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FIGURE 6. Proapoptotic and antiapoptotic molecules influenced by parkin overexpression in MPTP-minipump mice. (A) Western
blottingaas performed using midbrain tissues of mice killed 7 days after minipump implantation. Phosphorylated Akt (p-Akt)
was reduced in the rAAV1-humanized recombinant green fluorescent protein (hrGFP)-injected side (GFP) but not in the rAAV1-
parkin-injected side (parkin) of MPTP-minipump mice. (B-G) Data are presented as percentage of control (GFP/saline group) for

p-Akt/Akt/Actin (B), Akt/Actin (C), p53/Actin (D), Bax/Actin (E), the phosphorylated JNK (p-IJNK)/Actin (F), tyrosine hydrox-
ylase (T H)/Actm (G), p-aSyn/aSyn/Actin (H), and aSyn/Actin (I). Reduction of p-Akt was significant in the rAAV1-hrGFP/MPTP
group but not in the rAAV1 -parkin/MPTP group. Total protein amount of Akt was unchanged. The protein levels of p53 and p-o.Syn
were significantly increased in the MPTP groups, and there were nonsignificant differences between the rAAV1-hrGFP/MPTP and
rAAV1-parkin/MPTP groups. Numbers of mice analyzed in each group are indicated within the bars. Data are mean + SEM.
*, p < 0.05; and N.S., not significant (1-way analysis of variance followed by Tukey-Kramer post hoc test).
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Neuroprotective Actions of Parkin In Vivo

At 14 days after injection of the rAAV1 vectors, mice
were implanted with minipumps to deliver MPTP at dose of
50 mg/kg per day (Fig. 3A; Table). Mice were examined for
an apomorphine-induced rotation behavior 25 days after the
treatment with MPTP. The injection of rAAVI-parkin re-
sulted in increased contralateral turns in MPTP-minipump
mice compared with rAAV1-parkin/saline (p = 0.04633; df =
16) and rAAV1-hrGFP/MPTP mice (p = 0.02843) (Fig. 3B).
This suggests functional preservation of the nigrostriatal
pathways provided by parkin delivery. Immunohistochemis-
try revealed overexpression of parkin in TH-positive DA cells
in the SNpc (Figs. 3C-F; Figure, Supplemental Digital Con-
tent 1, parts 1C-M, http:/links.Iww.com/NEN/A252). Next,
we counted TH- and Nissl-double-positive cells in the SNpc
of these mice. As shown in Figures 3G to N and P, the
injection of rAAV 1 vector itself (i.e. in saline-treated groups)
caused a minor decrease of DA cell number (15.1% * 2.9%
decrease in the rAAV1-hrGFP—injected mice and 7.9% =+
2.6% decrease in the rAAV1-parkin—injected mice). Impor-
tantly, rAAV1-parkin delivery promoted the survival of DA
cell bodies in MPTP-minipump mice (109.0% * 2.9% relative
to the contralateral noninjected side) compared with parkin-
overexpressed saline-minipump mice (p = 0.005143; df = 16)
and hrGFP-overexpressed MPTP-minipump mice (88.0% *
3.2%; p = 0.0008401) (Fig. 3P). The transduction efficiency
of the TAAV1 vectors (i.e. the area immunopositive for
parkin or hrGFP over the entire rostrocaudal area of the
SNpc) varied from 87.5% + 2.6% to 93.75% = 3.6%,
which had no statistical difference among the groups (Fig.
30; Figure, Supplemental Digital Content 1, parts 1C-M,
http://links.lww.com/NEN/A252). On the other hand, the
striatal level of dopamine was not preserved with the injec-
tion of rAAVI1-parkin, the same as with tAAV1-hrGFP
(Fig. 4A). There was no influence on the striatal levels of
dopamine metabolites, DOPAC and HVA, in these mice
(Figs. 4B, C).

