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Establishment of brain bank for aging research

Shigeo Murayama", Yuko Saito”, Kazutomi Kanemaru®, Aya Tokumaru?, Keniji Ishii® and Motoji Sawabe?

We have established a brain bank for the prevention and treatment of aging-related movement and cognitive distur-
bances, as a joint project between a rural care hospital and a research institute. The resources of the bank are to be used for
collaborative studies approved by the bank’s committee. The collaborative investigators should also be qualified by the insti-
tute to conduct the research jointly. The collaborative studies require authorization by the institutional review board (IRB)
of the institute, the hospital and each facility involved in collaborative studies. The bank continues to have the responsibility
for the resources, after the transfer of the resources to the facilities of collaborative investigators, pursuant to Article 18 of
the Cadaver Autopsy and Preservation Act. Thus, the status of resource utilization and outcomes from their use in studies
will be monitored periodically (every 6 months). We shared the philosophy with the brain banks in the United States that
the resources of the bank, donated on the basis of a charitable spirit, belong to the public domain and are regarded as public

Key words : Aging, Dementia, Alzheimer disease, Parkinson disease, Tauopathy
(Jon ] Geriat 2005 ; 42 : 483—489)
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Possibility for Neurogenesis in Substantia
Nigra of Parkinsonian Brain

Kenji Yoshimi, PhD,! Yong—R1 Ren, MD,? Tatsunori Seki, PhD 13 Masanori Yamada, PhD,!
Hideki Ooizumi, MD,? Masafumi Onodera, MD, PhD,? Yuko Saito, MD, PhD,?
Shigeo Murayama, MD, PhD,’ Hideyuki Okano, MD, PhD,® Yoshikuni Mizuno, MD, PhD,'*
and Hideki Mochizuki, MD, PhD?

Recent studies of enhanced hippocampal neurogenesis by antidepressants suggest enhancement of neurogenesis is a
potentially effective therapy in neurodegenerative diseases. In this study, we evaluated nigral neurogenesis in animals and
autopsy brains including patients with Parkinson’s disease (PD). First, proliferating cells in substantia nigra were labeled
with retroviral transduction of green fluorescent protein, which is an efficient method to label neuronal stem cells.
Subsequent differentiation of labeled cells was followed; many transduced cells became microglia, but no differentiation
into tyrosine hydroxylase—positive neurons was detected at 4 weeks after injection, in both intact rodents and those
treated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine. Second, polysialic acid (PSA)-like immunoreactivity, indica-
tive of newly differentiated neurons, was detected in the substantia nigra of rodent, primate, and human midbrains. A
large number of PSA-positive cells were detected in the substantia nigra pars reticulata of some patients with PD. In rats
and a macaque monkey, the dopamine-depleted hemispheres showed more PSA staining than the intact side. A small
number of tyrosine hydroxylase—positive cells were PSA-positive. Our results suggest enhanced neural reconstruction in

PD, which may be important in the design of new therapies against the progression of PD.

Ann Neurol 2005;58:31-40

Neurogenesis in the hippocampus is essential for the
therapeutic effect of antidepressants.” Enhancement
of neurogenesis may open a new therapeutic potential
in other central nervous system diseases, especially neu-
rodegenerative diseases.* The potential of neurogenesis
has been reported in Huntington’s disease and Alzhei-
mer’s disease.”” In Parkinson’s disease (PD), the loss
of dopaminergic neurons in the substantia nigra (SN)
is the major pathological change.® Surgical replacement
of dopaminergic neurons was reported to be effective
in some patients, but the induction of severe uncon-
trolled off-medication dyskinesia limits its therapeutic
usefulness.” If intrinsic dopaminergic neurons could be
regenerated in SN of patients with PD, the enhance-
ment of such process should be the primary therapeutic
target.

