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Minocycline Alleviates Death of Oligodendrocytes by
Inhibiting Pro-Nerve Growth Factor Production in Microglia

after Spinal Cord Injury
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Spinal cord injury (SCI) causes a permanent neurological disability, and no satisfactory treatment is currently available. After SCI,
pro-nerve growth factor (proNGF) is known to play a pivotal role in apoptosis of oligodendrocytes, but the cell types producing proNGF
and the signaling pathways involved in proNGF production are primarily unknown. Here, we show that minocycline improves functional
recovery after SCI in part by reducing apoptosis of oligodendrocytes via inhibition of proNGF production in microglia. After SCI, the
stress-responsive p38 mitogen-activated protein kinase (p38MAPK) was activated only in microglia, and proNGF was produced by
microglia via the p38MAPK-mediated pathway. Minocycline treatment significantly reduced proNGF production in microglia in vitro
and in vivo by inhibition of the phosphorylation of p38MAPK. Furthermore, minocycline treatment inhibited p75 neurotrophin receptor
expression and RhoA activation after injury. Finally, minocycline treatment inhibited oligodendrocyte death and improved functional
recovery after SCL. These results suggest that minocycline may represent a potential therapeutic agent for acute SCI in humans.
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Introduction

Traumatic spinal cord injury (SCI) induces massive cell death,
leading to permanent neurological deficits. Besides the immedi-
ate cell death occurring after SCI (Balentine, 1978), apoptosis
contributes to a delayed, prolonged death of neurons and oligo-
dendrocytes, causing progressive degeneration of the spinal cord
(Croweetal., 1997; Liu et al., 1997; Shuman et al., 1997; Emery et
al., 1998; Yong et al., 1998). In particular, many apoptotic oligo-
dendrocytes are found in the white matter along fiber tracts un-
dergoing Wallerian degeneration after SCI (Shuman et al., 1997),
and this apoptosis ultimately contributes to chronic demyelina-
tion and spinal cord dysfunction (Li et al., 1996; Beattie et al.,
2000; Warden et al., 2001).

Although nerve growth factor (NGF) plays an important role
in neuronal survival and differentiation through activation of the
tyrosine kinase receptor A (TrkA), it also stimulates neuronal
death through the p75 neurotrophin receptor (p75™"%)-
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mediated signaling pathway (Majdan and Miller, 1999; Barrett,
2000; Friedman, 2000; Lee et al., 2001; Miller and Kaplan, 2001).
In the absence of TrkA, NGF also induces the apoptotic cell death
of oligodendrocytes via low-affinity p75™"®, contributing to de-
myelination (Casaccia-Bonnefil et al., 1996). Recent reports show
that proNGF binds with high affinity to p75~™ preferentially
over TrkA, which leads to apoptosis of oligodendrocytes and neu-
rons even in the presence of TrkA (Lee et al., 2001; Beattie et al.,
2002). Both NGF and proNGF expression are increased by a va-
riety of pathological conditions that are also known to induce
expression of p75 NTR (Bengzon et al., 1992; Fahnestock et al.,
2001; Widenfalk et al., 2001; Beattie et al., 2002). proNGF is in-
creased and induces p75 ™ "*-mediated apoptosis of oligodendro-
cytes after SCI (Beattie et al., 2002). Although NGF mRNA and
protein are expressed in a variety of cell types after SCI (Krenz
and Weaver, 2000; Widenfalk et al., 2001; Brown et al., 2004), it is
not yet known which cell types express the proNGF, contributing
to the death of oligodendrocytes after injury.

Minocycline, a derivative of tetracycline, has been shown to
mediate neuroprotection in experimental models of CNS injury
and neurodegenerative diseases (Yrjanheikki et al., 1998; Chen et
al., 2000; Du et al., 2001; Sanchez Mejia et al., 2001; Wu et al.,
2002; Zhu et al., 2002; Lee et al., 2003). Minocycline is also known
to provide neuroprotection against 6-hydroxydopamine-,
glutamate-, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-, or
lipopolysaccharide (LPS)-induced toxicity in vitro (Du et al.,



7752 - ). Neurosci., July 18, 2007 - 27(29):7751-7761

2001; He et al., 2001; Tikka and Koisti- A
naho, 2001; Lee et al., 2004 ). Furthermore,
the neuroprotective effect of minocycline
has been shown to be mediated by inhibi-

tion of microglial activation (Yrjanheikki E :ﬁ
etal., 1998; He et al., 2001; Tikka and Kois- E 8
tinaho, 2001; Festoff et al., 2006). @ i
Because minocycline inhibits apoptosis % 2
g

(Lee et al., 2003) and proNGF induces ap-
optosis of oligodendrocytes (Beattie et al.,
2002) after SCI, we questioned whether
minocycline might alleviate the death of oli-
godendrocytes by inhibiting proNGF pro- D
duction after injury. In the present study, we
report that, after SCI, minocycline reduces
apoptosis of oligodendrocytes in part by
inhibiting p38 mitogen-activated protein
kinase (p38MAPK)-dependent proNGF
production in activated microglia, resulting

in improvement of functional recovery.

Materials and Methods

Spinal cord injury. Adult rats [Sprague Dawley,
male, 250-300 g; Sam:TacN(SD)BR; Samtako,
Osan, Korea] were anesthetized with chloral
hydrate (500 mg/kg), and a laminectomy was
performed at the T9-T10 level, exposing the
cord beneath without disrupting the dura. The
spinous processes of T8 and T11 were then
clamped to stabilize the spine, and the exposed
dorsal surface of the cord was subjected to con-
tusion injury (10 g X 25 mm) using a New York
University impactor as described previously
(Lee et al., 2003). For the sham-operated con-
trols, the animals underwent a T10 laminectomy without weight-drop
injury. All surgical interventions and postoperative animal care were
performed in accordance with the Guidelines and Polices for Rodent
Survival Surgery provided by the Animal Care Committee of the Kyung
Hee University.

