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Summary

It has been shown in the rat, that during the first five 
postnatal days, motoneurons are particularly vulner-
able to excitotoxic cell death and glutamate receptors 
play a significant role in this time-dependent process. 
Various categories of glutamate blockers (MK-801, Mg, 
PNQX, DAP-5) have various actions on the respective 
receptors. Furthermore, the different response between 
mature and immature motoneurons following injury is 
attributed to the quantity of glutamate receptors on the 
cell membrane. The effect of these substances on the 
recovery of fast and slow muscles after sciatic nerve 
crush, at critical developmental stages, shows a vari-
able but impressive reversal of the devastating effects 
on rat muscle properties, which is different between 
fast and slow muscles. In addition, blocking of NMDA 
receptors by various substances rescues motoneurons 
and increases the number of motor units surviving into 
adulthood. 
In this way, glutamate receptor blockers may represent 
a promising therapeutic approach to retain nerve and 
muscle function during neurodegenerative events.

Key words: excitotoxicity, glutamate antagonists, muscle 
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Historical background

Several hypotheses regarding the mechanisms underlying 
injury and recovery of motor function after peripheral nerve 
trauma have been intended for quite a long time, since the 
consequences of such an injury are devastating for the lo-
comotor activity. These mechanisms undoubtedly involve 
resolution of the pathophysiologic events associated with 
this phenomenon. 

The long term interactions between motor nerves and skel-
etal muscles are given; muscles adjust their properties to 
the functional requirements of their motoneurons. This in-
teraction is mediated either by growth factors or is based 
on target-deprivation theory. Following denervation, nerves 
suffer massive loss of motoneurons and muscles undergo 
a broad spectrum of changes caused by the loss of nor-
mal neural activity. This type of neuronal death is attribut-
ed to the toxic effects of glutamate (overactivation of the 
ionotropic glutamate receptors- glutamate excitotoxicity) 
and indicates that such sensitivity may be involved in the 
long term death of these neurons. The level of excitation 
of axotomized motoneurons is an important factor in regu-
lating motoneuron death 1, 2. On reinnervation, the survived 
motoneurons make contact to their targets, the muscles, 
which are already specialized cells, and functional recovery 
can rarely be complete. 
As it has been shown by previous studies 3, 4, motoneurons 
are particularly vulnerable to excitotoxic cell death during 
the first five days of postnatal life. Overactivation of gluta-
mate receptors (glutamate excitotoxicity) plays a significant 
role in this time-dependent process 5. In the postnatal rat, 
motoneurons destined to die can be rescued by agents 
that reduce their excitability 6-8. Changes in glutamate neu-
rotransmitter system play a role in functional recovery, and 
have been also implicated in behavioral deficits following 
denervation.

Glutamate system

Glutamate is one of the major endogenous CNS acids and 
neurotransmitters. Its receptors are known to play an impor-
tant role in a series of major physiological and pathological 
procedures such as synaptogenesis, learning and memory, 
neurodegeneration (Alzheimer’s disease, Parkinson’s dis-
ease, epilepsy etc.).
Glutamate receptors can be divided into 2 categories based 
on their pharmacological and physiological properties:
1. Ionotropic receptors, named after their agonists, N-
methyl-D-Asparate (NMDA), a-amino-3-hydroxy-5-methyl-
4-isoxazolopropionic acid (AMPA) and Kainate acid.
2. Metabotropic receptors connected with intracellular mes-
sengers.

Ionotropic receptors of glutamate (NMDA and AMPA/kain-
ate) have been identified throughout the brain and spinal 
cord and their activation leads to Ca2+ influx into the cell and 
subsequent activation of a cell death cascade9.Glutamate 
can act as a widespread cytokine that can affect cell func-
tion inside and outside CNS.
Various categories of glutamate blockers (MK801, Mg, 
PNQX, DAP-5, etc.) have various actions on the receptors; 
besides, the different response between mature and imma-
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ture motoneurons following injury is attributed to the quan-
tity of glutamate receptors on the cell membrane 10. In the 
present review we will present the results of blocking glu-
tamate ionotropic receptors by substances, representative 
of two categories of antagonists in order to improve muscle 
function after axotomy. 

