Japan and Dage-MTI, Michigan City, IN, USA). Patch pipettes (4—
6 MQ) were fabricated from borosilicate glass capillaries (1.5 mm
o0.d., 1.17 mm i.d.; Harvard Apparatus Ltd, Holliston, MA, USA) on a
PC-10 puller (Narishige, Tokyo, Japan). For current- and voltage-
clamp recordings, patch pipettes contained the following (in mmy):
129 K-gluconate, 11 KCI, 2 MgCl,, 10 HEPES, 4 Na,-ATP, 0.3 GTP
and 0.5% biocytin (brought to pH 7.3 with KOH; osmolarity,
280 mOsm). After obtaining a stable seal of > 1 G, the whole-cell
configuration was achieved by gentle suction. Data were corrected for
a junction potential of —14 mV.

For electrophysiological characterization, responses were recorded
in current-clamp mode evoked by current injections. Spike properties
were calculated using the first spike evoked by a small suprathresh-
old current injection. Input resistance was determined by a —25 pA
hyperpolarizing step from the resting membrane potential. The action
potential onset was measured as the time point where the deflection
of the curve was maximal. Time to peak and amplitude of
afterhyperpolarization were measured from the action potential
onset. Spike widths were measured at half amplitude, on action
potentials induced by a depolarizing pulse with threshold strength for
spike initiation.

The N-methyl-D-aspartate (NMDA) : non-NMDA current ratios
were measured using the area under the first 150 ms of the excitatory
postsynaptic current (EPSC) following the stimulus artifact. The
control EPSC was obtained at a holding potential of =70 mV in
magnesium-free saline containing the GABA, receptor blocker SR-
95531 (Sigma) at 5 uM. The stimulating glass electrode was placed in
the striatum. After obtaining the control EPSC, non-NMDA EPSCs
were obtained by application of the NMDA antagonist D-(—)-2-
amino-5-phosphonopentanic acid (Sigma) at 25 uM. The NMDA
current was calculated by subtracting the non-NMDA current from the
control.

Histological procedures and morphological analysis

After electrophysiological recording, slices were fixed in phosphate-
buffered 4% paraformaldehyde with 0.2% picric acid for 24 h at 4 °C.
For visualization of biocytin-filled neurons, slices were incubated with
an avidin-biotin peroxidase complex (1 : 100; Vector Laboratories,
Burlingame, CA, USA) in 0.05 M Tris-buffered saline with 0.03%
Triton X-100 overnight at 4 °C. After washing, the slices were reacted
with 3,3’-diaminobenzidine tetrahydrochloride (0.02%) and H,O,
(0.003%) in Tris-buffered saline. Cell bodies, dendrites and projecting
axons of stained neurons were reconstructed under a microscope
attached to a camera lucida apparatus. After the reconstructed figures
were captured by a digital scanner, they were retraced and digitized
using Adobe Illustrator CS3 (Adobe Systems Inc.). Morphological
variables were measured with a 100x oil-immersion objective lens
(UPlanFl; NA 1.30; Olympus) attached to a BX51 light microscope
(Olympus). Data were not corrected for tissue shrinkage.

Dopamine depletion and bromodeoxyuridine labeling

Both 3-NPA (200 mg/kg, s.c.; Sigma) and MPTP-HCI (5 mg/kg,
i.p.; Sigma) were administered in transgenic mice at 2 months of age.
MPTP injections were subsequently performed seven times at 12 h
intervals. Control mice were treated with saline. To label mitotic cells,
these mice were also injected with BrdU (300 mg/kg, i.p.; Sigma)
once a day for 10 days. Mice were anesthetized at day 7 after the last
MPTP injection, and killed by transcardial perfusion with PBS
followed by 4% paraformaldehyde in PBS. The brains were removed
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and fixed for immunohistochemistry. For detection of incorporated
BrdU, DNA denaturation was performed by incubating sections in
2 M HCI solution (neutralized with 0.1 M sodium borate for 10 min)
for 40 min at 40 °C. Mouse anti-BrdU monoclonal antibody (1 : 500;
Chemicon) was used to visualize BrdU incorporation.

Statistics for electrophysiological analysis

Discriminant analysis was performed to identify the explanatory
variables most valuable in predicting group membership of EGFP-
positive neurons from the striatum of EGFP-TH* transgenic mice.
Wilks’ lambda statistic was used to detect differences between means
of identified groups of EGFP-positive neurons and which variables
contributed to their discrimination. Provided that the null hypothesis
of homogeneity of variance—covariance matrices was supported, linear
discriminant analysis was performed. When this was not the case,
discriminant analysis using Mahalanobis distances (Mahalanobis,
1936) was implemented. Finally, we chose variables that generated
discriminant functions with the highest correction rate.

Statistical significance was set at P < 0.05 and determined using
Student’s #-test, Mann—Whitney U test and one-way ANOVA followed
by the Bonferroni corrected two-tailed #-test. All data are reported as
mean + SEM.

Results
Distribution and immunohistochemistry of EGFP-TH™ neurons

A previous study by Baker et al. (2003) demonstrated that EGFP-
positive cells in the striatum expressed TH mRNA but not protein in
mice expressing EGFP under the control of the TH promoter. Using a
transgenic mouse of the same strain at P1-18, we confirmed the result
with confocal microscopy by counting only TH-immunoreactive cells
with an identifiable unlabeled nucleus surrounded by TH-immunola-
beled cytoplasm. No cells were immunostained for TH in the control
mouse striatum (data not shown). However, EGFP-TH"* cells were
observed as early as P1 within the striatum as well as in the subcallosal
streak (Fig. 1A). There is a tendency for the EGFP-TH" cells to spread
more abundantly in the ventral striatum than in the dorsal striatum and
some of them were in clusters at P1 (Fig. 1A”). Then, at P4-P18, the
cells gradually dispersed in the ventromedial region (Fig. 1B” and
C”), and sparsely distributed in the dorsolateral region (Fig. 1B’ and
C’) of the striatum.

We next examined whether EGFP-TH" cells in the striatum were
colocalized with the mature neuronal marker NeuN, the immature
neuronal marker TuJ1 and the migrating neuroblast marker double-
cortin using P18 mouse brains (Francis et al., 1999). All EGFP-TH*
cells in the striatum of the transgenic mouse were immunoreactive for
NeuN (data not shown) and some of them were also stained for TuJ1
(Fig. 2A). Doublecortin was also expressed in a subset of cells of the
striatum (Fig. 2B, 17.8%, 140/786 cells). These results indicate that
most of the cells are fully difﬁerentiated, but some are still immature
and in the midst of migration (Francis et al., 1999; Nacher ef al.,
2001; Yang et al., 2004).

