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Abstract

While Parkinson’s disease (PD) and attention-deficit hyperactivity disorder (ADHD) are two distinct conditions, it has been
hypothesized that they share several overlapping anatomical and neurochemical changes. In order to investigate that
hypothesis, this study used claims data from Taiwan’s Longitudinal Health Insurance Database 2000 to provide the significant
nationwide population-based evidence of an increased risk of PD among ADHD patients, and the connection between the two
conditions was not the result of other comorbidities. Moreover, this study showed that the patients with PD were 2.8 times
more likely to have a prior ADHD diagnosis compared with those without a prior history of ADHD. Furthermore, an animal
model of ADHD was generated by neonatally injecting rats with 6-hydroxydopamine (6-OHDA). These rats were subjected
to behavior tests and the 9mTc-TRODAT-I brain imaging at the juvenile stage. Compared to control group rats, the
6-OHDA rats showed a significantly reduced specific uptake ratio in the striatum, indicating an underlying PD-linked pathology
in the brains of these ADHD phenotype-expressing rats. Overall, these results support that ADHD shares a number of
anatomical and neurochemical changes with PD. As such, improved knowledge of the neurochemical mechanisms underlying
ADHD could result in improved treatments for various debilitating neurological disorders, including PD.
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Introduction

Parkinson’s disease (PD), a chronic, progressive neurological
disease, is characterized by the drastic reduction of dopamine
transporters (DAT) and the dopaminergic neurons upon
which they are expressed' . Epidemiological data show that
the overall age- and gender-adjusted incidence rate of PD is
13.4 per 100,000, with a higher prevalence in men (19.0 per
100,000 men vs. 9.9 per 100,000 Women)s. Meanwhile, an
age-adjusted incidence rate of PD for all age groups in Taiwan
of 10.4 per 100,000 population has also been reported®. In
terms of etiology, the progressive loss of 60%—70% of nigral
dopaminergic neurons leads to the clinical diagnosis of PD
due to the resulting motor symptoms, which include bradyki-
nesia, rigidity, tremor, etc>>. The dopamine (DA) depletion in
PD also causes frontostriatal dysfunction in the striatum and
frontal cortex>”®. The diagnosis of PD is based on clinical
criteria, and a good response to DA agonists is commonly
regarded as supporting diagnostic features, while the clinical
progression of PD is heterogeneous?.

Attention-deficit hyperactivity disorder (ADHD) is a het-
erogeneous neurobehavioral disorder of childhood that more
frequently affects males than females®'”, affecting approx-
imately 5%—6% of children worldwide, and the disorder is
present in 2.5% of the adult population''"'?. ADHD is char-
acterized by developmentally inappropriate levels of inatten-
tion, hyperactivity, impulsivity, or some combination
thereof that impair academic performance, social interac-
tions, emotions, and family functions'*'°. 1t is associated
with considerable personal and societal burden. Most neural
models for the pathophysiology of ADHD have indicated
some dysfunction of the prefrontal cortex, including
decreased brain volume, blood flow, and glucose metabo-
lism'¢'® while impaired cholinergic system'®?°, norepi-
nephrineZI’zz, serotonin23’24, and, especially, DA?2%-26
transmission have been reported in ADHD patients. The
diagnosis of ADHD is based on the criteria in the Diagnostic
and Statistical Manual (DSM-V).

Although the causes of PD and ADHD remain unknown,
some genetic susceptibility alleles have been reported in par-
ticularly PD?, and there are also established risk factors®’.
However, it is becoming increasingly clear that beyond its
central role in neuronal transmission and cognitive and emo-
tional modulation, DA is a key player in multiple pathophy-
siological conditions, including PD and ADHD. Aberrant DA
receptor signaling and abnormal dopaminergic nerve func-
tion is implicated in several neuropsychiatric disorders,
including PD and ADHD?®. Reuptake of released DA at the
synaptic cleft is spatiotemporally regulated by the DAT,
which is located in the presynaptic membrane on the terminal
of the dopaminergic projection and shuttles DA from neuro-
nal extracellular space into intracellular compartments and, as
such, is a marker of DA terminal innervation”*~°. The gene
encoding the DAT, DATI (also known as SLC643)*", was
reported to be associated with PD and ADHD in several
meta-analyses®>>* and genetic linkage studies®>:*°.

Medications, such as methyl-amphetamine, that inhibit the
DAT have widely demonstrated efficacy in the treatment of
ADHD?’, and abusers of amphetamine and
methyl-amphetamine are more likely to develop PD**°,
Relatedly, knockout DAT mice have been reported to exhibit
motor hyperactivity*'. In vivo explorations of DAT density,
which can be measured by molecular single photon emission
computed tomography (SPECT) and positron emission tomo-
graphy (PET) with radioligands, have found it to be reduced
by 30%-50% in PD, especially early onset PD*** while being
significantly increased in ADHD****. Meanwhile, a
meta-analysis of seven studies including a total of 114
patients with ADHD identified a significant relationship
between structural brain alterations, especially a significant
regional gray matter reduction in the right basal ganglia, and
ADHD®. Subjects with ADHD exhibit decreased DA in the
striatum, prefrontal cortex, septum, midbrain, and amyg-
dala*®™**. Based on these findings, we suspected a potential
connection between PD and ADHD.

