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Expression of adrenomedullin in rats after spinal cord injury
and intervention effect of recombinant human erythropoietin
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Abstract. The expression of adrenomedullin (ADM) in
injured tissue of rat spinal cord was observed and the effect of
recombinant human erythropoietin was analyzed. A total of
45 Sprague-Dawley rats were selected and divided into 3 equal
groups including, a sham-operation group in which rats received
an excision of vertebral plate; a spinal cord injury model group
and a recombinant human erythropoietin group in which
rats with spinal cord injury received a caudal vein injection
of 300 units recombinant human erythropoietin after injury.
Hematoxylin and eosin staining was performed to observe the
spinal cord injury conditions. Immunohistochemical staining
was performed to observe the expression of ADM. Pathologic
changes in the group of recombinant human erythropoietin
at various times were significantly less severe than those
in the group of spinal cord injury model. The expression of
ADM was increased particularly in the group of recombinant
human erythropoietin (P<0.01). The improved Tarlov scores
of the group of spinal cord injury model and the group of
recombinant human erythropoietin were lower than those of
the sham-operation group at 3, 6 and 9 days (P<0.01). Thus, the
recombinant human erythropoietin is capable of alleviating the
secondary injury of spinal cord. One of the mechanisms may
be achieved by promoting the increase of ADM expression.

Introduction

Initially extracted from the pheochromocytoma tissue excised
in a surgery (1), adrenomedullin (ADM) is a polypeptide
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sharing homology with calcitonin gene-related peptide and
has functions of vascular dilation and diuretic activity (2). In a
healthy individual, a considerable plasmatic concentration of
ADM is involved in the regulation of plasma (3). In addition,
as a bioactive peptide, ADM has extensive biological functions
and is distributed in almost all tissues (4), particularly in
normal adrenal medulla, heart, lung, kidney, blood plasma,
and urine and is able to reduce high blood pressure, dilate
blood vessels, pulmonary and renal arteries, and relieve
bronchospasms (5).

ADM has multiple biological functions, including the
regulation of internal secretion in organisms and inhibition of
hyperplasia of vascular smooth muscles. Furthermore, ADM
participates in multiple physiological accommodations in an
autocrine and a paracrine manner as a circulating hormone.
Currently, the pursuit of regulating measures for immune
dysfunctions after trauma is becoming a field of interest. In the
central nervous system, ADM and its mRNA are also widely
distributed and located in neurons (6). Research has shown
an increased expression of ADM after spinal cord injury, but
there are few reports on its mechanism of expression, role and
regulation (7).

For this reason, we aimed to detect the expression of
ADM in a rat model of the spinal cord injury and attempted to
discuss the mechanism of expression, effectiveness and regu-
lation availability. The aim was to provide theoretical bases
for clinical treatment of spinal cord injury by establishing a
model of Sprague-Dawley (SD) rat for spinal cord injury and
intervention of recombinant human erythropoietin.

Materials and methods

Animals. The experiment was completed in the Central
Laboratory of the Department of Orthopaedics, The
First Affiliated Hospital of Liaoning Medical University
(Liaoning, China) from October, 2012 to March, 2013. A total
of 45 Sprague-Dawley (SD) healthy rats aged 60 days and
weighing 180-200 g were selected. The rats were provided
by the Shanghai Laboratory Animal Center (SLAC) Co., Ltd.
[animal license no. SCXK (Shanghai) 2012-0138; Shanghai,
China]. The rats were divided into 3 groups randomly:
Sham-operation group (n=15), group of spinal cord injury
model (n=15), and group of recombinant human erythropoietin
(n=15).
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Establishment of animal models. Pentobarbital sodium (5 g/1)
was intraperitoneally injected as per 10 mg/kg. Surgery was
performed aseptically after anesthesia. An incision, ~3 cm
long, was made in the middle of the dorsal side to expose or
injure the spinal cord section T,,. Excision of vertebral plates
was performed in the sham-operation group to expose the
spinal cord. For the spinal cord injury model, a model of dorsal
side injury of rat spinal cord was prepared using the Allen's
WD method. The vertebral plate was excised to expose the
spinal cord. A concave-type plastic sheet with the diameter
of 2 mm was horizontally placed at the site of the spinal cord
to be injured. A cylindrical metal bar was made and dropped
freely and vertically in a thin glass delivery tube to establish
an animal model of spinal cord injury. The metal bar weighed
10 g and was 10 cm high with injury energy of 10x10 (g-cm).
A model of dorsal side injury of rat spinal cord was prepared
with the same method in the group of recombinant human
erythropoietin. Caudal vein injection of 300 U/kg recombi-
nant human erythropoietin was administered to the group
of recombinant human erythropoietin at 1, 3,5, 7 and 9 days
after injury, respectively. An equivalent volume of normal
saline was administered to the group of spinal cord injury
after injury at the same time. The completeness of spinal dura
mater was maintained and each layer was sutured in all the
groups. The success marks of the injury animal model were
tail wagging reflex and symmetric convulsion of both lower
extremities (8).

