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Abstract FK-506 (Tacrolimus) is a very commonly used
immunomodulatory agent that plays important roles in
modulating the calcium-dependent phosphoserine—phos-
phothreonine protein phosphatase calcineurin and thus
inhibits calcineurin-mediated secondary neuronal damage.
The biological function of FK-506 in the spinal cord has
not been fully elucidated. To clarify the anti-inflammatory
action of FK-506 in spinal cord injury (SCI), we performed
an acute spinal cord contusion injury model in adult rats
and hypoxia-treated primary spinal cord microglia cultures.
This work studied the activation of NF-xB and proin-
flammatory cytokine (TNF-a, IL-1b, and IL-6) expression.
ELISA and g-PCR analysis revealed that TNF-a, IL-1b,
and IL-6 levels significantly increased 3 days after spinal
cord contusion and decreased after 14 days, accompanied
by the increased activation of NF-xB. This increase was
reversed by an FK-506 treatment. Double immunofluores-
cence labeling suggested that NF-xB activation was espe-
cially prominent in microglia. Immunohistochemistry
confirmed no alteration in the number of microglia.
Moreover, the results in hypoxia-treated primary spinal
cord microglia confirmed the effect of FK-506 on TNF-a,
IL-1b, and IL-6 expression and NF-kB activation. These
findings suggest that FK-506 may be involved in microglial
activation after SCL
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Introduction

Spinal cord injury (SCI) can result in serious disability,
sensory disorder, paralysis, neurologic deficits, and death.
Processes occurring after SCI are associated with three
phases: The first is the acute phase comprising the initial
trauma and affected spinal shock. The second is the sec-
ondary phase taking place over a time course of minutes to
weeks after the injury and exacerbates the damage inflicted
by the primary injury. This phase comprises several
interrelated damage processes, including vascular alter-
ations, biochemical disturbances, and cellular responses
that lead to an inflammatory response and cell death. The
third is the chronic phase, which occurs between days and
years after the trauma and is characterized by apoptosis,
Wallerian degeneration, and scarring that establishes
functional impairment (Bareyre and Schwab 2003; Profyris
et al. 2004). Secondary injury, which may cause severe and
permanent functional deficits (Carlson and Gorden 2002),
is characterized by a key pathophysiological response to
SCI. Thus, many clinical and experimental studies have
been conducted on potential treatments for secondary
injuries of SCI (Thuret et al. 2006).

Inflammation plays an important role in secondary
injuries after SCI (Bethea and Dietrich 2002). Injury-in-
duced inflammation can result in neuropathology and sec-
ondary necrosis after traumatic SCI (Bartholdi and Schwab
1997; Zhang et al. 1997; Bethea et al. 1998). Proinflam-
matory cytokines, such as TNF-a, IL-1b, and IL-6, are
primarily produced by inflammatory cells that contribute to
cell death and lesion expansion (Yang et al. 2005; Smith
et al. 2012; Young 1993; Akira et al. 1990). Studies have
demonstrated that the activation of NF-xB signaling
pathways following SCI is an important step in the
inflammatory response and modulates the production of
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proinflammatory cytokines in the central nervous system
(CNS) (Barnes and Karin 1997; Li and Verma 2002).

FK-506 (Tacrolimus) is one of the most commonly used
immunomodulatory agent and is reported to have benefit in
SCI through various mechanisms, such as neuroprotective
and neuroregenerative properties (Saganova et al. 2012),
suppression of oxidative injury (Yousuf et al. 2011), and
promotion of axonal outgrowth (Pan et al. 2008). Some
studies have shown that a treatment with FK506 has the
potential to either downregulate a proinflammatory cyto-
kine expression in cerebral ischemia or inhibit the activa-
tion of NF-kB in diabetic retinopathy (Zawadzka and
Kaminska 2005; Su et al. 2012). We, therefore, speculated
that FK-506 might have anti-inflammatory effects on SCI.
Therefore, in the present study, we explored the effects of
FK-506 on inflammatory responses after SCI.

Materials and Methods
Animal Preparation

Sprague-Dawley male adult rats, weighing 220-250 g
each, were obtained from the Animal Center (Nanjing
Medical University, Nanjing, China). The rats were raised
in a temperature-controlled house under a 12-h light/dark
cycle and fed a standard laboratory diet and water ad libi-
tum. The Animal Care and Use Committee of the Nanjing
Medical University approved all experiments in accor-
dance with the Declaration of the National Institutes of
Health Guide for Care and Use of Laboratory Animals.

