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Abstract

p53, a stress response gene, is involved in diverse cell death pathways and its activation has been 

implicated in the pathogenesis of Parkinson's disease (PD). However, whether the neuronal p53 

protein plays a direct role in regulating dopaminergic (DA) neuronal cell death is unknown. In this 

study, in contrast to the global inhibition of p53 function by pharmacological inhibitors and in 

traditional p53 knock-out (KO) mice, we examined the effect of DA specific p53 gene deletion in 

DAT-p53KO mice. These DAT-p53KO mice did not exhibit apparent changes in the general 

structure and neuronal density of DA neurons during late development and in aging. However, in 

DA-p53KO mice treated with the neurotoxin MPTP (1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine), we found that the induction of Bax and PUMA mRNA and protein levels by 

MPTP were diminished in both striatum and substantia nigra (SN) of these mice. Notably, deletion 

of the p53 gene in DA neurons significantly reduced dopaminergic neuronal loss in SN, 

dopaminergic neuronal terminal loss at striatum and, additionally, decreased motor deficits in mice 

challenged with MPTP. In contrast, there was no difference in astrogliosis between WT and DAT-

p53KO mice in response to MPTP treatment. These findings demonstrate a specific contribution of 

p53 activation in DA neuronal cell death by MPTP challenge. Our results further support the role 

of programmed cell death mediated by p53 in this animal model of PD and identify Bax, BAD and 

PUMA genes as downstream targets of p53 in modulating DA neuronal death in the in vivo 
MPTP-induced PD model.
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We deleted p53 gene in dopaminergic neurons in late developmental stages and found that DA 

specific p53 deletion is protective in acute MPTP animal model possibly through blocking MPTP-

induced BAX and PUMA upregulation. Astrocyte activation measured by GFAP positive cells and 

GFAP gene upregulation in the striatum shows no difference between wt and DA-p53 ko mice.

Introduction

Parkinson's disease (PD) is a neurodegenerative disorder characterized by a progressive 

degeneration of dopaminergic neurons in the substantia nigra pars compacta region of the 

midbrain. Despite decades of research, the mechanism underlying selective neuronal 

degeneration in PD remains elusive. p53 is a well-known stress response gene implicated in 

programmed cell death in various diseased models (Culmsee & Mattson 2005). 

Accumulating evidence indicates a mechanistic link between p53 and the pathogenesis of 

PD (Alves da Costa & Checler 2011). Post-mortem studies have demonstrated an increase in 

p53 expression and its target gene, Bax in post mortem tissues in PD patients (de la Monte et 
al. 1998, Mogi et al. 2007, Hartmann et al. 2001). In neurotoxicant- induced PD models 

(Blesa et al. 2012), it has been shown that loss or compromised p53 function is protective for 

dopaminergic neurons in toxin exposure models such as MPTP (1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine) (Trimmer et al. 1996, Perier et al. 2007) and methamphetamine (Hirata 

& Cadet 1997). Interestingly, recent discoveries suggest that p53 is also implicated in 

familial PD through parkin-mediated transcriptional regulation of p53 (da Costa et al. 2009) 

and is involved in the regulation of DJ-1 mRNA and protein expression by parkin (Duplan et 
al. 2013). Taken together these findings suggest that p53 might be a “missing link” between 

genetic and sporadic Parkinsonism (Alves da Costa & Checler 2011).

The fact that the induction of p53-dependent cell death pathway exists in both human PD 

and experimental PD animal models raises the possibility that inhibition of p53 may serve as 

a therapeutic strategy to reduce neurodegenerative processes in PD. However, the specificity 

and the efficacy of delivery of p53 inhibitors into neurons within the CNS is difficult to 

control, and traditional knockouts (KOs) of p53 can introduce confounding factors into the 

interpretation of the results (Donehower 1996). In addition, development of malignancies in 
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traditional p53 KO mice can introduce problems with the overall health of the animal as well 

as alterations in metabolism (Donehower 1996, Liang et al. 2013, Yokoyama et al. 2014). 

Since p53 is involved in cell cycle regulation, disruption of its function early in development 

could also lead to abnormalities in developmental processes (Armstrong et al. 1995, 

Kawamata & Ochiya 2012). Premature death in animals would make it impossible to study 

the role of p53 in the normal aging process. Therefore, to clearly elucidate the role of p53-

regulated cell death in the development and survival of dopaminergic neurons during normal 

ageing, toxic/stress conditions and during grafting processes, cell type specific deletion of 

p53 function is needed.

Our group has previously developed a cre knock-in animal model, in which a cre 

recombinase gene is specifically inserted in the dopamine transporter (DAT) locus, providing 

dopaminergic neuron specific cre expression with minimal interference with endogenous 

DAT gene expression (Backman et al. 2006). Utilizing this cre-loxP dopaminergic-neuron 

specific deletion system, we previously reported that developmental apoptosis is important 

in determining the ultimate numbers and anatomy of the nigro-striatal dopamine (DA) 

projection and that the Phosphatase and tensin homolog (PTEN) gene plays an essential role 

in this process (Zhang et al. 2012). In this study, we utilized the same system to examine the 

role of the p53 gene in the naturally occurring apoptosis in midbrain dopaminergic neurons 

during late embryonic development, normal aging during adulthood, and in neurotoxin-

induced dopaminergic neuronal death. In the present communication, we document the role 

of DA neuronal p53 in the loss of the nigrostriatal DA system induced by MPTP. Our results 

further support the role of programmed cell death mediated by p53 in this animal model of 

PD and indicate that the Bax and p53 upregulated modulator of apoptosis (PUMA) genes are 

downstream targets of p53 in modulating DA neuronal death in this in vivo MPTP-induced 

PD model.

