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Abstract

Psychological distress is a public health issue as it contributes to the development of human 

diseases including neuropathologies. Parkinsońs disease (PD), a chronic, progressive 

neurodegenerative disorder, is caused by multiple factors like aging, mitochondrial dysfunction 

and/or stressors. In PD, a substantial loss of substantia nigra (SN) neurons leads to rigid tremors, 

bradykinesia and chronic fatigue. Several studies have reported that the hypothalamic-pituitary-

adrenal (HPA) axis is altered in PD patients, leading to an increase level of cortisol which 

contributes to neurodegeneration and oxidative stress. We hypothesized that chronic psychological 

distress induces PD-like symptoms and promotes neurodegeneration in WT rats and exacerbates 

PD pathology PINK1 knockout (KO) rats, a well validated animal model of PD. We measured the 

bioenergetics profile (oxidative phosphorylation and glycolysis) in the brain by employing an 

XF24e Seahorse Extracellular Flux analysis in young rats subjected to predator-induced 

psychological distress. In addition, we analyzed anxiety-like behavior, motor function, expression 

of antioxidant enzymes, mitochondrial content and neurotrophic factors (BDNF) in the brain. 

Overall, we observed that psychological distress diminished up to 50 % of mitochondrial 

respiration and glycolysis in the prefrontal cortex (PFC) derived from both WT and PINK1-KO 

rats. Mechanistically, the level of antioxidant proteins, mitochondrial content, and BDNF were 
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significantly altered. Finally, psychological distress robustly induced anxiety and Parkinsonian 

symptoms in WT rats and accelerated certain symptoms of PD in PINK1-KO rats. For the first 

time, our collective data suggest that psychological distress can phenocopy aspects of PD 

neuropathology, disrupt brain energy production as well as induce ataxia-like behavior.
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Introduction

Parkinson’s disease (PD) is a multifactorial, progressive neurodegenerative disorder 

characterized by the loss of dopaminergic neurons in the substantia nigra (SN) and the 

accumulation of protein aggregates named Lewy bodies. Beyond the dopaminergic system, 

the cholinergic, catecholaminergic and serotonergic neurons are also affected leading to 

locomotor dysfunction, hypokinesia, muscular rigidity, bradykinesia, akinesia, loss of gait 

and balance [1, 2]. Besides damaging the midbrain, there is growing evidence that suggests 

that PD also affects the cerebral cortex. Indeed, significant atrophy in the cortex, due to loss 

of dendrites and accumulation of Lewy bodies, has been observed in individuals with late 

stage PD [3]. In addition, a substantial loss of neurons of the prefrontal cortex (PFC) and 

associated motor areas can impair cognitive processes [4] and motor function in PD [5]. PD 

is a multifactorial disease caused by aging (> 65 years), exposure to intoxicants/toxins, 

suboptimal diet, mitochondrial dysfunction and protein aggregation. However, while most 

PD cases are sporadic (unknown cause), approximately 10 % of PD cases are caused by 

mutations in over more than 18 different genes, including mutations in phosphatase and 

tensin homolog (PTEN)-induced putative kinase 1 (PINK1) [6, 7]. Mutations in the PINK1 

gene is associated with autosomal recessive, early onset forms of PD. PINK1 is a serine/

threonine (ser/thr) kinase localized in mitochondrial and cytosolic compartments involved in 

the regulation of mitochondrial structure, function and turnover [8, 9]. This protein is critical 

for neuronal homeostasis, as loss of endogenous PINK1 is associated with enhanced Drp1-

dependent mitochondrial fission, increased oxidative stress, altered levels of antioxidant 

enzymes including catalase (CAT) and superoxide dismutase 1 and 2 (SOD1 and SOD2), 

overt macroautophagy, lysosomal expansion, reduced neuronal development of cortical 

neurons, progressive loss of dendrites, and onset of symptoms in PD [8, 10]. Several genetic 

murine models of PD (as PINK1, Parkin or DJ-1 knockouts rats and mice), that are widely 

used for the study of neurodegeneration and PD-associated symptoms, develop motor and 

non-motor symptoms of PD, loss of dopaminergic neurons and mitochondrial dysfunction, 

starting at early ages [11–13]. Indeed, at 2-months old, PINK1-KO rats manifest progressive 

vocalization and oromotor deficits [14], impairment of motor function [15], increase of the 

neurochemical metabolite glutamine (which is cytotoxic in high concentrations) in striatum 

and larger sizes of ventricles in males [16]. However, little/insufficient data has been 

collected regarding the dopaminergic system in the brain or of brain mitochondria state at 

this young age in PINK1-KO rats. For example, lack of Parkin, an ubiquitin-protein ligase 

that is phosphorylated by PINK1, induces alteration in dopaminergic neurotransmission at 2-

months old PINK1-KO rats [17]. At 3 months of age, PINK1-KO rats exhibit bioenergetics 
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and proteomic alterations in isolated striatal synaptic mitochondria. [18]. Moreover, 3-

months old PINK1-KO rats show changes in the level of antioxidant in the brain including a 

decrease in the level of glutathione and SOD and an increase in glial fibrillary activity 

protein, and a disruption in oxidative phosphorylation with a concomitant decrease 

cytochrome C oxidase, NADH and ATP level, in various brain regions [19]. However, 

several studies did not observed any motor dysfunction (tapered beam balance and rotarod 

test) or cognitive decline at this age [19]. At the age of 4 months, PINK1-KO rats develop 

progressive PD motor and non-motor symptoms caused by progressive neurodegeneration 

especially in SN and striatum and oxidative brain damage [12, 14, 16, 20, 21]. Also, 

depletion of PINK1 causes diminished basal oxygen consumption rates (OCRs), coupling 

efficiency and ATP production in striatal slices from old mice [22].

It is worth noting that over more than 50 % of PD cases are comorbid with major clinical 

depression [23] and characterized by a significant decrease in the serum level of 

neurotrophic factors including brain-derived neurotrophic factor (BDNF) [24, 25]. 

Therefore, the observation that PD can be comorbid with different psychiatric conditions 

(e.g. major clinical depression) raises the possibility that major adverse life events and 

highly stressful experiences can trigger the development and manifestation of clinical 

symptoms and contribute to neurodegeneration in PD [26, 27]. We hypothesized that 

stressful events in life can contribute to the pathology of PD or exacerbate it. The premise 

for formulating this hypothesis is that previous literature has shown that exposure to stress 

induces neuroinflammation and neuronal damage in different brain regions in WT animals, 

and intensifies motor and no-motor symptoms of PD and the degeneration of dopaminergic 

neurons in non-genetic models [26, 28–31].

To date, psychological stress (psychological distress), as induced by single traumatic events 

or chronic stress, can contribute to an increase in oxidative stress in the brain and promote 

neurodegeneration [32]. While a temporary increase in cortisol may be beneficial, the 

exposure to chronic stress can elicit a detrimental increase in the level of cortisol and 

contribute to chronic inflammation in the whole body including the immune, brain and 

peripheral tissues. Indeed, psychological distress can elicit oxidative stress and causes 

myriad of pathological effects in cells including: promotes mitochondrial dysfunction as a 

consequence of reactive oxygen species (ROS) generated via electron slippage between 

complex I and II, induces the misfolding proteins, deregulates the transcriptional machinery, 

reduces level of antioxidant enzymes (CAT, SOD1 and SOD2), and alters the expression and 

activity of the oxidation sensor (DJ-1). Collectively, these biochemical changes adversely 

affect the nervous and immune systems [33–35]. The chronic activation of the hypothalamic-

pituitary-adrenal (HPA) axis includes the release of corticosterone/cortisol and can adversely 

affect the neuronal circuitry by inducing neurodegeneration (loss of dendrites). Indeed, 

several studies have reported that the HPA axis is altered and unbalanced in PD patients and 

lead to a significant increase in the level of cortisol [36, 37]. Given that a detrimental 

increase in cortisol can contribute to neurodegeneration and oxidative stress, it is 

conceivable that chronic psychological stress can exacerbate PD pathology [30, 38].

