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Abstract

p53 plays an essential role in the regulation of cell death in dopaminergic (DA) neurons and its 

activation has been implicated in the neurotoxic effects of methamphetamine (MA). However, how 

p53 mediates MA neurotoxicity remains largely unknown. In this study, we examined the effect of 

DA specific p53 gene deletion in DAT-p53KO mice. Whereas in vivo MA binge exposure reduced 

locomotor activity in wild type (WT) mice, this was significantly attenuated in DAT-p53KO mice, 

and associated with significant differences in the levels of the p53 target genes BAX and p21 

between WT and DAT-p53KO. Notably, DA specific deletion of p53 provided protection of 

substantia nigra pars reticulata (SNpr) tyrosine hydroxylase (TH) positive fibers following binge 

MA, with DAT-p53KO mice having less decline of TH protein levels in striatum versus WT mice. 

Whereas DAT-p53KO mice demonstrated a consistently higher density of TH fibers in striatum 

compared to WT mice at 10 days after MA exposure, DA neuron counts within the substantia 

nigra pars compacta (SNpc) were similar. Finally, supportive of these results, administration of a 

p53 specific inhibitor (PFT-α) provided a similarly protective effect on MA binge-induced 

behavioral deficits. Neither DA specific p53 deletion nor p53 pharmacological inhibition affected 

hyperthermia induced by MA binge. These findings demonstrate a specific contribution of p53 

activation in behavioral deficits and DA neuronal terminal loss by MA binge exposure.

Introduction

Methamphetamine (MA) is a pyschostimulant drug with high abuse potential. Prolonged 

drug exposure can lead to long-lasting damage of the dopaminergic (DA) system. Some 

studies have reported that MA-induced neuronal apoptosis contributes to the transition to a 

pathological state (Krasnova and Cadet, 2009), whereas others have in contrast have 

reported that MA selectively injures the neurites of DA neurons without generally inducing 

cell death (Ricaurte et al., 1982, Larsen et al., 2002). Immunocytochemistry analysis has 

revealed a marked increase in cytochrome c release from mitochondria in rat brain after MA 

exposure, which is correlated with caspase-9, caspase-6, and caspase-3 activation. However, 
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DA neuronal death has been reported to be absent after MA binge (Jimenez et al., 2004). It 

has recently been suggested that distinct pathways mediate axonal degeneration without 

initiating apoptosis of the neuronal body (Cusack et al., 2013), and involve a BAX-

dependent mechanism(Schoenmann et al., 2010). These findings suggest a major role of 

apoptotic or axonal degeneration pathways in the neurotoxic effects resulting from MA 

exposure. However, the precise molecular mechanisms underpinning MA neurotoxicity 

remain to be elucidated.

The tumor suppressor gene p53 plays an essential role in the regulation of cell death in DA 

neurons (Trimmer et al., 1996, Porat and Simantov, 1999, Perier et al., 2007, Qi et al., 2016). 

The possibility for p53 involvement in MA-induced toxicity is supported by the observations 

that MA caused marked increases in p53-like immunoreactivity in wild-type mice (Hirata 

and Cadet, 1997) and that the p53 downstream target genes, BAX and p21, were 

demonstrated upregulated by MA exposure (Pereira et al., 2006, Astarita et al., 2015). In 

contrast, traditional p53-Knockout (p53KO) mice are protected against the long-term effects 

of MA on DA terminals and cell bodies (Hirata and Cadet, 1997). It has also been 

demonstrated that MA exposure-induced cell apoptosis is attenuated by silencing PUMA 

(p53 upregulated modulator of apoptosis) in PC12 and SH-SY5Y cells (Chen et al., 2016). 

Moreover, Melatonin ameliorates MA-induced inhibition of proliferation of adult rat 

hippocampal progenitor cells by down-regulating the cell cycle regulators p53/p21, and 

decreasing the accumulation of p21 in the nucleus (Ekthuwapranee et al., 2015). Whereas 

these studies provide evidence for a role of p53 in the neurotoxic actions of MA, whether or 

not p53 mediates such MA neurotoxicity in dopaminergic neurons remains to be elucidated.

Due to widespread inhibition of p53 genes by pharmacological inhibitors and the loss of p53 

function across all cell types in traditional p53 KO mice, such pharmacological inhibitor and 

traditional genetic studies do not address the question as to whether p53 directly regulates 

DA neuronal survival or regulates the microenvironment in the brain by actions on other cell 

types. To specifically address this, we generated DA neuron-specific p53 gene deletion mice 

(Qi et al., 2016) and examined the role of p53 in MA neurotoxicity. The focus of our studies 

was to determine the specific role of DA neuronal p53 in MA mediated neurotoxicity and to 

identify target genes that are differentially regulated in DA specific p53KO mice subjected 

to MA binge exposure.