Materials and methods

Animals and treatment

All animal protocols were conducted under National Institutes Health (NIH) Guidelines 

using the NIH handbook Animals in Research and were approved by the Institutional 

Animal Care and Use Committee of Case Western Reserve University. The mice were 

housed in the animal facility of Case Western Reserve University on a 12-h light/dark 

diurnal cycle. Food was provided ad libitum. For the conditional inactivation of p53 in 

dopaminergic neurons, a transgenic line, Slc6a3Cre was used in which Cre recombinase is 

driven by the DA transporter promoter starting at about embryonic day 16 (Backman et al. 

2006). To minimize interference with gene function by preservation of both alleles, Cre 

recombinase expression was driven from the 3′ untranslated region (3′ UTR) of the 

endogenous DAT gene by means of an IRES sequence (Backman et al. 2006). Dopaminergic 

neuronal specific p53 knockout (KO) mice (DATcreTRP53 KO, Fig 1A) were generated by 

crossing TRP53loxP/loxP mice (Jonkers et al. 2001) with Slc6a3Cre knock-in mice to obtain 

DATcre(wt/+)/TRP53 loxP/loxP (DAT p53 KO mice) or DATcre (+/−)/TRP53wt/wt (DAT p53 

wildtype (WT)) mice. The DAT-IRES-Cre gene was genotyped using primers (5′ TGG CTG 

TTG GTG TAA AGT GG -3′; 5′ GGA CAG GGA CAT GGT TGA CT -3′; 5′ CCA AAA 
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GAC GGC AAT ATG GT -3′ ). TRP53 floxed alles were genotyped by the primer set (5′ 
CAC AAA AAC AGG TTA AAC CCA G-3′; 5′ AGC ACA TAG GAG GCA GAG AC-3′). 

Olfactory bulb, hippocampus, cortex, ventral tegmental area (VTA), cerebellum, striatum 

and substantia nigra tissue were punched out using the Paxinos atlas, as we have previously 

described (Filichia et al. 2015), and DNA was extracted for PCR analysis. Deletion of the 

exon 1-10 of the p53 gene results in amplification of a ΔloxP band, which is amplified by a 

set of primers flanking the 5’ of exon 1 and 3’ of exon 10 (Fig 1B).

Because different strains of mice have differential vulnerability to MPTP toxicity, all mice 

strains used here were maintained in a C57BL/6 genetic background. Nine to ten week-old 

DAT p53 KO or DAT p53 WT male mice received four i.p. injections of MPTP. -HCl in one 

day with 2 hour intervals between each injection (15 mg/kg/injection, free base, Sigma-

Aldrich, St. Louis, MO) and were euthanized at the indicated time points after the last 

MPTP injection. Saline was injected as a control in both WT and KO mice.

Experimental timeline for experiments

For the normal aging study, 3 month and 20 month old male mice (n=11-12 each group) 

were subjected to spontaneous locomotion tests. After the behavioral tests, animals were 

perfused for dopaminergic neuronal counts and striatal tyrosine hydroxylase (TH) fiber 

density quantification (n= 6-8 each group).

For MPTP experiments, male adult (9-10 week old) DATcreTRP53 KO (n=12) and WT 

(n=12) mice were initially subjected to rotarod training and testing before MPTP 

administration. 1 week after MPTP injection (4X 15mg/kg i.p with 2 hour intervals), animals 

were tested for rotarod performance again. At 2 weeks after MPTP injection, WT and KO 

mice were perfused with 4% paraformaldehyde (PFA) and the brains were subjected to 

immunostaining for the nigrostriatal pathway (n=9 each group for MPTP treated mice). 

Control WT and KO mice (same age, n=5 each group) were subjected to saline injections 

and harvested at the same time for immunostaining. Another set of WT and KO mice were 

euthanized 48 hours after saline or MPTP injection and brain tissues (ventral midbrain and 

striatum) were harvested for gene expression analysis (RT-PCR, n=7-8 each group), and 

protein expression analysis (Western blotting, n=4 each group) or were perfused for 

immunostaining (n= 4 each group).

Immunostaining

Animals were anesthetized and perfused transcardially with saline followed by 4% PFA in 

phosphate buffer (PB; 0.1 M; pH 7.2) at different ages or after different treatments. The 

brains were removed, dissected, postfixed in PFA for 16 hours, and transferred to 20% and 

30% sucrose in 0.1 M PB sequentially. Serial sections of the entire brain were sliced at 30 or 

40 μm thickness in a cryostat. One series from every 4th section was stained for each 

antibody used. In order to control for staining variability, specimens from all experimental 

groups were included in every batch and reacted together in a net well tray under the same 

conditions as described in our previous study (Luo et al. 2010). Sections were rinsed in 0.1M 

PB, and blocked with 4% bovine serum albumin (BSA) and 0.3% Triton x-100 in 0.1M PB. 

Sections were then incubated in a primary antibody solution of rabbit anti-TH (1:1000, 
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Chemicon, Temecula, CA) diluted in 4% BSA and 0.3% Triton x-100 in 0.1M PB for 24 

hours at 4°C. Sections were rinsed in 0.1M PB and incubated in biotinylated goat anti-rabbit 

IgG for TH or anti-mouse IgG for GFAP in the buffer (1:200; Vector Laboratories, 

Burlingame CA) for 1 hour, followed by incubation for 1 hour with avidin-biotin-

horseradish peroxidase complex. Staining was developed with 2,3' diaminobenzidine 

tetrahydrochloride (0.5 mg/mL in 50 mM Tris-HCl buffer 7.4). Control sections were 

incubated without primary antibody. Sections were mounted on slides, and cover slipped. 

Histological images were acquired using an Infinity3 camera and NIKON 80i microscope. 