In this study, we surmised that psychological distress can significantly alter energy 

production in the brain and elicit oxidative stress in PINK1 knockout (KO) rats, a bone fide 
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in vivo rodent model of PD that faithfully recapitulates mitochondrial dysfunction, 

progressive loss of midbrain dopamine neurons, and the onset of motor symptoms of PD 

[12].

Our data suggest that psychological distress equally affects brain energy production in 

young WT and PINK1-KO rats, pathological effects that coincide with alterations in plasma 

level of corticosterone, mitochondrial content, and of antioxidants such as DJ-1 and SOD 

and BDNF level in the SN and the PFC. Overall, our data show that psychological distress 

can promote alterations in brain bioenergetics, anxiety and elicit motor deficits (ataxia-like 

behavior) in a similar manner as in PD in the absence of neurodegeneration of midbrain 

dopamine neurons.

Materials and Methods

Study design

To investigate how psychological distress and/or a lack of endogenous PINK1 affects the 

energy production in the brain, the bioenergetics profile (oxidative phosphorylation and 

glycolysis) was assessed in the PFC and the SN by employing an XF24e Seahorse 

Extracellular Flux Analyzer in young, wild type (WT) and in Parkinsonian rats (PINK1-KO) 

subjected to predator-induced psychological distress. Also, to correlate energy production to 

alterations in mitochondria turnover and the level of key molecular players implicated in 

oxidative stress and neurotrophic signaling, we employed Western blot (WB) to analyze the 

protein level of DJ-1, mitochondrial content (TOM20), brain-derived neurotrophic factor 

(BDNF), and antioxidants enzymes like cytosolic superoxide dismutase (SOD1), 

mitochondrial superoxide dismutase (SOD2) and catalase (CAT).

The overall experimental design of this study is shown in Fig. 1. Briefly, two cohorts of 

animals were used to analyze the brain energy metabolism under acute effect (short term) of 

emotional distress induced by exposure to cat odor: 20 males (10 WT and 10 PINK1-KO 

rats, 5 stressed and 5 unstressed rats for each genotype) and 20 females (10 WT and 10 

PINK1-KO rats, 5 stressed and 5 unstressed rats for each genotype). The rats were stressed 

or left untreated for three days and sacrificed on the third day via euthanasia to harvest brain 

tissue (Fig. 1).

To analyze the long-term effect of emotional distress on brain energy metabolism, a second 

cohort of 18 male rats was used: 8 WT and 10 PINK1-KO rats, stressed and unstressed rats 

for each genotype. The experiments were conducted over a period of ten days. Prior to 

exposure to psychological stress, the animals were trained and tested for motor function by 

using the rotarod test, grip strength test, beam balance test and the cat-odor avoidance test. 

The animals were stressed or left untreated for three days; the day following exposure to 

psychological stress (day 4) and seven days following exposure to cat odor (day 10), the rats 

were tested again for motor function and anxiety behavior. Between day 4 and day 10, the 

animals rested in their home cages without undergoing additional experimentation or 

treatments. On day 10, after being exposed to a battery of behavioral tests, the rats were 

sacrificed, and the tissues were collected and processed for analyzing the bioenergetics 
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profiles in midbrains/cortical slices and for downstream analysis of protein levels of the 

aforementioned markers as described in Figure 1.

The behavioral tests were conducted after various training trails in both WT and PINK1-KO 

rats and a specific order was established in a manner that causes less stress as further 

described. In the day 0, day 4 and day 10 (around 7 am), the animal was allowed to rest and 

acclimate in the experimental room for 40 min followed by analyzing for the muscular force 

of the forelimbs and hindlimbs by employing a grip strength test. The decision to first 

conduct the grip strength analysis is based on a series of training trials that showed that this 

behavioral test was the least stressful of the three (e.g. more compliance by the animal to 

perform this test). After approximately 30 min of rest, the animal was tested in the rotarod 

apparatus to assess motor coordination and allowed the rat to rest another 30 min before the 

performing the cat-odor avoidance test. After the 20 min of free exploration in the light-dark 

box, the animal rested for another 30 min in the home cage, and was finally tested for the 

equilibrium and fine motor coordination in the beam balance apparatus. Is important to 

mention that all the animals were treated the same manner per the order of the behavioral 

tests. The behavioral tests were conducted in the non-active period (light cycle) from 7 am to 

11 am for all the experimental groups.

Animals

After receiving approval from the Institutional Animal Care and Use Committees (IACUC) 

at University of Nevada in Reno (protocol #0572), males and females Long-Evans rats (WT 

and PINK1-KO rats, Horizon Discovery), of 9 to 11 weeks age and weighting from 250 – 

350 g were employed for this study and were humanly treated per Animal Research: 

Reporting of In Vivo Experiments (ARRIVE) guidelines [39]. The animals were maintained 

under controlled temperature 25–26 °C, 12/12 h light/dark cycle, with food and water ad 
libitum and individually caged three days before the behavioral assays.

Stress and behavior: cat-odor avoidance test

To induce psychological distress, rats were exposed to cat urine for three consecutive days 

for one hour (between 9 and 11 am) as previously published with minor modifications [34]. 

In brief, prior to stress exposure, rats were habituated for 20 min in the test cage, returned 

for other 20 min in the housing cage, then transferred into the test cage to stress the rats with 

cat urine impregnated on a piece of cloth. It is worth noting that cat urine was obtained from 

the bladder by performing sterile punctures from three different cats, pooled and 0.5 mL was 

dispensed in cotton fabric and stored at −20 °C until used [34]. It is worth nothing that the 

major urinary protein of the cat is a non-volatile component in urine that is predominantly 

responsible for inducing psychological distress in rats [40].

To quantify the anxiety induced by the psychological stress, the animals′ behavior in the 

experimental cage was recorded for 20 min before being exposed to the stressor (day 0) and 

following several stress episodes (days 4 and 10). The videos were analyzed for the average 

time that the animal spent hiding, exploring, and approaching, either smelling or playing 

with the piece of cloth (see Fig 1), by employing JWatcher™ software (version 0.9).

Grigoruţă et al. Page 5

Mol Neurobiol. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Motor function tests

The rotarod test is an experimental procedure that measures the capacity of the animal to 

maintain the equilibrium on a rod in constant or progressive velocity rotation. This method is 

often used to assess for motor deficits in response to pharmacological treatments [41, 42]. In 

the present study, an accelerating rotarod apparatus (Panlab Harvard Apparatus, 76–0772) 

was employed. On the first day, the animal was trained and placed on a rotating rod (20 rpm) 

for 2 min. After 10 min of resting in the home cage, the animal was tested again at gradually 

increasing speeds from 4 to 40 rpm. On the second day, the same procedure was made and 

the latency time to fall off was recorded. The same assay (without training) was repeated a 

day after the exposure to stress (day 4), and after 7 days following stress (day 10), see Fig. 1.

The grip strength test is a behavioral test used to measure the muscle strength in rodents [43, 

44]. In the present study, muscle strength was measured three times in the hind limbs and 

front limbs. The grip strength score was calculated as the maximum strength (g) divided by 

the animal weight (g). The highest strength value for each rat was recorded and considered 

as the maximum muscular force. This test was conducted before stress exposure, a day after 

the stress exposure (day 4), and after 7 days following stress (day 10), as seen in Fig. 1.

