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Recent studies report that a history of antidepressant use 
is strongly correlated with the occurrence of Parkinson’s 
disease (PD). However, it remains unclear whether antide-
pressant use can be a causative factor for PD. In the pre-
sent study, we examined whether tricyclic antidepressants 
amitriptyline and desipramine can induce dopaminergic 
cell damage, both in vitro and in vivo. We found that ami-
triptyline and desipramine induced mitochondria-mediated 
neurotoxicity and oxidative stress in SH-SY5Y cells. When 
injected into mice on a subchronic schedule, amitriptyline 
induced movement deficits in the pole test, which is known 
to detect nigrostriatal dysfunction. In addition, the number 
of tyrosine hydroxylase-positive neurons in the substantia 
nigra pars compacta was reduced in amitriptyline-injected 
mice. Our results suggest that amitriptyline and desipramine 
may induce PD-associated neurotoxicity. 
 
 
INTRODUCTION 
1 
Parkinson’s disease (PD) is the second most common neuro-
degenerative disease. It is characterized by dopaminergic neu-
ronal loss in the substantia nigra pars compacta (SNpc) of the 
midbrain and results in movement deficits. It is widely appreci-
ated that environmental toxins, as well as genetic factors, can 
contribute to the pathogenesis of PD. Exposure to pesticides 
has been suggested as a risk factor for PD (Freire and Koifman, 
2012). Many studies have shown that pesticides, including 
rotenone, paraquat, and maneb, cause dopaminergic neurotox-
icity via mitochondrial damage and oxidative stress (Arif and 
Khan, 2010; Hatcher et al., 2008). When injected into mice, 
these pesticides can recapitulate some aspects of PD, such as 
dopaminergic neuronal loss in the SNpc and motor deficits 
(Hatcher et al., 2008; Meredith et al., 2008). 
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In addition to pesticides, certain psychoactive drugs have 
been associated with parkinsonian movement deficits (Mena 
and Yebenes, 2006). Many drugs, such as antipsychotics, cal-
cium channel blockers, and antidepressants, can induce par-
kinsonism as an adverse side effect (Shin and Chung, 2012). 
Most of the drug-induced parkinsonism (DIP) subsides follow-
ing discontinuation of the offending drug. However, the motor 
symptoms persist and develop into irreversible, progressive 
parkinsonism in some cases (Mena and Yebenes, 2006). This 
can be explained by the coincidence of PD patients at preclini-
cal or asymptomatic stages taking the offending drug, revealing 
the progressive parkinsonian symptoms after terminating drug 
use. However, there have been studies suggesting that the 
persistent parkinsonism may result from irreversible damage in 
the affected brain area caused by the toxicity of the drug 
(Bishnoi et al., 2007a; Tsai and Lee, 1998). Some psychoactive 
drugs have been shown to leave signs of oxidative stress in 
vivo. Chronic administration of haloperidol, a typical antipsy-
chotic, induced oxidative damage in all brain regions of rats 
(Bishnoi et al., 2007b). It was also reported that schizophrenic 
patients who received neuroleptic treatment and developed 
movement deficits exhibited signs of oxidative damage in brain 
tissues (Lohr et al, 2003). In addition, the direct toxicity of psy-
choactive drugs on nigrostriatal dopaminergic neurons has 
been reported (Mena et al., 1995; Rollema et al., 1994). There-
fore, the possibility remains that psychoactive drugs can cause 
permanent damage to the nigrostriatal pathway. 

Studies have reported that antidepressant use is associated 
with a high risk for developing PD (Alonso et al., 2009; Dick et 
al., 2007). In particular, tricyclic antidepressants (TCAs) have 
been reported to reduce the viability of various types of cells in 
vitro (Haller et al., 2007; Huang et al., 2007; Kitagawa et al., 
2006; Lirk et al., 2006) and in vivo (Estebe and Myers, 2004). 
Amitriptyline, one of the TCAs, was shown to induce inhibition 
of cellular respiration in non-neuronal cells (Higgins and Pilking-
ton, 2010; Hroudova and Fisar, 2012) and produce oxidative 
stress (Bautista-Ferrufino et al., 2011). Considering that mito-
chondrial dysfunction and oxidative stress have been suggest-
ed to be major mechanisms of neurotoxicity in drug-induced PD, 
it is plausible that the tricyclic antidepressants can cause neuro-
toxicity associated with PD. 