The potential of neurogenesis in the SN has been
studied by labeling proliferative neural precursor cells
with bromodeoxyuridine (BrdU).'*~!? Because a com-
pensatory enhancement of neurogenesis in the hip-

pocampus has been reported after brain injury,’*™'¢

the brains have been examined for neurogenesis after
dopaminergic cell deprivation, as well as in the intact
brains. Kay and Blum'® report the presence of BrdU-
positive proliferative cells in the SN; a part of such cells
were microglia, but none of them differentiated into
dopaminergic neurons. In another study,'' neuronal
progenitor cells isolated from the SN of rats differen-
tiated to neurons in the hippocampus but not in the
midbrain. Using confocal laser scanning microscope,
Zhao and colleagues found dopaminergic neurons with
BrdU-positive nuclei in the SN, which were considered
to have migrated from the midbrain aqueduct,'? al-
though a different conclusion was reported in another
study.'? The discrepancy between the two studies'*'?
was due to the uncertainty of whether BrdU-positive
nuclei were located in or out of the tyrosine hydroxy-
lase (TH)—positive cytoplasm. Another problem was
that at a high dose, BrdU could be incorporated into
repairing, as well as duplicating, DNA.'”"'
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BrdU is not the only tool to label DNA synthesis in
proliferating cells. Retroviral labeling is another
method, which has several advantages o BrdU label-
ing.'”%° Specific marker genes can be transducted into
duplicating chromosomes by retroviral vectors. The ex-
pression requires following protein synthesis; thus, the
expression of green fluorescent protein (GFP) is highly
specific to the cells that proliferate at the time of in-
fection. We efficiently labeled neuronal stem cells with
GFP by retroviral transduction, both in vitro and in
vivo.?'=#? In these studies, GFP filled the cytoplasm of
the cells and expressed a clear Golgi-like morphology
of the infected cells. Moreover, local injection in the
brain tissue allowed a clear mapping of the migration
route.'”??

Labeling of proliferating cells with BrdU and retrovi-
rus may not be the only methods to detect neurogenesis.
Intrinsic molecules unique to young neurons, such as
polysialic acid (PSA) and doublecortin, can be used as
tools to detect neurogenesis.”*?* This is especially im-
portant in human subjects, where experimental markers
such as BrdU or retroviral vectors are not applicable.

In the first part of this study, we observed the fate of
endogenous proliferating cells in rodent SN by exam-
ining the morphology of cells after retroviral transduc-
tion of GFP. Retroviral injection close to the midbrain
aqueduct also was performed to confirm the possible
migration of cells derived from neural stem/progenitor
cells from this area to the SN. In the second part of
this study, we analyzed immunostaining of PSA in hu-
man SN tissues of patients with PD and dopamine-
deficit animals.

Materials and Methods

Animals and Drug Administration
Adult C57BL/6 mice (10-week-old female) and Sprague—
Dawley rats (10-week-old male) were obtained from Charles

River Laboratories (Yokohama, Japan). They were housed
two to six per cage and maintained on a 12-hour light—dark
cycle at constant temperature and humidity. Food and water
were provided ad libitum. The animals injected with retro-
virus vector (see later) were kept in air-isolated cages with
Hepa filter ventilation system. The experimental protocol
was approved by the Ethics Review Committee for Animal
Experimentation of Juntendo University School of Medicine.
Mice were injected with 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP; Sigma Labs, St. Louis, MO) or
saline in acute (20mg/kg body weight intraperitoneally (IP)
four times a day at 2-hour intervals) or chronic (30mg/kg
once a day for 5 days) protocols(Table 1).26 MPTP was han-
dled carefully, and the remaining solutions were inactivared
with bleach.””

Preparation of Modified Retroviral Vector

The retroviral vector GCDN sap carrying enhanced GFP
gene was packaged with vesicular stomatitis virus G protein
(VSV-G) by transducrion into 293gpg as described previ-
ously.?**® The virus producer clone (293gpg/DNEGFP)
was harvested in Dulbecco’s modified eagle medium with
10% fetal bovine serum (FBS) and tetracycline. When 10
flasks (900ml) became 70% confluent, tetracycline was re-
moved to start the production of the virus under the control
of tet-off system. Two days later, the medium was centri-
fuged at 6,000X g and 4°C, followed by resuspension of the
viral pellet in phosphate-buffered saline (PBS). Finally, the
viral vector was centrifuged to 1,000-fold concentration and
stored at —80°C. All conrainers and tools used to handle
retroviral vectors were rinsed with ethanol or disposed after
autoclaving.

