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Abstract

Recent literature indicates that low-dose methylene blue (MB), an autoxidizable dye with powerful antioxi‐
dant and metabolic enhancing properties, might prevent neurotoxin-induced neural damage and associated
functional deficits. This study evaluated whether local MB may counteract the anatomical and functional
effects of the intrastriatal infusion of the neurotoxin rotenone in the rat. To this end, stereological analyses
of striatal lesion volumes were performed and changes in oxidative energy metabolism in the striatum and
related motor regions were mapped using cytochrome oxidase histochemistry. The influence of MB on stri‐
atal levels of oxidative stress induced by rotenone was determined, and behavioral tests were used to inves‐
tigate the effect of unilateral MB co-administration on motor asymmetry. Rotenone induced large anatomi‐
cal lesions resembling “metabolic strokes”, whose size was greatly reduced in MB-treated rats. Moreover,
MB prevented the decrease in cytochrome oxidase activity and the perilesional increase in oxidative stress
associated with rotenone infusion in the striatum. MB also prevented the indirect effects of the rotenone-
induced lesion on cytochrome oxidase activity in related motor regions, such as the striatal regions rostral
and caudal to the lesion, the substantia nigra compacta and reticulata, and the pedunculopontine nucleus.
At a network level, MB maintained a global strengthening of functional connectivity in basal ganglia-thala‐
mocortical motor circuits, as opposed to the functional decoupling observed in rotenone-alone subjects.
Finally, MB partially prevented the behavioral sensorimotor asymmetries elicited by rotenone. These re‐
sults are consistent with protective effects of MB against neurotoxic damage in the brain parenchyma. This
study provides the first demonstration of the anatomical, metabolic and behavioral neuroprotective effects
of MB in the striatum in vivo, and supports the notion that MB could be a valuable intervention against
neural damage associated with oxidative stress and energy hypometabolism.
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Methylene blue (MB) is a Food and Drug Administration-grandfathered autoxidizable phenothiazine with
potent antioxidant and metabolic enhancing properties at low doses (Bruchey and Gonzalez-Lima, 2008).
MB has been widely used as a supravital stain of nervous tissue (O’Leary et al., 1968), as well as an artifi‐
cial electron donor (Lindahl and Oberg, 1961, Lehninger, 1964, Scott and Hunter, 1966). Its major use in
pharmacotherapy is as an antidote for metabolic poisons that induce methemoglobinemia (Clifton and
Leikin, 2003). MB readily crosses the blood-brain barrier and has a high bioavailability to the brain (Peter
et al., 2000, Wainwright and Crossley, 2002). Experimentally, MB has been shown to prevent the signs of
hypoxia-induced neuronal injury and systemic oxidative stress in a pig model of controlled cardiac arrest
(Miclescu et al., 2006), and has been used to effectively treat and prevent encephalopathy in humans under‐
going cancer chemotherapy with ifosfamide (Kupfer et al., 1994, Kupfer et al., 1996, Pelgrims et al., 2000).
Furthermore, the effects of chronic MB therapy on progression of Alzheimer’s disease, a disorder associat‐
ed with mitochondrial dysfunction, are currently being tested in clinical trials (Wischik et al., 2008), and
there is evidence that MB is safe when administered chronically for the treatment of mental disorders in
humans (Naylor et al., 1986).

In vivo preclinical studies have confirmed the beneficial properties of MB on neuronal function by demon‐
strating that at small doses, it is capable of preventing the deleterious neurobehavioral effects induced by
the administration of neurotoxins. For example, systemic MB prevented learning deficits and the spatial
memory impairment elicited in rats by sodium azide (Callaway et al., 2002). MB also reduced the latency
to seizure onset and prevented the electroencephalographic changes induced in rats by the intrastriatal ad‐
ministration of methylmalonate (Furian et al., 2007). Finally, in a rodent model of optic neuropathy, MB
prevented the visual impairment and structural retinal damage caused by the intravitreal administration of
the neurotoxin rotenone (Rot) (Zhang et al., 2006, Rojas et al., 2009). This latter finding appears of particu‐
lar interest as it revealed potent neuroprotective effects of MB in an experimental paradigm of neurotoxin-
induced neurodegeneration. Based on this, MB might also prove effective in reducing neurotoxic structural
and functional damage in the brain parenchyma.

To test this hypothesis, the present study evaluated whether local MB co-administration would reduce the
neurotoxic effects elicited by Rot selectively infused in the striatum. The striatum was targeted because
striatal damage is an important pathophysiologic component of neurodegenerative motor disorders
(Villalba et al., 2009). Previous studies have demonstrated that Rot induces severe neurodegeneration asso‐
ciated with motor functional impairment in the rat, when selectively infused into brain regions such as the
striatum (Sindhu et al., 2006), the medial forebrain bundle (Alam et al., 2004, Sindhu et al., 2005) or the
substantia nigra (Saravanan et al., 2005). In this study, the neuroprotective effects of MB were investigated
using two variations of the same rat model of striatal neurotoxicity, involving either unilateral or bilateral
Rot-induced striatal lesions. Lesions were analyzed through stereological methods, and functional differ‐
ences between Rot and Rot/MB-treated subjects were assessed by comparing regional- and network-level
changes in brain oxidative energy metabolism (Sakata et al., 2005), and by sensorimotor asymmetry tests
sensitive to striatal injury (Schallert, 2006).

EXPERIMENTAL PROCEDURES

Subjects and chemicals



Male Sprague-Dawley rats (n = 55, average weight 407 ± 35 g) were obtained from Harlan (Houston, TX).
Subjects were handled daily to allow for habituation. They were maintained in clear polycarbonate cages (3
per cage) with food and water ad libitum and subjected to standard light cycles (12 hr light/12 hr dark,
0.lights on at 07:00 am) in a facility accredited by the Association for the Assessment of Laboratory Ani‐
mal Care International. All experimental procedures were approved by the Institutional Animal Care and
Use Committee of the University of Texas at Austin. MB (1% solution USP grade pure, preservative free)
was purchased from Faulding Pharmaceuticals (Aguadilla, PR). Isoflurane was purchased from Baxter
(Deerfield, IL). Unless otherwise specified, additional chemical reagents were purchased from Sigma-
Aldrich (St. Louis, MO).

