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Abstract Platelet-activating factor (PAF) is a unique
phosphoglycerine that mediates the biological functions of
both immune and nervous systems. Excessive PAF plays an
important role in neural injury via its specific receptor
(PAFR). In this study, we hypothesized that PAF signaling
activates reactive gliosis after spinal cord injury (SCI), and
blocking the PAF pathway would modify the glia scar forma-
tion and promote functional recovery. PAF microinjected into
the normal wild-type spinal cord induced a dose-dependent
activation of microglia and astrocytes. In the SCI mice,
PAFR null mutant mice showed a better functional recovery
in grip and rotarod performances than wild-type mice.
Although both microglia and astrocytes were activated after
SCI in wild-type and PAFR null mutant mice, expressions of
IL-6, vimentin, nestin, and GFAP were not significantly ele-
vated in PAFR null mutants. Disruption of PAF signaling
inhibited the expressions of proteoglycan CS56 and neurocan
(CSPG3). Intriguingly, compared to the wild-type SCI mice,
less axonal retraction/dieback at 7 dpi but more NFH-labeled

axons at 28 dpi was found in the area adjacent to the epicenter
in PAFR null mutant SCI mice. Moreover, treatment with
PAFR antagonist Ginkgolide B (GB) at the chronic phase
rather than acute phase enhanced the functional recovery in
the wild-type SCI mice. These findings suggest that PAF sig-
naling participates in reactive gliosis after SCI, and blocking
of this signaling enhances functional recovery and to some
extent may promote axon regrowth.
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Introduction

Reactive gliosis, also known as glial scar (GS) formation, is an
inflammatory response mainly characterized by the prolifera-
tion of microglia and astrocytes as well as astrocytic hypertro-
phy occurring after injury in the central nervous system
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(CNS). The GS consists predominately of activated microglia/
macrophages, reactive astrocytes, and extracellular matrix
(ECM) molecules (e.g., proteoglycans) with invading connec-
tive tissue components. Glial scarring is triggered by mole-
cules and cells from the vasculature crossing breaches in the
blood-brain or blood-cord barrier (BBB or BCB) into the CNS
[1], which results in the activation of microglia/macrophage
and astrocyte. The GS plays an important role in both benefi-
cial and detrimental effects on injury recovery. It isolates the
injured site from adjacent normal tissue to prevent further
inflammatory damage and reestablishes the integrity of the
CNS by forming physical and molecular barriers [2, 3] which
may provide mechanical support, blood flow modulation,
BBB/BCB repair, anti-inflammatory molecules, and
neuronal/oligodendroglial protection from the excitotoxicity.
Meanwhile, reactive astrocytes with increased synthesis of
intermediate filaments such as GFAP and vimentin can release
inhibitory proteoglycans (e.g., CSPGs and KSPGs) to drive
back axon regeneration [4] and inhibit the remyelinating pro-
cess of oligodendrocytes [5]. In addition, activated microglia
and/or astrocytes also produce excitotoxic glutamate and neu-
rotoxic substances including pro-inflammatory and cytotoxic
cytokines [6]. However, the molecular triggers of reactive
gliosis, including microgliosis and astrogliosis, remain poorly
understood.

Platelet-activating factor (PAF, 1-alkyl-2-acetyl-sn-
glycero-3-phosphocholine) is a unique phosphoglycerine that
mediates the biological functions of both immune and nervous
systems. It is released by a wide variety of cells, such as
platelets, macrophages, neutrophils, endothelial cells, mast
cells, and neural cells, and exerts its biological effects via
ubiquitously distributed G-protein coupled PAF receptor [7].
PAF can be synthesized within cellular membranes via two
pathways—de novo metabolic pathway and cytosolic phos-
pholipase A2 (cPLA2)-dependent remodeling pathway, which
are believed tomaintain physiological functions or cause path-
ological responses, respectively [8]. In the CNS, neurons and
glial cells can synthesize PAF at a lower level [9, 10], and
platelet-activating factor receptor (PAFR) has been identified
in neuron, microglia, astrocyte, and oligodendrocyte progeni-
tor cell [11–14]. Excessive PAF appears to play an important
role in neural injury, such as ischemia-reperfusion injury,
stroke, inflammation, HIV-induced neurotoxicity, meningitis,
cognitive deficits, and multiple sclerosis [15–18]. It has been
reported that cPLA2 expression and PAF level were dramati-
cally elevated after the spinal cord injury (SCI) [19–22], and
PAF antagonist pretreatment reduced messenger RNA
(mRNA) of pro-inflammatory cytokines IL-1α/β and IL-6
in the acute phase of injury [18]. Nevertheless, it has not been
identified whether PAF signaling is involved in modeling the
GS formation and functional changes after SCI.

In the present study, we tested our hypothesis that
PAF signaling activates the reactive gliosis after SCI,

and blocking of the PAF pathway would modify GS
formation and enhance neurobehavioral performance.
The findings showed that disruption of PAF signaling
via PAFR deletion or antagonist administration inhibited
activation of microglia and astrocytes leading to extra-
cellular matrix (ECM) remodeling and promoted axonal
regeneration and functional recovery.

