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Abstract

Objective Lactacystin has been used to establish rodent

models of Parkinson disease (PD), with cerebral a-synu-

clein inclusions. This study evaluated the uptake of [18F]9-

fluoropropyl-(?)-dihydrotetrabenazine ([18F]FP-(?)-

DTBZ), a vesicular monoamine transporter type 2

(VMAT2)-targeting radiotracer, through positron emission

tomography (PET) in lactacystin-treated rat brains.

Methods Adult male Sprague–Dawley rats were randomly

treated with a single intracranial dose of lactacystin (2 or

5 lg) or saline (served as the sham control) into the left

medial forebrain bundle. A 30-min static [18F]FP-(?)-

DTBZ brain PET scan was performed following an intra-

venous [18F]FP-(?)-DTBZ dose (approximately 22 MBq)

in each animal at 2 and 3 weeks after lactacystin treatment.

Upon completing the last PET scans, the animals were

killed, and their brains were dissected for ex vivo autora-

diography (ARG) and immunohistochemical (IHC) stain-

ing of tyrosine hydroxylase (TH) as well as VMAT2.

Results Both the 2- and 5-lg lactacystin-treated groups

exhibited significantly decreased specific [18F]FP-(?)-

DTBZ uptake in the ipsilateral striata (I-ST) at 2 weeks

(1.51 and 1.16, respectively) and 3 weeks (1.36 and 1.00,

respectively) after lactacystin treatment, compared with the

uptake in the corresponding contralateral striata (C-ST)

(3.48 and 3.08 for the 2- and 5-lg lactacystin-treated

groups, respectively, at 2 weeks; 3.36 and 3.11 for the 2-

and 5-lg lactacystin-treated groups, respectively, at

3 weeks) and the sham controls (3.34–3.53). Lactacystin-

induced decline in I-ST [18F]FP-(?)-DTBZ uptake was

also demonstrated through ex vivo ARG, and the corre-

sponding dopaminergic neuron damage was confirmed by

the results of TH- and VMAT2-IHC studies.

Conclusions In this PD model, lactacystin-induced

dopaminergic terminal damage in the ipsilateral striatum

could be clearly visualized through in vivo [18F]FP-(?)-

DTBZ PET imaging. This may serve as a useful approach

for evaluating the effectiveness of new treatments for PD.
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Introduction

Parkinson disease (PD) is the second most common neu-

rodegenerative disease, following Alzheimer disease. The

clinical symptoms of PD include resting tremors, postural

instability, bradykinesia, and rigidity [1], and these clinical

abnormalities result from the neurodegeneration of the

dopamine system. Dopaminergic neurodegeneration has

three common characteristics: (1) a huge loss of

dopaminergic neurons (50–80%) in the substantia nigra

(SN), (2) a profound decrease in the dopamine concentra-

tion of the striatum (ST), and (3) the pathophysiological

presence of Lewy bodies (LBs) [2, 3]. However, the

pathogenetic mechanism of PD remains unknown.

To explore the disease mechanism and evaluate the

progression of PD, the combined use of in vivo positron

emission tomography (PET) imaging and a PD-mimicking

animal-model may provide an ideal solution. Many PET

tracers aimed at the different binding pockets of presy-

naptic dopaminergic neurons have been developed in the

last decade. For example, [11C](?)-dihydrotetrabenazine

([11C](?)-DTBZ) has a suitable binding property

(Ki = 0.96 nM) and specificity for vesicular monoamine

transporter type 2 (VMAT2) [4–7]. However, the short

physical half-life of 11C (20 min) makes this tracer less

desirable. To solve the availability problem of the

VMAT2 tracer, [18F]9-fluoropropyl-(?)-dihydrotetra-

benazine ([18F]-FP-(?)-DTBZ), which has a relatively

longer half-life (109 min), was developed [8, 9]; it also

has a better binding affinity (Ki = 0.1 nM) than does

[11C](?)-DTBZ [10].