Spinal Cord Injury

Spinal cord injury was induced using a weight drop
device as previously reported (Zhang et al. 2009). All
animals were anesthetized with intraperitoneal injection of
4 % sodium pentobarbital (40 mg/kg, i.p.). An incision
was made along the middle of the back, exposing the
paravertebral muscles. The exposed dorsal surface of the
cord was subjected to weight drop impact using a 10-g
metal rod at a height of 25 mm at the T9-T11 level. After
the surgical operation, sterile gauze was wrapped around
the wound. Animals were injected with penicillin (intra-
muscularly, 100,000 unit/per animal/day) and buprenor-
phine (0.03 mg/kg) for 3 days to prevent post-operative
infection and to relieve the pain from surgery. A standard
diet and water were provided daily to the rats ad libitum.
Manual bladder expression was performed twice a day
until the rats were able to urinate by themselves.
Throughout the process, symptoms of infection, pain,
decubitus, dehydration, and autophagia were monitored
daily.
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Experimental Design

Rats were randomly divided into two groups: the SCI
group and SCI/FK-506 group. The SCI group was sub-
jected to SCI, and the SCI/FK-506 group was treated with
FK-506 after SCI. FK-506 was purchased from Beijing
Novartis Pharma Ltd (Beijing, China), dissolved in 0.9 %
sterile saline solution as the concentration of 1 mg/ml and
administered (0.5 mg/kg) by gavage 30 min after operation
(Zhang et al. 2009). At the indicated time point (3, 7, 14,
and 21 days after SCI), the rats were sacrificed, and the
spinal cord was immediately exposed from T1 to T12, and
the damaged tissue (T9-T10) at the site of injury was cut.

Primary Spinal Cord Microglia Cultures

Glial cultures were prepared from the spinal cords of post-
natal day-1 Sprague-Dawley rats (Baskar Jesudasan et al.
2014). The meninges and blood vessels were removed from
the spinal cords, and then tissue was finely minced and dis-
sociated enzymatically by 0.25 % Trypsin—EDTA for 20 min
at 37 °C. Spinal cord tissues were triturated mechanically in
Dulbecco Modified Eagle Medium/Ham’s F12 (DMEM/F12;
Gibco) containing 10 % Fetal Bovine Serum (FBS; Gibco)
and 2 % Penicillin/Streptomycin (P/S; Gibco) and then plated
on poly-L-lysine coated plates. After 21 days of culture,
microglia was isolated from glial cultures by mild
trypsinization (0.25 % Trypsin-EDTA was diluted in 1:3) for
20-50 min. Then DMEM/F12 containing 2 % P/S was added
to the isolated spinal cord microglia (SCM) (Baskar Jesudasan
et al. 2014). SCM were further tagged with a PE-conjugated
anti-CD11b* antibody (BD Biosciences, San Jose, CA, USA)
followed by an anti-PE antibody conjugated to a magnetic
bead. Magnetically tagged CD11b™ cells were isolated using
MS columns according to the Miltenyi MACS protocol. As
previously reported, this method results in a >97 % pure
population of CD11b+-cells (Nikodemova and Watters 2012).
Isolated CD11b" cells will subsequently be referred to as
“microglia.” Isolate microglia cells were cultured again in
DMEM/F12 containing 2 % P/S at37 °Cin5 % CO,. Cells of
passages 3—4 were used for all experiments. For hypoxia
treatment, SCM were set in an airtight experimental hypoxia
chamber (Billups-Rothenberg, San Diego, CA, USA) con-
taining a gas mixture composed of 95 % N,/5 % CO, and
normoxia (21 % inspired O,) for control. In some case, SCM
were pretreated with 100 uM FK506 (according to a pilot
study) or ACHP (NF-kB inhibitor, 50 uM) (Zhou et al. 2014)
for 30 min and then applied to hypoxia for 6 h.

Cell Viability Assay

Cell viability was determined by the Cell Counting Kit-8
(CCKS8) (Dojindo Laboratories, Kumamoto, Japan). Rat
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spinal cord microglia were cultured and treated in 24-well
plates at a density of 2 x 10* cells/well in triplicates. After
seeding, the cells were subjected to hypoxia for 0, 2, 4, 6,
12, and 24 h. After hypoxia treatment, 10 uL. of CCK-8
solution was added to each well, and the cells were incu-
bated; cell viability was measured at 450 nm by optical
density with a microplate absorbance reader (Bio-Tek,
Elx800, USA).

