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Abstract

Background/Aim: Parkinson’s disease (PD) is an age-related neurodegenerative disease marked by the relatively
progressive dopaminergic neuronal loss in the substantia nigra (SN). Retrograde degeneration of the nigrostriatal
dopaminergic neurons by 6-hydroxydopamine (6-OHDA) has been widely used as a PD animal model, while
endogenous 6-OHDA promotes the progression of PD pathology. Galectin 3 (Gal3) and activating transcription factor
3 (ATF3) have been implicated in neurodegenerative processes. The aim of this study was to investigate the
expression pattern and roles of Gal3 and ATF3 in a Parkinson’s disease animal model induced by 6-OHDA.
Materials and Methods: We investigated temporal and spatial profiles of Gal3 expression in 6-OHDA rat model of PD.
Lesions were induced by unilateral stereotactic injections of 6-OHDA into the striatum. Three days prior to 6-OHDA
lesion, Fluorogold (FG) was injected at the same coordinates as the subsequent 6-OHDA injection. 6-OHDA induced
retrograde degeneration of tyrosine hydroxylase immunopositive and FG immunopositive neurons within SN in a
time-dependent manner.

Results: Activating transcription factor 3 (ATF3) expression was also upregulated in the SN, in a pattern similar to
that of Gal3 immunoreactivity. Finally, we confirmed through triple immunofluorescence staining that ATF3 and Gal3
were colocalized in the dopaminergic neurons labeled with FG. These neurons were damaged by 6-OHDA.
Conclusion: Gal3 may play a key role in the signaling pathway of dopaminergic neuronal cell death induced by
6-OHDA. This is the first in vivo demonstration that Gal3 is expressed in dopaminergic neurons injured by 6-OHDA.
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Introduction

Parkinson’s disease (PD) is the second most common
neurodegenerative disease affecting approximately 1-2% of
the population over 60 years of age (1). The clinical
symptoms of PD is bradykinesia, resting tremor, rigidity,
posture instability, and cognitive impairment. Pathologically,
symptoms of PD result from a progressive loss of
dopaminergic neurons in the substantia nigra (SN) and a
following marked reduction in the release of the their
neurotransmitter, dopamine (DA) (2, 3). Although the
etiopathogenesis of the PD remains unclear, increasing
evidences suggests that oxidative stress and neuro-
inflammation are the main mechanisms of the dopaminergic
neuronal cell loss (4, 5).

The neurotoxin 6-hydroxydopamine (6-OHDA), a
hydroxylated analogue of DA, evokes specific neurotoxicity
to catecholaminergic (dopaminergic) neurons in the
central nervous system (CNS), and for this reason, has
been widely used to induce models of PD (6). The selective
effect of 6-OHDA has been attributed to its uptake via
monoamine transporters (7). It has been proposed that
the absorbed 6-OHDA causes cytotoxic effect via 3 main
mechanisms: i) auto-oxidation of 6-OHDA by molecular
oxygen to generate hydrogen peroxide, superoxide, and
hydroxyl radicals (8); ii) formation of hydrogen peroxide
by the monoamine oxidase activity (9); iii) direct
inhibition of mitochondrial respiratory chain complex I
and IV (10). These mechanisms may act independently or
in combination to generate intracellular reactive oxygen
species, and increase the cytoplasmic free calcium, and
finally induce cell death (11).

Activating transcription factor 3 (ATF3) is a member
of the mammalian activating transcription factor
(ATF)/cyclic AMP responsive element-binding protein
(CREB) family of transcription factors (12). It is rapidly
induced by a wide-range of cellular stresses, including
DNA damage, oxidative stress, and endoplasmic reticulum
stress, and plays an important role in maintaining the cell
homeostasis by activating the cell signaling cascades (13).
ATF3 has been also proposed as a sensitive marker for

neuronal stress and/or injury because it is not normally
expressed in healthy neurons but is highly expressed in
neuronal cells in response to axotomy (14), ischemia (15),
traumatic brain injury (16), toxicity (17), and seizure (18).
ATF3 has been implicated in both neuroprotective and
detrimental roles, depending on cell type, cellular
environment and context of expression (13, 14, 17).

