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Abstract
Oxidative stress-induced DNA damage has been considered to constitute a unifying pathogenesis in the development of

Parkinson’s disease (PD). In the present study, multiple measurement methods were applied to examine the expression of

DNA damage markers in the brain of the vesicular monoamine transporter 2 transgenic mice (VMAT2 Lo), a PD animal

model. The results demonstrated that mainly in the substantia nigra (SN) and locus coeruleus (LC) of VMAT2 Lo mice at

the ages of 18 and 23 months, there was a significant increase in the protein levels of phosphor-ataxia telangiectasia mutated

(pATM), as well as ATM and RAD 3-related (pATR) two DNA damage sensors, and γ-H2A histone family member X (γ-
H2AX), a DNA damage marker of double-strand breaks (DSBs). Furthermore, these alterations were accompanied by a sig-

nificant elevation of mRNA and protein levels of Cav1.2 and Cav1.3, two voltage-gated Ca2+ channel proteins, and modulator

of calcium homeostasis in the SN and LC. Finally, the measurements of TUNEL assay and immunostaining in the brain regions

confirmed the presence of apoptosis and a marked increase of immunoreactive 8-oxo-7,8-dihydro-2′dihydroguanosine (8-

OHdG) and p53-binding protein 1 (53BP1), two DNA lesion indicators induced by oxidative stress. These novel findings

are coincident with the observations previously reported in PD patients and PD animal models, and provide the evidence

for the features of DNA damage involved in pathogenesis of PD and feasibility of this model for investigation of PD.

Summary Statement
The present study examined expression of DNA damage markers in VMAT2 Lo PD model mice. The results demonstrate

there is a significant increase in these DNA damage markers mostly in the brain regions of 18- and 23-month-old model

mice, indicating oxidative stress-induced DNA lesion is an important pathologic feature of this mouse model.
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Introduction
DNA damage implies any modification of DNA resulting in
changes of its coding properties and functions and is one of
the important consequences following exposure to some gen-
otoxic agents. Diverse exogenous and endogenous insults can
lead to DNA damage through intracellular and extracellular
processes. The exogenous insults can be exposure to cytotoxic
and genotoxic agents like ionizing radiation, drugs and other
chemicals (O’Neill & Wardman, 2009; McMillan et al., 2008;
Ward, 1988). The endogenous sources of DNA lesion refer to
replication stress and oxidative stress both of which produce
free radicals from oxygen metabolism as by-products such

as reactive oxygen species (ROS) (Kryston et al., 2011). As
a result of attack from free radicals, oxidant stress causes cel-
lular damage by DNA base modifications and single- and
double-strand DNA strand breaks (Temple et al., 2005).
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These damages can trigger DNA damage response (DDR),
which is characterized by activation of sensor kinases such
as ataxia-telangiectasia mutated (ATM), and ATM and Rad
3-related (ATR), formation of DNA damage foci containing
phosphorylated histone H2AX (γ-H2AX), as well as induc-
tion of checkpoints proteins (Jackson & Bartek, 2009).
These triggered DDR can also activate defense systems to
counter these lesions. However, when this balance between
DNA damage and DNA repair is broken, genome replication
and transcription are blocked and leads to further mutations or
genome aberrations of vital cellular components including
DNA damage proteins and lipids (Uttara et al., 2009).
While these free radicals can attack all vital cellular compo-
nents like DNA, the nuclear and mitochondrial DNA
damage has caught much attention, because DNA replication
and transcription is blocked, leading to mutations or genome
aberrations that threaten cell or organism viability, leading to
the development and pathogenesis of several biological disor-
ders (Halliwell, 1994).

The main pathologic alteration in Parkinson’s disease
(PD) has been considered the degeneration of a defined pop-
ulation of dopaminergic neurons in the brain. However,
there is clearly significant neurodegeneration in the other
brain regions including the locus coeruleus (LC).
Dopamine (DA) has long been thought to be a risk factor
for dopaminergic neurons in the brain (Meiser et al.,
2013). Related to DA, long time using exogenous
L-DOPA in large doses for the treatment of PD patients
has negative effects due to its toxicity and metabolic influ-
ence (Dorszewska et al., 2014). Cellular oxidative stress
caused by the oxidation of excess amount of DA could
put these cells at risk (Miyazaki & Asanuma, 2008).
Nevertheless, there must be other factors contributing to
the neuronal degeneration in PD. Among these factors, oxi-
dative DNA damage may play an important role (Merlo
et al., 2016), which has a growing body of reports. For
example, 8-hydroxyguanine and 8-oxo-7,8-dihydro-2’dihy-
droguanosine (8-OHdG) is a biomarker of oxidative DNA
damage (Emamzadeh & Surguchov, 2018; Shigenaga et al.,
1989). An elevated level of 8-OHdG has been found in the
substantia nigra (SN) (Shimura-Miura et al. 1999; Zhang
et al., 1999) and in biological samples (Karahalil et al.,
2022) of PD patients (Alam et al., 1997). Consequently, the
increased levels of ROS and oxidation of macromolecules
including 8-OHdG make PD patients more prone to patho-
logic alteration (Karahalil et al., 2022). In addition, a pro-
nounced increase in nuclear DNA (nDNA), single-strand
breaks (SSBs), and double-strand breaks (DSBs) were
observed in PD brains. Western blot analysis on PD human
samples showed a significant increase in γ-H2A histone
family member X (γ-H2AX) protein levels, which is a recog-
nized marker of DSBs. A significant activation of ATM, a key
player in DSB repair, was also reported, indicating that the
DDR could contribute to the pathogenesis of PD (Camins
et al., 2010). All these findings support the hypothesis that

DNA damage induced by oxidative stress represents a key
pathogenic factor in PD (Migliore et al., 2002; Migliore
et al., 2001), and oxidative DNA damage could be a specific
molecular marker of PD (Gonzalez-Hunt & Sanders, 2021;
Merlo et al., 2016).