Materials and Methods

Experimental Animals

C57BL/6 wild-type (Jackson Laboratory, Bar Harbor,
ME) and PAFR null mutant mice (kindly provided by
Dr. Nicholas Bazan) were bred onsite. Genotyping of
PAFR conventional knockout mice was performed as
previously reported procedures [23]. Six- to 8-week-old
wild-type C57BL/6 and PAFR−/− female mice were
housed with diet and water available ad libitum in an
animal facility and maintained in a temperature- and
light-controlled environment with an alternating 12-h
light/dark cycle. All procedures were supervised by the
University of Louisville Research Resources Center, an
AALAC approved facility and performed in accordance
with the guidelines of the Animal Care and Use
Committee of University of Louisville School of
Medicine and NIH requirements for care and use of
laboratory animals. After surgery, mice were housed in
a clean cage. Lactated Ringer’s solution (1.5 ml),
buprenorphine (2.0 mg/kg body weight), and antibiotic
(gentamicin, 10 mg/kg body weight) were administered
subcutaneously twice a day for 72 h. Water and soft
diet were easily reached.

Intraspinal Injection of PAF

Twelve wild-type female mice were randomly assigned for
four experimental groups—two vehicle groups, low-dose
PAF injection group, and high-dose PAF injection group
(three mice per group). The mice were deeply anesthetized
with avertin (400 mg/kg body weight, Sigma) via peritoneal
injection. The C4–C7 dorsal spinal segments were exposed,
and the spinal column was stabilized. The microinjections
(two shots/side, 0.5 or 1 μl/shot) with PAF (0.04 ng/μl,
Sigma-Aldrich) were made into the right side and vehicle
(1×PBS containing DMSO) into the left side at 0.5 mm from
the midline at the C5–C6 spinal level with a depth of 1.3 and
0.8 mm from the dorsal cord surface using a glass micropi-
pette attached to a Hamilton syringe (Hamilton Company,
Reno, NV, USA). The fixed C5–C6 spinal segments were
collected at 5 dpi.
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Dorsal Laceration SCI

Eighty-six wild-type or PAFR null mutant female mice were
randomly divided into sham (n=38) and SCI (n=48, ~25 %
mortality plus humane endpoints after SCI) groups, respec-
tively. The C4–C7 dorsal spinal segments were exposed, and
the spinal column was stabilized in the deeply anesthetized
mouse. After the dura was punctured at the C5–C6 spinal level
using a sterile 30-gauge needle, a precise dorsal hemisection
with a 0.75-mm depth and 1.00-mm width was conducted
using a VibraKnife [24, 25]. For sham control mice, only the
dural was punctured at the C5–C6 spinal level. Three fresh
and three fixed C5–C6 spinal segments were collected from
30 mice per group at 3, 7, 14, 21, and 28 dpi, respectively.
Eight sham mice and 12 SCI mice were randomly selected
after surgery for grip and rotarod tests until euthanasia at
42 dpi for tissue collection.

Grip Test for Forelimb Strength

A low-force testing system (ALMEMO,Woodland Hills, CA,
USA) was used to measure the forelimb grip strength of mice
by a force transducer equipped with a metal bar (length 16 cm,
diameter 1 mm). On the test day, two trials with an interval of
1 h were applied on each mouse. The mouse was allowed to
grab the metal bar and was gently pulled by its tail to keep its
body in a horizontal position and both forelimbs straight. The
horizontal pulling force was gradually increased until the
mouse released its claws from the bar. The test was repeated
three times, and the maximum forelimb strength (gram) was
considered as the result. The average value of two trials was
recorded as the grip score. The test was performed at −1 (base-
line recording), 3, 7, 14, 21, 28, 35, and 42 dpi. To avoid the
functional variation between different mice, the percentage of
the individual grip strength to its baseline was used to assess
functional recovery. The valid data of forelimb grip strength
that ruled out the measurements discontinued due to death or
humane endpoint that was eventually collected from the fol-
lowing mice: (1) wild-type sham mice (n=8), (2) PAFR−/−
sham mice (n=5), (3) wild-type SCI mice (n=10), and (4)
PAFR−/− SCI mice (n=8). Data acquisition and analysis were
performed with experimenter blinding.

Rotarod Performance

This test assessed neural functions on balance, coordination,
and sensorimotor and motor planning. A 2-day training/test
regimen was adopted for mice running on the rotarod
(UgoBasile 7650 accelerating RotaRod, Varese, Italy.) with
an accelerating speed from 4 to 40 rpm in 600 s [26, 27].
One trial was recorded from the time the rotarod began run-
ning until the mouse fell off. Three trials with an interval of 1 h
were conducted on each mouse either for training or testing.

The average running time of three trials was recorded as the
rotarod score. The test was performed at −1 (baseline record-
ing), 3, 7, 14, 21, 28, 35, and 42 dpi. To avoid the functional
variation between different mice, the percentage of the indi-
vidual rotarod score to its baseline score was used to assess the
functional recovery. The following mice were eventually test-
ed for performance evaluation: (1) wild-type sham mice (n=
8), (2) PAFR−/− sham mice (n=5), (3) wild-type SCI mice
(n=10), and (4) PAFR−/− SCI mice (n=8). Data acquisition
and analysis were performed with experimenter blinding.

Tissue Collection and Cryostat Sectioning

The C5–C6 spinal segment was dissected for fresh tissue col-
lection in liquid nitrogen after cardiac perfusion with saline or
for fixed tissue collection following cardiac perfusion with
4 % paraformaldehyde. The fixed spinal segment was sub-
merged in 4 % PFA at 4 °C overnight, followed by 30 %
sucrose in PBS overnight, and then embedded in OCT media.
The serial transverse or sagittal sections (16 μm) were collect-
ed on a cryostat.