To determine whether these EGFP-TH™ neurons could be classified
as classical striatal interneurons (Kawaguchi et al., 1995), the slices
were immunostained for choline acetyltransferase, neuronal nitric
oxide synthase, parvalbumin and calretinin at P18. Although a small
population of the neurons was found to be immunoreactive for
calretinin (Fig. 2, 2.8%, 22/784), none were immunoreactive for
choline acetyltransferase, neuronal nitric oxide synthase or parvalbu-
min (Fig. 2D and E, data not shown for calretinin and parvalbumin).
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FIG. 1. Distribution patterns of EGFP” cells in coronal sections of the mouse striatum at P1 (A), P4 (B) and P18 (C). High-magnification images of red boxed areas
in A, B and C are shown in A’, B/, B”, C* and C”, respectively. Black arrows indicate the locations of EGFP-positive neurons in C’. EGFP-positive neurons were
scattered in clusters in the ventral region at P1 and gradually dispersed at P4 and P18. EGFP* neurons were distributed mainly in the ventromedial striatum at P4 and
P18. Scale bar: A, 500 um; A’, 50 um; (in B) B and C, 500 um; (in B") B’, B”, C’ and C”, 200 um.

FiG. 2. Immunohistochemistry of EGFP* neurons in the striatum of 18-day-old transgenic mice. EGFP™ neurons were colocalized with the immature neuronal
marker TuJ1 (A) and the migrating neuroblast marker doublecortin (DCX) (B). EGFP* neurons expressed the GABA-synthesizing enzyme GAD65/67 (C), but no
EGFP* neurons (green) in the striatum were immunopositive for choline acetyltransferase (ChAT) (red, D) and neuronal nitric oxide synthase (nNOS) (red, E). Scale
bars: 10 um in green fluorescent protein (GFP), GAD65/67, Tull and DCX; 200 ym in ChAT and nNOS.

EGFP-TH" neurons also exhibited immunoreactivity for GAD65/67
(90.4%,734/812, Fig. 2C) and DARPP-32 (73.6%, 590/802, see
Fig. 6A) but not calbindin at P18. EGFP-TH* neurons were distrib-
uted widely in calbindin-sparse and calbindin-rich regions of the
striosomes and matrix, respectively (Fig. 3A) (Gerfen et al., 1985).
However, in 2-month-old mice we found some EGFP-positive neurons
near the subventricular zone, which were coexpressed with calbindin
and DARPP-32 (Fig. 3B), suggesting that some EGFP-TH* neurons
might acquire the same chemical features as the matrix MSNs later in
development. Interestingly enough, as reported by Darmopil et al.
(2008), half of the EGFP-TH* neurons were found to be immuno-

reactive to enkephalin (30/55, 54.5%), which is a marker for indirect
pathway MSNs, and most contained dynorphin (56/70, 80.0%), a
marker for direct pathway MSNs, even at P18 (Fig. 3C). Although we
did not perform double immunostaining using antibodies against
enkephalin and dynorphin, these results suggest that a significant
number of the cells contained both enkephalin and dynorphin, which is
in sharp contrast with MSNs that are largely separated into enkephalin-
containing striatopallidal and dynorphin-containing striatonigral neu-
rons (Gerfen & Young, 1988). Therefore, from a neurochemical
perspective, EGFP-TH" neurons at P18 are very similar to either MSNs
or calretinin interneurons, as previously reported.
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FIG. 3. EGFP* neurons ignore the compartmental boundaries. (A) EGFP* neurons exist in calbindin-sparse (striosomes) and calbindin-rich (matrix) regions of the
striatum. Calbindin immunohistochemistry was used to identify the matrix compartment. Light red regions indicate calbindin-sparse striosomes and yellow dots
denote EGFP" neurons located within the striosomes. (B) Colocalization of DARPP-32 (D-32) and calbindin (Calb) in an EGFP* neuron of a 2-month-old mouse
(left panel). EGFP*/calbindin* neurons (red dots) are located near the subventricular zone (SVZ) (right panel). (C) Colocalization of enkephalin (ENK) or dynorphin
(DYN) in EGFP* neurons. Nuclear staining with 4’,6-diamidino-2-phenylindole (DAPI) was shown in a merged photo of a dynorphin-labeled slice. Scale bar: A,
500 um; B, left panel, 10 um; B, right panel, 100 um; C, 10 um; GFP, green fluorescent protein.

Postnatal development of calbindin-like, DARPP-32-like and
dynorphin-like immunoreactivity of EGFP-TH™ neurons as
compared with medium spiny neurons

Because a population of EGFP-TH" neurons had similarities (immuno-
reactivity to DARPP-32, enkephalin and dynorphin) and dissimilar-
ities (poor immunoreactivity to calbindin and seemingly indifferent to
the striosome/matrix compartments) to MSNs at P18, we examined
the postnatal development of calbindin-like, DARPP-32-like and
dynorphin-like immunoreactivity of EGFP-TH" neurons at P2, P8 and
P18-26. GFP-positive neuropil patches were identified as ‘dopamine
islands’, precursors of the developing striosomal system, and the
surrounding area was considered to be the matrix of the striatum. The
numbers of medium-sized neurons and EGFP-TH" neurons in each
area, in coronal sections at rostral and middle levels, were counted
from photomicrographs of confocal images taken from 2 to 3 animals.

Strictly speaking, the medium-sized neurons observed here were not
identical to MSNSs, but could be considered to be MSNs for the most
part.

Calbindin-like immunoreactivity

At P2, dopamine islands, identified with EGFP-positive neuropil, were
found scattered within the striatum and the surrounding matrix
consisting of calbindin-poor and calbindin-rich zones (Liu and
Graybiel, 1992a,b). In the matrix, 12.3% (20/162) and 96.4%
(160/166) of the medium-sized neurons were calbindin-positive in
the calbindin-poor and calbindin-rich zones, respectively. As a whole,
54.9% (180/328) of the medium-sized neurons in the matrix were
calbindin-positive, whereas 86.7% (39/45) of those in the dopamine
islands were calbindin-positive at P2 (Fig. 4B, upper). In contrast,
25.6% (41/160, Fig. 4B, white bar) of the EGFP-TH" neurons were
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FIG. 4. Postnatal development of calbindin-like, DARPP-32-like and dynorphin B-like immunoreactivity in EGFP-TH" neurons and medium-sized neurons in
dopamine islands and the matrix of the striatum. (A) Colocalization of calbindin, DARPP-32 and dynorphin B in EGFP-TH" neurons at P2, P8 and P26-28. Upper
panels in each row (a, b and c) show calbindin-like, DARPP-32-like and dynorphin B-like immunoreactivity (shown in red), on which are superimposed nuclear
staining with 4',6-diamidino-2-phenylindole (DAPI, blue) and EGFP-TH" neurons (green) in the lower panels (2, b’ and c’). Filled arrowheads indicate
immunoreactive cells and open arrowheads indicate immunonegative cells. Scale bar: 20 um. (B) The percentage of calbindin-like (upper), DARPP-32-like (middle)
and dynorphin B-like (lower) immunoreactive cells in EGFP-TH" neurons (white), medium-sized neurons in the matrix (red) and medium-sized neurons in the

dopamine (DA) islands (green) at P2, P8 and P18-26.

