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Regulatory effects of Ningdong granule on dopaminergic
and serotonergic neurotransmission in a rat model
of Tourette syndrome assessed by PET
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Abstract. Dysfunctions in dopamine (DA) and serotonin
(5-HT) metabolism have been widely implicated in Tourette
syndrome (TS); however, the exact nature of these dysfunc-
tions remains unclear. The objective of the present study was
to investigate the variation in DA and 5-HT metabolism in
a rat model of TS, and to evaluate the therapeutic effect of
Ningdong granule (NDG), a traditional Chinese medicine
(TCM) preparation used specifically for the treatment of TS.
Rats were treated with 3,3'-iminodipropionitrile for 7 days
to induce the model of TS, and were then intragastrically
administered NDG each day. After 8§ weeks of treatment,
micro-positron emission tomography was used to measure the
binding of DA D, receptors (D,Rs), DA transporters (DATS),
5-HT,, receptors (5-HT,,Rs) and 5-HT transporters (SERTs)
in brain regions of interest. The results indicated that NDG
could significantly reduce the typical characteristics of TS
in the rat model. Decreased D,R binding and increased DAT
binding were detected in the striatum compared with the
binding activities in untreated rats. The density of 5-HT,,R
was also significantly increased in the striatum following
NDG treatment; however, SERT levels were decreased in
certain brain regions, including the striatum, cortex, nucleus
accumbens and amygdala. Taken together, the current results
demonstrated that NDG may be effective in treating patients
with TS.
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Introduction

Tourette syndrome (TS) is a disorder that is characterized
by tics. Tics are best described as normally voluntary move-
ments that are instead made automatically, and are therefore
not under the control of the individual. It is estimated that
0.3-0.9% of children worldwide have TS (1). TS affects
males more frequently than females and is often associated
with attention deficit hyperactivity disorder (ADHD) and
obsessive-compulsive disorder (OCD). There is frequently an
urge that precedes the tic, sometimes in the form of a specific
sensory feeling (a sensory tic) (2). Patients state that they
perform the tic in order to reduce the urge, although shortly
after the tic manifests, the urge recurs.

The precise aetiological and pathophysiological
mechanisms underlying TS with or without co-morbid
conditions remain unknown. Nevertheless, the symptoms
can be aggravated by psychosocial stress, anxiety, infection,
emotional tension and/or fatigue. There is evidence to show
that TS is passed down through families (3), although the
genetic component or combination of components has not
yet been identified (4,5). Clinical, neuropathological and
neuroimaging studies, as well as autopsy, have suggested
that abnormalities of the basal ganglia and in neurotrans-
mitter function are associated with TS (6,7). Of the known
neurotransmitters, catecholamines and serotonin (5-HT)
may play significant roles in the development and occurrence
of tics (8-10). Treatments for TS are variable and include
pharmacological and behavioural treatments, surgery and
deep brain stimulation, among other methods (11). Current
commonly used anti-tic drugs include a-adrenergic receptor
agonists, typically neuroleptics and atypical neuroleptics.
However, there is no method that can fully cure TS at present.
Due to the high efficacy of dopamine (DA) D2 receptor
(D,-R) antagonists, including haloperidol (Hal), abnormali-
ties in DA metabolism have been proposed to be associated
with TS (9,12). Increasingly, nuclear imaging studies and
neurochemical assays of post-mortem brain tissues isolated
from patients with TS have demonstrated dysfunction in the
dopaminergic system (13,14). Meanwhile, the 5-HT system
has also been implicated as having an important role in the
pathophysiology of TS (15). Individuals with OCD often
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respond to 5-HT re-uptake inhibitors (16), and it has been
reported that dual-acting serotonergic/dopaminergic agents,
including risperidone, help to alleviate the symptoms of TS
and OCD (17). Consequently, it may be speculated that 5-HT
contributes to the symptoms of TS.

3,3'-Iminodipropionitrile (IDPN) has frequently been
used to develop animal models of tics, as it can cause
persistent behaviour syndromes that include head shaking,
random circling, hyperactivity and increased acoustic startle
responses (18). These stereotyped behaviours are similar to the
symptoms of TS, and are attributed to variations in processes
involving DA, 5-HT and certain other peptides, including
norepinephrine (19). Traditional Chinese Medicine (TCM) is
a practice that has been used for thousands of years due to its
apparent effectiveness and infrequent side effects. Ningdong
granule (NDG), a compound preparation used in TCM, is
applied to alleviate tics, for which it has been indicated to be
effective (20-22). In the present study, the focus was on the DA
and 5-HT systems in order to evaluate the anti-tic function of
NDG in an animal model. First, IDPN was used to develop
a rat model of TS; subsequently, the rats were divided into
four groups, treated with saline, Hal or NDG. After 8 weeks,
micro-positron emission tomography (PET) was used to
evaluate the binding of D,Rs, DA transporters (DATs), 5-HT,,
receptors (5-HT,,Rs) and 5-HT transporters (SERTS) in brain
regions of interest (ROIs).

