroxylase (Dbh) (5′-GTCTGAGGACTTCCCCCAGTTC-3′) and reverse
primer for Dbh (5′-GGGAACACCAGCTTCTTTTGGG-3′); forward 2nd
primer for Dbh (5′-TCGGGATATGCTCAAGGCTCTG-3′) and reverse 2nd
primer for Dbh (5′-GGTGATCTTAGGCAAAGGCTGC-3′); forward primer
for phenylethanolamine N-methyltransferase (Pnmt) (5′-GCCTATCTCC
GCAACAACTACG-3′) and reverse primer for Pnmt (5′-GGCCGGAGCCA
ATATCAATGAG-3′); forward primer for catechol-O-methyltransferase
(Comt) (5′-TGAGAGAGTCCTACCACAGTGAAAC-3′) and reverse primer
for Comt (5′-ACAGGAGACCCAATGAGACAGC-3′); forward primer for
monoamine oxidase-A (Mao-A) (5′-GAAGCCCGGGATAGAGTTG
GAG-3′) and reverse primer for Mao-A (5′-TGCCTAGCTCCTTAGACAA
GCG-3′); forward primer for Solute carrier family 6 member 3 (Slc6a3) (
5′-CAAAGCTGAAGTCTGACGCTGG-3′) and reverse primer for Slc6a3 (
5′-AGAAGACATTGGTCCCACGGAG-3′); and forward primer for β-actin (
5′-CCGCGAGCACAGCTTCTTTG-3′) and reverse primer for β-actin (
5′-GTTGTCGACGACCAGCGCA-3′). For each mRNA, the expression
level was normalized using the expression level of β-actin mRNA. The
relative amount of mRNA in each sample was then calculated by the
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comparative ΔCt method [9].

2.6. Western blotting and densitometric quantification

Western blotting was performed as described previously [10].
Briefly, neuro-2a cells were seeded on 12-well tissue culture plates and
transfected with mouse Zfp521 full-length cDNA or a mock vector.
Forty-eight hours after transfection, the cells were collected and dis-
solved in a lysis buffer (0.1M MES (pH 6.8), 0.5mM MgSO4, 1mM
EGTA, 2mM dithiothreitol, and 0.75M NaCl) containing a complete
protease inhibitor cocktail. Next, 10μg of the sample was electro-
phoresed on 4–20% gradient SDS polyacrylamide electrophoresis gel
(FUJIFILM Wako Pure Chemical), and transferred to an Immobilon-P
nylon membrane (Merck Millipore, Bedford, MA, USA). The membrane
was incubated in TBS-T buffer (1× Tris buffer saline, 0.1% Tween 20)
containing 5% nonfat dried milk for 1 h and then probed with a primary
antibody in TBS-T buffer with milk overnight at 4 °C. Rabbit anti-
ZFP521 (ZNF521) polyclonal antibody, rabbit anti-dopamine β-hydro-
xylase polyclonal antibody, rabbit anti-PHOX2A polyclonal antibody,
rabbit anti-EGR-1 monoclonal antibody, rabbit anti-P300 polyclonal
antibody and rabbit anti-β-actin polyclonal antibody were used as the
primary antibodies. After washing, the membrane was probed with the
HRP conjugated anti-rabbit IgG polyclonal antibody for 1 h. The signal
was then assessed using an ImmunoStar Zeta Chemiluminescence De-
tection Kit (FUJIFILM Wako Pure Chemical). The density of each band
was quantified using ImageJ software and normalized by the level of β-
actin.

2.7. Administration of Nepicastat and behavioral tests

For habituation, a saline solution was administered to mice in-
traperitoneally daily for two days, and then they were allowed to move
freely in the open field for 30min and on the elevated cross maze for
10min. On day three, we administered nepicastat to the mice (50mg/
kg weight) as described previously [11]. Behavioral tests were per-
formed from one hour after dosing in the following order: cliff-avoid-
ance test, elevated plus maze, and open field test between 9:00 am and
6:00 pm. Sufficient resting time was allowed between behavioral tests.
All mice were identified by an eartag and selected randomly. One or
two Zfp521Δ/Δ mice and same number of control mice were used for the
behavioral tests per day. During experiments and analyses, the in-
vestigators were blinded to the genotype and experimental groups. No
mice died during the experiments and the data of all mice were used to
obtain the results of behavioral tests.

