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Abstract  
To prevent and treat Parkinson’s disease in its early stages, it is essential to be able to detect the degree of early dopaminergic neuron 
degeneration. Dopamine transporters (DAT) in the striatum regulate synaptic dopamine levels, and striatal 99mTc-TRODAT-1 single-pho-
ton emission computed tomography (-SPECT) imaging is a marker for presynaptic neuronal degeneration. However, the association 
between the degree of dopaminergic degeneration and in vivo 99mTc-TRODAT-1 SPECT imaging is unknown. Therefore, this study in-
vestigated the association between the degree of 6-hydroxydopamine (6-OHDA)-induced dopaminergic degeneration and DAT imaging 
using 99mTc-TRODAT-1 SPECT in rats. Different degrees of nigrostriatal dopamine depletion were generated by injecting different doses 
of 6-OHDA (2, 4, and 8 μg) into the right medial forebrain bundle. The degree of nigrostriatal dopaminergic neuron degeneration was 
assessed by rotational behavior and immunohistochemical staining. The results showed that striatal 99mTc-TRODAT-1 binding was signifi-
cantly diminished both in the ipsilateral and the contralateral sides in the 4 and 8 μg 6-OHDA groups, and that DAT 99mTc-TRODAT-1 
binding in the ipsilateral striatum showed a high correlation to apomorphine-induced rotations at 8 weeks post-lesion (r = –0.887, P < 
0.01). There were significant correlations between DAT 99mTc-TRODAT-1 binding in the ipsilateral striatum and the amount of tyrosine 
hydroxylase immunoreactive neurons in the ipsilateral substantia nigra in the 2, 4, and 8 μg 6-OHDA groups at 8 weeks post-lesion (r = 
0.899, P < 0.01). These findings indicate that striatal DAT imaging using 99mTc-TRODAT-1 is a useful technique for evaluating the severity 
of dopaminergic degeneration.

Key Words: nerve regeneration; Parkinson’s disease; 6-hydroxydopamine; dopaminergic degeneration; dopamine transporter; 99mTc-TRO-
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Graphical Abstract   
99mTc-TRODAT-1 DAT-SPECT imaging is used to determine the degree of degeneration of 
dopaminergic neurons

Introduction 
Parkinson’s disease (PD) is a neurodegenerative disorder in 
which the primary motor symptoms are associated with a 
progressive loss of dopamine (DA) in the nigrostriatal path-
way. Clinically, the typical motor symptoms of PD do not 
appear until approximately 50–60% of the nigral DA neu-
rons have been destroyed (Liu et al., 2017) and striatal DA 
has been depleted by 70–80% (Bezard et al., 2001; Stoessl, 
2011; Willard et al., 2015; Barber et al., 2017; Segura-Aguilar, 

2017). Although several molecular imaging techniques have 
recently been used to evaluate neuronal loss in clinical PD, 
including positron emission tomography and single-pho-
ton emission computerized tomography (SPECT) (Stoessl, 
2011; Bor-Seng-Shu et al., 2014; Joutsa et al., 2015; Niñero-
la-Baizán et al., 2015; Suwijn et al., 2015), it is difficult to 
differentiate between tremor-dominant PD and other forms 
of tremor. Moreover, because there are relatively limited 
structural changes in the early stages of PD (Stoessl, 2011; 
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Pagano et al., 2016), the identification of neurodegeneration 
as early as possible, particularly during the premotor phase, is 
essential for the prevention and treatment of the disease.

