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Abstract

The semisynthetic tetracycline derivative minocycline exerts neuroprotective 

properties in various animal models of neurodegenerative disorders. Although anti-

inflammatory and anti-apoptotic effects are reported to contribute to the 

neuroprotective action, the exact molecular mechanisms underlying the beneficial 

properties of minocycline remain to be clarified. We analyzed the effects of 

minocycline in a cell culture model of neuronal damage and in single-channel 

measurements on isolated mitoplasts. Treatment of neuron-enriched cortical cultures 

with rotenone, a high affinity inhibitor of the mitochondrial complex I, resulted in a 

deregulation of the intracellular Ca2+ dynamics, as recorded by live cell imaging. 

Minocycline (100 µM) and cyclosporin A (2 µM), a known inhibitor of the 

mitochondrial permeability transition pore, decreased the rotenone-induced Ca2+

deregulation by 60.9 % and 37.6 %, respectively. Investigations of the mitochondrial 

permeability transition pore by patch-clamp techniques revealed for the first time a 

dose-dependent reduction of the open probability by minocycline (IC50 = 190 nM). 

Additionally, we provide evidence for the high antioxidant potential of MC in our 

model. In conclusion, the present data substantiate the beneficial properties of 

minocycline as promising neuroprotectant by its inhibitory activity on the 

mitochondrial permeability transition pore.
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Abbreviations

CsA, cyclosporin A; DFF, 2’,7’-difluorofluorescein; DIV, days in vitro; DMEM, 

Dulbecco’s Modified Eagle Medium; DMSO, dimethylsulfoxide; DPPH, 2,2-diphenyl-

1-picrylhydrazyl; Fluo-4 AM, fluo-4 pentaacetoxy-methylester; GFAP, glial fibrillary 

acid protein; HEPES, N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid; MC, 

minocycline; mPTP, mitochondrial permeability transition pore; MTT, 3-[4,5-dimethyl-

thiazol-2-yl]-2,5-diphenyl tetrazolium bromide; NMDA, N-methyl-D-aspartate; Po, 

probability of being in the open state; PBS, phosphate-buffered saline; PD, 

Parkinson’s disease; RLM, rat liver mitochondria; ROI, region of interest
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1 Introduction

Minocycline (MC) is a semi-synthetic tetracycline derivative with proven and safe 

clinical track record and mainly used in the treatment of acne vulgaris [1]. Originally 

developed as an antibiotic with a broad-spectrum antibacterial activity, it shows 

biological effects, which are fundamentally different from its antimicrobial action. An 

increasing number of studies reported the potential use of MC as a cytoprotectant in 

the treatment of several neurological disorders including amyotropic lateral scerosis

[2], multiple sclerosis [3], Alzheimer’s disease [4], Huntigton’s disease [5], Leber's 

hereditary optic neuropathy [6], and Parkinson’s disease (PD) [7-9]. Furthermore, 

neuroprotective potency of MC has been observed in experimental models of acute 

cerebral ischemia [10, 11], spinal cord- [12-14] and traumatic brain injury [15]. But, 

also contradictory and even detrimental effects of MC were reported recently [16-20], 

pointing at the importance of a thorough understanding of the detailed cellular and 

molecular mechanisms triggered by MC.

It has been suggested that the observed protection conferred by MC is based on its 

anti-inflammatory and anti-oxidant properties, including the inhibition of matrix 

metalloproteases [21], blockade of inducible nitric oxide synthase [22], as well as free 

radical scavenging activity [23]. In addition, the MC-mediated neuroprotection is 

associated with a blockade of caspases, inhibition of MAP kinase, and prevention of 

cytochrome c release [2, 5, 14, 24]. But, a direct involvement of MC in mitochondrial 

permeability transition is still a matter of debate [25].

Mitochondrial dysfunction is widely accepted to contribute to degeneration processes 

in neurodegenerative diseases and neurotoxins impairing the oxidative 

phosporylation are used to create cellular and animal models for these disorders. 

