Neurotoxicity Research (2021) 39:667-676
https://doi.org/10.1007/512640-021-00347-9

ORIGINAL ARTICLE q

Check for
updates

Effect of Chronic Methylphenidate Treatment in a Female
Experimental Model of Parkinsonism

Hannah V. Oakes' - David McWethy' - Shannon Ketchem' - Lily Tran' - Kaitlyn Phillips' - Laura Oakley? -
Richard J. Smeyne? - Brooks B. Pond’

Received: 11 January 2021 / Revised: 11 January 2021 / Accepted: 28 February 2021 / Published online: 5 March 2021
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract

Methylphenidate (MPH) is the most commonly prescribed drug for the treatment of ADHD in males and females. However,
a majority of previous studies investigated the effect of MPH in only males, and little is known regarding consequences of
female exposure to MPH. This is unfortunate because the few studies that have been conducted indicate that females have a
greater sensitivity to MPH. Previous research in male mice has shown that chronic exposure to MPH causes dopaminergic
neurons within the nigrostriatal pathway to be more sensitive to the Parkinsonian toxin 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP). However, estrogen has been shown to protect dopaminergic neurons from MPTP neurotoxicity. Therefore,
in this study, we test the hypothesis that chronic MPH exposure in female mice will render dopaminergic neurons in the
nigrostriatal pathway more sensitive to MPTP, and that estrogen may play a protective role. Interestingly, proestrus females
exhibited greater sensitivity to MPTP, with significantly reduced dopaminergic neurons in the SN and significant increases in
DA quinone production. Chronic MPH exposure contributed to GSH depletion, but surprisingly, it did not increase dopamine
quinone levels or dopaminergic cell loss. There were no significant differences in anestrus animals, with the exception of a
depletion in GSH seen when animals received chronic high-dose (10 mg/kg) MPH followed by MPTP. Thus, estrogen may
actually sensitize neurons to MPTP in this model, and chronic MPH may contribute to GSH depletion within the striatum.
This study provides insight into how chronic psychostimulant use may affect males and females differently.

Keywords Methylphenidate - Dopamine - Glutathione - Dopamine-quinone - Estrogen

Introduction

The Centers for Disease Control and Prevention (CDC)
reports that as of 2016, 6.1 million children have been diag-
nosed with attention deficit hyperactivity disorder (ADHD)
in the United States alone (Danielson et al. 2018). Methyl-
phenidate (MPH) is the most commonly prescribed drug for
the treatment of ADHD, and many children receive MPH
from childhood to early adulthood; yet, most of the scientific
literature focuses on understanding short-term consequences
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of MPH. As such, it is extremely important to examine the
long-term consequences of MPH exposure. Additionally, the
preponderance of previous studies investigated the effect of
methylphenidate only in males, and little is known regarding
consequences of female exposure to MPH. This is unfortu-
nate as the fact that the few studies that have been conducted
in females, suggest that they are more sensitivity to MPH
(Brown et al. 2012). Additionally, given the same dosages,
females have been shown to have higher brain concentrations
of MPH than males (Bentley et al. 2015). Therapeutically,
MPH functions by increasing the amount of dopamine (DA)
and norepinephrine (NE) in the synaptic cleft as a result of
its ability to block DA and NE transporters. Interestingly,
there are sex differences reported in regard to dopaminergic
tone (Cummins et al. 2014; Frolich et al. 2014). For exam-
ple, in the striatum, females have a higher concentration of
DA transporters and higher concentrations of DA release
when compared with males (Walker et al. 2006). Further-
more, females have a greater DA turnover rate than males, a
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phenomenon that has been shown to be estrogen dependent
based on the finding that an ovariectomy reduces the DA
turnover rate and estrogen restores it (Dluzen et al. 1996).
Moreover, natural fluctuations of estrogen in the estrous
cycle are capable of altering the activity of DA in the stria-
tum (Dluzen et al. 1996).