Accumulation of Ser129-Phosphorylated aSyn
Promoted by Parkin Overexpression

There were increased numbers of p-aSyn—positive cell
bodies in the rAAVi-parkin-injected side of the SN in
MPTP-minipump mice (Figs. 5A-I). Thus, parkin delivery
enhanced accumulation of the p-aSyn in DA cells in MPTP-
minipump mice. ,
Alleviation of MPTP-Induced Inactivation of Akt
by Parkin Delivery

On the basis of our previous report that showed upre-
gulation of Bax 6 to 8 days after the first treatment with MPTP
(30 mg/kg per day for 5 consecutive days) (41), we performed
Western analyses at 7 days after minipump implantation
(Fig. 3A). As shown in Figure 6, TH protein was slightly but
nonsignificantly reduced by MPTP treatment and parkin
counteracted the effect (Figs. 6A, G). There were no sig-
nificant influences on the protein amounts of proapoptotic
Bax (Figs. 6A, E) and the phosphorylated active form of JINK
(Figs. 6A, F) in this model. The level of p53 was increased
significantly in MPTP-minipump mice. but had no significant
difference between the rAAV1-hrGFP and rAAVI1-parkin
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groups (Figs. 6A, D). Importantly, phosphorylated Akt, an
active form of a prosurvival kinase Akt, was reduced in the
rAAV1-hrGFP—injected hemisphere of MPTP-minipump
mice (p = 0.02829; df = 15; compared with rAAV1-hrGFP/
saline); the decrease was alleviated by rAAV1-parkin (p =
0.8434; compared with TAAV1-parkin/saline) (Figs. 6A, B).
The level of total Akt protein was not changed by MPTP
(Figs. 6A, C), indicating that parkin diminished the MPTP-
induced dephosphorylation of p-Akt. p-aSyn was increased in
response to MPTP (p = 0.0001902; df = 15; compared between
rAAV1-hrGFP/saline and rAAV1-hrGFP/MPTP groups; and
p = 0.0009918; compared between TAAV1-parkin/saline and
rAAV1-parkin/MPTP groups), although there was no differ-
ence between the hrGFP and parkin groups at this time point
(p = 0.9780; compared between rAAV1-hrGFP/MPTP and
rAAV1-parkin/MPTP groups) (Figs. 6A, H). A similar result
was obtained with another anti-p-aSyn antibody (clone
pSyn#64; Wako; Figure, Supplemental Digital Content 3, part
A,  http://links.lww.com/NEN/A254). The total amount of
aSyn protein was not changed by MPTP (Figs. 6A, 1).

Effects of Parkin Overexpression
on Mitochondrial Alterations

Finally, we addressed the effect of intranigral parkin
delivery on the protein levels of PINK1 and a mitochon-
drial protein marker Tom20. Western blotting analysis
demonstrated that both MPTP treatment and parkin expres-
sion rendered PINK1 to increase slightly but nonsignifi-
cantly (Figure, Supplemental Digital Content 3, parts A, B,
http:/links.lww.com/NEN/A254). The protein amounts of
Tom20 and DJ-1 were not changed at this time point
(Figure, Supplemental Digital Content 3, parts A, C, D,
http://links.lww.com/NEN/A254). At day 28 after implan-
tation of the minipumps, there was increased immuno-
reactivity for Tom20 in the SNpc. of MPTP-minipump
mice (Figure, Supplemental Digital Content 3, parts E-J,
K-Z/, http://links.lww.com/NEN/A254); however, this phe-
nomenon was not influenced by overexpression of par-
kin (Figure, Supplemental Digital Content 3, parts K-Z,
http://links.lww.com/NEN/A254). The overexpressed par-
kin was found scarcely colocalized with the mitochondrial
Tom20 (Figure, Supplemental Digital Content 3, parts L-N,
P-R, T-V, and X-Z', hitp:/links.lww.com/NEN/A254).

DISCUSSION

In the present study, we generated a modified high-
dose and long-term mouse model of PD using Alzet osmotic
minipump administration of MPTP. In our preliminary
experiments, we tried to produce an MPTP-minipump model
according to the regimen of Fomnai et al (39) but were
unsuccessful. Alvarez-Fischer et al (42) recently demon-
strated that an Alzet minipump-mediated infusion of MPTP
alone (40 mg/kg per day for 3 weeks) caused only a transient
depletion of the striatal dopamine and no DA cell loss in the
SN. They further indicated that minipump-mediated infusion
of MPTP (40-80 mg/kg per day for 2—4 weeks) in combi-
nation with the uricosuric agent probenecid caused moderate
degeneration of DA neurons (42). We did not attempt to
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inhibit renal excretion and/or brain efflux clearance of
MPTP/MPP” but could generate a novel MPTP-minipump
model by simply increasing the dose of MPTP to 50 and
100 mg/kg per day. :

