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Introduction

Spinal cord injury often results in disability or loss of 
movement and sensation below the site of injury. At present, 
few treatments for spinal cord injury are available, however 
with less significant functional improvement. Agmatine, an 
endogenous amine, exists in mammalian brain and has been 
proposed as a novel neurotransmitter/neuromodulator.[1] The 
distribution of agmatine‑containing neurons is concentrated in 
regions of the brain that subserve visceral and neuroendocrine 
control, processing of emotions, pain perception, cognition, and 
memory. Agmatine has been implicated in several biological 
processes such as neuroprotection,[2] antinociception,[3] 
convulsions,[4] stress,[5] depression,[6] and anxiety.[7] It is 
interesting to note that agmatine also dose‑dependently 
attenuates neuropathic pain in rodents.[8] Its intraperitoneal 
administration reversed long‑lasting hypersensitivity, 
hyperalgesia, and allodynia induced by neuropathic pain.[9‑11] 
Further, agmatine also attenuated the pain associated with 
diabetic neuropathy.[3,11,12] Its peripheral administration 
enhanced morphine analgesia dose‑dependently in neuropathic 
rats.[13] Moreover, systemically administered agmatine 
significantly reduces the mechanical and thermal hyperalgesia 

as well as allodynia in neuropathic mice caused by spinal 
cord injury.

Agmatine binds to several target receptors such as imidazoline, 
N‑methyl‑D‑aspartate  (NMDA), nicotinic cholinergic, 
α2‑adrenergic, serotonergic receptors, and inhibits nitric oxide 
synthase. Agmatine is co‑localized with imidazoline receptor in 
several brain areas. Moreover, several pharmacological effects 
of agmatine are mediated through imidazoline receptors. 
The role of imidazoline receptor in nociception is fairly 
well established. Imidazoline binding sites have currently 
attracted attention in nociception as well as drug addiction.[14] 
Moreover, the brain structures involved in the drug abuse 
and pain perception including hypothalamus, hippocampus, 
and amygdala are rich in imidazoline binding sites and its 
endogenous ligands.[15] Imidazoline binding sites are a family 
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of unique nonadrenergic high‑affinity binding sites that 
exist in three major subclasses (I1, I2, and I3) based on their 
ligand selectivity, subcellular distribution, and physiological 
functions.[16,17] Several imidazoline receptor agonists including 
moxonidine, clonidine, and antagonist idazoxan, efaroxan 
possess antinociceptive activity.[18] Thus, in view of these 
preclinical evidence we hypothesized that agmatine‑induced 
functional recovery from spinal cord injury might be mediated 
through imidazoline receptors.

Materials And Methods

Animals
Adult male Swiss‑albino mice (22–27 g) were grouped house 
and given free access to food  (Trimurty Feeds, Nagpur, 
India), and drinking water. They were maintained on a 12 h 
light/dark cycle, in controlled temperature (25°C ± 2°C) and 
relative humidity  (50%–70%). All experimental procedures 
were approved and carried out under strict compliance 
with Institutional Animal and Ethical Committee according 
to guidelines of the committee for the purpose of control 
and supervision of experiments on animals, ministry of 
environment and forests; Government of India; New Delhi.

Drugs
Following drugs were used Agmatine sulfate, clonidine 
(I1 imidazoline agonist), efaroxan (I1 imidazoline antagonist), 
moxonidine  (I2 imidazoline agonist), and idazoxan 
(I2 imidazoline antagonist). Agmatine, moxonidine and 
efaroxan, idazoxan were obtained from Sigma Chemicals, 
St. Louise, USA. All drugs were dissolved in saline just before 
the experiments and administered through intraperitoneal route 
(i. p.) in a volume of 1 ml/kg. Normal saline (0.9% NaCl) was 
used as control.

Surgery procedure for experimental spinal cord injury
The method described and validated by others[19] and our 
laboratory[20,21] was employed for producing experimental 
SCI (ESCI) in mice. Mice were anesthetized with a mixture 
of ketamine  (50 mg/kg), and xylazine  (10 mg/kg) injected 
i. p. The thoracolumbar vertebral region was located and 
using the intra‑scapular space as a reference point, the skin 
and subcutaneous tissues in the thoracic T10–12 region were 
incised. The paravertebral muscle fascia was penetrated, and 
muscles were peeled laterally using blunt dissection forceps. 
The T10–12 lamina was exposed, and a total laminectomy 
was performed without damaging the dura mater. Spinal cord 
injury (SCI) was achieved in each mouse by compressing the 
exposed spinal cord with a 5 g weight for 30 s. In sham‑operated 
mice, the above‑mentioned procedure was carried out except 
that spinal cord compression was not performed. The incision 
was sutured layer to layer using chromic catgut sutures.