At a physiological pH, DA is capable of autoxidizing by
dissociation of a hydroxyl group, creating a DA o-quinone.
This unstable DA o-quinone then cyclizes to an amino-
chrome, which is reduced to leukoaminochrome o-semi-
quinone radicals, forming H,0, and hydroxyl radicals. In
addition to autoxidation, Fe+2 and Cu+ as well as enzymes
with peroxidase activity are capable of catalyzing DA con-
version to DA o-quinone, speeding up the reaction and
increasing the levels of DA o-quinones (Klein et al. 2019).
DA o-quinones are capable of disrupting normal cell func-
tion by forming adducts with cysteine residues and inducing
oxidative stress throughout the cell (Monzani et al. 2018;
Park et al. 2007). Interactions with cysteine residues can
be particularly harmful to cell viability as cysteine residues
are often found at the active site of enzymes. To prevent DA
oxidation, excess DA is normally sequestered in vesicles
with a lower pH (Eiden and Weihe 2011; Klein et al. 2019;
Segura-Aguilar et al. 2014). However, since MPH is capable
of increasing the concentration of DA in the synaptic cleft,
it may allow for excess free DA to autoxidize and produce
reactive oxygen species. Furthermore, estrogen is thought to
play a protective role against oxidative stress, as an increase
in oxidative stress was seen in ovariectomy mice, and estro-
gen was able to decrease the oxidative stress (Gaignard et al.
2015).

Fortunately, our brains are capable of quickly removing
small amounts of DA o-quinone by using a natural antioxi-
dant, glutathione (GSH) (Motaghinejad et al. 2016). In fact,
GSH has been shown to prevent DA-induced cell death in a
number of models (Park et al. 2007; Stokes et al. 2000; Zhou
and Lim 2009). GSH forms conjugation reactions with qui-
nones or aminochromes, eventually leading to the formation
of 5-S-cysteinyl DA or 4-S-glutathionyl-5,6-dihydroxyindo-
line, respectively (Smeyne and Smeyne 2013). 5-S-cysteinyl
DA and 4-S-glutathionyl-5,6-dihydroxyindoline may then
be incorporated into neuromelanin (Zhou and Lim 2009),
and some 5-S-cysteinyl DA is released into cerebral spinal
fluid. However, GSH can become depleted when there is
excess quinone production. If GSH is depleted, there are
higher levels of free quinones, and therefore more free radi-
cals, leading to oxidative stress and eventually neurotoxicity
via apoptosis (Stokes et al. 2000). An estimated 80% of the
DA in the brain is found within the nigrostriatal pathway
(Golan et al. 2011; Stahl 2008). The primary responsibility
of neurons within this pathway is purposeful movement, and
damage to this pathway can result in tremors, spasms, tar-
dive dyskinesia, and Parkinson’s disease (Dexter and Jenner
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2013; Gibb and Lees 1988; Klein et al. 2019; Postuma et al.
2015). Therefore, drugs, such as MPH, that increase synaptic
DA levels may have detrimental effects on the nigrostriatal
pathway. In fact, MPH has been shown to induce oxidative
stress by forming DA o-quinones and depleting GSH in the
hippocampus and nigrostriatal pathway (Martins et al. 2006;
Motaghinejad et al. 2016; Oakes et al. 2019).

Previous research in male mice has shown that chronic
exposure to MPH causes dopaminergic neurons within the
nigrostriatal pathway to be more sensitive to the Parkinso-
nian toxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) (Sadasivan et al. 2012). MPTP induces oxidative
stress by blocking Complex I of the ETS, leading to mito-
chondrial dysfunction, loss of ATP production, and gen-
eration of free radicals including DA quinones. The loss of
SNpc DA neurons subsequent to MPTP has allowed this
chemical to be used to induce a model of the dopamine loss
seen in Parkinson’s disease (Smeyne and Jackson-Lewis
2005). Furthermore, our lab has previously shown a dose-
dependent increase in quinone formation in the striatum
of male mice following chronic exposure to MPH (Oakes
et al. 2019). Moreover, the increase in quinone formation
in the striatum was accompanied by a depletion of GSH,
and the depletion of GSH was enhanced when male mice
were additionally exposed to MPTP (Oakes et al. 2019). Of
note, estrogen has been found to be neuroprotective against
MPTP, and it is thought that estrogen conveys neuroprotec-
tion by modulating the DA transporter (Dluzen et al. 1996).
Interestingly, chronic use of psychostimulants appears
to increase the risk of developing Parkinson’s disease
(Curtin et al. 2015; Moratalla et al. 2017; Perfeito et al.
2013). Although estrogen has been shown to be protective
against MPTP (Dluzen et al. 1996), human epidemiological
studies have demonstrated that the use of stimulant drugs
puts females at a greater risk of developing neurodegenera-
tive disorders (Curtin et al. 2015). In contrast, estrogen is
capable of working synergistically with psychostimulants,
increasing the interactions between the psychostimulant and
DA reward system (Curtin et al. 2015). Therefore, in this
study, we test the hypothesis that chronic MPH exposure in
female mice will render dopaminergic neurons in the nigros-
triatal pathway more sensitive to MPTP, and that estrogen
may play a protective role.