In the present study, we investigated whether the TCAs ami-
triptyline and desipramine exhibit PD-associated neurotoxicity 
in a dopaminergic cell line. In addition, we examined whether 
amitriptyline causes dopaminergic neuronal loss in the SNpc 
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and parkinsonian movement deficits in mice. 
 
MATERIALS AND METHODS 
 
Antibodies and reagents 
Anti-active BCL2-associated X (Bax) protein and anti-apoptosis 
inducing factor (AIF) antibodies were purchased from Cell Sig-
naling Technology (USA). Anti-tyrosine hydroxylase (TH) and 
anti-cytochrome c antibodies were from Millipore (USA). Ami-
triptyline, desipramine, Trolox, calpain inhibitor II (ALLM), and 
3-methyladenine (3-MA) were purchased from Sigma-Aldrich 
(USA). Dichlorofluorescin diacetate (DCF-DA), JC-1, and 
MitoTracker Red 580 were from Invitrogen (USA). 
Carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylke- 
tone (zVAD-fmk) was from Bachem (USA). 3-aminobenzamide 
(3AB) was from Millipore. E64 was purchased from Tocris (UK). 
All other reagents were purchased from Sigma-Aldrich unless 
stated otherwise. 
 
Cell culture 
Human neuroblastoma SH-SY5Y cells were cultured in a 
medium consisting of MEM and Ham’s F12-K supplemented 
with 10% fetal bovine serum and 1% antibiotics plus 
antimycotics in a 37°C CO2 (5%) incubator. Medium was 
changed every 2 or 3 days and the cells were sub-cultured 
when the confluency reached approximately 70-80%. All of 
the medium, culture supplements, and dishes were from 
Jeevan Biosciences, Inc. (JBI, USA). For immunostaining, the 
cells were plated at a density of 2.0 × 104 cells per 12 mm 
coverslip (Marienfeld, Germany) pre-coated with poly-L-lysine 
(0.1 mg/ml) and laminin (2 μg/ml). 
 
Cell viability assay 
To monitor the cell viability, cells were incubated with 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl) 
-2H-tetrazolium (MTS) assay reagent (CellTiter 96® AQueous 
One Solution Cell Proliferation Assay, Promega, USA) for 1 h. 
Absorbance of the samples was read at 490 nm using a 
microplate reader (Bio-Rad, USA). The rate of cell death calcu-
lated from the MTS cell viability assay was the same as that 
measured by a lactate dehydrogenase release assay (data not 
shown). Therefore, we measured the cell viability using the 
MTS assay system throughout the study. 
 
Cell staining  
For immunocytochemistry, cells grown on coverslips were fixed 
with 4% paraformaldehyde (PFA) in phosphate buffered saline 
(PBS, 137 mM NaCl, 2.7 mM KCl, 100 mM Na2HPO4, 2 mM 
KH2PO4) for 10 min and permeabilized with 0.5% Triton X-100 
in PBS (PBST) for 10 min. Cell immunostaining was performed 
as described previously (Kim et al., 2015). For JC-1 staining, 
cells in culture were loaded with JC-1 dye (5 μg/ml) for 30 min, 
washed with PBS three times, and then fixed with PBS contain-
ing PFA (4%). For MitoTracker staining, cells were incubated 
with MitoTracker Red 580 (100 nM) for 30 min. After washing, 
the cells were fixed with 4% paraformaldehyde. 

For the terminal deoxynucleotidyl transferase dUTP nick end 
labeling (TUNEL) assay, the cells were fixed with 4% PFA and 
then processed according to the manufacturer’s manual. The 
stained cells were mounted with medium containing 4′,6-
diamidino-2-phenylindole (DAPI) (Slowfade Gold antifade rea-
gent with DAPI, Invitrogen). The samples were examined under 
a fluorescence microscope (Axioplan 2, Zeiss) or a confocal 
microscope (Leica TCS SP5, Leica). 

Measurement of ATP level 
Cellular ATP levels were measured using the luminescence 
ATP detection assay system (PerkinElmer, USA). The cells 
were incubated with or without chemicals for various time 
points, 100 μl of the ATPlite 1step reagent was added to the 
wells, and the cell plates were orbitally shaken for 3 min. The 
plates were read for emitted luminescence using a microplate 
luminometer (GloMax 9100-100, Promega). 
 
