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Abstract

Background: In idiopathic Parkinson’s disease (PD) the clinical features are heterogeneous and include different
predominant symptoms. The aim of the present study was to determine the relationship between subregional

aromatic l-amino acid decarboxylase (AADC) activity in the striatum and the cardinal motor symptoms of PD using
high-resolution positron emission tomography (PET) with an AADC tracer, 6-['®Flfluoro-L-m-tyrosine (FMT).

Methods: We assessed 101 patients with PD and 19 healthy volunteers. PD was diagnosed based on the UK Brain
Bank criteria by two experts on movement disorders. Motor symptoms were measured with the Unified Parkinson’s
Disease Rating Scale (UPDRS). FMT uptake in the subregions of the striatum was analyzed using semi-automated
software for region-of-interest demarcation on co-registered magnetic resonance images.

Results: In all PD patients, FMT uptake was decreased in the posterior putamen regardless of predominant motor
symptoms and disease duration. Smaller uptake values were found in the putamen contralateral to the side with
more affected limbs. The severity of bradykinesia, rigidity, and axial symptoms was correlated with the decrease of

tremors and FMT uptake.

FMT uptake in the putamen, particularly in the anterior part. No significant correlation was observed between

Conclusions: Decrease of FMT uptake in the posterior putamen appears to be most sensitive in mild PD and
uptake in the anterior putamen may reflect the severity of main motor symptoms, except for tremor.

Background

Cardinal motor symptoms such as bradykinesia, rigidity,
and tremor in Parkinson’s Disease (PD) become appar-
ent after a depletion of dopamine in the striatum to
approximately 20% of normal levels and a reduction in
aromatic L-amino acid decarboxylase (AADC) activity to
5%-20% of normal levels [1,2]. In PD, dopaminergic
hypofunction in the striatum is not homogenous in
association with the selective loss of ventral intermediate
and lateral cell groups of the substantia nigra pars com-
pacta that project to the posterior part of the striatum
[3], although the reason for this selective vulnerability
remains unknown,

Positron emission tomography (PET) is valuable for
assessing altered dopamine function in PD. The first tra-
cer used to visualize and assess the integrity of dopa-
mine presynaptic systems was 6-['F]fluoro-L-dopa
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(FDOPA), a fluoro-analog of L-dopa [4]. FDOPA is
taken up into the dopaminergic axon terminals and dec-
arboxylated by AADC before being trapped and stored
in synaptic vesicles. FDOPA uptake is highly correlated
with viable dopaminergic cells in neurotoxin-lesioned
monkeys [5] and in postmortem human PD brains [6].
A shortcoming complicating the use of this agent, how-
ever, is that metabolites of FDOPA (such as 3-O-
methyl-[**F]fluoro-L-dopa, which is formed by the action
of the ubiquitous enzyme catechol-O-methyl-transferase
(COMT)) enter the brain and diminish image contrast.
An alternative agent is the non-catecholic tracer 6-[*°F]
fluoro -L-m-tyrosine (FMT). FMT is also a good sub-
strate for AADC but is not metabolized by COMT;
thus, FMT uptake has approximately twice the sensitiv-
ity of FDOPA uptake and more fully represents the
extent of AADC activity [7-10].

To elucidate the relationship between the main motor
symptoms of PD and subregional AADC activity in the
striatum, we applied a semi-automated segmentation
method for extracting putaminal subregions from
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high-resolution FMT PET images that were co-regis-
tered with 3.0-tesla magnetic resonance (MR) images.

Methods

Subjects and clinical evaluation

Our sample consisted of 101 patients with PD and 19
healthy individuals. PD was diagnosed clinically accord-
ing to the UK PD Society Brain Bank criteria [11]. All of
the patients had bradykinesia and at least one of the
three features of PD: 4-6 Hz resting tremor, rigidity, and
postural instability. All of the patients had asymmetric
onset and showed a positive response to dopaminergic
medication. None exhibited atypical symptoms such as
severe gaze palsy or symptomatic dysautonomia. The
control group included healthy individuals with no his-
tory of neurologic or psychiatric diseases.

Motor symptoms were evaluated using the motor
examination part of the Unified Parkinson’s Disease Rat-
ing Scale (UPDRS). Motor subscores were determined as
follows: tremor (motor UPDRS: 20 + 21), bradykinesia
(motor UPDRS: 23 + 24 + 25 + 26), rigidity (motor
UPDRS: 22), and axial (motor UPDRS: 18 + 19 + 27 +
28 + 29 + 30 + 31). The mini-mental state examination
(MMSE) was used to assess cognitive function.

This study was approved by the Institutional Ethics
Committee of Jichi Medical University and all partici-
pants gave written informed consent.

PET imaging

All patients stopped levodopa at least 16 h before PET.
To increase the availability of the tracer, all subjects took
2.5 mg/kg of carbidopa (a peripheral AADC inhibitor)
orally 1 h before FMT injection. Prior to the emission
scan, a 10 min transmission scan was obtained for
attenuation correction. Subsequently, 0.12 mCi/kg of
FMT in saline was infused into an antecubital vein and a
30-90 min static three-dimensional acquisition was
started simultaneously using a PET-CT (GEMINI GXL,
Philips, Amsterdam, The Netherlands). Each subject also
underwent 3.0-tesla MR imaging (Achieva 3.0 T, Philips)
using an inversion recovery (IR) proton density (PD)-
weighted pulse sequence to enhance the contrast of ana-
tomical structures. The PET and MR imaging data were
co-registered with a fusion processing program (Syntegra,
Philips) to produce fusion images. This program provided
manual and point-based image registration as well as
automated methods of gray-value-based image registra-
tion, including a mutual information algorithm [12}]. In
addition, an adaptive level set of segmentation was used
for coregistration of CT and MRI imaging data [13].

Semi-automated region of interest analysis
Regions-of-interest (ROIs) in the putamen and caudate
nucleus were defined in three dimensions (3-D)
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bilaterally on the co-registered MR images where the
striatum was best visualized. The putamen and the head
of caudate nucleus were delineated by manual inspec-
tion on the three to five adjacent MR planes that corre-
sponded to those planes on the PET images. The
putamen was then automatically divided into three parts
in the rostrocaudal direction using dedicated software
for ROI demarcation. The 3-D ROIs (volumes of inter-
est, VOIs) were extracted automatically by connecting
two-dimensional drawings on each plane using a linear
interpolation algorithm for VOI outlines. For reference,
cerebellar ROIs were also defined in 3-D and located
bilaterally on the cerebellar cortex.

Striatal-to-cerebellum ratio (SCR) values of radioactiv-
ity counts were calculated in the 80-90-min frame for
each structure, using bilaterally averaged cerebellar ROI
data as the denominator. For subregional analysis of
their association with major motor symptoms in the PD
subjects, SCR values from the caudate nucleus and each
part of the putamen were analyzed on the contralateral
to the more affected side of limb.

Statistical Analysis

For comparison of more than two groups, one-way ana-
lysis of variance (ANOVA) was used. When the one-way
ANOVA was significant at p < 0.05, post-hoc compari-
sons were conducted using Scheffé’s test. We examined
the correlation of FMT uptake in each part of the puta-
men with disease duration, and with the symptoms of
bradykinesia, tremor, rigidity, and postural instability
assessed on UPDRS motor scores. Non-linear exponen-
tial regression analysis was applied to assess the rela-
tionship between FMT uptake and disease duration
(Prism, GraphPad Software, La Jolla, CA). SCR values
and the UPDRS scores were compared by Spearman’s
rank correlation coefficient test. P < 0.05 was considered
to indicate a statistically significant difference.

Results

Characteristics of subjects

Demographic and clinical characteristics of the patients
with PD and those of the control subjects are listed in
Table 1 and Table 2. The mean ages of the PD patients
(41 male and 60 female) and the control subjects (6
male and 13 female) were 64.0 years (SD 9.3) and 56.7

Table 1 Clinical Characteristics of the Subjects

Characteristics PD Normal Control  p value
Age, year, mean £ SD 640 = 93 567 =111 0.005
Male/Female 41/60 6/13 0542
MMSE 27 £ 26 29x13 0.005

MMSE, Mini Mental State Examination.
Data are given as mean : standard deviation (SD) values.
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Table 2 Clinical Charasteristics of the PD patients

Symptom duration, year 60 =44

More affected side Right 55/Left 46
Hoehn-Yahr stage, on 24 +£09
Hoehn-Yahr stage, off 33+ 11

UPDRS score

Total motor 303£16
Bradykinesia 986 + 6.3
Rigidity 6.15+ 38

Axial 954 £ 6.2
Tremor 480 £ 40

UPDRS, Unified Parkinson’s Disease Rating Scale.
Data are given as mean + standard deviation (SD) values.

years (SD 11.1), respectively. A wide range of duration
and severity of symptoms was represented among the
patients. The mean duration of symptoms was 6.0 years
(SD 4.4) and the mean UPDRS motor score was 30.3
(SD 16.0). The right side was more affected in 55
patients.

Subregional analysis of FMT uptake

Figure 1 shows representative images of FMT uptake in
a normal subject and in early- and late-stage PD
patients. Among the patients, FMT uptake showed the
most marked decrease in the posterior putamen, regard-
less of disease duration, but significant decrease was
seen throughout the striatum compared with the healthy
controls. There were significant differences between side
(ipsi- vs. contralateral to the more affected limbs),
region (anterior vs. posterior putamen), and diagnosis
(healthy subjects vs. PD group) (P < 0.001) (Figure 2a).
Asymmetry between the striatum of the more and less
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affected sides is preserved, but shows a decrease with
disease progression (Figure 2b).

Decline in FMT uptake with disease duration

Figure 3 shows scatterplots of FMT uptake against
symptom duration in three regions of the putamen con-
tralateral to the more affected limbs. Because age-related
factors such as age at onset of symptoms and age-
related Alzheimer-type pathology may influence disease
duration, we excluded elderly-onset patients (> 70 years
old; » = 19) in this analysis. Exponential regression
curves that best fitted the data for each of the three
regions analyzed are superimposed on the figure.
Between 10 and 15 years of symptom duration, the
FMT for all three curves leveled off to constant values
that showed a statistically significant difference between
the anterior and posterior putamen (p < 0.001). In the
control group, there was no significant difference in
SCR of FMT uptake between younger (< 59 years old,
n = 10) and older (= 60 years old, n = 9) subjects (puta-
men, p = 0.87; caudate, p = 0.81).

Correlation of cardinal symptoms and FMT uptake

To minimize the possibility of including patients with
alternative diagnoses, we analyzed patients who had car-
dinal motor symptoms for at least 3 years (n = 42). We
obtained positive correlations between the severities of
major motor symptoms: rigidity vs. axial symptoms (r =
0.68, p < 0.001), rigidity vs. bradykinesia (r = 0.56, p <
0.001), bradykinesia vs. postural instability (r = 0.54, p <
0.001), and tremor vs. bradykinesia (r = 0.39, p = 0.014).
However, tremor did not have a significant relation with
rigidity (r = 0.20, p = 0.20) or with axial symptoms (r =

Normal

radioactive counts per voxel.