Immunofluorescence Staining

Single or double immunofluorescence on cryostat spinal sec-
tions was performed as described previously [28, 29]. The
images were captured using an epifluorescence microscope
(Nikon Eclipse E800). Antibodies were commercially avail-
able. The dilution ratio of antibodies is as follows: rat anti-
CD68 (1:50, Biolegend, San Diego, CA, USA), mouse anti-
nestin (1:100, Millipore, Billerica, MA, USA), rabbit anti-
GFAP (1:500, Dako, Carpinteria, CA, USA), mouse anti-
chondroitin sulfate (anti-CS, 1:200, Sigma, St. Louis, MO,
USA), mouse anti-NF200 (1:1000, Abcam, Cambridge,
MA, USA), and mouse anti-phospho-NF200 (1:1000,
Abcam).

For quantitative analysis, CD68+ cell numbers in the spinal
cord were counted and expressed as number of cells per
square millimeter based on the section area outlines in
ImageJ. Percentage of GFAP/nestin- or CS-immunoreactive
area normalized to the total image area was calculated. The
volume of gliosis in the SCI mice was estimated by outlining
the core area adjacent to lesion epicenter with GFAP/nestin
staining multiplied by total thickness of sections for each an-
imal. The analyzer was blinded to the experimental condition
during counting and image analysis.

Western Blotting

Protein samples were prepared from C5 and C6 spinal seg-
ments in CelLytic™ MT Cell Lysis Reagent (Sigma) plus
Complete Protease Inhibitors (Roche, Nutley, NJ, USA) at
4 °C. Equivalent total protein amounts were loaded onto 7
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or 10 % polyacrylamide gels (Bio-Rad, Hercules, CA, USA)
and then transferred to Protan BA83 Nitrocellulose
Membranes (Midwest Scientific, St. Louis, MO, USA) as pre-
viously described [30]. Blots were probed and recognized
with the following first and second antibodies: rabbit anti-
Iba1 (1:2000, Wako, Richmond, VA, USA), rabbit anti-IL-6
(1:3000, Millipore), mouse anti-GFAP (1:4000, Cell
Signaling, Beverly, MA, USA), mouse anti-vimentin
(1:4000, Sigma), mouse anti-neurocan (1:5000, Sigma),
mouse anti-NF200 (1:3000, Abcam), mouse anti-phospho-
NF200 (1:1000, Abcam), anti-β-actin (1:5000, Sigma),
anti-β-tubulin (1:5000, Sigma), and HRP-linked goat-anti-
mouse or anti-rabbit (Jackson Immunology, West Grove, PA,
USA). Signals were developed by using chemiluminescence
with ECL Western blotting detection reagent (Pierce,
Rockford, IL, USA) and exposed to film. The optical density
(OD) of bands on Western blot was measured using the NIH
ImageJ software. The ODs for specific protein were normal-
ized over the ODs for β-tubulin or β-actin, and these values
were expressed as the ratio relative to the control.

Treatment with PAFR Competitive Antagonist

Ginkgolide B (GB, Selleckchem, Houston, TX, USA) dis-
solved in 1× PBS containing 50 % DMSO or 1× PBS con-
taining 50 % DMSO alone as control was injected subcutane-
ously (100 mg/kg body weight) once a day in 44 wild-type
female mice, and the valid measurements were collected from
the following mice: (1) wild-type mice with 1× PBS contain-
ing 50 % DMSO for 42 days (n=4), (2) wild-type mice with
GB in 1× PBS with 50 % DMSO for 42 days (n=4), (3) wild-
type SCI mice with 1× PBS containing 50%DMSO from 1 to
42 dpi (n=10), (4) wild-type mice with GB from 1 to 10 dpi
followed by 1× PBS containing 50 % DMSO until 42 dpi
(acute phase, n=12), and (5) wild-type SCI mice with 1×
PBS containing 50 % DMSO from 1 to 10 dpi followed by
GB until 42 dpi (subacute and chronic phases, n=7).

Statistical Analysis

The statistical analysis was performed using SPSS 22 for
Windows. Data were presented as mean±SD values for nor-
mally distributed variables. One-way analysis of variance
(ANOVA) with repeated measures was applied to compare
the body weight between wild-type and PAFR−/− null mutant
mice during the postnatal development. The comparisons of
treatments (sham vs. SCI) in mice with different genotypes
(wild-type vs. PAFR−/−) were performed at the same time
periods of treatment using two-way repeated measures
ANOVA with Bonferroni post hoc tests. For GB administra-
tion, the comparisons of treatments (vehicle vs. GB) in wild-
type or wild-type SCI mice were conducted at the same time
periods of treatment using one-way repeated measures

ANOVAwith Bonferroni post hoc tests. Data from immuno-
fluorescent staining and Western blot were analyzed using
one-way ANOVA with Newman-Keuls post hoc tests. The
significant level was considered p<0.05.