One environmental toxin used in PD-related models is rotenone [26], a natural 
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occurring complex keton. Due to its lipophilic character, rotenone crosses 

membranes freely and accumulates in cytoplasm and mitochondria [27] where it 

inhibits complex I of the mitochondrial respiratory chain by stopping the supply of 

electrons to quinol (OH2)-cytochrome c oxireductase [28]. This results in a dose-

dependent ATP-depletion, generation of free radicals, and finally apoptosis [29]. 

Although the rotenone model demonstrates potential relevance of the complex I 

deficit in PD pathogenesis, the mechanisms through which dysfunction of complex I 

might produce neurotoxicity are still unknown. It was reported that under pathological 

conditions of low ATP, oxidative stress, and high cytosolic calcium concentration the 

inner mitochondrial membrane permeability increases by formation of a large 

nonselective pore, the mitochondrial permeability transition pore (mPTP). The 

opening of this channel leads to an increase of the permeability to ions and small 

solutes of less than 1.5 kDa, resulting in mitochondrial swelling, depolarization, and a 

loss of membrane potential [30]. Concomitantly, the release of mitochondrial calcium 

ions as well as pro-apoptotic factors (e.g. apoptosis-inducing factor, cytochrome c) 

into the cytosol triggers signaling cascades leading to apoptosis and seems to cause 

neuronal decline in neurodegenerative diseases [31].

Here we study the pro-apoptotic permeability transition triggered by rotenone-induced 

complex I inhibition in cultivated cortical neurons with focus on the effect of MC-

application. Furthermore, we attempt to examine by single-channel measurements 

whether MC affects directly the formation/activity of the mPTP.
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2 Materials and methods

2.1 Chemicals

Cyclosporin A (CsA) and N-methyl-D-aspartate (NMDA) were obtained from Alexis 

(Lausen, Switzerland). If not especially mentioned, all other chemicals were 

purchased from Sigma (Steinheim, Germany). Stock solutions of rotenone (10 mM in 

DMSO) and MC (10 mM in appropriate water-based buffer) were prepared fresh 

daily. CsA (2 mM) was solubilized in 70 % (v/v) ethanol and stored at 4 °C.

2.2 Cell culture

All procedures for animal use were in strict accordance with the Animal Health and 

Care Committee of the State of Saxony-Anhalt, Germany. The animals (Wistar rats, 

Harlan-Winkelmann, Borchen, Germany) were housed under controlled pathogen-

free conditions with a cycle of 12 h light/12 h dark and food/water ad libitum. Rats 

were mated overnight and the following day was defined as embryonic day 1 (E1). 

Neuron-enriched cortical cultures were prepared from cerebral cortices of 16 days old 

rat embryos (E16). The cortices were removed, cleaned of meninges, and placed in 

Dulbecco’s Modified Eagle Medium (DMEM; PAA Laboratories GmbH, Coelbe,

Germany). After mechanical dispersion and centrifugation (5 min at 300 g), the 

dissociated cells were plated onto poly-D-lysine-coated (0.1 mg/ml in borate buffer, 

pH 8.4) 25 mm round glass coverslips placed in 35 mm culture dishes at a density of 

1.5*106 cells/2 ml in DMEM medium with 2 % B-27 (serum-free supplement, 

Invitrogen, Karlsruhe, Germany). Cells were maintained 13 days in vitro (13. DIV) in a 
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humidified 5 % CO2/ 95 % air atmosphere at 37 °C. Culture medium was replaced by 

DMEM without B-27 supplement 24 h before use. Immunohistochemical 

characterization of the cultures was performed using the primary SMI311-antibody 

(1:1000; Convance, Berkely, USA) and GFAP-antibody (1:5000; Santa Cruz 

Biotechnology, Santa Cruz, USA) to detect neurons and astrocytes, respectively. 

Briefly, cells were fixed (4 % paraformaldehyde, 20 min) and incubated in blocking 

solution (10 % donkey normal serum, 0.3 % Triton X-100, 0.1 % sodium azide) for 

30 min followed by the application of the respective primary antibody (overnight at 

4 °C). After washing with PBS containing 0.1 % Triton X-100 the cells were 

sequentially incubated with the respective secondary antibody (1:1000, Cy2-

conjugated anti-mouse-IgG, Rockland, Gilbertsville, USA; Cy3-conjugated anti-goat-

IgG, Dianova, Hamburg, Germany) for 2-3 h, mounted, and examined on a confocal 

fluorescence microscope (AXIOVERT 100M, LSM PASCAL, Zeiss, Jena, Germany).