Figure 1 Representative FMT-PET images of a healthy individual and PD patients. FMT uptake declines asymmetrically in the early stages,
mostly in the posterior putamen. Left: Regions-of-interest in the putamen. H &Y, Hohen and Yahr stage. The bar indicates the range of
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Figure 2 FMT uptake in different subregions of the striatum. Mean FMT uptake in different subregions of the striatum in normal control
and PD patients (a). Comparison by side (b) shows persistant side-side asymmetry of putaminal uptake throughout the disease course. *P < 0.05,

(b)
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0.12, p = 0.45). Axial symptoms, rigidity, and bradykine-
sia scores showed a correlation with FMT uptake in the
contralateral putamen, with the highest correlation in
the anterior putamen, but not in the contralateral cau-
date (Table 3). No significant correlation was evident
between unilateral tremor scores from the most severely
affected limbs and any of the striatal regions. To assess
the potential influence of age, we analyzed older patients
(> 60 years old; n = 25) separately and found similar
correlations between major symptoms and FMT uptake
(Table 4).

-8~ Anterior putamen
B -o- Middle putamen
-o—~ Posterior putamen

Striatal-to-cerebellum ratio

I
10 15

Symptom duration (years}
Figure 3 Decline in FMT uptake with disease duration. Scatter
plots of FMT uptake against symptom duration in the putamen
contralateral to the more affected limb in PD patients. Exponential
decline is observed in all subregions of the putamen. Reduction of
{ uptake is prominent at onset of the disease.

Discussion

Idiopathic PD is defined as a synucleinopathy in which
Lewy bodies, pathological aggregations of the synaptic
protein o-synuclein, are found in the dopaminergic neu-
rons in the substantia nigra [14,15]. A reduction of
dopamine in the striatum is a consistent finding in PD,
although the clinical features are heterogeneous and
include different predominant symptoms (resting tre-
mor, bradykinesia, rigidity, or postural instability and
gait disorder) with different rates of progression, and
with or without dementia [16-19]. PET imaging is a
valuable tool for assessing altered dopaminergic function
in the striatum in PD. While FDOPA is suitable for
assessing the metabolism of levodopa, FMT is superior
for estimating AADC activity because it enables the pro-
duction of higher-quality brain images [7,20-22]. The
high resolution of FMT-PET images enables analysis of

Table 3 Correlations of UPDRS scores and FMT uptake
ratio values in the each part of the putamen

Putamen Anterior  Middle Posterior Whole
Symptom duration, -0.52 -0.56 -0.51 -0.58
year (<0.001) (<0.001) (<0.001) (<0.001)
Total motor score -0.56 -048 -041 -051
(<0.001) (0.002) (0.008) (0.001)
Bradykinesia -0.54 -0.53 -044 -0.55
(<0.001) (<0.001) (0.005) (<0.001)
Rigidity -0.50 -043 -037 -044
(0.001) (0.006) (0.018) (0.005)
Axial -060 -0.51 -0.37 -0.50
(<0.001) (0.001) 0.016) (0.001)
Tremor 0.069 0.085 0.015 0.050
(0.658) (0.587) (0.925) (0.747)

Data are given as r (p) values. These values were calculated by Spearman’s
rank correlation coefficient test. UPDRS motor score in off-medication state
was evaluated in 42 subjects.
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Table 4 Correlations of UPDRS scores and FMT uptake
ratio values in the each part of the putamen in elder
patients

Putamen Anterior Middle Posterior Whole
Symptom duration, -0.70 -063 -045 -0.70
year (<0.001) (<0.005) (<0.05) (<0.001)
Total motor score -0.56 -0.50 -0.37 -049
(<0.01) (<0.05) 0.07) (<0.05)
Bradykinesia -0.46 -046 -0.34(0.08) -046
(<0.05) (<0.05) (<0.05)
Rigidity -0.46 -0.3% -031 -037
(<0.05) (0.05) 0.12) (0.06)
Axial -0.69 -0.59 -045 -0.58
(<0.001) (<0.01) (<0.05) (<0.01)
Tremor 026 (021) 012(0.58) 006 (0.77) 014 (0.51)

Data are given as r {p) values. These values were calculated by Spearman’s
rank correlation coefficient test. UPDRS motor score in off-medication state
was evaluated in 25 subjects.

dopaminergic presynaptic changes in each subregion of
the striatum.

In the present study, FMT uptake in PD was reduced
in the putamen, particularly in the posterior part. The
anterior-to-posterior gradient of the uptake decrease in
the putamen persisted to the advanced stage of PD.
These results are consistent with those of previous
reports that used other tracers of presynaptic dopami-
nergic terminals, and are considered to reflect the selec-
tive degeneration of nigrostriatal pathways that project
into the posterior part of the putamen [23-25]. The low-
est value of FMT uptake was observed in the posterior
part of the putamen contralateral to the more affected
limbs, even in the early stage of the disease. Because we
analyzed regions in the posterior one-third of the puta-
men on high-resolution images, it is unlikely that the
decreases in uptake were caused by partial volume
effects, which may arise from placement of a small ROI
on inaccurately co-registered images.

Post-mortem investigations of PD demonstrate that
the rate of decrease of nigral neurons is rapid in the
initial stage of the disease: approximately 40%-50% are
lost in the first decade, possibly with a slower rate of
degeneration later on, to finally approach a normal age-
related linear decline [26]. In the present study, loss of
FMT was well fitted to symptom duration using a single
exponential approximation. The exponential model pro-
vided a better fit than a linear model, indicating that the
rate of decline in FMT uptake in the contralateral puta-
men was faster at the beginning of the disease and slo-
wed down as the disease progressed, in agreement with
the results of previous studies that used radiotracers for
imaging nigrostriatal nerve terminals [23-25]. Because
we performed cross-sectional analysis in the present
study, and because all of the participants were on medi-
cation, the data do not provide accurate information
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regarding the natural course of the disease, even if PET
measurements were taken in off-medication state. Even
so, the present data are important for assessing the pro-
gression of dopaminergic hypofunction in the striatum
under optimal medical treatment, and can provide the
basis for the development of even better therapeutic
strategies [27,28].

We applied striatal count ratios to analyze the relation-
ships between subregional putaminal FMT uptake and
clinical symptoms. Striatal count ratios using the cerebel-
lum as the denominator have a strong correlation with
striatal uptake constants (Ki values) [29,30]. The present
FMT-PET study showed a significant correlation between
cardinal motor symptoms (rigidity, bradykinesia, and
axial symptoms) and uptake of the tracer in the putamen,
and no significant correlation was found between tremor
score and FMT uptake. These findings are consistent
with the results of previous PET studies [31-33]. The
clinical correlations were more significant in the anterior
part of the putamen than in the posterior part, possibly
reflecting a floor effect for the uptake of FMT in the pos-
terior part of the putamen, where the decrease was severe
even in the early stage of the disease.

The pathophysiological mechanism of tremor is not
fully understood [34]. Tremor does not respond to
L-dopa as well as do bradykinesia and rigidity. The fact
that stereotactic lesion or deep brain stimulation of the
ventral intermediate nucleus (Vim) of the thalamus suc-
cessfully improves tremor indicates a strong association
between non-dopaminergic thalamic and cerebellar sys-
tems, and tremor generation [35,36].

Conclusions

Our results indicate that FMT-PET is useful for evaluat-
ing PD patients from the early stage of the disease and
for studying the relationship between AADC activity
and various clinical features. Decrease of FMT uptake in
the posterior putamen appears to be most sensitive in
mild PD, and uptake in the anterior putamen may
reflect the severity of main motor symptoms, except for
tremor. These data provide an important baseline for
evaluating the effects of surgical interventions, such as
gene therapy for PD.
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ABSTRACT

Objectives: Transcranial sonography (TCS) has been shown to reveal hyperechogenicity of the substantia
nigra (SN) in people with Parkinson’s disease and in approximately 10% of healthy subjects. It is hypoth-
esized that SN hyperechogenicity in healthy subjects and patients with idiopathic rapid eye movement
(REM) sleep behaviour disorder (iRBD) patients is a marker of vulnerability for Parkinson’s disease.
Methods: TCS and positron emission tomography (PET) with 6-['®F] fluoro-meta-tyrosine (FMT), which
can assess the level of the presynaptic dopaminergic nerve, were performed in 19 male patients with
iRBD, mean age 66.4 (standard deviation [SD] 4.9) years, to assess nigrostriatal function.

Results: Nine patients had pathological SN hyperechogenicity (mean age 66.8 [SD 3.9] years; 0.31 [SD
0.12] cm?) and 10 patients did not have SN hyperechogenicity (mean age 66.0 [SD 5.8] years; 0.11 [SD
0.06] cm?). FMT uptake at the putamen and caudate was significantly lower in iRBD patients with path-
ological SN hyperechogenicity compared with those without SN hyperechogenicity. However, no corre-
lation was found between SN echogenicity and FMT uptake. This is in conflict with previous findings

Substantia nigra hyperechogenicity

which showed that subjects with hyperechogenicity had lower FMT uptake in the striatum.

Conclusion: Pathological hyperechogenic alterations in the SN in patients with iRBD may suggest the
existence of preclinical SN dysfunction as determined by FMT-PET.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Rapid eye movement (REM) sleep behaviour disorder (RBD)is a
parasomnia characterised by dream-enacting behaviours, unpleas-
ant dreams and lack of muscle atonia during REM sleep. RBD may
be idiopathic or related to neurological disease [1]. Patients with
idiopathic RBD (iRBD) have been reported to be at increased risk
for developing Parkinson’s disease (PD) [2]. Transcranial sonogra-
phy (TCS) has been shown to reveal hyperechogenicity of the sub-
stantia nigra (SN) in patients with PD and in approximately 10% of
healthy subjects, and has been suggested as a risk marker for PD in
non-Parkinsonian subjects [3]. However, Berg et al. reported that
SN hyperechogenicity in the elderly is non-specific and of limited
usefulness in predicting an individual’s risk for PD [4]. Recently,
two case-control studies [5,6] showed that pathological SN hyper-
echogenicity was significantly more common in patients with iRBD
compared to control subjects. iRBD is regarded as one of the non-
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motor symptoms of PD, and precedes motor symptoms. Schenck
et al. identified the development of Parkinsonism in 11 of 29
men initially diagnosed with iRBD [7]. It is hypothesized that SN
hyperechogenicity in healthy subjects and patients with iRBD is a
vulnerability marker for PD. Although there is strong evidence that
the echo originates from increased local iron content, the exact
pathophysiological mechanisms for SN hyperechogenicity are not
completely understood.