To test the hypothesis, the present study first utilized
claims data from Taiwan’s Longitudinal Health Insurance
Database 2000 (LHID2000) to determine whether PD
patients exhibited a greater propensity for the prior diagno-
sis of ADHD than a control group of matched patients
without PD. Furthermore, as animal models are an excellent
tool to model human neurodevelopmental alterations that
occur during disease onset and progression, we adopted a
classical ADHD animal model by injecting
6-hydroxydopamine (6-OHDA) into the brains of neonatal
rats. When these littermates were in the juvenile period,
they clearly demonstrated the hyperlocomotor activity that
is a significant behavioral hallmark of the disorder®*'. To
clarify the association between the two conditions, these
juvenile ADHD model rats were then injected with techne-
tium-99m-[2-[[2-[[[3-(4-chlorophenyl)-8-methyl-8 -azabicy-
clo[3.2.1]oct-2-ylImethyl](2-mercaptoethyl)amino] ethyl]
amino]ethanethiolato(3-)-N2, N20, S2, §20] oxo-[1R-(exo-
ex0)] (99mTc-TRODAT-1) and subjected to brain imaging,
with their imaging results compared with those of rats with-
out 6-OHDA injection. Any evidence of PD-like features
appearing in the ADHD model rats could then be taken as
supporting evidence for any associations between ADHD
and PD found among the aforementioned human PD
patients, and such associations could, in turn, suggest that
it is necessary to closely monitor the onset and progression
of ADHD, as some aspects of said onset and progression
could potentially yield clues for the diagnosis of PD.

Materials and Methods
Human Study

Data Source. Because it could take several decades, at mini-
mum, to track children with ADHD to see if they subsequently
develop PD, this study instead utilized claims data from
Taiwan’s LHID2000 to compare patients diagnosed with
PD with a control group of matched patients without PD with
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respect to prior diagnoses of ADHD. The LHID2000 is a
sub-dataset of data for one million beneficiaries randomly
sampled from Taiwan’s National Health Insurance Research
Database (NHIRD), which contains all the claims data,
including demographic data, dates of clinical visits, diagnos-
tic codes, prescription details, laboratory and imaging exam-
inations, procedure codes, expenditures, and registration
files, for the 23.73 million residents of Taiwan covered by
the nation’s National Health Insurance (NHI) program’ 2. Ini-
tiated in 1995, a distinctive aspect of the NHI is that it covers
roughly 99% of Taiwan’s population of approximately
23 million people, meaning that the NHIRD is a nationally
representative dataset. The LHID2000, in turn, has been con-
firmed by the National Health Research Institutes (NHRI) to
be representative of the Taiwanese population™.

Individual and hospital identifiers in the LHID2000 are
de-identified and encrypted to protect the privacy of patients
before the release of the dataset to the public for research
purposes and cannot be used either to trace individual
patients or hospitals or linked to other census data, such as
the cancer registry or household registry. The encrypting
procedure is consistent, so the linkage of claims belonging
to the same patient is feasible within the NHIRD datasets.
We suggest that readers refer to the NHRI website (http://
nhird.nhri.org.tw/en/Data_Subsets.html) for more detailed
information on these datasets. This study was approved by
the institutional review board at Tungs’ Taichung Metrohar-
bor Hospital, Taiwan, ROC (IRB approval No.: 106053), and
given the anonymized nature of data, the need for informed
consent was waived. All the protocols used in the human
study were performed in accordance with relevant guidelines
and regulations.

Definition of Research Variables. We first identified any hospi-
talized patients or patients who made outpatient visits who
were diagnosed with PD by a qualified physician from Jan-
uary 1, 2000, through December 31, 2013, according to the
International Classification of Diseases, Ninth Revision, Clin-
ical Modification (ICD-9-CM) code 332.0 for a given out-
patient or inpatient claim. To increase the likelihood that
the 332.0 code was a valid indicator of a diagnosis of PD,
we only enrolled patients diagnosed with PD if they had at
least three or more outpatient visits or hospital admissions and
received at least one PD medication (including levodopa,
peride, pramipexole, ropinirole, apomorphine, selegiline,
entacapone, akineton, trihexyphenidyl, and amantadine). The
first date of PD diagnosis after 2000 was defined as the index
date for patients with PD. Fifteen thousand three hundred and
fifty patients in the LHID2000 dataset met the above inclusion
criteria. A control group of patients without PD matched on a
1:1 basis by age (on a 5-year scale), gender, and index date
with the PD patients was also randomly selected. Ultimately,
final totals of 10,726 PD patients and 10,726 matched control
group patients were included in the study (Fig. 1). The main
outcome for the human study was the occurrence of ADHD,
which was defined as any diagnosis of ADHD (ICD-9-CM