LDH Assay

The LDH cytotoxicity detection kit (Roche Diagnostics
GmbH, Mannheim, Germany) was used according to the
manufacturer’s protocols. The test is based on the deter-
mination of LDH activity released from the cytosol of
damaged cells into the medium, thus indicating cell dam-
age. Cells were incubated under the same conditions as for
the CCKS8 assay described above. LDH released into the
extracellular medium of cells treated with FK506 was
expressed as a percentage of the total LDH activity in the
cells [% of LDH released = extracellular LDH/(extracel-
lular LDH+intracellular LDH)].

5-Ethynyl-2-deoxyuridine (EAU) Incorporation
Assay

Incorporated EdU was detected using Click-iT1 EdU Assay
Kits (Invitrogen, CA, USA) according to the manufac-
turer’s protocol. Cells were cultured and treated in 6-well
plates at a density of 5 x 10> cells/well for 2 h at hypoxia
conditions, and then 50 uM of EdU was added to each
dish, and cells were cultured for an additional 4, 10, and
22 h, respectively. The cells were fixed with 4 %
formaldehyde for 15 min at room temperature and treated
with 0.5 % Triton X-100 for 20 min at room temperature
for permeabilization. After washing with PBS three times,
100 pl of 1 x Apollo® reaction cocktail was added to each
well, and the cells were incubated for 30 min at room
temperature. Then, the cells were stained with 100 pl of
Hoechst 33342 for 30 min and visualized under a fluores-
cence microscope (Olympus BX51, Olympus, Japan) and
Image J software (NIH). At least 50 cells were randomly
selected from a single captured field, and the percentage of
positive cells was calculated. The EdU incorporation rate
was expressed as the ratio of EdU-positive cells to total
Hoechst 33342-positive cells (blue cells). Data points
presented in the text are the averages calculated from five
different fields. The assay was performed in triplicate.

Enzyme-Linked Immunosorbent Assay (ELISA)

TNF-a, IL-1b, and IL-6 in the spinal cords of separate rat
groups and SCM media were quantified by solid-phase

sandwich ELISA (R&D systems, Mannheim, Germany),
according to the manufacturer’s instructions, and all sam-
ples were run in duplicate. Spinal cords were isolated and
homogenized in 300 pl PBS. The homogenates were fro-
zen at —20 °C overnight and were centrifuged at
12,000x g at 4 °C. Protein concentration was measured in
the supernatants using the BCA method (Pierce, Rockford,
IL, USA) and 1 mg proteins of each group were used for
ELISA assay. Samples and standards were incubated on
plates coated with anti-TNF-a, anti-IL-1b, and anti-IL-6
antibodies (n = 5 per group). Biotinylated antibody was
added to mixtures of bound cytokines. To quantify the
binding of the secondary antibody, streptavidin-peroxidase
conjugate and substrate (tetramethylbenzidine) were added.
After stopping the reaction by the addition of citric acid,
the absorbance was measured at 450 nm. Concentrations
were determined from a standard curve.

mRNA Expression

The tissues of the spinal cord and SCM cells were
homogenized under liquid nitrogen, and RNA was isolated
using TRIzol reagent (Life Technologies, Carlsbad, CA,
USA). RNA was reverse-transcribed into cDNA, and real-
time RT-PCR was conducted using SYBR Green PCR
Master Mix as per the manufacturer’s instructions (Applied
Biosystems, Foster City, CA, USA) as previously described
(Livak and Schmittgen 2001). Primer sequences are pre-
sented in Table 1. 1 ng cDNA was used for PCR, and the
conditions utilized were as follows: 2 min at 50 °C; 10 min
at 95 °C; and 40 repetitions of 15 s at 95 °C and 1 min at
60 °C. All mRNA quantification data were normalized to
GAPDH as an endogenous control for the mRNA detec-
tion. The data were processed using the 22T method,
which compares a single calibrator sample against every
unknown sample’s gene expression.

Table 1 Specific primer sequences used in quantitative RT-PCR

Target PCR primer sequence (5'-3")

Forward:CTCCATGAGCTTTGTACAAGG
Reverse: GGGGTTGACCATGTAGTCGT
IL-6 Forward: AAGAAAGACAAAGCCAGAGTC
Reverse: CACAAACTGATATGCTTAGGC

IL-1B

TNF-a Forward: TCAGCCTCTTCTCATTCCTGC
Reverse: TTGGTGGTTTGCTACGACGTG
GAPDH Forward: ACCACAGTCCATGCCATCAC

Reverse: TCCACCACCCTGTTGCTGTA

IL-1B, IL-6, interleukin-1f, 6; TNF-o, tumor necrosis factor
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Nuclear Extract Preparation