In order to verify the hypothesis that hyperechogenic altera-
tions in the SN may be suggestive of preclinical nigrostriatal dopa-
minergic dysfunction for patients with iRBD, this study evaluated
the presynaptic dopaminergic function in the striatum using 6-
['8F] fluoro-meta-tyrosine (FMT) positron emission tomography
(PET).

2. Methods

This study was performed in accordance with the Declaration of
Helsinki. Procedures were approved by the Ethics Review Commit-
tee of Dokkyo Medical University, and informed consent was
obtained from each subject. TCS and 6-['SF[FMT PET were per-
formed in 19 males with iRBD confirmed by polysomnography.
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The mean age of subjects was 66.4 (standard deviation [SD] 4.9)
years, the mean estimated duration of RBD was 3.5 (SD 1.8) years,
the mean score on the Mini-Mental State Examination (MMSE) was
28.4 (SD 2.0), and the mean score on the Unified Parkinson’s Dis-
ease Rating Scale (UPDRS) part IIl was 0.9 (SD 1) (range 0-3). Sub-
jects were recruited from a sleep disorders clinic at Dokkyo
Medical University Hospital between July 2008 and 2010. All had
a history of recurrent dream-enacting behaviours, and RBD was
diagnosed according to the International Classification of Sleep
Disorders, second edition [8].

2.1. 6-['8F] Fluoro-meta-tyrosine positron emission tomography

The PET radiotracer FMT is a substrate of the dopamine-synthe-
sizing enzyme. Most FMT signals result from tracer that has been
metabolized by aromatic amino acid decarboxylase (AADC) and
monoamine oxidase-A, and is trapped in axon terminals as 6-flu-
oro-m-hydrophenylacetic acid without being released or further
processed. FMT signals represent the extent of AADC activity more
fully [9,10].

For 6-['8F]EMT PET, the subject was placed on the scanner bed
in a GEMINI-TF64 (Philips, Amsterdam, The Netherlands) in the su-
pine position. 6-['®F]FMT (weight x 0.12 mCi) was injected intra-
venously using a syringe pump. Carbidopa pretreatment was
used (weight x 2.5 mg). A 10-min static scan was obtained
80 min following injection of 6-['®F]FMT. 6-['®F]FMT PET and mag-
netic resonance imaging (MRI) scans were fused using a Putamen
Analyzer (WebNet Technology, Nasushiobara, Japan). Regions of
interest were placed manually at the perimeters of the right/left
putamen, caudate and cerebellum in MRI scans of the same sub-
jects. Right/left putamen:cerebellum (putamen) or caudate:cere-
bellum (caudate) ratios of 6-['®F]FMT-derived radioactivity were
estimated. The sizes of the regions of interest were not fixed. Tissue
concentrations of 6-['®F]JFMT-derived radioactivity (in mCi/cc)
were adjusted for the dose per unit of body mass and expressed
in units of mCi-kg/cc-mCi (Fig. 1A and B).

2.2. Transcranial sonography

TCS was performed using a conventional transcranial Doppler
sonograph equipped with a 2.5-MHz phased-array transducer as
described previously |5]. Hyperechogenic areas on both sides were
analysed separately. To compare areas of echogenicity and the fre-
quency of hyperechogenicity, the side of the midbrain (right or left)
with the greater area of SN echogenicity in each subject was used
for these statistical comparisons. Planimetric quantification of the
areas of increased echogenicity was done on both sides of the SN
independently (Fig. 1C and D). In accordance with previously re-
ported cut-off values, areas of echogenicity <0.20 cm? were classi-
fied as normal, and areas of echogenicity >0.20cm? were
classified as pathological [3].

The mean interval between performance of TCS and FMT-PET
was 126.6 (SD 174.8) days. TCS is performed routinely to assess
preclinical condition at the study institute. Berg et al. reported that
the echogenic area of the SN did not change in the course of PD
during a 5-year follow-up study [11]. Therefore, the interval be-
tween the performance of TCS and FMT-PET cannot be considered
to influence the results.

Clinical examinations, including the MMSE and UPDRS, FMT-
PET and TCS were performed independently by physicians who
were blinded to the results of other examinations.

2.3. Statistical analysis

Values are expressed as mean (SD). p-values were determined
using the Mann-Whitney U-test. A p-value <0.05 was taken to

indicate statistical significance. A statistical comparison of factors
such as age of patients, MMSE score, UPDRS part III score and 6-
['®F]JEMT uptake was performed between the groups of patients
with iRBD based on the presence or absence of pathological SN
hyperechogenicity. The Spearman’s correlation coefficient was
used for analysis of the correlation between the echogenic area
of the SN and the degree of 6-['®F]JFMT uptake.

3. Results

Demographic and clinical data on patients with iRBD are sum-
marized in Table 1. Nine of the patients with iRBD had pathological
SN hyperechogenicity (mean 0.31 [SD 0.12] cm?) and 10 did not
have SN hyperechogenicity (mean 0.11 [SD 0.06] cm?). Therefore,
the 19 patients were divided into two groups: those with and those
without SN hyperechogenicity. Age distributions, MMSE scores,
and UPDRS part III scores did not differ significantly between the
groups. Evaluation of motor activity using the UPDRS part 11l score
ranged from zero to three points, which did not fulfill the diagnos-
tic criteria for probable PD. Compared with the patients without SN
hyperechogenicity, the patients with SN hyperechogenicity had
significantly lower uptake of 6-['F]FMT in the putamen (mean
4.40 [SD 0.83] and 3.22 [SD 0.98], respectively; p = 0.027) and the
caudate (mean 3.69 [SD 0.42] and 2.86 [SD 0.82], respectively;
p=0.014) (Table 1). However, the echogenic area of the SN did
not correlate with the degree of 6-['®F]FMT uptake in the putamen
(r=—-0.4465, p = 0.0553) or the caudate (r=—-0.4007, p = 0.0891).
In addition, the UPDRS part III scores did not correlate with the de-
gree of 6-['®F]FMT uptake in the putamen (r = —0.240, p = 0.323),
the caudate (r=—0.040, p=0.871), or the echogenic area of the
SN (r=-0.216, p=0.375).

4. Discussion

Unger et al. [12] identified a significant association between
midbrain hyperechogenicity and iRBD, and reported that two out
of five iRBD patients with SN hyperechogenicity had unremarkable
findings by presynaptic dopamine transporter imaging with fluoro-
propyl-carbomethoxy-iodophenyl-tropane (FP-CIT) single-photon
emission computed tomography (SPECT). Iranzo et al. [13] recently
reported that '?*[-FP-CIT striatal binding did not correlate with the
extent of SN echogenicity in patients with iRBD. In the present
study, FMT uptake in the putamen and caudate was significantly
lower in iRBD patients with pathological SN hyperechogenicity
than in those without SN hyperechogenicity. In contrast to the
present results, Iranzo et al. [13] found that patients with SN
hyperechogenicity did not have lower tracer uptake compared
with patients without SN hyperechogenicity and they did not find
a correlation between SN size and tracer uptake.

Booij et al. [14] reported that motor signs of PD started when
the decrease in the percentage of '2*I-FP-CIT binding ratios in the
putamen was 46-64% using age-corrected data. Spiegel et al. [15]
and Doepp et al. [16] reported a lack of correlation between SN
echogenicity and striatal FP-CIT uptake in patients with PD. Spiegel
et al. [15] hypothesized that the pathogenic substrate of SN hyper-
echogenicity is different from that associated with degeneration of
dopaminergic SN projection neurons. Berg et al. [11] failed to find
evidence of an increase in the size of the echogenic SN area in a 5-
year longitudinal study on PD patients with substantial progres-
sion of motor symptoms.

On the other hand, Weise et al. [17] reported a significant
correlation between the extension of the echogenic SN area and stri-
atal B-CIT binding. They discussed the possibility that the extension
of SN echogenicity may be a consequence of degeneration of
dopaminergic neurons in the SN, rather than an independent and
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Fig. 1. (A) 6-['®F] Fluoro-meta-tyrosine positron emission tomography (6-['*F]JFMT PET) on magnetic resonance imaging (MRI). This demonstrates preserved dopamine
terminals in the caudate and putamen in a healthy subject. (B) 6-[ '*F]JFMT PET on MRI. This demonstrates patchy decreased dopamine terminals in the caudate and putamen
in a patient with idiopathic rapid eye movement sleep behaviour disorder (iRBD). (C) Transcranial sonography (TCS) of bilateral substantia nigra (SN) hyperechogenicity in a
healthy subject. The area of hyperechogenic SN signal within the hypo-echogenic crus cerebri is encircled on the ipsilateral side for planimetric measurement (0.10 cm?). (D)
TCS of bilateral SN hyperechogenicity in a patient with iRBD. The area of the hyperechogenic SN signal within the hypo-echogenic crus cerebri is encircled on the ipsilateral
side for planimetric measurement (0.44 cm?).

Table 1
Area of hyperechogenic substantia nigra (SN) signals in two groups of patients with idiopathic rapid eye movement sleep behaviour disorder (n=19).
SN hyperechogenicity” p-Value
Normal (<0.20 cm?) (n = 10) Pathological (>0.20 cm?) (n=9)
Age (years), mean (SD) 66.0 (5.8) 66.8 (3.9) 0.623
Range, years 58-77 62-72 N/A
Sex, male/female 10/0 9/0 N/A
Estimated duration of RBD (years), mean (SD) 3.9(1.7) 43(2.1) 0.389
MMSE score, mean (SD) 284 (2.1) 28.4(1.9) 0.864
UPDRS part III score, mean (SD) 0.9 (1.1) 1.0 (1.0) 0.729
Uptake of 6-['8F] FMT, mean (SD) ‘
Putamen 4,40 (0.83) 3.22 (0.98) 0.027
Caudate 3.69 (0.42) 2.86 (0.82) 0.014
Putamen/caudate ratio 1.19 (0.19) 1.12 (0.10) 0.514

RBD, rapid eye movement sleep behaviour disorder; MMSE, Mini-Mental State Examination; UPDRS, Unified Parkinson’s Disease Rating Scale; FMT, fluoro-meta-tyrosine; SD,
standard deviation; N/A, not applicable.

Transcranial sonography (TCS) was considered pathological when SN echogenicity was >0.20 cm?.

p-Value was determined by Mann-Whitney U-test.

“Side of the midbrain (right or left) with the greater area of SN echogenicity.



