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Abstract

Background: Minocycline, a second-generation tetracycline antibiotic, exhibits anti-inflammatory and
neuroprotective effects in various experimental models of neurological diseases, such as stroke, Alzheimer’s
disease, amyotrophic lateral sclerosis and spinal cord injury. However, conflicting results have prompted a debate
regarding the beneficial effects of minocycline.
Methods: In this study, we analyzed minocycline treatment in organotypic spinal cord cultures of neonatal rats as a
model of motor neuron survival and regeneration after injury. Minocycline was administered in 2 different
concentrations (10 and 100 µM) at various time points in culture and fixed after 1 week.
Results: Prolonged minocycline administration decreased the survival of motor neurons in the organotypic cultures.
This effect was strongly enhanced with higher concentrations of minocycline. High concentrations of minocycline
reduced the number of DAPI-positive cell nuclei in organotypic cultures and simultaneously inhibited microglial
activation. Astrocytes, which covered the surface of the control organotypic cultures, revealed a peripheral
distribution after early minocycline treatment. Thus, we further analyzed the effects of 100 µM minocycline on the
viability and migration ability of dispersed primary glial cell cultures. We found that minocycline reduced cell viability,
delayed wound closure in a scratch migration assay and increased connexin 43 protein levels in these cultures.
Conclusions: The administration of high doses of minocycline was deleterious for motor neuron survival. In addition,
it inhibited microglial activation and impaired glial viability and migration. These data suggest that especially high
doses of minocycline might have undesired affects in treatment of spinal cord injury. Further experiments are
required to determine the conditions for the safe clinical administration of minocycline in spinal cord injured patients.
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Introduction

The repair and regeneration of motor neurons in the injured
spinal cord is clinically relevant. Depending on the severity and
location of the spinal cord injury, patients may suffer from
incomplete or complete motor and sensory loss of function,
such as paralysis of the extremities and loss of bowel and
bladder functional control [1]. Moreover, there are traumatic
and non-traumatic causes of spinal cord injury, including
neurodegenerative diseases. Spinal cord injury is characterized
by an acute and secondary damage phase. The acute phase
includes the disruption of cells and their contacts, tissue

swelling, interruption of blood vessels, breakdown of the blood–
brain barrier and neutrophil infiltration into the parenchyma [2].
Schnell et al. [3] compared acute inflammatory responses
induced by mechanical lesions in the mouse brain and spinal
cord. Mechanical spinal cord lesions resulted in a higher
recruitment of neutrophils and macrophages and a larger
breakdown area of the blood–brain barrier. Activated microglia
release proinflammatory cytokines, chemokines, nitric oxide
and superoxide free radicals which facilitate ongoing cell death
by generating reactive oxygen species [4–6]. Activated
astroglia increase cell-type specific proteins, such as glial
fibrillary acid protein (GFAP), and secrete neurotrophic factors
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and pro-inflammatory cytokines [7]. In the later phase of spinal
cord injury, reactive astroglia form a glial scar, thereby creating
a barrier for regenerating axons. Astroglial extracellular matrix
molecules, such as chondroitin sulfate proteoglycans, inhibit
axonal growth beyond the scar, thereby preventing
regeneration [8]. However, beneficial functions derive from the
glial scar depending on the phase of injury [9–11]. In the past,
several strategies have been used to enhance axonal
regeneration and functional recovery after spinal cord injury,
including the reduction of inflammation, inhibiting the formation
of a glial scar, degradation/blockade of inhibitory molecules to
the delivery of growth factors and transplantation of cells
[12–14]. Nevertheless, axonal regeneration remains
challenging.

Minocycline is a second-generation semi-synthetic
tetracycline that exhibits antibiotic functions. In addition,
minocycline demonstrates neuroprotective and anti-
inflammatory actions in humans [15–17]. In rat models,
minocycline reduced lesion size and apoptotic pattern after
mild contusion injury of the spinal cord [18] and facilitated
recovery of motor function and attenuation of mechanical
hyperalgesia after a spinal cord hemisection [19]. Similar
results have also been obtained in mice with an extradural
compression of the spinal cord [20].

The mechanisms of minocycline action appear to result from
microglial inhibition and anti-apoptotic functions. Microglial
inhibition results in, among others, the downregulation of MHC
II expression [21], the inhibition of the p38 MAPK pathway
[22,23], a decrease in cell motility, a reduction in β-integrin and
Kv1.3 potassium channel expression [24], a reduction in
prostaglandin E synthase expression [25] or a reduction in the
level of matrix metalloproteinases [26]. Anti-apoptotic
mechanisms include a decrease in the mitochondrial
permeability transition probability [27], a decrease in Ca2+

uptake under stress conditions [28], a reduction in reactive
species formation [28,29] and the inhibition of the p38 MAPK
pathway [30,31]. However, the beneficial role of minocycline
has been doubted within the last few years. Several studies
have reported a negative effect of minocycline in animal
models of neurodegenerative disorders. Yang et al. [32]
demonstrated that minocycline enhanced 1-methyl-4-phenyl-1,
2, 3, 6-tetrahydropyridine (MPTP)-induced damage in
dopaminergic neurons in mice. Diguet and colleagues [33]
provided supporting results in a monkey and mouse model for
Parkinson’s and Huntington’s disease, respectively, and found
that minocycline treatment increased the loss of dopaminergic
nerve endings and cell death. Moreover, minocycline enhanced
the cell death of neurons and astrocytes in vitro under
conditions of oxygen glucose deprivation and in vivo after
cerebral ischemia, which was dose-dependent [34]. In a mouse
model of amyotrophic lateral sclerosis, an enhancement in
neuroinflammation and altered glial responses were found with
minocycline treatment after disease onset [35]. In isolated rat
liver mitochondria, minocycline triggered mitochondrial swelling
and cytochrome c release [36]. In the peripheral nerve system
(PNS), Wallerian degeneration, a prerequisite of regeneration,
was significantly impaired [37].

Because of these contradictory results, we decided to
investigate the effects of minocycline in a model of motor
neuron survival and regeneration after injury. We used
organotypic spinal cord cultures to model the survival of motor
neurons and their neurite regeneration after traumatic injury.
Thus, neonatal spinal cords were sectioned, thereby cutting the
axons and resulting in a loss of target for the motor neurons.
The slices were then cultured for 1 week to evaluate neuronal
survival, neurite growth, microglial and astroglial activation after
10 or 100 µM minocycline treatments. In addition, we used
organotypic spinal cord co-cultures with a peripheral nerve
graft to reconstruct the ventral root after axotomy. These
peripheral nerve grafts contain Schwann cells which produce
neurotrophic factors after nerve injury and thereby contribute to
the guidance of sprouting axons. Previous results of Haninec et
al. [38] have indicated that motor neuronal outgrowth and
survival are stimulated if a peripheral nerve graft is offered
immediately after root avulsion. Thus, we determined the
effects of minocycline treatment on neuronal survival, neurite
growth and astroglial activation. To rule out glial effects, we
used dispersed primary glia cell cultures and evaluated
cytotoxicity and migratory functions after minocycline
treatment.

Material and Methods

Animals
All of the animal studies were performed in accordance with

the guidelines of the German Animal Welfare Act. This study
was approved by the Animal Care and Use Committee of
Saxony-Anhalt, Germany. A formal approval to conduct the
described experiments was obtained from the animal subjects
review board of our institution and can be provided upon
request. All efforts were made to minimize the number of
animals used and their suffering.

Minocycline
Minocycline hydrochloride (Sigma, St. Louis, USA) was

dissolved in sterile phosphate buffered saline (PBS) to obtain a
stock solution of 5 mg/ml. This solution was then diluted with
the respective media to the final concentrations of 10 and 100
µM used in the experiments. Our previous study revealed a
beneficial effect of minocycline [39]. In this study, 2
concentrations were compared (5 and 50 µg/ml) with the higher
one being the more effective. Minocycline hydrochloride has a
molecular weight of 493.9 g/mol. Thus, 494 mg/ml corresponds
to 1 M and 50 µg/ml to 100 µM. There have been studies with
conflicting results (beneficial or harmful effects of minocycline),
which were often performed using similar concentrations of
minocycline. For example, Gieseler et al. [27] reported an anti-
apoptotic mechanism using 100 µM minocycline in primary
neuronal cultures, which decreased the mitochondrial
permeability transition probability. In contrast, Kupsch and
colleagues [36] found that the same minocycline concentration
impaired normal mitochondrial function in isolated rat
mitochondria.

Because previous studies conducted by our group and
others used 100 µM [26,27,40,41], minocycline concentrations

Minocycline Impairs Motor Neuronal Survival

PLOS ONE | www.plosone.org 2 August 2013 | Volume 8 | Issue 8 | e73422



of 10 and 100 µM were selected for use in our experiments,
which correlate with concentrations used in studies by Keilhoff
et al. [39].

Preparation of organotypic cultures
Organotypic spinal cord cultures.  Organotypic spinal cord

slices were prepared as described by Vyas and colleagues [42]
with slight modifications. Neonatal rats (postnatal day 4) were
decapitated, and their spinal cords were excised. The spinal
roots and meninges were removed in dissection buffer (Hank’s
balanced salt solution (HBSS), 3.4 mM NaHCO3, 10 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 33.3
mM D-glucose, 5.8 mM MgSO4, 0.03% bovine serum albumin
(BSA), 1% penicillin/streptomycin (pen/strep)), and the lumbar
spinal cord (approximately L1-L6) was cut into 350 µm
transverse sections using a McIlwain tissue chopper (Mickle
Laboratory Engineering, Gomshall, UK). Approximately 10
usable sections can be obtained from one lumbar spinal cord.
6-8 slices were used from 1 animal. The slices were grouped
into control and minocycline-treated (+Mino) cultures. Thus, 3-4
slices obtained from the same animal were cultured on 1
Millicell membrane insert (Millipore, Billerica, USA) for the
control and +Mino group and then placed into 6-well plates.
Each well contained 1 ml of medium composed of 50% Eagle’s
minimal essential medium (MEM), 25% HBSS, 25% fetal calf
serum (FCS), 33.3 mM D-glucose, 1% pen/strep and 100 ng/ml
glial cell line-derived neurotrophic factor (GDNF). Cultures
were then incubated at 37° C in a humidified 6% CO2

atmosphere. The medium was changed 24 h after preparation
and every 2-3 days thereafter.

Preparation of the organotypic spinal cord cultures induced a
loss of motor neurons due to the proximal axotomy caused by
the slicing. However, a representative population of motor
neurons (approximately 60%) was maintained after 1 week in
culture in the presence of GDNF [42,43]. Thus, all of our
cultures received GDNF treatment independent of the
experimental group to stabilize the motor neuron population.

Organotypic spinal cord-nerve graft co-
cultures.  Organotypic spinal cord slices were prepared as
described previously [44] and above. To guide sprouting
neurites and reconstruct the ventral root, the spinal cord slices
were now co-cultured with a peripheral nerve graft. For these
grafts, pieces of the ulnar and median nerves were harvested
from the same animals, and 1 graft was placed opposing the
ventral side of each spinal cord slice to reconstruct the ventral
root [42]. Co-cultures were cultured and manipulated as
described above.

Minocycline intervention
According to the results of our previous study [39] the effects

of a low concentration of minocycline (10 µM) and a high
concentration (100 µM) were examined. Additionally, we chose
2 incubation times with minocycline incubation starting from
day in vitro (DIV) 1 or DIV 4 until the end of cultivation with DIV
7. We analyzed the number of surviving motor neurons and the
percentage stained area of anti-pan neuronal neurofilament
(pan-NF) (neurofilament measurement). Moreover, we
analyzed the percentage stained area and fluorescence

intensity of anti-GFAP and anti-ionized calcium binding adaptor
molecule 1 (IBA-1) to measure astroglial and microglial effects
of minocycline. Percentage area of 4', 6-diamidino-2-
phenylindole (DAPI) cell nuclei staining was used to indirectly
evaluate the viability of the cultures.

In addition, we performed a time series of minocycline
treatment (high dose, 100 µM) starting at different time points
in culture: DIV 0 (day of preparation), DIV 1, DIV 3, DIV 4 or
DIV 6. After the initial incubation with minocycline, the drug was
subsequently added to the medium each time that the medium
was changed until fixation (at DIV 7). The number of surviving
motor neurons and the anti-pan-NF stained area between the
control and +Mino group for each different incubation times
were compared.

Immunohistochemical staining of organotypic
cultures.  Cultures were fixed after 1 week of culture by
replacing the medium with 4% paraformaldehyde (PFA)
overnight. For immunohistochemistry, the membranes of the
Millicell inserts were separated from the carrier, and the
cultures attached to the membranes were stained free-floating.
Slices were washed 3 times with PBS, and nonspecific binding
sites were blocked with 10% FCS and 0.3% Triton-X in PBS for
1 h. Cultures were incubated overnight with primary antibodies
diluted in 10% FCS, 0.3% Triton and 0.1% NaN3 in PBS. The
following primary antibodies were used: mouse monoclonal
anti-pan-NF (1:1000, Sternberger Monoclonals, Baltimore,
USA) to visualize neurons including motor neurons and
neurites, rabbit polyclonal anti-GFAP (1:500, Progen,
Heidelberg, Germany) to visualize astroglia and rabbit
polyclonal anti-IBA-1 (1:1000, Wako Pure Chemicals
Industries, Osaka, Japan) to visualize microglia. To validate the
staining of anti-pan-NF we additionally used a mouse
monoclonal anti-neuronal nuclei antibody (NeuN, 1:100,
Chemicon, Billerica, USA) to stain the neuron populations.
Primary antibody incubation was followed by 3 PBS washes
and secondary antibody incubation for 3 h with anti-mouse
Alexa 488 and anti-rabbit Alexa 546 (1:250, Invitrogen,
Carlsbad, USA) diluted in 10% FCS and 0.3% Triton in PBS.
After washing again with PBS, the nuclei were counterstained
with DAPI for 15 min at 37° C to quantify the number of cell
nuclei in the slices. The slices were then washed and
embedded on glass slides with Immu-Mount (Thermo
Scientific, Waltham, USA).

Fluorescence microscopy, quantification and statistics
of organotypic cultures.  Cultures were imaged with an
AxioImager microscope and analyzed with the AxioVision Rel.
4.8 Imaging software by Zeiss (Jena, Germany). Images were
taken with a 2.5 x objective and a resolution of 1388 x 1040
pixels (1.4 Megapixel, for 2.5 x objective these corresponds to
3605 µm x 2701 µm). The microscopic settings and the
exposure time of the fluorescence channels were set on the
basis of control slices and kept equal for the corresponding
preparation.