2.3 Cell viability assay

Cell viability was assayed using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide), a yellow tetrazolium salt, which is reduced to purple 

water-insoluble formazan by active cells. Cortical neurons were treated with different 

concentrations of rotenone (100 pM, 500 pM, 1 nM, 5 nM, and 10 nM) for 24 h. The 

medium was replaced by 1 ml PBS containing 1 mg MTT and incubated at 37 °C for 

1 h. Afterwards, cells were permeabilized by DMSO and the extent of reduction of 

MTT to formazan within the cells was measured spectrophotometrically (Lambda 2, 

PerkinElmer, Norwalk, USA) at an absorbance of 570 nm.
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2.4 Intracellular calcium measurements

Intracellular calcium concentrations were recorded by live cell imaging using cortical 

cultures grown on glass coverslips for 13 DIV. After 45 min incubation with 2.5 M 

fluo-4 pentaacetoxy-methylester (Fluo-4 AM; Invitrogen, Karlsruhe, Germany) the 

coverslips were placed in a stainless steel chamber (Attofluor, 2 ml volume, 

Molecular probes, Leiden, The Netherlands) and mounted on a thermostatically 

controlled stage (37 °C) of an inverted confocal fluorescence microscope 

(AXIOVERT 100M, LSM PASCAL, Zeiss, Jena, Germany). Cultures were superfused 

(1 ml/min) with HEPES-buffer (140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 10 mM 

glucose, and 10 mM HEPES, pH 7.47) for at least 2 min (baseline) followed by 

subsequent stimulation with 200 µM NMDA to induce an acute increase of cytosolic 

Ca2+. Investigated drugs or vehicle (DMSO and Ethanol) were consistently applied 

30 min before and during the Ca2+-measurements. Fluorescent images (excitation 

488 nm and emission >505 nm) were captured sequentially (10 s intervals) and 

experimental settings (including intensity of the laser, pinhole diameter, detector gain) 

were kept uniform in all compared experiments. The fluorescence intensity data, 

obtained as average intensity within regions of interest (ROIs over the somata of 

about 10-25 individual cells), were quantified using the Zeiss LSM software. After 

subtraction of a background noise the average of all analyzed cells of one 

experiment (n=1) were used. The means of 5 time point values before a subsequent 

addition of NMDA or at the end of the experiment were used for statistical analysis. 

One way ANOVA followed by Dunnett T3 (SPSS Version 15.0.1.1) was performed to 

asses the differences between the groups.
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2.5 Isolation of rat liver mitochondria, preparation of mitoplasts, and 

electrophysiology

Rat liver mitochondria (RLM) were prepared as described previously [32] and the 

concentration of mitochondrial protein was determined by using the Biuret method. 

RLM were used for preparing mitoplasts i.e. fragile vesicles consisting of inner 

mitochondrial membrane after rupture of the outer membrane. They can be 

recognized by their absolutely round shape and one (in liver mitoplasts) dark spot. 

From mitoplasts single-channel currents were recorded by patch-clamp methods as 

explained in detail, previously [33]. Mitoplasts were obtained by hyposmotic shock: 

the ionic strength was lowered 10-fold by addition of a hypotonic medium (5 mM K-

HEPES, 0.2 mM CaCl2, pH 7.2). After one minute incubation at room temperature, 

isotonicity was restored by addition of hypertonic medium (750 mM KCl, 80 mM K-

HEPES, 0.2 mM CaCl2, pH 7.2).

