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a b s t r a c t

Attention deficit hyperactivity disorder (ADHD) is one of the most common neurodevelopmental dis-
orders and is characterized by impaired attention, hyperactivity, and impulsivity. While multiple etiol-
ogies are implicated in ADHD, its underlying mechanism(s) remain unclear. Although previous studies
have suggested dysregulation of dopaminergic signals, mitochondria, and brain-derived neurotrophic
factor (BDNF) in ADHD, few studies have reported these associations directly. Stem cells from human
exfoliated deciduous teeth (SHED) can efficiently differentiate into dopaminergic neurons (DNs) and are
thus a useful disease-specific cellular model for the study of neurodevelopmental disorders associated
with DN dysfunction. This study aimed to elucidate the relationships between DNs, mitochondria, and
BDNF in ADHD by analyzing DNs differentiated from SHED obtained from three boys with ADHD and
comparing them to those from three typically developing boys. In the absence of exogenous BDNF in the
cell culture media, DNs derived from boys with ADHD (ADHD-DNs) exhibited impaired neurite
outgrowth and branching, decreased mitochondrial mass in neurites, and abnormal intracellular ATP
levels. In addition, BDNF mRNA was significantly decreased in ADHD-DNs. Supplementation with BDNF,
however, significantly improved neurite development and mitochondrial function in ADHD-DNs. These
results suggest that ADHD-DNs may have impaired neurite development and mitochondrial function
associated with insufficient production of BDNF, which may be improved by exogenous BDNF supple-
mentation. Findings such as these, from patient-derived SHED, may contribute to the future development
of treatment strategies for aberrant dopaminergic signaling, mitochondrial functioning, and BDNF levels
implicated in ADHD pathogenesis.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Attention deficit hyperactivity disorder (ADHD) is characterized

by inappropriate inattention, hyperactivity, and impulsivity, and is
one of the most common neurodevelopmental disorders [1]. ADHD
is associated with impaired development of neuronal networks in
the brain, which persist from early developmental into adulthood
[2,3]. The etiology of ADHD and its risk factors may involve genetic
factors, environmental factors, or their interaction [4,5]. However,
the neurobiological mechanism(s) underlying ADHD remain un-
clear, in part because of the extreme heterogeneity of ADHD
symptoms, their severity, and the clinical courses which ADHD can
assume. The limitations of existing in vivo approaches to the study
of living human brains and animal models have also posed a
challenge to advancing ADHD treatment [1].

Abbreviations: ADHD, Attention deficit hyperactivity disorder; BDNF, brain-
derived neurotrophic factor; DN, Dopaminergic neuron; SHED, Stem cells from
human exfoliated deciduous teeth.
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Dopaminergic signals play important roles in motor control,
cognitive function, and attention, all of which are closely related to
the core symptoms of ADHD [6,7]. Previous studies have reported
altered dopamine metabolism and dopamine receptor expression
profiles in ADHD brain tissues [4,7,8]. Furthermore, therapeutic
agents that increase dopamine utilization in the brain are often
effective for the treatment of ADHD [9]. Another study reported
mitochondrial dysfunction in patients with ADHD [10]. In addition,
ADHD is associated with altered brain-derived neurotrophic factor
(BDNF) functioning, which plays important roles in neuronal
growth, survival, and plasticity as an autocrine or paracrine factor
[11e14]. Thus, dopaminergic signals, mitochondrial function, and
BDNF signaling are strongly implicated in the pathogenesis of
ADHD. However, few studies have demonstrated the neurobiolog-
ical relationships between these factors.

Stem cells from human exfoliated deciduous teeth (SHED) are
neural crest-derived mesenchymal stem cells and efficiently
differentiate into dopaminergic neurons (DNs) [15,16]. To better
understand the pathogenesis of various neurodevelopmental dis-
orders, our group has previously analyzed SHED obtained from
children with these disorders [17e19]. In particular, SHED are a
useful disease-specific cellular model for the study of DN-related
neuropathology in ADHD. The purpose of the present study was
to clarify the pathological association between DNs, mitochondria,
and BDNF in ADHD. To this effect, SHED were obtained from three
boys with ADHD and three typically developing boys. The neuro-
biological features of DNs differentiated from these SHED were
analyzed and compared between the groups.