The open field test was performed as described previously [5].
Briefly, an individual mouse was placed on an open field apparatus
(60 cm length × 60 cm width) that was divided into a 30× 30 cm
central zone with a surrounding 15 cm wide border zone. The mouse
was allowed to freely explore the open field for one hour while the
movement of the central point of its body was monitored. The ambu-
lation distance and time spent in the central zone were automatically
calculated by EthoVision XT software (Brain Science Idea, Osaka,
Japan). After performing the test with each mouse, the arena was
cleaned.

The elevated plus maze test was performed as described previously
[5]. Briefly, the maze consisted of two open arms (30×5cm, no wall)
and two closed arms (30×5 cm, surrounded by 15 cm high walls) that
emerged from a central platform (5× 5 cm) and were aligned per-
pendicularly. All of the mice were individually placed in the central
area of the maze and then allowed to move freely for 10min. The
movement of the mice was monitored and the time spent in each arm of
the maze was scored by EthoVision XT software. After performing the
test with each mouse, the platform was cleaned.

The cliff-avoidance test and jumping events were performed as de-
scribed previously [5]. The test was initiated by placing an animal on a
round platform (an inverted glass cylinder of 20 cm height and 13.5 cm

diameter). After performing the tests with each mouse, the arena was
cleaned. The time from the initial placement on the platform to falling
down was recorded. If the animal remained on the platform after 7min,
then 7min was used as the jumping time. Cumulative jumping events
(%) were calculated as follows: (the number of falling animals/the total
number of tested animals)× 100.

2.8. Immunohistochemical analysis and cell count

Five-week-old mice were deeply anesthetized and perfused with 4%
paraformaldehyde. The whole brain was removed from the cranium,
postfixed for 16 h in 4% PFA in 0.1M phosphate buffer at pH 7.4, im-
mersed in 30% sucrose in 0.1M phosphate buffer, washed in 1×
phosphate buffered saline (PBS), dehydrated, and then embedded in
paraffin for sectioning. For immunohistochemical staining, 5 μm of
paraffin-embedded sections were deparaffinized in xylene, followed by
rehydration in a serial dilution of ethanol. Heat-induced antigen re-
trieval were performed by boiling in 1× HistoVT One (Nacalai Tesque,
Kyoto, Japan) solution for 45min. Endogenous peroxidase activity was
quenched using 0.1% H2O2 for 30min. The slides were washed with
1× PBS, and then blocked using 2% goat serum albumin (Vector
Laboratories, Burlingame, CA, USA) in 1× PBS. After incubation with
rabbit anti-tyrosine hydroxylase polyclonal antibody as the primary
antibody, Alexa Fluor 568-conjugated anti-rabbit IgG antibody (Thermo
Fisher Scientific) was applied to the tissue sections. After washing with
1× PBS, nuclei counterstaining was performed with DAPI (Dojindo,
Kumamoto, Japan). The slides were mounted with ProLong Diamond
Antifade Mountant (Thermo Fisher Scientific), and images were cap-
tured using an all-in-one microscope BioRevo BZ-9000 (Keyence,
Osaka, Japan). Tyrosine hydroxylase- (TH-) positive cells in the images
were counted using dynamic cell count BZ-H1C software (Keyence).

2.9. Statistical analysis

All data are presented as mean ± standard error of the mean
(SEM). Statistical analysis was performed using GraphPad Prism 4.0
software (GraphPad Software Inc., San Diego, CA, USA). For the cliff-
avoidance test, differences were determined by one-way analysis of
variance (ANOVA). For other tests, means were compared by Student's
t-test. P-values < 0.05 were considered statistically significant. Based
on previous data [5], we required a minimum of eight animals per
group to detect the differences at 95% confidence.