Intrastriatal rotenone infusion and tissue processing

General anesthesia with isoflurane was induced at 3% for 3 min and maintained at 1.5–3% using an E-Z
anesthesia vaporizer system (Euthanex, Corp, Palmer, PA). Animals were placed in a stereotaxic apparatus
and their skull exposed by a mid-sagittal incision. Trephinations were done at stereotaxic coordinates +0.3
mm A-P and +3.0 mm L, relative to Bregma level (Paxinos and Watson, 1997). A 30-G dental microinjec‐
tion needle (Monoject®, Sherwood Medical Company, Norfolk, NE) was slowly lowered through the burr
hole to a depth of 5 mm ventral to the dura targeting the central portion of the striatum. The needle was
connected by polyethylene tubing (internal diameter = 0.38 mm) to a 10 µl Hamilton microsyringe. Each
rat was infused with dimethylsulfoxide (DMSO), 12 µg Rot or 12 µg Rot plus 8.8 µg methylene blue
(Rot/MB). The Rot dose was based on pilot experiments an previous studies showing effective and repro‐
ducible nigrostriatal degeneration (Saravanan et al., 2005, Sindhu et al., 2005).The MB dose was based on
a previous dose-response study showing neuroprotective effects against Rot-induced neurodegeneration in
the retina (Zhang et al., 2006). DMSO was used as a vehicle for intrastriatal infusions. In this vehicle
Rot/MB solutions are stable and the two compounds do not interact with each other (Zhang et al., 2006,
Rojas et al., 2009). Fresh solutions were prepared every day. Each infusion was delivered over 2 min using
a microinjection pump (CMA microdialysis AB, North Chelmsford, MA) (flow rate 1 µL/min; 2 µL, final
volume) and the injection needle was left in place for an additional 3 min period to allow for diffusion
away from the needle tip. The needle was then slowly retracted to avoid any leaking through the needle
tract.

In a unilateral lesion model, 22 rats were used as follows: 4 subjects were infused with the vehicle DMSO
into the left striatum, 9 subjects were infused Rot into the left striatum, and 9 subjects received infusions of
Rot/MB into the left striatum. The incision was sutured with 2-0 nylon thread and the rats were allowed to
recover on heated cages before being returned to their home cages. One subject in the Rot group was de‐
capitated 1 hr after surgery. The rest of the subjects were decapitated seven days after surgery. Eleven addi‐
tional rats were used in a model of bilateral striatal lesions, in which each subject received Rot in the left
striatum and Rot/MB in the right striatum. All animals in the bilateral lesions model were decapitated sev‐
en days after surgery. The brains of all subjects were collected and slowly frozen in −40°C isopentane.
Coronal brain sections (40 µm-thick) were obtained in a 2800 Frigocut E Reichert-Jung cryostat (Leica Mi‐
crosystems, Bannockburn, IL) at −18°C and were mounted on glass slides to create three adjacent series
for histological analysis. Sections were stored at −40°C until further use.

Nissl staining



Frozen brain sections were delipidized in a series of 95% ethanol, 70% ethanol, distilled water, and 0.1 M
sodium acetate buffer at pH 4 (2.5 min each). Sections were stained in 0.1% cresyl violet in sodium acetate
buffer at 45°C for 7 min, differentiated in 70% and 95% ethanol and dehydrated in 95% and 100% ethanol.
Slides were cleared in xylene and coverslipped with Permount .

Striatal oxidative stress

Dihydroethidium (DHE) fluorescence was used to determine the in situ levels of oxidative stress in unfixed
frozen brain sections as described previously (Rojas et al., 2008b). On-the-slide brain sections were incu‐
bated in 10 µM DHE (Invitrogen, Carlsbad, CA) in PBS, pH 7.4, for 30 min at 37°C in the dark. Excess
fluid was removed and slides were coverslipped with ProGold® antifading medium (Invitrogen, Carlasbad,
CA). Images were captured with an epifluorescence microscope (BX61, Olympus, Center Valley, PA) at λ
= Ex: 490, Em: 520 nm, magnification: 50X, and with similar camera acquisition settings and exposure
times for all sections. Regions of interest consisted of the medial striatum in unimpaired hemispheres and
striatum immediately lateral to the lesions in infused hemispheres. Digital images were analyzed for densit‐
ometry with Image J software (NIH). Data are expressed as the ratio of mean total gray values pixel counts.

Cytochrome oxidase activity histochemistry

Brain sections were stained with Wong-Riley’s histochemical method (Wong-Riley, 1979) modified for the
quantitative measurement of cytochrome oxidase activity in fresh-frozen sections as previously described
(Gonzalez-Lima and Cada, 1994, Gonzalez-Lima and Jones, 1994, Gonzalez-Lima and Cada, 1998).
Fresh-frozen sections were submerged in 0.5% glutaraldehyde/10% sucrose in PB, pH 7.6, for 5 min at
4°C, followed by three baths of 10% sucrose in PB (5 min each, allowing for gradual increases in tempera‐
ture). The sections were incubated for 10 min in a solution containing 50 mM Tris, 1.1 mM cobalt chlo‐
ride, 10% sucrose and 0.5% DMSO. After a 5 min rinse in PB at room temperature, the sections were
stained for 60 min at 37°C in a PB solution containing 1.3 mM 3,3’-diaminobenzidine tetrahydrochloride,
75 mg/L cytochrome c, 20 mg/L catalase, 5% sucrose and 0.25% DMSO. Sections were fixed in 10% for‐
malin in PB at room temperature for 30 min, dehydrated in series of 30%–100% ethanol series, cleared in
xylene (2 times, 5 min each) and coverslipped with Permount®.

Complex I histochemistry

Brain tissue was stained for mitochondrial complex I [nicotinamide adenine dinucleotide (NADH) dehy‐
drogenase] activity as described previously (Jung et al., 2002, Zhang et al., 2002). Fresh-frozen sections
were pre-fixed in a solution containing 0.5% glutaraldehyde and 10% sucrose in phosphate buffer (PB) for
7 min at room temperature, followed by 10% sucrose in PB baths (3 times, 5 min each). The sections were
incubated at 37°C for 15 min with gentle agitation in PB containing NADH (1 mg/ml), nitroblue tetrazoli‐
um (1.33 mg/ml), and 1 M sodium azide. After this, sections were rinsed in PB, fixed in 10%
paraformaldehyde for 30 min at room temperature, dehydrated in alcohol series, cleared in xylene and cov‐
erslipped with Permount®.

Morphometry

®



Total striatal volumes and lesion volumes were estimated using the Cavalieri principle by an investigator
blind to the groups. Images of Nissl-stained brain sections were digitized using JAVA imaging software
(Jandel Scientific; Corte Madera, CA). Regions of interest were delineated and their areas calculated in six
to twelve samples, depending on the size of the lesion, at uniform intervals starting where the striatum was
first visible in the rostro-caudal plane at approximate coordinates from Bregma = +1.7 (Paxinos and Wat‐
son, 1997). Areas (A) were used together with d, the average distance between designated sections, to esti‐
mate the total striatal volume as well as lesion volume, based on the formula V  = ∑A x d. The value d
was calculated as d = (T) x (number of designated sections-1) x (number of series), where T is the distance
between every designated section (380 µm).

