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We investigated whether permeability transition-mediated release
of mitochondrial cytochrome c is a potential therapeutic target for
treating acute spinal cord injury (SCI). Based on previous reports,
minocycline, a second-generation tetracycline, exerts neuroprotec-
tion partially by inhibiting mitochondrial cytochrome c release and
reactive microgliosis. We first evaluated cytochrome c release at
the injury epicenter after a T10 contusive SCI in rats. Cytochrome
c release peaked at �4–8 h postinjury. A dose–response study
generated a safe pharmacological regimen that enabled i.p. mino-
cycline to significantly lower cytosolic cytochrome c at the epicen-
ter 4 h after SCI. In the long-term study, i.p. minocycline (90 mg�kg
administered 1 h after SCI followed by 45 mg�kg administered
every 12 h for 5 days) markedly enhanced long-term hind limb
locomotion relative to that of controls. Coordinated motor func-
tion and hind limb reflex recoveries also were improved signifi-
cantly. Histopathology suggested that minocycline treatment al-
leviated later-phase tissue loss, with significant sparing of white
matter and ventral horn motoneurons at levels adjacent to the
epicenter. Furthermore, glial fibrillary acidic protein and 2�,3� cyclic
nucleotide 3� phosphodiesterase immunocytochemistry showed
an evident reduction in astrogliosis and enhanced survival of
oligodendrocytes. Therefore, release of mitochondrial cytochrome
c is an important secondary injury mechanism in SCI. Drugs with
multifaceted effects in antagonizing this process and microgliosis
may protect a proportion of spinal cord tissue that is clinically
significant for functional recovery. Minocycline, with its proven
clinical safety, capability to cross the blood–brain barrier, and
demonstrated efficacy during a clinically relevant therapeutic win-
dow, may become an effective therapy for acute SCI.

Traumatic spinal cord injury (SCI) causes permanent neuro-
logical deficits because of the loss of spinal cord neurons and

axons. Clinically, SCI most frequently results from vertebral
fracture or dislocation that produces spinal cord bruising or
contusion (1, 2). Experimental studies typically focus on incom-
plete contusive or compression injuries (3). Those experiments
have indicated that the pathophysiology after SCI results from
the combination of a primary mechanical trauma and secondary
injury events. Unlike the primary mechanical trauma, which is
immediate and beyond therapeutic management, the secondary
injury occurs over the hours and days after SCI, further exac-
erbating tissue loss and functional impairments (4). However,
research over the past two decades has demonstrated that
therapeutic interventions attenuating common secondary injury
mechanisms (e.g., glutamate toxicity, free radical cellular dam-
age, Na� and Ca2� influx-related neuronal death, etc.) required
either pre- or immediate postinjury (p.i.) application for dem-
onstration of therapeutic effectiveness in experimental SCI and
thus did not lead to successful clinical trials (5–7). Although i.v.
administration of methylprednisolone has been recommended
as the standard clinical treatment for SCI, its application is
largely based on the beneficial results reported in a large-scale

clinical trial (8). However, side effects such as trends toward
higher infection rates, gastrointestinal hemorrhage, and respi-
ratory complications, as well as questions about the validity of
the conclusions drawn from the clinical trial, have generated
controversy regarding the standardized use of mega-dose i.v.
methylprednisolone for treating acute SCI (6). Because �50% of
patients initially have incomplete lesions (8), it is crucial to
identify therapeutic strategies that can promote functional re-
covery after SCI when they are implemented systemically within
a pragmatic therapeutic window. A key to developing therapies
is the identification at the molecular level of pathophysiological
events underlying delayed tissue loss (4, 7). Notably, the caspase
cell death pathway and one of its upstream triggers, mitochon-
drial cytochrome c release, have been elucidated in SCI. They
are clearly targets for the development of therapeutic interven-
tions (9–11).

Minocycline has been shown to have robust neuroprotective
effects in rodent models of neurodegeneration, cerebral isch-
emia, and traumatic brain injury (12–17) through blocking the
permeability transition-mediated release of cytochrome c that
activates the caspase cell death pathway, directly inhibiting
activated caspases, and through mitigating reactive microgliosis
(18). Because delayed cell death and reactive microgliosis play
critical roles in secondary injury after SCI, we hypothesized that
blocking mitochondrial cytochrome c release might reduce the
spinal cord tissue loss after SCI that is functionally significant.
We therefore evaluated the potential therapeutic effects of
minocycline in a standardized contusion model of SCI in rats.