3. Results

3.1. Monoamine levels in brain regions and plasma

Brains of Zfp521Δ/Δ and Zfp521+/+ mice were divided into Pfc, Str,
Hip, Mid, and Cbl and the levels of DA, NA, and 5-HT were measured in
each region by ELISA (Fig. 1). DA levels in the Pfc, Str, Hip, and Mid of
Zfp521Δ/Δ mice were significantly lower than those of Zfp521+/+ mice
(P < 0.05, Fig. 1A). In the Cbl, although it did not reach the level of
statistical significance, the DA level of Zfp521Δ/Δ mice tended to be
lower than that of Zfp521+/+ mice (P=0.06). In contrast, NA levels in
the Pfc, Str, Hip, Mid, and Cbl of Zfp521Δ/Δ mice were significantly
higher than those of Zfp521+/+ mice (P < 0.05, Fig. 1B). For 5-HT
levels, no significant differences in any brain regions were observed
between the two groups (Fig. 1C). These results suggest that the level of
DA is decreased but the level of NA is increased in the brains of
Zfp521Δ/Δ mice.

We also measured DA and NA levels in plasma (Fig. 1D and E).
Consistent with the differences observed in brain monoamines, the level
of plasma DA was significantly lower in Zfp521Δ/Δ mice than in
Zfp521+/+ mice, whereas the plasma level of NA was significantly
higher in Zfp521Δ/Δ mice than in Zfp521+/+ mice.
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3.2. DA and NA levels in PC12 cell supernatant

Next, we examined the levels of DA and NA using PC12 cells. In the
conditioned medium of PC12 cells transfected with the Zfp521 ex-
pression vector, the level of DA increased and the level of NA decreased
(Fig. 2A and B). By contrast, in the conditioned medium of PC12 cells
transfected with Zfp521 siRNA, the level of DA decreased, whereas the
level of NA increased (Fig. 2C and D).

3.3. Quantification of mRNA expression levels of catecholamine
biosynthetic and metabolic enzymes

In order to clarify why DA decreased and NA increased in the brains
of Zfp521Δ/Δ mice, we quantified mRNA expression levels of five ca-
techolamine biosynthetic enzymes (PAH, TH, AADC, DBH, and PNMT)
in whole brains of Zfp521Δ/Δ mice (Fig. 3A). Of the five catecholamine
biosynthetic enzymes examined, only the level of DbhmRNA expression
was significantly increased in the brains of Zfp521Δ/Δ mice (P < 0.01).

These results were confirmed using another primer set for Dbh. Th
mRNA expression tended to increase in Zfp521 overexpressing cells
compared to control cells, although this difference did not reach the
level of statistical significance (P=0.07). There were no differences in
the mRNA levels of Pah, Aadc, or Pnmt. We also confirmed the levels of
Comt and Mao, which are metabolic enzymes of catecholamines, but no
differences in mRNA levels were observed (Fig. 3B). Similarly, we found
no difference in the level of Slc6a3 mRNA, which is a DA transporter
(Fig. 3C). These results may represent the notion that the upregulation
of Dbh mRNA expression increased the level of DA as its substrate and
decreased the level of NA as its product.

3.4. Quantification of protein levels of transcriptional factors of DBH

To determine whether protein levels of DBH, its transcriptional
factors, or cofactors correlate with the level of Dbh mRNA expression,
we transfected the Zfp521 expression vector into neuro-2a cells and
quantified the protein levels of ZFP521, DBH, PHOX2A, EGR-1, P300/