Materials and Methods
Mice and Drug Treatment

Experiments and procedures with the animals were per-
formed following the regulations set forth by the NIH Guide
for the Care and Use of Laboratory Animals. The protocols
followed were approved by the University Committee on



Neurotoxicity Research (2021) 39:667-676

669

Animal Care (UCAC) at East Tennessee State University.
Mice were allowed food and water ad libitum and were kept
on a 12-h light and dark cycle. Adolescent female Swiss-
Webster (MPTP-resistant (Hamre et al. 1999; Heikkila 1985)
mice received intraperitoneal (i.p.) injections of saline, 1, or
10 mg/kg MPH (Sigma Aldrich, dissolved in 0.9% sterile
saline) for 12 weeks. A dose of 1 mg/kg MPH was used
because doses of less than 5 mg/kg MPH i.p. in rodents
may represent the clinical treatment of ADHD (Gerasimov
et al. 2000; Koda et al. 2010). In contrast, a dose of 10 mg/
kg MPH i.p. was chosen as it may represent recreational
misuse or use of MPH treatment in narcolepsy (Valvassori
et al. 2007). Injections were administered using a school
week (5 days/week) dosing schedule to prevent weight loss
(Martins et al. 2004; Roche et al. 1979). Female mice were
allowed to enter the estrus cycle as normal. The Whitten
effect was used on the day of the last MPH injection by
introducing male pheromones into half the cages prompt-
ing female mice to enter the estrus cycle at the same time
(Gangrade and Dominic 1984; Whitten 1957). Half of the
cages had no pheromones introduced keeping the female
mice in anestrus via the Lee-Boot effect (Ma et al. 1998).
Female mice were either in proestrus or in anestrus 7 days
after the last MPH injection, which was confirmed by vagi-
nal smear (McLean et al. 2012).

MPTP Dosing in Female Swiss-Webster Mice

Previous work has indicated that different strains of mice can
have varied sensitivity to MPTP (Boyd et al. 2007; Hamre
et al. 1999; Heikkila 1985; Hoskins and Davis 1989; Sedelis
et al. 2000; Sonsalla and Heikkila 1988; Sundstrom et al.
1987; Vidyadhara et al. 2017). Swiss-Webster mice have
been found to be MPTP-resistant, and thus, this strain is
useful in examining changes in sensitivity to this Parkinso-
nian toxin. There is an established protocol for administra-
tion of MPTP (4 X20 mg/kg, i.p.) in male Swiss-Webster
mice (Hamre et al. 1999; Heikkila 1985). In addition, there
appears to be differences in sensitivity to MPTP depending
on gender (Alam et al. 2016; Disshon and Dluzen 2000;
Dluzen et al. 1996; Sedelis et al. 2000). However, the
use of the MPTP model for Parkinson’s has been limited
in female models, and none of these studies used female
Swiss-Webster mice as a model for MPTP. Therefore, the
appropriate MPTP dose for female Swiss-Webster mice was
determined by analyzing the survival rate at 4 different doses
of MPTP. Anestrus female mice were challenged with injec-
tions of MPTP 4 times every 2 h. The MPTP doses given
were 10 mg/kg, 12.5 mg/kg, 15 mg/kg, or 20 mg/kg (total
dosage was 40 mg/kg, 50 mg/kg, 60 mg/kg, and 80 mg/kg,
respectively). The probability of survival was calculated
based on the number survived in a group divided by the
total of the group. Each of the 4 groups had an n of 5. After

this preliminary experiment, a dose of 12.5 mg/kg was cho-
sen and utilized for the remaining work. Briefly, after the
12 weeks of MPH treatment, all animals were subjected to
drug washout for 7 days, and then half of each group were
treated with MPTP 4 times every 2 h (12.5 mg/kg, total of
50 mg/kg), while the other half was administered 4 injec-
tions of sterile 0.9% saline. Seven days after the MPTP injec-
tion, mice were sacrificed.

