
DRUGS ACTING AT THE NEUROMUSCULAR JUNCTION
The purpose of this ‘handout’ is mainly to make students interested and curious about the neuromuscular junction and the manner in which function at this very important but yet minute unit in our bodies are affected not only by drugs but other substances, mainly products of nature such as venoms and plant alkaloids. Disorder at this very small functional unit causes severe disability- mentally and physically and often, without appropriate treatment results in death.  

1. INTRODUCTION
Muscles comprise the largest groups of tissues in the body, accounting for approximately half of the body weight. Muscle cells can develop tension and shorten i.e. contract and groups of muscles working together within a muscle can produce movement and do work.
1.  Controlled contraction of muscles allows purposeful movement of the whole body or parts of the body i.e. walking, waving a hand
2. Manipulation of external objects such as cycling, driving or moving furniture
3. Propulsion of contents through hollow internal organs i.e. circulation of blood, movement of a meal through the digestive tract
4. Emptying the contents of certain organs to the external environment i.e. urination, giving birth.
However, in pharmacology, the emphasis and the focus are on drugs that act the junction between skeletal muscles and the axons innervating the muscles from the anterior horn cell of the spinal cord. This is referred to as the neuromuscular junction (NMJ). 
Drugs acting at the neuromuscular junction became important when they were required during surgical anaesthesia to enable introduction of an endotracheal tube to maintain the airway in an unconscious patient and enable either spontaneous breathing or ‘artificial’ ventilation using machines referred to as ventilators. These drugs also were necessary to provide paralysis or ‘muscle relaxation’ to enable surgeons to operate comfortably without patients tightening their abdominal muscles or resisting operations where movements of limbs would not be prevented by patients who were even asleep. Thus they became known as neuromuscular blocking drugs, which revolutionized the practice of anaesthesia.
In addition to the practice of anaesthesia, these drugs and other substances which range from plant toxins to snake venoms have a wide application in medicine. Further, the NMJ is the most studied functional unit in the body and continues to be an attractive and active subject for continuing research. In medical practice, several muscle disorders such as myasthenia gravis are attributed to dysfunction at the NMJ. In addition, the clinical features of disorders at the NMJ, due to drugs, venoms and other toxins are most distressing to patients and a challenge to clinicians as there is a serious risk of death due to paralysis of the muscles of respiration (i.e. diaphragm, intercostals muscles).
An important facet is that the study of one of the drugs acting at the NMJ- succinyl choline or suxamethonium initiated the development of an important subdivision of pharmacology- PHARMACOGENETICS. Pharmacogenetics is essentially the study of genetic variations affecting the action of drugs in the human body. This sub-specialty has probably grown to be a specialty on its own merits as it forms the basis of individualized drug therapy- the prescription of drugs based on the body functions of an individual, particularly, genetic variations which affect the content and activity of drug metabolizing enzymes.
Therefore, it was considered useful for those interested in obtaining a wider understanding and developing an interest in research in this sphere to have annexures on few related aspects of NMJ function and dysfunction- in disease and caused by the wide range of substances that have the potential to cause disturbances at the NMJ. Initial annexure would be on the forms of neuromuscular block and on the assessment of neuromuscular block. Few diagrams are provided to provide a rather simplistic explanation of the activities at the NMJ including a brief summary on the basic physiology of neuromuscular transmission recall the learning during the physiology lectures.  
2. HISTORY
These drugs have an interesting history. The Spanish travelers observed the South American Indians using poisoned arrows for hunting. These arrows usually prevented animals from moving which enabled the hunters to kill the animals easily. In 1594, Sir Walter Raleigh visited Venezuela, and his book Discovery of the Large, Rich and Beautiful Empire of Guiana mentions the poisoned arrows. One of his lieutenants called the poison ‘ourari’3. Ourari is possibly a corruption of the Indian word uiraery from uria, meaning bird and eor to kill4. European attempts at rendering the Indian word led to several versions including ourara, urali, urare, woorari, wourali and curare. Edward Bancroft, a physician, spent five years in South America and brought back samples of crude curare. Using these samples, Sir Benjamin Brodie demonstrated that small animals could be kept alive after being injected with curare by inflating their lungs with bellows. This is what is used during modern anaesthesia (Thandla Raghavendra)
 
The three asses
In 1804 Charles Waterton, obtained several samples of wourali from a native tribe and tried it out on large animals. In 1814, he demonstrated to an audience that included Sir Benjamin Brodie the effects of wourali on three asses. The first ass was injected with wourali in the shoulder and died. The second had a tourniquet tied around its foreleg and wourali was injected below the tourniquet; the ass was alive and active as long as the tourniquet was in place but died soon after the tourniquet was removed. The third ass appeared to die after having wourali injected but was resuscitated by means of bellows and lived on in peace as Wouralia;
Claude Bernard published the details of his experiments on frogs in 1846. He showed that curare injected into a limb prevented the muscle contraction in response to nerve stimulation; the muscle continued to respond when stimulated directly. Curare when applied directly to the nerve failed to abolish muscle contraction in response to either nerve stimulation or direct muscle stimulation—proof that curare acted at the nerve-muscle junction.
Contribution by nature
The crude curare was investigated in their laboratories. Oscar Wintersteiner and James Dutcher in 1942 were the first to isolate the alkaloid d-tubocurarine from biologically authenticated samples of Chondrodendron tomentosum, a plant originally brought from Ecuador. In the early 1960s malouetine, an alkaloid was isolated from the bark of a plant Malouetia bequaertiana. This was found to have curare-like effects. This alkaloid was modified to produce pancuronium,  which displaced the other muscle relaxants at that time.
Subsequently several groups of scientists synthesized a wide range of muscle relaxants using the chemical structural information obtained from the plant products. (Thandla Raghavendra)