The neural-specific vesicular monoamine transporter 2
(VMAT2) is a transmembrane protein and is a key regulator
of monoamine homeostasis by implication in monoamine
storage, protection of neurotransmitters from oxidation,
and control of quantal secretion of these neurotransmitters
(Erickson et al., 1992). Therefore, functional failure of
VMAT2 has been recognized as a contributor to the pathol-
ogy of PD (Lotharius & Brundin, 2002). VMAT2 Lo is a
transgenic mouse with ∼95% shutdown in endogenous
VMAT2 expression (Colebrooke et al., 2006; Mooslehner
et al., 2001). These mice are characterized by highly dysre-
gulated transmitter homeostasis such as DA and norepi-
nephrine (NE), progressive neuronal degeneration and
formation of α-synuclein containing inclusions in the SN,
with the ventral tegmental area unaffected (Caudle et al.,
2007; Surguchov, 2022; Taylor et al., 2011; Taylor et al.,
2009). In addition, these mice exhibited non-motor features
and L-DOPA-responsive motor deficits. Therefore, this
model replicated essential pathogenic characteristics of
PD. While many biochemical features in these model mice
have been documented, little is known about the processing
of the DNA damage in these animals and no study has yet
examined whether there are potential DNA damage
changes involved. It is critical to explore these pathologic
characteristics for the complete establishment of a useful
PD model.

In the present study, we examined mRNA and protein
levels of several DNA damage markers in the brain regions
of VMAT2 Lo mice at different ages. Furthermore, using
immunochemistry, immunofluorescence (IF) assays, and the
terminal deoxynucleotidyl transferase-mediated biotinylated
UTP nick end labeling (TUNEL), the changes of some
DNA damage markers in brain regions were assessed. The
results demonstrated that compared to controls, VMAT2 Lo
mice showed an increase in protein levels of phosphor-
ATM (pATM) and phosphor-ATR (pATR) in the frontal
cortex (FC) and SN, as well Cav1.2/Cav1.3, two voltage-
gated Ca2+ channel proteins, and modulators of calcium
homeostasis, in the LC and SN. These increased protein
levels in these brain regions were paralleled by a similar
alteration of mRNA levels of ATM/ATR, as well as Cav1.2/
Cav1.3. Furthermore, immunochemical measurements
revealed elevated levels of 8-OHdG and p53-binding
protein 1 (53BP1) in the related brain regions. These data
demonstrate that DNA damage is a significant pathogenesis
in this PD mouse model, especially when age of the mouse
is also considered. This not only provides evidence for the fea-
sibility of this PD model, but also extends our understanding
of this field and may have a potential effect on PD disease-
modifying therapies.
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Materials and Methods

Animals
The present study used both male and female VMAT2 Lo
mice (RRID: MGI_3758030), courtesy of Dr. Gary Miller,
Department of Environmental Health Sciences, Mailmen
School of Public Health, Columbia University, New York,
USA. These mice were bred in the animal facility of this uni-
versity. These mice were housed on a 12-hour light/dark cycle
with food and water provided ad libitum. All animal handling
procedures followed the guide approved by the Animal Care
and Use Committee of East Tennessee State University,
which complies with the NIH Guide for the Care and Use
of Laboratory Animals (Council 2011). In the present project,
different ages of mice (2, 6, 15, 18, and 23 months) and age-
matched wild-type littermates were selected and randomly
assigned. A power analysis was performed to estimate the
number of animals used in the groups by assuming the weaker
of the two effects, which was also based on our preliminary
studies. Although this study used both male and female mice,
the sex of animals was not separately divided in the group.
Therefore, sex-dependent effects were not assessed.

The VMAT2 Lo mice of different ages and their littermates
were sacrificed in two ways based on the processing proce-
dures. For biochemical measurements, mice were fast decap-
itated at the predetermined ages without anaesthetization.
Brains were removed and rapidly frozen in 2-methyl-butane
on dry ice, then stored at −80° C until dissection of the brains.
For TUNEL, immunostaining, and IF, transcranial perfusion
using 4% paraformaldehyde in 0.1 mol/L phosphate buffer, pH
7.4, was performed on the mice under anesthesia with keta-
mine/xylazine (100mg/10mg/kg, i.p.). Then brains were col-
lected and stored at −80° C until the desired sectional cut was
obtained using a Leitz 1512 microtome (Leitz Co., Germany).

RNA Isolation and Quantitative Real-Time Polymerase
Chain Reaction (qPCR) Analysis for mRNAs of ATM,
ATR, and Cav1.2/1.3 in Brain Regions
Similar methods were used for RNA isolation and qPCR anal-
ysis as described before (Fan et al., 2020). Briefly, total RNA
was extracted from dissected brain regions of mice using the
RNAzol reagents (Molecular Research Center, Inc., Carlsbad,
CA) and converted to cDNAs by the superscript III First-Strand
Synthesis Kit (Applied Biosystems/Life Technologies, Forster
City, CA, USA) according to the manufacturer’s protocol. The
following primers were used for qPCR analysis: mouse ATM:
5’-TAGGCACACAGCTAGTCTTA-3’ and 5’-GGAGGTGG
ATCTGTTAGTTC-3’; mouse ATR: 5’-GACACTCCAAAGC
ACCACTGAA-3’ and 5’-GGCAGCCCTGTTACTCTATTT
CG −3’; mouse Cav1.3: 5’-AGAGGACCATGCGAACGAG-
3’ and 5’-CCTTCACCAGAAATAGGGAGTCT-3’; mouse
Cav1.2: 5’-TACAGCCTTCAAATGTGGTC-3’ and 5’-ACTG
ACTTCACAACTGAACA-3’; mouse β-actin: 5’-CAAC

GAGCGGTTCCGATG-3’ and 5’-GCCACAGGATTCCATA
CCCA-3’. The relative changes in gene expression from qPCR
were analyzed as follows: first, the value of each gene of interest
was normalized to β-actin (ΔCt). Then comparisons of mRNA
expression levels of each respective gene were calculated by
taking the inverse log of ΔΔCT, which resulted in the relative
fold change comparative threshold cycle method (2−ΔΔCT)
(Livak & Schmittgen, 2001). All measurements were run in trip-
licate, each using a separate set of cDNA aliquot.

