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Abstract

We have previously shown that Achyranthes bidentata polypeptides (ABPP), isolated from Achy-
ranthes bidentata Blume (a medicinal herb), exhibit neurotrophic and neuroprotective effects on
the nervous system. To identify the major active component of ABPP, and thus optimize the use of
ABPP, we used reverse-phase high performance liquid chromatography to separate ABPP. We ob-
tained 12 fractions, among which the fraction of ABPPk demonstrated the strongest neuroactivity.
Immunocytochemistry and western blot analysis showed that ABPPk promoted neurite growth in
cultured dorsal root ganglion explant and dorsal root ganglion neurons, which might be associated
with activation of Erk1/2. A combination of behavioral tests, electrophysiological assessment, and
histomorphometric analysis indicated that ABPPk enhanced nerve regeneration and function res-
toration in a mouse model of crushed sciatic nerve. All the results suggest that ABPPK, as the key
component of ABPP, can be used for peripheral nerve repair to yield better outcomes than ABPP.
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Introduction

Peripheral nerve injury commonly occurs because of ac-
cidental trauma, acute compression, or iatrogenic injury,
leading to neuronal dysfunction, and affects quality of life.
In clinical practice, surgical repair is usually required for
treating nerve transection injuries, while drug administra-
tion, such as neurotrophins and vitamins, is a useful therapy
of choice for treating nerve crush injuries (Camara-Lemar-
roy et al., 2008; Roglio et al., 2008; Britt et al., 2010; Li et al.,
2010; Shim and Ming, 2010). Accordingly, the development
of neurotrophic and neuroprotective drugs/agents, including
those derived from natural medicinal herbs, has attracted
research attention.

Achyranthes bidentata Blume (Amaranthaceae family),
listed in the Chinese Pharmacopoeia, is a natural herb used
in traditional Chinese medicine with multiple therapeutic
effects (Li et al., 2007). In previous studies, we have shown
that an aqueous extract of Achyranthes bidentata Blume ac-
celerated peripheral nerve regeneration of rabbit common
peroneal nerve after a crush injury (Ding et al., 2008), and
reduced glutamate-induced cell apoptosis in primary cul-
tured hippocampal neurons (Zhou et al., 2009). Later, we
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isolated Achyranthes bidentata polypeptides (ABPP) from
the aqueous extract of Achyranthes bidentata Blume, and
found that ABPP protected primary culture of rat hippo-
campal neurons against N-methyl-D-aspartate (NMDA)-in-
duced excitotoxicity (Shen et al., 2008), stimulated neurite
outgrowth of rat dorsal root ganglia (DRGs), and promoted
peripheral nerve regeneration in rats and rabbits (Yuan et
al., 2010; Wang et al., 2013; Cheng et al., 2014).

Although considerable work has been done on revealing
the neurotrophic and neuroprotective action of ABPP, the
effective components contained in ABPP and their effects on
the nervous system are still unknown. To identify the major
active component of ABPP, we used a reverse-phase high
performance liquid chromatography (RP-HPLC) method to
isolate different components from ABPP and examined their
neuroactivities by using a neuronal survival assay. Among a
total of 12 RP-HPLC fractions, the 11" fraction, code-named
ABPPK, exhibited the strongest neuroactivity. We then in-
vestigated the effects of ABPPk on neurite growth in an in
vitro DRG neuronal model and on nerve regeneration and
functional recovery in an in vivo animal model of peripheral
nerve crush injury.
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Materials and Methods

Culture of DRG explants and DRG neurons
DRG explants were harvested from spinal and peripheral
roots of postnatal day 1 Sprague-Dawley rats, and plated on
poly-L-lysine-coated cover slips for incubation in DMEM
medium supplemented with 5% fetal bovine serum (FBS),
5% horse serum, 2 mmol/L L-glutamine, and 100 U/mL
penicillin/streptomycin (Sigma, St. Louis, MO, USA).
Primary DRG neurons were obtained by a differential
adhesion technique as described previously (Fudge and
Mearow, 2013). In brief, the procured DRG tissues were di-
gested with 0.1% collagenase type II (Gibco, Grand Island,
NY, USA) and 0.25% trypsin/ethylenediamine tetraacetic
acid (EDTA; Sigma) at 37°C. Tissue was transferred to
DMEM supplemented with 10% FBS and antibiotics (Sig-
ma) for trituration with a fire-polished Pasteur pipette until
the suspension was homogeneous. The cell suspension was
filtered through a cell-strainer (40 umol/L, BD Biosciences,
Bedford, MA, USA) and centrifuged at 1,200 r/min for 5
minutes. The DRG pellets were resuspended in neurobasal
medium plus 2 mmol/L L-glutamine (Gibco), and placed
onto pre-coated plates for 30 minute incubation at 37°C and
5% CO,. Then, non-adherent DRG neurons were collected,
and re-suspended in fresh medium.

