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Abstract Mitochondrial defects have been shown to be

associated with the pathogenesis of Parkinson’s disease

(PD). Yet, experience in PD research linking mitochondrial

dysfunction, e.g., deregulation of oxidative phosphoryla-

tion, with neuronal degeneration and behavioral changes is

rather limited. Using the 6-hydroxydopamine (6-OHDA)

rat model of PD, we have investigated the potential role of

mitochondria in dopaminergic neuronal cell death in the

substantia nigra pars compacta by high-resolution respi-

rometry. Mitochondrial function was correlated with the

time course of disease-related motor behavior asymmetry

and dopaminergic neuronal cell loss, respectively. Unilat-

eral 6-OHDA injections ([2.5 lg/2 ll) into the median

forebrain bundle induced an impairment of oxidative

phosphorylation due to a decrease in complex I activity.

This was indicated by increased flux control coefficient.

During the period of days 2–21, a progressive decrease in

respiratory control ratio of up to -58 % was observed in

the lesioned compared to the non-lesioned substantia nigra

of the same animals. This decrease was associated with a

marked uncoupling of oxidative phosphorylation. Mito-

chondrial dysfunction, motor behavior asymmetry, and

dopaminergic neuronal cell loss correlated with dosage

(1.25–5 lg/2 ll). We conclude that high-resolution respi-

rometry may allow the detection of distinct mitochondrial

dysfunction as a suitable surrogate marker for the pre-

clinical assessment of potential neuroprotective strategies

in the 6-OHDA model of PD.
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J Uninhibited respiration rate

MFB Median forebrain bundle

MOPS 3-(N-morpholino)propanesulfonic acid

mtDNA Mitochondrial DNA

6-OHDA 6-Hydroxydopamine

PBS Phosphate-buffered saline

PD Parkinson’s disease

RCR Respiratory control ratio

RCIR Relative complex I-dependent respiratory rate

ROS Reactive oxygen species

SN Substantia nigra

SNPC Substantia nigra pars compacta

TH Tyrosine hydroxylase

TH-IR Tyrosine hydroxylase immunoreactive

Introduction

Parkinson’s disease (PD) is the second most frequent

neurodegenerative disorder with a prevalence of approxi-

mately 1 % in Europe and North America (de Lau et al.

2004). It is characterized by a marked loss of dopaminergic

neurons in the substantia nigra (SN) pars compacta (SNPC)

leading to a reduction of dopamine in the target structure,

the striatum (Fahn 2003) Dopaminergic deficits result in

motor and postural disabilities, as well as cognitive and

vegetative disturbances (Chaudhuri et al. 2006). The

mechanisms underlying neuronal degeneration in PD are

complex and are still incompletely understood, but proba-

bly reflect the end point of different environmental and

genetic influences.

Several lines of evidence link the impairment of mito-

chondrial components such as cytochrome oxidase and

mitochondrial enzymes as for instance Parkin, PINK1, DJ-1

to the pathogenesis of PD (Banerjee et al. 2009; Miller et al.

2009). Increased mutations of mitochondrial DNA and

reduced activities of complex I in the SN have been asso-

ciated with sporadic (Bender et al. 2006; Kraytsberg et al.

2006; Schapira 2008) and atypical PD (Baloh et al. 2007;

Luoma et al. 2004). In animal models of PD, distinct

mutations in mitochondrial DNA (mtDNA) of SN are suf-

ficient to cause Parkinsonism (Ekstrand et al. 2007). Fur-

thermore, it has been reported that mtDNA of SN in general

(Soong et al. 1992) and in PD patients displays a higher

mutation rate than other brain regions (Lin et al. 2012). In

addition, family studies with genetically determined forms

of PD have identified genes, which are involved in mito-

chondrial function (Schapira et al. 1989). Some of these

genes, e.g., PINK1 (Koh and Chung 2012), encode exclu-

sively for mitochondrial proteins, demonstrating that PD

and associated nigrostriatal degeneration are linked to

mitochondrial dysfunction. Moreover, toxins, such as

MPTP (N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) and

rotenone, which inhibit complex I of the mitochondrial

respiration chain, induce Parkinsonism in animals and

humans. Stereotactic injection of 6-hydroxydopamine

(6-OHDA) into the nigrostriatal tract dose dependently and

permanently disrupts nigrostriatal function in rats and rep-

resents the most widely used animal model of PD (Bové and

Perier 2012; Hökfelt and Ungerstedt 1973; Ungerstedt

1968). Following 6-OHDA injections into the median

forebrain bundle (MFB), dopaminergic neurons in the SN

begin to degenerate within 12 h and exhibit a non-apoptotic

morphology. As a result, marked lesions of striatal dopa-

minergic terminals occur within 2–3 days. 6-OHDA

destroys catecholaminergic structures by a combined effect

of reactive oxygen species (ROS) and quinones (Cohen

1984). Thus, various antioxidants reduce both 6-OHDA

toxicity and oxidative stress (Tobon-Velasco et al. 2013b).

On the other hand, it has been reported that 6-OHDA (in

contrast to its oxidized derivatives) directly and reversibly

inhibits complex I and complex IV of isolated brain (Glinka

and Youdim 1995) and liver (Glinka et al. 1998)

mitochondria.