For patch-clamp experiments borosilicate glass pipettes (Harvard Apparatus, Fircroft, 

Kent, UK) were polished to yield resistances of 10-15 M. Free-floating mitoplasts 

were "chased" by means of an electrically driven micromanipulator and moved to 

their final position at the pipette tip by gentle suction. Gigaseals of 0.7-1.5 G formed 

spontaneously in about 25 % of the trials, and currents were recorded by means of 

an EPC-7 amplifier (HEKA electronics, Lambrecht, Germany). Currents were low-

pass filtered by a 4-pole Bessel filter at a corner frequency of 0.5 kHz. Data were 

recorded at a sample frequency of 4 kHz by means of the pClamp9.2 software (Axon 

instruments, Foster City, USA) which was also used for processing of the data. The 

measuring pipette was filled with HEPES-buffer (150 mM KCl, 0.3 mM CaCl2, 20 mM 

K-HEPES, pH 7.2). Experiments were carried out at room temperature (25  1 °C). 



Page 10 of 33

Acc
ep

te
d 

M
an

us
cr

ip
t

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

Test solutions were based on the HEPES-buffer and were applied through the glass 

capillaries of a peristaltic-pump driven flow system. Potentials are given as at the 

inner side of the membrane. Inward currents always deflect downward. The 

probability that the channel is in an open state (Po) was determined by all-points 

analysis according to Loupatatzis et al. [34]. To the equation for fitting the dose-

response curve by Michaelis-Menten kinetics, a term A was added accounting for a 

seemingly incomplete blockade of the mPTP in the early phase of the experiment. 

We collected the data in segments of one minute then dividing the mean of 

6 segments in MC (skipping always the first) by the mean of 3 segments before MC 

as the normalized Po. As development of the MC block took more than a minute, A

accounts for the contribution of early records with incomplete blockade. Best fitting 

values were determined by means of the ENZFIT software.

2.6 Mitochondrial swelling and cytochrome c release from isolated 

mitochondria

Swelling experiments on RLM (0.5 mg protein/ml) were performed in sucrose-based 

buffer (200 mM sucrose, 10 mM Tris, 1 mM KH2PO4, 10 µM EGTA, 5 mM glutamate, 

and 5 mM malate, pH 7.2) and the decrease in light absorbance (620 nm) was 

recorded using a multiplate reader (Titertek Plus MS212, ICN, Frankfurt, Germany). 

RLM were pre-incubated with the investigated drugs or vehicle (ethanol) prior to 

stimulation with 100 µM Ca2+. Afterwards, the release of cytochrome c into the buffer 

was determined by standard immunoblotting [6] using cytochrome c antibody 

(7H8.2C12, 1:500; BD Pharmingen, San Diego, USA).
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2.7 Intracellular oxidative stress assay 

The intracellular oxidative stress assay was performed according the DFF-imaging

procedure published previously [6]. Briefly, cortical cultures were incubated with 

100 μM H2DFF-DA (5-(and-6)-carboxy-2',7'-difluorodihydrofluorescein diacetate;

Invitrogen, Karlsruhe, Germany) at 37 °C in a humidified 5 % CO2 atmosphere for 

60 min. The investigated drugs or vehicle (PBS) were applied 30 min prior to 

stimulation with 100 µM H2O2. The fluorescence intensity data, obtained as average 

intensity within ROIs over the somata of individual cells, were quantitatively analyzed 

using the Zeiss LSM software.

2.8 DPPH radical scavenging assay 

The free-radical scavenging activity was determined by a procedure reported 

previously [35]. Briefly, DPPH (2,2-diphenyl-1-picrylhydrazyl; Fluka, Steinheim, 

Germany) was dissolved in 80 % methanol in water to a final concentration of 

100 μM. The reactions were initiated by adding different concentrations of the tested 

drugs or of the vehicle (DMSO), incubated at 37 °C for 30 min. The absorbance was 

measured at 516 nm (Lambda 2, PerkinElmer, Norwalk, USA).
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3 Results

3.1 Rotenone induces calcium deregulation in primary cortical neurons

In order to evaluate an adequate rotenone concentration that affected cortical 

neurons without inducing complete cell death, a colorimetric MTT-reduction assay 

was performed. Treatment with 100 pM, 500 pM, 1 nM, 5 nM, or 10 nM rotenone for 

24 h resulted in a reduced formazan production of 89.0 ± 6.3 %, 81.9 ± 14.0 %, 

72.3 ± 9.5 %, 59.8 ± 1.8 %, and 45.8 ± 1.1 %, respectively, with statistical 

significance at concentrations of 5 and 10 nM (p<0,05; Fig. 1A). The application of 

10 nM rotenone for 24 h resulted in a cell survival of about 50 %. This concentration

was used in the following experiments.