Minocycline administration. Minocycline hydrochloride (Sigma, St.
Louis, MO) was dissolved in sterile PBS and administered intraperitone-
ally after injury in animals randomly assigned to either control or treat-
ment groups [for proNGF expression, n = 6 for vehicle or minocycline;
for phosphorylated p38MAPK (p-p38MAPK) or phosphorylated
mitogen-activated protein kinase-activated protein kinase-2 (p-
MAPKAPK-2) expression, n = 6 for vehicle or minocycline; for p75~N™®
expression, n = 3 for sham, vehicle, or minocycline; for Rho expression,
n = 3 for vehicle or minocycline or SB203580 [4-(4-fluorophenyl)-2-
(4-methylsulfinylphenyl)-5-(4-pyridyl)-1 H-imidazole; Calbiochem,
LaJolla, CAJ; for caspase-3 staining, #n = 3 for vehicle or minocycline; for
behavioral testing, n = 20 for vehicle, minocycline, or methylpred-
nisolone (MP)]. For the molecular experiments, rats receiving the 25 mm
insult were immediately given minocycline after injury (90 mg/kg) and
then administered 45 mg/kg every 12 h for 3 consecutive days (Yrjan-
heikki et al., 1998; Sanchez Mejia et al., 2001; Lee et al., 2003). For assess-
ing caspase-3 staining in oligodendrocyte death and in behavioral exper-
iments, rats were treated with minocycline (90 mg/kg) either
immediately or 2 h after injury and then 45 mg/kg every 12 h for 3 d. Also,
rats receiving injury received intraperitoneal injections of MP at a dose of
30 mg/kg, either immediately or 2 h after SCI (Xu etal., 2001) and then 30
mg/kg every 12 h for 3 consecutive days. For some experiments,
SB203580 (1 and 5 pg) was injected directly into the spinal cord at the
lesion epicenter 2 h after injury (n = 3 for sham, vehicle, or SB203580).
Control groups received equivolumetric intraperitoneal injections of
PBS at the corresponding time points.

Tissue preparation. At specific time points after SCI, animals were
anesthetized with chloral hydrate (500 mg/kg) and perfused via cardiac
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Minocycline inhibits proNGF expression after SCI. A, B, NGF mRNA (4) and protein expression (B) were increased after
SCl. B, €, Anti-mature-NGF antibody detected both mature (14 kDa) and proNGF (26 kDa) (B), and anti-proNGF antibody detected
the high-molecular-weight band of 26 kDa (C). Note that the extent of induction of proNGF was greater than that observed with
mature NGF (B). D, Minocycline treatment decreased the level of proNGF expression compared with that observed in vehicle-
treated control at 5 d after injury. E, Quantitative analysis of Western blots shows that minocycline significantly inhibited proNGF
expression when compared with that in vehicle control at 5 d after injury. Values are mean == SD of three separate experiments.
*p < 0.001. F~I, Immunocytochemical analysis shows that microglia in the white (WM) (F) and gray (GM) (G) matters, and
neuron (H) and astrocyte (/) located near the lesion site expressed proNGF at 5 d after injury.J, K, Sham-operated (J) and negative
control (K) were negative for proNGF. Double labeling using specific cell markers revealed that proNGF-positive cells shown in F=I
were indeed microglia (F, G), neuron (H), and astrocyte (/), respectively (data not shown). Scale bars, 10 m.

puncture initially with 0.1 M PBS, pH 7.4, and subsequently with 4%
paraformaldehyde in 0.1 M PBS, pH 7.4. A 20 mm section of the spinal
cord, centered at the lesion site, was dissected out, postfixed by immer-
sion in the same fixative overnight, and placed in 30% sucrose in 0.1 m
PBS, pH 7.4. The segment was embedded in OCT for frozen sections, and
longitudinal or transverse sections were then cut at 10 or 16 wm.

BV2 microglial cell culture. The immortalized murine BV2 cell line
(Blasi et al., 1990) was cultured in DMEM supplemented with 5% fetal
bovine serum and 100 U/ml penicillin and 100 wg/ml streptomycin at
37°C in a humidified incubator under 5% CO,. Before each experiment,
cells (3 X 107 cells per well) were plated onto six-well plates. The next
day, cells were treated with LPS (1 ug/ml; Escherichia coli 0111:B4;
Sigma). For some experiments, cells were pretreated with minocycline (1
or 5 nM, for 60 min) or SB203580 (1 or 5 um, for 15 min) before LPS
treatment.

Oligodendrocyte cultures. Primary oligodendrocyte cultures were pre-
pared from rat (P1) brains according to the previously reported method
(Yoon et al., 1998). Isolated oligodendrocytes (1 X 10° cells in 24 well;
purity, >95%) were grown on glass coverslips coated with poly-p-lysine
(10 ug/ml) in the oligodendrocyte differentiation medium containing
Basal Medium Eagle/F-12 (1:1), transferrin (100 ug/ml), putrescine (20
pmg/ml), progesterone (12.8 ng/ml), selenium (10.4 ng/ml), insulin (25
pg/ml), thyroxine (0.8 ng/ml), glucose (6 mg/ml), and glutamine (6.6
mM). After 6 d in culture, differentiated oligodendrocyte cultures were
treated with conditioned media (200 wl, 20% of media volume) obtained
from BV2 cells treated with LPS, LPS plus minocycline, or SB203580.
Some oligodendrocytes were treated with LPS-treated BV2 conditioned
medium subjected to immunoprecipitation with a neutralizing anti-
NGF polyclonal antibody (Millipore, Billerica, MA). Also, oligodendro-
cyte cultures were treated with anti-p75~"® antibody (1:100; Millipore)
before treatment with LPS-treated BV2 culture media. Control cultures
were treated with LPS (200 ng/ml). Oligodendrocyte cultures were then
processed for terminal deoxynucleotidyl transferase-mediated deoxyuri-
dine triphosphate-biotin nick end labeling (TUNEL) and for immuno-
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Figure2.  Minocycline inhibits p38MAPK and MAPKAPK-2 activation after SCI. A, €, SCl increased the levels of p-p38MAPK (A)

and p-MAPKAPK-2 (). B, D, Quantitative analysis of Western blots shows that minocycline treatment significantly inhibited both
p-p38MAPK and p-MAPKAPK-2 when compared with those observed in vehicle control at 3 and 5 d after injury. Values are
mean = SD of three separate experiments. *p << 0.001. E, Inmunocytochemical analysis shows that cells resembling microglia
inthe white (WM) and gray (GM) matters expressed p-p38MAPK at 5 d after injury. Double-labeled immunocytochemical analysis
shows that only 0X-42-positive microglia expressed p-p38MAPK (arrowheads), whereas neurons (NeuN), astrocytes (GFAP), and

oligodendrocytes (CC1) were negative at 5 d after injury (F). Scale bars, 20 m.

cytochemistry using anti-myelin basic protein antibody (MBP) (1:500;
Millipore) as described below. The TUNEL- and MBP-positive cells were
visualized with a microscope at 200X magnification and analyzed by
counting the number of positive cells per field of each coverslip. Five
fields of each coverslip were counted and averaged.

TUNEL. TUNEL was performed according to the instructions of the
manufacturer (Oncor, Gaithersburg, MD) as described previously (Lee
et al., 2003), and cells were then processed for immunocytochemistry
using an antibody against MBP (1:500; Millipore). Quantitation was
accomplished by counting the number of TUNEL-MBP-positive cells
using a 20X objective.