TH immunoreactivity in striatum was visualized with the use of a Nikon super-coolscan 

9000 scanner. The optical density of TH immunoreactivity in striatum was analyzed using 

Scion Image (ver 4.02) and averaged from 3 sections with a visualized anterior commissure 

(AP: +0.26 mm, +0.14 mm, +0.02 mm to bregma), as previously described (Luo et al. 2010). 

Observers who were blinded to the experimental groups performed all immunohistochemical 

measurements. Slight variations in background staining were corrected by subtracting 

background density of cortical regions from striatal density measurements.

For analysis of activated astrocytes, brain sections were stained with mouse anti-GFAP 

(1:500, Sigma Aldrich) followed by incubation with diluted secondary antibody prepared 

with blocking solution (goat anti-mouse 568, 1:1000; Life Technologies). The slides were 

then washed with 0.1% Triton-X100 in TBS (tris buffered saline) and coverslipped. Images 

were acquired using an Olympus fluorescent microscope. Omission of the primary or 

secondary antibodies resulted in no staining and served as negative controls. GFAP 

immunoreactivity in the striatal area was quantified using Nikon NIS-Elements software and 

was averaged from 3 sections for each animal, as previously described (Jin et al. 2015).

Stereologic Analysis

Unbiased stereological counts of TH-positive (TH+) neurons within the substantia nigra pas 

compacta (SNpc) were performed using stereological principles and analyzed with 

StereoInvestigator software (Microbrightfield, Williston, VT), as previously described (Luo 

et al. 2010). Optical fractionator sampling (West & Gundersen 1990) was carried out on a 

Leica DM5000B microscope (Leica Microsystems, Bannockburn, IL) equipped with a 

motorized stage and Lucivid attachment (40X objective). Midbrain dopaminergic groups 

were outlined on the basis of TH immunolabelling, with reference to a coronal atlas of the 

mouse brain (Franklin and Paxinos, (Franklin KBJ 1997)). For each tissue section analyzed, 

section thickness was assessed in each sampling site and guard zones of 2.5μm were used at 

the top and bottom of each section. Pilot studies were used to determine suitable counting 

frame and sampling grid dimensions prior to counting. The following stereologic parameters 

were used in the final study: grid size, (X) 220 μm, (Y) 166 μm; counting frame, (X) 68.2 

μm, (Y) 75 μm, depth was 20 μm. Gundersen coefficients of error for m=1 were all less than 

0.10. Stereologic estimations were performed with the same parameters in the SNpc of WT 

or DATcreTRP53 KO mice at different ages, or treated with saline or MPTP.

Quantitative reverse transcription-PCR (qRT-PCR)

Tissues were harvested for qRT-PCR analysis at 48 hours after the last MPTP or saline 

injection. Mice were euthanized and the brains were immediately harvested and chilled on 
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ice. The striatum or ventral midbrain was punched out using the Paxinos atlas and total RNA 

was extracted following the instructions from the manufacturer (RNAqueous, Ambion). 

Total RNA (0.7 μg) was treated with RQ-1 Rnase-free Dnase I and reverse transcribed into 

cDNA using random hexamers by Superscript III reverse transcriptase (Life Sciences). 

cDNA levels for HPRT1 (hypoxanthine phosphoribosyltransferase 1), Hmbs 

(hydroxymethylbilane synthase) and various target genes were determined using specific 

universal probe Library primer probe sets (Roche) by quantitative RT-PCR using a Roche 

Light Cycler II 480. A relative expression level was calculated using the delta delta Ct 

method compared to Hmbs as a reference gene, with a N=7-8 for each group. Primers and 

FAM-labeled probes used in the quantitative RT-PCR for each gene are listed in Table 1.

Western-blot analysis—Brain tissue of substantia nigra and striatum were harvested and 

lysed in the following lysis buffer (10 mM HEPES-NaOH, pH 7.5, 150 mM NaCl, 1 mM 

EGTA, 1 % Triton X-100, 1:300 protease inhibitor cocktail, 1:300 phosphatase inhibitor 

cocktail). After 20 minutes of incubation on ice, homogenates were spun at 14,000 rpm for 

20 minutes at 4°C. The supernatants correspond to the total cell lysates. Protein 

concentrations were determined by Bradford assay. Thirty μg of proteins were resuspended 

in Laemmli buffer, loaded on SDS-PAGE and transferred onto nitrocellulose membranes. 

Membranes were probed with the indicated antibodies followed by visualization by ECL, 

and then were quantitated using NIH ImageJ software. The antibodies used in this study 

include Bax (1:1000, Proteintech Group Inc), PUMA (1:200, Proteintech Group Inc) and 

Actin (1:10000, Sigma).

Behavioral tests

Open field locomotion—The rotarod and open field tests have been shown to provide 

reliable measures of motor function for MPTP-challenged mice (Hutter-Saunders et al. 
2012) and hence were used here to evaluate the motor deficits in WT and KO mice 

administered MPTP. Locomotion function was measured in young (3 months) and old (20 

months) WT and DATcreTRP53 KO mice as described previously. In synopsis, spontaneous 

locomotor functions were examined using automated infra-red locomotor activity chambers, 

as previously described (Luo et al. 2009). Locomotor function was assessed during a 120 

min trial in an open field crossed by a grid of photobeams (VersaMax system, AccuScan 

Instruments). Counts were taken of the number of photobeams broken during the trial at 5 

min intervals, with separate measures for total horizontal and vertical activity, and total 

movement time. Total horizontal and vertical activities correspond to the total number of 

beam interruptions that occurred in the horizontal and vertical sensors, respectively, during a 

given sample period.