DRUGS ACTING AT THE NEUROMUSCULAR JUNCTION
As stated, the focus is on drugs acting at the junction between the skeletal muscle fibre and the terminal axon from the motor nerve innervating the muscle. These drugs are classed as muscle relaxants. 
Muscle relaxants belong to two groups, the depolarizers and the nondepolarizers. 
The main difference is in the reversal of these two types of neuromuscular-blocking drugs.
· Non-depolarizing blockers are reversed by acetylcholinesterase inhibitor drugs since they compete with acetylcholine (ACh) for the receptor depending on the blood concentration and therefore the action would be reversed by increasing the amount of ACH by preventing the hydrolysis of ACh by acetycholinesterase (AChE).
· The depolarizing blockers act like Ach by depolarizing the muscle membrane and the persistent depolarization prevents the muscle from responding to further releases of Ach- thus causing paralysis. The administration of depolarizing blockers will initially cause fasciculations (small visible contractions of muscles) just before paralysis occurs. This is due to the depolarization of the muscle. These drugs are inactivated (broken down) by an enzyme in many ways similar to AChE but different in the nature of substrates they breakdown, referred to as pseudocholinesterase or butyrylcholinesterase (BuChE).
Other differences do occur. Duration of action where non-depolarising muscle relaxants are longer acting. The response to tetanic stimulation during paralysis , where tetanic fade (described later) does not occur following the administration of depolarising muscle relaxants.
DEPOLARISING MUSCLE RELAXANTS
 Suxamethonium/Succinylcholine (SCh)- (only drugs in use at present)
Structure: Made of two ACh molecules linked by methyl groups. 
Activity: There are two phases to the depolarizing block. During phase I (depolarizing phase), they cause muscular fasciculations (muscle twitches) while they are depolarizing the muscle fibers. Eventually, after sufficient depolarization has occurred, phase II (desensitizing phase) sets in and the muscle is no longer responsive to ACh released by the motor neurones. At this point, full neuromuscular block has been achieved.
Dose and Duration of action: Has the advantage of acting within 60 seconds.  0.5 – 1.5 mg/kg produce paralysis within 30-60 seconds, lasting 5-10 minutes. A phase II blockade (repolarized membrane is still non-responsive, resembling the effects of non-depolarizing NMBDs) can occur at doses in excess of 2-5 mg/kg but the mechanism is unknown. A phase II block can be partially (or sometimes completely) reversed with neostigmine, and displays fade after tetany (also similar to non-depolarizing agents). One potential mechanism of action is densitization of the AChR. Recovery of phase II also occurs within 10-15 minutes. Though phase II blockade may be reversed by anticholinesterase agents, anticholinesterases if given during the paralysis produced by suxamethionium would make the paralysis more severe.
 Metabolism: Plasma or pseudocholinesterase/butyryl cholinesterase strongly influences the duration of action. The hydrolysis of suxamethionium by this enzyme, the amount and activity of which is genetically determined initiated the development of the specialty referred to as Pharmacogenetics. This enzyme is produced by the liver and liver function must be markedly decreased before prolonged paralysis by suxamethonium is produced. Patients with atypical cholinesterase (i.e genetically different) will have prolonged duration of paralysis. In order to test for this variety of the enzyme which has decreased ability to hydrolyse suxamethonium- patient’s blood is tested prior to anaesthesia using Dibucaine. Dibucaine (amide anesthetic) inhibits normal enzyme activity by 70-80% in vitro (i.e. normal plasma cholinesterase activity will be inhibited 80% by addition of dibucaine). 20-30% inhibition suggests homozygous atypical plasma cholinesterase, whereas 50-60% inhibition suggests a heterozygote atypical plasma cholinesterase. Occurrence of homozygous atypical cholinesterase is 1:2800. Even more rarely, some patients with atypical cholinesterase may have a normal dibucaine test but be inhibited by fluoride. Thus a fluoride test may need to be carried out. 
Contraindications or precautions: 
1. Should not be given 24 to 72 hours after burns, trauma, or denervation [Gronert Anesthesiology 43: 89, 1975]
2. Undiagnosed  muscular dystrophy-obviously a clinical problem when undiagnosed. Therefore avoid in children as there is a risk of cardiac arrest  in such boys [Rosenberg Anesthesiology 77: 1054, 1992].
3. Dysrhythmias- SCh activates muscarinic receptors, leading to bradycardia, junctional rhythms, and even sinus arrest – in children this can occur after one dose, but in adults is most common when a second dose is administered 5 minutes after the first (i.e. beware repeating SCh in adults within 5min). Risk can be decreased by pre-treating with non-depolarizing muscle relaxants or by administering atropine. Interestingly, SCh can mimic ACh at other sites and can cause increases in systolic blood pressure and heart rate. 
Unwanted effects-Side effects
1. Hyperkalemia- Normal increase is 0.5 – 1.0 mEq/mL. Potassium will increase by about 0.5 mEq/L on average, however if extra-junctional receptors have proliferated, this increase can be much more substantial. Risk of serious hyperkalemia usually peaks 7-10 days after insult, but increased K+ release may occur as soon as 2-4 days after denervation injury, or after several days of immobility. Duration of risk has not been adequately characterized but is suspected to be for 3-6 months. Current understanding of this phenomena is incomplete [Martyn Anesthesiology 104: 158, 2006]. Renal failure itself does not place patients at risk for exaggerated release [Stoelting RK. Basics of Anesthesia, 5th ed. Elsevier (China), 2007] but the margin for error is lower and is less when hyperkalemia is well-controlled [Dunn PF. Clinical Anesthesia Procedures of the Massachusetts General Hospital, 7th ed. LWW (Philadelphia), 2007] 
2.  Myalgia: Pretreatment with a non-depolarizing NMBD (ex. 3 mg rocuronium) or with lidocaine can reduce but will not totally eliminate myalgias [Schreiber Anesthesiology 103: 877, 2005]. NSAIDs will reduce myalgia without affecting fasciculations. Magnesium can prevent fasciculations but does not affect myalgias, thus is not recommended 
3. Malignant Hyperthermia: Should be avoided in any patient with a personal or family history of malignant hyperthermia
4. Increase Intraocular pressure (IOP): By an unknown mechanism for 5-10 minutes, with onset 2-4 minutes after administration. Initially there was concern that this increase in IOP could lead to extrusion in open eye injuries, however this has never been substantiated - there is now at least one report IV SCh administration which did not lead to extrusion [Libonati Anesthesiology 62: 637, 1985], furthermore, there is evidence that the increase in IOP is unrelated to activity of extra-ocular muscles [Kelly Anesthesiology 79: 948, 1993]. Depolarizing muscle relaxants produce a response different to that observed in other skeletal muscles i.e. causing a long lasting contraction-contracture compared to a brief contraction followed by paralysis. 
5. Changes in Intracranial pressure are inconsistent [Kovarik WD et al Anesth Analg 78: 469, 1994] 
6.  Changes in intragastric pressure are unpredictable and is unlikely to enhance aspiration
7. Incomplete jaw relaxation in children after receiving SCh is not uncommon (4.4% in halothane-SCh combination), and can be confused with Malignant Hyperthermia. 