M. Miyamoto et al./Sleep Medicine 13 (2012) 102-106 105

mechanistically unrelated phenomenon. SN echogenicity is sensi-
tive to degeneration of dopaminergic neurons. A report by Behnke
et al. [18] showed that ®fluoro-DOPA uptake was lowest in patients
with PD, followed by individuals with SN hyperechogenicity,
and finally healthy controls without SN hyperechogenicity. The
difference was significant between the three groups. Walter et al.
[19] reported that brain parenchyma sonography demonstrated
SN hyperechogenicity in concordance with abnormal nigrostriatal
18E_DOPA PET in all symptomatic and three asymptomatic Parkin
mutation carriers. Thus, they suggested SN hyperechogenicity
as an early marker for detection of preclinical Parkinsonism.
DelleDonne et al. [20] showed that incidental Lewy body disease
(ILBD) has nigrostriatal pathological features that are intermediate
between those in pathologically normal persons and patients
with PD. Among the participants with ILBD, decreased striatal
dopaminergic immunoreactivity was documented for both tyrosine
hydroxylase and vesicular monoamine transporter 2 in comparison
with the pathologically normal subjects; the reductions were even
greater in patients with PD. Also, SN neuronal loss correlated with
both striatal vesicular monoamine transporter 2 and tyrosine
hydroxylase. Thus, ILBD probably represents presymptomatic PD
rather than non-specific, age-related o-synuclein pathological
changes.

The current study compared FMT-PET findings in patients with
iRBD with and without SN hyperechogenicity. Pathological SN
hyperechogenicity in iRBD may be suggestive of nigrostriatal dopa-
minergic dysfunction, as determined by FMT-PET. However, there
was no significant correlation between the area of SN hyperechog-
enicity and the degree of 6-['8F]FMT uptake. It may be that these
two parameters have different characteristics. In other words, the
area of SN echogenicity is thought to be a stable marker, whereas
the uptake of dopaminergic tracer changes progressively with
time.

Iranzo et al. found that 19% of 43 patients developed a neuro-
degenerative syndrome such as PD, dementia with Lewy bodies
(DLB), or multiple system atrophy (MSA) 2.5 years after TCS and
1231 Ep.CIT SPECT. They postulated that the combined use of
1231FP-CIT SPECT and TCS is a potential strategy for early
identification of patients with iRBD who are at risk for develop-
ment of a synucleinopathy [13]. They also reported that one case
of iRBD who developed MSA had decreased striatal '?*[-FP-CIT
uptake and normal echogenic SN, and this discrepancy might be
explained by the fact that SN hyperechogenicity is less common
in MSA than in PD or DLB [13]. Even when SN echogenicity is
normal in iRBD, the risk for developing MSA remains. Therefore,
patients with iRBD who are at risk for developing not only PD
or DLB, but also MSA need to be followed-up.

This study had several limitations. One weak point was that the
mean interval between TCS and FMT-PET was approximately four
months. Berg et al. reported that the area of SN echogenicity did
not change with time in PD [11], but this has not been investigated
in patients with iRBD. Due to the lack of a control group in this
study, it was not possible to assess if those patients with abnormal
PET results had a greater or different echogenic size than those
with normal PET results. Satisfactory results of TCS are difficult
to obtain in females [5], and all subjects in the study were male.
In the future, in order to clarify whether there is a gender differ-
ence in the relationship between SN hyperechogenicity and FMT-
PET findings, it may be helpful to determine the background of
the gender differences in the onset of PD.

Hyperechogenic alterations in the SN may suggest the existence
of preclinical SN dysfunction and of an underlying neurodegenera-
tive disorder such as PD or DLB associated with nigrostriatal dys-
function in patients with iRBD. In terms of clinical interest and
use of the study findings, there is a need for close clinical follow-
up to detect the early signs of a disease characterised by Parkinson-

ism, and also to test neuroprotective therapies in the near future in
such patients.
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Background: The tyrosine hydroxylase (TH) gene, essential for dopamine synthesis, is partially ablated in adult nigrostriatal

projection.

Results: TH reduction in axon terminals is slower than in soma, and dopamine is better maintained than TH.
Conclusion: Striatal dopamine is compensatorily regulated by axonal TH level and L-DOPA synthesis activity per TH level.
Significance: This regulation has potential relevance to pathogenesis of Parkinson disease and other dopamine-related psychi-

atric disorders.

The tyrosine hydroxylase (TH; EC 1.14.16.2) is a rate-limiting
enzyme in the dopamine synthesis and important for the central
dopaminergic system, which controls voluntary movements and
reward-dependent behaviors. Here, to further explore the regu-
latory mechanism of dopamine levels by TH in adult mouse
brains, we employed a genetic method to inactivate the T/ gene
in the nigrostriatal projection using the Cre-loxP system. Ste-
reotaxic injection of adeno-associated virus expressing Cre
recombinase (AAV-Cre) into the substantia nigra pars com-
pacta (SNc), where dopaminergic cell bodies locate, specifically
inactivated the Th gene. Whereas the number of TH-expressing
cells decreased to less than 40% in the SNc 2 weeks after the
AAV-Cre injection, the striatal TH protein level decreased to
75%, 50%, and 39% at 2, 4, and 8 weeks, respectively, after the
injection. Thus, unexpectedly, the reduction of TH protein in
the striatum, where SNc dopaminergic axons innervate densely,
was slower than in the SNc. Moreover, despite the essential
requirement of TH for dopamine synthesis, the striatal dop-
amine contents were only moderately decreased, to 70% even 8
weeks after AAV-Cre injection. Concurrently, in vivo synthesis
activity of L-dihydroxyphenylalanine, the dopamine precursor,
per TH protein level was augmented, suggesting up-regulation
of dopamine synthesis activity in the intact nigrostriatal axons.
Collectively, our conditional T/ gene targeting method demon-
strates two regulatory mechanisms of TH in axon terminals for
dopamine homeostasis iz vive: local regulation of TH protein
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amount independent of soma and trans-axonal regulation of
apparent L-dihydroxyphenylalanine synthesis activity per TH
protein.

The dopaminergic system is important for many brain func-
tions, including voluntary movements (1) and reward-related
behaviors (2). The dysfunction of dopaminergic transmission is
involved in many neurological and psychiatric disorders, such
as Parkinson disease (3), addiction (4), attention deficit hyper-
active disorders (5), and schizophrenia (6). Although chronic
alterations in the dopaminergic system may be relevant to these
disorders, it is still unclear how the dopaminergic system is
regulated over days to months. In Parkinson disease, motor
symptoms exhibit only after a large loss of striatal dopamine (7),
suggesting compensation for the loss of dopamine. Although
studies on Parkinson disease have suggested multiple forms of
compensatory mechanisms, including enhanced dopamine
release and turnover (8,9, 10, 11), it is not fully understood what
cellular and molecular mechanisms underlie the long term reg-
ulation of striatal dopamine levels under non-degenerative
conditions.

Chronic intervention in the dopamine system has been per-
formed for many years by pharmacological methods although
they exhibit limitations related to dose dependence, drug
metabolism, and circuit specificity. Gene-targeting methods,
including germ line knock-out mice (12-14) and dopamine-
deficient mice (15-17), have been generated, but because dop-
aminergic transmissions are blocked from the early stage of
brain development, these methods may induce developmental
effects. To explore the regulatory mechanisms of the nigrostria-
tal dopaminergic system in the adult brain, we generated mice
in which dopamine synthesis can be selectively abrogated in a
spatio-temporally controlled manner. The nigrostriatal projec-
tion is the largest dopaminergic projection in the brain, and the
dense dopaminergic axon terminals in the striatum are readily
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investigated in isolation from their cell bodies and dendrites.
Because tyrosine hydroxylase (TH)? is the rate-limiting enzyme
in dopamine biosynthesis (18), we generated transgenic mice
that contain two loxP sites flanking the major coding exons of
the TH gene (floxed T/ mice).

A microinjection of adeno-associated viral (AAV) vector
expressing Cre recombinase (AAV-Cre) (19, 20) into the sub-
stantia nigra pars compacta (SNc) of the floxed T/ mice dis-
rupted the expression of the T/ gene in a subset of neurons in
the SNc of the adult mice. Our biochemical and histochemical
analyses suggest two regulatory mechanisms of axonal TH for
dopamine homeostasis in the nigrostriatal projection. First, the
TH protein level in axon terminals is regulated differently from
that in soma. Second, in vivo apparent L-DOPA synthesis activ-
ity per TH protein level in a given axon is influenced by dop-
amine synthesis in the neighboring axons, which we propose as
trans-axonal regulation of dopamine levels.

EXPERIMENTAL PROCEDURES

Production of Th Floxed Mice, Genotyping—To construct the
targeting vector for generating a floxed T allele, a 9.5-kb Xhol-
EcoRI genomic DNA segment containing genomic 7/ DNA
was isolated from a A phage 129SV mouse genomic library. The
EcoRI site located at the 3'-end was replaced by Mlul, a HindIII
restriction site was engineered by site-directed mutagenesis
between exons 5 and 6, and the Spel site located between exons
9 and 10 was converted into a Notl site. A loxP site and an
EcoRYV restriction site were inserted into a HindIII site, and a
neomycin-resistant cassette, flanked by loxP sites, was inserted
into a NotI site. The three loxP sites in the final targeting vector
were in the same orientation (3’ to 5") (Fig. 14).

Mouse embryonic stem cells were electroporated with the
targeting vector, and the homologously recombinated clones
were screened by PCR and Southern blot analysis. Embryonic
stem clones with three loxP sites were selected, and a plasmid
expressing Cre DNA recombinase was transiently transfected
into the cells. Embryonic stem cells with two loxP sites without
aneomycin cassette were selected by PCR and used for produc-
tion of chimeric mice.

The genotypes of mice were identified on mouse ear biopsies
by PCR (30 cycles at 94 °C for 30 s, 65 °C for 3 min, and a final
extension at 72 °C for 5 min) with primers TH9F (5'-CATTT-
GCCCAGTTCTCCCAG-3') and THIOR (5'-AGAGATG-
CAAGTCCAATGTC-3’). The sizes of the PCR products
amplified from the wild-type Th allele and from the floxed Th
allele are 431 and 513 bp, respectively.

For the detection of recombined T alleles, genomic DNA
was extracted from the substantia nigra regions of brain slices
fixed by paraformaldehyde. The recombined T/ alleles were
detected by PCR (30 cycles at 94 °C for 30 s, 66 °C for 305,72 °C

3 The abbreviations used are: TH, tyrosine hydroxylase; AADC, aromatic L-a-
mino acid decarboxylase; AAV, adeno-associated virus; AAV-Cre, adeno-
associated virus expressing Cre recombinase; DA, dopamine; DAT, dop-
amine transporter; DOPAC, 3,4-dihydroxyphenylacetic acid; HVA,
homovanillic acid; .-DOPA, 1-dihydroxyphenylalanine; vMAT2, vesicular
monoamine transporter 2; SN¢, substantia nigra pars compacta; 6-OHDA,
6-hydroxydopamine; GBR12909, 1-[2-[bis-(4-fluorophenyl)methoxylethyll-
4-(3-phenylpropyl)piperazine dihydrochloride.
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for 1 min 15 s, and a final extension at 72 °C for 5 min) with
primers TH5F (5'-AGGCGTATCGCCAGCGCC-3') and
TH10Rb (5'-CCCCAGAGATGCAAGTCCAATGTC-3'). The
sizes of the PCR products amplified from the wild-type Th
allele, floxed Th allele, and deleted T allele are 1722, 1886, and
430 bp, respectively.