Several researchers have noted that dopamine transporters 
(DAT) in the striatum regulate synaptic DA levels and affect 
locomotor activity in PD (Huang et al., 2003; Chotibut et al., 
2012; Niñerola-Baizán et al., 2015; Suwijn et al., 2015). In 
addition, dopaminergic (DAergic) neuron degeneration in 
the substantia nigra pars compacta (SNc) results in a decrease 
in the density of DAT in the striatum (Bor-Seng-Shu et al., 
2014; Kawaguchi et al., 2016). DAT binding can be used to 
assess DA function (Stoessl, 2011; Ba and Martin. 2015; Geor-
giopoulos et al., 2015; Suwijn et al., 2015; Badoud et al., 2016; 
Caminiti et al., 2017), and SPECT scans using 99mTc-TRO-
DAT-1 (a 99mTc-labeled tropane derivative) can be used to 
image DAT (Wu et al., 2011; Shinto et al., 2014; Huang et 
al., 2015). Therefore, a measurement of DAT density in the 
DA nerve terminal can indicate the severity of DA neuronal 
loss. Although the decrease in striatal DAT density has been 
described in clinical PD patients (Cummings et al., 2011; Bor-
Seng-Shu et al., 2014; Saari et al., 2017) and 99mTc-TRODAT-1 
SPECT imaging has been demonstrated as a useful method 
for diagnosing PD in its early stages (Wu et al., 2011), few 
reports have been published regarding the association be-
tween the degree of 6-hydroxydopamine (6-OHDA)-induced 
DAergic degeneration and in vivo 99mTc-TRODAT-1 SPECT/
computed tomography (CT) imaging in rats.

In the present study, DAT imaging was used with 
99mTc-TRODAT-1 SPECT/CT to evaluate DAT density in 
the striatum of unilaterally 6-OHDA-lesioned rats. To mim-
ic the progressive neuronal loss in PD patients, different de-
grees of nigrostriatal DA depletion were generated by inject-
ing different doses of 6-OHDA. The severity of the lesions 
was tested by monitoring animal motor behavior and using 
tyrosine hydroxylase (TH) immunohistochemistry.

Materials and Methods
Animals
A total of 32 male adult Sprague-Dawley rats aged 8–10 
weeks and weighing 295–310 g were purchased from Shang-
hai SLAC Laboratory Animal Co., Ltd. (Shanghai, China; 
license no. SCXK [Hu] 2012-0001). All rats were housed in a 
controlled environment at 23 ± 2°C with humidity at 55 ± 5% 
in a 12-hour light/dark cycle, and were supplied with stan-
dard rat chow and drinking water ad libitum. All procedures 
were approved by the Laboratory Animal Welfare & Ethics of 
Fujian Medical University of China (approval No. 2015-26). 

Of the 32 rats used in this study, 2 died during the exper-
iment. Thirty rats were divided into five groups (n = 6 per 
group): control, vehicle, and 2, 4, or 8 μg 6-OHDA groups. 

Nigrostriatal 6-OHDA lesion
Lesioning with 6-OHDA (6-OHDA hydrochloride, Sig-
ma-Aldrich, St. Louis, MO, USA) was performed as previ-
ously described (Meng et al., 2015), with minor modifica-
tions. Briefly, rats were anesthetized with 100 mg/kg chloral 

hydrate through intraperitoneal injection before surgery, 
and were immobilized in a stereotaxic frame to target the 
right medial forebrain bundle at the following coordinates 
relative to the bregma, according to the Paxinos and Watson 
(2006) rat brain atlas: anterior–posterior: –4.4 mm, medial–
lateral: –1.4 mm, and dorsal–ventral: +8.5 mm. To reduce 
brain damage and allow precise targeting into the medial 
forebrain bundle, a modified injection procedure was used 
according to a previous study (Gonzalez-Perez et al., 2010). 
Briefly, the solution was delivered by a glass capillary needle 
with a diameter of 100 μm, which was mounted on a micro-
injection pump connected to a 5 μL Hamilton syringe via 
polyethylene tubing with a diameter of 1 mm. The 2, 4, or 8 
μg of 6-OHDA in a total of 2 μL in 0.02% ascorbic acid was 
infused with a glass capillary needle at a rate of 1 μL/min. 
The needle was left in place for an additional 10 minutes for 
maximal diffusion. Lesions were not induced in the control 
group; however, the vehicle groups were infused with 2 
μL of saline containing 0.02% ascorbic acid in an identical 
manner to the 2, 4, or 8 μg 6-OHDA groups.