Measurement of reactive oxygen species 
SH-SY5Y cells cultured in 24-well plates were treated with ap-
propriate chemicals. After the treatment, cells were washed 
with Hank's balanced salt solution (JBI) two times and incubat-
ed with DCF-DA (5 μM) for 30 min. After the medium was re-
moved, cells were washed with PBS and solubilized in 200 μl 
lysis buffer (50 mM HEPES, 150 mM NaCl, 1 mM EDTA, 1% 
NP-40, 1 mM PMSF). After incubation for 10 min on ice, the 
cells were harvested and transferred to a black 96-well plate. 
DCF fluorescence was used as an indicator of reactive oxygen 
species (ROS). The plates were read at λex=485 nm and 
λem=530 nm using a spectrofluorometer (SpectraMax Gemini 
EM, Molecular Devices, USA).  
 
Animal care and amitriptyline injection 
All animal use complied with the National Institutes of Health 
Guide for the Care and Use of Laboratory Animals and was 
approved by the Institutional Animal Care and Use Committee 
at Sejong University. Mice were group housed under a 12:12 
light-dark lighting schedule with free access to food and water. 
The temperature in the room was 22°C. Twelve- to sixteen-week-
old male C57BL/6 mice were injected intraperitoneally with sterile 
PBS (100 μl each, n = 5) or amitriptyline (2 or 20 mg/kg in a 
volume of 100 μl PBS each, n = 5) twice a week for 4 weeks. 
Body weight was measured before every injection. The injected 
mice were subjected to behavioral tests one week after the last 
injection. 
 
Pole test 
A pole test (Ogawa et al., 1985) was performed to evaluate 
bradykinesia in the amitriptyline-injected mice. The mouse was 
positioned at the top of a rough-surfaced pole (10 mm diameter 
and 60 cm height), head up, and then the time to turn and 
reach the floor was measured. During a habituation period one 
day prior to testing, each mouse was allowed to attempt to 
descend the pole. On the test day, mice were allowed to prac-
tice three times and then tested. The time to turn was first 
measured from the beginning of movement until the mouse 
turned completely head down, and time to reach the floor was 
measured until the mouse arrived at the floor. Each testing 
session consisted of three trials, and each lasted for a maxi-
mum of 180 s. Each mouse was tested twice before the 4-
week drug injection period and one week following the final 
injection. 
 
Open field test 
To monitor general activity levels, gross locomotor activity, and 
explorative behaviors, the mouse was placed in the center of the 
open field arena and allowed to freely move for 20 min while 
being tracked by an automated tracking system (Ethovision, The 
Netherlands). The time of stay in the center or corner area, rear-
ing activity, total distance moved, and velocities were recorded for 
20 min. Before each recording, the mouse was allowed to ex-
plore the arena to acclimate to the space. The recordings were 
analyzed by Ethovision. 
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Immunohistochemistry 
One week after the last injection, the mice were anesthetized 
with isoflurane, and transcardially perfused, first with pre-chilled 
PBS and then with 4% PFA in PBS (pH 7.4). The brains were 
removed, dissected using mouse coronal brain matrices (Ap-
plied Scientific Instrumentation, USA), embedded in Optimum 
cutting temperature compound, and then stored at -80°C. Cor-
onal sections (10 μm thick) corresponding to the substantia 
nigra (SN) level (bregma -2.70 to -3.70) were prepared using a 
cryotome (CM3000, Leica) and fixed with 4% PFA in PBS for 
10 min. After rinsing and quenching endogenous peroxidase 
with 0.1% H2O2 in deionized water for 10 min, the samples 
were incubated in PBST with 10% NGS for 1 h. The sections 
were then incubated with anti-TH antibodies in 0.1% PBST 
containing 2% NGS overnight at 4°C. The bound antibodies 
were visualized using the ABC method according to the manu-
facturer’s protocol (ABC Elite kit, Vector Laboratories). 
 
Statistics 
For the statistical analysis, all experiments were repeated at 
least three times. The results were expressed as the mean ± 
SD of at least three independent experiments, unless stated 
otherwise. Statistical significance was evaluated by the stu-
dent’s t-test. 
 
