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Minocycline Treatment Reduces Delayed Oligodendrocyte
Death, Attenuates Axonal Dieback, and Improves Functional
Outcome after Spinal Cord Injury
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Minocycline has been demonstrated to be neuroprotective after spinal cord injury (SCI). However, the cellular consequences of minocy-
cline treatment on the secondary injury response are poorly understood. We examined the ability of minocycline to reduce oligodendro-
cyte apoptosis, microglial/macrophage activation, corticospinal tract (CST) dieback, and lesion size and to improve functional outcome
after SCI. Adult rats were subjected to a C7–C8 dorsal column transection, and the presence of apoptotic oligodendrocytes was assessed
within the ascending sensory tract (AST) and descending CST in segments (3–7 mm) both proximal and distal to the injury site. Surpris-
ingly, the numbers of dying oligodendrocytes in the proximal and distal segments were comparable, suggesting more than the lack of
axon– cell body contiguity played a role in their demise. Minocycline or vehicle control was injected into the intraperitoneal cavity 30 min
and 8 hr after SCI and thereafter twice daily for 2 d. We report a reduction of apoptotic oligodendrocytes and microglia within both
proximal and distal segments of the AST after minocycline treatment, using immunostaining for active caspase-3 and Hoechst 33258
staining in combination with cell-specific markers. Activated microglial/macrophage density was reduced remote to the lesion as well as
at the lesion site. Both CST dieback and lesion size were diminished after minocycline treatment. Footprint analysis revealed improved
functional outcome after minocycline treatment. Thus, minocycline ameliorates multiple secondary events after SCI, rendering this
clinically used drug an attractive candidate for SCI treatment trials.
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Introduction
The loss of function after spinal cord injury (SCI) results from
both the primary mechanical insult and the subsequent, multi-
faceted secondary degenerative response (Sekhon and Fehlings,
2001; Dumont et al., 2001; McDonald and Sadowsky, 2002). The
secondary degenerative response spreads from the site of impact,
causing demyelination, axonal injury, and destruction to neuro-
nal tissue that survived the initial insult. Apoptosis of oligoden-
drocytes is a prominent feature of the secondary degeneration
after SCI (Li et al., 1996; Crowe et al., 1997; Liu et al., 1997;
Shuman et al., 1997; Abe et al., 1999; Casha et al., 2001; Warden et
al., 2001; Beattie et al., 2002; Dong et al., 2003; McBride et al.,
2003), a process that may contribute to the chronic demyelina-
tion of spared axons often seen after SCI (Blight and Decrescito,
1986; Blight et al., 1991; Bunge et al., 1993; Waxman, 1993). The
secondary degenerative response also involves glutamate excito-
toxicity, ionic dysregulation, free radical generation, and isch-

emia (Balentine and Spector, 1977; Young and Flamm, 1982;
Panter et al., 1990; Choi, 1992; Wrathall et al., 1994; Agrawal and
Fehlings, 1997). A massive inflammatory response results from
the release of cytokines and chemokines from resident and
blood-derived inflammatory cells, which may further aggravate
cellular and axonal damage (Bethea, 2000; Popovich, 2000; Haus-
mann, 2003). Therefore, treatment strategies designed to target
several aspects of the secondary injury will likely be of value in the
treatment of human SCI.

Minocycline, a second-generation tetracycline, may be an at-
tractive candidate in the treatment of many neurodegenerative
and trauma-induced CNS injuries attributable to both anti-
inflammatory and neuroprotective properties. Collectively, the
biological effects of minocycline include inhibition of microglial
activation, reduction of mRNA of both interleukin 1� (IL-1�)
and inducible nitric oxide synthase (Yrjanheikki et al., 1998),
cyclooxygenase 2 expression, and prostaglandin E2 production
(Yrjanheikki et al., 1999). Minocycline has also been shown to
attenuate production of matrix metalloproteinases (MMPs) and
to decrease T-lymphocyte transmigration (Brundula et al., 2002;
Power et al., 2003). In addition, minocycline has been shown to
inhibit caspase expression (Chen et al., 2000), cytochrome c re-
lease (Zhu et al., 2002) and caspase-dependent and -independent
cell death (Wang et al., 2003).
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Recently, minocycline has been shown to improve functional
outcome, to reduce lesion size, to reduce cell death, and to alter
cytokine expression after SCI (Lee et al., 2003; Wells et al., 2003).
In a murine model of SCI, minocycline treatment was superior to
methylprednisolone, the only treatment available to SCI patients,
in promoting functional improvement (Wells et al., 2003). How-
ever, the cellular and molecular basis for the neuroprotective
effects of minocycline remains for the most part unknown. We
therefore sought to elucidate the cellular consequences of mino-
cycline treatment and how it leads to attenuation of the patho-
physiological response after SCI. Specifically, we used a dorsal
column transection model at the cervical C7–C8 level of the spi-
nal cord to examine the effects of minocycline treatment on de-
layed oligodendrocyte death within the distal degenerating and
proximal dorsal columns, the microglial/macrophage response,
corticospinal tract (CST) dieback, lesion size, and functional out-
come after SCI. The results indicate that minocycline influences
several aspects of the secondary degenerative response, a charac-
teristic that is likely responsible for its ability to promote im-
proved functional outcome after SCI.