NONDEPOLARISING MUSCLE RELAXANTS
Nondepolarizers work by competitive blockade of the neuromuscular junction. They prevent the acetylcholine (ACh) released from the terminal axon attaching to the receptors on the skeletal muscle fibre (the post-synaptic nicotinic receptor), which is necessary for muscle contraction. Each ACh-receptor has two receptive sites located at one of the two α-subunits of the receptor. Activation of the receptor requires binding of the shorter molecule ACh to both of them. Most non-depolarising muscle relaxants possess a quaternary ammonium group which competes for the receptor with ACh. Of the two sub-sites in the α subunit the anionic site binds to the cationic ammonium head and the other binds to the blocking agent by donating a hydrogen bond. A decrease in binding of ACh leads to a decrease transmission to the muscle-thus failure of muscle contraction. It is generally accepted that non-depolarizing agents block by acting as reversible competitive inhibitors. That is, they bind to the receptor as antagonists and that leaves fewer receptors available for ACh to bind to.
As it is a ‘competitive’ block- an increase in the concentration of one agent would prevent the effect of the other. Initially on administering a non-depolarising muscle relaxant, the blood concentration of the relaxant is high to prevent ACh attaching itself to the receptor. However, if the need is to reverse the effect of the muscle relaxant, the logical step is to increase the concentration of ACh by administering anticholinesterases such as neostigmine. Anticholinesterases may also directly block the ionotropic activity of the ACh receptors
 Additionally, these drugs may produce a non-competitive blockade (i.e prevent ACh entrance into the AChR ion channel), interfere with presynaptic Ca2+ influx, interfere with ACh release from the presynaptic neuron, and desensitize the AChR (if in high enough concentrations). When same-class drugs are combined, the effects are additive, but when aminosteroids are combined with benzylisoquinolones, the effects are synergistic.
Tubocurarine, found in curare of the South American plant Pareira, Chonodendron tomentosum, is the prototypical non-depolarizing neuromuscular blocker. It has a slow onset (>5 min) and a long duration of action (1–2 hours). Side-effects include hypotension, which is partially explained by its effect of increasing histamine release, a vasodilator, as well as its effect of blocking autonomic ganglia. It is excreted in the urine. This drug needs to block about 70-80% of the ACh receptors for neuromuscular conduction to fail, and hence, for effective blockade to occur. At this stage, end-plate potentials (EPPs) can still be detected, but are too small to reach the threshold potential needed for activation of muscle fiber contraction.
Classes/groups: Non-depolarizing blockers have quartenary ammonium groups and are thus highly ionized, water soluble compounds. They cannot easily cross lipid membrane barriers.
1. Aminosteroids-Pancuronium, vecuronium, rocuronium, rapacuronium, dacuronium, malouètine, duador, dipyrandium, pipecuronium, chandonium (HS-310), HS-342 and other HS- compounds are aminosteroidal agents. They have in common the steroid structural base, which provides a rigid and bulky body. Most of the agents in this category would also be classified as non-depolarizing.
2. Tetrahydroisoquinoline derivatives: Compounds based on the tetrahydroisoquinoline moiety such as atracurium, mivacurium, and doxacurium would fall in this category. They have a long and flexible chain between the onium heads, except for the double bond of mivacurium. D-tubocurarine and dimethyltubocurarine are also in this category. Most of the agents in this category would be classified as non-depolarizing though some consider mivacurium to be longer acting drug similar to suxamethonium.
3. Gallamine and other chemical classes: Gallamine is a trisquaternary ether with three ethonium heads attached to a phenyl ring through an ether linkage. Many other different structures have been used for their muscle relaxant effect such as alcuronium (alloferin), anatruxonium, diadonium, fazadinium (AH8165) and tropeinium.
4. Novel NMB agents: In recent years much research has been devoted to new types of quaternary ammonium muscle relaxants. These are asymmetrical diester isoquinolinium compounds and bis-benzyltropinium compounds that are bistropinium salts of various diacids. These classes have been developed to create muscle relaxants that are faster and shorter acting. Both the asymmetric structure of diester isoquinolinium compounds and the acyloxylated benzyl groups on the bisbenzyltropiniums destabilizes them and can lead to spontaneous breakdown and therefore possibly a shorter duration of action. 
Rapacuronium is a recently developed analogue of vecuronium with a rapidity of onset that comes close to that of suxamethonium. After its introduction into clinical practice several instances of severe bronchospasm were reported and the drug has now been withdrawn.
Benzylisoquinoliniums (atracurium, cisatracurium, mivacurium) which are more likely than aminosteroids to induce histamine release.
Metabolism: Pharmacokinetics is affected by temperature, volume status, and hepatic (rocuronium) or renal (pancuronium) disease. Elderly patients and young adults seem to have near-identical dose response curves [Duvaldestin Anesthesiology 56: 36, 1982; Matteo Anesth Analg 77: 1193, 1993]  
Pharmacodynamics
The activity of these drugs is enhanced by volatile anesthetics (thus less drug is required) as well as local anesthetics, antiarrhythmic drugs, and aminoglycosides. Steroids, calcium, and phenytoin may actually reduce their activity [Richard A et al. Anesth Analg 100: 538, 2005] 
Onset of action: Slower onset (2-3 minutes) and are therefore unsuitable for rapid control of the airway as is required for endotracheal intubation. 
PRECAUTIONS
Burn victims and patients suffering from stroke may be resistant to non-depolarizing NMBDs (likely due to extrajunctional receptors). Non-depolarizing NMBDs may produce mild cardiovascular effects due to histamine release. Rarely, asthmatics who take steroids, or critically-ill patients with MOF may manifest prolonged skeletal muscle weakness, which can occasionally last for weeks or months 
Allergic Reactions
Neuromuscular blocking drugs are believed to be responsible for more than 50% of anaphylactic and anaphylactoid reactions during anesthesia. Of these, suxamthonium has been the drug most often implicated (a large Norwegian case study suggested that 93% of incidents involved Neuromuscular blocking drugs [Harboe Anesthesiology 102: 897, 2005]). The incidence is between 1:1000 and 1:25,000 anesthetics. Additionally, there may be cross reactivity among the non-depolarizing Neuromuscular blocking drugs. The structure of non-depolarising drugs which contains a quartenary ammonia group (which binds to the anionic site of nicotinic receptor to produce neuromuscular blockade) may be the offending agent. 

DRUG INTERACTIONS OF NON-DEPOLARISING MUSCLE RELAXANTS
	Enhanced Response (4A’s) 
	Diminished Response 

	· Volatile anesthetics 
· Local anesthetics 
· Anti-arrhythmics 
· Aminoglycosides 
	· Steroids 
· Calcium 
· Phenytoin 



	
	Neuromuscular Blocking Drugs 

	
	Dose (mg/kg) 
	Onset (m) 
	Duration (m) 
	Other (hist?) 

	SCh 
	0.5 – 1.5 
	0.5 – 1.0 
	5 - 10 
	Beware K+ release 

	Rocuronium 
	0.6 - 1.2 
	1 – 2 
	20 – 35 
	Hepatobiliary 

	Mivacurium 
	0.25 
	2 – 3 
	12 - 20 
	Enzymatic degradation 

	Vecuronium 
	0.08 – 0.1 
	3 - 5 
	20 – 35 
	80% hepatobiliary, 10-20% renal 

	Pancuronium 
	0.1 
	3 - 5 
	60 - 90 
	70-80% renal, 15-20% hepatobiliary 


Atracurium    0.4-0.5                  3-5                       20-35 
Tubocurarine                                                          60-120
	
	


Cistracurium               90                                     60-80
Note: Dunn Table 12.1 states that rocuronium lasts 40-150 mins [Dunn PF. Clinical Anesthesia Procedures of the Massachusetts General Hospital, 7th ed. LWW (Philadelphia), p. 196, 2007] 
Other notes
Atracurium breaks down spontaneously in the body to inactive compounds and being especially useful in patients with kidney or liver failure ( non-enzymatic degradation (Hofmann elimination). May also be broken down by ester hydrolysis by plasma esterases, thus this drug is relatively independent of hepatorenal function. Laudanosine (can cause CNS excitation at high doses) is the major metabolite. Rapid administration of 3 x ED95 (0.6 mg/kg) can lead to transient histamine release, decreased SBP and increased HR [Basta SJ et al. Anesth Analg 61: 723, 1982]. Cis-atracurium is very similar to atracurium except it is more potent and has a weaker tendency to cause histamine release. 
	