calbindin-positive. Additionally, 41.3% (66/160) of the EGFP-TH*
neurons could be identified in either dopamine islands or the matrix.
The islands contained 24.2% (16/66) of the cells with 62.5% (10/16)
being calbindin-positive, whereas 26.0% (13/50) of the EGFP-TH*
neurons in the matrix were calbindin-positive. Thus, at P2, a greater
proportion of the cells located in dopamine islands were calbindin-
positive compared with those in the matrix. At P8, the distinction
between calbindin-rich and calbindin-poor regions in the matrix
became obscure. As a whole, the percentage of calbindin-positive
matrix cells increased to 82.7% (1266/1530) at P8 and 93.1%
(861/925) at P26. In contrast, calbindin-positive cells in the dopamine
islands dramatically decreased from 83.6% (275/329) at P8 to 9.4%
(10/106) at P26, whereas the percentage of calbindin-positive cells in
EGFP-TH* neurons decreased from 15.9% (14/88) at P8 to 1.9%
(1/52) at P26. Statistical analyses indicated that EGFP-TH* neurons
were different from both matrix cells and dopamine island cells with
regard to calbindin-like immunoreactivity at P2 and P8 (P < 0.0001,
chi-square test), whereas at P26, EGFP-TH" neurons were only
different from matrix cells. EGFP-TH* neurons with calbindin-like
immunoreactivity (filled arrowheads) and EGFP-negative cells with-
out calbindin-like immunoreactivity (open arrowheads) are shown in
Fig. 4Aa (calbindin, P2, P8 and P26).

DARPP-32-like immunoreactivity

It was previously reported that the amount of DARPP-32 protein
increases throughout the first three postnatal weeks, peaks at P28 and
then declines to plateau at adult levels (Ehrlich et al., 1990). DARPP-
32-like immunoreactivity was consistently weak in the matrix at P2
and P8 (Fig. 4Ab and Ab’, DARPP-32). The percentage of DARPP-

32-positive medium-sized cells in the matrix was low at P2 (11.8%,
91/771) and P8 (30.3%, 91/300), but greatly increased to 96.5%
(1761/1825) at P26. Dopamine islands tended to have more DARPP-
32-positive medijum-sized neurons than the matrix at P2 (45.9%,
237/516) and P8 (78.3%, 54/69), but at P26 the percentage of
DARPP-32-positive cells was 96.6% (227/235), which was similar to
that of cells in the matrix (Fig. 4B, DARPP-32). In sharp contrast, the
percentage of DARPP-32-positive cells in EGFP-TH" neurons
remained high. throughout the four postnatal weeks (P2, 79.0%,
263/333; P8, 83.0%, 73/88; P26, 76.9%, 20/26). A significantly
higher proportion of EGFP-TH™ neurons were DARPP-32-positive at
P2 and P8, but not at P26 (P < 0.0001, chi-square test).

We next examined the question of whether DARPP-32-positive or
DARPP-32-negative neurons were unevenly distributed in the striatal
compartments. We counted the number of DARPP-32-positive and
DARPP-32-negative neurons in the dopamine islands and matrix. The
island/matrix location of only 26 EGFP-TH" neurons could be
identified, with 80.8% (21/26) located in the matrix and the remainder
in dopamine islands. Of these cells, 76.2% (16/21) and 80.0% (4/5)
were DARPP-32-positive in the matrix and dopamine islands,
respectively, indicating that DARPP-32-positive neurons had no
preference for either compartment.

Dynorphin B-like immunoreactivity

Dynorphin B-like immunoreactivity in the matrix was observed in
about half of the matrix medium-sized cells throughout postnatal
development (P2, 50.2%, 713/1421; P8, 51.0%, 321/629; P18,
47.6%, 364/764), whereas the dopamine islands contained a higher
proportion of dynorphin-positive cells than the matrix (P2, 86.5%,
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45/52; P8, 58.3%, 112/192; P18, 73.7%, 42/57). EGFP-TH*
neurons were comprised of dynorphin-positive cells in 75.0%
(117/156) at P2, 64.4% (159/247) at P8 and 80.0% (56/70) at P18
(Fig. 4A and B, Dynorphin B). Statistically, EGFP-TH* neurons
contained a higher proportion of dynorphin-positive cells at P2, P8
and P18 (P < 0.0001) than matrix neurons. Overall, these results
suggest that the developmental course of EGFP-TH* neurons was very
different than that of striatal medium-sized, EGFP-negative neurons,
in terms of histochemical features such as calbindin, DARPP-32 and
dynorphin B immunoreactivity.

Electrophysiological properties of EGFP-TH* neurons

The EGFP-TH* neurons were recorded in whole-cell, current-clamp
mode. All neurons sampled had resting membrane potentials more
negative than ~55 mV and overshooting spikes. Based on passive and
active intrinsic properties revealed by intracellular current injection,
these neurons were tentatively classified into two subtypes, EGFP-
TH* Type A and Type B (Fig. SA and B and Table 1).
Spontaneous spike discharge was observed in both types of neurons
several minutes after breakage of patch membranes (Type A, 12.9%,
9/70; Type B, 75.0%, 12/16). The resting membrane potential of
EGFP-TH* Type A neurons was —76.0 = 0.9 mV (n = 131) and the
input resistance was 406.0 = 22.0 MQ, whereas EGFP-TH™ Type B
neurons had a more depolarized resting membrane potential
(=653 +08mV, n=37) and a higher input resistance
(635.0 = 54.0 MQ) (Table 1, Fig. 5SD). In EGFP-TH* Type A neurons,
injection of negative current produced a small sag in the membrane
potential (72.5%, 50/69, Fig. 5Aa, arrow). The response to depolar-
izing current injection was an initial action potential followed by a
regular spiking train with a small adaptation (70.0%, 49/70). These
neurons displayed slow afterhyperpolarization of 11.6 £ 0.5 mV
(Fig. 5C, black trace). However, in 42.9% (12/28) of the cells
examined, Type A neurons showed small depolarized plateau potentials
upon release from depolarizing current injections (Fig. 5Ab, arrow),
which were much smaller than those reported previously using brain
slices taken from adult bacterial artificial chromosome transgenic mice
(Ibanez-Sandoval et al., 2010). The spiking threshold was
-51.0 £ 0.5 mV and the spike amplitude was 78.0 = 1.2 mV. Inter-
estingly, delayed spiking due to a depolarizing ramp, in response to a
depolarizing current pulse, was occasionally observed with inward
rectification in Type A neurons in 4.3% (3/69), which made them
indistinguishable from MSNs. However, EGFP-TH* Type B neurons
exhibited a small sag upon hyperpolarizing current injection (53.3%,
8/15, Fig. 5Ba, arrow) and rebound spikes on release from a
hyperpolarizing current step to depolarized resting potential (100%,
12/12, Fig. 5Ba, asterisk). They exhibited narrower spikes (spike
widths at half amplitude, 0.68 + 0.03 ms) and shorter afterhyperpolar-
ization (3.4 = 0.5 ms, Fig. 5B, red) than those of EGFP-TH* Type
A neurons. Type B cells never exhibited depolarizing plateau potentials.
A suprathreshold current injection induced fast, repetitive firing in
EGFP-TH* Type B neurons and revealed a small adaptation of firing
rate during repetitive discharges (31.3%, 5/16, Fig. 5Ba, red trace).
This broad classification into EGFP-TH* Type A and Type B
neurons was statistically verified by discriminant analysis using
resting membrane potential and spike width. Discriminant analysis
was performed to determine the variables most valuable for predicting
group membership of EGFP-positive neurons from EGFP-TH*
transgenic mice. We selected a pair of electrophysiological properties
as explanatory variables, and examined whether there were differences
between Type A and Type B neurons and whether the variables
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F1G. 5. Electrophysiological properties of EGFP-TH" Type A and B neurons.
Subthreshold and suprathreshold responses of EGFP-TH" Type A and B
neurons (P18) to hyperpolarizing and depolarizing current steps are shown in
A and B, respectively (steps starting at —225 pA with 50 pA increments;
duration, 1 s). Arrow shows a sag that is often observed upon hyperpolarizing
current injection in Type A and B cells. The asterisk in Ba indicates rebound
burst spikes generated by negative current injection. A depolarizing current
pulse of 125 pA (red trace) evoked repetitive spike discharges in Type A and B
neurons. Note the faster spiking in Type B than in Type A. Scale bars, 0.2 s,
50 mV. (Ab) A depolarizing plateau potential was evoked upon release from
depolarizing current injection in 42.9% of the Type A neurons examined
(arrow), but did not occur in Type B neurons. (Bb) Spontaneous spike
discharges were frequently observed in Type B (77.0%), but only occasionally
in Type A (17.0%) neurons. (C) Action potentials of Type A (black) and Type
B (red) neurons. Scale bars, 2 ms, 20 mV. (D) Current—voltage relationships of
EGFP-TH" Type A and B neurons. Error bars indicate SEM unless otherwise
noted. *P < 0.05, **P < 0.01 for Type A neurons. (E) Decision boundary
generated with discriminant analysis showing the distribution of EGFP*
neurons. Individual neurons are plotted in two-dimensional space, where x- and
y-axes represent resting membrane potential and spike width at half amplitude,
respectively. White and red circles indicate EGFP-TH* Type A and B neurons,
respectxvely The Mahalanobis boundary, generated with discriminant ana.ly51s
is superimposed in the figure (black). The boundary ()? + 753. 64y -
33.95xy + 143.09x — 3030.43y + 5137.58 = 0) can be used to predict group
membership of newly recorded cells by plotting their parameters and
determining the territory into which they fall.
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TABLE 1. Electrophysiological properties of two types of EGFP-positive
neurons in the striatum