Results

Normal Development of Gross Growth, Microglia,
and Astrocytes in PAFR Null Mutant Mice

PAFR null mutant mice possess normal reproductivity without
gross malformation in the brain [23]. Further examination in
this study showed that postnatal body weight and locomotor
function in the adult were not statistically different between
PAFR−/− and wild-type mice (Figs. 1a and 3). In neonatal
null mutant spinal cords at P6, expression of Iba1 but not
GFAP was significantly lower than that in wild-type ones,
suggesting that PAF signal may be required for microglia de-
velopment. In young adult null mutant mice, Iba1+ resting/
surveying microglia and GFAP+ astrocytes in the spinal cord
did not show any change in either cellular morphology or cell
numbers (Fig. 1b, data not shown).

Dose-Dependent Activation of Microglia and Astrocytes
by Exogenous PAF In Vivo

It has been reported that PAF level is elevated by approximate-
ly 13- to 20-fold in the injured spinal cord [19, 22]. To assess
whether excessive PAF would activate microglia and astro-
cytes, PAF (0.04 or 0.08 ng) and vehicle solution were
microinjected into one side of normal wild-type spinal cords.
As expected, only a few CD68+ microglia (Fig. 2a, b) and
GFAP+/nestin+ astrocytes (Fig. 2d, e) were found on the side
in which the vehicle was injected. In contrast, many more
microglia and astrocytes were activated and confined to the
surrounding area at the site of injection with PAF in a dose-
dependent manner (Fig. 2c, f), which resulted in a significant-
ly larger lesion core volume (Fig. 2g).

Functional Improvement in PAFR Null Mutant Mice
After Cervical SCI

Previous studies showed that PAFR knockout mice possess
significantly milder response to anaphylaxis and inflammation
than wild-type mice [23], and PAF antagonist pretreatment
reduced mRNA of pro-inflammatory cytokines IL-1α/β and
IL-6 in the acute phase of injury [18]. Thus, we assumed that
the functional recovery in PAFR−/−mutants would vary from
that in wild-type mice after SCI possibly due to their differ-
ences in immune response. To test this hypothesis, we con-
ducted a precise dorsal hemisection between the C5 and C6
spinous processes in mice by use of the VibraKnife, which cut
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the entire dorsal columns and partial corticospinal tracts, and
evaluated the functional recovery by measuring forelimb
strength and rotarod performance following cervical SCI.
The baseline performance of either grip or rotarod test was
similar in both PAFR null mutant and wild-type sham mice.
After the SCI, PAFR−/− mice regained more forelimb

strength after just 3 dpi (Fig. 3a) and showed better rotarod
performance after 7 dpi (Fig. 3b) compared to wild-type in-
jured mice. After 6 weeks, forelimb strength and rotarod run-
ning capability recovered (65.58±12.86 and 48.94±8.94 %)
in PAFR−/− mice, compared to those (29.56±11.02 and
27.35±9.65 %) in wild-type mice, respectively.

Fig. 1 Development of gross
growth and glial cells in PAFR
null mutant mice. a Body weights
in male (n=8) and female (n=8)
wild-type and PAFR null mutant
mice, respectively (p>0.05). b
Iba1+ resting/surveying microglia
and GFAP+ astrocytes in wild-
type and PAFR null mutant spinal
cords. Scale bar at 100 μm.
Expression of Iba1 but not GFAP
in PAFR null mutant spinal cords
was significantly lower than that
in wild-type ones at P6. However,
their expressions did not show
any difference between wild-type
and PAFR null mutant spinal
cords at P42. Asterisk represents
p<0.05 (n=3)

Fig. 2 Intraspinal injection of a low-dose (a, d) or high-dose (b, e) PAF
(right side) and DMSO vehicle solution (left side) in 8-week-old wild-
type mice. Activated microglia (a–c) or astrocytes (d–f) were labeled by
anti-CD68 antibody (a and b) or anti-GFAP and anti-nestin antibodies (d
and e), and the volume of gliosis was quantitatively analyzed (g). Scale

bar at 100 μm. Asterisk represents p<0.05. Only a few CD68+ microglia
and GFAP+/nestin+ astrocytes were found in the unilateral side with ve-
hicle injection. In contrast, many more microglia and astrocytes were
activated and confined in the area surrounding the site of injection with
PAF via a dose-dependent manner, resulting in a larger lesion volume
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Microglia Activation and Inflammatory Response
in PAFR Null Mutant and Wild-Type Mice After Cervical
SCI

Microglia are considered Btissue macrophages^ in the CNS,
owing to their phenotype and reactivity following any distur-
bance or loss of homeostasis that indicates real or potential
danger to the CNS. In reactive gliosis of SCI, microglia can be
activated around the lesion area and regulate the inflammatory
process by releasing cytokines. Cluster of differentiation 68
(CD68) is expressed in monocytes/macrophages and activated
microglia. In the injured spinal cords, an abundance of CD68+

macrophages/activated microglia were aggregated in the epi-
center of the lesion and its adjacent area at 3 dpi (Fig. 4d, j).
The accumulation of CD68+ cells reached a peak around 7 dpi
and declined thereafter (Fig. 4e, f, k–m). Surprisingly, many
more CD68+ cells were observed in the epicenter in PAFR−/−
mice at 3 and 7 dpi (Fig. 4d–f, j–m).Meanwhile, expression of
pro-inflammatory cytokine IL-6 was boosted after the SCI in
null mutants but not significantly as occurred in wild-type
mice at 7 dpi. Five weeks later, expression of IL-6 in PAFR
−/− injured spinal cords returned to the sham level; however,
its expression in wild-type injured spinal cords was still higher
than that in sham ones (Fig. 4n).