Galectins are an evolutionary conserved family of 3-
galactoside-binding lectins, sharing a common structural
fold and at least one conserved carbohydrate recognition
domain of the carbohydrate-binding site (19). Galectins
show wide range of biological expression in various tissues
among different species, not only in vertebrates but also in
invertebrates (19). In mammalian tissues, fifteen galectins
have been established so far, which are classified into three
(proto, chimera, and tandem repeat) types based on their
structures (20). Galectin-3 (Gal3) is one of the most studied
one of the galectin family and it is predominantly located
in the cytoplasm and sometimes shuttles into the nucleus.
It also can be transported to the cell surface and secreted
into the interstitial spaces of the tissues or into the
biological fluids (21). Several pivotal roles of intracellular
Gal3 have been proposed, including mRNA splicing (22,
23), pro- or anti-apoptotic processes (24), molecular
tracking (25), and regulation of gene expression (26).
Meanwhile, cell surface or extracellular Gal3 plays
important roles as a proinflammatory mediator through
binding to the microbial pathogens, as well as through
recruitment and activation of immune cells (27, 28).

In CNS, Gal3 has been proposed to be involved in
neurodevelopment, neuroinflammation, and neurodege-
neration (29). More specifically, Gal3 has been shown to
influence the migration and differentiation of neuroblasts
and neuroglia (30, 31). Gal3 also deems to be one of the
key factors in neuroglial, especially microglial, activation
(32), and can involve inflammatory response in the CNS by
modulating the expression of pro-inflammatory cytokines,
such as interleukin 4 (IL-4), IL-17, interferon-y, and tumor
necrosis factor-a (33, 34). There is also accumulating
evidences that Gal3 is implicated in neurodegenerative
diseases such as Alzheimer’s disease (AD), PD, and
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Huntington'’s disease (HD) (20). However, the role of Gal3
in PD is yet to be elucidated.

The primary goal of this study was to determine
whether Gal3 expression in SN dopaminergic neurons is
selectively affected by 6-OHDA neurotoxicity. The
secondary goal of this study was to demonstrate the co-
expression of Gal3 with ATF3 in the SN dopaminergic
neurons that are immunopositive for FG, i.e., neurons that
have been retrogradely insulted with 6-OHDA by means
of triple-immunofluorescent labeling. These results will
open new and early roles of Gal3 in the 6-OHDA induced
PD pathogenesis.

Materials and Methods

Animals. Adult male Wistar rats (n=30, 8 weeks old,
Charles River Laboratories, Wilmington, MA, USA)
weighing 270+20 g were purchased from SamTako Bio
Korea (Osan, Republic of Korea). Rats were maintained in
a controlled environment with a 12-h light-dark cycle,
with ambient room temperature of 20 to 24°C, and
humidity of 55%=10. They had ad libitum access to food
and water. All experimental procedures performed on the
animals were approved by the Animal Review Board of
Eulji University in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory
Animals (NIH Publication No. 80-23, revised 1996).

FG and 6-OHDA administration. Rats were anesthetized via
intraperitoneal injection of ketamine (70 mg/kg; Yuhan
corporation, Seoul, Republic of Korea) and xylazine
(Rompun, 8 mg/kg; Bayer Korea Co., Seoul, Republic of
Korea). Following deep anesthesia induction, rats were
placed in a stereotaxic instrument (KOPF stereotaxic,
Tujunga, CA, USA), and their heads fixed using auditory
bars. A midline incision was made from the frontal bone
between the eyes to the occipital bone, approximately 3 cm
in length, and the skin retracted to expose the skull. Two
small holes were made with a dental drill on the skull at
1.0 mm anterior to the bregma and 3.0 mm on either side
to the midline. A 26 gauge steel needle attached to a 10 pl

Hamilton syringe (Hamilton Co., Reno, NV, USA) was
lowered through the holes to a depth of 5.0 mm from the
skull. Fluoro-Gold (FG; Fluorochrome Inc., Denver, CO, USA)
was dissolved in 0.9% saline and 2 pl of 0.1% of FG was
injected into the bilateral target coordinates (striatum).
The infusion was made using a micro-infusion pump (KD
Scientific Inc., Holliston, MA, USA), at arate of 0.25 ul/min.
The needle was left in place for a further 5 min before
slowly removing it from the brain parenchyma, and the
skin was sutured. After surgery, the animals were kept on
a heating pad at 37°C till the recovery was complete.