However, due to the large complexity of mitochondria,

which comprise more than 1,000 different proteins, the

detection of isolated defects does not allow the conclusion

that spotty defects cause mitochondrial dysfunction and

cannot exclude the contribution of other defects. Therefore,

a functional investigation of freshly prepared mitochondria

is mandatory to quantify oxidative phosphorylation in

mitochondria. To our knowledge, mitochondrial function

of the SN has neither been investigated in physiological

conditions (e.g., drug-naive animals) nor in the 6-OHDA

model of PD. To address this issue, we have adapted high-

resolution respirometry to record the time course of mito-

chondrial functional parameters in SN homogenates after

unilateral injection of 6-OHDA into the MFB of rats over

21 days. Concomitantly, the animal’s motor behavior and

the corresponding number of dopaminergic neurons in

SNPC were assessed by quantification of apomorphine-

induced rotational asymmetry and of tyrosine hydroxylase

immunoreactive (TH-IR) cells in the SNPC, respectively.

Materials and methods

Animals

Male Sprague–Dawley rats (8 weeks old, 250–280 g

(Harlan Laboratories, Eystrup, Germany) were maintained

under constant environmental conditions with ambient

temperature of 20 ± 2 �C and relative humidity of 50 %

and were housed with a 12-h light–dark cycle. Food and
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water were given ad libitum. Experiments were carried out

in accordance with the European Communities Council

Directive (2010/63/EU). The study was approved by the

authorities of the State of Saxony-Anhalt (Landesverwal-

tungsamt) and performed according to institutional and

national guidelines (German Animal Protection Act, 1998).

6-OHDA-induced lesion of the median forebrain

bundle

6-OHDA was unilaterally injected into the right median

forebrain bundle (MFB) to induce selective cell death of

dopaminergic neurons in the SN. Throughout all surgical

procedures, the body temperature of animals was kept at

37 �C via a thermostatically controlled heating blanket,

coupled to a rectal temperature sensor. About 4 and 2 %

halothane in nitrous oxide/oxygen (70:30) were applied via a

nose cone to induce and maintain anesthesia, respectively.

Animals were placed in a stereotaxic frame (David Kopf

Instruments, Tujunga, CA, USA). Then, a burr hole (1 mm

diameter) was drilled into the skull, and a Hamilton syringe

with a 29-gauge steel cannula was stereotaxically inserted

using the following coordinates for MFB (Paxinos and

Watson 2007): posterior ?3.2 mm, lateral ?1.6 mm, ven-

tral 8.8 mm, tooth bar at -4 mm. Unilateral MFB lesions

were induced by the application of 6-OHDA at different

concentrations (1.25, 2.5, 4, or 5 lg) (Sigma-Aldrich,

Taufkirchen, Germany) in 0.9 % sodium chloride solution

(AppliChem, Darmstadt, Germany) (2 ll), containing

0.02 % (v/w) ascorbic acid over a time period of 10 min.

After 6-OHDA injection, the injection needle was kept in the

above position for further 5 min before slowly removing it.

Rotation behavior analysis

The rats were sequentially tested for apomorphine-induced,

contralateral rotations at different time points after unilat-

eral 6-OHDA injection into the MFB. Apomorphine

(Sigma-Aldrich, Taufkirchen, Germany) was dissolved in

0.9 % (w/v) sodium chloride solution (AppliChem,

Darmstadt, Germany) and was subcutaneously adminis-

tered at 0.25 mg/kg body weight. After apomorphine

injection, the rats were individually set into a hemispheri-

cal plastic bowl (diameter 35 cm). Starting 10 min after

apomorphine application, the numbers of full contralateral

rotations were visually counted for 10 min.

Immunohistochemistry

Following the last rotation behavior analysis 2, 6, 12, and

21 days post-6-OHDA injection, respectively, rats were

deeply anesthetized with sodium pentobarbital (250 mg/kg,

intraperitoneally). Anesthetized animals were transcardially

perfused via the ascending aorta with 50 ml isotonic saline,

followed by 250 ml ice-cold 4 % (w/v) paraformaldehyde

in 0.1 M PBS (pH 7.4). Brains were carefully removed,

post-fixed in the same fixative overnight, and subsequently

placed in 30 % (w/v) sucrose in 0.1 M PBS (pH 7.4) for

cryoprotection. Frontal sections, comprising the SN, were

cut with a thickness of 20 lm, using a cryostat (Microm

International GmbH, Walldorf, Germany). For immuno-

histochemistry and quantitative analysis of dopaminergic

neurons free-floating sections were permeabilized with

0.2 % (v/v) Triton X-100 in 0.1 M PBS containing 10 %

normal horse serum for 30 min. After washing in 0.1 M

PBS, unspecific antibody binding was blocked by 10 %

normal horse serum for 30 min, followed by a further wash

in 0.1 M PBS. Then, sections were incubated with the pri-

mary antibodies (rabbit anti-tyrosine hydroxylase (TH)

antibody; 1:1,000, Abcam, Cambridge, UK) in 2 % normal

horse serum/PBS. After overnight incubation at 4 �C, sec-

tions were rinsed with 0.1 M PBS and incubated with the

complementary secondary antibody Alexa Fluor 488 goat

anti-rabbit IgG (1:200, Invitrogen Life Technologies, Grand

Island, NY, USA). After a final wash in 0.1 M PBS, brain

sections were mounted onto glass slides in Vectashield

mounting medium (Vector Laboratories, Burlingame, CA,

USA) containing 40,6-diamidino-2-phenylindole (DAPI)

nuclear counter stain and cover slipped.