Materials and Methods
Spinal cord dorsal column transection and corticospinal tract tracing. All
experiments were conducted in accordance with the University of British
Columbia Animal Care Ethics Committee, adhering to guidelines of the
Canadian Council on Animal Care. Adult Wistar rats were anesthetized
with an intraperitoneal injection of a mixture of ketamine hydrochloride
(72 mg/kg; Bimeda-MTC, Cambridge, Ontario, Canada) and xylazine
hydrochloride (9 mg/kg; Bayer Inc., Etobicoke, Ontario, Canada). The
animals were placed in a stereotaxic frame, and a laminectomy was per-
formed at the seventh cervical vertebra. An adjustable wire knife (model
120; David Kopf Instruments, Tujunga, CA) was used to minimize the
variability in depth of the lesion. The knife was lowered to the dura mater
1 mm lateral to midline on the animal’s right side. After a prepuncture of
the dura mater with a fine needle, the wire knife was lowered 1.1 mm into
the dorsal horn between the dorsal roots of C7 and C8. The wire knife
blade (3 mm curvature length) was extended to a further depth of 0.5 mm
(total, 1.6 mm) and horizontally to a total diameter of 1.9 –2 mm. The
wire knife was drawn up while gently pushing the dorsal columns down
with a cotton swab. This severs most dorsal column axons, but it does not
sever the dura except at its point of entry and its extreme distal end that
points upward. The wire knife was removed, and a pair of microscissors
was introduced into the two small holes produced by the wire knife to cut
the dura and dorsal vein and to ensure complete transection of the dorsal
columns and central canal. Efficacy of the lesion was confirmed with
histology at the end of the study. Two weeks before the dorsal column
transection, rats were injected with the anterograde tracer biotin dextran
amine (BDA; Molecular Probes, Eugene, OR) to visualize the CST both
proximal and distal to the lesion and to assess CST dieback. A burr hole
overlying the right side of the cortex was made to access the cell bodies of
the CST. To effectively label the CST, 200 nl of (25%) BDA was injected
into each of eight sites spanning the rat sensorimotor cortex using a glass
micropipette fitted to a Hamilton syringe.

Minocycline administration. Rats were randomly assigned into two
treatment groups and were treated twice per day for 2 d with intraperi-
toneal injections of either saline or 50 mg/kg minocycline (Apotex Inc. ,
Weston, Ontario, Canada) in 1.0 ml of saline (nonbuffered), beginning
30 min after injury. There was a minor grooming response at the site of
injection in some animals, lasting a few seconds. Otherwise, these treat-
ments were well tolerated.

Preparation of tissue. At 7 and 14 d after injury, animals were anesthe-
tized with a lethal dose of chloral hydrate (BDH Chemicals, Toronto,
Ontario, Canada) and perfused with PBS, followed by perfusion fixation
with a solution of 4% paraformaldehyde in PBS. The spinal cords (brain-
stem to midthoracic region) were removed, postfixed in 4% paraformal-
dehyde overnight, and subsequently cryoprotected in 30% sucrose. The
spinal cords were then cut into three blocks, frozen, and stored at – 80°C

until sectioned. Specifically, a 6 mm lesion block, centered at the lesion
site, was used to assess lesion size, CST dieback, and ED1 density (percent
area). A rostral block (�7 to �3 mm) and caudal block (–3 to –7 mm)
were used to assess remote oligodendrocyte apoptosis and ED1 density
(percent area). Blocks were cryosectioned in the sagittal plane at a thick-
ness of 10 �m (apoptosis studies) or 14 �m (lesion studies), and tissue
sections were collected on Superfrost slides (Fisher Scientific, Houston,
TX) organized into five adjacent section series.

Immunohistochemistry. Fluorescent immunohistochemistry was per-
formed on slides containing sections of 7 or 14 d postinjured spinal
cords. In general, slides were rinsed three times in PBS and blocked in
10% normal goat serum in PBS for 30 min at room temperature. To
detect active caspase-3-positive apoptotic cells within the remote distal
and proximal dorsal ascending sensory tract (AST) and CST, slides were
incubated with a rabbit monoclonal antibody for active caspase-3 (1:500;
PharMingen, San Diego, CA). After three washes in PBS, slides were
incubated for 1 hr at room temperature with the Alexa Fluor 488 goat
anti-rabbit secondary antibody (1:200; Molecular Probes) and Cy3-
conjugated streptavidin (Jackson ImmunoResearch, West Grove, PA) to
visualize active caspase-3 and the BDA-labeled CST, respectively. Slides
were then washed three times in PBS and submerged in Hoechst 33258 (1
�g/ml; Sigma, Oakville, Ontario, Canada) to detect condensed nuclei
indicative of apoptosis. To assess cell identity of apoptotic profiles, the
following mouse primary antibodies were used: adenomatous polyposis
coli (CCI clone) (antibody 7, 1:200; Oncogene Research Products, Bos-
ton, MA) for oligodendrocyte cell bodies, GFAP (1:1000; Sigma) for
astrocytes, OX42 (1:600; Serotec, Oxford, UK) for microglia/macro-
phages, and ED1 (1:500; Serotec) for activated microglia/macrophages. A
Cy3-conjugated donkey anti-mouse secondary antibody (Jackson Im-
munoResearch) or Alexa Fluor 488 goat anti-mouse secondary antibody
(1:200; Molecular Probes) was used to visualize the mouse primary an-
tibodies listed above.