IF, Immunohistochemical (IHC), and TUNEL Labeling
These methods follow similar protocols from our laboratory
(Fan et al., 2011; Zhu et al., 2019). All three methods used
the free-floating sections of different brain regions. For IF
of 53BP1, briefly, the sections were pretreated in 5% bovine
serum albumin in phosphate-buffered saline (PBS) supple-
mented with 0.4% Triton-X 100. Then these sections were incu-
bated with primary antibody solution (polyclonal antibody
against 53BP1, 1:1,000, NB100-304, RRID: AB_2209928,
NOVUS Biologicals, Centennial, CO, USA) overnight at 4°C.
The next day, these sections were further incubated with second-
ary antibodies (Alexa Fluor 488-conjugated goat anti-rabbit IgG,
from Abcam, Cambridge, MA, USA) after washing with 0.1 M
PBS for 4 times. Then, the floating sections were mounted onto
slides. IF labeling in the slides was observed and acquired in a
Leica TCS SP2 confocal microscope system (Leica
Microsystems Inc., Bannockburn, IL, USA), and analyzed quan-
titatively by ImageJ software (Rasband, US National Institutes of
Health, Bethesda, http://rsbweb.nih.gov/ij, 2010). The reference
background levels in images of brain sections adjacent to the
target region were taken as non-immunoreactive portions.

For IHC of 8-OHdG and γ-H2AX, the brain sections were
rinsed with PBS for 3 times, followed by blocking with 10%
(v/v) nonimmune goat serum for 30 min. After rinsing, sec-
tions were incubated with antibodies against mouse (for
8-OHdG: polyclonal, BS-1278R, 1:200, ThermoFisher
Scientific, Waltham, MA, USA, RRID: AB_2892631; for
γ-H2AX: polyclonal, A300-081A, 1:100, Bethyl Laboratory,
Waltham, MA, USA, RRID: AB_203288) overnight at room
temperature. The next day, the sections were further exposed
to biotinylated horse anti-mouse IgG. Thereafter, the sections
were visualized with 3,3-diaminobenzidine (DAB) in 0.1 M
Tris buffer and subsequently counterstained with hematoxylin
after differentiation with hydrochloric alcohol (Vectastatin;
Vector Laboratories), followed by a final seal with neutral
gum. The photos were captured a Leica TCS SP2 confocal
microscope system (Leica Microsystems Inc., Bannockburn,
IL, USA), and were analyzed quantitatively by ImageJ software
(Rasband, US National Institutes of Health, Bethesda, http://
rsbweb.nih.gov/ij, 2010).

TUNEL labeling was performed to examine the neuronal
cell death in these mice. This method was based on our previ-
ous publication (Zhu et al., 2006; Zhu et al., 2019) with somemod-
ifications. This labeling used the ApopTag Fluorescein In Situ
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Apoptosis Detection Kit (MilliporeSigma, Burlington, MA, USA)
based on the manufacturer’s protocol. Briefly, the slides were
incubated in 3.0% hydrogen peroxide in PBS for 5 min at room
temperature to quench endogenous peroxidase. After rinsing,
the slides were briefly soaked with equilibration buffer, followed
by addition of TUNEL reagents [terminal deoxynucleotidyl trans-
ferase (TdT) and digoxigenin-deoxyuridine triphosphate (dUTP)
reaction buffer] and incubated in a humidified chamber at 37°C
for 1 h. Then, the slides were applied with Anti-Degoxigenin
Peroxidase Conjugate, and developed color peroxidase substrate
by adding peroxidase substrate. Finally, these slides were counter-
stained with 4-6-diamidino-2-phenylindole (DAPI) as a fluores-
cent tracer to detect nuclei.

After covering with coverslips using Cityfluo mounting
medium (Ted Pella, Inc., Redding, CA USA) and further
sealing with clear nail polish, these slides were examined
and photographed using an EVOS inverted fluorescent micro-
scope (Advanced Microscopy Group, Washington, USA).
TUNEL-positive cells in the images were analyzed using
the multipoint selector tool in ImageJ and counted in the
given interested area per millimeter square on DAB-staining
images using ImageJ software (NIH; Bethesda, MD, USA).

Western Blot Analysis:
Western blotting was performed using similar methods as to
that reported previously from our laboratory (Fan et al.,
2011). Briefly, equal amounts of proteins (about 30 µg)
from each sample were loaded into an SDS–polyacrylamide
gel (10% or 15%) and electrophoretically fractionated.
Next, the proteins from the gel were electronically transferred
onto polyvinylidene difluoride membranes. These membranes
were respectively incubated with different primary antibodies
[for γ-H2AX (05-636), 1:1,000, polyclonal, MilliporeSigma,
Burlington, MA, USA, PRID: AB_10002815. For mouse
ATM monoclonal: MA1-23152, 1:1,000, ThermoFisher
Scientific, Waltham, MA, USA, PRID: AB_557657; for
mouse pATM polyclonal rabbit: AF1655-SP, (s1981),
1:1,000, R &D Systems, Minneapolis, MN, USA, PRID:
AB_2274566; for mouse ATR: monoclonal, 1:1,000,
NB100-308, Novus Biologicals, Centennial, CO USA,
PRID: AB_10000618; for mouse pATR: (Thr1989), mono-
clonal (HL132), 1:1000, MA5-36263, ThermoFisher
Scientific, Waltham, MA, USA PRID: AB_2722679. For
Cav1.2 (MA13170), 1:1,000, MilliporeSigma, Burlington,
MA, USA, PRID: AB_2069565. For Cav1.3 (ab84811),
1:1,000, Abcam, Cambridge, MA, USA, PRID:
AB_2314104. For 53BP1, polyclonal (ab36823), 1:1,000,
Abcam, Waltham, MA, USA, PRID: AB_722497] overnight
at 4˚C. Then these membranes were exposed to the secondary
antibody against rabbit or mouse. After washing, these mem-
branes were further exposed to enhanced chemiluminescence
(ECL, Amersham Life Sciences, Buckinghamshire, UK) or
super ECL (Sigma Chemical Co., St Louis, MO, USA). G:Box
Imaging (Frederick, MD, USA) was used to visualize the