Immunohistochemistry

Mice were sacrificed via transcardial perfusion with saline,
followed by 4% paraformaldehyde. The brains were then
removed, post-fixed overnight in fresh fixative, embedded
in paraffin, and serially sectioned at 10 um from the rostral
hippocampus to the cerebellar-midbrain junction. Serial sec-
tions were mounted 5 sections per slide onto polyionic slides
(Superfrost Plus, Fisher Scientific). Deparaffinized slides
were incubated with an antibody against tyrosine hydroxy-
lase to identify DA neurons (mouse monoclonal anti-tyros-
ine hydroxylase, Sigma-Aldrich; 1:500 and biotinylated
mouse [gG; 1:1000). A diaminobenzidine (DAB) reaction
was used to yield a brown color to mark TH-expressing DA
neurons. All tissue sections were counter stained with the
Nissl stain Neutral Red for landmark identification and to
allow visualization of SNpc neurons that were still alive
but biochemically inactive. The total number of TH-posi-
tive neurons and TH-negative, Nissl-positive cells on both
sides of the pars compacta region of the substantia nigra
(SNpc) that had the characteristics of dopaminergic neurons
were estimated using model-based stereological methods as
described in Baquet et al. (Baquet et al. 2009). Experimental
conditions were blinded during the analysis. Ann of 3 to 5
mice was used for each group.

Quinone Assay

Mice were sacrificed by decapitation, and the striata were
removed, flash-frozen in liquid nitrogen, and stored at
—70 °C until analysis. An n of 4 to 5 mice was used for
each group. The amount of free and protein bound ortho-
quinones in the striatum was quantified using near-infrared
fluorescence (nIRF) dot blots (Mazzulli et al. 2016). As
reported previously, samples were homogenized in 300 uL
of cold PBS by sonication, centrifuged for 5 min at 4 °C
at 400 x g and the supernatant discarded. Free and protein-
bound ortho-quinones were then extracted 3 times using
the following procedure. Pellets were resuspended in cold
lysis buffer then incubated for 30 min in an ice-water slurry.
Samples were then frozen and thawed 3 times and then cen-
trifuged for 30 min at 4 °C at 100,000 x g. The supernatant
was saved as the Triton-soluble extraction and the Triton
pellet was used for the second extraction. The Triton pellet
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was resuspended in SDS lysis buffer, boiled for 10 min, soni-
cated, and boiled for another 10 min and then centrifuged for
30 min at 22 °C at 100,000 X g. The supernatant was saved
as the SDS-soluble extraction, and the SDS pellet was used
for the third extraction. The SDS pellet was resuspended in
1 N sodium hydroxide (NaOH) and incubated overnight at
55 °C. The samples were then speed-vacuumed and resus-
pended in base buffer and saved as NaOH-soluble extraction.
A standard curve was prepared using DOPAC oxidized with
equimolar sodium periodate. Each sample extraction and
standard were dot blotted onto a membrane and allowed to
dry in a fume hood. Each extraction was normalized for pro-
tein content following a BCA protein assay. Dot blots were
scanned at 700 nm on the Odyssey Infrared Imaging System
(1i-Cor) (Oakes et al. 2019).

Glutathione Assay

GSH content in the striatum was measured as previously
stated (Oakes et al. 2019). A GSH assay kit (Cayman Chemi-
cal Co.) was utilized. Briefly, tissues were homogenized in
50 mM phosphate buffer (10 ml/g of tissue) and centrifuged
(10,000 g for 15 min at 4 °C). The supernatant was removed
and incubated for 5 min at room temperature with 10%
metaphosphoric acid (v/v) and then centrifuged at 2000 g
for 3 min. The supernatant was removed again and normal-
ized for protein content following a Bradford protein assay.
Samples were added to a 96-well plate and mixed with the
reagent cocktail provided in the GSH assay kit and described
in the protocol with no deviations, incubated for 25 min in
the dark, and the absorbance was determined at 414 nm.

