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ABSTRACT

AIM: Spinal cord injury (SCI) is a serious condition of the central nervous system and it affects the quality of life and even hampers
the day-to-day activity of the patient. In the current study, we investigated the efficacy of intrathecal administration of flavopiridol
in an experimental animal model of SCI. The study also aimed at exploring the physiological effects of flavopiridol on neurons,
astrocytes and cell cycle regulatory proteins.

MATERIAL and METHODS: In vitro scratch wound experiments were performed on female Sprague-Dawley rats (n=23). A
complete hemisection to the right of T10 was made, and flavopiridol solution (200 mM, 0.8 nmol flavopiridol/animal) was delivered
topically to the lesion site. Cell viability assay, in vitro scratch injury assay, cell cycle analysis using flow cytometry and behavioural
assessments were performed.

RESULTS: The local delivery of flavopiridol reduced cavity formation and improved regeneration of neurons with improvement in
physiological performance. Flavopiridol also inhibited the migration and proliferation of astrocytes, and at the same time, promoted
the survival of neurons.

CONCLUSION: Intrathecal administration of flavopiridol can be a promising treatment strategy in patients with SCI and it needs to
be validated in patient setting.
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B INTRODUCTION

pinal cord injury (SCI) is a debilitating condition of the
Scentral nervous system that has a detrimental effect

on the quality of life of a patient. The global estimated
annual incidence of SCI is about 50 per 1 million people (1).
The sudden loss of sensory, motor and autonomic function
severely hampers the day-to-day activity of a person. Currently,
there are limited treatment options, and a majority of them
are restricted to surgery, minimising secondary impediment
and rehabilitation. Owing to the limited recovery of neurons
and neurological dysfunction, the patient is often left with

lifelong disability (24). In spite of substantial efforts in research
on finding the therapeutic cure, only limited treatment or
rehabilitation strategies are currently available for the patients.

Various experimental models have shown upregulation of
molecules associated with cell cycle, such as cyclin G1, cyclin
D1 (ccnd1), E2F1 and proliferating cell nuclear antigen (pcna)
in the pathophysiology of SCI. Downregulation of endogenous
cyclin-dependent kinase (CDK) inhibitor, p27, has also been
reported (7,44). In various animal models of SCI (39,41,44),
brain injury (8,17) and cerebral ischaemia (40,42), pathological
activation of the cell cycle has been shown to cause neuronal
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cell death, and at the same time, to trigger mitotic cell
activation and proliferation. CDK inhibitors have been widely
studied for their role in cell cycle regulation (22). Flavopiridol is
one such nonselective CDK inhibitor that reduces the mRNA
transcription of cyclin D1 and arrests the cell cycle at G1 or
G2/M transition stage (23,36).

Various studies have indicated that flavopiridol, when admin-
istered intraperitoneally, can significantly improve neuronal
function, reduce lesion volume, induce motor recovery, de-
crease astrocyte reactivity and prevent neuronal apoptosis
after SCI (44). Owing to its broad-spectrum inhibitory activ-
ity, administration of a high systemic dose of flavopiridol may
cause significant side effects (16,31). Previous studies have
only reported that flavopiridol reduces the expression of mi-
croglia-associated proteins (5); however, the effects of flavo-
piridol on other cell types, such as astrocytes, remain unclear.
Certain devices, such as miniosmotic pumps (5,16,31), that
are used for intrathecal delivery are quite expensive and suffer
from histocompatibility issues because of the material used in
the manufacturing of the pumps. In the current study, we eval-
uated a simple method for intrathecal administration of flavo-
piridol and investigated its neuronal regeneration activity in a
rat model of SCI. We also aimed at addressing the lacuna in
the understanding of the mechanism of action of flavopiridol
in the recovery of SCI before it can be used in clinical practice.

B MATERIAL and METHODS
Primary Cell Culture

Purified astrocyte cultures from embryonic day 20 (E20) to
postnatal day 1 (P1) Sprague-Dawley rats were prepared
as per the standard protocol (14,32). The animals were
anaesthetised with 10% chloral hydrate and killed as per
the Guidelines for the Care and Use of Laboratory Animals.
Cortices were cut, dissociated and plated in a high-glucose
Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum (FBS, Gibco) and 2 mM glutamine.
The medium was completely changed after 24 h, and the cells
were cultured for 10 days with complete medium passages
after every 48 h.