EGFP-TH* EGFP-TH*

Type A (n=131)  Type B (n = 37)
Resting membrane potential (mV) -76.0 =09 —65.3 = 0.8%*
Spike threshold (mV) =51.0+05 —49.2 + 0.6*
Spike peak (mV) 27.0+1.0 20.1 = 1.8%*
Spike amplitude (mV) 78012 69.3 & 1.7%%*
Spike width at half amplitude (ms) 1.51 £ 0.05 0.68 + 0.03**
Time to peak of AHP (ms) 290+ 1.4 3.4 £ 0.5%*
AHP amplitude (mV) 11.6 £ 0.5 15.5 £ 0.8%*
Input resistance (MW) 406 + 22 635 + 54%%*

Data are mean + SE. Time to peak and amplitude of afterhyperpolarization
(AHP) were measured from the spike onset. *P < 0.05, **P < 0.0

contributed to the separation of these groups. Among many pairs of
variables, we chose resting membrane potential and spike width at half
amplitude, which maximized accuracy (Wilks’ lambda, 0.368; F
value, 126.04; P < 0.01). The correction rate was 100% for both
EGFP-TH* Type A and Type B neurons (113/113 for EGFP-TH*
Type A and 37/37 for Type B) (Fig. 5E). As the assumption of
homogeneity of variance—covariance matrices was violated, discrimi-
nant analysis using Mahalanobis distances (Mahalanobis, 1936) was
used. When x and y denoted resting membrane potential and spike
width at half amplitude, respectively, the Mahalanobis boundary
generated with discriminant analysis was X2 + 753.64y% — 33.95x-
y + 143.09x — 3030.43y + 5137.58 = 0.

Morphological analysis of EGFP-TH™* Type A and Type B
neurons

The electrophysiologically classified EGFP-TH* Type A and Type B
neurons were also histologically unique. To test whether EGFP-TH*
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Type A and Type B neurons also exhibited morphological differences,
neurons were labeled with biocytin, reconstructed and projected to a
coronal plane. EGFP-TH* Type A neurons consisted of aspiny and
spiny neurons, with the majority being aspiny (75.4%, 46/61)
(Fig. 6A). Although the longest dendrite of the spiny type was
significantly longer than the aspiny Type A neurons (aspiny,
104.2 + 6.3 um; spiny, 141.8 = 9.0 um; P < 0.01), we did not find
any significant differences between them in other basic morphological
and electrophysiological parameters, including soma area (aspiny,
82.5 + 3.9 um?; spiny, 91.9 = 6.6 um?; P > 0.2), number of primary
dendrites (aspiny, 4.9 £ 0.3; spiny, 5.2 +0.3; P>0.5), resting
membrane potential (aspiny, —60.8 £ 1.7 mV; spiny, -61.4 2.3
mV; P>0.8) and input resistance (aspiny, 381 + 33 MQ; spiny,
470 = 55 MQ; P > 0.1). Therefore, we grouped these data together in
the following analysis. Fifteen EGFP-TH* Type B neurons were
recovered from a total of 74 EGFP-TH* neurons. The number of
primary dendrites ranged from 2 to 9 in Type A and from 2 to 4 in
Type B neurons, with Type A neurons having more primary dendrites
than Type B neurons (Type A, 4.4 =0.2; Type B, 3.2+0. 2;
P < 0.01, Fig. 6B). In both Type A and B cells, fine axon collaterals
were branched within the striatum directly from the soma or primary
dendrite (Fig. 6A, red). However, we could not determine whether the
axon fibers projected to the extrastriatal regions because of the
limitation in our slice preparations. With respect to the soma areas, no
significant difference was found between Type A and B neurons (Type
A, 90.2 + 3.3 um?, n = 61; Type B, 101.5 + 5.7 um?, n = 13), with
the soma areas being similar to those of MSNs (n = 22). However,
they were significantly smaller than those of interneurons, such as
cholinergic giant aspiny interneurons (long-afterhyperpolarization cell,
n = 16), somatostatin/nitric oxide synthase/neuropeptide Y-contain-
ing aspiny GABA interneurons (low-threshold spike cell, » = 12) and
parvalbumin-containing GABA aspiny interneurons (fast-spiking cell,
n = 15) (Fs210 = 58.255, P < 0.001) (Fig. 6C). As Type A neurons
had spines in 46/61 cells at P18, we tried to compare the spines of
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FIG. 6. Morphological features of EGFP-TH* Type A and B neurons. (A) Examples of camera lucida reconstructions displaying the morphology of aspiny EGFP-
TH* Type A, spiny Type A and aspiny Type B neurons. Somata and dendritic trees are drawn in black and the axons in red. The inset shows a high-magnification
micrograph of a dendritic segment of the spiny Type A neuron. The dendrites are densely studded with spines. (B) Frequency distribution of primary dendrites of
EGFP-TH* Type A and B neurons. The number of primary dendrites of Type A and Type B neurons ranged from 2 to 9 and from 2 to 4, respectively. Type A
neurons had more primary dendrites than Type B neurons (Type A neuron, 4.4  0.2; Type B neuron, 3.2 £ 0. 2; P < 0.01). (C) Comparison of soma areas of long-
afterhyperpolarization cell (LA), low-threshold spike cell (LTS), fast-spiking cell (FS), MSN, Type A and Type B neurons. There is no difference among the soma
areas of MS, Type A and Type B neurons. Scale bar: A, 50 ym; inset, 2 ym. **P < 0.01 for LA and LTS neurons, TP < 0.05, TP < 0.001 for FS neurons.
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EGFP-TH" neurons and those of MSNs in younger mice. We found
dendritic spines in all of the seven MSNs recovered and in six out of
15 EGFP-TH* Type A neurons, even at P7-11. Dendritic spines in
MSNs seemed to be more numerous and thicker than those in Type A
neurons. However, it was difficult to detect such subtle differences
under an optical microscope from a small sample of cells.