For evaluation of the involvement of the mitochondrial permeability transition pore 

(mPTP) in rotenone-mediated toxicity, changes of intracellular calcium were recorded 

in cortical neurons using the Ca2+-imaging technique. The neuronal cultures from 

dissociated E16 rat cortices after 13 days in vitro (13 DIV) consist of a large 

population of neurons and single astroglia cells (Fig. 1B). Stimulation of these 

primary neurons with 200 µM NMDA for 2 min caused an increase of the Fluo-4 

fluorescence immediately after the exposure. Within 5 min after NMDA stimulation, 

intensity returned to the basal level. The response of cell cultures after 13 DIV was 

stable and could be repeated by subsequent NMDA applications. This also indicates 

the viability of the cells during live cell imaging experiments (Fig. 2A). Treatment with 

10 nM rotenone 30 min before and over the complete period of the experiment did 

not affect the amplitude of the Ca2+-rise in cortical neurons. However, the 

fluorescence signal in the rotenone-treated groups did not return back to baseline 

levels after NMDA exposure as was the case in control cells (Fig. 2B). This Ca2+-
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deregulation became more obvious after repeated stimulations (2 to 3 times) with 

NMDA (Fig. 2C, D). In presence of both the mPTP inhibitor cyclosporin A (CsA, 

2 μM) and rotenone, the observed Ca2+-deregulation was alleviated by 37.6 %. This

indicates an involvement of mPTP-opening under these conditions (Fig. 2D).

3.2 MC protects neurons against rotenone-induced Ca2+-deregulation

Simultaneous application of rotenone and 100 μM MC decreased the rotenone-

induced Ca2+-deregulation. The analysis of the basal levels of cytosolic Ca2+ after the 

second stimulus did not show significant deviation after the application of MC 

(Fig. 2C). However, after MC treatment the final baseline of the Ca2+-signal was 

significantly decreased by 60.9 % as compared with the rotenone-treated group after 

three NMDA stimuli (Fig. 2D). Thus, after repeated stimulations and transient rises of 

Ca2+ the presence of MC protected the cells from a Ca2+-deregulation. Additionally, 

MC was more efficient than the mPTP inhibitor CsA at the tested concentration.

3.3 Patch Clamp experiments reveal blocking of the mPTP by MC

The most direct test for a possible blocking effect of MC on the mPTP is the single-

channel experiment studying mitoplast membranes by patch-clamp techniques. The 

predominant channel of such patches showed a single-channel conductance of more 

than 1 nS, could be dose-dependently blocked by CsA, and was characterized by 

multiple substrates [34]. Patches demonstrating corresponding single-channel 

behavior were transferred to a pipe of the flow system that contained test solution 

with different concentrations of MC. Within 1-2 min the Po declined to a lower level 
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(Fig. 3A) determined by all-points analysis as explained in methods. Inhibition was 

concentration dependent and could be described by Michaelis-Menten kinetics with a 

IC50 of 190 nM and a value A of 0.27 (Fig. 3B). In 4 out of 6 experiments with a

strong MC effect mPTP inhibition was partly reversible when switching to an isotonic 

control solution. Thus, MC is able to inhibit the mPTP on the single-channel level.

3.4 MC abolishes Ca2+-induced swelling and cytochrome c release in isolated 

RLM

Investigations on isolated RLM proved, that MC (100 µM) was able to inhibit swelling 

induced by Ca2+ as measured by a reduced change of light absorbance (Fig. 4A). 

Immunoblotting of the extra-mitochondrial fractions revealed that MC abolished the 

Ca2+-induced release of cytochrome c in RLM (Fig. 4B). Furthermore, MC triggered a 

weak release of cytochrome c (without Ca2+) under the tested conditions (Fig. 4B, 

lane 1) which was comparable to the cytochrome c release observed after co-

treatment with Ca2+ (Fig. 4B, lane 5). In contrast to the data obtained by 

immunoblotting, no swelling of MC-treated RLM (without Ca2+) was observed (data 

not shown).