Nuclear extracts were prepared from cultured SCM using a
nuclear and cytoplasmic extraction kit (NE-PER; Thermo
Fisher Scientific, Pittsburgh, PA, USA). Cells were mechan-
ically detached and pelleted by centrifugation and then re-
suspended in three volumes of solution A [HEPES, 10 mM;
MgC12, 1.5 mM; KCl, 10 mM; dithiothreitol (DTT),
0.5 mM; NP-40, 1 %] with freshly added protease inhibitors
(1 pg/mL leupeptin, 5 pg/mL aprotinin, and 1 mM phenyl-
methylsulfonyl fluoride). The nuclei were collected by cen-
trifugation, and the nuclear pellet was re-suspended in 1 vol. of
solution B (HEPES, 20 mM; MgCl2, 1.5 mM; KCl, 300 mM,;
DTT, 0.5 mM; EDTA, 0.2 mM; 25 % glycerol) with freshly
added protease inhibitors as described above and agitated
vigorously at 4 °C. Nuclear debris was collected by cen-
trifugation, and the supernatant (nuclear extract) was stored at
—80 °C. The protein concentrations were determined using
the BCA method (Pierce, Rockford, IL, USA).

Western Blot Analysis

Spinal cords from a separate group of animals and SCM were
homogenized in a lysis buffer containing 50 mM Tris—HCl (pH
7.5), 150 mmol/L. NaCl, 5 mmol/L. EDTA, 10 mmol/L. NaF,
1 mmol/L sodium orthovanadate, 1 % Triton X-100, 0.5 %
sodium deoxycholate, I mmol/L phenylmethylsulfonyl fluoride,
and a protease inhibitor cocktail. The lysate was centrifuged at
12,000x g for 25 min at 4 °C. The total protein in each sample
was analyzed using the BCA method (Pierce, Rockford, 1L,
USA). An equal amount of protein samples (50 pig) from each
group was boiled in 3 x loading buffer (10 mmol/L Tris—HCI,
pH 6.8 including 3 % SDS, 5 % PB-mercaptoethanol, 20 %
glycerol, and 0.6 % bromophenol blue) for 3 min and separated
by SDS—polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to nitrocellulose membranes. After the transfer,
membranes were blocked with 5 % fat-free milk in Tris-buffered
saline plus 0.05 % Tween 20 overnight at 4 °C. The membranes
were then incubated with a rabbit anti-phosphorylated IkB-o/3
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-p-IkB
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-p65
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-p-p65
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse anti-
CD11b (Serotec, USA), or mouse anti-GAPDH (Cell Signaling
Technology, USA), for 2 h at room temperature. After washing
in TBST three times, the membranes were incubated with a
peroxidase-linked anti-rabbit-IgG conjugate for 1 h at room
temperature. Finally, blots were washed again in TBST and
incubated in enhanced chemiluminescence reagents (Pierce,
Rockford, IL, USA). The intensity of the bands was quantified
for 2 min and exposed to X-Omat BT film. Signal intensity was
quantified using a Bio-Rad image analysis system. The results
were normalized using GAPDH as internal control. For
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background, the primary antibody was omitted. For p65 nuclear
translocation assay, the expression of p65 in the nuclei of
microglia was also analyzed via western blot. The nuclear
extracts were applied to SDS-PAGE and then transferred to
nitrocellulose membranes. The membranes were probed by anti-
p65 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and the
lamin (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was
used as loading control.

Immunohistochemical Study

The spinal cord microglia were detected with its marker
CDI11b (Su et al. 2012) by immunohistochemical staining.
Spinal cords were enucleated and fixed in 4 % PFA and
embedded in paraffin. The sections (5 pm thick) were cut and
deparaffinized in xylene, dehydrated in gradient ethanol, and
then washed with PBS. For heat-induced epitope retrieval, the
sections were dipped in 10 mM citrate buffer (pH 6.0) and
heated in a microwave oven for 15 min. After pretreatment in
3 % H,0, in PBS for 15 min and blocking with 5 % BSA at
room temperature, sections were incubated with mouse anti-
CD11b (Serotec, USA) overnight at 4 °C. After the primary
antibody reaction, an immunohistochemical staining kit
(DAKO, CA, USA) was used. The sections were washed and
stained with 3,3-diaminobenzidine and then counterstained
with hematoxylin. The numbers of positive stained cells were
counted in each of five randomly selected consecutive fields
under a 400-fold magnification. For the simultaneous visu-
alization of p-p65 and CD11b, a double immunofluorescence
method was used. Sections were incubated overnight at 4 °C
with a mixture of rabbit anti-p-p65 (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA) and mouse anti-CD11b (Serotec,
USA), or a mixture of rabbit anti-p-p65 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and mouse anti-GFAP
(marker of astrocytes, Santa Cruz Biotechnology, Santa Cruz,
CA, USA). The sections were then treated with a mixture of
Alexa 568-conjugated goat anti-mouse IgG (for CD11b and
GFAP 1:500; Jackson ImmunoResearch Labs, USA) and
Alexa 488-conjugated goat anti-rabbit IgG (for p-p65, 1:1000,
Jackson ImmunoResearch Labs) for 1 h at room temperature.
Imaging was acquired on an Olympus BX51 microscope
using an Olympus DP70 digital camera, and photographs of
the tissue specimens were taken at 200 x magnification.