DARPP-32-immunoreactive EGFP-TH™ neurons express
tyrosine hydroxylase immunoreactivity after dopamine depletion

Remarkably, EGFP-TH* Type A and Type B neurons corresponded
very well to DARPP-32-positive (six out of eight Type A neurons) and
DARPP-32-negative (two out of two Type B neurons) EGFP-TH*
neurons, respectively (Fig. 7A). DARPP-32 is a well-known marker
for MSNs (Anderson & Reiner, 1991; Ouimet et al., 1998), indicating
that EGFP-TH" Type A neurons and MSNs resemble each other in
this sense.

To determine which of the EGFP-TH" neurons express TH protein
after 3-NPA and MPTP treatment, the drugs were administered to
2-month-old EGFP-TH" transgenic mice. It was reported previously
that combined treatment with 3-NPA and MPTP successfully induced

TH protein expression in the mouse striatum (Nakahara et al., 2001).
As it-was reported that dopamine fiber denervation stimulated
neurogenesis in the subventricular zone (Peng et al., 2008), BrdU
was also administered to assess the possibility of neurogenesis in our
transgenic mouse. At 1 week after the last MPTP injection, brains
were removed and fixed for immunohistochemistry. We found that the
treatment significantly decreased the number of EGFP-positive
neurons in the striatum (Fig. 7B and C), and concurrently induced
TH expression in a small population of EGFP-TH' neurons (3.4%,
12/354). These TH-positive neurons were also immunostained for
EGFP and DARPP-32 (Fig. 7D), suggesting that EGFP-TH" Type A
neurons might have transformed into TH-immunoreactive neurons
after dopamine denervation. There were no BrdU-labeled EGFP-
positive neurons in the striatum, although BrdU labeled many small
cells after 3-NPA and MPTP treatment (data not shown). i

Comparison between EGFP-TH™ Type A neurons and medium
spiny neurons

The fact that EGFP-TH' Type A neurons and MSNs have a lot in
common, such as the soma size, spiny dendrites, immunoreactivity for
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DARPP-32 (as well as enkephalin and dynorphin) and the late
appearance of calbindin immunoreactivity in DARPP-32-positive
cells, led us to conduct a series of experiments to examine and
compare the postnatal development of electrophysiological features of
EGFP-TH* Type A neurons and MSNs using slices taken from P8
to P28 mice (Fig. 8). Resting membrane potentials of both cell types
had a tendency to deepen and those of MSNs were significantly
deeper than those of EGFP-TH" cells at P8-P21, but became similar
from P22 onward [Type A: P8-14, —68.5 + 2.6 mV (n = 14), P15-21,
~73.5%£ 3.3 mV (n = 8),P22-28,-78.0 £ 2.9 mV (n = 4); MSN: P8-14,

-81.0 £ 2.1 mV (n = 8), P15-21, —89.7 £ 1.0 mV (n = 9), P22-28,
—89.5 £ 1.7 mV (n = 6); Type A vs. MSN: P8-14, P < 0.05, P15-21,
P < 0.01, P22-28, not significant, Fig. 8A]. Input resistances of both
cell types gradually decreased during postmatal development [Type A
(n=22), R*=047; MSN (n=19), R*=038, Fig. 8B], and no

difference was found between the two. Spike widths at half amplitude
of EGFP-TH? cells at P8—14 were wider than those of MSNs at P8—14,
but gradually decreased to values that were similar to those of MSNs
[Type A: P8-14 (n = 11),2.3 + 0.3 ms, P15-21 (n = 8), 1.6 = 0.3 ms,
P22-28 (n=4), 1.5 + 0.1 ms; MSN: P8-14 (n =8), 1.2 = 0.1 ms,
P15-21 (n=9), 1.1 £ 0.1 ms, P22-28 (n = 5), 1.0 + 0.0 ms; Type A
vs. MSN: P8-14, P < 0.01, P15-28, not significant, Fig. 8C]. Spike
thresholds of both cell types were similar to each other throughout
(Fig. 8D). We next examined the postnatal development of the
NMDA : non-NMDA ratios of EPSCs evoked by intrastriatal stimu-
lation (Fig. 8E). The ratios of both cell types decreased similarly and no
statistical differences were obtained throughout. Overall, the basic
membrane properties of both cell types were very similar at P22-28,
although some differences, such as resting membrane potentials and
spike widths, were found early in development.
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Discussion

In this study, using juvenile transgenic mice expressing EGFP
under the control of the TH promoter, we showed that TH
mRNA-expressing EGFP™ neurons were GABAergic and mostly
calbindin-negative, and could be classified immunohistochemically
and electrophysiologically into at least two distinct neuronal types,
EGFP-TH" Type A and Type B. Type B neurons had more
depolarized resting membrane potentials and displayed higher
frequency discharges with narrower spike half widths than Type A.
They were DARPP-32-negative and contained calretinin GABAergic
interneurons. Type A neurons were DARPP-32-positive, had mostly
aspiny but occasionally spiny dendrites and made up a large majority
of EGFP* neurons, thus resembling MSNs. They expressed TH
immunoreactivity after a combined treatment of MPTP and 3-NPA,
aimed at complete depletion of dopamine. Despite a close resemblance
to MSNs, Type A neurons differ from MSNs in their lack of calbindin
immunoreactivity, a lower incidence of spiny dendrites, disregard of
striatal compartments and a distinct time course of postnatal devel-
opment of electrophysiological and immunohistochemical properties.