The beam balance test is another behavioral test used to measure the equilibrium and fine 

motor coordination by allowing rats to cross through beams of sequentially decreasing 

widths [42]. In the present study, a beam balance apparatus (Panlab Harvard Apparatus) 

composed of a goal black box and two ledge tapered beams of 2 cm and 6 cm were mounted 

on two tripods at an angle of 15° from the floor, with the highest point (90 cm) set at the 

level of the goal box. It is worth noting that a safety ledge was mounted below the beam and 

a light source was positioned at the other end of the beam in order to motivate the rat to 

climb the beam up to the goal box. Animals were trained once on both beams for decreasing 

widths, followed by three trials per beam with 1–2 min of rest between trials upon reaching 

the goal box. The cross time of each beam (s) and the number of foot slips were assessed by 

employing the JWatcher™ software (version 0.9). Finally, to study the long-term effect of 

distress on motor coordination, the beam balance test was conducted before stress exposure 

(day 0), a day after the stress exposure (day 4) and after 7 days following stress (day 10).

Brain samples

Rats were anesthetized with 5 % isoflurane via inhalation and transcardially perfused with 

100 mL (10 mL/min) of artificial cerebrospinal fluid (aCSF) solution (120 mM NaCl, 3.5 

mM KCl, 1.3 mM CaCl2, 1 mM MgCl2, 0.4 mM KH2PO4, 5 mM HEPES, 10 mM Glucose, 

pH 7.4) at 37 °C. The brains were microdissected and immersed in oxygenated aCSF at 37 

°C. The right hemispheres were coronally sliced by employing a vibratome (VT 1200S, 

Leica Microsystems, Germany) at 150 μm. The PFC and the SN were localized by using the 

stereotaxic atlas of Paxinos and Watson [45]. The brain slices were maintained in the same 

oxygenated aCSF at 37 °C while mounting in the islet capture microplate (XF24 islet 

capture microplate, Seahorse Bioscience) as previously described [46].
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Agilent Seahorse XF24 metabolic assays

To measure the effects of psychological distress on brain energy production, a XF24® 

Extracellular Flux Analyzer was employed to measure the real-time oxygen consumption 

rates (OCRs) and extracellular acidification rates (ECARs) in the brain slices as proxies of 

mitochondrial function and glycolysis respectively. In the present study, we analyzed the 

bioenergetics profiles from five brain slices derived from each animal that were placed into 

the wells of the islet capture microplate and OCRs and ECARs were measured as previously 

published, with minor adjustments [46]. In brief, biopsy punches of 1.2 mm diameter from 

each brain region were carefully isolated and mounted on the bottom of each well from the 

plate. Mesh capture screens, previously submerged in XF Base Medium, were carefully 

mounted immediately over the tissue and 700 μL of Agilent Seahorse XF Base Medium 

(supplemented with 2 mM L-glutamine, 1 mM Na pyruvate, 10 mM glucose and 4 mg/ml 

BSA, pH 7.4) was added into each well. Three dilutions of pharmacological reagents/toxins 

were prepared in XF Medium as follows: 25 μM oligomycin from Streptomyces 
diastatochromogenes (1404-19-9, Sigma Aldrich), 15 μM carbonyl cyanide 4-

(trifluoromethoxy) phenylhydrazone (FCCP, 370-86-86, Sigma Aldrich) and a mixture of 20 

μM antimycin-A from Streptomyces sp. (1397– 94-0, Sigma Aldrich) with 20 μM rotenone 

(R8875, Sigma Aldrich). 75 μL of each drug were injected successively in a final volume of 

925 μL in each well. Four wells, one per row, were employed as blank wells for each 

microplate. The following parameters of the mitochondrial stress assay was set up as 

previously published [46] but with the following modifications. Each measuring cycle was 

programmed to consist 3 min of mixing, 3 min of waiting and OCRs and ECARs were 

measured for 2 min. In addition, five cycles were employed to analyze the baseline OCRs, 

seven cycles were used to evaluate ATP-dependent OCRs (oligomycin), five measurements 

were used to measure maximal OCRs (FCCP), and six cycles to evaluate mitochondrial-

dependent OCRs.

The following bioenergetics parameters were evaluated in brain slices: the non-

mitochondrial OCRs (calculated as the minimum OCRs after injection of rotenone and 

antimycin-A), basal respiration (calculated as the last OCRs measurement prior to the first 

injection), the maximal respiration (considered as the maximum rate measurement following 

FCCP injection), the proton (H+) leak (calculated as the minimum OCRs measurement 

following oligomycin injection), the ATP production (calculated as the last rate 

measurement before oligomycin injection), and the spare respiratory capacity (assessed by 

calculating maximal respiration minus the basal OCRs). In addition, the following 

parameters of ECARs were analyzed: the basal glycolysis (calculated as the last rate 

measured before oligomycin injection), and the glycolytic capacity (calculated as the 

difference between maximum ECARs following FCCP injection and the last rate measured 

before oligomycin injection).

Western Blot assays

Brain tissue was homogenized in cold RIPA buffer (150 mM NaCl, 1 % Triton X-100, 0.5 % 

Sodium Deoxycholate, 0.1 % SDS, 50 mM Tris Base, 2 mM PMSF, pH 8) and tissue debris 

was removed by centrifuging the lysate at 19,000 g for 20 min at 4 °C. Approximately 20 μg 

of total protein of the resulting supernatant was electrophoresed on a 12 % SDS-PAGE gels 
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at 100 V by using a Biorad minigel system. The proteins were subsequently transferred from 

the agarose gel to PVDF membranes in a semi-dry condition by using a semi-dry transfer 

apparatus (Biorad). The PDVF membranes were then blocked in 4 % milk diluted in 1X 

TBST (15 mM Tris HCl, 4.6 mM Tris Base, 6.6 M NaCl, 2 % Tween-20, pH 7.6), washed 

extensively in 1X TBST, and incubated for 12 h with the primary antibody: DJ-1 (Abcam, 

Rabbit anti-PARK7/DJ1 antibody [EP2815Y], ab76008, 1:5000, 23 kDa), SOD1 (Abcam, 

Rabbit anti-Superoxide Dismutase 1 antibody, ab16831, 1:2000, 17 kDa), SOD2 (Abcam, 

Rabbit anti-SOD2/MnSOD antibody, ab13533, 1:5000, 25 kDa), CAT (Abcam, Rabbit anti-

Catalase antibody, ab16731, 1:2000, 55 kDa), BDNF (Abcam, Rabbit anti-BDNF antibody 

[EPR1292], ab108319, 1:500, 14 and 28 kDa), TOM20 (Santa Cruz Biotechnology, Rabbit 

anti-Tom20 antibody (FL-145), sc11415, 1:500, 17 kDa). As internal control was used β-

tubulin (Abcam, Mouse Anti-beta Tubulin antibody [1E1-E8-H4], ab131205, 1:5000, 50 

kDa). Following incubation with primary antibodies, the PDVF membranes were incubated 

with the respective horse radish peroxidase (HRP)-conjugated secondary antibody 

(Invitrogen, Goat anti-Rabbit IgG, 65–6120, and Invitrogen Goat anti-Mouse IgG, 62–6520) 

for 2 h at room temperature (25 °C), and finally analyzed by chemiluminescence detection 

(ChemiDoc™ MP Imaging System (170–8280), Bio-Rad).

Densitometric analysis of immunoreactive bands for technical replicates of each protein 

marker of interest was performed by using NIH ImageJ 1.50i software (Bethesda, MD) as 

previously published [8]. The integrated density for each immunoreactive band of interest 

was normalized to β-tubulin and corrected for background by using rolling ball radius of 25 

pixels.