Currently, 6-hydroxydopamine (6-OHDA) and

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) are

the two most commonly used neurotoxins for establishing

animal models of PD. Both models exhibit nigrostriatal

degeneration similar to that observed in idiopathic PD

[11, 12] and can be successfully monitored for dopamin-

ergic neuron loss in vitro and in vivo. However, both these

models either do not show or have a limited expression of

LBs, which are the most specific pathological hallmark of

PD [13, 14].

LBs are mainly composed of a-synuclein inclusions and

are located in the cytoplasm of affected dopaminergic

neurons [13, 14]. Abnormal a-synuclein accumulation

within the affected neurons in the postmortem brain tissue

of PD patients was related to ubiquitin proteasome system

(UPS) dysfunction [15]. In accordance with the relevance

of UPS dysfunction and expression of LBs, several studies

have developed new animal models of PD through the

administration of UPS inhibitors such as lactacystin

[16–18]. Lactacystin injection methods are of two types:

intracranial injection [19, 20] and systemic administration

[21, 22]; however, the latter technique has shown some

controversial results and is seldom used as a PD animal

model [23–26].

The present study used in vivo PET imaging, as well as

ex vivo autoradiography (ARG) with [18F]FP-(?)-DTBZ to

evaluate the dopaminergic neuron damage in rat brains

after intracranial injection of lactacystin into the left medial

forebrain bundle (L-MFB). In addition, the lactacystin-in-

duced nigrostriatal lesion was assessed through immuno-

histochemical (IHC) staning.

Materials and methods

Experimental design

The experimental design used in this study is illustrated in

Fig. 1. For the longitudinal investigation, all animals

underwent [18F]FP-(?)-DTBZ in vivo PET imaging to

evaluate the dopaminergic neuron damage at 2 and

3 weeks after 2 or 5 lg of lactacystin treatment. Following

the last PET scan, ex vivo autoradiography (ARG) and IHC

staining of tyrosine hydroxylase (TH) and VMAT2 were

performed to confirm the lactacystin-induced dopaminergic

neuron damage.

Animal preparation

Twelve Sprague–Dawley (SD) rats (male 300–350 g;

Lasco, Yilan, Taiwan) were housed in clear cages in a

controlled environment (temperature 22–25 �C) with a

12-h light/dark cycle, and were allowed to acclimate for a

week with food and water available ad libitum. The ani-

mals were randomly assigned to different groups. A

Fig. 1 Experimental design
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previously reported animal surgery protocol was followed

[18]. Briefly, all animal surgery and injection procedures

were performed under gas anesthesia (3% isoflurane in

oxygen). After surgery, each rat received an intracranial

injection containing either a different single dose of lac-

tacystin (2 or 5 lg) or saline (vehicle of lactacystin, served

as the sham control) into the left medial forebrain bundle

(L-MFB) (AP -4.4 mm, ML -1.5 mm laterally from the

bregma and 7.8 mm ventrally to the dura [27]). The pro-

cedures for the care of the rats and the experiments were

approved by the Institutional Animal Care and Use Com-

mittee of Chang Gung University and followed the

experimental animal care guidelines (IACUC approval

number: CGU12-165).

Radiochemistry

Optically pure [18F]FP-(?)-DTBZ was prepared at the

cyclotron facility of Chang Gung Memorial Hospital

(Taoyuan, Taiwan), using a precursor provided by Avid

Radiopharmaceuticals, Inc. (Philadelphia, PA, USA). The

radiochemical purity of [18F]FP-(?)-DTBZ was greater

than 98%, and the specific activity was 60–200 TBq/mmol

at the end of synthesis [28].

In vivo PET scan and image analysis

All PET images were acquired using a preclinical Inveon

PET system (Siemens Medical Solutions, Knoxville, TN,

USA). The 2- and 5-lg lactacystin-treated animals were

subjected to in vivo [18F]FP-(?)-DTBZ PET scans at 2

and 3 weeks after lactacystin treatment, whereas the

sham control rats were scanned at 3 weeks after surgery.