2. Materials and methods

2.1. Isolation and SHED culture

Experiments using human samples were reviewed and
approved by the Kyushu University Institutional Review Board for
Human Genome/Gene Research (permission number: 678e00) and
were conducted in accordance with the Declaration of Helsinki.
Informed consent was obtained from the patients’ guardians prior
to study commencement, as all participating patients were minor
children.

Deciduous teeth were collected from three typically developing
boys (two six-year-olds and one seven-year-old) and three children
with ADHD (six, eight, and nine years old boy, respectively). None of
these three ADHD children had associated comorbid conditions
such as autism spectrum disorder, chromosomal defects, epilepsy,
or other Mendelian disorders. SHEDwere isolated as has previously
been described [19] and were cultured in alpha modification of
Eagle's Medium (Nacalai Tesque, Kyoto, Japan) with 15% fetal
bovine serum (Sigma-Aldrich, MO, USA), 100 mM L-ascorbic acid 2-
phosphate (Wako Pure Chemical Industries, Osaka, Japan), 250 mg/
mL fungizone (Life Technologies, NY, USA), 100 U/mL penicillin, and
100 mg/mL streptomycin (Nacalai Tesque) at 37 !C in an atmosphere
containing 5% CO2. Cells were used for further experiments as a
heterogeneous cell population, according to experimental proced-
ures reported by previous studies [17e19].

2.2. Differentiation of SHED into DN

SHED differentiation into DNs was induced as described previ-
ously [16,19]. Briefly, 3" 105 SHED were plated onto a six-well
culture plate containing the culture medium described above and
incubated overnight at 37 !C in an atmosphere containing 5% CO2.
Cells were then cultured in serum-free Dulbecco's Modified Eagle's
Medium (Nacalai Tesque) supplemented with 20 ng/mL epidermal
growth factor (Sigma-Aldrich), 20 ng/mL basic fibroblast growth

factor (Peprotech, NJ, USA), and 1% N2 supplement (Life Technol-
ogies) for two days at 37 !C in an atmosphere containing 5% CO2. In
the second step, DMEM was replaced with neurobasal media (Life
Technologies) supplemented with 2% B27 supplement (Life Tech-
nologies), 1mM dibutyryladenosine 3,5-cyclic monophosphate
(Nacalai Tesque), 0.5mM 3-isobutyl-1-methylxanthine (Sigma-
Aldrich), and 200 mM ascorbic acid (Nacalai Tesque). Cells were
then incubated for five days at 37 !C in an atmosphere containing
5% CO2. Additionally, the differentiation of SHED was performed in
the presence or absence of 50 ng/mL BDNF (Peprotech) in the sec-
ond step.

2.3. Immunocytochemistry

DNs were cultured on cover glass and fixed with 4% para-
formaldehyde in 0.1M phosphate buffered saline (PBS, pH 7.4) for
10min then subsequently permeabilized with 0.1% Triton X-100 for
5min. Cells were blocked with 2% bovine serum albumin in PBS for
20min then incubated with one of the following primary anti-
bodies for 90min: anti-Tom20 (Santa Cruz Biotechnology, CA, USA)
or anti-tyrosine hydroxylase (TH; Proteintech, IL, USA). Cells were
subsequently incubated with Alexa Fluor-conjugated secondary
antibodies (Life Technologies). After staining with secondary anti-
bodies in the dark for 60min, nuclei were counterstained with
DAPI (Dojindo, Kumamoto, Japan). Cover glass was then mounted
on slides using ProLong Diamond mounting medium (Life
Technologies).

2.4. Analyses of neurite outgrowth and branching in cultured DNs

Fluorescence images of DNs stained with TH and DAPI were
acquired using a Nikon C2 confocal microscope (Nikon, Tokyo,
Japan), followed bymeasurement of the maximum length and total
number of neurite branches of each double-positive cell. This
measurement was performed using the Neurite Outgrowthmodule
in the MetaMorph software (Molecular Devices, CA, USA).

2.5. Measurement of mitochondria-stained area per cell area

Fluorescence images of DN stained with Tom20, TH, and DAPI
were acquired using a Nikon C2 confocal microscope (Nikon). The
Tom20-stained and TH-stained areas of each DN were then
measured as the mitochondrial and cell areas, respectively. Areas
were measured using the Multi Wavelengths Cell Scoring module
in the MetaMorph software (Molecular Devices).