	Mivacurium
Benzylisoquinolinium compound (thus more likely than aminosteroids to induce histamine release, which mivacurium can do at high doses). Made up of three stereoisomers, two of which are hydrolyzed by plasma cholinesterase. Rapid recovery, which can be partially improved by neostigmine (although neostigmine also inhibits the plasma cholinesterases). Edrophonium has little or no effect on plasma cholinesterases. Rapid administration can cause histamine release, decreased SBP, and increased HR 


ANTAGONISM
ACETYLCHOLINESTERASE INHIBITORS
After ACh is released from its postsynaptic receptor it is split by the enzyme acetylcholinesterase into acetate and choline. The acetate enters the blood, where it can be used in energy metabolism. The choline is recycled into the presynaptic nerve.The acetylcholinesterase enzyme is attached to the postsynaptic membrane by collagen filaments; it is organized into units with 12 active sites. 
Acetylcholinesterase inhibitors block breakdown of ACh and raise its concentration in the synapse. There are many natural and synthetic acetylcholinesterase inhibitors: 
Physostigmine (eserine): is made by an African plant, the Calabar bean (Physostigma venenosum) .A carbamate compound. Used as an ordeal poison for tests of guilt or innocence 
Organophosphorus insecticides: parathion, malathion, widely used in agriculture, structures similar to nerve gases, but much less toxic to humans. Organophosphorus nerve gases: diisopropyl fluorophosphonate, sarin, soman, tabun, agent VX-Agents developed for chemical warfare . Similar to the insecticides, but more toxic to humans 
Physostigmine and organophosphates both form a strong covalent bond with a serine group in the active site of the enzyme; Bind to the same serine group that acetylcholine binds to Competitive inhibitors of acetylcholinesterase 
Inhibit acetylcholinesterase in NMJs and synapses (including the CNS) 
ACh binds to the enzyme for about 40 microseconds; carbamates such as physostigmine remain attached about 30 minutes; some organophosphate nerve gases attach for a much longer time (they are said to be "irreversible") 
Neostigmine
Additionally, it seems that antagonists are not as effective against pancuronium as they are with shorter acting agents. Lastly, keep in mind that these antagonists have muscarinic effects which must be opposed. The time to adequate reversal depends on how much spontaneous recovery has already occurred, as well as other factors which can prolong blockade (hypothermia, aminoglycosides, clindamycin, uridopenicillins, or acid-base disturbances) 
ANNEXURE III
NEUROMUSCULAR JUNCTION
[bookmark: Molecular_Structure]The normal neuromuscular junction (NMJ) consists of a presynaptic neuron, a Schwann cell (covering the neuron), and a postsynaptic muscle fiber. The presynaptic neuron stores and releases ACh. ACh receptors exist at both junctional AND extrajunctional areas of muscle fibers, however their density is ~ 100-1000x higher at the NMJ. When a nerve impulse reaches the end of a presynaptic neuron, N-type Ca++ channels increase the intracellular calcium concentration, which causes the synaptic vesicles to release ACh into the endplate. These ACh molecules then bind to the junctional receptors (note that these are muscarinic receptors, nicotinic receptors are present in autonomic ganglia and in the CNS), allowing for Na+ and Ca++ influx into the muscle cell, which ultimately leads to contraction. Aceytlcholinesterases quickly degrade available synaptic ACh, preventing prolonged contraction. Postjunctional receptors (α, α, β, δ, and ε) exist only at the endplate, while extrajunctional receptors (ε units are replaced with γ) are present throughout the skeletal muscle. Normal neuronal activity suppresses extrajunctional receptors, however inactivity, sepsis, denervation, trauma, and/or burn injury can lead to proliferation. These receptors stay open longer than junctional receptors and account for the hyperkalemic response and to resistance to neuromuscular blockers in certain patient populations  
Components of Neuromuscular transmission
1. Synthesis and release (exocytosis) of the neurotransmitter acetylcholine (ACh)
The amount of ACh released by each nerve impulse is large, at least 200 quanta of about 5000 molecules each and the number of AChR’s activated by transmitter released by a nerve impulse is also larger-about 5000 molecules. At present, two pools of vesicles are considered to release ACh-a readily releasable pool  and a reserve pool. The former has smaller vesicles limited to an area very close to the nerve membrane, where they are bound to the active zones and are those that normally release ACh. The majority of VP1 are tethered to the cytoskeleton in a filamentous network composed mainly of actin, synapsin (an actin-binding protein), synaptotagmin and spectrin.
SNARE proteins (soluble N-ethylmaleimide-sensitive attachment protein receptors) are involved in fusion, docking and release of ACh at the active zone. Release occurs when calcium ions enter the nerve through P channels lined up on the sides of the active zone by SNARE proteins. The reactivated proteins seem to react with the nerve membrane to form a pore through which the vesicle discharges ACh into the junctional cleft.
Botulinum toxin and tetanus toxin which selectively digest one or all of these SNARE proteins block exocytosis of the vesicles resulting in muscle weakness or paralysis-in effect producing a partial or complete chemical denervation.
Alterations in entry of calcium in to the nerve ending can also alter release of transmitter. Eaton-Lambert myasthenic syndrome is an acquired auto-immune disease in which antibodies are directed against voltage-gated calcium channels at nerve endings. The decreased function of the calcium channels causes decreased release of transmitter which results in inadequate depolarization and muscle weakness. Patients with myasthenic syndrome exhibit increased sensitivity to depolarizing and non-depolarizing relaxants.
Higher than normal concentrations of bivalent inorganic cations e.g. magnesium, cadmium, manganese can also block entry of calcium through P channels and profoundly impair neuromuscular transmission. This is the mechanism for muscle weakness in the mother and foetus when magnesium sulfate is administered to treat pre-eclampsia.
2. Binding of the ACh to the receptor
 AChRs are synthesized in muscle cells and are anchored to the end-plate membrane by a special 43-kd protein known as rapsyn. This cytoplasmic protein is associated with AChR in a 1:1 ratio. The receptors formed of five subunit proteins are arranged like the staves of a barrel into a cylindrical receptor with a central pore for ion channeling. The receptor protein has a molecular mass of about 250,000 daltons. Each receptor has five subunits. These subunits vary in mature and foetal receptors. However, nicotinic receptors are also found in the central nervous system (brain and autonomic nervous system). Recent work has demonstrated differences in the subunits of nicotinic receptors in the central nervous system and in skeletal muscle. An example is the neuronal alpha 7 AChR which consists of five alpha 7 subunits. However, some muscles e.g. extra ocular muscles are also known to possess 7 ACHR’s.
Each of all receptor subunits consist of approximately 400-500 amino acids. The receptor-protein complex passes entirely through the muscle membrane and protrudes beyond the extra-cellular surface of the membrane into the cytoplasm. The nicotinic acetylcholine receptor (AChR) presents two very well differentiated domains for ligand binding that account for different cholinergic properties. In the hydrophilic extracellular region of both alpha subunits there exist the binding sites for agonists (located near the cysteine residues unique to the alpha chain at amino acid positions 192-193 of the alpha sub-unit such as the neurotransmitter acetylcholine (ACh) and for competitive antagonists such as d-tubocurarine. The binding site for ACh is on each of the alpha subunits and these are the sites of competition between receptor agonists and antagonists. Agonists and antagonists are attracted to the binding site, and either may occupy the site. Motor neuron –derived neuregulin -1 beta (NRBeta-1), originally described as acetylcholine receptor-inducing activity (ARIA), induces AChR gene transcription in subsynaptic myonuclei by activating ErbB receptors.
Arias HR. Topology of ligand binding sites on the nicotinic acetylcholine receptor. Brain Res Brain Res Rev. 1997 Oct; 25(2):133-91.
3. Muscle contraction