Stereotaxic Injection of Retroviral Vector

Concentrated viral solurion was injected into the mouse SN
bilaterally, 1ul into each side. Mice were anesthetized with
pentobarbital (60mg/kg body weight IP), then held on a ste-
reotaxic frame, drilled on the skull, and a 31-gauge needle
was inserted into the SN (anteroposterior [AP]), —2.8 mm;
mediolateral [ML], 1.3mm from bregma; dorsoventral [DV],

Table 1. MPTP Administration Schedule for Retroviral Labeling in Mice and Rars

Target MPTP Days to surgery Survival Group n

Mice Nigra Sal X 4 2 4 weeks Sal2d4w 7
20 X 4 2 4 weeks A2d4w 8

20 X 4 7 4 weeks A7d4w 6

30/d X 5d 7 4 weeks C7d4w 4

Sal X 4 2 16 weeks Sal2d16w 4

20 X 4 2 16 weeks A2d16w 4

Aqueduct Sal X 4 7 4 weeks Sal7dAq4w 3

20 X 4 7 4 weeks A7dAqdw 6

Rars Nigra 2 days R-SN2d 5
2 weeks R-SN2w 3

Aqueduct 2 days R-Ag2d 2

2 weeks R-Aq2w 6

4 weeks R-Agdw 7

MPTP = 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.
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4.5mm below the dural surface; at tooth bar position
0.0mm). The retroviral vector solution was suctioned
through the 31-gauge injection needle into a Hamilton mi-
crosyringe (Hamilton, Reno, NV) just before injection, and
the trace viral solution on the surface of the needle was
wiped out to avoid contamination. The needle was slowly
placed into the target, and the vector solution was ejected at
the rate of 1ul/min and was left steady for 5 minutes. Injec-
tion into the rat SN (AP, 5.3mm; ML, 2.4mm from bregma;
DV, 7. mm, at tooth bar position —4.0 mm) was made us-
ing a similar procedure, but the injection volume was 2pl.
To inject the vector into the area ventral to the midbrain
aqueduct of mice (AP, —3.5mm; from bregma; DV,
—3.5mm) and rats (AP, —5.3mm; from bregma; DV,
7.0mm from bregma), we angled the needle 15 degrees to
the right to avoid the sinus. To compare the labeling with
BrdU and retroviral vector, we injected some animals with
BrdU (50mg/kg IP) just after retroviral injection.

Hemi-Parkinsonian Model

To evaluate the effect of dopamine deprivation on one sec-
tion, we injected 1-methyl-4-phenylpyridinium salt into the
left medial forebrain bundle of ras?® 1-Methyl-4-
phenylpyridinium salt solution (Spg/pl X 2ul) was injected
to the left (AP, —3.6mm; ML, 2.0mm; DV, —7.6mm from
bregma) and 2pl saline was injected into the right medial
forebrain bundle. A midbrain section of a hemi-parkinsonian
macaque monkey™®>® was stained for PSA. The monkey re-
ceived slow infusion of MPTP (4mg) into the left caudate
nucleus using an osmotic minipump and survived for 6
months after the infusion.

Brain Tissue Sections

Animals were deeply anesthetized with pentobarbital and
perfused transcardially with PBS followed by perfusion with
10mM phosphate-buffered 4% formaldehyde solution (pH
7.4). Brains were postfixed in the same fixative for 2 days
and allowed to sink in sucrose-PBS (30% sucrose in PBS
conrtaining 0.05% sodium azide). The brain tissue was frozen
quickly in crushed dry-ice powder; coronal sections were
sliced 25um in thickness on a cryostat, and then stored in
sucrose-PBS at 4°C until use.