The study was approved by the Animal Ethics Committee
of Jinzhou Medical University.

Histopathological and immunohistochemical examination.
All the groups of animals were anesthetized again at 3,
6 and 9 days after operation, respectively. A piece of spinal cord
tissue with the approximate length of 1.0 cm was taken with
the injured spinal cord section as the center, fixed in formalde-
hyde with the volume fraction of 0.3, embedded with paraffin
and serially sectioned to 5 gm sections with a microtome, with
3 rats at each time. Regular hematoxylin and eosin staining
and ADM immunohistochemical staining were performed.
Regular hematoxylin and eosin staining was performed to
observe edema, degeneration and necrosis, inflammatory
cell infiltration in various groups of spinal cord tissues. The
SABC method was used for immunohistochemical staining
of ADM. The rabbit anti-rat ADM polyclonal antibody (1:100)
and the SABC immunohistochemical staining reagent kit were
purchased from Beijing Ruixiang Biotechnology Co., Ltd.
(Beijing, China). Operations were in strict accordance with the
instructions in the reagent kit. The expression of ADM was
observed under a light microscope.

Image analysis. Five immunohistochemically-stained ADM
sections were selected randomly from each rat. Five high-power
fields were selected from the anterior angle to the relief
angle of the grey matter of each section. The HMIAS-2000
high-definition color medical image-text analysis system was
applied to determine the average gray value of the positive
reactant of the ADM and to calculate the gray value.

Determination of motor function. The improved Tarlov scoring
and the improved Rivlin and Tator tilting plate scoring were
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used to observe the recovery of the motor function of the lower
limbs in rats at 3, 6 and 9 days after operation, respectively (9).

Criteria for improved Tarlov scoring: 0 point: Complete
paralysis, there is no response to acupuncture in lower limbs;
1 point: Complete paralysis, there is response to acupuncture
in lower limbs but the limbs are not able to move; 2 points: The
limbs are able to move but the rat cannot stand or stand steadily
(<5 sec); 3 points: The rat can stand but cannot walk; 4 points:
The rat can walk several steps but not steadily; 5 points: The
rat can walk slowly but not flexibly and the walking has certain
defects; 6 points: The rat can walk normally.

Improved Rivlin and Tator tilting plate method: The rat
was placed on the same smooth board with its body axis
perpendicular to the longitudinal axis of the tilting plate. The
tilting plate was raised by 5° each time and the maximum
angle at which the rat could stay for 5 sec was regarded as the
functional value.

Statistical analysis. SPSS 13.0 statistical software (SPSS, Inc.,
Chicago, IL, USA) was used for statistical analysis. Data were
expressed as mean + standard deviation. The F test was used
for variance analysis. P<0.05 was considered to indicate a
statistically significant difference.

Results

Quantitative analysis for experimental animals. A result
analysis was conducted for all of the 45 rats with attrition
value.

Result of hematoxylin and eosin staining. No significant
abnormality was present in material sampled from the
sham-operation group at various times. In the group of
spinal cord injury model, 3 days after injury, a large number
of erythrocytes were present within the grey matter; neural
cells were swollen and exhibited a round shape; substantial
karyopyknosis and karyorrhexis occurred; the border of grey
matter disappeared; voids formed in the grey matter; 6 days
after injury, erythrocytes fused into clusters; the border of grey
matter was clear; the residual neurons decreased significantly
and were slightly swollen; a small number of neutrophile gran-
ulocytes were present; 11 days after injury, the morphology
of the residual neurons were basically normal. Pathological
changes in the group of recombinant human erythropoietin at
various times were significantly less severe than those in the
group of spinal cord injury model (Fig. 1).