Brain metabolic mapping

Brain maps of cytochrome oxidase activity were obtained by an investigator blind to the groups through a
well-established method of optical densitometry of brain sections as detailed by Gonzalez-Lima and Cada
(1994). A calibration step tablet (density range 0.05–3.05) and cytochrome oxidase activity-stained sec‐
tions were placed on a DC-powered light box and digitized using a CCD camera (Javelin Electronics; Tor‐
rance, CA) and a Targa-M8 digitizer. Digitized images were analyzed for optical density using the “intensi‐
ty” or “average intensity” functions of JAVA imaging software (Jandel Scientific; Corte Madera, CA). This
software allows creating a logarithmic calibration curve of optical density units as a function of pixel (gray
level) values in each image. Before analysis, images were corrected for slide and light box artifacts using
background subtraction. For brain structures, sampling box sizes were adjusted to sample most of the re‐
gion of interest with four readings per hemisphere per animal. The median of optical density values for
each region of interest were converted to units of cytochrome oxidase activity using calibration curves
based on standards of tissue thickness and spectrophotometrically-determined cytochrome oxidase activity.
For this purpose, cryosections of a frozen pool of rat brain homogenates (n = 10) were cut at different
thicknesses (10, 20, 40, 60 and 80 µm) to obtain increasing gradients of cytochrome oxidase reactivity.
This method yielded a linear relationship (r > 0.95) between biochemical cytochrome oxidase activity units
measured by spectrophotometry and histochemical cytochrome oxidase reactivity measured by optical den‐
sity. Group comparisons were made based on cytochrome oxidase activity values.

Areas of interest ipsilateral and contralateral to the lesion included: 1) rostral striatum (CPuR), 2) caudal
striatum (CPuC), 3) lateral globus pallidus (LPG), 4) subthalamic nucleus (STh), 5) substantia nigra reticu‐
lata (SNr), 6) substantia nigra compacta (SNc), 7) pedunculopontine nucleus (PPTg), 8) ventrolateral thala‐
mic nucleus (VL), 9) ventral anterior thalamic nucleus (VA), 10) centromedian thalamic nucleus (CM), 11)
primary motor cortex, 12) secondary motor cortex (M2), 13), primary somatosensory cortex, 14) medial
orbital cortex (MO), 15) medial frontal cortex (MFC) and 16) anterior cingulate cortex (ACC). Cy‐
tochrome oxidase activity was reported as µmol/min/g of wet tissue. A similar imaging method was fol‐
lowed to analyze complex I activity-stained sections. Complex I activity values were determined spec‐
trophotometrically as detailed below, and they were used together with optical density curves derived from
standards of tissue thickness (5–60 µm) that yielded a linear correlation with optical density values (r =
0.97). In situ total striatal complex I activity was derived from optical density values in subjects from the
unilateral lesion model.

striat



Cytochrome oxidase activity was used as a marker of neuronal metabolic activity (Wong-Riley, 1989) in
the striatum at the lesion level, taking into account the potential presence of a lesion penumbra. For the
purposes of the present study, the penumbra was defined as a transition zone between injury and repair that
represents a mismatch between a larger area of anatomic damage and a smaller zone of hypometabolism.
For sampling purposes, four arbitrary eccentric zones were defined within the lesion, including: 1) core,
defined as the zone with the lowest cytochrome oxidase activity within the striatum and that contained the
region with the most severe anatomical damage; 2) inner penumbra, immediately adjacent to the core with‐
in a 0.028 mm  sample frame; 3) outer penumbra, adjacent to the inner penumbra within a 0.028 mm
sample frame, and 4) spared striatum, which included the rest of the striatum not affected by the lesion.

In order to assess the system-level changes in metabolic activity, the cytochrome oxidase activity data were
applied to a basal ganglia-thalamocortical circuit defined by anatomic connectivity as proposed by
Alexander et al. (1990). Patterns of functional connectivity were determined based on a covariance analysis
of interregional metabolic activity. In modeling approaches like this, the network functional connectivity is
not based on excitatory or inhibitory electrophysiological relationships between regions in terms of neuro‐
transmission, but on functional interactions that determine the magnitude and direction of the covariance
pattern of interactivity between regions (McIntosh and Gonzalez-Lima, 1991, Sakata et al., 2000). A model
based on cytochrome oxidase activity expresses how a change in metabolic activity in a specific region is
associated with an increase or decrease of metabolic activity in other region(s), thus providing an overview
of the functional coupling between regions in terms of energy-dependent metabolic capacity (Sakata et al.,
2000). This covariance approach is useful in identifying group differences that would not be evident using
univariate statistical comparisons of regional metabolic activity, and it has been implemented in several hu‐
man neuroimaging studies of the basal ganglia in young subjects, aged subjects and patients with Parkin‐
son’s disease (Grafton et al., 1994, Taniwaki et al., 2006, 2007).

Complex I activity in striatal mitochondria

Twelve additional rats were used in which striatal mitochondria were isolated as described previously
(Rojas et al., 2009). Striata from twelve fresh rat brains were dissected and homogenized in ice-cold sus‐
pension (10 mM MES, 200 mM mannitol, 70 mM sucrose,1 mM EGTA, and 0.02% delipidated BSA, pH
7.5) (1:10 wt/vol) using a 7 ml Dounce glass homogenizer (10–15 strokes per brain), and the tissue was
centrifuged at 1000 × g at 4°C for 5 min. The supernatant was centrifuged again at 3500 × g at 4°C for 15
min, and the pellet resuspended in 1 mL of ice-cold suspension for further centrifugation at 1000 × g at
4°C for 5 min. The supernatant centrifugation step was repeated and the remaining pellet was resuspended
(40 µL per 100 mg of tissue), assayed for protein concentration, and stored at −40°C until use. Freeze-thaw
cycles were avoided. Complex I activity measurements were based on the detection of NADH oxidation, as
described previously (Estornell et al., 1993). Mitochondria (1 µg/mL) were diluted in reaction buffer (250
mM sucrose, 1 mM EDTA, 50 mM Tris-HCl, pH 7.4) with 10 µM decylubiquinone, 2 mM sodium azide, 2
µM antimycin A. The reaction was started by adding 75 µM NADH, which oxidation was followed spec‐
trophotometrically by the decrease of absorbance at 340 nm for 3 min at 30°C (ε = 6.75 mM  cm ). Rot
(2 µM) or Rot plus MB (0.5–50 µM) were added in subsequent experiments to approximate concentrations
reached in intrastriatal infusions. For an average lesion volume of 42 mm  in Rot-infused hemispheres, the
final estimated Rot concentration in the animal model approaches 1 µM Similarly, the estimated MB con‐
centration is about 0.5 µM All experiments were done at least in triplicate.
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Behavioral tests

Subjects in the unilateral lesion model underwent two behavioral tests previously demonstrated to effec‐
tively detect the presence of motor asymmetries in rats bearing a unilateral neurotoxic insult (Schallert et
al., 1982, 1983, 1986, Barth and Stanfield, 1994, Schallert et al., 2000, Schallert and Woodlee, 2005,
Woodlee et al., 2005). These tests included 1) a somatosensory asymmetry (dot removal) test, and 2) a vib‐
rissae-evoked forelimb placing test. The tests were performed before and after surgery by experienced
testers blind to the treatment conditions and at similar times between days. Before surgery each test was
performed twice and results were averaged to establish baseline parameters. After surgeries each test was
performed a first time on post-lesion day 3 and repeated on post-lesion day 7. Methods for each behavioral
test used are detailed below.