Materials and Methods

Animals and Treatment

Animal protocols in this study (conducted under National Institutes of Health [NIH] 

guidelines as outlined in Animals in Research) were approved by the Institutional Animal 

Care and Use Committee of Case Western Reserve University (CWRU) and mice were 

housed in the on-site animal facility on a 12hr light/dark diurnal cycle with food provided ad 

libitum. The transgenic line Slc6a3Cre provided the system for the conditional inactivation of 

p53 in DA neurons in which Cre recombinase is activated by the DA transporter promoter 

starting around embryonic day 16 (Backman et al., 2006). TRP53loxP/loxP mice (Jonkers et 

al., 2001) were crossed with Slc6a3Cre knock-in mice to obtain the DA neuronal specific p53 
KO mice lines, DATcre(WT/+)/TRP53loxP/loxP (DAT-p53KO) and DATcre(+/−)/
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TRP53WT/WT (DAT-p53WT) mice as described in our recent papers (Filichia et al., 2015, Qi 

et al., 2016). The method for genotyping and characterizing the specific deletion of p53 in 

DA neurons was also described in a recent study of ours (Qi et al., 2016) and all mice strains 

in this study were maintained in a C57BL/6 genetic background. For the MA binge exposure 

(MA binge group), mice were administered binge injections (MA 10 mg/kg, x4, per 2hr, 

s.c.) and saline was injected as the control vehicle in both WT and KO mice.

Open Field Locomotion

MA binge exposure has been reported to lead to a decrease in open field locomotion activity 

in mice (Grace et al., 2010, Shen et al., 2011, Reiner et al., 2014). Therefore, we used the 

same methods in these past studies to evaluate motor deficits in DAT-p53KO and WT mice 

subjected to MA binge in the present study; evaluating locomotion function both before and 

1 day after MA administration (as described previously (Luo et al., 2009, Shen et al., 2011)). 

Briefly, automated infra-red locomotor activity chambers were used to quantify spontaneous 

locomotor function. A grid of photobeams (VersaMax system by AccuScan Instruments, 

Columbus, OH) in an open field was used to conduct 120 min trials of locomotor function. 

Counts of the number of continuous photobeams broken at 5 min intervals during the trial 

were obtained and, from this data, total vertical (rearing) activity and total vertical (rearing) 

movement numbers were calculated by the VersaMax software.

Quantitative Reverse Transcription (qRT-PCR)

Brain tissue was obtained for qRT-PCR analysis 48 hours following saline or MA binge 

exposure. After euthanization, brains were immediately harvested from the mice and chilled 

on ice. A ventral midbrain tissue punch was obtained using the Paxinos Atlas and total RNA 

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

Specifically, 1ug of total RNA was treated with RQ-1 RNase-free DNase I and was reverse 

transcribed into cDNA by Superscript III reverse transcriptase (Life Sciences) using random 

hexamers. cDNA levels for HPRT1 (hypoxanthine phosphoribosyltransferase 1), HMBS 

(hydroxymethylbilane synthase), and various target genes were acquired by quantitative RT-

PCR using specific universal probe library primer probe sets (Roche) and a Roche Light 

Cycler II 480. Relative expression levels were calculated using the double delta Ct analysis 

method, which were compared to HMBS as a reference gene (n=8–10 for each group), as 

previously described (Filichia et al., 2016). Primers and FAM-labeled probes used in the 

qRT-PCR for each gene are listed in Table 1.

Western Blot Analysis

Harvested tissues obtained from the striatum at 72 hour post-MA or saline exposure were 

lysed by sonication following their suspension in RIPA lysis buffer containing a protease 

inhibitor cocktail, as previously described (Filichia et al., 2016). The resulting homogenate 

was centrifuged at 14,000 RPM for 20 minutes in a chilled chamber, and the supernatant was 

removed and handled separately. Protein concentrations were determined using the Bradford 

absorbance assay. Equal amounts of protein were then resuspended with 5x sample buffer 

(with beta-mercaptoethanol), and were separated by electrophoresis on SDS-PAGE gels 

(Bio-Rad) and transferred onto a PVDF membrane (Bio-Rad). Thereafter, membranes were 

probed with primary antibodies in 1:1000 dilution (rabbit anti-tyrosine hydroxylase 
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[Millipore AB152], rabbit anti-b-actin [Abcam ab8227]) overnight in a cold room and 

subsequently with HRP-labelled secondary antibodies in 1:2000 dilution (goat anti-rabbit 

[Jackson 111-035-003]) for 1 hour at room temperature. Protein bands were visualized using 

an ECL kit (Thermo Fisher) and analysis was performed using NIH ImageJ software.

Immunostaining

Animals from different treatment groups were anesthetized and transcardially perfused with 

saline followed by 4% paraformaldehyde (PFA) in phosphate buffer (PB, 0.1M, pH 7.2). 

Brains were then removed, dissected, post-fixed in PFA for 16 hours, and sequentially 

transferred to 20% and 30% sucrose in 0.1M PB. Serial sections of the full-length of the 

brain were cut at 30um or 40um thickness on a cryotome, and one series from every 4th 

section was stained for each antibody used. To control for variability in staining, specimens 

from all experimental groups were included in each staining batch and reacted together 

within a netted well tray under the same conditions as described previously (Luo et al., 2010, 

Zhou et al., 2016). Sectioned groups were rinsed in 0.1M PB and blocked with 4% bovine 

serum albumin (BSA) and 0.3% Trion X-100 in 0.1M PB. They were then incubated in the 

primary antibody (rabbit anti-TH, 1:1000, Chemicon, Temecula, CA) diluted in the 

previously described blocking buffer for 24 hours in a chilled room. Sections were then 

rinsed in 0.1M PB and incubated in either biotinylated goat anti-rabbit IgG (for TH) in 

buffer (1:200, Vector Laboratories, Burlingame, CA) for 1 hour, followed by a subsequent 1 

hour incubation with avidin-biotin-horseradish peroxidase complex. Development of the 

stain was undertaken with 2,3′-diaminobenzidine tetrahydrochloride (0.5 mg/mL in 50 mM 