Activation of Astrocytes and ECM Remodeling in PAFR
Null Mutant SCI Mice

Astrocytes are the most abundant cells in the CNS. Activated
by microglia, astrocytes make contributions to reactive gliosis
by overexpressing intermediate filament proteins, in particular
GFAP, nestin, and vimentin, and other molecules (e.g.,
CSPGs, tenascins, and collagen), which play the major role
in scar formation after SCI. As described in previous reports,
expressions of GFAP and vimentin were dramatically elevated
in injured wild-type spinal segments (Fig. 5o, p). Activated

astrocytes co-labeled with GFAP and nestin were localized in
the region surrounding the epicenter, especially in white mat-
ter (Fig. 5g, i, k). In contrast, although expressions of GFAP,
vimentin, and nestin were also increased in PAFR null mutant
spinal cords after the SCI, they were significantly inhibited
and downregulated at the later phase (Fig. 5h, j, l, m, o, p).
More interestingly, nestin was almost extinguished in activat-
ed GFAP+ astrocytes of PAFR null mutant SCI mice in white
matter (Fig. 5h, j, l, arrows). Compared to PAFR null mutant
mice, wild-type mice produced larger lesion core volumes
after the SCI (N).

Reactive astrocytes contribute significantly to the release of
the inhibitory ECM components after CNS injury [31]. After
the CNS injury, over-reactive astrocytes at the lesion site form
the GS and alter the composition of ECM dramatically. ECM
components including CSPGs and tenascins are markedly up-
regulated in astrocytes [32, 33]. Compared to the sham cords,
inhibitory proteoglycan CS56 was highly expressed in injured
wild-type and PAFR null mutant spinal cords starting at 3 dpi
but much less in injured PAFR null mutants than that in wild-
type mice (Fig. 6a b). Supporting this observation, neurocan
(CSPG3), considered as a neurite growth inhibitor, was
inhibited in PAFR−/− SCI mice (Fig. 6c).

Enhanced Axonal Plasticity and/or Regeneration PAFR
Null Mutant Mice After Cervical SCI

Inhibiting the astroglial activation and/or remodeling the
ECM of astrocytic scar enhances axonal plasticity and regen-
eration and promotes functional improvement in rodent SCI
models [34–37]. Attenuated reactive gliosis and lower level of
inhibitory ECM molecules in PAFR null mutant SCI mice
suggest that blocking PAF signaling may promote axonal
plasticity and/or regeneration after injury. To assess the axonal
plasticity and/or regeneration, we conducted double immuno-
staining and Western blot with anti-NF200 and anti-phospho-

Fig. 3 Forelimb strength (a) and rotarod performance (b) in 6- to 8-
week-old wild-type and PAFR null mutant mice with or without
cervical SCI. Wild-type sham mice (n=8), PAFR−/− sham mice (n=5),
Wild-type SCI mice (n=10), and PAFR−/− SCI mice (n=8). Asterisk

represents p<0.05 (PAFR null/SCI vs. Wt/SCI). Compared to wild-type
injured mice, significant functional improvement of forelimb strength and
rotarod performance was observed in PAFR−/− SCI mice
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NF200 antibodies. It has been reported that myelination is
required for the phosphorylation of NF-H [38], and unmyelin-
ated segments only have dephosphorylated NF-H [39, 40].
Consistent with these previous observations, myelinated
axons labeled with anti-phospho-NF200 (red) alone or with
anti-NF200 (yellow) were localized in the spinal white matter,
and unmyelinated ones recognized by anti-NF200 (green)
alone or with anti-phospho-NF200 (yellow) were restricted
in the gray matter in both wild-type and PAFR−/− sham mice
(Fig. 7a, e). At 3 dpi, more unmyelinated axons were found in
the adjacent white matter area next to the lesion epicenter,
indicating that the demyelinating process occurred after SCI
(Fig. 7b, f). Four days later, most of the unmyelinated axons
(arrowheads) and few myelinated fibers (arrows) existed in
the region far away from the epicenter in wild-type SCI mice;
however, unmyelinated axons and more myelinated fibers
were still observed in the area next to the lesion in PAFR−/−
mutants (Fig. 7c, g). Four weeks following cervical dorsal
funiculotomy, more unmyelinated (arrowheads) and myelin-
ated (arrows) fibers emerged again in the area next to the
lesion border in PAFR−/− mutants compared to those in
wild-type mice (Fig. 7d, h).

Systemic Administration of PAFR Antagonist to Promote
Functional Recovery After Cervical SCI