Cell quantification

For quantitative analysis of dopaminergic neurons in the

SNPC 2, 6, 12, and 21 days post-6-OHDA injection into

the MFB, TH-IR neurons were counted using an inverted

fluorescence microscope (ECLIPSE TE2000-S, Nikon,

Düsseldorf, Germany) with a mounted CCD camera

(1300QCB, VDS Vosskühler, Osnabrück, Germany) and

with objectives Plan UW 10X/0.60 and Plan Flour 20X/

0.13 (Carl Zeiss, Jena, Germany). Ipsi- (lesioned) and

contralateral (unlesioned) SNPC of 5–8 animals per treat-

ment group were analyzed, using Lucia software package

(version 4.2.1., Nikon, Düsseldorf, Germany) or LSM 5

Pascal software package (version 4.0, Carl Zeiss, Jena,

Germany) by WS (experiment 1: 1.25, 2.5, 5 lg 6-OHDA)

and by FS (experiment 2: 4 lg 6-OHDA), which accounts

for the differential absolute TH-IR cell counts in experi-

ment 1 versus 2. In general, 5 sections per animal were

used to analyze the number of TH-IR neurons in the SNPC

(cf. Kupsch et al. 1992).

Brain preparation for functional investigation

of mitochondria

Following an interval of 12 h between testing of rotational

asymmetry with apomorphine and killing, rats were
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anesthetized with sodium pentobarbital (250 mg/kg, i.p.)

and decapitated 2, 6, 12, or 21 days after stereotactic

injection of 6-OHDA. The brains were immediately

removed from the skull. For the preparation of the SN, a

slice with the thickness of approximately 2.0 mm of the

midbrain was dissected from the most rostral end of the

brain peduncles to the most rostral pole of the pons. The

peduncles were removed, and two tissue blocks containing

the ipsilateral (lesioned) or the contralateral (unlesioned)

SN, respectively, were prepared according to the stereo-

tactic atlas of Paxinos and Watson (2007). Ipsi- (lesioned)

and contralateral (unlesioned) SNs from 3 animals were

separately taken and stored in ice-cold isolation medium

containing 225 mM mannitol, 75 mM sucrose, 1 mM

EGTA, 20 mM MOPS, pH 7.4. After weighing, lesioned

and unlesioned SNs were separately homogenized in iso-

lation medium (1:5 w/v) with a small plastic pestle

homogenizer in a 500-ll Eppendorf tube (Trumbeckaite

et al. 2012).

High-resolution respirometry and inhibitor titrations

Mitochondrial function was analyzed by means of high-

resolution respirometry (Gnaiger 2001). Immediately after

SN homogenization, oxygen uptake rates were recorded in

respirometry incubation medium A (IM-A) containing

120 mM mannitol, 60 mM KCL, 5 mM KH2PO4, 5 mM

MgCl2, 40 mM MOPS, 0.5 mM dithiothreitol, 1 mM

EGTA (pH 7.4) plus 10 mM glutamate, and 2 mM malate.

Fifteen microliters of SN homogenate (obtained from 3 mg

SN) was used for each respirometric run. Measurements

started with the permeabilization of synaptosomal mem-

branes by the addition of 7 lg/ml digitonin (Kunz et al.

1999; Kuznetsov et al. 2008; Trumbeckaite et al. 2012).

Substrate-specific rates of state 3 respiration were obtained

using a modified multiple substrate-inhibitor titration pro-

tocol (Kuznetsov et al. 2008). To avoid secondary changes

of mitochondrial function by the possible action of prote-

ases, we performed all oxygraphic measurements in par-

allel, using 8 chambers of 4 oxygraphs (OROBOROS

oxygraph-2k, Innsbruck, Austria) (Gnaiger 2001). Each

chamber was kept at 30 �C. All measurements started no

later than 40 min after removal of SN samples from the

animals. The weight-specific oxygen consumption was

calculated as the time derivative of the oxygen concen-

tration (DATGRAPH Analysis software, OROBOROS�).

Respiration rates were related to the corresponding wet

weight of individual SN samples (lg) and assessed by the

ratios of different specific respiratory rates measured

within one respirometric run.

We applied metabolic control analysis and determined

the flux control coefficients of complexes I and IV of the

respiratory chain. For this, we performed titrations of the

maximal respiration rates (state 3) with specific non-com-

petitive inhibitors of complexes I and IV of the respiratory

chain, namely Amytal and azide, respectively. From these

titration curves, the flux control coefficients of the indi-

vidual enzyme complexes of the respiratory chain can be

calculated

C0 ¼ ðdJ=JÞ=ðdI=KDÞ;

where dJ/dI is the initial slope of the inhibitor titration

curve, J is the uninhibited respiration rate, and KD is the KD

value of the inhibitor [170 lM for Amytal (Wiedemann

et al. 1998) and 70 lM for azide (Kuznetsov et al. 1996)].

Statistical analysis

Data were analyzed using the paired, two-sample Student’s

t test assuming unequal variances. Data are presented as

mean ± SEM, unless otherwise noted. Linear relationships

between measured variables were assessed via Pearson

product moment correlation (CP) using the Sigma Plot 11.

Statistical significance was accepted at p B 0.05.