Tris-HCl buffer, pH 7.4). Control group sections were incubated without the primary 

antibody. Finally, all sections were mounted onto slides and cover-slipped, and histological 

images were then obtained using an Infinity3 camera and Olympus microscope. TH 

immunoreactivity within the striatum was visualized using a Nikon Super Coolscan 9000 

Scanner. Analysis of the optical density of TH immunoreactivity was performed using Scion 

Image (v4.02) and averaged from 3 sections with a visualized anterior commissure (AP: 

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

et al., 2016). TH fiber optical density in the SNpr and TH neuronal density in SNpc were 

quantified by Nikon NIS-Elements software, and averaged from 3 sections (AP: 3.28 mm, 

3.40 mm, 3.52 mm to bregma) as previously described (Luo et al., 2010). All 

immunohistochemical measurements were performed by observers blinded to the 

experimental groups. Minor variations in background staining were corrected by use of the 

background density of cortical regions from striatal density measurements.

P53 inhibitor (PFT-α) treatment during MA binge exposure

C57bl6 male mice (3 month old) received MA binge exposure (MA 10 mg/kg, 4X with 2 

hour intervals, s.c.) during which time they also received either 10% DMSO or PFT-α 
(2mg/kg, 2X, 4 mg/10 ml in 10 % DMSO, i.p.) following the third and fourth MA injections. 

Tests to evaluate locomotion function were, likewise, conducted across all mice both before 

and 1 day after MA binge exposure (as described previously (Shen et al., 2011)). Total 

rearing activity and rearing movement numbers were determined by use of the Versamax 

software.

Lu et al. Page 4

Neurotox Res. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Hyperthermia induced by MA binge in WT and DAT-p53 KO or PFT-α treated mice

DAT p53 KO and DAT p53 WT mice were placed in acrylic plastic chambers that isolated 

the mice from each other to prevent huddling-associated alterations of body temperature. 

They were allowed to acclimate for 1 h. Core body temperature was recorded 30 min before 

the first injection and 1 h after each of the four subsequent injections of saline or MA. For 

saline or PFT-α injected mice, mice received either 10% DMSO or PFT-α 30 min after the 

third or fourth MA injections. Temperature was measured rectally by use of a digital 

thermometer (Oakton Instrument, IL, USA).

Statistics

Statistical analyses were performed using the Student’s t test and one-/two-way ANOVA 

(analysis of variance), with Newman-Keuls post hoc tests (as appropriate). P values of equal 

to or less than 0.05 are considered of significance.

Results

To achieve DA specific p53 deletion we used the Slc6a3Cre line to generate DAT-p53KO 

mice and, thereby, provide DA neuron-specific cre expression with minimal interference of 

endogenous DAT gene expression (Backman et al., 2006). Our previous studies have 

demonstrated DA specific deletion of the p53 gene in this mouse line. They have 

additionally shown that p53 ablation within the DA system does not alter either the DA 

system or locomotor activity under normal (control) conditions (Qi et al., 2016). This model 

is thus ideally suited to evaluate the role of the p53 gene under neurotoxic challenge or stress 

conditions.

Deletion of the p53 gene results in attenuated motor deficits in DAT-p53KO mice after MA 
binge exposure

As the measured baseline nigrostriatal parameters were similar between the DAT-p53KO and 

-WT mice (Qi et al., 2016), we evaluated the response of these mice to MA binge exposure 

(4X 10 mg/kg s.c. with 2 hour intervals). We and others have previously shown that MA 

binge exposure results in decreased locomotion activity both in mice and rats, when 

evaluated 24 hours after the administration of MA (Grace et al., 2010, Shen et al., 2011, 

Reiner et al., 2014). In the present study, 36 mice (DA-p53KO=17, -WT=19) were subjected 

to locomotion testing before MA exposure to establish a baseline (Pre MA). At 24 hours 

after the initial injection of MA binge exposure, animals were placed in the activity 

chambers and rearing activity over a 30 min period was measured in automatic locomotion 

chambers. Two variables (genotypes and treatment with MA: pre or post MA binge) were 

used to analyze changes in behaviors using a two way ANOVA. For total rearing activity, 

there was a trend of difference of genotype effect (p=0.064, F1,69=3.560), treatment effect 

(Pre vs after MA, p<0.001, F1,69=27.611) and no genotype and treatment interaction 

(p=0.167, F1,69=1.953). For rearing numbers, overall effects of treatment and genotype × 

treatment were observed (treatment, p<0.001, F1,69=103.142 and genotype × treatment, 

p=0.041, F1,69=4.350). For post hoc analysis, no significant difference was found between 

DA-p53KO and -WT mice before MA exposure in either total rearing activity (Fig. 1, 

p=0.734) or rearing numbers (Fig. 1, p=0.585). These behavioral parameters were 
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significantly reduced by MA binge exposure (Fig. 1, total rearing activity: p<0.001, 

F1,69=27.611; rearing number: p<0.001, F1,69=103.142), consistent with previous studies. 