Anti-pan-NF staining was used to quantify the number of
surviving motor neurons. Anti-pan-NF is a general neuronal
marker and is commonly used to identify neurons in tissue
sections and cultures. This antibody stains not only the soma of
neurons but also their neurites. One advantage of using
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organotypic cultures is that the tissue slices maintain their
cellular organization [45]. The classification of stained neurons
in our organotypic cultures was performed according to
anatomical criteria [46] and cellular criteria [43]. Motor neurons
were identified by their localization in the ventral horn and their
large soma. A comparison of the anatomical structure, which
was provided by a rat spinal cord atlas [46], and a cultured
spinal cord slice after cultivation is given in Figure 1 A.
Moreover, this figure includes higher magnification images for
astroglia stained with anti-GFAP (Figure 1 B, C) and microglia
stained with anti-IBA-1 (Figure 1 D, E). The percentage area of
stained neurofilaments was additionally used to validate the
results of the neuronal quantification and to quantify the neurite
outgrowth. It was measured using the Auto Measure feature of
the AxioVision Rel. 4.8 Imaging software. This feature was
used to automatically recognize the stained area of anti-pan-
NF (neurofilaments), anti-GFAP (astroglia), anti-IBA-1
(activated microglia) and DAPI (indirect slice viability) on the
basis of the staining intensity. For each preparation a threshold
for each channel was defined for the segmentation tool which

was based on the images of control slices and kept identical for
all corresponding cultures. No subtractions of background
intensity were used. The Auto Measure feature calculates a
percentage of recognized area and the fluorescence intensity
(given in arbitrary units) above the threshold and thereby refers
to the whole image area (1388 x 1040 pixels, 3605 µm x 2701
µm).

Anti-pan-NF staining was also used to verify the successful
culture of organotypic cultures and co-cultures and was
combined with other cell markers for immunohistochemistry.
Only slices of animals which showed motor neurons in the
control cultures were included in the statistical analysis.
Preparations showing no stained motor neurons in the control
slices were excluded along with the corresponding +Mino
cultures. For each animal, up to 4 slices of control and +Mino
were cultured in parallel on 1 culture insert. These replicates
were analyzed individually before a mean was calculated. This
mean was used as n=1 for the statistical analyses. The number
of samples for each experiment is provided in the figures. In
statistical analysis only corresponding controls and +Mino

Figure 1.  Motor neuron localization in organotypic spinal cord cultures.  (A) Displays the anatomy of spinal cord slices at
lumbar level L5 modified from [46]. Areas containing motor neurons are highlighted in grey and with a box. On the left, the spinal
cord is shown as illustration; on the right side a corresponding anti-pan-NF stained spinal cord slice after 7 days of cultivation is
shown. (B and C) show anti-GFAP stained astroglia in organotypic spinal cord cultures after 7 DIVs (C) magnifies stained astroglia
marked with a box in (B). (D and E) illustrate anti-IBA-1 stained microglia in these cultures. (E) magnifies stained microglia marked
with a box in (D).
doi: 10.1371/journal.pone.0073422.g001
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cultures with identical cultivation conditions and microscopic
analysis were compared directly using a paired Student’s t-test.

Statistical analysis was performed using Graph Pad Prism 4
(GraphPad Software, La Jolla, USA).

Primary dispersed glial cultures
Primary glial cultures were prepared from neonatal rats at

postnatal days 2-4 [47–49]. Animals were decapitated, and
their cerebral hemispheres were excised. Meninges were
removed in serum-free high-glucose Dulbecco’s modified Eagle
medium (DMEM) supplemented with 1% pen/strep. Cells were
mechanically dissociated with 18- and 23-gauge needles and
centrifuged at 1500 rpm for 5 min. The cells were resuspended
in serum-supplemented high-glucose DMEM with 10% FCS
and 1% pen/strep and were seeded into flasks that were pre-
coated with poly-D-lysine.

Cells were incubated at 37° C in a humidified 5% CO2

atmosphere. The medium was changed on the second DIV to
remove cell debris. After 2 weeks in culture, the culture
medium was replaced with high-glucose DMEM containing 3%
FCS and 1% pen/strep and used for further experiments.

The cell cultures consisted of 60.9 (± 19.0 standard deviation
SD) % astroglia, 20.0 (± 12.2 SD) % microglia, 1.4 (± 3.0 SD)
% neurons and 1.5 (± 1.1 SD) % oligodendroglia.

MTT assay to assess activity/viability of dispersed glial
cell cultures.  The 3-(4,5-Dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) assay measures
cellular metabolic activity, thus, under defined conditions, being
able to reflect cell viability and cell proliferation [50,51].

Primary glial cells were trypsinized and suspended in high-
glucose DMEM containing 3% FCS and 1% pen/strep. The
cells were seeded onto poly-D-lysine coated 96-well-plates with
4*104 cells/well in 100 µl medium. After 24 h of cell attachment,
medium only (control) or medium containing 25 µM, 50 µM, 75
µM, 100 µM and 125 µM minocycline was added to the cells.
After 24 h, 48 h, 72 h and 7 days of incubation time, MTT
assay was performed. The culture medium was removed and
replaced with medium containing the MTT reagent at a final
concentration of 1 mg/ml. The cells were incubated at 37° C in
a humidified 5% CO2 atmosphere for 3 h. After 3 h, the
supernatant was removed, and the cells were lysed with 100 µl
of dimethyl sulfoxide (DMSO). The absorption was measured
using a Tecan M200 microplate reader (Tecan, Männedorf,
Switzerland) at 570 nm and 690 nm reference wavelengths.
The mean absorption of the control cells was determined as
100%, and all other values were calculated in reference to this
value. The assays were performed in triplicate (n=3
preparations) with a mean of 6 replicates each and statistically
analyzed with Graph Pad Prism 4 using a 2-way-ANOVA with
the factors of concentration and time, followed by a Bonferroni
post-hoc test. A p-value ≤ 0.05 was considered to be
statistically significant.

Assay to assess glial cell migration ability.  A scratch
assay was performed to measure the migratory ability of the
cells [52]. Thus, a part of the cell layer was removed, and the
closure of the gap in the cell layer was measured. To analyze
the migratory function, the cells were incubated with a high
minocycline concentration of 100 µM.

Primary glial cells were trypsinized and suspended in high-
glucose DMEM containing 3% FCS and 1% pen/strep. The
cells were seeded onto poly-D-lysine coated 6-well-plates with
6*105 cells/well in 2 ml medium.

After 24 h of cell attachment, the medium was replaced with
high-glucose DMEM containing 1% FCS and 1% pen/strep for
24 h to synchronize the cells. Next, the cells were treated with
100 µM minocycline and analyzed for migratory behavior. The
cell monolayer was wounded after cell synchronization by
removing a ~ 1 mm strip of cells using the sterile piston of a
stepper pipette tip. A scale paper was placed underneath the
well-plates and used for orientation. The cells were washed
with sterile PBS to remove cell debris, and new medium
containing 3% FCS without (control) or with 100 µM
minocycline (+Mino) was added.

Images of the cell layer were taken immediately, 24 h, 48 h
and 72 h after wounding using a Leica DMI3000 (Wetzlar,
Germany). The scale on the well-plate was used to mark and
locate the same position each time. Image analysis was
performed using the Leica LAS AF 2.2.0 software. To analyze
the leading edge, the migrating cells were outlined, and the
distances were measured between the edges. The percentage
values were calculated from the starting distance of the
wounded cell layer.

Statistical analysis was performed using Graph Pad Prism 4,
and a paired Student’s t-test with n=17 samples was used to
compare the control and +Mino groups for each incubation
period. A p-value ≤ 0.05 was considered to be statistically
significant.

Western blot analysis of Connexin 43 expression in
dispersed glial cell cultures.  Primary glial cell cultures were
incubated for 72 h with 100 µM minocycline in high-glucose
DMEM containing 3% FCS and 1% pen/strep. The medium
was discarded, and the cells were washed with PBS before
scraping them off the culture plastic. The cells were centrifuged
at 1500 rpm for 10 min, washed twice with PBS and pelleted.
The cell pellets were mechanically homogenized in 20 mM Tris,
150 mM NaCl, 10% Triton-X, 10% sodium dodecyl sulphate
(SDS) and CompleteMini Protease Inhibitor Cocktail (Roche,
Basel, Switzerland). Proteins were separated using SDS-PAGE
(5% stacking and 10% resolving gel). For gel loading, 10 µg
and 2 µg protein samples were loaded after mixing with protein
loading buffer (roti-Load 1, Roth, Karlsruhe, Germany). After
separation, the proteins were transferred on to a nitrocellulose
membrane and then washed twice with Tris buffered saline +
0.1% Tween-20 (TBS-TWEEN). The nonspecific binding sites
were blocked for 2 h with TBS-TWEEN + 5% powered milk.
The membranes were incubated with the following primary
antibodies: anti-mouse β-actin (1 h incubation, 1:15000, Sigma
Aldrich, St. Louis, USA), anti-rabbit Connexin 43 (overnight,
Cx43, 1:50000, Sigma) and anti-mouse glyceraldehyde 3-
phosphate dehydrogenase (overnight, GAPDH, 1:500,
Chemicon) diluted in TBS-TWEEN + 5% powered milk. After
washing again with TBS-TWEEN, the blots were incubated for
30 min with horseradish peroxidise-conjugated secondary
antibody (anti-mouse 1:10000, anti-rabbit 1:5000, West Grove,
USA) in TBS-TWEEN + 0.5% powered milk. Anti-β-actin and
anti-GAPDH were developed in parallel because they differ in
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their molecular weight and shared the same host. The
immunoreactivity was visualized with an ECL detection system
(Amersham Pharmacia Biotech, Buckinghamshire, UK) and
quantified with densitometry analysis using ImageJ 1.45s
(National Institutes of Health, Bethesda, USA). Statistical
analysis was performed with Graph Pad Prism 4 using a paired
Student’s t-test with n=7 samples to compare the control and
+Mino groups. A p-value ≤ 0.05 was considered to be
statistically significant.

Results

Minocycline influenced the survival of motor neurons
and the activity of glial cells in organotypic spinal cord
cultures

Incubation of organotypic spinal cord slices with minocycline
started at DIV 1 or DIV 4 and continued until fixation at DIV 7.
For both incubation times, we compared the number of
surviving motor neurons and the percentage stained area of
anti-pan-NF, anti-IBA-1, anti-GFAP and DAPI between the
control cultures receiving no minocycline and minocycline-
treated cultures (+Mino). Fluorescence intensities were
additionally measured for astroglial (anti-GFAP) and microglial
(anti-IBA-1) stainings.

Incubation with 10 µM minocycline.  Treatment from DIV 1
onwards resulted in a significantly reduced number of surviving
motor neurons (anti-pan-NF, Figure 2 A). No significant effect
of early minocycline treatment on the percentage stained area
of neurofilaments (anti-pan-NF, Figure 2B), microglia (anti-
IBA-1, Figure 2C), astroglia (anti-GFAP, Figure 2E) and DAPI-
stained cell nuclei (Figure 2G) was found. Microglia activity,
demonstrated by fluorescence intensity, was significantly
reduced by early minocycline treatment (Figure 2D), whereby
astroglia activity was unchanged (Figure 2F).

Minocycline treatment from DIV 4 onwards did not
significantly alter the number of surviving motor neurons
(Figure 2 A). No significant effect of minocycline treatment on
the percentage stained area of neurofilaments (anti-pan-NF,
Figure 2 B), microglia (anti-IBA-1, Figure 2 C) and astroglia
(anti-GFAP, Figure 2 E) as well as on the fluorescence
intensities (activities) of microglia and astroglia (Figure 2 D, F)
was observed. Detailed values are given in Table 1. The
corresponding images of the stained cultures are shown in
Figure 3 (DAPI staining not shown). A, B and C show the
organotypic spinal cord cultures co-stained for anti-pan-NF and
anti-IBA-1. D, E and F demonstrate the organotypic spinal cord
cultures co-stained for anti-pan-NF and anti-GFAP. Control
slices in Figure 3 A and D show various motor neurons and
neurons with growing neurites, moderate microglia activation
and an intact astroglia layer in the cultures. Slices incubated
with 10 µM minocycline starting at DIV 1 (Figure 3 B and E)
and DIV 4 (Figure 3 C and F) do not clearly show visible
differences in staining pattern compared to the control slices.

Incubation with 100 µM minocycline.  This treatment
decreased the number of surviving motor neurons (determined
by anti-pan-NF staining; Figure 4 A) as well as the number of
neurons in general (determined by anti-NeuN staining; Figure 4
B) independently of the incubation period.

Moreover, longer (earlier starting) incubations with
minocycline significantly increased the percentage of anti-pan-
NF stained area (neurofilaments) of organotypic cultures
compared to control slices. Incubation from DIV 4 onwards did
not alter the percentage of neurofilament area (Figure 4 C).

As expected for a “microglia inhibitor”, minocycline clearly
decreased the microglial-stained percentage area of the
organotypic spinal cord cultures (Figure 4 E) as well as the
IBA-1 fluorescence intensity (Figure 4 F) in both incubation
conditions compared to control cultures. The astroglial
percentage stained area (Figure 4 G) was not significantly
influenced in cultures incubated with minocycline from DIV 1
onwards but significantly decreased in cultures incubated from
DIV 4 onwards. The GFAP-fluorescence intensity (Figure 4 H)
showed similar results, whereat the increase under long-time
minocycline incubation (early start at DIV 1) is now also
significant.

The DAPI-stained area percentage was reduced after
minocycline treatment (Figure 4 D). DAPI-stained cell nuclei
and the percentage of the stained area can be used as an
indirect measurement of slice culture viability. Thus, our results
indicate a reduction in the viability of the slices after incubation
with minocycline.