We obtained cortical neurons from cortices of P1-P3 rats
according to the method described previously (15,37,38).
Briefly, the neurons were preplated on Petri plates in complete
DMEM media for 2 h for purification. The cells were then
collected by centrifugation and the pellet was resuspended
in neurobasal medium supplemented with 2mM glutamine,
2% B27 and 1% penicillin or streptomycin in 6-well plates
(Invitrogen, USA). RNA was extracted from the 6-well plates,
and cell viability assay was performed in 96-well plates. RNA
isolation and real-time polymerase chain reaction (PCR) were
performed as per the standard protocol to evaluate the effects
of flavopiridol on cell cycle.

Cell Viability Assay

The viability and proliferation of astrocytes and neurons
were measured using a commercially available CCK-8 Cell
Counting kit (Dojindo Laboratories, Kumamoto, Japan).
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The cultured cells were treated with different concentrations
of flavopiridol (Shanghai Haoyuan Chemexpress, China). As
per the manufacturer’s protocol, the cells were then incubated
in CCK-8 solution in a 5% CO, incubator at 37°C for 2 h as per
the time point. The cell number was determined by measuring
the absorbance at 450 nm, with the reference wavelength at
650 nm (45).

In Vitro Scratch Injury Assay

The in vitro scratch wound experiments were performed
according to previous studies (10,21,30). Briefly, after
flavopiridol was added to the cultures, a 500 pm wide cell-
free cleft was made by scratching the confluent monolayer
from the left wall of the well to the right wall with a sterile
10 pl plastic tip. Scratched cultures were examined using a
phase contrast microscope (Nikon, Japan), and images were
captured at time points 0, 3, 6, and 12 h.

Cell Cycle Analysis Using Flow Cytometry

Astrocytes were cultured in serum-free DMEM media for 24 h
and then treated with 0.5 mM flavopiridol, followed by mitotic
stimulation with 10% FBS for 48 h (8). Control cells were
treated with the same amount of dimethyl sulphoxide (DMSO)
instead of flavopiridol. The harvested cells were stained with
propidium iodide, and cell cycle analysis was performed with
2x10* cells for each experiment using four-laser FACScalibur
(BD Biosciences, USA).

Right Spinal Cord Hemisection and Local Delivery of
Flavopiridol

All animal procedures were performed as per the guidelines
of the Care and Use of Laboratory Animals and were
approved by the Animal Ethical Care and Use Committee
of the Second Affiliated Hospital of Nanchang University,
Nanchang, China. Female Sprague-Dawley rats (n=6 in each
group) were purchased from the Chinese Academy of Medical
Sciences. The rats were anaesthetised using 10% chloral
hydrate (400 mg/kg body weight). Paravertebral muscles were
exposed and dissected by making a longitudinal incision in
the midline. Laminectomy was performed according to the
protocol described by Ren et al. Briefly, the spinal column was
immobilised using a clamp, and a thoracic (T9-T10) dorsal
laminectomy was performed using fine rongeurs. Once the
spinal cord was exposed, a complete right hemisection was
made with fine microdissection scissors at T10, as described
previously (2,20). Flavopiridol solution (200 mM, 0.8 nmol
flavopiridol/animal), which was prepared fresh immediately
before use, was then topically administered to the lesion.

Behavioural Assessment

We used the BBB (Basso, Beattie, and Bresnahan) locomotor
rating scale to evaluate the functional recovery of hind
limbs (3). Briefly, the rats were placed in an open field with
a pasteboard-covered non-slippery floor. In each testing
session, each animal was observed for 4 min by two blinded
investigators. The assay was conducted once weekly for 6
weeks after SCI. Sensory motor function was assessed using
the grid walking test, which was also conducted once weekly.
Animals were placed on an elevated plastic-coated wire mesh
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(40-45 cm with 2 cm? grid spaces) and were allowed to walk
across the platform for 3 min. Paw placement of the hind
limbs was tested during the walk. A misstep was scored when
the entire foot fell through the grid, and the misstep frequency
for the injured limb was calculated.

Statistical Analysis

The data were statistically analysed using Student’s t-test
for comparison between two experimental groups. BBB
scores were analysed by two-way analysis of variance
(ANOVA) and repeated measures. Results were expressed
as meanzstandard deviation and a P value of <0.05 was
considered as a statistically significant difference.

B RESULTS
Effects of Flavopiridol on Cultured Astrocytes and Neurons

Using CCK-8 assay, we observed that flavopiridol at a
concentrations of >0.1 mM significantly repressed the
proliferation of astrocytes, and at a concentration of >1 mM,
it even inhibited the survival of the astrocytes (Figure 1A).
Therefore, concentrations between 0.1 and 0.5 mM could be
used to inhibit the proliferation of cells without killing them.