RESULTS 
 
Amitriptyline and desipramine induced SH-SY5Y cell death 
that was not suppressed by inhibitors of known cell death 
pathways 
To examine whether amitriptyline and desipramine are cytotox-
ic to SH-SY5Y cells, the viability of the cultured cells was 
measured following amitriptyline or desipramine treatment for 
24 h. As shown in Fig. 1A, amitriptyline and desipramine in-
duced cell death in a dose-dependent manner. Amitriptyline 
induced approximately 40-50% cell death at a 60 μM concen-
tration and desipramine at a 50 μM concentration. To examine 
if the TCA-induced cell death is caspase-dependent, the cells 
were preincubated with the pan-caspase inhibitor zVAD-fmk 
(50 μM, Fig. 1A) and then treated with the drugs. Notably, cell 
death induced by amitriptyline or desipramine was not sup-
pressed by the pan-caspase inhibitor, suggesting that the ob-
served cell death may not be caspase-dependent apoptosis. To 
examine the mode of cell death induced by these TCAs, cells 
were preincubated with poly(ADP-ribose) polymerase-1 (Parp-
1) inhibitor 3AB (5 mM, Fig. 1B), ALLM, which inhibits calpain 
and cathepsin B/L (20 μM, Fig. 1C), or E64, which inhibits 
cathepsin K/L/S/B/H (10 μM, Fig. 1D). In addition, the cell death 
induced by amitriptyline or desipramine was not suppressed by 
an autophagy inhibitor 3-MA (3 mM, Fig. 1E). As shown in Fig. 
1, none of the inhibitors of known death-inducing enzymes or 
pathways suppressed TCA-induced cell death. 

To confirm whether the cell death induced by amitriptyline or 
desipramine is caspase-independent, a TUNEL assay was 
performed following drug treatment. As shown in Fig. 1F, the 
cells incubated with amitriptyline or desipramine exhibited only 
basal levels of apoptosis when examined by TUNEL assay. 
These results suggest that amitriptyline or desipramine may 
induce cell death independently of the known cell death path-
ways. 
 
Amitriptyline and desipramine induced mitochondrial  
fragmentation without AIF or cytochrome c release 
A previous study suggested that amitriptyline can induce apop- 

A                      B 
 
 
 
 
 
 
 
 
 
 
C                      D 
 
 
 
 
 
 
 

 
 
E                      F 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Amitriptyline- and desipramine-induced SH-SY5Y cell death 
was not suppressed by inhibitors of known cell death pathways. To 
examine the mode of cell death induced by amitriptyline or 
desipramine, SH-SY5Y cells were preincubated with inhibitors of 
caspases [40 μM zVAD-fmk, (A)], Parp-1 [5 mM 3AB, (B)], calpain 
and cathepsin B/L [20 μM ALLM, (C)], cathepsins [10 μM E64, (D)] 
and autophagy [3 mM 3-MA, (E)] for 30 min. Amitriptyline (Ami) and 
desipramine (Desi) were then added at the indicated concentrations 
(in μM) and the cells further incubated for 24 h. Cell viability was 
measured using MTS reagent (n = 3). (F) SH-SY5Y cells were 
treated with amitriptyline (Ami, 60 μM), desipramine (Desi, 50 μM), 
or staurosporine as a positive control (STS, 1 μM) for 24 h and then 
processed for TUNEL to monitor apoptosis (n = 3, *p < 0.05, **p < 
0.01 vs. vehicle treated; ns, not significant). 
 
 
 
 
tosis (Lirk et al., 2006), but we did not observe suppression of 
TCA-induced cell death with caspase inhibition. Thus, we ex-
amined whether there is a release or translocation of AIF fol-
lowing amitriptyline or desipramine treatment. As shown in Fig. 
2A, immunostaining of AIF suggests that the drugs did not induce 
AIF translocation. Immunocytochemistry using anti-cytochrome c 
antibody revealed that cytochrome c was not released following 
amitriptyline or desipramine treatment (Fig. 2A, bottom panels). 
Interestingly, the drugs induced mitochondrial fragmentation, 
and both AIF and cytochrome c were confined in the fragment-
ed mitochondria (Fig. 2B). These results suggest that amitripty-
line and desipramine induce cell death through mitochondrial 
damage but in a different manner from the canonical cell death 
pathway. 
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Fig. 2. Amitriptyline and desipramine in-
duced mitochondrial fragmentation without 
AIF or cytochrome c release. SH-SY5Y cells 
were treated with amitriptyline (Ami, 60 μM) 
or desipramine (Desi, 50 μM). At 24 h after 
the incubation, the cells were processed for 
immunostaining using anti-AIF (A) or anti-
cytochrome c [Cyto. c, (A, B)] antibodies. As 
a positive control for the cytochrome c re-
lease, SH-SY5Y cells were incubated with 
50 μM etoposide [+CTL, (B)] for 12 h. Note 
that the localization of cytochrome c was 
confined to the fragmented mitochondria in 
the amitriptyline-treated cells whereas the 
cytochrome c was released in etoposide-

