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LECTURE:     LOCAL ANAESTHETICS

Introduction

Local anaesthetics are a group of chemical compounds that transiently inhibit the electrical process of excitation-conduction in peripheral nerve fibres and therefore, possess the ability to reversibly block the sensation of pain or feeling in specific circumscribed areas of the body, without the loss of consciousness. They used clinically for performing minor surgical operations or procedures e.g. tooth extraction.
History of Local Anesthetics 
The first known local anaesthetic agent was the naturally occurring alkaloid cocaine which is present in the leaves of the bush Erythroxylin coca which grows in South America.  There are accounts from the 1500's referring to Peruvian Indians chewing on leaves of the coca plant for its now well known CNS stimulant effects (unrelated to local anaesthesia), but also noting  a numbing effect of the tongue and lips. In 1850, Von Scherzer coca leaves to Europe to allow isolation of cocaine. In 1860, the German chemist Albert Niemann first isolated the active principle of the coca leaf, and named it cocaine. In 1865, Willhelm Lossen determined the molecular formula of cocaine (C17H21NO4). It wasn’t till 1884 that Carl Koller, a Viennese ophthalmologist demonstrated the usefulness of the coca leaf extract as a topical anesthetic for the eyes, and is therefore regarded as the "Father of Local Anesthesia".  Other important historical landmarks include:
1885
William Halsted first used cocaine clinically to produce dental nerve block; however, the spread of cocaine in the circulation produced several unwanted side effects including cardiac problems and addiction. In fact, both Koller and Halsted and even the famous Physician Sigmund Freud became seriously addicted to cocaine by experimenting on themselves! Pure cocaine was synthesized in 1891.
1905
Einhorn synthesized procaine (novocaine-‘new’cocaine) as the first derivative of cocaine, which had far fewer side effects and no addictive CNS stimulant properties! Heinrich Braun later introduced it into clinical practice
1943
Nils Lofgren synthesized lidocaine (lignocaine: xylocaine), a new amide class of local anaesthetic with far fewer allergic responses and faster onset of action.

Since introduction of lignocaine, many other amide anaesthetic agents have been developed, each with their own pharmacological properties e.g. mepivacaine, prilocaine, bupivacaine, amethocaine, tetracaine. Although modern synthetic local anaesthetics are relatively safe to use, occasionally, they can still provoke toxic reactions in some patients, even at the correct dose. 

Physiology of nerve conduction

The fundamental electrical impulse transmitted along a nerve fibre as a fixed-amplitude wave of depolarization is called an action potential. This transient (1–2 ms) change in membrane permeability is mediated by an increase in Na+ conductance through fast voltage-gated Na+ channels (VGSCs). At rest, the nerve membrane permeability is mainly governed by the ‘leak’ K+ conductance; in addition, the activity of the Na+/K+ ATPase (pumping 3 Na+ out of the cell and 2 K+ in) is responsible for generating and maintaining the low [Nai] and high [Ki​] concentrations, important for establishing the nerve resting membrane potential (~−70 to −90 mV). VGSCs consist of a pore formed by an α-subunit and one or two associated β-subunits. The α-subunit is composed of four domains (D1–4), each containing 6 helical trans-membrane segments (S1–6). 
Na+ channels exist in 3 basic states: resting (closed), activated, and inactivated. On external stimulation (depolarization) of the nerve, the Na+ channels change conformation to the active state which then allows net Na+ influx along the Na+ electrochemical gradient. If this initial depolarization exceeds the threshold value of −60 mV, this triggers further regenerative (‘all or nothing’) Na+ channel opening resulting in the rapid upstroke and overshoot of the action potential towards the Na+ equilibrium potential (~ +20 mV), whereupon channel inactivation occurs and the slower-activating ‘delayed rectifier’ K+ current is turned on to repolarize the membrane back to rest. In this way, a wave of depolarization spreads rapidly along the nerve fibre, propagating the original stimulus.

After many action potentials have been fired, active Na+/K+ pumping and continued leakage of K+ ions restores any ionic imbalances across the membrane, and therefore maintains the resting  potential at its polarized state. The brief period of insensitivity to further stimulation after an action potential is called the refractory period, which limits the maximum frequency that the nerve can fire at and also prevents retrograde conduction of the impulse.

Stucture of Local Anaesthetics

Clinically useful local anaesthetic agents usually consist of a lipophilic aromatic ring and a hydrophilic terminal amine group separated by an intermediate ester (COO) or amide (NHCO) linkage chain. The type of intermediate linkage determines the route of metabolism of the compound and its potential to induce allergic reactions. Amino esters (easily hydrolysed in solution by plasma cholinesterase) include procaine, amethocaine and tetracaine (note: cocaine is also an ester) whereas amino amides (more stable in solution include lidocaine, mepivacaine and bupivacaine. Some local anaesthetics however, do not possess this typical structure, e.g. benzocaine, which although an ester, has no terminal hydrophilic amine group. Consequently, benzocaine is insoluble in water and can only be used for topical anaesthesia. Note: Bupivacaine, prilocaine, and mepivacaine also exist as stereoisomers, with different physiochemical/biological properties. 