Immunocytochemistry. Frozen sections were processed for immuno-
histochemistry with antibodies against p-p38MAPK (1:100 dilution; Cell
Signaling Technology, Danvers, MA), p75 NTR (1:100 dilution; Promega,
Madison, WI), proNGF (1:1000 dilution; Alomone Labs, Jerusalem,
Israel), and cleaved caspase-3 (1:100 dilution; Millipore). After three
washes in PBS for 5 min, sections were incubated in 0.5% hydrogen
peroxide in PBS for 30 min to inhibit endogenous peroxidase activity.
The sections were blocked in 5% normal serum and 0.1% Triton X-100
in PBS for 1 h at room temperature and then incubated with primary
antibodies overnight at 4°C, followed by HRP-conjugated secondary an-
tibodies (DakoCytomation, Carpinteria, CA). The ABC method was
used to detect labeled cells using a Vectastain kit (Vector Laboratories,
Burlingame, CA). DAB served as the substrate for peroxidase. Some
sections stained for p-p38MAPK, p75NT®, cleaved caspase-3, and
proNGF were double labeled using antibodies specific for neurons [neu-
ronal-specific nuclear protein (NeuN)] (1:100 dilution; Millipore), oli-
godendrocytes (CC1; 1:100 dilution; Oncogene, Cambridge, MA), astro-
cytes (GFAP; 1:1000 dilution; Millipore), or microglia (OX-42; 1:100
dilution; Millipore). For double labeling, FITC or cyanine 3-conjugated
secondary antibodies (Jackson ImmunoResearch, West Grove, PA) were
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used. Also, nuclei were labeled with DAPI ac-

4 _gf e cording to the protocol of the manufacturer
S (Invitrogen, Carlsbad, CA). In all controls, re-

o = action to the substrate was absent if the primary
P ! antibody was omitted or if the primary anti-
Py, - e body was replaced by a non-immune, control

antibody. Serial sections were also stained for
histological analysis with cresyl violet acetate.

For quantification of cleaved caspase-3-
postive oligodendrocytes (CC1 positive), serial
transverse sections (10 wm thickness) were col-
lected every 100 wm section rostral and caudal
4000 pwm to the lesion site (total of 80 sections).
Cleaved caspase-3-positive oligodendrocytes in
the white matter in each section were counted
and averaged.

RNA purification and reverse transcription-
PCR. RNA isolation using TRIZOL Reagent
(Invitrogen) and cDNA synthesis were per-
formed as described previously (Lee et al.,
2003). A 20 ul PCR reaction contained 1 ul of
first-strand cDNA, 0.5 U of Super taq polymer-
ase (Super Bio, Suwon, Korea), 20 mm Tris-
HCI, pH 7.9, 100 mm KCl, 1.5 mm MgCl,, 250
M dNTP, and 10 pmol of each specific primer.
Samples were subjected to 25-30 cycles of 95°C
305, 58—59°C 30 s, and 72°C for 30 s on a ther-
mocycler (PerkinElmer, Emeryville, CA). The
primers used for this experiment were designed
according to the sequences reported previously
for NGF, p75 NTR (Srinivasan et al., 2004), and
B-actin and synthesized by Genotech (Daejeon,
Korea). The primer sequences were as follows:
NGF sense primer, 5 -CAGGCAGAACCGT-
ACACAGA-3" and antisense primer, 5'-GTC-
CGAAGAGGTGGGTGGAG-3' (248 bp); p75 VR
sense primer, 5'-AGCCAACCAGACCGTGT-
GTG-3" and antisense primer, 5 -TTGCAG-
CTGTTCCACCTCTT (662 bp); B-actin sense
primer, 5'-ATTTGGCACCACACTTTCTACA-3' and antisense primer,
5'-TCACGCACGATTTCCCTCTCAG-3" (380 bp). Negative controls
consisted of PCR reactions lacking primers or reverse transcriptase. After
amplification, PCR products were subjected to a 2% agarose gel electro-
phoresis and visualized by ethidium bromide staining. The relative den-
sity of bands was analyzed by the Chemilmager 4400 (Alpha Innotech,
San Leandro, CA). B-Actin was used as an internal control. Experiments
were repeated three times, and the values obtained for the relative inten-
sity were subjected to statistical analysis. The gels shown in the figures are
representative of results from three separate experiments.