To determine the number of apoptotic profiles within the distal de-
generating and proximal segments remote from injury, active caspase-3-
positive cells with a condensed nucleus were counted. Tracing the CST
with BDA before the lesion allowed us to discriminate the AST from the
CST. Using the central canal as a reference point, 10-�m-thick sagittal
sections (three sections 50 �m apart) from either 3–7 mm rostral or 3–7
mm caudal to injury were assessed, and the amount of apoptosis was
expressed as the mean number of active caspase-3 positive profiles with
condensed nuclei per 10 �m section. Cell counts of active caspase-3
positive oligodendrocytes and microglia were expressed in a similar man-
ner. Counts were performed blind with respect to treatment using a Zeiss
(Thornwood, NY) Axioskop microscope. Three sections (spaced 50 �m
apart) from four to six animals in each group per time point were
analyzed.

Microglial/macrophage activation and recruitment. To assess microgli-
al/macrophage activation and recruitment within the corticospinal or
ascending sensory tracts 3–3.5 mm remote from lesion, an overlay of
three rectangular boxes (dimensions of each box, 100 �m width � 500
�m length) was placed onto digitally captured sagittal sections contain-
ing BDA-labeled axons (red channel) using SigmaScan Pro software
(SPSS, Chicago, IL). With regard to the placement of the rectangles, the
dorsal most edge of the CST–AST interface was set at 0 �m. The CST
rectangle was placed so its top edge was aligned with the dorsal edge of the
CST and captured an area (50,000 �m 2) within the CST. The AST100

rectangle was positioned 100 �m from the dorsal edge of the labeled CST
and captured an area (50,000 �m 2) within the adjacent AST. The AST300

rectangle was positioned 100 �m from the dorsal edge of the AST100

rectangle and captured an area (50,000 �m 2) 300 �m dorsal to the CST.
The overlay of the rectangles was then copied onto thresholded images
depicting the ED1-positive cells (green channel), and the percentage of
the area occupied by ED1 signal was reported. One or two sections from
at least four animals per group were assessed. Similarly, ED1 density
within the proximal CST stump was quantified using the same approach
with a standardized overlay box (250 �m width � 750 �m length) posi-
tioned within the proximal CST stump. At least two sections from five
animals per group were assessed.

CST dieback. To quantify CST dieback, 14-�m-thick sections contain-
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ing the lesion site were subjected to GFAP immunohistochemistry to
delineate the lesion area and Cy3-conjugated streptavidin (Jackson Im-
munoResearch) to visualize the BDA-traced CST. Digital images were
captured, and CST dieback was measured using SigmaScan Pro software
(SPSS). At least two sections from each animal (7 d, six or seven animals
per group; 14 d, four or five animals per group) were assessed, and the
mean distance of leading intact CST fibers from the center of the lesion
site per 14 �m section was reported. To ensure equal sampling, we used
the central canal as the reference point (midline) and sampled the mid-
line section as well as the 5th and 10th 14 �m section at �70 and 140 �m
lateral to the midline, respectively. Thus, all sections run through the
gracile funiculus containing the axons from the hindlimbs and do not
contain unlesioned cervical sensory afferents.

Lesion area. The digital images captured and used for CST dieback
analysis (see above) were used to quantify the lesion area (delineated by
GFAP immunohistochemistry). Lesion area was measured using Sig-
maScan Pro software (SPSS). At least two sections from each animal (7 d,
six or seven animals per group; 14 d, four or five animals per group) were
assessed, and the mean lesion area (square millimeters) per 14 �m sec-
tion was reported.

Footprint analysis. Walking track footprint analysis was modified from
the method of de Medinaceli et al. (1982). The animal’s forepaws were
dipped in green dye, and the hindpaws were dipped in red dye (non-
toxic). The rats were trained to avoid a brightly illuminated starting box
by walking across a narrow wooden board (1 m long and 7 cm wide)
leading to a darkened box containing their familiar housing mates. Two
marks were placed 70 cm apart, centered on the platform, to ensure the
rat footprints were not analyzed during the beginning (acceleration) or
ending (deceleration) of the movement. The rats were timed as they
passed from mark 1 to mark 2. If the animal failed to complete the test
within 1–2 sec or paused while traversing the track, the trial was excluded
from analysis, and the test was repeated. Each animal (observer was blind
to treatment conditions) performed one training session without paws
being dipped, followed by two separate baseline sessions taken before
injury and one session on 3, 5, 7, and 14 d after injury. Each session
consisted of three separate traverses of the track. The footprints were
scanned, and digitized images were measured using Photoshop version
6.0 (Adobe Systems, Ottawa, Ontario, Canada). Toe spread was mea-
sured as the distance between the first and fifth toe in the hindpaw.
Interlimb coordination was measured as the distance between the ipsi-
lateral forepaw (center of pad) and hindpaw (center of pad). Angle of
rotation was measured as the angle made by the third toe, center of the
footpad, and a line parallel to the direction of travel. To assess toe spread,
the maximal toe spread index (TSI ) was calculated according to the
Brown TSI formula (Brown et al., 1989): TSI � (ETS � NTS)/NTS,
where ETS is experimental toe spread, and NTS is normal toe spread.

Similar to toe spread, an index was used to calculate both interlimb
coordination and angle of rotation. At least nine footprints per side from
three sessions were measured per animal per group (n � 8, 7 d; n � 4,
14 d) to determine the mean values of each parameter assessed.

Statistics. Statistical analysis was performed using SigmaStat software
(SPSS). Data were compared between groups using a Student’s t test. In
the case of unequal variances, the Mann–Whitney rank sum test was
used. Differences with p � 0.05 were considered significant.