In this long-term environmental model of PD, we first
evaluated the therapeutic effect of parkin. The rAAV vector
was chosen because of its ability for long-term stable gene
expression in postmitotic neurons with low accompanying
cytotoxicities (43, 44). These properties are preferable for
recent clinical trials to treat neurodegenerative disorders
including PD (44, 45). Paterna et al (26) reported that rAAV
vector-mediated transduction of parkin protected DA neurons
of mice that were treated transiently with low dose of MPTP
(20 mg/kg per day for 4 days). Our present data are in
line with those results and indicate further that parkin gene
therapy might be effective in a more severe and continuous
condition causing PD. In 6-hydroxydopamine-lesioned rats,
Vercammen et al (25) reported that lentiviral vector-parkin
delivery resulted in a significant preservation of DA cell
bodies and nerve terminals with corresponding behavioral
improvement; by contrast, another group demonstrated that
rAAV-parkin delivery ameliorated motor deficits but had
no protection on the striatal DA innervation and nigral TH-
positive neurons (46). In the present study, the MPTP-induced
decrease of striatal dopamine was not prevented by rAAV1-
parkin, whereas motor deficits and DA cell loss were ame-
liorated. We speculate that this discrepancy might be a result
of an enhanced dopamine release of the surviving DA neurons
that overexpress parkin (46), in consideration with an im-
paired dopamine release in parkin knockout mice (18).

We observed more the p-aSyn—immunopositive cells
in the parkin-overexpressed SN of MPTP-minipump mice.
There have been conflicting reports about the neurotoxicity of
the p-aSyn in aSyn overexpression PD models; alteration of
Ser129 to nonphosphorylated Ala or a phospho-mimetic Asp
resulted in enhanced, eliminated, or unchanged the neuro-
toxicity of aSyn (47-51). Our present data imply that parkin
delivery promoted DA neuronal survival in part by increasing
the accumulation of the p-aSyn. This is consistent with the
report by Gorbatyuk et al (48), who demonstrated that
rAAV-mediated overexpression of aSyn Ser129Asp (which
seemed to form punctate inclusions) caused no pathologic
change in the SN. It has been speculated that parkin pro-
moted accumulation of «Syn through catalyzing a nonclassic
polyubiquitination of modified aSyn and/or aSyn-interacting
proteins (13).

We found that MPTP-induced reduction of the phos-
phorylated active form of Akt was prevented by parkin
overexpression. Recent work indicated that parkin poten-
tiates epidermal growth factor (EGF)-induced activation of
Akt signaling through interfering with Epsl5, a negative
regulator of the EGF/EGF receptor pathway (52). It is known
that TAAV vector-mediated transduction of constitutively
active form of Akt can provide DA neuroprotection in 6-
hydroxydopamine mice (53). Moreover, Aleyasin et al (54)
recently reported that DJ-1 (the loss-of-function mutations
of which cause another form of recessively inherited PD)
is necessary for Akt-mediated neuronal protection against
MPTP. In agreement with these reports, our results suggest
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that maintenance of Akt signaling by parkin is important
for the promotion of DA neuronal survival. On the other
hand, da Costa et al (55) demonstrated that parkin elicits
ubiquitin ligase-independent transcriptional repression of
p53 gene. In our present experiments, however, we did not
find that ectopic parkin counteracted against the MPTP-
induced upregulation of p53.

Parkin acts in concert with PINK1 in mitochondrial
quality control (29-33). Overexpressed parkin interacts directly
with and stabilizes PINK1 (56). Mitochondrial impairment
also stabilizes PINK 1, and recruitment of parkin to the dam-
aged mitochondria is dependent on PINKI in mitophagy
(30, 31, 33). In the present study, the virally expressed parkin
seemed not to affect the clearance of mitochondria that were
damaged with MPTP treatment. These results suggest that a
long-term insult makes it difficult for parkin to be effective in
eliminating potentially harmful accumulated mitochondria.