Statistical Analysis

All experiments were performed in triplicate. Analysis of
the experimental data was carried out using the PDQuest
7.0 software (Bio-Rad Laboratories, Hercules, CA, USA).
Data were analyzed with one-way analysis of variance,
followed by Bonferroni correction. Data are presented as
the mean £ SD. p < 0.05 was considered statistically
significant.
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Fig. 1 CD 11b immunoreactivity in the post-injury cords treated with
or without FK506 rats. The typical microglia cells positively stained
by CD 11b were found in the white matter in the spinal cord after SCI.
The population of microglia has no significant difference among
different groups (a). Stereological quantifications of the positive cells
are shown in (b). Data are mean + SEM. *p < 0.05 vs Sham, n = 3.

Results

FK506 Does Not Affect the Population of Spinal
Cord Microglia Cells

According to Zhang’s report, the dramatically improved
functional recovery score in FK-506 treated rats was found
21 days post injury after SCI (Zhang et al. 2009). Thus, the
expression of spinal cord microglia (CD11b positive cell)
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However, the expression of CD11b, an activated microglia maker,
was significantly increased in the spinal cord after SCI days 3 and 7
and attenuated with FK506 treatment in the western blot analysis (c).
Relative intensity is shown in (d). Data are mean £ SEM. *p < 0.05
vs Sham, *p < 0.05 VS SCI, n = 3

was followed at five time points between 1 and 21 days
post injury for both the control group and FK-506-treated
rats. The control group and FK-506-treated group were
divided into five time-period subgroups: 0 days (sham
operation in the control group and sham operation plus the
same volume of 0.9 % sterile saline solution), 3, 7, 14, and
21 days. As shown in Fig. la, the CDI11b positive cells
appeared after SCI on days 3 and 7 and then decreased on
day 14 after SCI. However, the cell number has no
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Table 2 Levels of proinflammatory cytokines in spinal cord after SCI

SCI day 14 SCI day 21

SCI day 7

SCI day 3

SCI day 0 (Sham)

Cytokines (pg/mg, total protein)

FK506 Saline FK506 Saline FK506 Saline FK506 Saline FK506

Saline

11.5 £ 0.7
121 £ 1.3
17.1 £ 1.8

104 £ 1.2
137+ 1.5
16.0 £ 0.9

11.6 £ 1.2
143 £ 0.7
154 £ 1.6

120 £ 1.7
157 £ 1.1

51.9 +£ 3.3 205+ 2.1%*%

60.2 + 2.3*%
358 £ 1.9*

389 £22%  19.1 + 0.7+

42.6 £ 1.4%

99 +1.2
150+ 1.8
17.7 £ 1.1

10.7 £ 1.1

IL-1B

37.7 + 1.7%#

26.7 £ 1.9%#

14.8 £ 0.9
16.1 £ 1.3

IL-6

169 £ 14

19.9 + 3.4%#

117 + 1.1%#

235 £ 1.8%

TNF-o

* p < 0.05 VS Sham groups; * p < 0.05 VS Saline treatment groups. n = 5

*
Ft

Relative mRNA of IL-1B
(% to SCI day 0)

T O Saline
400 8 FK506
300 *
T *E
200
- E E
0 L L

SClday0 SClday3 SClday7 SClday14 SCIday21

m

400

*
O Saline
300 ¥ 8 FK506
200 *H
*H
; E E E
0 L L L L

SCIday0 SClday3 SClday?7 SCIday14 SCIday 21

Relative mRNA of IL-6
(% to SCI day 0)

300

OSaline
8 FK506

bR

SClday0 SCIday3 SClday7 SClday14 SCIday 21

200

100

Relative mRNA of TNF-a
(% to SCI day 0)

Fig. 2 Real-time q-PCR quantification of IL-1f, IL-6, and TNF-o in
the spinal cord after SCI. All data are shown as the mean + SD, and
experiments were repeated three times. *p < 0.05 VS SCI day 0
#p < 0.05 VS Saline, n = 5

significant difference between post-injury cords treated
with or without FK506.