Results
Active caspase-3-mediated apoptosis of oligodendrocytes and
microglia within both proximal and degenerating white
matter after C7–C8 dorsal column transection
To assess the efficacy of minocycline treatment in the prevention
of delayed white matter oligodendrocyte cell death after SCI, we
chose a dorsal column transection model to compare cell death
within both proximal and distal regions of two well defined sys-
tems, the descending dorsal CST and AST, namely the cuneate
and gracile funiculi (see supplemental Fig. 1A,B, available at
www.jneurosci.org).

A previous study using a similar injury model at the thoracic
level reported numerous terminal deoxynucleotidyl transferase-

mediated biotinylated UTP nick end-labeling (TUNEL)-positive
glia within degenerating and proximal (to a lesser extent) seg-
ments of the AST and CST and identified a subpopulation of the
dying cells as oligodendrocytes (Warden et al., 2001). We exam-
ined death of oligodendodrocytes within the proximal and distal
regions of the AST and CST remote from a cervical lesion, a
region not previously studied using this model in mature rodents.
Prelabeling of the right motor cortex with the anterograde tracer
BDA allowed us to discriminate the proximal and distal segments
of the CST from the proximal and distal segments of the AST after
injury (see supplemental Fig. 1B, available at www.jneuro-
sci.org). A role for caspase-3-mediated oligodendrocyte apopto-
sis after SCI has been shown in rat, mouse, chick, and human
(Emery et al., 1998; Springer et al., 1999; Beattie et al., 2002; Dong
et al., 2003; McBride et al., 2003). We therefore assessed active cell
death using immunohistochemistry for active caspase-3 and
Hoechst 33258 stain to visualize nuclear condensation, a hall-
mark of apoptosis. Figure 1 shows apoptotic cells within both
rostral (Fig. 1A–E) and caudal (Fig. 1F–J) segments of the AST
and CST 14 d after injury. Using cell-specific markers CC1 and
OX42, we confirmed that most these profiles were oligodendro-
cytes (Fig. 1K–N,S) and microglia/macrophages (Fig. 1O–R,T),
respectively. No apoptotic astrocytes (GFAP) were observed
(data not shown). To ensure that microglia and oligodendrocytes
were truly apoptotic and did not represent apoptotic bodies con-
tained within a phagocyte, which would possess a normal nucleus
as well, we used confocal microscopy to assess the nucleus within
the entire boundaries of the cell. Examples of apoptotic nuclei
(Fig. 1S�) within the boundaries of an oligodendrocyte are shown
in Figure 1S and within a microglial/macrophage in Figure 1, T
and T�, confirming their apoptotic phenotype. Within the AST,
active caspase-3 positive-profiles were abundant in both the
proximal segment, i.e., caudal to the lesion (Figs. 1U, 2B), and
distal segment, i.e., rostral to the lesion (Figs. 1V, 2B). Approxi-
mately 10 –15% of apoptotic profiles were oligodendrocytes
(CC1-positive), whereas most apoptotic profiles (�65–70%)
were of microglial/macrophage origin (OX42-positive; Fig. 2A).

Effect of minocycline treatment on active caspase-3-mediated
oligodendrocyte death
Apoptotic profiles were counted within both proximal and distal
segments of the AST and CST remote from a C7–C8 dorsal col-
umn transection site and compared between saline- versus
minocycline-treated groups (Fig. 2B). In the untreated controls,
there were significantly fewer apoptotic profiles within the prox-
imal segment compared with the distal segment within the AST at
both 7 and 14 d after injury (7 d, p � 0.001; 14 d, p � 0.01; Fig.
2B). Minocycline treatment significantly reduced the number of
apoptotic profiles within the proximal AST (32.7 � 2.7, mean �
SEM) versus saline-treated animals (56.1 � 3.9; p � 0.001) at 7 d
after injury. Within the degenerating (distal) AST, minocycline
treatment also reduced the mean number of apoptotic profiles
(47.9 � 4.0) when compared with saline treatment (78.7 � 3.5;
p � 0.001; Figs. 1W, 2B). Minocycline treatment continued to
prevent cell death at 14 d after the lesion within both proximal
(minocycline, 19.8 � 3.3; vs saline, 37.6 � 3.8; p � 0.01) and
distal (minocycline, 36.8 � 4.1; vs saline, 58.2 � 5.0; p � 0.01)
segments. These results suggest that minocycline treatment con-
tinued for 48 hr after injury is sufficient to reduce secondary cell
death by �39% (distal) and 42% (proximal) at 7 d and by 37%
(distal) and 47% (proximal) at 14 d after injury.

Using triple labeling with CC1 as a marker for oligodendro-
cytes combined with the two apoptotic markers used above, we

2184 • J. Neurosci., March 3, 2004 • 24(9):2182–2190 Stirling et al. • Cellular Effects of Minocycline Treatment after SCI



counted the number of apoptotic oligodendrocytes from
minocycline- or saline-treated rats. Minocycline significantly re-
duced the mean number of apoptotic oligodendrocytes within
both the proximal (minocycline, 3.9 � 0.5; vs saline, 6.2 � 0.6;
p � 0.01) and distal (minocycline, 4.8 � 0.8; vs saline, 7.9 � 0.8;
p � 0.01) segments of the AST at 7 d after injury compared with
saline-treated animals (Fig. 2C). At 14 d after the lesion, only the
proximal segment from minocycline-treated rats (4.6 � 0.7) had
significantly fewer apoptotic oligodendrocytes compared with
saline-treated animals (7.4 � 0.9; p � 0.05). Interestingly, in the
untreated group, the number of oligodendrocytes in the distal
segments at both time points was only marginally higher than
their proximal counterparts but did not reach significance (7 and
14 d, p 	 0.05).