The site of injection and expression of GFP was con-
firmed, and only brains showing the location of the injection
were subjected to further studies. To identify the distribution
of GFP expression, we stained every sixth section with anti-
GFP antibody for light microscopy by strepravidin-biotin-
peroxidase complex (ABC) and 3,3-diaminobenzidine
(DAB). The remaining sections were subjected to double-
immunofluorescence staining of TH and a glial marker and
visualized using Cy3- and Cy5-conjugated secondary anti-
bodies. At least 12 sections rostral and 12 caudal to the cen-
ter of injection were stained and examined in each mouse.

Human brain tissue was obtained at Juntendo University
Hospital, with the full consent of the family ar the time of
autopsy. The study protocol was approved by the Human
Ethics Review Committee of Juntendo University School of
Medicine. Midbrains of six patients with PD were studied,
and those of six other neurological diseases (one with Alzhei-
mer’s disease, one myasthenia gravis, one muscular dystro-

phy, one vascular parkinsonism, and two cerebral hemor-
rhage) were included as the disease controls. The hemisphere
of midbrain tissue was cur into blocks and fixed in buffered
4% formaldehyde solution for 2 days, and then moved to
sucrose PBS undl sink. The blocks were sectioned in the
coronal plane (30um in thickness) by a cryostar and further
stored in sucrose PBS at 4°C. Because some sections were
friable and easily torn off, human sections were incubated
overnight in buffered 4% formaldehyde solution before start-
ing immunostaining.

Double-Immunofluorescence Staining
The primary antibodies used in this study were anti-PSA
(clone 12E3 mouse IgM)** at a working dilution of 1:500 to
1:2,000, goat anti-TH (1:2,000; Calbiochem, San Diego,
CA), rabbit ant-ionized calcium-binding adaptor protein
Iba-1 (1:2,000; Wako, Osaka, Japan),®! rabbit anti-NG2 (1:
200; Chemicon, Temecula, CA),”* rabbit anti—glial fibrillary
acidic protein (1:5,000; generous gift from Dr H. Akiyama,
Psychiatric Research Institute of Tokyo, Tokyo, Japan), rab-
bit anti-Pi class glutathione-S-transferase—pi  (1:10,000;
MBL, Nagoya, ]apan),‘” rabbir anti-GFP (1:1,000, Chemi-
con), mouse anti—rat cd11b (1:200; clone OX-42, Immuno-
tech, Marseille, France), and rat anti-BrdU (1:400, clone
BU1/75; OBT, Oxford, United Kingdom). Secondary anti-
bodies of fluorescein isothiocyanate, Cy3, Cy5, or biotin-
conjugated donkey IgG of minimal cross-species grade (Jack-
son Laboratories, West Grove, PA) were used at 1:500
dilution. Arexa-594-conjugated donkey anti—goat antibody
(Molecular Probes, Eugene, OR) was used in some cases.
Fluorescent microscopic staining was performed as de-
scribed previously’>*? with minor modifications. PBS with
0.05% Triton X-100 (Sigma) was used throughour the incu-
bation. Antibodies were diluted in blocking solurion of 2%
block ace protein solution (Yukijirusi, Sapporo, Japan) in
PBS with 0.05% Triton X-100. All incubations were per-
formed at the room temperature, except for anti-BrdU,
which was incubated at 4°C. Free-floating sections stored in
sucrose PBS were rinsed with PBS and treated with chilled
methanol for 10 minutes at —20°C to improve permeability
of the antibodies. Then, the sections were incubated in
blocking solution for 1 hour followed by overnight incuba-
tion in the primary antibody diluted in the blocking solution
at room temperature, rinsed in PBS with 0.05% Triton
X-100, and then incubated in secondary antibodies. For
BrdU suining, the sections were first incubated in 2N HCI
(Wako) at 37°C for 30 minutes, neutralized with borate
buffer (100mM, pH 8.5) for 10 minutes and PBS for 10
minutes, and incubated in anti-BrdU overnight at 4°C, then
Cy3-conjugated anti-rat IgG for 1 hour. As HCI faded the
green fluorescence of GFP, the BrdU-stained sections were
further immunostained with anti-GFP and fluorescein iso-
thiocyanate—conjugated anti—rabbit IgG.