FK-506 Attenuated the Activation of Spinal Cord
Microglia Cells After SCI

CD11b is a marker of activated microglia; as shown in
Fig. 1b, the expression of CDI1lb was significantly
increased in the spinal cord after SCI on days 3 and 7 and
attenuated with FK506 treatment in the western blot
analysis. These results indicated that FK-506 could atten-
uate the activation of microglia in the spinal cord after SCI.
In contrast, FK-506 had no effect on the expression of
GFAP, the marker of activated astrocytes.

FK-506 Attenuated the Expression
of Proinflammatory Cytokines in the Spinal Cord
After SCI

The cytokine expression was also followed at five time
points as above (N =5 each subgroup). As shown in



Cell Mol Neurobiol (2017) 37:843-855

849

A

—  — — — p-p65
— e o )05

—— — — -

- p-IxB-a

— — — — o [B-0

251

20 F

\

0.5

p-p65/p65 (relative intensity)

7

0.0

Sham SCiday3  SClday7  SClday14  SCIday 21

20

p-IKB-a/IKB-a (relative intensity)

SCl day 3

SClday7  SClday 14  SClday 21

Fig. 3 Western blotting analysis of NF-kB activation in the spinal
cord after SCI. a The activation was increased in spinal cords after
SCI on day 3 and day 7 (increased expression of phospho-p65 and

Table 2, the expression of spinal cord TNF-a, IL-1b and
IL-6 increased gradually after SCI, peaked on day 7, and
then decreased, as measured by ELISA analysis. FK-506
significantly suppressed cytokine expression (p < 0.05 on
day 3 and 7). The mRNA expression analyzed by q-PCR
confirmed these results (Fig. 2).
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phosphor-1kB), and FK506 treatment attenuated these increases (b).
Relative intensity is shown in ¢. Data are mean & SEM. *p < 0.05 vs
Sham, *p < 0.05 VS SCI, n = 3

FK-506 Attenuated NF-kB Activity in the Spinal
Cord After SCI
The activation of NF-xB is a hallmark of inflammation

after traumatic SCI (Bethea et al. 1998), which induces the
transcription of various inflammatory marker genes,
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CD11b

GFAP

DAPI

Overlap

DAPI Overlap

Fig. 4 Representative micrograph of expression of p-p65 in spinal cords after SCI. The expression of p-p65 was co-located in microglia (CD
1 1b-positive cells) in spinal cords after SCI on day 3. No expression of p-p65 was found in astrocytes (GFAP-positive cells)

including those of interleukins, cytokines, chemokines,
iNOS, and COX-2. To explore the mechanisms of how FK-
506 may attenuate the expression of proinflammatory
cytokines in spinal cords after SCI, we examined the
expression of NF-xB (p-p65) and IkB-ao phosphorylation
by western blotting. The expression of IxkB-o and NF-kB
phosphorylation in the spinal cord were increased on days
3 and 7 (Fig. 3a). FK506 treatment significantly prevented
the expressions of these markers in spinal cords on both
days 3 and 7, indicating the inhibition of activation of NF-
B by FK506 (Fig. 3b).

The Expression of Phosphorylated NF-kB (p-p65)
in Microglia in the Spinal Cord After SCI

The activity of microglial cells is increased as reflected by
their increased expression of CD11b, while the activity of
astrocytes is increased with GFAP. NF-kB activation is
essential to both astrocyte and microglial activity. Therefore,
we examined the expression of the CD11b, GFAP and the
p-p65 (activated NF-kB) by immunohistochemistry. As seen
in Fig. 4, CD11b expression is co-expressed with p-p65 in
the microglia. No p-p65-positive staining was found in
GFAP-positive cells (Fig. 4). These results suggested that
the decreased release of proinflammatory cytokines is a
result of the inactivation of NF-«xB in the spinal microglia.

Hypoxia Promoted the Expression
of Proinflammatory Cytokines in Cultured SMC

Based on the results of a cell viability and proliferation
assay, the decrease of cell viability and proliferation in
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SMC was not observed up to 24 h after hypoxic
exposure (Fig. 5). We, therefore, analyzed the expres-
sion of cytokines in the SMC cultured media by ELISA
at the time points 0, 2, 4, 6, and 12 h after hypoxic
exposure. As shown in Table 3, the levels of TNF-a,
IL-1b, and IL-6 in the SMC cultured media increased
gradually after hypoxia and peaked at 6 h; mRNA
expression analyzed by g-PCR confirmed these results
(Fig. 6).