Immunofluorescence assay

Indirect immunolabeling of brain slices was performed as previously published [8] with the 

following minor modifications. In brief, the left cerebral hemispheres from psychologically 

distressed and unstressed rats were fixed with 4 % paraformaldehyde (PFA, w/v), 

dehydrated by using 30 % sucrose solution, embedded in a mixture of OCT containing with 

30 % sucrose solution, frozen at −20 °C and then sliced by employing a cryostat (Leica 

CM1510-S). The 12 μm brain slices of the SN (stereotaxic coordinates [45] were: 2.88 mm 

to 4.32 mm from interaural line and −6.12 mm to −4.64 mm from bregma) were collected on 

pre-coated slides (Superfrost Plus Gold Microscope Slides, Fisher Scientific) and stored at 

−20 °C until used. After blocking with 5 % bovine serum albumin (BSA) for 30 min, the 

brain tissue was incubated for 2 h with tyrosine hydroxylase (TH) antibody (Thermo Fisher 

Scientific P21962, 1:200). Next, the brain slices were washed extensively in 1X PBST and 

then incubated with the secondary antibody (Alexa Fluor 647, goat anti-rabbit IgG, 1:1000). 

Finally, nuclei were visualized by exposing the brain slices to nucleic acid stain 4′,6-

diamidino-2-phenylindole dihydrochloride (DAPI) mixed in a solution of 70 % glycerol at a 

final concentration of 1.25μg/mL to visualize nuclei. The brain slices were then coverslipped 

and imaged by using an EVOS-FL Cell Imaging System (Life Technologies) with a 4X 

objective. The captured images were analyzed using ImageJ 1.50i software. In order to 

assess for neurodegeneration of SN dopamine neurons in response to an absence of 

endogenous PINK1 or exposure to psychological distress, the integrated TH fluorescence 

intensity in the SN was quantified by using NIH ImageJ (Bethesda, MD, version 1.50i) for 
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each brain slice. The integrated density was then normalized to the total number of cells, as 

identified by counting the number of nuclei that stained with DAPI, for each brain slice 

analyzed for the SN. The ratio of the integrated density of TH fluorescence to the number of 

DAPI- stained nuclei is an accurate and well accepted metric to assess for neurodegeneration 

of midbrain dopamine neurons as previously published [47–49]. Also, it is important to note 

that the complete SN was analyzed including the SN pars compacta, SN pars reticulata and 

SN pars lateralis, a well-validated method to assess for neurodegeneration of midbrain 

dopamine neurons in PD models as previously published [12, 50–52].

ELISA assay

The levels of corticosterone were measured in blood plasma obtained from rats in the day of 

sacrifice via intracardial puncture and collected in vacutainer tubes containing 7.2 mg of 

potassium-EDTA (K2EDTA). In brief, blood was centrifuged at 1,000 × g for 10 min at 

room temperature and the plasma was stored at −80 °C until needed. The level of 

corticosterone in plasma samples was measured by employing the Cayman Corticosterone 

ELISA Kit (Cayman chemical, Cat No. 501320; Ann Arbor, MI, USA) per manufacturer’s 

instructions. The amount of corticosterone was measured in plasma by analyzing the optical 

density at 412 nm by employing a microplate reader (SpectraMax M3, Molecular Devices). 

It is worth noting that the assay range was 8.2 – 5000 pg/mL and sensitivity of 30 pg/mL.

Statistical analyses

Unless otherwise indicated, results are expressed as mean ± S.E.M. from at least three 

independent experiments. Behavioral data in the same rats prior and after exposure to 

psychological distress were analyzed by employing a Student’s t test (two-tailed) for 

pairwise comparisons. Multiple group comparisons were done by performing two-way 

ANOVA followed by Bonferroni-corrected Tukey’s test by using the GraphPad Prism 

software (version 6.0). p values less than 0.05 were considered statistically significant.

Results

Given that a detrimental increase in glucocorticoids and cortisol can contribute to 

neurodegeneration and oxidative stress, we surmised that chronic psychological stress can 

exacerbate clinical symptoms and alter brain energy metabolism in the SN and the PFC, two 

brain regions that degenerate in PD. Psychological distress was induced by exposing WT 

and PINK1-KO rats to cat urine as previously published [34, 40]. To certify that our 

methodology can induce psychological distress, plasma corticosterone level was measured 

(Fig. 2D) following exposure of rats to cat urine, a stressor that causes an imbalance in the 

HPA axis [36, 38, 53]. We also evaluated the effect of distress on motor performance, 

anxiety behavior, number of dopaminergic neurons in the SN, energy production in slices of 

the PFC and the SN, as well as the protein level of several antioxidant enzymes, 

neurotrophic factor, and mitochondria by WB as further described below.
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Psychological distress can induce Parkinsonian-like motor symptoms and anxiety-like 
behavior in vivo

Consistent with previous published studies in Sprague-Dawley rats [34], psychological 

distress induced by cat urine leads to anxiety-like behavior in Long Evans WT rats. Indeed, 

stressed WT and PINK1-KO rats significantly explored less (exploration time), spent more 

time with the head out in a defensive position (head out time) and they approached the cloth 

impregnated with cat urine significantly less (approach) compared to unstressed WT rats 

(Fig. 2a, Fig. 2b and Fig. 2c). We observed no significant sex-related differences in 

behavioral test performance in response to stress exposure (day 1- day 3). The anxiety-like 

behavior lasted at least one week after exposure to stress, as rats spent almost twice the time 

in a defensive position (Fig. 3a), implying that this stress model faithfully reproduces long-

term psychological distress as previously published [34]. However, the lack of endogenous 

PINK1 did not change the performance in the cat-odor avoidance test (Fig. 2, 3a). This data 

is contrary to a previous study that showed that PINK1-KO rats exhibited anxious-like 

behavior in open-field test at 4 months of age [12].

Interestingly, in this Parkinsonian model, unstressed PINK1-KO showed motor deficits 

starting at an age of 2 and a half months (Fig. 3c). Indeed, we observed a significant 

reduction in fine motor coordination and balance (Fig. 3c), in a similar manner as previously 

reported for 7-month old PINK1-KO rats (Supplementary Fig. 1). In addition, unstressed 

PINK1-KO rats exhibited a significant reduction (p ≤ 0.01) on the rotarod test performance 

in day 10 and this physical fatigue was intensified by the exposure to cat urine immediately 

(day 4) and 7 days following stress exposure (day 10), suggesting that stress exacerbates 

motor symptoms of PD. On the other hand, WT rats showed the same rotarod performance 

in the absence or following exposure to stress (Fig. 3b). However, psychological distress 

reduced the WT rats’ strength gain (p ≤ 0.05) on the 10th day (Fig. 3d), and reduced fine 

motor coordination and equilibrium as evident by a significant increase in the number of 

foot slips on the 2 cm beam (Fig. 3c).

Moreover, exposure to cat urine elevated plasma corticosterone level in WT rats at 7 days 

but not at 4 days following stress exposure (Fig. 2d). Unexpectedly, unstressed and stressed 

PINK1-KO rats showed no significant changes in plasma corticosterone concentration (Fig. 

2d), presumably because they have an uncoupled HPA axis as shown by previous studies 

[21, 54]. Also, we observed no significant sex differences in plasma corticosterone level in 

both WT and PINK1-KO rats.