Ginkgolide B (GB) is a natural-originated, highly selective,
and competitive PAFR antagonist, which is regarded as hav-
ing neuroprotective effects due to inhibition of inflammatory

responses in the CNS [41]. Previous studies indicated that the
acute phase of inflammation occurs during the first week after
SCI in mice. Pro-inflammatory cytokines are released be-
tween 6 and 12 h after injury and peak at 4 dpi. However,
the formation of GS starts around 14 dpi and continues during
the subacute and chronic phases. To assess the effects of GB
on the inflammatory responses and GS forming process, GB
was administrated during the early acute phase (0–10 dpi) or
the following the subacute to chronic phase (10–42 dpi).
Indeed, systemic administration of GB for 42 days did not
result in a change of forelimb grip strength nor rotarod perfor-
mance in wild-type mice (Fig. 8a, b). Compared to the wild-
type SCI micewith vehicle injections, mice with GB treatment
for the first 10 days significantly regained their forelimb
strength after 14 dpi, reached the peak at 28 dpi, and returned
to the vehicle level after 35 dpi. Similarly, mice with GB
treatment between 10 and 42 dpi also significantly improved
their forelimb strength after 14 dpi and continued the strength
recovery until 42 dpi (Fig. 8c). For the rotarod assess-
ment, only mice with late-stage treatment showed an
impressive performance after 28 dpi (Fig. 8d). Six
weeks after the injury, GB treatment during the subacute
and chronic phases had better therapeutic effect on
functional recovery (grip 66.3±11.8 %; rotarod 61.7±
12.9 %) than that during the acute phase (grip 50.9±
7.7 %; rotarod 45±14.1 %) in the cervical SCI mice.
Notably, the wild-type SCI mice administrated with 1×
PBS containing 50 % DMSO showed a greater im-
provement in grip (49.3±18.4 vs. 29.56±11.02 %,

Fig. 4 Inflammatory response in sham (a–c, g–i) and cervical injured (d–
f, j–l) spinal cords of wild-type (a–f) and PAFR null mutant (g–l) mice. a–
m Activation of microglia (CD68+) in epicenter of injured wild-type and
PAFR null mutant spinal cords. Scale bar at 100 μm. Asterisk represents
p<0.05. CD68+ cells reached a peak around 7 dpi and declined thereafter.

More CD68+ cells were found surrounding the epicenter of lesion in
PAFR−/− mice than those in wild-type mice during the acute phase
after SCI. (N) Lower expression of pro-inflammatory cytokine IL-6 in
injured spinal cords of PAFR null mutants compared to wild-type mice at
7 and 42 dpi. Asterisk represents p<0.05
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p<0.01) and rotarod performance (46.4±12.5 vs. 27.35
±9.65 %, p<0.01) than wild-type injured mice, probably
due to the anti-inflammatory, anti-oxidative, and analge-
sic properties of DMSO [42].

Discussion

For several decades, GS that occurs during the chronic stage
of secondary lesion after SCI has been considered one of the
major obstacles for axonal regeneration. As two major cellular
components of reactive gliosis, growing evidences indicate a
tightly reciprocal modulation between microglia and astro-
cytes during the GS formation [43]. Under the pathological
conditions in the CNS, microglia are activated earlier than

astrocytes. The cytokines released from activated microglia
and other cells, such as macrophages and infiltrating immune
T cells, may function as either initial molecular inducers (e.g.,
IL-6, IFNγ) or repressors (e.g., IL-10) of GS formation during
the acute phase of SCI. On the other hand, reactive astrocytes
may secrete some molecules to maintain microglia presenting
in the lesion site and persistent inflammatory response during
the chronic phase of CNS injury. Thus, modulation combining
both the inflammatory response and GS will create a more
nourishing niche for axonal regeneration. Here, we reported
that blocking PAF signaling attenuated reactive gliosis and to
some extent promoted axonal plasticity/regeneration and
functional recovery, suggesting that PAF likely participates
in modulating both inflammatory response and GS formation
after the SCI.

Fig. 5 Reactive astrocytes in sham (a–f) and cervical injured (g–l) spinal
cords of wild-type (a, g, c, i, e, k) and PAFR null mutant (b, h, d, j, f, l)
mice at 3, 14, and 42 dpi. Scale bar at 100 μm. More nestin+/GFAP+

astrocytes were localized in the surrounding region of epicenter
(especially for white matter area) after SCI in the wild-type mice, com-
pared to those in PAFR null mutant mice (g–l). Expressions of

nestin (m), GFAP (m, o), and vimentin (p) were increased in PAFR null
mutant spinal cords after SCI but dramatically inhibited and
downregulated at the later phase. Quantitative analysis revealed
significantly larger lesion core volumes in wild-type injured spinal
cords (N). Asterisks represent p<0.05
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PAF-Induced Inflammation, Demyelination, and Axonal
Dieback/Retraction After the SCI

Accumulating evidence suggests that inflammation seems to
be a critical step in secondary degeneration after SCI and

causal to GS formation. It was well-known that PAF signaling
is responsible for pro-inflammatory responses, which is in-
volved in pathological consequences by eliciting inflamma-
tion and cytotoxicity [44]. Phospholipases A2 (PLA2), a di-
verse family of lipolytic enzymes, plays a key role in

Fig. 6 Expression of inhibitory proteoglycan CS56 (a, b) and neurocan
(c) in epicenter of injured wild-type and PAFR null mutant spinal cords.
Scale bar at 100 μm. Asterisk represents p<0.05. Inhibitory proteoglycan

CS56 and neurocan were highly expressed in injured wild-type and PAFR
null mutant spinal cords but much less in injured PAFR null mutants than
that in wild-type mice