Pull-down assay for Rho activity. Purification of glutathione
S-transferase (GST)—Rho binding domain (RBD) was performed as de-
scribed previously (Dubreuil et al., 2003). Bacteria expressing GST-RBD
in a pGEX vector were grown in Luria broth (LB) with 100 pug/ml ampi-
cillin. Overnight cultures were diluted 1:100 into 500 ml of LB and incu-
bated in a shaking bacterial incubator at 37°C for 2 h. Isopropyl-B-p-
thiogalactopyranoside (0.5 mm) was added to the incubating cultures for
2 h. Bacteria were collected by centrifugation at 5000 X g for 15 min. The
pellets were resuspended in 40 ml of lysis buffer (50 mm Tris, pH 7.5, 1%
Triton X-100, 150 mm NaCl, 5 mm MgCl,, 1 mm DTT, 10 pg/ml leupep-
tin, 10 pg/ml aprotinin, and 1 mm PMSF). After sonication, the lysates
were spun at 14,000 rpm for 30 min at 4°C. The clarified bacterial lysates
were incubated with glutathione Sepharose 4B beads (GE Healthcare,
Little Chalfont, UK) for 60 min at 4°C. The coupled beads were washed
six times in a wash buffer (50 mm Tris, pH 7.5, 0.5% Triton X-100, 150
mM NaCl, 5 mm MgCl,, 1 mm DTT, 1 ug/ml aprotinin, 1 ug/ml leupep-
tin, and 0.1 mm PMSF) and once in the wash buffer containing 10%
glycerol. Beads were resuspended in 2 ml of the wash buffer containing
10% glycerol and stored overnight at —80°C. Frozen spinal cord tissue
was homogenized in a modified radioimmunoprecipitation assay buffer
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containing 50 mm Tris, pH 7.2, 1% Triton
X-100, 0.5% sodium deoxycholate, 0.1% SDS,
500 mm NaCl, 10 mm MgCl,, 10 pg/ml aproti-
nin, 10 pg/ml leupeptin, and 1 mm PMSEF. The
homogenates were clarified by centrifugation
twice for 10 min at 13,000 X g at 4°C. The su-
pernatant was incubated for 50 min at 4°C with
GST-RBD-coupled beads (30 pug/sample). The
beads were washed four times with lysis buffer
and eluted in sample buffer. GTP-bound RhoA
and total RhoA present in tissue homogenates
were detected by Western blot analysis.
Western blot. Spinal cord tissues were ho-
mogenized in a lysis buffer containing 1% Non-
idet P-40, 20 mm Tris, pH 8.0, 137 mm NaCl, 0.5
mM EDTA, 10% glycerol, 10 mm Na,P,0,, 10
mu NaF, 1 ug/ml aprotinin, 10 ug/ml leupep-
tin, 1 mMm vanadate, and 1 mm PMSF. Tissue
homogenates were incubated for 20 min at 4°C
and centrifuged at 25,000 X g for 30 min at 4°C.
The protein level of the supernatant was deter-
mined using the BCA assay (Pierce, Rockford,
IL). Protein sample (50 ug) was separated by
SDS-PAGE and transferred to polyvinylidene
difluoride or nitrocellulose ~membranes
(Millipore) by electrophoresis. The membranes
were blocked with 5% nonfat skim milk in TBS
for 1 hatroom temperature and then incubated
with polyclonal antibodies against p38MAPK,
p-p38MAPK, MAPKAPK-2, p-MAPKAPK-2
(1:1000 dilution; Cell Signaling Technology),
NGF (1:1000 dilution; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), proNGF (1:1000 dilu-
tion; Alomone Labs), p75 NTR (1:1000 dilution;
Promega), and RhoA (1:1000 dilution; Santa
Cruz Biotechnology). The primary antibodies
were detected with a horseradish peroxidase-
conjugated goat anti-rabbit secondary antibody
(Jackson ImmunoResearch). Immunoreactive
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Figure 3. Minocycline inhibits p38MAPK-dependent proNGF expression in microglia, BV2 cells. 4, Cells were plated onto
six-well plates and treated with LPS. Note that BV2 cell treated with LPS for 4 h exhibited cellular processes, a characteristic of
activated microglial cells. B, The level of p-p38MAPK was increased and peaked at 30 min after LPS treatment. €, Minocycline (1
and 5 nm) treatment decreased the level of p-p38MAPK at 30 min after LPS treatment when compared with that in cultures treated
with LPS only. D, Quantitative analysis of Western blots shows that minocycline significantly inhibited p-p38MAPK expression at
30 min after LPS treatment when compared with that in cultures treated with LPS only. Values are mean == SD of three separate
experiments. *p << 0.001. E, The level of p-MAPKAPK-2 was increased and peaked at 30 min after LPS treatment. F, Minocycline
(1and 5 nm) or SB203580 treatment (1and 5 wum), an inhibitor of p38MAPK, decreased the level of p-MAPKAPK-2 at 30 min after
LPS treatment when compared with that in cultures treated with LPS only. G, Quantitative analysis of Western blots shows that
minocycline and SB203580 significantly inhibited p-MAPKAPK-2 expression at 30 min after LPS treatment when compared with
thatin cultures treated with LPS only. Values are mean = SD of three separate experiments. *p << 0.001. H, I, NGF mRNA (H) and
proNGF protein (26 kDa) (/) expression were increased and peaked at 2 and 4 h, respectively, after LPS treatment. J, Minocycline
(1and 5nm) and SB203580 (1and 5 wum) treatment decreased the level of proNGF expression at 4 h after LPS treatment compared
with that in cultures treated with LPS only. K, Quantitative analysis of Western blots shows that minocycline and SB203580
significantly inhibited proNGF expression at 4 h after LPS treatment when compared with that in cultures treated with LPS only.
Values are mean == SD of three separate experiments. *p << 0.001.

bands were visualized by chemiluminescence

using Supersignal (Pierce). B-Actin was used as

an internal control. Experiments were repeated three times, and the val-
ues obtained for the relative intensity were subjected to statistical analy-
sis. The gels shown in figures are representative of results from three
separate experiments.

Myelin and axon staining. Rats treated with vehicle or minocycline at
38 d after injury were anesthetized, and frozen sections were prepared as
described above. For Luxol fast blue staining for myelin, serial transverse
cryosections (16 wm thickness) were mounted on glass slides. Selected
slides were incubated in 0.1% Luxol fast blue (Solvent Blue 38; Sigma) in
acidified 95% ethanol overnight at 60°C. Differentiation and counter-
staining were performed with 0.05% lithium carbonate and 5 min incu-
bation in cresyl violet solution. Axons were stained using an antibody
specific for 200 kDa neurofilament protein (1:2000 dilution; Sigma) as
described above. For quantitative analysis of axonal densities, serial
transverse cryosections (10 wm thickness) were collected every millime-
ter section rostral and caudal 3000 pm to the lesion site. Axonal densities
were determined within preselected fields (40 X 40 um, 1600 um?) at
specific sites within vestibulospinal tract. The location of these sites was
carefully conserved from group to group using anatomical landmarks,
and neurofilament-stained axons were manually counted from each
field. The number of axons in vehicle- or minocycline-treated spinal cord
was expressed as a percentage relative to that in sham control (100%).

Behavioral tests. Examination of functional deficits was conducted as
described previously (Lee et al., 2003). One day after the 25 mm weight
drop injury and weekly thereafter, behavioral analysis was performed by
trained investigators who were blind as to the experimental conditions.
At each time point after injury, hindlimb locomotor function was ana-
lyzed by using the Basso—Beattie—Bresnahan (BBB) scoring test as de-

scribed previously (Basso et al., 1995; Lee et al., 2003). Inclined plane test
was performed according to the method described by Rivlin and Tator
(1977). In brief, animals were tested in two positions (right-side or left-
side up) on the testing apparatus (i.e., a board covered with a rubber mat
containing horizontal ridges spaced 3 mm apart). The maximum angle at
which a rat could maintain its position for 5 s without falling was re-
corded for each position and averaged to obtain a single score for each
animal. Footprint analysis was performed as described previously (de
Medinaceli et al., 1982; Stirling et al., 2004). The ability to control and
place the hindlimbs precisely was tested on a horizontal grid as described
previously (Merkler et al., 2001). In brief, a drop of the foot below the
plane of the grid was considered as a footfall. The total number of foot-
falls and the total number of steps were counted, and then the percentage
of footfalls per steps was calculated.

Statistical analysis. Data are presented as mean = SD values. Quanti-
tative data from open-field locomotor scores were evaluated for statisti-
cal significance using two-way ANOVA with a post hoc Tukey’s test; data
from TUNEL- and cleaved caspase-3-positive cells, axons, Western blot,
and reverse transcription (RT)-PCR analyses were evaluated for statisti-
cal significance using Student’s paired ¢ test. In all analyses, a p value of
<<0.05 was considered statistically significant.