Methods
SCI. Female Sprague–Dawley rats (280–330 g) were anesthetized
with i.p. ketamine (75 mg�kg) and xylazine (20 mg�kg). A T10
contusion injury (10 g � 12.5 mm) was produced [by using
the New York University (NYU) impactor] as previously de-
scribed (19).

Minocycline Administration. Minocycline hydrochloride powder
(Sigma) was prepared in normal saline (NS) and heated briefly
in a water bath until completely dissolved into a clear solution.
For the dose–response study, minocycline was administered i.p.
at three different doses (18, 90, and 180 mg�kg) beginning 1 h
p.i. The spinal cord tissues were collected 3 h later (i.e., 4 h p.i.)
followed by exploration of the abdominal cavity for pathological
signs of inflammation or necrosis. For the behavioral and
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histological experiments, rats were initially given 90 mg�kg
minocycline i.p. in 10 ml of NS (pH �5.7) starting 1 h after SCI,
followed by minocycline (45 mg�kg in 5 ml of NS) every 12 h for
5 consecutive days. Control groups received equivolumetric i.p.
NS vehicle injections at the corresponding time points.

Experimental Protocol. The experiments were conducted accord-
ing to a randomized block design. The size of the experimental
groups was determined on the basis of power analyses as
previously reported (20–22). Behavioral tests were performed at
days 1, 7, 14, 21, and 28 p.i. All animals survived the study. All
values are presented as mean � SEM. Application of the term
‘‘significant’’ in the tests implies P � 0.05. All experimental
procedures were reviewed and approved by the Animal Care and
Use Committee of the VA Boston Healthcare System.

Time Course of Cytochrome c Release. Rats were divided into six
groups (n � 3 rats per group) that were defined as preinjury,
immediate p.i., and 4, 8, 24, and 48 h p.i. groups, respectively,
based on the time points when spinal cords were collected. For
each group, spinal tissue from T9–T11 segments [with the
injured group receiving a T10 contusive SCI (10 g � 12.5 mm)]
was collected for permeability transition-mediated mitochon-
drial cytochrome c release analysis with methods reported
previously (12). Cytochrome c release in spinal cord segments
further distal to the lesion epicenter (i.e., C1–C3 and L2–L4) also
was analyzed. All blotting was repeated at least 4 times with
consistent results.

Behavioral Evaluation of Functional Deficits. Examination of func-
tional deficits 1, 7, 14, 21, and 28 days p.i. was conducted as
previously described (23). At each time point a battery of tests
of hind limb reflexes, as well as coordinated use of hind limbs,
was performed by using the BBB scale for overall hind limb
function, as previously described (23–25).

Histopathology. After the 4-week behavioral evaluation, animals
were deeply anesthetized and perfused intracardially with 0.1 M
phosphate buffer (Sigma) followed by 4% paraformaldehyde in
phosphate buffer (pH 7.4). The abdominal cavity of each rat was
examined for pathological signs of inflammation, necrosis,
and�or fibrosis. Spinal cord tissue was dissected from the
vertebral canal and processed as previously reported (26). Serial
20-�m cross sections were mounted sequentially on 10 slides
(Superfrost*�Plus microscope slides, Fisher Scientific) per se-
ries, a process repeated until each slide carried five sections
(1,000 �m of tissue), at which point a new series began. Serial
spinal cord sections from the treated and control groups were
stained in pairs to allow comparison of identically processed
tissue. All morphological analyses were done by evaluators
blinded to the treatment groups.

Tissue sections were examined for lesion cells and cavities as
previously described (26), and the injury epicenters (regions of
maximal damage) were identified. Solvent blue- and hematox-
ylin�eosin-stained sections at the lesion epicenter and 1, 2, 3, and
4 mm rostral and caudal to the epicenter were digitized by using
the SPOT VERSION 3.5.9.1 for MAC OS program (Diagnostic Instru-
ments, Sterling Heights, MI) and analyzed with the MCID ELITE
program (Imaging Research, St. Catherine’s, ON, Canada).
Lesion areas and areas of white matter sparing were defined as
previously described (21, 24, 26).