All of the values can also be found in Table 2.
Representative images are shown in Figure 5 (DAPI staining
not shown). At DIV 7, control slices in Figure 5 showed various
motor neurons and neurons with growing neurites (anti-pan-
NF, Figure 5 A), moderate microglia activation (anti-IBA-1,
Figure 5 A) and an intact astroglia cover (GFAP, Figure 5D).
Figure 5 G displayed a high number of anti-NeuN stained
neurons. Cultures incubated with minocycline starting at DIV 1
showed nearly no surviving motor neurons; however, other
neurons (most likely interneurons and sensory neurons) were
present (Figure 5 B, E). Anti-NeuN revealed no longer clear
neuron populations (Figure 5 H). Moreover, inhibition of
microglial activation was observed (anti-IBA-1; Figure 5 B).
Interestingly, these cultures showed a peripheral distribution of
astroglia instead of the mentioned above glia cover (anti-
GFAP, Figure 5 E).

Cultures with shorter/later minocycline incubation (starting at
DIV 4) also demonstrated a loss of anti-pan-NF stained motor
neurons (Figure 5 C, F) and anti-NeuN stained neurons (Figure
5 I) but to a lesser extend as in long/early-treated cultures.
Moreover, in these cultures the formation of the astroglia cover
(GFAP) seemed to be intact (Figure 5 F).

The covering of the organotypic slices with astroglia is a
feature of membrane-based cultures with one surface having
air contact [53]. A typical regime of astroglial covering is shown
in the second part of Figure 5. Freshly prepared untreated
control spinal cord slices showed a peripheral distribution of
GFAP staining (Figure 5J). During cultivation, the glia started to
cover the slices until they formed a complete coverage as it is
seen in the time series (Figure 5 K–O). As demonstrated in
Figure 5 E and P, the formation of such astroglia cover was
hampered by early/long-term incubation with high-dosed
minocycline. Because the coverage of slices is based on a
migration of astroglia, we developed the idea that minocycline
might influence the glial migration.
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Figure 2.  Treatment of organotypic spinal cord cultures with 10 µM minocycline.  Comparison of cultures incubated from DIV
1 or DIV 4 onwards and analyzed at DIV 7. (A) Number of surviving anti-pan-NF stained motor neurons. Minocycline incubation
starting at DIV 1, but not at DIV 4, decreased the number of surviving motor neurons significantly. (B) Percentage of anti-pan-NF
stained area (neurofilaments). Minocycline incubation did not alter it. (C) Percentage of anti-IBA-1 stained area (microglia).
Minocycline incubation did not show a significant influence on microglia pattern. (D)Anti-IBA-1 fluorescence staining intensity. Early
(long-term) minocycline incubation reduced the fluorescence intensity (activity) of microglia significantly. (E) Percentage of anti-
GFAP stained area (astroglia). Minocycline incubation did not show an influence on astroglia pattern. (F) Anti-GFAP fluorescence
staining intensity. Minocycline incubation did not show an influence on the fluorescence intensity (activity) of astroglia. (G)
Percentage of DAPI stained area. Minocycline incubation increased the percentage area of DAPI cell nuclei staining in cultures
incubated with minocycline from DIV 4, but not DIV 1 onwards. For statistical analysis a paired Student’s t-test was used to compare
control and +Mino for each incubation period. Number of samples n=6 for each incubation time with minocycline (1 animal = mean
of up to 3 replicates). All values are means ± SD. Significant differences are marked with * and demonstrate p<0.05.
doi: 10.1371/journal.pone.0073422.g002
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Furthermore, we performed a time series study at a high
minocycline concentration to analyze the effects on motor
neurons in more detail. Here, +Mino cultures were incubated
with minocycline for different periods (starting at DIV 0, DIV 1,
DIV 3, DIV 4 or DIV 6). The results are demonstrated in Figure
6. The number of motor neurons was dramatically decreased if
the cultures were incubated with minocycline for the entire
cultivation period of 7 days (from DIV 0 onwards) compared to
control cultures. With shorter/later incubation periods the
number of surviving motor neurons increased reaching control
levels in cultures incubated with minocycline starting at DIV 6
(Figure 6 A).

The comparison of the anti-pan-NF-stained areas among the
different incubation times is shown in Figure 6 B. Significantly
higher levels of staining were revealed in the cultures
incubated from DIV 0, 1 and 3 onwards if compared to controls
with being highest in the cultures incubated with minocycline
starting at DIV 1. Minocycline treatment from DIV 4 or 6
onwards showed no significant differences in the
neurofilament-stained area compared to controls. Detailed
values can be found in Table 3.

Respective representative fluorescent images are also
shown in Figure 6. The control cultures (Figure 6 C)
demonstrated regular motor neurons, neurons and neurites.
Moreover, the tissue organization was conserved during
culture. In contrast, the cultures incubated with minocycline for
the entire cultivation period of 7 days (from DIV 0 onwards)
lacked motor neurons but displayed a clear staining of other
neurons such as interneurons and sensory neurons (Figure 6
D). Cultures incubated from DIV 1 onwards demonstrated only
a few neurons, if at all (Figure 6 E). This difference in neuronal
survival could be due to the stabilization of the organotypic
cultures after preparation. DIV 0 +Mino cultures received
minocycline directly after preparation whereas the DIV 1 +Mino
cultures were allowed to stabilize one day in the incubator
before drug administration.

Moreover, cultures incubated from DIV 3 onwards revealed
two different features: degenerating motor neurons (Figure 6
F1) or the absence of motor neurons (Figure 6 F2). Minocycline
treatment from DIV 4 and DIV 6 onwards displayed various
regular motor neurons, neurons and neurites without any clear
visible differences in the staining pattern to the control cultures
(Figure 6 G, H).

Minocycline influenced the survival of motor neurons
and the activity of glial cells in organotypic spinal cord-
nerve graft co-cultures

In addition to the spinal cord cultures, we used spinal cord
co-cultures with a peripheral nerve graft to reconstruct the
ventral root. Motor neuron cell death is highest with a proximal
injury of their axons; however, this cell death can be delayed by
the placement of grafts, which can bridge the gap [54,55].
Thus, a peripheral nerve graft in this co-culture model served 2
functions: first, it increased motor neuronal survival because it
offers a scaffold for motor neurons to grow in, and second, it
provides a source of Schwann cells, which have been shown to
promote axonal regeneration in spinal cord injury [56–58].

Incubation with 100 µM minocycline.  Treatment starting at
DIV 1 resulted in similar effects (Figure 7, Table 4) as observed
in the organotypic spinal cord cultures without a peripheral
nerve graft. The number of motor neurons was reduced and
the percentage of anti-pan-NF stained area was increased
(Figure 7 A, B), both to the same extent as in the respective
organotypic cultures. Starting at DIV 4, minocycline treatment
also led to a reduction in the number of motor neurons but did
not affect the stained area percentage of anti-pan-NF
(neurofilaments and neurites, Figure 7 A, B). Detailed values
can be found in Table 4. Thus, nerve grafting was not able to
rescue minocycline-induced motor neuron cell death.
Moreover, minocycline treatment had no effect on the
percentage of anti-GFAP-stained area (Figure 7 C) or GFAP
fluorescence intensity (Figure 7 D) but influenced the astroglial
pattern in the same manner as observed in organotypic spinal
cord slices.

Representative fluorescent images are also shown in Figure
7. Control co-cultures illustrated various anti-pan-NF-stained
motor neurons extending their neurites into the reconstructed
ventral root (Figure 7 E). In addition, astroglia formed a glia
cover on the surface of the slice. Minocycline incubation from
DIV 1 onwards resulted in motor neuron death and
subsequently in reduced fiber outgrowth into the nerve graft
(Figure 7 F). Astroglial staining revealed a peripheral
distribution (not a cover), as observed in organotypic spinal
cord cultures in the absence of a peripheral nerve graft. In
Figure 7 G, a co-culture treated with minocycline from DIV 4
onwards is shown. This culture exhibited several motor

Table 1. Results of organotypic spinal cord slices incubated with 10 µM minocycline in comparison with control slices.

DIV

number of anti-pan-
NF stained motor
neurons

anti-pan-NF stained
area in %

anti-IBA-1 stained
area in %

anti-IBA-1 fluorescence
intensity in arbitrary
units

anti-GFAP stained
area in %

anti-GFAP fluorescence
intensity in arbitrary
units

DAPI stained area
in %

1
31.2 ± 9.6 vs. 38.8 ±
7.9*,ratio 0.8 ± 0.2,
n=6, p=0.0459

2.3 ± 0.4 vs. 3.1 ±
1.0, ratio 0.8 ± 0.3,
n=6, p=0.1701

11.2 ± 5.4 vs. 16.1 ±
6.7, ratio 0.8 ± 0.4,
n=6, p=0.1587

4.7 ± 0.6 vs. 6.3 ±
1.3*,ratio 0.8 ± 0.2,
n=6, p=0.0423

32.0 ± 3.7 vs. 30.4 ±
3.1, ratio 1.1 ± 0.1,
n=6, p=0.2592

10.0 ± 1.2 vs. 8.8 ± 1.1,
ratio 1.1 ± 0.2, n=6,
p=0.0995

25.4 ± 3.8 vs. 26.3
± 2.9, ratio 1.0 ±
0.1, n=6, p=0.2403

4
34.9 ± 12.1 vs. 31.2
± 20.2, ratio 1.5 ±
0.9, n=6, p=0.5442

3.0 ± 1.8 vs. 3.3 ±
3.3, ratio 1.8 ± 1.6,
n=6, p=0.7231

5.8 ± 3.0 vs. 6.0 ±
1.9, ratio 1.0 ± 0.5,
n=6, p=0.9044

4.3 ± 0.4 vs. 4.3 ± 0.4,
ratio 1.0 ± 0.1, n=6,
p=0.7735

27.7 ± 5.8 vs. 23.5 ±
4.3, ratio 1.2 ± 0.3,
n=6, p=0.1184

8.9 ± 1.1 vs. 7.8 ± 0.9,
ratio 1.2 ± 0.2, n=6,
p=0.1283

17.7 ± 5.1 vs. 14.5
± 5.6*,ratio 1.3 ±
0.2, n=6, p=0.0071

All values are given as mean ± SD. day in vitro (DIV), versus (vs.), number of samples (n), error level (p), * statistical significance p<0.05.
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neurons and other neurons, a reconstruction of the ventral root
by growing motor neuron neurites and an intact glia cover.

Minocycline influenced the functional activity of
primary glial cultures

Because high-dosed minocycline obviously influenced the
astroglia in organotypic cultures we aimed to analyze this
phenomenon in greater detail. Therefore, dispersed primary
glial cell cultures were used in subsequent experiments.

MTT assay.  Incubation of primary glial cultures with
increasing concentrations of minocycline revealed time- and
concentration-dependent effects (Figure 8). Detailed values
can be found in Table 5. 24 h incubation with 50 µM and higher

concentrations of minocycline resulted in increased cell
metabolic activity/viability. 48 h minocycline incubation,
however, decreased the levels of cell metabolic activity/viability
back to control levels. Toxic effects of minocycline were found
after 72 h of incubation for all minocycline concentrations used
compared to control cells. After 7 days, this effect was more
evident.

Migration assay.  Incubation with high-dosed minocycline
starting at DIV 1 hampered the astroglia cover formation in
organotypic cultures. To determine whether this effect was due
to an impairment of glial migration behavior, we used the
scratch assay. In this assay, the cell layer was wounded, and
the distance between the leading edges was measured over 3

Figure 3.  Fluorescence images of spinal cord cultures treated with 10 µM minocycline.  Fluorescent images of spinal cord
cultures of control (A, D) and of slices incubated with 10 µM minocycline from DIV 1 (B, E) and from DIV 4 (C, F) onwards. Slices
were co-stained for anti-pan-NF (green) and anti-IBA-1 (red) in (A, B, C) or for anti-pan-NF (green) and anti-GFAP (red) in (D, E, F)
at DIV 7. Motor neuronal areas are magnified and marked with a box. Control cultures show various anti-pan-NF stained motor
neurons, neurons, modest microglia activation (A) and formation of a glia cover (B). All cultures treated with minocycline show
control-like staining patterns. No clear differences in the staining pattern are visible. Bars = 500 µm, bars in magnified area = 200
µm.
doi: 10.1371/journal.pone.0073422.g003
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Figure 4.  Treatment of organotypic spinal cord cultures with 100 µM minocycline.  Comparison of organotypic spinal cord
cultures incubated with minocycline starting at DIV 1 or DIV 4 and analyzed at DIV 7. (A) Number of surviving motor neurons (anti-
pan-NF stained). Minocycline incubation decreased this number significantly compared to controls. (B) Number of anti-NeuN stained
neurons. Minocycline incubation reduced this number significantly compared to controls. (C) Percentage of anti-pan-NF stained
area (neurofilaments). Minocycline incubation from DIV 1 onwards increased the percentage of neurofilament staining. Minocycline
incubation from DIV 4 onwards, however, did not alter it. (D) Percentage of DAPI stained area. Minocycline incubation significantly
decreased the DAPI cell nuclei staining in cultures incubated from DIV 1 and DIV 4 onwards. (E) Percentage of anti-IBA-1 stained
area (microglia). Minocycline incubation reduced microglia pattern significantly compared to the control. (F) Anti-IBA-1 fluorescence
staining intensity. Minocycline incubation reduced the fluorescence intensity of microglia in accordance with the reduced microglia
spreading. (G) Percentage of anti-GFAP stained area (astroglia). Minocycline incubation did not influence the percentage of
astroglia staining significantly if cultures were incubated from DIV 1 onwards. Incubation starting at DIV 4, however, reduced the
percentage of astroglia staining significantly compared to controls. (H) Anti-GFAP fluorescence staining intensity. Minocycline
incubation influenced fluorescence intensity of astroglia in accordance with the changes of area. If treatment started at DIV 1,
fluorescence intensity was enhanced, whereas under treatment started at DIV4 a reduction was found. For statistical analysis a
paired Student’s t-test was used to compare control and +Mino for each incubation period. Numbers of samples are: number of
motor neurons and percentage of anti-pan-NF area: DIV 1 n=26, DIV 4 n=19; number of anti-NeuN stained neurons n=6 (DIV 1, DIV
4); percentage stained area of anti-IBA-1, anti-GFAP and DAPI: DIV 1 n=7, DIV 4n=6 (1 animal = mean of up to 3 replicates). All
values are means ± standard deviation (SD). Significant differences are marked with * and demonstrate p<0.05.
doi: 10.1371/journal.pone.0073422.g004
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days. Once the cell layer was scratched, minocycline was
added to the culture, which resulted in a lower migration rate of
cells into the scratched wound area compared to control cells
(Figure 9 A). Detailed values can be found in Table 6.