A 30-min static brain PET scan was performed on each

animal under isoflurane anesthesia at 1 h after receiving

a single-bolus intravenous injection of [18F]FP-(?)-

DTBZ (approximately 22 MBq in 0.2 mL saline solu-

tion). Images were acquired with filter back projection

mode, and then reconstructed using the 2D OSEM

method with attenuation and scatter corrections using

Co-57.

All imaging data were analyzed with PMOD software

(version 3.2, PMOD Technologies, Zurich, Switzerland).

Briefly, the individual PET image was manually fused with

the built-in MR template, and then the VOIs of the ipsi-

lateral striatum (I-ST), contralateral striatum (C-ST), and

cerebellum (CB) from the MR template were applied for

the PET image analysis (as shown in Fig. S1 in Online

Resource). The striatal specific uptake ratio (SUr) was

calculated as [(uptake in ST - uptake in CB)/(uptake in

CB)], where the CB was applied as the reference region.

The SUr ratio (I-ST to C-ST) of each animal was further

calculated for analysis.

Ex vivo autoradiography

Immediately after the last [18F]FP-(?)-DTBZ PET scan,

ex vivo ARG was performed on the lactacystin-treated rats

and sham controls. Briefly, the animals were euthanized

through cervical dislocation, and their brains were quickly

removed and frozen on dry ice. Next, coronal sections were

cut on a cryostat microtome (CM3050S; Leica, Bensheim,

Germany), with a thickness of 20 lm. After drying them

out with a cool fan, the brain sections were exposed to a

BAS SR2040 imaging plate (20 9 40 cm2; Fujifilm,

Tokyo, Japan) overnight. The plate was scanned using a

phosphor image reader (FLA-5100; Fujifilm, Tokyo,

Japan).

Immunohistochemistry

To confirm the lactacystin-induced selective damage of

dopaminergic neurons, the striatal and the substantial nigra

(SN) sections were prepared for IHC staining with rabbit

anti-TH and rabbit anti-VMAT2 antibodies. DAB (3,30-
diaminobenzidine) staining was performed by employing

an UltraVision Quanto Detection System HRP DAB kit

(Thermo Scientific, CA, USA). The conditions for the

primary antibodies of TH (AB152; Millipore, Temecula,

CA, USA) and VMAT2 (ab81855; Abcam, Cambridge,

UK) were 1:500 and 1:2000, respectively, and the anti-

bodies were incubated for 30 min. Upon completing the

staining, the slides were photographed under an optical

microscope (Eclipse E600; Nikon, Tokyo, Japan) equipped

with a digital camera (DS-Fi1; Nikon, Tokyo, Japan).

Statistical analysis

All data are presented as mean ± standard deviation (SD).

Differences between the groups were assessed through a

one-way ANOVA, followed by the Student–Newman–

Keuls post hoc test. Values of P\ 0.05 were considered

statistically significant.

Results

In vivo PET imaging and image analysis

Prior to initiating the PET study, the optimal imaging time

window to reach the plateau ST-to-CB ratio was deter-

mined to be 1 h from the time-activity curve (as shown in

Fig. S2 in Online Resource) after the intravenous injection

of [18F]FP-(?)-DTBZ in three normal SD rats.

Figure 2 shows the representative PET images of the

different animal groups at 2 and 3 weeks after lactacystin

treatment. Data obtained from the sham control group
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revealed no obvious differences between the I-ST and

C-ST uptakes, indicating that no obvious physical damage

was caused by the intracranial surgery procedure. By

contrast, in all lactacystin-treated animal groups (regardless

of dose and time point differences), substantially less

uptake was noted on the injected side. A comparison of the

I-ST uptake between the 2- and 5-lg groups at 2 weeks

after lactacystin injection revealed that the 5-lg group

showed a greater decline in uptake than did the 2-lg group.

However, at 3 weeks after treatment, the decreases in

uptake were almost the same between the groups, which

might indicate a plateau in the damage caused by lacta-

cystin in the late phase.