For assessment of neuroprotection, slides representing the
epicenter and specific locations rostral and caudal to it were
stained with cresyl violet and analyzed for the presence of
surviving ventral horn neurons that exhibited Nissl substance, a
euchromatic nucleus, and a distinct nucleolus (20, 21).

Immunocytochemistry of Glial Fibrillary Acidic Protein (GFAP) and 2�,3�

Cyclic Nucleotide 3� Phosphodiesterase (CNPase). The second or the
third sets of slides of the first series from 3 and 4 mm caudal to
the epicenter were used for immunocytochemistry of the GFAP
of reactive astroglial cells (27) and the CNPase of oligodendro-
glial cells (28), respectively. Briefly, an anti-GFAP monoclonal
antibody (Sigma) was used with a FITC-conjugated secondary
antibody. The analysis was performed on slides with tissue 3 mm
caudal to the epicenter from minocycline- and vehicle-treated
animals (n � 8 rats per group). GFAP-positive astroglial cells of
the ventral funiculi were captured by using the SPOT program.
GFAP-positive astroglia with a clearly identifiable soma and at
least one cell process (Fig. 4c) in the bilateral ventral funiculi of
two transverse sections per rat that were 200 �m apart were
counted at a magnification of �40 and averaged to get the
number of astroglia per section (i.e., 20 �m of tissue) for
statistics. Oligodendrocytes were examined with similar proce-
dures by using an anti-CNPase monoclonal antibody (Stern-
berger Monoclonals, Lutherville, MD) that was detected by its
secondary antibody and Texas red as a chromagen. Areas of
�50,000 �m2 from the ventromedial portion of the ventral
funiculi 4 mm caudal to the epicenter (one section per rat, n �
8 rats per group) were measured for mean luminosity by using
PHOTOSHOP VERSION 7.0 (Adobe Systems, Mountain View, CA).
The mean luminosities for each group were compared by using
an unpaired Student’s t test.

Statistical Analyses. BBB scores, behavior on inclined planes,
white matter sparing, and ventral horn motor counts were
analyzed by using repeated-measures ANOVA followed by
unpaired Student’s t tests (25). Fisher’s exact test was used for the
statistical evaluation of reflex recovery.

Results
Time Course of Cytochrome c Release from the Injury Epicenter.
Western blot analyses revealed a negligible cytochrome c signal
in the cytosolic compartment of noninjured spinal cord tissues
(i.e., from sham-operated rats) sampled from equivalent spinal
segments (i.e., T9–T11). In SCI rats, cytochrome c release from
the mitochondria into the cytoplasm was not detected immedi-
ately after SCI but peaked 4–8 h p.i. (Fig. 1a). Conversely,
cytochrome c levels in mitochondrial pellets were reduced
proportionally (Fig. 1b). We therefore decided to administer
minocycline 1 h p.i. and examine its effect on blocking cyto-
chrome c release at the SCI epicenter 4 h p.i. In addition, we
found that cytosolic cytochrome c levels in C1–C3 and L2–L4
spinal cord, segments more distal to the T10 injury epicenter,
were still significantly elevated 48 and 24 h p.i., respectively (data

Fig. 1. (a and b) Cytochrome c Western blots of cytosolic (a) and mitochon-
drial (b) fractions of precontusion and postcontusion spinal cord tissue at the
epicenter. (c) Dose-dependent effect of minocycline on cytochrome c release
at the injury epicenter, with significant blocking at the 90 and 180 mg�kg
doses. COX IV, cyclooxygenase IV.
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not shown). Thus, a 5-day drug administration plan was formed
for the treatment of minocycline.

Dose–Response Effect of Minocycline on Cytochrome c Release After
SCI. Minocycline at doses of 18, 90, and 180 mg�kg was injected
i.p. 1 h after SCI. We observed a dose-dependent effect of
minocycline on cytochrome c release at the injury epicenter.
Minocycline at 90 and 180 mg�kg i.p. showed significant blocking
effects, essentially reducing cytochrome c release to the negli-
gible pre-SCI level (Fig. 1c).