Immunohistochemistry for Light Microscopy by
Streptavidin-Biotin-Peroxidase Complex Method

For light microscopic examination, the tissue sections were
stained with elite avidin-biotin complex kit (Vector Labora-
tories, Burlingame, CA), DAB tablet (Sigma), and Ni-Cl so-
lution (Funakoshi, Tokyo, Japan), as described previous-
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1y**** with minor modifications. After treatment with the
primary antibodies, the sections were incubated in biotin-
conjugated secondary antibodies for 1 hour, and then treared
with 3% H,0, in 10% methanol for 10 minutes, treated
streptavidin-biotin-peroxidase complex for 1 hour, and visu-
alized with DAB solution for 10 minutes. To distinguish
neuromelanin from immunostining, we added 0.0008%
NiCl to DAB solution in human midbrain sections.

Image Analysis and Quantification

The distribution of individual GFP-positive cells was plotted
on a brain map. Objects with autofluorescence were dis-
carded (Fig 1, I-M). GFP fluorescence possibly colocalized

with TH was recorded on the map and was further con-
firmed by confocal microscopy (model LSM510 laser scan-
ning microscope; Carl Zeiss Jena, Germany).

In the mouse study, double staining of TH was helpful to
determine the location in SN. In human sections, the area
with scattered neuromelanin was regarded as substantia nigra
pars compacta (SNc), and the area berween SNc and the
cerebral peduncle was regarded as substantia nigra pars re-
ticulata (SNr). PSA-stained human brain sections were eval-
uated by an observer blinded to the study protocol. The lo-
cation of PSA-positive cells was plotted on a low-power
photograph of the section. The density of DAB staining of
PSA and TH of rat sections was determined using a proce-

Fig 1. Retroviral green fluorescent protein (GFP) transduction in rodent substantia nigra and lack of colocalization with tyrosine
hydroxylase (TH). (A) Low-power view of the injection site in a representative mouse 16 weeks after retroviral injection into the
substantia nigra (Sal2d16w). Immunostained with anti-GFP followed by 3,3-diaminobenzidine. Several GFP-positive cells are
present in the substantia nigra pars compacta (SNc), substantia nigra pars reticulata (SNr), and the cerebral peduncle. Ag = mid-
brain aqueduct; Cp = cerebral peduncle; Hi = hippocampus. (B) SN of an intact mouse 2 days afier retroviral injection. GFP-
positive cells (green) are present beside TH-positive cells (red). Examples of the substantia nigra of (C) a mouse A2d4w and a (D)
rat-SN2w. (E) Injection site of an A7dAqdw mouse. Only one GFP-positive cell is present in this section. There are several TH-
positive cells (red), bus the GFP-cell is negative to TH. (F) Rat aqueduct area Rat-SN2d. (G) One GFP-positive cell (green) was
present ventral to the midbrain aqueduct, but no such cells were present in the SN. (H) Low-power view of retroviral injection
close to the midbrain aqueduct of a Rat-SN2d rat. An adjacent section to that shown in G and the approximate location of the
cell in G is indicased with an asterisk. (I-M) Example of a fabse-positive image found in the SN of a C7d4w mouse. (I) The TH-
cell~like objects at the lateral end of the SNe indicated by arrows exhibit green and red fluorescence and appear yellow in the
merged view. Three TH-positive cells on the right (red) are indicated by arrowheads. (J, K) Serial confocal images show that these
two yellow figures in I are parts of one U-shaped object. (L, M) Nonlaser fluorescent view with red (1) and ultravioler (UV) (M)
Silters of the same object in I. Blood vessels occasionally can cause autofluorescence and can be detected under UV excitation (M).
(A, F, H) Red lines indicate the position of the injection needle. Bars = 20um (B-G, I-M); 200um (A, H).
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dure similar to that described previously*® with LAS-1000
image analyzer (Fujifilm, Tokyo, Japan). The density unit of
the corpus callosum of each section was subtracted as the
background. Four coronal sections of the middle part of the
rat SN (approximately 5.0, 5:18, 5.36 and 5.54mm posterior
to bregma) were evaluated with densitomeury.