code: 314.0) before the index date. Although there is a link
between hyperkinetic disorders and PD**, and the ICD-9-CM
code 314.x broadly includes hyperkinetic disorders, such as
314.8 and 314.9 for hyperkinetic syndrome and 314.2 for
hyperkinetic conduct disorder, however, we specifically used
the code 314.0 and excluded other confounding factors in this
study. In addition, a Charlson Comorbidity Index (CCI) score
was also estimated for each patient according to the comorbid
conditions of the patient recorded for at least two ambulatory
visits and one hospitalization with the respective diagnosis
within 3 years before the index date. The CCI scores were
used to exclude the possibility that any association found
between PD and ADHD was the result of a comorbidity (or
comorbidities), such as diabetes mellitus, hypertension, can-
cer, etc™.

Animal Experiment

Research Animals. Sprague-Dawley rats were obtained from
BioLASCO Taiwan (Taipei, Taiwan) and kept under con-
sistent temperature conditions (25°C + 2°C). Since
6-OHDA (Sigma Chemicals, Sigma-Aldrich, St. Louis,
MO, USA) cannot cross the blood-brain barrier (BBB), it
is necessary that the substance has to be directly injected
into the brain by means of stereotaxic surgery to generate
effects in the CNS. To produce a group of ADHD model
rats, neonatal 6-OHDA lesioning was performed with mod-
ifications as in a previous study®. On postnatal day (PND)
1, twenty-one male pups were assigned at random to lactat-
ing dams (10 per dam). On PND 3, the 21 male pups were
placed on a stereotaxic frame and received desipramine
hydrochloride (20 mg/kg body weight; Sigma Chemicals
(Sigma-Aldrich, St. Louis, MO, USA), i.p.) 30 min before
6-OHDA injection to protect noradrenergic neurons. After
30min, the pups were anesthetized by hypothermia (placed
on ice for 1 min). Eleven pups received intracisternal injec-
tion of 5 pl of 6-OHDA solution [100 pg 6-OHDA, dis-
solved in 0.9% (w/v) sodium chloride containing 0.1%
(w/v) ascorbic acid (Sigma Chemicals, Sigma-Aldrich, St.
Louis, MO, USA)] with a glass pipette with air pressure.
The injection site of was targeted at 0.6 mm lateral to the
medial sagittal suture, 2 mm rostral to the lambda, and 1.3
mm below the skull surface. Ascorbic acid is used as an
antioxidant to inhibit the oxidation of 6-OHDA>’. The pups
were returned to the nursing dams in their home cages after
recovery of their consciousness. After weaning, the rats
were housed four to five per cage under standard housing
conditions with food and water available ad libitum. A con-
trol group of 10 rats (i.e., non-ADHD model rats) was sub-
jected to the same conditions as the ADHD model rats,
except that they were injected with 5 pl of 0.9% (w/v)
sodium chloride containing 0.1% (w/v) ascorbic acid. The
rats in both groups were subjected to the testing described
below at 4 weeks after the 6-OHDA + ascorbic acid injec-
tion or ascorbic acid-only injection, that is, when they were
juvenile male rats at PND 20-30. If not stated otherwise, the
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The cohort of one million beneficiaries randomly sampled from National
Health Insurance Research Database (NHIRD) (N=1,000,000)

|

Those who were newly diagnosed
as PD (ICD-9-CM 332.0) and
received medical treatment
between for PD(first diagnosed
date was defined as index date)
2000 and 2013 (n=15,350)

|

|

The subjects without PD

|

matched controls)

1:1 frequency-matched by age (on a 5-year scale), sex and index
date (index dates of PD were assigned to their corresponding

Those who matched the
subjects without PD had a
history of PD (1997-1999)
before the paired index
date for PD patients
(n=4,624)

Patients with PD
(n=10,726)

\J

The subjects without PD
with a history of PD
——| (1997-1999) before the
paired index date for PD
patients (n=4,624)

Patients without PD
(n=10,726)

A4

Patients with or without PD had a prior history
of ADHD (ICD-9-CM 314.0

Fig. |. The process used to select and match the patients with and without PD included in the human study. PD: Parkinson’s disease.

testing was performed in the light phase of the light/dark
cycle (lights on 07:30-19:30). All behavioral and pharma-
cological studies were performed in a sound-proof room. All
experiments were approved by the local institutional animal
care and use committee of the National Defense Medical
Center, Taipei, Taiwan, ROC (IACUC-12-233).