Fig. 7 Myelinated axon labeled by anti-NFH and anti-phosphorylated
NFH antibodies in sham (a, e) and cervical injured (b–d, f–h) spinal cords
of wild-type (a–d) and PAFR null mutant (e–h) mice. Arrows indicate
myelinated fibers (red or yellow). Arrowheads indicate demyelinated
fibers (green). Scale bar at 100 μm. At 3 dpi, more unmyelinated axons
were found in the adjacent white matter area next to the lesion epicenter,
indicating that the demyelinating process occurred after SCI. Four days
later, most of unmyelinated axons (arrowheads) and few myelinated

fibers (arrows) existed in the region far away from the epicenter in
wild-type SCI mice; however, unmyelinated axons and more
myelinated fibers were still observed in the area next to the lesion in
PAFR−/− mutants. Four weeks after the SCI, more unmyelinated
(arrowheads) and myelinated (arrows) fibers emerged again in the area
next to the lesion border in PAFR−/−mutants compared to those in wild-
type mice
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mediating mammalian CNS injury. As its major intracellular
form, cPLA2 presenting in both the brain [45, 46] and spinal
cord [47] hydrolyzes membrane phospholipids at the sn-2
position to lease free fatty acids (arachidonic acid or
docosahexaenoic acid) and produce lysophospholipids [21,
48, 49], including lyso-PAF, the precursor of PAF.
Following SCI in rodents, activity and expression of cPLA2

are significantly increased. Activated cPLA2 is localized
mainly in neurons, oligodendrocytes, and microglia but
not astrocytes [20, 50], suggesting that a high level of
PAF is likely synthesized in neurons, oligodendrocytes,
and microglia. It has been reported that tissue levels of
PAF are elevated by approximately 13- to 20-fold in the
injured spinal cord compared with that in the normal
spinal cord [19, 22]. In the present study, exogenous
PAF induced activation of microglia (CD68+ cells) with-
in the epicenter of injection and adjacent area in normal
wild-type spinal cords (Fig. 2a–c). Similarly, microglia
were dramatically activated surrounding the laceration
lesion after SCI (Fig. 4a–f, m).

In the PAFR−/−mutant CNS, the effect of PAF signaling is
assumed to be blocked due to the deletion of its receptor from
those target cells including neurons, microglia, astrocytes, and
oligodendrocyte precursor cells. Surprisingly, activation of
microglia (CD68+ cells) was significantly enhanced but not

suppressed in PAFR−/− mutant mice with dorsal laceration
SCI between 3 and 14 dpi (Fig. 4g–m), indicating that a
PAFR-independent modulation [51–53] and a PAFR-depen-
dent feedback inhibition on microglia may exist. A pre-
vious report showed that the microglia, astrocytes, infil-
trating immune T cells, and macrophages synthesize and
release pro-inflammatory cytokines 6–12 h after injury
with a peak at 4 days [54]. Consistently, lower expres-
sion of pro-inflammatory cytokine IL-6 in PAFR−/−
mutant mice after the SCI suggests an attenuated in-
flammatory response compared to what occurs in wild-
type mice (Fig. 4n). Taken together, our findings indi-
cate that PAF signaling contributes to microglial activa-
tion and inflammatory response via receptor-independent
and/or receptor-dependent mechanisms after the SCI.
Previous studies indicated that PAFR expression is re-
stricted to apoptotic neurons and microglia but is rarely
detected in surviving neurons [55], and genetic deple-
tion of PAFR significantly prevents neuronal degenera-
tion [56]. Supporting these observations, myelin break-
down and axonal dieback in knockout mice occurred
later than those in wild-type mice at the same time
points during the acute phase after the injury (Fig. 7b,
c, f, g), suggesting that neuroprotection when PAF sig-
naling was blocked by disruption of its receptor.

Fig. 8 Functional recovery of forelimb strength (a, c) and rotarod
performance (b, d) in 8-week-old wild-type (a, b) and wild-type with
SCI (c, d) mice treated with DMSO vehicle solution or GB. Asterisk
represents p<0.05, SCI w/GB(10-42dpi) vs. SCI w/DMSO. Number
sign represents p<0.05, SCI w/GB(1-10dpi) vs. SCI w/DMSO. Plus sign
represents p<0.05, GB(10-42dpi) vs. SCI w/GB (1–10 dpi). The
wild-type mice injected with GB for 42 days (n=4) demonstrated

similar forelimb strength and rotarod performance as those wild-type
mice injected with DMSO vehicle solution (n=4). Compared to the
wild-type SCI mice injected with DMSO vehicle solution for 42 days
after injury (n=10), administration of GB during the subacute and chronic
phases (n=7) showed an enhanced functional recovery than that
during the acute inflammatory phase (n=12) after SCI

