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A B S T R A C T   

Methamphetamine (meth) increases monoamine oxidase (MAO)-dependent mitochondrial stress in substantia 
nigra pars compacta (SNc) axons; chronic administration produces SNc degeneration that is prevented by MAO 
inhibition suggesting that MAO-dependent axonal mitochondrial stress is a causal factor. To test whether meth 
similarly increases mitochondrial stress in ventral tegmental area (VTA) axons, we used a genetically encoded 
redox biosensor to assess mitochondrial stress ex vivo. Meth increased MAO-dependent mitochondrial stress in 
both SNc and VTA axons. However, despite having the same meth-induced stress as SNc neurons, VTA neurons 
were resistant to chronic meth-induced degeneration indicating that meth-induced MAO-dependent mitochon
drial stress in axons was necessary but not sufficient for degeneration. To determine whether L-type Ca2+

channel-dependent stress differentiates SNc and VTA axons, as reported in the soma, the L-type Ca2+ channel 
activator Bay K8644 was used. Opening L-type Ca2+ channels increased axonal mitochondrial stress in SNc but 
not VTA axons. To first determine whether mitochondrial stress was necessary for SNc degeneration, mice were 
treated with the mitochondrial antioxidant mitoTEMPO. Chronic meth-induced SNc degeneration was prevented 
by mitoTEMPO thereby confirming the necessity of mitochondrial stress. Similar to results with the antioxidant, 
both MAO inhibition and L-type Ca2+ channel inhibition also prevented SNc degeneration. Taken together the 
presented data demonstrate that both MAO- and L-type Ca2+ channel-dependent mitochondrial stress is neces
sary for chronic meth-induced degeneration.   

1. Introduction 

Methamphetamine (meth) is an addictive psychostimulant that also 
has the potential to cause significant damage to dopaminergic systems 
(Moratalla et al., 2017). Data from human meth abusers reveal 
decreased levels of striatal dopamine content, diminished expression of 
the dopamine transporter (DAT) and tyrosine hydroxylase (TH), and 
reduced DAT and vesicular monoamine transporter 2 (VMAT2) binding 
(Johanson et al., 2006; Kish et al., 2009; Kitamura et al., 2007; McCann 
et al., 1998, 2008; Moszczynska et al., 2004; Rumpf et al., 2017; Sekine 
et al., 2001; Volkow et al., 2001a, 2001b; Wilson et al., 1996). 
Morphological evidence indicating damage to the substantia nigra pars 
compacta (SNc) is also reported (Todd et al., 2013, 2016). The ability of 
meth to have deleterious effects to dopaminergic systems is particularly 

concerning given that the number of people suffering from meth use 
disorders has been on the rise (Han et al., 2021; NSDUH, 2018; Shearer 
et al., 2020; Winkelman et al., 2018). In addition, meth abuse may in
crease the risk for developing Parkinson’s disease (Callaghan et al., 
2010, 2012; Curtin et al., 2015), the most common neurodegenerative 
movement disorder that is in large part characterized by progressive SNc 
degeneration. 

Meth has two direct pharmacological sites of action in dopamine 
neurons: VMAT2 and DAT. Meth binds to and induces dysfunction of 
these two proteins resulting in the release of vesicularly packaged 
dopamine into the cytosol and efflux of cytosolic dopamine into the 
synapse (Freyberg et al., 2016; Sulzer et al., 2005). The ability of meth to 
increase synaptic concentrations of dopamine is largely responsible for 
the reinforcing and euphorigenic properties of meth, whereas the 
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increased concentration of cytosolic dopamine may contribute to the 
deleterious effects of meth. The classical view of dopamine toxicity is 
that cytosolic dopamine can auto-oxidize, generating reactive quinones 
which would increase cytosolic stress (Sulzer and Zecca, 2000). Alter
natively, cytosolic dopamine can also be metabolized by monoamine 
oxidase (MAO) enzymes which generate a potentially reactive aldehyde 
(Goldstein, 2020; Goldstein et al., 2013) and free electrons that were 
thought to enter the cytosol to generate hydrogen peroxide (Edmond
son, 2014; Edmondson et al., 2009), both of which would also result in 
cytosolic stress. However, MAO enzymes are mitochondrially tethered 
and it was recently discovered that increasing cytosolic dopamine in
creases mitochondrial, not cytosolic oxidant stress (Graves et al., 2020). 
This MAO-dependent mitochondrial stress is a result of electrons 
generated through the deamination process being passed to the mito
chondrial intermembrane space (Graves et al., 2020). Chronic (28 day) 
in vivo administration of meth results in SNc degeneration which is 
attenuated by MAO inhibition (Graves et al., 2021). These data suggest 
that meth-induced MAO-dependent mitochondrial stress is a key driver 
of degeneration. Neighboring ventral tegmental area (VTA) dopamine 
neurons also express MAO and would therefore be expected to undergo 
the same meth-induced MAO-dependent mitochondrial stress. If 
meth-induced MAO-dependent mitochondrial stress is a driver of 
degeneration then VTA dopamine neurons could also be vulnerable to 
chronic meth-induced degeneration. 

The present study was designed to determine whether VTA dopa
mine neurons, like SNc neurons, are subject to meth-induced MAO- 
dependent mitochondrial stress and if so, whether VTA neurons are 
vulnerable or resistant to chronic meth-induced degeneration. To 
accomplish study goals, we used optical techniques to examine mito
chondrial stress alongside immunohistochemical and stereological 
means to examine axonal and somatic loss. The present study demon
strates that both SNc and VTA neurons undergo similar MAO-dependent 
mitochondrial stress in axons when exposed to meth. However, unlike 
the SNc, the VTA was resistant to chronic meth-induced degeneration. 
This differential vulnerability can, at least in part, be attributed to the 
presence of L-type Ca2+ channel-dependent mitochondrial stress in SNc 
but not VTA neurons. We found the axonal compartment to be the site 
where there was both MAO- and L-type Ca2+ channel-dependent mito
chondrial stress. Pharmacological strategies aimed at mitigating mito
chondrial stress prevented meth-induced SNc degeneration. Presented 
data provide new insights into the differential vulnerability of SNc and 
VTA neurons with respect to chronic meth-induced degeneration and 
demonstrate the neuroprotective capacity of two clinically available 
medications. 