Rotarod—The rotarod is specifically designed for making automated measurements of 

neurological deficits in rodents and is one of the most commonly used tests of motor 

function in mice (Luft & Buitrago 2005, Yin et al. 2009) including detection of deficits after 

MPTP treatment (Hutter-Saunders et al. 2012, Lee et al. 2013). In this study, motor 

coordination and balance were evaluated using a fixed speed rotarod test. A rotarod 

apparatus (Accuscan Instruments) with a 30-mm-diameter rod was set to rotate at 10 rpm 

revolutions per minute (rpm) over 300 sec. Mice, both WT (n = 12) and DA-p53 KO (n = 
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12), were first trained for 6 trials at 2.5 rpm, 5 rpm, 7.5 rpm and 10 rpm during 2 days. Rest 

between trials was for 30 sec. After the 2 day training, mice were placed on the rod 

apparatus rotating at 10 rpm, and the latency to fall was recorded before MPTP injection. At 

1 week after MPTP injection, mice were again tested under the same conditions. The time 

each mouse stayed on the rod at 10 rpm was calculated as a percentage of the time it stayed 

on the rod before MPTP injection to account for individual variations.

Statistics—Statistical analysis was performed using Student's t test, and one- or two-way 

analysis of variance (ANOVA), as appropriate, with Newman–Keuls post hoc tests. A p 
value of equal or less than 0.05 was considered significant.

Results

Characterization of mice with specific deletion of p53 in DAT-expressing DA neurons

Our strategy for deletion of p53 in DAT expressing neurons is shown in Fig 1A. To achieve 

dopaminergic-specific p53 deletion, we used the Slc6a3Cre line, a cre knock-in animal 

model, in which a cre recombinase gene is specifically inserted in the DAT locus of the 3′ 
UTR of the endogenous DAT gene following an IRES (internal ribosome entry site 

sequence). This provides dopaminergic neuron-specific cre expression with minimum 

interference with endogenous DAT gene expression (Backman et al. 2006). In this mouse 

line, Cre recombinase is driven by the DA transporter promoter starting at about embryonic 

day 16. To determine the specific deletion of the mTRP53 gene in DAT-expressing 

dopaminergic neurons, primers specific for the recombined DNA sequence (ΔloxP) were 

used to amplify the recombined TRP53 allele. As expected, only brain tissues obtained from 

the olfactory bulb, ventral tegmental area (VTA) and substantia nigra (SN) contained ΔloxP, 

thereby confirming the deletion of the p53 gene in these brain areas (Fig 1B). In contrast, the 

cortex, hippocampus, striatum and cerebellum were found to be negative for ΔloxP, 

indicating lack of p53 gene deletion in these areas in our DAT-p53 KO mice. No 

recombination was seen in WT mice.

In order to determine whether or not p53 ablation in DA systems offers neuroprotection after 

MPTP treatment, it was first necessary to determine if there are differences in the 

nigrostriatal system in the WT vs. KO animals. The TRP53DATCre KO animals were born at 

expected Mendelian frequencies and showed normal viability. The body weights of adult (3 

month old) KO and WT mice were not significantly different (WT male=25.9±0.4g (n=30), 

KO male= 26.3±0.3g (n=37); p=0.45, Student's t-test). Loss of the p53 gene in DAT 

positive- dopaminergic neurons did not lead to an abnormal development of ventral 

midbrain, as demonstrated by the normal structure and number of midbrain dopaminergic 

neurons within the SN and TH positive projections in striatum in DAT-p53 KO mice at 3 

month of age (Fig 2 A). As shown in Fig 2A, TH immunocytochemistry evaluated at three 

different levels within the SN showed no overt morphological differences at either 3 months 

or 20 months of age. Moreover, unbiased stereological counts of SN DA neuron numbers 

(Fig 2B) showed no difference in total TH positive neurons within SN in WT and DAT-p53 

KO mice at 3 or 20 months of age (Two-way ANOVA, genotype: F1, 21 = 0.275, p=0.606; 

age: F1, 21 = 1.681, p=0.211, n=5-6 per group). In addition, striatal DA fiber densities (Fig 
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2C) were similar in WT and DAT-p53 KO mice (Fig 2C) at both ages (Two-way ANOVA, 

genotype: F1, 23 = 0.123, p=0.730; age: F1, 23 = 0.433, p=0.518, n=6-8 per group). Basal 

locomotion tests performed in automated behavioral chambers did not reveal any difference 

between the WT and DAT-p53 KO mice at both age groups for total horizontal activity (Fig 

2D, Two-way ANOVA, genotype: F1, 42 = 2.791, p=0.103; age: F1, 42 = 2.815, p=0.101, 

n=10-12 per group). Vertical movement was reduced in old vs. young animals but again 

there were no differences between WT and KO mice at either age (Fig 2E, Two-way 

ANOVA, genotype: F1, 42 = 0.573, p=0.454; age: F1, 42 = 37.603, p<0.001, n=10-12 per 

group).

Deletion of the p53 gene results in reduced toxicity in the nigrostriatal system after MPTP

Since the baseline nigrostriatal parameters were similar between the WT and KO mice, we 

next tested the responses of these mice to acute MPTP administration. Two weeks after the 

last MPTP injection using an acute MPTP injection regimen (4X 15 mg/kg i.p with 2 hour 

intervals), the dopaminergic system was evaluated by TH immunostaining and behavioral 

analyses. TH staining of cell bodies in the SN (Figs 3A, C) and fiber densities in striatum 

(Figs 3B, D) indicated that dopaminergic neuronal specific p53 deletion significantly 

reduced MPTP toxicity in the nigrostriatal DA system. Unbiased stereological counts 

showed that MPTP injection significantly decreases the TH positive neurons in SN (Two-

way ANOVA, treatment: F1, 27 = 53.595, p<0.001) and DAT-p53 ko showed a significant 

protection of SN DA neurons (Two-way ANOVA, genotype: F1, 27 = 7.066, p=0.014, n=5 for 

saline treated groups and n=9 for MPTP treated groups). There is a significant interaction 

between the treatment and genotype (Two-way ANOVA, genotype x treatment, F1, 27 = 

4.738, p = 0.04). Saline injected WT and DAT-p53 mice have no differences in SN DA 

neuronal counts (p=0.767 post hoc Student-Newman-Keuls Method) while MPTP-treated 

DAT-p53 KO mice had significantly more TH positive neurons compared to WT MPTP 

treated mice (Fig 3C, p<0.001, post hoc Student-Newman-Keuls Method, n=9 per group). 