Fig. 3. Amitriptyline and desipramine induced
ATP depletion and the activation of Bax. (A, B)
SH-SY5Y cells were incubated with amitripty-
line (Ami, 60 μM) or desipramine (Desi, 50
μM) for 12 and 24 h and then incubated with
JC-1 dye [5 μM, (A)] or MitoTracker [100 nM
for 12 h, B)] for 30 min. Arrows indicate the
cells with JC-1 green monomer fluores-
cence, suggesting decreased mitochondrial
membrane potential (A). Note the decreased
fluorescence of MitoTracker in the drug-
treated cells in (B). (C) SH-SY5Y cells were
incubated with amitriptyline or desipramine
and the cellular ATP level was determined
using ATPlite assay kit at indicated times.
Hydrogen peroxide was used as a positive
control for ATP depletion (n = 3, **p < 0.01
and ***p < 0.001 vs. 0 h). (D) To monitor the
Bax activation, the cells were treated with
amitriptyline or desipramine for 24 h and

A                                     B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
treated cells in (B). The cells were counterstained with DAPI to visualize nuclei. Scale bar = 10 μm. 
 
 
 
A                               C 
 
 
 
 
 
 
 
 
 
B                               D 
 
 
 
 
 
 
 
 
 
then processed for immunostaining using anti-active Bax antibodies (arrows). Scale bar = 10 μm. 
 
 
 
Amitriptyline and desipramine induced ATP depletion and 
the activation of Bax  
Because we observed signs of mitochondrial damage following 
amitriptyline and desipramine treatment, we then examined 
whether these drugs induce a decrease in mitochondrial mem-
brane potential. To examine the changes in mitochondrial po-
tential, the drug-treated cells were stained with JC-1 dye, and 
the changes in the dye fluorescence were monitored. As shown 
in Fig. 3A, the cells incubated with amitriptyline or desipramine 
exhibited a shift in JC-1 fluorescence from red to green, sug-
gesting a decrease in mitochondrial membrane potential. In 
addition, MitoTracker staining confirmed that amitriptyline and 
desipramine induced a mitochondrial membrane potential drop 
because the MitoTracker fluorescence decreased following the 
drug treatment (Fig. 3B). Notably, MitoTracker staining also 
revealed fragmentation of mitochondria after the TCAs treat-
ment (Fig. 3B). Consistent with these results, the level of cellu-
lar ATP decreased following the incubation with amitriptyline or 
desipramine (Fig. 3C). 

We then examined whether these drugs activate Bax, be-
cause activation of Bax is involved in mitochondrial damage, 
including fragmentation and membrane potential decrease 

(Ghibelli and Diederich, 2010; Karbowski et al., 2006; Sheridan 
et al., 2008). SH-SY5Y cells were incubated with amitriptyline 
or desipramine and then immunostained with antibodies specif-
ic for active Bax. As shown in Fig. 3D, the cells incubated with 
TCAs were positive for active Bax, suggesting that amitriptyline 
or desipramine activated Bax. 
 
Amitriptyline and desipramine promoted ROS generation, 
and the cell death was attenuated by an antioxidant 
It is known that oxidative stress can induce mitochondrial dam-
age and vice versa (Mammucari and Rizzuto, 2010; Peng and 
Jou, 2010; Van Houten et al., 2006). To examine whether ami-
triptyline and desipramine can induce oxidative stress, cellular 
ROS levels were monitored using DCF-DA after the drug treat-
ment. As shown in Fig. 4A, both amitriptyline and desipramine 
promoted the generation of ROS. These results suggest that 
amitriptyline and desipramine can induce cytotoxicity via oxida-
tive stress. To test this possibility, we examined whether an 
antioxidant can suppress cell death induced by amitriptyline or 
desipramine. The cells were preincubated with the antioxidant 
Trolox (400 μM) and then treated with amitriptyline or de- 
sipramine. As shown in Fig. 4B, preincubation with Trolox 
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A                  B 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Amitriptyline and desipramine promoted ROS generation, 
and cell death was attenuated by an antioxidant. (A) SH-SY5Y cells 
were incubated with amitriptyline (Ami, 60 μM) or desipramine (Desi, 
50 μM) for the indicated times and the cellular level of ROS was 
spectrofluorometrically measured using DCF-DA (5 μM). The read-
ing from the hydrogen peroxide-incubated cells (400 μM for 30 min) 
served as 100% control (n = 4, **p < 0.01 and ***p < 0.001 vs. vehicle 
treated; ns, not significant). (B) SH-SY5Y cells were preincubated 
with Trolox (400 μM) for 30 min and then incubated with amitripty-
line (60 μM) or desipramine (50 μM) for 24 h. The viability of the 
cells was then measured using MTS reagent (n = 4, **p < 0.01, ***p 
< 0.001 vs. drugs only). 
 