2. Methods 

2.1. Experimental subjects 

Male mice were used throughout; investigations were restricted to 
male subjects because estrogen may afford neuroprotection to dopami
nergic neurons. For example, female mice are less vulnerable to the 
damaging effects of an acute meth binge (Bourque et al., 2011a, 2011b; 
Liu and Dluzen, 2006) and are more resistant to dopaminergic degen
eration in the MitoPark mouse model of Parkinson’s disease (Chen et al., 
2019). C57Bl/6 mice and mice expressing Cre recombinase under the 
tyrosine hydroxylase reporter (TH-Cre; hemizygous) on a C57Bl/6 
background were bred in-house. All subjects were group housed, 
maintained on a 12-hr light/dark cycle, and provided free access to food 
and water throughout the study. Procedures were reviewed and 
approved by the University of Minnesota Animal Care and use Com
mittee and in accordance with National Institutes of Health Guide for the 
Care and Use of Laboratory Animals. All experimental subjects were 
euthanized between 8 and 12 weeks of age. 

2.2. In vivo drug treatments 

Drugs administered in vivo include methamphetamine (5 mg/kg), the 
MAO inhibitor rasagiline (1 mg/kg), the L-type Ca2+ channel negative 
allosteric modulator isradipine (3 mg/kg/day), and the mitochondrial 
antioxidant mitoTEMPO (3 mg/kg). Mice administered saline injections 
were used as controls. Rasagiline is an irreversible MAO-B inhibitor; 
there are two MAO isoforms, MAO-A and MAO-B, both of which 
metabolize dopamine (Finberg and Rabey, 2016). It was previously 
thought that dopamine neurons only expressed MAO-A and MAO-B 
expression was reserved for astrocytes and serotonergic neurons (Lev
itt et al., 1982; Westlund et al., 1988), but more recent work provides 
evidence of MAO-A in dopamine neurons (Graves et al., 2020; Woodard 
et al., 2014). The MAO-B inhibitor rasagiline was used in the current 
report because 1) both rasagiline and the MAO-A inhibitor clorgyline 
attenuate meth-induced mitochondrial stress in SNc axons (Graves et al., 
2020), 2) we recently demonstrated that MAO-B inhibition using rasa
giline is neuroprotective (Graves et al., 2021) and 3) MAO-B inhibitors 
are clinically available and well tolerated with rasagiline being FDA 
approved for use in patients with Parkinson’s disease. In contrast, se
lective MAO-A inhibitors are not well tolerated nor are they used clin
ically (Finberg and Rabey, 2016). Saline, meth, rasagiline, and 
mitoTEMPO were administered intraperitoneally at a volume of 10 
ml/kg. Isradipine (3 mg/kg/day) was delivered via an osmotic mini
pump. Minipumps (Alzet model 2004) were filled with isradipine dis
solved in vehicle (50% DMSO/50% PEG300) at a concentration to 
achieve 3 mg/kg/day dose and were implanted subcutaneously as pre
viously described (Graves et al., 2021; Guzman et al., 2018; Ilijic et al., 
2011); meth administration commenced two days post-op. Treatment 
groups included saline, meth, rasagiline + meth, mitoTEMPO + meth, 
and isradipine + meth. For rasagiline + meth and mitoTEMPO + meth 
treatment groups rasagiline or mitoTEMPO were administered as a 
pretreatment 30 min prior to the meth injection. In vivo drug adminis
tration utilized a 28 day paradigm with daily injections (Graves et al., 
2021); subjects were euthanized within 12 h of the last injection. 

2.3. Immunohistochemistry 

Mice were anesthetized with an intraperitoneal injection of ketamine 
(50 mg/kg)/xylazine (4.5 mg/kg) and transcardially perfused with 4% 
paraformaldehyde in PBS. Brains were post-fixed overnight and cry
oprotected with 30% sucrose in PBS. Thin sections (40 μm) were sliced 
using a microtome (Leica SM2010R). Every third section throughout the 
SNc and VTA was stained resulting in 11-12 slices for both the SNc and 
VTA. Every sixth section throughout the striatum and nucleus accum
bens (sections between 1.2 and 0.4 μm anterior from bregma) was 
stained for a total of 4 striatal and 3 accumbal slices per subject. Sections 
were first treated with 20% formic acid for antigen retrieval, blocked 
with 5% normal donkey serum, and then stained for tyrosine hydroxy
lase (TH, primary antibody: rabbit anti-TH polyclonal AB152 Millipore 
1:2000; secondary antibody: Alexa 555 donkey anti-rabbit A31572 
Invitrogen 1:200). Sections spanning the SNc and VTA were counter
stained with NeuN (primary antibody: mouse anti-NeuN monoclonal 
(1B7) ab104224 1:500; secondary antibody: Alexa 488 donkey anti- 
mouse A21202 Invitrogen, 1:200). Sections containing the striatum 
and nucleus accumbens were stained for TH as described above to 
visualize dopaminergic axons. Sections were mounted and coverslipped 
onto glass slides (Electron Microscopy Sciences) with ProLong Diamond 
Antifade Mountant (Invitrogen). 

2.4. Stereological analyses 

Sections were viewed on a Zeiss microscope with a motorized stage 
and a digital camera, controlled by StereoInvestigator software (version 
2020.2.2, MicroBrighfield Inc). TH+ cells were stereologically counted 
throughout the SNc and VTA using the optical fractionator probe (Deniz 

Y. Du et al.                                                                                                                                                                                                                                       



Neuropharmacology 200 (2021) 108817

3

et al., 2018). SNc and VTA boundaries were traced under 2.5x/0.085 NA 
objective lens. Cell counting was performed on every 3rd section 
throughout SNc and VTA, a total of 11-12 slices under a 63x/1.4 NA lens 
using a 150 μm × 150 μm counting frame, a grid size of 250 μm × 275 
μm, and 2 μm guard zones (top and bottom) for both the SNc and VTA. 
The above described parameters are summarized in Table 1 and resulted 
in a Gundersen coefficient of error (m = 1), a metric estimating counting 
precision (Gundersen et al., 1999), of 0.03–0.05. To control for the 
confound of phenotypic suppression, NeuN positive cells were also 
counted using aforementioned parameters. 

SNc and VTA axons were similarly quantified using stereological 
methods but with the spaceballs probe (West, 2018). Regions of interest 
were traced in the nucleus accumbens or dorsal striatum using a 
2.5x/0.085 NA objective lens with every 6th section used to result in 4 
and 3 brain slices for the dorsal striatum and nucleus accumbens (sec
tions between 1.2 and 0.4 μm anterior from bregma), respectively. Axon 
length was quantified for both the dorsal striatum and nucleus accum
bens (NAc) under a 63x/1.4 NA lens. A hemispherical probe (radius of 7 
μm for dorsal striatum and 6 μm for NAc) was used with a grid size of 
275 μm × 275 μm, and 3 μm guard zones (top and bottom); parameters 
are summarized in Table 2 and resulted in a Gundersen coefficient of 
error (m = 1) of 0.04–0.06. 