Animal Behavior Analysis. Testing to determine the effects of the
6-OHDA on locomotor activity was conducted between 10:00
and 16:00 with low illumination to soften stress. Prior to under-
going any behavioral testing, these rats in their home cages
were brought to a room next to the testing room and allowed
to rest for at least 1 h before the testing commenced. Members
in our group strickly obey the rule of careful transportation and
handling these animals to reduce their stress. Locomotor, rear-
ing, and tracks of movement were examined in an open field

(OF; 48 x 48 x 48 cm) under high illumination (100 lux lamp
installed on 45 cm above the floor). The walls and floor of the
OF were white to attenuate shadows in the box. The behavior of
each animal was videotaped (OmnitechDigiscan Animal
Activity Monitor; Model Opto-Varimex, Columbus Co., USA)
for 60 min. Frame-by-frame analysis was conducted with a
computer-based software (TopScanLite). The floor of the box
was divided into 16 squares of equal dimension. The Activity
Monitor program automatically recorded and analyzed their
locomotion according to previous experimental protocols®®?’.
The parameters were defined as follows:

1. Velocity. The mean ambulatory distance (cm)
divided by time (seconds).

2. Distance counts. The number of squares the animal
crossed (when the animal passed through a square
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with its two forepaws) while a subject is engaged in
ambulatory (locomotion) movement.

3. Rearing counts. The number of times that the animal
raised on its two hind legs sniffing in the air was
defined as rearing whether it leant on the wall or not.
Rearing consisted of standing on the hind limbs and
stopping ambulation.

Animal Image Data Acquisition and Analysis. 99mTc-TRO-
DAT-1/SPECT imaging scans [Triumph™ PET/SPECT/CT
System (TriFoil Imaging, Inc., Northridge, CA, USA)] were
used to image the brains of ADHD rats and non-ADHD rats.
The BBB partially impedes some paracellular diffusion of ions,
peptides, immune cells, and chemicals®®, and transient BBB
disruption with hyperosmolar solutions, such as mannitol, can
clinically facilitate target drugs to easily diffuse though the
gaps between cells directly into the brain®®. Because previous
data have demonstrated that 9mTc-TRODAT-1 scarcely
penetrates the BBB of rats, resulting in poor striatal uptake,
administration of mannitol induced a temporary BBB disrup-
tion without brain damage to enhance the 99mTc-TRODAT-1
uptake in the brain of each rat. After fasting overnight, rats were
anesthetized with ketamine (10 mg/ kg, intramuscular injec-
tion (IM)) followed by passive inhalation of O2 (2 I/min) con-
taining 2% isoflurane. Each SPECT scan was started
immediately after a bolus injection of 10 mCi of
99mTc-TRODAT-1. Brain imaging was conducted with a
dual-headed SPECT rotating camera equipped with
ultra-high resolution fan-beam collimators (Hawkeye, Millen-
nium VG, General Electric Medical Systems, Milwaukee, W1,
USA). A dynamic sequence of eight brain images was acquired
over 180 min (15 min per image). Imags were reconstructed
using back projection with a Metz filter. The data were cor-
rected for photon attenuation using Chang’s first-order
method®. Only one person (K.Y, Yeh) analyzed data to avoid
bias. For 99mTc-TRODAT-1/SPECT, the intensities on the
striatum were measured by regions of interest (ROD®!, drawn
on that region which comprised three contiguous slices with the
highest activity, based on corresponding computed tomogra-
phy (CT) images. The CT images were acquired on a 1.5 T
instrument (Picker, Cleveland, OH, USA) and resliced, resized,
and coregistered to all corresponding SPECT images in planes
parallel to the canthomeatal line. The 99mTc-TRODAT-1/
SPECT images were processed as described above for the
striatum. The specific uptake ratio (SUR) was calculated as
follows: SUR = [[(ROI of left CT + ROI of right CT)/2] —
ROI of CB]/(ROI of CB)*~.

Statistical Analysis

For the human study, the baseline characteristics of the study
subjects are described as frequencies with percentages and as
means with standard deviation for the categorical variables and
continuous variables, respectively. The differences between
the PD and non-PD groups were compared using ¢ tests and

Table I. The Baseline Characteristics of the Patients With and
Without PD.

Patients Patients P value for
with PD without PD chi-square test
Gender n (%) n (%) 1.000
Female 5,262 (49.1) 5,262 (49.1)
Male 5,464 (50.9) 5,464 (50.9)
Age
<60 1,997 (18.6) 2,030 (18.9) 0.623
60-70 2,082 (19.4) 2,132 (19.9)
70-80 4,162 (38.8) 4,076 (38.0)
80+ 2,485 (23.2) 2,488 (23.2)
Mean + SD 70.1 + 14.0 70.0 + 14.1 0.600
CCl score 44 + 29 27 + 3.0 <0.001

PD: Parkinson’s disease; SD: standard deviation.

Table 2. Comparison of Prior Diagnoses of ADHD for the
Patients With and Without PD.