immunoreactive bands. To verify the equal loading and transfer
effectivities, an immunoreactive band of ß-actin was examined
via similar incubation processes after stripping the membranes
of the previous protein–antibody complexes and then using a
monoclonal antibody against ß-actin (1:10,000 dilution,
Amersham Life Sciences, Buckinghamshire, UK, PRID:
AB_22885189). Image J (RRID: SCR_003070, Rasband, US
National Institutes of Health, Bethesda, http://rsbweb.nih.gov/ij,
2010) was used to analyze the images of immunoreactive bands
on the membranes.

Statistical Analysis
All experimental data are presented in the text and graphs as the
means ± SEM, with an enumerated replicate number (N=x/
group) in the figure legends. Statistical analysis was carried
out using the unpaired Student’s t-test, as there were only two
groups (Ko mice and age-matched wild-type littermates as the
control) to be compared in the present study. We did not
compare the difference between mice at different ages.

Results
It has been reported that starting from the age of 2 months,
VMAT2 Lo mice display substantial reductions of DA
levels in striatum and cortex, and significantly progressive
neurodegeneration in the SN with the formation of α-synuclein
containing inclusions around the age of 18 months (Taylor,
2014). In this model, neuronal loss in the LC starts earlier (at
12 months, and with a larger reduction at 18 months of age)
than occurs in the SN (beginning at 18 months and reaching sig-
nificant degeneration at 24 months and maximal severity at 30
months), thereby replicating important features of PD (Caudle
et al., 2007; Taylor et al., 2014). Therefore, in this study,
VMAT2 Lo mice at different ages (2, 6, 15, 18, and 23
months) were initially selected to examine potential alteration of
the DNA damage markers, and age-matched wild-type littermates
were used as the control. However, except for protein levels of
pATR in the FC, the measurements of western blotting, qPCR,
immunochemistry, IF, and TUNEL labeling showed no signifi-
cant changes in brain regions of VMAT2 Lo mice at the ages
of 2, 6, and 15 months. Thus, only the results in mice at the
ages of 18 and 23 months are presented for most data. In addition,
generally, four brain regions [the FC, hippocampus (Hip), SN,
and LC] were used for measurements. Nevertheless, some brain
regions did not show a significant alteration for some measure-
ments. Therefore, most presented data are from the LC and SN.

VAMT2 Lo mice showed an increased protein level of
pATM/pATR, γ-H2AX, and Cav1.2/Cav1.3 in the brain
regions.
There is a global signaling network called the DDR that
senses different types of damage and coordinates a series of
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responses such as activation of transcription, cell cycle
control, and apoptosis (Zhou & Elledge, 2000). A pair of
related protein kinases in the DDR, pATM, and pATR, is acti-
vated by DNA damage and is the core of the DNA damage
signaling apparatus (Kastan & Bartek, 2004). First, the
protein levels of pATR and ATR in the FC were measured
by western blotting. As shown in Figure 1A, in the FC of
VMAT2 Lo mice at 6, 15, 18, and 23 months of age, the
pATR protein levels were significantly increased (p<.05 or
p<.01, respectively), while ATR protein levels were not sig-
nificantly altered, when compared to those of controls.
Similarly, protein levels of pATM and ATM were examined
in these samples. While the protein levels of pATR in the
SN exhibited a moderate increase in VAMT2 Lo mice at
the ages of 18 and 23 months, (p<.05, Figure 1B) with a
not noticeable change in ATM protein levels. Nevertheless,
western blotting of the samples from other ages did not
show a significant alteration (data are not shown).
Furthermore, there was no significant change for pATR
protein levels in the Hip and LC, either (data are not shown).

The protein measurement of another DNA damage sensor,
pATM, showed a statistically significant increase in the LC of
VMAT2 Lo mice at 18 and 23 months of age and in the SN of
VAMT2 Lo mice at the ages of 18 and 23 months, when com-
pared to those of the control (all p<.05, Figure 2A). γ-H2AX
is one of the earliest indicators of DNA DSB (Temple et al.,
2005). Its protein levels were also examined in these mice.
As shown in Figure 2B, in the LC of VMAT2 Lo mice at
the age of 18 months and in the SN of VMAT2 Lo mice at
the age of 23 months, protein levels of γ-H2AX revealed a
marked increase (p<.05 and p<.01, respectively), when com-
pared to those of controls.

Altered calcium homeostasis is now believed to be a major
source of oxidative stress and this homeostasis depends upon
L-type Ca2+ channels (LTCCs) (Williams et al., 1984). While
Ca2+-induced excitotoxicity has been considered an important
mechanism leading to neuronal death, Cav1.2, and Cav1.3,
two subunits of the LTCCs have been considered to contribute
to this homeostasis (Duda et al., 2016). Therefore, as a change
in the level of Cav1.2/Cav1.3 could contribute to Ca2
+-mediated excitotoxicity (Guzman et al., 2010; Kang et al.,
2012), their alterations in this mouse model were also mea-
sured in the present study. Figure 3 presented the altered
protein levels of Cav1.2 and Cav1.3 in the LC and SN mea-
sured by western blotting. In the LC and SN of VMAT2 Lo
mice at the age of 23 months, Cav1.2 protein levels were con-
siderably increased (p<.05 or p<.01, respectively), when com-
pared to those of the control (Figure 3A). Nevertheless,
besides a significant increase of Cav. 1.3 protein levels in
the LC of VMAT2 Lo mice at the age of 23 months, there
was a marked or moderate increase of protein levels in
Cav1.3 in the SN of VMAT2 Lo mice at the ages of both
18 and 23 months, when compared to those of the controls
(p<.05 or p<.01, respectively, Figure 3B). Similarly, there
was no significant change in the protein levels of Cav1.2/

Cav1.3 in the FC and Hip at these two age groups (data are
not shown).