2.6. Analysis of intracellular ATP levels

Cells were harvested in ice-cold PBS. The CellTiter-Glo Lumi-
nescent Cell Viability Assay (Promega, WI, USA) was then used to
measure intracellular ATP levels.

2.7. Quantitative reverse transcription polymerase chain reaction
(RT-qPCR)

Total RNA extraction and RT-qPCRwere performed as previously
described [19]. The sequences of the primer used in this study were
as follows: NURR1, 50-GCACTTCGGCAGAGTTGAATGA-30 (forward)
and 50-GGTGGCTGTGTTGCTGGTAGTT-30 (reverse); BDNF, 50-GGGAA
AAGGGAACAGGAAAA-30 (forward) and 50-AACAGACAGGATGGGCA
GAA-30 (reverse); and 18S rRNA, 50-CGGCTACCACATCCAAGGAA-30

(forward) and 50-GCTGGAATTACCGCGGCT-30 (reverse). The relative
expression of the target gene was analyzed using the comparative
threshold cycle method by normalizing to 18S rRNA expression.
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2.8. Statistical analyses

Statistical analyses were performed using Student's t-tests.
Values are presented as means± standard error of the mean (SEM).
P< 0.05 was considered to indicate statistical significance.

3. Results

3.1. Impaired neurite development in DNs differentiated from
SHEDs of children with ADHD

SHED from three typically developing children and three chil-
dren with ADHD were induced to differentiate into DNs (Ctrl-DNs
and ADHD-DNs, respectively) in media conditioned without BDNF
(Fig. 1A). There were no significant differences in the expression of
NURR1, a marker of DNs in the central nervous system, or in the
number of cells expressing TH, a differentiated DNmarker, between
ADHD-DNs and Ctrl-DNs (Fig. 1B and C). However, when compared
with Ctrl-DNs, the maximum neurite length was significantly
shorter and the number of neurite branches was significantly
reduced in ADHD-DNs (Fig. 1D and E). These results suggested that,
without exogenous BDNF, ADHD-DNs had impaired neurite
development after differentiation.

3.2. Impaired mitochondrial activity in DNs differentiated from
SHEDs of children with ADHD

Mitochondrial activity and localization in neurites play impor-
tant roles in neurite development. We examined whether impaired
neurite development in ADHD-DNs was associated with mito-
chondrial dysfunction under conditions without BDNF supple-
mentation. The number of neurites including mitochondria was

significantly lower in ADHD-DNs than in Ctrl-DNs (Fig. 2A and B
and Suppl. Fig. 1). The mitochondrial area per cell area was also
significantly reduced in ADHD-DNs compared with Ctrl-DNs
(Fig. 2A, C and Suppl. Fig. 1). Intracellular ATP levels in ADHD-
DNs were significantly lower than those in Ctrl-DNs (Fig. 2D).
These results suggested that the impaired neurite outgrowth seen
in ADHD-DNs without exogenous BDNF might be associated with
reduced mitochondrial mass, motility, and ATP production.

3.3. Reduced BDNF mRNA expression and positive effects of
exogenous BDNF on neurite development in ADHD-DNs

Autocrine or paracrine action of endogenous BDNF in neurons is
essential for neurite development. To determine whether there
were defects in this action in ADHD-DNs, the expression of BDNF
was examined. The expression of BDNF in ADHD-DNs was signifi-
cantly reduced compared with that in Ctrl-DNs (Fig. 3A). In addi-
tion, no significant bias was found for the Val66Met polymorphism,
which might affect the intracellular transport and secretion of
BDNF in these subjects (Suppl. Fig. 2). In cell media supplemented
with BDNF, however, neurite outgrowth and branching were
significantly enhanced in ADHD-DNs (Fig. 3BeE). These results
suggested that impaired neurite development in ADHD-DNs might
be associated with reduced endogenous BDNF action predomi-
nantly due to transcriptional dysregulation of BDNF, which may be
ameliorated by exogenous BDNF.