RP-HPLC of ABPPk

The root of Achyranthes bidentata Blume was purchased
from a local Chinese medicine grocer and identified by Pro-
fessor Zhao HR from the China Pharmaceutical University.
ABPP was prepared from Achyranthes bidentata Blume as
previously described (Yuan et al., 2010). The aqueous solu-
tion of ABPP was subjected to HPLC on a Waters System
(Waters, Milford, MA, USA) consisting of Waters Alliance
€2695 and Waters 2996 Photodiode Array Detector. A C18
reverse phase HPLC column (4.6 X 250 mm, 5 um i.d. Wa-
ters, Milford, MA, USA) was applied, and a linear gradient
elution was performed with 0.1% trifluoroacetic acid in
water/acetonitrile (water ratio, 80-47% by volume) at a flow
rate of 1.0 mL/min. The eluted 12 fractions were character-
ized by UV spectrophotometry at 220 nm. They were centri-
fuged and concentrated in a vacuum freeze drying machine
to yield powders, which were easily dissolved in aqueous
solution to achieve a desired concentration. 3-(4,5-Dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay was then used to test the effects of 12 RP-HPLC frac-
tions of ABPP on neuronal survival. After DRG neurons were
plated onto 96-well plates at a density of 5 x 10° cells/mL in
serum-free neurobasal medium, cells were exposed to a com-
bination of either fraction (250 ng/mL), ABPP at 250 ng/mL
or 1 pg/mL (positive control), or no additive (negative con-
trol). Cells were allowed to incubate for 24 hours. MTT solu-
tion was then added at a final concentration of 0.5 mg/mL,
and cells were allowed to incubate for 4 hours at 37°C before
sodium dodecyl sulfate (SDS) solution was added to dissolve
the formazan precipitate. The optical density was measured
by spectrophotometer at 570 nm with an EIX-800 Microelisa
reader (Bio-Tek Inc., Burlington, VT, USA) to determine cell
viability. MTT assay aided the selection of the 11" fraction

of ABPP, named ABPPK, for further investigations.

Measurement of neurite length

DRG explants or DRG neurons were transferred to a serum-free
neurobasal medium supplemented with 2 mmol/L L-glutamine
(Gibco) containing ABPPk at 10, 50, or 250 ng/mL, with
ABPP at 1 pg/mL (positive control), or with no added ABPP
(negative control) for 72-hour incubation. To investigate for
the involvement of Erk1/2 signaling in the effects of ABPPk,
10 pmol/L of PD98059 (Calbiochem, San Diego, CA, USA),
a specific inhibitor of Erk1/2, was used to co-treat DRGs
with 250 ng/mL of ABPPk. After these treatments, DRG ex-
plants or DRG neurons were fixed in 4% paraformaldehyde,
and blocked with 2% goat serum/0.3% Triton prior to incu-
bation with a mouse anti-green associated protein GAP-43
or anti-p-tubulin IIT monoclonal antibody (both 1:200; Sig-
ma) at 4°C overnight. After this incubation, FITC-conjugat-
ed goat anti-mouse 1gG (1:200; Sigma) was incubated for 2
hours at room temperature to allow for signal visualization.
Neurite outgrowth from DRG explants was quantified as de-
scribed previously, with some minor modifications (Bilsland
et al., 1999). In brief, non-overlapping images were taken at
5x magnification on a fluorescence microscope (Leica, Wet-
zlar, Germany), and digitized using a CCD video camera to
make the body and neurites of an explant visible. Two con-
centric circles were manually drawn first around the body
and then around the halo of neurites to give the exclusion
zones for measuring the neurite-occupied area by using the
grain counting function of the Leica Qwin Image Analysis
System (Leica). Neurite growth of DRG neurons was quan-
tified by manual tracing with the Leica Qwin software. The
length of the longest neurite per cell for the cell population
in a field having the identifiable neurite and a visible neurite
arbor was measured. At least 10 DRG explants and 30 DRG
neurons were analyzed in each group, all experiments were
repeated at least three times using cultures prepared on sep-
arate days.