Similarly, quantification of TH positive fiber density in striatum showed higher optical 

densities in MPTP-treated DAT-p53 KO mice than in MPTP-treated WT mice (Fig 3D, 

p<0.001, ANOVA, post hoc Student-Newman-Keuls Method, n=9 per group). This was also 

manifested behaviorally, as vertical movement (rearing) was significantly higher in MPTP-

challenged KO mice when compared to MPTP-challenged WT mice (Fig 3E, p=0.01, 

ANOVA, n=12 per group). Similarly, motor coordination was significantly better in MPTP-

challenged KO mice than that in MPTP-challenged WT animals, measured using the rotarod 

test. MPTP administration resulted in reduction in the time that WT mice proved capable of 

remaining on the rotorod (64.8% of pretreatment latency, Fig 3F) but did not affect the time 

that KO mice stayed on the rotarod (99.79% of pretreatment latency, Fig 3F, p<0.009, WT 

vs. KO, Student's t-test, n=10-12 per group).

Dopaminergic neuronal specific deletion of p53 suppresses BAX, BAD and PUMA 
upregulation produced by MPTP exposure-

We next examined changes in gene expression in the nigrostriatal system after MPTP 

challenge to evaluate the impact of p53 deletion. MPTP induced p53 upregulation in WT 

mice (Fig 4A, treatment: F1, 29 = 63.367, p < 0.001, TWO WAY ANOVA and p<0.001 saline 

vs. MPTP in WT, post hoc Student-Newman-Keuls Method, n=7-8 per group) but not in 
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DA-p53 KO mice at 48 hours after the last MPTP injection (Fig 4A, genotype: F1, 29 = 

6.689, p =0.016, TWO WAY ANOVA and p=0.001 post hoc Student-Newman-Keuls 

Method, WT MPTP vs. KO MPTP, n=7-8 per group). MPTP challenge also induced BAX, 

BAD and PUMA gene upregulation in WT mice (Fig 4B, C and D, saline vs. MPTP in WT 

for BAX, BAD and PUMA p<0.001, TWO WAY ANOVA, post hoc Student-Newman-Keuls 

Method, n=7 per group). DA-p53 KO mice had diminished upregulation of BAX, BAD and 

PUMA genes compared to WT mice (Fig 4B, C and D, WT MPTP vs. KO MPTP, for BAX 

and PUMA, p<0.001 and BAD p=0.048, TWO WAY ANOVA, post hoc Student-Newman-

Keuls Method, n=8 per group). MPTP also resulted in down regulation of BCLX (Fig 4E) 

and upregulation of BAK genes (Fig 4F, saline vs. MPTP in WT for BCLX and BAK 

p<0.001, TWO WAY ANOVA, post hoc Student-Newman-Keuls Method, n=7 per group), 

neither of which are transcriptional targets of the p53 gene. Dopaminergic specific p53 

deletion in DA-p53 KO mice did not affect BCLX gene downregulation and BAK gene 

upregulation induced by MPTP (Fig 4E, F WT MPTP vs. KO MPTP, for BCLX p=0.106 

and BAK p=0.084, TWO WAY ANOVA, post hoc Student-Newman-Keuls Method, n=8 per 

group). Changes in Bax and PUMA gene expression were also confirmed at the protein 

levels (Fig 5, saline vs. MPTP in WT for BAX p=0.003 for striatum/ p=0.006 for SN and 

PUMA p=0.01 for striatum/ p=0.008 for SN, TWO WAY ANOVA, post hoc Student-

Newman-Keuls Method, n=4 per group). Dopaminergic neuronal specific p53 deletion in 

mice inhibited MPTP-induced Bax and PUMA protein upregulation at 48 hours after the last 

MPTP injection (Fig 5A and 5B, WT MPTP vs. KO MPTP, for BAX p=0.004 for striatum/ 

p=0.008 for SN and PUMA, p=0.006 for striatum/ p= 0.007 for SN, TWO WAY ANOVA, 

post hoc Student-Newman-Keuls Method, n=4 per group).

Dopaminergic neuronal specific deletion of p53 does not affect astrogliosis in mice 
challenged with MPTP

Astrocyte activation has been reported to be a key feature in the MPTP-induced 

Parkinsonism model (Langston et al. 1999, Vila et al. 2001a, Yokoyama et al. 2011). We 

thus examined whether astrogliosis is influenced in DAT-p53 KO mice. Although DAT-p53 

KO mice showed protection of the DA system in this acute MPTP model, the extent of 

astrogliosis in DAT-p53 KO mice was similar to that in WT mice (Fig 6 A-F). As shown in 

Figure 6, MPTP administration elicited significant astrocytic activation, indicated by GFAP 

gene expression in striatum (Fig 6G, saline vs MPTP, F1,29= 315.359, p<0.001, TWO WAY 

ANOVA, n=7-8 per group) and SN (Fig 6H, saline vs MPTP, F1,29= 14.077, p<0.001, TWO 

WAY ANOVA, n=7-8 per group). There was no significant difference between WT and KO 

animals (Fig 6G WT vs KO, F1,29= 2.667, p=0.115, TWO WAY ANOVA, n=7-8 per group 

for STR and Fig 6H WT vs KO, F1,29= 0.271, p=0.607, TWO WAY ANOVA, n=7-8 per 

group). Striatal GFAP immunostaining (Fig 6A-H) also showed robust activation of 

astrocytes in both MPTP-injected WT and KO mice, as demonstrated by similar 

immunoreactivity of GFAP in both groups (Fig 6I, p=0.836 WT vs. KO, Student's t-test, n=4 

mice for each group). This suggests that astrogliosis might not be sufficient to lead to 

neuronal death in the absence of the p53 gene in dopaminergic neurons.
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Discussion