VAMT2 Lo Mice had an Increased mRNA Level of
ATM/ATR, and Cav1.2/Cav1.3 in the Brain Regions
Next experiment was to examine mRNA levels of ATM,
ATR, and Cav1.2/Cav1.3 in the LC and SN of these model
mice as a parallel investigation. As shown in Figure 4, in
the LC of VMAT2 Lo mice at 18 months of age and in the
SN of VMAT2 Lo mice at 23 months of age, ATM mRNA
levels were markedly increased (both p<0.05). However, such
elevations were not observed in the LC at 23 months of age
and in the SN of model mice at 18 months of age
(Figure 4A). In the LC of VMAT2 Lo mice at both ages, and
in the SN of these mice at 23 months of age there was a moder-
ately increased ATR mRNA level (all p<.05, Figure 4B).

Figure 5A showed a significant elevation of mRNA levels
of Cav1.2 in the LC of 18-month-old VMAT2 Lo mice and in
the SN of these 23-month-old mice (p<.05). However, such
obviously increased Cav1.3 mRNA levels only appeared in
the LC of both 18-and 23-month-old VMAT2 Lo mice
(both p<.05), not in the SN of those mice at both ages
(Figure 5B). QPCR measurements did not reveal a marked
alteration in mRNA levels of ATM/ATR and Cav1.2/
Cav1.3 in the FC and Hip regions of VMAT2 Lo mice at
both ages.

VMAT2 Lo mice exhibited cell damage as indicated by
TUNEL staining, and elevated immunoreactivities of
γ-H2AX, 8-OHdG as well as 53BP1 in brain

regions.

The TUNEL staining was performed on these VMAT2 Lo
mice to explore the oxidative stress-caused apoptosis in the
brain. Sparse numbers of TUNEL labeled cells that exhibited
inter-nucleosomal DNA fragmentation were found in the FC,
Hip, SN, and LC of controls (top panels in Figure 6A, B, C,
and D). In contrast, large numbers of TUNEL-positive cells
were observed in these regions of VMAT2 Lo mice at the
ages of 18 and 23 months (lower panels in Figure 6A, B, C,
and D). Analysis displayed that the difference was very signif-
icant between the model and control mice (F3,26=19.25, p <
.01; Figure 6E).

H2AX is a variant of histone H2A and a component of the
histone octamer in a subset of nucleosomes. When DSBs
occur, H2AX is phosphorylated to form γ-H2AX, which is
central in the protein recruitment and signaling cascade of
the DDR (Kinner et al., 2008). Thus it is used as a biomarker
for DSBs and DNA damage (Ivashkevich et al., 2012). As
shown in Figure 7, the immunoreactivity of γ-H2AX was
detected in nuclei of neuronal cells. While there are some pos-
itive γ-H2AX staining in the control, a significantly increased
immunoreactivity of γ-H2AX exhibited in the SN and LC of
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Figure 1. VMAT2 Lo mice have increased protein levels of pATR in the FC (A) at the ages of 6, 15 18, and 23 months and in the SN and (B)

at the ages of 18 and 23 months (N=6/group). The upper panels in A and B show autoradiographs obtained by western blotting for pATR,

ATR, and β-actin. The lower panels in A and B show quantitative analysis of band densities.

Note. Abbreviations: ATR=ataxia telangiectasia mutated and RAD 3-related; Con=controls; ; FC=frontal cortex; Ko=VMAT2 Lo mice;

pATR=phosphor-ataxia telangiectasia mutated and RAD 3-related; SN=substantia nigra; VMAT2 Lo=vesicular monoamine transporter 2

transgenic mice; 2m, 6m, 15m, 18m, and 23m=2, 6, 15, 18, 23 month-old mice.

*p<.05, **p<.01, compared to the control.
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Figure 2. VMAT2 Lo mice have increased protein levels of pATM (A) and γ-H2AX (B) in the LC and SN at the ages of 18 and 23 months

(N=6/group). The upper panels in A and B show autoradiographs obtained by western blotting for pATM, ATM and β-actin. The lower

panels in A and B show quantitative analysis of band densities.

See Figure 1 for abbreviations.

*p<.05, **p<.01, compared to the control.

Note. ATM=ataxia telangiectasia mutated; LC=locus coeruleus; pATR=phosphor-ataxia telangiectasia mutated and RAD 3-related;

SN=substantia nigra; VMAT2 Lo=vesicular monoamine transporter 2 transgenic mice; γ-H2AX=γ-H2A histone family member X.
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Figure 3. VMAT2 Lo mice have increased protein levels of Cav1.2 (A) and Cav1.3 (B) in the LC and SN at the ages of 18 and 23 months

(N=7/group). The upper panels in A and B show autoradiographs obtained by western blotting. The lower panels in A and B show

quantitative analysis of band densities.

See Figure 1 for abbreviations.

Note. LC=locus coeruleus; SN=substantia nigra; VMAT2 Lo=vesicular monoamine transporter 2 transgenic mice.

*p<.05, **p<.01, compared to the control.
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VMAT2 Lo mice at the ages of 18 and 23 months (p<.05 and
p<.01, respectively), indicating there was a severe DNA
damage in these model mice. Compared to the result of
γ-H2AX measured by western blotting (Figure 2B), IHC anal-
ysis of γ-H2AX seems to be more sensitive to detect DSBs.

8-OHdG is the main product of oxidation reaction of
hydroxyl radicals and guanine residues in DNA and is one
of the best biomarkers of DNA damage due to oxidative
stress (Hu et al., 2010). IHC staining was carried out for
8-OHdG in these mice. As shown in the figures, 8-OHdG
expression was observed in the nucleus and the cytoplasm
of neurons, as well as glial cells. Furthermore, the relatively
weak immunoreactivity for 8-OHdG was observed in the
FC (Figure 8A), Hip (Figure 8B), SN (Figure 9A), and LC
(Figure 9B) of controls. However, the density of 8-OHdG
immunoreactivity was prominently increased in the neuronal
and glia-like cells of these brain regions in both 18-and

23-month-old VMAT2 Lo mice. Compared to those in the
control, this densitometric analysis of 8-OHdG exhibited an
eloquent level (p<.05 or p<.01, respectively), indicating that
there is obvious DNA damage.