Effect of minocycline treatment on ED1
density 7 d after SCI
Previously, it has been shown that the mi-
croglial/macrophage response peaks at 7 d
after SCI and is associated with demyelina-
tion and axonal degeneration (Blight,
1985; Giulian and Robertson, 1990; Blight,
1992; Popovich et al., 1997, 1999). In ad-
dition, Shuman et al. (1997) previously
hypothesized that activated microglia may
induce oligodendrocyte apoptosis within
degenerating tracts after SCI. We therefore
assessed whether minocycline treatment
would inhibit microglial/macrophage ac-
tivation in areas of oligodendrocyte apo-
ptosis, i.e., the segments several millime-
ters distant to the lesion site as well as
within the lesion site itself. Untreated in-
jured animals had large numbers of ED1-
positive microglia/macrophages located
within the degenerating distal segments of
the AST and CST (Fig. 3A,B,E,F). Treat-
ment with minocycline significantly re-
duced ED1 density within the distal (ros-
tral to lesion site) degenerating segments
of the AST measured from 100 �m
(AST100, minocycline, 1.6 � 0.5%,
mean � SEM; vs saline, 6.0 � 1.1%; p �
0.01) and 300 �m dorsal to the CST
(AST300, minocycline, 2.0 � 0.3%; vs sa-
line, 4.7 � 0.7%; p � 0.01; Fig. 3C,G,M).
Within the distal (caudal to lesion site) de-
generating segment of the CST, minocy-
cline treatment also significantly reduced
ED1 density (minocycline, 5.1 � 2.1%; vs
saline, 11.8 � 1.4%; p � 0.05; Fig.
3D,H,M). Although there was a trend to-
ward a reduction of ED1 density within the
proximal segment of the AST (caudal to
the lesion) closest to the CST (Fig. 3, com-
pare B,F, D,H) and within the proximal
CST (rostral to the lesion) in minocycline-
treated rats, this failed to reach signifi-
cance (Fig. 3M).

At the injury site, large numbers of mi-
croglia/macrophages were found within
the proximal stump of the anterogradely
traced CST, i.e., immediately adjacent to
the lesion, as well as in areas of cavitation

in saline-treated rats (Fig. 3 I, J). This ED1 density was reduced by
minocycline treatment at 7 d after injury (Fig. 3K,L). Quantifica-
tion of ED1 density within the proximal CST stump confirmed
the visual impression given in Figure 3, revealing a significant
reduction in ED1 density in minocycline-treated animals (8.2 �
1.6%, mean � SEM) compared with saline-treated controls
(19.4 � 3.8%; p � 0.01; Fig. 3N).

Effect of minocycline treatment on CST dieback after SCI
Previously, it has been shown that after transection of the adult
rat CST, the proximal axon stumps degenerate during the first
few weeks after injury (Pallini et al., 1988). This extensive axonal
dieback may have implications for regeneration and sprouting
after injury. We measured the distance between the closest, in-

Figure 1. Cell death of oligodendrocytes and microglia/macrophages within both proximal and distal segments of the CST and
AST after SCI. The dorsal funiculus 5 mm rostral ( A–E) or caudal ( F–J) to the injury site, 14 d after the lesion, is shown. The
BDA-labeled CST (red) is easily distinguished from the adjacent ascending fibers, allowing for analysis of apoptotic profiles within
the CST or AST. B, Most CST fibers are intact, but some degenerate (arrowheads). C–E, Boxed area in B, an active caspase-3-positive
profile (C, arrow) with a condensed nucleus (D, arrow). E, Merged image of C, D, and BDA (red). Caudal to the injury site, the CST
completely degenerates ( F). Apoptotic profiles are found within both the degenerating CST (arrow) and within the proximal
segment of the ascending fibers (boxed area in G). H–J, Boxed area in G showing an active caspase-3-positive profile ( H ) with a
condensed nucleus (I, arrow). J, Merged image of H, I, and BDA (red). K–N, Colocalization of CC1 ( K), active caspase-3 ( L), and a
condensed nucleus ( M ) revealing an apoptotic oligodendrocyte within the proximal AST 7 d after injury (N, merged image of
K–M ). O–R, OX42 immunoreactivity ( O) revealing that apoptotic microglia/macrophages were also present within the proximal
AST (P, active caspase-3; Q, Hoechst 33528; R, merged image of O–Q). S, T, Representative merged confocal images of CC1-positive
(S, arrow) and OX42-positive (T, arrow), active caspase-3-positive profiles with (S�, T�) or without a condensed nucleus (S,
arrowhead). U–W, Numerous active caspase-3-positive profiles (green) are present within the proximal ( U) and distal ( V ) AST at
7 d after the lesion. Minocycline treatment greatly reduces the number of active caspase-3-positive profiles within both the
proximal and distal AST (W, distal AST). Scale bars: A, F, U–W, 100 �m; B, G, 25 �m; C–E, H–T, 10 �m.
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tact, anterogradely traced CST fibers and the center of the lesion
site to test whether minocycline treatment would prevent proxi-
mal CST degeneration after SCI. In agreement with previous
findings (Pallini et al., 1988), the proximal stump of the lesioned
CST axons showed pronounced axonal dieback (Fig. 4A,C,E).
After treatment with minocycline, CST dieback was significantly
attenuated at both 7 and 14 d after injury compared with saline-
treated animals (7d, p � 0.001; 14 d, p � 0.001; Fig. 4B,D,E). At
7 d after the lesion, the mean distance between the proximal CST
axons to the center of the lesion site was 598.4 � 48.6 �m
(mean � SEM) in minocycline-treated animals versus 877.1 �
47.7 �m in saline-treated animals. At 14 d after injury, CST die-
back reached 751.2 � 58.0 �m in minocycline-treated animals
compared with 1120.2 � 80.5 �m in saline-treated controls. On
average, minocycline treatment reduced the distance of the lead-
ing CST axons from the injury site by �32 and 33% at 7 and 14 d,
respectively.