Result of immunohistochemical staining of ADM. The expres-
sion of ADM was primarily located in neurons. The expression
of ADM was low at various times in the sham-operation
group; compared with the sham-operation group, the number
of neurons decreased and the expression of ADM was
increased in the group of spinal cord injury model and group
of recombinant human erythropoietin. The expression of
ADM was increased particularly in the group of recombinant
human erythropoietin. The expression was restored to normal
at 6 and 9 days after injury.

Expression of ADM in various groups of rats at different time
points. The difference in gray values of the sham-operation
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Table I. Comparison of gray values of positive reactants of ADM in various groups of rats at different times.

t(injury)/days
Group 3 6 9
Sham-operation 0.328+0.007 0.330+0.006 0.325+0.007
Spinal cord injury model 0.376+0.008* 0.332+0.008 0.331+0.009
Recombinant human erythropoietin 0.412+0.010*° 0.332+0.009 0.334+0.007

Compared with the sham-operation group at the same time, ‘P<0.01; compared with the group of spinal cord injury model at the same time,

"P<0.01. ADM, adrenomedullin.

Figure 1. Result of immunohistochemical staining of ADM. (A) Sham-operation group at 3 days after injury; (B) group of spinal cord injury model at 3 days
after injury; (C) group of recombinant human erythropoietin at 3 days after injury; (D) group of recombinant human erythropoietin at 4 days after injury.

group at various times was not significant indicating that an
uninjured spinal cord did not affect the expression of ADM,;
the gray values of the group of spinal cord injury model and the
group of recombinant human erythropoietin were higher than
that of the sham-operation group at 3 days after injury and the
gray value of the group of recombinant human erythropoietin
was higher in the group of spinal cord injury model. Both
differences were significant (P<0.01), which indicated that the
expression of ADM after spinal cord injury was increased and
the recombinant human erythropoietin was able to promote
the high expression of ADM (Table I).

Result of improved Tarlov scoring. The improved Tarlov
scores of the group of spinal cord injury model and the group
of recombinant human erythropoietin were significantly lower
than those of the sham-operation group at 3, 6 and 9 days at
the same time and the difference was significant (P<0.01). The
improved Tarlov scores of the group of recombinant human
erythropoietin were higher than those of the group of spinal
cord injury model at 3, 6 and 9 days at the same time and the
difference was significant (P<0.05; Table II).

Result of improved Rivlin and Tator scoring. The improved
Rivlin and Tator scores of the group of spinal cord injury model
and the group of recombinant human erythropoietin were
significantly lower than those of the sham-operation group at 3,
6 and 9 days at the same time and the difference was signifi-
cant (P<0.01); the improved scores of the group of recombinant
human erythropoietin were higher than those of the group of
spinal cord injury model at 3, 6 and 9 days at the same time and
the difference was significant (P<0.01, Table III).

Discussion

ADM is an active peptide comprising 52 amino acids with
many important biological functions. ADM is distributed in
almost all tissues (10) and serves as a circulating hormone
with autocrine and paracrine functions, in several tissues and
organs such as blood plasma, adrenal gland, heart, kidney,
central nervous system, and blood vessels. ADM participates
in the regulation of blood vessel activities and stress response
in organisms and exerts the compensatory regulation effect
under many pathological conditions (11). Recently, the spinal
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Table II. Result of improved Tarlov scoring.
t(injury)/days
Group 3 6 9
Sham-operation 7.36+0.67 7.42+0.69 7.43+0.66
Spinal cord injury model 3.36+£0.42 2.97+0.38* 3.64+0 47"
Recombinant human erythropoietin 4.78+0.48*¢ 483051 5.31+0.48%

Compared with the sham-operation group at the same time, “P<0.01; compared with the group of spinal cord injury model at the same time,

°P<0.01, °P<0.05.

