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Tp53 gene mediates distinct dopaminergic neuronal 
damage in different dopaminergic neurotoxicant 
models

Neuronal Damage Caused by 
Methamphetamine (MA)
MA is a potent psycho-stimulant with an extremely high 
potential for dependency and abuse. Long term usage 
of MA has been associated with neurological functional 
changes in both animals and humans. Several hypotheses 
regarding the mechanism underlying MA-induced neu-
rotoxicity have been proposed. In particular, it is thought 
that endogenous dopamine (DA) in the striatum may 
play an important role in mediating MA-induced neuro-
nal damage. MA induces redistribution of DA from the 
vesicular storage pool to the cytoplasm, where DA can 
oxidize to produce quinones and additional reactive oxy-
gen species. This mechanism may account for its selective 
neurotoxicity in DA systems. MA selectively injures the 
neurites of DA neurons, promotes a severe loss of dopa-
minergic axonal arborization, and profoundly decreases 
striatal DA levels. Chronic MA exposure might lead to 
a wider spread of neurotoxicity in the brain. In an early 
morphological study, Miyakawa et al. (1969) adminis-
tered MA to guinea pigs at a rate of 1 mg/kg per day for 
up to 1 year. A coalescence of axonal membranes with 

those of the terminals and dendrites as well as an increase 
in the number of coated vesicles were reported through-
out the telencephalon and diencephalon. These observa-
tions might be related to the neurological and psychiatric 
symptoms observed in humans who chronically abuse 
MA. Swollen nerve fibers in the striatum following re-
peated MA exposure were later reported by other studies 
as well (Kita et al., 2003). These aforementioned studies 
clearly demonstrate that MA exposure could cause nerve 
terminal degeneration. 

Apoptotic Pathway Activated by MA Exposure
A relationship between the apoptotic pathway and 
MA-induced neurotoxicity has been suggested through 
reports of appropriate evidence for activation of apoptotic 
pathways during the toxic response to MA. For example, 
Cadet and coworkers have studied the degenerative pro-
cesses in the central nervous system via apoptotic path-
ways caused by neurotoxic doses of MA. They reported 
that MA caused dose-dependent apoptosis and loss of 
cellular viability in immortalized neural cells, whereas 
neural cells overexpressing bcl2 were protected against 
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these deleterious effects (Cadet et al., 2005). Immuno-
cytochemistry analysis revealed a marked increase in 
cytochrome c release from mitochondria in the rat brain 
after MA exposure, which is correlated with caspase-9, 
caspase-6, and caspase-3 activation. These results suggest 
that cellular death genes in the apoptotic pathway may 
play an important role in terminal degeneration caused 
by MA application. 

Whereas terminal damage in both the striatum and 
the substantia nigra pars recitulata has consistently been 
reported in many previous studies, whether or not MA 
induces DA neuronal apoptosis or neuronal loss in vivo 
remains controversial. It has been reported that transient 
decreases of tyrosine hydroxylase (TH) expression in 
both the striatum and substantia nigra (SN) is followed 
by a spontaneous recovery that then results in an appar-
ent lack of dopaminergic neuronal loss within the SN in 
rodents (Luo et al., 2010). Since the Tp53 gene is a master 
regulator of apoptosis and neuronal terminal damage, we 
therefore examined whether Tp53 affects the neurotoxici-
ty of MA and whether regulation of apoptosis or neuronal 
terminal damage through Tp53 is involved in MA neuro-
toxicity in dopaminergic neurons in vivo (Lu et al., 2017).

Tp53 and Neurotoxicity Induced by MA
Apoptosis-inducing transcription factor Tp53 is a pleio-
tropic protein involved in a very large number of bio-
logical processes, including cell cycle regulation, cell 
differentiation, and apoptosis. It is implicated in MA 
neurotoxicity based on the findings of attenuated MA-in-
duced dopaminergic cell damage, especially in dopami-
nergic terminals, in Tp53-knockout (KO) mice (Hirata 
and Cadet, 1997). In a previous report, repeated MA 
injections increased Tp53-DNA binding activity in the 
striatum, which was markedly attenuated in Cu, Zn-su-
peroxide dismutase transgenic mice, but not affected by 
treatment with N-methyl-D-aspartate or D1-receptor 
antagonists. These authors indicate that Tp53 activation 
might be part of the mechanism that causes the long-term 
deleterious and neurotoxic effects of MA on the cerebral 
dopaminergic system. In adult Tp53 KO mice, tradition-
al Tp53 gene deletion has been described as leading to 
learning deficits and behavioral alterations. Therefore, 
to precisely evaluate Tp53 function in different neural 
systems and to evaluate Tp53’s role under different toxi-
cological insults, it is critical to utilize a cell type-specific 
Tp53 conditional knockout that we have recently gener-
ated and characterized. Utilizing this DA-specific Tp53 
KO mouse model, we evaluated the role of Tp53 in do-
paminergic neurotoxicity in a MA binge model. Notably, 
although Tp53 pathway-related genes were upregulated by 
MA binge exposure, we did not observe loss of TH-pos-