2.5. Stereotaxic surgeries and viral vectors 

To examine mitochondrial stress, the redox sensitive probe roGFP, 
with a targeting sequence to achieve expression in the mitochondrial 
matrix (Sabharwal et al., 2013), was packaged in AAV construct with 
double inverted orientation (DIO) for use with TH-Cre mice. 
AAV9-DIO-mitoroGFP was generated by the University of Minnesota 
Viral Vector and Cloning Core. Isoflurane anesthesia was delivered using 
a low-flow precision vaporizer (Kent Scientific); subjects were first 
placed in an induction chamber with a flow rate of 5% to establish an 
anesthetic plane and subsequently placed in a stereotaxic frame (David 
Kopf Instruments) with a Cunningham adaptor (Harvard Apparatus). 
Once in the stereotaxic frame anesthesia was maintained at a flowrate of 
1.5–2.5% and anesthetic depth was verified throughout surgeries. Sub
jects were administered 2 mg/kg meloxicam subcutaneously for pro
phylactic pain management after which an incision was made to expose 
the skull and a small hole drilled; 400 nl of AAV9-DIO-mitoroGFP virus 
was injected into the brain using a glass micropipette (Drummond Sci
entific Company) pulled on a P-1000 puller (Sutter Instrument). In
jections were made based on stereotaxic coordinates; for SNc injections 
coordinates AP: − 3.5 μm, ML: 1.1 μm, DV: 4.2 μm from bregma and for 
VTA: AP: − 3.3 μm, ML: 0.9 μm, DV: 4.0 μm from bregma were targeted. 
Mice were administered meloxicam 2 mg/kg subcutaneously for 3 days 
post-op and subjects were euthanized >10 days post-op. 

2.6. Ex vivo brain slice preparation 

Mice were terminally anesthetized with an intraperitoneal injection 
of ketamine (50 mg/kg)/xylazine (4.5 mg/kg) and transcardially 

perfused using ice cold low Ca2+/high sucrose artificial cerebrospinal 
fluid (aCSF; 49.0 mM NaCl, 2.5 mM KCl, 2.0 mM CaCl2, 10.0 mM MgCl2, 
25.0 mM NaHCO3, 1.43 mM NaH2PO4, 2.5 mM glucose, and 5.0 mM 
sucrose). Once perfused the brain was removed and coronal slices (220 
μm thick) containing the striatum, nucleus accumbens, SNc, and/or VTA 
were collected using a vibratome (Leica VT1200S). Slices were placed in 
a holding chamber containing normal aCSF (124.0 mM NaCl, 3.0 mM 
KCl, 2.0 mM CaCl2, 1.0 mM MgCl2, 26.0 mM NaHCO3, 1.0 mM NaH2PO4, 
and 16.66 mM glucose, pH 7.4; 310–320 mOsm) where they remained 
for a minimum of 30 min prior to imaging experiments; 95% O2/5% CO2 
was continuously bubbled throughout. 

2.7. Two-photon laser scanning microscopy and mitochondrial stress 

Mitochondrial stress was measured in ex vivo brain slices as previ
ously described using the redox sensitive roGFP probe expressed in the 
mitochondrial matrix (Graves et al., 2020, 2021). Slices were transferred 
to a recording chamber with oxygenated aCSF continuously perfused 
and temperature maintained at 32–34 ◦C. Fluorescence was measured 
using an Ultima Laser Scanning Microscope system (Bruker) with a 
Nikon FN-1 microscope, a 60X/1.00 NA lens, and PrairieView software. 
A two-photon laser (Chameleon Ultra II, Coherent Inc.) was used to 
excite roGFP with a 920 nm wavelength. A t-series consisting of 60 
frames collected over ~20 s was acquired using a 10–12 μsec dwell time 
(0.195 μm × 0.195 μm pixels). After obtaining the test measurement the 
dynamic range of the probe was determined. This was accomplished by 
acquiring additional t-series after perfusion of 2 mM dithiothreitol, a 
reducing agent, and 200 μM aldrithiol, an oxidizing agent and relative 
oxidation calculated as previously described (Graves et al., 2020, 2021). 
Meth (10 μM) or Bay K8644 (10 μM) was bath perfused in aCSF. For 
experiments incorporating rasagiline slices were preincubated in the 
holding chamber with 1 μM rasagiline and bath perfused with meth (10 
μM) + rasagiline (1 μM). 

2.8. Statistical analyses 

Prism (GraphPad Software) was used for all statistical analyses. Data 
are presented as box-and-whisker plots illustrating the median, quar
tiles, and range with individual dot plots overlaid. Mann-Whitney (two- 
tailed) and Kruskal-Wallis with Dunns post-hoc analyses were used to 
determine significance with α = 0.05. 

3. Results 

3.1. Methamphetamine increased MAO-dependent mitochondrial stress in 
SNc and VTA axons 

Dopamine is synthesized and packaged into vesicles by VMAT2; 
meth directly targets and induces dysfunction of VMAT2 thereby 
increasing cytosolic dopamine concentrations (Freyberg et al., 2016; 

Table 1 
Optical fractionator stereological parameters.   

SNc VTA 

Sections 
Number of sections 11–12 11–12 
Type 40 μm frozen 40 μm frozen 
Actual thickness (mean ± SEM) 30.9 ± 0.5 μm 31.3 ± 1.5 μm 
Sampling every 3rd section every 3rd section  

Optical fractionator probe 
Counting frame 150 μm × 150 μm 150 μm × 150 μm 
Grid size 250 μm × 275 μm 250 μm × 275 μm 
Dissector height 13–24 μm 14–24 μm 
Coefficient of error (Gundersen), m = 1 0.03–0.05 0.03–0.04  

Table 2 
Spaceballs stereological parameters.   