Magnesium is a non-competitive, voltage dependent, 
NMDA-receptor antagonist, acting by coupling with the spe-
cific Mg2+ site within the pore of the ion channel (11). Its simi-
larity of action compared to MK-801 has been shown in two 
experimental models of neuropathic pain12:

MK-801 [(+)-5-methyl-10,11-dihydro-5H-dibenzo[a,d] cy-
clohepten-5,10-imine maleate)] (dizocilpine maleate) is a 
non-competitive NMDA antagonist. MK-801 binds inside 
the ion channel of the receptor at the PCP binding site and 
thus prevents the flow of ions, including an influx of calcium 
(Ca+2), through the channel13. The drug acts as a potent 
anticonvulsant, but it is not used clinically for this purpose, 
because it was implicated for a type of brain lesion called 
Olney’s lesions (electron micrograph revealed that neurons 
in the posterior cingulate and retrosplenial cortices pre-
sented an apparent lytic breakdown of mitochondria in the 
large vacuoles which had become apparent 2 hours after 
administration of an NMDA antagonist)14. MK-801 is also 
associated with a number of negative side effects, includ-
ing cognitive disruption and psychotic-spectrum reactions. 
It also inhibited the induction of long term potentiation. For 
these reasons, MK-801 is used extensively in creating ani-
mal models of schizophrenia15.
PNQX  (1,4,7,8,9,10-hexahydro-9-methyl-6-nitropyrido [3,4-
f] quinoxaline-2,3-dione) synthesized in 1995, is an AMPA/
kainate antagonist 16. This compound has been also shown 
to antagonize NMDA receptors, acting at the glycine-bind-
ing site16-18.
DAP-5 (D-2-Amino-5-phosphonopentanoic acid) is a se-
lective NMDA receptor antagonist that competitively inhib-
its the ligand (glutamate) binding site of NMDA receptors. 
DAP-5 is generally very fast acting as indicated by in vitro 
preparations, and can block NMDA receptor action at a rea-
sonably small concentration19.

Comparison of muscle recovery after nerve injury and 
administration of 3 types of glutamate antagonists 

We compare the time course of the functional alterations in 
fast and slow muscles following sciatic nerve crush on the 
2nd postnatal day and the possible neuroprotective effect of 
Mg2+  7, PNQX 8, and DAP-5 20, administered in vivo daily for 
2 weeks, at critical developmental stages. We also correlate 
our findings with the results of other researchers 21, 22 using 
the same experimental setting.
The animals were examined electrophysiologically for the 
contractile properties of extensor digitorum longus (EDL) 
and soleus muscles at P14, P21, P28 and adulthood (older 
than 2 months). Time to Peak (TTP) and Half Relaxation 
Time (HRT) of the Single Twitch recording was measured. 
Tetanic contractions were then elicited by stimulating the 

sciatic nerve at 10, 20, 40, 80 and 100 Hz. The fatiguability 
of the muscles was tested by stimulating them at 40 Hz for 
250 msec every second for 3 minutes.
In addition, we studied the kinetic behavior of the animals 
after DAP-5 administration. 3 kinds of tests were performed 
at the same developmental stages.
1. The Rotarod test in which a rodent was placed on a ro-
tating treadmill and the speed of rotation was gradually in-
creased. The animal’s ability to remain on the rotating rod 
was recorded. 
2. Bridging: rats were placed in three different (1, 3 and 5 cm 
wide) narrow wooden lanes of one meter long. Two param-
eters were examined; the number of errors in passing the 
bridge and the gait type measured using a particular scale.
3. Footprint analysis: the footprint analysis was performed 
according to Dijkstra et al. and Klein et al. 23, 24 to evaluate 
hindlimb walking patterns. Briefly, the rats had to walk on 
strips of paper through a walk away and their hindpaws were 
dipped in blue fountain pen ink. The parameters examined 
were: stride length (distance between left and right foot-
prints), limb rotation (angle between a virtual line through 
the third digit and the centre of the palm and a virtual line 
parallel to the walking direction) and distance between feet 
(distance between feet of the left and right stepping cycle). 

Non parametric tests (Mann – Whitney for two independent 
variables and Kruskal – Wallis for more than two indepen-
dent variables) were used in order to compare data, of dif-
ferent groups. The results are depicted in Table 1.