Statistical Analysis

Cell colocalization data (Table 2) were analyzed by x° test.
Differences in the number of PSA-stained cells (see Fig 3)
was analyzed with two-tailed U-test and density ratio of
hemilesioned rat (see Fig 4) was analyzed by two-tailed
U-test. p < 0.05 denoted a statistically significant difference.

Results

Retroviral Expression of Green Fluorescent Protein in
Substantia Nigra
GFP was expressed in several cells around the injection
site of SN of mice and rats (see Fig 1A-D). Expression
of GFP was already evident 2 days after injection (see
Fig 1B) and lasted for at least 16 weeks (see Fig 1A).
The cell bodies of GFP-expressing cells were less than
10jam in diameter and had several fine processes. Typ-
ical TH-positive cells were larger and had bipolar
shape. Coexpression of TH and GFP was not identi-
fied in mice treated with or without MPTP (see Tables
1 and 2). The results were similar in rats (see Fig 1D).

To study the possible migration of cells derived from
neural stem/progenitor cells that are located in the
periaqueductal area to SN, we injected the retroviral
vector in an area adjacent to the midbrain aqueduct in
mice (see Fig 1E) and rats (see Fig 1F, H). In mice, the
number of labeled cells was small even at the center of
the injection site (see Fig 1E), and no such cells were
observed in the SN. They were more frequent in rats
than in mice (see Fig 1F, H), but the distribution of
GFP cells did not suggest their migration from the aq-
ueduct area in a ventral direction. A few GFP-labeled
cells were found in the ventral tegmental area (see Fig
1G), but none were identified in the SN.

Some autofluorescent objects were carefully dis-

carded. The example shown in Figure 11 exhibits green
and red fluorescence, but fine focusing on laser scan-
ning microscope showed the image was two parts of

_one tubular structure (see Fig 1], K). Examination un-

der ultraviolet excitation light (see Fig 1M) was conve-
nient for detecting autofluorescence. After fine analysis
of morphology and autofluorescence, we could not
identify TH-immunostained, GFP-expressing cells.

Cell Typing of Proliferating Cells in

Substantia Nigra

These GFP-positive cells were characterized by staining
with glial markers (Fig 2; see Table 2). GFP was colo-
calized with marker molecules of microglia Iba-1,3! ol-
igodendrocyte precursor NG2,** and oligodendrocyte
(glutathione-S-transferase—pi, see Fig 2).%> The number
of GFP-labeled microglia was significantly larger than
other protocols in mice of the acute MPTP treatment
protocol 2 days before (see Table 2). This is consistent
with our earlier observation of microglial activation 2
days after acute MPTP treatment.?® The relative num-
ber of NG2 was reduced 2 days after MPTP and glu-
tathione-S-transferase—pi—positive cells were reduced in
all of MPTP rcreatments. Interestingly, no GFP-
expressing cells colocalized with glial fibrillary acidic
protein (see Fig 2C and Table 2).

To clarify whether the two labeling methods of DNA
duplication, BrdU and retroviral vector, label the same
cell population, we administered BrdU to some animals
after retroviral injection into the SN. The nuclei of some
GFP-labeled cells were BrdU-positive (see Fig 2F). The
wwin cells shown in Figure 2F are probably just after cell
division. Both are retroviral vector- and BrdU-labeled
proliferating cells, but the morphology of the cell was
presented only by retroviral GFP expression.