Quantified data from the [18F]FP-(?)-DTBZ PET ima-

ges for different lactacystin doses and time points are

summarized in Table 1. The decline in SUr values of the

I-ST at 2 and 3 weeks after lactacystin treatment was 57

and 60% for the 2-lg animal group and 62 and 68% for the

5-lg animal group, respectively.

Ex vivo autoradiography

The ARG images for the 2- and 5-lg lactacystin-injected

animal groups obtained at 3 weeks after treatment are

shown in Fig. 3; the corresponding PET and photographic

images are parallelly presented for comparison. The ARG

results indicated an obvious decrease in [18F]FP-(?)-

DTBZ uptake in the I-ST of both the animal groups, a

finding which aligned with the PET imaging results.

Moreover, small dopaminergic neuron-rich areas (such as

the SN), which are difficult to visualize through PET, could

be easily assessed through ARG. Therefore, ARG could be

a critical supplement for animal PET to investigate the

signal changes in regions with a small volume.

Fig. 2 Representative [18F]FP-(?)-DTBZ PET images of the brains

of the rat groups at 2 and 3 weeks after lactacystin treatment and at

3 weeks after surgery in the sham control group. All PET images

were coregistered to a PMOD built-in T2 MR template and were

scaled according to the SUr level. ST striatum, SN substantia nigra,

MB midbrain; red arrows indicate the lesion sides
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Immunohistochemistry

The brain sections with lactacystin-induced decline in

[18F]FP-(?)-DTBZ uptake observed on the PET and ARG

images were further evaluated for dopaminergic neuron

damage, through TH and VMAT2 IHC staining. Repre-

sentative TH and VMAT2 IHC staining images of the I-ST

and TH IHC staining images of the SN in the different

animal groups are shown in Fig. 4a, b, respectively. A

decline in TH and VMAT2 expression in the I-ST and a

decrease in TH expression in the SN were observed in the

lactacystin-treated groups. The images of TH and VMAT2

IHC staining of the I-ST in each animal group (Fig. 4a)

were further digitized, and the values were quantified as

percentage ratios to the corresponding C-ST values

(Fig. 4c). Decreases in TH expression in the I-ST of

Table 1 Quantitative striatal

uptake of [18F]FP-(?)-DTBZ in

rat brains after lactacystin

treatment

Animal group Brain region [18F]FP-(?)-DTBZ SUra SUr ratio (I-ST to C-ST)

2 weeks 3 weeks 2 weeks (%) 3 weeks (%)

Sham I-ST 3.34 ± 0.17 3.42 ± 0.26 95 100

C-ST 3.53 ± 0.29 3.43 ± 0.22

2-lg I-ST 1.51 ± 0.52 1.36 ± 0.32 43 40

C-ST 3.48 ± 0.35 3.36 ± 0.35

5-lg I-ST 1.16 ± 0.21* 1.00 ± 0.28* 38 32

C-ST 3.08 ± 0.44 3.11 ± 0.63

* P\ 0.05, compared with corresponding contralateral side
a SUr data are presented as mean ± SD (n = 4 for each group)

Fig. 3 Representative ex vivo ARG images of rat brain sections

presented parallelly with the corresponding PET and photographic

images of the different animal groups at 3 weeks after lactacystin

treatment. ST striatum, SN substantia nigra, MB midbrain, CB

cerebellum, LC locus coeruleus; red arrows indicate the lesion sides
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approximately 70 and 80% were noted in the 2- and 5-lg

lactacystin-treated animal groups, respectively.

Discussion

In vivo imaging techniques such as PET have many

excellent abilities, including the monitoring of disease

progression and screening for therapeutic response.

Recently, with the increasing requirement of PET imaging

for diagnosing PD patients, many novel tracers have been

developed. [18F]FP-(?)-DTBZ used in the present study

has been well validated for its highly specific binding

ability for VMAT2 and internal radiation dosimetry in

humans [28], and can provide early, progressive, and

severity information of dopaminergic neuron degeneration

for the diagnosis of Parkinson disease [29, 30]. To explore

the possible pathogenetic factors and develop new treat-

ment strategies for PD, appropriate animal models of this

neurodegenerative disease are always important for eval-

uation. Despite great success with huge dopaminergic

neuron loss, some reverse treatment responses were noted

in commonly used 6-OHDA- and MPTP-induced PD ani-

mal models [11, 12]; these findings could not be directly

applied to humans [31], implying that PD pathogenesis in

humans may differ from that in the most commonly used

PD animal models.