Muscle weight: body weight did not differ between the ex-
perimental groups. The weight in axotomized muscles was 
definitely reduced compared to controls. This reduction 
was already apparent by P14 in EDL, whereas in soleus it 
was evident after P28. It is also noticeable that there was 
a marked reduction in muscle weight from P28 to adult-
hood, both in the EDL and the soleus. Magnesium admin-
istration resulted in a significant muscle weight increase. In 
soleus, values were almost equal to those of control mus-
cles, whereas in EDL the weight gain was less impressive. 
Treatment with PNQX led to a distinct higher and almost 
stable muscle weight ratio throughout the investigated de-
velopmental stages. The recovery of the muscle weight was 
greater than that achieved by magnesium administration. 
DAP-5 recovery was even greater for EDL (89%), but unex-
pectedly less for soleus (63%).

Tension development: normal muscle tension record-
ings were not affected by the administration of either of the 
above agents. As it was expected, axotomy severely affect-
ed tension development. In adult rats, single twitch of EDL 
was 4-9% and that of soleus 3-17% of the control side. In 
the same group of animals, maximal tetanic tension (devel-
oped by stimulation at 100 Hz) in EDL was only 3-6% and 
in soleus 13% of the control side. This marked reduction of 
tension developing ability of both EDL and soleus, in adult 
rats, is established after the first month of life. An obvious 
explanation is the excessive muscle atrophy that occurs 
gradually as the animal grows up. After treatment with Mg+2, 
single twitch of EDL attained approximately 16% of control 
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and soleus improved even more, rising up to 87%. PNQX 
caused a more dramatic increase in EDL, up to 56% and a 
comparable (85%) improvement in soleus. DAP-5 adminis-
tration was even more beneficial, resulting in 86% improve-
ment in EDL and 88% in soleus.

Contraction velocity: in adult rats, EDL is normally a fast 
contracting muscle, whereas soleus is a slow one. Imma-
ture muscles (P14), however, are not yet differentiated into 
fast- or slow-contracting. Axotomy gradually converts EDL 
into a slow-contracting muscle. The time course of soleus 
contraction, on the other hand, was not altered by axotomy 
and the muscle remained slow-contracting in all develop-
mental stages, in all experimental groups.
Administration of either Mg+2 or PNQX or DAP-5 caused 
axotomized EDL to regain its fast-contracting profile, up to 
the level to control muscles, whereas soleus time course of 
contractility was not affected.

Fatigue index: in adult rats, soleus is a fatigue resistant 
muscle, whereas EDL is not. Both immature EDL and so-
leus muscle, however, are fatigable and soleus gradu-
ally becomes fatigue resistant during normal development. 
Axotomy causes EDL to become fatigue resistant and ren-
ders soleus less fatigue resistant in adult rats. Following the 
administration of any of the three agents, the development 
of soleus into a fatigue resistant muscle is not hindered and 
the conversion of EDL into a fast phenotype does not take 
place. PNQX and DAP5 restored the profile of EDL to a 
greater extent than magnesium. 

Movement behavior: the injection of this substance alone 
had no impact on animal behavior. Among the various ex-
perimental groups, crush animals had definitely lower mo-
tor scores than the controls (p<0.05). These differences re-
mained throughout all ages, apart from adults, in which the 
gaits exhibited no significant changes. DAP5 administration 
in axotomized animals improved motor behaviour (p<0.05 
compared to axotomized). For limb rotation, stride length 
and DBF, the difference became evident after P28. 
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Table 1. Effects of glutamate antagonists on muscle recovery after nerve damage: 

Comparison of the variables of muscle contraction in different experimental protocols. 

 Mg (7) PNQX (8) DAP-5 (20) 

 

Single twitch  

after axotomy 

4.63%±0,78% EDL 

16.80%±3.03% 

Soleus 

4.63%±0,78% EDL 

16.80%±3.03% 

Soleus 

8.78% EDL 

3.39%Soleus 

Single twitch  

after treatment(% 

op/con) 

16.59%±2.55% EDL 

87.34%±21.06% 

Soleus 

55.9±9.6% EDL 

84.78±4.72% Soleus 

 

85.81% EDL 

87.22% Soleus 

Maximal tetanic 

tension after 

3.31%±0.30% EDL 

12.44%±0.97% 

3.31%±0.30% EDL 

12.44%±0.97% 

6.22% EDL 

12.80% Soleus 

 

 

after treatment 60±3.77ms Soleus 60±3.77ms Soleus EDL 

68.00±2.45ms 

Soleus 

Fatigue index 

after axotomy 

15.6% EDL 

(Con:55%) 

34.7% 

Soleus(Con:17.8%) 

15.6% EDL 

(Con:55%) 

34.7% 

Soleus(Con:17.8%) 

17.8% EDL 

(Con: 48%) 