Programmed cell death by apoptosis is an essential component of neural development 

whereby the eventual neuronal population is determined by the establishment of proper 

neuron:target cell connections. The p53 gene has been demonstrated to be essential for 

natural neuronal apoptosis in the CNS. However, the role of p53 in the developmental 

apoptosis in midbrain DA neurons is unknown. For DA neurons in mouse ventral midbrain, 

two peaks of apoptosis occur, at birth and around 2 weeks of postnatal age (Jackson-Lewis et 
al. 2000, Linden 1994, Hattori & McGeer 1973). We have previously reported that 

developmental apoptosis is important in determining the ultimate numbers and anatomy of 

nigro-strital DA projection and that the PTEN gene plays an essential role in this process 

(Diaz-Ruiz et al. 2009). Therefore, pathological apoptosis due to disregulated p53 

expression/function could potentially lead to a reduced number of DA neurons, which might 

result in a loss of DA function during aging. Utilizing a dopaminergic-neuron specific p53 

deletion animal model in this study, we examined, for the first time, the role of the p53 gene 

in naturally occurring apoptosis in midbrain dopaminergic neurons during the late 

developmental stage and in aging. Loss of the p53 gene in DAT positive- dopaminergic 

neurons did not lead to an abnormal development of the ventral midbrain, as demonstrated 

by the normal structure and number of midbrain dopaminergic neurons in SN, and TH 

positive projections in striatum in DAT-p53 KO mice at 3 months of age (Fig. 2). Therefore, 

our data suggest that unlike the PTEN gene, the p53 gene might not be critical for the 

apoptotic processes that eliminate excess neurons during postnatal development (Kim & Sun 

2011).

We also examined the ventral midbrain nigrastrial pathway in aged WT and KO mice. Our 

results show that at 3 and 20 months, the number of dopaminergic cells remained almost 

constant, consistent with previous reports (Schumm et al. 2012). Moreover, DA-p53 KO 

mice showed no difference, compared to WT littermates, in regards to dopaminergic neuron 

number and striatal TH-positive fiber density. Horizontal activity remained constant across 3 

and 20 month old WT and DA-p53 KO mice. There was a significant decrease in vertical 

activity in 20 month old mice, but no difference was observed between WT and DA-p53 KO 

mice. Thus, we conclude that dopaminergic neuronal specific deletion of the p53 gene does 

not cause any apparent changes in the general structure or neuronal density of DA neurons 

during perinatal development and the normal process of aging. This model thus enables us to 

examine the role of the p53 gene in dopaminergic neuronal cell death in PD animal models, 

such as the MPTP neurotoxin model, without potential confounding factors.

We have previously reported that in a stroke animal model, neuronal p53 expression directly 

regulates neuronal cell death (Filichia et al. 2015). Whether p53 function determines the 

outcome of dopaminergic function in PD animal models by either directly regulating the cell 

death of neurons or through indirect modulation of the microenvironment in the 

dopaminergic system remains to be analyzed. Our data does, however, show that DA specific 

p53 deletion diminishes MPTP induced dopaminergic neuronal loss in SN and dopaminergic 

neuronal terminal loss in striatum. Dopaminergic neuronal specific p53 deletion also 

reduced certain behavioral deficits caused by MPTP administration, including loss of motor 

coordination analyzed by rotarod tests. MPTP-treated DA-p53 KO mice also showed greater 
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vertical activity but not overall horizontal activity compared to MPTP-treated WT mice. 

Therefore, our data support the notion that DA neuronal specific p53 function is directly 

involved in the process of dopaminergic neuronal cell death in this PD animal model.

p53 directly activates the proapoptotic Bcl-2 protein BAX to permeabilize mitochondria, 

which results in the release of mitochondrial factors, such as cytochrome c, that signal 

apoptotic cell death (Chipuk et al. 2004). Increased BAX levels have been found in the 

MPTP-induced PD mouse model (Vila et al. 2001b, Perier et al. 2007) and in a subset of 

dopaminergic neurons in PD patients (Tatton 2000, Hartmann et al. 2001). Ablation of BAX 

in mice reduced dopaminergic neuronal degeneration induced by MPTP-treatment (Vila et 

al. 2001b). In our DA specific p53 KO mice, we found that MPTP-induced p53 upregulation 

is diminished in DA-p53 KO mice, supporting a midbrain dopaminergic neuron (DAN)-

specific p53 response. Our data further showed that MPTP-induced BAX up-regulation is 

dependent on dopaminergic p53 function as evidenced by the fact that selective depletion of 

p53 in DA neurons abolished BAX induction by MPTP treatment. In addition, we found that 

BCLX was down-regulated in MPTP injected mice, which is consistent with the findings 

from qRT-PCR validated microarray studies (Miller et al. 2005, Miller et al. 2004), whereas 

the BAK gene was up-regulated by MPTP challenge. However, there was no difference in 

the expression of these genes between WT and DAT-p53 KO mice, confirming that p53 does 

not directly regulate BCLX and BAK transcription. We also identified BAD and PUMA as 

p53-dependent regulators of dopaminergic neuronal cell death in our animal model. PUMA 

levels were reported to be not affected in a previous study using a subacute MPTP model 

(Perier et al. 2007) but was recently implicated in an in vitro cell model using MPP+ 