Western blot analysis

DRG neurons were collected for homogenization in an ice-
cold cell lysis buffer containing protease inhibitors. Total
proteins were quantified by BCA analysis, and separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis.
Separation was followed by transferring to a polyvinylidene
difluoride membrane, which was blocked with 5% non-fat
powdered milk in 0.05% Tween-20-containing Tris-buff-
ered saline (TBST), and allowed to incubate overnight at
4°C with primary antibodies (all from Abcam, Cambridge,
MA, USA) diluted in TBST. Antibodies included: mouse an-
ti-phosphorylated-Erk1/2 monoclonal antibody (1:10,000)
and rabbit anti-total-Erk1/2 polyclonal antibody (1:1,000).
After washing with TBST, horseradish peroxidase-labeled
anti-mouse or rabbit IgG secondary antibody (1:1,000; Santa
Cruz Biotechnology, Santa Cruz, CA, USA) was applied to
react at room temperature for 2 hours. Signal detection was
performed by exposure to enhanced chemiluminescent re-
agents (Roche Diagnostics, Basel, Switzerland) and then an
X-ray film (Eastman Kodak Co., Rochester, New York, NY,
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USA) was used to capture the emitted signal. Analysis was
performed using Adobe Photoshop 7.0 (Adobe, San Jose,
USA) to measure the pixel density of the bands.

Animal surgery and treatment

The experimental procedures involving animals were per-
formed in accordance with the Guide for the Care and Use
of Laboratory Animals National Institute of Health (NIH)
and approved by the Administration Committee of Exper-
imental Animals, Jiangsu Province, China. Fifty male ICR
mice weighing 22-25 g were provided by the Experimental
Animal Center of Nantong University. All animals were
deeply anesthetized with an intraperitoneal injection of
xylazine (10 mg/kg), ketamine (95 mg/kg) and acepromazine
(0.7 mg/kg). The sciatic nerve was exposed through a 1.0-cm-
long incision on the left hind limb, and the 3-mm nerve was
crushed by clamping for 30 seconds with a smooth-jawed
forceps (Chung et al., 2012). The distal end of the crush site
was marked with a 9-0 nylon suture. The sciatic nerve on
the contralateral side was exposed but kept intact. After sur-
gical incisions were closed, animals were randomly divided
into five groups (n = 10/group) to receive daily intravenous
injection of saline/vehicle (negative control), 2.5, 5.0 and
10.0 mg/kg of ABPPk, and 16.0 mg/kg of ABPP (positive
control), respectively. The treatment lasted for 21 days.

Walking track analysis

At 5, 10, 15, and 20 days after surgery, walking track analysis
was performed as described previously (Inserra et al., 1998)
with minor modifications. Briefly, hind paws were dipped in
red ink and animals were allowed to walk down a narrow and
long corridor, making footprints on a white paper. The toe
spread and paw length were measured, and the sciatic function
index (SFI) was calculated according to the formula: SFI =
118.9(ETS — NTS)/NTS — 51.2(EPL — NPL)/NPL — 7.5, where
ETS is experimental toe spread, NTS is normal toe spread,
EPL is experimental paw length, and NPL is normal paw
length. An SFI value of close to zero indicates normal nerve
function, and a value of —100 indicates total impairment.

Foot reflex withdrawal test

Foot reflex withdrawal test was performed daily as described
previously (Vogelaar et al., 2004). A small electrical current
was applied to a well-characterized site on the central por-
tion of the foot sole using two stimulation poles (spaced 3
mm apart). The current was increased stepwise from 0.1 mA
to a maximum 1.0 mA in increments of 0.1 mA. A normal
rat immediately withdraws its foot and spreads its toes when
stimulated. Animals with crushed sciatic nerves do not re-
tract their paws upon skin contact with the poles, with the
reflex being restored upon reinnervation of target organs.
The threshold value, i.e. the lowest current causing this reflex
at the operated side, was noted.

