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Abstract Crocetin is an ingredient of traditional Chinese
medicine and has therapeutic potential in various diseases
due to its pharmacological properties, such as neuropro-
tection, anti-oxidative stress, and anti-inflammation. These
properties might benefit the treatment of spinal cord injury.
In the present study, we tested the effect of crocetin on
neurite growth and sensorimotor dysfunction in a rat model
of spinal cord injury. We evaluated the viability of cultured
hippocampal neurons with tetrazolium dye and lactate
dehydrogenase assays, visualized neurites and axons with
antibody staining, and monitored motor and sensorimotor
functions in rats with spinal cord injury using the Basso,
Beattie, and Bresnahan assay and the contact plantar
placement test, respectively, and measured cytokine
expression using enzyme-linked immuno-absorbent assays.
We found that crocetin (1) did not alter the viability of
cultured hippocampal neurons; (2) accelerated neurite
growth with preference for the longest process in individ-
ual hippocampal neurons; (3) reversed the inhibition of
neurite growth by chondroitin sulfate proteoglycan and
NogoA; (4) facilitated the recovery of motor and sensori-
motor functions after spinal cord injury; and (5) did not
inhibit pro-inflammatory responses, but restored the inner-
vation of the descending 5-HT system in injured spinal

Electronic supplementary material The online version of this
article (doi:10.1007/s12264-017-0157-7) contains supplementary
material, which is available to authorized users.

D4 Yixin Li
bulujingling2017@163.com

Orthopaedics Department, The Second Hospital of Shandong
University, Jinan 250012, China

Imaging Department, The Second Hospital of Shandong
University, Jinan 250012, China

cord. Crocetin promotes neurite growth and facilitates the
recovery of motor and sensorimotor functions after spinal
cord injury, likely through repairing neuronal connections.
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Introduction

Crocetin is a natural apocarotenoid dicarboxylic acid found
in the fruits of Gardenia jasminoides and in crocus flowers
[1]. It forms the central core of crocin, the compound
responsible for the color of saffron [2]. Both crocetin and
crocin have long been used in traditional Chinese
medicine, and have potential for treating diseases such as
cerebral ischemia, memory impairment, and Parkinson’s
disease [3-5]. An increasing number of in vitro and in vivo
studies have also demonstrated that crocetin protects
tissues from traumatic damage, including hepatocytes [6],
cardiomyocytes [7, 8], hippocampal neurons [2], retina
[9, 10], lung [11], and kidney [10]. Therefore, crocetin has
therapeutic and interventional potential for a wide range of
diseases. This is also supported by its diverse pharmaco-
logical properties of anti-apoptotic [12], anti-oxidative [8],
and anti-inflammatory activity [2, 13].

Spinal cord injury (SCI) is a catastrophic event that
drastically reduces the patient’s quality of life and imposes
social and economic burdens. The annual incidence of SCI
is estimated to be ~ 15-40 cases per million globally [14].
Great efforts have been made to alleviate the symptoms of
SCI patients, to prevent the progress of injury, and to
educate patients to cope with their inability to control the
bowel and bladder [15]. In addition, animal research on
SCI repair has been conducted with advanced strategies
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including transplantation of neural stem cells, biased
polarization of macrophages, neurotrophic factors, anti-
Nogo antibody, anti-inflammatory cytokines, and tissue
engineering [15]. These strategies have shown considerable
efficacy in improving locomotion and sensorimotor func-
tions [15-20].

Considering that crocetin modulates several major
targets that are known to be effective in the repair of
SCI, we hypothesized that crocetin may facilitate neurite
growth and improve functional recovery following SCI. In
the present study, we tested this hypothesis in primary
cultures of hippocampal neurons and in an SCI rat model.

Methods and Materials
Chemicals

Chondroitin sulfate proteoglycan (CSPG) and NogoA were
from Sigma-Aldrich (St. Louis, MO). Crocetin (>95%
purity) was from Haohua Industry (Jinan, China).

Animals

Rats were obtained from the Laboratory Animal Center of
the The Second Hospital of Shandong University. All
experiments were performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals (Institute of Laboratory Animal Resources 1996),
and were approved by the Institutional Animal Care and Use
Committee and by the Office of Laboratory Animal
Resources at The Second Hospital of Shandong University.
Animals were group-housed at <4 per cage in a room with a
12-h light/dark cycle, and food and water were provided
ad libitum. All efforts were made to minimize the number of
animals used and their suffering.

