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Abstract 

Methamphetamine (METH) exerts significant neurotoxicity in experimental animals and humans when 
taken at high doses or abused chronically. Long-term abusers have decreased dopamine levels, and they 
are more likely to develop Parkinson’s disease (PD). To date, few medications are available to treat the 
METH-induced damage of neurons. Glial cell line-derived neurotrophic factor (GDNF) has been 
previously shown to reduce the dopamine-depleting effects of neurotoxic doses of METH. However, 
the effect of cerebral dopamine neurotrophic factor (CDNF), which has been reported to be more 
specific and efficient than GDNF in protecting dopaminergic neurons against 6-OHDA toxicity, in 
attenuating METH neurotoxicity has not been determined. Thus, the present study aimed to evaluate 
the neuroprotective effect of CDNF against METH-induced damage to the dopaminergic system in vitro 
and in vivo. In vitro, CDNF protein increased the survival rate and reduced the tyrosine hydroxylase (TH) 
loss of METH-treated PC12 cells. In vivo, METH was administered to rats following human CDNF 
overexpression mediated by the recombinant adeno-associated virus. Results demonstrated that 
CDNF overexpression in the brain could attenuate the METH-induced dopamine and TH loss in the 
striatum but could not lower METH-induced hyperthermia.  
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Introduction 
The United Nations Office of Drug and Crime 

estimated that between 13.94 and 53.81 million people 
used an amphetamine-like substance at least once in 
2012, and the number of abusers has been increasing 
in the past 10 years (World Drug Report 2014). 
Methamphetamine (METH), a derivative of 
amphetamine, is abused worldwide [1]. When taken 
at high doses or chronically, METH may result in 
significant damage in the brain, especially to the 
dopaminergic system. Long-term abusers have 
decreased levels of dopamine and dopamine 
transporters as well as prominent microglial 
activation in the striatum and other areas of the brain, 
changes similar to those observed in Parkinson’s 

disease (PD) patients [2]. Furthermore, METH users 
are almost two to three folds as likely as non-users to 
develop PD, even though METH abuse and PD have 
distinct symptomatic profiles [2, 3]. However, few 
specific medications counteracting the neurotoxicity 
of METH are available. 

Cerebral dopamine neurotrophic factor (CDNF) 
is a member of the MANF family of proteins and is 
abundantly produced in various brain tissues of adult 
mice, such as the cortex, hippocampus, substantia 
nigra (SN), cerebellum and locus coeruleus [4]. It 
appears to be more specific and effective for 
dopaminergic neurons than other known trophic 
factors, such as glial-derived neurotrophic factor 
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(GDNF) [5, 6] and brain-derived neurotrophic factor 
(BDNF) [7]. Human CDNF protein injected into the 
rat striatum has been shown to exhibit a substantial 
neuroprotective effect against 6-OHDA lesions and 
improve the abnormal behavior of animals [4, 8]. 
Furthermore, adeno-associated virus 2 (AAV2)- 
mediated gene delivery of human CDNF into the rat 
brain has been demonstrated to exert a long-term 
protective effect on dopaminergic neurons in 
6-OHDA-induced PD rat models [9]. Moreover, 
CDNF was suggested to have great therapeutic 
potential in treating human PD patients.  

GDNF and other neurotrophic factors belonging 
to the GDNF family are reported as potential effective 
candidates for attenuating METH neurotoxicity in the 
dopaminergic system. They have been found effective 
in increasing the striatal dopamine content of 
METH-treated rats [10, 11] and persistently 
attenuating METH self-administration and relapse in 
mice [13]. However, the neuroprotective effect of 
CDNF against METH toxicity has been unknown. 
Thus, this study mainly aimed to determine the effect 
of CDNF on METH-induced neurotoxicity in vitro and 
in vivo.  

