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Abstract

We investigated whether imatinib (GleevecH, Novartis), a tyrosine kinase inhibitor, could improve functional outcome in
experimental spinal cord injury. Rats subjected to contusion spinal cord injury were treated orally with imatinib for 5 days
beginning 30 minutes after injury. We found that imatinib significantly enhanced blood-spinal cord-barrier integrity,
hindlimb locomotor function, sensorimotor integration, and bladder function, as well as attenuated astrogliosis and
deposition of chondroitin sulfate proteoglycans, and increased tissue preservation. These improvements were associated
with enhanced vascular integrity and reduced inflammation. Our results show that imatinib improves recovery in spinal cord
injury by preserving axons and other spinal cord tissue components. The rapid time course of these beneficial effects
suggests that the effects of imatinib are neuroprotective rather than neurorestorative. The positive effects on experimental
spinal cord injury, obtained by oral delivery of a clinically used drug, makes imatinib an interesting candidate drug for
clinical trials in spinal cord injury.
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Introduction

Traumatic injury to the spinal cord results in irreversible

locomotor, sensory, and autonomic dysfunctions for which there is

currently no effective pharmacologic treatment. The functional

losses are due not only to the initial physical disruption of spinal

cord tissue and vascular changes, but also to a cascade of

secondary events triggered by the initial insult, which results in

further damage to the spinal cord at and around the site of injury

[1]. These detrimental secondary events include the loss of

microcirculation, edema, hemorrhage, and local inflammation

[2,3], [3,4]. Incomplete understanding of how these events evolve

and contribute to pathology has been a major impediment to the

development of treatments for spinal cord injury.

Imatinib (GleevecH, Novartis) is a tyrosine kinase inhibitor used

clinically to treat Bcr/Abl-expressing leukemias and c-Kit-

expressing gastrointestinal stromal tumors. Experimentally, im-

atinib has been reported to modulate tyrosine kinase signaling

cascades involved in local inflammation, such as c-Kit, c-Fms, and

LCK [5], [6]. Imatinib-induced inhibition of c-Kit and c-Fms

activation has been reported to inhibit cytokine production in mast

cells and macrophages, respectively [5], while inhibition of LCK

has been reported to modulate the cytokine production/secretion

profile in effector T cells [7]. Imatinib has also been reported to

inhibit PDGF signaling [8], [9], [10] and, in an experimental

model of ischemic stroke, to reduce edema and hemorrhage [8],

[11]. In the stroke model, evidence was obtained for a mechanism

involving normalization of the blood-brain barrier by imatinib-

induced inhibition of PDGFR-a signaling on perivascular

astrocytes [8].

Since imatinib has previously been shown to reduce hemor-

rhage, edema, and inflammation, which are all considered

detrimental to functional outcome in spinal cord injury [12],

[13], [14], [15], [16], [17], [18], [19], we investigated the effects of

imatinib on functional and histological outcome in a clinically

relevant experimental model of spinal cord injury in rats. We

found that an oral, 5-day treatment course with imatinib

significantly enhanced hind limb locomotor function, bladder

function, and sensorimotor integration. We also found that

imatinib significantly enhanced tissue preservation and reduced

inflammation, astrogliosis, and chondroitin sulfate proteoglycan

deposition. Furthermore, we found evidence in support of the

potential of imatinib to normalize vascular integrity in the injured

spinal cord. Our results provide evidence in support of the

therapeutic potential of imatinib as a possible treatment for spinal

cord injury.

Results

Imatinib Enhances Functional Outcome
We investigated the effects of a 5-day treatment course with

either imatinib (250 mg/kg/day orally) or PBS beginning 30
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minutes after injury on functional outcome measures in rats

subjected to a contusion injury to the spinal cord (25 mm weight

drop). Assessment of hindlimb function revealed significantly

enhanced locomotor function. By day 56 post-injury, 70% of

imatinib-treated rats had regained the ability to make uncoordi-

nated weight-supported steps (mean 6 SD: 10.361.6; N = 10;

Fig. 1 A, Fig. S1), while PBS-treated rats only regained the ability

to extensively move all three hindlimb joints (mean 6 SD:

7.161.43; N = 10; Fig. 1 A, Fig. S1). Using the contact plantar

placement test, we found that sensorimotor integration was

significantly better with imatinib (mean 6 SD: 4.761.33;

N = 10) than PBS (mean 6 SD: 2.261.9; N = 10) by day 56

post-injury (Fig. 1 B, Fig. S1). Assessment of bladder function

revealed that imatinib significantly reduced peak residual urine

volumes (mean 6 SD: 4.2560.85 ml; N = 10) compared to PBS

(mean 6 SD: 7.061.29 ml; N = 10) and expedited restoration of

voiding function (Fig. 1 C, Fig. S1). By day 21 post-injury,

0.1560.33 ml of urine (mean 6 SD) was collected from imatinib-

treated rats compared to 1.260.85 ml of urine (mean 6 SD) from

PBS-treated rats. This effect was not due to altered fluid intake,

since fluid consumption did not differ between imatinib and PBS

treated groups (Data not shown). In addition, imatinib treatment

was associated with less injury-induced weight-loss than PBS

treatment (imatinib, N = 10; PBS, N = 10; Fig. S2).

Imatinib Enhances Tissue Preservation
Imatinib led to significantly more preserved tissue at the injury

site, as well as in spinal segments caudal to the injury, as compared

to PBS-treated rats when assessed at day 56 post-injury (imatinib,

N = 7; PBS, N = 7; Fig. 2 A, C); and imatinib was associated with

increased myelin volume (2.01060.49%, N = 7) compared to PBS

(1.41360.43%, N = 7; p = 0.0504, Fig. S3). Imatinib also signif-

icantly reduced spinal cyst volumes caudal to the injury (imatinib,

N = 7; PBS, N = 7; Fig. 2 A, C). Importantly, imatinib was

associated with a significant increase in the area of neurofilament

immunoreactive axons within the white matter of the injury site

(mean 6 SD: 5.362.95%) compared to PBS treatment (mean 6

SD: 1.060.29%), as well as in spinal segments 7 and 14 mm

rostral and caudal to the injury (imatinib, N = 7; PBS, N = 7; Fig. 2

B, D, E).

Imatinib Treatment Modulates the Inflammatory
Response

We assessed plasma concentration of IL-1b, IL-6, IL-8, and

TNF-a, cytokines known to elicit the acute phase response, and

found that imatinib had no significant impact on any of these

cytokines at 6 hours and 5 days post-injury (imatinib, N = 4; PBS,

N = 4; Fig. 3). Imatinib did lead to a significant increase in plasma

levels of TNF-a compared to PBS (38.1867.2 pg/ml vs.