Dorsal Striatum Nucleus 
Accumbens 

Sections 
Number of sections 4 3 
Type 40 μm frozen 40 μm frozen 
Actual thickness (mean ± SEM) 30.3 ± 0.9 μm 30.9 ± 1.0 μm 
Sampling every 6th section every 6th section  

Spaceballs probe 
Grid size 275 μm × 275 μm 275 μm × 275 μm 
Probe shape hemisphere hemisphere 
Radius of spherical probe 7 μm 6 μm 
Coefficient of error (Gundersen), m =
1 

0.04–0.06 0.04–0.05  
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Sulzer et al., 2005). It was recently reported that increasing cytosolic 
dopamine in SNc axons using either meth or levodopa increases mito
chondrial stress (Graves et al., 2020). The mechanism by which this 
occurs is cytosolic dopamine gets deaminated by mitochondrially teth
ered MAO enzymes which generates electrons; these electrons are then 
transferred to the mitochondrial intermembrane space resulting in 
oxidant stress (Graves et al., 2021). Consistent with this report, we show 
that meth increased mitochondrial stress in SNc axons and this 
meth-induced stress was attenuated by MAO inhibition (Fig. 1B). VTA 
neurons also synthesize and vesicularly package dopamine using 
VMAT2 and express MAO enzymes; it was therefore hypothesized that 
meth would similarly increase MAO-dependent mitochondrial stress in 
VTA axons. To test this, VTA axonal mitochondrial stress was measured 
in the nucleus accumbens. Consistent with SNc axons, meth also 
increased mitochondrial stress in VTA axons and this stress was atten
uated by MAO inhibition (Fig. 1C). To determine whether meth-induced 
mitochondrial stress was specific to axons, as previously reported for 
SNc neurons (Graves et al., 2020), we examined somatic mitochondrial 
stress in both the SNc and VTA. Bath perfusion of meth had no effect on 
somatic mitochondrial stress in SNc and VTA dopamine neurons (Fig. 2), 
confirming the compartmentalization of meth-induced, MAO-dependent 
mitochondrial stress to axons in both neuronal populations. 

3.2. VTA neurons were resistant to chronic methamphetamine-induced 
degeneration 

Chronic 28-day meth (5 mg/kg) results in SNc degeneration and 
MAO inhibition is neuroprotective (Graves et al., 2021). Given that meth 
similarly increased axonal MAO-dependent mitochondrial stress in SNc 
and VTA axons (Fig. 1), we sought to determine whether chronic meth 
could also induce degeneration of VTA neurons. Mice were administered 
5 mg/kg meth or saline daily for 28 consecutive days and euthanized 
within 12 h of the last injection. Chronic administration of meth had no 
discernible effect on the number of TH+ cells in the VTA (Fig. 3A). Given 
that meth increased axonal (Fig. 1) but not somatic mitochondrial stress 
(Fig. 2), we examined whether chronic meth administration resulted in 
VTA axonal loss. Axon length in the nucleus accumbens was stereolog
ically quantified and showed no difference between mice treated with 
meth or saline (Fig. 3B). These data indicate that although meth 
increased MAO-dependent mitochondrial stress in VTA axons, this is not 
sufficient to cause axonal or somatic loss. 

3.3. L-type Ca2+ channel activity increased mitochondrial stress in SNc 
but not VTA axons 

Thus far experiments have demonstrated that despite having similar 
meth-induced MAO-dependent axonal mitochondrial stress as SNc 
neurons (Fig. 1), VTA neurons were resistant to chronic meth-induced 
degeneration (Fig. 3). At the somatic level, SNc neurons are reported 
to have mitochondrial stress resultant from Cav1.3 L-type Ca2+ channel- 
dependent Ca2+ oscillations whereas VTA neurons do not (Chan et al., 
2007; Guzman et al., 2010; Surmeier et al., 2017). However, 
meth-induced mitochondrial stress is restricted to axons (Fig. 1) and 
does not occur in the soma (Fig. 2). We therefore sought to determine 
whether L-type Ca2+ channel activity also increases mitochondrial stress 
in axons. The redox biosensor roGFP was expressed in the mitochondrial 
matrix of SNc or VTA dopamine neurons and levels of axonal mito
chondrial stress examined in the dorsal striatum, corresponding to SNc 
axons, or nucleus accumbens, corresponding to VTA axons. Levels of 
axonal mitochondrial stress were determined with aCSF perfusion and 
with Bay K8644, the L-type Ca2+ channel activator, added to the aCSF. 
SNc and VTA dopamine neurons undergo autonomous pacemaking ac
tivity which, in an intact brain, would propagate to axons and synaptic 
terminals; however, in the ex vivo brain slice preparation the axons are 
severed from the soma and therefore lack the normal pacemaking ac
tivity that would lead to opening of voltage-gated L-type Ca2+ channels. 
Bay K8644 was therefore implemented as a means to open L-type Ca2+

channels in axons. Consistent with what is seen in the soma (Guzman 
et al., 2010), L-type Ca2+ channel activity increased mitochondrial stress 
in SNc but not VTA axons (Fig. 4). This indicates that unlike 
MAO-dependent mitochondrial stress which is compartmentally 
restricted to axons, L-type Ca2+ channel-dependent mitochondrial stress 
occurs in both the soma (Guzman et al., 2010) and axons (Fig. 4A) of SNc 
neurons. Moreover, these data indicate that both MAO- and L-type Ca2+

channel-dependent mitochondrial stress are present in SNc but not VTA 
axons. 

3.4. Mitochondrial stress was necessary for chronic methamphetamine- 
induced SNc degeneration and both MAO and L-type Ca2+ channel 
inhibition were neuroprotective 

Both SNc and VTA axons are subject to meth-induced MAO-depen
dent mitochondrial stress (Fig. 1) yet VTA neurons remained resistant to 

Fig. 1. Meth increased mitochondrial stress in SNc and VTA axons. (A) Sample image in the dorsal striatum showing the redox biosensor roGFP (targeted to the 
mitochondrial matrix) expressed in SNc axons; scale bar denotes 10 μm. (B) Sample fluorescent traces (left) depicting differences in axonal mitochondrial stress 
between aCSF (ctrl), meth (+meth, 10 μM), and +meth with the MAO inhibitor rasagiline (+MAOi, 1 μM) in ex vivo brain slices. Quantified data (right) indicate that 
compared to ctrl, +meth increased SNc axonal mitochondrial stress which was attenuated by + MAOi; ctrl n = 15 brain slices/5 mice, +meth n = 23 brain slices/6 
mice, + MAOi n = 15 brain slices/3 mice. Data analyzed using Kruskal-Wallis (H (2) = 9.796, p = 0.0075) with Dunn’s post-hoc (ctrl vs. +meth, p = 0.0383, ctrl vs. 
+MAOi, p > 0.9999, +meth vs. +MAOi, p = 0.0193). (C) +meth similarly increased mitochondrial stress in VTA axons in the nucleus accumbens and +MAOi 
attenuated the increased mitochondrial stress; ctrl n = 12 brain slices/4 mice, +meth n = 12 brain slices/4 mice, +MAOi n = 14 brain slices/3 mice. Data analyzed 
using Kruskal-Wallis (H (2) = 9.308, p = 0.0095) with Dunn’s post-hoc (control vs. +meth, p = 0.0356, control vs. +MAOi, p > 0.9999, +meth vs. +MAOi, p =
0.0163). *p < 0.05. 
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Fig. 2. Meth did not increase somatic mitochondrial 
stress in SNc or VTA dopamine neurons. (A) Sample 
image showing roGFP (targeted to the mitochondrial 
matrix) expressed in a SNc dopamine neuron; scale 
bar denotes 10 μm. (B) Meth (+meth; 10 μM) had no 
effect on somatic mitochondrial stress in SNc neurons; 
ctrl n = 12 neurons/4 mice, +meth n = 12 neurons/4 
mice. Data analyzed using Mann-Whitney test (U =
72, p > 0.9999, two-tailed). (C) +meth also had no 
effect on somatic mitochondrial stress in VTA dopa
mine neurons ctrl n = 14 neurons/5 mice, +meth n =
12 neurons/4 mice. Data analyzed using Mann- 
Whitney test (U = 72, p = 0.5604, two-tailed).   