Results

Behavioral and immunohistochemical analysis

In a first experimental setting, three different doses of

6-OHDA (1.25 lg, 2.5 lg, or 5 lg/2 ll) were studied with

regard to their effects on rotational asymmetry after apo-

morphine exposure. Time points of analysis were sequen-

tially set at 2, 6, 9, 12, 15, 19, and 21 days after 6-OHDA

injection (Fig. 1a). The application of 2.5 lg or 5 lg

6-OHDA into the MFB increased the rotational asymmetry

between days 2 and 21 post-6-OHDA exposure (Fig. 1a).

The lowest 6-OHDA dose used in this study (1.25 lg)

modestly increased rotational asymmetry over the time

period studied, reaching a plateau phase after 6 days.

Unilateral 6-OHDA injection into the MFB triggered a

dose-dependent degeneration of TH-IR neurons in the

ipsilateral (lesioned) SNPC 21 days post-6-OHDA

(Fig. 1b). The total number of TH-IR dopaminergic peri-

karya in the contralateral (non-lesioned) SNPC was

110.1 ± 5.6 (Fig. 1b, left bar). In contrast, only 53.7 ± 4.5

dopaminergic neurons survived the insult in the ipsilateral

SNPC at a dose of 1.25 lg 6-OHDA (Fig. 1b). About

2.5 lg or 5 lg 6-OHDA ensued a more pronounced

degeneration (22.5 ± 3.4 and 12.7 ± 2.9 dopaminergic

neurons in SNPC, respectively, cf. Fig. 1b). The reduction

in the number of TH-IR neurons in SNPC ipsilateral to the

MFB lesion correlated with the increase in the rotational

asymmetry of these animals at day 21 post-6-OHDA

exposure.
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In the next series of experiments, we adjusted the

6-OHDA dose to 4 lg/2 ll to achieve a submaximal

mitochondrial lesion and assessed the rotational asymmetry

at 2, 6, and/or 12 days after 6-OHDA injection. Consis-

tently (cf. Fig. 1), the number of apomorphine-induced,

contralateral rotations increased over time (2 days:

38.4 ± 8.9, 6 days: 85.2 ± 11.4, 12 days: 112.2 ± 16.0,

Fig. 2a), whereas the number of surviving, dopaminergic

neurons decreased in a time-dependent manner (Fig. 2b, c).

Both parameters, i.e., the number of degenerated TH-IR

cells in the lesioned (ipsilateral) SNPC and the rotational

asymmetry significantly correlated, complying with previ-

ous reports (Bové and Perier 2012; Ungerstedt and

Arbuthnott 1970).

Detection of mitochondrial dysfunction

Mitochondrial function in lesioned (ipsilateral) and non-

lesioned (contralateral) SN homogenates was studied by

high-resolution respirometry as described previously

(Kunz et al. 1999; Kuznetsov et al. 2008; Trumbeckaite

et al. 2012). In particular, we used an advanced multi-

substrate-inhibitor protocol (Gellerich et al. 2002; Kuz-

netsov et al. 2008; Trumbeckaite et al. 2012), which

explicitly analyses the oxidation rates of the most

important complex I-dependent substrates of brain mito-

chondria (i.e., glutamate, malate, and pyruvate) (Gellerich

et al. 2012, 2013). A representative example for the

demonstration of 6-OHDA-induced changes of mito-

chondrial function 6 days post-injection is shown in

Fig. 3 comparing contralateral (non-lesioned) (Fig. 3a)

and ipsilateral (lesioned) (Fig. 3b) SN from the same

group of animals. SN homogenates (15 ll) were added to

the incubation medium containing 10 mM glutamate and

2 mM malate. At first, we added 7 lg/ml digitonin to

permeabilize synaptic and other membranes that enclose

mitochondria. This procedure removes the latency of

otherwise intracellular mitochondria and increases the

respiration rates in general by 50 % (not shown). After

addition of 2 mM ADP, the fully activated glutamate/

malate-dependent respiration was measured (state 3glu/mal)

(Fig. 3a). To evaluate the maximum complex I-dependent

respiration, 10 mM pyruvate was subsequently added,

causing a small, but significant increase in respiration

(state 3glu/mal/pyr). In order to shut off the complex

I-dependent respiration, the specific complex I inhibitor

rotenone was added, decreasing the rate of respiration

nearly to zero. Glycero-3-phosphate (G-3-P) re-activated

mitochondrial respiration, since the mitochondrial G-3-P-

dehydrogenase (G-3-PDH) fuels the respiratory chain

with electrons independent of complex I (Gellerich et al.

2012). The rather small extent of G-3-P-dependent res-

piration (state 3G-3-P) indicated a low capacity of the G-3-

PDH. In contrast, the following addition of succinate

(state 3G-3-P/suc) provided a distinctly more pronounced

effect and allowed a respiration rate as usually observed

in brain mitochondria (Kunz et al. 1999; Trumbeckaite

et al. 2012). Finally, carboxyatractyloside (Cat), an

inhibitor of the adenine nucleotide translocator, was

added to decrease the rate of respiration to the level of

non-phosphorylating respiration (state 4G-3-P/Suc/Cat)

(Fig. 3). According to this protocol, the respirogram of

mitochondria prepared from the contralateral (unlesioned)

SN revealed normal functional properties (Fig. 3a).