Results

Minocycline inhibits proNGF expression after SCI

ProNGF is induced and plays the role of a death ligand in apo-
ptosis of oligodendrocytes after SCI (Beattie et al., 2002). To test
the hypothesis that minocycline inhibits proNGF expression af-
ter SCI, we first examined the profile of proNGF expression after
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Figure 4.  $B203580 inhibits proNGF expression after SCI. SB203580 (1 and 5 r.g) was in-
jected directly into the spinal cord at the lesion epicenter after injury. Spinal cord tissues were
harvested at 5 d after injury. A, SB203580 treatment decreased the level of proNGF expression
when compared with that in vehicle-treated control after injury. B, Quantitative analysis of
Western blots shows that $B203580 significantly inhibited proNGF expression compared with
that in vehicle-treated control after injury. Values are mean = SD of three separate experi-
ments. *p << 0.05; **p < 0.001. €, Double-labeled immunocytochemical analysis showed that
p-p38MAPK-positive microglia expressed proNGF (arrows) at 5 d after injury. Scale bar, 20 m.

spinal injury. NGF expression was markedly induced after SCI
(Fig. 1A,B). RT-PCR analysis revealed that, after SCI, NGF
mRNA was increased and peaked at 3 d (Fig. 1A). On Western
blot analyses, an antibody against mature NGF detected two pro-
teins (14 and 26 kDa) that were markedly increased after SCI,
suggesting that both mature (14 kDa) and proNGF (26 kDa) were
induced (Fig. 1B). The high-molecular-weight band of 26 kDa
was also detected by an antibody specific for proNGF, indicating
that the 26 kDa protein was indeed proNGF (Fig. 1C). Although
both mature and proNGF were induced after injury, the extent of
induction of proNGF was greater than that observed with mature
NGF as reported (Beattie et al., 2002) (Fig. 1B). Minocycline
treatment significantly inhibited proNGF expression at 5 d after
injury (Fig. 1D,E). We also examined the cell types expressing
proNGF after SCI by using an anti-proNGF antibody. Five days
after SCI, proNGF-positive microglia were found throughout the
length of the spinal cord in both the white and gray matters (Fig.
1F,G), whereas only neurons (Fig. 1 H) and astrocytes (Fig. 11)
located near the lesion area were positive for proNGF after injury.
proNGF expression was not observed in the sham-operated or
negative control (Fig. 1],K).

Minocycline inhibits p38MAPK-dependent proNGF
expression in microglia in vivo and in vitro

Because p38MAPK is known to mediate inflammatory responses
in microglia (Bhat et al., 1998), we hypothesized that proNGF
expression is mediated by activation of p38MAPK in microglia
and that minocycline inhibits p38MAPK-dependent proNGF ex-
pression after SCI. We first determined the profile of activation of
p38MAPK after SCI. The level of p-p38MAPK was markedly in-
creased after SCI (Fig. 2A, B). The activation of MAPKAPK-2, a
downstream molecule of p38MAPK, was also increased after SCI
(Fig. 2C,D). Minocycline treatment significantly inhibited the
phosphorylation of both p38MAPK and MAPKAPK-2 after in-
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jury as reported previously (Stirling et al., 2005; Hains and Wax-
man, 2006) (Fig. 2A-D). The cell types expressing p-p38MAPK
after injury were also examined by immunocytochemistry using
an antibody specific for p-p38MAPK. At 5 d after injury, numer-
ous p-p38MAPK-positive cells resembling activated microglia
were observed in both the white and gray matters throughout the
spinal cord at a length extending several millimeters rostral and
distal to the lesion area (Fig. 2 E). Double labeling revealed that
only OX-42-positive microglia were positive for p-p38MAPK,
whereas neurons, oligodendrocytes, and astrocytes were negative
for p-p38MAPK (Fig. 2F). p-p38MAPK expression was not de-
tected in the sham control (data not shown). Next, to determine
whether proNGF expression is mediated by activation of
p38MAPK in microglia, we used an in vitro model of LPS-
induced microglial activation using a mouse cell line of microglia,
BV2. LPS is known to promote the activation of BV2 cells that
exhibit phenotypic and functional properties of activated micro-
glial cells in vivo (Blasi et al., 1990; Watters et al., 2002) (Fig. 3A).
LPS (1 pg/ml) treatment induced p38MAPK activation in BV2
cells (Fig. 3B). The level of p-p38MAPK was increased and
peaked 30 min after LPS treatment. Minocycline (1 and 5 nm)
treatment significantly inhibited the LPS-induced p38MAPK ac-
tivation (Fig. 3C,D). The activation of MAPKAPK-2 was also
increased after LPS treatment (Fig. 2E). Minocycline (1 and 5
nM) or SB203580 (1 and 5 um), an inhibitor of p38MAPK treat-
ment, significantly inhibited the phosphorylation of
MAPKAPK-2 after LPS treatment (Fig. 2F,G). We then deter-
mined the expression profiles of proNGF in LPS-treated BV2
cells. LPS treatment induced both NGF mRNA and proNGF pro-
tein expression in BV2 cells (Fig. 3H,I). NGF mRNA was in-
creased and peaked at 2 h after LPS treatment as reported previ-
ously (Heese etal., 1998) (Fig. 3H ). Thelevel of proNGF (26 kDa)
was also increased and peaked 4 h after LPS treatment (Fig. 3I).
Minocycline (1 and 5 nm) or SB203580 (1 and 5 uM) treatment
significantly inhibited LPS-induced proNGF expression in BV2
cells (Fig. 3J,K). Also, injection of SB203580 (1 and 5 ug) into the
spinal cord after injury significantly inhibited the injury-induced
proNGF expression (Fig. 4A,B). Furthermore, immunocyto-
chemistry revealed that proNGF was colocalized with
p-p38MAPK in microglia after injury (Fig. 4C). These results
indicate that proNGF expression is mediated by activation of
p38MAPK and that minocycline or SB203580 inhibits
p38MAPK-dependent proNGF expression in microglia.

Microglia-derived proNGF induces apoptosis of
oligodendrocytes in culture

Because proNGF induces p75™"®-mediated apoptosis of oligo-
dendrocytes (Beattie et al., 2002), we first examined whether pri-
mary cultures of oligodendrocytes express p75™ "™, Double label-
ing revealed that fully differentiated oligodendrocytes in culture
were positive for p75™"™® as reported previously (Casaccia-
Bonnefil et al., 1996) (Fig. 5A). Next, to determine whether
proNGF produced by activated microglia induces the apoptotic
cell death of oligodendrocytes in culture, we harvested the culture
media from LPS-treated BV2 cells (LPS-treated media) and
added this to differentiated oligodendrocyte cultures. We also
harvested the culture media from BV2 cells treated with both LPS
and minocycline or SB203580 (LPS plus minocycline- or
SB203580-treated media). As shown in Figure 5B, addition of the
LPS-treated media or recombinant NGF (as a positive control)
induced the apoptotic cell death of oligodendrocytes as revealed
by the presence of numbers of TUNEL-positive cells. The num-
ber of apoptotic cells significantly decreased when oligodendro-
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cytes were treated with the LPS plus
minocycline- or SB203580-treated media
compared with that in cultures treated
with LPS-treated media (Fig. 5C). West-
ern blot analyses revealed that proNGF
(26 kDa) but not mature NGF (14 kDa)
was present in the LPS-treated media
and that minocycline or SB203580 treat-
ment markedly decreased the level of
proNGF in the media (data not shown).
Also, the number of apoptotic cells signifi-
cantly decreased when oligodendrocytes
were treated with the LPS-treated culture
media subjected to immunoprecipitation
using a neutralizing anti-NGF antibody
(Millipore) (Fig. 5C), suggesting that the de-
creased oligodendrocyte death was likely at-
tributable to the extirpation of proNGF from
the media by the antibody. Furthermore, the
number of apoptotic cells significantly de-
creased when oligodendrocytes were treated
with anti-p75 ™™ antibody before treatment
with LPS-treated culture media (Fig. 5C).
Thus, these in vitro results indicate that
proNGF produced by activated microglia in-
duces the p75™"™ -mediated apoptotic cell
death of oligodendrocytes and that minocy-
cline or SB203580 inhibits LPS-induced
proNGF production in microglia.