AAV Vector Construction—We generated two types of AAV-
Cre vectors basically as described previously (19). One was the
AAV-Crevector, which contained an expression cassette with a
human cytomegalovirus immediate early promoter (CMV pro-
moter), followed by the first intron of human growth hormone,
Cre recombinase cDNA, and simian virus 40 polyadenylation
signal sequence (SV40 poly(A)), between the inverted terminal
repeats of the AAV-2 genome. The other was the AAV-GFP/
Cre vector, which contained an expression cassette with a syn-
apsin I promoter (21), followed by AcGFP1 (Clontech), the
internal ribosomal entry site, Cre recombinase cDNA, and sim-
ian virus 40 polyadenylation signal sequence (SV40 poly(A)),
between the inverted terminal repeats of the AAV-1 genome.
The two helper plasmids, pHLP19 and pladenol (Avigen, Ala-
meda, CA), harbored the AAV rep and cap genes as well as the
E2A, F4, and VA RNA genes of the adenovirus genome, respec-
tively. HEK293 cells were co-transfected with the vector plas-
mid, pHLP19, and pladenol by the calcium phosphate precip-
itation method. The AAV vectors were then harvested and
purified by two rounds of continuous iodoxale ultracentrifuga-
tions. Vector titers were determined by quantitative DNA dot-
blot hybridization or by quantitative PCR of DNase I-treated
vector stocks. We routinely obtained 10'? to 10'® vector
genome copies/ml.

Animals and Stereotaxic Microinjections—Mice were accli-
mated to and maintained at 25 °C under a 12-h light/dark cycle
(light on 08:00 —20:00). All animal experiments were performed
in accordance with the general guidelines of the Tokyo Institute
of Technology. Unilateral injections into the SNc were per-
formed on 12—-16-week-old mice that were anesthetized with
Nembutal (intraperitoneally) and mounted into a stereotaxic
apparatus. The coordinates were 3.0 mm posterior from
bregma, 1.0 mm lateral to midline, and 4.0 mm ventral from the
dural surface. 1 pl of AAV-Cre or AAV-GFP/Cre (about 10°
particles) was injected through an injection cannula (28-gauge)
with a Hamilton microsyringe driven by a microdialysis pump
at a rate of 0.2 pl/min. After microinjection, the injection can-
nula was left for 2 min before its withdrawal to reduce the efflux
of injected liquid along the injection tract. When a cannula was
blocked or leaked, the mouse was excluded from the following
experiments. The mice were sacrificed at 1, 2, 4, 8, or 16 weeks
after microinjection for analyses. We used the uninjected side
of a brain as a control side to compare with. T4 */" mice were
used as control animals.

Immunohistochemistry—Striatal slices were prepared by
transcardial perfusion with saline, followed by 4% paraformal-
dehyde, 60 mm phosphate buffer, and postfixation overnight.
All solutions were used at 4 °C. In some experiments, striatal
tissues were dissected and homogenized for Western blot and
monoamine assay (see below), and the rest of the brain, includ-
ing the midbrain with the SNc region, was fixed by immersing
in 4% paraformaldehyde, PBS overnight. The fixed brain pieces
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were cryoprotected by 30% sucrose, and the coronal slices of
30-um thickness were cut by a cryostat. The free floating serial
coronal sections, from the rostral to the caudal edge of SNcor a
part of the striatum, were incubated with rabbit anti-TH anti-
body (1:10,000; Millipore) or rabbit anti-AADC serum
(1:20,000) (12), followed by biotinylated goat anti-rabbit IgG
antibody (1:250; Vector Laboratories) and avidin-peroxidase
complex (Vectastain ABC kit, Vector Laboratories). Immuno-
complexes were visualized by a reaction with 3,3'-diaminoben-
zidine tetrahydrochloride and 0.003% H,O,. Images were taken
using an upright microscope (Eclipse E800, Nikon) equipped
with a cooled CCD camera (VB-6010, Keyence).

The numbers of TH-positive neurons in the injected and
uninjected side SNc were compared using a stereological cell
counting method. SNc was defined according to the brain atlas
(22). Briefly, one in every three coronal sections covering the
whole SNc was selected (typically 12—14 sections) and stained
for TH, and magnified images of SNc were taken using a 20X
objective lens (numerical aperture 0.5). For each region of
interest, images were taken at multiple different focus planes to
visualize all cells in the thickness. The number of all TH-posi-
tive cells in SNc in each slice was counted manually with Image]
(National Institutes of Health). Only cells with an apparently
visible nucleus were included. The number of all TH-positive
neurons from a set of slices was summed (typically 16002000
cells in the uninjected side), and the ratio of the number in the
injected side to that in the uninjected side was evaluated.

For fluorescence immunohistochemistry, the following sec-
ondary antibodies were used: Alexa546-conjugated anti-mouse
IgG (1:2,000; Invitrogen) and Alexa633-conjugated anti-rabbit
IgG (1:2,000; Invitrogen). Images were taken using the TCS SPE
confocal microscope (Leica) with a 63X oil objective lens and
excitation lasers of 532 and 635 nm.

For the detection of dopamine, we fixed mice transcardially
with 5% glutaraldehyde, and the brain sections made with
vibratome were stained with rabbit anti-TH antibody or rabbit
anti-dopamine-glutaraldehyde conjugate (1:500; Millipore).
Because glutaraldehyde fixation induces very strong back-
ground fluorescence, we performed immunodetection with the
avidin-peroxidase complex as described above instead of fluo-
rescence detection.

Western Blotting—T o dissect striatal tissues for biochemical
assays, we first made a coronal section of 2-mm thickness from
approximately +1.5 to 0.5 mm to the bregma using a brain
matrix (Neuroscience, Inc., Tokyo). Then the left and right dor-
sal striata were dissected by a surgical blade under a stereo
microscope and homogenized using the Pellet Mixer (TreffLab)
in 150 wl of PBS containing 1 mm dithiothreitol, 2 mm EDTA, 2
mM NaF, 1 pg/ml leupeptin, 1 pg/ml pepstatin, 1 mm phenyl-
methylsulfonyl fluoride, and 0.1 mm pargyline, followed by cen-
trifugation at 20,000 X g for 10 min at 4 °C. An aliquot of the
supernatant was used for the monoamine assay. In some exper-
iments, ventral midbrain homogenates were prepared simi-
larly, except the positions of coronal sections were approxi-
mately —2.5 to —4.5 mm to the bregma. The striatal or ventral
midbrain homogenates containing 10 ug of protein were sepa-
rated by electrophoresis on a 10% SDS-polyacrylamide gel and
transferred to a PVDF membrane. The membranes were
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immunodetected using the following primary antibodies: rab-
bit anti-TH antibody (1:10,000; Millipore), rabbit anti-AADC
antibody (1:20,000) (12), or mouse anti-B-actin antibody
(1:10,000; Sigma-Aldrich). Immunoreactive proteins were
detected by peroxidase-conjugated secondary antibodies and
Immobilon-Western (Millipore). Quantitative analyses were
performed with LAS-3000 (Fujifilm).

For better quantification of low level TH proteins by Western
blot, we assessed the linearity of the detection using serial dilu-
tion of striatal homogenates of the uninjected side (supplemen-
tal Fig. 1). Then we employed a range showing a linear relation-
ship between actual loaded proteins (2.5-20 ug, or a 0.125-1.0
ratio) and measured TH protein levels (0.05-1 ratio). Within
this range, we made a standard curve and calibrated the TH
protein levels accordingly.

For detection of vesicular monoamine transporter 2
(vMAT?2) and dopamine transporter (DAT) proteins, a crude
synaptosomal fraction was prepared by homogenizing striatal
tissues in 4 mm HEPES buffer containing 0.32 M sucrose, 2 mm
NaF, 1 pg/ml leupeptin, 1 pug/ml pepstatin, 1 mm phenylmeth-
ylsulfonyl fluoride, and 0.1 mm pargyline. The homogenate was
centrifuged at 900 X g, the supernatant was further centrifuged
at 14,500 X g, and the resulting pellet (P2 fraction) was dis-
solved in 80 pl of the same HEPES buffer containing 1% SDS.
Protein concentration was determined by the DC protein assay
(Bio-Rad). 20 pg of each protein sample was analyzed by West-
ern blot using the following primary antibodies: rabbit anti-
vMAT?2 antiserum (1:500; Synaptic Systems), rabbit anti-DAT
antibody (1:500; Millipore), rabbit anti-TH antibody (1:10,000;
Millipore), or mouse anti-B-actin antibody (1:10,000;
Sigma-Aldrich).

For the detection of phospho-TH proteins, striatal homoge-
nates were prepared by immediate boiling of a whole brain for 5
min after dissection, followed by isolation of striata and homog-
enization and sonication in 0.1 M Tris-HCI (pH 6.8) buffer con-
taining 1% SDS. Protein concentration was determined by the
DC protein assay (Bio-Rad). 60 pg of each protein sample was
analyzed by Western blot using the following primary antibod-
ies: rabbit anti-Ser(P)-40-TH antibody (1:2,000; Millipore), rab-
bit anti-p31-TH antibody (1:2,000; Millipore), or rabbit
anti-TH antibody (1:10,000; Millipore).

Monoamine Assay—Aliquots of striatal supernatant were
deproteinized by 60 mm perchloric acid with 30 um EDTA and
30 uM pargyline on ice for 30 min and centrifuged at 20,000 X g
for 15 min. The monoamine levels in the supernatant were ana-
lyzed by high performance liquid chromatography (HPLC)
with an SC5-ODS column (EICOM) and a mobile phase buffer
containing 84 mM acetic acid-citrate (pH 3.5), 5 ug/ml EDTA,
190 mg/ml sodium 1-octane sulfonate, and 16% methanol.
Monoamines were detected by electrochemical detection
(ECD-100, EICOM).

Biopterin contents were measured as described previously
(43). Briefly, the deproteinized homogenates were oxidized by
0.1 m HCl containing 0.1% I, and 0.2% KI for 1 h at room tem-
perature, followed by centrifugation at 20,000 X g for 10 min.
The supernatants were neutralized by 0.2% ascorbic acid and
then subjected to HPLC analyses with Inertsil ODS-3 column
(GL Sciences) and a mobile phase buffer containing 10 mm
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FIGURE 1. Ablation of the Th gene by AAV-Cre injection into the SNc of the floxed Th mice. A, schematic representation of the targeting vector for the
generation of the floxed Th allele. E, EcoRI; H, Hindlll; M, Mlul; N, Notl; S, Spel; X, Xhol; Neo, neomycin-resistant cassette. Broken arrows represent the generation
or replacement of arestriction site. Exons are represented by boxes. The positions of the primers designed for the detection of genomic DNA recombination by
PCR are indicated by open triangles with resulting PCR product sizes. B, PCR detection of genomic DNA recombination using primers for wild type (open
arrowhead) or deleted Th (closed arrowhead) alleles. The template genomic DNA was prepared from the uninjected (U) or injected () side of the of the Th"" or
Th™*/* mice 2 weeks after the unilateral microinjection of the AAV-Cre into the SNc. Note that the Th gene recombination was detected only in the injected side
of the SNc of the Th™ mice but not in the uninjected side of the Th" mice and the Th*/* mice.