Fig. 1. Measurement of monoamine levels in different brain regions and plasma of Zfp521Δ/Δ mice. (A–C) Levels of monoamines in the prefrontal cortex (Pfc),
striatum (Str), hippocampus (Hip), midbrain (Mid), and cerebellum (Cbl) of mice brains were measured using ELISA. (A) DA level in each region of the brain. Error
bars indicate SEM. N=8. ⁎P < 0.01, compared to Zfp521+/+ mice. (B) NA level in each area of the brain. Error bars indicate SEM. N=8. ⁎P < 0.01; ⁎⁎P < 0.05,
compared to Zfp521+/+ mice. (C) 5-HT level in each area of the brain. Error bars indicate SEM. N=8. NS: no significant difference. (D, E) Levels of DA and NA in the
plasma of Zfp521Δ/Δ, Zfp521Δ/+, and Zfp521+/+ mice measured by ELISA. (D) DA levels in the plasma. Error bars indicate SEM. N=6. ⁎P < 0.01, compared to
Zfp521+/+ mice. (E) NA levels in the plasma. Error bars indicate SEM. N=6. *P < 0.01, compared to Zfp521+/+ mice.
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Fig. 2. Measurement of DA and NA levels in the
culture supernatant of PC12 cells transfected with
Zfp521 expression vector or siRNA. (A) DA level in
the supernatant of Zfp521 overexpressing PC12 cell
culture. The DA level in the supernatant was nor-
malized by the amount of protein from the cells.
Data represent mean ± SEM. N=8. ⁎P < 0.01,
compared to cells transfected with a control vector.
(B) NA level in the supernatant of the Zfp521 over-
expressing cell culture. NA level in the supernatant
was normalized by the amount of protein from the
cells. Data represent mean ± SEM. N=8.
⁎P < 0.01 compared to PC12 cells transfected with a
control vector. (C) DA level in the supernatant of
Zfp521 siRNA transfected PC12 cells. The DA level in
the supernatant was normalized by the amount of
protein from the cells. Data represent mean ± SEM.
N=8. ⁎P < 0.01, compared to PC12 cells trans-
fected with scrambled siRNA. (D) NA level in the
supernatant of Zfp521 siRNA transfected PC12 cells.
The NA level in the supernatant was normalized by
the amount of protein from the cells. Data represent
mean ± SEM. N=8. ⁎P < 0.01, compared to PC12
cells transfected with scrambled siRNA.

Fig. 3. Analysis of mRNA expression levels of monoamine biosynthetic enzymes. mRNA was extracted from whole brains of Zfp521Δ/Δ and Zfp521+/+ mice and then
subjected to qPCR using primer sets specific for biosynthesis and metabolic enzymes. (A) The mRNA expression levels of phenylalanine-4-hydroxylase (Pah), tyrosine
hydroxylase (Th), aromatic L-amino acid decarboxylase (Aadc), dopamine β-hydroxylase (Dbh), and phenylethanolamine N-methyltransferase (Pnmt). The Dbh-2
graph shows the expression of Dbh mRNA using another primer set. The expression level of each enzyme was normalized by the level of β-actin. Data represent
mean ± SEM. N=7. NS: no significant difference. ⁎P < 0.01, ⁎⁎P < 0.05. compared to Zfp521+/+ mice. (B) The mRNA expression levels of catechol-O-me-
thyltransferase (Comt) and monoamine oxidase-A (Mao-a). The expression level of each enzyme was normalized by the level of β-actin. Data represent mean ± SEM.
N=7. NS: no significant difference. ⁎⁎P < 0.05, compared to Zfp521+/+ mice. (C) The mRNA expression levels of sodium-dependent DA transporter (Slc6a3). Data
represent mean ± SEM. N=7. NS: no significant difference compared to Zfp521+/+ mice.

N. Ohkubo, et al. Life Sciences 231 (2019) 116559

5



CBP, and β-actin in Zfp521 expressing cells by western blot and den-
sitometric quantification (Fig. 4A and B). The expression level of β-actin
was used as a loading standard. Abundant expression of Zfp521 protein
was ascertained in cells transfected with Zfp521 expression vector by
western blotting. We also confirmed that the level of DBH expression
decreased in accordance with the level of ZFP521 protein upregulation.
PHOX2 and EGR-1, which are the major transcriptional factors of Dbh,
and their binding to the cis-acting element on the Dbh promoter en-
hanced the expression of the DBH protein. We thus examined the levels
of PHOX2A and EGR-1 protein expression and found that both were
significantly decreased in Zfp521 expressing cells. The scaffold protein
P300/CBP is known to form a complex with transcriptional factors in-
cluding PHOX2A and EGR-1. P300/CBP can form a complex with
ZFP521 via the early B-cell factor (EBF) family protein. Therefore, we
examined the level of P300/CBP protein by western blotting. However,
the levels did not differ between Zfp521 expressing cells and control
cells.