itive neurons at 10 days following MA binge, consistent 
with previous studies. Despite the absence of DA neuro-
nal loss in the MA binge model, we observed attenuated 
neurotoxicity in DA-specific Tp53 KO mice in terms of 
neuronal terminal damage and behavioral outcomes. This 
suggests that rather than inducing DA neuronal apoptosis 
and cell death, Tp53 may instead have a role in regulating 
the neuronal terminal damage evident in MA binge mod-
els. In support of this, previous studies have demonstrated 
that Tp53 is present in synaptic terminals, has the ability 
to regulate synaptosome survival, and plays a role in syn-
aptic plasticity and function (Gilman et al., 2003). Recent-
ly, it has been reported that Tp53 and Bax are involved in 
mediating either neuronal terminal degeneration or cell 
body apoptosis (Cusack et al., 2013) that is selectively reg-
ulated through distinct pathways. This can be considered 
essential to support the extensive neuronal apoptosis and 
axonal pruning that are each separately required when es-
tablishing specific neuronal circuits during development, 
as well as to support the selective pruning of axons that 
is continuously necessary to permit plasticity in the adult 
nervous system. 

Tp53 as a Signaling Hub
As a master regulator of many pathways that regulates 
apoptosis and synaptic terminal damages, it is possible 
that Tp53 may function as a signaling hub to integrate 
different signaling pathways to mediate distinctive tar-
get pathways (Table 1). The topic of cell death in PD 
has been summarized in excellent reviews (Burke, 2007; 
Perier et al., 2012; Venderova and Park, 2012). Tp53 im-
munoreactivity is increased in brains of PD patients and 
is accompanied by an increased phosphorylation of p38 
MAPK, which phosphorylates and stabilizes Tp53. It has 
been reported that neuroprotective effects of delta opioid 
(D-Ala 2, D-Leu 5) enkephalin (DADLE) against MA 
neurotoxicity was accompanied by attenuation of mRNA 
expression of a tumor necrosis factor Tp53 (Borlongan et 
al., 2004). Imam et al. (2005) found an induction of Tp53 
was observed in Nurr1+/– mice, while MA significantly 
increased Tp53 levels in Nurr1+/– mice as compared with 
wild-type. This might be one of the potential mechanisms 
for the previously reported data that demonstrated that 
reduced expression of Nurr1 increases the vulnerability 
of mesencephalic dopamine neurons to dopaminergic 
toxins, as reported by us and others (Luo et al., 2010). In 
a previous study, we also demonstrated that inhibition of 
Drp1-mediated mitochondrial fission by the P110 peptide 
mitigated 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP)-induced loss of dopaminergic neurons, inhib-
ited MPTP-induced reduction in striatal dopaminergic 
neuronal terminal density, and attenuated the behavioral 
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deficits induced by MPTP. Our data showed that this neu-
roprotection provided by the P110 treatment might be a 
result of inhibition of the Drp1-dependent Tp53-mediated 
apoptotic pathway (Filichia et al., 2016). Consistent with 
the potential role of Tp53 and BAX in neuronal cell body 
apoptosis, in a previous study using the same dopaminer-
gic neuron-specific Tp53 conditional knockout mouse, 
we have demonstrated that dopaminergic neuron-specific 
deletion of Tp53 gene attenuates DA neuronal death in 
the MPTP mouse model of Parkinson’s disease and atten-
uates MPTP-induced Bax upregulation (Qi et al., 2016). 
Previously, traditional Tp53 KO mice demonstrated a 
global role of Tp53 in MPTP-induced apoptosis in DA 
neurons (Trimmer et al., 1996; Perier et al., 2007). More-
over, inhibition of Tp53 function by pharmacological 
inhibitors or a dominant negative form of Tp53 provided 
protection to DA neurons in MPTP animal models or 
6-OHDA in vitro cell models (Duan et al., 2002; Biswas et 

Figure 1 Bimodal mechanism of Tp53 in dopaminergic (DA) 
neuronal death or neuronal terminal damage. 
Differential gene targets for cell death vs. terminal damages are summa-
rized. References for gene targets are included in Table 1. 

Table 1 Summary of Tp53 involvement in neuronal degeneration

Model systems Stress Cellular effect Upstream regulator Target genes References

PC12 MPP+ Tp53 upregulation – PCNA Li et al., 2016
SH-SY5Y cells Rotenone apoptosis – Bcl2, Bax Feng et al., 2015
In vivo Cypermethrin Tp53 upregulation – – Agrawal et al., 2015
PC12 cells Rotenone apoptosis p38 Bax Wu et al., 2013
Primary DA 
neurons

Neriifolin Cell death – – Sun et al., 2012

Primary DA 
neurons

Desferoxamine Cell death Opioid receptors – Sun et al., 2011

PC12 cells 6-OHDA Cell death – PUMA Biswas et al., 2005
In vivo 6-OHDA Cell death NF-κB – Liang et al., 2007
SH-SY5Y cells 6-OHDA apoptosis ROS Bax/Bcl2 Jaisin et al., 2011
Primary DA 
neurons