Apomorphine-induced rotational behavior 
To assess the severity of 6-OHDA-induced DAergic de-
generation, apomorphine-induced contralateral rotational 
behavior was monitored after a single injection of apomor-
phine (0.5 mg/kg, intraperitoneally; Sigma-Aldrich) at 1, 2, 4, 
6, and 8 weeks post-6-OHDA infusion (i.e., behavioral tests 
were repeated five times). After 5 minutes of apomorphine 
injection, individual rats were placed in a plastic container 
that had a circumference and depth of 35 and 15 cm, respec-
tively. The number of rotations was video recorded, and the 
rotations were counted for 30 minutes.

Preparation of 99mTc-TRODAT-1 and SPECT/CT imaging
The TRODAT-1 kit was produced by the Institute of Jiangsu 
Atomic Medicine (Wuxi, China). A dried sample of TRO-
DAT-1 was reconstituted with 2 mL freshly eluted sodium 
pertechnetate 99mTcO4-, and heated at 100°C for 30 minutes. 
After cooling to room temperature, the radiochemical qual-
ity was tested by thin layer chromatography. Methylbenzene 
and acetonitrile at a ratio of 80:20 were used as the mobile 
phase, and the distribution of radioactivity was determined 
by a thin layer chromatography scanner (Mini-Scan). The 
radiochemical purity was over 90%.

Eight weeks after 6-OHDA injection, rats under isoflurane 
(2%) anesthesia were injected with 99mTc-TRODAT-1 (148–
185 MBq/300 μL) via the tail vein. The changes in DAT 
density in the striatum were detected by a nanoScan SPECT/
CT preclinical imager (Mediso, Budapest, Hungary). Rats 
maintained spontaneous breathing during the scan. CT data 
were acquired using an x-ray voltage biased to 50 kVp with a 
670 μA anode current, and the projections were 720°. At 30 
minutes post injection, SPECT images were acquired with 
low-energy, high-resolution collimators. Emission data were 
acquired in a 256 × 256 matrix size through 360° rotation at 
15° intervals for 30 seconds per angle step. 
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Distribution of 99mTc-TRODAT-1 in the striatum 
SPECT images (Mediso, Budapest, Hungary) were recon-
structed with Tera-TomoTM software (Mediso, Budapest, 
Hungary), and processing and quantification were per-
formed using VivoQuantTM software (Boston, MA, USA). 
For the analysis of striatal 99mTc-TRODAT-1 binding, the 
reconstructed image with the highest signal in the stria-
tum was summed together with its two adjacent slices as 
a single composite image. Regions of interest were drawn 
in the striatum in each hemisphere. The DAT radioactivity 
[99mTc-TRODAT-1 binding (bq/mm3)] was counted and 
corrected for background activity from the cerebellum. All 
images were examined by two observers who were blinded 
to the identities of the subject and group.   

TH immunohistochemistry
After SPECT imaging, the degree of DAergic neuron loss 
in the SNc was confirmed by immunohistochemistry. Rats 
were anesthetized with an overdose of pentobarbital (90 
mg/kg, intraperitoneally) and intracardially perfused with 
100 mL 0.9% saline solution, followed by 150 mL 4% para-
formaldehyde. The entire midbrain was post-fixed for 24 
hours in 4% paraformaldehyde in 0.1 M phosphate-buffered 
saline (PBS) and embedded in paraffin. Coronal sections 5 
µm thick were mounted on poly-L-ornithine-coated (Sig-
ma-Aldrich) glass slides. TH immunostaining was used to 
identify DAergic neurons in the SNc. Briefly, sections were 
treated with 0.3% hydrogen peroxide for 20 minutes to 
quench endogenous peroxidase activity, and then blocked 
with 5% normal goat serum in PBS for 30 minutes. Sections 
were then incubated with mouse anti-TH monoclonal an-
tibody (1:1000; Millipore, Bedford, MA, USA) overnight at 
4°C. After washing with PBS, the sections were incubated 
with peroxidase-labeled anti-mouse IgG secondary antibody 
(1:200; Boster, Wuhan, China) at room temperature for 1 
hour. After rinsing with PBS, staining was visualized using 
3,3-diaminobenzidine (Boster) as the chromogen. 