Patients  Patients without P
with PD PD value
n (%) n (%) 0.039
Patients with a prior 14 (0.1) 5(0.1)
diagnosis of ADHD
Patients without a prior 10,712 (99.9) 10,721 (99.9)
diagnosis of ADHD
Total 10,726 (100) 10,726 (100)

ADHD: attention-deficit hyperactivity disorder; PD: Parkinson’s disease;
SD: standard deviation.

chi-square tests. The age-specific percentages were calculated
for the patient groups by age <60 years, age 60—69 years, age
70-79 years, and age =80 years, respectively. The logistic
regression model in this study was for estimating the odds ratio
(OR) and 95% confidence interval (CI) of ADHD in the PD
group compared to the non-PD group. A two-sided P value
<0.05 is statistical significance in all analyses. All analyses
were conducted with the statistical package SAS version 9.4
(SAS Institute Inc., Cary, NC, USA).

For that animal behavioral data, an analysis of variance
was used to compare the distribution of the values between
the ADHD model rats and the control rats; post-hoc individ-
ual comparisons were made using Turkey’s test. Data are
presented as mean + standard deviation.

Results
Human Study Results

A total of 21,452 subjects (10,726 PD patients and 10,726
matched patients without PD) were enrolled in the analysis.
Table 1 shows the baseline characteristics of the patients
with PD and without PD groups. The patients with PD group
had a mean age of 70.1 years and 50.9% were men, while the
patients without PD group had a mean age of 70.0 years and
50.9% were men. The average CCI score for the patients
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Table 3. The ORs of ADHD for the Patients With and Without PD.

Crude OR (95% ClI) P value Adjusted OR® (95% Cl) P value for logistic regression
PD
With vs. without 2.80 (1.01-7.78) 0.048 3.65 (2.26-10.50) 0.016
Gender
Male vs. female 1.32 (0.53-3.29) 0.546 1.37 (0.55-3.40) 0.504
Age 0.95 (0.93-1.04) 0.075 0.96 (0.93-1.05) 0.077
CCl score 0.86 (0.81-1.02) 0.079 0.89 (0.74-1.08) 0.236

ADHD: attention-deficit hyperactivity disorder; Cl: confidence interval; OR: odds ratio; PD: Parkinson’s disease; SD: standard deviation.

?A OR was adjusted for gender, age, and CCl score.

Table 4. The Comparison of the Average Onset Ages Between
Patients With and Without PD With and Without a Prior Diagnosis
of ADHD.

Patients with  Patients without

a prior diagnosis a prior diagnosis P value

of ADHD of ADHD for t-test
Patients with PD 569 + 213 725 + 11.0 <0.001
Patients withoutPD  69.5 + 9.8 703 + 142 0.403

ADHD: attention-deficit hyperactivity disorder; PD: Parkinson’s disease.

with PD group was significantly greater than the average
CCI score for the patients without PD group (4.4 vs. 2.7).

Table 2 shows that 14 of the patients with PD group were
found to have had a prior diagnosis of ADHD, whereas only
five of the patients without PD group had a prior ADHD
diagnosis. In other words, the patients with PD group had
a significantly higher rate of prior ADHD diagnoses than the
patients without PD group (PD with prior ADHD vs. PD
without prior ADHD: 14/10,726 vs. 5/10,726; P = 0.039).
In a further analysis adjusting for age, gender, and CClI score,
it was also found that the patients with PD group had a
significant 3.65-fold higher OR (95% CI: 2.26-10.50) for
ADHD than the patients without PD group (Table 3). This
indicated that the association found between PD and ADHD
in the PD patients was not the result of a comorbidity (or
comorbidities), such as diabetes mellitus, hypertension,
cancer, etc.

With respect to the onset ages, the average age for the PD
patients with a prior diagnosis of ADHD was much lower
than that for the PD patients without a prior diagnosis of
ADHD (ADHD + PD vs. PD: 56.9 + 21.3 vs. 72.5 +
11.0; P = 0.016) (Table 4). In a further analysis of the onset
ages, it was found that 6 of 14 (42.86%) of the PD patients
with a prior diagnosis of ADHD had PD onset ages of less
than 50 years old. This indicates that the prior ADHD might
cause the onset ages for PD earlier.

Animal Experiment Results

Animal Behavior Analysis Results. ADHD model rats and
control group rats were subjected to behavioral testing

at 4 weeks after receiving an injection of 6-OHDA and
ascorbic acid (for the ADHD group rats) or ascorbic acid
only (for the control group rats). Specifically, the rats
were placed into an OF testing box, and their locomotor
and rearing activities were measured for 60 min. Because
the ADHD group rats and the control group rats displayed
similar locomotor activity during the first 10 min of test-
ing (the initial exploratory phase), the data for those first
10 min were omitted. During the remaining 50 min, the
ADHD group exhibited, on average, a significantly higher
movement velocity (Fig. 2A), greater average distance
travelled (Fig. 2B), higher number of rears (Fig. 2C), and
farther tracks of movement pattern (P < 0.001) than the
non-ADHD rats without injection (Fig. 2D). Taken
together, these results indicated that the ADHD group rats
did, in fact, constitute an effective ADHD model.