Before birth, each muscle cell usually has contact with several nerves and has several neuromuscular junctions. At birth, all but one of the nerves retract, and a single endplate remains which is durable. Even if the original nerve dies, the one replacing it innervates exactly the same region of the muscle. Most human muscles have only one neuromuscular junction per cell. Exception-some cells in extra-ocular muscles. Extra-ocular muscles are “tonic” muscles which have multiple innervations, with several neuromuscular junctions strung along the surface of each muscle cell. In contrast to other muscle cells, extra-ocular muscle contains mature and immature foetal receptors segregated into distinct synapses on different fibres. The extra-ocular muscles contract and relax slowly rather than quickly as other striated muscles do and can maintain a steady contraction-or contracture-the strength of which is proportional to the stimulus received. The nerve endings on fast muscles are larger and more complicated than those on slow muscles. This may be a factor in the differences that occur to muscle relaxants. Emerging research suggests that muscle relaxants could produce effects on receptors other than those present in muscle-e.g. receptors on the carotid sinus, on the vagus to the heart and on bronchial smooth muscle.
As the signal is carried by more molecules of transmitter than are needed and these evoke a response that is greater than needed whilst only a small fraction of the available vesicles and receptors or channels are used to send each signal- transmission has a substantial margin of safety and at the same time the system has substantial capacity in reserve. The number of quanta released by a stimulated nerve is greatly influenced by the concentration of ionized calcium in the extra-cellular fluid. In the absence of calcium, even electrical stimulation of the nerve will not produce release of neurotransmitter. Doubling of the extracellular calcium resulted in a 16 fold increase in the quantal content of an end-plate potential. The calcium current persists until the membrane potential is returned to normal by outward fluxes of potassium from inside the nerve cell. The nerve terminal also contains potassium channels, including voltage gated and calcium activated potassium channels whose function is to limit entry of calcium in to the nerve and therefore depolarization. The calcium current can be prolonged by potassium channel blockers e.g. 4-aminopyridine, tetraethylammonium) which slow or prevent the efflux of potassium out of the nerve. Of the several types of calcium channels, those mainly associated with transmitter release are the P channels and slower L channels. P channels probably responsible for normal transmitter release are found only in nerve terminals and in motor nerve endings-immediately adjacent to the active zones. These are voltage dependent and opened and closed by changes in membrane voltage caused by the nerve action potential. The potassium channels in nerve terminals are of several forms- voltage –gated and calcium-activated. P channels are not affected by calcium-entry blocking drugs e.g. verapamil, diltiazem, nifedipine. These drugs have profound effects on the slower L channels in the cardiovascular system.  Calcium-entry blocking drugs have minimal effect on neuromuscular transmission despite the presence of L channels at nerve endings. Potassium channels limit the duration of nerve terminal depolarization and hence entry of calcium and release of transmitter. The peri-junctional zone-area of muscle immediately beyond the junctional area contains a mixture of receptors-smaller density of ACHR’s and a high density of sodium channels, which enhances the capacity to respond to the depolarization or end-plate potential produced by end-plate AChR’s to transduce to a wave of depolarization that travels along the muscle to initiate muscle contraction. This region contains more sodium channels than the distal parts of the muscle membrane. Congenital abnormalities in sodium and calcium channels and of AChR’s are important for the variations in response to muscle relaxants and transmitter in different pathological states and at different ages.
Ion channels in ACh receptors
Normally the pore of the ion channel is closed by approximation of the subunits. When an agonist occupies both alpha subunits sites, the protein molecules undergo a conformational change in which a channel is formed in the centre through which ions can flow along a concentration gradient. When the channel is open, sodium and calcium flow from the outside of the cell to the inside and potassium flows from inside to the outside. The channel in the tube is large enough to accommodate many cations and electrically neutral molecules, but excludes anions (e.g. chloride). The current carried by the ions depolarizes the adjacent membrane which creates the end-plate potential that stimulates the muscle to contract. The pulse stops when the channel closes and one or both agonist molecules detach from the receptor. The current that passes through each channel is miniscule, only a few picoamperes (about 10 4 ions/msec). However, each burst of ACh from the nerve normally opens about 500,000 channels simultaneously and the total current is more than adequate to produce depolarization of the end plate and contraction of the muscle. Opening of a channel causes conversion of chemical signals from a nerve to flow of current to end-plate potentials, thereby leading to muscle contraction. The endplate potential is the summation of many all or nothing events occurring simultaneously at myriad ion channels. It is these tiny effects that are affected by drugs. Receptors that do not have two molecules of agonist bound remain closed. Both alpha sub-units must be occupied simultaneously by agonist. If only one of them is occupied, the channel remains closed. Receptor channels are dynamic structures capable of a wide variety of interactions with drugs and of entering a wide variety of current passing states. Influences on channel activity are ultimately reflected in the strength or weakness of neuromuscular transmission and contraction of a muscle. The quick shift from excitation of muscle contraction to blockade of transmission by depolarizing drugs (e.g. succinyl choline-two molecules of ACh bound together) is due to continuous depolarization of the muscle membrane. This is attributed to the juxtaposition of the edge of the endplate with the muscle membrane- a different kind of ion channel, the sodium channel which does not respond to chemicals but opens when exposed to a trans-membrane voltage change. The sodium channel is also a cylindrical trans-membrane protein through which sodium ions can flow. Two parts of its structure act as gates that allow or stop the flow of sodium ions. Both gates must be open if sodium is to flow through the channel, closing of either halts the flow of ions. Because these gates act sequentially, a sodium channel has three functional conformational states and can move progressively from one state to another.
In the resting state, the lower gate (i.e. time dependent or inactivation gate) is open but the upper gate (i.e. voltage dependent gate) is closed and sodium ions cannot pass. Depolarization by a sudden change in voltage, the top gate opens and as the bottom gate remains open, sodium flows through the channel. The voltage dependent gate stays open as long as the molecule is experiencing a depolarizing influence from the membrane around it and will not close until the depolarization disappears. However, shortly after the voltage dependent gate opens, the bottom gate closes and again cuts off the flow of ions. It cannot open again until the voltage dependent gate closes. At the end of depolarization of the end-plate, the voltage dependent gate closes. The time dependent gate opens and the sodium channel returns to its resting state.   
How does the NMJ differ from a synapse?
A synapse is a junction between two neurons. A NMJ exists between a motor neuron and a skeletal muscle fibre. Both consist of two excitable cells separated by a narrow cleft that prevents direct transmission of electrical activity between them. Axon terminals store chemical messengers /neurotransmitters that are released by the calcium induced exocytosis of storage vesicles when an action potential reaches the terminal. Binding of neurotransmitter with receptor channels in the membrane opens the channels permitting ionic movements that alter the membrane potential of the cell which is a graded potential. At the NMJ, one to one transmission of action potentials occur. One action potential in a pre-synaptic neuron cannot by itself bring about an action potential in a postsynaptic neuron. An action potential in a postsynaptic neuron occurs only when summation of EPSPs brings the membrane to threshold. A NMJ is always excitatory (an EPP). A synapse may be  excitatory  -an EPSP or inhibitory an IPSP. Inhibition of skeletal muscles cannot be accomplished at the NMJ. This can only occur in the NMJ through IPSPs at dendrites and the cell body of the motor neuron.