Table III. Result of improved Rivlin and Tator scoring.

t(injury)/days
Group 3 6 9
Sham-operation 67.16+8.13 69.34+8.20 70.28+8.17
Spinal cord injury model 23.64+4.67* 26.16+4.81* 28.33+4.86
Recombinant human erythropoietin 29.35+6.13%° 35.26+6.32%° 38.61£6.37°

Compared with the sham-operation group at the same time, “P<0.01; compared with the group of spinal cord injury model at the same time,

°P<0.01.

cord injury has been raising general concerns due to its high
occurrence rate, expenses and disability rate. In addition to
primary mechanical injury, the spinal cord injury may also
cause a series of secondary pathological changes. Currently, it
is considered that the secondary spinal cord injury is a process
of mutual cascading of many nerve biochemical and vascular
mechanisms and continuous exacerbation. An irreversible
injury within 4 h is a primary injury and various biochemical
changes occurring after 4 h are secondary injuries and have
certain reversibility. It is crucial to maximize recovery of
spinal cord injury during the reversible period (12).

The expression of ADM increases in a compensatory
manner after spinal cord injury and creates advantages for
recovery of neurological functions. It plays an important role in
recovery of an injured spinal cord (13). Its increasing and action
mechanisms are: Firstly, local ischemic and hypoxia environ-
ment. The driving force for incremental regulation of ADM is
hypoxia and the local ischemic and hypoxia environment after
spinal cord injury provides conditions for incremental regula-
tion of ADM that exists as a cytoprotection factor in the local
ischemic and hypoxia environment and increases stability
of the cytomembrane (14). Secondly, oxidative stress may
increase the expression of ADM. Indeed, it has been shown
that oxidative stress is one of the causes of organ damage
under pathological conditions. Oxidative stress can increase
the expression of ADM, and ADM can inhibit the oxidative
stress. Therefore, ADM is determined as an endogenous anti-
oxidant. The therapeutic effect of endogenous antioxidant (e.g.,
vitamin E) on spinal cord trauma has been demonstrated (15).
Free radicals are cellular metabolites with high activity and
removed by antioxidants (e.g., vitamin C and E) or converted

into oxygen and water by some enzymes (e.g., superoxide
dismutase). After secondary spinal cord injury, depletion of
endogenous antioxidant and decrease of superoxide dismutase
are not able to remove the increasing free radicals, which can
induce cell apoptosis and irreversible cell death (16). The
increase of ADM is of great significance (17). The expression
of ADM increases after spinal cord injury, which strengthens
the oxidation resistance in spinal cord injury and alleviates
the spinal cord injury via antioxidation (18). In the experi-
ment, the expression of ADM is increased after spinal cord
injury and further increased after intervention of recombinant
human erythropoietin, which demonstrates that the ADM can
be regulated. It is found through a pathological examination
that neuronal injuries are significantly less severe than those
in the group of spinal cord injury model at various times and
the scores of neurological functions at 3, 6 and 9 days after
spinal cord injury are higher than those in the group of spinal
cord injury model, which indicates the correlation between the
increase of ADM and alleviation of the degree of spinal cord
injury and promotion of the recovery of neurological functions.

Recombinant human erythropoietin is a member of the
cytokine superfamily. In addition to the function of promoting
proliferation, differentiation, and maturation of progenitor
erythrocytes, it also has anti-vasospasm, anti-apoptosis and
anti-inflammatory functions (19). The recombinant human
erythropoietin and its receptor exist in the hemopoietin system,
the central nervous system, and the peripheral nervous system
and can protect, not only cerebral injuries due to various causes,
but also the acute spinal cord injury and secondary injury (19).
The recombinant human erythropoietin is capable of protecting
injuries of neurocytes and neural cells due to various causes
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such as excitotoxicity and lack of neurotrophic factors (20).
Hypoxia can promote the expression of recombinant human
erythropoietin and it has been demonstrated that the recombi-
nant human erythropoietin can promote survival of neurocytes
under hypoxia (21). In the experiment, the recombinant human
erythropoietin was used to treat the spinal cord injury of rats.
It is observed through a pathological examination that neuronal
injuries are significantly less severe than those in the group of
recombinant human erythropoietin at various times and the
scores of neurological functions are higher than those in the
group of spinal cord injury model, which indicates the thera-
peutical effect of recombinant human erythropoietin.

In conclusion, the ADM increases compensatory effects
after spinal cord injury and the ADM promotes the recovery
of neurological functions of the spinal cord primarily by
antioxidation. The recombinant human erythropoietin can
promote further high expression of the ADM. The correlation
between the therapeutical effect of the recombinant human
erythropoietin and the high expression of ADM suggested a
mechanisms of treating spinal cord injury. Thus, treatment
with recombinant human erythropoietin may be expected as
an effective method for treatment of spinal cord injury.
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