NaPO, (pH 6.9) and a fluorescence detector (excitation 350
nm/emission 440 nm; RF-10A, Shimadzu, Tokyo).

Estimation of in Vivo .L-DOPA Synthesis Activity per TH Pro-
tein Level—In vivo L-DOPA synthesis activity was evaluated by
measuring the L-DOPA levels that accumulated in 30 min after
the administration of 3-hydroxybenzylhydrazine dihydrochlo-
ride (NSD-1015, Sigma-Aldrich), an AADC inhibitor, to mice
(100 mg/kg, intraperitoneal). The striatal tissues were homog-
enized using a pellet mixer (TreffLab) in 150 pl of PBS contain-
ing 1 mum dithiothreitol, 2 mm EDTA, 2 mm NaF, 1 pg/ml leu-
peptin, 1 pg/ml pepstatin, 1 mm phenylmethylsulfonyl fluoride,
and 0.1 mM pargyline, followed by centrifugation at 20,000 X g
for 10 min at 4 °C. An aliquot of the supernatant was used for
assaying protein concentration by Bradford method, and West-
ern blot to assess the TH protein levels. Another aliquot was
deproteinized by 60 mm perchloric acid with 30 um EDTA and
30 M pargyline on ice for 30 min and centrifuged at 20,000 X g
for 15 min. The supernatant was neutralized by K,COj, and
L-DOPA was purified by Al,O5 powder. The L-DOPA level was
analyzed by HPLC with a NUCLEOSIL 100-7C18 reverse-
phase column with a mobile phase buffer containing 0.1 M
NaPO, (pH 3.5), 8 um EDTA and electrochemical detection. To
evaluate the in vivo L-DOPA synthesis activity per TH protein,
L-DOPA accumulation was normalized to TH protein levels
estimated by Western blot.

Rotation Test—Mice were placed in a round bowl (25 cm in
diameter) for 20 min for acclimation. The mice were adminis-
tered with 1-[2-[bis-(4-fluorophenyl)methoxy]ethyl]-4-(3-phe-
nylpropyl)piperazine dihydrochloride (GBR12909; Tocris Bio-
science; intraperitoneal, 30 mg/kg) and returned to the same
bowl, and the behavior was videorecorded. The rotations were
counted by visual observation for a 60-min period immediately
after intraperitoneal injection. One rotation was defined by the
animal completing a 360° turning without turning back in the
opposite direction.
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Statistics—The Mann-Whitney U test, Wilcoxon’s signed
rank test, or Steel’s test was used as required. Spearman’s rank
correlation was used to evaluate a correlation between two
groups. p values of <0.05 were considered significant. The data
are shown as individual data points and mean values or as
mean * S.E., as indicated. Exponential and liner fittings were
performed with Igor Pro 6.2 (WaveMetrics).

RESULTS

Production of Floxed Th Mice and Th Gene Ablation by
AAV-Cre—First, we generated the floxed Th mice (TH"") in
which exons 6 -9 of the T gene were flanked by loxP sites (Fig.
1A). We used AAV-Cre to induce DNA recombination in vivo
by performing a unilateral stereotaxic microinjection of the
virus into the SNc of the adult floxed T/ mice. Microinjection of
AAV-Creinto the SNcinduced DNA recombination in 2 weeks
when we examined the substantia nigra tissue samples by PCR
(Fig. 1B). Th gene recombination was detected in the injected
side SNc of the T/ mice but not in the uninjected side of the
TH"" mice and both sides of the /™" mice. Thus, the floxed
Th mice and AAV-Cre enabled us to induce T% gene ablation in
the adult mouse midbrain.

Abrogation of TH Protein Expression in SNc Dopaminergic
Neurons—Using immunohistochemistry, we next examined
the effect of the AAV-Cre injection on TH protein expression
in the SNc. The TH protein immunoreactivity was absent in the
majority of neurons in the SNc 2 weeks after the AAV-Cre
injection (Fig. 24 and B). We found that the number of TH-pos-
itive dopaminergic neurons normalized to the uninjected side
was reduced by as early as 2 weeks, with the mean ratios of 38,
30, and 40% at 2, 4, and 8 weeks after the AAV-Cre injection,
respectively, whereas they were unchanged in the Th™/* mice
(97% at 8 weeks; Steel’s test, p = 0.0239, 0.0166, and 0.0061 for
the TH"" mice at 2, 4, and 8 weeks, respectively, compared with
the Th™'* at 8 weeks; Fig. 2C).
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FIGURE 2. AAV-Cre-induced loss of TH expression in the SNc. A, a repre-
sentative image of a midbrain slice immunostained for TH (top) and a sche-
matic atlas (bottom). Serial coronal sections of the midbrains of the Th"* mice
were prepared 8 weeks after the AAV-Cre injection and were immunostained
for TH. The SNc in the atlas is indicated by the hatched area. fr, fasciculus
retroflexus; m/, medial lemniscus; MM, medial mammillary nucleus; SNr, sub-
stantia nigra pars reticulata; VTA, ventral tegmental area. 8, magnified views
of the uninjected side (b7) and injected side (b2) SNc as indicated in A. C,
summary of the ratio of TH-positive cell numbers in the injected side SNc to
the uninjected side. Open circles indicate the values from individual animals,
and bars indicate the means. n = 5, 6, 11, and 5 brains for 2, 4, and 8 weeks
(Th™ mice) and 8 weeks (Th™* mice) after injection, respectively. *, p < 0.05;
¥ p < 0.01, Steel’s test. D, immunofluorescence staining for TH (red) and
AADC (green) of the SNc of the Th"" mice examined 2 weeks after the injec-
tion of AAV-GFP/Cre. TH and AADC were visualized with Alexa546 and
Alexa633, respectively, distinguishing from GFP signal, and pseudocolored
confocal images are shown. Note that the number of TH-expressing neurons
was clearly reduced in the AAV-GFP/Cre-injected side, whereas the AADC,
another dopaminergic neuron marker, remained expressed. £, TH deletion
induces no apparent cell death in 16 weeks. Midbrain slices from two Th™f
mice and one Th*/* mouse were immunostained for TH and AADC 16 weeks
after the AAV-Cre microinjection. Whereas the TH-exPressing neurons were
reduced in the injected side of the SNc of the Th"" mice, the number of
AADC-expressing neurons was apparently unaffected, suggesting that the
dopaminergic neurons do not show cell death in the absence of TH in 16
weeks. Scale bars, 1 mm (A), 100 um (B), 50 wm (D), and 1 mm (E).

To confirm a selective loss of TH protein, we also performed
double immunofluorescence histochemistry for TH and aro-
matic AADC, a dopaminergic neuron marker. We used AAV-
GFP/Cre for the purpose of labeling infected cells, but GFP
expression in these neurons was too weak for detection, so we
immunostained TH and AADC with Alexa546 and Alexa633
fluorophores, respectively, distinguishing from GEFP signals.
We found that the AADC immunoreactivity was preserved in
the TH-negative neurons in the SNc 2 weeks after the AAV-
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GEFP/Creinjection (Fig. 2D), suggesting that the AAV-GFP/Cre
injection induced an efficient Tk gene ablation without induc-
ing cell death or damage. Moreover, AADC expression in the
SNc was apparently unaffected in the 7#"/ mice up to 16 weeks
following the AAV-Cre injection, when the majority of the SN¢
dopaminergic neurons lost TH expression (Fig. 2E). These data
suggest that dopamine is not essential for the survival of dop-
aminergic neurons in adult brains.

Slower Reduction of TH Proteins in Axon Terminals of Nigros-
triatal Projection—The dopaminergic neurons in the SNc pro-
ject their axons toward the striatum and form dense synapses
(23, 24), where abundant TH proteins were contained. We
quantitatively examined the reduction of the TH protein in the
striatum by Western blot (Fig. 34 and B). The TH protein level
was gradually reduced in the AAV-Cre injected side compared
with the uninjected side in T7/#"" mice, to 75, 50, and 39% at 2, 4,
and 8 weeks after the AAV-Cre injection, respectively, whereas
the levels were unchanged in the T/"/* mice (104% at 8 weeks;
Steel’s test, p = 0.0932, 0.0071, and 0.0059 for the T%"" mice at
2, 4, and 8 weeks, respectively, compared with the Th*/* at 8
weeks; Fig. 3B). AADC protein levels did not show significant
changes (Steel’s test, p = 0.77,0.92, and 0.88 for the T/ mice
at 2, 4, and 8 weeks, respectively, compared with the Th*/* at 8
weeks; supplemental Fig. 24).

We noticed that the reduction of TH protein level in the
striatum could be slower than the reduction of the number of
TH-expressing cells in the SNc because the difference between
the two seemed remarkable at 2 weeks. To further investigate
the difference, we compared the TH protein reductions in the
striatum with that in ventral midbrain tissue, including SNc,
using Western blot (Fig. 3C). We found that the TH protein
reduction in the striatum showed a delay by about 2 weeks,
whereas the decay time constants were similar ( = 2.06 and
2.04 weeks for the ventral midbrain and striatum, respectively).

We also used immunofluorescence histochemistry to exam-
ine the expression of TH and AADC in the striatum (Fig. 3D).
Two weeks after the AAV-Cre injection, the number of TH-ex-
pressing axons in the injected side of the striatum of the T/
mice was only slightly reduced compared with the uninjected
side, which was consistent with the Western blot data. How-
ever, the number of TH-expressing axons was decreased pro-
foundly 8 weeks after the AAV-Cre injection. The number of
AADC-expressing axons was apparently unchanged, suggest-
ing that the axon terminals of the dopaminergic neurons
remained mostly intact. These Western blot and immunohis-
tochemical data indicate differential regulation of TH protein
levels between axon terminals (striatum) and soma (SNc). Also,
the Th gene ablation led to an almost complete and selective
loss of TH protein in a subset of dopaminergic axons.