Animal Image Data Acquisition and Analysis. The ADHD model
rats and control group rats were subjected to 99mTc-TRO-
DAT-1/SPECT imaging scans at 4 weeks after receiving an
injection of 6-OHDA and ascorbic acid (for the ADHD group
rats) or ascorbic acid only (for the control group rats). In
addition, because previous data have demonstrated that
99mTc-TRODAT-1 scarcely penetrates the BBB of rats,
leading to poor striatal uptake’, mannitol was administered
to temporarily disrupt BBB without brain damage to facilitate
the 99mTc-TRODAT-1 uptake in the brain of each rat. Fig. 3
clearly shows that the 9mTc-TRODAT-1 more effectively
penetrated the brains of the rats after pretreatment with man-
nitol. 97.5 min after the mannitol pretreatment was the opti-
mal time point for the detection of the 99mTc-TRODAT-1.
As detailed in Fig. 4, the ADHD model rats showed that the
average SUR of the 6-OHDA group was significantly lower
than that of the control group (6-OHDA vs. Con: 0.34 + 0.09
and 1.86 + 0.28; P <0.0001), clearly indicating an underly-
ing PD-associated pathology in the brains of the ADHD
model rats.

Discussion

In this study, we utilized a two-track design to look for an
association between PD and ADHD in both a retrospective
epidemiological study of human PD patients and a
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Fig. 2. ADHD model rats exhibited increased locomotor and rearing activity compared to healthy control rats. ADHD rats subjected to
6-OHDA lesioning and control rats without such lesioning were exposed to an OF box, and their spontaneous motor activity was recorded
for | h: (A) average movement velocity (millimeters/second) of ADHD rats and control rats, (B) average distance travelled of ADHD rats
and control rats, (C) average number of rears of ADHD rats and control rats, and (D) representative tracks of movement patterns of
ADHD rats and control rats. All numeric data (A, B, and C) are represented as mean + SD. * indicates P < 0.00| and ** indicates P < 0.0001
when compared to the control group. (N in the control group = | | animals per group; N in the 6-OHDA-lesioned group = 10 animals per
group). ADHD: attention-deficit hyperactivity disorder; OF: open field; SD: standard deviation.

behavioral and a brain imaging study of ADHD model
rats. Regarding the human study, despite the fact that sev-
eral studies have pointed out the apparent connection
between PD and ADHD, the results of the present study
provide the first nationwide population-based evidence of
an increased risk of PD among ADHD patients, revealing
that the patients with PD had a significantly higher rate of
prior ADHD diagnoses than the patients without PD (P =
0.039), while also demonstrating that the connection
between the two conditions was not the result of other
comorbidities. Moreover, our study showed that the
patients with PD were 2.8 times more likely to have a
prior ADHD diagnosis, compared those without a prior
history of ADHD. These results were similar to those of
a retrospective cohort study in which individuals with
ADHD were identified and then followed forward in the
historic record for more than two decades showing that
ADHD patients had a 2.4 times higher risk of developing
PD-like disorders than those without a history of ADHD?.
As such, these results provide epidemiological evidence of
a link between PD and ADHD. In addition, the average
onset age at which the PD patients with a history of
ADHD in the present study developed PD was signifi-
cantly lower than that for the PD patients without a history
of ADHD. Relatedly, 42.86% of the PD patients with a

prior diagnosis of ADHD had PD onset ages of less than
50 years old. This indicates that the prior ADHD may
cause the onset ages for PD earlier.