3.5 MC shows antioxidant activity inside the cells and is a powerful radical 

scavenger

Oxidative stress plays an important role in mitochondrial permeability transition [30, 

36]. To examine a possible antioxidant capacity of MC in our cortical culture, cells

were preloaded with H2DFF-DA and the resulting DFF-fluorescence was measured. 
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The basal level of DFF fluorescence in untreated cells increased significantly after 

H2O2 (100 µM) exposure. Pre-treatment with 100 µM MC abolished the increase of 

the fluorescence signal (Fig. 5A), demonstrating the antioxidant activity of MC inside 

the cells.

In order to assess the general radical scavenging potency of MC, we used an assay 

that detected the reaction of the drug with DPPH, a stable artificial free radical. MC is 

an effective scavenger for DPPH as indicated by the concentration dependent 

decrease in light absorbance. The scavenging capacity is comparable with that of the 

well known radical scavenger L-ascorbic acid (Fig. 5B).
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4 Discussion

It was our working hypothesis that treatment of cultivated cortical neurons with the 

pesticide rotenone results in a disruption of the mitochondrial oxidative 

phosphorylation chain by inhibition of complex I and hence elevation of reactive 

oxygen species (ROS). Together with a high cytosolic calcium concentration, which

in turn induces formation and opening of the mitochondrial permeability transition

pore (mPTP), the release of pro-apoptotic factors is triggered. According to this “two-

hit” hypothesis [36], we established a cell culture model of neuronal damage in order 

to test a possible inhibitory effect of the tetracycline derivative minocycline (MC) on 

the induced mPTP-opening.

After chronic administration to rats rotenone reproduced some features of 

Parkinson’s disease (PD) [26, 29] and also triggered degeneration in cultured PC-12 

cells [37]. Based on these observations, and due to the well-defined chemical 

property of rotenone as complex I inhibitor, we used this drug as inducer for neuronal 

degeneration in our cell culture model. It turned out that cortical neurons of 

embryonic rats cultivated for two weeks were highly sensitive to rotenone. This effect 

was dose-dependent with a LD50 of around 10 nM. The cells were affected in their 

respiratory activity but without being committed to complete cell death. This result is 

in contrast to other studies, in which 50-times higher concentrations of rotenone 

(0.5 µM) were required for neuronal decline [38]. A possible explanation could be a

different cultivation method (application of the cytotoxic cytosine arabinoside) and the 

lower age of the cultures in their study.

In our study, subsequent application of NMDA induced neuronal Ca2+-overload in the 

cells. Under these conditions the Ca2+-equilibrium across the inner mitochondrial 
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membrane is shifted and mitochondria take up Ca2+ from the cytoplasm. This leads to 

a stimulation of the respiratory chain and to an increase in ROS generation, 

particularly in the presence of the complex I inhibitor rotenone. As a result, the mPTP

opens [39], the mitochondrial potential collapses, and Ca2+ is released into the 

cytosol [40]. Such a Ca2+-deregulation could be detected in rotenone-treated cells 

during live cell calcium imaging. An involvement of the mPTP in the model is strongly 

supported by the observed effect of the well-known mPTP inhibitor CsA, which 

alleviated the Ca2+-deregulation. This immune suppressive cyclic peptide binds to 

cyclophiline D, a compound of the mPTP-complex, and prevents opening [41, 42]. 