Primary Culture of Hippocampal Neurons

Primary cultures of hippocampal neurons were prepared as
described previously [21]. Hippocampi were dissected
from postnatal day 0 (PO) rat pups, immersed in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum and 10% Ham’s F-12 with
glutamine (Gibco, Carlsbad, CA), and digested by trypsin
in DMEM for 15 min at 37 °C. After trypsin was
terminated by BSA, the tissue was washed and gently
triturated. Then, the dissociated neurons were plated at
15,000 cells/mL—40,000 cells/mL in 35-mm Petri dishes
(Costar, Cambridge, MA). The culture medium was
replaced with DMEM containing Neurobasal medium and
5% B-27 supplement (Gibco) 24 h after plating, and the
cultures were placed in an incubator at 37 °C, under 95%
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O, and 5% CO,. The cultures were used at time points
indicated in the results.

Tetrazolium Dye (MTT) Assay

The viability of hippocampal neurons in the cultures was
evaluated using the MTT assay [22] with a commercial kit
from Abnova (Walnut, CA). The neurons (80 puL) were
seeded in 96-well plates at 5000—10000 neurons per well.
After the neurons attached to the plates, they were treated
with 5 umol/L, 10 pmol/L, or 20 umol/L crocetin for 24 h,
and then 15 pL. MTT solution (5 mg/mL) was added into
each well and incubated at 37 °C for 4 h to fully form
formazan crystals. One hundred microliters of solubilizer
(containing SDS, the concentration of which was not
provided by Abnova) was added into each well, and the
incubation continued for 4 h—6 h at 37 °C to dissolve the
crystals. After these procedures, the OD values were
measured at 570 nm on an absorbance plate reader
(iMarkTM, Bio-Rad, Hercules, CA). The assays were
performed in triplicate in each single experiment, and 3
individual experiments were performed for one set of data.

Lactate Dehydrogenase (LDH) Test

The death of hippocampal neurons in cultures was assessed
using an LDH test kit from Roche (Penzberg, Upper Bavaria,
Germany). The tests were performed according to the product
manual. Briefly, 50 pL of cell suspension was seeded into the
wells of a 96-well plate. Crocetin (50 pL) was added to wells
to final concentrations of 5 pmol/L, 10 pmol/L, and
20 pmol/L, and kept in an incubator at 37 °C, 90% humidity,
and supplied with 5% CO,, for 24 h. Culture medium only
was used as a background control, and lysis buffer was added
into wells containing neurons to set a positive control. Each
sample or control were triplicates. For quantification of LDH
activity, 100 pL freshly-prepared reaction mixture was
added into each well and incubated for up to 30 min at room
temperature in the dark. The reaction was ended by addition
of 50 pL stop solution. The 96-well plate was placed on a
spectrometer and the absorbance read at 490 nm.

Immunofluorescence Assay

Cultures in Petri dishes were fixed in 4% paraformaldehyde
for 10 min, permeabilized with 0.01% Triton X-100 in
phosphate-buffered saline (PBS) for 5 min, and blocked with
10% donkey serum in PBS for 30 min. After these processes,
the cultures were incubated with rabbit anti-B-tubulin
antibody for 1 h at room temperature (Millipore, Billerica,
MA). The residual primary antibodies were washed out 3
times with PBS (5 min each), then the samples were
incubated  with  fluorescence-conjugated  secondary
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antibodies at room temperature for 1 h. After 3 washes, the
samples were dried and immersed in Vectorshield mounting
medium (Vector Laboratories, Cambridgeshire, UK) and
coverslipped. Samples processed for immunofluorescence
assay were imaged under a confocal microscope (Zeiss,
Oberkochen, Germany). Image] (National Institutes of
Health, Bethesda, MD) was used for image processing. All
data were obtained from three Petri dishes in each experiment
and from at least three different cell preparations. At least 100
neurites from 20 fields in each group were analyzed.