Dot removal test Neurologically intact rats are able to contact and promptly remove external stimuli (e.g. a
small dot of adhesive tape) placed by an experimenter on their forelimb(s). An increase in the latency to
contact and remove the stimuli can be used as an indicator of neurological deficit (Schallert et al., 1982,
1983, Fleming et al., 2005). The dot removal test used in this study consisted of three trials during which,
one Though Spot circular adhesive-backed label (81 mm ) (Diversified Biotech, Boston, MA) was placed
on the distal-radial aspect of each forelimb in a random order. After dot placement, each rat was returned to
its cage and the order and latency of dot contact as well as removal for each forelimb was recorded.

Vibrissae-evoked forelimb placing Neurologically intact rats are known to readily place their forelimb on a
hard surface in response to tactile vibrissae stimulation (e.g. gently brushing of the vibrissae against a table
edge), but this response may be lost following certain types of brain injury (Barth and Stanfield, 1994, Hua
et al., 2002, Schallert and Woodlee, 2005). In the present study, vibrissae-evoked forelimb placing was per‐
formed by holding each rat aloft and gently brushing either its left or its right vibrissae against the edge of
a tabletop to trigger a placing response in the forelimb ipsilateral to the stimulated vibrissae. The test was
scored in a nominal scale from 0 to 3, where 0 = no movement, 1 = limb movement with no surface con‐
tact, 2 = incomplete contact, 3 = complete contact (Anstrom et al., 2007). Each limb was scored indepen‐
dently and results were expressed as the mean placing score of ten trials for each limb.

Open field activity Open field activity measures were obtained to screen for differences in gross motor be‐
havior. This test was performed by individually placing each rat in a predetermined corner of an open field
chamber and then recording its spontaneous behavior for 10 minutes. The chamber (43.2 cm²) had clear
plastic sides 30.5 cm high and a white Plexiglas floor. Arrays of infrared light beam motion detectors (16 ×
16, 2.5 cm apart) were placed at the sides of the chamber, thus creating a detection grid. Two arrays of de‐
tectors were located 1 cm above the floor, and another array was located 13 cm above the floor, to detect
rearing. The chambers were controlled by the Activity Monitor program, version 5.10 (Med Associates, St.
Albans, VT). To ensure the absence of olfactory cues, which may influence rats' motor activity, chambers
were washed with diluted Bio-clean® solution between each session. Measures of motor activity included:
ambulatory distance, short movement, rearing time, immobility time and average velocity, which were au‐
tomatically scored by a computer using MED-PC software.

Statistical analysis
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Within-subject (left vs. right hemisphere) comparisons of striatal volumes, lesion volumes, regional cy‐
tochrome oxidase activity and DHE signal were performed by means of two-tailed paired samples t-tests.
Between-subject group comparisons for these variables were conducted with Dunnett test-corrected analy‐
sis of variance (ANOVA). The striatal cytochrome oxidase activity in the lesioned hemisphere in propor‐
tion to that of the contralateral striatum was obtained along the rostro-caudal axis and treatment compar‐
isons were done with the Mann-Whitney U test. Zonal analyses of cytochrome oxidase activity of lesions
in the unilateral lesion model (group x lesion zone) were done with factorial ANOVA with staining batch
as a covariate. Differences in interregional functional interactions were calculated according to the method
of Jones and Gonzalez Lima (2001). Pearson correlations between cytochrome oxidase activity in the re‐
gions of interest were obtained. Each correlation was then converted by the Fisher Z-transformation into a
number whose distribution is approximately normal and has an expectation E  = 0.5 log [(1 + ρXY) / (1
± ρXY)] and variance: Var (z) = 1 / (N ± 3), where ρXY is the population correlation coefficient between
variable X and Y and N is the sample size. These correlations were tested for significant differences be‐
tween groups. The Fisher Z transformation was used to convert each correlation to a Z score. A test statistic
of the form

(where Z  is the Fisher Z transformation value for the correlation coefficient between regions i and j, n  is
the sample size in group one, and n  is the sample size in group two) was used to compare group differ‐
ences. Two correlations were considered significantly different when the Fisher Z transformation value was
higher than 1.96 (two standard deviations). Within-subject comparisons in behavioral performance before
and after the surgeries were analyzed with the Wilcoxon signed ranks test. Between-group comparisons in
behavioral performance were done with the Mann-Whitney U test. In situ complex I activity mean values
were compared with two-tailed paired or unpaired t tests, and differences in percent changes in complex I
activity were done with the Mann-Whitney U test. Means of complex I activity in striatal mitochondria
were compared using Dunnett-corrected one-way ANOVA. All statistical analyses were conducted using
SPSS 11.5 for Windows. A two-tailed p value < 0.05 was considered significant.

RESULTS

Rotenone infusion in the striatum resulted in an early metabolic lesion

Rot-induced striatal damage was preceded by regional energy hypometabolism, since the striatum showed
a decrease in cytochrome oxidase activity in the absence of gross neurodegeneration at 1 hr after Rot-infu‐
sion. The ipsilateral/contralateral striatal cytochrome oxidase activity ratio was 21% lower in the Rot-in‐
fused subject than control (p < 0.01). Nissl staining of the Rot-infused striatum at the same Bregma level
where hypometabolism was detected showed only mild ipsilateral ventricular enlargement but no clear
gliosis or major structural damage (Fig 1A and 1B). Vehicle only-treated striata showed no visible signs of
hypometabolism or gross structural lesions (Fig 1C and 1D).
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Figure 1

Energy hypometabolism precedes striatal neurodegeneration

(A) A Nissl-stained rat brain coronal hemisection at Bregma level +0.3 mm shows very little evidence of ipsilateral striatal

structural damage 1 hr post-Rotenone (Rot) infusion. Only mild hydrocephalus was detected (arrow). (B) At 1 hr, however,

cytochrome oxidase activity histochemistry revealed an area of striatal hypometabolism (asterisk) at the same Bregma level

in the same subject. (C and D) No evidence of structural lesion or striatal hypometabolism was evident in vehicle-treated

subjects after 7 days. Scale bar = 1 mm.