In conclusion, the present study lends support to the
hypothesis that the rAAV vector-mediated parkin gene ther-
apy may have clinical benefits for advanced patients with
idiopathic PD (16, 45, 57) and provides a new insight into the
neuroprotective actions of multifunctional parkin in animal
PD models.
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Abstract

The striatum harbors a small number of tyrosine hydroxylase (TH) mRNA-containing GABAergic neurons that express TH
immunoreactivity after dopamine depletion, some of which reportedly resembled striatal medium spiny projection neurons (MSNs).
To clarify whether the TH mRNA-expressing neurons were a subset of MSNs, we characterized their postnatal development of
electrophysiological and morphological properties using a transgenic mouse strain expressing enhanced green fluorescent protein
(EGFP) under the control of the rat TH gene promoter. At postnatal day (P)1, EGFP-TH* neurons were present as clusters in the
striatum and, thereafter, gradually scattered ventromedially by P18 without regard to the striatal compartments. They were
immunonegative for calbindin, but immunopositive for enkephalin (54.5%) and dynorphin (80.0%). Whole-cell patch-clamp recordings
revealed at least two distinct neuronal types, termed EGFP-TH™ Type A and B. Whereas Type B neurons were aspiny and negative
for the MSN marker dopamine- and cyclic AMP-regulated phosphoprotein of 32 kDa (DARPP-32), Type A neurons constituted 75%
of the EGFP™ cells, had dendritic spines (24.6%), contained DARPP-32 (73.6%) and a proportion acquired TH immunoreactivity after
injections of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine and 3-nitropropionic acid. The membrane properties and N-methyl-p-
aspartate : non-N-methyl-pD-aspartate excitatory postsynaptic curtent ratio of Type A neurons were very similar to MSNs at P18.
However, their resting membrane potentials and spike widths were statistically different from those of MSNs. In addition, the
calbindin-like, DARPP-32-like and dynorphin B-like immunoreactivity of Type A neurons developed differently from that of MSNs in
the matrix. Thus, Type A neurons closely resemble MSNs, but constitute a cell type distinct from classical MSNs.

Introduction

The stratum is the largest nucleus of the basal ganglia that receives
massive dopaminergic inputs from the substantia nigra pars compacta.
Although the striatum is essentially dopaminoceptive, it has been
repeatedly reported that the striatum itself contains neurons that
potentially produce dopamine in humans (Ikemoto ez al., 1997; Porritt
et al., 2000; Cossette et al., 2005), monkeys (Dubach et al., 1987,
Betarbet ef al., 1997; Palfi et al., 2002; Tande ef al., 2006) and rats
(Tashiro et al., 1989a,b; Mura et al., 2000; Lopez-Real et al., 2003;
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Jollivet et al., 2004). The intrinsic dopaminergic neuron is a new
addition to the striatal neuronal population and, in addition, the neuron
itself is heterogeneous and contains several distinct subtypes. Birth-
dating studies using bromodeoxyuridine (BrdU) after 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) injection revealed that
these tyrosine hydroxylase (TH)-immunoreactive neurons resulted
from a phenotypic shift of pre-existing GABAergic interneurons
(Betarbet et al., 1997; Mao et al., 2001; Tande et al., 2006). They are
immunoreactive to the GABA-synthesizing enzyme glutamic acid
decarboxylase (GAD) and are mostly immunonegative for calbindin, a
Ca®*-binding protein and a marker for the medium spiny projection
neurons (MSNs) in the matrix compartment (Gerfen, 1992). In the
mouse striatum, there are few cells, if any, that are immunoreactive for
TH, but they do appear after dopamine depletion by a combined
treatment of MPTP and 3-nitropropionic acid (3-NPA) (Nakahara
et al., 2001) or a 6-hydroxydopamine treatment (Darmopil et al.,
2008). These cells contain a small population of aspiny calretinin-
positive neurons and a large number of aspiny and spiny neurons that
express calbindin as well as enkephalin or dynorphin, markers for
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indirect or direct pathway MSNs, respectively, suggesting that there
might be a population of MSNs that acquire TH immunoreactivity
after dopamine depletion in rodents (Darmopil et al., 2008).

In contrast, Ibanez-Sandoval et al. (2010) recently reported the first
detailed electrophysiological characterization of TH-positive neurons
in the adult mouse striatum of a bacterial artificial chromosome
transgenic mouse strain that expresses enhanced .green fluorescent
protein (EGFP). They found at least four electrophysiologically
distinct subtypes of EGFP-TH* neurons, none of which were
retrogradely labeled by injection of rhodamine beads into both the
globus pallidus and substantia nigra, indicating that they are aspiny
TH*/GABAergic interneurons.