SCI Rat Model

The SCI rat model was produced according to a previous
report with minor modifications [23]. Rats were anesthetized
with 3% sevoflurane through a conical-shaped canine
anesthesia mask. Under aseptic conditions, spinal segments
T9 and T10 were exposed, and a transection was made
between T9 and T10 with a sharp blade. During recovery,
food and water were provided ad libitum and placed close to
the rats for easier access. All rats were allowed to recover at
room temperature (24 °C £ 1 °C). The rats were randomly
divided into 2 groups: crocetin (40 mg/kg, intraperitoneal
(i.p.) injection) treatment group and a vehicle group. The
locomotion and sensorimotor behaviors were monitored
every week for up to 6 weeks post-injury.

Locomotor Behavior Test

To assess locomotor behavior, we used the 21-point open
field locomotion score, developed by Basso, Beattie, and
Bresnahan (BBB) [24]. Based on the scores, recovery can
be classified into early (score 0-7), intermediate (8—13),
and late phases (14-21) [24]. An increased BBB score
indicates functional recovery.

Sensorimotor Evaluation

The contact plantar placement (CPP) test was used to
evaluate sensorimotor integration in SCI rats [25]. We
performed the test once a week, starting 1 week post-injury.
The dorsal surface of each hindpaw was lightly touched
against the edge of a standard laboratory bench, and the
ability of the rat to make plantar contact with the bench was
scored by the number of times this response was elicited
during three trials for each hindlimb (maximum score, 6).

Enzyme-Linked Immunoabsorbent Assay (ELISA)

Rats with SCI or sham operation were euthanized with CO,,
and the TS5 and L1 segments were removed and immediately
homogenized in ice-cold PBS. The homogenate was
centrifuged and the supernatant retained for measurement

of the cytokines tumor necrosis factor alpha (TNF-o),
interleukin 1-beta (IL-1f), IL-6, and IL-8 with sandwich
ELISA [26]. Briefly, antibodies to these cytokines were
non-covalently adsorbed onto 96-well plastic plates for 2 h.
After washing out the free antibodies, the supernatant was
applied to the plate, and incubated overnight at 4 °C. The
solution was exchanged 3 times with PBS with Tween 20
(5 min each). Then, biotin-conjugated anti-cytokine anti-
bodies were added to bind each cytokine, followed by
adding horseradish peroxidase (HRP)-labeled avidin or
streptavidin. An ABC HRP kit (MultiSciences, Bellingham,
WA) was used to generate color, which was measured with
a spectrophotometer (PerkinElmer, Waltham, MA).

Statistical Analysis

SigmaPlot software was used for statistical analysis. Data
are shown as the mean + SD. The effects of crocetin on
neurite growth were analyzed with one-way ANOVA. A
repeated-measures ANOVA was used to analyze the time-
course of locomotor and sensorimotor recovery after SCI.
The significance of crocetin effects was tested with the
unpaired Student’s ¢ test or one-way ANOVA. A P value
<0.05 was considered significant.

Results

Crocetin Does Not Affect the Viability of Primary
Hippocampal Neurons

To assess the potential toxicity of crocetin on hippocampal
neurons, we incubated hippocampal cultures with increas-
ing concentrations of crocetin (5 pmol/L-20 pmol/L,
Fig. 1A and B), as reported in other studies [2, 9], for up
to 24 h. We then used MTT assays to determine the
viability of hippocampal neurons, and LDH assays to
evaluate the numbers of dying hippocampal neurons. We
found that neither the viability nor the death of hippocam-
pal neurons was altered by these concentrations of crocetin

(Fig. 1).

Crocetin Accelerates Growth of the Longest Neurite
in Hippocampal Neurons

We labeled neurons with an antibody against B-tubulin
(Fig. 2A and B), a marker in the somata, dendrites, axons,
and axonal terminals of immature neurons [27] and
analyzed the length of neuronal processes. We found that
crocetin dramatically increased the length of the longest,
but not other processes in hippocampal neurons after
2 days in culture (Fig. 2C). Hippocampal neurons, espe-
cially those in early cultures without spatial restriction,