Dysregulated dopaminergic pathways may interfere with
normal development in children and deteriorate the func-
tions of neurons in adults. Given that the dysregulation of
DA is a shared feature of PD and ADHD, in order to further
clarify the relationship between these two conditions, we
employed a widely used laboratory model of ADHD based
on the maximal motor hyperactivity at PNDs 20-30 of juve-
nile male rats following neonatal lesioning of the forebrain
with 6-OHDA. Consistent with previous studies******, our
results showed that 6-OHDA lesioning in rat pups resulted in
robust hyperlocomotion as determined by the OF test when
the subjects were tested at the juvenile stage (Fig. 2). In
addition to hyperactivity, 6-OHDA mice have been reported
to exhibit attention deficits, impulsive behavior, and cogni-
tive impairments**>° that are compatible with human
ADHD phenotypes. Next, while routine brain imaging
including CT and magnetic resonance imaging cannot detect
any specific lesions in ADHD, nuclear medicine molecular
imaging scans can demonstrate an increase of DAT signaling
in the striatum of humans with ADHD*****% However,
when we were using 99mTc-TRODAT-1 SPECT imaging
on the 6-OHDA-lesioned ADHD rats, the first challenge
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Fig. 3. Mannitol enhanced the 99mTc-TRODAT-| signals at the striatum regions. Rats were subjected to 99mTc-TRODAT-I/SPECT
imaging scan sat 4 weeks with and without prior mannitol injection. Representative SPECT scans for the rats without mannitol injection at
97.5 min, including transaxial imaging (A) and transverse imaging (B), as well representative transaxial imaging (C) and transverse imaging (D)
SPECT scans for the rats with prior mannitol injection. (E) Dynamic analysis of dopamine transporter levels via SPECT imaging. The uptake of
99mTc-TRODAT-I expressed by SURs was used to compare DAT levels in the rats with and without prior mannitol injection at 4 weeks
after their respective injections. The optimal time for pretreatment with mannitol injection to achieve the highest SUR is 99.5 + 1.5 min.
Blue line: rats with prior mannitol injection. Red line: rats without prior mannitol injection. All numeric data are represented as mean + SD.
** indicates P < 0.0001 when compared to the group without prior mannitol injection. (N in the group without prior mannitol injection = 4
animals per group; N in the group with prior mannitol injection = 5 animals per group.). DAT: dopamine transporter; SD: standard deviation;
SPECT: single photon emission computed tomography; SUR: specific uptake ratio.

we needed to overcome was that the BBB prevented the
99mTc-TRODAT-1 from penetrating into the brain of the
rats®®. This problem was solved by using mannitol injection
to reversibly disrupt the tight junctions between the adjacent
endothelial cells in the cerebral microvasculature67, and we
are the first group to show that the optimal time point for
enhancing 99mTc-TRODAT-1 SPECT imaging in the stria-
tum of the rat through pretreatment with mannitol injection
i$ 99.5 + 1.5 min (Fig. 3E).

Although we successfully demonstrated that the neonatal
6-OHDA-lesioned rat model could produce ADHD-like
behaviors, the results of 9mTc-TRODAT-1 SPECT scan-
ning in the brains of the juvenile rats with neonatal 6-OHDA
lesioning exhibited significantly lower DAT levels than the
control group rats (P < 0.0001). These findings were not
consistent with ADHD but were compatible with PD, in
which diminished TRODAT uptake is exhibited in the stria-
tum®870, Basically, 6-OHDA, a neurotoxin, accumulates in
the neuronal cells through DATs and norepinephrine trans-
porters due to its structural similarity with endogenous cate-
cholamines. We thus used the desipramine for blocking the
reuptake of norepinephrine and to selectively target dopami-
nergic neurons’'. When infused intracisternally in neonate
rats, 6-OHDA evokes cellular oxidative stress; generates
excessive reactive oxygen species, hydrogen peroxide,
superoxide, and hydroxyl radical (HO-); alters the levels of

free radical scavengers; and affects mitochondrial function,
causing abnormalities in cell structure and metabolism and,
eventually, the overt destruction of dopaminergic nerves’?,
leading to a significant decrease of the number of DATSs
(Fig. 4C, D). DAT is a critical component for maintaining
sufficient DA levels in the striatum®®>°, and DAT, along
with dopaminergic neurons, is reduced in PD as well as in
other presynaptic parkinsonism disorders?®*®737*  That
being the case, how did the rats in this study with neonatal
6-OHDA lesioning display hyperlocomotion in adulthood?
Considering the role of tyrosine hydroxylase (TH) helps to
clarify this point. The enzyme is the first rate limiting step in
the biosynthesis of the catecholamines, DA, norepinephrine,
and epinephrine. A loss of TH-containing nerve endings in
the striatum may therefore decrease striatal DA production,
causing PD”°. However, increased TH activity may be able
to sustain sufficient DA for a period of time while in TH loss
to sustain cytosolic DA in response to DAT loss.”®’” There-
fore, we speculate that DAT activity, like TH activity, may
increase as a compensatory mechanism, causing rats with
neonatal 6-OHDA lesioning to show hyperlocomotor activ-
ity at the juvenile period’®. Thus, following the desipramine
infusion and neonatal 6-OHDA lesioning of the rats in this
study, DA depletion may have activated a cascade of mole-
cules and proteins, increasing corticostriatal glutamatergic
transmission, while in the postsynaptic element, aberrant
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Fig. 4. ADHD model rats at juvenile stage exhibited significantly lower DAT levels than healthy control rats. ADHD rats subjected to
6-OHDA lesioning and control rats without such lesioning were subjected to the 99mTc-TRODAT-1/SPECT imaging scans at 4 weeks after
receiving their respective injections. Representative SPECT scans for the control rats without 6-OHDA lesioning, including transaxial
imaging (A) and transverse imaging (B). Representative SPECT scans for the 6-OHDA-lesioned rats, including transaxial imaging (C) and
transverse imaging (D). The uptake of 99mTc-TRODAT-| expressed by SURs was used to compare DAT levels in rats with and without the
6-OHDA-lesioned at 4 weeks. All numeric data are represented as mean + SD (E). SUR of the 6-OHDA versus Con: 0.34 + 0.09
versus|.86 + 0.28. ** indicates P < 0.000| when compared to the control group (Con). (N in the control group = 5 animals per group; N in
the 6-OHDA-lesioned group = 9 animals per group). ADHD: attention-deficit hyperactivity disorder; DAT: dopamine transporter; SD:
standard deviation; SPECT: single photon emission computed tomography; SUR: specific uptake ratio.