Materials and methods 
Animals 

Adult male Wistar rats weighing 180–250 g were 
used for all experiments. They were housed three per 
cage under a 12 h light/dark cycle in a 
temperature-controlled room (21–23°C). Food and 
water were available ad libitum. All animal procedures 
were conducted in strict accordance with the National 
Institutes of Health Guide for the Care and Use of 
Laboratory Animals and were approved by the 
University Committee on the Use and Care of 
Animals of Jilin University of China. All surgeries 
were performed under anesthesia, and all efforts were 
made to minimize suffering of animals. 

Cell lines 
PC12 cells were used as a model of 

dopaminergic neurons in vitro, and HEK 293T cells 
were used to produce CDNF protein and recombinant 
adeno-associated virus (rAAV) vectors. Both cell lines 
were purchased from ATCC and were routinely 
maintained in Dulbecco’s modified Eagle medium 
containing 10% (v/v) fetal bovine serum (FBS), 100 
U/mL penicillin and 100 µg/mL streptomycin at 37°C 
in a humidified atmosphere of 95% air and 5% CO2. 
The culture medium was changed every two or three 
days.  

Production of rAAV vectors  
The cDNA encoding human CDNF or red 

fluorescent protein (RFP) was cloned into the 
pAAV-CAG-MCS vector. The rAAV packaging 
method has been reported previously [12]. The titers 
of the rAAV vectors, named AAV8-CDNF and 
AAV8-RFP, were 2.8 × 1013 and 1.8× 1013 vg/mL 
respectively. 

Preparation of CDNF proteins 
The human CDNF gene was constructed and 

cloned into the VR1012 vector. The resulting plasmid 
designated as pVR1012-CDNF-his-tag was transfected 
into HEK 293T cells to express and secrete CDNF 
proteins into the medium with the help of a signal 
peptide. The medium was harvested 72 h post 
transfection for further purification of CDNF proteins 
using Ni-NTA spin columns. The purity of the CDNF 
proteins surpassed 90%, reaching 0.4 mg/mL after 
concentration. 

PC12 cell survival and TH levels  
PC12 cells were incubated with CDNF (1 μM) for 

4 h and then with METH (4 mM) dissolved in medium 
without FBS. PC12 cell survival was measured by the 
MTT assay at 24 h post METH incubation. For TH 
expression detection, PC12 cells were pre-incubated 
with CDNF (1 μM) followed by the addition of METH 
(2 mM). At 24 h post METH incubation, PC12 cells 
were harvested to detect TH levels by Western blot. 

Stereotaxic microinjections 
Rats were anesthetized by intraperitoneally (i.p.) 

administered pentobarbital sodium (60 mg/kg). The 
rAAV8 vector (AAV8-CDNF) or PBS was unilaterally 
injected into the right striatum using two coordinates 
relative to the bregma and dura: (A/P + 0.5 mm, L/M 
-2.0 mm, D/V -5.0 mm) and (A/P + 0.5 mm, L/M -3.8 
mm, D/V -5.0 mm) according to the Paxinos and 
Watson's rat brain atlas (Figure 2A). The viral vector 
(1 × 1010 vg in 2 μL PBS) or PBS alone (2 μL) was 
microinjected into each site at a rate of 0.25 μL/min 
using a syringe pump. The syringe was left in place 
for 8 min and then raised slowly out of the brain over 
2 min. 

METH administration 
In this study, rats repeatedly given high-dose 

METH were used as models. Three weeks after 
microinjection of rAAV8 vector or PBS, rats were 
randomly divided into four groups designated as 
follows: AAV8-CDNF/METH (C/M), vehicle/METH 
(V/M), AAV8-CDNF/saline (C/S) and vehicle/saline 
(V/S). Animals were injected (i.p.) with either METH 
(7.5 mg/kg × 4) or saline (1 mL/kg × 4) at 2 h 
intervals. Rectal temperature was taken during the 
process. 
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Tissue collection and high performance liquid 
chromatography (HPLC) analysis 

At the end of the experiments, the animals were 
killed by decapitation while still anesthetized with 
pentobarbital sodium. The brains were removed 
rapidly and chilled in ice-cold saline. The whole brain 
was separated into two hemispheres to distinguish 
the injected side and the non-injected side. The 
striatum was dissected from each half of the slice as a 
single piece. The tissue pieces were placed in 
pre-weighed vials, weighed and frozen in liquid 
nitrogen. Samples were stored at -80°C until assayed 
by HPLC. 