However, the rotenone-mediated Ca2+-deregulation is not entirely normalized by 

CsA, indicating that other mechanisms are playing an additional role. In contrast to 

CsA, the antibiotic MC was more effective to abolish the Ca2+-deregulation mediated 

by rotenone. This potential of MC to protect cells with defect complex I is in 

accordance with a recent publication, wherein a malfunction of the respiratory chain 

was initiated by point mutation of the mitochondrial DNA [6]. The ability of MC to 

inhibit the formation of mPTP was also reported from groups focusing on isolated 

brain and liver mitochondria [2, 43]. In contrast, Mansson et al. did not show a direct 

inhibition of the mPTP in isolated brain mitochondria [25]. To clarify this issue, we 

measured single-channel currents through the mPTP of mitoplasts. To our 

knowledge, we show for the first time a blocking effect of MC on the mPTP by patch 

clamp, indicating a direct interaction of MC with the mega pore. It must be noted, 

however, that a mitoplast constitutes an artificial system in that the outer membrane 

is missing and, secondly, the mitochondrial membrane potential is lost. Nevertheless, 

mitoplasts have been proved to be useful tools to study successfully biophysical 

questions and direct pharmacological interactions with the channel proteins in the 

inner membrane [33, 34]. Additionally, it is remarkable that inhibition of the mPTP can 
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be observed at relatively high Ca2+-concentrations. As calcium ions are known to 

activate the pore, the concentration of MC required for a full block are possibly even 

lower at lower Ca2+-concentrations. The higher concentrations used here are 

necessary for establishing stable membrane patches at the tip of the measuring 

pipette.

The easier accessibility of the pore in mitoplasts for large modulating molecules as 

compared with intact mitochondria, the extremely sensitive measurement of the 

activity of single pores, and the high lipophilicity of MC [44] may be explanations for 

the observation that blockade of the mPTP required considerably lower MC 

concentrations in the patch-clamp experiments. Similarly, lower effective 

concentrations in mitoplast experiments than in experiments on intact mitochondria 

were reported before [33].

It has been considered that tetracyclines, including MC, can chelate Ca2+. However, 

the presumable influence of MC on the extracellular Ca2+ concentration (e.g. in the

intracellular calcium measurements) may be neglected because of the much higher 

concentration of Ca2+ in relation to MC in the buffer used.

Our data confirm earlier reports about the ability of MC to inhibit Ca2+-induced 

swelling of rat liver mitochondria [43]. Additionally, the observed decrease of Ca2+-

triggered release of cytochrome c in the presence of MC supports previously reported 

protective effects of MC on the mPTP. A remarkable result was the finding that MC 

per se induced a weak release of cytochrome c without any detectable mitochondrial

swelling. This observation may perhaps be an explanation for the observed

detrimental effects of MC [16, 18-20] and requires further clarification.

Due to the fact that the observed changes of the intracellular Ca2+-dynamics caused 

by rotenone could not be abolished completely by the mPTP-inhibitor CsA other 

mechanisms than mPTP-opening may play a role. The higher potential of MC, as 



Page 19 of 33

Acc
ep

te
d 

M
an

us
cr

ip
t

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

compared to CsA, to normalize the rotenone-triggered Ca2+-deregulation may be 

explained by the antioxidant properties of MC. This was also proved in our 

experiments on cortical neurons after H2O2-induction. Using a cell-free assay of 

antioxidant-potency, our obtained data confirm additionally that MC is a direct 

antioxidant [23] with a comparable potential as L-ascorbic acid.

In conclusion, rotenone-induced Ca2+-deregulation of cultivated cortical neurons is 

mediated by mitochondrial permeability transition. The promising cytoprotectant MC 

is able to counteract this process. We show here a direct inhibitory interaction of MC 

with the mPTP and confirm the high antioxidant potential of this multifaceted 

tetracycline derivative. These findings point out the potential of MC for the treatment 

of disorders related to oxidative stress and/or increased mPTP-opening in general. It 

must be noted, however, that there are clear indications for additional detrimental 

effects of MC, which makes the clinical application of MC rather doubtful [20]. 

Therefore, further investigations needed for clarification of the negative action of MC.
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Figure legends:

Fig. 1.

Rotenone decreases cell viability of primary cortical cell cultures. (A) Primary cortical 

cultures were treated for 24 h with different concentrations of rotenone. Cell viability 

was detected via MTT-reduction (see materials and methods). Data in percent of 

controls shown as means ± S.E.M. (n=3). Statistical significance between rotenone-

treated and untreated cells are indicated (* p<0.05, ** p<0.01). 

(B) Immunohistochemical analysis of the primary cortical cell culture by using the 

neurofilament marker SMI311 (green) and GFAP (red) demonstrate the existence of 

neurons at 13 DIV (bar 20 µm, representative image).