After treatment with flavopiridol, the percentage of S-phase
astrocytes decreased from 8.3% to 3.1%. Similarly, there was
a decrease in the G2-phase astrocytes from 5.3% to 2.2%.
We also observed a significant reduction in the percentage
of scratch wound healing from 51.0% to 8.1% at 12 h after
scratch and flavopiridol treatment (Figure 1B). A decrease
in the expression of cell cycle-related molecules such as
ccnd1 (Figure 1E), along with a decrease in the synthesis of
inflammatory factors such as tumour necrosis factor (TNF)-a
(Figure 1C) and interleukin (IL)-1b (Figure 1D) and monocyte
chemoattractant protein 1 (MCP1), was observed (Figure 1F).
Therefore, flavopiridol inhibited the cell cycle, proliferation,
scratch wound healing and synthesis of inflammatory factors
in astrocytes.

Additionally, we investigated whether flavopiridol affects the
survival of neurons, in relation to its effect on the proliferation
of astrocytes. We observed that flavopiridol at a concentration
of <0.5 mM did not cause death of neurons (Figure 2A). The
data suggest that flavopiridol at concentrations of 0.1-0.5 mM
causes the inhibition of astrocytes while protecting neurons.
We also found that flavopiridol at a concentration of 0.5 mM
downregulated the expression of caspase-3 (Casp3) (Figure
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Figure 1: Impact of flavopiridol on cultured astrocytes. A) Proliferation of astrocytes at different concentrations of flavopiridol.
B) Percentage of wound healing. C) Expression analysis of TNF-a. D) Expression analysis of IL1-b. E) Expression analysis of ccndi.
F) Expression analysis of mcp1. Data are mean+SD, *p<0.05, **p<0.01.
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2E) but upregulated the expression of neurons (Figure 2B),
which may be the cause of neuronal survival. As observed
with astrocytes, the expression of molecules related to cell
cycle, such as pcna (Figure 2D) and ccnd1 (Figure 2F), was
decreased and the expression of CDK inhibitor p27 was
increased (Figure 2C). Therefore, flavopiridol was found to
inhibit the cell cycle of astrocytes while promoting the survival
of neurons.

Structural Recovery of SCI

The experimental procedure for constructing the right-
hemisection SCI model is illustrated in Figure 3A,B. Using
H&E staining, we observed that SCI caused a prominent cavity
at the site of injury; there was loss of grey and white matter,
which was reduced by flavopiridol (Figure 4A-C). The mean
cavity area in the longitudinal section of spinal cord decreased
to 0.11£0.10 mm? in flavopiridol-treated animals as compared
to 1.49+0.62 mm? in controls. Therefore, intrathecal delivery of
flavopiridol in animals with SCI aids regeneration and survival
of neurons and inhibits cavitation and survival of astrocytes.
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Evaluation of Inflammation

Flavopiridol was found to inhibit the inflammatory factors syn-
thesized by astrocytes. Therefore, we investigated whether
flavopiridol could inhibit the inflammation in SCI. Delivery of
flavopiridol into the injured spinal cord inhibited the cell cycle.
Flavopiridol decreased the expression of pcna and signifi-
cantly decreased the expression of ccnd1. The expression of
CDK inhibitor p27 was significantly increased. Flavopiridol
administration also caused a significant inhibition of inflam-
matory factors such as IL-6, TNF-a and IL-1b. There was an
increase in the expression of anti-inflammatory factor IL-10.
A decreasing trend was observed in the expression of MCP1.

Functional Recovery of SCI

Functional tests were performed on day 42 after SClI was
induced. Flavopiridol-administered rats showed significantly
higher BBB scores (13.9+3.1) compared with animals treated
with the blank solution (9.1+4.9). Only 20% of the rats treated
with the blank solution could achieve a score >12 at day
42 post injury. At day 42, flavopiridol-treated animals also
showed improvement in BBB scores (Figure 5A). Functional
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Figure 2: Impact of flavopiridol on cultured neurons. A) Survival of neurons after flavopiridol treatment. B) Expression analysis of ngn1
C) Expression analysis of p27. D) Expression analysis of pcna. E) Expression analysis of Casp3. F) Expression analysis of ccnd1. Data
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Figure 4: Spinal cord cross sections with H&E staining A) Spinal cord cross-section showing hemisection injury with approximately
45% spared tissue remaining B) Spinal cord cross-section showing hemisection injury with approximately 35% spared tissue remaining
C) Spinal cord cross-section showing major hemisection injury.
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improvement was evaluated by grid walking. The percentage
of missteps of the hind paws at day 42 post-injury was
significantly decreased in the flavopiridol-administered animals
than in the animals treated with the blank solution (Figure 5B).
On comprehensive analysis, flavopiridol-administered animals
showed best outcome of improvement in locomotor function,
indicating improvement of motor functions.