Notably, there was a significantly lower decrease for DA-p53KO mice in both parameters, as 

compared to -WT mice post MA binge exposure (Fig. 1, p=0.022 DAT-p53KO vs. -WT in 

the MA challenged groups, for total rearing activity and p=0.017 for rearing numbers, post-

hoc Student-Newman-Keuls test). In synopsis, these data indicate that repeated high 

exposure to MA reduces rearing activity in WT mice, and that DAT-p53KO mice are 

partially protected.

Dopaminergic neuronal-specific deletion of p53 suppresses upregulation of BAX, p21, and 
GFAP gene transcription in substantia nigra (SN) after MA binge exposure

We next examined changes in gene expression in the nigrostriatal system after saline or MA 

binge exposure to evaluate the effects of DA-specific p53 deletion. SN tissue was obtained 

48 hours after saline or MA administration in both DAT-p53KO (n=8 for saline and n=10 for 

MA) and WT (n=8 for saline and n=10 for MA) mice, and gene expression was analyzed by 

qRT-PCR. mRNA levels for appraised genes were normalized to the housekeeping gene 

Hmbs (Fig 2). To validate our methods, we evaluated the expression of a second 

housekeeping gene, HPRT1, which, in line with our expectations, was unchanged between 

the animal groups. Two variables (genotypes and treatment with MA: pre or post MA binge) 

were used to analyze changes in gene expression using a two way ANOVA analysis. For p53 
gene expression, there was a significant main effect for genotype (p=0.009, F1,34=7.893) but 

no effect for treatment or genotype x treatment, possibly due to the acute and transient p53 

upregulation after MA binge that occurs before 48 hours (Asanuma et al., 2002). For post 

hoc analysis, there was no significant difference between WT and KO in saline treated mice 

(p=0.109). However, p53 transcripts were significantly lower in the SN of DAT-p53KO mice 

vs. WT mice after MA binge exposure (Fig 2, p=0.023, post hoc Student-Newman-Keuls 

test). MA binge exposure induced BAX upregulation (effect of treatment: p=0.048, 

F1,34=4.452; effect of treatment x genotype: p=0.05, F1,34=4.017). WT mice had 

significantly upregulated BAX gene expression after MA exposure (p=0.008, post hoc 

analysis) and DA-p53KO mice had significantly lower BAX gene expression compared to 

WT mice (p=0.038, post-hoc analysis) that was not different from DA-p53KO receiving 

saline injections. Similarly, p21 and GFAP gene expressions also showed a significant effect 

of genotype (for p21, p=0.008, F1,34=8.282; GFAP, p=0.025, F1,34=4.028). MA binge 

exposure led to a significant upregulation of p21 (p=0.006, post hoc analysis) and a trend for 

GFAP gene upregulation in WT mice (p=0.08, post hoc analysis). DA-p53KO mice 

demonstrated a significantly lower p21 (p=0.005, post hoc analysis) and GFAP gene 

(p=0.006, post hoc analysis) expression compared to MA binged WT mice, which was not 

different from DA-p53KO that received saline injections. There were no significant 

differences among the four groups of animals in the expression of Bcl2, PUMA or Iba1 gene 

expression levels (Fig 2). Together, this suggests that BAX and p21 are involved in the p53-

mediated neurotoxicity that is instigated by MA binge exposure in vivo, which are abolished 

in DA-p53KO mice.
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Dopaminergic neuronal-specific deletion of p53 results in protected neuronal terminals 
after MA binge exposure

We next examined the effect of MA binge exposure on the protein expression TH both in the 

striatum and the substantia nigra (SN). Previous studies from our group and others have 

shown that MA binge exposure does not lead to a decrease in the number of TH-positive 

neurons within the SNpc (Ricaurte et al., 1982, Larsen et al., 2002, Boger et al., 2007, Luo 

et al., 2010), whereas decreased TH protein levels have been consistently reported within the 

striatum (Raineri et al., 2012, Reiner et al., 2014). Therefore, we first examined TH protein 

levels in the striatum of both saline and MA binged exposed DAT-p53KO and WT mice at 

72 hours after administration (n=4 for saline/WT or saline/KO and n=6 for MA/WT or 

MA/KO per group). Evaluation by Western blot analysis demonstrated that MA binge 

exposure significantly decreased TH levels in striatum in both WT and DAT-p53KO mice 

(Fig. 3, saline vs. MA, p<0.001, F(1,19) = 65.552, Two-way ANOVA). There was also an 

effect of genotype (p=0.043, F1,19= 4.856, Two-way ANOVA) but not treatment x genotype 

interaction (p=0.370). Notably, DAT-p53KO mice showed less of a decline in TH protein 

levels in striatum compared to WT mice (Fig. 3, p=0.025, post-hoc Student-Newman-Keuls 

Analysis, ANOVA, n=6 each groups). In light of evidence demonstrating that changes in TH 

fiber density in the SNpr reflect neuronal terminal damage in MA challenged mice in the 

absence of loss of DA neuronal numbers (Luo et al., 2010), we therefore next analyzed for 

differences in SNpr TH fiber density between DAT-p53KO and -WT mice after MA binge 

exposure. There was no effect of genotype (p=0.222, F1,66= 1.22) or treatment alone 