Analysis of the controls vs. +Mino revealed a significant
difference in wound closure after 24 h and 72 h. Minocycline
delayed the wound closure in primary glial cell cultures
compared to control cells. In the 48 h experiment, this delay
was also evident but not significant. This minocycline-mediated
delay in wound closure is illustrated by phase contrast images
in Figure 9 B.

Western Blot Analysis.  To further explore the changed by
minocycline migration behavior of primary glial cells, the
amount of Cx43 and β-actin in these cultures was analyzed.
These proteins are known to play a role in migration. β-actin is
a cytoskeletal protein and Cx43 is a hemichannel protein found
in gap junctions that are localized between cells. Minocycline
incubation for 72 h had no effect on β-actin expression if
compared to control cells. Figure 10 A shows the quantification
of β-actin expression as the ratio of β-actin density/GAPDH
density. Control cells revealed a ratio of 0.7 ± 0.2 and +Mino
cells 0.8 ± 0.3 (p=0.7285). Representative bands of β-actin and
the corresponding GAPDH signal are shown in Figure 10 B.
The quantification of Cx43 signal is provided in the diagram in
Figure 10 C. Incubation with 100 µM minocycline for 72 h
significantly increased the protein expression of Cx43
compared to control cultures. Control cells revealed a ratio of
1.3 ± 1.0 and +Mino cells 2.8 ± 1.2 (p=0.0445). Representative
images of the bands are provided in Figure 10 D.

Discussion

The major findings of our study are as following: already a
low concentration of 10 µM minocycline showed a neurotoxic
effect on motor neuron survival. However this effect was mild in
comparison with the effect of high minocycline concentration
and was found only with prolonged minocycline incubation
time. This low concentration did not affect microglia and
astroglia activation. A high concentration of 100 µM
minocycline showed enhanced effects: it reduced motor
neuronal survival, neuronal survival in general and the
percentage area of DAPI-stained cell nuclei in organotypic

spinal cord cultures. Treatment with high-dosed minocycline
inhibited microglia activation highly. Moreover, 100 µM
minocycline impaired the formation of an astroglial cover on the
surfaces of the organotypic spinal cord slice cultures and co-
cultures. Improvement in the regenerative environment by the
reconstruction of the ventral root did not rescue motor neuron
survival and astroglia from the minocycline-induced effects.
Treatment with 100 µM minocycline revealed mild toxic effects
on dispersed astroglial cultures and impaired glial migration.

Neonatal motor neurons, similar to the ones studied in our
organotypic spinal cord cultures, are dependent on target
contact and die after axotomy [59–62]. To overcome this
problem, we added GDNF to our cultures [42]. Control cultures
showed good motor neuronal survival. Nevertheless,
minocycline induced motor neuron cell death even with a low
concentration of 10 µM minocycline treatment starting at DIV 1
in culture. The neurotoxic effect which we found is in contrast
to other previous cell culture studies that have described
neuroprotective effects at even higher minocycline
concentrations [28,29,34]. For example, Guo and colleagues
[31] treated cells of a motor neuron cell line with 25 µM
minocycline and observed a neuroprotective effect against
hypoxic cell death. Pi et al. [30] added 10-100 µM minocycline
to cerebellar granule neurons and found a dose-dependent
neuroprotective effect against glutamate excitotoxicity. The
neurotoxic/neuroprotective effects of minocycline may be
dependent on the paradigm and the complexity of the cell
culture system employed.

The neurotoxic effects in our organotypic spinal cord cultures
were accelerated with a high minocycline concentration of 100
µM. Interestingly the neurotoxic effect was accompanied by an
enhancement in neurite staining, although the corresponding
cell somata were missing. One property of minocycline is its
inhibitory effect on microglia activation [22,63,64] which we
were also able to demonstrate in our organotypic spinal cord
cultures. If this enhanced neurite staining is due to a toxic
effect of minocycline on microglia or an effect of suppression of
the activation of microglia, future experiments have to show.
Keilhoff et al. [37] found that minocycline reduced the
phagocytic activity of Schwann cells. Keeping this in mind, we
speculate that the loss of microglial action causes a delayed
debris clearance and the remaining fibers can still be stained

Table 2. Results of organotypic spinal cord slices incubated with 100 µM minocycline in comparison with control slices.

DIV

number of anti-pan-
NF stained motor
neurons

number of anti-NeuN
stained neurons

anti-IBA-1 stained
area in %

anti-IBA-1 fluorescence
intensity in arbitrary
units

anti-GFAP stained
area in %

anti-GFAP
fluorescence intensity
in arbitrary units

DAPI stained area
in %

1
2.4 ± 2.6 vs. 19.4 ±
10.2*,ratio 0.1 ± 0.2,
n=26, p<0.0001

198.6 ± 48.3 vs. 824.9
± 493.3*,ratio 0.4 ±
0.3, n=6, p=0.023

0.0 ± 0.0 vs. 25.0 ±
7.3*,ratio 0.0 ± 0.0,
n=7 p<0.001

0.4 ± 0.1 vs. 10.7 ±
1.1*,ratio 0.0 ± 0.0,
n=7, p<0.0001

33.4 ± 5.2 vs. 8.4 ±
4.4, ratio 1.2 ± 0.4,
n=7, p=0.18

11.9 ± 1.0 vs. 9.6 ±
1.4*,ratio 1.3 ± 0.2,
n=7, p=0.0066

15.1 ± 6.5 vs. 28.3
± 3.3*,ratio 0.5 ±
0.2, n=6, p=0.0014

4
21.7 ± 8.7 vs. 36.5 ±
12.9*,ratio 0.6 ± 0.2,
n=19, p<0.0001

278.6 ± 269.5 vs.
785.2 ± 703.4*,ratio
0.4 ± 0.1, n=6,
p=0.041

1.6 ± 0.5 vs. 19.9 ±
3.5*,ratio 0.1 ± 0.0,
n=6, <0.0001

1.9 ± 0.1 vs. 7.2 ±
0.9*,ratio 0.3 ± 0.0,
n=6, p<0.0001

20.9 ± 7.7 vs. 28.5 ±
7.3*,ratio 0.7 ± 0.2,
n=6, p=0.0064

9.8 ± 0.6 vs. 11.3 ±
0.7*,ratio 0.9 ± 0.1,
n=6, p=0.0033

9.8 ± 5.2 vs. 19.2 ±
3.7*,ratio 0.5 ± 0.3,
n=21, p<0.0001

All values are given as mean ± SD. day in vitro (DIV), versus (vs.), number of samples (n), error level (p), * statistical significance p<0.05.
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Figure 5.  Fluorescence images of spinal cord cultures treated with 100 µM minocycline.  (A, D, G) controls; (B, E, H)
incubation starting at DIV 1; (C, F, I) incubation from DIV 4 onwards. Slices were co-stained for anti-pan-NF (green) and anti-IBA-1
(red) in (A, B, C), for anti-pan-NF (green) and anti-GFAP (red) in (D, E, F) or for anti-NeuN (green) in (G, H, I). Motor neuronal areas
are magnified in (A–F) and marked with a box (A–I). (A) Control cultures show various anti-pan-NF stained motor neurons, neurons,
modest microglia activation, (D) glia cover formation and (G) anti-NeuN stained neuron populations. Cultures treated from DIV 1
onwards displayed (B) a lack of motor neurons and microglial staining, (E) a peripheral astroglial distribution and (H) a lack of anti-
NeuN stained neurons. Cultures treated from DIV 4 onwards showed (C) less motor neurons and low microglia activation, (F) the
formation of a glia cover on the slice surface and (I) some anti-NeuN stained neurons. Images (J–O) illustrate the development of
the glia cover during cultivation. Slices are shown double stained with anti-pan-NF and anti-GFAP on the left and anti-GFAP staining
only on the right. (J) displays a slice fixed after preparation (no cultivation). A peripheral anti-GFAP staining is visible. Slices were
fixed and stained after 1 DIV (K), 2 DIV (L), 3 DIV (M), 5 DIV (N) or 7 DIV (O) of cultivation. The glial distribution changes over time
from a peripheral distribution to a glia cover. Bars in (A–F, J–P) = 500 µm and in magnified area = 200 µm. Bars in (G–I) = 200 µm.
doi: 10.1371/journal.pone.0073422.g005
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Figure 6.  Time series of organotypic spinal cord cultures treated with 100 µM minocycline.  (A) shows the number of motor
neurons for cultures incubated starting at DIV 0, 1, 3, 4 or 6. In result of minocycline incubation, the number of motor neurons was
reduced whereby earlier (and thus longer) incubation times were more effective. One-day treatment (starting at DIV 6) did not
influence the number of motor neurons compared to controls. Values show the ratio of +Mino/controls mean ± SD. Ratio of 1 is
marked as line to illustrate +Mino value = control value. (B) demonstrates the anti-pan-NF percentage stained neurofilament area for
the various incubation times. Minocycline supplement from DIV 0, 1 and 3 onwards resulted in an increased stained area with DIV 1
showing the highest value. In cultures from DIV 4 and 6 onwards, the percentage stained area did not change compared to the
control. Statistical analysis was done with a Student’s t-test to compare control and +Mino for each incubation time. Number of
samples was n=19 for DIV 0, n=26 for DIV 1, n=11 for DIV 3, n=14 for DIV 4 and n=6 for DIV 6 (1 animal = mean of up to 3
replicates). Significant differences compared to the control are marked with * and demonstrate p<0.05. (C-H) Fluorescence images
of organotypic spinal cord cultures stained for anti-pan-NF in green to visualize neurons, especially motor neurons and neuronal
filaments. Motor neuronal areas are magnified and marked with a box. Slices were cultivated for 7 days and incubated from DIV 0,
1, 3, 4 or 6 onwards with minocycline. (C) control culture showing various regular motor neurons, neurons and neurites; (D) culture
incubated from DIV 0 onwards lacking motor neurons but displaying a clear staining of other neurons like interneurons and sensory
neurons. (E) culture incubated from DIV 1 onwards demonstrating only a few neurons at all; (F 1 and 2) cultures incubated from DIV
3 onwards showed degenerating motor neurons like it is seen in (F 1) or lacked motor neurons like it is seen in (F 2). (G) culture
incubated from DIV 4 onwards showing regular motor neurons and neurites (H) culture incubated from DIV 6 onwards showing
motor neurons and their neurites. Bars = 500 µm, bars in magnified area = 200 µm.
doi: 10.1371/journal.pone.0073422.g006
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with anti-pan-NF antibody in the minocycline-treated cultures.
Other reasons could be that minocycline induced a change in
regulation or transport of the neurofilaments. Future
experiments have to look for this in more detail.

In addition to pro-inflammatory functions, microglia activation
also exhibits beneficial effects on injured tissue. Microglia
which phagocyte cell debris reduce the amount of growth
inhibitory molecules (such as the myelin components Nogo A
and myelin-associated glycoprotein) [57,65,66]. Moreover,
microglia has been shown to protect neurons from nitric oxide
toxicity [67] and ischemia-induced cell death [68]. Inhibition of
these supportive functions could be another reason for the
neuronal death observed in our model.

An additional stressor was found after analyzing the effect of
100 µM minocycline on astroglia. High-dosed minocycline
hampered the motility of astrocytes which could result in the
prevention of the formation of the glia cover on the surface of
the spinal cord slices. In spinal cord injury, the injury is followed
by scar tissue formation, which serves as a functional barrier to
nerve fiber regeneration. However, a beneficial role of scar
tissue formation, particularly during the acute phase of spinal
cord injury, has also been described. For example, Cui et al.
[69] showed that the removal of astrocytes after central
nervous system (CNS) injury resulted in a decrease of
glutamate transporter expression. Glutamate transporters,
however, are required to remove glutamate from synaptic
clefts. The lack of glutamate transporters results in excitotoxic
levels of glutamate and subsequent neuronal death. Moreover,
Chen and colleagues [70] reported neuroprotection from nitric
oxide toxicity by astrocytes via a glutathione-dependent
mechanism. Furthermore, astrocytes provide trophic support
after CNS injury [9,71]. Bush et al. [72] described a role for
astrocytes in regulating the immune response, repair of the
blood–brain-barrier and neuronal survival and outgrowth. The
removal of these beneficial effects from reactive astrocytes by
the inhibition of astroglial motility and subsequently the
formation of the glia cover on the slice surface in the
minocycline-treated cultures could have been an additional
factor that caused motor neuron cell death in our cultures.
Motor neurons require trophic support and the scavenging
activity of glia cells. Thus, the absence of the fine-tuned glial
orchestra may amplify the minocycline-induced death of motor
neurons in the organotypic spinal cord cultures.

To more closely examine the effect of 100 µM minocycline
on astroglia, we analyzed primary glial cell cultures after 72 h

of minocycline treatment. Consistent with previous studies [73]
(osteoblasts) [74], (human aortic smooth muscle cells) [75],
(osteoblastic bone marrow cells), we found a mild toxic effect
on cells incubated up to 7 days with minocycline. This effect
may explain the reduction in the astroglial percentage stained
area observed in cultures treated at DIV 4 with minocycline.

Minocycline also interfered with glial cell migration in a
scratch assay. Wound healing was slower in cell cultures
treated with minocycline compared to controls. Due to the toxic
effect shown in the MTT analysis, the delayed wound healing
could also be due to a loss of cells in the minocycline treated
group. Against this is that we detected a delayed wound
healing already after 24 h; a time point at which we could not
detect a toxic effect in the MTT. The reduced migration ability
of astroglia caused by minocycline could explain the impaired
surface-glia-cover formation observed in the organotypic
cultures. Minocycline prevented astroglia from migrating from
the spinal cord tissue to the surface of the slice. Several
proteins have also been suggested to play a role in cell
migration and motility, which may be targets of minocycline
activity. One important factor for glial migration is Cx43.
Connexins are proteins that cluster to form hemi-channels or
connections in the cell membrane. 2 hemi-channels from
neighboring cells can form a gap junction, which connects the
cells’ cytosols [76]. Gap junctions show various channel-
dependent and channel-independent functions, which are
important for CNS homeostasis, cell migration and cell motility
[77]. Cx43 is the most expressed connexin in astroglia and is
involved in the formation of the astroglial syncytium in the CNS
[78]. Because of its important role in migration, we examined
the expression of Cx43 in primary glial cell cultures after 72 h
of incubation with 100 µM minocycline. Minocycline treatment
increased the protein expression of Cx43 in our cell cultures.
Several studies have previously described an inhibitory effect
of activated microglia on astroglia coupling [77,79,80]. Retamal
and colleagues [81] found that activated microglia regulate the
Cx43 hemi-channels and gap junctions of astroglia via pro-
inflammatory cytokines. Pro-inflammatory cytokines decreased
the levels of Cx43 and increased membrane permeability.
Minocycline inhibits the activation of microglia, which was
shown in our study, and has been well described in the
literature for its anti-inflammatory effect [21–23]. The primary
glia cell cultures used for our western blotting studies also
contained some microglia. In primary cell cultures, a low
microglia activation state is expected because there are always

Table 3. Timeline results of organotypic spinal cord slices incubated with 100 µM minocycline in comparison with control
slices.