These seemingly contradictory results prompted us to characterize
the postnatal development of TH mRNA-expressing EGFP* neurons
in transgenic mice harboring a 9-kb TH promoter/EGFP reporter
construct, in order to contrast them with MSNs to see whether or not
they constitute a distinct subset of MSNs (Sawamoto et al., 2001;
Matsushita et al., 2002; Baker et al., 2003). We report here that the
most numerous developing EGFP-TH* neurons were aspiny or spiny
GABAergic neurons that were immunoreactive for dynorphin,
enkephalin and dopamine- and cyclic AMP-regulated phosphoprotein
of 32 kDa (DARPP-32), some of which became electrophysiologically
indistinguishable from MSNs late in development. However, their
immunohistochemical and electrophysiological properties followed
different developmental time courses compared with MSNs and their
distribution was not constrained by the striosome-matrix borders,
suggesting that they constitute a unique neuronal subtype distinct from
classical, direct and indirect pathway MSNs in the striatum.

Materials and methods
Transgenic mice

Production of the TH-EGFP transgenic mice has been described in
previous studies (Sawamoto et al., 2001; Matsushita et al., 2002). The
transgene construct contained the 9.0-kb 5’-flanking region of the rat
TH gene, the second intron of the rabbit f-globin gene, cDNA
encoding EGFP (Clontech, Palo Alto, CA, USA) and polyadenylation
signals of the rabbit -globin and Simian virus 40 early genes. In the
present study, the TH-EGFP/21-31 strain was used, and the strain
was maintained by breeding to C57BL/6J inbred mice. Transgenic
mice were identified by polymerase chain reaction amplification of the
EGFP sequence from tail DNA. The Animal Care and Use Committee
of the Tokyo Metropolitan Institute of Gerontology approved all
experimental procedures using laboratory animals.

Immunohistochemistry

The anterior region of the striatum is developmentally distinct from
the posterior region (Nery et al., 2002). We examined the anterior part
of the striatum in this study. Mice were deeply anesthetized with
isofturane and intracardially perfused with phosphate-buffered saline
(PBS) followed by 4% paraformaldehyde solution in PBS. Brains
were dissected from the mice and immersed in the same solution at
4 °C overnight. The fixed tissues were cut into sections (50 um) with
a ZERO 1 SuperMicroslicer (Dosaka, Kyoto, Japan). The multiple
immunofluorescence technique was used to investigate colocalization
of EGFP with other markers. Sections were blocked with 10% normal
goat or donkey serum and 0.3% Triton X-100 in PBS for 1 h, and then
incubated for 24 h with primary antibodies at 4 °C. Antibodies
presented here were as follows: rabbit anti-TH polyclonal antibody
(1:400; Chemicon, Temecula, CA, USA), rabbit anti-choline