Fig. 1 Effects of 6-OHDA on motor behavior asymmetry and the

number of dopaminergic neurons in the SNPC. a Mean number of

apomorphine-induced rotations in animals 2, 6, 9, 12, 15, 19, and

21 days post-unilateral injection of different 6-OHDA doses (black

1.25 lg, gray 2.5 lg, white 5 lg) into the MFB (n = 8 rats per

experimental group). b Quantitative analysis of the number of TH-IR

cell bodies in the SNPC 21 days post-unilateral 6-OHDA exposure

(black 1.25 lg, gray 2.5 lg, white 5 lg) into the MFB. 5–8 animals

per group (1.25 lg n = 5, 2.5 lg n = 8, 5 lg n = 8) were killed at

day 21 post-6-OHDA injection to visualize and quantify the total

number of dopaminergic TH-IR neurons per section of ipsi- (lesioned)

or contralateral (non-lesioned) SNPC (8 sections per rat).

***p B 0.001
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Fig. 2 Time-dependent effects

of 6-OHDA on rotation

behavior and on the number of

TH-IR-positive neurons in the

SNPC. a Number of

apomorphine-induced

contralateral rotations in rats 2,

6, 12 days after unilateral

6-OHDA (4 lg) lesion of the

MFB. Data are expressed as

mean number of contralateral

rotations per 10 min, n = 8 rats

per group. b Quantitative

analysis of the mean number of

TH-IR cell bodies in SNPC 2, 6,

and 12 days post-unilateral

injection of 6-OHDA (4 lg)

into the MFB (n = 5 rats).

c Representative examples of

immunohistochemical

localization of TH-IR

dopaminergic neurons (red

fluorescence) in the

contralateral (1, 2, 3) or

ipsilateral SNPC after (4,

2 days; 5, 6 days; 5, 12 days)

unilateral 6-OHDA (4 lg)

injection. Scale bars 20 lm.

**p B 0.01 between ipsi-

(lesioned) and contralateral

(unlesioned) SNPC
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In contrast, mitochondria in the ipsilateral SN (exposed

to 6-OHDA) were characterized by the following changes:

1. The rate of state 3glu/mal respiration was lower than the

corresponding rate of not exposed mitochondria.

Moreover, pyruvate addition did not cause a further

stimulation of state 3glu/mal respiration (state 3glu/mal =

state 3glu/mal/pyr) (Fig. 3b).

2. State 3Glu/Mal/Pyr of ipsilateral SN mitochondria was

lower than their corresponding state 3G-3-P/Suc respira-

tion (Fig. 3b), whereas the opposite effect was

observed in the non-lesioned (contralateral) SN

(Fig. 3a).

3. The state 3G-3-P of ipsilateral SN mitochondria was

enlarged compared to the non-affected (contralateral)

SN (Fig. 3a, b).

4. Notably, the rate of non-phosphorylating respiration

(state 4G-3-P/Suc/Cat) was also increased after 6-OHDA

exposure (Fig. 3a, b).

For a quantitative description of 6-OHDA-dependent

changes of mitochondrial function in the ipsilateral SN as

detectable in the representative experiment shown in

Fig. 3, we used (1) the respiratory control ratio (RCR: state

3Glu/Mal/Pyr/state 4G-3-/Suc/Cat) and (2) the relative complex

I-dependent respiration (RCIR: state 3Glu/Mal/Pyr/state

3G-3-P/Suc).

6-OHDA (2.5 lg and 5 lg) caused a significant and

dose-dependent decrease in the respiratory control ratios

(RCR: state 3Glu/Mal/Pyr/state 4G-3-/Suc/Cat) by 14 and 35 %,

respectively (Fig. 4). Similar changes were observed for

the relative complex I-dependent respiration (RCIR: state

3Glu/Mal/Pyr/state 3G-3-P/Suc) (data not shown). These data

indicate that 6-OHDA doses higher than 2.5 lg, possibly

also 1.25 lg (cf. Fig. 4, low n-number in 1.25 lg 6-OHDA

group), induce an impairment of mitochondrial function in

the ipsilateral SN 3 weeks after 6-OHDA injection into the

MFB due to diminished complex I-dependent and

increased non-phosphorylating respiration rates.

Subsequently, we investigated the time course of mito-

chondrial changes after application of 4 lg 6-OHDA. As

shown in Fig. 5a, the RCR in lesioned SN was significantly

Fig. 3 Mitochondrial dysfunction in the SN after unilateral 6-OHDA

injection into the MFB. Mitochondrial function was investigated

using high-resolution respirometry. Homogenates (15 ll) of the

lesioned and unlesioned side of SN, respectively, were added to

incubation medium A. Additions: ADP, 2 mM ADP; Pyr, 10 mM

pyruvate; Rot, 1.5 lM rotenone; G-3-P, 10 mM G-3-P; Suc, 10 mM

succinate; Cat, 5 lM carboxyatractyloside. Blue lines oxygen

concentration within the measuring chamber of the oxygraph. The

first derivative of this signal after the time represents the rate of

respiration (red line) in nmol O2/min/lg tissue. Representative

respirograms were selected from experiments performed 6 days after

stereotactic injection of 4 lg 6-OHDA into the MFB

Fig. 4 6-OHDA causes mitochondrial dysfunction in the SN in a

dose-dependent manner. Mitochondrial function in SN homogenates

was investigated 21 days post-unilateral injection of different doses of

6-OHDA. Homogenates from lesioned (ipsilateral) or contralateral

(non-lesioned) SN were analyzed. From respirograms as exemplified

in Fig. 3, RCR values as the maximum complex I-dependent

respiration (state 3Glu/Mal/Pyr) and succinate-dependent, non-phos-

phorylating respiration (state 4Suc/Cat) were calculated and plotted

versus the corresponding dose of 6-OHDA. Numbers within the

columns indicate the number of oxygraphic measurements per

experimental condition. *p \ 0.05 between ipsi- and contralateral SN
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decreased (-31 %) as early as 2 days after unilateral

6-OHDA injection, if compared to the unlesioned SN. As

also illustrated in Fig. 4, these changes were caused by

both a decrease in state 3glu/mal/pyr and an increase in state

4G-3-/Suc/Cat. With increasing time after 6-OHDA treatment,

this difference increased further (6 days: -45 %; 12 days:

-58 %). In contrast, the RCIR in lesioned SN (Fig. 5b)

was significantly decreased only 6 and 12 days after

6-OHDA injection (-43 and -41 %, respectively).