34% Soleus 

(Con: 20.4%) 

Fatigue index 

after treatment 

9.9% EDL 

(Con:55%) 

19.8% Soleus 

(Con:17.8%) 

45% EDL   

(Con: 65%) 

21% Soleus  

(Con: 20%) 

48.2% EDL 

(Con:48%) 

24.2% Soleus 

(Con: 20.4%) 

 

Motor units 

In adult animals, target deprivation of motoneurons from muscles, causes 

only temporary changes in their structure and function, without resulting in 

significant motoneuron death. During early development (first postnatal week), 

however, injury of a peripheral nerve, causes massive loss of motoneurons. This is 

reflected in the limb muscles as a reduction in the number of motor units (MU) and 

alterations in the muscle properties. A possible mechanism involved in trauma-

induced neuronal death is thought to be excessive activation of ionotropic glutamate 

receptors and subsequent activation of proteases, lipases and other lytic enzymes 

leading to cell lysis, a process being called glutamate ‘excitotoxicity’. 

 

 

axotomy(% op/con) Soleus Soleus 

Maximal tetanic 

tension after 

treatment(% op/con) 

15.16%±0.89% EDL 

97.00%±11.33% 

Soleus 

58.3±4.2% EDL 

87.82±11.52% 

Soleus 

 

82.21% EDL 

89.86% Soleus 

Muscle weight after 

axotomy(% op/con) 

10.60%±2.62% EDL 

14.59%± 1%  Soleus 

10.60%±2.62% EDL 

14.59%± 1%  Soleus 

11.56% EDL± 

18.60% Soleus 

Muscle weight after 

treatment(% op/con) 

38.88%±5.25% EDL 

90.89%± 11%  

Soleus 

62.9±9.5% EDL 

84.51±1.31% Soleus 

89.01% EDL 

62.79% Soleus 

Time-to-peak  

after axotomy 

77±7.89ms EDL 

58±5.99ms Soleus 

32±2.94 ms EDL 

58±5.99ms Soleus 

78.60±7.40ms 

EDL 

54.20±3.19ms 

Soleus 

Time-to-peak 

after treatment 

38±7.53ms EDL 

61±2.00ms Soleus 

28±0.82ms EDL 

61±2.00ms Soleus 

43.80±6,14ms 

EDL 

53.40±2.70ms 

Soleus 

Half-relaxation-time 

after axotomy 

71±11.50ms EDL 

61±7.23ms Soleus 

27±5.75ms EDL 

61±7.23ms Soleus 

71.20±5.45ms 

EDL 

60.20±3,42ms 

Soleus 

Half-relaxation-time 43±4.13ms EDL 24±4.00ms EDL 33.60±6,02ms 

Table 1. Effects of glutamate antagonists on muscle recovery 
after nerve damage: Comparison of the variables of muscle 
contraction in different experimental protocols.
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Motor units

In adult animals, target deprivation of motoneurons from 
muscles, causes only temporary changes in their structure 
and function, without resulting in significant motoneuron 
death. During early development (first postnatal week), 
however, injury of a peripheral nerve, causes massive loss 
of motoneurons. This is reflected in the limb muscles as a 
reduction in the number of motor units (MU) and alterations 
in the muscle properties. A possible mechanism involved in 
trauma-induced neuronal death is thought to be excessive 
activation of ionotropic glutamate receptors and subsequent 
activation of proteases, lipases and other lytic enzymes 
leading to cell lysis, a process being called glutamate ‘ex-
citotoxicity’.
The number of motor units was estimated by the stepwise 
increments of tension, created by stimuli of different inten-
sity. The results are presented in detail in Table 2. Our find-
ings in muscles are consistent with results of previous work 
by other authors 25, as well as by our previous experience4: 
the control EDL muscle contains approximately 40 motor 
units, whereas soleus of 30 motor units, independently of 
animal age. Treatment with magnesium, MK-801 or PNQX 
alone did not affect the number of motor units of control 
muscles. In all studies, axotomy on P2 resulted in statisti-
cally significant motor unit loss in both EDL and soleus in 
all age groups. Motor unit loss was approx. 80% in EDL 
and 50% in soleus and it was already established by P14. 
Treatment with all agents resulted in an increased rate of 
survival of motor units compared to non-treated axotomized 
rats and, moreover, this neuroprotective effect was immedi-
ately evident, whereas in axotomized rats, MU were gradu-
ally lost until adulthood. The differences noted between 
magnesium or PNQX and MK-801 may in part be ascribed 
to the difference of the crush site (proximal plus distal crush 
in MK-801 treated animals). If only the animals with distal 
crush are considered, the values are comparable, with a 
clear superiority of PNQX. It is also obvious that the neuro-
protective effect is already established at P14 immediately 
after the period of treatment. 