Fig. 3. VTA neurons were resistant to chronic meth- 
induce degeneration. (A) Sample images (left) 
depicting tyrosine hydroxylase expressing (TH+) 
neurons in VTA of saline (ctrl; 10 ml/kg)- and meth 
(+meth; 5 mg/kg)-treated mice with VTA boundary 
indicated by dashed line; scale bars denote 200 μm; 
TH stained in red with NeuN counterstained in green. 
Quantified data (right) indicate that chronic meth 
had no effect on number of TH+ cells in the VTA; ctrl 
n = 7 and +meth n = 7 mice. Data analyzed using 
Mann-Whitney test (U = 22, p = 0.8048, two-tailed). 
(B) Sample image (left) showing boundary of nucleus 
accumbens; scale bar denotes 500 μm. Sample images 
(middle) depicting TH+ axons in the NAc of ctrl and 
+meth mice; scale bars denote 20 μm. Quantified 
data (right) show no difference in axon length be
tween ctrl and +meth mice; ctrl n = 5 and +meth n =
5 mice. Data analyzed using Mann-Whitney test (U =
12, p > 0.9999, two-tailed).   
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chronic meth-induced degeneration (Fig. 3). While the presence of 
additional L-type Ca2+ channel-dependent mitochondrial stress in SNc 
but not VTA axons (Fig. 4) supports the hypothesis that mitochondrial 
stress plays a causal role in chronic meth-induced SNc degeneration, 
evidence for this remains indirect. To directly test whether mitochon
drial stress is necessary for chronic meth-induced SNc degeneration, 
mice were pretreated with the mitochondrial antioxidant mitoTEMPO 
prior to each meth injection. First, 28 days of 5 mg/kg meth resulted in 
SNc degeneration as evidenced by decreased number of TH+ cells 
(Fig. 5A and B); to confirm that this reflected overt degeneration and not 
mere phenotypic suppression, sections were counterstained for NeuN, a 
non-specific neuronal marker. Like the number of TH+ cells, the number 
of NeuN stained cells were similarly decreased in the SNc (Fig. 5C). 
Pretreatment with mitoTEMPO (3 mg/kg) was neuroprotective, con
firming that mitochondrial oxidant stress was necessary for chronic 
meth-induced degeneration (Fig. 5A and B). A recent report demon
strates that pretreatment with the MAO inhibitor rasagiline (1 mg/kg) is 
also neuroprotective (Graves et al., 2021); this finding was reproduced 
here (Fig. 5A and B). Lastly, L-type Ca2+ channel activity increases 
mitochondrial stress in both the somatic (Guzman et al., 2010) and 
axonal (Fig. 4A) compartments of SNc neurons; treatment with the 
L-type Ca2+ channel negative allosteric modulator isradipine, which 
decreases somatic mitochondrial stress in SNc neurons (Guzman et al., 
2010), was also neuroprotective when administered throughout the 
28-day treatment paradigm (Fig. 5A and B). Together these data 
demonstrate that mitochondrial stress was a driver of degeneration and 
the presence of both MAO- and L-type Ca2+ channel-dependent stress 
were necessary for chronic meth-induced SNc degeneration. 

Although MAO and L-type Ca2+ channel inhibition prevented 

Fig. 4. L-type Ca2+ channel-dependent mitochondrial stress was present in SNc 
but not VTA axons. (A) Sample fluorescent traces (left) depicting differences in 
axonal mitochondrial stress between aCSF (ctrl) and Bay K8644 (+Bay K, 10 
μM, bath perfusion) in ex vivo brain slices. Quantified data (right) indicate that 
compared to ctrl, +Bay K increased mitochondrial stress in SNc axons; ctrl n =
19 brain slices/6 mice, +Bay K n = 13 brain slices/3 mice. Data analyzed using 
Mann-Whitney test (U = 70, p = 0.0407, two-tailed). (B) +Bay K did not in
crease VTA axonal mitochondrial stress; ctrl n = 15 brain slices/4 mice, +Bay K 
n = 11 brain slices/3 mice. Data analyzed by Mann-Whitney test (U = 61, p =
0.2812, two-tailed). *p < 0.05. 

Fig. 5. The mitochondrial antioxidant mitoTEMPO, MAO and L-type Ca2+ channel inhibition prevented chronic meth-induced degeneration of SNc neurons. (A) 
Sample images depicting chronic meth (+meth; 5 mg/kg)-induced loss of TH+ cells in the SNc and neuroprotection by pretreatment of mitochondrial antioxidant 
mitoTEMPO (+mitoTEMPO; 3 mg/kg), the MAO inhibitor rasagiline (+MAOi; 1 mg/kg) and the L-type Ca2+ channel inhibitor isradipine (+LCCi; 3 mg/kg/day); 
scale bars denote 200 μm with SNc boundary drawn with dashed line; TH stained in red with NeuN counterstained in green. (B) Stereological quantification of TH+

cells indicated a loss of TH+ cells in SNc of chronic meth-treated mice and this loss was prevented by + mitoTEMPO, +MAOi, and +LCCi; ctrl n = 7, +meth n = 7, 
+mitoTEMPO n = 5, +MAOi n = 7, and +LCCi n = 6 mice. Data analyzed using Kruskal-Wallis (H (4) = 14.28, p = 0.0065) with Dunn’s post-hoc (ctrl vs + meth, p =
0.0366, +meth vs. +MAOi, p = 0.0401, +meth vs. +LCCi, p = 0.0201, +meth vs + mitoTEMPO, p = 0.0481, all other comparisons p > 0.9999). (C) Stereological 
quantification of NeuN stained cells confirmed SNc cell loss; ctrl n = 7 and +meth n = 7 mice. Data analyzed using Mann-Whitney test (U = 4, p = 0.0070, two- 
tailed). *p < 0.05. 
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somatic loss (Fig. 5), the cellular compartment where these two sources 
of stress can converge is in axons. To ascertain the damaging effects of 
chronic meth on axons and the neuroprotective capacity of MAO and L- 
type Ca2+ channel inhibition, sections were collected spanning the 
dorsal striatum, stained for TH, and axon length stereologically quan
tified. Chronic meth treatment resulted in a significant loss of SNc axons 
and MAO and L-type Ca2+ channel inhibition attenuated this loss 
(Fig. 6). 