FK-506 Attenuated the Expression
of Proinflammatory Cytokines and NF-kB Activity
in Cultured SMC Under Hypoxia

To choose a proper dose, cells were administrated with
FK506 at different concentrations: 10, 50,100, and
200 pM. We found that administration of FK506 at the
dose of 10 and 50 puM did not exhibit remarkable inhi-
bition in cytokines production by microglia cells under
hypoxia conditions, while 100 and 200 uM resulted in
significant effects. Thus, we used the dose of 100 pM to
analyze the effect of FK-506 on cytokine expression and
NF-xB activity. Pretreatment with 100 uM FK-506 for
30 min significantly prevented the increase of TNF-a, IL-
Ib, and IL-6 6 h after hypoxic exposure in SMC
(Table 3) and also significantly attenuated the activation
of NF-xB induced by hypoxia treated for 6 h in SMC
(Fig. 7a). The inhibitory effect of FK-506 in proinflam-
matory cytokines and NF-kB activity was confirmed by
the NF-kB inhibitor ACHP (50 uM) and its nuclear
translocation (Table 3; Fig. 7b).
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Fig. 5 Cytotoxicity and proliferation in microglia subjected to
hypoxia at various time points. Cytotoxicity was measured by
CCK-8 assay (a) and LDH release (b). Proliferation was measured by

Discussion

FK-506 is the most commonly used immunomodulatory
agent, which inhibits the calcium-dependent phosphoser-
ine—phosphothreonine protein phosphatase and calcineurin,
thereby inhibiting the calcineurin-mediated secondary
neuronal damage (Diaz-Ruiz et al. 2005). FK-506 is
reported to be a potential therapy for SCI through various
mechanisms (Saganova et al. 2012; Yousuf et al. 2011; Pan
et al. 2008; Zhang et al. 2009). The present study reveals
for the first time, to our knowledge, several important
findings concerning the role of the FK506 in SCI-induced
spinal inflammation.

% LDH relase
(3] b (o2}
o o <o o

Oh 2h 4h 6h 12h  24h

Hypoxia 6h

Hypoxia 12h

Hypoxia 24h

EdU incorporation assay (c¢) and (d). Each bar represents mean + SD,
and experiments were repeated three times. *p < 0.05 VS hypoxia
0 h (or 6 h in EdU incorporation assay, D), n = 3

Many studies have indicated that the inhibition of NF-
kB activation protects the spinal cord in spinal cord injury
(Goldshmit et al. 2014; Wei and Ma 2014; Wang et al.
2014; Ni et al. 2013; Chengke et al. 2013; Hu et al. 2013;
Yin et al. 2012). Thus, NF-kB activation is the key element
of the secondary neuronal damage in spinal cord injury. In
the present study, the activation of NF-kB increased
gradually in a time-dependent manner after SCI and peaked
on day 7. NF-xB activity as well as TNF-a, IL-1b, and IL-6
expression was suppressed by FK506 treatment, indicating
that NF-xB activation contributes to increased levels of
these cytokines. Previous results and data showing the
severity of neuronal injury were dependent on the
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Table 3 Levels of proinflammatory cytokines in SMC cultured media after hypoxia

Cytokines (ng/ml) Hypoxia

Oh 2h 4h 6h 12 h 6 h + FK506 6 h + ACHP
IL-1P 0 43 £0.7* 18.0 £ 1.1* 26.5 £ 2.8*% 245 £ 3.1* 17.0 £ 0.1%# 11.5 £ 0.7%%
IL-6 0 2.5 £0.1% 147 £ 1.2* 28.1 £ 1.9* 274 £ 2.8*% 16.6 £ 2.7+* 9.8 + 1.9%*
TNF-o 5+04 21 + 1.8* 359 £ 0.9* 57.0 £ 3.1* 56.3 £ 4.9% 39.8.0 £ 3.3** 29.0 + 1.3%#

* p < 0.05 VS hypoxia 0 h, # p < 0.05 VS hypoxia 6 h, n = 5
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Fig. 6 Real-time q-PCR quantification of IL-1f, IL-6, and TNF-a in
microglia subjected to hypoxia at various time points (0, 2, 4, 6, 12,
24 h). All data are shown as the mean £+ SD, and experiments were
repeated three times. *p < 0.05 VS hypoxia O h, n = 3

expression of cytokines after a spinal cord injury (Lai and
Todd 2008). Thus, from our study as well as others, we
conclude that the beneficial effect of FK-506 on SCI
therapy is partly due to its inhibitory effect on inflamma-
tion and NF-xB activation.