For determining dopamine content, the samples 
were sonicated in 300 μL of cold 0.1 M perchloric acid 
containing dihydroxybenzylamine as an internal 
standard. After centrifuging samples for 5 min at 
13,500 × g, the supernatant was diluted with HPLC 
mobile phase and injected (50 mL) onto the HPLC 
column. The mobile phase consisted of sodium acetate 
(0.1 M), EDTA (0.1 mM) and methanol (10%) and was 
adjusted to pH 5.1 with glacial acetic acid, filtered and 
degassed. A C18 column (150 mm × 4.6 mm i.d., 5 µm) 
was used for separations with a flow rate of 0.7 
mL/min. 

Immunohistochemistry 
Seven days after METH or saline treatment, rats 

were anesthetized and perfused with saline and 4% 
paraformaldehyde in 0.01 M PBS. Brains were 
removed, postfixed in 4% paraformaldehyde 
overnight and then dehydrated with 20% gradient 
and 30% gradient sucrose–PBS solutions. Brain tissues 
were frozen in isopentane and kept at −80°C for 
further immunohistochemical procedures. To avoid 
confusion of the AAV8-CDNF-injected and 
non-injected brain hemispheres, the two hemispheres 
of each brain were separated before embedding and 
then separately frozen.  

Coronal brain sections (30 μm-thick) from the 
entire substantia nigra pars compacta (SNc) and a 
large part of the striatum were prepared on a slicing 
vibratome and collected in a 6-well plate. Every 6th 
section of a brain was collected in a well. Sections 
containing the SNc and striatum were selected 
according to Paxinos & Watson's rat brain atlas, with 
the rostro-caudal extent of the SNc being between 
−4.8 mm and −6.12 mm and the rostro-caudal extent 
of the striatum being between +2.16 mm and −0.24 
mm with respect to the bregma. Free-floating staining 
procedures were conducted to reveal TH and CDNF 
using an immunoperoxidase. Briefly, sections were 
placed in citrate buffer to retrieve antigens and 
washed in PBS-Triton X-100 (0.2%) for 3 × 10 min and 
then rinsed in 0.3% hydrogen peroxide to quench the 

endogenous peroxide. Appropriate primary 
antibodies [mouse anti-TH (diluted 1:200, Sigma) or 
rabbit anti-CDNF (diluted 1:500, Abcam)] were 
incubated with sections at 4°C overnight. The 
horseradish peroxidase (HRP)-labeled secondary 
antibodies were developed by a peroxidase reaction 
with diaminobenzidine (DAB) as the chromagen. 
Three representative sections per rat were used in 
quantifications.  

Western blotting analysis 
The Western blotting analysis was conducted as 

in our previous work [13]. TH expression was 
quantified with respect to the signals of the 
corresponding GAPDH band.  

Statistical analysis 
One-way ANOVA followed by the 

Newman–Keuls test was performed to analyze 
significance differences between groups. All data are 
expressed as the mean ± SEM, and the statistical 
significance level was set at P < 0.05.  
Results 
CDNF protects METH-treated PC12 cells in 
vitro 

TH, as a marker of dopaminergic neurons, is an 
enzyme playing a decisive role in the synthesis of 
dopamine. The PC12 cell line containing endogenous 
TH expression [14] was chosen to evaluate the 
neurotoxicity of METH in vitro. Cell survival of 
different doses of METH-treated PC12 cells was 
detected by the MTT assay (Figure 1A). Cell survival 
decreased as the METH dose increased. The 
remaining cells were less than 40% at the METH dose 
of 6 mM and approximately 56% at the dose of 4 mM; 
however, cell survival improved clearly to 86% in 4 
mM METH-treated PC12 cells when pre-incubated 
with CDNF (Figure 1B). Meanwhile, the TH level of 2 
mM METH-treated cells pre-incubated with CDNF 
was increased by 24% compared with 2 mM 
METH-treated cells without CDNF (Figure 1C, 1D). 
These results provided primary evidence of the effect 
of CDNF against METH neurotoxicity in vitro. 