On day 3 after bilateral injection of FG, the experimental
animals were reanesthetized and 20 pg of 6-OHDA (Sigma-
Aldrich, St. Louis, MO, USA) dissolved in 4 pl of 0.2 mg/ml
ascorbate-saline was administered. The concentration was
based upon previous dose-response studies of 6-OHDA
(35-37). The surgical procedures, stereotactic coordinates,
and infusion rate of 6-OHDA were performed in the same
manner as FG injection. However, 6-OHDA was only
administered into the right brain parenchyma. Rats were
sacrificed at 1, 3, 5, and 7 days after 6-OHDA injection. The
left side of the brains were used as internal controls.
Sham-operated animals received 2 pl of 0.2 mg/ml
ascorbate-saline.

Tissue preparation. Rats were anesthetized in the same way
as surgical procedures and transcardially perfused with
physiological saline, followed by 400 ml of 4%
paraformaldehyde in phosphate-buffered saline (PBS).
The brains were removed carefully and placed on a Rat
Brain Blocker (David Kopf Instruments, Tujunga, CA, USA)
and then sliced into 10-mm-coronal blocks that included
the SN, according to the rat brain atlas (38). They were
post-fixed for 2 h in the same fixative and infiltrated with
30% sucrose solution for 12 h at 4°C until they sank. The
sliced blocks were frozen rapidly in 2-methylbutane chilled
on dry ice and mounted in Tissue-Tek OCT compound
(Sakura Finetechnical Co., Tokyo, Japan). Serial coronal
sections of 40 um thickness were obtained on a Cryostat
Microtome (Leica Microsystems Inc., Wetzlar, Germany).
Every fourth section was collected at a periodicity of 160
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Table 1. The list of primary antibodies used in this study.

Antibody Catalog Manufacturer Host Description Concentration
number
[HC IF

Gal3 AF-1197 R&D system Goat Wide range of cell type 1:500 1:50
ATF3 Sc-188 Santa Cruz Rabbit Wide range of cell type 1:1000 1:100
TH MAB5280 Millipore Mouse Tyrosine hydroxylase 1:1000 1:500
Ibal AB283319 Abcam Mouse Microglia marker 1:200
GFAP AB279289 Abcam Mouse Astrocyte marker 1:200
FG AB153 Millipore Rabbit Fluorogold 1:500 1:100

Gal3, Galectin 3; ATF3, activating transcription factor 3; TH, tyrosine hydroxylase; Ibal, ionized calcium-binding adapter molecule 1; GFAP, glial
fibrillary acidic protein; FG, fluorogold; IHC, immunohistochemistry; IF, immunofluorescence.

um as one set, so eight sets of coronal brain sections were
prepared for each animal brain sliced block.

Immunohistochemistry. Tissue sections were washed for
10 min in 0.1 M PBS and endogenous peroxidase activity
was quenched by incubating them with 0.3% hydrogen
peroxide in PBS for 30 min. Then, they were rinsed in PBS
and incubated in PBS containing 10% normal serum from
the same host species as the secondary antibody and 0.1%
Triton X-100 for 1 h to reduce non-specific staining. The
sections were incubated with primary antibodies, which
were diluted in 0.1 M PBS containing 0.1% Triton X-100
(PBS-T), at 4°C overnight. The information of the primary
antibodies used in this study are summarized in Table I. The
sections were washed three times with PBST and incubated
with the appropriate secondary antibodies: biotinylated
donkey anti-goat immunoglobulin G (IgG) (1:200; Vector
Labs, Burlingame, CA, USA) for Gal3, biotinylated horse anti-
rabbit IgG (1:200; Vector Labs) for FG and ATF3, and
biotinylated horse anti-mouse IgG (1:200; Vector Labs) for
TH. After a 2- h incubation, the sections were washed and
sequentially incubated with an Avidin-Biotin Peroxidase
Complex (Vector Labs) for 1 h. Antigens were visualized
with 3,3’-diaminobenzidine tetrahydrochloride (DAB;
Sigma-Aldrich) solution containing 0.003% hydrogen
peroxide. Sections were mounted on gelatin-coated slides,
dehydrated through a graded ethanol series, cleared in
xylene, and coverslipped with Permount (Fisher Scientific,
Pittsburgh, PA, USA). The specificity of the immunolabeling

was validated by omitting the primary antibodies. To
exclude possible confounding results in the quantitative
analysis, immunohistochemical procedures were processed
in keeping strictly to defined incubation times and reaction
condition.