B DISCUSSION

The current study shows that intrathecal delivery of
flavopiridol improves recovery of SCI and inhibits the effect
on inflammatory factors secreted by astrocytes, both in
vitro and in vivo. In animal studies, we found that intrathecal
administration of flavopiridol protects the neurons and
decreases the scarring of glial cells and cavitation. These
findings are consistent with those of previous studies (5,
8,17,39,41,44). Flavopiridol repairs SCI by reducing glial
scar formation and limiting neuronal loss (6,35). Moreover,
flavopiridol was found to improve sensory motor function, as
measured through grid walking (4,45), and directly inhibit the
synthesis of inflammatory factors (Figure 1A-F).

It is already known that astrocytes play a significant role in the
pathology of neuroinflammation of the central nervous system
(CNS) (9,11,13,34). A previous study showed that in primary
astrocytes, transcriptional changes in the genes related
to cell cycle are caused by inflammatory stimulation (11),
suggesting a close relationship between inflammation and
cell cycle regulatory proteins; however, the exact mechanism
of inflammatory expression in astrocytes by flavopiridol was
unclear. In the current study, flavopiridol was also found to
inhibit the inflammatory factors synthesized by astrocytes and
decrease inflammatory expression in SCI. It may be possible
that because of the proteins secreted by astrocytes and
the neuroimmune response, there is an increase in capillary
permeability and, in turn, an increase in the expression of
junctional adhesion molecules and endothelial proteins. These
proteins can further cause migration of leukocytes to the SCI
site (43). The migration of leukocytes triggers the release of
proinflammatory cytokines IL-1a, IL-1b and TNF-a, which
cause apoptotic cell death (28). We also observed that the
intrathecal delivery of flavopiridol inhibited the infiltration of
macrophages. Therefore, flavopiridol is useful in decreasing
inflammation, limiting the loss of neurons loss and promoting
the repair of SCI. Flavopiridol was also found to inhibit
scratch wound healing (Figure 1A-F). The in vitro scratch
injury method is a well-established method used to study cell
migration (30). It has been postulated that astrocytes polarize
towards the site of scratch wound by forming protrusions prior
to migration towards cell-free area (10). In the current study,
we also observed that flavopiridol inhibited the expression of
cell cycle-related proteins (data not shown).

Flavopiridol is a semisynthetic nonselective inhibitor of CDKs
and is naturally obtained from the bark of rohitukin (25). It
has been established that flavopiridol arrests cell cycle at
G1 or G2/M transition phase (36) and therefore inhibits the
proliferation of astrocytes (5).
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However, the effect of flavopiridol on neurons was different
in the sense that there was a decrease in Casp3 expression
(data not shown). Several investigators have shown that
flavopiridol reduces the phosphorylation of proteins found
in retinoblastoma (5), which then reduces the activation of
Casp3 cleavage, E2F transcription factor (19,33) and neuronal
apoptosis (26). Studies have also shown that cyclin G1
expression is related to neuronal apoptosis following SCI (7).
In this study, we observed an increase in neurogenin 1 (ngn1)
expression, which suggests a relationship between cell cycle
arrest and ngn1 upregulation (Figure 2B). This is consistent
with earlier reports, which have shown that the expression
of ngn1 (12,18) can induce cell cycle arrest, which is
associated with elevated expression of p27 (18,29). In a study
by Piao et al., upregulation of ngn1 by granulocyte colony
stimulating factor (GMCSF) and stem cell factor was found
to cause differentiation of neural stem cells (27). Therefore,
it is postulated that flavopiridol inhibits the migration and
proliferation of astrocytes and promotes the survival of
neurons.

B CONCLUSION

We demonstrated that the local delivery of flavopiridol
reduces cavity formation and neuronal loss and improves the
regeneration of neurons with improvement in physiological
performance. Our results show that this was due to the
restriction of glial scarring, improvement in neuronal survival
and control of proliferation, migration and inflammatory
factors synthesized by astrocytes. Therefore, intrathecal
administration of flavopiridol can be a promising treatment
strategy in patients with SCI and needs to be validated in
patient setting.
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