DIV number of anti-pan-NF stained motor neurons anti-pan-NF stained area in %

0 0.3 ± 0.8 vs. 27.8 ± 15.2*,ratio 0.0 ± 0.1, n=19, p<0.0001 9.9 ± 5.8 vs. 2.3 ± 1.5*,ratio 11.3 ± 17.7, n=19, p<0.0001

1 2.4 ± 2.6 vs. 19.4 ± 10.2*,ratio 0.1 ± 0.2, n=26, p<0.0001 14.1 ± 7.1 vs. 1.0 ± 1.1*,ratio 27.3 ± 33.7, n=26, p<0.0001

3 3.6 ± 5.9 vs. 19.5 ± 14.6*,ratio 0.2 ± 0.3, n=11, p=0.0067 8.2 ± 3.3 vs. 2.9 ± 2.8*,ratio 9.3 ± 12.4, n=11, p=0.0002

4 21.7 ± 8.7 vs. 36.5 ± 12.9*,ratio 0.6 ± 0.2, n=19, p=0.0001 2.5 ± 1.5 vs. 2.7 ± 1.6, ratio 1.2 ± 0.9, n=19, p=0.58

6 47.1 ± 15.1 vs. 47.8 ± 21.3, ratio 1.1 ± 0.3, n=6, p=0.94 1.7 ± 1.1 vs. 2.0 ± 1.1, ratio 0.9 ± 0.5, n=6, p=0.44

All values are given as mean ± SD. day in vitro (DIV), versus (vs.), number of samples (n), error level (p), * statistical significance p<0.05.
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Figure 7.  Treatment of organotypic spinal cord co-cultures with 100 µM minocycline.  Comparison of control and +Mino
organotypic spinal cord co-cultures cultured for 7 days. +Mino co-cultures were incubated starting at DIV 1 or DIV 4. (A) number of
motor neurons. Minocycline reduced the number of motor neurons compared to the control. (B) anti-pan-NF percentage stained
area. Minocycline incubation from DIV 1 onwards resulted in an increased stained neurofilament respectively neurites area
compared to the control. Incubation from DIV 4 onwards did not affect the percentage stained area. (C) anti-GFAP percentage
stained area. (D) anti-GFAP fluorescence intensity. Neither astroglial percentage stained area nor fluorescence intensity was altered
by minocycline. To compare controls and +Mino a paired Student’s t-test was used. Number of samples was n=6 except DIV 1 DAPI
stained area with n=4 (1 animal = mean of up to 3 replicates). All values are means ± SD. Significant differences are marked with *
and demonstrate p<0.05. (E–G) Fluorescence images of organotypic spinal cord co-cultures. A control culture is illustrated in (E)
showing anti-pan-NF (green) stained motor neurons which grew neurites into the reconstructed ventral root. Astroglia (anti-GFAP,
red) formed a glia cover on the surface of the slice. (F) demonstrates a co-culture incubated with minocycline from DIV 1 onwards
lacking motor neurons and fiber outgrowth to the peripheral nerve graft that was opposed to the ventral side of the spinal cord slice
(marked with grey lines). Astroglia staining shows peripheral distribution. (G) shows a co-culture treated from DIV 4 onwards. This
culture shows several motor neurons, reconstruction of the ventral root and a glia cover. Bars = 500 µm.
doi: 10.1371/journal.pone.0073422.g007
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Table 4. Results of organotypic spinal cord co-cultures with reconstructed ventral root incubated with 100 µM minocycline in
comparison with control slices.

DIV
number of anti-pan-NF stained motor
neurons anti-pan-NF stained area in % anti-GFAP stained area in %

anti-GFAP fluorescence intensity in
arbitrary units

1
2.6 ± 3.1 vs. 35.3 ± 13.6*,ratio 0.1 ±
0.1, n=6, p=0.0016

13.1 ± 3.2 vs. 1.2 ± 0.7*,ratio 12.7 ±
4.5, n=6, p=0.0001

29.7 ± 14.8 vs. 28.7 ± 13.1, ratio 1.0
± 0.1, n=4, p=0.45

11.1 ± 3.8 vs. 10.5 ± 3.1, ratio 1.0 ± 0.1,
n=4, p=0.2531

4
30.3 ± 13.6 vs. 55.6 ± 19.5*,ratio 0.6 ±
0.2, n=6, p=0.0063

3.9 ± 2.4 vs. 2.9 ± 2.3, ratio 1.9 ± 1.8,
n=6, p=0.26

33.7 ± 8.9 vs. 36.8 ± 7.9, ratio 0.9 ±
0.1, n=6, p=0.06

11.5 ± 2.0 vs. 13.4 ± 2.1*,ratio 0.9 ± 0.0,
n=6, p<0.0001

All values are given as mean ± SD. day in vitro (DIV), versus (vs.), number of samples (n), error level (p), * statistical significance p<0.05.

Figure 8.  Cytotoxicity of minocycline.  MTT assay of glial cell cultures incubated with increasing minocycline concentrations (25,
50, 75, 100 and 125 µM) and incubation times (24, 48, 72 h and 7 days). Cytotoxicity of minocycline increased with incubation time
and concentration. Statistical analysis was done with a 2-way ANOVA. Significant differences to the control are marked with * and
demonstrate p<0.05. The assay was done in triples (n = 3 preparations) with a mean of 6 replicates each.
doi: 10.1371/journal.pone.0073422.g008

Table 5. Results of MTT assay with primary glial cell cultures which were incubated at different times with increasing
minocycline concentrations.

incubation time
25 µM Mino cell activity/
viability in % of control

50 µM Mino cell activity/
viability in % of control

75 µM Mino cell activity/
viability in % of control

100 µM Mino cell activity/
viability in % of control

125 µM Mino cell activity/
viability in % of control

24 h 107.1 ± 1.7, n=3, p>0.05 110.5 ± 2.5*,n=3, p<0.01 107.9 ± 2.3*,n=3, p<0.05 111.3 ± 8.8*,n=3, p<0.001 115.2 ± 1.6*,n=3, p<0.001

48 h 101.3 ± 3.5, n=3, p>0.05 97.5 ± 1.4, n=3, p>0.05 99.1 ± 3.3, n=3, p>0.05 96.9 ± 1.8, n=3, p>0.05 87.9 ± 6.2*,n=3, p<0.001

72 h 91.2 ± 1.7*,n=3, p<0.05 88.2 ± 1.1*,n=3, p<0.001 85.0 ± 2.2*,n=3, p<0.001 79.8 ± 4.3*,n=3, p<0.001 80.4 ± 5.1*,n=3, p<0.001

7 days 90.0 ± 1.6*,n=3, p<0.01 85.3 ± 1.6*,n=3, p<0.001 81.8 ± 2.5*,n=3, p<0.001 76.3 ± 0.7*,n=3, p<0.001 69.2 ± 0.8*,n=3, p<0.001

All values are given as mean ± SD. Minocycline supplement (Mino), number of samples (n), error level (p), * statistical significance p<0.05.
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cells dying, and cell debris is removed. If these microglia are
now inhibited by minocycline, then a higher level of Cx43 in the

Figure 9.  Scratching Assay of primary glial cell cultures.  Cells were incubated with 100 µM minocycline for 72 h after wound
scratching. All values in (A) are given as mean distance % of the starting distance of the wound ± SD. Closure of the wound was
delayed in minocycline incubated cells compared to the control after 24 and 72 h. Images in (B) show phase contrast images of
cultures with control cells and minocycline treated cells after 0, 24, 48 and 72 h incubation time. Wound distances are marked with
black lines. Minocycline delayed wound closure compared to the control. Bars illustrate 250 µm. Statistical analysis was done with a
paired Student’s t-test. Significant differences are marked with * and demonstrate p<0.05. The number of samples was n = 17 for 24
and 72 h and n=14 for 48 h.
doi: 10.1371/journal.pone.0073422.g009

Table 6. Results of scratching assay (wound closure) with primary glial cell cultures which were incubated with 100 µM
minocycline up to 72 h.

incubation time control % wound closure of starting distance 100 µM Mino % wound closure of starting distance paired student’s t-test

24 h 79.7 ± 6.6 87.5 ± 5.1 * n=17, p=0.0029

48 h 47.5 ± 21.6 59.0 ± 9.6 n=17, p=0.0563

72 h 26.5 ± 22.1 35.8 ± 16.6 * n=14, p=0.0305

All values are given as mean ± SD. Minocycline supplement (Mino), number of samples (n), error level (p), * statistical significance p<0.05.
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+Mino cultures with inhibited microglia activation is expected
compared to control cells, which are permanently influenced by
low microglia activation.

There have been conflicting results in the literature regarding
the effect of high/low Cx43 levels on cell migration. Most
studies have examined the effects of a reduction in Cx43.
McDonough et al. [82] found that reduced gap junction
formation enhanced the migration of glioma cells in vitro,
whereas [83] showed that depletion of Cx43 in astroglia
delayed wound closure and decreased cell proliferation,
indicating a direct impairment of the migration of transfected
astrocytes. Our study is consistent with McDonough’s study
[82]. In our study, control astroglial cultures with a lower Cx43
expression level showed a higher rate of migration compared

to minocycline-treated cultures with higher levels of Cx43.
Conveying this to our organotypic cultures, the enhanced
coupling between the astroglia resulted in a loss of migratory
function and prevented the formation of the glia cover.
Additionally, there is an ongoing debate in literature about
adverse effects of high Cx43 levels after spinal cord injury
[84–86]. It seems that neurodestructive events can be
enhanced by high Cx43 levels because toxic molecules
released by dying cells can be spread via the astrocytic
network resulting in high Ca2+ entry in neurons and thus
inducing neuronal death.

In addition to the spinal cord cultures, we used spinal cord
co-cultures with a peripheral nerve graft to reconstruct the
ventral root. Motor neuron survival and axonal outgrowth after

Figure 10.  Western Blot analysis of primary glial cell cultures.  Primary glial cell cultures were incubated for 72 h with 100 µM
minocycline (+Mino). Control cells received medium without any supplement. Values in (A) are given as mean ratio of β-actin/
GAPDH density ± SD and values in (C) are given as mean ratio of Cx43/GAPDH density ± SD. (B) shows representative images of
β-actin bands of control and +Mino cells with corresponding GAPDH bands. (D) displays representative images of Cx43 bands of
control and +Mino cells with corresponding GAPDH bands. Minocycline did not change the expression of β-actin but enhanced the
expression of Cx43 compared to control cells. Statistical analysis was done with a paired Student’s t-test. A p-value ≤ 0.05 was
considered to be statistically significant and is marked with *. The number of samples was n = 7.
doi: 10.1371/journal.pone.0073422.g010
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root avulsion appeared to be supported if a nerve graft was
immediately added. Schwann cells of the nerve graft secrete
neurotrophic factors and offer a scaffold for regenerating axons
to grow into [38]. Motor neurons suffering from a proximal
injury, similar to the injury induced in this study, show
enhanced death compared to more distal injuries [54,55]. Gu et
al. [54] showed an improvement in the regeneration and
survival of motor neurons in adult rats after reimplantation of
the ventral root in a root avulsion model. However, the
functional recovery was not convincing because some animals
revealed positive electromyographies but lacked behavioral
recovery. Moreover, patients with an intraspinal brachial plexus
injury showed improvement in sensory and motor functions
with the repair of the spinal root [87]. In addition, a peripheral
nerve graft serves as a source of Schwann cells in our model.
Schwann cell transplantation has been shown to promote
axonal regeneration in spinal cord injury by creating a
permissive environment enriched in neurotrophins [56–58].
Ianotti and colleagues [88] demonstrated that the combination
of GDNF treatment and Schwann cells enhanced axonal
regeneration and remyelination more than each of the factors
alone. For this reason, we investigated whether minocycline
treatment on spinal cord co-cultures affected neuronal survival
in a similar manner to spinal cord cultures without a peripheral
nerve graft. An improved survival environment for motor
neurons due to the nerve grafting was not obvious. A
comparison of the organotypic control cultures with and without
the reconstructed ventral roots revealed no differences in the
number of surviving motor neurons (data not shown), indicating
that survival due to the GDNF supplement overlaps with the
expected effect. However, in the organotypic co-cultures
minocycline treatment reduced the number of neurons and
increased the percentage of neurite staining with anti-pan-NF.
Similar to our results obtained from the organotypic cultures
without a peripheral nerve graft, the glia cover formation was
inhibited in early/long-term minocycline treated co-cultures but
did not affect late/short-term treated co-cultures. Thus,
promotion of the regenerative environment by Schwann cells
was unable to rescue motor neuron cell death and did not
compensate for the minocycline effects on astroglia.

However, it seems that the neuroprotective effects of
minocycline may be dependent on the paradigm and the
complexity of the cell culture system employed. In comparison
with disperse cell cultures organotypic cultures have several
advantages for drug screening. Organotypic cultures maintain
their three-dimensional tissue organization in culture [45]. They
contain all cell types and maintain their cell-cell-interactions,
thereby modeling in vivo conditions to a higher degree
compared to monolayer cell cultures. The minocycline
concentrations used in this study are consistent with previous
studies. Nevertheless, organotypic cultures are of course
unable to completely model in vivo situations and diseases.
Therefore, they only can provide the first idea what minocycline
can do in vivo. Conflicting effects were also demonstrated in
several cell culture studies, which used concentrations that
varied between 10 and 100 µM. Moreover, Pi et al. [30] showed
a dose-dependent reduction in glutamate toxicity on primary
neurons that were pre-treated with minocycline. Treatment with

100 µM minocycline has been shown to prevent the formation
of the mitochondrial permeability transition pore [27] and to
affect mitochondrial function [28,36]. Most in vivo studies use
approximately 40-90 mg/kg minocycline. Studies have revealed
both neuroprotective effects of minocycline as well as negative
effects using similar concentrations. For example, Lee et al.
[18] used a starting dose of 90 mg/kg and an ongoing dose of
45 mg/kg in rats with a mild contusion spinal cord injury. Rats
showed a reduced lesion size and fewer apoptosis markers
compared to controls. Cho and colleagues [19] reported the
facilitation of motor recovery and attenuation of mechanical
hyperalgesia with an injection of 40 mg/kg minocycline after a
hemisection in rat spinal cords. A concentration of 45 mg/kg or
60 mg/kg was used by [32] and induced enhanced MPTP
toxicity in dopaminergic neurons.