Minocycline inhibits p75N"™ expression
and RhoA activation after SCI

SCI induces both proNGF and p75™"™ ex-
pression, and proNGF binds to p75~"%,
leading to apoptosis of oligodendrocytes
(Casha et al., 2001; Beattie et al., 2002).
Because minocycline inhibited proNGF
expression after SCI, we determined
whether minocycline also inhibits p75™"™
expression after injury. Both p75N'®
mRNA and protein expression were in-
creased and peaked at 5 d after SCI (Fig.
6A,B). Minocycline treatment signifi-
cantly inhibited p75™"™ mRNA and pro-
tein expression after injury when com-
pared with that observed in vehicle-treated
control (Fig. 6C-F). We also examined
whether oligodendrocytes express p75™ '~
after SCI by immunocytochemistry using
anti-p75™"™ antibody and CC1 antibody,
a marker for oligodendrocytes. As shown
in Figure 6G, oligodendrocytes in the
white matter expressed p75~'® after in-
jury, whereas p75™"™® expression was not
observed in sham-operated animals as re-
ported previously (Beattie et al., 2002)
(data not shown).

RhoA, a downstream molecule of the
p75N™® signaling pathway, is activated
(Fournier et al., 2003); RhoA activation
leads to apoptosis of neurons and oligo-
dendrocytes after SCI (Dubreuil et al.,
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Figure 5. A, Microglia-derived proNGF induces apoptosis of oligodendrocytes in culture. Inmunocytochemical analysis

shows that MBP-positive oligodendrocytes expressed p75 "™ (arrows). Scale bar, 20 wm. Differentiated oligodendrocytes
were treated with LPS-treated BV2 cell culture medium. After 24 h, cells were processed for TUNEL and MBP staining. B,
Representative photographs show that LPS-treated BV2 cell culture medium or recombinant NGF (as a positive control)
induced the apoptotic cell death of oligodendrocytes as revealed by the presence of both TUNEL- and MBP-positive cells
(arrows). Note that control shows no TUNEL/MBP-positive cells. Scale bar, 20 wm. €, Quantitative analyses of TUNEL-
positive oligodendrocytes show that LPS-induced oligodendrocyte cell death was significantly inhibited by minocycline or
SB203580 treatment. Also, oligodendrocyte cell death was significantly attenuated when LPS-treated BV2 cell culture
medium subjected to immunoprecipitation using a neutralizing anti-NGF polyclonal antibody or when oligodendrocytes
were treated with anti- p75 NTR antibody before treatment with LPS-treated BV2 cell culture medium (C). Values are
mean = SD of three separate experiments. *p << 0.001 compared with LPS.
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Figure6. Minocyclineinhibits p75 "™ expression after SCI. A, B, The levels of p75 "™ mRNA (4) and protein (B) were increased

and peaked at 5 d after SCI. €, E, Minocycline treatment decreased the levels of p75 ™ mRNA (C) and protein () expression
compared with those observed in vehicle control at 5 d after injury. D, F, Quantitative analyses of Western blots show that
minocydline significantly inhibited p75 "™ mRNA (D) and protein (F) expression when compared with those observed in vehicle
control at 5 d after injury. Values are mean = SD of three separate experiments. *p << 0.001. G, Inmunocytochemical analysis
showed that CC1-positive oligodendrocytes expressed p75 "™ at 5 d after injury (arrows). Scale bar, 20 m.
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Figure 7. Minocycline inhibits RhoA activation after SCI. GTP-bound RhoA was isolated by
pull-down assay and detected by Western blot using anti-Rho antibody as described in Materi-
alsand Methods. 4, RhoA was activated and peaked at 5 d after injury. B, Minocycline decreased
the level of RhoA activation compared with that in the vehicle control at 3 and 5 d after injury.
Total Rho level determined from total tissue lysates was not changed after injury (4, B). C,
Quantitative analysis of Western blots shows that minocycline significantly inhibited RhoA
activation when compared with that in the vehicle control at 3 and 5 d after injury. Values are
mean = SD of three separate experiments. *p << 0.05; **p << 0.001.

2003). To investigate whether minocycline inhibits RhoA activa-
tion after SCI, we measured the level of GTP-bound RhoA in the
spinal cord homogenate by pull-down assays using immobilized
GST fusion constructs of the RBD of Rhotekin (Dubreuil et al.,
2003). The GTP-bound RhoA was then detected by Western blot
analysis. As shown in Figure 7A, the level of GTP-bound RhoA
was increased and peaked at 5 d after SCI, but the level of total
RhoA was not changed. Furthermore, minocycline treatment sig-
nificantly inhibited RhoA activation after injury when compared
with that observed in vehicle-treated control at 3 and 5 d after
injury (Fig. 7B, C).

Minocycline alleviates apoptosis of oligodendrocytes

after SCI

Trauma to the spinal cord results in an extensive apoptosis of
oligodendrocytes (Casha et al., 2001; Beattie et al., 2002). We
investigated whether minocycline inhibits oligodendrocyte death
after SCI. Rats were treated twice daily for 3 d with minocycline,
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Figure 8.  Minocycline and SB203580 inhibits apoptosis of oligodendrocytes after SCI. Rats
receiving the 25 mm insult were treated twice per day with minocycline, beginning 2 h after
injury. SB203580 (5 g) was injected directly into the spinal cord at the lesion epicenterat 2 h
after injury. After 5 d injury, spinal cord sections were processed for double labeling using CC1
antibody, a marker for oligodendrocytes, and anti-cleaved capase-3 antibody. 4, B, Immuno-
cytochemical analysis shows that a number of cleaved (activated) caspase-3-positive oligoden-
drocytes (red, arrows) was observed in the injured spinal cord (B), whereas no cleaved caspase-
3-positive cell was observed in the sham-operated cord (A) (longitudinal sections). C-E,
Minocycline (D) or SB203580 (E) treatment decreased the number of cleaved caspase-3-
positive oligodendrocytes (arrows) compared with that observed in the vehicle control (C)
(transverse sections). Scale bar, 20 um. F, Quantitative analysis of caspase-3-positive oligo-
dendrocytes shows that minocycline or SB203580 significantly inhibited the death of oligoden-
drocytes when compared with that in the vehicle control after injury. Cleaved caspase-3-
positive oligodendrocytes were counted as described in Materials and Methods. *p << 0.001.