 
 
significantly suppressed the TCA-induced cell death, suggest-
ing that the TCAs induced cell death via oxidative stress. 
 
Subchronically injected amitriptyline induced TH-positive 
neuronal loss in the SNpc 
To examine whether TCA can induce neurotoxicity in dopamin-
ergic neurons in vivo, mice were intraperitoneally injected with 
20 mg/kg of amitriptyline on a subchronic schedule (twice a 
week for 4 weeks) and the number of TH-positive cells in the 
SNpc was counted. As can be seen in Fig. 5, the number of 
TH-positive cells in the SNpc of amitriptyline-injected mice was 
significantly reduced compared with vehicle-injected mice. 
About 35% of the TH-positive neurons were lost in the SNpc of 
the amitriptyline-injected mice, suggesting that the TCA can 
induce cytotoxicity of dopaminergic neurons in the brain area 
affected in PD. 
 
Subchronically injected amitriptyline induced movement 
deficits 
To examine whether amitriptyline can induce parkinsonian 
behavioral changes, motor activity was assessed by open field 
test in two different groups of mice injected intraperitoneally 

with either 20 mg/kg or 2 mg/kg of amitriptyline twice a week for 
4 weeks. Amitriptyline-injected mice exhibited slightly reduced 
motor activities in total distance moved (Fig. 6A) and mean 
velocity (Fig. 6B) compared with vehicle-injected control mice. 
To further assess the motor deficits induced by amitriptyline 
injection, a pole test was performed on the injected mice. The 
pole test is proposed to be the most sensitive behavioral test, 
because it can discriminate the subtle changes in the forepaw 
dexterity, reflecting motor dysfunction in PD (Matsuura et al., 
1997; Rauch et al., 2010). As shown in Fig. 6C, amitriptyline-
injected mice displayed a much longer time to turn on the pole, 
suggesting that they have motor dysfunction in the forepaws. 
These results suggest that subchronic injection of amitriptyline 
can induce parkinsonian motor deficits.  
 
DISCUSSION 
 
PD is the second most prevalent neurodegenerative disorder 
and is influenced by various factors, including age, genetics, 
and environmental toxins (Foltynie et al., 2002; Hirtz et al., 
2007). The use of pesticides and psychoactive drugs has been 
implicated in the pathogenesis of environmentally-induced PD. 
It has long been known that drugs, such as antipsychotics, can 
cause parkinsonian symptoms called drug-induced parkinson-
ism (DIP). In most cases, the DIP subsides upon the withdrawal 
of the causative drugs, but it can develop into PD in certain 
cases (Benito-León et al., 2009). In the present study, we in-
vestigated the neurotoxicity mechanism of the TCAs amitripty-
line and desipramine in vitro and observed the in vivo effects of 
subchronic injection of amitriptyline in mice. 

In SH-SY5Y cells, amitriptyline and desipramine induced cell 
death with accompanying mitochondrial damage and oxidative 
stress. Interestingly, the cell death induced by these TCAs was 
suppressed by an antioxidant but not by inhibitors of caspases, 
Parp-1, cathepsin, or calpains. Furthermore, despite signs of 
mitochondrial damage, such as fragmentation, activation of Bax 
and a decrease in membrane potential and ATP level, the re-
lease of cytochrome c or AIF was not detected. These results 
suggest that the cell death induced by amitriptyline or 
desipramine is different from conventional apoptosis or pro-
grammed necrosis. It has been suggested that features of 
apoptotic and necrotic cell death are shared and not discretely 
defined into independent death pathways (Han et al., 2008; 
Lemasters, 1999). Consistent with our observation of mito-
chondrial damage, a recent study reported that pharmacologi-
cally different groups of antidepressants, including amitriptyline, 
directly suppressed mitochondrial respiratory activity (Hroudova 
and Fisar, 2010). We observed that the drugs promoted the 
generation of ROS, and the cell death was suppressed by an  

 
 
 
 
 
 
 
 
 
 
 
 
 
ochemistry photographs are shown in (A). (B) The number of TH-positive cells was counted from each SNpc area. At least ten sections from 
each mouse were counted (n = 5, *p < 0.5 vs. vehicle injected). 