Effect of Minocycline on Hind Limb Paralysis After SCI. To avoid the
potential significant side effects seen in drug preparation regi-
mens reported previously (e.g., i.p. necrosis due to minocycline
precipitates and, to a lesser degree, acidity of the minocycline
preparation) (29), a more conservative dosing regimen was
developed, beginning with 90 mg�kg i.p. minocycline (in 10 ml
of NS per rat) 1 h after SCI, followed by 45 mg�kg minocycline
(in 5 ml of NS per rat) every 12 h for 5 consecutive days. At this
dose, rats did not demonstrate any signs of abdominal irritation
immediately after injection, nor any pathological signs of in-
f lammation, necrosis, or fibrosis after fixative perfusion. The
minocycline-treated rats also did not show other general toxic-
ities such as excessive loss of body weight (see below).

As described before in similar SCI models (19, 21, 24), all
experimental rats demonstrated complete hind limb paralysis at
1 day p.i., including areflexia and lack of coordinated motor
functions, such as locomotion. Thereafter, partial recovery of
function was observed over the next few weeks. By 4 weeks p.i.,
the long-term chronic functional deficits became apparent.
Greater return to a normal withdrawal reflex to an extension
stimulus was noted in minocycline-treated rats vs. controls (70%
vs. 25% of hind limbs; P � 0.010, Fisher’s exact test) at 4 weeks
p.i. A trend toward greater recovery to normal of the toe-spread
reflex was noted in the minocycline-treated group vs. controls
(65% vs. 35% of hind limbs; P � 0.370, Fisher’s exact test) at 4
weeks p.i.

For recovery of coordinated motor function, animals were
tested facing upward and downward on an inclined plane.
Whereas performance in the upward-facing orientation re-
flected forelimb strength (which should not have been affected
by a lower thoracic SCI in otherwise healthy animals), perfor-
mance facing downward measured coordinated hind limb motor
function (22, 23, 30). In the upward-facing orientation, the
performances of the two groups were not statistically different
(P � 0.05; Fig. 2a). However, the minocycline-treated group
showed a statistically significant improvement compared with
controls in the downward-facing orientation (P � 0.040; Fig. 2a)
beginning on day 7 p.i. and persisting through the duration of the
study. In addition, recovery of the capacity to use the hind limbs
in open-field locomotion, as graded by the BBB scale, also
significantly improved in an overall statistical comparison (P �
0.033, repeated-measures ANOVA) and at days 21 and 28 p.i. of
the post hoc analysis (P � 0.05, unpaired Student’s t test; Fig. 2b).
Thus, the regimen of minocycline treatment significantly im-
proved overall hind limb function compared with that of the
controls beginning 7 days after SCI and throughout the 28-day
study.

Body Weight Changes After SCI. SCI in our model caused a small
and statistically insignificant decrease in body weight at 24 h p.i.
relative to body weight before injury (data not shown). After-
ward, body weight gradually increased over the entire study
period. There was no significant difference in body weight
between the minocycline- and vehicle-treated groups at any time
(P � 0.05, repeated-measures ANOVA).

Histopathological Examination of the Effect of Minocycline on SCI. In
the contusion model of SCI (24, 26), the so-called lesion volume
consists of an area of maximal tissue loss (i.e., lesion per injury
epicenter) and the lesion rostral and caudal to the epicenter that
tapers gradually until its most distal elements end in the dorsal
funicular white matter.

To evaluate whether systemic minocycline treatment reduced
lesion volume, we outlined the lesion area in transverse sections
of the cord sampled from the injury epicenter and adjacent tissue
up to 4 mm rostral and caudal to the epicenter in 1-mm
increments. The epicenters were characterized by a peripheral,
and in some cases incomplete, rim of residual, hypomyelinated
white matter. This residual rim surrounded a central lesion that
consisted of cavities and a loose network of nonneuronal cells.
The overall cross-section profiles of the lesion epicenters from
the vehicle- and minocycline-treated groups were comparable
(Figs. 3 a and b). Additionally, there were no significant differ-
ences in lesion area size in tissue at other loci rostral and caudal
to the epicenter (Fig. 3a). Measurement of longitudinal lesion
lengths also did not indicate any significant effect of minocycline
(9.01 � 0.47 mm vs. 9.12 � 0.59 mm; P � 0.05, unpaired
Student’s t test) (20, 21).