Energy metabolism (OCRs and ECARs) in the brain is altered by psychological distress

By using an XF24e Extracellular Flux Analyzer to measure neuronal metabolism ex vivo, we 

observed that exposing both WT and PINK1-KO rats to three episodes of cat urine-mediated 

psychological distress is sufficient to significantly reduce energy metabolism (decrease 

mitochondrial respiration and glycolysis) in brain slices of the PFC and SN (Fig. 4 and Fig. 

5).

In the PFC, psychological distress caused a significant reduction in non-mitochondrial OCRs 

and basal OCRs (p ≤ 0.05), and a significant decrease in proton leak (p ≤ 0.001) in both WT 
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and PINK1-KO rats. Also, we observed a significant decrease in maximal OCRs in the PFC 

of both male and female PINK1-KO rats. In addition, basal glycolysis and glycolytic 

capacity significantly diminished in both males and females (Fig. 4a and Fig. 5a). 

Interestingly, the alterations in brain bioenergetics induced by psychological distress was 

more prominent in the PFC of males compared to females (Fig. 4a and Fig. 5a), an effect 

that persisted up to seven days following stress exposure (Fig. 6a). Overall, these data 

suggest that psychological distress can have negative long-term effects in this brain region 

(Fig. 6a).

However, unlike the PFC, the SN showed an increase in energy demand immediately 

following psychological distress. Indeed, OCRs and ECARs tended to increase in both male 

and female WT or PINK1-KO rats exposed to psychological distress (Fig. 4b, Fig. 5b). 

However, a significant increase in non-mitochondrial OCR in the SN of both WT and 

PINK1-KO rats were observed seven days following psychological distress (Fig. 6b). 

Interestingly, psychological distress induces long-term effects on the brain as we observed 

increased basal and maximal respiration in PINK1-KO rats (p ≤ 0.01). Thus, our compiled 

bioenergetics data suggest that the metabolism in the SN of PINK1-KO rats is enhanced 

seven days after the rats were exposed to cat urine (Fig. 6b).

Psychological distress induces changes in the abundance of antioxidant enzymes and 
neurotrophic proteins in the brain

Given that psychological distress altered brain metabolism, which can be partly due to an 

increase in oxidative stress, we then surmised that psychological distress might alter the 

antioxidant response pathways and neurotrophic factors. By performing WB analysis in 

brain tissue, we observed that psychological distress robustly altered the level of various 

antioxidants enzymes (SOD1, SOD2, CAT), the expression of BDNF and DJ-1 and level of 

mitochondria content (TOM20) in the PFC, midbrain, hippocampus and striatum in male 

and female WT rats (Table 1). In psychologically stressed male WT rats, we observed an 

increase in SOD2 and a decrease in DJ1 and TOM20 in the PFC, a decrease in CAT, 

TOM20, mature or cleaved BDNF (mBDNF) and in the ratio of cleaved to uncleaved BDNF 

(mBDNF/proBDNF) expression in midbrain, and a significant decrease in TOM20 

expression in striatum. In addition, psychological distress induced modest alterations in the 

levels of the aforementioned biomarkers in the hippocampus in both male and female WT 

rats. The female WT rats were less affected by stress as we observed a decrease in the level 

of SOD2 and an increase in the level of BDNF in the PFC, and a significant decrease in the 

level of SOD1 and SOD2 in the striatum. This data is consistent with our bioenergetics data 

(Fig. 4 and Fig. 5), where females rats, either WT or PINK1-KO, were more resilient to 

changes in response to distress compared to male rats. Furthermore, the midbrain of male 

PINK1-KO rats showed reduction in CAT, TOM20 and BDNF expression, in a similar 

manner as in psychologically distressed male WT rats (p ≤ 0.05). Moreover, in the male 

PINK1-KO rats hippocampus, we observed significant increases in the endogenous levels of 

CAT, DJ1 and BDNF (p ≤ 0.05). Also, in female PINK1-KO animals, we observed a 

decrease in the level of SOD2 and CAT in the PFC, a decrease in DJ1 expression in the 

hippocampus and a decrease in the level of SOD1, SOD2 and BDNF in the striatum (p ≤ 

0.05). Unexpectedly, WB data show that psychological distress did not significantly affect 
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the aforementioned biomarkers in the brains of PINK1-KO rats, as we only observed a 

significant increase in the level of CAT in the PFC of males and a decrease in the level of the 

same enzyme in the midbrain of female rats (Table 1).

Given that psychological distress altered the level of antioxidant enzymes, BDNF, and 

mitochondrial content, we then surmised that psychological distress might contribute to 

degeneration of SN neurons. However, we observed that the integrated fluorescence density 

of TH normalized to cell number in the SN was not significantly altered in response to 

psychological distress in WT rats as evaluated by IHC (Fig. 7), suggesting that the 

psychological distress does not induce neurodegeneration in this model. On the other hand, 

PINK1-KO rats showed a significant decrease in the integrated density of TH in the SN 

compared to WT rats (p ≤ 0.05), which is consistent with the motor deficits observed in 

unstressed PINK1 KO rats (Fig. 3c). IHC data suggest that PINK1-KO rats show early loss 

of dopaminergic neurons (Fig. 7), consistent with the fact that humans harboring 

homozygous PINK1 mutations develop juvenile onset forms of monogenic PD [55].

Discussion

It is highly recognized that acute psychological distress can have myriad of pathological 

effects on the body and mental health [32, 56]. However, the detrimental effects of long-term 

psychological distress in the brain are beginning to be elucidated within the last decade. 

Indeed, there is increasing evidence that psychological distress can induce a chronic release 

of corticosteroids and brain inflammation [28], promote the retraction of dendrites and 

synaptic connections [29], induce neurodegeneration (hippocampal atrophy), depression-like 

behavior and memory deficit in both rodents and humans [53, 57]. As expected, the present 

study showed that psychological distress increases plasma corticosterone in WT rats. 

Unexpectedly, corticosterone level was constant in any condition in PINK1-KO rats (Fig. 

2d). However, psychological distress induced an increase in anxiety-like behavior, motor 

dysfunction (Fig. 3), metabolic impairments in the PFC and SN (Fig. 4–6) and altered 

expression of BDNF in the brain (Table 1) in both WT and PINK1-KO rats alike. It is 

conceivable that an increase in oxidative stress - caused by exposure to environmental 

stressors - can adversely promote mitochondrial dysfunction, elicits protein aggregation and 

alters mitochondrial trafficking in neurons, cellular pathology that is associated with aging 

and neurodegenerative diseases [6]. Indeed, the present study suggests that psychological 

distress can be a risk factor that can significantly drive neuropathology and clinical 

symptoms of PD, detrimental effects that can manifest at an early age. We offer the 

following pathological mechanisms by which psychological distress can induce ataxia-

Parkinsonian like symptoms and alterations in brain neurochemistry as further elaborated 

below.

To this date, it is not clear whether high levels of cortisol or corticosterone, as caused by 

psychological distress, can influence the progression of PD. While high level of those 

hormones was associated with the onset of motor dysfunction [31] and cognitive impairment 

[58], several conflicting reports suggested that PD patients can exhibit either an increase 

[59] or a decrease [60] of plasma cortisol level, and an increase in salivary cortisol [61] 

compared to healthy individuals. Other reports showed no correlation between the level of 
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cortisol and PD pathology [62]. Consistent with the fact that psychological distress can alter 

the HPA axis, our in vivo data show that plasma corticosterone level is enhanced in stressed 

WT rats and is maintain one week following stress exposure (Fig. 2d). However, no 

significant changes were observed in corticosterone level in Parkinsonian rats suggesting 

that the absence of endogenous PINK1 could have detrimental effects on the HPA axis 

regulation, consistent with the behavioral phenotype previously described [12, 14]. A recent 

study showed that the loss of endogenous PINK1 in mice disrupts the HPA axis integrity, as 

stressed PINK1-KO mice exhibit no changes in serum corticosterone level. However, 

hippocampal glucocorticoids receptors were significantly diminished two weeks following 

stress exposure [54]. Moreover, PINK1-KO rats showed altered dopamine, glutamate and 

acetylcholine level in striatum, after 4 months of age [21].