Materials and methods

Drugs and reagents. IDPN was purchased from Sigma-Aldrich
(Merck KGaA), Hal was from Shanghai Pharmaceutical
Group Co., Ltd., and isotopic tracers (radiochemical purity
>99%) were synthesized and provided by the Jiangsu Institute
of Atomic Medicine (Wuxi, China).

Preparation of NDG. The NDG formula includes 10 different
Chinese medicinal herbs (Table I). All of these formulations
were provided and prepared by Tianjiang Medicine Co., Ltd.
After being dried, the ingredients were mixed at the propor-
tions listed in Table I and then macerated for 1 h at room
temperature in distilled water (1,000 ml). Subsequently, the
mixture was decocted twice for 1 h each time at 100°C. The
filtrates were mixed and condensed and then dried in a vacuum
drier at 60°C until they became granular. The resulting gran-
ules were stored at 4°C.

Experimental animals. All experimental procedures were
performed in compliance with the relevant guidelines and
regulations of the American Physiological Society, and the
protocols were approved by the medical ethics committee of
The Provincial Hospital Affiliated to Shandong University.

A total of 24 male Wistar rats (5 weeks old, 15010 g)
were purchased from Shanghai Laboratory Animal Co.,
Ltd.; the rats were divided into five cages and housed in an
air-conditioned animal room under a 12 h light/dark cycle
(lights on at 06:00 a.m. and off at 6:00 p.m.). Animals were
provided access to water and food ad libitum, were main-
tained at a constant temperature of 22+2°C and a humidity of
50+10%, and were given a 1-week adaptation period. After
this period, the rats were randomly divided into a control
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group (n=6) and an experimental group (n=18). Animals in
the control group were intraperitoneally (i.p.) injected with
normal saline (NS; 0.9%, 5 ml/kg); animals in the experi-
mental group were injected with IDPN (150 mg/kg, i.p.).
Injections for both groups were administered once a day
for 7 consecutive days. The experimental rats were further
randomly assigned to three groups: An IDPN+NS group
(n=6), an IDPN+Hal group (n=6) and an IDPN+NDG group
(n=6). In these groups, following the i.p. injection of IDPN,
rats were treated by intragastric administration of NS (0.9%)
at 10 ml/kg (IDPN+NS group), Hal at 1.0 mg/kg (IDPN+Hal
group) or NDG at 22 g/kg (IDPN+NDG group; 6.25-fold
greater than a clinical dose) once a day for 8 weeks. The
behaviours of the rats were observed by researchers who
were familiar with stereotypical behaviours, but blinded to
the experimental group of each rat, once every 7 days after
IDPN and drug administration. Each animal was observed
for 1 min out of every 5 min over a total of 6 periods.
Episodes that were in accordance with specific behavioural
categories (Table II) received the corresponding score, and
an average score was calculated on the basis of the results
from two observers to determine an objective indicator of
behavioural changes.

MicroPET scans. In preparation for the scans, the rats were
anaesthetized with 1-1.5% isoflurane and then injected via
the tail vein with 150-250 ul (250+50 pCi) "F-fallypride
(a compound that binds predominantly to D,-Rs), ¥F-FECNT
(binds to DATS), '®F-altanserin (binds to 5-HT,,Rs) or
BE-FPBM (binds to SERTS). After 10 min to allow for radio-
tracer uptake, the rats were positioned on a bed in pairs, with
the two rats lying in prone positions, and then placed in a
microPET scanner (Focus 220 scanner; Siemens AG). Scans
lasted 10 min. Images were reconstructed using an iterative
three-dimensional ordered-subset expectation maximization
algorithm with an image matrix of 128x128x159, resulting
in a pixel size of 0.77 mm and a slice thickness of 0.78 mm.
The anatomical ROIs, namely the striatum, cortex, nucleus
accumbens, putamen and amygdala were delineated with the
PMOD software package (version 3.8; PMOD Technologies
LLC), and the uptake of the radiotracers [standard uptake ratio
(SUV)] was calculated using the following formulae: SUV =
Radioactive material ingestion in the area of interest (¢ Ci/g)/
Total injection dose (¢ Ci)/Weight (g).