6-OHDA Cell death and terminal 
damage

– PUMA Bernstein et al., 2011

Primary DA 
neurons

Lactacystin Cell death Proteosome inhibition/
autophagy

Caspases Du et al., 2009

In vivo MPTP Cell death – – Trimmer et al., 1996

In vivo MPTP Cell death Bax Duan et al., 2002

In vivo MPTP Cell death – Bax Perier et al., 2007

In vivo MPTP Cell death p38 PUMA, Bax
NOXA

Karunakaran et al., 
2008

In vivo MPTP Cell death Mitochondrial fission PUMA, Bax Filichia et al., 2016; Qi 
et al., 2016

Motor neurons Axotomy Cell death – NOXA Kiryu-Seo et al., 2005

In vivo Methamphetamine Cell death and terminal 
damage

– – Hirata and Cadet, 
1997

In vivo Methamphetamine Cell terminal damages – P21, Bax Lu et al., 2017

Primary neurons Dysbindin-1 mutation Neurite deficits Dysbindin-1 p21, Rab13, Coronin 
1b

Ma et al., 2011

Motor neurons Axotomy Neurite damage and 
regeneration

– GAP-43 Tedeschi et al., 2009

MPP+: 1-Methyl-4-phenylpyridinium; DA: dopaminergic; 6-OHDA: 6-hydroxydopamine; NF-κB: nuclear factor kappaB; ROS: reactive oxygen 
species; MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.

Tp53 mediated terminal damages
Bax
p21

Rab13
GAP43

Tp53 mediated cell death
Bax/Bcl2

PUMA
NOXA
Apaf1DA neuron 
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al., 2005; Bernstein et al., 2011). In addition to neurotoxi-
cant-induced DA damage, Tp53 might be involved in DA 
damage caused by other factors. Duplan et al. (2016) have 
identified α-synuclein, a key protein that accumulates in 
PD-related Lewy bodies, as a new transcriptional target 
of Tp53 and delineated a cellular mechanism feeding 
the accumulation of toxic aggregated α-synuclein in PD. 
Pharmacological and genetic upregulation of Tp53 ex-
pression leads to a strong increase of α-synuclein protein, 
promoter activity, and mRNA levels. Moreover, during 
development and differentiation of DA neurons, it has 
also been reported that suppression of Tp53, in conjunc-
tion with cell cycle arrest at G1 and maintenance of an ap-
propriate extracellular environment, markedly increases 
the efficiency in the transdifferentiation of human fibro-
blasts to induced dopaminergic (iDA) neurons by Ascl1, 
Nurr1, Lmx1a and miR124 (Jiang et al., 2015). All the 
aforementioned studies indicate that Tp53 plays a key role 
in dopaminergic neurotoxicity in different neurodegen-
erative models as it has been widely demonstrated now 
that both genetic KO and pharmacological inhibition of 
Tp53 shows a protective effect to dopaminergic neuronal 
damage. It has also been shown that post-translational 
modification of Tp53 protein by PARP-1 stabilizes Tp53 
and alters its transaction of downstream genes in MPTP 
models, suggesting additional means for Tp53 to incorpo-
rate signals from various pathways (Mandir et al., 2002). 

Conclusion and Summary
Traditionally, Tp53 is a major neuronal pro-apoptotic fac-
tor that is the center of gravity of multiple physiological 
and pathological cascades, some of which are implicated 
in several key neurodegenerative disorder-linked pro-
teins. The role of Tp53 in the pathophysiology of central 
nervous system injuries remains complex and warrants 
further elucidation, particularly in light of recent findings 
of the involvement of Tp53 function in mediating either 
neuronal terminal degeneration or cell body apoptosis 
(Cusack et al., 2013) that is selectively regulated through 
distinct pathways (Figure 1). Our studies in both MPTP 
and MA binge models using DA-specific Tp53 KO mice 
support this hypothesis as DA-specific Tp53 deletion 
showed protection in the DA system both in the pres-
ence (MPTP model) and absence (MA binge model) of 
DA neuronal death. In addition, our data showed that 
although MPTP and MA binge exposure both induced 
Tp53 gene expression, distinct downstream genes are 
upregulated in these two different models (PUMA in 
the MPTP model and Bax/p21 in the MA binge model), 
which might contribute to the different types of neuro-
toxicity in the DA system. It is possible that the Tp53 gene 
serves as an information and signaling hub which allows 
it to evaluate the microenvironment of neurons, assess the 

forms and severities of injury incurred, and determine 
whether apoptotic cell death or neuronal terminal degen-
eration occurs. Moreover, it is now known that Tp53 can 
induce biological responses through both its transcrip-
tional and mitochondrial activity. Recently, mitochondrial 
Tp53 inhibitor pifithrin-mu has been reported to atten-
uate MPTP neurotoxicity (Shin et al., 2016). Whether 
these two distinct molecular mechanisms of Tp53 activity 
contribute to distinct types of neuronal damage (apoptotic 
and non-apoptotic) still warrants further investigation. 
Identification of the precise mechanisms activated in dis-
tinct neuronal damage caused by different forms and se-
verities of injuries might allow for development of specific 
Tp53 inhibitors or ways to modulate distinct downstream 
target pathways involved. 
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