In the last decade, UPS dysfunction has been confirmed

through postmortems of PD patients and has been linked to

a-synuclein, the core component of LBs, which are the

pathological hallmark of PD [15]. Despite many efforts to

develop a-synuclein-expressing PD models using UPS

inhibitors such as lactacystin [16–26], many uncertainties,

such as the dose of the UPS inhibitors and time after

injection, remain unresolved.

In this study, longitudinal in vivo [18F]FP-(?)-DTBZ PET

imaging was performed in rats at 2 and 3 weeks after receiving

a single intracranial dose of 2 or 5 lg lactacystin into the

L-MFB region. Two different lactacystin doses were used to

induce medium and severe lesion levels of dopamine neuron

degeneration. PET imaging revealed a severe decrease in

[18F]FP-(?)-DTBZ uptake in the I-ST of both animal groups

and at two different time points, whereas the [18F]FP-(?)-

DTBZ uptake in the C-ST did not significantly differ from that

in the sham control group. The results of the PET study

implied that the lactacystin treatment performed in the present

study could efficiently induce dopaminergic neuron damage

within 2 weeks; this was consistent with previous findings

[32]. The quantified PET image data, which were obtained

through normalization of the I-ST values to the corresponding

C-ST values in each animal, indicated an approximately

60–70% decline in [18F]FP-(?)-DTBZ uptake. This finding

was comparable with the results of a [11C](?)-DTBZ PET

study reported by Mackey et al. [33].

Due to the limited resolution of current small-animal

PET imaging techniques, evaluating the dopaminergic

neuron damage in every cerebral subregion of lactacystin-

treated animals is challenging. To overcome this issue in

the present study, ex vivo ARG was performed immedi-

ately after the PET scan. On comparing the ARG and PET

images, the contour was clearly delineated in the ARG

images and was superior to that of the PET images.

Additionally, the [18F]FP-(?)-DTBZ uptake in the lesion

(injected) side of the SN was significantly decreased in

lactacystin-treated rat brains. This finding revealed that the

intracranial administration of lactacystin into the MFB not

only caused dopaminergic terminal damage but also

induced dopaminergic neuron degeneration. These results

coincide with the findings of other studies using intranigral

lactacystin injections [16–18, 32].

Fig. 4 IHC results for the ST and SN regions of the different animal

groups. a The representative TH and VMAT2 IHC staining images of

the I-ST. b TH IHC staining images of the SN. c Quantification of the

TH and VMAT2 IHC staining data for the I-ST and the corresponding

C-ST. *P\ 0.05. ST striatum, SN substantia nigra, I-ST ipsilateral

striatum, C-ST contralateral striatum, VMAT2 type two vesicular

monoamine transporter, TH tyrosine hydroxylase
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To further evaluate the status of lactacystin-induced

dopaminergic neuron damage, the TH and VMAT2

expressions in the ST and SN were evaluated through IHC

staining. The significant decreases in TH and VMAT2

expression on the injected sides of the ST and SN regions

of the rat brains treated with either 2 or 5 lg of lactacystin

aligned with the results of ex vivo ARG and in vivo PET

imaging.

Conclusions

Dopaminergic neuron damage in rat brains treated with

different intracranial doses of lactacystin at various time

points was successfully evaluated using [18F]FP-(?)-

DTBZ PET imaging. The results of PET imaging were

verified using ex vivo ARG, as well as TH and VMAT2

IHC studies. Our findings indicate that [18F]FP-(?)-DTBZ

PET imaging can be potentially valuable for investigating

longitudinal dopaminergic neuron damage in a lactacystin-

treated rat model of PD.
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