Mol Neurobiol



PAF-Activated Reactive Astrocytes and ECMRemodeling
After the SCI

Reactive astrocytes are the main cellular component of the
GS, which is characterized by the cellular hypertrophy and
an abnormal increase in the number. After the injury, astro-
cytes are likely to react promptly to the damage, which under-
go morphological changes, extend their processes, and in-
crease synthesis of intermediate filament proteins.
Upregulation of intermediate filament proteins, in particular
GFAP, vimentin, and nestin in astrocytes, is regarded as the
hallmark of reactive astrocytes. As a major intermediate fila-
ment protein in mature astrocytes, significantly increased ex-
pression of GFAP and GFAP+ reactive astrocytes gathered
from the area surrounding the epicenter was observed after
the PAF injection in wild-type mice (Fig. 2d–f) or SCI in both
wild-type and PAFR null mutant mice (Fig. 5a–l). It has been
reported that reexpression of vimentin in reactive astrocytes
following the injury is indicative of these cells recapitulating
developmental migratory processes [57]. We found that the
expression level of vimentin was elevated in injured spinal
tissues as well (Fig. 5p). Nevertheless, expressions of nestin,
GFAP, and vimentin in PAFR−/− knockout mice were much
less than those in wild-type mice, especially at the late chronic
SCI phase (Fig. 5m, o, p). Nestin-immunopositive cells can be
seen in reactive astrocytes in response to the CNS injury [58].
Of note, nestin+ astrocytes were almost extinguished in the
spinal white matter of PAFR−/− mutant mice where the
boosted expression was found in wild-type mice (Fig. 5h, j,
l, arrows). Since PAFR is highly expressed in astrocytes [12],
these findings suggest that PAF may activate astrocytes via its
receptor. Recent in vivo studies identified two cellular origins
of astrocytes in the GS after the SCI, preexisting GFAP-
positive astrocytes and ependymal cell-derived GFAP-nega-
tive astrocytes [59, 60], indicating heterogeneous cellular
components of reactive astrocytes in the GS. Nestin-negative
astrocytes in spinal white matter may provide a clue to further
identify the different origin and subpopulation of reactive
astrocytes.

On the other hand, reactive astrocytes contribute signifi-
cantly to the release of inhibitory ECM components after the
CNS injury [31], which form a dense GS around the injured
lesion to pose physical/chemical barriers and suppress axon
regrowth [61, 62]. In PAFR−/−mutants, expressions of inhib-
itory proteoglycan CS56 and neurocan were significantly
inhibited after the injury (Fig. 6). In accordance with the re-
duction of glial scar formation (Fig. 5n), more unmyelinated
(arrowheads) andmyelinated (arrows) emerged in the adjacent
area next to the lesion border in PAFR−/− mutants compared
to that in wild-type mice (Fig. 7d, h) at 3 weeks following
cervical dorsal funiculotomy. Taken together, all these find-
ings indicate that disruption of PAF signaling via genetic ab-
lation of its receptor can inhibit the activation of astrocytes,

remodel the ECM components, and promote axonal plasticity
and/or regrowth.

The underlying mechanisms leading to astrogliosis are not
yet completely understood. Growing evidence suggests that
activated macrophages/microglia may contribute to the subse-
quent activation of astrocytes following CNS injury, and
astroglial activation is triggered by a number of cytokines,
chemokines, growth factors, and transcription factors [63].
As the most important pro-inflammatory cytokines secreted
by macrophages/microglia, IL-1, IL-2, IL-6, and TNF-α, play
important roles to activate the astrocytes via their receptors in
the acute phase of CNS injury [64–67]. For example, exces-
sive expression of IL-6 in mice showed marked gliosis and
neurological signs even after mild injury of the spinal cord
[68]. In IL-6 knockout mice, reactive GFAP-positive astro-
cytes and gliosis are drastically inhibited [69]. Blocking the
IL-6 signal with IL-6 receptor antibody after a contusive inju-
ry in mice can repress the GS formation at the epicenter [65].
Thus, restrained inflammatory response caused by PAF recep-
tor disruptionmay also repress the GS formation indirectly via
limited synthesis of pro-inflammatory cytokines such as IL-6
(Fig. 4n). Recent study showed that the selective and compet-
itive PAFR antagonist GB promotes the recovery of sensori-
motor function at the acute phase in SCI rats and significantly
suppresses the JAK/STAT signals boosted during the first
3 days after injury [70], suggesting that GB may inhibit the
proinflammatory activation of microglia [71]. In our study,
administration of GB not only enhances functional recovery
during the acute inflammatory phase (0–10 dpi) but also more
significantly improves the sensorimotor function during the
subacute and chronic phases (10–42 dpi) after SCI as well
(Fig. 8). However, direct evidence and intracellular mecha-
nisms on PAFR-mediated astrogliosis could be revealed when
PAFR conditional knockout mice are available.

Combinational Therapy of Anti-inflammation, ECM
Remodeling, and GS Modification After the SCI

The current treatment for SCI clinically focuses on anti-
inflammation and neuroprotection during the acute and sub-
acute phases. GS modification therapy is still under explora-
tion. Cumulative evidence indicates that reactive astrocytes
and their products may contribute to induce a secondary peak
of macrophages/microglia presenting in the lesion site and
maintain a persistent inflammatory response during the chron-
ic phase of the CNS injury. Reactive astrocytes also secrete the
same inflammatory cytokines that may in turn activate mi-
croglia and cause the secondary injury [72]. Either microglia
or astrocytes can release a battery of signal molecules to feed-
back themselves to serve cross-talk with adjacent CNS cells,
i.e., neurons, oligodendrocytes, astrocytes, microglia, and in-
filtrating immune cells. Thus, identification of a target regu-
lating both processes of early inflammation and late GS
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formation may offer a novel combinatorial therapy after the
SCI. The PAFR antagonists have been applied in clinical trials
of immunomodulatory therapy, anti-inflammation, and treat-
ment of neurodegenerative diseases. In this study, we demon-
strated that genetic ablation of PAFR or systemic administra-
tion of PAFR antagonist GB promotes functional recovery
after SCI probably not only via anti-inflammatory/neuropro-
tective effects but also via modification of astrogliosis (Figs. 3
and 8), which provides fundamental evidence for potential
application of PAFR antagonists in SCI treatment.
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