In vivo experimental procedures 
Based on the results in vitro, the neuroprotective 

effect of CDNF was further evaluated in the rat brain. 
In brief, rats were microinjected with the 
AAV8-CDNF vector in the brain for overexpression of 
the protein, and then high-dose METH was 
administered. Finally, levels of dopamine and TH 
were detected. 

For the injection of the rAAV vectors, we used 
two neighboring injection sites (Figure 2A). We 
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previously found that the transgene expression 
mediated by rAAV spread more efficiently using two 

neighboring injection sites than using a single 
injection site (data not shown).  

 

 
Figure 1. CDNF protects PC12 cells against METH toxicity in vitro. (A) Effect of METH on cell survival. PC12 cells were exposed to varying doses of METH 
for 24 h. Cell viability compared with untreated cells was evaluated by the MTT assay (n = 5). (B) Effect of CDNF on cell survival. METH (4 mM) was used to injure 
PC12 cells, which were concomitantly incubated with or without CDNF protein as indicated. Cell survival compared with untreated cells was detected by the MTT 
assay after 24 h (n = 5). (C) Effect of CDNF on TH expression in PC12 cells as analyzed by Western blot. Representative results are shown. Cells were processed 
with the same method as that to evaluate the effect on cell survival except that the dose of METH here was 2 mM (n = 3). (D) Relative expression was evaluated by 
quantifying Western blot bands. ***P < 0.001. 

 

 
Figure 2. rAAV8-mediated transgene expression and animal experimental design. (A) Two sites for microinjection of rAAV8 vectors were used. (B) 
AAV8-mediated reporter gene (RFP) expression in the rat brain. RFP expression was detected at different time points post microinjection. (C) CDNF expression in 
the rat striatum was detected 3 weeks post microinjection by immunostaining. (D) Design of animal experiment. Rats were treated with METH three weeks post 
microinjection with rAAV8 vectors. One week later, all animals were killed for detection of dopamine or TH. 
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Before administration of the AAV8-CDNF 
vector, the AAV8-RFP vector was injected into the rat 
striatum to determine the variation in transgene 
expression over time. The rAAV8-mediated RFP (as a 
reporter) expression was observed using the In-Vivo 
Imaging System Fx Pro system (Kodak Carestream 
Health, Rochester, NY, USA). The rAAV8-mediated 
RFP expression increased with time (Figure 2B). The 
transgene expressed well, and RFP spread widely 
around the brain injection sites three weeks post viral 
injection. As expected, CDNF was well-detected by 
immunostaining after three weeks (Figure 2C). These 
observations indicated that AAV8-CDNF mediated 
CDNF expression in the rat brain would be sufficient 
for subsequent experiments, and METH was 
determined to be administered at three weeks post 
AAV8-CDNF microinjection. 

During the repeated METH injections, rectal 
temperatures were measured. All rats were killed at 
the 7th day post METH administration for evaluating 
the neuroprotection of CDNF. The whole animal 
experimental design is shown in Figure 2D.  

Rectal temperature during METH 
administration 

METH-caused hyperthermia is known to 
increase the toxicity of the drug [10]. To examine 
whether CDNF can influence METH-induced 
hyperthermia, the rectal temperature of 
CDNF-overexpressing rats was measured during 
METH administration (Figure 3). METH 
administration increased the rectal temperature 
acutely; however, CDNF overexpression seemed 
unable to attenuate the hyperthermia. Hence, the 
neuroprotective effect of CDNF against METH was 
not determiend to involve controlling the high core 
body temperature. 

 

 
Figure 3. Rectal temperature of METH-injected rats. Animals received 
four repeated injections of METH. During the intervals, rectal temperature was 
measured. Temperatures of all METH-treated rats significantly rose over the 
course of the experiment. 

