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INTRODUCTION

Each year, many people suffer from spinal cord injury (SCI) : 
the estimated yearly incidence of SCI is 40 cases per million in 
the United States9) and 60,000 cases in China21). While costs as-
sociated with SCI exceed $7 billion annually in the United States 
alone9), such estimates do not account for the human suffering 
resulting from the multiple functional sequelae of SCI, includ-
ing impaired ambulation, impaired bowel and bladder func-
tion, and sexual dysfunction. 

To date, while many treatment regimens have been attempted 
in patients with SCI, none has demonstrated a sufficiently robust 
efficacy to be widely accepted in the clinical community3,12,17,18). 

More recently, mounting evidence regarding the extensive in-
flammation after SCI has led to the clinical use of anti-inflamma-

tory agents (such as methylprednisolone) in SCI patients5). How-
ever, despite the initial optimism, methylprednisolone did not 
live up to its clinical potential30). In addition, controversy current-
ly exists regarding the innate immune response to injury in cen-
tral nervous system (CNS). As the CNS is an immunologically 
privileged site, it remains unclear whether enhancing13) or sup-
pressing16,20) the innate immune system of the CNS has a greater 
neuroprotective effect after SCI. Regardless, it is well accepted 
that post-traumatic inflammation contributes significantly to sec-
ondary injuries after SCI. Pro-inflammatory mediators-such as 
cytokines, proteases, and reactive oxygen species-are believed to 
promote the activation of cell death executioners (e.g., caspases) 
that are responsible for the neuronal loss and apoptosis that ulti-
mately culminates in permanent neurological deficits14,29).

In cases of spinal cord injury, neuropathic pain and motor 
weakness often develop below the level of injury level. These phe-
nomena result from microglia activation, which is believed to 
trigger nociceptive hypersensitivity8). Following SCI, microglia 
become activated19), often releasing neurotoxic molecules that 
further damage nearby neurons2). However, the exact role of mi-
croglial involvement in CNS injury and regeneration remains 
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controversial28,36). Minocycline, a semi-synthetic second-gener-
ation tetracycline-class antibiotic, has been shown to exert anti-
inflammatory effects that are mechanistically different its anti-
microbial action1,11). Consequently, minocycline is now being 
investigated for clinical use in the treatment of SCI, with a 
phase I/II pilot study examining the efficacy of intravenously 
administered minocycline in patients with acute SCI currently 
underway in Calgary, Alberta32). In rat models of SCI, minocy-
cline inhibits the release of cytochrome c from mitochondria, 
markedly enhancing long-term hindlimb locomotion33). 

Here, we examined the ability of minocycline to promote 
motor recovery and reduce neuropathic pain in a rat model of 
SCI. Additionally, we also evaluated whether minocycline at-
tenuates microglial and astrocyte activation post SCI. 

MATERIALS AND METHODS

Animals
Fifteen male Sprague-Dawley rats (Orient Bio, Seoul, Korea) 

with body weights between 250-350 g were used. The rats were 
divided into three groups : sham control (n=5), hemisection con-
trol (n=5), and hemisection with minocycline (Hemi+Mino, 
n=5). All animals were provided with food and water ad libitum 
throughout the study. 

Spinal cord injury model 
Hemisection of the spinal cord was used to simulate SCI. The 

animals were anesthetized with a mixture of Tiletamine+Zo-
lazepam (27.78 mg/kg) and Xylazine (0.647 mg/kg), before be-
ing mounted on a frame. A 3 cm midline incision was made on 
the back so the deep back muscles could be retracted to expose 
the lower thoracic vertebrae. The ligamentum flavum between 
T8 and T9 and dura mater was then carefully incised. After iden-
tifying the spinal cord midline, the right half was transected com-
pletely by microblade. Bleeding and cerebrospinal fluid (CSF) 
leakage were then controlled and the muscles and skin were su-
tured. After recovery from the anesthesia, the animals were 
housed individually in cages. 

Administration of minocycline 
Minocycline (Sigma, Saint Louis, MO, USA) was dissolved in 

normal saline (40 mg/mL of normal saline) and injected intra-
peritoneally (40 mg/kg) into animals in the hemisection and mi-
nocycline (Hemi+Mino) group. Injections were administered 30 
minutes prior to surgery and on every second post-operative 
day until sacrifice on the 28th day. 