Statistical analysis. The results are expressed as the
mean + SEM. Statistical differences between groups were
determined by one-way analysis of variance. The Least
Significant Difference test was used for the comparison of
parameters between different groups. All data were analysed
with the SPSS statistical software package (version 17.0; SPSS
Inc.), and P<0.05 was considered to indicate a statistically
significant difference.

Results

Behavioural evaluation. As indicated in Fig. 1, IDPN caused
abnormal, stereotypical behaviours in rats. After 8 weeks
of treatment, these abnormal behaviours were significantly
reduced in the IDPN plus NDG and IDPN plus Hal groups
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Table I. Composition and active compounds of Ningdong granule.

Components Voucher specimens no. Part used Amount used (g)
Gastrodia elata Blume 1404620 Root 9
Uncaria rhynchophylla (Miq.) Jacks 1404631 Ramulus 15
Buthus martensii Karsch 1404676 Dried body 3
Scolopendra subspinipes mutilans L. Koch 1404674 Dried body Single band
Fossil fragments 1405688 Skeletal fossils 30
Radix Paeoniae Alba 1406089 Root 20
Dwarf lilyturf tuber 1407051 Root 10
Dried human placenta 1311055 Dried placenta 3
Codonopsis pilosula 1403701 Rhizome 10
Glycyrrhiza uralensis Fisch 1403710 Rhizome 3

Table II. Scales for stereotypical behaviours.

Score Stereotypical behaviours

0 Asleep, resting in place or normal activity in place

1 Increased sniffing and head raising

2 Discontinuous increased sniffing with body raising

3 Discontinuous increased sniffing and/or licking with
head and body raising primarily in one place, with
occasional rapid bursts of locomotor activity (2-5
steps)

4 Continuous sniffing, biting and head bobbing and
repetitive body raising/wall climbing in place

5 Continuous sniffing, biting, licking and head bobbing,

and continuous body raising/wall climbing wherein
forepaws do not touch the cage floor

compared with the IDPN plus NS group (P<0.05). There was
no statistically significant difference in the behaviours of rats
between the NDG and Hal groups.

MicroPET imaging.

D,R. In the striatum, IDPN increased the level of D,R binding
compared with that in the control group (P<0.05). Following
treatment, NDG or Hal significantly reduced the upregulation
in striatal D,R content (P<0.01). No significant difference was
observed between the NDG and Hal groups (Fig. 2).

DAT. The DAT content in the striatum was higher in the IDPN
group than in the control group (P<0.05). Following treatment
with NDG, the DAT content in the striatum was increased
(IDPN+NDG group vs. IDPN+NS group, P<0.05). However,
no significant difference was determined in the Hal group
compared with the IDPN group (Fig. 3).

5-HT,,R. There was a slight increase in the 5-HT,,R content
in the striata of TS model rats, though this was not significant
when compared with the content in control rats. There were
no differences in the 5-HT,,R content in other brain regions

Behaviour recording scores
(FS)

Weeks
—&— [DPN+NS —&—IDPN+NDG —e—IDPN+Hal

Figure 1. Evaluation of stereotypical behaviour scores of TS model rats in
different groups during an 8-week period. Data are given as the mean + SEM
(n=6 rats/group). The scores for the first 3 weeks revealed no differences
between the groups (P>0.05). However, scores gradually decreased after
3 weeks in the NDG and Hal treatment groups, and there were no differences
between these groups. “P<0.05 vs. IDPN+NDG; “P<0.05 vs. IDPN+Hal.
IDPN, 3,3'-Iminodipropionitrile; NDG, Ningdong granule; NS, normal
saline; Hal, haloperidol.

among the groups. After 8 weeks of NDG administration,
the uptake ratio of 'F-altanserin was significantly increased
in the striatum and cerebral cortex (IDPN+NDG group vs.
IDPN+NS group, P<0.05). Meanwhile, Hal failed to stimu-
late any changes in 5-HT,,R content (IDPN+Hal group vs.
IDPN+NS group, P>0.05; Fig. 4).