Fig. 5. Subchronically injected amitripty-
line induced TH-positive neuronal loss 
in the SNpc. To examine the in vivo
effect of amitriptyline, mice were in-
traperitoneally injected with amitriptyline 
(20 mg/kg body weight) twice a week 
for 4 weeks. Brain tissue sections were 
prepared from the midbrain area of 
control vehicle- or amitriptyline-injected 
mice and immunostained using anti-TH 
antibodies. Representative immunohist

A B C
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The drug-injected mice were tested in the open field for the total distance moved (A) and mean velocity of the movement (B). (C) To evaluate 
forepaw dexterity, the injected mice were subjected to a pole test. The time to turn downward on the test pole was measured. 
 
 
 
antioxidant. Thus, it is plausible that mitochondrial damage is 
the main causative toxicity mechanism of amitriptyline and 
desipramine, i.e., inhibition of mitochondrial activity resulted in 
increased production of ROS and cell death. Another possibility 
is that amitriptyline or desipramine can induce autophagy-
associated cell death. It has been reported that amitriptyline 
induced signs of autophagy with the appearance of LC3-II in rat 
primary neurons (Zschocke et al., 2011). However, we did not 
observe any protective or aggravating effects by the autophagy 
inhibitor 3-methyladenine on the TCA-induced cell death. None-
theless, we cannot rule out the possibility of TCA inducing 
autophagic cell death, because ATP depletion and the induc-
tion of BH3-only proteins are also associated with autophagy 
(Mukhopadhyay et al., 2014). Furthermore, inhibitors of autopha-
gy often exhibit dual functions in autophagic processes and cell 
death (Wu et al., 2010). A more detailed analysis is necessary 
to address this issue clearly. 

When injected into mice on a subchronic schedule, amitripty-
line induced a loss of dopaminergic neurons in the SNpc and 
behavioral deficits during the pole test. These results suggest that 
amitriptyline and desipramine can induce PD-associated neuro-
toxicity in vivo. TCAs such as amitriptyline and desipramine are 
used to treat depression and chronic pain (Chan et al., 2009). 
Similar to antipsychotics, the adverse effects of antidepressants 
include parkinsonism (Warner et al., 2006). In addition, it has 
been reported that amitriptyline and desipramine have toxicity 
on the brain, heart, and respiratory system (Crome, 1986). 
Importantly, it has recently been reported that the correlation 
between the use of antidepressants and the pathogenesis of 
PD is higher than that between exposure to pesticides and PD 
(Alonso et al., 2009; Priyadarshi et al., 2001). However, wheth-
er the antidepressants are causally related to the PD patho-
genesis has not been addressed. We have shown in the pre-
sent study that amitriptyline injection into mice resulted in the 
loss of dopaminergic neurons in the SNpc. Intriguingly, amitrip-
tyline-injected mice exhibited motor deficits more prominently in 
the pole test than in the open field test. The decreased general 
locomotor activity in the drug-injected mice in the open field 
was the same level in low (2 mg/kg) and medium dose (20 
mg/kg) groups. However, in the pole test, the medium dose 
group exhibited a strikingly poor performance when compared 
with the low dose group mice. The pole test is known to be one 
of the most sensitive behavioral tests that can measure fore-
paw dexterity and detect nigrostriatal dysfunction (Meredith et 
al., 2008; Ogawa et al., 1985). Thus, it is highly possible that 
the loss of TH-positive neurons in the SNpc (Fig. 5) is respon-
sible for the decreased forepaw dexterity (Fig. 6C), possibly 
reflecting parkinsonian motor dysfunction. The concentration of 
amitriptyline used in this study was close to the intake level of 
patients with severe depression. Thus, it is possible that TCAs 

might be causally related with the pathogenesis of PD. A further 
detailed investigation is required to examine whether there is a 
causal relationship between chronic use of high dose TCAs 
and the pathogenesis of PD. 
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