Fig. 2.

Stimulation of primary cortical cell cultures with NMDA (200 µM, 3 times) leads to an 

elevated Ca2+-concentration that was reversed during wash-out. (A) Imaging of 

intracellular Ca2+-dynamics without drug (Vehicle, triangle), after application of 10 nM 

rotenone alone (black) and in combination with 2 µM CsA (grey cross) or 100 µM MC 

(grey circle). Presented are means (n=5) of Fluo-4 fluorescence intensities 

normalized to the highest signal (100 %). Statistical analysis of the intracellular Ca2+-

signals after the first (B), after the second (C), and after the third stimulus of NMDA

(D). Data are shown as normalized means ± S.E.M. (n=5). Acute treatment of 10 nM 

rotenone led to a calcium deregulation in primary cortical neurons. Simultaneous 

application of the mPTP-inhibitor CsA partially protected neurons from a rotenone-

induced calcium deregulation, indicating involvement of the mPTP. In presence of 

MC this effect was more pronounced.
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Fig. 3.

MC inhibits the mPTP of liver mitoplasts. (A) Single channel records from a mitoplast 

before, 403 s after switching to a high (10 µM) MC concentration, and 317 s after 

returning to an isotonic control solution. Dashed lines and arrows are giving the 

closed state of the mPTP. MC reduced the open probability and the effect is 

irreversible at this relatively high concentration. (B) The blocking effect of MC on the 

mPTP of liver mitoplasts is dose dependent. Dose-response relation measured at 5 

different concentrations of MC by single-channel experiments. The measuring points 

give the normalized Po (± S.E.M.) determined by all-point analysis and were fitted 

best by Michaelis-Menten kinetics (continuous curve) with a IC50 of 190 nM and a 

factor A = 0.27 (for significance of A see methods). The point used as the normalized 

zero-concentration was taken from the mean of the Po of the 3 min preceding 

application of MC for each of 7 experiments. 

Fig. 4.

MC inhibits Ca2+-induced swelling and it modulates the release of cytochrome c in 

RLM. (A) Swelling was measured in sucrose-based buffer as decrease in light 

absorbance induced by 100 µM Ca2+. After establishing a baseline the investigated 

drugs were applied (black arrow). Pre-incubation with CsA (1 µM) completely 

inhibited the Ca2+-induced swelling, while in 100 µM MC-treated samples a transient 

mild shrinkage was observed immediately after addition of Ca2+. Data are presented 

as means ± S.E.M. (n = 3). (B) Immunoblotting demonstrated a strong release of 

cytochrome c of RLM into the medium by Ca2+, which was reduced by MC or was 

completely blocked by CsA. MC (100 µM) alone showed a similar release of 

cytochrome c as it did in combination with Ca2+. A control without Ca2+ and without 

MC did not show any cytochrome c release.
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Fig. 5.

MC is a powerful free radical scavenger. (A) Fluorimetric analysis of oxidative stress 

induced by application of 100 µM H2O2 in primary cortical cultures (13 DIV). H2DFF-

DA preloaded cells (100 µM, 1 h) showed a strong increase in DFF-fluorescence 

upon exposure to H2O2. Pre-treatment with MC (100 µM) almost abolished the 

increase of the fluorescence signal. (B) MC scavenged the model radical DPPH at a 

comparable rate as did L-ascorbic acid. DPPH spectrophotometric assay is based on 

the quenching effect of radical scavengers on the absorbance of DPPH.
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Figure1

http://ees.elsevier.com/bcp/download.aspx?id=117639&guid=aaac9928-5f6f-4ffc-b86b-7c2834f44f36&scheme=1
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Figure2

http://ees.elsevier.com/bcp/download.aspx?id=117640&guid=deaa6d7d-5bba-49e5-9fbc-a3095283613e&scheme=1
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Figure3

http://ees.elsevier.com/bcp/download.aspx?id=117641&guid=1ec0ddc6-0a77-4f94-a9f3-36474fa96b0e&scheme=1
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Figure4
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Figure5
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