The 53BP1 binds to the DNA-binding domain of tumor
suppressor p53 and enhances p53-mediated transcriptional
activation. 53BP1 is a critical transducer of the DNA
damage signal and the mediator of the DNA damage check-
point (Wang et al., 2002). Therefore, its distribution in the
brain regions of VMAT2 Lo mice was measured by IF.
Similarly, the results of mice at the ages of 18-and
23-month old were presented. Compared to those in the age-
matched littermate controls, the immunoreactivities of 53BP1
in the FC, Hip, SN, and LC were remarkably increased
(Figure 10A) in the VMAT2 Lo mice at two ages, which

Figure 4. VMAT2 Lo mice have increased mRNA expression levels

of ATM (A) and ATR (B) in the LC and SN at the ages of 18 and 23

months, measured by qPCR (N=5/group).
See Figure 1 for abbreviations.

Note. ATM=ataxia telangiectasia mutated; ATM=ataxia telangiectasia
mutated; ATR=ataxia telangiectasia mutated and RAD 3-related;

LC=locus coeruleus; SN: substantia nigra; qPCR=quantitative
real-time polymerase chain reaction; VMAT2 Lo=vesicular
monoamine transporter 2 transgenic mice.

*p<.05, **p<.01, compared to the control.

Figure 5. VMAT2 Lo mice have increased mRNA expression levels

of Cav1.2 (A) and Cav1.3(B) in the LC and SN at the ages of 18 and

23 months, measured by qPCR (N=7/group).
See Figure 1 for abbreviations.

Note. LC=locus coeruleus; SN=substantia nigra; qPCR=quantitative
real-time polymerase chain reaction; VMAT2 Lo=vesicular
monoamine transporter 2 transgenic mice.

*p<.05, **p<.01, compared to the control.

Zeng et al. 9



was confirmed by quantitative fluorescence image analysis
(p<.05 or p<.01, respectively, Figure 10B).

The 53BP1 expression was parallel measured by western
blotting. The results showed a statistically significant increase
of 53BP1 proteins in the FC, Hip, SN, and LC of VMAT2 Lo
mice at the ages of 18 and 23 months when compared to those
of the control (all p<.05 or p<.01, respectively, Figure 11).

Discussion
In this article, we describe experiments that investigated the
alteration of DNA damage markers in the brain regions of
VMAT2 Lo mice and controls. The results showed the
expression of DNA damage sensors pATR and pATM, as

well as DDR marker γ-H2AX was significantly elevated in

Figure 6. VMAT2 Lo mice exhibited apoptosis in the FC (A), Hip (B), SN (C), and LC (D), measured by TUNEL staining.

Note. Data were expressed as means ± SEM (N=4/group). TUNEL: green and DAPI: blue. E: Subsequent quantification analysis, **p<0.01,
compared to the control. Red arrows: point to apoptotic cells in figures.

Abbreviations: DAPI=4′,6-diamidino-2-phenylindole; FC=frontal cortex; Hip=hippocampus; SN=substantia nigra; TUNEL=terminal

deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling; VMAT2 Lo=vesicular monoamine transporter 2 transgenic mice;

18m Ko or 23m Ko=VMAT2 Lo mice at the ages of 18 or 23 months.
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brain regions, especially in the SN and LC, of VMAT2 Lo
mice. Furthermore, the expressional levels of two subunits
of the LTCCs, Cav1.2, and Cav1.3 were parallel increased
in these brain regions. Moreover, immunochemistry, IF, and
TUNEL labeling revealed an increased immunoreactive

γ-H2AX, 8-OHdG, and 53BP1, as well as a marked
TUNEL-positive lesion in these brain regions. These mea-
surement results demonstrated that in these model mice, oxi-
dative stress-caused DNA damage is a significant pathogenic

Figure 7. VMAT2 Lo mice showed the immunoreactive expression

levels of γ-H2AX in the SN (A) and LC (B) compared with that in

age-matched controls, as determined by immunohistochemical

(IHC) analysis (N = 5/group). Upper panels in A and B:

Representative images of IHC staining, red arrows indicate positive

γ-H2AX expression. Lower panels in A and B: Subsequent

quantification. Red arrows depict the positive γ-H2AX
immunoreactivity in nuclei of cells. Scale bar= 25 μm.

Note. The values are presented as means ± SEM. See Figure 6 for

abbreviation. LC=locus coeruleus; SN=substantia nigra; VMAT2

Lo=vesicular monoamine transporter 2 transgenic mice;

γ-H2AX=γ-H2A histone family member X.

*p<0.05, **p < .01 versus the control group.

Figure 8. VMAT2 Lo mice showed the immunoreactive expression

levels of 8-OHdG in the FC (A) and Hip (B) compared with that in

age-matched controls, as determined by immunohistochemical

(IHC) analysis (N = 5/group). Upper panels in A and B:

Representative images of IHC staining; red arrows indicate positive

8-OHdG expression, some of which also appeared to be localized in

neuronal cytoplasm. Lower panels in A and B: Subsequent

quantification. Scale bar= 25 μm.

Note. The values are presented as means ± SEM. See Figure 6 for

abbreviation. FC=frontal cortex; Hip=hippocampus; VMAT2

Lo=vesicular monoamine transporter 2 transgenic mice;

8-OHdG=8-oxo-7,8-dihydro-2’dihydroguanosine.
**p < .01 versus control group.
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alteration. Further exploration of this exciting field in this
model may elucidate the mechanisms of pathogenesis in
PD. Because exploration of the new and reliable biomarkers
of PD can eventually lead to the development of new treat-
ment strategies (Enogieru et al., 2021), those manipulations
such as using of inhibitor of DNA damage targeting the

activation of DDR have potential intervention for the treat-
ment of PD.