beginning 2 h after injury. Five days after injury, a number of
oligodendrocytes in the white matter was positive for cleaved
(activated) caspase-3 (Fig. 8B), whereas cleaved caspase-3-
positive oligodendrocytes were not observed in sham-operated
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animals (Fig. 8A). Minocycline treatment
significantly decreased the number of
cleaved caspase-3-positive oligodendro-
cytes at 5 d after injury when compared
with that observed in the vehicle-treated
control as reported previously (Stirling et
al., 2004) (Fig. 8C,D, F). Because minocy-
cline is known to inhibit cell death through
the inhibition of the p38MAPK pathway
(Stirling et al,, 2005), we investigated
whether SB203580 also inhibits oligoden-
drocyte death after SCI. Injection of
SB203580 (5 ug) into the lesion site at 2 h
after injury significantly decreased the
number of caspase-3-positive oligoden-
drocytes compared with that observed in
the vehicle control (Fig. 8C,E,F). Luxol
fast blue and anti-neurofilament antibody
staining also showed fewer axons and less
myelin stain in the white matter at 38 d
after injury (Fig. 9A-E). Minocycline
treatment markedly reduced the extent of
both myelin and axon loss after injury
(Fig. 9B, C,E-G).

Minocycline improves functional
recovery after SCI

Minocycline has been shown to improve
functional recovery after SCI (Lee et al.,
2003; Wells et al., 2003; Teng et al., 2004;
Festoff et al., 2006). We also examined the
effect of treatment with minocycline on re-
covery after SCI and compared it with MP,
which is used clinically for treatment of
acute SCI. Rats receiving the 25 mm insult
were treated with minocycline (90 mg/kg)
or MP (30 mg/kg), either immediately or
2 h after injury and then 45 mg/kg (mino-
cycline) or 30 mg/kg (MP) twice per day
for 3 d. Functional recovery was then eval-
uated for 45 weeks after injury using the
BBB rating scale (Basso et al., 1995), in-
clined plane test (Rivlin and Tator, 1977),
footprint recordings (de Medinaceli et al.,
1982; Stirling et al., 2004), and grid walk
test (Merkler et al., 2001). The hindlimbs
were paralyzed immediately after injury,
and the rats recovered extensive move-
ment of hindlimbs within 7-11 d after in-
jury (Fig. 10A). As shown in Figure 10A4,
minocycline treatment either immediately
or 2 h after injury significantly increased
the hindlimb locomotor function, as as-
sessed by BBB scores, 21-34 d after injury
compared with that observed in vehicle-

treated control. However, MP treatment showed no significant
effect on recovery (Fig. 10A). The angles of incline determined
1-4 weeks after injury were also significantly higher in
minocycline-treated rats (administered immediately or aftera2 h
delay) compared with those in vehicle-treated control (Fig. 10 B).
The ability to control and place the hindlimbs precisely was tested
on a horizontal grid. As shown in Figure 10C, the grid error
percentage (the percentage of footfalls per steps) of the minocy-
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Figure 9.  Minocycline reduces myelin and axonal loss after SCI. Spinal cords at 38 d after injury were processed for Luxol fast
blue and neurofilament staining. Transverse cryosections were selected 2000 m rostral to the lesion site. A, B, Luxol fast blue
staining shows that myelin loss in lateral funiculus was extensive in the vehicle control (B) when compared with that in sham
control (A) after injury. ¢, Minocycline treatment decreased the extent of myelin loss after injury. Scale bar, 30 wm. D, E,
Neurofilament staining shows that fewer axons were observed in the vehicle control (E) when compared with those in sham
control (D) afterinjury. F, Minocycline treatment decreased the extent of axonal loss after injury. Scale bar, 30 um. G, Quantitative
analysis of neurofilament-stained axons within the vestibulospinal tract showed that the number of axons in minocycline-treated
spinal cord was significantly higher than that in the vehicle control. Neurofilament-positive axons were counted as described in
Materials and Methods. *p << 0.05.
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Figure 10.  Minocycline improves functional recovery after SCI. After SCI, minocycline or MP was administered either immedi-

ately or 2 h after injury, and recovery was assessed by BBB, inclined plane test, footprint analysis, and grid walk test (n = 20). 4,
B, Minocycline treatment (given immediately or after a 2 h delay) significantly improved locomotor function as assessed by BBB
score (4) and inclined plane test (B) when compared with that of vehicle control. Note that MP treatment had no significant effect
on recovery. *p < 0.05; **p << 0.01. €, The minocycline-treated group (given immediately or after a 2 h delay) shows a
significantly lower error percentage when compared with that of vehicle-treated group, whereas MP-treated group shows no
significantimprovement in the grid walk test. The grid walk test was performed at 5 weeks after injury. *p << 0.05. D, Represen-
tative footprints obtained from each group at 5 weeks after SCI show that minocycline treatment (given after a 2 h delay)
improved foot coordination, whereas vehicle- and MP-treated animals showed inconsistent coordination and toe drags.

cline group (administered either immediately or after a 2 h delay)
was significantly lower than that observed in the vehicle-treated
group 5 weeks after injury. In contrast, MP treatment showed no
significant improvement in the grid walk test (Fig. 10C). Finally,
Figure 10D shows representative footprint recordings obtained
from normal, vehicle-, minocycline-, and MP-treated rats (ad-
ministered after a 2 h delay) at 5 weeks after SCI. The footprints
from the minocycline-treated rat showed fairly consistent fore-
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limb-hindlimb coordination and very little toe drags; these find-
ings were comparable with those observed in the normal animal.
In contrast, the footprints obtained from vehicle- or MP-treated
animals showed inconsistent coordination and extensive drags as
revealed by ink streaks extending from both hindlimbs. With the
25 mm insult used in the present study, the hindpaws as well as
the central pads of vehicle- and MP-treated animals were not
clearly recorded because of the hindlimb drags (Fig. 10 D). Thus,
we were not able to quantify footprint analysis using toe spread
and ipsilateral distances (limb coordination).