Electrophysiological assessment

At 21 days post surgery, animals were anesthetized and sci-
atic nerves at both sides were re-exposed. Electrical stimuli
were applied to the proximal and distal ends of the sciatic
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nerve, and the compound muscle action potential (CMAP)
amplitude was respectively recorded on the gastrocnemius
muscle by MYTO Portable Digital Electromyography (Esao-
to, Hong Kong) using a Galileo NT System Software (Callizot
et al., 2008).

Electron microscopy of regenerated nerves

At 21 days post surgery, animals in five groups were tran-
scardially perfused with 4% paraformaldehyde in PBS. The
distal portion of crushed and contralateral, uncrushed sciatic
nerves were harvested. The nerve sample was fixed with 2.5%
glutaraldehyde, post-fixed with 1% osmium tetraoxide solu-
tion at 4°C, dehydrated stepwise in increasing concentrations
of ethanol, embedded in Epon 812 epoxy resin, and cut into
transverse sections. The semi-thin section was stained with
toluidine blue for measuring the cross-sectional area of the
total nerve trunk area under light microscopy, and ultra-thin
sections were stained with lead citrate and uranyl acetate for
examination under transmission electron microscopy (JEOL
Ltd., MA, USA). The electron micrographs from six random
fields (5,000 x magnification) of each nerve section were dig-
italized into a Q550 IW image analysis system (Leica Imaging
Systems Ltd.) and analyzed with a Leica Qwin image analysis
software package to obtain morphometric parameters, in-
cluding myelin thickness and diameter of myelinated axons.

Hematoxylin and eosin staining of target muscles

Bilateral gastrocnemius muscles were harvested from ani-
mals post-sacrifice. The muscle sample from the mid-belly
was post-fixed in buffered 4% paraformaldehyde for 24
hours, dehydrated in a graded ethanol series, cleared in xy-
lene, embedded in paraffin and cut into 5-pm-thick trans-
verse sections, which were processed with hematoxylin and
eosin (HE) staining. Stained sections were photographed
with a DC 300F color digital camera, and digitalized into a
Q550 IW image analysis system (Leica Imaging System Ltd.).
Six visual fields were selected randomly for each specimen
and the cross-sectional areas (CSA) of the gastrocnemius
muscle fibers were measured by the aid of Leica Qwin Image
Analysis software package.

Statistical analysis

All data are expressed as the mean + SEM (for in vitro tests)
or the mean + SD (for in vivo tests). Statistical comparisons
were performed with one-way analysis of variance (ANOVA)
plus Scheffé post hoc test using SPSS 19.0 software package
(IBM, San Francisco, USA). Values of P < 0.05 were consid-
ered significant.

Results
ABPPk was identified as the major component of ABPP
A representative RP-HPLC chromatogram of ABPP was re-
corded at 220 nm, which indicated that a total of 12 fractions
were isolated from ABPP. These components were eluted at
different retention times and code-named ABPPa, b, ¢, d, e, f,
g, h,1,j,k, and | (Figure 1A).

According to MTT assay, treatment with ABPPk at 250
ng/mL significantly increased cell viability of DRG neurons
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Figure 1 Effects of ABPP fractions on cell viability of DRG cells.

(A) Reverse phase-high-performance liquid chromatogram of ABPP, in which the column elutions were monitored at 220 nm. (B) Cell viability of
cultured DRG cells after exposure to 12 ABPP fractions (II-XIII: ABPPa, b, ¢, d, e, f, g, h, i, j, k, and I) at 250 ng/mL or ABPP at 250 ng/mL (XIV) or
1 pg/mL (XV) for 24 hours. Data are presented as the mean + SEM of three separate experiments (each in triplicate). *P < 0.05, vs. control (I, no
treatment); #P < 0.05, vs. ABPPk (one-way analysis of variance plus Scheffé post hoc test). ABPP: Achyranthes bidentata polypeptides; DRG: dorsal
root ganglion.
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Figure 2 Effects of ABPPk on neuronal growth in cultured DRG explants and neurons.