Effect of minocycline treatment on lesion size after SCI
Recently, Wells et al. (2003) reported that minocycline treatment
significantly reduced lesion area after SCI in mice. However, the
sequelae of secondary damage after SCI in the mouse vary from
those in humans (Guth et al., 1999; Inman et al., 2002). There-
fore, we assessed whether minocycline treatment would reduce
lesion size in our rat model of SCI. The region demarcated by
activated astrocytes (determined by GFAP immunofluorescence)
was used to delineate the boundaries of the lesion. Lesion area
was greatly enhanced in saline-treated animals (Fig. 4A,C,F) ver-
sus minocycline-treated animals (Fig. 4B,D,F). Quantification of
these results showed that minocycline treatment significantly re-
duced lesion area at both 7 and 14 d after injury compared with
saline-treated animals (7 d, p � 0.01; 14 d, p � 0.001; Fig. 4F).

Improved functional outcome after minocycline treatment
To assess functional outcome after SCI, rat footprints were col-
lected and assessed for perturbations in limb coordination, angle
of rotation, and toe spread. Footprints from animals during pre-
surgical training revealed highly coordinated forelimb and hind-
limb foot placements (Fig. 5A). After a cervical dorsal column
transection, forelimb– hindlimb coordination was compromised
(saline-treated animals), whereas minocycline treatment signifi-
cantly improved forelimb– hindlimb coordination at both 7 and
14 d after injury ( p � 0.05; Fig. 5B). Minocycline treatment also
reduced the injury-induced hindlimb angle of rotation compared
with saline-treated animals ( p � 0.05; Fig. 5C). In addition, mi-
nocycline treatment significantly attenuated the SCI-induced in-
crease in hindlimb toe spread compared with saline-treated ani-
mals at 7 d after injury (toe spread index, mean � SEM,
minocycline, 0.07 � 0.02; vs saline, 0.13 � 0.01; p � 0.01). How-
ever, at 14 d, there was no significant difference between treat-
ment groups, suggesting that minocycline reduced the time of the
recovery process in this paradigm.

Figure 2. Minocycline treatment inhibited dorsal column transection-induced glial cell
death within the distal and proximal AST. A, Percentage of apoptotic microglia/macrophages
(OX42-positive) or oligodendrocytes (CC1-positive) within the proximal and distal AST 7 d after
the lesion (n � 6 per group). Microglia/macrophages are the main cell type to undergo apo-
ptosis in this model. B, Quantification of the mean number of apoptotic profiles within the distal
and proximal segments of the AST. Significantly fewer apoptotic profiles are located within the
proximal versus distal segments of the AST. Minocycline (mino) treatment significantly reduced
the mean number of apoptotic profiles per 10 �m section � SEM within distal and proximal

4

segments of the AST at both 7 and 14 d after injury compared with saline-treated controls. (*p
� 0.05; **p � 0.01; ***p � 0.001; 7 d, n � 6 per group; 14 d, n � 4 or 5 per group). C, Apoptotic
oligodendrocytes (CC1-positive), active caspase-3-positive profiles with a condensed nucleus, were
significantly decreased in the minocycline-treated group compared with saline controls within the
proximal AST at both 7 and 14 d after injury. However, only the proximal segment of the AST from
minocycline-treated animals contained significantly fewer apoptotic oligodendrocytes at 14 d after
injury. There was no difference between the mean number of apoptotic oligodendrocytes within the
proximal versus distal segments of the AST at both 7 and 14 d after injury (data represent mean �
SEM; *p � 0.05; 7 d, n � 5 per group; 14 d, n � 4 or 5 per group).
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Discussion
Here, we report that after a cervical dorsal column transection,
minocycline treatment reduced delayed white matter oligoden-
drocyte apoptosis, attenuated microglial/macrophage activation
and recruitment, prevented corticospinal axonal dieback, and
reduced lesion size. In addition, minocycline treatment im-
proved interlimb coordination and normalized the hindpaw an-
gle of rotation and toe spread after SCI.

Our findings revealed large numbers of active caspase-3-
positive apoptotic profiles located within both degenerating and
proximal segments of the AST remote to the lesion. Systemic mino-
cycline treatment significantly attenuated the number of apoptotic
profiles, including oligodendrocytes within both degenerating and
proximal segments. These results are in agreement with a recent
study that assessed the effects of minocycline treatment on cell death
at the lesion site after SCI (Lee et al., 2003).