3.5. Quantification of mRNA levels of transcriptional factors of DBH

Having demonstrated that the amount of proteins of DBH and its
transcription factors decreased in Zfp521 expressing neuro-2a cells, we
then transfected the Zfp521 expression vector into neuro-2a cells and
quantified the mRNA levels of Dbh and its transcriptional factors in
these cells by qPCR (Fig. 4C). First, we confirmed the upregulation of
Zfp521 mRNA levels. The mRNA levels of Phox2a and Egr-1 were sig-
nificantly suppressed by Zfp521 expression. This study shows that the
overexpression of Zfp521 suppresses the transcription of the DBH
transcription factors Phox2a and Egr-1. Next, we investigated whether
mRNA expression levels of Phox2a and Egr-1 were upregulated by
Zfp521 knockdown by siRNA (Fig. 4D). qPCR using neuro-2a cells
transfected with Zfp521 siRNA confirmed that mRNA levels of Phox2a
and Egr-1 were increased.

3.6. Behavioral tests of mice given Nepicastat

Our previous report revealed that Zfp521Δ/Δ mice exhibited ab-
normal behaviors, including higher locomotor activity and lower an-
xiety level, compared to Zfp521+/+ mice. In order to determine whe-
ther these abnormal behaviors were due to alteration of DBH
expression, behavioral tests were performed after administration of the

DBH inhibitor nepicastat. To confirm the effect of nepicastat on DBH in
mice, plasma DA and NA were measured 6 h after administration. After
administration of nepicastat, the levels of DA increased and NA de-
creased in the plasma of both Zfp521Δ/Δ and Zfp521+/+ mice (Fig. 5A
and B).

We then performed open field tests to examine the locomotor ac-
tivity and anxiety. In Zfp521+/+ mice, the administration of nepicastat
did not change the total ambulation distance and spent time in the
central area (Figs. 5C–E). However, in Zfp521Δ/Δ mice, nepicastat ad-
ministration reduced the total ambulation distance and the spent time
in the central area. Taken together, these results indicate that nepicastat
administration reduced the levels of anxiety and locomotion in
Zfp521Δ/Δ mice.

We also performed the elevated plus maze test to confirm that ne-
picastat reduces anxiety levels (Figs. 5F–5H). For Zfp521Δ/Δ mice, the
administration of nepicastat decreased the total distance of ambulation
(Fig. 5F and G). By contrast, nepicastat had no effect on the decreased
total distance of ambulation for Zfp521+/+ mice. Next, we measured
the amount of time spent in each arm of the maze and the central zone
during a 10min observation period (Fig. 5H). After the administration
of nepicastat, Zfp521Δ/Δ mice spent less time in the open arms and more
time in closed arms and the central zone. By contrast, nepicastat had no
effect on the time spent in each location for Zfp521+/+ mice. These
results indicate that the levels of anxiety and locomotion in Zfp521Δ/Δ

mice are decreased by nepicastat.
Lastly, we performed the cliff-avoidance test to assess the mala-

daptive impulsive behavior (Fig. 5I). In contrast to the 85% of Zfp521+/

+ mice that remained on the platform after 7min, all of the Zfp521Δ/Δ

mice demonstrated to fall down from the platform within 6min. After
the administration of nepicastat, 25% of the Zfp521Δ/Δ mice remained
on the platform after 7min.

3.7. Cell count in the locus Coeruleus (LC)

It is widely known that most NA released in the brain is supplied
from the LC. We considered the possibility that the elevated NA levels
observed in Zfp521Δ/Δ mice were caused by an increase in the number
of cells in the LC. In order to assess this hypothesis, we performed an
immunohistochemical analysis using an anti-TH antibody specific for
NAergic LC cells and then counted the TH-positive cells (Fig. 6A and B).
The number of TH-positive cells in the LC was smaller in Zfp521Δ/Δ

Fig. 3. (continued)
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Fig. 4. (continued)
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mice than in Zfp521+/+ mice. This suggests that the elevated NA levels
seen in Zfp521Δ/Δ mice are not due to an increased number of cells in
the LC.