Furthermore, depletion of endogenous PINK1 caused no bioenergetic alterations in the PFC 

and SN (Fig. 4–6), two brain regions strongly affected in PD [1, 3–6]. This data is in stark 

contrast to previous studies that showed disruption in mitochondrial electron transport chain 

activity and in the level of proteins that modulate mitochondrial respiration in the striatum of 

3-month old PINK1-KO rats [18] and, also, diminished the level of mitochondrial complex 

proteins (NADH and cytochrome C oxidase) and ATP level in the PFC, SN, striatum and 

deep cerebellar nuclei [19]. Moreover, a recent study found diminished coupling efficiency 

but no changes in basal OCR or ATP production in striatal slices derived from young 

PINK1-KO mice [22]. However, an alteration in brain energy metabolism was observed 

following psychological distress in both WT and PINK1-KO animals. Hence, our data 

suggest that highly stressful events can adversely affect energy production in the brain. 

Indeed, distress induced a 50 % decline of bioenergetics pathways (oxidative 

phosphorylation and glycolysis) in the PFC of male rats (Fig. 4a). Like psychological 

distress, aging has been shown to also contribute to a decrease in brain energy production. 

Indeed, a decrease of oxidative phosphorylation and glycolysis might be caused to aging due 

to a reduction of glucose utilization (decreased activity of glycolytic or TCA cycle enzymes) 

or a decrease in glucose uptake in the brain, pathological events that may contribute to age-

related neurodegeneration [63]. Hence, both psychological distress and aging can affect 

brain energy metabolism and antioxidant response pathways. For the first time, our ex vivo 
bioenergetic data suggest that psychological stress can have long-term detrimental effects on 

brain energy production (Fig. 6a), which can be a risk factor that contributes to 

neuropathology in PD.

In addition, we observed that psychological distress induces a mild increase of OCRs and 

ECARs in the SN (Fig. 4b, Fig. 5b and Fig. 6b), presumably in response to oxidative stress 

and inflammation [64–66]. A previous study reported that exposing rats to five days of cat 

odor induced robust neuroinflammation as evident by an accumulation of microglia and 

recruitment of leukocytes in area postrema [28], a phenomenon that contributes to 

neurodegeneration [66]. Unlike the PFC, we observed an increase, albeit not significant, in 

basal glycolysis and oxidative phosphorylation and ATP production in SN (Fig. 4b, Fig. 5b 

and Fig. 6b). In PINK1-KO rats, an increase in metabolism was observed after seven days 

following stress exposure (Fig.6 b). Those changes in the PFC and SN bioenergetics may 

occur as a response to the altered antioxidant-response pathway and neurotrophic signaling 

(BDNF) level found in different brain regions (Table 1), which can hasten the 
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neurodegeneration process and thereby induce PD-like motor symptoms (Fig. 3). Perhaps, a 

more prolonged period of stress or exposing rats to additional episodes of psychological 

distress would have significantly changed the energy production in the SN.

Mitochondrial dysfunction underlies the etiology of a myriad of brain-degenerative diseases 

including PD. Psychological distress caused alterations in mitochondrial content in WT rats 

(Table 1), induces impairment of motor function and anxiety-like behavior (Fig. 3) which 

coincides with the bioenergetic alterations observed in the brain (Fig. 4 and Fig. 5). Indeed, 

a reduction in brain energy metabolism (Fig. 4), a decline in mitochondrial content, a low 

level of BDNF and of DJ-1 in the PFC and midbrain (Table 1) following exposure to 

psychological distress is correlated with the development of PD-like motor symptoms (Fig. 

8). BDNF is a neurotrophin implicated in synaptic development and plasticity and has been 

shown to regulate brain bioenergetics. A decrease in the level of BDNF in the brain and 

plasma in humans is highly comorbid with psychiatric disorders as previously described 

[67]. Moreover, DJ-1 is a ROS-sensing protein whose antioxidant and esterase activities are 

enhanced via the transition of the oxidation state of the catalytic cysteine (Cys106) to 

modulate oxidative stress in cells. A decrease level and function of DJ-1 in the brain leads to 

motor deficiency and other symptoms of PD [68, 69]. In a like manner, a depletion of 

PINK1 alters antioxidant pathways (Table 1) and disrupts motor coordination, as assessed by 

the beam balance test (Fig. 3c) compared with WT rats performance, data that coincides 

with a previous study [15]. Interestingly, psychological distress induced a significant 

decrease of strength and coordination in hind limbs in WT rats (Fig. 3c and 3d) and only the 

physical performance (Fig. 3b) was affected in PINK1-KO rats. Although psychological 

distress can elicit motor dysfunction in WT rats as in untreated Parkinsonian rats (Fig, 3c), 

our data does not imply that psychological stress causes Parkinsonian symptoms given the 

lack of neurodegeneration of midbrain neurons (Fig. 7). Hence our data warrants future 

studies to identify pathological factors that contribute to motor impairment in response to 

psychological distress. The impairment of motor function is associated with 

neurodegeneration in the frontal cortex as observed in brain-degenerative diseases including 

PD [4, 5] or Huntington disease [70]. Our WB data showed no significant changes in the 

level of mitochondria, neurotrophic factors, antioxidants and of other proteins of interest 

(Table 1) in stressed Parkinsonian rats brain even though they showed an impairment in 

energy metabolism (Fig. 4 and Fig. 5), motor dysfunction (Fig. 3b) and increased anxiety 

(Fig. 3a). It is conceivable that a lack of endogenous PINK1 activates a myriad of signaling 

pathways in other brain regions that promotes neurodegeneration in the SN. The 

hippocampus, known to harbor critical stress-related hormones receptors [71], showed an 

increase in the brain levels of CAT, DJ-1 and BDNF (Table 1), presumably as a response to 

oxidative stress induced by lack of PINK1 [8, 19, 72], and which can leads to changes in 

neuronal morphology including the retraction and eventual loss of dendritic networks [73].

In neurons, it is conceivable that the lack of endogenous PINK1 affects mitochondrial 

structure, function, elicits oxidative stress and reduces the trafficking of mitochondria to 

dendrites neurons [8], which reduces the provision of energy to critical areas of the neuron. 

Although the cause of selective neurodegeneration in the SN remains unknown, it is believed 

that circadian rhythms, as regulated by L-type channels, can make SN neurons highly 

susceptible to neurodegeneration induced by oxidative stress [74]. The present study 
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highlights the importance of PINK1 in the survival and function of dopaminergic neurons. 

Given that the absence of PINK1 is implicated with deregulation of calcium signaling in the 

cytosol and mitochondria [75, 76], our IHC data shows that the absence of PINK1 function 

is sufficient to induce neurodegeneration in PINK1-KO rats at an early age (Fig. 7) which is 

consistent with the presence of motor deficits at this age (Fig 3c), albeit one and a half 

month younger rats than what previous studies have shown [12, 14, 20]. In these other 

studies, it was observed that PINK1-KO rats exhibited a progressive loss of dopaminergic 

neurons at 4 months (25 %) and up to 50 % at 8 months age [12].