3.4. Positive effects of exogenous BDNF on mitochondrial activity in
ADHD-DNs

Next, we examined whether the effects of exogenous BDNF on
neurite development in ADHD-DNs involved mitochondrial

Fig. 1. DN differentiation from SHEDs in the absence of BDNF. (A) Ctrl- and ADHD-SHEDs were differentiated into DNs in the absence of BDNF. DNs were visualized by immu-
nofluorescence microscopy using anti-TH antibodies. Nuclei were counterstained with DAPI. Scale bar¼ 20 mm. TH expressing cells are shown for each of the three Ctrl-DN cases
(1e3) and three ADHD-DN cases (1e3). (B) NURR1 mRNA expression in DNs was measured using quantitative reverse transcription polymerase chain reaction. Means ± SEMs are
taken from the three experiments. (C) The percentage of TH-positive cells was measured. Means ± SEMs are taken from 30 cells from each of the three Ctrl-DN and ADHD-DN cases,
as shown. (D, E) Maximum neurite length (D) and total number of branches per DN cell (E) were measured. Means ± SEMs are taken from 30 cells from each of the three Ctrl-DN and
ADHD-DN cases, as shown. n.s., not significant. ***P < 0.001.
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activation. The addition of BDNF to culture media significantly
increased the mitochondrial area per cell area, the number of
mitochondria-containing neurites, and intracellular ATP levels in
ADHD-DNs (Fig. 4AeE, and Suppl. Fig. 3). These results suggest that
exogenous BDNF has positive effects on ADHD-DN and improves
mitochondrial function, as is required for proper neurite
development.

4. Discussion

This study aimed to elucidate the association between DNs,
mitochondria, and BDNF in the pathogenesis of ADHD. To accom-
plish this, ADHD-DNs were examined neurobiologically and
compared with Ctrl-DNs. ADHD-DNs exhibited impaired neurite
development, which was associated with mitochondrial dysfunc-
tion (e.g., reduced mitochondrial mass, abnormal localization
within neurites, and altered ATP production). Furthermore, we
found reduced BDNF expression in ADHD-DNs, which may result in

impaired secretion of endogenous BDNF. Finally, we observed that
the cellular phenotypes observed in ADHD-DNs were improved by
exogenous BDNF administration.

In addition to the media used for differentiating SHED into
mature DNs in vitro by Fujii et al. [16], media lacking BDNF was also
used in the present study [17,19]. BDNF supplementation of the
culture media promotes the maturation of DNs after differentiation
[16]. On the other hand, BDNF has been demonstrated to act cell-
autonomously via autocrine or non-cell autonomously via target-
derived paracrine, depending on the developmental stages of
neurons [20e22]. While BDNF supplementation of culture media
promotes the maturation of DNs, it may also mask defects in the
endogenous BDNF action. In the present study, when BDNF was
excluded from the culture media, ADHD-DN neurite development
was significantly reduced when compared with that of Ctrl-DNs.
These results indicate that the impaired neurite development
exhibited by ADHD-DNs may involve defects in the endogenous
BDNF action.

Fig. 2. Impaired mitochondrial localization and activity in ADHD-DNs in the absence of BDNF. (A) Ctrl- and ADHD-SHEDs were differentiated into DNs in the absence of BDNF. DNs
were stained with anti-Tom20 (a mitochondrial marker) and anti-TH antibodies and counterstained with DAPI. Ctrl-DN1 (upper panels) and ADHD-DN1 (lower panels) are shown as
representative examples. Details of the boxed region from the merged image are shown in the right panel. Scale bar ¼ 20 mm. (B) The percentage of mitochondria-containing
neurites is graphed. Means ± SEMs obtained after an analysis of 30 cells from each of the three Ctrl-DNs and ADHD-DNs are shown. (C) Mitochondria-stained area/cell area
was measured. Means ± SEMs obtained after an analysis of 30 cells from each of the three Ctrl-DN and ADHD-DN cases are shown. (D) The ATP levels were measured by lumi-
nescence assay. The ATP luminescence signals were divided by the number of cells. Means ± SEMs were obtained from three experiments from each of the three Ctrl-DN and ADHD-
DN cases. **P < 0.01. ***P< 0.001.
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To test this, mRNA levels of BDNF were directly examined in
ADHD-DNs and Ctrl-DNs. BDNF expression was significantly
reduced in ADHD-DNs, suggesting transcriptional dysregulation of
BDNF. BDNF secretion is regulated via many processes, including
transcription, translation, post-translational processing, vesicle
transporting, and exocytosis [12]. Furthermore, BDNF secretion is
regulated both constitutively and in an activity-dependent manner
in neurons [12]. A single nucleotide polymorphism at nucleotide
196 (G/A) located in the 5´ pro-BDNF sequence, producing Val66-
Met, affects intracellular transport and activity-dependent secre-
tion of BDNF and has been associated with psychopathology,
including ADHD [13,14, and 23]. In the subjects used in the present
study, no specific association was found between this poly-
morphism and ADHD phenotypes. Although the BDNF secretion is
regulated by many factors, transcriptional dysregulation of BDNF
may drive defects in endogenous BDNF action required for neurite
development in ADHD-DNs.