4. Discussion

The locomotor behavior in mice is reported to be dependent on the
quantitative balance between DA and NA [12]. In children affected by
attention deficit hyperactivity disorder (ADHD), altered DA due to
dysfunction of Pfc has been reported [13]. Drugs that regulate NA

Fig. 5. Behavioral analysis. (A) DA level in whole brains of Zfp521+/+ and Zfp521Δ/Δ mice treated or untreated with nepicastat. Data represent mean ± SEM.
N=8–10. ⁎⁎P < 0.05. (B) NA levels in the whole brains of Zfp521+/+ and Zfp521Δ/Δ mice treated or untreated with nepicastat. Data represent mean ± SEM.
N=8–10. ⁎P < 0.01; ⁎⁎P < 0.05. (C–E) Open field test. (C) Representative locomotor tracks of Zfp521Δ/Δ (lower panels) and Zfp521+/+ mice (upper panels)
treatment (right panels) or untreated (left panels) with nepicastat during a period of 60min. The white dashed box in the open field is the central area. (D) Total
distance of ambulation of Zfp521Δ/Δ and Zfp521+/+ mice treated or untreated with nepicastat during a period of 60min. Data represent mean ± SEM. N=8–10.
⁎P < 0.01. (E) Time spent in the central area. Zfp521Δ/Δ mice treated with nepicastat spent less time in the central area of the open field than Zfp521Δ/Δ mice
untreated with nepicastat. Data represent mean ± SEM. N=8–10. ⁎P < 0.01. (FeH) Elevated plus maze test. (F) Representative locomotor tracks of Zfp521Δ/Δ

mice (lower panels) and Zfp521+/+ mice (upper panels) treated (right panels) or untreated (left panels) with nepicastat during a period of 10min. C: closed arm; O:
open arm. (G) Total distance of ambulation of Zfp521Δ/Δ and ZFP521+/+ mice treated or untreated with nepicastat. Data represent mean ± SEM. N=8–10.
⁎P < 0.01; ⁎⁎P < 0.05. (H) Time spent in closed arms, open arms, and central area. Data represent mean ± SEM. N=8–10. ⁎P < 0.01; ⁎⁎P < 0.05. NS: no
significant difference. (I) Cliff-avoidance test. ●: Zfp521+/+ mice untreated with nepicastat; ○: Zfp521+/+ mice treated with nepicastat; ▲: Zfp521Δ/Δ mice
untreated with nepicastat; △: Zfp521Δ/Δ mice untreated with nepicastat. The cumulative frequency of jumping was determined. N=16–20. ⁎P < 0.01.
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transmission, such as methylphenidate and amphetamine, are effective
for patients with ADHD [14,15] and return the quantitative DA and NA
balance closer to the normal state [16–18]. Given these findings, we
suggest that DA/NA imbalance due to decreased DA and increased NA
in the brain causes the abnormal behavior of Zfp521Δ/Δ mice, including
hyperlocomotion and reduced anxiety.

We demonstrated decreased DA and increased NA levels in most
parts of the brains of Zfp521Δ/Δ mice, compared to Zfp521+/+ mice
(Fig. 1A and B). These results suggested that the intracellular synthesis
or metabolism of these neurotransmitters is altered. This finding is
consistent with that of lower DA and higher NA levels in the super-
natant of PC12 cells transfected with Zfp521 siRNA relative to scram-
bled siRNA (Fig. 2C and D). We also demonstrated that the mRNA level
of Slc6a3, a DA transporter, was not significantly altered (Fig. 3C),
suggesting that intracranial transport of DA and NA is not impaired in
Zfp521Δ/Δ mice.

We demonstrated that the mRNA level of Dbh, the enzyme that
converts DA into NA, was elevated in the brains of Zfp521Δ/Δ mice
(Fig. 3A). This result is consistent with the increased mRNA level of Dbh
in neuro-2a cells transfected with Zfp521 siRNA relative to scrambled
siRNA (Fig. 4D). Complete deficiency of NA has been reported in Dbh-
deficient mice with elevated DA levels in most tissues [19]. Dbh-defi-
cient mice also exhibited abnormal behaviors, including slow swim-
ming [20].

The transcriptional regulatory system of the Dbh gene has been in-
vestigated in detail, and its main factor is the homeodomain box tran-
scription factor PHOX2 [21]. Phox2a-deficient mice show deficiency of
DBH expression and absence of LC [22]. PHOX2 binds to the home-
odomain box binding site in the promoter of the Dbh gene to promote
the transcription of DBH [23]. The transcription factor EGR-1 also binds
to the Dbh promoter [24]. In this study, overexpression and under-
expression of Zfp521, respectively, negatively and positively regulated
mRNA levels of Dbh, Phox2a, and Egr-1 in neuro-2a neuronal cells
(Fig. 4C and D). From these results, we deduce that Zfp521 suppressed
the expression of PHOX2 and EGR-1, and their reduction negatively
regulated the expression of DBH.