Electfophysiological characterization of EGFP-TH™* neurons

Electrophysiological characterization of EGFP-TH® neurons was
recently made by Tepper and colleagues using adult bacterial artificial
chromosome transgenic mice between 2 and 4 months of age, where
at least four types of EGFP-TH* neurons termed Type I-IV were
identified in the striatum (Ibanez-Sandoval et al., 2010). The vast
majority of the EGFP-TH" neurons in the adult bacterial artificial
chromosome transgenic mouse were Type I neurons that had a high
input resistance, a modest slow inward rectification to hyperpolarizing
current injection, an action potential duration of 0.78 ms, a modest,
voltage- and time-dependent sag in response to hyperpolarizing
current injection, a marked spike frequency adaptation and a
depolarizing plateau potential after depolarizing current pulse. The
Type I neurons also contained cells that were ‘densely invested with
elongated, stick-like dendritic appendages’. These properties were
very similar to those observed in our Type A neurons, which were
found to be the most numerous, except that we encountered cells with
more spine-like structures rather than the stick-like appendages as
shown in Fig. 6. However, our Type B neurons seem to contain some
features of the remaining Type II-IV neurons, such as a very short
spike width at half amplitude (Type B neurons, 0.68 ms; Type II-IV
neurons, 0.43-0.5 ms), a very high frequency discharge (Type II and
IV) and rebound bursting after the offset of hyperpolarizing current
injection (Type IV). However, depolarizing plateau potentials (Type
III) after depolarizing current injections were only rarely observed in
Type B neurons. These discrepancies may be derived from the
difference in the transgenic mouse strain used in the experiments or,
alternatively, the difference in age of the mice used (828 days old vs.
24 months old).

Tyrosine hydroxylase mRNA-containing neurons consist of at
least two types of GABA neurons

More than 90% of the EGFP* peurons in the striatum showed
immunoreactivity to GAD65/67, indicating that EGFP* Type A and
B cells were GABAergic. Among four types of GABAergic neurons
classically characterized in the striatum, none of the EGFP* neurons
were immunopositive for parvalbumin and neuronal nitric oxide
synthase, but 2.8% of them were colocalized with calretinin.

Dopamine neurons in the striatum 1365

Therefore, the calretinin-containing GABA interneurons may include
these calretinin-positive EGFP* neurons. Although immunostaining of
electrophysiologically identified Type B neurons with calretinin
antibody was not successful (both were immunonegative for DAR-
PP-32), it is suggested that they belong to the same neuronal subtype,
or at least a DARPP-32-negative non-Type A subtype. In contrast,
most of the Type A neurons at P18 contained DARPP-32 and were
calbindin-negative. DARPP-32, the phosphorylation of which is
regulated by dopamine and cAMP, is known to be expressed in
dopaminoceptive MSNs (Ouimet ef al., 1998). Calbindin, a 28-kD
calcium-binding protein, is also a marker for MSNs in the striatal
matrix compartment, which is complementary to the patches or
striosomes where p-opioid receptor binding is dense and acetylcho-
linesterase and calbindin labeling are poor (Gerfen, 1992). Therefore,
Type A neurons possess a superficial resemblance to MSNs in the
striosomes; however, they are dispersed equally in the patch/strio-
some-matrix compartments during postnatal development, so that they
appear to correspond to neither the MSNs nor the classical GABA
interneurons mentioned above. Interestingly, using adult male
C57/BL6 mice, Darmopil et al. (2008) found that, as early as 3 days
after a 6-hydroxydopamine lesioning, TH-immunoreactive spiny
neurons appeared that were colocalized with calbindin and dynorphin
or enkephalin, all of which are markers for MSNs in the matrix.
Whether relevant or ifrelevant, we encountered a few calbindin-
positive EGFP* neurons adjacent to the subventricular zone at
2 months of age, suggesting that some of the TH mRNA-expressing
neurons might acquire calbindin-like immunoreactivity in the adult.
Alternatively, calbindin protein levels in Type A neurons might be too
low to be detected immunohistochemically under normal conditions,
whereas dopaminergic neuronal lesions, and the concomitant uptake
of L-DOPA, might up-regulate calbindin protein expression. There-
fore, the question arises as to whether or not Type A neurons are
MSNs.

Type A neurons and medium spiny neurons are very much alike
yet different

Comparison of the postnatal development of the electrophysiological
properties of Type A neurons and MSNs revealed, surprisingly, that
they resembled each other from P22 onward in some membrane
properties, but in others exhibited different developmental time
courses. Specifically, resting membrane potentials and spike widths
at half amplitude were significantly different between the two types of
neurons at P8—14. In addition, examination of the postnatal develop-
ment of major immunohistochemical properties important for the
identification of MSNS, such as calbindin, DARPP-32 and dynorphin
B, revealed significant differences between the two. Assuming that
medium-sized neurons with round nuclei were MSNs and that EGFP*-
bright areas were dopamine islands, calbindin-poor and calbindin-rich
zones were observed in the matrix at P2 but were obscure at P8, as
pointed out by Liu & Graybiel (1992a,b). Notably, the percentage of
medium-sized neurons with calbindin-like immunoreactivity was more
than 80% in the dopamine islands at P2 and P8, but drastically
decreased to less than 10% at P26, whereas calbindin-like immuno-
reactive cells in the matrix steadily increased from about 50% at P2 to
more than 80% at P8 and 96.5% at P26. In contrast, calbindin-like
immunoreactive EGFP-TH* neurons remained very low in number
from P2 onward. DARPP-32-like immunoreactive cells were barely
detectable at birth, but increased rapidly, peaking at P28, and then
declined to plateau levels in the adult; this occurred independently of
dopaminergic input from the substantia nigra (Ehrlich et al., 1990).
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Similarly, the number of cells with DARPP-32-like immunoreactivity
in both dopamine islands and the matrix increased dramatically from
about 10 and 46% at P2, respectively, to more than 90% at P26. In
contrast, the percentage of DARPP-32-positive cells among the
EGFP-TH" neurons remained high throughout development. We also
examined whether EGFP-TH" neurons contained enkephalin (for the
indirect pathway) or dynorphin B (for the direct pathway) at P18, and
found that over half of the EGFP-TH" neurons exhibited immuno-
reactivity for enkephalin (30/55) and 80% of the cells contained
dynorphin (56/70), as reported by Darmopil ez al. (2008). Throughout
the first three postnatal weeks, dynorphin B-like immunoreactivity
was more frequently observed in EGFP-TH' neurons, as well as
medium-sized cells in the dopamine islands, than cells in the matrix.