In the postoperative period, mice were treated with 
gentamicin (40 mg/kg) twice daily during the first 3 days as 
prophylaxis against urinary tract infection. Mice were also 
injected daily with 1 ml lactated ringer subcutaneously for 

10 days. Drinking water, softened chow, and regular pellets 
were provided ad libitum in the cages. Bladders were emptied 
manually twice a day until bladder function returned to normal.

Assessment of locomotor recovery by hind limb motor 
function scoring system for mouse
“Hindlimb motor function scoring system” was employed in 
the present study as mentioned.[19‑24] As described previously 
in our reports,[20,21] this test includes monitoring the ability of 
mice to walk on bars of different widths. It permits detection 
of minor deficits that may be otherwise missed in open 
field and other test methods. The test is easy to perform and 
reproducible in our laboratory conditions. Individual animals 
were allowed to freely explore in open and well‑illuminated 
arena (0.7–0.9 m), and observed for 1 min. Parameters such 
as the movements in the hip, knee, and ankle joints, plantar 
placement, coordination between forelimbs and hind‑limbs as 
well as weight bearing capacity were carefully observed and the 
performance of the mouse was scored accordingly. Briefly, the 
score 0 was given to the animals not showing any noticeable 
movement. The scores 1, 2, or 3 were given to the animals 
showing barely visible movement at any hind‑limb joint 
(hip, knee, or ankle), movement of one or more hind‑limb joints 
in one or both limbs, or animals showing alternate stepping 
and forward propulsive movements of the hind limbs, but no 
weight bearing, respectively. Scores 4 or 5 were given to the 
animals showing the ability to bear weight on their hind limbs 
and could walk with some deficit, or no deficit, respectively. 
The animals were scored 6, 7, 8, 9, or 10 if they were able to 
walk on bars of width 2, 1.5, 1, 0.7, or 0.5 cm, respectively.

During the study, mortality was observed in some mice (<8%) 
across the different groups, data from such animals were not 
considered for the statistical purpose.

Treatment protocol
Effect of agmatine on spinal cord injury
After spinal cord injury animals were injected with different 
doses of agmatine (2.5, 5, 10 mg/kg, i. p.) daily for 14 days 
between 9.00 h and 12.00 h. Animals were observed for motor 
function score on day 14 of postinjury. Depending on the results 
of this experiment effective and subeffective dose of agmatine 
were determined to be used in following studies

Effect of imidazoline receptors agonist on effect of 
agmatine in spinal cord injury
In a separate group, animal exposed to SCI were injected 
with imidazoline I1 receptor agonist clonidine  (0.1 mg/kg) 
or I2 receptor agonist moxonidine (0.5 mg/kg) 15 min before 
subeffective dose of agmatine (2.5 mg/kg) daily for 14 days 
between 9.00 h and 12 h and observed for motor hind‑limb 
score on day 14 of postsurgery.

Effect of imidazoline receptors antagonist on effect of 
agmatine in spinal cord injury
Additional group of animals exposed to SCI were injected 
with imidazolineI1 receptor antagonist efaroxan (1 mg/kg) or 
I2 receptor antagonist idazoxan (3 mg/kg) daily for 14 days 
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15 min before agmatine  (10 mg/kg) between 9.00  h and 
12 h and observed for motor hind‑limb score on day 14 of 
postsurgery. The doses of agmatine and imidazoline receptor 
agonist or antagonist were selected on the basis of available 
literature and as confirmed in our preliminary findings.

Statistical analysis
All data were presented as the mean ± standard error of the 
mean (SEM). The results of locomotor recovery in spinal cord 
injured mice and those of combinations were analyzed by 
one‑way ANOVA followed by post hoc Bonferroni’s multiple 
comparison’s test. Results of statistical tests with P < 0.05 were 
considered statistically significant.

Results

Effect of experimental spinal cord injury on motor function 
system
Normal mice depicted the motor score of 10 ± 0.2. ESCI resulted 
in complete loss of movement of hind‑limbs causing paraplegia 
in mice. The data of 24  h postsurgery showed significant 
decreased in the locomotor score  (2.5 ±  0.5) as compared 
to sham‑treated mice. On the other hand, sham‑treated mice 
do not produce any sign of paraplegia and resembled same 
motor score as that of the normal mice. The locomotor score 
in ESCI mice was slightly improved on day 14 as compared 
to day 1 (F [2, 14] = 62.24, P < 0.001) but was significantly 
less (P < 0.001) as compared to normal animals [Figure 1].