6.5363.9 pg/ml) at 3 days post-injury (p,0.001; Fig. 3). We next

assessed the effects of imatinib on neutrophil infiltration into the

injury site 24 hours after injury using MPO immnoreactivity and

found that imatinib did not significantly alter MPO immunore-

activity (imatinib, N = 4; PBS, N = 4; Fig. 4 A, B).

CD68 immunoreactivity was used to detect activated microglia/

macrophages at day 5 post-injury to assess the impact of the 5-day

treatment course on inflammation. We found that imatinib

treatment significantly reduced the areas of CD68 immunoreac-

tive activated macrophages/microglia within the injury site (mean

6 SD: 3.5661.88%) as compared to PBS treatment (mean 6 SD:

12.0566.34%), as well as in spinal segments around the injury

(imatinib, N = 4; PBS, N = 4; Fig. 3 C, D). Imatinib treatment was

also associated with significantly reduced CD68 immunoreactivity

at day 56 post-injury within the injury site (mean 6 SD:

12.0763.15) compared to PBS treatment (mean 6 SD:

23.0965.09%; imatinib, N = 7; PBS, N = 7; Fig. 3 E, F). We next

co-labeled CD68 positive cells with the proliferation marker Ki67,

and found that imatinib had no significant impact on proliferation

Figure 1. Imatinib enhances functional outcome. (A) Hindlimb
locomotor function assessed by the BBB locomotor rating scale. The red
line indicates BBB score 9, when weight-support begins. Scores above 9
represent walking, while scores below 9 represent no walking. (B)
Contact plantar placement (CPP) test of sensorimotor function. (C)
Bladder residual urine volumes. Imatinib (N = 10) compared to PBS
(N = 10). Data presented as mean 6 SEM: *P,0.05, **P,0.01, and
***P,0.001.
doi:10.1371/journal.pone.0038760.g001
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of CD68 positive cells as studied at day 5 post-injury (imatinib,

N = 4; PBS, N = 4; Table 1; Fig. S4). We also investigated whether

imatinib affected the proliferation of leukocytes expressing CD11b,

and found that there was no significant effect (imatinib, N = 4;

PBS, N = 4; Table 1; Fig. S4). Co-localization of CD68 at day 7

post-injury with either PDGFR-a or NG2 revealed that CD68

immunoreactive cells did not co-localize with either marker (Fig.

S5). We did, however, find a small population of CD11b

immunoreactive cells that were co-localized with NG2 (Fig. S4).

Imatinib Attenuates Astrocyte Reactivity and Chondroitin
Sulfate Proteoglycan Deposition

Imatinib was associated with less intense GFAP immunoreac-

tivity than PBS at day 5 (imatinib, N = 4; PBS, N = 4; Fig. 5 A).

While GFAP intensity increased between days 5 and 56, it

remained less intense in imatinib-treated, compared to PBS-

treated rats (imatinib, N = 7; PBS, N = 7; Fig. 5 A) also 56 days

after injury. To study chondroitin sulphate proteoglycans, we used

CS56 and NG2 antibodies and found that imatinib significantly

reduced the area of CS56 and NG2 immunoreactivity within the

injury site and in spinal segments 7 and 14 mm rostral and caudal

to the injury at day 5 post-injury (imatinib, N = 4; PBS, N = 4;

Fig. 5 B-E, Fig. S6). CS56 and NG2 immunoreactivities within the

Figure 2. Imatinib enhances tissue preservation. H&E staining was used to visualize tissue and spinal cysts within the epicenter and in spinal
segments 7 and 14 mm rostral and caudal to the injury. (A) Representative micrographs of tissue preservation and spinal cysts at day 56 post-injury in
the injury site and in spinal segments 7 mm rostral and caudal to the injury. Arrows indicate spinal cysts. Asterisk indicates possible enlargement of
the central canal. (B) Representative micrographs of NF immunoreactivity within the injury site at day 56 post-injury. (C) Quantification of tissue
preservation and spinal cyst volumes within the injury site and 7 mm caudal to the epicenter at day 56 post-injury (imatinib n = 10; PBS n = 10). (D)
Quantification of NF immunoreactivity within the injury site and in spinal segments 7 and 14 mm rostral and caudal to the injury at day 56 post-
injury. (E) Scatter plot of NF immunoreativity within the injury site. Imatinib (N = 7) compared to PBS (N = 7). Data presented as mean 6 SD: *P,0.05,
**P,0.01, and ***P,0.001. Scale bars: (A) 1 mm, (B) 100 mm.
doi:10.1371/journal.pone.0038760.g002

Imatinib Enhances Functional Outcome in SCI

PLoS ONE | www.plosone.org 3 June 2012 | Volume 7 | Issue 6 | e38760



injury site were 1.8361.11 and 3.7463.77, respectively, in the

spinal cords of imatinib-treated rats and 4.9361.12 and

13.3362.09 in the spinal cords of PBS-treated rats. As NG2 is

also a marker for progenitor cells capable of differentiating into

oligodendrocytes and astrocytes, we quantified the effect of

imatinib on the proliferation of NG2 immunoreactive cells by

double labeling with Ki-67. We found that imatinib significantly

reduced the percentage of NG2/Ki-67double-labeled cells 7 mm

caudal to the injury, with 17.9613.7% proliferating NG2 positive

cells in the spinal cords of imatinib-treated rats compared to

50.7611.7% proliferating NG2 positive cells in the spinal cords of

PBS-treated rats (imatinib, N = 4; PBS, N = 4; Table 1; Fig. S4).

Imatinib Enhances Blood-spinal Cord-barrier Integrity
To determine the effects of imatinib on blood-spinal cord-

barrier (BSCB) integrity, we evaluated the expression of claudin-5,

an endothelial cell tight junction protein at day 5 after injury. We

found more intense claudin-5 immunoreactivity within the dorsal

horns of imatinib-treated rats compared to PBS-treated rats

(imatinib, N = 4; PBS, N = 4; Fig. 6 A). We also observed that

imatinib caused pericytes, as identified by PDGFR-b immunore-

activity, to remain confined to the vascular walls after injury, thus

resembling the distribution of PDGFR-b expressing cells in non-

injured tissue. In contrast, spinal cord injury caused PDGFR-b
immunoreactive cells to expand their territory away from the

blood vessels in PBS-treated rats (imatinib, N = 4; PBS, N = 4;

Fig. 6 B).