Interestingly, important gender-differences in brain bioenergetics were found as stressed 

female WT and PINK1-KO rats showed less bioenergetic alterations in the PFC and in the 

SN compared with the males (Fig. 4 and 5). In addition, our WB data in brain suggest that 

male WT rats are more sensitive to psychological distress (Table 1). Hence, it is conceivable 

that females have alternative pathways for modulating stress and are less likely to be 

adversely affected by psychological distress, presumably due to the strong neuroprotective 

effects of estrogen and its immunomodulatory effects on immune system cells (e.g. 

migration through blood-brain barrier) [77]. A recent study described important gender-

related differences in PINK1-KO rats in terms of cumulative oxidative damage in total brain, 

ventricle sizes and neurochemical metabolites concentration in striatum [12], which may 

explain why males are more likely to develop PD than females, data that is consistent with 

our results.

Conclusions

Overall, our data suggest that psychological distress can elicit bioenergetics alterations in the 

PFC and SN, induces fatigue, anxiety and accelerates motor deficits in a similar manner as 

in PD (refer to conceptual model in Fig. 8) without inducing SN degeneration. In addition, 

our data suggest that environmental stressors such as psychological stress and mitochondrial 

dysfunction, induced by loss of PINK1 function, modestly interact to exacerbate some PD 

symptoms (rotarod performance). This neuropathology is associated with a decrease in 

antioxidant response and neurotrophic signaling. Finally, our collective behavioral and 

metabolic data warrant future studies to analyze the potential role of PINK1 in modulating 

the proprioception system.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. 
Experimental design. Two animal cohorts were used: cohort 1 were females (10 WT, 10 

PINK1-KO) and males (10 WT, 10 PINK1-KO), distributed in four conditions (WT S-, WT 

S+, PINK1-KO S-, PINK1-KO S+) of 5 animals per group. Cohort 2 were males (8 WT, 10 

PINK1-KO). Cohort 1 (for the study of acute effect of stress) was stressed for three days and 

the tissue collection was made on the third day. Cohort 2 (for the study of long-term effect of 

stress) was trained and tested for behavior and motor function, then stressed for three days 

(day1-day3), tested again for behavior and motor function in day 4, rest for 7 days, and 

finally tested for the third time for behavior and motor function and tissue collected in day 

10. A: Training for rotarod test and beam balance test; B: Testing for rotarod test, grip 

strength test, beam balance test and cat-odor avoidance test; S: Sacrifice, tissue collection, 

Seahorse XF24 metabolic assay.

Grigoruţă et al. Page 20

Mol Neurobiol. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 2. 
Psychological distress induces anxiety-like behavior in WT and PINK1-KO rats. 

Corticosterone response is uncoupled in PINK1-KO rats. (a) time spent in head out position 

(alert behavior), for day1: **p ≤ 0.01, WT S+ compared with WT S- and PINK1-KO S+ 

compared with PINK1-KO S-; for day2: *p ≤ 0.05, PINK1-KO S+ compared with PINK1-

KO S-; for day3: *p ≤ 0.05, WT S+ compared with WT S-; (b) time of exploration in the 

open part of the light-dark box (exploration), *p ≤ 0.05, WT S+ compared with WT S- and 

PINK1-KO S+ compared with PINK1-KO S-; and (c) time of examination of the piece of 

cotton impregnated (or not) with cat urine (approach), *p ≤ 0.05, **p ≤ 0.01, PINK1-KO S+ 

compared with PINK1-KO S-. n = 10 rats (5 females and 5 males) per group. Data are 

expressed as mean ± SEM, unpaired t test; (d) plasma corticosterone level in male and 

female rats, n = 4–10 per group. Data are expressed as mean ± SEM. **p ≤ 0.01, ***p ≤ 

0.001.
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Fig 3. 
Psychological distress induces motor deficit and anxiety-like behavior. (a) time spent in alert 

behavior (head out time), (b) time of latency to fall in accelerating rotarod apparatus, (c) 

number of hindlimbs slips in the 2 cm beam balance, (d) grip strength of hindlimbs, in males 

before stress exposure (day 0), after stress exposure (day 4) and after 7 days of rest (day 10), 

n = 4–5 male rats per group. Data are mean ± SEM. *p ≤ 0.05, **p ≤ 0.01, unpaired t-test.
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Fig 4. 
Acute effect of psychological distress on males: energy reduction in prefrontal cortex (PFC) 

but without changes in substantia nigra (SN). (a) Oxygen Consumption Rate (OCR) and 

Extracellular acidification rate (ECAR) in the PFC; (b) and in the SN. The oxygraphs of 

compiled data obtain per group (n = 5 rats) are shown on the top for OCRs (left oxygraph) 

and the ECARs (right oxygraph) for (a) and (b). The means ± SEM of the bioenergetics 

parameters that were graphed include: Basal Respiration, Non-mitochondrial Oxygen 

Consumption, Spare Respiratory Capacity, Maximal Respiration, H+ (Proton) Leak, ATP 

Production, Basal Glycolysis, Glycolytic Capacity. For the assay it was used: 25 μM 

Oligomycin, 15 μM FCCP, 20 μM Antimycin, 20 μM Rotenone; n = 5 per group. Data are 

expressed as mean ± SEM. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, two-

way ANOVA with Bonferronís multiple comparisons test.
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Fig 5. 
Acute effect of psychological distress on females: energy reduction in prefrontal cortex 

(PFC) without any effect on substantia nigra (SN). (a) Parameters of oxygen consumption 

rates (OCRs) and Extracellular acidification rates (ECARs) in the PFC in (b) and in the SN. 

The oxygraphs of compiled data obtain per group (n = 5 rats) are shown on the top for OCRs 

(left oxygraph) and the ECARs (right oxygraph) in (a) and (b). The means ± SEM of the 

bioenergetics parameters that were graphed include: Basal Respiration, Non-mitochondrial 

Oxygen Consumption, Spare Respiratory Capacity, Maximal Respiration, H+ (Proton) Leak, 

ATP Production, Basal Glycolysis, Glycolytic Capacity. For each mitochondrial stress assay 

the following concentrations of reagents were used: 25 μM Oligomycin, 15 μM FCCP, 20 

μM Antimycin, 20 μM Rotenone; n = 5 per group. Data are expressed as mean ± SEM. * p ≤ 

0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, two-way ANOVA with Bonferronís 

multiple comparisons test.
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Fig 6. 
Long-lasting effects of psychological distress on males: energy reduction in prefrontal cortex 

(PFC) but significant increase in substantia nigra (SN). Psychological distress induced long-

lasting alterations on energy metabolism in the PFC and in the SN. (a) Parameters of oxygen 

consumption rate (OCR) and extracellular acidification rates (ECARs) in the PFC; (b) and in 

the SN. The oxygraphs of compiled data obtain per group (n = 5 rats) shown in (a) and (b) 

are shown on the top for OCRs (left oxygraph) and the ECARs (right oxygraph). The means 

± SEM of the bioenergetics parameters that were graphed include: Basal Respiration, Non-

mitochondrial Oxygen Consumption, Spare Respiratory Capacity, Maximal Respiration, H+ 

(Proton) Leak, ATP Production, Basal Glycolysis, Glycolytic Capacity. For each 

mitochondrial stress assay the following reagents and concentrations were used: 25 μM 

Oligomycin, 15 μM FCCP, 20 μM Antimycin, 20 μM Rotenone; n = 4–5 per group. Data are 

expressed as mean ± SEM. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, two-

way ANOVA with Bonferronís multiple comparisons test.
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Fig 7. 
Loss of dopaminergic neurons in SN from PINK1-KO rats, without changes in WT rats. 