Behavioral test 

Motor recovery : Basso-Beattie-Bresnahan locomotor test 
The locomotor activity of the rats was assessed via semiquan-

titative method both before the operation, and at 1, 2, 4, 7, 10, 
14, 20 and 28 days after surgery. Testing was performed by two 

trained observers under blind conditions and using BBB scales. 
The BBB locomotor rating has previously been described quali-
tatively with a 21-point scale by Basso et al.4). 

Mechanical hyperalgesia : von Frey test
Hindpaw mechanical allodynia was assessed by measuring 

withdrawal response to mechanical stimulation with von Frey 
filaments (North Coast Medical Inc., USA). Rats were placed in 
a clear plastic cage with a metal mesh floor and adapted for 15 
minutes. Each hindpaw was stimulated to cause slight bending 
for 3-5 seconds with von Frey filaments (0.16, 0.4, 0.6, 1.0, 1.4, 
2.0, 4.0, 6.0, 8.0, 10.0, 15.0 and 26.0 g). Initially, the test was per-
formed with a 0.16g probe, and probe size was increased incre-
mentally until a filament consistently produced a withdrawal 
response to more than 3 of 5 stimuli. Fifty percent probability 
thresholds of mechanical paw withdrawal were calculated7). Sta-
tistical analysis was performed by one-way ANOVA using SPSS 
(12.0 program). 

Morphological studies 

Tissue preparation
On post-operative day 28, all animals were re-anesthetized 

with a mixture of Tiletamine+Zolazepam (27.78 mg/kg) and 
Xylazine (0.647 mg/kg) and then perfused with heparinized sa-
line and 500 mL of 4% paraformaldehyde in phosphate buffer 
(PB, 0.1M, pH 7.4). Tissue specimens were obtained from the 
spinal cord at a lower thoracic level close to the hemisection in-
cision and at a lower lumbar level. The tissue was then postfixed 
for 2 hours in the same fixative used for perfusion and cryopro-
tected overnight in 30% sucrose in PB. The specimens were cut 
into by cryostat into 40 μm sections, which were collected in 
cold PB. For morphological assessment of the SCI, the spinal 
cord tissue of one rat from each group were paraffin-embed-
ded, cut by microtome into 8 mm sections, and processed with 
Luxol fast blue-Cresyl violet stain. 

Luxol fast blue-Cresyl violet stain
For Luxol fast blue-Cresyl violet staining, the paraffin sec-

tions of the spinal cord were initially deparaffinized and hydrat-
ed. The tissue was then first stained with Luxol fast blue for 12 
hours at 60°C, then with Cresyl violet for 10 minutes at 60°C, 
before being mounted. 

Immunohistochemistry for ionized calcium binding 
adaptor molecule 1 and glial fibrillary acidic protein

For immunofluorescent staining, sections were blocked with 
10% normal donkey serum (NDS, Jackson Immunolabs, USA) 
in phosphate-buffered saline (0.01M, pH 7.2) for 10 minutes 
and then incubated overnight with a mixture of a mouse anti-
GFAP antibody (1 : 1,000, Chemicon, USA) and anti Iba1 anti-
body (1 : 1000, Wako, Japan). Next, sections were rinsed and in-
cubated in 2% NDS for 10 minutes, and then in Cyanine (Cy) 
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3-conjugated donkey anti rabbit (1 : 200, Jackson) and Fluorescein 
isothiocyanate (FITC)-conjugated donkey anti-mouse (1 : 200, 
Jackson) for 3 hours. After several rinses, the sections were cov-
er-slipped with Vectashield (Vector, USA) and examined by 
light microscopy (DMRE, Leica, Germany). All photos were ob-
tained using a cooled charge coupled device (CCD) camera (F-
View, SIS, Germany) that was attached to the microscope.

RESULTS

Behavioral test

BBB locomotor score 
The BBB locomotor score for the side contralateral to the hemi-

section decreased slightly at post-operative day 1 and gradually 
improved until 21 days after surgery. On the ipsilateral side, the 
BBB score decreased maximally at post-operative day 1. For this 
side, gradual recovery was first observed on post-operative day 
2, although the BBB score remained significantly lower than 
sham controls until 28 days after surgery (p<0.05). At post-oper-
ative day 2, the BBB score for the ipsilateral side was also higher 
in animals treated with minocycline than in the hemisection 

group, with this difference persisting until 28 days after surgery. 
A significant improvement from 14 to 28 days was observed 
(Table 1, Fig. 1). 