Better Maintenance of Striatal Dopamine Levels than TH
Protein Levels—To investigate if dopamine levels follow the
reduction of TH protein levels in the striatum, we assayed stri-
atal monoamine contents using the same striatal extracts used
in the Western blot analysis (Fig. 44). The dopamine contents
decreased gradually to around 98, 79, and 69% at 2, 4, and 8
weeks after the AAV-Cre injection, respectively, in the TH"?
mice but not in the 7/ /™ mice (104% at 8 weeks; Steel’s test,
p = 0.98, 0.0475, and 0.0637 for 2, 4, and 8 weeks in the TH#""
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FIGURE 3. Decrease in striatal TH protein levels after Th gene ablation. A,
striatal homogenates of each genotype were prepared 2, 4, or 8 weeks after
the unilateral AAV-Cre injection into the SNc, and Western blot analysis was
performed with antibodies against TH, AADC, and B-actin. Uand /, uninjected
and injected sides of the striatum, respectively. B, summarized quantitative
analyses of Western blots for the striatal TH protein levels. The ratios of the
protein level of the injected side to the uninjected side are plotted on the
vertical axis. The open circles indicate the values from individual animals, and
the bars indicate the means. n = 8, 9, 12, and 5 brains for 2, 4, and 8 weeks
(Th™" mice) and 8 weeks (Th*/* mice) after injection, respectively. ¥, p < 0.05;
#* p <0.01, Steel’s test. C, comparison of TH protein levelsin the striatum and
ventral midbrain by Western blot. Tissue homogenates were prepared from
the injected side and uninjected side of the ventral midbrain (vMB) and stria-
tum (5tr) of Th"" mice and were subjected to Western blots for TH.n = 2, 4,3,
2,and 3for 0, 1, 2, 4, and 10 weeks after AAV-Cre injection, respectively. Data
were fitted with an exponential curve. For the striatum, fitting was performed
from 2 weeks because there was no apparent reduction before 2 weeks in this
data set. D, decrease in the number of TH-expressing axons in the striatum.
Striatal slices of the Th™” mice were prepared 2 and 8 weeks after the injection
of AAV-GFP/Cre and were immunohistochemically stained for TH (red) and
AADC (green). TH and AADC were visualized as in Fig. 2D. Merged images are
shown at the bottom. Images from the uninjected and injected side of the
striatum are shown as indicated. Scale bar, 10 um.

mice, respectively, compared with the 7%*/" mice at 8 weeks;
Fig. 4B). Notably, these reductions of dopamine contents were
not as striking as those of TH protein levels (Fig. 2C). To eval-
uate the relationship between dopamine and TH, we plotted
dopamine contents against TH protein levels (Fig. 4C). We
found that dopamine contents were less affected than the TH
protein levels, and the relationship was fitted well with an expo-
nential curve (x* = 0.7391). The dopamine contents did not
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FIGURE 4. The tissue dopamine contents are better maintained than TH
protein levels in the striatum. A, representative chromatograms of the
monoamine assay with the homogenates from the uninjected and injected
side striata from a Th" mouse 8 weeks after the injection of AAV-Cre. B,
summarized DA contents in the striatum after the unilateral AAV-Cre injec-
tion to the SNc in the Th" and Th*/* mice. The monoamine assays were
performed using the same extracts used in Fig. 3. The ratios of the dopamine
contentsin the injected side to the uninjected side are shown. The open circles
indicate the values from individual animals, and the bars indicate the means.
n=8,9,12,and 5 brains for 2, 4, and 8 weeks (Th"" mice) and 8 weeks (Th™/*
mice) after the injection, respectively. ¥, p < 0.05, Steel’s test. The mean dop-
amine contents in the uninjected side striata were 147.2 = 10.2 and 158.1 =
6.7 pmol/mg protein for Th"" and Th™/* mice, respectively at 8 weeks (Steel’s
test, p = 0.86). C, the relationship between dopamine contents and TH pro-
tein levels. The circles represent data from individual animals and are color-
coded by weeks after the AAV-Cre injection as indicated. The dotted line has a
slope of 1. The solid line indicates an exponential curve fitting. The points
above the dotted line suggest a higher dopamine level per TH protein level in
the injected side compared with the uninjected side. D, ratio of the dopamine
content to the TH protein level normalized to the uninjected side.n =8,9,12,
and 5 brains for 2, 4, and 8 weeks (Th™" mice) and 8 weeks (Th*/* mice) after
the injection, respectively. We excluded one outlier that showed very low TH
protein levels and a high DA/TH ratio (29.8) from the 8-week Th"” group. *,
p < 0.05; **, p < 0.01, Steel’s test. E, the relationship between DOPAC and
dopamine contents in the Th"" mice 8 weeks after the AAV-Cre injection. The
data indicate the ratio of the DOPAC contents in the AAV-Cre-injected side of
the striatum normalized to the uninjected side. The open circles indicate indi-
vidual data. The dotted line has a slope of 1,and the solid line indicates a linear
fitting. n = 13 mice. Spearman’s rank correlation, p < 0.0001, p = 0.96 for
DOPAC versus dopamine.

show a remarkable reduction until the TH protein levels were
decreased by around 50%. Accordingly, the ratios of dopamine
contents to TH protein levels were increased, with ratios of
1.32, 1.68, and 1.93 at 2, 4, and 8 weeks after the AAV-Cre
injection, respectively, in the T#"" mice, whereas it remained
1.1 in the Th*/" mice at 8 weeks (Steel’s test, p = 0.0665,
0.0071, and 0.0157 for 2, 4, and 8 weeks for the T/"" mice,
respectively, compared with the Th*/* mice at 8 weeks; Fig.
4D).
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FIGURE 5. TH and dopamine distribution in the striatum. A, immunohisto-
chemical detection of the striatal TH and DA in the striatum of the Th""
mouse. The mice were fixed with glutaraldehyde 8 weeks after the injection
of AAV-GFP/Cre, and the slices cut with a vibratome were stained with anti-
bodies against TH or dopamine. Note that the TH signal in the injected side
(Inj) was decreased compared with the uninjected side (Uninj), whereas the
DA signal was less affected. B, magnification images of the regions indicated
by asterisks in A, showing TH-expressing axon fibers and dopamine-contain-
ing axonal boutons. Arrowheads indicate representative puncta of the dop-
amine signals. Scale bars, 0.5 mm (A) and 10 um (B).
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It is known that unilateral depletion of dopamine in the
rodent nigra induces ipsilateral rotation behavior in response to
reagents enhancing dopaminergic transmission (25, 26). Con-
sistently, 7"/ mice with severe unilateral dopamine depletion
showed ipsilateral rotation behavior when administered with
GBR12909, a potent DAT inhibitor (supplemental Fig. 2B),
demonstrating the validity of our genetic manipulation to dis-
rupt nigrostriatal dopaminergic transmission.

To further examine the tissue level alterations in the dop-
amine distribution, we used immunohistochemistry to deter-
mine the expression pattern for dopamine and TH in the stria-
tum 8 weeks after the AAV-Cre injection. The mice were fixed
transcardially with glutaraldehyde, and the striatal slices were
stained with an antibody raised against dopamine-glutaralde-
hyde conjugate. We used immunoenzyme detection instead of
immunofluorescence detection, because glutaraldehyde fixa-
tion causes a high fluorescence background. At a lower magni-
fication, TH immunoreactivity was clearly reduced in the AAV-
Cre-injected side of the T#™" mice, whereas the dopamine
immunoreactivity was only moderately reduced (Fig. 54).
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FIGURE 6. Enhanced in vivo L.-DOPA synthesis activity per TH protein
level. L-DOPA synthesis activities per TH protein level were estimated by
measuring L-DOPA accumulation after in vivo administration of NSD-1015, an
AADC inhibitor. Striatal homogenates were prepared 30 min after NSD-1015
administration (100 mg/kg, intraperitoneally). L-DOPA levels were measured
by HPLC, and TH protein levels were assayed by Western blot. The mice were
examined 8 weeks after the AAV-Cre injection. A, summary of L-DOPA accu-
mulation in Th"" and Th*/* mice. Data are shown as L-DOPA level in the
injected side normalized by the uninjected side. The open circles indicate the
values from individual animals, and the bars indicate the means. The mean
-DOPA levelin the uninjected side of the Th™* mice was42.1 = 7.3 pmol/mg
protein. B, summary of L-DOPA accumulation normalized to the TH protein
levels examined by Western blot, providing apparent L-DOPA synthesis activ-
ity per TH protein level. ¥, p < 0.05, Mann-Whitney U test.

These data are consistent with Western blot and monoamine
assay results. Higher magnification views showed a reduction in
the number of TH-expressing axon fibers in the AAV-Cre-in-
jected side of the T#"/" mice (Fig. 5B) as observed by immuno-
fluorescence staining (Fig. 3D). Moreover, the number of punc-
tate signals of dopamine was also greatly decreased (Fig. 5B),
suggesting that dopamine levels in the TH-lost axons were sub-
stantially reduced. Collectively, these data indicate a compen-
satory regulation of dopamine levels for a decrease in the TH
protein levels. Because TH expression remained in only a sub-
set of dopaminergic axons, these data raise the possibility that a
decrease in dopamine synthesis induces a compensatory up-
regulation of dopamine synthesis and/or storage in other axons.

Mechanisms of Dopamine Maintenance against TH Protein
Loss—The homeostatic compensation of dopamine levels may
accompany either an increase in the synthesis of dopamine or a
decrease in the degradation of dopamine. To examine the deg-
radation rate of dopamine, we measured the contents of 3,4-
dihydroxyphenylacetic acid (DOPAC) and homovanillic acid
(HVA), the two major metabolites of dopamine. Reductions of
DOPAC and HVA contents were well correlated with that of
dopamine in the T#"" mice (Fig. 4E). Comparison between
injected and uninjected sides showed no difference in the ratio
of DOPAC to dopamine (DA) (injected side, 0.12 = 0.02; unin-
jected side, 0.15 = 0.03; Wilcoxon'’s signed rank test, p = 0.16)
and in the ratio of HVA to dopamine (injected side, 0.13 = 0.01;
uninjected side, 0.14 = 0.01; Wilcoxon’s signed rank test, p =
0.43; supplemental Fig. 3). These data suggest that the degrada-
tion rate of dopamine was not significantly changed.

To explore a possible change in the activity of dopamine syn-
thesis pathway, we evaluated in vivo L-DOPA synthesis activity
by measuring L-DOPA accumulation 30 min after administra-
tion of NSD-1015, an AADC inhibitor, 8 weeks after the AAV-
Cre injection. We found that the L-DOPA accumulation in the
injected side of the striatum was significantly lower in the T/
mice compared with the Th"/* mice (Mann-Whitney U test,
p = 0.0206; Fig. 6A). We then estimated the apparent L-DOPA
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synthesis activity per TH protein by normalizing the L-DOPA
accumulation with TH protein levels estimated by Western blot
analysis. We found that the L-DOPA accumulation per TH pro-
tein in the injected side striatum was significantly higher in the
TH"" mice than in the Th™’" mice (Mann-Whitney U test, p =
0.0279; Fig. 6B). Considering that L-DOPA is mostly synthe-
sized by TH (14), and the TH proteins remained to be expressed
in only a subset of axons, these data suggest that dopamine
synthesis activity in the remaining TH-positive axons was aug-
mented to compensate for dopamine level.