Supplementation of the culture media with BDNF enhanced
neurite development and mitochondrial function in ADHD-DNs in
the present study. The positive effects of BDNF on neurons,
including neurite development and mitochondrial function, result
from signaling pathways that act via the tropomyosin receptor ki-
nase B (TrkB) receptor [24]. cAMP responsive element binding
protein (CREB), the transcription factor downstream of the TrkB
receptor, induces the expression of genes encoding proteins,
including peroxisome proliferator-activated receptor g coactivator-
1a (PGC-1a) and mitochondrial transcription factor A (TFAM),
which activate mitochondrial biogenesis, motility, and the electron
transport chain [25e28]. These proteins contribute to a positive
feedback loop that further promotes the expression of BDNF [29].
This positive BDNF feedback loop may then be attenuated by

reduced BDNF production in ADHD-DNs. However, the positive
effect of exogenous BDNF on ADHD-DNs suggests no critical defect
in the BDNF-TrkB signaling pathway in these cells. This further
suggests that ADHD symptoms may be improved by exogenous
BDNF.

The present study poses several limitations to a comprehen-
sive understanding of the clinical manifestations of ADHD based
on the pathological association between DNs, mitochondrial
dysfunction, and BDNF changes. First, further studies are required
to translate in vitro findings into clinical symptoms, such as the
evaluation of intracerebral concentrations of dopamine and BDNF
in subjects. Second, the mechanism(s) underlying the reduced
BDNF transcripts in ADHD-DNs has not yet been elucidated. Future
work should assess the expression and activity of the transcrip-
tion factors regulating BDNF transcription constitutively as well as
in an activity-dependent manner (e.g., through neurotransmitters
such as glutamate). Third, defects of other neuronal subsets, glial
cells supporting neurons, and additional neurotrophic factors
likely to be associated with ADHD neuropathology remain un-
clear. Further work should establish an experimental system for
the induction of SHED differentiation into these cells for extensive
analysis.

In conclusion, ADHD-DNs exhibited impaired neurite develop-
ment and mitochondrial dysfunction in the present study. These
phenotypes were further associated with decreased BDNF tran-
scripts and were improved by exogenous BDNF administration.
These results suggest the possibility that BDNF is a candidate
therapeutic target for the treatment of intracerebral dopaminergic
signaling deficits in children with ADHD. Thus, our findings in
patient-derived SHED may contribute to the development of
optimal personalized treatments for the early stages of ADHD.

Fig. 3. Reduced BDNF expression and the positive effect of BDNF supplementation on neurite development in ADHD-DNs. (A) BDNF mRNA expression in DNs was measured using
quantitative reverse transcription polymerase chain reaction. Means ± SEMs are taken from three experiments. (B, C) SHEDs were differentiated into DNs in the presence or absence
of BDNF. DNs were visualized by immunofluorescence microscopy using anti-TH antibodies. Nuclei were counterstained with DAPI. Scale bar ¼ 20 mm. TH expressing cells are
shown for each of the three Ctrl-DNs (B) and three ADHD-DNs (C). (D, E) Maximum neurite length (D) and total number of branches per DN cell (E) were measured. Means ± SEMs
for 30 cells from each of the three Ctrl-DNs and ADHD-DNs are shown. **P < 0.01. ***P< 0.001.
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