Microglia are a unique population of cells in the CNS
and are the resident immune cells of the brain and spinal
cord. After trauma or infection, the CD11b expression in
the microglia was increased, and thus, microglia were
activated (Zhang et al. 2014) and gained the capacity to
secrete anti-inflammatory factors, proinflammatory factors,
prostaglandins, cytokines, and reactive oxygen species (Lai
and Todd 2008; Lai and Todd 2006; Kettenmann et al.
2011). As a major source of TNF-a, IL-1b, IL-6, and
trophic factors, including brain-derived neurotrophic factor
(BDNF), microglia are major contributors to increased
levels of these cytokines after CNS injuries (Lai and Todd
2008; Lambertsen et al. 2009; Yenari et al. 2010; Werry
et al. 2011; Green and Nolan 2012; Hua et al. 2012; Du
et al. 2009). The present study demonstrates that NF-xB
was activated in spinal cord microglia after SCI, whereas
activated NF-xB was suppressed by FK-506 treatment as
demonstrated in retinal tissue (Su et al. 2012). Several
studies have indicated that FK506 inhibits the activation of
NF-kB in various cell types by different mechanisms. Du
et al. reported that the FK506-mediated suppression of NF-
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kB activation in macrophages was a result subsequent to
the unfolded protein response (Du et al. 2009). Without
further examination, we cannot rule out the possibility that
the inactivation of NF-xB in FK-506-treated spinal
microglia was a result of the increased unfolded protein
response, similar to what occurs in macrophages. More
studies are needed to delineate how FK506 exhibits similar
roles in NF-kB activation in spinal microglia.

The secretory profile of altering the microglial response
to NF-xB activation is difficult to predict in vivo, as
proinflammatory factors can be produced by other cells,
such as neutrophils, after injury. Nonetheless, we have
examined the secretory profiles of microglia upon activa-
tion to define the effect of NF-xB and FK-506 on microglia
functional response to SCI injury using SMC cultures
(Yang et al. 2014). Our finding that FK-506 attenuated the
expression of proinflammatory cytokines and NF-kB
activity in cultured SMC under hypoxia indicates that the
effect of FK506 on the reduced production of cytokines is
due to the inhibition of NF-kB in microglia.

Similar to microglia, astrocytes are also the main
responders to CNS aggravations under various pathological
conditions such as injury, infection, hypoxia/ischemia, and
neurodegeneration (Farina et al. 2007). In a wide range of
these neuroinflammatory conditions, astrocytes undergo a
remarkable transition to a reactive state. As reactive
astrocytes are believed to mark the beginning of wound
healing and repair events after brain injury (Liberto et al.
2004), as well as release inflammatory mediators, it is
thought that they perpetuate glia activation by an autocrine
or paracrine process, leading to inflammatory amplifica-
tion, tissue damage, and eventually neuronal loss (Sofro-
niew 2009; Sticozzi et al. 2013). NF-«B plays a key role in
astrocyte reaction (Sofroniew 2009; Sticozzi et al. 2013).
In our SCI model, activated NF-kB was not found in spinal
astrocytes. These results indicated that the effect of FK506
on the reduced production of cytokines, at least in our
model, is not due to NF-xB inhibition in astrocytes.
However, a change in activation of astrocytes may deserve
a more detailed analysis in a future study. This may, in fact,
lead to the disclosure of further neuroendocrine pathways
to release cytokines involved in SCI.
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Fig. 7 Western blotting A
analysis of NF-kB activation in
cultured SMC after hypoxia.
The activation was increased in
hypoxic SMC after 6 h
(increased expression of
phospho-p65 and phosphor-1kB)
and FK506 treatment attenuated
these increases (a). These
results were confirmed by the
p-65 expression in the nuclei

; o
(b). Relative intensity is shown S AQe“'\q’ Y,ng Q«QB
in ¢. Data are mean + SEM. & 045 e.&x
#p < 0.05 vs Control, *p < 0.05 RO
VS hypoxia, n = 3

B

In conclusion, we found that FK-506 prevents the acti-
vation of NF-kB in microglia, which is consistent with the
results obtained from the reduced production of proin-
flammatory cytokines in the SCI response. There is pre-
liminary evidence supporting an inhibitory effect of FK506
on NF-xB in the microglia in the spinal cord after SCI,
which agrees with previous reports in other cells (Vafadari
et al. 2013). Thus, FK506 treatment may be useful in the
management of patients with SCI.
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