Micrographs obtained after DRG explants (A) or DRG neurons (B) had been cultured for 72 hours in plain medium (control), or in medium
containing 10, 50, 250 ng/mL ABPPk or 1 pg/mL ABPP were immunostained with anti-GAP43 (A) and anti-p-tubulin III (B). Scale bars: 20 (A)
and 50 (B) um. Bar graph (C) illustrating the area occupied by neurites emanating from DRG explants that had been cultured for 72 hours in the
plain medium (control), or in the medium containing 10, 50, or 250 ng/mL ABPPk or 1 pg/mL ABPP, where the area is expressed as the percentage
of control value and the data are presented as the mean + SEM of three independent experiments (each in quadruplicate). Bar graphs (D and E)
illustrate the averaged maximum length of neurites projecting from DRG neurons (D) and the average number of branch points in DRG neurons
(E) after DRG neurons had been cultured for 72 hours in the plain medium (control), or in the medium containing the above additives, where two
parameters were obtained by counting at least 100 and 30 neurons, respectively. In bar graphs, *P < 0.05, vs. control (one-way analysis of variance
plus Schefté post hoc test). ABPP: Achyranthes bidentata polypeptides; DRG: dorsal root ganglion; GAP43: growth-associated protein 43.

when compared with treatment without additives, but also  the neuron survival-promoting effect) among the 12 compo-
compared with treatment with the other 11 components  nents of ABPP. Moreover, ABPPk had stronger neuroactivity
of ABPP or with ABPP (all at the same concentration of = compared with ABPP (its parent product) at the same concen-
250 ng/mL). ABPPk displayed the strongest neuroactivity (i.e.,  tration (250 ng/mL). ABPP (1 pg/mL), a 4-fold concentration,
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Figure 3 ABPPk-induced activation of phosphorylation of ERK1/2 in cultured DRG neurons.

Bar graphs illustrating the ratio of p-ERK/t-ERK in DRG neurons treated with 250 ng/mL ABPPk for different times (A) or treated with 10 pmol/L
PD98059 (a specific inhibitor of Erk1/2) for 30 minutes and then treated with 250 ng/mL ABPPk for different times (B). The data are presented
as the mean + SEM of three separate experiments (each in triplicate). *P < 0.05, vs. control group; #P < 0.05, vs. ABPPk treatment alone (one-way
analysis of variance plus Scheffé post hoc test). Also shown (inset) are the representative western blot images. Micrographs obtained after DRG ex-
plants (C) or DRG neurons (D), which had been cultured for 72 hours in plain medium (control), or in the medium added with 250 ng/mL ABPPk
in the absence or presence of 10 pmol/L PD98059, and were immunostained with anti-GAP43 (C) and anti-B-tubulin IIT (D). Scale bars: 20 (A)
and 50 (B) um. ABPP: Achyranthes bidentata polypeptides; DRG: dorsal root ganglion; GAP43: growth-associated protein 43.

showed similar neuroactivity to that of 250 ng/mL of ABPPk
(Figure 1B). All these results suggested that ABPPk was the
major neuroactive component of ABPP and more potent than
ABPP.

ABPPk promoted neurite outgrowth of DRG explants and
neurons and activated Erk1/2
To determine the effects of ABPPk on neurite growth, prima-
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ry cultures of DRG neurons were treated with control (vehi-
cle), 10, 50, 250 ng/mL of ABPPKk, or 1 pg/mL ABPP for 72
hours, and their effects on neurite outgrowth were assessed.
GAP-43 and B-tubulin III were used as two markers to deter-
mine neurite outgrowth. Immunostaining with anti-GAP-43
or anti-B-tubulin III showed that neurites emanated radially
from the edge of DRG explants (Figure 2A), or from DRG
neurons (Figure 2B), both of which were treated with differ-
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Figure 4 Nerve regeneration in mice after sciatic nerve crush injury.
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Transmission electron micrographs obtained at 21 days after surgery, showing the regenerated nerves (A) at the contralateral, normal side (a) and
crushed side of animals receiving injection of saline (b), 2.5 mg/kg (c), 5.0 mg/kg (d), 10.0 mg/kg (e) of ABPPk, and 16.0 mg/kg of ABPP (f). Scale
bars: 5 pm. Bar graphs comparing the myelin thickness (B) and the myelinated axon diameter (C) from the normal side and at the crushed side
of mice receiving different treatments as indicated. All data are presented as the mean * SD (# = 10). *P < 0.05, vs. saline treatment; #P < 0.05, vs.
normal side (one-way analysis of variance plus post hoc Scheffé test); ABPP: Achyranthes bidentata polypeptides.
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Figure 5 Target muscle reinnervation in mice after sciatic nerve crush injury.