Immunofluorescence.  Double  immunofluorescence
labeling for Gal3/TH, Gal3/GFAP, Gal3/Ibal and ATF3/TH,
ATF3/GFAP, ATF3/Ibal was conducted to examine which
cell types express Gal3 or ATF3 in the PD model. Following
incubation in PBS containing 10% normal donkey serum
for 30 min, sections were incubated for 16 h at 4°C with
Gal3 antibody diluted to 1:50 in PBS or ATF3 antibody
diluted to 1:100 in PBS. After washing with PBS, FITC-
conjugated donkey anti-goat IgG (1:200; Jackson
ImmunoResearch Labs., West Grove, PA, USA) for Gal3 and
a FITC-conjugated donkey anti-rabbit IgG (1:200; Jackson)
for ATF3 were applied for 2 h at room temperature in the
dark. Following rinse, sections were incubated with TH
(nigral dopaminergic marker), Ibal (microglia marker),
and GFAP (astrocytes marker) antibodies, respectively, for
16 h at 4°C, followed by Cy3-conjugated donkey anti-
mouse IgG (1:200; Jackson) for 2h.

We also performed TH/FG double immunofluorescence
labeling to determine whether FG administered into the
striatum migrated retrogradely and labeled nigral
dopaminergic neurons. Brain sections were blocked in PBS
with 10% normal donkey serum for 30 min, incubated
overnight at 4°C with a mixture of mouse monoclonal
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antibodies against TH (1:500), or rabbit polyclonal
antibodies against FG (1:100). After three 10-minute
washes in PBS, sections were incubated in a mixture of
Cy3-conjugated donkey anti-mouse IgG (1:200; Jackson)
and AMCA-conjugated donkey anti-rabbit IgG (1:200;
Jackson) for 2 h.

For FG/Gal3/ATF3 triple labeling, sections were
incubated with PBS containing 10% normal donkey serum
30 min, followed by the application of the mixture of Gal3
(1:50), ATF3 (1:100) antibodies for 16 h at 4°C. After three
10-minute washes in PBS, sections were incubated in a
mixture of FITC-conjugated donkey anti-goat IgG and Cy3-
conjugated donkey anti-rabbit IgG (1:200; Jackson) for 2 h.
FG was visualized using a wide band ultraviolet excitation
filter, because FG has auto-fluorescence properties.

After immunofluorescence staining, brain sections
were mounted on gelatin-coated slides and cover-slipped
with Vector-shield medium (Vector). All procedures were
conducted in the dark. Control sections were treated
similarly except that the primary antibody was omitted to
confirm the specificity of the immunofluorescence staining.

Digital photography. Light and fluorescent photomicro-
graphic images were acquired with a LEICA DM6M
microscope (Leica microscope system) equipped with
appropriate filters and with a LEICA DFC295 digital camera
(Leica microscope system). These images were imported
into the Adobe Photoshop Software (version 7.0.1; Adobe
Systems Inc., San Jose, CA. USA) and were adjusted for
brightness and contrast to optimize photographic
representation of images obtained by the microscope.

Cell counts. The number of FG-positive, Gal3-positive, and
ATF3-positive neurons in the ipsilateral and contralateral
SN was counted in 6 animals from each group. From each
animal, one set of brain slices that were systematic-
randomly sampled between level antero-posterior
coordinates -4.5 mm to -6.3 mm to bregma were used. This
sampling typically generates around 10 to 11 sections in a
series, with 6 sections selected from them. For cell counting,

images were acquired of each section scanned under a 200x

objective and only the SN region was segmented in the
image to measure its area. The borders of the SN at all levels
in the rostocaudal axis were defined according to Kirik’s
method (35). The ventral tegmental area was excluded in
this study. The total number of FG-positive, Gal3-positive,
and ATF3-positive neurons were counted within a
segmented SN region in every section. FG-positive and Gal3-
positive neurons were selected for counting only if the
entire cell body and highly directed neurites were clearly
identified in the image. Since ATF3 signal is localized in the
nucleus of the cells and double immunofluorescence results
showed that all ATF3 expression was confined in
dopaminergic (TH-positive) neurons, the number of ATF3-
positive neurons was considered as the number of dots
stained for ATF3 in the SN region, To ensure consistency
and to escape personal bias, one investigator who was
unaware of experimental procedures was responsible for
cell counting for the entire study.