(p=0.247, F1,66= 1.367) but a significant effect of genotype x treatment was evident (p=0.01, 

F1,66= 7.104). In addition, consistent with previous results, we found that MA binge 

exposure significantly reduced the density of TH fibers within the SNpr in WT mice (Fig. 4, 

p<0.01, saline vs MA in WT mice, post hoc Newman-Keuls test, n=8 for saline and n=10 for 

MA). Of note, DA-specific deletion of p53 provided protection of TH-positive fibers within 

SNpr following MA binge treatment. (Fig. 4, MA binge groups, DAT-p53KO vs. -WT 

p=0.003, post hoc Newman-Keuls test, n=10; saline vs. MA in DAT-p53KO groups, 

p=0.320, n=8 for saline and n=10 for MA). In summary, MA exposure significantly 

decreased (i) TH protein levels in striatum, (ii) TH-immunoreactivity in SNpr, and (iii) DA 

p53 deletion rendered partial to complete protection of the axonal and dendritic terminals of 

the DA system.

Protection of DA terminals is sustained for up to 10 days after MA binge exposure

Repeated MA binge exposure during 8 hours could have a sustained subacute or chronic 

effect on the DA system. To evaluate this, we examined the survival of DA neurons at 10 

days following MA binge exposure using unbiased stereological quantification. Consistent 

with previous reports (Ricaurte et al., 1982, Boger et al., 2007), we did not observe a loss of 

DA neurons within the SN after MA binge exposure, nor a difference between WT and DA-

p53KO mice (Treatment: p=0.685, F1, 24=0.685), nor an effect of genotype (p=0.886, F1, 24 

=0.021) or interaction of treatment x genotype (p=0.782, F1, 24=0.0789). Of note, however, 

we observed a consistently lower density of TH fibers within the striatum at 10 days after 

MA binge (Effect of treatment, p<0.001, F1, 43 =79.833) with no effect of genotype or 

genotype x treatment. Post hoc analysis demonstrates higher density of TH fibers within the 

striatum in DAT-p53KO as compared to -WT mice at 10 days after MA binge exposure (Fig. 
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5, p<0.05, post hoc analysis); thereby confirming the protection that we observed at an 

earlier time (72 hours) in DAT-p53KO mice using a different analysis, and demonstrating 

that this was sustained to at least 10 days.

Treatment with a small molecule p53 inhibitor rescued the behavioral deficits induced by 
MA binge exposure in mice

As DAT-p53KO mice demonstrated protection against MA-induced rearing behaviors, we 

next evaluated whether administration of a p53 specific inhibitor (PFT-α) had any effect on 

MA binge-induced behavioral deficits. Vehicle (10% DMSO) treated mice challenged with 

MA binge exposure exhibited a decrease in rearing activity (70.7± 5.3% of the pre-MA 

exposure score, p<0.05, one way ANOVA, n=8–9) and rearing numbers (76.2± 4.7% of the 

pre-MA exposure score, p<0.01, one way ANOVA, n=8–9). In contrast, PFT-α treated 

animals demonstrated a higher rearing activity (101.2 ± 12.1% of their pre-MA exposure 

score) and rearing numbers (95.8± 5.3% of their pre-MA exposure score); indicating that 

pharmacological inhibition of p53 function by PFT-α protected mice from MA binge-

induced rearing activity deficits (p=0.07 for total rearing activity and p=0.005 for rearing 

number comparing MA±10% DMSO to MA+PFT-α treated mice, one way ANOVA, n=8–9, 

Fig. 6).

DA specific p53 deletion or PFT-α treatment did not alter hyperthermia induced by MA

We next examined whether protective effects of DA specific p53 gene deletion or PFT-α 
treatment are due to alterations in hyperthermia induced by MA binge, which is known to be 

necessary for MA-induced neurotoxicity (Miller and O’Callaghan, 1994). Core body 

temperature was measured before and at different time intervals after each MA injection 

(Fig. 7). Two-way ANOVA (Genotype and MA or saline injection) at each timepoint within 

data sets showed that MA binge exposure produced a significant hyperthermic response in 

both the WT and DA-p53KO mice (Effect: MA, p<0.001,, F1,27=281.312 for second 

injection, p<0.001, F1,27=446.410 for 3rd injection treatments and p<0.001, F1,27=146.299 

for last injection). However, there was no effect of genotype or genotype x MA treatment at 

any of the time points, suggesting that DA specific p53 knockout does not affect MA 

induced hyperthermia. Post hoc tests confirmed that MA binge induced hyperthermia in both 

WT and DA-p53KO mice at all of the post injection times (p<0.05) and that there was no 

difference between WT and DA-p53KO mice at any of these times (p>0.05). To determine 

whether PFT-α treatment could influence MA induced hyperthermia, PFT-α was 

administered at 30 min after the third and fourth MA injection, and body temperature was 

measured at 1hour after each of these MA injections. Two way ANOVA analysis for 

treatment and time showed that treatments and time demonstrated a significant change 

[F(treatment) (3,105) =142.307, p<0.001, F(time) (3,105) =19.083, p<0.001], and that there 

was an interaction between the two factors [F(treatment × time) (9,105) = 9.694, p<0.001]. 