The impaired stimulation of state 3Glu/Mal in mito-

chondria of lesioned SN after pyruvate addition was

quantified by the ratio state 3Glu/Mla/Pyr/state 3Glu/Mal,

which was significantly decreased by 16 % from

1.24 ± 0.07 in non-lesioned, compared to 1.04 ± 0.03 in

lesioned SN mitochondria (Fig. 6a). The 6-OHDA-

induced decrease in the latter parameter as well as the

declines of RCIR and RCR described above indicate a

reduction in complex I-dependent respiration. To further

elucidate this assumption, a flux control analysis was

performed by titrating the state 3 respiration of SN

mitochondria with amytal, an inhibitor of complex I, and

azide, an inhibitor of complex IV of the mitochondrial

respiratory chain. The resulting flux control coefficient

(Fig. 6b) C0 for complex I of 0.29 ± 0.02 in control

mitochondria of non-lesioned SN increased significantly

by 48 % to 0.43 ± 0.04, whereas C0 for complex IV was

not affected in lesioned mitochondria. These data

underline that 6-OHDA toxicity primarily involves a

complex I-specific impairment of mitochondrial function.

The 6-OHDA-induced increase in state 3G-3-P (Fig. 3a, b)

was evaluated by the normalization of G-3-P-dependent

state 3 on the state 3G-3-P/Suc respiration (Figs. 3a, b, 6c).

These ratios significantly increased in mitochondria of

lesioned SN already after the second day post 6-OHDA

injection and remained elevated until the day 12 (Fig. 6c).

In order to evaluate whether a compromised mitochon-

drial function is linked with altered histochemical and

behavioral parameters in the 6-OHDA model of PD, we

plotted the above RCR and RCIR data versus the number

of TH-IR neurons 2, 6, and 12 days post-6-OHDA injec-

tion (Fig. 7). Based on this, we calculated the corre-

sponding Pearson’s correlation coefficients (CP). As shown

in Fig. 7, the RCR was positively correlated with the

number of TH-IR cells (CP = 0.972; p = 0.0276) in

SNPC. Only a nonsignificant positive trend was observed

between RCIR and the number of TH-IR cells in the SNPC

(CP = 0.919; p = 0.08). Furthermore, both RCR (CP =

-0.974; p = 0.0255) and the relative complex I-dependent

respiration (RCIR) (CP = -0.964; p = -0.0361) were

negatively correlated with rotational asymmetry.

Discussion

For the first time, this study demonstrates a dose- and time-

dependent impairment of oxidative phosphorylation in the

ipsilateral SN of rats after unilateral 6-OHDA injection into

the MFB. Mitochondrial dysfunction significantly corre-

lated with (1) apomorphine-dependent rotation asymmetry

and (2) the degeneration of TH-IR dopaminergic neurons

in SNPC. The present results unravel a time- and dose-

dependent mitochondrial dysfunction in the ipsilateral SN

after unilateral 6-OHDA treatment. In particular, we were

able to identify the crucial involvement of mitochondrial

Fig. 5 Time dependency of mitochondrial dysfunction post-6-OHDA

exposure. Mitochondrial function was analyzed in homogenates of

lesioned SN (black circles) and unlesioned SN (red triangles). Time

points after 6-OHDA injection (4 lg) as shown in Fig. 3. Two

different ratios were calculated: a RCR values were calculated for the

lesioned and unlesioned SN, respectively. b Relative complex

I-dependent respiration (RCIR) was determined as the ratio of the

maximum complex I-dependent respiration and the maximum succi-

nate (?G-3-P)-dependent respiration. Both ratios were plotted versus

the time points after 6-OHDA application in days. **p \ 0.02

between ipsi- and contralateral SN
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complex I and the uncoupling of oxidative phosphorylation

in 6-OHDA-induced nigral neuronal cell death.

Assessment of mitochondrial function

It is generally agreed that the measurements of mitochon-

drial flux rates provide more reliable information about the

ability of the corresponding mitochondria to generate ATP,

than measurements of metabolites, membrane potentials,

enzyme activities, or mutation loads, although all latter

methods may add important information too (Brand and

Nicholls 2011; Seppet et al. 2007). As discussed recently

(Kuznetsov et al. 2008), in the present study, we used

distinct tissue (SN) homogenates for assessing mitochon-

drial dysfunction (Kunz et al. 1999; Kuznetsov et al. 2008;

Trumbeckaite et al. 2012). This well-established protocol

includes a selective permeabilization of synaptosomal

membranes with digitonin at low concentrations that do not

affect mitochondrial membranes (Kunz et al. 1999; Kuz-

netsov et al. 2008; Trumbeckaite et al. 2012). The use of

homogenates precludes a biased selection of a particular

mitochondrial population such as synaptosomal, non-syn-

aptosomal, normal, and pathologically altered mitochon-

dria. Moreover, the use of homogenates allows the

investigation of mitochondrial function in smaller samples.