MB had structural neuroprotective effects on the striatum

One week after infusions the Rot-injected hemispheres displayed wide striatal lesions featuring a centrally
located area of liquefactive necrosis surrounded by reactive gliosis and accompanied by ipsilateral hydro‐
cephalus and damage to the dorsally located corpus callosum (Fig. 2A). MB co-administration showed
structural neuroprotective effects in the unilateral striatal lesion induced by Rot. The Rot-induced structural
damage appeared to be considerably attenuated in the Rot/MB-treated hemispheres (Fig. 2B). In the lesion
size morphometric comparisons, the vehicle-treated control group showed only small areas of reactive
gliosis and parenchymal damage (striatal lesion size of 6.9 ± 1mm ). In contrast, the mean lesion volume
in Rot-treated hemispheres was 51.6 ± 15 mm , which was a significant effect as compared to control
hemispheres (p < 0.05). In the Rot/MB group, a mean lesion volume of 24.2 ± 5 mm  was observed. This
represents a 53% difference in striatal damage between the Rot/MB group compared to the Rot group. This
resulted in a significantly greater amount of spared striatal volume in the Rot/MB group (443.3 ±16 mm )
than in the Rot group (367.3 ± 21 mm ) (p < 0.05).
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Figure 2

Effects of methylene blue on rotenone-induced striatal damage in unilaterally infused rats

(A and B) Intrastriatal infusion of rotenone alone (Rot) produced a large area of liquefactive necrosis surrounded by gliosis

(asterisk) and accompanied by mild ipsilateral lateral ventricle enlargement (arrow). The toxic effects of Rot appeared to be

attenuated in those rats receiving a combined intrastriatal infusion of Rot/MB. (C and D) Peri-lesional oxidative stress in

situ was measured in micrographs of DHE-stained sections. An increased signal was detected in the striatum adjacent to

the lesion in the Rot-treated subjects. Conversely, the DHE signal was comparatively lower in penumbral regions in

Rot/MB-treated subjects. Epifluorescence microscopy, 50X. (E and F) Cytochrome oxidase histochemistry-stained fore‐

brain coronal sections from the same subjects depicted in A and B show corresponding regions of striatal hypometabolism

that is less severe in the Rot/MB-treated subject.

MB had metabolic neuroprotective effects on the striatum

In a rostro-caudal analysis of the ipsilateral striatal metabolism, areas of decreased activity were detected
between Bregma levels 0.7 mm and 0.3 mm in the Rot and Rot/MB groups. The majority of the lesions
were contained between these two Bregma levels. In both groups, the striatum between these Bregma lev‐
els showed an approximate 11% decrease in cytochrome oxidase activity compared to the striatum at Breg‐
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ma levels 1.2 mm and −0.3 mm (p < 0.05 and p < 0.001, respectively). However, between Bregma levels
0.7 mm and 0.3 mm, the area of striatal metabolic depletion in the Rot-treated hemisphere was visibly larg‐
er than that of the Rot/MB-treated ones (Fig. 2E, 2F).

MB prevented the increase in oxidative stress in the penumbra

In Rot-treated subjects, an average 14.8% increase in the oxidative stress levels was observed in the penum‐
bral region as compared to the contralateral striatum (p < 0.05). MB co-administration prevented this in‐
crease in oxidative stress, as only a 2.1% increase in levels of oxidative stress were detected in the ipsilater‐
al striatum, relative to the contralateral striatum in the Rot/MB-treated group (Fig. 2C, 2D and Fig. 3).

Figure 3

Methylene blue coadministration attenuates the penumbral striatal oxidative stress elicited by intrastriatal rotenone

In the unilateral lesion model, the perilesional DHE signal observed in the rotenone (Rot)-treated hemispheres (ipsilateral)

was significantly higher than that of non-treated hemispheres (contralateral), whereas no interhemispheric difference was

observed in the Rot/MB group. * = different from contralateral striatum, p < 0.05.

MB maintained striatal cytochrome oxidase activity in the lesion core

A more detailed analysis of the zone of highest metabolic impairment revealed further significant between-
group differences. Compared to control, Rot induced a 52.3% reduction in cytochrome oxidase activity at
the site of infusion, which corresponds to the lesion core (p < 0.01). In contrast, the decrease in metabolic
activity in the Rot/MB group was only 23.9% compared to control (p = 0.23). Nevertheless, the Rot/MB
group showed a decrease in cytochrome oxidase activity in the penumbra (−18%, p < 0.05) and the con‐
tralateral striatum (−18.6%, p <0.01) compared to control (Fig. 4).

Figure 4

Effects of methylene blue co-administration on rotenone-induced hypometabolism in the striatum

At Bregma level 0.3 mm, the striatum (CPu) in the infused hemisphere was subdivided in three zones: a) lesion core, which

matched the region of highest structural damage in Nissl-stained sections, b) lesion penumbra, and c) spared ipsilateral

striatum. MB co-administration counteracted the hypometabolism in the striatal lesion core induced by rotenone (Rot). MB

also prevented the compensatory changes in metabolic activity caused by Rot in the lesion penumbra and the contralateral

striatum (Contra). Ipsi = spared ipsilateral striatum. * = p < 0.05.
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MB did not directly increase striatal complex I activity in vivo or in vitro

The ipsilateral striatum in Rot-treated subjects showed a 21% decrease in total mitochondrial complex I ac‐
tivity, relative to the contralateral striatum (p < 0.01), whereas there were no significant interhemispheric
differences in cytochrome oxidase activity in this group. This supports a specific inhibitory effect of Rot on
complex I activity, as opposed to a more general and unspecific inhibitory action on mitochondrial func‐
tion. A significant interhemispheric difference in complex I activity was also observed in the Rot/MB
group, where the ipsilateral striatum showed a 14.9% decrease, relative to the contralateral striatum. MB
co-administration did not increase total striatum complex I activity in the ipsilateral hemisphere in the
Rot/MB group, which supports that MB does not directly increase complex I activity, and does not block
Rot binding site at complex I. On the other hand, total ipsilateral striatal cytochrome oxidase activity was
boosted by 18% in the Rot/MB group, compared to the contralateral hemisphere (p < 0.05). In addition, the
cytochrome oxidase activity in the contralateral hemisphere was 15% lower in the Rot/MB group than in
the Rot group (p < 0.05) (Table 1).

Table 1

Mean total striatal mitochondrial complex I and cytochrome oxidase activity after unilateral lesions

Rot Rot/MB Group effect (p value)

NADH dehydrogenase (complex I) activity (nmoles/min/mg)

  Total ipsilateral 1014 ± 5 1111 ± 6 0.27

  Total contralateral 1286 ± 5 1306 ± 4 0.77

  Within-group difference (%) −21.1 −14.9 0.34

Cytochrome oxidase (complex IV) activity (µmoles/min/g)

  Total ipsilateral 309 ± 8 288 ± 12 0.59

  Total contralateral 287 ± 12 244 ± 12 0.021

  Within-group difference (%) 7.6 18 0.06

significant within-group difference, p < 0.05

significant within group difference, p < 0.01

Isolated striatal mitochondria were used to further analyze the specific interactions of Rot and MB with mi‐
tochondrial complex I in vitro. A 63% decrease in complex I activity relative to control was detected in
striatal mitochondria as early as 3 min after incubation with Rot (1.5 ± 0.3 µmoles/min/mg, control vs. 0.5
µmoles/min/mg rotenone, p < 0.05). An MB concentration estimated to be similar to those reached in the
striatum after in vivo infusion did not prevent the inhibitory effect of Rot on complex I. In fact, MB con‐
centrations 10 and 100 times higher were also ineffective at increasing complex I activity in the presence of
Rot (Fig. 5). These data exclude the possibility that MB reacts with Rot or blocks its binding site at com‐
plex I. In addition, by being detectable after only several min of incubation, this in vitro inhibitory effect of
Rot on complex I activity supports an early metabolic compromise previous to neurodegeneration.