Statistical Analysis

Data are reported as means + SEM, and the statistical analy-
ses were performed using multiple variable analysis of var-
iance (two-way ANOVA), followed by Tukey’s multiple-
comparison test using GraphPad Prism software version
8. An n of 3 to 5 mice was used for each group. P values
of <0.05 were considered significant.

Results
MPTP Treatment in Female Swiss-Webster Mice

As mentioned previously, there is an established protocol for
administration of MPTP (4 X 20 mg/kg, i.p.) in male Swiss-
Webster mice (Hamre et al. 1999; Heikkila 1985). However,
when we administered MPTP according to this protocol,
100% of the female Swiss-Webster mice died. Many died
after the second and third injections, with the remaining
mice dying shortly after the last injection. Previous work
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with other strains of mice (such as MPTP-sensitive C57BL/6
mice) has also shown complete lethality when female mice
were given the same dose as males (4 X 20 mg/kg, i.p.)
(Schwarting et al. 1999). While some peripheral toxicity is
expected with MPTP, it is clear that female mice require
MPTP dose adjustments. As such, we performed a prelimi-
nary experiment whereby we tested various doses of MPTP
to determine the maximal dose we could use that would
allow for at least 50% survival. As above, all doses were
given 4 times, every 2 h and included individual injection of
20 mg/kg, 15 mg/kg, 12.5 mg/kg, or 10 mg/kg. The 20-mg/
kg dose again produced a 100% death rate, and 15 mg/kg
produced an 80% death rate. With a dose of 12.5 mg/kg,
the death rate was 50%, and with 10 mg/kg, the death rate
was 40%. Thus, for the remaining experiments, a dose of
12.5 mg/kg MPTP, every 2 h for a total of 4 injections, was
utilized.

Dopamine Cell Count in the Substantia Nigra

We conducted a stereological analysis of TH + cells within
the SNpc in order to determine how chronic MPH followed
by saline/MPTP affected numbers of dopaminergic neurons
within that brain region. Females were further subdivided
based on the stage of the estrus cycle at the time of MPTP
exposure, as proestrus animals have high estrogen levels
and anestrus animals have low estrogen levels. Interest-
ingly, in proestrus females exposed to chronic saline treat-
ment, MPTP caused a significant decrease in the number
of dopaminergic neurons within the SNpc (Fig. 1m). This
is surprising given that the dose is lower than doses used in
males, and these mice are typically MPTP-resistant (Hamre
et al. 1999). Although this trend was observed in animals
exposed to chronic MPH, there were no significant differ-
ences. Additionally, there were no significant differences
observed in anestrus animals across any of the treatments
(Fig. 1n).

Dopamine O-Quinone Concentration in the Striatum

Dopamine may contribute to neurotoxicity when it oxidizes
to a DA o-quinone. As such, we quantified levels of quinones
within the terminal region of the nigrostriatal pathway, the
striatum. The production of DA o-quinones was significantly
increased in proestrus mice that were exposed to chronic saline
followed by MPTP compared with those exposed only to saline
(Fig. 2a). Interestingly, again, no significant differences were
observed in proestrus mice exposed to chronic MPH followed
by MPTP or saline. Moreover, no significant differences were
observed among anestrus subgroups (Fig. 2b). However,
anestrus mice exposed to chronic saline followed by MPTP
displayed significantly lower dopamine quinone production
compared their proestrus counterparts (Fig. 2a and b).



Neurotoxicity Research (2021) 39:667-676

671

m Proestrus Females
P 15000
El Saline

s 0.05
§ P . MPTP
£ 10000~ |
5
[
-4
2 5000
E
©
Q.
o
o

0_

Saline

1mg/kg MPH 10 mgikg MPH

Fig. 1 Representative images of the substantia nigra par compacta
(SNpc) of proestrus female mice treated with saline a—d, 1 mg/kg
e-h, or 10 mg/kg i-1 MPH for 12 weeks followed by MPTP. Stere-
ological estimates of dopaminergic neuron numbers in the SNpc of
proestrus m or anestrus n female mice. Female Swiss-Webster mice
received intraperitoneal injections of saline, 1, or 10 mg/kg MPH for
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12 weeks (labeled at the bottom of the bar graph) followed by either
saline (black bars) or MPTP (gray bars). Female mice were confirmed
to be in proestrus or anestrus at the time of the injection, and tissue
was collected 7 days later. Data are expressed as means+SEM (n=3
to 5). Two-way ANOVA followed by Tukey’s post hoc analyses
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Fig.2 The concentration of free and protein-bound ortho-quinones in
the striata of proestrus a or anestrus b female mice. Female Swiss-
Webster mice received intraperitoneal injections of saline, 1, or
10 mg/kg MPH for 12 weeks followed by either saline or MPTP.