To sum up, Type A neurons are very similar to MSNs in the
following respects. First, they have a similar somal size and a
proportion have numerous dendritic spines. Second, they express
specific markers for MSNs: DARPP-32, enkephalin and dynorphin.
Third, the -electrophysiological properties of Type A neurons
resemble those of MSNs from P22 onward. Some cells even had
delayed spiking due to a depolarizing ramp with modest inward
rectification that characterizes MSNs. Conversely, Type A neurons
differ from MSNs in that, first, they mostly lack calbindin and
ignore striatal compartments. Second, only a quarter of Type A cells
had spiny dendrites. Third, they exhibit a different time course of
electrophysiological development. Fourth, the postnatal development
of calbindin-like, DARPP-32-like and dynorphin B-like immuno-
reactivity of Type A neurons was significantly different from that of
medium-sized neurons in the matrix. Fifth, a piece of evidence
against the proposition that they are projection neurons has been
provided. Ibanez-Sandoval et al. (2010) found that no EGFP-TH*
neurons were retrogradely labeled by bilateral injection of rhoda-
mine beads into the globus pallidus and substantia nigra. Similarly,
we did not find any biocytin-filled Type A cells emitting axons
outside the striatum in a slice preparation. We therefore conclude
that Type A neurons and MSNs may be of the same origin and are
very much alike, yet are distinct from each other. Therefore, were
all of the TH-positive cells appearing after dopamine depletion
derived from EGFP-TH neurons? It is natural to think that the
EGFP-TH" neurons should begin to produce detectable levels of TH
after dopamine depletion, as they possess TH mRNA and
occasionally express weak TH immunoreactivity in a physiological
situation (data not shown), but strong TH immunostaining in
response to colchicine administration (Ibanez-Sandoval et al., 2010).
As such, another possibility of MSNs becoming TH-expressing
neurons cannot be ruled out. MSNs do not contain detectable levels
of TH mRNA under physiological conditions. However, as demon-
-strated by Darmopil et al. (2008), a combined treatment of 6-
hydroxydopamine injection and L-DOPA intake might have caused
MSNss to recruit or up-regulate TH mRNA and protein, and produce
dopamine via L-DOPA, so that TH-expressing neurons might have
been found to be indistinguishable from MSNs (Huot & Parent,
2007). A more thorough investigation of the physiological properties
of dopamine-producing neurons in the striatum is certainly needed
to utilize these neurons to alleviate or compensate for symptoms of
Parkinson’s disease.
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Abstract PARKS is the most common form of familial
Parkinson’s disease (PD). We measured biopterin and
monoamine metabolite levels in the cerebrospinal fluids of
7 PARKS patients (I2020T mutation in leucine-rich repeat
kinase 2), 2 asymptomatic mutation carriers, and 21 spo-
radic PD patients. The biopterin levels in PARKS patients
were significantly higher than those in sporadic PD
patients, although the symptoms were comparable in both
groups, suggesting that PARKS patients exhibit parkinso-
nian symptoms with higher biopterin levels than sporadic
PD patients.

Keywords Parkinson’s disease - PARKS - Biopterin -
Cerebrospinal fluid - Dopamine - Leucine-rich repeat
kinase 2

Introduction

LRRK2, which encodes leucine-rich repeat kinase 2, was
identified as a causative gene for PARKS, an autosomal
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dominant familial Parkinson’s disease (PD) (Funayama
et al. 2002; Paisan-Ruiz et al. 2004; Zimprich et al. 2004).
LRRK? mutations are the most common form of domi-
nantly inherited familial PD (5-13%) and are also found in
sporadic PD patients (1-5%). Clinical features of patients
with LRRK?2 mutations are similar to sporadic PD patients,
but their neuropathological features are diverse with
respect to neuronal cell loss in the substantia nigra (SN)
and the formation of intracellular inclusions (Lewy bodies,
tau tangles; and ubiquitin inclusions) (Hasegawa et al.
2009; Wszolek et al. 2004; Zimprich et al. 2004).

Tetrahydrobiopterin is a cofactor for tyrosine hydroxy-
lase, which catalyzes the first step in the biosynthesis of
dopamine (DA). The measurement of biopterin (BP) and its
related metabolites in biological fluids is of significance for
the diagnosis and/or investigation of various diseases. In
sporadic PD patients, BP levels in the cerebrospinal fluid
(CSF) are reduced (Fujishiro et al. 1990; Lovenberg et al.
1979). Because the BP in the CSF is mostly derived from
nigrostriatal dopaminergic neurons, the decreased CSF BP
levels in sporadic PD patients are likely a result of the
degeneration of nigrostriatal dopaminergic neurons (Levine
et al. 1981).

The pathogenic roles of LRRK2 mutations in the etiol-
ogy of PARKS are poorly understood. To gain more insight
into the PARKS etiology, we measured BP levels in the
CSF from PARK8 (12020T) patients and asymptomatic
mutation carriers and compared them with the Iévels‘in
sporadic PD patients.

Subjects and methods

This study was approved by the ethics committees of the
Sagamihara National Hospital and the Tokyo Institute of

| Springer
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Table 1 Demographic data and the CSF levels of monoamine metabolites of subjects

No. of  Gender Age* Age at Duration of  H/Y HVA® 5-HIAA®
cases M/F (years) onset® disease® (On/Off)° (pmol/ml) (pmol/ml)
(years) [years]

Asymptomatic PARKS 2 2/0 61.5 - - - 121 50.9
(12020T) mutation carriers (60-63) (145,96.7) (541, 47.7)
PARKS (12020T) 7 1/6 67.3¢ 53.6° 13.7 2.9/4.0 357 +92.1 71.8 & 13.2¢

(59-74) (39-67) (2-35)
Sporadic PD 21 11/10 724 634 9.0 3.6/3.9 283 +£48.6 . 39.3 £4.89
(51-92) (35-82) (2-24)

M male, F female, H/Y Hoehn and Yahr's stage, HVA homovanillic acid, 5-HIAA 5-hydroxyindolacetic acid, PD Parkinson’s disease

Data are presented as “the means (range) and “the means & S.EM
® H/Y stage during the on or off state (means)
4 p < 0.05 versus sporadic PD

Technology. CSF samples from 9 members of the
Sagamihara family, including 7 PARKS (12020T) patients
and 2 asymptomatic PARKS8 (12020T) mutation carriers,
and from 21 sporadic PD patients were used for this
study after obtaining informed consent from all subjects.
The demographic and clinical characteristics of these
subjects are summarized in Table 1. In the PARKS patient
group, two patients exhibited severe symptoms at Hoehn
and Yahr’'s (H/Y) stage 5 during the off state, and four
patients in the sporadic PD patient group were H/Y stage 5.
All patients in this study receive therapies with anti-
parkinsonian drugs, including 1-3,4-dihydroxyphenylala-
nine (L-DOPA), DOPA decarboxylase inhibitor, and DA
agonists. Lumber CSF samples were collected using a
standardized protocol and immediately frozen and stored at
—80°C until analysis.

Pteridine and monoamine assays

Total BP and neopterin (NP) levels in the CSF were deter-
mined according to the method of Fukushima and Nixon
(1980) with slight modifications. Briefly, CSF samples were
subjected to iodine oxidation, and the levels of BP and NP
were assayed using high-performance liquid chromatogra-
phy (HPLC) with a fluorescence detector (LaChrom Elite,
1.-2485, Hitachi). The total BP and NP levels represent the
sum of tetrahydrobiopterin, 7,8-dihydrobiopterin, and BP
and the sum of dihydroneopterin and NP, respectively.
Monoamine metabolites, homovanillic acid (HVA) and
5-hydroxyindolacetic acid (5-HIAA), were assayed by
HPLC with an electrochemical detector (ECD-700, Eicom).

Statistical analysis
The statistical significance of differences between PARKS

and sporadic PD patients was determined according to
the Mann—Whitney’s U test. P < 0.05 were considered

@ Springer

statistically significant. Data are represented as the
mean = SEM.

Results
Patients’ data

We used the H/Y stage to evaluate the overall severity of
the parkinsonian symptoms in PARKS and sporadic PD
patients. There was no significant difference in the mean
H/Y stage during the on or off state between PARKS8 and
sporadic PD patients (on, p = 0.056; off, p = 0.829)
(Table 1). The age of onset was earlier in PARKS than in
sporadic PD patients (p = 0.046), whereas the durations of
disease were similar between the two groups (p = 0.594).