Mechanical hyperalgesia 
Compared with the sham control group, the mechanical with-

drawal threshold in the hemisection group was significantly de-
creased on ipsilateral side, with the greatest difference occurring 
on post-operative day 4. These data indicate the development 
of mechanical hyperalgesia persisting until 28 days after surgery. 
The decrease of mechanical withdrawal threshold was marked-
ly less in the animals treated with minocycline (hemisection+mi-
nocycline) when compared to the hemisection group, with sig-
nificant differences first occurring 4 days after surgery (p<0.05) 
(Table 2, Fig. 2).

Luxol fast blue-Cresyl violet staining 
To confirm cord injury and for the general morphological as-

sessment of the spinal cord after hemisection, tissue samples 
from the spinal cord were obtained from the injury site, 5 mm 
caudal to the injury, and at the L5 spinal level. These specimens 
were then stained with Luxol fast blue-Cresyl violet stain. At the 

Table 1. Basso-Beattie-Bresnahan (BBB) locomotor scores from rats in the sham-control (Sham), hemisection (Hemi), and hemisection with minocy-
cline injections (Hemi+Mino) groups. On the ipsilateral side (Ipsi), BBB score was maximally decreased at post-operative day 1, and gradually recov-
ered beginning 2 days after surgery. BBB score was significantly lower than that of sham control until 28 days after surgery. In Hemi+Mino group, the 
ipsilateral BBB score was higher than that from hemisection group, beginning at postoperative day 2 and persisting until 28 days after surgery. Signif-
icant improvements in ipsilateral BBB score were observed from postoperative days 14 to 28

Day Pre 1 d 2 d 4 d 7 d 14 d 21 d 28 d
Sham Cont 21.00±0.00 21.00±0.00 21.00±0.00 21.00±0.00 21.00±0.00 21.00±0.00 21.00±0.00 21.00±0.00

Ipsi 21.00±0.00 20.33±0.33 21.00±0.00 21.00±0.00 21.00±0.00 21.00±0.00 21.00±0.00 21.00±0.00
Hemi Cont 21.00±0.00  16.00±1.00* 17.67±1.45  17.67±0.67* 18.33±1.33  19.00±0.00* 19.00±0.00 19.00±0.00

Ipsi 21.00±0.00    3.33±3.33*    5.33±4.37*  11.00±3.00*  14.00±2.31*  14.33±0.33*  14.67±0.67*  15.00±0.58*

Hemi+ 
Mino

Cont 21.00±0.00 15.00±0.58*  17.00±0.00† 19.33±0.33 19.67±0.33 19.67±0.33 20.00±0.00 20.00±0.00
Ipsi 21.00±0.00   5.00±2.08* 12.67±1.33 14.67±0.33 16.33±0.67  17.33±0.33†  17.67±0.33†  17.67±0.33†

*p<0.05 versus sham control group, †p<0.05 versus hemisection group. Cont : contralateral side, Ipsi : ipsilateral side, Hemi : hemisection, Mino : minocycline

Fig. 1. Basso-Beattie-Bresnahan (BBB) locomotor score for rats in the sham control (Sham), hemisection (Hemi) and hemisection with minocycline in-
jection (Hemi+Mino) groups. After hemisection of the spinal cord, BBB score was more markedly decreased on the ipsilateral side (Ipsi) than the con-
tralateral side (Contra), and gradually recovered until 28 days after surgery. Administration of minocycline attenuated the decrease in BBB score that 
was induced by hemisection. *p<0.05 vs. sham control group, †p<0.05 vs. hemisection group 
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level of hemisection, the right half of the spinal cord was com-
pletely destroyed, with necrotic tissue and glial cells observed in 
both the gray and white matter. In the specimens 5 mm caudal 
to the point of hemisection, a vacuolation and infiltration of in-
flammatory cells was noted in the dorsal column, however no 
neuronal necrosis was present in the gray matter (Fig. 3). 