It has been reported that at 2 months of age, VMAT2 Lo
mice showed substantial reductions in striatal DA and cortical
DA/NE levels. Neuronal loss in the LC starts at 12 months
with a larger reduction at 18 months of age. Similar neuronal
loss in the SN begins at 18 months, reaching significant
degeneration at 24 months of age (Taylor et al., 2014). The
metabolisms of amine transmitters bear a particular relevance
to a cytosolic milieu that favors an oxidative state, as unpro-
tected DA, NE, and other amines can be oxidized in the

Figure 9. VMAT2 Lo mice showed the immunoreactive expression

levels of 8-OHdG in the SN (A) and LC (B) compared with that in

age-matched controls, as determined by immunohistochemical

(IHC) analysis (N = 5/group). Upper panels in A and B:

Representative images of IHC staining, red arrows indicate positive

8-OHdG expression, some of which also appeared to be localized in

neuronal cytoplasm. Lower panels in A and B: Subsequent

quantification. Scale bar= 25 μm.

Note. The values are presented as means ± SEM. See Figure 6 for

abbreviation. LC=ocus coeruleus; SN: substantia nigra; VMAT2

Lo=vesicular monoamine transporter 2 transgenic mice;

8-OHdG=8-oxo-7,8-dihydro-2’dihydroguanosine.
*p<.05, **p < .01 versus the control group.

Figure 10. VMAT2 Lo mice showed the immunoreactive

expression levels of 53BP1 (A) in the FC, Hip, SN, and LC,

compared with that in age-matched controls, as determined by

immunofluorescence (IF) analysis (n = 5/group). B: The graph

represents 53BP1 total intensity. Representative photomicrographs

of 53BP1 immunostaining. Representative IF staining to identify

53BP1-positive cells in the figures (green). The inserts on the figures

of 18m and 23m Ko mice are magnified from the same figure to

clarify the increased immunoreactivity (pointed by read arrows).

Scale bars in figures and inserts = 25 μm. See Figure 6 for

abbreviation.

Note. FC=frontal cortex; Hip=hippocampus;

IF=immunofluorescence; SN=substantia nigra; VMAT2 Lo=vesicular
monoamine transporter 2 transgenic mice; 53BP-1=p53-binding
protein 1.

*p<.05, **p < .01 versus the control group.
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presence of transition metals to yield ROS leading to DNA
damage (Cohen, 1987; Zhang et al., 1999). This is the original
reason why the different brain regions from VMAT2 Lo mice
at different ages were selected to test the potential DNA
damage caused by oxidative stress. However, one outcome
contrasts with our expectations. That is, the remarkable alter-
ations of most DNA damage markers are age-selective and did
not show in all tested regions. For example, except for a

significant increase of pATR protein levels in the FC of
VMAT2 Lo mice at all tested ages (2, 6, 15, 18, and 23),
other measurements only showed similar changes in this
mouse model at the ages of 18 and 23 months. There may
be several possible explanations for this phenomenon. First,
it may be related to the efficiency of DNA repair occurring
in younger model mice. Generally, cells have developed a
network of DNA repair system to counteract the harmful

Figure 11. VMAT2 Lo mice have increased protein levels of 53BP1 in the FC (A), Hip (B), SN (C), and LC (D) at 18 and 23 months of age

(N=6/group). The upper panels in A, B, C, and D show autoradiographs obtained by western blotting. The lower panels in A, B, C, and D

show quantitative analysis of band densities. See Figure 1 for abbreviations.

Note. FC=frontal cortex; Hip=hippocampus; LC=locus coeruleus; SN=substantia nigra; VMAT2 Lo=vesicular monoamine transporter 2

transgenic mice; 53BP-1=p53-binding protein 1.

*p<.05, **p<.01, compared to the control.
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effects of DNA damage, wherein each corrects a different
subset of lesions. Efficient repair of damaged DNA can main-
tain cellular homeostasis (Flint et al., 2007). Therefore,
although in those VMAT2 Lo mice at a relatively younger
age, the oxidative stress was triggered by the massive produc-
tion of DA and other amines occurs, and this harmful
insult-induced DNA damage was compensated with multiple
repair mechanisms. The second explanation may be related to
a fact that DNA damage is age-associated. It is known there
are age-dependent increases in oxidative damage to DNA,
lipid, and proteins (Mecocci et al., 1999). For example, a
study using rats demonstrated that the levels of 8-OHdG in
the mitochondrial DNA of 23 months old are 12-fold higher
than 6 months (Hudson et al., 1998). Other studies also
revealed a similar age-associated change in 8-OHdG content
in animals (Braidy et al., 2011; Helbock et al. 1998;
Souza-Pinto et al., 1999) and in human (Mecocci et al.,
1999). A similar observation is that a highly significant
increase in phosphorylated H2AX occurs with increasing
age (Massudi et al., 2012). It may be due to a difference in
the activation of DNA damage checkpoint signaling in
response to insults (Kim et al., 2011). Therefore, our
present findings are in line with the observation that neuronal
loss in the LC of VMAT2 Lo mice exhibited a larger reduc-
tion at 18 months of age and those in the SN reached signifi-
cant degeneration at 24 months of age (Caudle et al., 2007;
Taylor et al., 2014).