To assess BSCB integrity, we quantified leakage of two proteins,

albumin and IgG, which are normally contained within the

circulation but leak into parenchyma following CNS injury. At day

5 post-injury, we found that imatinib significantly reduced leakage

of both proteins into the injury site (1.4460.56 and 1.1260.65,

respectively) compared to PBS treatment (11.2369.8% and

8.8665.43%, respectively). Imatinib also significantly reduced

albumin leakage into spinal cord segments rostral and caudal to

the injury and reduced IgG leakage in spinal segments caudal to

the injury (imatinib, N = 4; PBS, N = 4; Fig. 6 C-H). Furthermore,

early signs of better tissue morphology were observed in the spinal

cord of imatinib-treated rats at day 5 post-injury (Fig. 6 I).

Imatinib Reduces Expansion and Proliferation of PDGFR
Expressing Cells

In the uninjured spinal cord, PDGFR-a is expressed on

perivascular astrocytic endfeet (N = 3; Fig. S7), while PDGFR-b
is expressed on pericytes. Spinal cord injury induced a rapid

increase of both PDGFR-a and PDGFR-b expression, evident 24

hours after injury (sham, N = 2; injured, N = 2; Fig. S7). At day 5

post-injury, we observed a significant reduction in PDGFR-a
immunoreactivity within the dorsal column at the injury site and

7 mm rostral to the injury in the spinal cords of imatinib-treated

(2.5360.06) rats when compared to the spinal cords of PBS-

treated rats (4.5961.14; imatinib, N = 4; PBS, N = 4; Fig. 7 A).

Similarly, we observed a significant reduction in PDGFR-b
immunoreactivity within the dorsal column of imatinib-treated

vs PBS-treated rats, 1.9560.64% and 3.1861.33% respectively

(imatinib, N = 4; PBS, N = 4; Fig. 7 B). We also investigated

whether PDGFRs were expressed constitutively on neurons as

previously reported [20] and found that PDGFRs were neither

constitutively expressed nor induced by injury in neurons in the rat

spinal cord (sham, N = 2; injured, N = 2; Fig. S8).

Co-labeling with the proliferation marker, Ki67, revealed that

only a small population of PDGFR-a and PDGFR-b immunore-

active cells were proliferating within the injury site and 7 mm

caudal to the injury at day 5 post-injury (imatinib, N = 4; PBS,

Figure 3. Impact of imatinib on plasma concentrations of pro-inflammatory cytokines. (A) IL-1b plasma concentrations. (B) IL-6 plasma
concentrations. (C) IL-8 plasma concentrations. (D). TNF-a plasma concentrations. Imatinib (N = 4) compared to PBS (N = 4). Data presented as the
mean 6 SD. ***P,0.001.
doi:10.1371/journal.pone.0038760.g003
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N = 4; Table 1, Fig. S4). Nevertheless, imatinib led to a significant

reduction of the small number of proliferating PDGFR-b
immunoreactive cells within the injury site (1.663.1 vs 8.162.7

for imatinib and PBS respectively). Imatinib had no effect on the

proliferation of PDGFR-a immunoreactive cells within the injury

site or 7 mm caudal to the injury at day 5 post-injury.

Discussion

We found that an oral, 5-day treatment with imatinib

significantly enhanced functional outcome after experimental

contusion spinal cord injury of the spinal cord. Imatinib-treated

rats regained the ability to make weight-supported steps with their

hind limbs, which was in stark contrast to PBS-treated rats that

only regained the ability to make rhythmic sweeping motions with

their hind limbs. Imatinib-treated rats also regained significantly

greater sensorimotor integration than PBS-treated rats. Injury-

induced bladder dysfunction was restored by imatinib, and injury-

induced weight loss was reduced in imatinib-treated rats. The

restoration of bladder function obtained with imatinib is of

particular clinical relevance for quality of life, since restoration of

bladder function is consistently ranked as a higher priority than

walking for both quadriplegics and paraplegics [21].

Currently, high dose methylprednisolone administered within 8

hours of injury is the only clinically used pharmacologic

intervention for spinal cord injury. Controversy regarding its

efficacy has led clinics to abandon its use [22], so there is need for

alternative pharmacologic interventions for the treatment of spinal

Figure 4. Imatinib attenuates acute and chronic inflammation. Effects of 30 minute delayed imatinib treatment on MPO immunoreactive
neutrophils within the injury site at 24 hours post-injury and CD68 immunoreactive activated macrophages/microglia at day 5 post-injury. (A)
Representative micrographs of MPO immunoreactivity at 24 hours post-injury. (B) Quantification of MPO immunoreactivity within the injury site at 24
hours post-injury (imatinib, N = 4; PBS, N = 4). (C) Representative micrographs of CD68 immunoreactivity at day 5 post-injury. (D) Quantification of
CD68 immunoreactivity within the spinal cord at day 5 post-injury (imatinib, N = 4; PBS, N = 4). (E) Representative micrographs of CD68
immunoreactivity for activated macrophages/microglia within the injury site 14 mm caudal of the epicenter at day 56 post-injury. (F) Quantification
of the relative area occupied by CD68 immunoreactivity within the injury site and in spinal segments 7 and 14 mm rostral and caudal to the injury at
day 56 post-injury (imatinib, N = 6; PBS, N = 6). Data presented as mean 6 SD: *P,0.05, **P,0.01, and ***P,0.001. Scale bars: 100 mm, inset: 10 mm.
doi:10.1371/journal.pone.0038760.g004
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cord injury. The beneficial effects of imatinib on functional

outcome presented here indicate that imatinib may potentially fill

this need.

The beneficial effects of imatinib on functional outcome may in

part be due to increased tissue preservation within the injury site,

since the amount of preserved tissue has previously been positively

correlated with functional outcome [23]. In particular, the

significantly larger amount of NF-reactive axons traversing the

injury site may have also contributed to the functional effects, since

the number of axons (protected and/or regenerated) traversing the

epicenter is arguably the single most important histological

indication of degree of function. Imatinib also counteracted other

indices of tissue pathology, such as astrogliosis and CSPG

deposition, which is presumably valuable because both the

astroglial scar and CSPGs are considered detrimental to axon

regeneration and functional outcome [24], [25], [26].