Evaluation of effect of CDNF in METH-induced 
striatal dopamine loss 

METH administration has been shown to cause 
increased dopamine secretion within a short amount 
of time and significantly decrease the dopamine level 
several days later [15, 16]. At the end of the animal 
experiment in this study, 4–5 rats of every group were 
decapitated, and dopamine levels in the striatum 
were quantified by HPLC (Figure 4). The 
vehicle/METH group showed the lowest dopamine 
level (approximately half of normal) detected in the 
striatum of both hemispheres. Dopamine levels of 
both groups administered with saline instead of 
METH showed no difference between the two 
hemispheres. In the AAV8-CDNF/METH group, the 
rat brain hemisphere not overexpressing CDNF 
showed approximately half the dopamine level of that 
overexpressing CDNF, similar to that of the 
vehicle/METH group. Meanwhile, the 
CDNF-overexpressed striatum contained a 
significantly increased dopamine level compared with 
the hemisphere not overexpressing CDNF and both 
hemispheres of the vehicle/METH group. CDNF 
overexpression increased the dopamine level to 
82.2%, while the striatum without CDNF 
overexpression maintained an approximately 50% 
dopamine level due to the METH neurotoxicity. 

 

 
Figure 4. Dopamine content in rat striatum. The striatum of each rat was 
isolated at the 7th day after METH administration. Dopamine content was 
quantified by HPLC (n = 4–5). ‘L’ indicates left striatum, and ‘R’ indicates right 
striatum. The dopamine content per gram tissue was analyzed in all groups. *P < 
0.05, **P < 0.005. 

 

Evaluation of effect of CDNF in METH-induced 
TH loss 

Striatal TH density was determined using 
immunohistochemical analysis, and the TH 
expression was quantified by using Western blot. As 
shown in Figure 5A, CDNF overexpression indeed 
attenuated TH loss in the striatum. By quantifying the 
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density of images, TH immunoreactivity of the 
CDNF-overexpressed striatum was determined to be 
89.4%, while that in the vehicle/METH group was 
53.5% (striatum TH-immunoreactivity of 
vehicle/saline group was set at 100%) (Figure 5B). To 
further determine the effect of CDNF in attenuating 
striatal TH loss, Western blot was used to quantify TH 
expression in the striatum (Figure 5C, 5D), and the 
results were consistent with those of TH 
immunostaining. 

TH staining in the SNc region revealed a slight 
METH-induced decrease of TH-positive cells (Figure 

5E, 5F). The results were similar to those of previous 
reports, in which METH was shown to influence 
dopaminergic markers only slightly in the SN [17-21]. 
Nevertheless, the effect of CDNF in attenuating the 
slight TH decrease in the SNc could be seen, although 
the TH-positive numbers of all groups also showed no 
significant differences. Relative to the vehicle/saline 
group set at 100% as a standard, percentages of 
TH-positive cells were 106.52% in the 
AAV8-CDNF/METH group, 91.61% in the 
vehicle/METH group and 109.08% in the 
AAV8-CDNF/saline group.  

 

 
Figure 5. Effects of CDNF on METH-induced decreases in TH expression. (A) Representative images of TH-stained striatum are shown. (B) Analysis of 
striatal TH expression (n = 4–6) was performed using Image-pro-plus-6.0 software. P-values were obtained by comparing with the right striatum of the vehicle/METH 
group. (C) TH expression in the right striatum (injected side) was analyzed by Western blot. The relative expression was evaluated by quantifying Western blot bands 
(n = 3). (D) Representative images of TH-stained SNc are shown. (E) TH-positive cells (dark brown spots) in the SNc of the injected side of the brain were counted 
(n = 4–6). No significant differences were found in any of the groups when compared with the vehicle/saline group. C/M: AAV8-CDNF/METH group; V/M: 
vehicle/saline group; C/S: AAV8-CDNF/saline group; V/S: vehicle/saline group. *P < 0.05, **P < 0.005, ***P < 0.001. 
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Discussion 
METH is known to cause significant 

neurotoxicity in the dopaminergic system and 
increase the risk of developing PD. The insufficiency 
of drugs to efficiently attenuate the toxicity of METH 
is a significant problem. GDNF and other 
neurotrophic factors belonging to the GDNF family 
have been reported as potentially effective candidates 
for attenuating METH neurotoxicity in the 
dopaminergic system [22, 23]. However, the effect of 
CDNF, which has similar or even better 
neuroprotective effects against 6-OHDA toxicity, in 
preventing METH-induced neurotoxicity has not been 
determined previously. Therefore, we mainly aimed 
here to determine the effect of CDNF in attenuating 
the damage to the dopaminergic system induced by 
METH in vitro and in vivo.  