In the tissues sections from spinal level L5, a substantial in-
crease in glial nuclei was observed in the hemisection group in 
the ipsilateral dorsal columns and lateral funiculi. Moreover, 

the specimens from the L5 level in the hemisection group treat-
ed with minocycline showed decreased numbers of microglia 
and astrocytes. In the spinal cord gray matter, no neuronal ne-
crosis was observed after hemisection (Fig. 4). 

GFAP and Iba1 immunohistochemistry

SCI site 
In hemisection group lower thoracic level spinal cord speci-

Fig. 2. Von Frey test for mechanical hyperalgesia on the contralateral (Contra) and ipsilateral (Ipsi) hindpaws in rats from the sham control (Sham), 
spinal cord hemisection (Hemi) and hemisection and minocycline treatment (Hemi+Mino) groups. The ipsilateral hindpaw withdrawal threshold was 
decreased from 2 days after surgery and persisted until postoperative day 28. Administration of minocycline attenuated the decrease of this thresh-
old. *p<0.05 vs. sham control group, †p<0.05 vs. hemisection group.
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Fig. 3. Luxol fast blue-Cresyl violet stain of spinal cord tissue samples obtained from the level of the hemisection (Hemisection) and at sites 5 mm 
caudal to the hemisection (Hemisection-5 mm). The right column shows tissue from the dotted areas in the left column at higher levels of magnifica-
tion. At the level of hemisection, the ipsilateral half of the spinal cord was completely destroyed, with necrotic tissue and glial nuclei observed. At spi-
nal cord sites 5 mm caudal to the hemisection location, a vacuolation and infiltration of inflammatory cells (arrow) was observed in both dorsal and 
lateral funiculi. No obvious findings of neuronal necrosis were noted in the gray matter. 

Table 2. Von Frey test for mechanical hyperalgesia on the contralateral (Contra) and ipsilateral (Ipsi) hindpaws of rats in the sham control (Sham), 
spinal cord hemisection (Hemi) and hemisection with minocycline treatment (Hemi+Mino) groups. Versus the sham control group, the mechanical 
withdrawal threshold for the hemisection group was decreased on ipsilateral side, with a maximum value observed at 4 days after surgery. This result 
indicates the development of a mechanical hyperalgesia that persisted until 28 days after surgery. In the animals treated with minocycline (hemisection 
+minocycline), the threshold for mechanical withdrawal was attenuated when compared with that from hemisection group, with significant attenua-
tion observed at postoperative day 4 

Day Pre 1 d 2 d 4 d 7 d 14 d 21 d 28 d
Sham Cont 16.22±0.03 16.70±0.93 15.09±0.41 14.10±0.78 14.88±0.66 15.09±0.41 15.09±0.41 16.22±0.02

Ipsi 16.22±0.03 16.22±0.03 16.11±0.52 15.09±0.41 15.09±0.41 16.22±0.02 16.22±0.02 16.11±0.52
Hemi Cont 16.00±0.89 16.22±0.03 16.74±0.68 10.62±1.81 11.55±1.78 13.95±0.91 14.64±0.67 14.10±1.41

Ipsi 16.00±0.89 17.94±3.43 10.80±1.74    6.16±0.84*   8.90±2.70    9.90±1.30*  10.64±1.56* 10.31±0.56
Hemi+ 
Mino

Cont 16.22±0.03 15.94±0.27 13.40±1.19 14.70±1.03 15.32±0.85 15.39±0.69 16.07±0.73 16.22±0.03
Ipsi 16.22±0.03 17.94±3.43  10.52±1.09*    11.24±1.95*† 11.95±1.98  11.55±0.95*   12.58±0.44* 13.85±0.42

*p<0.05 versus sham control group, †p<0.05 versus hemisection group. Cont : contralateral side, Ipsi : ipsilateral side, Hemi : hemisection, Mino : minocycline
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mens, the immunoreactivity for GFAP 
and Iba1 was markedly increased in the 
gray and white matter of both sides. In 
the spinal cord tissue from the hemi-
section group treated with minocycline, 
GFAP and Iba1 immunoreactivity only 
increased on the ipsilateral side, and 
mainly within the white matter. When 
compared with the untreated hemisec-
tion group, the immunoreactivity for 
both GFAP and Iba1 was decreased in 
the animals receiving minocycline in 
both ipsilateral and contralateral spinal 
cord specimens (Fig. 5). 