Glutathione Concentration in the Striatum

GSH is an important antioxidant within the CNS that can
conjugate to DA ortho-quinones in an effort to prevent for-
mation of free radicals. Thus, subsequently, we quantified
striatal GSH levels in proestrus and anestrus subgroups fol-
lowing chronic saline or MPH exposure, followed by saline
or MPTP. Interestingly, in proestrus females, a significant
decrease in GSH levels was observed following chronic
exposure to both low (1 mg/kg) and high (10 mg/kg) doses
of MPH (Fig. 3a). Furthermore, mice exposed to chronic
MPH followed by MPTP displayed even greater depletion
in GSH levels, with mice receiving 10 mg/kg MPH followed
by MPTP having the lowest levels. In anestrus females,
chronic MPH did not deplete GSH, but when chronic MPH
animals also received MPTP, there was a significant deple-
tion in GSH levels within the striatum (Fig. 3b).
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Fig.3 Glutathione (GSH) concentration in the striata of proestrus
a or anestrus b female mice. Female Swiss-Webster mice received
intraperitoneal injections of saline, 1, or 10 mg/kg MPH for 12 weeks
followed by either saline or MPTP. Female mice were confirmed
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Female mice were confirmed to be in proestrus or anestrus at the
time of the injection. Data are expressed as means + SEM (n=4 to 5).
Two-way ANOVA followed by Tukey’s post-hoc test. *p<0.05 vs.
proestrus saline + MPTP

Discussion

Previously, we found that chronic MPH increased quinone
formation and depleted GSH in the striatum of male Swiss-
Webster mice, and MPTP caused an even greater depletion
in GSH (Oakes et al. 2019). In this study, we examined the
effect of chronic MPH exposure in female Swiss-Webster
mice on dopaminergic neurons in the nigrostriatal pathway
and whether or not those dopaminergic neurons became
sensitive to the neurotoxin, MPTP. We also investigated the
role estrogen may play by utilizing the estrus cycle. Firstly,
we elucidated the appropriate MPTP dose for female Swiss-
Webster mice. Swiss-Webster mice are known to be MPTP-
resistant (Heikkila 1985), and estrogen has been shown to
be neuroprotective (Dluzen and Horstink 2003; McArthur
and Gillies 2011). Unfortunately, when female Swiss-Web-
ster mice are administered the typical acute MPTP regimen
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to be in proestrus or anestrus at the time of the injection. Data are
expressed as means+SEM (n=3 to 5). Two-way ANOVA followed
by Tukey’s post-hoc test. *p<0.05 vs. proestrus saline+saline,
**p <0.05 vs. proestrus saline + MPTP
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(20 mg/kg i.p. X4 injections), it results in complete lethality,
consistent with other mouse strains (Schwarting et al. 1999).
This is likely due to peripheral toxicity, as female mice are
particularly vulnerable to cardiovascular side effects in
response to MPTP (Jackson-Lewis and Przedborski 2007).
However, death due to MPTP-induced cardiovascular issues
is unrelated to the loss of dopaminergic neurons in the
nigrostriatal pathway; thus, female mice treated with MPTP
may succumb and die due to cardiovascular events, before
dopaminergic neuron loss in the SNpc may be observed.
(Jackson-Lewis and Przedborski 2007). We found that a dose
of 12.5 mg/kg MPTP given 4 times i.p. allowed for 50% or
greater survival in female Swiss-Webster mice, and interest-
ingly, it did produce some dopaminergic neuron loss within
the SNpc.