Further, we examined if TH phosphorylation at Ser-31 and
Ser-40 (27), the two major phosphorylation sites for TH activa-
tion, was elevated. However, we did not find a significant
change in the phosphorylation states of these Ser residues by
Western blot (supplemental Fig. 4). We also measured the con-
tents of biopterin, an essential cofactor for TH, but the contents
were not significantly different between the injected and unin-
jected side (uninjected side, 6.72 * 0.54 pmol/mg protein;
injected side, 6.64 * 0.49 pmol/mg protein; Mann Whitney U
test, p = 0.95). Thus, the long term up-regulation of L-DOPA
synthesis activity may be supported by other molecular mech-
anisms (e.g a relief of the feedback inhibition of TH by dop-
amine as a consequence of impaired dopamine synthesis).

In axon terminals, synthesized dopamine is primarily stored
in synaptic vesicles, and released dopamine is partly recycled by
DAT. When the number of TH-expressing axons was greatly
reduced, the manner of dopamine storage could be changed for
adaptation. In this context, we examined the level of two major
dopamine transporters: VMAT2 and DAT. Western blot anal-
ysis showed no significant change in the vYMAT2 and DAT pro-
tein levels in the injected side striatum compared with the unin-
jected side in the T#"" mice, despite the great reduction of TH
protein levels (supplemental Fig. 5). These data suggest that the
numbers of dopaminergic synaptic vesicles and terminals were
not grossly altered. Instead, because the majority of dopamin-
ergic axons do not contain normal level of dopamine (Fig. 5B),
despite the moderate decrease in tissue dopamine contents
(Fig. 4), the vesicular dopamine contents in the TH-expressing
axons may be increased, and/or TH-negative axons may uptake
and contain low level dopamine.

DISCUSSION

Selective Loss of TH Protein in a Subset of Dopaminergic Neu-
rous without Neuronal Degeneration—We took advantage of
the Cre-loxP system in mice, which enabled us to selectively
ablate the Th gene and block dopamine synthesis in adult
brains. TH expression in the SNc was lost in a subset of SNc
dopaminergic neurons by as early as 2 weeks after the AAV-Cre
injection. The TH protein level and the number of TH-express-
ing axons in the striatum were clearly reduced 8 weeks after the
AAV-Cre injection. Severe dopamine deficiency accompanied
ipsilateral rotation behavior when stimulated with the DAT
inhibitor, GBR12909, confirming the integrity of our genetic
method to disrupt nigrostriatal dopaminergic transmission.

In contrast, the AADC protein levels and immunohisto-
chemical signals in the striatum and SNc were unaffected 8 or
16 weeks after the AAV-Cre injection. These data suggest that
the SNc dopaminergic neurons and axons were mostly pre-
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served for several months without synthesizing dopamine. This
is in contrast to neurodegenerative models using neurotoxins,
such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine and
6-hydroxydopamine (6-OHDA), which could cause loss of
axons and unpredictable side effects. Therefore, our experi-
mental system provides a new animal model of chronic dop-
amine deficiency in adult brains without neuronal
degeneration.

Differential Regulation of TH Protein Level in the Axon Ter-
minals from Soma—Using this Th gene ablation strategy in
adult brains, we noticed that the decline in the TH protein in
the striatum was slower than the reduction of TH-expressing
neurons in the SNc (Figs. 2C and 3B). By direct comparison of
TH protein reduction in the striatum and ventral midbrain with
Western blotting, we found that the TH protein reduction
occurred in a delay, whereas the decay time constants were
similar (Fig. 3C). This considerable delay of TH protein loss in
the striatum suggests a mechanism that maintains the axonal
TH protein level for a week or two without T/ gene transcrip-
tion. How does such a delay occur?

First, the turnover of TH proteins in axon terminals in the
striatum may be slower than that in cell bodies in SNec. In cul-
tured chromaffin cells, the steady-state half-life of the TH pro-
tein is about 1 day (28), but it could become longer than 10 days
by treatment with translational inhibitors (29). Moreover, incu-
bation with transcriptional inhibitors for 3 days caused no sig-
nificant loss of the TH protein, although 90% of the TH mRNA
was lost (29). Axonal translation may be involved for such a
prolonged delay of protein degradation (30, 31). Thus, the dif-
ference in TH protein turnover in axon terminals and cell bod-
ies located in SNc may be supported by those multiple regula-
tory mechanisms.

In addition, the delayed reduction of TH proteins may be
attributable to slow axonal transport of TH proteins from soma
to axons. Although the mechanism underlying axonal TH
transport is not fully understood, the projection from SNc to
the striatum in mice is about 2—10 mm, depending on axonal
branching (22, 23). The axonal transport of TH was reported to
be about 2 mm/h in chicken sciatic nerves (32), but it could be
different in the brain because the cytosolic proteins are deliv-
ered by the slow axonal transport system at 0.1-8 mm/day (33,
34). These reports raise a possibility that it takes a week or more
to transport TH proteins from a soma to axon terminals in the
mouse nigrostriatal projection.

Regulation of Dopamine Levels by TH Protein Level and
Activity in the Striatum—By quantitative comparison of dop-
amine contents with TH protein levels in the same striatal tis-
sues, we found that dopamine contents were not simply deter-
mined by the TH protein level only. Notably, even 50% loss of
TH protein did not remarkably change the dopamine contents.
Eight weeks after the AAV-Cre injection, the TH protein levels
were reduced to 39%, on average, whereas the dopamine con-
tents were reduced to 69%. Immunohistochemical data showed
a similar trend of difference. This finding is consistent with a
previous report that dopamine contents in the brain of the adult
Th™'~ heterozygous mice are normally maintained despite a
significant decrease in TH activity (12). Thus, these data indi-
cate that the dopamine levels were primarily determined by TH
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protein level but also influenced by another mechanism in the
nigrostriatal projection.

In this study, we showed that (i) the TH protein expression
was abrogated in a subset of dopaminergic neurons (AAV-Cre-
infected neurons); (ii) the striatal dopamine contents were bet-
ter maintained than the TH protein levels; and (iii) in vivo
1-DOPA synthesis activity per TH protein level was enhanced.
Because L.-DOPA synthesis activity was virtually retained in
only the TH-expressing axons, these results suggest that
L-DOPA synthesis activity per TH protein in a given axon is
partly affected by dopamine synthesis in the neighboring axons.
Such trans-axonal regulation of dopamine synthesis activity
might be a basis for the homeostasis of dopaminergic transmis-
sion in the striatum.

Consistent with our data, in a rat model of preclinical parkin-
sonism where nigrostriatal dopaminergic neurons were
lesioned by 6-OHDA, TH activity was increased relative to dop-
amine loss (35). In such models generated with 6-OHDA, how-
ever, it is difficult to know if the enhanced TH activity observed
after 6-OHDA administration is a result of a direct toxic effect
of 6-OHDA on the remaining axons, a cell death of neighboring
axons, or a decrease in tissue dopamine level. In contrast, our
genetic manipulation specifically targets the T/ gene in AAV-
Cre-infected neurons, so our results demonstrate the effect of
Th gene deletion on TH protein levels, dopamine contents, and
L-DOPA synthesis activity more clearly and simply.

It remains to be determined how trans-axonal compensation
of dopamine is mediated. For example, TH homospecific activ-
ity may be changed for the compensation by phosphorylation.
D2 autoreceptors on dopaminergic axon terminals may be
involved in controlling the dopamine level (36). However, it is
not clear whether D2 autoreceptors modify dopamine synthesis
in the long term. For example, chronic administration of halo-
peridol, a D2 receptor inhibitor, does not increase the basal
levels of Ser(P)-31-TH and Ser(P)-40-TH in mice (37). We
could not detect significant change in the Ser(P)-31-TH and
Ser(P)-40-TH levels.

TH is also controlled by a feedback inhibition loop by dop-
amine (27). For example, a decrease in extracellular dopamine
level by Th gene ablation may cause lower dopamine reuptake
(38), lower local dopamine concentration in axon terminals,
and a relief of TH from the feedback inhibition. Previous
reports suggest that the concentration of released dopamine
can be on the order of micromolar and is quickly taken up by
DAT into dopaminergic axons (38). Because intracellular dop-
amine concentration is probably <100 nm (39), local intracel-
lular dopamine concentration could be affected by dopamine
reuptake. Meanwhile, TH has two dopamine-binding sites:
high affinity (K, < 4 nM) and low affinity (K, = 90 nm) (40).
Therefore, most TH proteins would be the dopamine-bound
form for the high affinity site, whereas the low affinity site may
be more relevant to feedback inhibition by dopamine (40).

Alternatively, there is a circuit level feedback (8) or neu-
rotrophic factors, such as glial cell-derived neurotrophic factor
(41). Further studies will be required to clarify the signaling
mechanisms underlying the trans-axonal regulation of dop-
amine levels.
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We found that the ratio of DOPAC and HVA contents to
dopamine did not change, whereas, in Parkinson disease
patients and model animals, DOPAC/DA and HVA/DA ratios
were reported to be increased (7, 10, 42). This difference may
exist because in our experimental conditions, most of the dop-
aminergic axons were preserved after the 77 gene ablation, and
those axons may have participated in the reuptake of extracel-
lular dopamine, resulting in minimal effects on the dopamine
degradation rate.

Adjusting Dopamine Storage for Compensation—If the num-
ber of dopamine-synthesizing axons was decreased by more
than half, where and how were dopamine molecules stored for
compensation? Because we did not observe any gross changes
in the vMAT?2 and DAT protein levels, it is unlikely that the
numbers of dopaminergic synaptic vesicles and terminals were
drastically changed. Otherwise, vesicular dopamine contents
may be increased in the remaining TH-expressing axons for the
compensation. For example, treatment of cultured dopaminer-
gic neurons with L-DOPA or glial cell-derived neurotrophic
factor increased vesicular dopamine levels more than 3-fold
(41). Alternatively, it is also possible that the low level dop-
amine was contained in the TH-negative axons through the
reuptake of spilled-over dopamine from neighboring synapses.
This mechanism is consistent with the idea that released dop-
amine is spilled over and taken up by neighboring axons (38).
Thus, the compensation of dopamine levels in our experimen-
tal system may accompany an increase in vesicular dopamine
contents and/or spill-over and reuptake of released dopamine
by TH-negative axons.

Taken together, in this study, we develop a conditional gene
targeting method to efficiently and selectively inactivate the Tk
gene in the SNc dopaminergic neurons in adult mice without
inducing neuronal degeneration. The analysis of these mutant
mice revealed that TH protein levels in the axon terminals are
regulated differently from the level in the soma, and the tissue
dopamine levels are under trans-axonal compensatory regula-
tion, where the reduction of dopamine in some axons induces
up-regulation of dopamine synthesis activity in other axons.
We believe that the present findings represent at least one of the
compensatory mechanisms in Parkinson disease and are
related to actions of remedies for psychiatric disorders.
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