The expansion of NG2 immunoreactive progenitor cells, which

differentiate into both astrocytes and oligodendrocytes in response

to injury [27], was significantly reduced by imatinib. This

observation is significant in that NG2 cells have been reported

to proliferate in response to demyelination [28], [29], and the time

course of NG2 cell proliferation has been reported to parallel the

time of demyelination and remyelination in the spinal cord [30]. It

is also important to mention that little to no activated

macrophages/microglia and very few non-activated macrophag-

es/microglia expressed this marker, so the effects of imatinib on

NG2 immunoreactive cells does not reflect an effect on the

subpopulations of macrophages/microglia that have been report-

ed to express this marker [31], [32]. Thus, it is plausible that the

imatinib-induced reduction of NG2 cell proliferation reflects

decreased tissue damage and the observed reduction in the

amount of reactive astrocytes.

Imatinib has been reported to inhibit multiple receptor tyrosine

kinases in mast cells, macrophages, and T-lymphocytes, as well as

PDGFR-a and b [5], [33], [34]. We observed a significant

reduction in amounts of activated macrophages/microglia in the

spinal cords of imatinib-treated rats, which is noteworthy because

depletion of hematogenous macrophages and attenuation of T-

lymphocytes, potent activators of macrophages, have both been

reported to enhance tissue preservation in experimental spinal

cord injury [35], [36]. Moreover, blockade of a4b1 integrin has

been reported to limit secondary inflammatory damage after

spinal cord injury [37], [38], [39] Imatinib has also been shown to

abrogate macrophage activation and cytokine production in an

experimental arthritis model [5]. Under the current experimental

conditions, imatinib had no significant effect on ED-1 immuno-

reactive macrophage proliferation; however, we cannot rule out

that imatinib had an effect on activation state or cytokine

production.

We observed that imatinib markedly reduced the expansion of

PDGFR-a and PDGFR-b expressing cell populations, with the

strongest reductions being seen in the areas of the greatest tissue

preservation. Astrocytes and O2A progenitors, as well as pericytes

expressing PDGFR-a and PDGFR-b, respectively, are sources of

CSPGs [40], [41]. Thus, we have observed not only a marked

reduction in CSPG, but also a marked reduction of cellular sources

of CSGP. Although it has been reported that PDGFR-a is

expressed on neurons in primary neuronal cultures [20], PDGFR-

a was neither constitutively expressed nor induced by injury in

neurons in the rodent spinal cord, indicating that PDGFR-a
inhibition is not having a direct effect on neurons. It has also been

reported that a subset of activated macrophages/microglia express

PDGFR-a [42]; however, under the current experimental

condition, ED-1 immunoreactive activated macrophages/microg-

lia did not express PDGFR-a. Thus, the effects of imatinib on

PDGFR-a do not constitute an effect of imatinib on the

subpopulation of activated macrophages/microglia that express

PDGFR-a.

We found that imatinib increased immunolabeling of the

endothelial tight junction protein, claudin-5, and that PDGFR-b
immunoreactive pericytes remained located tightly around vessel

walls in a pattern similar to that seen in non-injured rats, thus

indicating normalization of the blood-spinal cord-barrier. In the

absence of imatinib, injury caused a spreading of PDGFR-b
immunoreactive cells away from vessel walls. This observation is in

accordance with a previous report that pericytes migrate away

from the neurovascular unit in response to CNS injury [43]. The

effects of imatinib on BSCB integrity are in agreement with the

effects found in a mouse model of ischemic stroke, where imatinib

promotes BBB integrity and reduces stroke volume by inhibiting

PDGF-CC induced activation of PDGFR-a on perivascular

astrocytic endfeet [8].

Given that imatinib has been reported to modulate immune cell

function and secretion profile, it was surprising to observe that

imatinib treatment had no significant impact on plasma concen-

trations of pro-inflammatory cytokines, IL-b, IL-6, IL-8, and

TNF-a, reported to be involved in the orchestration of the

inflammatory response [44], [39], [37] at 6 hours post-injury

which translates to 5.5 hours after the treatment began. It was also

surprising to find that imatinib had no impact on neutrophil

infiltration into the injured spinal cord 24 hours after injury.

Collectively, these results indicate that imatinib has no significant

impact on the generation of the innate immune response and that

the immune response between the treatment groups immediately

after injury were similar.

Remarkably, imatinib treatment associated with increased

plasma concentrations of TNF-a, an inflammatory cytokine

produced primarily by macrophages and reported to induce

inflammation [45], at day 3 post-injury. This was followed by

significantly reduced areas of activated macrophage/microglia

expression at day 5 post-injury, an unexpected finding since

macrophages filtration has been reported to peak between 5 to 7

days [46]. One possible explanation for the lack of accordance

between the plasma correlate of inflammation and tissue

inflammation could be that of normalization of BSCB integrity

in the spinal cords of rats treated with imatinib prevented

macrophage infiltration into the injured spinal cord. Indeed, it has

previously been reported that imatinib normalizes the integrity of

the BBB and reduces infarct volume in a murine model of

ischemia stroke [8]. Continued research is necessary to determine

Table 1. Proportion (%) of proliferating cells co-expressing
CD68, CD11b, PDGFRs or NG2 at the injury site and 7 mm
caudal to the injury.

Injury site 7 mm caudal to injury

PBS imatinib PBS imatinib

CD68 8.763.2 8.865.4 13.367.9 10.4610.0

CD11b 36.465.2 31.267.8 42.968.6 4865.3

PDGFR-a 13.469.6 20.868.9 10.867.8 23.3611.8

PDGFR-b 8.162.7 1.663.1* 2.162.4 0

NG2 50.469.4 45.064.1 50.7611.7 17.9613.7*

Data presented as mean 6 SD: *P,0.05.
doi:10.1371/journal.pone.0038760.t001

Imatinib Enhances Functional Outcome in SCI

PLoS ONE | www.plosone.org 6 June 2012 | Volume 7 | Issue 6 | e38760



whether imatinib is acting directly on the BSCB or on immune

cells, since inhibition/modulation of the secretion profile of

immune cells could theoretically result in reduced permeability

of the BSCB and normalization of blood vessels, while normal-

ization of the BSCB by inhibiting immune cells from entering the

spinal cord.

In conclusion, we present robust evidence in support of a new

indication for imatinib as an acute treatment for spinal cord injury.

The rapid time course of the beneficial effects and the fact that a 5-

day treatment period leads to lasting improvements of both

structure and function, suggest that imatinib is neuroprotective

rather than neurorestorative. A specific advantage of imatinib is

that it is currently in clinical use for other indications, offering a

putative off the shelf therapy with fewer hurdles en route to clinical

trials.

Materials and Methods

Ethics Statement
Animal work was approved by the North Stockholm Animal

Ethics Committee (permit # N429/09). Animals received

analgesic pre-operative, for 3 days post-injury to alleviate pain,

and as needed thereafter. Antibiotics were given for 7 days post-

injury to prevent bladder infection. Bladders were manually

expressed twice/day until bladder function was restored. Animals

were communally housed and had access to food/water at will.