To determine whether minocycline treatment spared white
matter, the cross-section profiles of spinal cord tissue at the
epicenter and sections 1, 2, 3, and 4 mm rostral and caudal to the
epicenter were examined for residual total white matter area
(i.e., white matter and hypomyelinated white matter) (24, 26).
There was an overall significant difference between the two
groups in the average area of residual total white matter (P �
0.014, repeated-measures ANOVA) as well as at 2, 3, and 4 mm
rostral and 3 and 4 mm caudal to the lesion epicenter on post hoc
tests (P � 0.03, unpaired Student’s t test; Fig. 3c). Additionally,
the relationship between white matter sparing 4 mm caudal to
the lesion epicenter and chronic hind limb function 4 weeks after
SCI was examined. Linear regression analysis indicated a sig-
nificant positive correlation between the area of preserved white
matter 4 mm caudal to the injury epicenter and overall hind limb

Fig. 2. Effect of minocycline on the recovery of coordinated hind limb
functions. (a) Comparison of groups (n � 10 rats per group) that received
vehicle alone or minocycline in inclined plane performance. Data points
represent the average � SEM maximum angle at which rats can maintain
position for 5 s. Data were analyzed with repeated-measures ANOVA, which
showed an overall significant (P � 0.05) effect of treatment. Asterisks indicate
that means are significantly different from the control group at the specified
times after SCI (Student’s t test). When facing upward, animals in the two
groups (Œ and ‚) were statistically similar for all time points, indicating that
they were similar in general body condition. When facing downward, the
minocycline-treated group (�) performed significantly better starting at day
7 p.i., compared with the vehicle control group (ƒ). (b) Locomotor function
graded on the BBB scale that ranges from 21 in normal rats to 0 in rats with
complete hind limb paralysis (25). Data points represent the group average �
SEM. Results were analyzed with repeated-measures ANOVA, which showed
an overall significant (P � 0.05) effect of treatment. Asterisks indicate that
means are significantly different from the vehicle-treated control group at the
specified times after SCI (Student’s t test).
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function, as measured by the BBB scale 4 weeks after SCI (n �
10 rats per group; P � 0.036, ANOVA).

To gain specific information about the neuronal protective
effect of minocycline, we first examined the gray matter-sparing
effect of minocycline and found no significant difference be-
tween the two experimental groups (data not shown). We then
compared the numbers of healthy-appearing ventral horn neu-
rons with euchromatic nuclei and prominent nucleoli in the
vehicle- and minocycline-treated groups (20). Motoneurons of
the ventral horns were counted in a series of cresyl violet-stained
sections at the lesion epicenter and at 1-mm increments both
rostral and caudal to the lesion epicenter (20). Motoneurons
were not present at the injury epicenter or in tissue 1 mm rostral
or caudal to the epicenter. Starting 2 mm rostral and caudal to
the epicenter, motoneuron sparing was observed. Minocycline
treatment significantly protected ventral horn neurons in the
overall analysis (P � 0.03, repeated-measures ANOVA) and 3
and 4 mm rostral to the epicenter, as well as 2, 3, and 4 mm caudal
to the epicenter in post hoc analyses (P � 0.05, unpaired
Student’s t tests; Fig. 3 d–f ).

Effect of Minocycline on Reactive Astrocytes and Oligodendrocytes
After SCI. To determine whether minocycline treatment inhibited
posttraumatic astrogliosis, the numbers of GFAP-positive glia
were compared in the two experimental groups. Spinal sections
3 mm caudal to the injury epicenter were quantitatively exam-
ined for GFAP-positive glial cells in the ventral funiculi, a white
matter region with axonal tracts that has important roles in rat
locomotion (31, 32). Minocycline treatment demonstrated an
overall significant effect on reducing the number of reactive
astroglia (Fig. 4d) in the ventral funiculi (18.0 � 2.3 astroglia per
20 �m of tissue in the minocycline-treated group vs. 26.1 � 1.9
astroglia per 20 �m of tissue in the control group; P � 0.017,
unpaired Student’s t test) (Fig. 4).

Systemic minocycline administration also protected oligoden-
drocytes. Because CNPase is a diffused signal linked with myelin
sheets and cell soma, we compared the immunoreactivity in
terms of difference in luminosity between the two groups in the
ventral funiculi of the spinal cord sections 4 mm caudal to the
epicenter (20). A significantly greater luminosity was detected in

the treated group than in the controls (73.8 � 3.5 luminosity
units vs. 26.1 � 1.9 luminosity units, respectively; P � 0.001,
unpaired Student’s t test; 1 section per rat, n � 8 rats per group)
(Fig. 5d, where black � luminosity unit 0 and white � luminosity
unit 256).