impaired following axotomy. Slow contracting muscles, like 
soleus, seem to be affected to a lesser extent, compared 
to the fast-contracting EDL. Not only did axotomy result in 
reduced muscle weight and strength (measured as single 
twitch or tetanic contraction force), but it also turned the 
“axotomized” EDL into a slow contracting muscle, with low 
fatigability. This is probably because the “fast-contracting” 
motor units were more susceptible to the injury and target 
deprivation, and therefore were necrotized after axotomy. 
When glutamate antagonists (Mg, MK-801, DAP-5, PNQX) 
were administered to the experimental animals, in order 
to act as inhibitors of afferent nerve degeneration, muscle 
recovery improved. The improvement was better in the 
“slow-contracting” soleus, which achieved almost normal 
weight and strength (80-87% compared to the contralateral 
side), than in the fast-contracting EDL, which, additional-
ly regained its “normal” properties, as a “fast-contracting” 
muscle. 
A last point to underline is the effect of nerve injury and re-
covery in the number of motor units. This reflects the “sur-
viving” motoneurons, of which the regenerate nerve con-
sists, after injury. Fast contracting muscles (EDL) seem to 
have been affected more, by far, compared to slow contract-
ing ones (soleus).Subsequently, it seems of no surprise that 
more slow-contracting motor units have been “salvaged” by 
the administration of the several “neuroprotective agents”. 
We have to highlight that the above experiments were based 
on a model of sciatic nerve axotomy in the neonatal rat. The 
high biological potency of the growing animal may represent 
a favorable situation, accelerating the injured nerve heal-
ing response. It has also to be taken into account that the 
administered substances may have systemic effects on the 
animal, reducing its overall anabolic activity, but also its mo-
bility, thus influencing the results. That could explain, some 
of the discrepancies in the obtained results, among different 
substances used. Nevertheless, muscle atrophy and recov-
ery, after nerve injury, is multifactorial.
These results may offer a hypothesis for further research. 
We are far from applying similar therapeutic interventions 
in clinical practice, as the exact mechanisms through which 
these processes take place are not yet fully understood. It is 
certain that nerve - muscle interactions occur in both direc-
tions. The damaged nerve affects the muscle, the absence 
of a target - muscle affects the nerve.

Glutamate receptors antagonists. Is there a role in clini-
cal practice?

Glutamate induced excitoxicity has been linked to both 
acute (ischemia, trauma) and chronic (epilepsy, Alzheimer’s 
disease, amyotrophic lateral sclerosis, multiple sclerosis, 
Parkinson’s disease, schizophrenia, neuropathic pain) con-
ditions affecting the nervous system26. Both human and 
animal studies have demonstrated that glutamate receptor 
activity can also be modulated by use of substances. Could 
inhibition of excitotoxicity, mediated by glutamate, acting as 
a neurotransmitter, reverse the effects of neuronal tissue 
damage? 
The aim of experimental studies was to investigate the 
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Table 2. Number of motor units in reinnervated muscles after treatment with 

glutamate antagonists, expressed as % of the control, in various experimental 

protocols. 

 Mg (7 ) MK-801 (21,22) PNQX (8) 

Motor units after 

axotomy (% op/con) 

18.80%±2.93% EDL 

49.87%±6.73% Soleus 

13.75%±1.7% EDL 

13.9%±4,1% Soleus 

18.80%±2.93% EDL 

49.87%±6.73% Soleus  

 

Motor units after  

treatment (% 

op/con) 

38.84%±3.01% EDL 

80.56%±4.34% Soleus 

45.5%±2.6% EDL 

46.71%±5.2% 

Soleus 

65.00±3.5% EDL 

83.39±4.99% Soleus 
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Table 2. Number of motor units in reinnervated muscles after 
treatment with glutamate antagonists, expressed as % of the 
control, in various experimental protocols.