Figure 5. Imatinib attenuates astrogliosis and CSPG deposition. (A) Representative micrographs of dorsomedial GFAP immunoreactivity
14 mm caudal to the injury site at 5 and 56 days post-injury. (B) Representative micrographs of CS56 immunoreactivity within the injury site at day 5
post-injury. (C) Quantification of CS56 immunoreactivity within the injury site and spinal segments 7 and 14 mm rostral and caudal to the injury at
day 5. (D) Representative micrographs of NG2 immunoreactivity within the injury site at day 5 post-injury. (E) Quantification of NG2 immunoreactivity
within the injury site and in spinal segments 7 to 14 mm rostral and caudal to the injury site at day 5. Imatinib (day 5, N = 4; day 56, N = 6) compared
to PBS (day 5, N = 4; day 56, N = 6). Data presented as mean 6 SD: *P,0.05, **P,0.01, and ***P,0.001. Scale bars: 100 mm.
doi:10.1371/journal.pone.0038760.g005
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Figure 6. Imatinib enhances vascular integrity. (A) Tight junction protein, claudin-5, immunoreactivity in endothelial cells in the dorsal horn at
5 days post-injury is stronger in imatinib than in PBS-treated rats. This indicates better preservation of the BSCB integrity. (B) Representative
micrographs of PDGFR-b/lectin immunoreactivity at day 5 post-injury in the spinal cords of non-injured, PBS-treated, and imatinib-treated rats.
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Spinal Cord Injury
Under deep anesthesia (Isofluorane), a laminectomy was

performed at T10 and the caudal half of T9, and a 10 g weight

was dropped from a height of 25 mm (220 g, Scanbur, Sweden)

onto the dorsal surface of the spinal cord using the Impactor (Keck

Center for Neurosciences) in female rats. The rats were randomly

divided into 2 treatment groups, imatinib (N = 18) or PBS (N = 18).

250 mg/kg/day of imatinib was administered orally 30 minutes

after injury and twice daily thereafter for 5 days. In sham operated

rats (N = 5), only the laminectomy was performed. In addition,

injured untreated animals (N = 2) were included and sacrificed at

day 5 post-injury.

Post-operatively, an antibiotic (Borgal, Hoechst, AG) was

administered once/daily for 7 days to prevent urinary tract

infection, and an analgesic (Temgesic, Schering-Plough, AB) was

administered twice/day for 3 days. Bladders were manually

expressed twice daily for the first 7 days post-injury and once/day

thereafter until bladder function was restored. Residual urine was

collected and the volumes recorded for 21 days post-injury.

Weights were recorded before injury, day 3 post-injury, and

weekly thereafter. Food and water was provided ad libitum, and

animals were housed 4/cage in a room with a 12-hour light/dark

cycle.

For all of the following experimental procedures, the experi-

menters were blinded to the treatment groups during the

behavioral testing as well as during the histological analysis. To

ensure unbiased evaluation, the following steps were taken: one

surgeon performed all surgeries, a surgical assistant randomly

assigned animals to treatment groups and assigned ID numbers to

the rats, and experimenters involved in behavioral experiments did

not treat the animals–so they did not know which animals

belonged to which treatment group. For histology, the animals

were given different ID numbers and the spinal cords of 3 different

animals were placed on the same slide. Once staining/IHC

analysis was completed, the code was broken and statistical

analysis was performed.

Locomotor Evaluation
The Basso, Beattie, Bresnahan (BBB) locomotor rating scale

[23] was used to evaluate hind limb locomotor function in an open

field weekly for 8 weeks. All experimenters involved with BBB

evaluation were blinded to treatment group identity.

(C) Representative micrographs of albumin immunoreactivity within the injury site at day 5 post-injury. (D) Representative micrographs of IgG
immunoreactivity within the injury site at day 5 post-injury. (E) Quantification of albumin immunoreactivity within the spinal cord at day 5 post-injury.
(F) Quantification of IgG immunoreactivity within the spinal cord at day 5 post-injury. (G) Scatter plot of the area of albumin immunoreactivity within
the injury site at day 5 post-injury. (H) Scatter plot of the area of IgG immunoreactivity within the injury site at day 5 post-injury. (I) H and E staining of
the spinal cord at day 5 post-injury. Circles indicate areas without H and E staining. Imatinib (day 5, N = 4) compared to PBS (day 5, N = 4). Data
presented as mean 6 SD: *P,0.05, **P,0.01, and ***P,0.001. Scale bars: (A,C,E) 100 mm,(G,I) 1 mm, (B) 10 mm.
doi:10.1371/journal.pone.0038760.g006

Figure 7. Effects of 30 minute delayed, 5-day imatinib treatment on PDGFR expression at day 5 after contusion spinal cord injury.
(A) Representative micrographs of PDGFR-a immunoreactivity within the injury site and quantification of PDGFR-a immunoreactivity within the injury
site and in spinal segments rostral and caudal to the injury in non-injured, PBS-treated, and imatinib-treated rats. (B) Representative micrographs of
PDGFR-b expression within the injury site and quantification of PDGFR-b expression within the injury site and spinal segments rostral and caudal to
the injury in non-injured, PBS-treated, and imatinib-treated rats. Imatinib (N = 4) compared to PBS (N = 4). Data presented as mean 6 SD: *P,0.05.
Scale bars: 100 mm.
doi:10.1371/journal.pone.0038760.g007
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Sensorimotor Evaluation
The contact plantar placement test was used to assess

sensorimotor integration weekly, beginning 1 week post-injury.

Briefly, the dorsal surface of each hind paw was lightly touched

against the edge of a standard laboratory bench, and the ability of

the rat to make plantar contact with the bench was scored by the

number of times this response was elicited during three trials for

each hind limb individually (max. score = 6). Data presented as

the sum of left and right responses. All experimenters involved

with BBB evaluation were blinded to treatment group identity.