TH-positive neurons were counted under a light micro-
scope (Olympus, Tokyo, Japan) at 20× magnification. For 
quantification of DA depletion, three adjacent sections were 
counted per animal, which were selected from the substantia 
nigra at the level of the optic nerve. Imaging was performed 
on a Motic microscope system (Motic BA600-4) equipped 
with a Moticam Pro 285A camera (Olympus), and TH-pos-
itive neurons in the SNc of both hemispheres were counted 
in a blinded fashion.

Statistical analysis
All data are expressed as the mean ± SD. All statistical 
analyses were performed using SPSS 17.0 software (IBM, 
Armonk, NY, USA). Data between groups were analyzed 
using two-way analysis of variance. Significant differences 
were determined by Tukey’s post hoc tests. The effects of 
the 6-OHDA-induced lesion between the ipsilateral and 
contralateral sides were determined by a paired t-test. The 
correlations between DAT density and TH-positive neurons 
or apomorphine-induced rotations were analyzed using the 

Pearson’s correlation test. A value of P < 0.05 was considered 
statistically significant.

Results
Apomorphine-induced rotational behavior
Apomorphine-induced contralateral rotation is a reliable 
indicator of nigrostriatal DA depletion. As shown in Figure 
1, there were no statistically significant differences among 
the control, vehicle, and 2 μg 6-OHDA groups. However, 
the rotational behavior in the 4 μg and 8 μg 6-OHDA groups 
was significantly higher than in the control group (P < 0.01).

DAT binding of 99mTc-TRODAT-1 in the striatum 
measured by nanoScan SPECT/CT
As indicated in Figure 2, a unilateral injection of 6-OHDA 
resulted in a significant decrease in striatal 99mTc-TRO-
DAT-1 binding (bq/mm3), both in the contralateral (un-
lesioned, P < 0.05) and the ipsilateral (lesioned, P < 0.01) 
sides, in the 4 and 8 μg 6-OHDA groups compared with 
the corresponding side in the control or vehicle group at 8 
weeks post-lesion (P < 0.05). When lesions were induced by 
2 μg 6-OHDA, the amount of 99mTc-TRODAT-1 binding on 
the ipsilateral side was significantly reduced compared with 
the same side in the control group (P < 0.01). There was no 
significant difference in 99mTc-TRODAT-1 binding between 
each side of the striatum in the control or vehicle groups. 
Representative images are shown in Figure 3.

TH-immunoreactive neurons in the SNc 
At 8 weeks post-lesion, the remaining numbers of TH-im-
munoreactive neurons in the ipsilateral SNc were signifi-
cantly lower than those on the contralateral side(P < 0.01). 
Injections of 6-OHDA thus resulted in the loss of TH-im-
munoreactive neurons in the ipsilateral SNc compared with 
the contralateral side (Figure 4A–D). A significant decrease 
in the numbers of TH-immunoreactive neurons in both 
the ipsilateral and contralateral (P < 0.05) SNc was found 
in the 8 μg 6-OHDA group compared with the control 
group. There was no significant difference in the numbers of 
TH-immunoreactive neurons between the control and vehi-
cle groups (Figure 4E).

Correlation between DAT radioactivity and numbers of 
TH-immunoreactive neurons
As shown in Figure 5, there was a positive correlation be-
tween DAT radioactivity in the ipsilateral striatum and the 
numbers of TH-immunoreactive neurons in the ipsilateral 
SNc at 8 weeks post-lesion. The Pearson’s correlation coeffi-
cient was 0.899 at the 0.01 level (n = 30). 