SERT. IDPN-treated rats exhibited no significant differences
relative to the control group for all brain ROIs. Following
treatment, NDG significantly reduced the SERT content in the
nucleus accumbens, putamen, amygdaloid nucleus, striatum
and cerebral cortex (IDPN+NDG group vs. IDPN+NS group,
P<0.01). Hal reduced the SERT content in the nucleus accum-
bens and putamen (IDPN+Hal group vs. IDPN+NS group,
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Figure 2. Micro-PET imaging and D,R binding in the bilateral striata. (A) Micro-PET imaging of bilateral striatum regions after an 8-week treatment.
(Aa) Control group, (Ab) IDPN+NS group, (Ac) IDPN+NDG group and (Ad) IDPN+Hal group. Brighter areas reveal a higher uptake ratio in the brain.
(B) Binding potential of D,R in bilateral striata. Data are given as the mean + SEM (n=6 rats/group). “P<0.05 vs. control; “P<0.01 vs. IDPN+NS. IDPN,
3,3"-Iminodipropionitrile; NDG, Ningdong granule; NS, normal saline; Hal, haloperidol; PET, positron emission tomography.
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Figure 3. Micro-PET imaging and DAT binding in the bilateral striata. (A) Micro-PET imaging of bilateral striatum regions after an 8-week treatment.
(Aa) Control group, (Ab) IDPN+NS group, (Ac) IDPN+NDG group and (Ad) IDPN+Hal group. Brighter areas reveal a higher uptake ratio in the brain.
(B) Binding potential of DAT in bilateral striata. Data represent the mean £ SEM (n=6 rats/group). “P<0.05 vs. control; “P<0.05 vs. IDPN+NS. IDPN,
3,3-Iminodipropionitrile; NDG, Ningdong granule; NS, normal saline; Hal, haloperidol; PET, positron emission tomography; DAT, dopamine transporter.

P<0.05). However, in other brain regions there were no signifi-
cant differences between these groups (Fig. 5).

Discussion

Currently there is no model treatment for TS. Although the
commonly used anti-tic drugs can alleviate the symptoms
of tics, a series of side effects cause many patients to stop
using these drugs. Hal is the drug most commonly used to
suppress tics, attributable to its high efficacy as an antagonist
of DA receptors; however, many patients stop using Hal due
to its side effects that include sedation, electrocardiographic
changes and extrapyramidal symptoms (23). NDG includes
10 Chinese herbal medicines, as described here, which are
strictly based on the compatibility theory of TCM, and this

formulation is specifically prepared for the treatment of TS.
Previous clinical trials by our group have demonstrated the
notable effects of NDG, with nearly one-half of the tested
patients exhibiting positive outcomes; furthermore, NDG has
also been demonstrated to ameliorate the symptoms of ADHD
with few side effects [nausea (5.6%), abdominal pain (5.6%),
increased appetite (13.9%), difficulty in falling asleep (2.8%),
hypersomnia (16.7%) and anxiety/nervousness (2.8%)] (22).
Meanwhile, our previous animal study demonstrated that
NDG had dual ameliorative effects on the DA system (20).
These initial results were confirmed in the current study with
the use of high-resolution tomography in vivo that can provide
more accurate parameters. Furthermore, the binding potential
of DAT was measured in the current study. From the variation
in DAT that was observed, it may be speculated that NDG
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Figure 4. Micro-PET imaging and 5-HT,,R binding in regions of interest. (A) Micro-PET imaging of brain regions after an 8-week treatment. (Aa) Control
group, (Ab) IDPN+NS group, (Ac) IDPN+NDG group and (Ad) IDPN+Hal group. Brighter areas reveal a higher uptake ratio in the brain. (B) Binding potential
of 5-HT,,R binding in regions of interest. Data represent the mean + SEM (n=6 rats/group). Only the NDG group exhibited a difference compared with the
IDPN+NS group. "P<0.05 vs. respective IDPN+NS group. IDPN, 3,3-Iminodipropionitrile; NDG, Ningdong granule; NS, normal saline; Hal, haloperidol;

PET, positron emission tomography; 5-HT, serotonin.
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Figure 5. Micro-PET imaging and SERT binding in regions of interest. (A) Micro-PET imaging of brain regions after an 8-week treatment. (Aa) Control
group, (Ab) IDPN+NS group, (Ac) IDPN+NDG group and (Ad) IDPN+Hal group. Brighter areas reveal a higher uptake ratio in the brain. (B) Binding
potential of SERT in regions of interest. Data represent the mean = SEM (n=6 rats/group). "P<0.05 and “"P<0.01 vs. respective IDPN+NS group. IDPN,
3,3"-Iminodipropionitrile; NDG, Ningdong granule; NS, normal saline; Hal, haloperidol; PET, positron emission tomography; SERT, serotonin transporters.

functions by upregulating DAT expression, thus weakening
the hyperinnervation of DA fibers.