Light micrographs following hematoxylin-eosin staining, obtained at 21 days after surgery, showing the target gastrocnemius muscle (A) at the
contralateral, normal side (a) and the crushed side of animals receiving injection of saline (b), 2.5 mg/kg (c), 5.0 mg/kg (d), 10.0 mg/kg (e) of ABP-
Pk, and 16.0 mg/kg of ABPP (f). Scale bar: 20 pm. Bar graph (B) comparing the cross sectional area value of gastrocnemius muscle fibers at the
normal side and at the crushed side of mice receiving different treatments as indicated. All data are presented as the mean + SD (n = 10). *P < 0.05,
vs. saline treatment; #P < 0.05, vs. normal side (one-way analysis of variance plus Scheffé post hoc test); ABPP: Achyranthes bidentata polypeptides.

ent concentrations of ABPPk or with a single concentration
of ABPP for 72 hours. The area occupied by neurites was
significantly larger in DRG explants treated with ABPPk (50
or 250 ng/mL) or with ABPP (1 pg/mL) than in non-treated
DRG explants (Figure 2C). The length or the number of
branch points, which was determined for the longest neurite
extended by randomly selected DRG neurons, was signifi-
cantly greater (P < 0.05) in DRG neurons treated with 50 or
250 ng/mL of ABPPk or with 1 pg/mL of ABPP than in DRG
non-treated neurons (Figure 2A, E), suggesting that ABPPk
promoted neurite outgrowth of DRG explants and enhanced
neurite elongation and branching of DRG neurons. The effect

of ABPPk showed a concentration-dependent pattern, and
was greater by more than 4 fold when compared with ABPP.
To investigate the possible involvement of signaling mol-
ecules, we examined the level of Erk1/2 phosphorylation in
primary cultured DRG neurons after cell treatment. Western
blot analysis showed that the expression ratio of phosphor-
ylated Erk1/2 (p-Erk1/2) to total Erk1/2 (t-Erk1/2) in DRG
neurons was significantly increased by ABPPk (250 ng/mL)
treatment for 5 minutes—24 hours and reached a peak val-
ue after 15 minutes of treatment as compared with control
(Figure 3A). ABPPk (250 ng/mL)-induced Erk1/2 phosphor-
ylation was attenuated by PD98059 (10 pmol/L; Figure 3B).
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current applied to the injured foot sole (B) at different times after surgery in differently-treated animals as indicated. All data are presented as the
mean £ SD (n = 10). *P < 0.05, vs. saline treatment (one-way analysis of variance plus Scheffé post hoc test). SFI: Sciatic function index; ABPPk:
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A ¥ . B
h Ch1 7\ \ ; ] Normal ABPPk 5.0 mg/kg
5mV | e i I Saline E= ABPPk 10.0 mg/kg
gmv L L OSSO W SO St S | ABPPk 2.5 mg/kg  [III ABPP 16.0 mglkg
m
% |,
J LTl s W e
A b
M
/ Normal Saline
<
T £
¥ o
R, sl
Ch1 J & T ] Ch /l M | =
4 5mV H e S e
om %\ ;; ° o .
b s o | | NN
3 j Ll Al w‘.__; s/%
l Distal Proximal
ABPPk 10.0 mg/kg ABPP 16.0:mg/kg

Figure 7 Electrophysiological assessments of mice after sciatic nerve crush injury.

Representative traces (A) of CMAP recorded following stimulating the distal (a) and proximal (b) portion of the regenerated nerve at the normal
side and at the crushed side of mice receiving injection of saline, 2.5 mg/kg, 5.0 mg/kg, 10.0 mg/kg of ABPPk, and 16.0 mg/kg of ABPP at 21 days
after surgery. (B) Bar graph illustrating the value of the CMAP amplitude recorded as outlined above. All data are presented as the mean + SD (n =
10). *P < 0.05. vs. saline group; #P < 0.05. vs. normal side (one-way analysis of variance plus Scheffé post hoc test). ABPPk: Achyranthes bidentata

polypeptides k fraction; CMAP: compound muscle action potential.

Immunostaining with GAP-43 and B-tubulin IIT showed
that the enhancing effect of ABPPk on neurite outgrowth
was blocked by 10 umol/L PD98059 treatment (Figure 3C,
D), suggesting that ABPPk promotion of neurite outgrowth
was associated with activation of Erk1/2.