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ANNEXURE I 
FORMS OF NEUROMUSCULAR DYSFUNCTION-BLOCK
1. Block caused by drugs acting on the ACh binding site (amino acid positions 192-193 of the alpha sub-unit) e.g. Non depolarizing muscle relaxants which effectively closes the ion channel and could be reversed by increasing the concentration of ACh at the synaptic cleft using anticholinesterase drugs e.g. neostigmine
2. Block caused by drugs acting on the ACh binding site by  depolarizing drugs (e.g. succinyl choline-) which produce a biphasic effect on muscles  due to continuous depolarization of the muscle membrane. This has been attributed to the juxtaposition of the edge of the endplate with the muscle membrane- involving possibly a different kind of ion channel, a sodium channel which does not respond to chemicals but opens when exposed to a trans-membrane voltage change. The reversal of block is dependent on the hydrolysis of the depolarizing drug by BuChE.
3. Drugs producing changes in the dynamics of the receptor but not acting on the ACh binding site. These agents produce sluggish ion channels which tend to open more slowly and stay open longer or close slowly in several steps or varied changes e.g. -in opening times, duration of open times and of closing times. Ketamine, procaine, inhaled anaesthetics or other drugs that dissolve in the membrane lipid may alter opening or closing characteristics of the channel. With these drugs/agents, the impaired neuromuscular function is not antagonized by increasing the peri-junctional ACh concentration with anticholinesterases.
4. Densitization block- some receptors that bind to agonists do not undergo the conformation change to open the ion channel, though they bind agonists with considerable affinity. The exact mechanism is uncertain and it is likely that the receptor macromolecule which is 1000 times larger by weight than most drugs or gases provides many places at which the smaller molecules may act. Some evidence suggests that desensitization is accompanied by phosphorylation of a tyrosine unit in the receptor protein.
5. Due to shifting of the receptors from the normal state to an abnormal state- ? CAUSE
6. Channel block-Two types are known- closed channel block and open channel block. In closed channel block, certain drugs occupy the mouth of the channel and prevent ions from passing through it. The drug enters a channel that has been opened by reaction with ACh but does not necessarily penetrate way through. This block too cannot be reversed by use of anticholinesterases. In contrast, use of anticholinesterases may enhance open channel block by causing the channels to open more often and become more susceptible to blockade. There is evidence that neostigmine and related cholinesterase inhibitors ( ? OPs) can act as channel blocking drugs. Alterations in neuromuscular function produced by drugs such as cocaine, quinidine, piperocaine, tricyclic anti-depressants, naltrexone, naloxone and histrionicotoxin and some antibiotics have been attributed to channel block.
7. Phase II block- occurs slowly at junctions continuously exposed to depolarizing agents. Causation is considered to be multifactorial.  The repeated opening of channels allows continuous efflux of potassium and influx of sodium w3hich results in changes in the function of the junctional membrane. Calcium entering the muscle through the opened channels can cause disruption of receptors and the sub-end plate elements. Variables associated with the development of dual block are considered to be duration of exposure to the drug, the particular drug used and its concentration and the type of muscle (e.g. fast or slow twitch muscles). Some of the agents considered to produce a dual block are known to have pre-junctional effects on the rate and amount of transmitter release and mobilization of transmitter.
8. Alpha 7 AChR subunits-which bind to ACh- each subunit has the potential to do so as they are alpha subunits. Similarly, other antagonists such as alpha bungarotoxin, cobra toxin and agonists such as nicotine, choline would bind to these subunits. However, choline in concentrations that do not open normal AChR’s is a full agonist of 7AChR’s. In addition, desentization 7AChR’s does not occur even during continued presence of choline, thus allowing for greater efflux of potassium from inside the cell. Alpha conotoxin GI specifically inhibits mature and immature AChR’s in muscle but does not inhibit 7AChR’s. Muscle 7 AChR’s are different from neuronal ( brain and autonomic ganglia) 7 AChR’s (the former are not strongly inhibited by methyllcaconite, a selective antagonist of neuronal 7ACHR’s, neuronal & AChR’s are readily desensitized by choline- a feature not seen in muscle 7AChR’s). The 7AChR in muscle have a lower affinity for antagonists including alpha bungarotoxin and pancuronium. In the muscle 7 AChR, even when 3 subunits are occupied by an antagonist, two are available for binding to the agonist to cause depolarization.   
9.  Prevention/decreasing exocytosis –i.e. release of ACh -Botulinum toxin and tetanus toxin which selectively digest one or all of these SNARE proteins block exocytosis of the vesicles resulting in muscle weakness or paralysis-in effect producing a partial or complete chemical denervation. Alterations in entry of calcium in to the nerve ending can also alter release of transmitter. Eaton-Lambert myasthenic syndrome is an acquired auto-immune disease in which antibodies are directed against voltage-gated calcium channels at nerve endings. The decreased function of the calcium channels causes decreased release of transmitter which results in inadequate depolarization and muscle weakness. Patients with myasthenic syndrome exhibit increased sensitivity to depolarizing and non-depolarizing relaxants. Higher than normal concentrations of bivalent inorganic cations e.g. magnesium, cadmium, manganese can also block entry of calcium through P channels and profoundly impair neuromuscular transmission. This is the mechanism for muscle weakness in the mother and foetus when magnesium sulfate is administered to treat pre-eclampsia.
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ANNEXURE II
ESTIMATING EFFECT OF MUSCLE RELAXANTS
Methods for estimating the degree of neuromuscular block include valuation of muscular response to stimuli from surface electrodes, such as in the train-of-four test, wherein four such stimuli (Four stimulations at 2 Hz (0.5 seconds between bursts) are given in rapid succession. With no neuromuscular blockade, the resultant muscle contractions will be of equal strength, but gradually decrease in case of neuromuscular blockade. It is recommended during use of continuous-infusion neuromuscular blocking agents in intensive care. 
TRAIN OF FOUR (TOF) STIMULATION TEST 
Peripheral nerve stimulators are theoretically the most reliable monitoring method, although visual estimates of TOF are unreliable. Commonly, electrodes are placed over the ulnar nerve (elbow or wrist) or facial nerve. The negative pole (black) should be placed distally for best response. 
Train-of-four stimulation denotes four successive 200- s stimuli in 2 s (2 Hz). The twitches in a train-of-four pattern progressively fade as relaxation increases. The ratio of the responses to the first and fourth twitches is a sensitive indicator of nondepolarizing muscle paralysis. Because it is difficult to estimate the train-of-four ratio, it is more convenient to visually observe the sequential disappearance of the twitches, as this also correlates with the extent of blockade. Disappearance of the fourth twitch represents a 75% block, the third twitch an 80% block, and the second twitch a 90% block. Clinical relaxation usually requires 75–95% neuromuscular blockade.
Tetanic stimulation at 50 or 100 Hz is a sensitive test of neuromuscular function. Sustained contraction for 5 s indicates adequate—but not necessarily complete—reversal from neuromuscular blockade. Double-burst stimulation (DBS) represents two variations of titanic stimulation that are less painful to the patient. The DBS-I pattern of nerve stimulation consists of three short (200- s) high-frequency bursts separated by 20-ms intervals (50 Hz) followed 750 ms later by another three bursts. DBS-II consists of three 200- s impulses at 50 Hz followed 750 ms later by two such impulses. DBS is more sensitive than train-of-four stimulation for the clinical (ie, visual) evaluation of fade.
	