Post hoc tests showed that A) MA-treated mice demonstrated an hyperthermic response, 

which was significantly different from the saline group after the 2nd, 3rd and 4th MA 

injections (p<0.001), B) PFT-α administration alone had no effect on body temperature at 

any time (p>0.05), and C) PFT-α co-administration with MA (MA+PFT-α group) did not 

significantly alter MA-induced hyperthermia at the 3rd MA injection (p>0.05) or 4th MA 

injection (p>0.05).
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In summary, taken as a whole our data demonstrates the occurrence of significant DA 

neuronal terminal loss in a repeated MA binge paradigm, which was partially protected by 

DA-specific p53 deletion. Behavioral benefits in vulnerability to MA binge exposure was 

also observed in DAT-p53KO as well as p53 inhibitor-treated mice, which are potentially 

mediated by p53 downstream genes that include BAX and p21.

Discussion

The p53 gene has been demonstrated to be essential for the natural neuronal apoptotic 

processes that occur within the central nervous system. For example, when p53 levels are 

reduced or absent in heterozygous and homozygous p53 KO mice, naturally occurring 

sympathetic neuronal death is inhibited (Aloyz et al., 1998). Although useful in evaluating 

the function of p53 under physiological and pathological conditions, such mouse models are 

potentially disadvantaged by abnormalities for example incomplete neural tube closure and 

other defects that have been reported to occur in embryos from p53 KO mice and result in 

their premature death in utero (Armstrong et al., 1995). In Adult p53 KO mice, p53 gene 

deletion has been described to lead to learning deficits and behavioral alterations (Amson et 

al., 2000). Hence, traditional knockout of p53 can introduce confounding factors into the 

interpretation of the results of studies elucidating mechanisms, such as tumor formation and 

altered general metabolisms. Therefore, to precisely evaluate p53 function in different neural 

systems and to evaluate p53’s role under different toxicological insults, it is critical to utilize 

cell type-specific p53 conditional knockout that we have recently generated and 

characterized (Filichia et al., 2015, Qi et al., 2016). In our DAT-p53KO mice, the p53 gene is 

deleted in DA neurons during the late developmental stage (starting from E16) and DA-

specific p53 deletion does not affect the general structure of the nigrostrial dopamine system 

or the general behavior of these mice, making them an ideal model to evaluate the role of 

p53 in DA neuronal survival and function under various pathological conditions as well as 

neurotoxic challenges (Qi et al., 2016). Our recent study using this mouse model has 

demonstrated that the p53 gene is critical in the death of DA neurons that occurs in the 

MPTP mouse model of Parkinson’s disease, but whether or not MA binge exposure induces 

apoptosis of DA neurons and the role that p53 plays in this process has not been examined in 

DA-specific p53 KO mice.

It is well established that MA can induce dopamine release and cause neurotoxicity of DA 

neurons both in vitro and in vivo. Whereas terminal damage in both the striatum and the SNr 

has been reported in many previous studies (Luo et al., 2010, Reiner et al., 2014, 

Ekthuwapranee et al., 2015), whether or not MA induces DA neuronal apoptosis or neuronal 

loss remains controversial. Studies have reported transient decreases of TH expression in 

both the striatum and SN. But this may be followed by a spontaneous recovery that then 

results in an apparent lack of dopaminergic neuronal loss within the SN in rodents (Ricaurte 

et al., 1982, Krasnova and Cadet, 2009, Luo et al., 2010). As the p53 gene is a master 

regulator of apoptosis and neuronal terminal damage, we therefore examined whether p53 

affects the neurotoxicity of MA and whether regulation of apoptosis or neuronal terminal 

damage through p53 is involved in MA neurotoxicity in dopaminergic neurons. Our data 

shows that dopaminergic-specific p53 gene inactivation protects the dopaminergic system in 

mice subjected to binge MA exposure. In WT mice, MA binge exposure resulted in a 
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significant decline in rearing activity and rearing numbers, as assessed at 24 hours. In 

contrast, DAT-p53KO mice showed attenuated deficits in rearing activities when compared 

to WT mice. In accord with this behavioral data, both TH protein levels in the striatum and 

TH-positive dentritic processes in the SNr of WT mice were reduced by MA binge exposure, 

whereas DAT-p53KO mice showed alleviated terminal damage in both the striatum and SNr 

that was maintained for up to 10 days after MA binge exposure. Notably, although p53-

related pathway genes were upregulated by MA binge exposure, we did not observe loss of 

TH-positive neurons at 10 days following MA binge, consistent with previous studies 