Glutamate receptor antagonists and muscle recovery 
after nerve injury

The results of these experimental studies show consistently, 
that the function of the lower extremity muscles is severely 
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Conclusion

Substantial evidence has been provided by neurophysi-
ologic, neuroanatomical, and molecular biology studies in 
animals, that the adult neuromuscular system is capable of 
significant functional plasticity.
The level of excitation of axotomized motoneurons is an 
important factor in regulating motoneuron death. During 
this period of arrested muscle development, the spinal cord 
circuitry continues to develop and motoneuron activity as-
sumes a more mature pattern, i.e. they fire more often and 
at higher frequencies35. On reinnervation by axons of these 
motoneurones, many muscle fibres that had their develop-
ment arrested, are unable to withstand this new pattern of 
activity and die36, 37. 
It is becoming obvious that the survival of both motoneu-
ron and muscle depends on the accurate timing of changes 
of their molecular composition that allow them to carry out 
the functions required38. The theoretical framework for un-
derstanding recovery of function is still evolving. Glutamate 
is the major neurotransmitter in the CNS and any synaptic 
modifications that may be necessary for functional reorga-
nization may be mediated by NMDA receptors. Down regu-
lation of these receptors may be an adaptive response to 
injury, and may, at least in rats, favor recovery. 
The clinical implication, which is corroborated by the find-
ings in experimental animals, is that following a traumatic 
injury to the motor nerve, the pharmacological inhibition of 
neural activity may lead to functional improvement of loco-
motion. 

References

1. Vrbova G, Gordon T, Jones R. Plasticity of muscles and 
their motor units. In Nerve-Muscle interactions, 2nd edition, 
Chapman and Hall, 1995;7:109-130.

 2. Greensmith L, Sanusi J, Mentis GZ, Vrbová G. Transient 
muscle paralysis in neonatal rats renders motoneurons 
susceptible to N-methyl-d-aspartate-induced neurotoxicity.  
Neuroscience 1995; 64(1): 109-115.

 3. Lowrie MB, Krishnan S, Vrbová G. Permanent changes in 
muscle and motoneurones induced by nerve injury during 
a critical period of development of the rat. Brain Res 1987; 
428: 91-100.

 4. Albani M, Lowrie MB, Vrbova G. Reorganization of motor 
units in reinnervated  muscles of the rat. J Neurol Sci 1988;  
88: 195-206. 

 5. Rothman SM, Olney JW. Excitotoxicity and the NMDA re-
ceptor. TINS 1987; 10(7): 299-302.

 6. Greensmith L, Vrbova G. Motoneurone survival: a functio-
nal approach. Trends Neurosci 1996; 19: 450-455.

 7. Gougoulias N, Hatzisotiriou A, Kapoukranidou D, Albani M. 
Magnesium administration provokes motor unit survival, 
after sciatic nerve injury in neonatal rats. BMC Musculo-
skelet Disord 2004; 5(1): 33.

 8. Gougoulias N, Kouvelas D, Albani M. Protective effect of 
PNQX on motor units and muscle property after sciatic 
nerve crush in neonatal rats. Pharmacol Res 2007; 55 (5): 
370-377.