PHOX2A and EGR-1 form complicated complexes with the coacti-
vator P300/CBP, and other transcription factors, such as specificity

protein 1 (SP1), cAMP response element binding protein (CREB), and
this complex bind to HD sites of the Dbh promoter, thereby regulating
its expression [25]. The ZFP521 protein binds to P300 via EBF family
proteins [26]. Therefore, we deduce that ZFP521 may regulate the
expression of P300 and the functions of PHOX2A and EGR-1. However,
as shown by the western blotting results, the expression levels of P300/
CBP protein did not change with the overexpression of ZFP521 (Fig. 4A
and B). Furthermore, acetylation of P300 did not change with the
overexpression of ZFP521 (data not shown). Thus, changes in the ex-
pression levels of PHOX2A and EGR-1 by ZFP521 do not appear to be
mediated by P300.

ZFP521 is known to regulate stem cell differentiation in various
tissues [27,28]. For example, ZFP521 plays a role in cell fate switching
critical for bone morphogenetic protein (BMP)-induced osteoblast
commitment and repressed adipocyte commitment [29,30]. In the
nervous system, ZFP521 is a factor that promotes differentiation from
epiblasts into neuroectodermal cells [31]. The transcription factor
PHOX2, which was shown to be negatively regulated by ZFP521 in this
study, plays a role in the differentiation of neural crest cells into ca-
techolaminergic neurons [32]. Therefore, we examined whether the
number of cells in the LC, the main nucleus of NAergic cells, was in-
creased in Zfp521Δ/Δ mice. However, contrary to this expectation, the
number of cells was reduced (Fig. 6A and B). This finding suggests that
changes in catecholamine and DBH expression levels in Zfp521Δ/Δ mice
are not attributable to changes in cell numbers due to abnormal dif-
ferentiation of NAergic cells in the LC.

Nepicastat is an antagonist that binds to the active site of DBH. It
has high selectivity to DBH and few side effects and can reach the brain
parenchyma through the blood–brain barrier [33]. We measured the
expression level of Dbh mRNA by qPCR using mRNA extracted from
whole brains of Zfp521Δ/Δ mice intraperitoneally injected with nepi-
castat. The expression level of Dbh mRNA was increased in the brain
(data not shown), which may be due to a compensatory mechanism that
increases the expression of DbhmRNA when DBH activity is attenuated.
Increased DA and decreased NA levels were observed in the brains of
Zfp521Δ/Δ mice (Fig. 5A and B), confirming that DBH function was
successfully suppressed by the administration of nepicastat. This result
is consistent with a report of increased DA and decreased NA in the

Fig. 5. (continued)

N. Ohkubo, et al. Life Sciences 231 (2019) 116559

10



supernatant of nepicastat-administered PC12 cells [33]. It is also con-
sistent with a report that nepicastat reduced NA in the Pfc and nucleus
accumbens but increased DA in the medial Pfc [34]. In our previous
paper, we reported that the abnormal behaviors seen in Zfp521Δ/Δ mice
were similar to the symptoms of schizophrenia [5]. Several studies
support the notion that the brain DA-NA system may play a role in the
onset of schizophrenia [35,36]. For example, elevated NA levels in the
cerebrospinal fluid and plasma have been reported in patients with
schizophrenia [37]. Yamamoto et al. reported that DBH might be a
modulator of psychotic symptoms, severity of the disorder, and ther-
apeutic response to neuroleptic drugs [38]. In this study, nepicastat
inhibited the aberrant behaviors of Zfp521Δ/Δ mice through the sup-
pression of DBH. Therefore, we deduce that these abnormal behaviors
were caused by decreased DA and increased NA in the brain due to the
upregulation of DBH.

5. Conclusion

Using Zfp521Δ/Δ mice and Zfp521-transfected cells, we demon-
strated that ZFP521 regulates DA and NA levels by negatively reg-
ulating the level of DBH. We also revealed that the regulation of the

DBH transcription factor at the mRNA level is involved in this me-
chanism. Furthermore, the findings suggest that DBH elevation is in-
volved in the abnormal behaviors observed in Zfp521Δ/Δ mice.
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