However, the first results of a clinical trial with minocycline
for the treatment of spinal cord injury were recently published
[89]. Casha and colleagues monitored the serum levels of
minocycline in patients to improve the oral minocycline dose
and result in comparable serum levels similar to those used in
animal studies. For this reason, they administered a high
starting dose of 800 mg with an ongoing dose of 400 mg
minocycline and found a significant improvement in motor
score in patients with cervical injuries. The comparison
between concentrations used in vitro and in vivo is difficult
because of the distinct features of the systems. Though, in vivo
and in vitro studies may not be easily used to determine the
optimal drug concentration for human application; however,
these studies may provide clues regarding the beneficial
functions or toxicity of minocycline treatment.

Conclusion

Minocycline is an antibiotic drug that has been described to
have neuroprotective, anti-inflammatory and anti-apoptotic
effects in various models of neurodegenerative diseases.
However, conflicting results have been obtained by a number
of different studies. In our model of motor neuronal survival and
regeneration, minocycline of 10 and 100 µM failed to reveal
neuroprotective effects, but we reproduced its inhibitory effect
on microglia activation. Thus, minocycline demonstrated anti-
inflammatory function and prevented beneficial microglia
activity which is necessary for neuroprotection/-regeneration.

Moreover, minocycline impaired astroglia migration,
increased Cx43 protein expression and prevented the
formation of the glia cover on the surface of our organotypic
spinal cord slices. We speculate that minocycline also could
reduce glia scar formation in vivo. Additionally, Cx43 might be
a possible molecular target of minocycline. During the early
phase of CNS injury, reactive astroglia, which are the major
component of the glia scar, appear to have a beneficial effect in
regulating the immune response and glutamate balance.

Impairment of the functions of both glia types may be one
factor being co-responsible for the lack of neuroprotection and
contributing to the neurodegenerative effects of minocycline.
Improvement in the motor neuron environment after injury by
the addition of a peripheral nerve graft with Schwann cells did
not improve the outcome of our cultures.
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Taken together, early minocycline administration in vivo after
spinal cord injury should be reconsidered because of the
inhibition of beneficial glia functions during the acute phase of
the injury. Administration during the chronic phase with a fully
established glia scar may be more promising since minocycline
reduced the glia cover in our cultures even after glial formation.
Late/short administration of minocycline may also reduce the
inhibitory effects of the glia scar on regrowth in the chronic
injury phase.

Acknowledgements

We grateful thank Susanne Bonifatius and Leona Bück for their
excellent technical help and advice.

Author Contributions

Conceived and designed the experiments: JP HF UE GK.
Performed the experiments: JP. Analyzed the data: JP.
Contributed reagents/materials/analysis tools: HF UE GK.
Wrote the manuscript: JP HF UE GK.

References

1. McDonald JW, Sadowsky C (2002) Spinal-cord injury. Lancet 359:
417–425. doi:10.1016/S0140-6736(02)07603-1. PubMed: 11844532.

2. Donnelly DJ, Popovich PG (2008) Inflammation and its role in
neuroprotection, axonal regeneration and functional recovery after
spinal cord injury: Regeneration and Rehabilitation after Spinal Cord
Injury. Exp Neurol 209: 378–388. doi:10.1016/j.expneurol.2007.06.009.
PubMed: 17662717.

3. Schnell L, Fearn S, Klassen H, Schwab ME, Perry VH (1999) Acute
inflammatory responses to mechanical lesions in the CNS: differences
between brain and spinal cord. Eur J Neurosci 11: 3648–3658. doi:
10.1046/j.1460-9568.1999.00792.x. PubMed: 10564372.

4. Qin L, Liu Y, Cooper C, Liu B, Wilson B et al. (2002) Microglia enhance
β-amyloid peptide-induced toxicity in cortical and mesencephalic
neurons by producing reactive oxygen species. J Neurochem 83: 973–
983. doi:10.1046/j.1471-4159.2002.01210.x. PubMed: 12421370.

5. Block ML, Hong J-S (2005) Microglia and inflammation-mediated
neurodegeneration: Multiple triggers with a common mechanism. Prog
Neurobiol 76: 77–98. doi:10.1016/j.pneurobio.2005.06.004. PubMed:
16081203.

6. Loane DJ, Byrnes KR (2010) Role of microglia in neurotrauma.
Neurotherapeutics 7: 366–377. doi:10.1016/j.nurt.2010.07.002.
PubMed: 20880501.

7. Albrecht PJ, Dahl JP, Stoltzfus OK, Levenson R, Levison SW (2002)
Ciliary Neurotrophic Factor Activates Spinal Cord Astrocytes,
Stimulating Their Production and Release of Fibroblast Growth
Factor-2, to Increase Motor Neuron Survival. Exp Neurol 173: 46–62.
doi:10.1006/exnr.2001.7834. PubMed: 11771938.

8. Silver J, Miller JH (2004) Regeneration beyond the glial scar. Nat Rev
Neurosci 5: 146–156. doi:10.1038/nrn1326. PubMed: 14735117.

9. Faulkner JR, Herrmann JE, Woo MJ, Tansey KE, Doan NB et al.
(2004) Reactive Astrocytes Protect Tissue and Preserve Function after
Spinal Cord Injury. J Neurosci 24: 2143–2155. doi:10.1523/
JNEUROSCI.3547-03.2004. PubMed: 14999065.

10. White RE, Jakeman LB (2008) Don’t fence me in: Harnessing the
beneficial roles of astrocytes for spinal cord repair. Restor Neurol
Neurosci 26: 197–214. PubMed: 18820411.

11. Rolls A, Shechter R, Schwartz M (2009) The bright side of the glial scar
in CNS repair. Nat Rev Neurosci 10: 235–241. doi:10.1038/nrn2591.
PubMed: 19229242.

12. Coutts M, Keirstead HS (2008) Stem cells for the treatment of spinal
cord injury: Regeneration and Rehabilitation after Spinal Cord Injury.
Exp Neurol 209: 368–377. doi:10.1016/j.expneurol.2007.09.002.
PubMed: 17950280.

13. Kwon BK, Sekhon LH, Fehlings MG (2010) Emerging repair,
regeneration, and translational research advances for spinal cord
injury. Spine (Phila Pa 1976 35: S263-S270. PubMed: 20881470.

14. Tohda C, Kuboyama T (2011) Current and future therapeutic strategies
for functional repair of spinal cord injury. Pharmacol Ther 132: 57–71.
doi:10.1016/j.pharmthera.2011.05.006. PubMed: 21640756.

15. Yong VW, Wells J, Giuliani F, Casha S, Power C et al. (2004) The
promise of minocycline in neurology. Lancet Neurol 3: 744–751. doi:
10.1016/S1474-4422(04)00937-8. PubMed: 15556807.

16. Kim H-S, Suh Y-H (2009) Minocycline and neurodegenerative
diseases. Behav Brain Res 196: 168–179. doi:10.1016/j.bbr.
2008.09.040. PubMed: 18977395.

17. Plane JM, Shen Y, Pleasure DE, Deng W (2010) Prospects for
minocycline neuroprotection. Arch Neurol 67: 1442–1448. doi:10.1001/
archneurol.2010.191. PubMed: 20697034.

18. Lee SM, Yune TY, Kim SJ, Park DW, Lee YK et al. (2003) Minocycline
Reduces Cell Death and Improves Functional Recovery after Traumatic
Spinal Cord Injury in the Rat. J Neurotrauma 20: 1017–1027. doi:
10.1089/089771503770195867. PubMed: 14588118.

19. Cho DC, Cheong JH, Yang MS, Hwang SJ, Kim JM et al. (2011) The
effect of minocycline on motor neuron recovery and neuropathic pain in
a rat model of spinal cord injury. J Korean Neurosurg Soc 49: 83–91.
doi:10.3340/jkns.2011.49.2.83. PubMed: 21519495.

20. Wells JEA, Hurlbert RJ, Fehlings MG, Yong VW (2003)
Neuroprotection by minocycline facilitates significant recovery from
spinal cord injury in mice. Brain 126: 1628–1637. doi:10.1093/brain/
awg178. PubMed: 12805103.

21. Nikodemova M, Watters JJ, Jackson SJ, Yang SK, Duncan ID (2007)
Minocycline Down-regulates MHC II Expression in Microglia and
Macrophages through Inhibition of IRF-1 and Protein Kinase C (PKC)/
betaII. J Biol Chem 282: 15208–15216. doi:10.1074/jbc.M611907200.
PubMed: 17395590.

22. Tikka T, Fiebich BL, Goldsteins G, Keinanen R, Koistinaho J (2001)
Minocycline, a Tetracycline Derivative, Is Neuroprotective against
Excitotoxicity by Inhibiting Activation and Proliferation of Microglia. J
Neurosci 21: 2580–2588. PubMed: 11306611.

23. Cui Y, Liao X-X, Liu W, Guo R-X, Wu Z-Z et al. (2008) A novel role of
minocycline: Attenuating morphine antinociceptive tolerance by
inhibition of p38 MAPK in the activated spinal microglia. Brain Behav
Immun 22: 114–123. doi:10.1016/j.bbi.2007.07.014. PubMed:
17919885.

24. Nutile-McMenemy N, Elfenbein A, DeLeo JA (2007) Minocycline
decreases in vitro microglial motility, β 1 -integrin, and Kv1.3 channel
expression. J Neurochem 103: 2035–2046. doi:10.1111/j.
1471-4159.2007.04889.x. PubMed: 17868321.

25. Silva Bastos LF, Pinheiro de Oliveira AC, Magnus Schlachetzki JC,
Fiebich BL (2011) Minocycline reduces prostaglandin E synthase
expression and 8-isoprostane formation in LPS-activated primary rat
microglia. Immunopharmacol Immunotoxicol 33: 576-580. doi:
10.3109/08923973.2010.544659. PubMed: 21226556.

26. Machado LS, Kozak A, Ergul A, Hess DC, Borlongan CV et al. (2006)
Delayed minocycline inhibits ischemia-activated matrix
metalloproteinases 2 and 9 after experimental stroke. BMC Neurosci 7:
56. doi:10.1186/1471-2202-7-56. PubMed: 16846501.

27. Gieseler A, Schultze AT, Kupsch K, Haroon MF, Wolf G et al. (2009)
Inhibitory modulation of the mitochondrial permeability transition by
minocycline. Biochem Pharmacol 77: 888–896. doi:10.1016/j.bcp.
2008.11.003. PubMed: 19041852.

28. Garcia-Martinez EM, Sanz-Blasco S, Karachitos A, Bandez MJ,
Fernandez-Gomez FJ et al. (2010) Mitochondria and calcium flux as
targets of neuroprotection caused by minocycline in cerebellar granule
cells. Biochem Pharmacol 79: 239–250. doi:10.1016/j.bcp.2009.07.028.
PubMed: 19682437.

29. Chen-Roetling J, Chen L, Regan RF (2009) Minocycline attenuates iron
neurotoxicity in cortical cell cultures. Biochem Biophys Res Commun
386: 322–326. doi:10.1016/j.bbrc.2009.06.026. PubMed: 19523448.

30. Pi R, Li W, Lee NTK, Chan HHN, Pu Y et al. (2004) Minocycline
prevents glutamate-induced apoptosis of cerebellar granule neurons by

Minocycline Impairs Motor Neuronal Survival

PLOS ONE | www.plosone.org 20 August 2013 | Volume 8 | Issue 8 | e73422

http://dx.doi.org/10.1016/S0140-6736(02)07603-1
http://www.ncbi.nlm.nih.gov/pubmed/11844532
http://dx.doi.org/10.1016/j.expneurol.2007.06.009
http://www.ncbi.nlm.nih.gov/pubmed/17662717
http://dx.doi.org/10.1046/j.1460-9568.1999.00792.x
http://www.ncbi.nlm.nih.gov/pubmed/10564372
http://dx.doi.org/10.1046/j.1471-4159.2002.01210.x
http://www.ncbi.nlm.nih.gov/pubmed/12421370
http://dx.doi.org/10.1016/j.pneurobio.2005.06.004
http://www.ncbi.nlm.nih.gov/pubmed/16081203
http://dx.doi.org/10.1016/j.nurt.2010.07.002
http://www.ncbi.nlm.nih.gov/pubmed/20880501
http://dx.doi.org/10.1006/exnr.2001.7834
http://www.ncbi.nlm.nih.gov/pubmed/11771938
http://dx.doi.org/10.1038/nrn1326
http://www.ncbi.nlm.nih.gov/pubmed/14735117
http://dx.doi.org/10.1523/JNEUROSCI.3547-03.2004
http://dx.doi.org/10.1523/JNEUROSCI.3547-03.2004
http://www.ncbi.nlm.nih.gov/pubmed/14999065
http://www.ncbi.nlm.nih.gov/pubmed/18820411
http://dx.doi.org/10.1038/nrn2591
http://www.ncbi.nlm.nih.gov/pubmed/19229242
http://dx.doi.org/10.1016/j.expneurol.2007.09.002
http://www.ncbi.nlm.nih.gov/pubmed/17950280
http://www.ncbi.nlm.nih.gov/pubmed/20881470
http://dx.doi.org/10.1016/j.pharmthera.2011.05.006
http://www.ncbi.nlm.nih.gov/pubmed/21640756
http://dx.doi.org/10.1016/S1474-4422(04)00937-8
http://www.ncbi.nlm.nih.gov/pubmed/15556807
http://dx.doi.org/10.1016/j.bbr.2008.09.040
http://dx.doi.org/10.1016/j.bbr.2008.09.040
http://www.ncbi.nlm.nih.gov/pubmed/18977395
http://dx.doi.org/10.1001/archneurol.2010.191
http://dx.doi.org/10.1001/archneurol.2010.191
http://www.ncbi.nlm.nih.gov/pubmed/20697034
http://dx.doi.org/10.1089/089771503770195867
http://www.ncbi.nlm.nih.gov/pubmed/14588118
http://dx.doi.org/10.3340/jkns.2011.49.2.83
http://www.ncbi.nlm.nih.gov/pubmed/21519495
http://dx.doi.org/10.1093/brain/awg178
http://dx.doi.org/10.1093/brain/awg178
http://www.ncbi.nlm.nih.gov/pubmed/12805103
http://dx.doi.org/10.1074/jbc.M611907200
http://www.ncbi.nlm.nih.gov/pubmed/17395590
http://www.ncbi.nlm.nih.gov/pubmed/11306611
http://dx.doi.org/10.1016/j.bbi.2007.07.014
http://www.ncbi.nlm.nih.gov/pubmed/17919885
http://dx.doi.org/10.1111/j.1471-4159.2007.04889.x
http://dx.doi.org/10.1111/j.1471-4159.2007.04889.x
http://www.ncbi.nlm.nih.gov/pubmed/17868321
http://dx.doi.org/10.3109/08923973.2010.544659
http://www.ncbi.nlm.nih.gov/pubmed/21226556
http://dx.doi.org/10.1186/1471-2202-7-56
http://www.ncbi.nlm.nih.gov/pubmed/16846501
http://dx.doi.org/10.1016/j.bcp.2008.11.003
http://dx.doi.org/10.1016/j.bcp.2008.11.003
http://www.ncbi.nlm.nih.gov/pubmed/19041852
http://dx.doi.org/10.1016/j.bcp.2009.07.028
http://www.ncbi.nlm.nih.gov/pubmed/19682437
http://dx.doi.org/10.1016/j.bbrc.2009.06.026
http://www.ncbi.nlm.nih.gov/pubmed/19523448


differential regulation of p38 and Akt pathways. J Neurochem 91:
1219–1230. doi:10.1111/j.1471-4159.2004.02796.x. PubMed:
15569265.