9. Lodge D, Johnson KM. Noncompetitive excitatory amino 
acid receptor antagonists. TIPS 1990; 11: 81-86.

pathophysiological pathways associated with neuronal loss 
mediated by glutamate (neurotransmission). Several in vitro 
and in vivo models have been developed and various phar-
maceutical substances (antagonists of glutamate receptors) 
have been applied. 
Acute conditions affecting the central nervous system 
(CNS), such as stroke and brain trauma, have traditionally 
been the focus of research on excitotoxicity. Indications of 
neuroprotection in animal models rose hope that humans 
could benefit as well. Human trials, however, failed to show 
that glutamate receptor antagonists offer neuroprotection in 
patients suffering a stroke27 or brain trauma28. Despite ex-
tensive research, no pharmacological modalities have been 
found effective regarding neuroprotection after acute neuro-
nal damage. In fact, it seems that glutamate receptors are 
hiding their secrets, and scientist should go back one step, 
and try to investigate their role in more detail. In contrary, 
clinical results regarding chronic conditions like Alzheimer 
disease, epilepsy etc. are more promising29, 30, as substanc-
es like memantine (AMPA receptor antagonist) have been 
proved to be beneficial31.
In order to rationalize these results, a hypothesis suggested 
that, although glutamate is related to excitotoxicity resulting 
in neuronal cell death in the acute phase, its “usual” physi-
ological role, which includes promotion of neuronal function 
and survival, is resumed at a later stage27. If this is true, glu-
tamate receptor antagonists may have short term beneficial 
action after acute nerve damage, but will hinder neuronal 
survival later. 
We have to note, however, that in several cases, drug effect 
may be multifactorial and so the isolated study of one class 
of receptors is not feasible. For example, riluzole, the only 
therapeutic agent available for amyotrophic lateral sclerosis 
(ALS), preferentially blocks TTX-sensitive sodium channels, 
which reduces influx of calcium ions and indirectly prevents 
stimulation of glutamate receptors. However, the action of 
riluzole on glutamate receptors has been controversial, as 
no binding of the molecule has been shown on any known 
receptor. It seems that its potent glutamate uptake activator 
activity is responsible for many of its effects32.
During the last decade, our team has investigated the effect 
of glutamate receptor antagonists on motoneuron survival, 
in animal models of Wistar-Albino rats, after peripheral nerve 
injuries, as described earlier7, 8, 33. We found that inhibition 
of glutamate-mediated neurotransmission in immature rats 
that sustained peripheral nerve injury resulted in increased 
motoneuronal survival and had a positive effect on hindlimb 
muscle properties. Our results were indicative that there is 
a potential role for pharmacological interventions in acute 
peripheral nerve trauma (axotomy) in humans. No human 
clinical studies are available though and we believe we are 
far from seeing glutamate receptor antagonists being used 
in everyday clinical practice. These pharmaceutical agents 
often very toxic34 and their pathophysiological role remains 
still not completely understood. Furthermore, the failure of 
recent clinical trials to demonstrate neuroprotective action 
after administration of NMDA-antagonists in patients with 
stroke, induced skepticism rather than hope.



Glutamate antagonists and muscle recovery

69Muscles, Ligaments and Tendons Journal 2012; 2 (2): 64-69

Methods to evaluate functional nerve recovery in adult rats: 
walking track analysis, video analysis and the withdrawal 
reflex. Journal of Neurosci Methods 2000; 96: 89-96.

24. Klein A, Wessolleck J, Papazoglou A, Metz F, Nikkhah G. 
Walking pattern analysis after unilateral 6-OHDA lesion 
and transplantation of fetal dopaminergic progenitor cells 
in rats. Behavioural Brain Research 2009, 16; 199(2): 317-
325.

25. Close R. Properties of motor units in fast and slow skeletal 
muscles in the rat. J Physiol 1967; 103: 45-55.

26. Lau A, Tymianski M. Glutamate receptors, neurotoxicity 
and neurodegeneration. Pflugers Arch 2010; 460(2): 525-
542.

27. Ikonomidou C, Turski L. Why did NMDA receptor antago-
nists fail clinical trials for stroke and traumatic brain injury? 
Lancet Neurol 2002; 1(6): 383-386.

28. Arango MF, Bainbridge D. Magnesium for acute traumat-
ic brain injury. Cochrane Database Syst Rev 2008; 8(4): 
CD005400.

29. Bordji K, Becerril-Ortega J, Buisson A. Synapses, NMDA 
receptor activity and neuronal Aβ production in Alzheimer’s 
disease. Rev Neurosci 2011; 22(3): 285-294. 

30. Rogawski MA. Revisiting AMPA receptors as an antiepilep-
tic drug target. Epilepsy Curr 2011;11(2): 56-63.

31. Muir KW. Glutamate-based therapeutic approaches: clini-
cal trials with NMDA antagonists. Curr Opin Pharmacol 
2006; 6(1): 53-60.

32. Dunlop J, Beal McIlvain H, She Y, Howland DS. Impaired 
spinal cord glutamate transport capacity and reduced sen-
sitivity to riluzole in a transgenic superoxide dismutase mu-
tant rat model of amyotrophic lateral sclerosis. J Neurosci 
2003; 23(5): 1688-1696.

33. Kapoukranidou D, Gougoulias N, Hatzisotiriou A, Fardi D, 
Albani M, Kalpidis I. Assessment of motoneuron death dur-
ing development following neonatal nerve crush and Mg2+ 
treatment. Med Sci Monit 2005; 11(10): BR373-379.

34. Chen HS, Lipton SA. The chemical biology of clinically tol-
erated NMDA receptor antagonists. J Neurochem 2006; 
97(6): 1611-1626.

35. Vrbova G, Navarrete R, Lowrie MB. Matching of muscle 
properties and motoneurone firing patterns during early 
stages of development. J Exp Biol 1985; 115: 113-123.