Effect of agmatine treatment in experimental spinal cord 
injury mice
Agmatine treatment in the sham‑treated mice showed same 
motor score as that of the normal mice (P > 0.05). On the other 
hand, chronic treatment of agmatine (5 and 10 mg/kg, i. p.) 
starting from day 1 following ESCI progressively improved the 
locomotor score in mice as compared to saline‑treated animals. 
Application of Bonferroni’s multiple comparisons test revealed 
significant recovery of motor function on day 14 following 
surgery in 5 and 10 mg/kg dose of agmatine. However, its lower 
dose (2.5 mg/kg, i. p.) was found ineffective (F [4, 24] = 14.7, 
P < 0.01). The results are depicted in Figure 2.

Effect of I1 agonist clonidine and agmatine combination 
in spinal cord injury
Figure 3 represents the interaction of I1 agonist clonidine and 
agmatine. Daily administration of subeffective dose combination 
of agmatine  (2.5 mg/kg, i. p.) and I1 agonist clonidine 
(0.1 mg/kg, i. p.) significantly improved the motor score as 
compared to their individual effect. The doses of agmatine and 
clonidine per se did not have effect on functional recovery of 
animal subjected to ESCI (F [4, 24] = 20.1, P < 0.01).

Effect of I2 agonist moxonidine and agmatine combination 
in spinal cord injury
Chronic administration of subeffective dose combination 
of agmatine  (2.5 mg/kg, i. p.) and I2 agonist moxonidine 
(0.5 mg/kg, i. p.) significantly improved the motor score as 

compared to their individual effect [Figure 4]. The doses of 
agmatine and moxonidine per se did not have any effect on 
functional recovery in ESCI‑induced mice (F [4, 24] = 15.2, 
P < 0.01).

Effect of I1 antagonist efaroxan on agmatine‑induced 
functional recovery in spinal cord injury
Pretreatment of animal with I1 antagonist efaroxan (1 mg/kg, i. p.) 
before agmatine  (10 mg/kg, i. p.) for day 14 significantly 
blocked the effect of agmatine on locomotor recovery in animal 
subjected to ESCI (F [4, 24] = 17.79, P < 0.01). The dose of 
efaroxan per se did not have any effect on ESCI [Figure 5].

Effect of I2 antagonist idazoxan on agmatine‑induced 
functional recovery in spinal cord injury
Treatment of animal with I2 antagonist idazoxan (3 mg/kg, i. p.) 
before agmatine  (10 mg/kg, i. p.) for 14 days significantly 
attenuated the effect of agmatine on locomotor recovery in 
animal subjected to ESCI (F [4, 24] = 25.59, P < 0.001). The 
dose of idazoxan used in the present study did not have any 
effect on ESCI [Figure 6].

Discussion

In the present study, we employed compression method for 
inducing SCI since, it mimics the typical human injury, wherein 
compression is caused by bony fragments or extruded disc 
material.[19] While experimental injury inflicted at the T10–12 
level resulted in hind‑limb muscle paralysis, considerable 
recovery was noticed over a period of 14 days.[20,21]

The motor function score scale suggested by[19] and used 
in our previous study[20,21] was used to study the walking 
pattern of SCI in mice. The walking activity of each mouse 
was graded on the scale of 0–10. Since, the test consists of 
observing the rat walking on the horizontal bars, minor deficits 

Figure 1: Effect of experimental spinal cord injury on locomotor function 
in mice. The locomotor recovery was monitored by motor function score 
of mice on days 1, 7 and 14 of experimental spinal cord injury. Data were 
represented as mean of MFS ± standard error of the mean of 5 mice in 
each group. Data were analyzed by one‑way ANOVA followed by post hoc 
Bonferroni’s multiple comparisons test. *P < 0.001 versus day 14 control
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that are not easily detected in open field test can be readily 
revealed. Herein, mice subjected to ESCI showed significant 
locomotor recovery within 14 days. Saline treatment did not 
show any effect as compared to that of nontreated SCI mice. 
However, the observed change in the vehicle‑treated mice is 
because of natural healing process and not due to vehicles. 
The improvement in the hind‑limb function was observed with 
respect to movements of hind‑limb joints and weight bearing. 
These results are in accordance with the previous findings 
where improved motor function was noticed in vehicle‑treated 
SCI mice in similar time frame.[19‑21,25]

Agmatine treatment for 14 days also significantly improved 
the motor function score in mice as compared to the vehicle 
treatment. The results are in accordance with the previous 
finding where agmatine exhibited antinociceptive effect in 
neuropathic pain[3,8] and also produced neuroprotection.[2] Thus, 
suggesting the pivotal role of agmatine in functional recovery 
following ESCI.