acetyltransferase antibody (1 : 400; Chemicon), rabbit anti-calretinin
polyclonal antibody (1 : 400; Swant, Bellizona, Switzerland), goat
anti-calretinin polyclonal antibody (1 : 2000; Chemicon), rabbit anti-
calbindin D-28k monoclonal antibody (1 : 500; Chemicon), rabbit
anti-GAD65/67 polyclonal antibody (I : 500; Sigma-Aldrich, St
Louis, MO, USA), rabbit anti-DARPP-32 polyclonal antibody
(1 : 100; Chemicon), mouse anti-DARPP-32 antibody (1 : 125; BD
Biosciences PharMingen, San Diego, CA, USA), rabbit anti-Met-
enkephalin antibody (1 : 250; Biomol, Hamburg, Germany), rabbit
anti-dynorphin B antibody (1 : 250; Bachem, Bubendorf, Switzer-
land), rat anti-green fluorescence protein (GFP) monoclonal antibody
(1 : 500; Nacalai Tesque, Kyoto, Japan), mouse anti-Neuronal Nuclei
(NeuN) monoclonal antibody (1 : 500; Chemicon), rabbit anti-TuJ1
polyclonal antibody (1 : 2000; Covance, Emeryville, CA, USA) and
goat anti-doublecortin polyclonal antibody (1 : 500; Santa Cruz
Biotechnology, Santa Cruz, CA, USA). After the sections had been
washed with PBS containing 0.1% normal goat or donkey serum, 1%
bovine serum albumin and 0.3% Triton X-100, they were incubated
with Alexa Fluor 488-, 647- or Cy3-conjugated anti-rabbit, anti-mouse
or anti-goat IgG secondary antibody or Cy3-conjugated streptavidin
(Molecular Probes, Eugene, OR, USA; Jackson ImmunoResearch Inc.,
West Grove, PA, USA). The sections were washed with PBS
containing 1% normal goat or donkey serum, 1% bovine serum
albumin and 0.3% Triton X-100, and mounted in Aquatex (Merck,
Darmstadt, Germany). In some experiments, Triton X-100 was
omitted because the detergent disturbed GAD immunostaining of
somatic profiles (Jinno & Kosaka, 2004). Low-magnification images
were acquired using an MVX10 fluorescence microscope (Olympus,
Tokyo, Japan) and high-resolution images were taken using an LSM 5
Pascal confocal laser scanning microscope equipped with a high
numerical aperture oil-immersion objective lens (63X, NA 1.40, Zeiss,
Oberkochen, Germany). Images were acquired as stacked files through
the whole section thickness at an optimal step size (1.0 um). Montages
were made from maximum intensity projections of confocal z-stacks
of EGFP-positive neurons. The contrast of digital images was
enhanced with Adobe Photoshop (Adobe Systems Inc., San Jose,
CA, USA).

Quantification of EGFP-positive neurons and EGFP-negative
medium-sized neurons expressing calbindin-like, DARPP-32-like
and dynorphin B-like immunoreactivity at postnatal day (P)2, P8
and P18-26 was carried out in randomly chosen areas in 2-4
randomly chosen striatal sections from 2 to 3 animals. The data are
presented as a percentage of immunopositive or immunonegative cells
out of all cells counted. Statistical analysis was performed using a chi-
square test from a contingency table of the number of immunopositive
and immunonegative cells, with the resultant graph shown in Fig. 4.
The threshold for statistical significance was set at P < 0.05.

Electrophysiology

Whole brains taken from 2- to 20-day-old EGFP-TH" transgenic mice
under anesthesia were placed in ice-cold artificial cerebraspinal fluid
(CSF) containing the following (in mM): 124 NaCl, 3 KCI, 1
NaH,POy, 1.2 MgCl,, 2.4 CaCl,, 10 glucose, buffered to pH 7.4 with
NaHCO; (26 mM) saturated with 95% O, and 5% CO,. Parasagittal or
coronal slices (250 um thick), cut using a Pro 7 Linear Microslicer
(Dosaka), were continuously perfused with artificial CSF at a rate of
1-2 mL/min at 30 °C. Whole-cell patch-clamp recordings were
collected by an EPC9/2 amplifier (Heka Elektronik, Lambr-
echt/Pfalz, Germany), with infrared differential contrast and fluores-
cent visualization using a BX50WI microscope (Olympus) with two
charge-coupled device cameras (Hamamatsu Photonics, Shiznoka,
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Japan and Dage-MTI, Michigan City, IN, USA). Patch pipettes (4—
6 MQ) were fabricated from borosilicate glass capillaries (1.5 mm
o.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 mm):
129 K-gluconate, 11 KCI, 2 MgCl,, 10 HEPES, 4 Nay,-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 z-test. All data are reported as
mean = SEM.

Results
Distribution and immunohistochemistry of EGFP-TH* neurons

A previous study by Baker ef 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 differentiated, but some are still immature
and in the midst of migration (Francis et al., 1999; Nacher et 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).

© 2011 The Authors. European Journal of Neuroscience © 2011 Federation of European Neuroscience Societies and Blackwell Publishing Ltd

European Journal of Neuroscience, 34, 13551367



1358 M. Masuda et al.

F1G. 1. Distribution patterns of EGFP* cells in coronal sections of the mouse striatum at P1 (A), P4 (B) and P18 (C). High- magmﬁcatlon 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 pm. )

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 acetylt_ransferase (ChAT) (red, D) and neuronal nitric oxide synthase (nNOS) (red, E). Scale
bars: 10 um in green fluorescent protein (GFP), GAD65/67, TuJl and DCX; 200 um 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 gm; 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 MSNs, 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 (a’, b’ and ¢"). 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 medium-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. 5A 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 (rn = 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. 5D). In EGFP-TH* Type A neurons,
injection of negative current produced a small sag in the membrane
potential (72.5%, 50/69, Fig. SAa, 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
peurons 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. SAb, 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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FIG. 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,
respectively. The Mahalanobis boundary, generated with discriminant analysis,
is superimposed in the figure (black). The boundary (2 + 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 0.9 —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) 78.0+ 1.2 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+ 14 3.4 + 0.5%*
AHP amplitude (mV) 11.6£05 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 < 0.01.