Our data indicate that MPTP was capable of decreasing
the number of dopaminergic neurons within the SNpc of
proestrus females. In addition, increased quinone forma-
tion is seen in the striatum of proestrus female mice treated
with MPTP. In contrast, anestrus females had no significant
differences in the number of dopaminergic neurons in the
SNpc. Following this trend, anestrus females showed no
significant differences in quinone formation in the stria-
tum. Taken together, these results suggest that high physi-
ological levels of estrogen in proestrus females may actually
sensitize female Swiss-Webster mice to MPTP. These data
conflict with previous studies that have shown that physi-
ological levels of estrogen can be neuroprotective against
neurotoxins such as MPTP, and proestrus females have less
dopaminergic neuron loss when compared with diestrus
females (Dluzen and Horstink 2003; Dluzen et al. 1996;
Gomez-Mancilla and Bédard 1992; McArthur and Gillies
2011). While this may be true, these studies used different
animal models and dosing regimens. For example, Gomez-
Mancilla and Bédard utilized a female monkey model and
administered MPTP immediately prior to administration of
estrogen (Gomez-Mancilla and Bédard 1992). In studies
that utilized mouse models, different strains were used, and
the female mice were ovariectomized and then given a bolus
of estrogen at the time of the MPTP injection (Dluzen and
Horstink 2003; Dluzen et al. 1996; McArthur and Gillies
2011). However, it is also of note that levels of estrogen
above physiological levels have been shown to worsen the
dopaminergic neuron loss within the SNpc in response to
MPTP (Bourque et al. 2009; McArthur and Gillies 2011). In
general, studies have shown that female mice exhibit more
variability in MPTP-induced neuronal damage to dopa-
minergic neurons when compared with males (Przedborski
et al. 2001). Given the effect of MPTP on dopaminergic
neuron number in the SNpc and quinone production in the
striatum, it was surprising that GSH was not significantly
depleted in proestrus females exposed to chronic saline fol-
lowed by MPTP. However, females are known to have high

concentrations of GSH, which may explain why significant
depletions in GSH were not seen (Gaignard et al. 2015;
Smeyne et al. 2007).

Another unexpected finding was that chronic MPH
did not seem to sensitize female mice to SNpc dopamin-
ergic cell loss in response to MPTP, as it does in males
(Sadasivan et al. 2012). Although there was a trend towards
a decreased neuron number within the SNpc in the proestrus
groups exposed to MPH, there were no significant differ-
ences, unlike the mice treated with chronic saline. Addi-
tionally, although there was a trend towards an increase in
DA quinone levels within the striatum; this was also not
significantly changed in the chronic MPH mice. Again, this
is in contrast to results observed in males, although notably,
males are able to tolerate and receive a higher dose of MPTP
than could be utilized in females (Oakes et al. 2019). Fur-
thermore, MPTP induces a retrograde cell death, where syn-
aptic terminals die prior to cell bodies and may experience
toxicity at lower doses of MPTP (Al Sweidi et al. 2012).
Therefore, the MPTP dose of 12.5 mg/kg may have been
insufficient to result in cell body toxicity but was sufficient
in destroying the axon terminals. This could potentially lead
to less DA release in the striatum, and therefore, decreased
quinone production in the striatum as well.

Of note, chronic MPH did appear to induce a significant
depletion in striatal GSH in proestrus females, and GSH
was further reduced by MPTP. This suggests that the GSH
available was capable of handling the extra quinone pro-
duction that was induced by chronic MPH and MPTP. Of
note, females are known to have increased concentration of
GSH in mitochondria when compared with males (Gaignard
et al. 2015; Turrens 2003). Therefore, it is possible that the
increased concentrations of GSH were capable of dispatch-
ing any quinones that formed, preventing excess quinones
and loss of dopaminergic cell bodies within the SNpc.

In conclusion, female Swiss-Webster mice show dopa-
minergic neuron loss within the SNpc at a MPTP dose of
12.5 mg/kg i.p. X4 injections, when MPTP is administered
in the proestrus period. Additionally, an increase in levels
of quinones within the striatum was also observed when
proestrus females were administered chronic saline followed
by MPTP. Again, this is surprising given the Swiss-Webster
mouse is traditionally more resistant to MPTP and the dose
of MPTP utilized in females was less than that typically
used in males. Taken together, these results demonstrate
that estrogen may sensitize dopaminergic neurons within
the SNpc to the Parkinsonian toxin, MPTP. Finally, although
long-term MPH did not appear to increase SNpc neuron loss
or quinone formation, it did produce a significant depletion
in GSH levels within the striatum, that was further reduced
with MPTP. Thus, these data may provide insight into pos-
sible consequences of long-term MPH exposure in a female
model.
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