ABPPk promoted regeneration of crushed nerve and
alleviated atrophy of target muscle

Transmission electron microscopy was used to show the
morphological features of regenerated sciatic nerves in the
different groups at 21 days after nerve crush. The regener-
ated nerve fibers in mice treated with 10.0-mg/kg ABPPk

2148

were dispersed densely in clusters, and the myelinated axons
were surrounded by a thick, clear, and electron-dense myelin
sheath and a perfect basal membrane of Schwann cells. The
myelin thickness was thinner than that of the contralateral,
uncrushed sciatic nerve (Figure 4A). Morphometric analysis
also revealed that myelin thickness and diameter of my-
elinated axons was significantly higher in mice treated with
ABPPk (10.0 mg/kg) or with ABPP (16.0 mg/kg) than in
mice treated with saline (Figure 4B, C). These observations
suggested that ABPPk accelerated the morphological recov-
ery of crushed peripheral nerve.

HE staining and morphometric analysis were performed
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to show the cross-sectional area (CSA) of gastrocnemius
muscle fibers after treatment for 21 days. Microscopic ob-
servation indicated that despite the atrophied gastrocnemius
muscle seen in saline-treated mice, the muscle fibers in ABP-
Pk-treated mice were distributed evenly with basal laminae
being close to each other (Figure 5A). CSA was significantly
higher in mice treated with ABPPk (10.0 mg/kg) or with
ABPP (16.0 mg/kg) than in mice treated with saline (Figure
5B), indicating that ABPPk attenuated atrophy of the target
muscle after nerve injury.

ABPPk improved functional recovery after sciatic nerve
injury

To evaluate the possible effects of ABPPK on motor function-
al recovery, we performed walking track analysis to assess the
recovery of motor function after crush injury in mice. At 5
days post surgery, no significant difference in the SFI value
was observed among mice receiving different treatments.
From 5 to 20 days post surgery, the SFI value in all animals
increased steadily, but the rate of increase was different
among mice receiving different treatments. At 10, 15 and
20 days post surgery, the SFI value was significantly higher
in mice treated with 10.0 mg/kg ABPPk or with 16.0 mg/kg
ABPP than in mice treated with saline. At 15 and 20 days
post surgery, the SFI value was significantly higher in mice
treated with 5.0 mg/kg ABPPk compared with mice treated
with saline. The SFI value was higher in mice treated with
2.5 mg/kg ABPPk compared with mice treated with saline
only at 20 days post surgery (Figure 6A). These results sug-
gest that ABPPk accelerated the recovery of motor function
in a dose-dependent manner after sciatic nerve crush injury.
We also performed foot reflex withdrawal testing to evaluate
the recovery of sensory function. At 10 days post surgery, 3,
3,4, 5, and 1 of the 10 mice treated with 2.5, 5.0, 10.0 mg/
kg of ABPPK, 16.0 mg/kg of ABPP, and with saline, respec-
tively, showed a response to 0.1-mA electric current. At 15
days post surgery, 6, 6, 7, 8, and 3 of the 10 mice treated as
above showed a response to 0.1-mA electric current (Figure
6B), suggesting that ABPPk accelerated recovery of sensory
function.

Electrophysiological assessments were performed at 21
days after nerve crush. Although the compound muscle ac-
tion potential (CMAP) value recorded at either a proximal or
distal portion of regenerating sciatic nerves was significantly
lower on the crushed side than the contralateral uncrushed
side for all animals, the CMAP value was significantly higher
in ABPPk- or ABPP-treated animals than that in saline-treat-
ed animals (Figure 7). These results were similar to SFI data,
suggesting that ABPPk improved functional recovery after
peripheral nerve crush injury.

Discussion

To date, much effort has been devoted to the synthesis and/
or isolation of neurotrophic and neuroprotective drugs/
agents for treating peripheral nerve crush injury. On the ba-
sis of our previous work concerning ABPP, this study aimed
to find the major active component of ABPP to advance the

therapeutic application of Achyranthes bidentata Blume-de-
rived plant peptides in peripheral nerve repair.