Immunofluorescence assay for detection of tyrosine hydroxylase (TH) expression in all 

areas of the SN from male rats (acute effect). n = 5 per group. Data are expressed as mean of 

the ratio of the integrated density to the total cell number in the SN ± SEM. * p ≤ 0.05, one-

way ANOVA with Fisheŕs LSD test. SNC: substantia nigra pars compacta, SNR: substantia 
nigra pars reticulata, SNL: substantia nigra pars lateralis, abbreviations after [45].
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Fig 8. 
Distress can induce mitochondrial failure driving Parkinsońs disease phenocopy in WT rats. 

Psychological distress induces brain mitochondrion disfunction characterized by decrease 

OCRs and ECARs in PFC, increase OCR in SN and change antioxidants and BDNF 

expression, and diminish mitochondrial content in both regions. This brain injury leads to 

motor disfunction and anxiety-like behavior.
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Table 1

Psychological distress alters antioxidant proteins and neurotrophic factor expression in prefrontal cortex, 

midbrain, hippocampus and striatum in male and female WT and PINK1-KO rats (acute effect). Females seem 

to be less affected by stress than males. It was analyzed: cytosolic superoxide dismutase (SOD1), 

mitochondrial superoxide dismutase (SOD2), catalase (CAT), DJ-1, mitochondria content (TOM20), brain-

derived neurotrophic factor (BDNF) in mature form (mBDNF) and the ratio between mBDNF and the 

precursor of BDNF (proBDNF), mBDNF/proBDNF. S- represents the unstressed group and S+ represents the 

stressed group. Data were obtained by Western blot and normalized using WT group without stress (WT S-) as 

a unit. n = 5 per group. Data are expressed as mean ± SD.

MALES FEMALES

WT PINK 1 KO WT PINK 1 KO

S− S+ S− S+ S− S+ S− S+

Prefrontal cortex

SOD1 1 1.06 ± 0.26 0.98 ± 0.13 1.06 ± 0.11 1 0.95 ± 0.19 0.97 ± 0.33 0.76 ± 0.24

SOD2 1 1.16 ± 0.18 * 1.02 ± 0.12 1.07 ± 0.11 1 0.72 ± 0.1 *** 0.65 ± 0.15 **** 0.54 ± 0.08

CAT 1 1.16 ± 0.12 1.14 ± 0.2 1.38 ± 0.18 † 1 0.8 ± 0.26 0.53 ± 0.14 ** 0.77 ± 0.26

DJ1 1 0.81 ± 0.17 * 0.87 ± 0.16 0.91 ± 0.09 1 0.98 ± 0.16 0.95 ± 0.23 0.9 ± 0.16

TOM20 1 0.79 ± 0.17 * 0.96 ± 0.15 0.99 ± 0.07 1 0.8 ± 0.21 0.88 ± 0.19 0.84 ± 0.23

mBDNF 1 0.8 ± 0.39 1.23 ± 0.31 1.2 ± 0.7 1 1.46 ± 0.54 * 0.85 ± 0.2 0.96 ± 0.34

mBDNF/proBDNF 1 0.75 ± 0.37 1.15 ± 0.34 1.48 ± 0.9 1 1.27 ± 0.55 0.75 ± 0.13 0.83 ± 0.24

Midbrain

SOD1 1 0.85 ± 0.29 0.77 ± 0.22 0_72 ± 0.13 1 0.87 ± 0.19 1.08 ± 0.36 1.41 ± 0.65

SOD2 1 0.92 ± 0.23 0.95 ± 0.15 0.93 ± 0.08 1 0.95 ± 0.14 0.98 ± 0.43 0.68 ± 0.15

CAT 1 0.43 ± 0.15 **** 0.48 ± 0.21 **** 0.68 ± 0.17 1 1.23 ± 0.24 0.89 ± 0.26 0.54 ± 0.151

DJ1 1 0.9 ± 0.14 0.99 ± 0.25 1.05 ± 0.31 1 1.09 ± 0.18 1.33 ± 0.53 1.13 ± 0.4

TOM20 1 0.69 ± 0.06 *** 0.76 ± 0.16 ** 0.71 ± 0.13 1 0.83 ± 0.24 0.91 ± 0.28 0.75 ± 0.18

mBDNF 1 0.68 ± 0.22 ** 0.79 ± 0.17 * 0.7 ± 0.15 1 0.9 ± 0.25 0.93 ± 0.45 0.61 ± 0.24

mBDNF/proBDNF 1 0.62 ± 0.18 *** 0.44 ± 0.1 **** 0.49 ± 0.12 1 0.82 ± 0.16 0.73 ± 0.35 0.55 ± 0.25

Hipocampus

SOD1 1 0.91 ± 0.21 0.99 ± 0.11 0.86 ± 0.24 1 0.92 ± 0.42 0.88 ± 0.37 0.85 ± 0.23

SOD2 1 0.98 ± 0.13 1.09 ± 0.06 0.999 ± 0.19 1 0.96 ± 0.24 0.94 ± 0.18 0.83 ± 0.16

CAT 1 1.37 ± 0.21 1.66 ± 0.46 ** 1.5 ± 0.27 1 0.79 ± 0.18 1.03 ± 0.26 0.88 ± 0.2

DJ1 1 1.88 ± 0.69 2.49 ± 1.2 * 2.37 ± 1.16 1 0.9 ± 0.23 0.81 ± 0.09 * 0.66 ± 0.05

TOM20 1 1.29 ± 0.33 1.63 ± 0.33 1.76 ± 0.85 1 0.93 ± 0.34 0.94 ± 0.16 0.82 ± 0.21

mBDNF 1 1.21 ± 0.17 1.39 ± 0.29 * 1.31 ± 0.4 1 1.09 ± 0.46 0.97 ± 0.5 0.99 ± 0.76

mBDNF/proBDNF 1 1.12 ± 0.13 1.33 ± 0.2 * 1.37 ± 0.41 1 0.75 ± 0.45 0.71 ± 0.18 0.86 ± 0.32

Striatum

SOD1 1 0.95 ± 0.09 0.97 ± 0.09 0.97 ± 0.08 1 0.77 ± 0.18 ** 0.73 ± 0.09 ** 0.77 ± 0.17

SOD2 1 0.94 ± 0.09 0.95 ± 0.13 1.04 ± 0.08 1 0.81 ± 0.07 * 0.78 ± 0.12 * 0.84 ± 0.22

CAT 1 0.91 ± 0.07 1.12 ± 0.22 1.13 ± 0.28 1 0.74 ± 0.23 0.75 ± 0.23 0.82 ± 0.24
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MALES FEMALES

WT PINK 1 KO WT PINK 1 KO

S− S+ S− S+ S− S+ S− S+

DJ1 1 0.999 ± 0.06 1.03 ± 0.15 1.02 ± 0.08 1 1.03 ± 0.09 0.95 ± 0.09 1.21 ± 0.37

TOM20 1 0.79 ± 0.18 * 0.91 ± 0.07 0.88 ± 0.22 1 0.8 ± 0.18 0.83 ± 0.27 0.97 ± 0.17

mBDNF 1 0.99 ± 0.44 1.01 ± 0.09 1.16 ± 0.35 1 0.85 ± 0.25 0.78 ± 0.28 0.68 ± 0.17

mBDNF/proBDNF 1 1.197 ± 0.48 0.99 ± 0.13 1.46 ± 0.64 1 0.89 ± 0.3 0.67 ± 0.14 * 0.64 ± 0.14

*
p ≤ 0.05,

**
p ≤ 0.01,

***
p ≤ 0.001,

****
p ≤ 0.0001 compared with WT S-,

†
p ≤ 0.05 compared with PINK1-KO S-, one-way ANOVA with Fisheŕs LSD test.
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