(Ricaurte et al., 1982, Krasnova and Cadet, 2009, Luo et al., 2010). Specifically, our data 

shows that MA binge exposure in WT mice upregulated the p53 gene and select p53 

downstream targets (BAX and p21). However, the lack of a TH-positive neuron loss at later 

stages suggests that rather than mediating neuronal cell death, p53 may instead have a role in 

regulating the neuronal terminal damage evident in MA-induced toxicity. In support of this, 

studies by Gliman et al., (Gilman et al., 2003) and Merlo et al. (Merlo et al., 2014) have 

demonstrated that p53 is present in synaptic terminals, has the ability to regulate 

synaptosome survival, and plays a role in synaptic plasticity and function. Additionally, our 

data shows that unlike MPTP-induced DA neuronal death, in which the PUMA gene plays 

an essential role (as evident in our recent study (Qi et al., 2016)), MA binge exposure 

induced the upregulation of BAX but not the PUMA gene. This suggests that, as recently 

described, p53 and BAX are involved in mediating either neuronal terminal degeneration or 

cell body apoptosis (Cusack et al., 2013) that is selectively regulated through distinct 

pathways. This can be considered essential to support the extensive neuronal apoptosis and 

axon pruning that are each separately required when establishing specific neuronal circuits 

during development, as well as to the selective pruning of axons that is continuously 

necessary to permit plasticity in the adult nervous system (Dorszewska, 2013, Merlo et al., 

2014). Notably, our data shows that DAT-p53KO mice demonstrate a reduced up regulation 

of distinct sets of p53 target genes (BAX and p21), in line with a role of p53 in axon-specific 

terminal degeneration.

Alterations in p53 mRNA and protein expression have been associated with neuronal 

damage in a variety of in vivo and in vitro model systems that include ischemia, Parkinson’s 

disease and TBI (Greig et al., 2004, Raghupathi, 2004, Gudkov and Komarova, 2010, 

Checler and Alves da Costa, 2014). The role of p53 in the pathophysiology of central 

nervous system injuries remains complex and warrants further elucidation, particularly in 

light of a non-apoptotic role for p53 in the promotion of neuronal and axonal regeneration 

after cellular insults (Tedeschi and Di Giovanni, 2009). A number of these different effects 

likely relate to multiple factors that include the cell types involved, their microenvironment 

and both the form and severity of injury incurred, in addition to when p53 activity and its 

involved signaling pathways are evaluated (Tedeschi and Di Giovanni, 2009, Dorszewska, 

2013, Jebelli et al., 2014, Merlo et al., 2014, Wang et al., 2014). In relation to MA 

neurotoxicity, p53 is implicated based on the finding of attenuated MA neurotoxicity in 

traditional p53 KO mice (Hirata and Cadet, 1997). MA binge exposure has been reported to 

induce the expression of multiple genes related to cell death or neuronal terminal damage 

(Jayanthi et al., 2001, Jayanthi et al., 2005), including p53 (Asanuma et al., 2002). In a 

previous study, MA binge exposure increased p53-DNA binding activity in the nigrostriatal 
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system, which was markedly attenuated in Cu, Zn-superoxide dismutase transgenic mice but 

not affected by treatment with N-methyl-D-aspartate or D1 receptor antagonists (Asanuma 

et al., 2002). These results suggest that oxidative stress might be involved in p53 activation 

following MA binge exposure; but whether or not this is related to dopamine D1 receptor 

dependent endoplasmic reticulum stress mediated gene expression regulation warrants 

further investigation (Jayanthi et al., 2009). Recently, the BAX gene has been reported to be 

involved in axonal protection (Schoenmann et al., 2010) and the p21 gene described 

upregulated by MA exposure and involved in cellular senescence induced by MA(Astarita et 

al., 2015). Hence, our results indicating that both BAX and p21 gene expression are 

diminished in our DAT-p53KO mice following MA binge exposure supports the hypothesis 

that these genes are key regulators of MA-induced neurotoxicity through the p53 pathway. 

Validating our DAT-p53KO studies, treatment with a small chemical p53 inhibitor (PFT-α), 

known to be effective in neuronal cells in culture and in vivo studies (Zhu et al., 2002), 

attenuated the behavioral deficits induced by MA binge exposure. It is known that p53 can 

induce its biological response through the transcriptional transactivation of specific target 

genes (Greig et al., 2004, Gudkov and Komarova, 2010, Wang et al., 2014). PFT-α is 

reported to affect both the transcriptional and mitochondrial activity of p53 (Culmsee et al., 

2001, Endo et al., 2006), which makes it difficult to distinguish between the two distinct 

mechanisms when utilizing this agent. In contrast, treatment with the small molecular 

weight compound PFT-μ can completely inhibit such mitochondrial p53-dependent 

apoptosis without impacting p53 transcriptional activity (Strom et al., 2006, Gudkov and 

Komarova, 2010). Models that could permit the separation of these factors to allow the 

characterization of p53 actions in neurons are thus important. In future studies, it would be 

interesting to compare the efficacy of specific inhibitors (such as PFT-α or PFT-μ to 

differentiate transcriptional and mitochondrial mechanisms underpinning p53 action) both in 

characterizing mechanisms that underlie MA-induced neurotoxicity and developing 

strategies to protect against it.
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Figure 1. 
p53 gene deletion in dopaminergic neurons results in attenuated behavioral deficits in 

rearing activities induced by MA binge exposure. (A) total rearing activities (sum of time in 

rearing positions) and (B) total rearing numbers are both decreased after MA binge 

exposure, but DA-p53KO mice showed less decrease compared to -WT mice. Data are mean 