Immunohistochemistry, Hematoxylin and Eosin, and
Luxol Fast Blue Staining

Albumin (Abcam), biotinylated anti-rat IgG antibodies (Santa

Cruz Biotechnology), fibronectin (Abcam), and claudin-5 (Zymed)

antibodies were used to evaluate vascular permeability and BSCB

integrity [47,48]. Antibodies to CD68 or CD11b (AbD Serotec)

were used to evaluate activated and non-activated macrophages/

microglia, respectively. GFAP antibodies (Dako and Sigma-

Aldrich) were used to evaluate astrocyte reactivity. Ki67 antibodies

(Pharmingen and Novocastra) were used to evaluate cell prolifer-

ation. PDGFR-a (Cell Signaling), PDGFR-b (Cell Signaling), and

NG2 (Chemicon) antibodies were used to visualize astrocytes,

pericytes, and progenitor cells, respectively. CS-56 antibodies

(Sigma) were used to evaluate CSPG deposition. Neurofilament

antibodies (SMI-312, Abcam) were used to evaluate axon sparing

in white matter. MPO antibodies (Bio Site) were used to evaluate

neutrophil infiltration into the injured spinal cord. Biotinylated

lycopersicon esculentum (tomato) lectin (Vector Laboratories) and

occludin-1 (Zymed) or podocalyxin (R&D Systems) antibodies

were used as endothelial cell markers. NeuN antibodies (Chemi-

con) were used as neuronal markers. DAPI (Invitrogen) was used

to identify nuclei. For PDGFR-a and -b immunolabeling, antigen

retrieval for 15 minutes at 95uC with high pH retrieval buffer

(Dako) was required. Sections were incubated for 1 hour at room

temperature with either Alexa fluorophores (Molecular Probes) or

Cy3-labeled avidin. Bound antibodies were visualized using

epifluorescence microscopy (Nikon Eclipse1000) and photo-

graphed (Spot camera, Spot Advance software, Tekno optik), or

visualized and photographed using confocal microscopy (Zeiss 710

and LSM software).

For Hematoxylin and Eosin staining, cryosections were stained

with Mayer’s hematoxylin. Thereafter, sections were incubated in

0.2% eosin solution (Histolab). For luxol fast blue staining,

cryosections were stained with luxol fast blue solution (Sigma

Aldrich).

ELISA
Cytokines (IL-1b, IL-6, IL-8, TNF-a) in the supernatant was

analyzed using a 9-plex ultra-sensitive elisa kit from Mesoscale

(Mesoscale, Gaithersburg, Maryland). After blocking with BSA for

30 minutes the supernatant was added to the plate and incubated

overnight at 4uC. After washing, the plate was incubated with

MSD-SULFO-TAG labeled secondary antibody for 2 hours,

washed, and analyzed using a Mesoscale plate reader.

Transgenic Mice
PDGFRa+/GFP mice on C57BL/6J genetic background were

perfused with 4% PFA/PBS under deep Hypnorm/Dormicum

anesthesia.

Stereology
Unbiased stereology was used to determine the volumes spared

tissue and spinal cysts in a 7 mm segment centered on the injury

site and a 7 mm segment immediately caudal to the injury

segment stained with Hematoxylin and Eosin. We also used

unbiased stereology to quantify the volume of spared myelin

within the injury site in sections stained with luxol fast blue. With

both stains, a total of 9 sections were analyzed per animal for each

of the spinal segments. Stereological analysis was based on the

Cavalieri Principle (Stereologer, SPA Inc., MD) using the three

dimensional optical dissector [49]. Results are reported as mean

volume 6 SEM.

Statistical Evaluation
For comparisons of BBB scores, residual urine volumes, CPP

scores, tissue preservation volumes, and weight gain, Repeated

measures ANOVA was performed with Bonferroni post-hoc test.

The confidence interval was set at 95%. Data are presented as

mean 6 SEM, with P-values ,0.05 considered significant.

For immunofluorescence, patterns were photographed; and

from each animal, 3 micrographs/spinal cord segment were taken

for each animal of each spinal cord regions assessed. The

micrographs were analyzed using ImageJ (NIH). The proportions

of stained area/total area were compared between treatment

groups. The proportion of proliferating cells was evaluated from

co-immunolabeled sections by manual counting. Data are

presented as mean 6 SD and P-values were obtained using

Student’s t-test. P-values ,0.05 were considered significant.

Supporting Information

Figure S1 Scatter plot representation of functional
outcome at day 56 post-injury. Hindlimb locomotor function

assessed by the BBB locomotor rating scale. The red line indicates

BBB score 9, when weight-support begins. Scores above 9

represent walking, while scores below 9 represent no walking.

(B) Contact plantar placement (CPP) test of sensorimotor function.

(C) Bladder residual urine volumes. Imatinib (N = 10) compared to

PBS (N = 10). Data presented as the mean 6 SD.

(TIF)

Figure S2 Effects of 30 minute delayed treatment on
injury-induced weight loss. Results from a repeated measures

ANOVA revealed that imatinib had significant treatment

(P,0.001) and time effects (P,0.001; imatinib, N = 10; PBS,

N = 10). Data presented as the mean 6 SEM. 0 = day of spinal

cord injury.

(TIF)

Figure S3 Myelin preservation. Representative micrographs

of luxol fast blue staining within in the injury site at day 56 post-

injury in the spinal cords of (A) PBS treated rats. (B) imatinib

treated rats. (C) Quantification of the volume of luxol fast blue

stained tissue within the injury site at day 56 post-injury

(p = 0.0504; imatinib, N = 6; PBS, N = 6). Data presented as the

mean 6 SD.

(TIF)

Figure S4 Proliferation. Representative micrographs of co-

labeling of (A) CD68, (B) CD11b, (C) PDGFR-a, (D) PDGFR-b,

and (E) NG2 with Ki67 at day 5 post-injury in rats treated with

PBS starting 30 minutes after injury. (F) Quantification of

proliferating cells assessed through Ki67-positive area within the

injury site and in spinal segments 7 and 14 mm rostrally and

caudally from the injury 5 days post-injury in rats treated with

either 30 minute delayed PBS or imatinib treatment (imatinib,
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N = 4; PBS, N = 4). (G) Scatter plot of Ki67-positive area within

the injury site at day 5 post-injury (imatinib, N = 4; PBS, N = 4).

Arrows indicate co-labeled cells. Data presented as mean 6 SD:

*P,0.05 and ***P,0.001. Scale bars: (A, B) 10 mm, (C-E) 20 mm.

(TIF)

Figure S5 Macrophage/microglia co-expression with
PDGFR-a. Representative micrographs of CD68 expression with

(A) PDGFR-a and (B) NG2 expression within the injury site at day

7 post-injury. Representative micrographs of CD11b co-localiza-

tion with NG2 at (C) 14 mm caudal and (D) 7 mm caudal to the

injury site and (E) within the injury site. Scale bars: 100 mm.

(TIF)

Figure S6 Scatter plot respresentation of CS56 and NG2
expression. (A) Quantification of CS56 immunoreactivity and

(B) NG2 immunoreactivity within the injury site at day 5 post-

injury (imatinib, N = 4; PBS, N = 4). Data presented as mean 6

SD.