Correlation between DAT radioactivity and 
apomorphine-induced rotations
Because there were no significant differences in apomor-
phine-induced rotations among the control, vehicle, and 
2 μg 6-OHDA groups, correlation analysis was only per-
formed between the 4 and 8 μg 6-OHDA groups. As indi-
cated in Figure 6, there was a negative correlation between 
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Figure 1 Apomorphine (APO)-induced rotational behavior in rats. 
The numbers of rotations towards the contralateral side to the 6-hydroxy-
dopamine (6-OHDA) injection within 30 minutes were recorded at 1, 2, 4, 
6, and 8 weeks post-lesion. **P < 0.01, vs. control group (mean ± SD, n = 6; 
two-way analysis of variance followed by Tukey’s post hoc test). 
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Figure 2 6-Hydroxydopamine (6-OHDA)-induced changes in striatal 
dopamine transporter (DAT) radioactivity at 8 weeks post-lesion.  
DAT radioactivity (99mTc-TRODAT-1 binding) in the striatum was mea-
sured in the 2 μg, 4 μg, and 8 μg 6-OHDA groups and in the control group. 
*P < 0.05, **P < 0.01, vs. control group (corresponding side ) (mean ± SD, 
n = 6; two-way analysis of variance followed by Tukey’s post hoc test).

Figure 3 Representative SPECT images of striatal 
99mTc-TRODAT-1 binding at 8 weeks post-lesion.
A relatively symmetrical uptake was observed in the striatum 
in the control group (A). DAT with 99mTc-TRODAT-1 bind-
ing gradually decreased on the ipsilateral side as the dose 
of 6-OHDA increased (B–D). Arrows indicate decreased 
99mTc-TRODAT-1 binding. SPECT: Single-photon emission 
computed tomography; 6-OHDA: 6-hydroxydopamine; 
DAT: dopamine transporter.
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Figure 4 Changes in the numbers of TH-immunoreactive neurons in the substantia nigra pars 
compacta after 6-OHDA-induced injury.

(A–D) Representative images of tyrosine hy-
droxylase (TH)-immunoreactive neurons at 8 
weeks post-lesion: Rats were injected with saline 
(A) or different doses of 6-OHDA (B–D). The 
remaining numbers of TH-immunoreactive 
neurons were imaged in the substantia nigra 
pars compacta at 8 weeks post-lesion. Arrows 
indicate a gradual decrease in TH-immunoreac-
tive neurons. Scale bar: 500 μm. (E) Histogram 
representing dopaminergic cell loss determined 
by the quantification of TH-positive neurons in 
the substantia nigra pars compacta at 8 weeks 
post-lesion. *P < 0.05, vs. control group (mean 
± SD, n = 6; two-way analysis of variance fol-
lowed by Tukey’s post hoc test). ##P < 0.01, vs. 
corresponding side in the same group (mean ± 
SD, n = 6; paired t-test). 6-OHDA: 6-Hydroxy-
dopamine; TH: tyrosine hydroxylase. 
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Figure 5 Correlation between DAT 99mTc-TRODAT-1 binding and 
TH-immunoreactive neurons. 
DAT 99mTc-TRODAT-1 binding in the ipsilateral striatum was positively 
correlated to TH-immunoreactive neuron number in the ipsilateral sub-
stantia nigra pars compacta at 8 weeks post-lesion. The Pearson’s correlation 
coefficient (R) is shown (r = 0.899, P < 0.01, n = 30). DAT: Dopamine trans-
porter; TH: tyrosine hydroxylase.

Figure 6 Correlation between DAT 99mTc-TRODAT-1 binding and 
APO-induced rotations. 
DAT 99mTc-TRODAT-1 binding in the ipsilateral striatum showed a high 
correlation with APO-induced rotations at 8 weeks post-lesion (4 and 8 μg 
6-OHDA groups). The Pearson’s correlation coefficient (R) is shown (r = 
0.887, P < 0.01, n = 12). DAT: Dopamine transporter; 6-OHDA: 6-hydroxy-
dopamine; APO: apomorphine. 
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DAT radioactivity in the ipsilateral striatum and apomor-
phine-induced rotations at 8 weeks post-lesion. The Pearson’s 
correlation coefficient was −0.887 at the 0.01 level (n = 12). 

Discussion
The present study investigated the relationship between 
6-OHDA-induced DAergic degeneration and DAT imaging 
using 99mTc-TRODAT-1 SPECT/CT. 