4. Discussion 

The current report highlights the differential vulnerability of SNc 
and VTA dopamine neurons. VTA dopamine neurons were resistant to 
chronic meth-induced degeneration despite having the same meth- 
induced MAO-dependent axonal mitochondrial stress as SNc neurons. 
When paired with data demonstrating that the mitochondrial antioxi
dant mitoTEMPO and the MAO inhibitor rasagiline prevented SNc 
degeneration, it can be concluded that meth-induced MAO-dependent 
mitochondrial stress in axons is necessary but not sufficient for degen
eration. An important feature that differentiates SNc and VTA neurons is 
the L-type Ca2+ channel-dependent mitochondrial stress. In SNc neurons 
Ca2+ oscillations driven by L-type Ca2+ channel activity contribute to 
mitochondrial stress in the somatic compartment of SNc but not VTA 
dopamine neurons (Chan et al., 2007; Guzman et al., 2010, 2018). 
However, meth-induced MAO-dependent stress was restricted to axons 
and did not occur in the soma. We now show that L-type Ca2+ channel 
activity also contributed to mitochondrial stress in SNc axons, making 
the axonal compartment a site of convergence for meth-induced MAO- 
and L-type Ca2+ channel-dependent stress. Mitigating either source of 
mitochondrial stress pharmacologically was neuroprotective. Altogether 
the presented data argue that chronic meth-induced degeneration is 
driven by mitochondrial stress, at least two sources of mitochondrial 
stress are necessary for degeneration, and the cellular compartment 
where at least two sources of mitochondrial stress can be found is in 
axons. 

4.1. Meth increased MAO-dependent mitochondrial stress in both SNc 
and VTA axons but VTA neurons were resistant to degeneration 

It was recently shown that chronic 28-day meth treatment (5 mg/kg) 
produces SNc degeneration and that MAO inhibition is neuroprotective 
(Graves et al., 2021); these findings were reproduced in the current 
report. Meth disrupts VMAT2 function causing increased cytosolic 
dopamine concentrations (Freyberg et al., 2016; Sulzer et al., 2005). 
Classically it has been thought that cytosolic dopamine could be harmful 
in three ways: cytosolic dopamine could 1) auto-oxidize forming reac
tive quinones (Sulzer and Zecca, 2000), 2) be metabolized by MAO 
which increases cytosolic hydrogen peroxide via release of free electrons 
generated by the deamination process (Edmondson, 2014; Edmondson 
et al., 2009) and/or 3) release a second potentially reactive byproduct 
from MAO metabolism, 3,4-dihydroxyphenylacetaldehyde (DOPAL) 
(Goldstein, 2020). All three of these paths would yield cytosolic stress. 
However, in both ex vivo brain slices and dopamine differentiated 
human stem cells, increasing cytosolic dopamine increases mitochon
drial, not cytosolic oxidant stress (Graves et al., 2020). This mitochon
drial stress is a result of MAO metabolism of dopamine, but the electrons 
generated are transferred to the mitochondrial intermembrane space, 
not the cytosol, thereby providing bioenergetic support but also 
increasing mitochondrial oxidant stress. SNc and VTA dopamine neu
rons synthesize and package dopamine into vesicles using VMAT2 and 
through interactions with VMAT2 meth increases cytosolic dopamine 
concentrations in both neuronal populations. MAO expression also does 
not differentiate the two dopaminergic neuronal populations as both 
express and utilize MAO enzymes for dopamine metabolism. Consistent 
with this, meth increased MAO-dependent mitochondrial stress in both 
SNc and VTA axons. However, somatic mitochondrial stress in either 
SNc or VTA neurons was not significantly altered by meth. The reason 
for this compartmentalization is thought to be because axons and axon 
terminals are primary sites of neurotransmitter synthesis, vesicular 
packaging, and storage in neurons; consistent with this, VMAT2, tyro
sine hydroxylase, and tissue content of dopamine are all higher in axonal 
than somatic regions (Nirenberg et al., 1995; Pickel et al., 1996; Sal
vatore and Pruett, 2012; Salvatore et al., 2009). Therefore, axons and 
axon terminals would be primary sites for meth-induced VMAT2 
dysfunction leading to elevated cytosolic dopamine concentrations, 

Fig. 6. MAO and L-type Ca2+ channel inhibition attenuated chronic meth-induced loss of SNc axons. (A) Sample image showing boundary of dorsal striatum; scale 
bar denotes 500 μm. (B) Sample images depicting chronic meth (+meth; 5 mg/kg)-induced SNc axon loss; axons in the dorsal striatum and neuroprotection by the 
MAO inhibitor rasagiline (+MAOi; 1 mg/kg) and the L-type Ca2+ channel inhibitor isradipine (+LCCi; 3 mg/kg/day); axons in the dorsal striatum were stained for 
TH; scale bars 20 μm. (C) Stereological quantification of TH+ axon length indicated a loss of TH+ axons in the dorsal striatum of chronic meth treated mice and this 
loss was prevented by + MAOi and +LCCi; ctrl n = 6, +meth n = 6, +MAOi n = 6, +LCCi n = 8 mice. Data analyzed using Kruskal-Wallis (H (3) = 8.472, p = 0.0372) 
with Dunn’s post-hoc (control vs + meth, p = 0.0248, +meth vs. +MAOi, p = 0.5366, ctrl vs. +LCCi, p = 0.4858, all other comparisons p > 0.9999). *p < 0.05. 
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which in turn increases mitochondrial oxidant stress. 
Chronic 28-day administration of meth resulted in degeneration of 

SNc neurons and MAO inhibition was neuroprotective, consistent with a 
prior report (Graves et al., 2021). However, despite having the same 
meth-induced MAO-dependent mitochondrial stress as SNc neurons, 
VTA neurons were resistant to chronic meth-induced degeneration. This 
raised the question as to whether mitochondrial stress was necessary for 
degeneration or if the stress was secondary to an alternative causal 
factor. MitoTEMPO is an antioxidant that accumulates in mitochondria; 
the neuroprotection afforded by mitoTEMPO pretreatment confirms that 
mitochondrial stress is necessary and when paired with the finding that 
MAO inhibition is neuroprotective indicates that meth-induced MAO-
dependent mitochondrial stress, while necessary, is not sufficient to 
produce degeneration. 