Surprisingly, microglia/macrophages
were found to be the principle cell type to
undergo apoptosis after dorsal column
transection. At 7 d after injury, �70% of ap-
optotic profiles within the proximal and de-
generating AST were positive for OX42, a
cell-specific marker of microglia/macro-
phages, whereas only �11% were identified
as oligodendrocytes (CC1-immunoposi-
tive). Our results are in agreement with pre-
vious studies that found that large numbers
of apoptotic microglia are present after con-
tusion SCI in rats (Shuman et al., 1997; Yong
et al., 1998). However, other studies have re-
ported that microglia/macrophages were
not among the apoptotic profiles present af-
ter partial or complete transection injuries in
rat (Abe et al., 1999; Warden et al., 2001).
Differences in apoptotic detection methods
(TUNEL vs active caspase-3), microglial/
macrophage markers (OX42 vs Bandeiraea
simplicifolia agglutinin or OX6), or injury
paradigms may partially account for the dis-
crepancy between studies. We cannot en-
tirely rule out the possibility that phagocytes
engulfing apoptotic cells may be included in
the counts of apoptotic microglia/macro-
phages, thereby inflating their number. In an
attempt to limit this problem, confocal mi-
croscopy was used to visualize the entire
boundary of the cell. Of the 20 randomly se-
lected cells analyzed in this manner, all dis-
played an apoptotic nucleus within an active
caspase-3-positive profile, confirming their
apoptotic phenotype.

Previously, it has been shown that acti-
vation and proliferation of microglia within
the ventral gray matter after sciatic nerve in-
jury are followed by the elimination of these
cells via apoptosis (Gehrmann and Banati,
1995). Because minocycline treatment re-
duces both microglial/macrophage activa-
tion and proliferation (Yrjanheikki et al.,
1998; Tikka and Koistinaho, 2001; Tikka et
al., 2001), a resultant decrease in microglial/
macrophage apoptosis would be expected as
well. In addition, minocycline has been

shown to inhibit caspase-dependant cell death (Chen et al., 2000; Lee
et al., 2003; Wang et al., 2003). Therefore, the reduction in microgli-
al/macrophage cell death after minocycline treatment in this study is
probably attributable to a direct effect on microglial/macrophage
activation as well as their death.

Interestingly, apoptotic oligodendrocytes were present at the
same levels in both proximal (beyond the level of axonal dieback)
and degenerating segments within the transected dorsal columns,
suggesting that lack of axonal-derived trophic support may not
be the only mechanism to induce oligodendrocyte apoptosis after
SCI. These results are in contrast to previous studies that showed
that apoptotic profiles are predominantly localized within white
matter tracts undergoing Wallerian degeneration (Crowe et al.,
1997; Shuman et al., 1997; Abe et al., 1999; Casha et al., 2001;
Warden et al., 2001). However, these studies did not directly
assess oligodendrocyte apoptosis within distinguished bound-

Figure 3. Minocycline treatment reduced ED1-positive (microglial/macrophage) density 7 d after injury. A–H, ED1-positive
profiles (green) 3 mm rostral (A, C, E, G) and caudal (B, D, F, H ) to injury. Minocycline significantly reduced ED1 density within both
rostral AST (100 and 300 �m dorsal to CST; C, G, M ) and within the caudal CST (D, H, M ) compared with saline-treated animals (A,
B, E, F, M). Triple immunofluorescence images of the lesion site from saline-treated (I, J ) and minocycline-treated (K, L) animals are
shown. The proximal CST is red; ED1-positive microglia/macrophages are green; and Hoechst 33258 is blue. Note the reduced
ED1-positive signal in K compared with I. J, L, Higher magnification of the boxed area in I and K. Less ED1-positive signal is evident
within the proximal CST of minocycline-treated animals compared with saline-treated animals. N, Quantification of the density of
the ED1-positive signal within the proximal CST. Data represent mean percentage � SEM (n � 4 or 5 per group). *p � 0.05;
**p � 0.01. Scale bars: A–H, J, L, 100 �m; I, K, 500 �m.
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aries of degenerating and intact tracts
within the injured dorsal columns. In the
present study, we applied the anterograde
tracer BDA to label the CST previous to
injury. This approach facilitates a clear dis-
tinction between the boundaries of the
AST and CST and allowed the precise lo-
calization of apoptotic profiles, including
oligodendrocytes, to these two tracts. We
cannot rule out the possibility that some of
the proximal fibers degenerate after injury
and, therefore, may induce oligodendro-
cyte apoptosis. However, large numbers of
ascending and CST fibers are present
within their proximal stumps, suggesting
that oligodendrocyte apoptosis within the
proximal segments remote from injury is
not attributable to pronounced axonal de-
generation. If this were the case, we would
not expect the same number of apoptotic
oligodendrocytes within both segments
because the distal segment completely de-
generates. Regardless of the precise stimu-
lus that induces oligodendrocyte apopto-
sis, its prevention may prevent the chronic
demyelination observed in areas where ax-
ons are left intact after SCI (Blight and De-
crescito, 1986; Blight et al., 1991; Bunge et
al., 1993; Waxman, 1993; Werner et al.,
2000).