Polysialic Acid Staining in Substantia Nigra of
Humans, Monkeys, and Rodents

In the hippocampus of rodents and human, young
neurons were immunostained with PSA (Fig 3A, C), as

Table 2. Number of GFP-Positive Cells Colocalized with Cell Typing Markers in the Ventral Tegmentum

Iba-1 NG2 GFAP GST-pi TH
Group n (microglia) (oligoprecursor) (astrocytes) (oligodendrocytes) (DA neurons) -
Sal2d4w 4 2/23 12/24 0/19 5/28 0/94
A2d4w 4 94/197° ‘16/127* 0/130 5/137° ©0/591
A7d4w 4 8/85 31/56 0/52 1/51° 0/244
C7d4w 3 9/73 40/74 0/70 3/88" 0/305

The number of total GFP-positive cells detected in the ventral tegmentum (SNc, SNr, Cp, and VTA) is the denominator and the number of
colocalized cells with one of the cell type markers is the numerator. Sections were double-immunostained with tyrosine hydroxylase and a glial
marker, as shown in Figure 2. Two sections of each animal were stained, and the section closer to the center of retroviral injection was subjected
to quantitative analysis. Each value represents the total cell number in sections of three to four animals.

*p < 0.01; ®p < 0.05, compared with the other groups, by x” test. Note the high colocalization of Iba-1 and low colocalization of NG2 in
group A2d4w.

GFP = green fluorescent protein '
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Fig 2. Colocalization of markers with green fluorescent protein (GFP)—expressing cells in the substantia nigra. Nigral sections of
mice (A-D) and a rat (E) are immunostained with tyrosine hydroxylase (TH; blue) and a glial marker (ved). (A) lba-1 staining of
an A2d4w mouse. Arrow indicates a GFP-positive microglial cell expressing Iba-1 antigen. (B) NG2 staining of an A7d4w mouse.
Arrows indicate GFP-positive cells covered with NG2 antigen on the cell surface. (C) Glial fibrillary acidic protein (GFAP) stain-
ing of an A2d4w mouse. No expression of GFAP is present among GFP-positive cells. (D) Glutathione-S-transferase—pi (GST-pi)
staining of an A7d4w mouse. Atrow indicates GFP-positive oligodendrocyte expressing GST-pi. (E) OX-42 staining of a Rar-SN2d
rat. Arrows indicate GFP-positive, microglia-expressing OX-42 antigen (CD11b) on the cell surface. (F) Comparison of two label-
ing methods of proliferating cells. These cells are positive for both retroviral transduction of GFP and bromodeoxyuridine (BrdU)
incorporation to DNA and are probably just after cell division. Fine morphology of these cells is clearly drawn by GFP, whereas
BrdU indicates only the nucleus. BrdU (50mglkg intraperitoneally) was administered afier local retroviral injection into the sub-
stantia nigra of a C7d4w mouse. This section was treated with HC, followed by immunostaining with anti-BrdU and Cy3. The
section was further immunostained with anti-GFP and fluorescein isothiocyanate, because HC! treatment reduced gréen fluorescence

of GFP protein. Bars = 20um.

reported previously.>*?> PSA-positive cells were found
in the SN (see Fig 3B, D). Occasionally, PSA and TH
double-positive cells were found in the SN of rats (see
Fig 3B), although this was rare. There was considerable
variance in the frequency of PSA-positive cells in hu-
man SN. There was no difference in the number of
PSA-positive cells in the SNc (see Fig 3G) of patients
with different conditions, but some PD sections con-
tained many PSA-positive cells in the SNr (Fig 3H and
Table 3). The cell numbers in PD tended to be differ-
ent from those of disease control patients albeit insig-
nificantly (p < 0.06, two-tailed r test). No such dif-
ference was noted in the SN¢, which could be because
of the dense PSA-positive fibers in the area just dorsal
to the SNc. Similar results were noted in the monkey
six months after MPTP infusion into the left caudate,
with less TH staining and larger number of PSA-
positive neurons in the ipsilateral SN (Fig 4).

Among the disease control cases, more than 100
PSA-positive melanized neurons were noted in the SNc¢
of one cerebral hemorrhage case. PSA staining of mel-
anized neurons was not often noted in the other brains.
This interesting case indicates that human SNc neu-
rons can express PSA in some conditions.
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In addition to these 12 samples of free-floating sec-
tions, paraffin-embedded sections of human midbrain
were also subjected to PSA immunostaining, but the
staining was poor and further analysis was performed
using only the floating sections. Staining for other in-
trinsic markers of neurogenesis was attempted, but
double cortin was not clear in the SN and nestin gave
intense staining of blood vessels but no staining of neu-
rons in the SN, although it was evident in the hip-
pocampus.