** *

*

*

**
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Figure 5

Rotenone induces complex I dysfunction in striatal mitochondria not reversible by methylene blue

Compared to control, striatal mitochondria exposed to rotenone (Rot) showed a 63% decrease in complex I activity after

only 3 min. MB concentrations estimated to be similar to those reached after in vivo infusion (0.5 µM) did not prevent Rot

effects. High MB concentrations (5 µM and 50 µM) were also ineffective at preventing the Rot-induced complex I activity

inhibition, which rules out the possibility that the neuroprotective effects of MB are due to a direct interaction with

rotenone molecules or to blockade of Rot’s binding site at complex I. * = different than control, p < 0.05.

MB protected against the motor network impairments outside the striatal lesion

MB also produced differential effects on the metabolic activity of several motor control-related regions.
Thus, a 7% higher cytochrome oxidase activity was found in the SNc ipsilateral to the striatal infusion of
Rot/MB, compared to that found in the SNc ipsilateral to the striatal infusion of Rot without MB (p <
0.05). Moreover, rats in the Rot/MB showed a significant increase in the metabolic activity of the ipsilater‐
al CPuR (15.4%), PPTg (5.4%) and MO (3.5%), but such changes were not observed in the Rot group.
Compared to contralateral structures, increases in metabolic activity in the ipsilateral SNr, SNc, CPuC, as
well as in thalamic and cortical regions involved in motor control, were common to both groups.

Further effects of MB on cerebral metabolic activity were revealed by the analysis of metabolic mapping
data in terms of interregional correlations of cytochrome oxidase activity. Rot induced a general weakening
of functional connectivity in the basal ganglia-thalamocortical motor loop compared to control, whereas
subjects in the Rot/MB group showed evidence of strong global functional coupling that was significantly
different from Rot subjects and more similar to control. In both the control and Rot/MB groups, functional
coupling appeared strengthened in the indirect nigrostriatal pathway, as well as in the thalamo-cortical and
cortical-striatal connections (Fig. 6).
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Figure 6

Methylene blue enhances the functional connectivity between regions involved in motor control

The cytochrome oxidase activity data from the lesioned hemispheres were applied to an anatomical network model of mo‐

tor control, and patterns of functional connectivity were determined based on interregional metabolic activity correlations.

The vehicle-injected control group was used as a reference for functional connectivity in the network of interest. The stri‐

atal damage induced by rotenone (Rot) resulted in a general functional disconnection (thinner arrows) in the basal ganglia-

thalamocortical motor loop, with a pattern characterized by 1) decoupling between the subthalamic nucleus (STh) and the

substantia nigra reticulata (SNr), 2) decoupling between thalamic regions (VA/VL) and the secondary motor cortex (M2),

3) decoupling between M2 and the striatum (CPu), and 4) emergence of a strong functional correlation between CPu and

SNr (i.e. descending striatonigral pathway). MB co-treated subjects (Rot/MB) showed strengthening of functional influ‐

ences in the indirect striatal, thalamocortical and corticostriatal pathways compared to Rot, a pattern suggestive of MB-in‐

duced network normalization that was similar to control. Arrow direction is given by the anatomical connectivity model

and arrow thicknesses represent the magnitude of the interregional correlation coefficients (r) (i.e. an index of the degree of

functional coupling). Thicker lines represent higher functional coupling, whereas thinner lines represent lower coupling.

Solid arrows represent positive (+r), whereas segmented arrows represent negative (−r) interregional metabolic activity

correlations. * = significant difference from control. • = significant difference from Rot group.

MB prevented the behavioral deficits elicited by striatal damage

MB co-administration partially prevented the behavioral asymmetries induced in rats by the unilateral infu‐
sion of Rot in the striatum. This effect was particularly evident in the dot removal test (Table 2). Subjects
in the Rot group displayed an ipsilateral bias in the order of dot removal, namely they would first contact
and remove the stimulus placed on their unimpaired (ipsilateral) forelimb. This was quantified by a 65.5%
decrease in the post-infusion dot removal rate from the impaired (contralateral) limb, compared to pre-infu‐
sion performance in Rot-treated animals. Notably, such a bias appeared significantly reduced in the
Rot/MB group, where the reduction in the rate of dot removal from pre-infusion performance was only
34.7%. Furthermore, MB co-administration counteracted the increase in the latency to contact the stimulus
placed on the impaired (contralateral) forelimb caused by Rot, as no significant changes in this parameter
were observed in the Rot/MB group. The results observed in the vibrissae-evoked placing test corroborate
the dot test findings, as subjects in the Rot/MB group displayed no significant difference in placing perfor‐
mance as compared to pre-infusion levels, whereas this parameter was significantly impaired in Rot-treated
rats. Finally, no between-group and within-group differences were detected in any of the open field mea‐
sured parameters. None of the behavioral tests showed differences in the use of the unimpaired (ipsilateral)
limb between pre- and post-infusion in either the Rot or Rot/MB-treated groups. This observation supports
the suitability of these tests to investigate motor asymmetries and potential agents capable of counteracting
their onset.
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Table 2

Behavioral asymmetries following unilateral intrastriatal lesions



Behavioral test Rot Rot/MB Group effect (p

value)

Dot test

Difference (%) between pre- and post- lesion trials in which the contra dot was

removed before the ipsi dot

−65.6 −34.7 0.03

Latencies (sec)

  Contralateral contact

    Pre-lesion 3.7 ±

0.5

4.6 ± 1

    Post-lesion 15.9 ±

6

4.8 ±

0.6

    Difference 12.2 0.2 0.01

  Ipsilateral contact

    Pre-lesion 4.9 ±

0.8

5.4 ± 1

    Post-lesion 9.6 ± 6 3.6 ±

0.4

    Difference 4.7 −1.8 0.88

  Contralateral removal

    Pre-lesion 8.7 ± 2 9.3 ± 1

    Post-lesion 32.1 ±

7

22 ± 6

    Difference 23.4 12.7 0.24

  Ipsilateral removal

    Pre-lesion 14.3 ±

4

11 ± 2

    Post-lesion 19.8 ±

7

4.6 ±

0.7

    Difference 5.5 −6.4 0.74

Vibrissae-evoked placing test (score)

  Contralateral

    Pre-lesion 3 3

significant within-group difference, p < 0.05

significant within-group difference, p < 0.01

The protective effects of MB co-administration against Rot-induced behavioral motor asymmetries are fur‐
ther supported by the presence of between-group differences in brain-behavior correlations. No significant
correlations between the total striatal metabolic activity and contralateral difference scores in the behav‐
ioral tests were observed in the Rot group. In contrast, in the MB-treated group, striatal metabolic activity

* * **

* **

* *

*

**



correlated with the contralateral dot removal difference score (r = 0.74, p < 0.05 vs. r = 0.19, p = 0.65 in
the Rot group) and with the contralateral vibrissae-stimulation evoked placing difference score (r = −0.79,
p < 0.01 vs. r = 0.56, p = 0.14 in the Rot group).