DA-—glutamate interaction produced by kinase upregulation
may have induced several morphological and physiological
changes, especially in striatal neurons, which may have led
in turn to the hyperactivity and PD brain changes observed.
In any case, it is because of its overall effects that 6-OHDA
commonly has been one of the most used neurotoxins in the
modeling of PD in animals since 1968,

Neonatal 6-OHDA-lesioned rats have been extensively
investigated both neurochemically and behaviorally. Apart
from DA, serotonin may also be involved in the hyperactiv-
ity seen in neonatal 6-OHDA-lesioned rats. More specifi-
cally, the reactive sprouting of serotoninergic innervation
of the striatum after neonatal 6-OHDA lesioning has been
proposed to be the cause for the hyperactivity of such rats,
because several reports have shown that serotoninergic
hyperinnervation is prominent in the rostral striatum, caudal
striatum, and dorsal and ventral raphe nuclei of adult rats
subjected to neonatal 6-OHDA lesioning®* 2. DA- and
5-HT-depleted rats exhibited attenuated hyperlocomotor
activity after treatment with 5-HT2 agonists®’. However, our

previous data showed that serotonin levels are decreased
after 6-OHDA treatment™-**. In line with our previous find-
ings, Zhang et al. showed that the use of a broad-spectrum
5-HT receptor antagonist did not affect the hyperactivity of
rats subjected to neonatal 6-OHDA lesioning®, suggesting
that striatal serotoninergic fibers are not the key player in
influencing locomotor activity in rats. Currently, no seroto-
nergic medications have been formally recommended as a
starndard treatment of ADHD. Taken together, these find-
ings provide two forms of evidence to bolster the case for a
link between ADHD and PD. The imaging findings in our
animal model showing that a compensatory increase in DAT
activity after the number of DATSs is decreased following
6-OHDA lesioning in the rat neonatal period may be asso-
ciated with PD with a previous history of ADHD.

The present study has some potential limitations. First, it
would not be ethically acceptable and logistically feasible in
terms of the time span to intentionally give humans ADHD to
see whether they later develop PD, so a retrospective study of
the current type may be an ideal method to investigate a
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connection between ADHD and PD in humans. However,
because the human study was retrospective in nature, it may
have been affected due to various biases relating to the required
adjustments for confounding factors, such that its data and any
conclusions drawn from them are of lower methodological
quality and certainty than those of a well-designed randomized
trial. Relatedly, our data showed an association between
ADHD and PD, that association did not indicate any causality,
and it is possible that it is the treatment given to ADHD
patients, rather than the ADHD itself, that make ADHD
patients more likely to develop PD in later years. Also, many
individuals may have met a clinical definition of ADHD before
the year 2000 in which electronic data were available and that
there may be some classification bias of true ADHD as
non-ADHD. Meanwhile, animal models also carry limitations,
as few animal models can perfectly manifest typical symptoms
and behaviors or execute specific function assays of a given
disease (such as ADHD or PD) in humans. For instance, DAT
knockout mice may present inherent hyperlocomotion in novel
environments and elevated striatal DA levels. However, they
showed extraordinarily elevated DA concentrations in the
striatum and nucleus accumbens, unlike ADHD patients®>%.
Additionally, spontaneously hypertensive rats not only show
many major ADHD-like symptoms, such as poor attention,
hyperactivity, and impulsivity, but also exhibit hypertension,
which is not related to patients with ADHD®’. Moreover, rats
with hypoxic insult at birth®, such as those exposed to etha-
nol*’, lead”, or cadmium®, also exhibit hyperactivity. Com-
pared with the use of such models alone, therefore, the use of
both the LHID and animal models in this study provides a
clearer understanding of disease processes without crossing the
aforementioned ethical line of causing harm to human subjects.

In conclusion, the human study performed in this overall
study analyzed LHID2000 claims data to determine whether
people diagnosed with PD were significantly more likely to
have had a prior diagnosis of ADHD than a matched control
group, while the animal study compared brain images of
ADHD model rats and healthy control rats to ascertain
whether the former exhibited any underlying PD-associated
pathology via significantly reduced levels of DAT. The
results suggest that targeting the pathophysiology underlying
the loss of DAT may hold therapeutic promise for the treat-
ment of both PD and ADHD.
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