The PC12 cell line was used for investigating the 
effect of CDNF in attenuating the METH-induced 
toxicity in vitro. Millimolar concentrations of METH 
can cause apoptosis of PC12 cells in vitro [24]. In this 
study, we also found that METH was only able to 
influence the viability and TH loss of PC12 cells at 
millimolar but not lower (e.g., micromolar) 
concentrations. Although the micromolar and 
millimolar concentrations of METH are higher than 
that found physically in the brain after systemic 
administration, the cell model treated with METH 
would still reflect the relative toxicity effects of the 
drug. The analysis of cell viability and TH loss in vitro 
showed that CDNF was able to attenuate the toxicity 
caused by METH. 

The in vitro experiments offered primary 
evidence of the CDNF neuroprotective effect in 
attenuating METH-induced neurotoxicity. Further 
investigation of the protective effect of CDNF against 
METH toxicity was performed in vivo. The rAAV8 
viral vector was chosen to deliver the CDNF gene into 
the rat striatum by microinjection, as AAV8 was 
shown to be a relatively efficient vector for gene 
transfer in the brain [25]. In contrast to the previous 
studies [22, 26] in which proteins were directly 
perfused into the rat brain to explore the 
neuroprotection of GDNF against METH, the single 
injection of AAV8-CDNF ensured stable expression of 
CDNF during the METH-induced injury.  

At seven days post METH administration, the 
dopamine level in the rat striatum was detected, and 
immunochemical analysis of TH expression in the 
striatum and SNc was performed. The results 
indicated that overexpression of CDNF attenuated the 
loss of dopamine (Figure 4) and TH (Figure 5) in the 
rat brain. Although the detailed mechanism of CDNF 
in attenuating the METH-induced neurotoxicity was 

not determined here, the underlying process may 
occur through alleviating endoplasmic reticulum 
stress-induced cell damage and inflammatory 
cytokine secretion, similar to the effect of CDNF 
overexpression in astrocytes [27]. CDNF was also 
found to significantly attenuate the production of 
proinflammatory cytokines (PGE2 and IL-1β) and 
remarkably alleviate the cytotoxicity in LPS-induced 
microglia by suppressing the phosphorylation of JNK 
[28]. When exploring its effect on preventing the 
apoptosis of PC12 cells induced by 6-OHDA, CDNF 
was considered to exert its role via modulating 
Bcl-2/Bax and caspase-3 activation [29]. These studies 
indicate the possible mechanisms of CDNF-mediated 
protection of neurons against METH, but the precise 
means by which it confers these effects may be 
complicated and will require further exploration.  

Collectively, the findings in this study indicate 
that CDNF has the potential to be the target in 
therapeutic strategies to mitigate the harmful effects 
of acute METH overdoses as well as the effects of 
chronic METH use on the CNS in human abusers. As 
chronic abuse of METH is likely to cause permanent 
neurological damage, using rAAV8 vectors with the 
capacity for long-term transgene expression to 
mediate CDNF gene delivery may be a more suitable 
choice than direct delivery of these corresponding 
proteins, which would result in only short-term 
therapeutic effects. In addition, CDNF may protect 
the dopaminergic system against METH neurotoxicity 
through a different pathway from that of GDNF, 
considering the distinct structures of both 
neurotrophic factors. Future studies may also explore 
the combination of both neurotrophic factors to treat 
METH-induced neuro-damage as an alternative 
approach for enhancing therapeutic effects. 
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CNS, central nervous system; PD, Parkinson’s disease 
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