Statistical analysis. Data was expressed as the average
number (Mean+SEM) of cells per mm? Statistical
significance was assessed by a one-way ANOVA followed
by Bartlett’s test using the Prism software (version 6.0;
GraphPad Software Inc., San Diego, CA, USA). For all tests,
p<0.05 was considered significant.

Results

Progressive loss of dopaminergic neurons by 6-OHDA
neurotoxicity. Tyrosine hydroxylase immunohisto-chemistry
revealed that there was a progressive reduction in the
number of TH-positive cells and TH immunoreactivity in the
ipsilateral SN, compared to the contralateral counterpart
(Figure 1A). Fluorogold immuno-histochemistry also
showed progressive loss of FG-positive cells in the ipsilateral
SN (Figure 1B). Double immunofluorescence labeling
reveled most FG-labeled neurons colocalized with TH-
positive neurons (Figure 1C, D). Quantitative assessment of
the FG-positive neurons is represented in Figure 1E. The
number of FG-positive cells in SN was gradually reduced at
1 day post-lesion (dpl) (185.5+18.09), 3 dpl (105.5+13.26),
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Figure 1. 6-Hydroxydopamine (6-OHDA) induced progressive loss of tyrosine hydroxylase (TH)-positive and fluorogold (FG)-positive neurons in the
ipsilateral substantia nigra (SN). (A) Photographs of the TH immunohistochemistry in the contralateral (Cont) and ipsilateral (Ipsi) SN following 6-
OHDA lesion. (B) FG immunohistochemistry photographs of the same experimental animals with (A). The TH and FG immunohistochemistry showed
a progressive reduction in the number of TH- and FG-positive neurons in the ipsilateral SN. (C) Double immunofluorescence images of TH and FG and
their merged image, in the ipsilateral SN at 3 dpl. (D) High magnification image of the area designated by the white square inside of (C). Almost all
FG-positive neurons were co-labeled with TH-positive neurons (arrows). (E) Quantitative analysis showing the progressive loss of FG-positive neurons
in the SN following 6-OHDA infusion. Scale bars represent 500 um in (A), 200 ym in (B), 100 um in (C), and 50 um in (D). Data are expressed as
means+SEM (n=6, *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). dpl, Days post-lesion.

5 dpl (66.8+8.42) and 7 dpl (32.0+4.85), compared to the  Gal3 expression in the ipsilateral nigral dopaminergic
control counterpart (226.5+23.4) in a time-dependent  neurons. Morphologically typical multipolar neurons (with
manner. The differences between all groups and the control ~ large cell body and many prominent processes)
group were statistically significant (*p<0.05; **p<0.01; immunopositive for Gal3 were observed from 1 dpl to the
**%p<0.001; ****p<0.0001). end time point of this experiment (7 dpl) in the ipsilateral
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Figure 2. Gal3 expression was upregulated in the ipsilateral nigral dopaminergic neurons. (A) Photographs of Gal3 immunohistochemistry in the
contralateral (Cont) and ipsilateral (Ispi) substantia nigra (SN) after 6-hydroxydopamine (6-OHDA) lesion. Gal3 immunoreactivity was upregulated
in the ipsilateral SN. (B) High magnification image of the area designated by the black square inside of (A). Morphologically typical multipolar
neurons with large cell body and many prominent processes (arrows) and neuroglia with small cell bodies and many long and slender radiating
processes (arrowheads) were positive for Gal3 in the ipsilateral SN. (C) Double immunofluorescence images of Gal3 and TH and their merged image,
in the ipsilateral SN at 5 dpl. Gal3 was expressed in many nigral dopaminergic neurons (arrows). (D) Double immunofluorescence images of Gal3
and Ibal and their merged image. Gal3 was also expressed in many microglial cells (arrows). (E) Double immunofluorescence images of Gal3 and
GFAP and their merged image. None of the cells immunolabeled for Gal3 were colocalized with GFAP-positive astrocytes (arrows). (F) Quantitative
analysis showing the average number of neurons expressing Gal3 per unit area (mm?) at each time point. Scale bars represent 200 um in (A), 50 um
in (B and E). Data are expressed as means+SEM (n=6, *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). dpl, Days post-lesion.