Furthermore, it should be noted that apomorphine itself

exhibits dose-dependent, anti- and pro-oxidant properties,

affecting mitochondrial function in vitro (dos Santos El-

Bachá et al. 2001; Gassen et al. 1996; Khaliulin et al.

2004). Clinically, there is no evidence for neurotoxicity of

apomorphine (Gassen et al. 1996; Kyriazis 2003). The

present design investigated ex vivo mitochondrial function

Fig. 6 6-OHDA-induced changes of mitochondrial complex I in the

ipsilateral (lesioned) SN. a Decreased pyruvate stimulation of state

3Glu/Mal in lesioned SN. Ratios of state 3Glu/Mal/Pyr/state 3 Glu/Mal were

calculated from data measured with protocols as illustrated in Fig. 3.

b Increased flux control coefficients of complex I in lesioned SN. Flux

control coefficients were calculated from inhibitor titrations of state

3Glu/Mla/Pyr with amytal at different time points after application of

6-OHDA. c Increase in G-3-P-dependent respiration in lesioned SN.

Ratios of state 3G-3-P/state 3G-3-P/Suc were calculated from data

measured with protocols as shown in Fig. 3 in homogenates of

unlesioned and lesioned SNs at different time points after 6-OHDA

injection. Data obtained for lesioned SN homogenates were related to

unlesioned SN homogenates and are presented as % of corresponding

values of unlesioned SN homogenates. Mitochondrial function was

compared in lesioned and unlesioned SN homogenates of the same

animals after injection of 4 lg 6-OHDA. n number of measurements.

**p \ 0.01. §Measurement without injection
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at least 12 h following apomorphine exposure in animals

without evidence for clinical apomorphine-induced

behavioral abnormalities at this time point, complying with

the short half-time of apomorphine [approximately 30 min;

for review cf. (Kyriazis 2003)]. Thus, it is unlikely that

preceding apomorphine treatments affected the mitochon-

drial assessment of the present study. Independently, in the

present experimental design, the contralateral non-treated

SN side served as control tissue, which precludes the

interpretation of the present data as being only apomor-

phine-related.

In particular, mitochondrial function was measured by

high-resolution respirometry (Gnaiger 2001), using a

refined version of a multi-substrate-inhibitor protocol

(Gellerich et al. 2002; Kuznetsov et al. 2008). This pro-

cedures allowed us to examine the oxidation rates of

complex I-related substrates in comparison with complex

II- (succinate) and complex III-supplying (G-3-P) reactions

under maximum (state 3) and non-phosphorylating condi-

tions. Moreover, in order to selectively detect functional

deficits of SN mitochondria caused by disease-related

impairments of complex I of the respiratory chain and/or a

defective catabolism of complex I-specific substrates

(pyruvate, glutamate, malate), we evaluated two complex

I-dependent states, state 3Glu/Mal as well as state 3Glu/Mal/Pyr.

In contrast to the use of isolated mitochondria, the mito-

chondrial content in homogenates is in principle unknown.

Therefore, mitochondrial function and dysfunction is

accurately described by the ratios of characteristic respi-

ratory rates, which do not depend on the amount of mito-

chondria, but rather reflect mitochondrial function

(Gellerich et al. 2002; Kuznetsov et al. 2008; Trumbeckaite

et al. 2012). By means of flux control analysis of Heinrich

and Rapoport (1974) and Kacser and Burns (1973), we

further investigated the consequences of an impaired step

for the whole mitochondrial metabolic system via inhibitor

titrations. Consequently, we were able to calculate specific

flux control coefficients, which in turn describe the con-

tribution of the titrated enzyme in the control of the whole

metabolic system (Gellerich et al. 1990).

The flux control coefficient C0 relates changes in the

overall flux through the pathway to changes in the activity

of an enzyme. It is defined as the fractional change in flux

divided by the fractional change in the amount of the

enzyme as the change tends to zero: C0 ¼ dJ=dE � E=J

with E representing enzyme activity (Heinrich and Rapo-

port 1974; Kacser and Burns 1973). Since C0 of an enzyme

depends on its actual activity in relation to the flux through

the whole metabolic system, a decreased enzyme activity

must cause an increased C0. Therefore, the detection of an

increased C0 is an important indicator, confirming that the

decreased enzyme activity limits the flux through the total

system.

Mitochondrial dysfunction in the SN

of 6-OHDA-treated rats

The present study allows the detection of mitochondrial

impairment by direct comparison between properties of

mitochondria isolated from normal and affected parts of

SN in the same rats after 6-OHDA treatment. We demon-

strate that the RCR, the main parameter of mitochondrial

function, is distinctly impaired in the 6-OHDA model of

PD, which correlated with rising 6-OHDA concentrations

(Fig. 4). Significantly, decreased (-30 %) RCR values

were already detected in mitochondria of lesioned SN

2 days after 6-OHDA injection into the MFB. Interestingly,

a mitochondrial impairment in the striatum has been

recently reported only 2–4 h after intrastriatal 6-OHDA

injection as analyzed via succinate-dependent respiration

(Tobon-Velasco et al. 2013a). Thus, 6-OHDA-induced

mitochondrial dysfunction in the SN may also be present at

earlier time points. Within the observation period of

12 days post-6-OHDA exposure, the RCR was decreased

progressively (Fig. 5). The changes in RCR after 6-OHDA-

induced lesion of the MFB correlated positively with the

number of TH-IR cells in SNPC and negatively with the

number of apomorphine-induced contralateral rotations of

diseased animals (Fig. 6a).