@ Springer



698

Neurosci. Bull. December, 2017, 33(6):695-702

©

viabil

MTT cell
o

2044 T T
£031
0.2 4
0

Control 5 pymol/L 10 ymol/L 20 pmol/L
Crocetin

0.5 1
0.4 4 T T
0.3

0 I I

0.2 -
0.1 -

Control 5 ymol/L 10 ymol/L 20 ymol/L
Crocetin

Release of LDH (%) 03

Fig. 1 Effects of crocetin on the viability of primary neurons in vitro.
Cell viability was measured using the MTT assay and cell death was
assessed by the LDH test. Primary neurons were treated with 5 pmol/
L, 10 pmol/L, or 20 pmol/L crocetin for 24 h. A Effects of crocetin
on the viability of primary cultures of hippocampal neurons. B Effects
of crocetin on the death of hippocampal neurons in culture. Data are
presented as mean £ SD.

exhibit differential growth in processes with the fastest
growth in the axon [28]. Therefore, the longest processes
we observed here were likely to be axons. We found a bell-
shaped dose-response relationship of crocetin effects on the
growth of the longest process. The optimal concentration of
crocetin was 10 pumol/L. These results indicated that
crocetin facilitates neurite growth.

Crocetin Reverses the Inhibition of Neurite Growth
by Chondroitin Sulfate Proteoglycan (CSPG)
and NogoA

As noted above, crocetin accelerated neurite growth in
immature neurons, which possess an intrinsic drive for
growth. This experiment mimicked physiological develop-
ment of neurons. Neurite growth is usually negatively or
positively regulated by a variety of factors, including CSPG
[29] and NogoA [30]. We next determined whether crocetin
is able to reverse the inhibition of neurite growth by these
factors. Addition of 1 pg/mL CSPG to the culture medium
slowed neurite growth, (neurite length, 59 pm + 16 pm in
CSPG versus 176 um + 14 pm in Control; P < 0.01;
Fig. 3A-C). Interestingly, CSPG + crocetin resulted in
~2-fold longer neurites than CSPG alone, and the length
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Fig. 2 Crocetin increases neurite growth in cultured hippocampal
neurons. A, B Representative images of cultured hippocampal
neurons two days after plating without (Control) and with 10 pmol/
L crocetin. Cells were immunostained with B-tubulin antibody.
Crocetin (5 pmol/L-20 pmol/L)) promoted growth of the longest
neurite (C) in individual neurons. At least 100 neurites were analyzed
in 20 fields from each group. Data are presented as mean + SD;
*P < 0.05, **P < 0.01 versus control.

of neurites almost reached control levels (Fig. 3C). Simi-
larly, 2 pg/mL NogoA inhibited neurite growth in hip-
pocampal cultures, and crocetin reversed this inhibition
(Fig. 3D). These results indicated that crocetin counteracts
the inhibition of neurite growth by CSPT and NogoA.

Crocetin Improves Locomotion and Sensorimotor
Functions After SCI

To test whether crocetin has potential to treat neuronal
injury, we established a rat model of SCI, and monitored
the recovery of locomotion with the BBB assay, and
examined sensorimotor integration with the CPP test. We
performed these tests once a week for up to 6 weeks. In
both tests, rats exhibited gradual recovery of locomotor
(Fig. 4A) and sensorimotor functions (Fig. 4B), and cro-
cetin accelerated these processes after 4 weeks (Fig. 4A,
B). Particularly, crocetin promoted locomotor recovery
from the early phase (BBB score 0-7) to the intermediate
phase (BBB score 8-15) (Fig. 4A). These results suggested
that crocetin has potential for SCI treatment. It is worth
noting that crocetin treatment did not affect the cell number
in the lesion site at 7 days post-injury (supplementary
Fig. S1).
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Fig. 3 Crocetin reverses the inhibition of neurite growth in cultured
hippocampal neurons by CSPG and NogoA. A Typical image
showing that CSPG inhibited the neurite growth in cultured hip-
pocampal neurons. B Typical image showing that crocetin treatment
reversed the inhibition of neurite growth by CSPG. C Summary of the
length of the longest neurite in cultured hippocampal neurons in
control (Control) and in the presence of CSPG (1 pg/mL) and