FORMS OF PERIPHERAL NERVE STIMULATION

1. Tetanic stimulation: A sustained stimulus of 50–100 Hz, usually lasting 5 s.
2. Twitch: A single pulse 0.2 ms in duration. 
3. Train-of-four: A series of four twitches in 2 s (2-Hz frequency), each 0.2 ms long.
4. Double-burst stimulation (DBS): Three short (0.2 ms) high-frequency stimulations separated by a 20-ms interval (50 Hz) and followed 750 ms later by two (DBS3,2) or three (DBS3,3) additional impulses 




TYPICAL RESPONSES
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INTERPRETATIONS
The occurrence of fade, a gradual diminution of evoked response during prolonged or repeated nerve stimulation, is indicative of a nondepolarizing block. Fade may be due to a prejunctional effect of nondepolarizing relaxants that reduces the amount of ACh in the nerve terminal available for release during stimulation (blockade of ACh mobilization). Adequate clinical recovery correlates well with the absence of fade. Because fade is more obvious during sustained tetanic stimulation or double-burst stimulation than following a train-of-four pattern or repeated twitches, the first two patterns are the preferred methods for determining adequacy of recovery from a nondepolarizing block. 
In general, a 90% reduction of the twitch response or elimination of 2 or 3 in the TOF should suffice for intra-abdominal surgery. Facial nerve stimulation is preferred as the orbicularis oculi (Cranial nerve VII) more closely reflects blockade of the larynx than the adductor pollicis (ulnar). This is relevant as the onset of effects of non-dep[olarisers is more rapid at the vocal cords and is less intense as compared to peripheral muscles (by contrast, onset of SCh is identical between laryngeal and peripheral nerves). 



With non-depolarizing muscle relaxants, the height of the 4th twitch should be lower than the 1st. A non-depolarizing TOF > 0.7 suggests return to control height. A TOF < 0.3 for SCh suggests phase II blockade (similar to non-depolarisation blockers). Usually, SCh will not display a “fade” between the 1st and 4th stimulations. 
DISCUSSION ON TOF
Because muscle groups differ in their sensitivity to neuromuscular blocking agents, use of the peripheral nerve stimulator cannot replace direct observation of the muscles (e.g. the diaphragm) that need to be relaxed for a specific surgical procedure. Furthermore, recovery of adductor pollicis function does not exactly parallel recovery of muscles required to maintain an airway. The diaphragm, rectus abdominis, laryngeal adductors, and orbicularis oculi muscles recover from neuromuscular blockade sooner than the adductor pollicis. Other indicators of adequate recovery include sustained ( 5 s) head lift, the ability to generate an inspiratory pressure of at least –25 cm H2O, and a forceful hand grip. Twitch tension is reduced by hypothermia of the monitored muscle group (6%/°C). 
The suggestion of inaccuracy has been illustrated by the change in the range of “acceptable” TOF for recovery gradually increasing from 0.7 to 0.9, even though there are no studies comparing the outcome using 0.7 versus 0.9 [Debaene et. al. Anesthesiology 98: 1042, 2003]. However, Murphy and Sorin Brull stated that "Volunteer studies have demonstrated that small degrees of residual paralysis (train-of-four ratios 0.7-0.9) are associated with impaired pharyngeal function and increased risk of aspiration, weakness of upper airway muscles and airway obstruction, attenuation of the hypoxic ventilatory response (approximately 30%), and unpleasant symptoms of muscle weakness".
Because TOF is considered unreliable visually or manually, two bursts of 3, separated by 750 msec, perceived as two separate twitches has been suggested. By not feeling the second twitch, the observer’s ability to test for a TOF < 0.3 is improved, however the ability to check for TOF > 0.7 is unchanged [Kopman Anesthesiology 86: 765, 1997]. TOF of 0.7 is a reasonable cut off for patients who have received pancuronium, as there is evidence that these patients have a significantly increased risk of complications - these data do not hold for vecuronium patients. Murphy's study showed that the average TOF for patients who had a critical respiratory event was 0.72, based on TOF accelerometry (i.e., quantitative measurements). Debaene's data establish the insensitivity of both the head lift and the qualitative TOF to detect residual paralysis. 
Summary:
1.  Threshold for TOF: need at least 0.9 to minimize risk of post operative complications
2. Assessment of TOF: visually or manually unreliable - must use quantitative monitoring
3.  TOF < 0.3: to test for TOF < 0.3 (if quantitative TOF not available), use double burst testing
4. TOF > 0.7: to test for TOF > 0.7 (if quantitative TOF not available), use tetanus
5 Tetanic stimulation: With non-depolarizing muscle relaxants, the response fades. With Suxamethonium, the response is stable but attenuated. If a sustained response is found, then the TOF is probably > 0.7 
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	CLINICAL TESTS OF THE NMJ ACTIVITY: 

	Tidal volume 
	5 cc/kg 
	80% occupied (insensitive test) 

	TOF 
	no fade 
	70% occupied (uncomfortable test) 

	VC 
	20 cc/kg 
	70% occupied 

	Sustained tetanus 
	No fade 
	60% occupied 

	Double burst 
	No face 
	60% occupied 

	Head lift 
	5s @ 180d 
	50% occupied 

	Handgrip 
	5s 
	50% occupied 


Non-depolarizing neuromuscular blockers are not actually “reversed,” rather the process of inhibiting them or displacing them is accelerated. Note that even when all tests of NMJ function are normal, as many as 50% of NMJ receptors can still be occupied [Miller]. Clinical confirmation (5s head lift, leg lift, tongue depressor test) is required.