(Bernstein & O'Malley 2013). In our acute MPTP model, we found that PUMA gene and 

protein expression were induced both in the ventral midbrain as well as in the striatum, and 

that DA specific loss of p53 diminished MPTP-induced PUMA up-regulation. It is possible 

that different MPTP injection regimens can lead to distinct apoptotic pathway activations 

Since the PUMA gene is regulated by multiple cell death pathways, inhibition of PUMA 

might be more potent in blocking cell death than p53 inhibition. In addition, since inhibition 

of PUMA does not directly cause spontaneous malignancies, therapeutics to inhibit PUMA 

might have fewer side effects and be safer for clinical treatment development.

p53 isorforms have been reported since 2005, and have been implicated to play important 

roles in determining the survival and proliferation of cells when changes in cell homeostasis 

occurs. It has been reported recently that regulation of alternative splicing of TRP53 gene 

modifies cellular responses by altering the expression of the p53b or p53g isoforms. It would 

be interesting to examine the expression profile of different isoforms after MPTP exposure 

in future studies. Models that could permit the separation of these factors to allow the 

characterization of p53 actions in neurons are thus important. In our study, the two loxP sites 

flank exon1-exon10 of the TRP53 gene, leading to complete loss of p53 protein (Jonkers et 

al. 2001).

In PD patients, increased number of astocytes as well as GFAP expression have been 

reported (Forno et al. 1992, Miklossy et al. 2006). Moreover, astrocytic activation has been a 

key finding after MPTP exposures (O'Callaghan & Jensen 1992, Forno et al. 1992). Studies 

have suggested that activated glial cells might participate in the propagation of dopaminergic 
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neuronal death by release of inflammatory cytokines and production of ROS (Cabezas et al. 
2013, Hirschet al. 2003). We thus examined whether astrocytes are still activated in the 

absence of dopaminergic neuronal p53 activity and diminished DA neuronal loss. GFAP 

positive activated astrocytes were found both in striatum and SN in both WT and DA-p53 

KO mice. There was no difference in GFAP gene upregulation both in striatum and SN, nor 

was there any difference in striatal GFAP immunostaining intensity between WT and DA-

p53 KO mice. This suggests that, in our acute MPTP model, astrocytic activation might not 

be directly linked to dopaminergic neuronal death. Although DA-p53 KO mice have 

diminished DA neuronal loss compared to WT, DA-p53 KO mice still have significant loss 

of TH fibers in striatum, which might be attributed to astrocyte activation in striatum. 

Therapeutic strategies that inhibit striatal glisosis might therefore be helpful to prevent DA 

axonal terminal loss in addition to p53 inhibition.

Taken together, our results show that selective depletion of p53 in dopaminergic neurons 

inhibited p53 downstream pro-apoptotic genes, increased the survival of dopaminergic 

neurons in the nigrostriatal system and reduced behavioral motor deficits in our MPTP-

induced Parkinsonism mouse model. Our results further support the role of programmed cell 

death mediated by p53 in this animal model of PD. In contrast, such selective depletion had 

no effects on the process of normal aging and astrocyte-mediated gliosis. Therefore, the 

DAT-cre-p53 mouse line might provide a unique tool to study the mechanism of DA 

neuronal degeneration in PD.
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List of abbreviations

PD Parkinson's disease

DA dopamine

MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

PUMA p53 upregulated modulator of apoptosis

SN Substantia nigra

DAT Dopamine transporter

KO Knockout

PTEN Phosphatase and tensin homolog

NIH National Institutes of Health

UTR Untranslated region

IRES Internal ribosome entry site sequence
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TH tyrosine hydroxylase

PFA paraformaldehyde

qRT-PCR Quantitative reverse transcription-PCR

BSA bovine serum albumin

PB phosphate buffer

GFAP Glial fibrillary acidic protein

TBS Tris-buffered saline

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

EGTA ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

ECL Enhanced Chemiluminescence

VTA ventral tegmental area

ANOVA Analysis of variance

ROS Reactive oxygen species
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Fig 1. 
Generation of dopaminergic neuron-specific p53 KO mice. A. Strategy for dopaminergic 

neuronal specific deletion of the p53 gene in DAT-p53 KO mice. B. Detection of recombined 

alleles (indicating deletion of p53 gene) in olfactory bulb, substantia nigra and the ventral 

tegmental area but not in hippocampus, cortex, cerebellum or striatum of KO mice (upper 

panel). There is no recombination in different brain areas in WT mice.
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Fig 2. 
p53 gene deletion in dopaminergic neurons does not affect development and aging of 

dopaminergic neurons. Immunohistochemical staining for TH in the ventral midbrain of 

young (3 month) and old (20 month) WT and DA-p53t KO mice at three different sites 

ranging from rostral to caudual. (A) To determine the effect of p53 ablation on DA neuron 

survival in young and old mice, we compared the number of TH-positive cells and the 

regional organization of the ventral midbrain in adult animals. No differences were found in 

the general morphological appearance between the ventral midbrain in adult WT and KO 

animals. (B) The total number of TH-positive neurons in SN were similar in young and old 

WT compared to DA-p53 KO mice. Two way ANOVA; P > 0.05 for genotypes and age. (C) 

Total TH immunoreactive fiber density was similar in young and old WT or DA-p53 KO 

mice. Total spontaneous locomotion activity measured by horizontal activity (D) was similar 

in young and old WT or in DA-p53 KO mice. Two way ANOVA; P > 0.05 for genotypes and 

age. (E) Total vertical activity is decreased in old mice compared to young mice but there is 

no difference between genotypes. Data are mean ± SE. *** P<0.001 for young vs old, and 