Crocetin Differentially Affects Cytokine Expression
After SCI

An inflammatory response is one of the major events
occurring in the secondary phase of SCI [31] and may in turn
lead to dysfunction in signal transduction in the spinal cord
and impair behavior. To determine whether crocetin has an
anti-inflammatory action in the injured spinal cord, we
measured cytokine levels in the injured spinal cord segments
of the SCI rat model and the corresponding segments in
sham rats. We found that TNF-o, IL-1f, IL-6, and IL-8
showed different patterns of change in the first week post-
injury (Fig. SA-D). Specifically, TNF-o and IL-1f dramat-
ically decreased at day 3 post-injury, but at day 5 returned to
the initial levels (at 6 h post-injury) (Fig. SA, B). On the
other hand, IL-6 and IL-8 diminished after 3 days post-
injury (Fig. 5C, D). These results suggested that the levels of
pro-inflammatory cytokines fluctuated within 5 days post-
injury. Crocetin attenuated the decrease in TNF-o and IL-1f3
at day 3, smoothing the fluctuations in these two cytokines
within the first week (Fig. SA, B), but did not change the
trend of either IL-6 or IL-8 (Fig. 5C, D). These data
suggested that crocetin may not alter the inflammatory
responses to the injury process in the SCI rat model.
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CSPG + crocetin (10 pmol/L). D Summary of the length of the
longest neurite in cultured hippocampal neurons in the presence of
NogoA (2 pg/mL) and NogoA + crocetin. At least 100 neurites from
20 fields in each group were analyzed. Data are mean + SD;
#*P < .01 compared with Control; P < 0.01 compared with CSPG
or NogoA.

Crocetin Restored 5-HT Boutons After SCI

5-HT in the spinal cord is implicated in both sensory and
motor circuits [32]. To investigate whether loss of 5-HT-
positive terminals occurred after SCI, and whether crocetin
induced regeneration of these terminals, we stained spinal
sections close to the injury site with anti-5-HT antibody
(Fig. SE-G). We found that spinal sections close to the
injury site had fewer 5-HT-positive terminals. In contrast,
crocetin administration dramatically increased the 5-HT-
positive terminals in spinal sections (Fig. S5H).

Discussion

Cumulative evidence has demonstrated the neuroprotective
property of crocetin in various situations. For instance,
crocetin protects dopaminergic neurons in the substantia
nigra pars compacta from lesion by 6-hydroxydopamine
[3]. It improves the viability of cultured hippocampal
neurons during lipopolysaccharide (LPS) exposure [2]. In
retinal ganglia cell cultures, crocetin reduces the damage
caused by tunicamycin, a stressor of the endoplasmic
reticulum, and hydrogen peroxide [9]. In the present study,
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Fig. 4 Crocetin facilitates the recovery of motor and sensorimotor
functions in a rat model of spinal cord injury. A Time-course of BBB
scores showing the recovery of motor function after spinal cord injury
with and without crocetin. B Time-course of contact plantar placement
(CPP) scores showing the recovery of sensorimotor function after
spinal cord injury with and without crocetin (40 mg/kg). Data are
presented as mean &+ SD; n = 6/group; *P < 0.05, **P < 0.01.

we incubated hippocampal cultures with crocetin at
concentrations used in other studies [2, 9], but did not
expose the cultures to chemical insults. We found that this
neither increased cell viability (Fig. 1A), nor exacerbated
cell death (Fig. 1B). Taken together with previous studies,
our results support the hypothesis that crocetin protects
neurons only when the neurons are subject to damage from
stressors or chemical insults.

Neurite growth plays important roles in promoting neural
plasticity and neuronal communication, and facilitating
neurogenesis for the repair of injury in the central nervous
system. We showed that crocetin differentially enhanced
neurite growth in cultured hippocampal neurons with
preference for the longest neurite in an individual neuron
(Fig. 2A-D). These results support the hypothesis that
crocetin targets positive regulators of neurite growth, and
the neurite containing the highest level of these regulators
and showing the fastest growth may be the preferential
target of crocetin. Hippocampal neurons, especially those in
early cultures without spatial restriction, exhibit differential
growth which is fastest in the axon [28]. Therefore, the
longest processes we observed here were likely to be axons.