6-OHDA is widely used to induce degeneration of mid-
brain DA neurons to create animal models of PD (Duty and 
Jenner, 2011; Blesa et al., 2012; Bäck et al., 2013; Le et al., 
2014). Our behavioral studies showed that although both the 
4 and 8 μg 6-OHDA groups responded to apomorphine with 
significantly increased numbers of rotations, the number 
of rotations in the 4 μg 6-OHDA group was < 86 turns/30 
minutes at 1–8 weeks post-lesion. However, the rotational 
response in the 8 μg 6-OHDA group was > 264 turns/30 
minutes at 2 weeks post-lesion, and the rotational frequency 
increased a further 15% during 4–8 weeks post-lesion. These 
findings are similar to those from previous research, which 
showed that injecting increasing concentrations of 6-OHDA 
into the medial forebrain bundle can produce behavioral 
changes in a dose-dependent manner (Truong et al., 2006). 
This result also supports the idea that apomorphine-induced 
rotational behavior is not sensitive enough to detect partial 
lesions (Boix et al., 2015).

Pathologically, PD is characterized by the loss of DAergic 
neurons in the SNc that primarily project to the striatum (Shi 
and Chen, 2017). Our data indicate significant changes in 
rotational asymmetry following administration of apomor-
phine (with DAergic neuron loss approximately 70% in the 
SNc), which is in agreement with the findings of prior stud-
ies in rats with DAergic neuron loss of > 50% (Hefti et al., 
1980; Hudson et al., 1993). However, our results differ from 
findings by other researchers showing that apomorphine-in-
duced rotations resulted from DAergic neuron losses as low 
as 40% (Przedborski et al., 1995; Truong et al., 2006). This 
inconsistency could result from variations in experimental 
design, such as the duration of behavioral tests (Gui et al., 
2011) and the concentration of apomorphine used. 

Some studies have suggested that, in rat PD models, 
chronic injections of the DA receptor agonist R-apomor-
phine provide neuroprotective effects (Yuan et al., 2004; Gui 
et al., 2011). In the current study, apomorphine-induced 
behavioral tests were repeated five times (at 1, 2, 4, 6, and 8 
weeks after 6-OHDA injection). There were no obvious pro-
tective effects under our experimental conditions. A possible 
explanation is that the anti-parkinsonian effects of apomor-
phine are largely dependent on experimental procedures. 
Although rats received apomorphine five times in this study, 
each time only 0.5 mg/kg was injected intraperitoneally. 
In contrast, Yuan et al. (2004) and Gui et al. (2011) used 
R-apomorphine (10 mg/kg per day subcutaneously) for 11 
consecutive days.

DAT is located in presynaptic DAergic nerve terminals, 
and plays a critical role in removing DA from the synap-
tic cleft and in regulating extracellular DA concentrations 

(Shen et al., 2012; Tian et al., 2012). Therefore, the density of 
DAT in the striatum may represent a presynaptic DAergic 
function. Because DAT is selectively expressed by DA neu-
rons, specific SPECT ligands for DAT imaging (FP-CIT, be-
ta-CIT, IPT, TRODAT-1) provide a marker for presynaptic 
neuronal degeneration (Goebel et al., 2011; Bor-Seng-Shu et 
al., 2014; Hsiao et al., 2014). 99mTc-TRODAT-1 is a recently 
developed radiotracer that selectively binds to DAT (Wang 
et al., 2012). There was only a marked reduction in the ipsi-
lateral striatal DAT uptake with 2 μg 6-OHDA in the present 
study. It could be that injection with 4 and 8 μg of 6-OHDA 
reduces DAT uptake progressively in both the contralateral 
and ipsilateral striatum. However, the increase over time in 
apomorphine-induced rotations indicates that damage to 
DAergic neurons is largely unilateral. The reasons for this 
inconsistency between apomorphine-induced behavior and 
DAT uptake need to be studied further. 