36. Navarrete R,Vrbová G. Differential effect of nerve injury at 
birth on the activity pattern of reinnervated slow and fast 
muscles of the rat. J Physiol 1984; 351: 675-685.

37. Nudo RJ, Plautz EJ, and Frost SB. Role of adaptive plas-
ticity in recovery of function after damage to motor cortex. 
Muscle Nerve 2001; 24: 1000-1019.

38. Vrbova G. Understanding motoneurone development ex-
plains spinal muscular atrophy. Archives Italiennes de Bi-
ologie 2007; 145: 325-335.

39. Villmann C, Becker CM. On the hypes and falls in neu-
roprotection: targeting the NMDA receptor. Neuroscientist 
2007; 13(6): 594-615.

10. Virgo L, Dekkers J, Mentis GZ et al. Changes in expression 
of NMDA receptor subunits in the rat lumbar spinal cord fol-
lowing neonatal nerve injury. Neuropathol Appl Neurobiol 
2000; 26(3): 258-272.

11. Kuner T, Schoepfer R. Multiple structural elements deter-
mine subunit specificity of Mg2+ block in NMDA receptor 
channels. J Neurosci 1996, 16(11): 3549-3558.

12. Begon S, Pickering G, Eschalier A, Dubray C. Magnesium 
and MK- 801 have a similar effect in two experimental mod-
els of neuropathic pain. Brain Res 2000, 887(2): 436-439.

13. Willmore CB, Bespalov AY, Beardsley PM. Site-selective N-
methyl-D-aspartate and alpha-amino-3-hydroxy-5-methyl-
4-isoxazolepropionate antagonists produce distinct effects 
in rats performing complex discriminations. Neurobiol 
Learn Mem 2002; 78(2): 347-364.

14. Olney JW, Labruyere J, Price MT. Pathological changes 
induced in cerebrocortical neurons by phencyclidine and 
related drugs. Science 1989; 244 (4910): 1360-1362.

15. Rung JP, Carlsson A, Rydén Markinhuhta K, Carlsson ML. 
MK-801 induced social withdrawal in rats; a model for neg-
ative symptoms of schizophrenia. Prog. Neuropsychophar-
macol. Biol Psychiatry 2005; 29 (5): 827-832.

16. Mathiesen C, Varming T, Jensen LH. In vivo and in vitro 
evaluation of AMPAreceptor antagonists in rat hippocam-
pal and cultured mouse cortical neurons. Eur J Pharmacol 
1998; 353: 159-167.

17. Bigge CF, Malone TC, Boxer PA, Nelson CB, Ortwine DF, 
Schelkun RM, et al. Synthesis of 1,4,7,8,9,10-hexaydro-
9-methyl-6-nitropyrido [3,4- f] -quinoxaline-2,3-dione and 
related quinoxalinediones: characterization of AMPA and 
NMDA receptor and anticonvulsant activity. J Med Chem 
1995; 38: 3720-3740.

18. Nikam SS, Cordon JJ, Ortwine DF, Heimbach TH, Black-
burn AC, Vartanian MG et al. Design and synthesis of nov-
el quinoxaline-2,3-dione AMPA/GlyN receptor antagonists: 
amino acid derivatives. J Med Chem 1999; 42: 2266-2271.

19. Lodge D, Davies S, Jones M, Millar J, Manallack D, Orn-
stein P, Verberne A, Young N, Beart P. A comparison be-
tween the in vivo and in vitro activity of five potent and 
competitive NMDA antagonists. Br J Pharmacol 1988; 95: 
957-965.

20. Petsanis K, Chatzisotiriou A, Kapoukranidou D, Symeoni-
dou C, Kouvelas D, Albani M. Contractile Properties and 
Movement Behaviour in Neonatal Rats with Axotomy, 
treated with the NMDA Antagonist DAP5. BMC Physiology 
2012; 12:5.

21. Greensmith L, Mentis GZ, Vrbova G. Blockade of N-meth-
yl-D-aspartate receptors by MK-801 (dizocilpine maleate) 
rescues motoneurones in developing rats. Developmental 
Brain Research 1994; 8: 162-170.

22. Mentis GZ, Greensmith L,Vrbova G. Motoneurons destined 
to die are rescued by Blocking n-methyl-d-aspartate recep-
tors by MK-801 Neuroscience 1993; 54(2): 283-285.

23. Dijkstra JR, Meek MF, Robinson PH, Gramsbergen A. 