SN (Figure 2A and B). Moreover, morphologically typical
neuroglia (with small cell bodies and many long and slender
radiating processes) immunopositive for Gal3 could be also
identified in the ipsilateral SN (Figure 2A and B). In the
contralateral SN, few cells were immunopositive for Gal3. To
types Gal3, double
immunofluorescence staining with Gal3/TH, Gal3/Ibal (a

examine which cell express

marker for pan-microglia), and Gal3/GFAP (a marker for
astrocytes) was carried out. Morphologically typical
multipolar neurons immunopositive for Gal3 were also
immunopositive for TH (Figure 2C). Meanwhile, cells
immunopositive for Gal3 that were morphologically
presumed to be neuroglia colocalized with Ibal (Figure 2D),
but not with GFAP (Figure 2E). Next, we counted the number
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Figure 3. Concurrent ATF3 expression in the ipsilateral nigral dopaminergic neurons. (A) Photographs of ATF3 immunohistochemistry in the
contralateral (Cont) and ipsilateral (Ipsi) substantia nigra (SN) after 6-hydroxydopamine (6-OHDA) lesion. (B) High magnification image of the area
designated by the black square inside of (A). ATF3 immunoreactivity was highly upregulated in the ipsilateral SN (arrows). (C) Double
immunofluorescence images of ATF3 and TH and their merged image, in the ipsilateral SN at 5 dpl. ATF3 was expressed in the nucleus of the nigral
dopaminergic neurons (arrows). (D) Double immunofluorescence images of ATF3 and Ibal and (E) Double immunofluorescence images of ATF3 and
GFAP and their merged image. Neither microglia nor astrocytes express ATF3 [arrowheads in (D) and (E)]. (F) Quantitative analysis showing the
average number of neurons expressing ATF3 per unit area (mmz] at each time point. Scale bars represent 200 um in (A), 50 um in (B and E). Data

are expressed as means+SEM (n=6, *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). dpl, Days post-lesion.

of Gal3 immunolabeled neurons in the ipsilateral SN at each
time point. Among those showing Gal3 immuno-reactivity,
only cells with definite morphologically multipolar neurons
were counted. In the ipsilateral SN, Gal3-positive neurons
were first observed at day 1 after 6-OHDA injection
(1.8+0.92). Their number was significantly increased on day
3 (4.3+1.85) and peaked on day 5 (16.7+4.68). By day 7
(5.9+3.01), the number of Gal3-positive neurons decreased
to a level similar to that on day 3 (Figure 2F).

Concurrent ATF3 expression in the ipsilateral nigral
dopaminergic neurons. After unilateral injection of
6-OHDA into the striatum, ATF3 immunopositive small
dots were distributed in the ipsilateral SN (Figure 34, B).
There was no ATF3 immunoreactivity in the contralateral
SN at any of the experimental time points. To examine
which cell types express ATF3 in the ipsilateral SN, we
performed double immunofluorescence with antibodies
against ATF3/TH, ATF3/Ibal, or ATF3/GFAP. Almost all
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Figure 4. Co-localization of Gal3 and ATF3 in the 6-OHDA insulted dopaminergic neurons. (A) Representative photomicrographs showing triple
immunofluorescence labeling for FG, Gal3, and ATF3 and their merged image in the ipsilateral SN after 6-OHDA lesion at 5 dpl. (B) High magnification
image of the area designated by the white square inside of (A). ATF3 and Gal3 were colocalized in the dopaminergic neurons that are labeled with
FG, i.e, neurons that have been retrogradely insulted with 6-OHDA. Scale bar represents 200 um and 50 um in (A) and (B), respectively. dpl, Days
post-lesion; Ipsi, ipsilateral.