Discussion
This study demonstrated that minocycline treatment alleviated
apoptosis of oligodendrocytes at least in part by inhibiting
proNGF production in activated microglia after SCI. Treatment
with SB203580, an inhibitor of p38MAPK, also inhibited
proNGF production, indicating that proNGF production is me-
diated by the activation of p38MAPK in microglia. The fact that
our in vitro studies also demonstrated that proNGF, produced by
activated microglia, induced the apoptotic cell death of oligoden-
drocytes offers additional persuasive evidence that oligodendro-
cyte death was induced by proNGF production in microglia in
vivo. Thus, our data are in agreement with previous reports show-
ing that proNGF induces apoptosis of oligodendrocytes (Beattie
etal., 2002) and minocycline reduces oligodendrocyte death after
SCI (Stirling et al., 2004).

proNGF is induced and binds with high affinity to p75™'%,
leading to apoptosis of oligodendrocytes after SCI (Beattie et al.,
2002). After SCI, some of the apoptotic oligodendrocytes are
contacted by microglial processes in the white matter during
Wallerian degeneration (Shuman et al., 1997); this suggests that,
after SCI, microglia may be directly responsible for the induction
of apoptosis of oligodendrocytes. Furthermore, it is conceivable
that activated microglia may produce proNGF, which induces
p75™ " -mediated apoptosis of adjacent oligodendrocytes after
SCI. However, the cell types producing proNGF and the signaling
pathways involved in proNGF production have not yet been es-
tablished. Here, our in vivo and in vitro data showed that proNGF
was produced by activated microglia via activation of the
p38MAPK-mediated pathway after SCI. Also, our data demon-
strated that activation of p38MAPK was observed only in micro-
glia and that SB203580 significantly inhibited proNGF expres-
sion and oligodendrocyte death after SCI (Figs. 4B, 8 E). In this
regard, it is interesting to note that, after spinal cord compression
injury, intrathecal infusion of SB203580 inhibits oligodendrocyte
death and improves hindlimb motor function (Horiuchi et al.,
2003). Furthermore, our data indicate that activated microglia
appear to be a major source of proNGF, which contributes to the
death of oligodendrocytes after injury. However, we cannot rule
out the possibility that proNGF produced by other cells (such as
neurons and astrocytes) may also contribute to oligodendrocyte
death to some extent after injury. Nevertheless, neuronal and
astroglial proNGF may not play a significant role in oligodendro-
cyte death because few neurons and astrocytes located only near
the lesion site express proNGF after injury (Fig. 1 H,I), whereas
microglia found throughout the length of the spinal cord in the
white and gray matters express proNGF after injury (Fig. 1 F,G).
Furthermore, a recent report shows that proNGF is produced by
activated microglia and promotes the death of photoreceptor
cells via p75™™ (Srinivasan et al., 2004). Together, our results
indicate that the apoptotic cell death of oligodendrocytes is in-
duced at least in part by proNGF produced by activated microglia
after SCI. However, it is possible that such proinflammatory cy-
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tokines as tumor necrosis factor-a (TNF-a) produced by acti-
vated microglia may also stimulate the death of oligodendrocytes
after SCI (Yune et al.,, 2003). Furthermore, the Fas-mediated ap-
optotic pathway may also contribute to the death of oligodendro-
cytes after SCI (Ackery et al., 2006).

We demonstrated that minocycline inhibited both p75N™
expression and apoptosis of oligodendrocytes after SCI. Thus,
our data are consistent with previous reports that a reduced level
of p75™™® expression by dexamethasone decreases apoptosis
(Brandoli et al., 2001) and that there is a decrease in apoptosis of
oligodendrocytes in p75N"™® ™~ mice after SCI (Beattie et al.,
2002). Our data showed that p75™" was expressed among oli-
godendrocytes after SCI as well as fully differentiated oligoden-
drocytes in culture. Also, our in vitro studies demonstrated that
microglia-derived proNGF induced the apoptotic cell death of
oligodendrocytes in culture, which was significantly inhibited
when oligodendrocytes were treated with anti-p75™"® antibody
before treatment with LPS-treated culture media (Fig. 5C).
Therefore, these results indicate that microglia-derived proNGF
induces p75~"®-mediated apoptosis of oligodendrocytes after
injury (Beattie et al., 2002).

RhoA activation has been implicated in apoptosis after SCI
(Dubreuil et al., 2003). Also, evidence for extensive activation of
Rho in the axon fibers of the injured neurons suggests that Rho
activation may be involved in axonal degeneration (Yamashita et
al., 2002). Furthermore, inhibition of Rho or Rho kinase, an ef-
fector of Rho, promotes axonal regeneration and functional re-
covery after SCI (Dergham et al., 2002; Fournier et al., 2003). Our
data showed that SCI induced both RhoA activation and axonal
degeneration (Figs. 7, 9). Together, our results suggest that RhoA
activation may be involved in axonal degeneration after SCI. Fur-
thermore, our results showed that minocycline inhibited both
RhoA activation and p75™"™® expression after SCI. Although we
have not determined whether inhibition of RhoA activation by
minocycline is mediated via p75™'™®, evidence indicates that
RhoA activation is p75™"* dependent (Yamashita et al., 1999;
Wang et al., 2002; Dubreuil et al., 2003). Also, a recent report
shows that RhoA is predominantly expressed by microglia, oligo-
dendrocytes, some neurons, and swollen neuritic axons after SCI
(Conrad et al., 2005). Therefore, our results suggest that a de-
creased RhoA activation in the minocycline-treated spinal cord
likely occurred at least in part in oligodendrocytes after injury.

Minocycline has been shown to provide neuroprotection
from insults by inhibiting microglial activation (Yrjanheikki et
al., 1998; Tikka and Koistinaho, 2001). For example, the neuro-
protective effects of minocycline are known to be mediated by
inhibiting caspase-3 activity, inducible nitric oxide synthase, ni-
tric oxide and TNF-a production, and p38MAPK activation in
activated microglia (Yrjanheikki et al., 1998; Chen et al., 2000;
Sanchez Mejia et al., 2001; Tikka and Koistinaho, 2001; Wu et al.,
2002; Lee et al., 2004). Additionally, we demonstrated that mino-
cycline inhibited proNGF production by activated microglia after
SCIL. These results indicate that the neuroprotective effect of mi-
nocycline is mediated in part by inhibiting microglial activation.

We believe we have elucidated the mechanism of action of
minocycline for inhibition of oligodendrocyte cell death after
SCI. As shown in this study, minocycline reduces apoptosis of
oligodendrocytes by inhibiting proNGF production in activated
microglia and thereby improves functional recovery after SCI. In
contrast, MP, which is currently used for treatment of acute SCI
in humans, has no significant effect on recovery after injury in the
rat. Minocycline is, to our knowledge, the first drug used in hu-
mans shown to inhibit oligodendrocyte death after injury. This
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drug is well tolerated clinically and penetrates the brain—blood
barrier easily (Gottlieb, 1997). Considering the neuroprotective
effects of minocycline in other models of CNS injury and diseases
(Yrjanheikki et al., 1998; Chen et al., 2000; Du et al., 2001;
Sanchez Mejia et al., 2001; Wu et al., 2002; Zhu et al., 2002), our
data suggest that minocycline may provide effective therapeutic
interventions for preventing the apoptotic death of oligodendro-
cytes and for improving functional recovery after SCI. Thus, un-
derstanding the mechanism of action of minocycline will assist in
the development of more potent and effective analogs for treat-
ment of human SCI.
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