P>0.05 for genotypes, Two way ANOVA. Scale bar =100um.
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Fig 3. 
p53 gene deletion in dopaminergic neurons results in neuroprotection in DA-p53 KO mice in 

an acute MPTP model. (A). Representative images showing immunohistochemical staining 

for TH in the ventral midbrain in saline or MPTP treated WT or DA-p53 KO mice at 14 days 

after the last MPTP or saline injection. (B) Representative images showing TH 

immunostaining in striatum of WT or DA-p53 KO mice treated with saline or MPTP at 14 

days post treatment. DA-p53 KO mice exhibit a significant protection against MPTP-

induced SNpc DA cell loss as determined by assessing (C) the total number of SNpc DA 

neurons and (D) total striatal TH immunoreactive optical density at 14 days after the last 

MPTP injection (** indicates p<0.01 for saline vs. MPTP administration, and ## indicates 

p< 0.01 for WT vs. KO, two way ANOVA, with Newman–Keuls post hoc tests. n=5 for WT 

or KO saline group and n=9 for WT or KO MPTP challenged group). (E) Reduced vertical 

activity (rearing) in WT, but not DAT-p53 KO mice after MPTP (* indicates p<0.05 for 

saline vs MPTP in WT and ## indicate p=0.01 for WT MPTP vs KO MPTP, n=12 each 

group). (F) Rotarod tests show the time mice proved capable of remaining on the rod at 7 

days post MPTP administration, presented as a percentage in relation to the same 

individual's time on the rotoarod prior to MPTP challenge, for mice in WT or DA-p53 KO 

groups. Data are mean ± SE. (## p<0.01 Student's t-test, n=10-12 each group). Scale bar = 

100 um in Panel A and 500um in Panel B.
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Fig 4. 
Dopaminergic neuronal specific p53 deletion results in differential gene transcriptional 

regulation in the DA system. Brain tissues were harvested after MPTP challenge. qPCR 

analysis was conducted to determine the expression level of p53 (A), BAX (B), BAD (C), 

PUMA (D), BCLX ( E) and BAK (F) at the indicated groups. Data are shown as mean ± SE. 

*** p<0.001 WT mice MPTP treated vs saline treated; ### p<0.001 or #<0.05 MPTP 

treated, KO vs WT. The data was analyzed by two way ANOVA, with Newman–Keuls post 

hoc tests. n=7-8 each group.
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Fig 5. 
Dopaminergic neuronal specific p53 deletion in mice inhibits MPTP-induced Bax and 

PUMA protein upregulation. Brain tissues of striatum and ventral midbrain were harvested 

at 48 hours after the last MPTP injection. Protein levels of Bax and PUMA both in striatum 

(A) and ventral midbrain (B) were examined by Western blot analysis. Actin was used as a 

loading control. Data are mean ± SE. ** p<0.01 vs. WT mice treated with saline. ## p<0.01 

vs. WT mice treated with MPTP. The data was analyzed by two-way ANOVA, with 

Newman–Keuls post hoc tests. n= 4 each group.

Qi et al. Page 21

J Neurochem. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 6. 
MPTP-induced astrocyte activation is not altered in DAT-p53 KO mice. Representative 

images of GFAP immunostaining in striatum in saline injected WT (A) or KO (D) mice 

showing minimal GFAP positive cells. MPTP injected WT (B) or KO mice (E) indicate 

significant activation of astocytes as shown by GFAP expression. Right upper and lower 

panels (C) and (F) are higher magnifications of the framed areas in panels B and E. Scale 

bar= 100um. GFAP mRNA levels in MPTP injected WT and KO mice are significantly 

upregulated compared to saline injected WT or KO mice both in striatum (G) and ventral 

midbrain (H). There is no significant difference between WT and KO mice. ***p<0.001 

MPTP vs saline, Two way ANOVA, n=7-8 each group (I) Quantification of striatal GFAP 

immunoreactivity in MPTP injected animals showed no significant difference between WT 

and KO (n=4 each group). Data are mean ± SE.
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Table 1

Primer/ probe sets used in qRT-PCR.

Primer/probe set:

Hmbs: Forward Primer: 5′-TCC CTG AAG GAT GTG CCT AC-3′

Reverse Primer: 5′-ACA AGG GTT TTC CCG TTT G-3′

Probe: Universal Probe Library: Probe 79 - Roche

HPRT1: Forward Primer: 5′-TGA TAG ATC CAT TCC TAT GAC TGT AGA

Reverse Primer: 5′-AAG ACA TTC TTT CCA GTT AAA GTT GAG

Probe: Universal Probe Library: Probe 22 - Roche

p53: Forward Primer: 5′- GCA ACT ATG GCT TCC ACC TG -3′

Reverse Primer: 5′- GTA CGT GCA CAT AAC AGA CTT GG -3′

Probe: Mouse Universal Probe Library: Probe 4 - Roche

BAX: Forward Primer: 5′- GTG AGC GGC TGC TTG TCT -3′

Reverse Primer: 5′- GGT CCC GAA GTA GGA GAG GA -3′

Probe: Universal Probe Library: Probe 83 - Roche

PUMA Forward Primer: 5′- CAT GGG ACT CCT CCC CTT AC -3′

Reverse Primer: 5′- CAC CTA GTT GGG CTC CAT TT -3′

Probe: Universal Probe Library: Probe 1 - Roche

BAD: Forward Primer: 5′- GGA GCA ACA TTC ATC AGC AG -3′

Reverse Primer: 5′- TAC GAA CTG TGG CGA CTC C -3′

Probe: Universal Probe Library: Probe 83 - Roche

BCLX Forward Primer: 5′- TGA CCA CCT AGA GCC TTG GA -3′

Reverse Primer: 5′- TGT TCC CGT AGA GAT CCA CAA -3′

Probe: Universal Probe Library: Probe 2 - Roche

BAK: Forward Primer: 5′- GGA ATG CCT ACG AAC TCT TCA -3′

Reverse Primer: 5′- CCA GCT GAT GCC ACT CTT AAA -3′

Probe: Universal Probe Library: Probe 19 - Roche
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