Iba1-immunoreactivity in L5 
segment 

In ipsilateral L5 spinal cord tissue spe-
cimens from the hemisection group, an 
increase in Iba1 immunoreactivity was 
observed in the dorsal column, superfi-
cial dorsal horn, lateral funiculus, ven-
tral funiculus and ventral horn. More-
over, Iba1 immunoreactivity was attenu-
ated in these same areas of ipsilateral 
spinal cord from the hemisection group 
treated with minocycline (Fig. 6, 7). 
Such increases in immunoreactivity were 
not observed in tissue obtained from 
the contralateral spinal cord of untreat-
ed, hemisected animals. Activated mi-
croglias with notably shorter processes 
were also especially abundant in lateral 
and ventral funiculus. 

GFAP-immunoreactivity in L5 
segment 

In L5 level spinal cord specimens ob-
tained from animals in the hemisection 
group, GFAP immunoreactivity increased in the ipsilateral later-
al funiculus and ventral horn, when compared with the contra-
lateral spinal cord. Unlike Iba1 immunoreactivity, no obvious 
increases in GFAP immunoreactivity were observed in the ipsi-
lateral dorsal horn or ventral funiculus. In spinal cord tissue 
from hemisected animals treated with minocycline, these in-
creases in GFAP-immunoreactivity were markedly attenuated in 
the ipsilateral lateral funiculus and ventral horn (Fig. 8, 9).

DISCUSSION

Minocycline is a second-generation, semi-synthetic tetracy-
cline analog, which is highly lipophilic and easily penetrates the 
blood-brain barrier12). Effective against both gram-positive and 

-negative infections, minocycline-like all tetracycline-class anti-
biotics-inhibits protein synthesis at the ribosomal level1). In ad-
dition to this antimicrobial activity, minocycline has also been re-
ported to exert neuroprotective effects in various experimental 
models of neurologic injury, including cerebral ischemia, trau-
matic brain injury, amyotrophic lateral sclerosis, Parkinson’s 
disease, kainic acid treatment, Huntington’ disease, multiple sc-
lerosis and Alzheimer’s disease10,11,33). Very recently, minocycline 
has also been suggested for use in the treatment of SCIs. To 
date, many studies exist indicating that minocycline may reduce 
neuropathic pain after SCI. However, only few data exist regard-
ing the ability of minocycline to promote motor recovery after 
SCI, leaving this indication controversial. 

The distribution of microglia and astrocytes has been charac-

Hemisection Hemisection+Minocycline

Fig. 5. Double immunofluorescence for GFAP (green) and Iba1 (red), in the lower thoracic cord of 
the Hemi and Hemi+Mino groups. In Hemi group, levels of immunoreactivity for GFAP and Iba1 are 
increased in sides both contralateral and ipsilateral to the injury. In Hemi+Mino group, the increase 
in GFAP and Iba1 immunoreactivity is markedly attenuated and only observed in the side ipsilateral 
to the injury.

Low power Dorsal horn Ventral horn

Fig. 4. Luxol fast blue-Cresyl violet stain of L5 level spinal cord tissue from animals in the sham 
control (Sham), spinal cord hemisection (Hemi) and hemisection with minocycline treatment (Hemi 
+Mino) groups. In the Hemi group, increases of glial nuclei (arrows) are observed in the ipsilateral 
dorsal column and lateral funiculus. The total number of these nuclei is deceased in the hemisec-
tion with minocycline group. No obvious neuronal necrosis is observed in either the dorsal or ventral 
horn in the Hemi group.

Sham

Hemi

Hemi+Mino



88

J Korean Neurosurg Soc 49 | February 2011

terized throughout SCI. Peak microglial activation has been ob-
served to occur within the lesion epicenter between three and 
seven days post-injury, preceding monocyte influx and macro-
phage activation. At sites rostral and caudal to the injury, a pro-
longed activation of inflammatory cells has also been reported 
to occur preferentially in white matter, consisting primarily of 
activated microglia and astrocytes15). Accordingly, microglia 
and astrocytes have both been implicated in the activation of 
resident and recruited immune cells, as well as the subsequent 

apoptosis of neuronal cells that occurs 
after SCIs15,35). 