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 *2 + 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*

A

Aspry EOFFTHT Type A Spny BOFR-TH Type A

! {essa

EGFATH” Type B

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 pm; 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 pm?; P > 0.2), number of primary
dendrites (aspiny, 4.9 +0.3; spiny, 52 =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 +02; Type B, 32+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 pm?, 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, n = 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 um; inset, 2 um. **P < 0.01 for LA and LTS neurons, TP < 0.05, TP < 0.001 for ES neurons.
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FiG. 7. EGFP-TH" Type A neurons are DARPP-32-positive and express TH immunoreactivity after dopamine depletion. (A) DARPP-32 staining of biocytin-filled
EGFP" neurons after electrophysiological recordings revealed that EGFP-TH" Type A neurons were colocalized with DARPP-32. In contrast, Type B neurons were
immunonegative for DARPP-32. Arrowheads indicate a triple-labeled neuron. Scale bar: 10 um. (B-D) Effect of a combined treatment of 3-NPA and MPTP on
EGFP* neurons in the striatum. (B) EGFP* neurons (white dots) are scattered in the striatum of a control mouse but much less abundantly in the 3-NP+MPTP-treated
mouse. (C) Effect of the combined treatment of 3-NPA and MPTP on the number of EGFP" neurons in the striatum. The treatment significantly decreased the
number of EGFP* neurons. (D) Phenotypic characterization of TH-immunoreactive neurons in the striatum of the 3-NP+MPTP-treated mouse. Fluorescent labeling
of green fluorescent protein (GFP, green), TH (red) and DARPP-32 (blue) is merged to show a triple-labeled neuron (Merged, arrowhead). A DARPP-32-positive
EGFP* neuron shows TH immunoreactivity after the treatment. Scale bar: A and D, 10 um; B, 500 um. **P < 0.01.

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 ez 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).

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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F1G. 8. Comparisons of the electrophysiological properties in EGFP-TH* Type A neurons and MSNs. (A) Resting membrane potentials (Vrest) of Type A cells
during postnatal periods of 814, 15-21 and 22-28 days were more depolarized than those of MSNs of the same postnatal periods. *P < 0.05, **P < 0.01. (B) Input
resistances of Type A neurons and MSNs tend to decrease during development in a similar manner. (C) Spike widths at half amplitude of Type A neurons, which
were significantly shorter than those of MSNs during the 8- to 14-day period, tended to decrease to similar values to those of MSNs. #*P < 0.01. (D) There was no
difference in the spike threshold between Type A neurons and MSNs throughout the development. (E) NMDA : non-NMDA ratios were measured as the area of
EPSC (charge transfer) under the first 150 ms after the stimulus artifact. The control EPSC was recorded in magnesium-free saline containing the GABA, receptor
antagonist SR-95531 (5 M) and the non-NMDA current was sampled in the presence of D-(—)-2-amino-5-phosphonopentanic acid (AP-5) (25 uM) and SR-95531.
The NMDA current was calculated by subtracting the non-NMDA current from the control EPSC. The NMDA : non-NMDA ratios of both Type A neurons and
MSNs tended to decrease during development and there was no difference between the two. Holding potential (H.P.) was =70 mV.

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 postnatal 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.

Electfophysiologica/ 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 I-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 (8—28 days old vs.
2-4 months old).

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

More than 90% of the EGFP" neurons 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 irrelevant, 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 MSNSs, such as calbindin, DARPP-32 and dynorphin
B, revealed significant differences between the two. Assuming that
medium-sized neurons with round nuclei were MSN’s 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 ez 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
MSNs 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 stratum is certainly needed
to utilize these neurons to alleviate or compensate for symptoms of
Parkinson’s disease.
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