Our results showed agreement between the distribution 
of 99mTc-TRODAT-1 in the ipsilateral striatum and the re-
maining TH-positive neurons in the SNc, indicating that 
reduced DAT binding corresponds with a loss of DAergic 
neurons. This result is in line with previous studies from 
animal and clinical studies, showing that a decrease of 
DAergic neurons in the SNc may lead to a reduction of DAT 
uptake in the striatum (Bäck et al., 2013; Bor-Seng-Shu et 
al., 2014; Kraemmer et al., 2014). However, the opposite 
result has been reported recently by others, who found that 
postmortem SNc neuron numbers had no relationship with 
striatal DAT binding in PD patients (Saari et al., 2017). This 
inconsistency may partly be explained by the loss of DAer-
gic neurons in the SNc in late-stage PD, which is associated 
with other factors such as a loss of co-transmitter release 
from DA neurons, inflammatory responses, and gliosis 
(Seutin, 2005; Nagatsu and Sawada, 2006; Whitton, 2007). 
Moreover, it is difficult to show a close relationship between 
biomarker changes over time and changes in severity in 
clinical PD (Stoessl et al., 2014), especially when the degen-
eration of SNc neurons and striatal DA is greater than 50% 
(Saari et al., 2017). Although DAT density, visualized using 
99mTc-TRODAT-1 binding, was remarkably decreased in the 
bilateral striatum in both the 4 and 8 μg 6-OHDA groups 
after 8 weeks, increasing concentrations of 6-OHDA tended 
to decrease DAT uptake from the 2 μg 6-OHDA group, in 
which the mean DA neuron loss was approximately 40%. 
This supports the idea that 99mTc-TRODAT-1/SPECT imag-
ing may detect nigrostriatal DA neuronal degeneration in 
the early stages of PD, and that this imaging technique may 
be of use to assess the severity of nigrostriatal DA neuronal 
degeneration. 

It is also important to note that the correlation between 
the number of DAergic neurons and SPECT results was 
strong, because there were large differences between groups 
(control, low, and high dose of 6-OHDA). This is similar to 
in the clinical situation, where the DaT-SCAN works well to 
differentiate PD patients from controls (Stoessl, 2011; Suwijn 
et al., 2015). In contrast, the correlation within groups (e.g., 
the 4 µg or 8 µg group) between the number of TH-positive 
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neurons and SPECT results was poor. This is consistent with 
clinical data that suggests that the DaT-SCAN is not suitable 
for monitoring disease progression (Saari et al., 2017).

Some clinical studies have suggested that there is a more 
marked reduction of striatal DAT binding on the contralat-
eral side to the more affected limbs than on the ipsilateral 
side (Huang et al., 2001; Booth et al., 2015); however, there 
was no significant difference in 99mTc-TRODAT-1 binding 
between the contralateral and ipsilateral sides in this study. 
In the present study, both DAT binding in the striatum and 
TH-immunoreactivity in the SNc were bilaterally impaired 
after a unilateral injection of 8 μg 6-OHDA to the medial 
forebrain bundle (there was a loss of approximately 95% of 
DAergic neurons, similar to what is observed in advanced 
PD). This finding indicates that severe unilateral ablation of 
DA neurons might impair the bilateral nigrastriatal pathway. 
This phenomenon may reflect the dysfunction in striatal DA 
homeostasis in the later stages of PD. It is worth noting that 
the approximately 75% decrease in TH-immunoreactivity 
in the 4 μg 6-OHDA group reported in the present study is 
higher than that of a previous study (Truong et al., 2006). 
This discrepancy may be associated with our modified injec-
tion procedure, which significantly improves accuracy.

The correlations between DAT radioactivity and apomor-
phine-induced rotations or TH-immunoreactive neuron 
numbers further supports the idea that PD symptoms are 
associated with both a loss of DA neurons in the SNc and a 
reduction of DAT uptake in the striatum.

The limitations of the present study are: (1) We did not 
differentiate 99mTc-TRODAT-1 binding in the subregions of 
the striatum (such as the caudate or putamen), and (2) the 
small size of the animals for 99mTc-TRODAT-1 binding. It 
would be helpful for future studies to increase the sample 
size, and to observe 99mTc-TRODAT-1 binding in different 
subregions of the striatum in detail. 

In conclusion, our data support the use of DAT imaging 
with 99mTc-TRODAT-1 SPECT for the diagnosis of early PD 
In the future, earlier diagnosis of PD using this technique 
may allow for presymptomatic intervention.
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