Neurite growth is controlled by a balance between positive
and negative molecules. CSPGs are complex macro-
molecules that negatively regulate neurite growth both
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in vivo and in vitro [29]. Consistent with previous studies,
the application of CSPGs in cultured hippocampal neurons
dramatically shortened the length of neurites (Fig. 3A, C). In
contrast, crocetin restored neurite growth to levels similar to
hippocampal neurons not subjected to CSPG treatment
(Fig. 3B, C). Meanwhile, we also tested the inhibitory effects
of another negative factor of neurite growth, NogoA [30], and
found that it strongly reduced neurite growth in hippocampal
neurons, whereas crocetin reversed the inhibition (Fig. 3D).

Therefore, we have provided evidence showing that
crocetin facilitates neurite growth by favorably potentiating
positive regulators, and counteracts negative modulators of
neurite growth. CSPG acts on its receptor, PTP-sigma [33],
a transmembrane protein tyrosine phosphatase, while
NogoA binds to the Nogo receptor [34], and both connect
to downstream Rho-associated kinase pathways [34, 35].
Further investigation is required to elucidate whether Rho-
associated pathways are involved in the promotion of axon
growth by crocetin.

In the SCI rat model, we assessed the gradual recovery of
motor and sensorimotor functions, which were accelerated
by crocetin (Fig. 4A, B). The effects of crocetin became
significant after 4 weeks of treatment. This time-course
suggests that crocetin affects processes involved in the
secondary phase of SCI (minutes to weeks after injury).
This secondary phase consists of several events [31]:
vascular changes, free radical formation and lipid peroxi-
dation, disruption of ionic balance, glutamate excitotoxic-
ity, apoptosis, and inflammatory responses. Crocetin has
been reported to attenuate the responses of rat brain
microglial cell cultures to LPS, reducing the LPS-induced
upregulation of TNF-o and IL-1B [2]. However, in our
study, crocetin increased the levels of these two cytokines
3 days post-injury, but they were not altered either 6 h or
5 days post-injury. In addition, crocetin did not change the
time-courses of another two pro-inflammatory factors, IL-6
and IL-8, after 6 h and up to 5 days post-injury (Fig. SA—
D). As a matter of fact, the levels of TNF-a and IL-1f in the
injured spinal cord of our rat model were higher than those
in sham rats, but the levels were much lower than those in
microglial cell cultures exposed to LPS [2], suggesting that
in our study, the injury triggered a much weaker inflam-
matory response, which may explain why we did not find
inhibitory effects of crocetin on the cytokines tested.

The serotoninergic (5-HT) system, originating from the
dorsal raphe nucleus in the brainstem, coordinates complex
sensory and motor patterns during different behavioral
states by regulating the neuronal excitability in diverse
regions of the brain and spinal cord [32]. We showed that
in the SCI rat model, 5-HT-positive axons and terminals
significantly diminished in the injured spinal cord, and
5-HT levels were much lower than in sham rats as well.
Crocetin restored the 5-HT-positive structures and returned
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5-HT levels to normal levels (Fig. SE-G). These results
provide evidence to support the idea that crocetin facilitates
the repair of neuronal connections after injury. As injury is
followed by the formation of a glial scar, which contains
CSPG [35], inhibition or blockade of the signaling of
CSPG and NogoA promotes axon growth [34, 35]. There-
fore, we propose that crocetin improves 5-HT fiber growth
through its action on CSPG and NogoA signaling.
However, our data did not exclude the possibility that
other ascending and descending pathways regulated the
motor and sensorimotor functions, and we cannot conclude

SCl-sham SCI

SCl+Crocetin (40mg/kg)

that repair of the descending 5-HT system to the spinal cord
contributes to the improvement of motor and sensorimotor
functions following crocetin administration. Further phar-
macological investigations are needed to clarify these issues.

In summary, in primary cultures of hippocampal neurons,
we revealed that crocetin promotes neurite growth with
preference for the longest neurite (i.e. axon) in individual
neurons. In the SCI rat model, administration of crocetin
facilitated the recovery of motor and sensorimotor functions.
This effect may not be mediated by anti-inflammatory
activity of crocetin, but could be related to the repair of
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injury-caused damage in neuronal connections through
inhibiting the CSPG and NogoA signaling pathways.
Therefore, crocetin could be a potential drug to treat SCI.
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