(TIF)

Figure S7 PDGFR expression patterns. PDGFR expression

at 24 hours post-injury in rats pre-treated with imatinib or PBS 4

hours before injury. (A) Representative micrographs of PDGFR-a
expression in sham operated, PBS, and imatinib treated rats. (B)

Quantification of the area of PDGFR-a immunoreactivity. (C)

Representative micrographs of PDGFR-b expression in sham

operated, PBS, and imatinib treated rats. (D) Quantification of the

area of PDGFR-b immunoreactivity. Imatinib (n = 4), PBS (n = 4),

Sham (n = 1). Data presented as mean 6 SD: *P,0.05, **P,0.01,

and ***P,0.001. Scale bars: 100 mm.

(TIF)

Figure S8 PDGFR co-expression. PDGFR expression in

uninjured and injured mouse and rat spinal cords at day 5 post-

injury. (A) Representative micrographs of PDGFR-a promotor

driven GFP and NeuN/DAPI immunoreactivity in non-injured

mouse spinal cord. (B) Representative micrographs of PDGFR-a/

NeuN/DAPI immunoreactivity in noninjured mouse spinal cord.

(C) Representative micrographs of PDGFR-b/NeuN/DAPI

immunoreactivity in noninjured mouse spinal cord. (D) Repre-

sentative micrographs of PDGFR-a/NeuN/DAPI immunoreac-

tivity in injured rat spinal cord. (E) Representative micrographs of

PDGFR-b/NeuN/DAPI immunoreactivity in injured rat spinal

cord. Scale bars: 10 mm (A-C), 50 mm (D,E).

(TIF)

Acknowledgments

We thank K. Pernold, C. G. Wigerblad, J. Ekström, and S. Savage for

technical assistance.

Author Contributions

Conceived and designed the experiments: MBA IN LO UE. Performed the

experiments: MBA SC. Analyzed the data: MBA IN SAL. Contributed

reagents/materials/analysis tools: LO UE. Wrote the paper: MBA IN LO

UE.

References

1. Tator CH, Fehlings MG (1991) Review of the secondary injury theory of acute

spinal cord trauma with emphasis on vascular mechanisms. J Neurosurg 75: 15–
26.

2. Norenberg MD, Smith J, Marcillo A (2004) The pathology of human spinal cord

injury: defining the problems. J Neurotrauma 21: 429–440.

3. Nakajima K, Kohsaka S (2001) Microglia: activation and their significance in the

central nervous system. J Biochem 130: 169–175.

4. Neumann H, Wekerle H (1998) Neuronal control of the immune response in the
central nervous system: linking brain immunity to neurodegeneration.

J Neuropathol Exp Neurol 57: 1–9.

5. Paniagua RT, Sharpe O, Ho PP, Chan SM, Chang A, et al. (2006) Selective

tyrosine kinase inhibition by imatinib mesylate for the treatment of autoimmune
arthritis. J Clin Invest 116: 2633–2642.

6. Fabian MA, Biggs WH 3rd, Treiber DK, Atteridge CE, Azimioara MD, et al.
(2005) A small molecule-kinase interaction map for clinical kinase inhibitors. Nat

Biotechnol 23: 329–336.

7. Leder C, Ortler S, Seggewiss R, Einsele H, Wiendl H (2007) Modulation of T-
effector function by imatinib at the level of cytokine secretion. Exp Hematol 35:

1266–1271.

8. Su EJ, Fredriksson L, Geyer M, Folestad E, Cale J, et al. (2008) Activation of

PDGF-CC by tissue plasminogen activator impairs blood-brain barrier integrity
during ischemic stroke. Nat Med 14: 731–737.

9. Boucher P, Gotthardt M, Li WP, Anderson RG, Herz J (2003) LRP: role in
vascular wall integrity and protection from atherosclerosis. Science 300: 329–

332.

10. Lassila M, Allen TJ, Cao Z, Thallas V, Jandeleit-Dahm KA, et al. (2004)
Imatinib attenuates diabetes-associated atherosclerosis. Arterioscler Thromb

Vasc Biol 24: 935–942.

11. Ma Q, Huang B, Khatibi N, Rolland W 2nd, Suzuki H, et al. (2011) PDGFR-

alpha inhibition preserves blood-brain barrier after intracerebral hemorrhage.
Ann Neurol 70: 920–931.

12. Miyanji F, Furlan JC, Aarabi B, Arnold PM, Fehlings MG (2007) Acute cervical
traumatic spinal cord injury: MR imaging findings correlated with neurologic

outcome–prospective study with 100 consecutive patients. Radiology 243: 820–
827.

13. Lammertse D, Tuszynski MH, Steeves JD, Curt A, Fawcett JW, et al. (2007)

Guidelines for the conduct of clinical trials for spinal cord injury as developed by

the ICCP panel: clinical trial design. Spinal Cord 45: 232–242.

14. Popovich PG, Wei P, Stokes BT (1997) Cellular inflammatory response after
spinal cord injury in Sprague-Dawley and Lewis rats. J Comp Neurol 377: 443–

464.

15. Hausmann ON (2003) Post-traumatic inflammation following spinal cord injury.

Spinal Cord 41: 369–378.

16. Hulsebosch CE (2002) Recent advances in pathophysiology and treatment of
spinal cord injury. Adv Physiol Educ 26: 238–255.

17. Kwon BK, Tetzlaff W, Grauer JN, Beiner J, Vaccaro AR (2004) Pathophys-

iology and pharmacologic treatment of acute spinal cord injury. Spine J 4: 451–

464.

18. Flanders AE, Spettell CM, Tartaglino LM, Friedman DP, Herbison GJ (1996)

Forecasting motor recovery after cervical spinal cord injury: value of MR

imaging. Radiology 201: 649–655.

19. Schaefer DM, Flanders AE, Osterholm JL, Northrup BE (1992) Prognostic

significance of magnetic resonance imaging in the acute phase of cervical spine

injury. J Neurosurg 76: 218–223.

20. Tang Z, Arjunan P, Lee C, Li Y, Kumar A, et al. (2010) Survival effect of

PDGF-CC rescues neurons from apoptosis in both brain and retina by

regulating GSK3beta phosphorylation. J Exp Med 207: 867–880.

21. Anderson KD (2004) Targeting recovery: priorities of the spinal cord-injured

population. J Neurotrauma 21: 1371–1383.

22. Hugenholtz H (2003) Methylprednisolone for acute spinal cord injury: not a

standard of care. CMAJ 168: 1145–1146.