MB also showed neuroprotective effects in a bilateral striatal infusion model

In the bilateral infusion model, MB co-administration produced a 73.5% reduction in the mean striatal le‐
sion volume induced by Rot (p < 0.01), compared to the Rot alone-treated hemispheres (Fig. 7). Striatal
lesions in Rot-treated hemispheres showed a total average volume of 35.2 ± 7 mm  which occupied 7 ± 1%
of the total striatum volume. Similar to the unilateral model, the lesions featured an area of liquefactive
necrosis. In contrast, the contralateral hemispheres, in which Rot/MB was infused, displayed a mean aver‐
age lesion volume of only 9.3 ± 4 mm , which represents only 2 ± 1% of the total striatum volume. In ad‐
dition, the neuropathologic features of the lesions in the Rot/MB group were less severe than in the Rot
group. There were no interhemispheric differences in total striatal volume (483.5 ± 32 mm , left vs. 481.4
± 47 mm , right, p = 0.97).

Figure 7

Effects of methylene blue co-administration on the neuronal damage induced by bilateral intrastriatal infusions of

rotenone

(A) Nissl-stained forebrain coronal section of a subject receiving bilateral intrastriatal infusions of rotenone alone (Rot, left

hemisphere) and rotenone plus MB (Rot/MB, right hemisphere). The Rot-treated hemisphere showed an ellipsoidal mid-

striatal lesion, characterized by a cavity of liquefactive necrosis surrounded by a rim of reactive gliosis (asterisk). The le‐

sion was accompanied by callosal damage and hydrocephalus (black arrow). In contrast, the MB co-treated hemisphere

showed significantly less striatal damage, featuring a comparatively smaller lesion limited to the corpus callosum (white

arrow). (B) Within-subject mean lesion volume difference. MB co-treatment significantly decreased the total striatal lesion

volume, compared to the Rot alone-treated hemisphere. ** = p < 0.01.

DISCUSSION

The present study demonstrates for the first time that MB exerts protective effects against structural, neuro‐
chemical and behavioral deficits induced by the direct intrastriatal infusion of Rot in rats. The anato‐
mopathologic features of the damage produced by the intrastriatal injection of Rot observed in this study
(i.e., liquefactive necrosis and reactive gliosis) are akin to those peculiar to the lesions described in patients
with certain types of inborn errors of metabolism (Heidenreich et al., 1988, Roodhooft et al., 1990). These
lesions have been reported to be a form of neurotoxic degeneration independent from hypoxemia and/or
vascular deficiency. Rather they stem from the neurotoxic effects elicited by accumulating organic acid
metabolites, which eventually lead to mitochondrial dysfunction (Brismar and Ozand, 1994, Gascon et al.,
1994, Okun et al., 2002). Such lesions consist of foci of necrosis, gliosis and spongiosis that appear as bi‐
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3
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lateral hypodensities, T  hyperintensities and atrophy of the striatum, putamen or globus pallidus (Korf et
al., 1986, Brismar and Ozand, 1994, Gascon et al., 1994). The current study presents evidence supporting
that similar degenerative changes can be induced by the infusion of the neurotoxin Rot.

Rot has been classically characterized as a selective inhibitor of mitochondrial complex I (Palmer et al.,
1968, Gutman et al., 1970, Greenamyre et al., 2001). Its neurotoxic mechanism of action in striatal cells
has been shown to be related to production of reactive oxygen species (Moldzio et al., 2008). Complex I
has been regarded as a major source of reactive oxygen species, especially when its function is inhibited by
Rot (Lenaz et al., 2006). In line with this, neural cells transfected with Rot-insensitive single-subunit com‐
plex I do not display mitochondrial impairment, oxidative damage, or death (Sherer et al., 2003), which
supports that Rot-induced increases in oxidative stress are secondary to complex I inhibition. Nevertheless,
dopaminergic cells from knockout mice deficient in functional complex I showed no increases in cell
death, and in fact were more sensitive to Rot toxicity (Choi et al., 2008). Hence, although Rot might induce
neurodegeneration via inhibition of complex I with a concomitant increase in oxidative stress, alternate
neurotoxic mechanisms and sources of oxidative stress secondary to Rot exposure seem to be possible.
Rot-induced oxidative damage lowers the threshold for activation of mitochondrial-dependent apoptosis
and makes compromised neurons more likely to degenerate (Perier et al., 2005). In this study we provide
evidence that both increases in oxidative stress and impairment in mitochondrial respiration are associated
with Rot-induced striatal damage. Similar to what has been previously shown with whole brain mitochon‐
dria (Rojas et al., 2009), isolated striatal mitochondria incubated with Rot manifested an immediate com‐
promise of complex I activity. Rot also induced early decrease in striatal energy metabolism capacity in
vivo and induced increases in perilesional striatal superoxide levels.

A first clear effect of MB observed in the present study was its ability to visibly reduce the extent of Rot-
induced striatal degeneration, an effect that was evident in the bilateral and unilateral models of Rot-in‐
duced damage. Co-administration of MB displayed a series of metabolic effects that were not restricted to
the core of the Rot-induced lesion, but were extended to the lesion penumbra, the contralateral striatum and
distant motor regions. At the lesion core, MB prevented the decrease in cytochrome oxidase activity in‐
duced by Rot, supporting a metabolic enhancing effect. On the other hand, MB actually showed a paradox‐
ical decreased in cytochrome oxidase activity in the lesion penumbra. The penumbra displays peculiar neu‐
rochemical conditions including impaired electric conduction, glutamate receptor hyperactivation, calcium
overload, increased oxidative stress and damage to the neurovascular matrix, that render it different from
the surrounding spared tissue (Lo, 2008). We observed increases in penumbral oxidative stress in the Rot
group that were decreased in the Rot/MB group, evidencing the antioxidant effects of MB. The combined
effects of MB on perilesional oxidative stress and cytochrome oxidase activity support a mechanism in
which an antioxidant effect parallels decreases in excitotoxicity that underlie prevention of structural
damage.