Several studies provide strong evidence
that activated mononuclear phagocytes
(CNS resident microglia, blood-derived
macrophages, or both) and products asso-
ciated with their activation contribute to
the secondary damage after SCI, including
demyelination or axonal degeneration of
previously spared axons, or both (Blight,
1985, 1992, 1994; Giulian and Robertson,
1990; Popovich et al., 1999, 2002). After
SCI in cats, demyelination of intact axons
within the outer rim of the spinal cord is
temporally correlated with an invasion of the CNS parenchyma
by phagocytes (Blight, 1985). Treatments designed to inhibit the
macrophage response after SCI have promoted survival of mo-
toneurons, reduced the loss of myelinated axons, reduced cavita-
tion, and improved function after SCI (Giulian and Robertson,
1990; Blight, 1994; Popovich et al., 1999). Here, we show that
minocycline treatment effectively reduced microglial/macro-
phage activation at the lesion site within the proximal CST stump
and remote from injury within the distal segments of the dorsal
column tracts. In addition, inhibition of the microglial/macro-
phage response was associated with reduced oligodendrocyte
death, lesion size, and axonal dieback and improved functional
outcome.

In agreement with previous studies, minocycline treatment
reduced lesion size after SCI (Lee et al., 2003; Wells et al., 2003).
Although the mechanism is unknown, lesion size is often de-
creased after attenuation of the inflammatory response (Bethea et
al., 1999; Oudega et al., 1999; Popovich et al., 1999). Indeed,
treatment with the anti-inflammatory cytokine IL-10 decreases
spinal cord injury-induced and monocyte/macrophage produc-
tion of the proinflammatory cytokine tumor necrosis factor �

(TNF-�), with a concurrent decrease in lesion size (Bethea et al.,
1999; Takami et al., 2002). Interestingly, minocycline treatment
increased mRNA levels of the anti-inflammatory cytokine IL-10,
with a concomitant decrease in the proinflammatory cytokine
TNF-�, mirroring the neuroprotective effects of IL-10 treatment
(Lee et al., 2003). However, despite a large reduction in macro-
phages after methylprednisolone treatment, the loss of spinal tis-
sue and macrophage number was not correlated (Oudega et al.,
1999). Further studies are needed to elucidate the mechanisms
underlying spinal tissue loss after SCI.

A possible limitation to successful regeneration and plasticity
of severed axons after SCI is the progressive dieback of the prox-
imal stump that may cause additional loss of function. The mech-
anisms underlying axonal dieback are currently unknown. Our
CST dieback data from saline-treated animals are consistent with
those of Pallini et al. (1988), who showed that CST dieback occurs
at a rate of �40 –90 �m/d over the first 2 weeks after midthoracic
spinal cord transection. We demonstrate here that minocycline
treatment prevents CST axonal dieback compared with saline-
treated animals at both 7 and 14 d after injury. Interestingly,
methylprednisolone treatment reduced vestibulospinal tract die-

Figure 4. Minocycline treatment reduced CST dieback and lesion size both 7 and 14 d after the lesion. A, B, Images of the dorsal
columns revealing the lesion site at 7 d after injury from saline-treated ( A) versus minocycline-treated ( B) rats. Note that the
lesion area (delineated by GFAP staining, green) and CST dieback (red) is clearly reduced in minocycline- versus saline-treated
animals. C, Boxed area in A; D, boxed area in B showing a higher magnification of the proximal BDA-traced CST axons (red). E,
Quantification of CST dieback. Overall minocycline (M) treatment significantly reduced CST axonal dieback by �32 and �33% at
7 and 14 d, respectively. S, Saline. F, Quantification of lesion area. Minocycline treatment significantly reduced the lesion area by
�34 and �43% at 7 and 14 d. Data represent mean � SEM (n � 4 –7 per group). **p � 0.01; **p � 0.001. Scale bars: A, B, 500
�m; C, D, 100 �m.
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back but failed to reduce corticospinal tract dieback (Oudega et
al., 1999), suggesting that minocycline may be more effective in
preventing proximal corticospinal tract axonal degeneration af-
ter SCI. We also report reduced ED1 density within the proximal
CST stump in minocycline-treated animals. Inhibition of the mi-
croglial/macrophage response may have prevented axonal die-
back by preventing phagocytosis of axonal ends or reducing the
liberation of cytotoxic or axonal repellant molecules associated

with their activation. Furthermore, minocycline has been shown
to reduce macrophage production of nitric oxide (Amin et al.,
1997), a molecule that may be involved in axonal dieback (He et
al., 2002). However, we cannot rule out a direct effect of the drug
on axonal dieback. Minocycline has been shown to be a strong
chelator and may sequester excess Ca 2� released after injury
(Chopra and Roberts, 2001). Reduced axonal Ca 2� levels may
prevent activation of calpains and may preserve axonal integrity
(Balentine and Spector, 1977; George et al., 1995). Future mech-
anistic studies are needed to elucidate the role of minocycline
treatment in preventing axonal degeneration.

Previously, it has been shown that minocycline treatment im-
proved functional outcome after SCI (Lee et al., 2003; Wells et al.,
2003). Furthermore, the murine study showed that minocycline
was more effective in improving functional outcome when com-
pared with methylprednisolone, the current treatment option to
patients with SCI (Wells et al., 2003). We extend these results to
show that minocycline improved interlimb coordination and re-
duced both hindpaw angle of rotation and toe spread after SCI.

From the results of the present study, we conclude that the
positive effects of minocycline on the improved functional out-
come after SCI result from its multifaceted impact on the second-
ary degenerative response. The neuroprotective properties of mi-
nocycline combined with its proven safety record in humans and
animals suggest its efficacy as an effective treatment option after
human SCI and justifies further examination.
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