Discussion
Our results demonstrate that minocycline administered system-
ically 1 h after SCI significantly diminishes mitochondrial cyto-
chrome c release resulting from SCI and reduces functional
deficits starting 7 days p.i. The minocycline-treated group re-
covered hind limb reflexes more rapidly, and a higher percentage
of these rats regained responses comparable with those of
noninjured rats. The treated rats also achieved a faster and
greater degree of recovery of coordinated hind limb use in
maintaining position in a downward orientation on an inclined
plane (Fig. 2a). The overall hind limb functional improvement,
as measured by the BBB scale, was significantly enhanced in the
minocycline-treated group relative to vehicle-treated controls 21
and 28 days p.i. (Fig. 2b). Additionally, there were no notable

Fig. 3. (a) Lack of significant effect of minocycline (total dose of 495 mg/kg per rat over 5 days) on lesion volume at the injury epicenter and adjacent tissue
up to 4 mm rostral and caudal to the epicenter, in 1-mm increments (solvent blue and hematoxylin�eosin staining). (b) Representative transverse spinal cord
sections after T10 contusion injury at the epicenter and in 1-mm increments rostral and caudal to the epicenter in a rat receiving minocycline (Upper) and saline
vehicle (Lower). Epicenter sections are marked by arrows. (c) Overall significant difference (P � 0.014, repeated-measures ANOVA) between rats receiving
minocycline or saline vehicle (n � 10 rats per group) in the average area of residual total white matter (i.e., white matter and hypomyelinated white matter;
solvent blue and hematoxylin�eosin staining) (24), as well as 2, 3, and 4 mm rostral and 3 and 4 mm caudal to the lesion epicenter (P � 0.03, unpaired Student’s
t test). (d) Minocycline treatment significantly protected ventral horn neurons 3 and 4 mm rostral to the epicenter (P � 0.03, repeated-measures ANOVA), as well
as 2, 3, and 4 mm caudal to the epicenter (P � 0.05, unpaired Student’s t tests). (e and f ) Representative transverse cresyl violet-stained sections 2 mm caudal
to the injury epicenter in a rat receiving minocycline (e) or saline vehicle ( f). (Scale bar � 50 �m.)

Fig. 4. (a and b) GFAP immunocytochemistry demonstrating reduced astro-
gliosis in rat spinal cord white matter receiving minocycline (a) vs. equivolu-
metric saline vehicle (b). (Scale bar � 250 �m.) (c) Hypertrophic astrocyte of a
rat receiving saline vehicle treatment. (Scale bar � 20 �m.) (d) The average
number of reactive astrocytes (y axis, number of astroglia per 20 �m of tissue)
was significantly lower in the treated group (hatched bar) vs. the controls
(open bar) (n � 8 rats per group; P � 0.017, unpaired Student’s t test).
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side effects at the 90 mg�kg i.p. dosing regimen. Our data show
that the therapeutic outcome of minocycline most likely results
from its comprehensive effects of blockade of cytochrome c
release, resulting in protection of white matter, oligodendro-
cytes, and neurons and in inhibition of astrogliosis.

The hind limb deficits in this model of lower thoracic SCI are
largely due to loss of white matter axonal tracts (24, 32). To a
much lesser degree, the death of motoneurons related to trunk
stability (33) is an additional contributing factor. The white
matter degeneration is caused by the primary injury (i.e., me-
chanical lesion) and secondary injury events such as Na�

influx-mediated intraaxonal Ca2� accumulation leading to pro-
teinase activation, which destroys the cytoskeleton (24, 34), as
well as the induction of oligodendroglial apoptosis with subse-
quent demyelination of the surviving axons (35, 36). Earlier work
demonstrated that minocycline exerts remarkable neuroprotec-
tive effects in models of cerebral ischemia (13, 16), Huntington’s
disease, Parkinson’s disease (14, 17), multiple sclerosis, and
amyotrophic lateral sclerosis (12). Under these pathophysiolog-
ical conditions, members of the caspase family of enzymes
responsible for cell death, in particular caspase-1 and caspase-3,
are activated and have important roles in the pathogenesis of
these diseases (14, 16). Recently, we have demonstrated that
mitochondria are a key target for minocycline’s broad-spectrum
neuroprotective action (12, 37). Minocycline works by inhibiting
permeability transition-mediated release of cytochrome c from
the mitochondria into the cytoplasm, where cytochrome c be-
comes a potent stimulus for caspase-9 and caspase-3 activation
(38). This cascade of events was observed in a similar rat SCI
model and was suggested to be potentially responsible for
delayed cell death in white matter pathology (9). In addition to
the caspases, inducible nitric oxide synthase (iNOS) is also
up-regulated and activated under these circumstances (14, 16,
39). It has been shown that minocycline-mediated neuroprotec-
tion is associated with the inhibition of caspase-1, caspase-3, and
iNOS transcriptional up-regulation and activation (14–17).
Moreover, minocycline-mediated neuroprotection has been
linked with iminocycline’s inhibition of p38 mitogen-activated

protein kinase and microglial activation (16, 40). Notably,
caspase activation, iNOS up-regulation, and activated microglia
have been identified as major secondary injury events respon-
sible for a significant proportion of the neuronal and glial death
resulting from experimental SCI (9, 35, 36, 41). In particular,
post-SCI oligodendroglial apoptosis is a lengthy phenomenon
that lasts for days or even weeks (35, 36). However, previous
reports showed that pharmacological strategies aimed at coun-
tering apoptosis by directly inhibiting caspases or protein syn-
thesis as well as by suppressing iNOS needed to be carried out
immediately p.i. to achieve therapeutic effectiveness in experi-
mental SCI. These reports left doubts as to whether such targets
could be therapeutically practical, as seen in efforts to antago-
nize other commonly known secondary injury mechanisms such
as glutamate toxicity, free radical damages, and ionic imbalances
(see refs. 10, 36, and 41; also see reviews in refs. 5 and 6). Hence,
it is essential to seek therapeutic targets that are further up-
stream in mediating caspase activation-related cell death.

Our treatment regimen consisted of an initial high dose of
minocycline (90 mg�kg) followed by a maintenance dose of 45
mg�kg every 12 h for 5 days. The total dose of 495 mg�kg per rat
is significantly higher than those used in previous studies (12–17,
42). This pharmacological design produces an effective plasma
concentration immediately after the first dose, which was sus-
tained by succeeding doses over 5 days, a critical period for
apoptotic neuronal and glial death as well as microglial activation
after SCI (35, 36, 43, 44). We observed a dramatic increase in the
level of cytosolic cytochrome c that peaked 4–8 h p.i., a period
that offers a pragmatic therapeutic window (Fig. 1 a and b). Our
finding is consistent with an earlier report in which mitochon-
drial cytochrome c release peaked 4 h p.i., after a more severe
SCI produced by the same type of impactor (9). We applied
minocycline 1 h after a mild contusion injury, the time at which
necrotic pathology in the gray matter (i.e., neurons) becomes
plain at the injury epicenter (45). However, nonnecrotic and
apoptotic cell death in tissues adjacent to the epicenter generally
takes hours or even weeks to complete (26, 35, 36, 46). Thus, the
outcome of this study suggests that a significant portion of the
secondary tissue loss in SCI may result from cytosolic cyto-
chrome c-mediated neuronal and glial death (9, 12). Minocy-
cline, therefore, is a very promising therapeutic intervention for
SCI, because of its multifaceted antisecondary injury properties:
counteracting the spark-off mechanism of cytochrome c and,
simultaneously, directly inhibiting downstream caspase activa-
tion and other key degenerative events such as inducible nitric
oxide synthase (iNOS) up-regulation, microglial activation, and
reactive astrogliosis.