Two MAO isoforms exist (MAO-A and MAO-B) and are expressed in 
the brain. Classically it has been thought that MAO-A expression was 
reserved for dopaminergic and noradrenergic neurons with MAO-B 
expressed in astrocytes and serotonergic neurons (Finberg and Rabey, 
2016; Youdim et al., 2006); however, there is evidence for both MAO-A 
and MAO-B in dopaminergic neurons (Graves et al., 2020; Woodard 
et al., 2014). Rasagiline, the MAO inhibitor used in the current and 
previous (Graves et al., 2021) report is an irreversible MAO-B inhibitor. 
Whether there is differential isoform contribution to chronic 
meth-induced degeneration is unclear. In vivo the rasagiline dose used in 
the current study (1 mg/kg) inhibits 97% of MAO-B and 18% of MAO-A 
activity (Huang et al., 1999); a contribution of MAO-A inhibition to the 
neuroprotective effect of rasagiline can therefore not be excluded. 
MAO-A inhibition also attenuates meth-induced mitochondrial stress in 
SNc axons (Graves et al., 2020). From this it would be hypothesized that 
in vivo administration of a MAO-A inhibitor would, like the MAO-B in
hibitor rasagiline, attenuate chronic meth-induced degeneration. In 
contrast to this prediction, MAO-A inhibition exacerbates meth toxicity 
in acute binge paradigms with enhanced decreases in tissue content of 
dopamine and TH expression but not DAT expression (Kuhn et al., 2008; 
Thomas et al., 2008, 2009; Wagner and Walsh, 1991). 

Our results also contrast with acute binge models in that chronic 
administration resulted in SNc cell loss whereas acute binge models 
predominantly produce axonal deficits without somatic loss (Blaker 
et al., 2019; Lohr et al., 2015; Ricaurte et al., 1982) with few exceptions 
(Ares-Santos et al., 2014; Sonsalla et al., 1996). However, the chronic 
model used in the current report is in accordance with acute binge 
models in that both the current study and binge studies find VTA neu
rons to be largely resistant to the deleterious effects of meth (Harvey 
et al., 2000; Kousik et al., 2014; Zhang and Angulo, 1996). A similar 
pattern of resistance and vulnerability is seen in Parkinson’s disease 
(Gibb and Lees, 1991; Hirsch et al., 1988). Parkinson’s disease is the 
most common neurodegenerative movement disorder with hallmark 
motor symptoms arising due to the progressive degeneration of SNc 
neurons (Surmeier et al., 2017). In contrast, VTA neurons remain 
resistant to degeneration with loss occurring at late stages of disease 
(Gibb and Lees, 1991; Hirsch et al., 1988). The MitoPark mouse model of 
Parkinson’s disease also reproduces this differential vulnerability with 
VTA neurons being more resistant to degeneration than SNc neurons 
(Ekstrand et al., 2007; Ricke et al., 2020). Lastly, in both the acute binge 
and the chronic model used in the current report, the first step towards 
toxicity is increased cytosolic dopamine resulting from VMAT2 
dysfunction. Decreasing VMAT2 expression exacerbates and increasing 
VMAT2 expression attenuates meth toxicity from an acute binge 
(Fumagalli et al., 1999; Guillot et al., 2008a, 2008b; Lohr et al., 2015). 
Further supporting a role of cytosolic dopamine being a driver of 
toxicity, inhibiting dopamine synthesis also attenuates meth-induced 
axonal loss in binge models (Albers and Sonsalla, 1995; Axt et al., 
1990; Schmidt et al., 1985; Wagner et al., 1983). 

However, the presence of cytosolic dopamine in and of itself does not 
necessarily result in SNc degeneration. Rasagiline attenuates meth- 
induced mitochondrial stress in axons but as a result cytosolic stress is 

increased (Graves et al., 2020); occlusion of MAO activity presumably 
results in auto-oxidation becoming the dominant metabolic outcome. 
From this it can be inferred that during the 28-day administration 
paradigm, the meth-treated group is subjected to chronic mitochondrial 
stress whereas the treatment group receiving the MAO inhibitor as a 
pretreatment prior to meth is subjected to chronic cytosolic stress. Given 
that MAO inhibition was neuroprotective, attenuating both somatic and 
axonal loss, this suggests that even vulnerable SNc dopamine neurons 
are able to tolerate, to at least some extent, increases in cytosolic stress 
caused by MAO inhibition. Furthermore, our results suggest that 
increasing cytosolic dopamine, whether by meth administration or by 
inhibiting metabolism with a MAO inhibitor, is not inherently degen
erative. In order for degeneration to occur multiple sources of mito
chondrial stress, for example MAO- and L-type Ca2+ channel-dependent 
mitochondrial stress, are required. 

4.2. L-type Ca2+ channel activity increased mitochondrial stress in SNc 
but not VTA axons 

One key difference between SNc and VTA dopamine neurons thought 
to contribute to the differential vulnerability in Parkinson’s disease is 
Ca2+ driven differences in somatic mitochondrial stress (Zampese and 
Surmeier, 2020). In SNc neurons pacemaking activity is associated with 
Ca2+ oscillations, driven primarily by Cav1.3 L-type Ca2+ channels, that 
contribute to somatic mitochondrial stress and although VTA neurons 
have similar pacemaking properties, there is less cytosolic Ca2+ and 
somatic mitochondrial stress (Guzman et al., 2009, 2010, 2018). 
Whether these differences in intracellular Ca2+ reflect differences in 
levels of Cav1.3 L-type Ca2+ channel protein expression is unclear; 
however, somatic L-type Ca2+ currents are larger in SNc than VTA 
dopamine neurons (Philippart et al., 2016). Additionally, compared to 
the VTA, SNc dopamine neurons have limited Ca2+ buffering capacity 
with low expression of buffering proteins such as calbindin (Alfa
hel-Kakunda and Silverman, 1997; Damier et al., 1999; Fu et al., 2012; 
Liang et al., 1996; Neuhoff et al., 2002; Poulin et al., 2014; Sequier et al., 
1990). Using pharmacological strategies, it has been shown that L-type 
Ca2+ channels modulate dopamine release in both the striatum and 
nucleus accumbens (Brimblecombe et al., 2015; Koizumi et al., 1995; 
Okita et al., 2000; Rocchitta et al., 2005), suggesting that SNc and VTA 
axons express L-type Ca2+ channels. However, direct evidence of axonal 
L-type Ca2+ channel expression in SNc and VTA axons is, to the best of 
our knowledge, lacking. Whether differences in L-type Ca2+ currents, 
expression of L-type Ca2+ channels (particularly Cav1.3) and/or 
expression of Ca2+ buffering proteins differentiate SNc and VTA axons is 
unknown. In the present study we show that L-type Ca2+ channel acti
vation in SNc axons, but not VTA axons increased mitochondrial stress. 
SNc axons therefore mirror the Ca2+-induced mitochondrial stress 
observed in the somatic compartment which is distinct from the 
MAO-dependent mitochondrial stress present in axons but not in the 
soma. This indicates that the presence or absence of mitochondrial stress 
induced by L-type Ca2+ channels determines whether neurons are 
vulnerable or resistant to chronic meth-induced degeneration. Consis
tent with this, the L-type Ca2+ channel negative allosteric modulator 
isradipine was neuroprotective. Given that meth-induced mitochondrial 
stress was specific to axons and did not occur in the soma, it suggests that 
the deleterious effects of meth occur at sites where multiple sources of 
mitochondrial stress are present, i.e. axons. SNc neurons which have 
both MAO- and L-type Ca2+ channel-dependent axonal mitochondrial 
stress were vulnerable to chronic meth-induced degeneration whereas 
VTA neurons, which have MAO- but not L-type Ca2+ channel-dependent 
mitochondrial stress in axons (Fig. 7), were resistant. This suggests that 
the degenerative process is likely to begin in axonal compartments and 
progresses to somatic loss in a dying-back pattern of degeneration. 