ATF3-positive nuclei were colocalized with TH-positive
cells (Figure 3C). Neither GFAP nor Ibal colocalized with
ATF3 (Figure 3D and E). In quantitative analysis, the
number of ATF3-positive dots was identified at 1 dpl
(12.3£3.46) and peaked at 3 dpl (23.0+5.98). Since then,
the number of cells expressing ATF3 has gradually
decreased (5 dpl; 18.3+3.48, 7 dpl; 7.65+2.73) (Figure 3F).

Co-localization of Gal3 and ATF3 in the 6-OHDA insulted
dopaminergic neurons. Triple immunofluorescence
labeling of FG, ATF3, and Gal3 revealed that Gal3
expression and ATF3 expression occurred concomitantly
in the FG-labeled neurons (Figure 4).

Discussion

The neurotoxin 6-OHDA has been most widely used to
of PD
demonstrated degeneration of the nigrostriatal pathway

induce animal models since Ungerstedt
after intracerebral stereotactic injection of 6-OHDA (39).
To assess the degenerative effects and mechanisms of
6-OHDA in vivo, three types of 6-OHDA model have been
used: i) injection into the medial forebrain bundle (MFB)
(40), ii) direct injection into the SN (41), and iii) injection
into the striatum (35). Direct lesions into the MFB or

parenchymal SN generally result in rapid loss of nigral
dopaminergic neurons. In particular, SN lesions can be
accompanied by direct mechanical damage to the DA
neurons in SN. Meanwhile, unilateral intrastriatal injection
of 6-OHDA
dopaminergic neurons in SN, thus it is more suitable for

induce progressive damage to the
studying the degenerating mechanisms underlying
6-OHDA neurotoxicity in the long term (42). Therefore, in
this study, we employed unilateral 6-OHDA striatal
injection model.

Consistent with previous experimental evidence (35,
36), the unilateral striatal injection of 6-OHDA caused
gradual loss of dopaminergic neurons in the ipsilateral SN
in a time-dependent manner. The striatum receives
afferent fibers from many brain such as cortex, limbic
system, SN and ventral tegmental area (VTA). This
explains why 6-OHDA lesions on the striatum mainly affect
dopaminergic neurons in VTA as well as SN. However,
since the loss of dopaminergic neurons in VTA, unlike in
the SN, does not exceed 20% and the amount of cell loss
does not increase significantly with time (35, 36), we
excluded observations and discussion of pathologic
changes in dopaminergic neurons in the VTA from this
study. Nevertheless, it is worth pointing out that similar
results to those observed in SN were also observed in VTA.
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To evaluate the loss of dopaminergic neurons in SN and
to identify dopaminergic neurons in SN insulted with
6-OHDA, we infused the FG into the striatum at the same
stereotactic coordinates 3 days before 6-OHDA injection.
FG is a fluorescent dye which is transported along axons
from axon terminals towards the cell body (43) and has
been known to do not affect the extent of dopaminergic
neuronal cell death after 6-OHDA neurotoxicity (44). Since
both FG and 6-OHDA retrogradely affect dopaminergic
neurons in the SN via nigrostriatal fibers, so the
distribution of FG-labeled cells can be considered o reflect
the proportion of nigral dopaminergic neurons directly
affected by 6-OHDA. According to our findings, FG-labeled
neurons were located in the typical arrangement expected
for the substantia nigra pars compacta (SNc) region
comprising of densely packed dopaminergic neurons.
Double immunofluorescence with TH and FG showed that
almost of all FG labeled cells in SN were also double
labeled with TH-positive dopaminergic neurons. Since the
injection of 6-OHDA and FG was confined to a narrow
region of the striatum, it is reasonable that the number of
FG-labeled cells was less than half of the number of TH-
positive dopaminergic neurons. The rate of FG-labeled
neuronal loss over one week after 6-OHDA injection
appeared linear.

A growing body of evidence supports an important
role of Gal3 in the development of neurodegenerative
diseases including AD, PD, and amyotrophic lateral
sclerosis (ALS) (45-47). Here, Gal3-labeled cells
appeared in the SNc region at 1 dpl, and their
immunoreactivity peaked at 5 dpl. Interestingly, both
dopaminergic neurons and neuroglia in the SN,
especially microglia, showed immunoreactivity for Gal3.
In our previous work, we demonstrated differential
expression of Gal3 in neurons and neuroglia depending
on the brain regions in normal rat brain, and we showed
thatin SN, no cell type expressed Gal3 (48). Therefore, it
can be inferred that Gal3 expression in the SN is strongly
associated with the pathological progression induced by
6-OHDA toxicity. The expression Gal3 in activated
microglia has been demonstrated in many other previous

reports (32, 33, 45), but Gal3 expression in neurons has
not yet been reported.