Pteridine analysis

The BP levels in PARKS patients were significantly
higher than those in sporadic PD patients (PARKS, 24.0 +
3.04 pmol/ml; sporadic PD, 15.0 £+ 1.21 pmol/ml; p =
0.020) (Fig. 1a). Because the normal level of BP in the CSF
was reported to be 21.34 + 10.44 (mean + SD) pmol/ml
for people approximately 60-year old (Fujishiro et al. 1990),
the BP levels of PARKS patients were within the normal
range. The BP levels in two asymptomatic mutation carriers
were 30.1 and 33.2 pmol/ml, which were relatively higher
than the values for other PARKS patients (Fig. 1a).

The NP levels in PARKS patients were not significantly
different from those in sporadic PD patients (PARKS,
26.9 £ 5.00 pmol/ml; sporadic PD, 21.5 & 1.53 pmol/ml;
p = 0.381) (Fig. 1b). The NP/BP ratios in PARKS patients
were not significantly different from those in sporadic.
PD patients (PARKS, 1.12 4 0.110; sporadic PD, 1.62 +
0.204; p = 0.185), whereas those in sporadic PD patients
showed an increasing trend (Fig. 1c).
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Fig. 1 Concentrations of CSF total BP (a) and total NP (b), and the
NP/BP ratios (c). Filled circles indicate data from each subject. Thick
lines and error bars represent the means and S.E.M. PARKS

Because the NP level in the CSF has been suggested to
be a sensitive biochemical marker of inflammation in the
central nervous system (Furukawa et al. 1992), and the
levels of NP and the NP/BP ratios in PARKS patients were
within the normal range reported by Fujishiro et al. (1990),
these results suggest that neither a reduction of BP bio-
synthesis nor an activation of cell-mediated immunity
occurs in the brains of PARKS patients.

Monoamine analysis

Next, we measured the CSF levels of HVA and 5-HIAA,
metabolites of DA and 5-hydroxytryptamine, respectively
(Table 1). No significant difference in the HVA concen-
tration was observed between PARKS and sporadic PD
patients (p = 0.289). In asymptomatic mutation carriers,
HVA values were relatively low as compared to those in
PARKS or sporadic PD patients, whereas 5-HIAA levels
were similar to those in PARKS patients. HVA levels in
PARKS and sporadic PD patients were higher than the
normal value (46.3 4= 4.09 ng/ml, equivalent to 254 +
22.4 pmol/ml) reported by Cheng et al. (1996), likely due
to L-DOPA medication.

The 5-HIAA levels in PARKS patients were signifi-
cantly higher than those in sporadic PD patients (p = 0.023,
Table 1) and within the normal range (234 + 4 ng/ml,
equivalent to 62.8 & 10.7 pmol/ml) reported by Kostic

asymptomatic PARKS (12020T) mutation carriers, PARKS PARKS
(12020T) patients, sPD sporadic PD patients

et al. (1987). This result suggests that serotonergic neurons
may be less affected in PARKS patients as compared to
sporadic PD patients.

Discussion

This study has revealed for the first time that the CSF BP
levels in PARKS (I2020T) patients are higher than those in
sporadic PD patients, although the severity of parkinsonian
symptoms according to the H/Y stage was comparable in
the two patient groups. This is the first report of a bio-
chemical difference between PARKS and sporadic PD
patients, and our biochemical data could provide a basis for
the use of the CSF BP level for distinguishing PARKS
parkinsonism from other types of PD.

In contrast to reduced CSF BP levels in sporadic PD
patients, we found that the BP levels in PARKS patients
were within the normal range. Furthermore, the BP levels
in asymptomatic PARKS mutation carriers were relatively
higher than those in PARKS patients. These results suggest
that BP metabolism is well preserved in PARKS patients
compared to sporadic PD patients and that PARKS patients
may exhibit parkinsonian symptoms with higher BP levels
than sporadic PD patients.

A considerable portion of CSF BP is derived from
nigrostriatal dopaminergic neurons and the decreased CSF
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BP levels in sporadic PD patients are likely a result of the
degeneration of dopaminergic neurons (Fujishiro et al.
1990; Levine et al. 1981; Lovenberg et al. 1979). There-
fore, the absence of decreased CSF BP levels in PARKS
patients implies that nigrostriatal dopaminergic neurons
may be less degenerated in PARKS patients than in spo-
radic PD patients when parkinsonian symptoms of com-
parable severity are exhibited. '

This assumption is supported by neuropathological
findings in recent studies. In the postmortem brains of
PARKS (120207) patients, the degeneration and loss of
neurons in the SN and gliosis were mild as compared to

-those seen in sporadic PD patients (Hasegawa et al. 2009),
although dopaminergic degeneration itself is likely to occur
in PARKS patients and asymptomatic mutation carriers as
demonstrated by positron emission tomography studies
(Adams et al. 2005; Hasegawa et al. 2009; Nandhagopal
et al. 2008). Moreover, none of transgenic or knock-in mice
of LRRK2 pathological mutants (R1441C/G and G2019S)
showed loss of dopaminergic neurons in the SN or
degeneration of nigrostriatal terminals (Li et al. 2009;
2010; Melrose et al. 2010; Tong et al. 2009).

Recent reports suggest that ‘*’I-metaiodobenzylguani-
dine (MIBG) myocardial scintigraphy is useful to differ-
entiate PD from other parkinsonisms and that normal
cardiac uptake of MIBG is a potential diagnostic value to
indicate the absence of Lewy body pathology (Orimo et al.
1999; 2005). Most of the PARKS (12020T) patients in this
study exhibited normal to slightly decreased cardiac MIBG
uptake in "**I-MIBG scintigraphy (Hasegawa et al. 2009),
suggesting that cardiac sympathetic nerves are preserved in
these patients as compared to sporadic PD patients. It may
also account for a core neuropathological change in
PARKS (12020T) patients, namely, pure nigral degenera-
tion without Lewy bodies.

It remains unclear how BP levels in both PARKS
patients and asymptomatic mutation carriers are main-
tained within the normal range. One possibility is that the
synthesis of BP may be increased in the remaining dopa-
minergic and/or serotonergic neurons in these subjects
either as a compensatory mechanism or due to the action of
mutated LRRK2 protein. :

With respect to the pathogenic mechanisms of PARKS8
that underlie the clinical symptoms similar to sporadic PD,
recent studies of LRRK?2 transgenic or knock-in mouse
models have provided in vivo evidence that dysfunction
rather than degeneration of dopaminergic neurons is
involved in the etiology of PARKS. LRRK2-G2019S
transgenic mice and LRRK2-R1441C knock-in mice
exhibited a decreased evoked DA release, implying a
pivotal effect of LRRK2 mutants on the regulation of stri-
atal DA neurotransmission (Li et al. 2009; 2010; Melrose
et al. 2010; Tong et al. 2009). The absence of reduced CSF

@ Springer

BP levels in PARKS patients demonstrated in this study is
consistent with this hypothesis.

Further studies on other PARKS patients with different
mutations will be required to confirm our present results
with PARKS (12020T) patients, and to reveal if dopami-
nergic dysfunction is a major mechanism of the clinical
onset in PARKS.
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