In contrast, the reduction in RCIR reached statistical

significance at later time points, i.e., 6 and 12 days after

6-OHDA injection into the MFB, indicating that the

decrease in complex I-dependent respiration is delayed in

comparison with the RCR changes. Notably, the signifi-

cantly diminished ratio (state 3Glu/Mal/Pyr/state 3Glu/Mal) in

Fig. 7 Correlation between nigral mitochondrial impairment and the

number of TH-IR neurons. RCR and RCIR values were determined 2,

6, and 12 day after 6-OHDA injection (taken from Fig. 5a, b) and

were plotted versus TH-IR neurons assessed at the same time points.

Numbers indicate the Pearson’s correlation coefficient (CP) and the

respective p values
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lesioned mitochondria complies with the finding of reduced

complex I-dependent respiration. This finding could have

at least two reasons:

Either (1) mitochondrial complex I itself or (2) the catab-

olism of complex I-dependent substrates could be impaired

via 6-OHDA. By means of flux control analysis (Heinrich and

Rapoport 1974; Kacser and Burns 1973), we have shown that

the C0 of complex I is significantly increased in lesioned

mitochondria, whereas C0 of complex IV remained unaf-

fected. The increased flux control of complex I in lesioned SN

mitochondria indicates the selective involvement of complex

I in the neurotoxicity of 6-OHDA.

Obviously, the 6-OHDA-induced increase in state

4G3P,Suc,Cat (Fig. 3a, b) diminishes the RCR, suggesting an

uncoupling of oxidative phosphorylation without any effect

on the RCIR. Thus, mitochondrial uncoupling seems also

to be an important additional factor in 6-OHDA-induced

mitochondrial dysfunction in the SN. Conceivably,

uncoupling of oxidative phosphorylation may result from a

6-OHDA-dependent generation of ROS, leading to the

opening of mitochondrial permeability transition pores

(Lemasters and Nieminen 1997; Webster 2012). Interest-

ingly, we observed significantly increased state 3G-3-P rates

in lesioned mitochondria. This unexpected result could be

an indicator for a relative or compensatory increase in

astrocyte numbers due to neuronal loss of DA neurons.

Since astrocytes do not have a glutamate aspartate carrier

(Berkich et al. 2007), their mitochondria require the

mitochondrial G-3-PDH for the transport of reducing

equivalents into mitochondria.

Another important issue is the potential contribution of

mitochondria of dead neurons to the measured oxygen

consumption under the present experimental conditions. It

is generally agreed that most kinds of cell death [e.g.,

necrosis, apoptosis; cf. (Bredesen et al. 2006)] are initiated

by impaired, dying or dead mitochondria, i.e., cells and

their mitochondria die more or less at the same time.

Therefore, one can assume that the contribution of ‘‘dead’’

mitochondria to the respirometric signal is low. If these

‘‘dead’’ mitochondria still respire, they may be able to

consume some oxygen without changes by the metabolic

state therefore increasing a little both the rates of state 4

and state 3 respiration (i.e., decreased RCIs). Decreased

RCIs have been observed in numerous disease models

containing morphologically intact cells (Gellerich et al.

2012). Thus, it may be assumed that the impaired mito-

chondrial function in our present SN homogenates mainly

reflects impaired mitochondria within living cells.

It should be noted that the present experimental design

did not evaluate the mechanisms of 6-OHDA-induced

mitochondrial impairment. In particular, mitochondrial

impairment could be a secondary phenomenon following

6-OHDA-induced nigral intoxication. Moreover, it is

known that 6-OHDA causes increased ROS formation, and

complex 1 is particularly sensitive for ROS-induced cell

damage [‘‘hot spot,’’ cf. (Musatov and Robinson 2012)].

Previous in vitro studies suggest complex I inhibition in

brain mitochondria following 6-OHDA exposure without

the involvement of free radicals in this process (Glinka

et al. 1998), although more recently it was demonstrated

that 6-OHDA does not act as a primary inhibitor of the

mitochondrial respiratory chain in neuroblastoma cell

cultures (Giordano et al. 2012). Thus, future experiments

are necessary to determine whether the distinct mitochon-

drial alterations observed in the present ex vivo approach

precedes or follows nigral cell death.

Conclusion

The present study suggests that unilateral 6-OHDA injection

into the MFB severely impairs mitochondrial function within

the lesioned (ipsilateral) SN. Using high-resolution respi-

rometry and flux control analyses, we show for the first time

that mitochondrial complex I and the coupling of oxidative

phosphorylation are crucially affected in the 6-OHDA model

of PD. Mitochondrial dysfunction is correlated with and

dopaminergic neuronal cell loss in the SNPC. Thus, distinct

mitochondrial function analysis may be suitable for the

preclinical identification of neuroprotective intervention

strategies for PD and other neurodegenerative disorders

(Olszewska and Szewczyk 2013; Vlamings et al. 2009).

Acknowledgments F.S. was supported by the Federal Ministry for

Education and Research (BMBF Grant Number 03IS2211I/Pro-

NetT3). A.K. was in part supported by Deutsche Forschungsgeme-

inschaft KFO 247 (Deep brain stimulation, Berlin).
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