Human and monkey staining patterns of the SNr
showed increased PSA-positive cells, but the results
were not conclusive. The difference in the cell number
was not significant, and the human samples were un-
even about the cause of death and the midbrain level of
the section.

We also examined the changes in PSA immunostain-
ing after dopaminergic deprivation in rats. To evaluate
the changes in hemilesioned rats by quantitacive and
objective measures, we compared the optic density of
PSA immunostaining in the left and right SNr. The
relative optic density of the lesioned SN to the intact
SN was determined in the same section. In rats 2
months after 1-methyl-4-phenylpyridinium sale injec-
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Fig 3. Polysialic acid (PSA)—positive cells in the substantia nigra. Sections of rats, a monkey, and humans are immunostained with
monoclonal anti-PSA (clone 12E3). (A, B) Double immunofluorescence of PSA (green) and tyrosine hydroxylase (TH; red). (A) The
subgranular zone of the rat hippocampal dentate gyrus is rich in PSA-positive young neurons. (B) The medial area of the substantia
nigra of the rat. The surface of a substantia nigra pars compacta (SNc) TH-positive cell is covered with PSA (arrow). (C, D) Im-
munostaining of human brain sections with anti-PSA and 3,3-diaminobenzidine. (C) Several cells of the subgranular zone of hu-
man hippocampus are PSA-positive (arrows). (D) Low-power view of human midbrain of a pasient with Parkinson’s disease. The
area with melanin-containing neurons is regarded as SNc. PSA-positive fiber is dense in the area between SNc and red nucleus
(RN). PSA-positive cells and fibers are scattered in substantia nigra pars reticulata (SN1). CP = cerebral peduncle. (E, F) PSA-
positive cells in human substantia nigra (arrows). SNr of a control (E, muscular dystrophy) and Parkinson’s disease (F) brain. (G,
H) Number of PSA-positive cells in the SNec (G) and SNr (H) of human hemisphere sections. The average of duplicated counting
of each sample by blinded observer is shown. Some nigral samples of Parkinson’s disease showed the presence of large numbers of
PSA-positive cells especially in the SNr, although the difference from the control brains was not stasistically significant (p < 0.06,
two-tailed t test). Scale bars = 20um (A-C, E, F); Imm (D). (C-E) Sections are counterstained with methyl green.

tion into the left medial forebrain bundle, TH staining
in the left SNc was reduced, whereas PSA staining in
the SNr was increased (see Fig 4).

Discussion

Retroviral labeling of proliferating cells in rodents in-
dicated lack of neurogenesis of TH-positive neurons
from proliferative stem cells in the SN. In contrast,
PSA-positive cells, candidates of newly differentiated
young neurons, were present in the SN and increased
in number after dopamine deprivation. Although we
first intended to analyze dopaminergic neurons in the
SNc, marked changes in PSA staining was detected in
nondopaminergic neurons in SNr. Although PSA im-
munoreactivity is not conclusive evidence of neurogen-
esis,?” the result suggests compensatory neuronal differ-
entiation from mitotically silent cells.

Retrovirally Green Fluorescent Protein—Labeled Cells
Did Not Differentiate into Dopaminergic Neurons

No GFP-positive cells after retroviral injection in the
SN were found to express TH. This result is in agree-
ment with some earlier studies'®'"'? but not with
one.'? Double immunostaining in our study showed
that the increased proliferative cells were mainly micro-
glia, which was well in accordance with previous re-
ports.'®?¢ We also tried retroviral injection in close
proximity to the midbrain aqueduct, but only a small
number of cells were labeled and no migration to SN
was observed. Because midbrain dopaminergic neurons
originally migrate from the neural tube during devel-
opment,”® and TH-positive neurons distribute along
the midline of the ventral tegmentum of adult ani-
mals,? it is quite an attractive idea that this area sup-
plies dopaminergic neurons that ultimately migrate to
reach the SN.'? Local injection of a retroviral vector
can give conclusive evidence of migration because it
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