It has been suggested that there is a link between dopa-
minergic dysfunction and TS pathophysiology, but the results
surrounding this assumption are heterogeneous. Increased as
well as decreased receptor binding associated with TS, or
no differences in receptor binding between patients with TS
and control groups have been reported (24-26). Grace (27)
proposed two components to describe the DA system:
The phasic (spike-dependent) and tonic (homeostatic)
components. In the model of tonic-phasic DA, increased
DAT activity may lead to reduced tonic levels of DA,
which could increase the levels of phasically released DA.
Singer et al (7,14) also reported increased DAT binding and

proposed that increased DA release is a primary defect in
TS. It may be speculated that DATs have both positive and
negative effects on the regulation of DA. Normally, reuptake
of the DA released into nerve terminals would be expected
to reduce the concentration of DA in the synaptic cleft;
however, the reduction of tonic DA levels may lead to phasic
DA release. In the current study, IDPN exposure caused an
increase in D,R and DAT binding compared with the levels
in saline-treated control rats. Similar to the effects of Hal,
NDG relieved the stereotypical symptoms of TS in rats and
reversed the upregulation of striatal D,R density to normal
levels. However, a significant increase in DAT binding was
observed in the NDG-treated group, which was not observed
in the Hal-treated group.
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5-HT is primarily produced in the brainstem by the raphe
nuclei (28), which innervate virtually all regions of the central
nervous system (29) and are responsible for regulating mood,
eating behaviour, sleep and cognitive function. Serotonergic
dysfunction was initially considered as the basis for OCD,
a co-morbidity that is sensitive to selective 5-HT reuptake
inhibitors. Experimental and clinical data have suggested
that abnormalities in the serotonergic system are also asso-
ciated with TS, and observations of interactions with the
dopaminergic system have led to the hypothesis that 5-HT
is associated with TS. Early studies revealed that 5-HT,,R
binding is slightly increased in the occipital cortex and parietal
cortex, while SERT binding potential (BP) was decreased (15).
Lodge and Grace (30) documented that a deficit of 5-HT led to
an increase in DA release; meanwhile, increased DA content
could aggravate the symptoms of TS. Consistent with these
findings, the present data indicated the presence of increased
5-HT,,R binding and decreased SERT binding in the rat
model of TS. Treatment with NDG enhanced the increase in
5-HT,,R binding in the striatum and reduced the decrease in
SERT BP in most brain ROIs. The increased 5-HT, R binding
and decreased SERT BP could be interpreted as a compen-
satory function to upregulate the content of 5-HT; increased
5-HT led to a decrease in DA release, which may alleviate the
stereotypical abnormalities associated with TS.

In the DA system, NDG can decrease the content of DA by
downregulating the binding of DA receptors and upregulating
the content of DA transporters. In the 5-HT system, NDG
can increase the content of 5-HT by upregulating the binding
of 5-HT receptors and downregulating the content of 5-HT
transporters, and indirectly decrease the content of DA. By
interacting with these two neurotransmitter systems, NDG
could effectively reduce the symptoms of TS.

Extensive experiments are being performed to study
the relationship between tics and the dysfunction of the DA
system, but few studies have assessed tics in the context of the
dysfunction of serotonin metabolism. In the current study, the
density, affinity and brain distribution of D,R, DAT, 5-HT,,R
and SERT were simultaneously measured in vivo, providing a
more precise and greater insight into the pathogenesis of TS.
Even so, the experimental procedure has certain limitations.
Firstly, the diversity of individuals renders it difficult to repro-
duce the pathogenesis of human TS completely. Secondly, due
to the limitation of time, the long-term efficacy of drugs cannot
be observed. In the future, other monoamine neurotransmit-
ters beyond DA and 5-HT, which might also participate in the
pathophysiological course of TS, should be studied. In addi-
tion, it is important to try to develop a more effective and safe
alternative treatment for TS.

The present study has demonstrated the effects of NDG
treatment on stereotypical TS-related movement disorders
in rats, involving neurotransmitter regulation. In conclusion,
NDG may have promise as a safe and effective medication that
can be used as an alternative therapy for TS. Additionally, the
current findings suggest a model for an interaction between
DA and 5-HT, where variation in the 5-HT system could
be a compensatory mechanism to correct for dysfunction
of the DA system. However, further understanding of the
specific relationship between DA and 5-HT, as well as other
neurotransmitters, is now required.
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