It is now well accepted that imidazoline receptors play a 
potential role in mechanism and modulation of neuropathic 
pain signaling.[3,8] Since agmatine exhibits antinociceptive 

Figure 2: Effect of agmatine treatment on locomotor score in SHAM and 
spinal cord injured mice. The locomotor recovery was monitored by motor 
function score on day 14 of experimental spinal cord injury. Data were 
represented as mean of MFS + standard error of the mean of 5 mice in 
each group. Data were analyzed by one‑way ANOVA followed by post 
hoc Bonferroni’s multiple comparisons test. *P < 0.001 versus SHAM; 
#P < 0.05, ##P < 0.01 versus experimental spinal cord injury per se

Figure 5: Effect of agmatine (10 mg/kg, i. p.) and efaroxan (1 mg/kg, i. p.) 
and their combination on locomotor recovery in spinal cord injured mice. 
Each mouse was subjected to the motor function score test on 14 days. 
Data were represented as mean of motor function score + standard 
error of the mean for 5 mice in each group. Data were analysed by 
one‑way ANOVA followed by Bonferroni’s multiple comparisons test. 
*P < 0.001 versus Normal; #P < 0.01 versus experimental spinal cord 
injury; $P < 0.05 versus agmatine

Figure  4: Effect of agmatine  (2.5  mg/kg, i. p.) and moxonidine 
(0.5 mg/kg, i. p.) and their combination on locomotor recovery in spinal 
cord injured mice. Each mouse was subjected to the motor function 
score test on 14 days. Data were represented as mean of motor function 
score + standard error of the mean for 5 mice in each group. Data were 
analysed by one‑way ANOVA followed by Bonferroni’s multiple comparisons 
test. *P < 0.001 versus Normal; #P < 0.001 versus agmatine

Figure  3: Effect of agmatine  (2.5  mg/kg, i. p.) and clonidine 
(0.1 mg/kg, i. p.) and their combination on locomotor recovery in spinal 
cord injured mice. Each mouse was subjected to the motor function score 
test on day 14. Data were represented as mean of MFS + standard error 
of the mean for 5 mice in each group. Data were analysed by one‑way 
ANOVA followed by post hoc Bonferroni’s multiple comparisons test. 
*P < 0.001 versus normal; #P < 0.001 versus agmatine
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action against neuropathic pain and shows affinity for 
imidazoline receptors.[2] We investigated the involvement of 
imidazoline receptors in agmatine‑induced functional recovery 
in SCI.

We found that the effect of agmatine on spinal cord injury 
was significantly potentiated by I1 agonist clonidine and I2 
agonist moxonidine. In contrast, it was completely blocked 
by pretreatment of animals with I1 antagonist efaroxan and I2 
antagonist idazoxan. These results confirm our hypothesis that 
the beneficial effect of agmatine was mediated at least partly 
through imidazoline receptors.

Imidazoline binding sites have currently attracted attention in 
nociception. Selective imidazoline receptor agonists exhibit 
antinociceptive activity in animals.[11,26‑28] Antinociceptive 
activity from agmatine treatment could be expected because 
it binds to imidazoline. Several brain structures including 
hypothalamus, hippocampus, amygdala, etc., are rich in 
imidazoline binding sites and its endogenous ligands are 
involved in the drug abuse and pain perception.[15] Imidazoline 
binding sites were a family of unique nonadrenergic 
high‑affinity binding sites that exist in three major subclasses 
(I1, I2, and I3) based upon their ligand selectivity, subcellular 
distribution, and physiological functions. The I2 binding 
sites  (I2A and I2B) are allosteric and were located on 
monoamine oxidases. Furthermore, the involvement of 
imidazoline I1/I2 endogenous ligands such as agmatine and 
β‑carboline in nociception is now fairly well established. It is 
important to note that most of the agents used in present study 
shows considerable affinity toward α2‑adrenergic receptors. 
Agmatine is a neurotransmitter with multi‑receptor affinity. 
It acts as antagonist of NMDA and NOS inhibitors. Thus, the 

possibility of involvement of I1 and I2 imidazoline receptors 
in the neuroprotective effect of agmatine cannot be ruled out.

In conclusion, spinal cord injury was developed by placing 
5  g weight for 30 s at thoracic vertebra 10–12 segment. 
ESCI resulted in complete loss of movement of hind‑limb in 
animals. Agmatine, a putative neurotransmitter improves the 
functional recovery in animal subjected to SCI. Imidazoline 
receptors agonist clonidine and moxonidine potentiated while 
antagonist’s idazoxan and efaroxan blocked the effect of 
agmatine in SCI. Thus, the present study suggests that agmatine 
treatment showed locomotor recovery in SCI animal and this 
effect was possibly mediated through imidazoline receptors.
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