Here, we used Iba1 and GFAP as mark-
ers for microglial and astrocyte activa-
tion. Iba1 is both a sensitive and specific 
marker for the induction of a reactive 
profile in microglia. Physiologically, Iba1 
has a functional role in intracellular cal-
cium signaling, and is stimulated when 
local microglia react to a changes in ho-
meostasis24,35). GFAP is a major constitu-
ent of astrocyte intermediate filaments 
and is widely used as a sensitive marker 
of the reactive gliosis that occurs after 
CNS injury. Increases in GFAP reactivity 
at post-injury day 7 imply that astrocytic 
proliferation, if present at all, would have 
been evident before or at day 725). 

Activation of local astrocytes and mi-
croglia in the spinal cord may contrib-
ute to rat pain-related behaviors, as both 
cells express receptors for several neu-
rotransmitters, possibly including glu-
tamate, substance P and other factors. 
Continual excitation may also induce 
the activation of signal-regulated kinases 
(ERK), p38, and c-Jun N-terminal ki-
nase (JUK) in glial cells8,13). Moreover, 
these signaling pathways lead to the in-
creased synthesis of multiple proinflam-
matory factors, including interleukin 
1ββ (IL-1ββ), tumour-necrosis factor 
(TNF α) and NO38). As a result of these 
cross-talk mechanisms between glia 
and neurons, the responsiveness of spi-
nal nociceptive neurons to stimuli is 
believed to be further enhanced. In this 
way, spinal glia may represent novel tar-
gets for the effective treatment of pain 
syndromes secondary to SCI15). 

Notably, the neuroprotective effects 
of minocycline on motor neurons re-
main controversial. In their study, Sa-
ganová et al.26) showed that both short- 

and long-term treatment with minocycline had a neuroprotective 
effect on the spinal cord rostral to the injury epicenter, although 
these effects were not observed at caudal sites and did not result 
in any overall improvement in motor outcome. Conversely, data 
from Teng et al. indicate that minocycline has a protective effect 
on white matter and motor neuron number at sites both rostral 
and caudal from the lesion epicenter33).

While the pharmacologic neuroprotective mechanism of mi-
nocycline remains unclear, minocycline has been shown to in-

Fig. 6. Iba1 Immunoreactivity in the L5 level spinal cord dorsal horn in the Hemi and Hemi+Mino 
groups. The dotted areas from the low power views are magnified in the right column. In the Hemi 
group, the amount of Iba1-immunoreactive activated microglia is increased in the dorsal column 
(DC), superficial laminae of the dorsal horn (DH) and lateral funiculus (LF). The number of activated 
microglia is decreased in spinal cord tissue from the Hemi+Mino group. 

Fig. 7. Iba1 immunoreactivity in the L5 level spinal cord ventral horn in the Hemi and Hemi+Mino 
groups. The dotted areas from the low power views are magnified in the right column. In the Hemi 
group, more iba1-positive microglias are observed in the ventral horn (VH) and ventral funiculus (VF) 
of the ipsilateral spinal cord, when compared with the contralateral side. The number of activated 
microglia is decreased in spinal cord tissue from the Hemi+Mino group.
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hibit the activation of inflammatory mi-
croglia34), microglia/macrophages, and 
neutrophils37). Minocycline was also sh-
own to improve functional recovery af-
ter SCI through the inhibiting the pro-
duction of pro-nerve growth factor (NGF) 
by microglia, thereby reducing oligo-
dendrocyte death and apoptosis after 
traumatic SCI38). Furthermore, these 
authors also demonstrated that minocy-
cline both inhibited the expression of 
p75 neurotrophin receptors and the ac-
tivation of Ras homolog gene family 
member A (RhoA) after SCI. More re-
cently, Festoff et al. reported that mino-
cycline also might exert a neuroprotec-
tive effect in SCI by reducing microg-
liosis and inhibiting caspase express-
ion10). In combination, this emerging 
data suggests that minocycline may pro-
tect the spinal cord from secondary da-
mage after SCI via several unique phar-
macologic mechanisms. Regardless of 
the mechanism of primary insult, acute 
injury to the spinal cord typically invo-
lves several multifaceted, secondary de-
generative processes that spread pe-
ripherally from the site of primary in-
jury in the days to weeks following SCI27). 
In cases where these secondary injuries 
are exacerbated by delayed treatment, 
the cascade of neurodestructive events 
is likely more extensive6).