In acute binge paradigms axons are particularly vulnerable (Blaker 
et al., 2019; Lohr et al., 2015; Ricaurte et al., 1982). Dopamine is 
vesicularly packaged and released from axon terminals making it logical 
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that axons and synaptic terminals would be hotspots for meth-induced 
MAO-dependent mitochondrial stress. However, somatodendritic 
dopamine release is also an important component of dopamine neuron 
function (Rice and Patel, 2015) and in vitro neurites are particularly 
vulnerable to the deleterious effects of meth (Cubells et al., 1994; Larsen 
et al., 2002). Further study is necessary to determine whether meth 
similarly increases MAO-dependent dendritic mitochondrial stress in 
dopaminergic neurons; if so, dendrites could be a second anatomical site 
where MAO- and L-type Ca2+ channel-dependent mitochondrial stress 
converge. If this is the case, a dying-back pattern beginning at both 
axons and dendrites would be hypothesized resulting in a loss of distal 
processes (i.e. dendrites and axons) that, with repeated administration, 
would progress to overt somatic loss as seen with the current 28 day 
treatment paradigm. 

4.3. Isradipine for neuroprotection and addiction pharmacotherapy 

Substance use disorders are chronic diseases with high rates of 
relapse and limited treatment options. Meth is a particularly concerning 
drug of abuse given that it is not only addictive but also neurotoxic, so 
much so that meth abuse is associated with an increased risk for 
developing Parkinson’s disease (Callaghan et al., 2010, 2012; Curtin 
et al., 2015). Additionally, meth abuse results in cognitive deficits that 
are correlated with decreased DAT binding suggesting that 
meth-induced cognitive dysfunction may be a consequence of degener
ation (McCann et al., 2008). The current report demonstrates the 
neurodegenerative effect of chronic meth administration, but degener
ation also continues despite abstinence (Graves et al., 2021; Kousik 
et al., 2014). It is unclear whether the damage from meth continues to 
progress indefinitely if left untreated although in human subjects pro
tracted abstinence may afford some degree of recovery (Volkow et al., 
2001a). An ideal treatment strategy for patients with meth use disorders 
would be one that provides neuroprotection and combats relapse. Isra
dipine prevented degeneration during chronic meth administration and 
is also protective when administered during abstinence (Graves et al., 
2021). This clinically available medication also blocks acquisition and 
facilitates extinction training in a conditioned place preference para
digm and attenuates cue-induced reinstatement of cocaine-seeking in 
rodent models (Addy et al., 2018; Degoulet et al., 2016). In human 

subjects isradipine administration decreases some meth-induced posi
tive subjective and reinforcing effects associated with its abuse liability 
in dependent individuals (Johnson et al., 1999, 2005). L-type Ca2+

channel inhibition, using the clinically available isradipine, may there
fore serve as a dual-purpose pharmacotherapy that protects against both 
neurodegeneration and relapse in abstinent individuals. 

5. Conclusions 

Mitochondrial stress is thought to be a causal factor of many 
neurodegenerative diseases and underlie the differential vulnerability of 
neuronal populations (Goldberg et al., 2012; Guzman et al., 2010; Lin 
and Beal, 2006; Sanchez-Padilla et al., 2014); here we see that mito
chondrial stress is necessary for chronic meth-induced SNc degeneration 
and differentiates the vulnerability of SNc and VTA neurons. Presented 
data also demonstrate that meth-induced MAO- and L-type Ca2+

channel-dependent mitochondrial stress both occur in SNc axons and are 
each necessary for chronic meth-induced degeneration. Lastly, the 
clinically available MAO inhibitor rasagiline and L-type Ca2+ channel 
negative allosteric modulator isradipine were neuroprotective with the 
latter potentially able to also serve as addiction pharmacotherapy. 
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Fig. 7. Differential sources of mitochondrial stress in 
substantia nigra pars compacta and ventral tegmental 
area axons. (A) Schematic depiction illustrating 
observed sources of mitochondrial stress in substantia 
nigra pars compacta (SNc) axons. Methamphetamine 
(meth) increases cytosolic dopamine via interactions 
with VMAT2; cytosolic dopamine is then metabolized 
by mitochondrially tethered monoamine oxidase 
(MAO) enzymes and electrons generated by MAO 
deamination of dopamine are transferred to the 
mitochondrial intermembrane space resulting in 
mitochondrial stress. Additionally, Ca2+ influx 
through L-type Ca2+ channels increase mitochondrial 
stress in SNc axons. (B) Schematic depiction illus
trating observed sources of mitochondrial stress in 
ventral tegmental area (VTA) axons. Like in SNc 
axons, meth increases cytosolic dopamine resulting in 
MAO-dependent mitochondrial stress. However, bath 
application of the L-type Ca2+ channel activator Bay 
K8644 had no effect on mitochondrial stress sug
gesting that Ca2+ influx through L-type Ca2+ channels 
may be insufficient to impact mitochondria or is 
being buffered by Ca2+ binding proteins such as cal
bindin. The cellular compartment where L-type Ca2+

channel- and meth-induced MAO-dependent mito
chondrial stress occur is in axons (meth did not increase somatic mitochondrial stress). SNc dopamine neurons were vulnerable whereas VTA neurons were resistant 
to chronic meth-induced degeneration indicating that at least two sources of mitochondrial stress (i.e. MAO- and L-type Ca2+ channel-dependent) are required for 
degeneration as blocking either MAO or L-type Ca2+ channels was neuroprotective.   
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