23. Basso DM, Beattie MS, Bresnahan JC (1996) Graded histological and locomotor

outcomes after spinal cord contusion using the NYU weight-drop device versus

transection. Exp Neurol 139: 244–256.

24. Garcia-Alias G, Barkhuysen S, Buckle M, Fawcett JW (2009) Chondroitinase

ABC treatment opens a window of opportunity for task-specific rehabilitation.

Nat Neurosci 12: 1145–1151.

25. Bradbury EJ, Moon LD, Popat RJ, King VR, Bennett GS, et al. (2002)

Chondroitinase ABC promotes functional recovery after spinal cord injury.

Nature 416: 636–640.

26. Silver J, Miller JH (2004) Regeneration beyond the glial scar. Nat Rev Neurosci

5: 146–156.

27. Sellers DL, Maris DO, Horner PJ (2009) Postinjury niches induce temporal shifts

in progenitor fates to direct lesion repair after spinal cord injury. J Neurosci 29:

6722–6733.

28. Carroll WM, Jennings AR, Ironside LJ (1998) Identification of the adult resting

progenitor cell by autoradiographic tracking of oligodendrocyte precursors in

experimental CNS demyelination. Brain 121 (Pt 2): 293–302.

29. Keirstead HS, Levine JM, Blakemore WF (1998) Response of the oligodendro-

cyte progenitor cell population (defined by NG2 labelling) to demyelination of

the adult spinal cord. Glia 22: 161–170.

30. McTigue DM, Wei P, Stokes BT (2001) Proliferation of NG2-positive cells and

altered oligodendrocyte numbers in the contused rat spinal cord. J Neurosci 21:

3392–3400.

31. Moransard M, Dann A, Staszewski O, Fontana A, Prinz M, et al. (2011) NG2

expressed by macrophages and oligodendrocyte precursor cells is dispensable in

experimental autoimmune encephalomyelitis. Brain 134: 1315–1330.

32. Matsumoto H, Kumon Y, Watanabe H, Ohnishi T, Shudou M, et al. (2008)

Accumulation of macrophage-like cells expressing NG2 proteoglycan and Iba1

Imatinib Enhances Functional Outcome in SCI

PLoS ONE | www.plosone.org 11 June 2012 | Volume 7 | Issue 6 | e38760



in ischemic core of rat brain after transient middle cerebral artery occlusion.

J Cereb Blood Flow Metab 28: 149–163.
33. Dewar AL, Cambareri AC, Zannettino AC, Miller BL, Doherty KV, et al.

(2005) Macrophage colony-stimulating factor receptor c-fms is a novel target of

imatinib. Blood 105: 3127–3132.
34. Pixley FJ, Stanley ER (2004) CSF-1 regulation of the wandering macrophage:

complexity in action. Trends Cell Biol 14: 628–638.
35. Potas JR, Zheng Y, Moussa C, Venn M, Gorrie CA, et al. (2006) Augmented

locomotor recovery after spinal cord injury in the athymic nude rat.

J Neurotrauma 23: 660–673.
36. Popovich PG, Guan Z, Wei P, Huitinga I, van Rooijen N, et al. (1999) Depletion

of hematogenous macrophages promotes partial hindlimb recovery and
neuroanatomical repair after experimental spinal cord injury. Exp Neurol 158:

351–365.
37. Bao F, Omana V, Brown A, Weaver LC (2012) The Systemic Inflammatory

Response after Spinal Cord Injury in the Rat is Decreased by alpha4beta1

Integrin Blockade. J Neurotrauma.
38. Campbell SJ, Perry VH, Pitossi FJ, Butchart AG, Chertoff M, et al. (2005)

Central nervous system injury triggers hepatic CC and CXC chemokine
expression that is associated with leukocyte mobilization and recruitment to both

the central nervous system and the liver. Am J Pathol 166: 1487–1497.

39. Wilcockson DC, Campbell SJ, Anthony DC, Perry VH (2002) The systemic and
local acute phase response following acute brain injury. J Cereb Blood Flow

Metab 22: 318–326.
40. Rivers LE, Young KM, Rizzi M, Jamen F, Psachoulia K, et al. (2008)

PDGFRA/NG2 glia generate myelinating oligodendrocytes and piriform
projection neurons in adult mice. Nat Neurosci 11: 1392–1401.

41. Virgintino D, Girolamo F, Errede M, Capobianco C, Robertson D, et al. (2007)

An intimate interplay between precocious, migrating pericytes and endothelial

cells governs human fetal brain angiogenesis. Angiogenesis 10: 35–45.

42. Morelli PI, Martinsson S, Ostergren-Lunden G, Friden V, Moses J, et al. (2006)

IFNgamma regulates PDGF-receptor alpha expression in macrophages, THP-1

cells, and arterial smooth muscle cells. Atherosclerosis 184: 39–47.

43. Dore-Duffy P, Owen C, Balabanov R, Murphy S, Beaumont T, et al. (2000)

Pericyte migration from the vascular wall in response to traumatic brain injury.

Microvasc Res 60: 55–69.

44. Barbas D, Campbell A, Castellucci VF, DesGroseillers L (2005) Comparative

localization of two serotonin receptors and sensorin in the central nervous system

of Aplysia californica. J Comp Neurol 490: 295–304.

45. Merrill JE, Zimmerman RP (1991) Natural and induced cytotoxicity of

oligodendrocytes by microglia is inhibitable by TGF beta. Glia 4: 327–331.

46. Fleming JC, Norenberg MD, Ramsay DA, Dekaban GA, Marcillo AE, et al.

(2006) The cellular inflammatory response in human spinal cords after injury.

Brain 129: 3249–3269.

47. Argaw AT, Gurfein BT, Zhang Y, Zameer A, John GR (2009) VEGF-mediated

disruption of endothelial CLN-5 promotes blood-brain barrier breakdown. Proc

Natl Acad Sci U S A 106: 1977–1982.

48. Koto T, Takubo K, Ishida S, Shinoda H, Inoue M, et al. (2007) Hypoxia

disrupts the barrier function of neural blood vessels through changes in the

expression of claudin-5 in endothelial cells. Am J Pathol 170: 1389–1397.

49. Gundersen HJ (1986) Stereology of arbitrary particles. A review of unbiased

number and size estimators and the presentation of some new ones, in memory

of William R. Thompson. J Microsc 143: 3–45.

Imatinib Enhances Functional Outcome in SCI

PLoS ONE | www.plosone.org 12 June 2012 | Volume 7 | Issue 6 | e38760