In the present study, we used an ani-
mal model of thoracic spinal cord injury 
to better characterize the effect of mino-
cycline on neuroglial activation, both at 
the primary injury site and additional 
caudal levels. Consecutive rostral-caudal 
spreading of secondary lesion was com-
monly asymmetrical, with the extent of 
cavitation at post-injury day 28 greater 
caudally than rostrally10).

With regard to potential SCI therapies in humans, animals tr-
eated with minocycline exhibited an improved recovery of mo-
tor function after hemisection. This clinical observation appears 
to correlate with a significant reduction in injury lesion size, as 
the lesion size at 28 days post-SCI was significantly reduced in 
rats treated with minocycline, when compared to sham-treated 
controls. This sparing of spinal cord tissue was largely resulted 
from the preservation of neuronal profiles and a reduction in 
apoptosis. This result is especially significant, as functional recov-
ery has not previously been supported by changes in tissue spar-

ing22). Caspases, which are both initiators and executioners in 
the apoptotic cascade, are directly integrated into the proteolyt-
ic activities that regulate apoptosis as well as cell survival23,31).

Here, the attenuation of neuropathic pain behavior and mo-
tor recovery in treated animals correlated with reductions in 
microglia and astrocytes activation, respectively. After cord in-
jury, a significant activation of the microglia was observed in 
the L5 level dorsal horn, which is believed to be directly respon-
sible for mechanical hyperalgesia of the hindlimb. Such increas-
es in microglia activation were attenuated in minocycline-treat-

Fig. 8. GFAP immunoreactivity in the L5 level spinal cord dorsal horn in the Hemi and Hemi+Mino 
groups. The dotted areas from the low power views are magnified in the right column. When com-
pared with the contralateral side, an increase in GFAP-immunoreactivity is observed in the ipsilater-
al lateral funiculus (LF-ipsi), but not the ipsilateral dorsal horn (DH-ipsi). In the spinal cord tissue 
from the Hemi+Mino group, this lateral funiculus-specific increase in GFAP immunoreactivity is at-
tenuated, when compared with the Hemi group. 

Fig. 9. GFAP immunoreactivity in the L5 level spinal cord dorsal horn in the Hemi and Hemi+Mino 
groups. The dotted areas from the low power views are magnified in the right column. In the Hemi 
group, GFAP-immunoreactivity is increased in the ipsilateral ventral horn when compared with the 
contralateral side (VH-Cont). Such increases in GFAP-immunoreactivity are also attenuated in ven-
tral horn tissue from the Hemi+Mino group. 
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ed animals. Conversely, the astroglial activation at the L5 level 
was most pronounced in the ventral horn. The attenuation of 
astroglial activation in ventral horn observed in minocycline-
treated rats may be indirectly related to microglial inhibition 
and/or tissue sparing at the lesion site, as no direct effect of mi-
nocycline on astrocyte function has ever been described. Ac-
cordingly, further research regarding the effects of minocycline 
on reactive astrocytosis and motor improvement is indicated, 
and will surely yield both scientific and clinical value.

Our study results demonstrate that minocycline boosts motor 
recovery and lessens neuropathic pain after SCI in a rat model. 
Our results also show that minocycline decreases the activation 
of microglia and astrocytes, not only at the site of SCI but also a 
remote spinal cord segment (L5) responsible for hindlimb pain 
and motor behavior.

The most significant limitation of this study is the relatively 
small number of experimental rats. Moreover, although we did 
not quantify the resulting lesion size secondary to SCI, we ex-
pect these measurements to be included in any subsequent in-
vestigations that quantify the extent of minocycline’s neuropro-
tective effect. Despite these limitations, our results strongly 
suggest that minocycline exerts a significant neuroprotective ef-
fect after SCI, and may also promote post-SCI motor recovery. 

CONCLUSION

This study indicates that minocycline, a blood-brain barrier-
penetrating tetracycline, possesses anti-inflammatory effects, 
which significantly improved the restoration of motor function 
and reduced spinal cord tissue injury volume after SCI in a rat 
model. Lower thoracic level SCI also was shown to induce mi-
croglia and astrocyte activation, both at the level of hemisection 
and a second site caudal to the injury, ultimately reducing 
hindlimb motor function. Minocycline inhibits microglia acti-
vation, and secondarily blocks astrocyte upregulation. We con-
tend that, through these mechanisms, minocycline may facili-
tate motor recovery and reduce neuropathic pain after SCI. 
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