± SE. *P<0.05 for WT vs DA-p53KO after MA, Two way ANOVA. n=17–19 per group.
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Fig 2. 
Dopaminergic neuronal-specific p53 deletion results in differential gene transcriptional 

regulation in SN after MA binge exposure. Brain tissues were obtained 48 hours after MA 

binge challenge. qPCR analysis was conducted to determine the expression level of HPRT, 

p53, Bcl2, BAX, PUMA, p21, Iba1 and GFAP in DAT-p53KO and -WT mice. At this 48 

hour time point, MA binge exposure induced upregulation of BAX, p21 and GFAP genes 

and these upregulations were attenuated in DA-p53KO mice. Data are shown as mean ± 

SEM. * and ** indicates p<0.05 or p<0.01, & indicates p=0.08 in MA binge exposed WT 

mice compared to saline injected mice. #, or ## indicates p<0.05 or p<0.01 in MA injected 

DAT-p53KO vs. -WT mice, n=8–10 for each group.
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Fig 3. 
p53 gene deletion in dopaminergic neurons results in moderate protection of TH protein 

levels in striatum after MA binge exposure in DAT-p53KO mice. Brain tissue (striatum) was 

collected at 72 hours after MA binge challenge. Protein levels of TH in striatum (A) were 

examined by Western blot analysis. Actin was used as a loading control. (B) Quantification 

of data in (A) shows that MA binge exposure leads to a decrease in TH protein levels in 

striatum in WT animals, and this decrease in TH protein level is attenuated in DA-p53KO 

mice. Data are mean ± SEM. * p<0.05 DAT-p53KO vs. -WT mice after MA binge exposure. 

The data was analyzed by two-way ANOVA, with Newman–Keuls post hoc tests. n=4–6 for 

each group.
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Figure 4. 
p53 gene deletion in dopaminergic neurons results in protection against a decline in TH-

immunoreactivity in SNpr following MA binge exposure, as evaluated at 72 hours. (A) TH 

immunostaining indicates that MA exposure led to a reduction in TH-immunoreactivity 

within the SNpr in WT mice but not DAT-p53KO. Calibration bar =100 um. (B) TH-

immunoreactivity fiber density analysis indicated MA exposure reduced TH-

immunoreactive fiber density within the SNpr in WT but not DAT-p53KO mice following 

MA binge exposure. (MA binge exposure groups, DAT-p53KO vs. -WT **, p=0.003), n=8 

for saline groups and n=10 for MA exposed groups.
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Figure 5. 
Dopaminergic specific p53 deletion sustained the protection of DA terminals within the 

striatum, as evaluated at 10 days following MA binge exposure. (A) No loss of TH positive 

neurons was evident within the SN of MA injected WT or DA-p53KO mice, (B) which was 

confirmed by unbiased stereological counts. (C) MA binge led to a decrease in striatal TH 

immunoreactivity density in both WT and DA-p53KO mice when evaluated 10 days after 

MA binge. Notable, however, DA-p53KO mice continue to demonstrate a higher density of 

TH-immunoreactivity within the striatum vs. -WT mice at 10 days after MA binge exposure 

(D). *** indicates p<0.001 compared to saline injected mice and # indicates p<0.05 WT vs 

KO mice=7–8 for each group). (Calibration bar =100 um).
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Figure 6. 
Treatment with the p53 inhibitor PFT-α rescued the behavioral deficits evident in MA binge 

exposed mice. Vehicle (10% DMSO) treated mice that received MA binge exposure 

demonstrated a reduction in both rearing activity and rearing number (*p<0.05 or ** p<0.0, 

ANOVA, n=8–9). PFT-α treated animals exhibited higher rearing activity (p=0.07 vs. MA 

+10%DMSO) and rearing number (##, p=0.005 vs. MA +10% DMSO. One way ANOVA, 

n=8–9 for each group).
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Figure 7. 
DA specific p53 deletion or PFT-α treatment did not alter hyperthermia induced by MA. (A) 

Repeated MA injection led to hyperthermia in both WT and DA-p53KO mice and there was 

no significance between the temperature in these WT and KO mice. (B) treatment with PFT-

α at 30 min after the third and fourth MA injections did not significantly alter MA-induced 

hyperthermia. Data is presented as mean core temperature (°C) at the indicated times ± SD. 

Repeated measures two-way ANOVA followed by Bonferroni post hoc analysis, ***p<0.001 

MA vs. saline (n=7–8 for each group).
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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-3′

Reverse Primer: 5′-AAG ACA TTC TTT CCA GTT AAA GTT GAG-3′

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: Universal Probe Library: Probe 4 - Roche

Bcl2: Forward Primer: 5′-GTA CCT GAA CCG GCA TCT G-3′

Reverse Primer: 5′-GGG GCC ATA TAG TTC CAC AA-3′

Probe: Universal Probe Library: Probe 75 - 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

p21: Forward Primer: 5′-ACA TCT CAG GGC CGA AAA C-3′

Reverse Primer: 5′-GCG CTT GGA GTG ATA GAA AT-3′

Probe: Universal Probe Library: Probe 16 - Roche

Iba1: Forward Primer: 5′-GGA TTT GCA GGG AGG AAA A-3′

Reverse Primer: 5′-TGG GAT CAT CGA GGA ATT G-3′

Probe: Universal Probe Library: Probe 3 - Roche

GFAP: Forward Primer: 5′-TGG AGG AGG AGA TCC AGT TC-3′

Reverse Primer: 5′-AGC TGC TCC CGG AGT TCT-3′

Probe: Universal Probe Library: Probe 69 - Roche
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