RP-HPLC was used to separate ABPP, and the 12 eluted
fractions were screened for their neuroactivity on neuron vi-
ability using MTT method. In this way, ABPPk was identified
as the major neuroactive component of ABPP. To investigate
the in vitro neural actions of ABPPK, cultured DRG explants
and DRG neurons were subjected to immunostaining and
western blot analysis. GAP-43 is an axonal membrane pro-
tein involved in neuronal outgrowth and synaptic plasticity
of developing and regenerating neurons, and it is extensive-
ly used as a marker of neuritogenesis and synaptogenesis
(Pfenninger et al., 1991; Mahalik et al., 1992). p-Tubulin III,
as a member of the tubulin family, is found in the brain and
root ganglia and localized to the nervous system, where its
expression increases during neurite outgrowth (Carre et al.,
2002). p-Tubulin III is therefore a highly specific marker for
neurons. In this study, immunostaining with anti-GAP-43
and anti-B-tubulin III confirmed that ABPPk could encour-
age neurite growth in cultured DRG explants and neurons in
a concentration-dependent manner. This effect was greater
than that induced by an identical concentration of ABPP
(positive control). It suggested that ABPPk might present the
major neurotrophic and neuroprotective effect of ABPP.

Phosphorylated Erk activates CREB, Cdk5, GAP-43, and
other neuritogenesis-related genes (Yang et al., 2012). The
Mek/Erk pathway can be activated through phosphoryla-
tion by neurotrophins, and Erk activation induces neurite
extension and branching of DRG neurons (Markus et al.,
2002; Minano et al., 2008). The aqueous extract of Achy-
ranthes bidentata Blume has been found to induce neuronal
differentiation of PC12 cells through activation of Erk1/2
(Ding et al., 2004). Similarly, western blot analysis in this
study showed that ABPPk increased the phosphorylation
of Erk1/2 in cultured DRG neurons, while application of
PD98059 (an Erk 1/2 inhibitor) attenuated activation of
Erkl1/2. Additionally, immunostaining with two neuronal
markers provided further evidence that the effect of ABPPk
on neurite growth might be associated with activation of
Erk signaling molecules.

To investigate the in vivo neural actions of ABPPk, mice
with sciatic nerve crush were used, which represented a com-
monly used animal model for developing new drugs/agents
to cure peripheral nerve crush injury. A combination of be-
havioral studies, electrophysiological assessment, and histo-
logical analysis of regenerated nerves and target muscles was
used to evaluate the repair outcomes of ABPPk treatments.

The SFI value is a reliable index for examining motor
function recovery of injured peripheral nerves (Varejao et
al., 2003). Treatment of animals with a high concentration
(10.0 mg/kg) of ABPPk caused a significant acceleration in
recovery of motor function starting from 10 days post sur-
gery. The efficacy of 10.0-mg/kg ABPPk was similar to that
of 16.0 mg/kg ABPP. The foot reflex withdrawal test is com-
monly used to assess sensory function of injured peripheral
nerves (Vogelaar et al., 2004). At 20 days post surgery, the
mice treated with high concentration (10.0 mg/kg) of ABPPk
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or ABPP (16.0 mg/kg) showed a full foot withdrawal response
to current stimuli. By contrast, only 70% of saline-treated ani-
mals exhibited functional recovery. A significant difference oc-
curred between ABPPk and saline treatment, but no significant
difference occurred between treatment with 10.0 mg/kg ABP-
Pk and 16.0 mg/kg ABPP. Electrophysiological assessments
were further used to compare the restoration of electrophys-
iological properties induced by ABPPk or ABPP treatments
with that by saline treatment. Also, histological observation
and morphometric analysis clearly demonstrated that ABP-
Pk treatment, similar to the higher dose of ABPP treatment,
supported axon regrowth and helped reinnervation of target
gastrocnemius muscle in an effective way. The in vivo nerve
regeneration-promoting effect of ABPPk was also dose-de-
pendent, and comparable with that produced by the higher
dose of ABPP (positive control).

To summarize, this study identified ABPPk as the key neu-
roactive component of ABPP. ABPPk was found to promote
neuronal growth in vitro and to enhance peripheral nerve
regeneration in vivo. The comparison on an equal concen-
tration basis confirmed that ABPPk was a more potent agent
used for peripheral nerve repair than ABPP. The underlying
mechanism of ABPPk on neuroactivity is still need to be fur-
ther investigated.
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