31. Guo G, Bhat NR (2007) p38alpha MAP kinase mediates hypoxia-
induced motor neuron cell death: a potential target of minocycline’s
neuroprotective action. Neurochem Res 32: 2160–2166. doi:10.1007/
s11064-007-9408-8. PubMed: 17594516.

32. Yang L, Sugama S, Chirichigno JW, Gregorio J, Lorenzl S et al. (2003)
Minocycline enhances MPTP toxicity to dopaminergic neurons. J
Neurosci Res 74: 278–285. doi:10.1002/jnr.10709. PubMed: 14515357.

33. Diguet E, Fernagut P-O, Wei X, Du Y, Rouland R et al. (2004)
Deleterious effects of minocycline in animal models of Parkinson’s
disease and Huntington’s disease. Eur J Neurosci 19: 3266–3276. doi:
10.1111/j.0953-816X.2004.03372.x. PubMed: 15217383.

34. Matsukawa N, Yasuhara T, Hara K, Xu L, Maki M et al. (2009)
Therapeutic targets and limits of minocycline neuroprotection in
experimental ischemic stroke. BMC Neurosci 10: 126. doi:
10.1186/1471-2202-10-S1-P126. PubMed: 19807907.

35. Keller AF, Gravel M, Kriz J (2011) Treatment with minocycline after
disease onset alters astrocyte reactivity and increases microgliosis in
SOD1 mutant mice. Exp Neurol 228: 69–79. doi:10.1016/j.expneurol.
2010.12.010. PubMed: 21168408.

36. Kupsch K, Hertel S, Kreutzmann P, Wolf G, Wallesch C-W et al. (2009)
Impairment of mitochondrial function by minocycline. FEBS J 276:
1729–1738. doi:10.1111/j.1742-4658.2009.06904.x. PubMed:
19243427.

37. Keilhoff G, Langnaese K, Wolf G, Fansa H (2007) Inhibiting effect of
minocycline on the regeneration of peripheral nerves. Dev Neurobiol
67: 1382–1395. doi:10.1002/dneu.20384. PubMed: 17638380.

38. Haninec P, Dubový P, Šámal F, Houstava L, Stejskal L (2004)
Reinnervation of the rat musculocutaneous nerve stump after its direct
reconnection with the C5 spinal cord segment by the nerve graft
following avulsion of the ventral spinal roots: a comparison of
intrathecal administration of brain-derived neurotrophic factor and
Cerebrolysin. Exp Brain Res 159: 425–432. doi:10.1007/
s00221-004-1969-z. PubMed: 15351925.

39. Keilhoff G, Schild L, Fansa H (2008) Minocycline protects Schwann
cells from ischemia-like injury and promotes axonal outgrowth in
bioartificial nerve grafts lacking Wallerian degeneration. Exp Neurol
212: 189–200. doi:10.1016/j.expneurol.2008.03.028. PubMed:
18501894.

40. Haroon MF, Fatima A, Schöler S, Gieseler A, Horn TFW et al. (2007)
Minocycline, a possible neuroprotective agent in Leber’s hereditary
optic neuropathy (LHON): Studies of cybrid cells bearing 11778
mutation. Neurobiol Dis 28: 237–250. doi:10.1016/j.nbd.2007.07.021.
PubMed: 17822909.

41. Kwon BK, Okon E, Hillyer J, Mann C, Baptiste D et al. (2011) A
systematic review of non-invasive pharmacologic neuroprotective
treatments for acute spinal cord injury. J Neurotrauma 28: 1545-1588.
doi:10.1089/neu.2009.1149. PubMed: 20146558.

42. Vyas A, Li Z, Aspalter M, Feiner J, Hoke A et al. (2010) An in vitro
model of adult mammalian nerve repair: Regeneration in the Peripheral
Nervous System. Exp Neurol 223: 112–118. doi:10.1016/j.expneurol.
2009.05.022. PubMed: 19464291.

43. Rakowicz WP, Staples CS, Milbrandt J, Brunstrom JE, Johnson EM
(2002) Glial Cell Line-Derived Neurotrophic Factor Promotes the
Survival of Early Postnatal Spinal Motor Neurons in the Lateral and
Medial Motor Columns in Slice Culture. J Neurosci 22: 3953–3962.
PubMed: 12019314.

44. Pinkernelle J, Calatayud P, Goya GF, Fansa H, Keilhoff G (2012)
Magnetic nanoparticles in primary neural cell cultures are mainly taken
up by microglia. BMC Neurosci 13: 32. doi:10.1186/1471-2202-13-S1-
P32. PubMed: 22439862.

45. Stavridis SI, Dehghani F, Korf H-W, Hailer NP (2005) Characterisation
of transverse slice culture preparations of postnatal rat spinal cord:
preservation of defined neuronal populations. Histochem Cell Biol 123:
377–392. doi:10.1007/s00418-004-0743-4. PubMed: 15889271.

46. Watson C, Paxinos G, Kayalioglu G (2009) The spinal cord: A
Christopher and Dana Reeve Foundation text and atlas. 1st ed.
Amsterdam, Boston: Elsevier/Academic Press.

47. McCarthy KD, Vellis (1980) Preparation of separate astroglial and
oligodendroglial cell cultures from rat cerebral tissue. J Cell Biol 85:
890–902. doi:10.1083/jcb.85.3.890. PubMed: 6248568.

48. Kimelberg HK (1983) Primary astrocyte cultures? a key to astrocyte
function. Cell Mol Neurobiol 3: 1–16. doi:10.1007/BF00734994.
PubMed: 6136326.

49. Hansson E (1986) Primary astroglial cultures. Neurochem Res 11:
759–767. doi:10.1007/BF00965202. PubMed: 2874512.

50. Hayon T, Dvilansky A, Shpilberg O, Nathan I (2003) Appraisal of the
MTT-based assay as a useful tool for predicting drug chemosensitivity
in leukemia. Leuk Lymphoma 44: 1957-1962. doi:
10.1080/1042819031000116607. PubMed: 14738150.

51. Sumantran VN (2011) Cellular chemosensitivity assays: an overview.
Methods Mol Biol 731: 219-236. doi:10.1007/978-1-61779-080-5_19.
PubMed: 21516411.

52. Saadoun S, Papadopoulos MC, Watanabe H, Yan D, Manley GT et al.
(2005) Involvement of aquaporin-4 in astroglial cell migration and glial
scar formation. J Cell Sci 118: 5691–5698. doi:10.1242/jcs.02680.
PubMed: 16303850.

53. Stoppini L, Buchs PA, Muller D (1991) A simple method for organotypic
cultures of nervous tissue. J Neurosci Methods 37: 173-182. doi:
10.1016/0165-0270(91)90128-M. PubMed: 1715499.

54. Gu H-Y, Chai H, Zhang J-Y, Yao Z-B, Zhou L-H et al. (2004) Survival,
regeneration and functional recovery of motoneurons in adult rats by
reimplantation of ventral root following spinal root avulsion. Eur J
Neurosci 19: 2123–2131. doi:10.1111/j.0953-816X.2004.03295.x.
PubMed: 15090039.

55. Novikov LN, Novikova LN, Mosahebi A, Wiberg M, Terenghi G et al.
(2002) A novel biodegradable implant for neuronal rescue and
regeneration after spinal cord injury. Biomaterials 23: 3369–3376. doi:
10.1016/S0142-9612(02)00037-6. PubMed: 12099279.

56. Takami T, Oudega M, Bates ML, Wood PM, Kleitman N et al. (2002)
Schwann Cell But Not Olfactory Ensheathing Glia Transplants Improve
Hindlimb Locomotor Performance in the Moderately Contused Adult
Rat Thoracic Spinal Cord. J Neurosci 22: 6670–6681. PubMed:
12151546.

57. Chen Z-L, Yu W-M, Strickland S (2007) Peripheral regeneration. Annu
Rev Neurosci 30: 209–233. doi:10.1146/annurev.neuro.
30.051606.094337. PubMed: 17341159.

58. Fortun J, Hill CE, Bunge MB (2009) Combinatorial strategies with
Schwann cell transplantation to improve repair of the injured spinal
cord: Cell Based Approaches for CNS Repair. Neurosci Lett 456: 124–
132. doi:10.1016/j.neulet.2008.08.092. PubMed: 19429147.

59. Kashihara Y, Kuno M, Miyata Y (1987) Cell death of axotomized
motoneurones in neonatal rats, and its prevention by peripheral
reinnervation. J Physiol 386: 135–148. PubMed: 3681703.

60. Li L, Oppenheim RW, Lei M, Houenou LJ (1994) Neurotrophic agents
prevent motoneuron death following sciatic nerve section in the
neonatal mouse. J Neurobiol 25: 759–766. doi:10.1002/neu.
480250702. PubMed: 8089654.

61. Rossiter JP, Riopelle RJ, Bisby MA (1996) Axotomy-Induced Apoptotic
Cell Death of Neonatal Rat Facial Motoneurons: Time Course Analysis
and Relation to NADPH-Diaphorase Activity. Exp Neurol 138: 33–44.
doi:10.1006/exnr.1996.0044. PubMed: 8593894.

62. Eggers R, Tannemaat MR, Ehlert EM, Verhaagen J (2010) A spatio-
temporal analysis of motoneuron survival, axonal regeneration and
neurotrophic factor expression after lumbar ventral root avulsion and
implantation: Regeneration in the Peripheral Nervous System. Exp
Neurol 223: 207–220. doi:10.1016/j.expneurol.2009.07.021. PubMed:
19646436.

63. Chechneva O, Dinkel K, Cavaliere F, Martinez-Sanchez M, Reymann
KG (2006) Anti-inflammatory treatment in oxygen–glucose-deprived
hippocampal slice cultures is neuroprotective and associated with
reduced cell proliferation and intact neurogenesis. Neurobiol Dis 23:
247–259. doi:10.1016/j.nbd.2006.02.015. PubMed: 16733089.

64. Bastos LFS, Merlo LA, Rocha LTS, Coelho MM (2007) Characterization
of the antinociceptive and anti-inflammatory activities of doxycycline
and minocycline in different experimental models. Eur J Pharmacol
576: 171–179. doi:10.1016/j.ejphar.2007.07.049. PubMed: 17719028.

65. Vargas ME, Barres BA (2007) Why Is Wallerian Degeneration in the
CNS So Slow?. Annu Rev Neurosci 30: 153–179. doi:10.1146/
annurev.neuro.30.051606.094354. PubMed: 17506644.

66. Kigerl KA, Gensel JC, Ankeny DP, Alexander JK, Donnelly DJ et al.
(2009) Identification of Two Distinct Macrophage Subsets with
Divergent Effects Causing either Neurotoxicity or Regeneration in the
Injured Mouse Spinal Cord. J Neurosci 29: 13435–13444. doi:10.1523/
JNEUROSCI.3257-09.2009. PubMed: 19864556.

67. Toku K, Tanaka J, Yano H, Desaki J, Zhang B et al. (1998) Microglial
cells prevent nitric oxide-induced neuronal apoptosis in vitro. J
Neurosci Res 53: 415–425. doi:10.1002/
(SICI)1097-4547(19980815)53:4. PubMed: 9710261.

68. Neumann J, Gunzer M, Gutzeit HO, Ullrich O, Reymann KG et al.
(2006) Microglia provide neuroprotection after ischemia. FASEB J 20:
714–716. PubMed: 16473887.