Our histopathological data strongly support these notions. For
example, our treatment regimen did not alter the average size of
lesion at the injury epicenters, a pathological feature largely
defined by the early necrotic process (26, 45). Minocycline,
however, significantly spared white matter and increased ventral
horn motoneuron survival at spinal cord levels adjacent to the
injury site (Fig. 3 c and d), where neural cell apoptosis was found
to be active during similar post-SCI time courses (35, 36). More
importantly, the strong correlation between white matter pres-
ervation and enhanced chronic functional recovery further
supports the hypothesis that minocycline treatment in this SCI
model recovers hind limb function by reducing later-phase white
matter loss that contributes significantly to the deleterious
consequences of SCI. Additionally, there was a discernable
reduction in the number of reactive astrocytes and an augmented
survival of oligodendrocytes in the spared white matter (Figs. 4
and 5). Reactive astrocytes release inhibitory molecules such as
neurocan and trabecular meshwork-inducible glucocorticoid re-
sponse protein (TIGR) to further restrict neuronal repair and
regeneration (27, 47), and astroglial scarring prevents axonal
regeneration (27). There is also evidence that post-SCI demy-

Fig. 5. (a and b) CNPase immunocytochemistry demonstrating increased
oligodendrocyte preservation in minocycline-treated rat spinal cord ventral
funiculi 4 mm caudal to the epicenter (b) vs. that in the controls (a) (n � 8 rats
per group). (Scale bar � 75 �m). (c) Anti-CNPase and 4�,6-diamidino-2-
phenylindole (DAPI) double-staining, demonstrating oligodendroglia (arrow-
heads) as well as the nuclei of cells not reacting with the anti-CNPase antibody
(arrows). (d) Composite histograms of total luminosities summarized from
each experimental group showed a significant difference in anti-CNPase
immunoreactivity (i.e., brightness intensity of the immunostain as measured
by luminosity units) between the minocycline-treated (green) vs. the vehicle-
treated (black) rats (n � 8 rats per group, with group average luminosity of
73.8 � 3.5 luminosity units vs. 26.1 � 1.9 luminosity units, respectively; P �
0.001, unpaired Student’s t test). The histograms represent the distribution of
total pixels (y axis) in the measured sections (480,000 pixels per section, 1
section per rat, and 8 sections per group for a total of 3.84 million pixels per
group) of each group, plotted against luminosity units (x axis) where lumi-
nosity ranges from luminosity unit 0 (black) to 256 (white).
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elination caused by oligodendrocyte death�malfunction contrib-
utes significantly to chronic SCI functional deficits (48, 49).

Our rationale is further supported by behavioral results in the
rats receiving minocycline after SCI. The overall hind limb
functional improvement as assessed by the BBB locomotor score
only became statistically significant 21 days p.i., a time frame
suggesting that neither minimization of necrosis nor axonal
regeneration is the likely underlying mechanism. Reduction in
necrosis would have resulted in an earlier recovery pattern,
whereas axonal regeneration would have resulted in a much
more prolonged period before recovery. Hence, white matter
sparing with less gliosis and greater oligodendrocyte and mo-
toneuron survival may best explain the beneficial outcomes of
minocycline treatment observed in this experimental model
of SCI.

The significant functional hind limb improvement 4 weeks p.i.,
which was linked with significant neuronal and axonal protection
and mitigation of astrogliosis and was not associated with any
observable side effects of the treatment, is consistent with
previously published data on other neurological disorders. It is
also consistent with a recent report (42) in which systemic
minocycline treatment starting 1 h p.i. significantly improved
hind limb function in mice by decreasing lesion size and axonal
loss. The histopathological discrepancy between the two studies

can be largely explained by the different pathological responses
between the two species (e.g., unlike in clinical SCI, in mice SCI
essentially causes no cyst formation) (50). In a separate study, we
found that methylprednisolone (30 mg�kg i.v., administered 1 h
p.i., followed by 5.4 mg�kg i.v. for 23 h), the currently recom-
mended pharmacological treatment for acute clinical SCI, did
not improve functional recovery as evaluated by the BBB score
in this model of SCI relative to the controls (n � nine rats per
group). Therefore, the present finding supports our hypothesis
that minocycline, by blocking an upstream event that triggers
delayed neural cell death and the broad-spectrum neuroprotec-
tive effects of mitochondrial release of cytochrome c, can
ameliorate functional deficits after traumatic SCI. Furthermore,
the significant functional improvement after SCI was achieved by
the systemic administration of minocycline at 1 h p.i., a time
window that is practical for administering the drug in the field.
Therefore, our results, together with the safety record of mino-
cycline and its ability to penetrate the blood–brain barrier (51),
suggest that it may become a clinical therapy for SCI.
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