In in vitro experiments with striatal mitochondria, MB treatment showed no effect on Rot-induced inhibi‐
tion of complex I activity, and there were no between-group differences in in situ striatal complex I activi‐
ty. These results suggest that MB’s neuroprotection in the striatum is likely not mediated by direct en‐
hancement of complex I activity. The data also rule out the possible molecular interaction of MB with Rot
as a mechanism mediating neuroprotection. In addition, chromatographic analyses have shown that Rot and
MB do not interact chemically when both are present in the same solution (Zhang et al., 2006). However,
we found that MB boosted ipsilateral striatal metabolic capacity as measured with cytochrome oxidase ac‐
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tivity, compared to the contralateral striatum. MB studies in our laboratory were the first to show that MB
increases brain oxygen consumption (Riha et al., 2005, Zhang et al., 2006) and brain cytochrome oxidase
activity both in vitro and in vivo (Callaway et al., 2004, Gonzalez-Lima and Bruchey, 2004, Wrubel et al.,
2007), and improves brain function in vivo in the presence of sodium azide, a cytochrome oxidase inhibitor
(Callaway et al., 2002). Atamna et al. (2008) also showed in fibroblasts in tissue culture that MB delays cell
senescence by increasing oxygen consumption and preventing the formation of oxidants through cycling of
MB between oxidized and reduced forms. Therefore, based on the above observations, it can be hypothe‐
sized that the antioxidant and metabolic effects of MB could impact neuronal survival.

Of relevance to the understanding of the potential protective effects of MB on brain function under toxic
conditions is the finding that the modulation of metabolic activity by MB was not restricted to the lesion
and its vicinity. Conversely, a decreased metabolic activity in the contralateral striatum was observed in the
Rot/MB group but not in the Rot group, a finding that supports the ability of MB co-administration in
counteracting contralateral compensatory responses produced by Rot-induced lesions. Furthermore, MB
co-administration was found to influence the metabolic activity in both close and remote structures of a
neural network involved in motor control. Indeed, it was observed that the presence of a striatal lesion in‐
duced a marked ipsilateral activation of basal ganglia regions, thalamus and cortex in both the Rot- and
Rot/MB-treated subjects. However, the patterns of combined activation in both groups were different.
Thus, brains in the Rot group featured a functionally decoupled ipsilateral motor network, an effect that
was prevented in Rot/MB brains, as demonstrated by the high interregional correlations observed in this
group. To correctly interpret the previous data, it is important to highlight that the reported interregional
correlations do not depend on the type of online and task-dependent regional activation, as observed with
other functional neuroimaging modalities like fMRI or PET. Instead, the metabolic mapping method based
on cytochrome oxidase activity likely reflects long-lasting changes in brain metabolic capacity determined
by sustained energy demands (Sakata et al., 2000, Sakata et al., 2005). Therefore, the observed between-
group differences in regional brain metabolism provide evidence that MB co-administration counteracts the
neurotoxicity of Rot not only by limiting its deleterious effects on brain structure but also by triggering po‐
tentially advantageous functional network changes in brain metabolism, which may contribute to adaptive
rewiring (Dancause et al., 2005).

The protective effects of MB against Rot-induced striatal damage were also observed at the behavioral lev‐
el. A beneficial effect of MB against Rot-induced behavioral impairment was observed in the dot removal
test where MB co-administration attenuated the bias in the removal of the contralateral dot, as well as the
decrease in latency to contralateral dot contact observed in Rot-treated rats. Similarly, the vibrissae stimu‐
lation-evoked placing test also revealed within-group score decrements in Rot-treated rats that were not ob‐
served in Rot/MB-treated rats. Thus these two behavioral tests showed sensitivity not only to the onset and
severity of motor asymmetries, but also to differences between highly impaired subjects (i.e. in the Rot
group) and mildly impaired subjects (i.e. in the Rot/MB group).

The findings are consistent with MB’s protection against Rot neurotoxicity found in the retina previously
(Zhang et al., 2006, Rojas et al., 2009) and further support the possibility that MB may exert its neuropro‐
tective effects in vivo by means of a dual molecular mechanism implicating both antioxidant and metabolic
enhancing effects on mitochondrial respiration. Given that Rot-induced neurodegeneration is particularly
contingent on increases of oxidative stress as opposed to bioenergetic failure alone (Sherer et al., 2003), the
tissue sparing effects of MB can be attributed mainly to its powerful antioxidant effects. Indeed, imino-



containing compounds such as MB are known to have superior antioxidant properties compared to vitamin
E and phenolic compounds (Moosmann et al., 2001). Nevertheless, MB’s unique chemical structure, fea‐
turing a central thiazine ring, allows it to be not only very susceptible to reduction, but at the same time
easily auto-oxidized, depending on MB’s concentration and the redox conditions of the milieu. In vivo, at
low MB concentrations such as used in this study, oxidized and reduced forms of MB are at equilibrium,
and function as a reversible redox system (Bruchey and Gonzalez-Lima, 2008) with powerful antioxidant
and respiratory enhancing effects (Zhang et al., 2006). Thus, MB can enter a cycle of oxidation and reduc‐
tion which eventually can prevent oxidative damage and sustain mitochondrial function. These respiratory
enhancing effects of MB appear related to the generalized brain network and behavioral effects detected in
this study.

The present findings support that MB could be a valuable intervention against neural damage associated
with oxidative stress and energy hypometabolism. They also add to our previous work evidencing a possi‐
ble therapeutic role of interventions targeting mitochondrial function in neurodegenerative disorders (Rojas
et al., 2008a, Pienaar et al., 2009). It is important to notice, however, that the co-administration paradigm
used in this study is limited in its capacity to reveal the potential neuroprotective value of MB after the on‐
set of neurodegeneration or as an effective prophylactic intervention before neurodegeneration is evident.
Thus, the effects of MB should be further investigated in paradigms that address these two conditions that
are highly relevant for clinical applications. This implies a specific focus on the effects of pre-lesion and
post-lesion as well as systemic MB administration.

CONCLUSION

This study provides the first demonstration of the anatomical, metabolic and behavioral neuroprotective
effects of methylene blue in the striatum in vivo. Co-administration of MB provided effective protection
against striatal structural damage and oxidative stress. MB also improved brain metabolic activity and
some features of behavioral impairment elicited by infusion of the mitochondrial toxin Rot in the striatum.
Further testing of MB is indicated to help determine its potential value as an effective neuroprotective in‐
tervention in clinical conditions associated with oxidative damage and energetic failure.
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ANOVA Analysis of variance

ACC Anterior cingulate cortex

CPuC Caudal Striatum

CM Centromedian thalamic nucleus

DHE Dihydroethidium

DMSO Dymethylsulfoxide

LGP Lateral globus pallidus

MFC Medial frontal cortex

MO Medial orbital cortex

MB Methylene blue

NADH Nicotinamide adenine dinucleotide

PTTg Pedunculopontine nucleus

PB Phosphate buffer

CPuR Rostral striatum

Rot Rotenone

M2 Secondary motor cortex

CPu Striatum

SNc Substantia nigra compacta

SNr Substantia nigra reticulata

STh Subthalamic nucleus



VA Ventral anterior thalamic nucleus

VL Ventrolateral thalamic nucleus
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