69. Cui W, Allen ND, Skynner M, Gusterson B, Clark AJ (2001) Inducible
ablation of astrocytes shows that these cells are required for neuronal

Minocycline Impairs Motor Neuronal Survival

PLOS ONE | www.plosone.org 21 August 2013 | Volume 8 | Issue 8 | e73422

http://dx.doi.org/10.1111/j.1471-4159.2004.02796.x
http://www.ncbi.nlm.nih.gov/pubmed/15569265
http://dx.doi.org/10.1007/s11064-007-9408-8
http://dx.doi.org/10.1007/s11064-007-9408-8
http://www.ncbi.nlm.nih.gov/pubmed/17594516
http://dx.doi.org/10.1002/jnr.10709
http://www.ncbi.nlm.nih.gov/pubmed/14515357
http://dx.doi.org/10.1111/j.0953-816X.2004.03372.x
http://www.ncbi.nlm.nih.gov/pubmed/15217383
http://dx.doi.org/10.1186/1471-2202-10-S1-P126
http://www.ncbi.nlm.nih.gov/pubmed/19807907
http://dx.doi.org/10.1016/j.expneurol.2010.12.010
http://dx.doi.org/10.1016/j.expneurol.2010.12.010
http://www.ncbi.nlm.nih.gov/pubmed/21168408
http://dx.doi.org/10.1111/j.1742-4658.2009.06904.x
http://www.ncbi.nlm.nih.gov/pubmed/19243427
http://dx.doi.org/10.1002/dneu.20384
http://www.ncbi.nlm.nih.gov/pubmed/17638380
http://dx.doi.org/10.1007/s00221-004-1969-z
http://dx.doi.org/10.1007/s00221-004-1969-z
http://www.ncbi.nlm.nih.gov/pubmed/15351925
http://dx.doi.org/10.1016/j.expneurol.2008.03.028
http://www.ncbi.nlm.nih.gov/pubmed/18501894
http://dx.doi.org/10.1016/j.nbd.2007.07.021
http://www.ncbi.nlm.nih.gov/pubmed/17822909
http://dx.doi.org/10.1089/neu.2009.1149
http://www.ncbi.nlm.nih.gov/pubmed/20146558
http://dx.doi.org/10.1016/j.expneurol.2009.05.022
http://dx.doi.org/10.1016/j.expneurol.2009.05.022
http://www.ncbi.nlm.nih.gov/pubmed/19464291
http://www.ncbi.nlm.nih.gov/pubmed/12019314
http://dx.doi.org/10.1186/1471-2202-13-S1-P32
http://dx.doi.org/10.1186/1471-2202-13-S1-P32
http://www.ncbi.nlm.nih.gov/pubmed/22439862
http://dx.doi.org/10.1007/s00418-004-0743-4
http://www.ncbi.nlm.nih.gov/pubmed/15889271
http://dx.doi.org/10.1083/jcb.85.3.890
http://www.ncbi.nlm.nih.gov/pubmed/6248568
http://dx.doi.org/10.1007/BF00734994
http://www.ncbi.nlm.nih.gov/pubmed/6136326
http://dx.doi.org/10.1007/BF00965202
http://www.ncbi.nlm.nih.gov/pubmed/2874512
http://dx.doi.org/10.1080/1042819031000116607
http://www.ncbi.nlm.nih.gov/pubmed/14738150
http://dx.doi.org/10.1007/978-1-61779-080-5_19
http://www.ncbi.nlm.nih.gov/pubmed/21516411
http://dx.doi.org/10.1242/jcs.02680
http://www.ncbi.nlm.nih.gov/pubmed/16303850
http://dx.doi.org/10.1016/0165-0270(91)90128-M
http://www.ncbi.nlm.nih.gov/pubmed/1715499
http://dx.doi.org/10.1111/j.0953-816X.2004.03295.x
http://www.ncbi.nlm.nih.gov/pubmed/15090039
http://dx.doi.org/10.1016/S0142-9612(02)00037-6
http://www.ncbi.nlm.nih.gov/pubmed/12099279
http://www.ncbi.nlm.nih.gov/pubmed/12151546
http://dx.doi.org/10.1146/annurev.neuro.30.051606.094337
http://dx.doi.org/10.1146/annurev.neuro.30.051606.094337
http://www.ncbi.nlm.nih.gov/pubmed/17341159
http://dx.doi.org/10.1016/j.neulet.2008.08.092
http://www.ncbi.nlm.nih.gov/pubmed/19429147
http://www.ncbi.nlm.nih.gov/pubmed/3681703
http://dx.doi.org/10.1002/neu.480250702
http://dx.doi.org/10.1002/neu.480250702
http://www.ncbi.nlm.nih.gov/pubmed/8089654
http://dx.doi.org/10.1006/exnr.1996.0044
http://www.ncbi.nlm.nih.gov/pubmed/8593894
http://dx.doi.org/10.1016/j.expneurol.2009.07.021
http://www.ncbi.nlm.nih.gov/pubmed/19646436
http://dx.doi.org/10.1016/j.nbd.2006.02.015
http://www.ncbi.nlm.nih.gov/pubmed/16733089
http://dx.doi.org/10.1016/j.ejphar.2007.07.049
http://www.ncbi.nlm.nih.gov/pubmed/17719028
http://dx.doi.org/10.1146/annurev.neuro.30.051606.094354
http://dx.doi.org/10.1146/annurev.neuro.30.051606.094354
http://www.ncbi.nlm.nih.gov/pubmed/17506644
http://dx.doi.org/10.1523/JNEUROSCI.3257-09.2009
http://dx.doi.org/10.1523/JNEUROSCI.3257-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19864556
http://dx.doi.org/10.1002/(SICI)1097-4547(19980815)53:4
http://dx.doi.org/10.1002/(SICI)1097-4547(19980815)53:4
http://www.ncbi.nlm.nih.gov/pubmed/9710261
http://www.ncbi.nlm.nih.gov/pubmed/16473887


survival in the adult brain. Glia 34: 272–282. doi:10.1002/glia.1061.
PubMed: 11360300.

70. Chen Y, Vartiainen NE, Ying W, Chan PH, Koistinaho J et al. (2001)
Astrocytes protect neurons from nitric oxide toxicity by a glutathione-
dependent mechanism. J Neurochem 77: 1601–1610. doi:10.1046/j.
1471-4159.2001.00374.x. PubMed: 11413243.

71. Schwartz JP, Nishiyama N (1994) Neurotrophic factor gene expression
in astrocytes during development and following injury. Brain. Res Bull
35: 403–407. doi:10.1016/0361-9230(94)90151-1.

72. Bush TG, Puvanachandra N, Horner CH, Polito A, Ostenfeld T et al.
(1999) Leukocyte Infiltration, Neuronal Degeneration, and Neurite
Outgrowth after Ablation of Scar-Forming, Reactive Astrocytes in Adult
Transgenic Mice. Neuron 23: 297–308. doi:10.1016/
S0896-6273(00)80781-3. PubMed: 10399936.

73. Almazin SM, Dziak R, Andreana S, Ciancio SG (2009) The Effect of
Doxycycline Hyclate, Chlorhexidine Gluconate, and Minocycline
Hydrochloride on Osteoblastic Proliferation and Differentiation In Vitro.
J Periodontol 80: 999–1005. doi:10.1902/jop.2009.080574. PubMed:
19485832.

74. Yao JS, Shen F, Young WL, Yang G-Y (2007) Comparison of
doxycycline and minocycline in the inhibition of VEGF-induced smooth
muscle cell migration. Neurochem Int 50: 524–530. doi:10.1016/
j.neuint.2006.10.008. PubMed: 17145119.

75. Gomes PS, Fernandes MH (2007) Effect of therapeutic levels of
doxycycline and minocycline in the proliferation and differentiation of
human bone marrow osteoblastic cells. Arch Oral Biol 52: 251–259.
doi:10.1016/j.archoralbio.2006.10.005. PubMed: 17141175.

76. Sáez JC, Schalper KA, Retamal MA, Orellana JA, Shoji KF et al. (2010)
Cell membrane permeabilization via connexin hemichannels in living
and dying cells. Exp Cell Res 316: 2377–2389. doi:10.1016/j.yexcr.
2010.05.026. PubMed: 20595004.

77. Kielian T (2008) Glial connexins and gap junctions in CNS inflammation
and disease. J Neurochem 106: 1000–1016. doi:10.1111/j.
1471-4159.2008.05405.x. PubMed: 18410504.

78. Nagy JI, Rash JE (2000) Connexins and gap junctions of astrocytes
and oligodendrocytes in the CNS. Brain Res Rev 1: 29–44.

79. Rouach N, Calvo C-F, Glowinski J, Giaume C (2002) Brain
macrophages inhibit gap junctional communication and downregulate

connexin 43 expression in cultured astrocytes. Eur J Neurosci 15: 403–
407. doi:10.1046/j.0953-816x.2001.01868.x. PubMed: 11849308.

80. Faustmann PM, Haase CG, Romberg S, Hinkerohe D, Szlachta D et al.
(2003) Microglia activation influences dye coupling and Cx43
expression of the astrocytic network. Glia 42: 101–108. doi:10.1002/
glia.10141. PubMed: 12655594.

81. Retamal MA, Froger N, Palacios-Prado N, Ezan P, Sáez PJ et al.
(2007) Cx43 Hemichannels and Gap Junction Channels in Astrocytes
Are Regulated Oppositely by Proinflammatory Cytokines Released
from Activated Microglia. J Neurosci 27: 13781–13792. doi:10.1523/
JNEUROSCI.2042-07.2007. PubMed: 18077690.

82. McDonough WS, Johansson A, Joffee H, Giese A, Berens ME (1999)
Gap junction intercellular communication in gliomas is inversely related
to cell motility. Int J Dev Neurosci 17: 601–611. doi:10.1016/
S0736-5748(99)00024-6. PubMed: 10571421.

83. Homkajorn B, Sims NR, Muyderman H (2010) Connexin 43 regulates
astrocytic migration and proliferation in response to injury. Neurosci
Lett 486: 197–201. doi:10.1016/j.neulet.2010.09.051. PubMed:
20869426.

84. Cronin M, Anderson PN, Cook JE, Green CR, Becker DL (2008)
Blocking connexin 43 expression reduces inflammation and improves
functional recovery after spinal cord injury. Moll Cell Neurosci 39:
152-160. doi:10.1016/j.mcn.2008.06.005. PubMed: 18617007.

85. Chew SSL, Johnson CS, Green CR, Danesh-Meyer HV (2010) Role of
connexin 43 in central nervous system injury. Exp Neurol 225: 250-261.
doi:10.1016/j.expneurol.2010.07.014. PubMed: 20655909.

86. Orellana JA, von Bernhardi R, Giaume C, Sáez JC (2012) Glial
hemichannels and their involvement in aging and neurodegenerative
diseases. Rev Neurosci 23: 163-177. PubMed: 22499675.

87. Carlstedt T, Anand P, Hallin R, Misra PV, Norén G et al. (2000) Spinal
nerve root repair and reimplantation of avulsed ventral roots into the
spinal cord after brachial plexus injury. J Neurosurg 93: 237–247. doi:
10.3171/jns.2000.93.2.0237. PubMed: 11012054.

88. Iannotti C, Li H, Yan P, Lu X, Wirthlin L et al. (2003) Glial cell line-
derived neurotrophic factor-enriched bridging transplants promote
propriospinal axonal regeneration and enhance myelination after spinal
cord injury. Exp Neurol 183: 379–393. doi:10.1016/
S0014-4886(03)00188-2. PubMed: 14552879.

89. Casha S, Zygun D, McGowan MD, Bains I, Yong VW et al. (2012)
Results of a phase II placebo-controlled randomized trial of minocycline
in acute spinal cord injury. Brain 4: 1224–1236.

Minocycline Impairs Motor Neuronal Survival

PLOS ONE | www.plosone.org 22 August 2013 | Volume 8 | Issue 8 | e73422

http://dx.doi.org/10.1002/glia.1061
http://www.ncbi.nlm.nih.gov/pubmed/11360300
http://dx.doi.org/10.1046/j.1471-4159.2001.00374.x
http://dx.doi.org/10.1046/j.1471-4159.2001.00374.x
http://www.ncbi.nlm.nih.gov/pubmed/11413243
http://dx.doi.org/10.1016/0361-9230(94)90151-1
http://dx.doi.org/10.1016/S0896-6273(00)80781-3
http://dx.doi.org/10.1016/S0896-6273(00)80781-3
http://www.ncbi.nlm.nih.gov/pubmed/10399936
http://dx.doi.org/10.1902/jop.2009.080574
http://www.ncbi.nlm.nih.gov/pubmed/19485832
http://dx.doi.org/10.1016/j.neuint.2006.10.008
http://dx.doi.org/10.1016/j.neuint.2006.10.008
http://www.ncbi.nlm.nih.gov/pubmed/17145119
http://dx.doi.org/10.1016/j.archoralbio.2006.10.005
http://www.ncbi.nlm.nih.gov/pubmed/17141175
http://dx.doi.org/10.1016/j.yexcr.2010.05.026
http://dx.doi.org/10.1016/j.yexcr.2010.05.026
http://www.ncbi.nlm.nih.gov/pubmed/20595004
http://dx.doi.org/10.1111/j.1471-4159.2008.05405.x
http://dx.doi.org/10.1111/j.1471-4159.2008.05405.x
http://www.ncbi.nlm.nih.gov/pubmed/18410504
http://dx.doi.org/10.1046/j.0953-816x.2001.01868.x
http://www.ncbi.nlm.nih.gov/pubmed/11849308
http://dx.doi.org/10.1002/glia.10141
http://dx.doi.org/10.1002/glia.10141
http://www.ncbi.nlm.nih.gov/pubmed/12655594
http://dx.doi.org/10.1523/JNEUROSCI.2042-07.2007
http://dx.doi.org/10.1523/JNEUROSCI.2042-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/18077690
http://dx.doi.org/10.1016/S0736-5748(99)00024-6
http://dx.doi.org/10.1016/S0736-5748(99)00024-6
http://www.ncbi.nlm.nih.gov/pubmed/10571421
http://dx.doi.org/10.1016/j.neulet.2010.09.051
http://www.ncbi.nlm.nih.gov/pubmed/20869426
http://dx.doi.org/10.1016/j.mcn.2008.06.005
http://www.ncbi.nlm.nih.gov/pubmed/18617007
http://dx.doi.org/10.1016/j.expneurol.2010.07.014
http://www.ncbi.nlm.nih.gov/pubmed/20655909
http://www.ncbi.nlm.nih.gov/pubmed/22499675
http://dx.doi.org/10.3171/jns.2000.93.2.0237
http://www.ncbi.nlm.nih.gov/pubmed/11012054
http://dx.doi.org/10.1016/S0014-4886(03)00188-2
http://dx.doi.org/10.1016/S0014-4886(03)00188-2
http://www.ncbi.nlm.nih.gov/pubmed/14552879

	Prolonged Minocycline Treatment Impairs Motor Neuronal Survival and Glial Function in Organotypic Rat Spinal Cord Cultures
	Introduction
	Material and Methods
	Animals
	Minocycline
	Preparation of organotypic cultures
	Minocycline intervention
	Primary dispersed glial cultures

	Results
	Minocycline influenced the survival of motor neurons and the activity of glial cells in organotypic spinal cord cultures
	Minocycline influenced the survival of motor neurons and the activity of glial cells in organotypic spinal cord-nerve graft co-cultures
	Minocycline influenced the functional activity of primary glial cultures

	Discussion
	Conclusion
	Acknowledgements
	References