Similar to the Gal3 expression pattern, ATF3
immunopositive cells were identified only in the SNc
region, which is injured by 6-OHDA. The number of cells
expressing ATF3 per unit area tended to be slightly higher
at each time point than the number of cells expressing
Gal3. ATF3 was not expressed in neuroglia (astrocytes or
microglia), but was co-expressed on with TH-positive
neurons. In normal healthy brain, ATF3 is expressed at a
very low level, if at all, but its expression is rapidly
upregulated in response to nerve injury. ATF3 expression
in neurons has been known to be closely linked to their
survival and their axonal regeneration following axotomy
(49). However, our previous works have shown that ATF3
expression had a greater susceptibility to dopaminergic
neuronal cell death in PD animal models such as 6-OHDA
injection model (48) or MFB axotomy model (50). Others
have also supported this hypothesis by indicating that
ATF3 plays a critical role in 1-methyl-4-phenylpyridinium
ion (MPP*)-induced apoptosis of the differentiated SH-
SY5Y human neural cells, in an in vitro PD model (51).

Since ATF3 and Gal3 were both expressed in
dopaminergic neurons located in the same SNc region, we
investigated the co-localization of ATF3 and Gal3 by
double immunofluorescence labeling. Because FG emits
blue fluorescence on its own, labeling Gal3 with green
fluorescence and ATF3 with red fluorescence will allowed
us to determine whether these three fluorophores are
emitting light in the same cell.

DA is one of the important neurotransmitters that
constitutes the mesolimbic and mesostriatal neural circuits
in our brain which plays a key role in reward system and
motor modulation. In the process of oxidation of DA to
form neuromelanin, DA may readily oxidize non-
enzymatically to both 6-OHDA and related quinones (52).
Thus, as a theoretical possibility, increased endogenous 6-
OHDA could cause oxidative stress and mitochondrial
dysfunctions on nigral dopaminergic neurons, ultimately
leading to neuronal death. This hypothesis for the role of
endogenous 6-OHDA in PD pathophysiology is supported
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by the report that a progressive linear loss of dopaminergic
neurons occurs per every decade of aging (53) and the fact
that PD patients worldwide increase rapidly after age 65,
worldwide. Furthermore, reports of the presence of
elevated levels of 6-OHDA in postmortem PD brains (54)
and urine samples (55) of PD patients treated with long-
term levodopa were also noteworthy. Therefore, 6-OHDA
may represent an endogenous toxin directly or indirectly
affecting the degeneration of nigral dopaminergic neurons
in the human brain, and thus elucidating the mechanism
of response of nigral dopaminergic neurons to 6-OHDA
may provide a crucial step in understanding the
pathophysiology of human PD and developing new
therapeutic strategy.

Recent clinical studies have shown higher serum level
of Gal3 in idiopathic PD patients than in healthy people
and a precise correlation between Gal3 serum level and
disease progression, suggesting that serum levels of Gal3
can be used as a biomarker for PD diagnosis (56, 57).
However, Gal3 up-regulation in the brain and serum has
also been reported in patients with several other
neurodegenerative diseases, including AD, Huntington’s
disease (HD), ALS, multiple sclerosis, traumatic brain
injury, and stroke (58). Therefore, it is reasonable to infer
that Gal3 up-regulation is related to the microglial
activation in response to a general neuroinflammatory
response, rather than a selective response to a specific
neurodegenerative disorders. On the other hand, the most
notable finding of this study is that Gal3 expression was
up-regulated in nigral dopaminergic neurons in response
to 6-OHDA neurotoxicity, which has not been reported
elsewhere.

Conclusion

The expression of Gal3 and ATF3 is specifically
upregulated in nigral dopaminergic neurons damaged by
6-OHDA. This provides the first in vivo evidence that Gal3
is expressed in dopaminergic neurons injured by 6-OHDA.
Further studies are needed to investigate the intimate
involvement of Gal3 in dopaminergic neuronal cell death.
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