CLINICAL SYMPTOM OF NEUROMUSCULAR JUNCTIONAL PATHOLOGY 

Amongst the common signs observed in patients following some disorder of neuromuscular transmission is ptosis- bilateral drooping of the eyelids. This was an early sign observed by us at Kandy and Peradeniya hospitals in patients following organophosphorus insecticide poisoning, envenoming by kraits, cobras and Russell’s vipers, sea snakes and infrequently following hump nosed vipers. This sign is often ominous as it precedes respiratory failure in most patients due to paralysis of the muscles of respiration. It is often observed in patients recovering from anaesthesia when muscle relaxants had been administered and in patients with myasthenia gravis. Toxins that impair neuromuscular transmission can mimic myasthenia. Botulism is important: clues are gastrointestinal symptoms of nausea and vomiting, and autonomic signs of dilated pupils and urinary retention, and affected friends or family. 
Palpebral muscles are more similar histologically to other skeletal muscles than extraocular muscles. They are fatigue-resistant and their fibres are singly innervated, not multi-innervated. Also, they do not express the fetal isoform of the acetylcholine receptor. The simple explanation again may be that they are constantly active during waking hours, which make them more prone to fatigue.
There are several hypotheses about why the extraocular muscles are so frequently affected in myasthenia gravis: 
· Mild weakness in ocular muscles is easier to notice than limb weakness, since any small ocular misalignment will cause double vision (60). 
· Compensation for mild weakness is better in limb than in extra-ocular muscles. Extraocular muscles do not have the proprioceptive receptors of other skeletal muscle, but rather there are palisade endings associated with extrafusal muscle fibres, which may not allow for rapid adjustment for mild variations in muscle power (61). 
· The extraocular muscles have a higher firing frequency than other skeletal muscle (400 to 500 Hz) and up to 70% of ocular motor neurons are already at threshold in primary gaze, making them much more susceptible to transmission defects at the neuromuscular junction. 
· Extraocular muscles have anatomic characteristics that make them more susceptible to neuromuscular transmission block. Their post-synaptic membranes have less prominent synaptic folds with fewer acetylcholine receptors and sodium channels. This reduces the safety factor for neuromuscular transmission. Also, in the 20% of extraocular muscles that are multi-innervated fibres, force generation is directly proportional to the membrane depolarisation generated by the end-plate potential: hence any reduction in this potential will reduce muscle contraction ).
·  Such muscles do not have a safety factor. The process of neuromuscular transmission has a significant safety factor, in that these end-plate potentials are usually far larger than the level needed to trigger action potentials 
· There are both fetal and adult isoforms of the acetylcholine receptor. The acetylcholine receptor is a pentameric protein with different adult and fetal isoforms. The fetal isoform is composed of two alpha subunits, a beta, a delta, and a gamma. Adult receptors contain an epsilon subunit instead of a gamma. Limb muscles normally express only the adult form, but extraocular muscles express both. There is some evidence that the antibodies in ocular myasthenia bind a mixture of fetal and adult isoforms more strongly. 
· f) The immune response in extraocular muscles differs from limb muscles. In rodent models, complement regulatory proteins are expressed at lower levels in extraocular muscles, and hence the injury from a complement-mediated disease like myasthenia is more severe in these muscles. Other autoimmune differences between ocular and generalized myasthenia are described. The level of acetylcholine receptor antibodies in patients with ocular myasthenia is lower, and T cell responses to acetylcholine receptor epitopes of ocular myasthenia patients are lower than that of generalized patients.
Characteristics of skeletal muscle fibres 
	Characteristic
	Slow oxidative Type I
Back, leg
	Fast oxidative type II arm, 
	Fast glycolytic Type II

	Myosin ATPase activity
	Low
	High
	High

	Speed of contraction
	Slow 
	Fast
	Fast

	Resistance to fatigue
	High
	High
	Low

	Enzymes for anaerobic glycolysis
	Low
	Intermediate
	High

	Mitochondria
	Many
	Many
	Few

	Capillaries
	Many
	Many
	Few

	Myoglobin content
	High
	High 
	Low

	Colour of fibre
	Red
	Red
	White

	Glycogen content
	Low 
	Intermediate
	High




COMMONLY USED TEST IN PATIENTS WITH PTOSIS
If antagonists have been given and there is still a question about movement (or lack thereof), the following questions should be answered prior to giving more drug: 
1. Has sufficient time elapsed (15-30 mins)? 
2. Is the NMJ blockage too intense to be antagonized? 
3. Is acid-base status normalized? 
4. Is body temperature normal? 
5. Are other drugs interfering with antagonism? 
6. Has hepatorenal dysfunction affected clearance? 
Increased jitter on single-fibre EMG can occur with both myasthenia and CPEO.  Ragged red fibres on muscle biopsy and deletions on mitochondrial DNA analysis confirm the diagnosis of CPEO. 
· CURARE—FROM AMAZON TO MERSEY
· SYNTHETIC BLOCKERS
· CONCLUSION
· References
ANNEXURE III 
Neuromuscular Junction Toxins
Acetylcholine in the neuromuscular junction is affected by 3 different types of inhibitors: release inhibitors, receptor inhibitors and acetylcholinesterase inhibitors. 
A large number of chemical inhibitors can affect ACh in 3 different locations:
· In the neuromuscular junction and autonomic ganglion synapses (nicotinic types) 
· In parasympathetic postganglionic synapses on organs such as the heart (muscarinic sites) 
· In the central nervous system (muscarinic types, but only hydrophobic inhibitors can get into the CNS) 
Transmitter Release Inhibitors
· Tetanus and botulinum toxins inhibit transmitter release, lowering transmitter concentration in the synaptic cleft 
· These toxins are produced by anaerobic soil bacteria 
· Botulinum poisoning usually occurs in people who have eaten improperly preserved foods; the toxin can be destroyed by heating 
· Tetanus poisoning occurs when an open wound is exposed to the bacteria 
· Both types of toxin are proteins which are protease enzymes. They selectively attack and break down proteins (synaptobrevin, syntaxin, SNAP-25) required for docking of synaptic vesicles with the presynaptic membrane 
· Tetanus toxin inhibits CNS synapses that release the inhibitory transmitters, glycine and gamma-aminobutyric acid (GABA) 
· Botulinum inhibits neuromuscular junctions & other synapses 
· Tetanus and botulinum toxins compared: 
	 Toxin
	 Synaptic proteins
hydrolyzed
	 Synaptic effect
	 Type of paralysis

	 Botulinum
(Clostridium botulinum)
	Synaptobrevin: (Bot. toxins B, D, F, G)
Syntaxin: (Bot. toxin C)
SNAP-25: (Bot. toxins A, C & E)
	 Inhibits ACh release in NMJs and other synapses
	 Flaccid

	 Tetanus
(Clostridium tetani)
	 Synaptobrevin
	 Inhibits glycine & GABA release in central nervous system
	 Spastic


· Botulinum toxin (in very small local injections!) is to treat several clinical disorders with muscle spasms 
Receptor Inhibitors
· There are 2 basic types of ACh receptors: 
· Muscarinic type: 
· Stimulated by the mushroom poison, muscarine 
· Found in parasympathetic synapses on organs like the heart and intestines; also found in the central nervous system 
· Nicotinic type: 
· Stimulated by the plant toxin, nicotine 
· Found in neuromuscular junctions and autonomic ganglia 
· Natural ACh receptor inhibitors include: 
· Curare: South American arrow poison produced from the vine, Chondodendron tomentosum 
· Atropine: from several plants, including Jimson weed (Datura stramonium), thornapple and nightshade (Belladonna atropa) 
· Scopolamine: from the henbane plant (Hyoscyamus niger) 
· Marine cone snail toxins: the venom from these snails contains dozens of different neurotoxins 
· Alpha-bungarotoxin: produced by a snake, the banded krait 
· Alpha-neurotoxin: made by the cobra 
· Atropine and scopolamine inhibit muscarinic receptors; the other toxins inhibit nicotinic types 
· Receptor inhibitors will not have much effect on ACh concentration in the NMJ, but will prevent its action and paralyze the muscle 

	 Toxin
	 Type of ACh
Receptor 
Inhibited
	 Synapses and
NMJs Affected
	 Toxic Effects

	 Curare
	 Nicotinic
	 NMJ
	 Paralyzes diaphragm,
blocks respiration

	 Atropine
	 Muscarinic
	 Parasympathetic synapses with organs such as the heart & intestines. Also affects brain synapses.
	 Inhibits parasympathetic nervous system, causing: rapid pulse, pupil dilation, coma & death



· Will H. Blackwell. Poisonous and Medicinal Plants. Englewood Cliffs, NJ: Prentice Hall, 1990. Good accounts of atropine, physostigmine and curare. 
· Adrien Albert. Xenobiosis. Foods, Drugs and Poisons in the Human Body. London: Chapman & Hall, 1987. Chapters 10, 11 and 12 are on poisons. 
· Graham L. Patrick. An Introduction to Medicinal Chemistry. Oxford University Press, 1995. Chapter 11 tells about drugs affecting acetylcholine synapses and NMJs. The design of pralidoxime is discussed. 
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