As to the region-selective alteration for DNA damage
markers, one explanation may be related to the methodology
sensitivity. In the present study, all IHC assays exhibited an
altered expression of γ-H2AX, 8-OHdG, 53BP1, and positive
TUNEL labels in all selected regions, but western blotting and
qPCR did not. These results may be consistent with the
general opinion that TUNEL labeling and immunoreactivity
assays are very sensitive and specific to protein identification
(Gallo et al., 1986; Gimenez-Bachs et al., 2012; Kiptoo et al.,
2004), although there is a differing opinion. As to the expla-
nation why altered protein levels of pATR only appeared in
the FC of VMAT2 Lo mice at all measured ages may be
related to the susceptivity of the FC to oxidative stress. The
FC is a very sensitive brain region to oxidative stress
(Zlatkovic et al., 2014). It was reported that stress activated
the glutamatergic system in the FC more intensely than in
other regions (Gilad et al., 1990; Karreman & Moghaddam,
1996), and cell degeneration and cell death is generally
more severe in the FC (Coleman & Flood, 1987). Similar
reports can be found in Alzheimer’s disease patients that
there are an approximately twofold higher level of DNA
damage in the cortex when compared to controls (Mullaart
et al., 1990), with a reduction in cerebral DNA repair capacity
(Shao et al., 2008; Weissman et al., 2007). Furthermore, in
postmortem brains of these patients, multiple oxidized bases
are found in significantly higher quantities in the frontal, pari-
etal, and temporal lobes than in control brains, with the tem-
poral lobe being the most damaged region (Wang et al., 2005).

Nevertheless, a paradoxical finding is that we did not observe
a marked alteration in the FC for some markers by western
blotting and qPCR. This remains to be further addressed
experimentally.

In the present study, immunochemistry of γ-H2AX,
8-OHdG, and 53BP1, as well as TUNEL staining was per-
formed. 8-OHdG is considered a marker of ROS-induced oxi-
dative damage to DNA (Valavanidis et al., 2009), and is a
product of oxidative DNA damage produced by specific enzy-
matic cleavage after 8-hydroxylation of the guanine base (Hu
et al., 2010). Our results showed a remarkable increase of pos-
itive 8-OHdG immunoreactivity in the FC, Hip, SN, and LC
of VMAT2 Lo mice. To the best of our knowledge, it is the
first time that immunoreactive 8-OHdG in the brain of a PD
animal model has been described. This result is in agreement
with reported data measured in human PD patients. It was
reported that 8-OHdG levels were significantly higher than
normal controls as measured in samples of urinary (Sato
et al., 2005), cerebrospinal fluid (Gmitterova et al., 2009;
Isobe et al., 2010), and serum (Garcia-Moreno et al., 2013)
from PD patients by enzyme-linked immunosorbent assay
(ELISA) or other methods. In addition, 8-OHdG concentra-
tions are elevated selectively in the SN of PD patients using
Gas chromatography/mass spectrometry (Alam et al., 1997).
53BP1 is also an indicator of DNA damage and participates
in the early DDR (Anderson et al., 2001; Rappold et al.,
2001; Schultz et al., 2000). Furthermore, this protein
quickly relocalizes to a number of nuclear foci in response
to DNA damage (Anderson et al., 2001). An important char-
acteristic is the mutual interaction of 53BP1 and other DNA
damage markers. 53BP1 has been considered the downstream
effector of pATM. After relocalization at sites of DNA strand
break, this protein is regulated by pATM and physically inter-
acts with γ-H2AX (Rappold et al., 2001). In the present study,
53BP1 positive cells were remarkably increased in the SN and
LC of VMAT2 Lo mice at the ages of 18 and 23 months
(Figure 9), where protein levels of pATM and γ-H2AX
were also increased. Our investigation is in line with the liter-
ature. It was reported that immunoreactivity of 53BP1,
together with γ-H2AX and pATM, was significantly
increased in dopaminergic neurons of
AAV-synucleinopathy models of PD (Milanese et al.,
2018). In addition, the immunoreactivity of 53BP1 and
γ-H2AX foci was significantly higher in the striatum of
α-synuclein transgenic mouse model of PD, (El-Saadi et al.,
2022; Wang et al., 2016). Taken together, these results
provide evidence for the feasibility of this model.

Disturbed calcium homeostasis has been viewed as an
early feature of the pathogenesis of PD. The voltage-gated
Ca2+ channels are essential regulators of the intracellular
Ca2+ homeostasis. While increased intracellular Ca2+ has
been linked to the formation of ROS (Orrenius et al., 2003),
the LTCCs play an important role to modulate calcium ion
influx into the cells (Casamassima et al., 2010). As two sub-
types of LTCCs, Cav1.2, and Cav1.3 are thought to serve
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predominantly as the modulators of Ca2+ homeostasis in the
neuronal system, especially in the SN and LC (Olson et al.,
2005). Therefore, their alterations in VMAT2 Lo mice have
been examined in the present study as a paralleling project.
Our results showed that mRNA and protein levels of
Cav1.2 and Cav1.3 were profoundly elevated in the SN and
LC of VMAT2 Lo mice at the ages of 18-and 23 months.
While highly activated Cav1.3 has been considered to
induce higher entry of Ca2+ in noradrenergic and dopaminer-
gic neurons where an oxidative stress is triggered (Hurley
et al., 2013), our findings from this mouse model are compa-
rable to the literature (Chan et al., 2007). It was reported that
higher levels of Cav1.3 were reported in the LC of PD (Hurley
et al., 2013), which even precedes other PD pathologic alter-
ations (Hurley et al., 2015), and seriously influences oxidative
stress responses (Sanchez-Padilla et al., 2014). Given a path-
ogenic role for Cav1.3 in PD, Cav1.3 may therefore represent
a disease-modifying (neuroprotective) therapeutic target
(Gudala et al., 2015; Lang et al., 2015).

In conclusion, in the present study, different methods were
used to examine the alteration of different DNA damage
markers in VMAT2 Lo PD model mice. The results showed
that there is an upregulation of these biomarkers (p-ATM,
pATR, γ-H2AX, 8-OHdG, and 53-BP1) in the different
brain regions. DNA damage-induced apoptotic cell death
was confirmed by TUNEL assay. Furthermore, the mRNA
and protein levels of Cav1.2 and Cav1.3, two LTCC subunits
were significantly elevated in these brain regions of the model
mice. As we did not assess sex-dependent effects in the
present study, there is no conclusion about this issue.
Collectively, these data underscore the importance of DNA
damage in the initiation and progress of pathogenesis of PD
and feasibility of VMAT2 Lo mice in the investigation of
this disease.
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