Physiochemical properties
The potency of local anaesthetics also depends on:

· their relative lipid solubility (partition coefficient) 
· degree of protein binding in vivo  and
· their pKa value 

Lipid solubility: Lipid solubility is a primary factor in determining the ability of the drug to cross the membrane and access target Na+ channel receptors, and is therefore crucial for intrinsic anaesthetic potency. Lipid solubility is measured from the relative distribution of the local anaesthetic between water or physiological pH buffer, and a non-aqueous solvent (e.g. octanol). This distribution between the two solvents allows the  calculation of a partition coefficient.  High partition coefficient values means a greater lipid solubility and therefore a faster nerve penetration (higher anaesthetic potency). Lipid solubility will obviously depend on the structure of the aromatic portion of the anaesthetic molecule; the amine portion (usually a secondary or tertiary amine) is associated with water solubility. Consequently, highly lipid soluble drugs such as bupivacaine or amethocaine are more potent anaesthetics than less lipid soluble agents such as procaine or prilocaine.

Protein binding:  local anaesthetics bind mainly to plasma albumin and also non-specific protein sites: this can affect the duration of anaesthesia and also of any toxic effects; e.g. procaine, which is poorly protein bound has a much shorter duration of action in vivo than bupivacaine, which is more strongly bound, therefore more slowly removed from its site of action.
pKa, pH and degree of ionization:  All local anaesthetics are weak bases, and are usually prepared as hydrochloride salts. In solution, the local anaesthetic will exist as a mixture of ionized cationic molecule (membrane impermeable) and unionized neutral base (membrane permeable), as determined by the dissociation constant (pKa = -log10 [dissociation constant]) of the local anaesthetic and the solution pH, according to the Henderson–Hasselbach equation:
pH = pKa+log10 [unionized]/[ionized].
The lower the pKa, the lower the degree of drug ionization.  Note: pKa equals the pH where the ionized and non-ionized forms are at equilibrium i.e. 50% of each form is present.
Local anaesthetics have a pKa ~7.6–8.9; thus on injection into tissue at physiological pH (7.4), the cationic form will predominate. At higher (alkaline) pH [or when drug pKa is low], a lower degree of ionization and increase in proportion of permeable neutral base will occur, so the rate of onset of action is increased and effect duration is prolonged (etidocaine: pKa 7.7). Interestingly, inflamed tissue has a low acidic pH, which would shift the equilibrium towards the ionized form [also when drug pKa is high] and therefore slow onset of local anaesthesia and decreased effect duration would result (procaine: pKa 8.9).
[Note: other factors that would affect drug duration include the total dose given and the blood flow the site of administration – influenced by addition of vasoconstrictors – see below].
Factors affecting the sensitivity of nerve fibres
Generally, local anaesthetics preferentially block smaller diameter nerve fibres in the order Type C (1μm; dull pain and autonomic postganglionic -unmyelinated)> Aδ (2μm; sharp pain-myelinated) >Aβ (5μm; sensory-myelinated)>Aα (12μm; motor-myelinated). The loss of nerve sensitivities produced by local anaesthetics is therefore in the order: Autonomic>pain>temperature>touch>pressure (proprioception)>skeletal muscle tone. In myelinated fibres, local anaesthetics can only act at the breaks in the myelin, or nodes of Ranvier. 

 Mechanism of action

According to the classical model proposed by Hille, local anaesthetic agents are believed to diffuse through the lipophilic nerve membrane in their unionized neutral form. At the lower intracellular pH, the ionized active form is generated, which enters the intra-cellular portion Na+ channel in its open state and binds reversibly with the D4–S6 part of the α-subunit to block Na+ influx, and therefore prevent impulse conduction. The resting membrane and threshold potential of the nerve fibre are unaffected. In addition, the unionized basic form of the local anaesthetic could also partition into the lipid/lipoprotein matrix surrounding the Na+ channel, causing membrane expansion and therefore disrupt channel function indirectly; it could also access the local anaesthetic receptor within the channel via lateral movement in the membrane lipid phase.
In general, the binding affinity of local anaesthetics is highest when the Na+ channel is in its open or inactivated states, than when the channel is closed. Repeated stimulation therefore allows increasing amounts of local anaesthetic to access its binding sites within the channel, with a progressive increase in block (termed use-dependence). Voltage-dependence of block will also occur, as a greater proportion of Na+ channels will be in the inactive state at depolarized potentials than at more negative potentials. In addition, different local anaesthetics have different channel on and off rates e.g. lidocaine binds and dissociates rapidly from the channel, whereas bupivacaine binds rapidly, but dissociates more slowly. This can have clinical relevance for toxic effects: in the heart, the slow dissociation of bupivacaine can induce serious arrhythmias. (R)-bupivacaine also dissociates more slowly than (S)-bupivacaine.
Metabolism

Ester local anaesthetics are rapidly hydrolysed (and inactivated) in the plasma (and  tissues) by non-specific pseudocholinesterases, therefore little potential for accumulation; metabolites can however, induce allergic reactions (cocaine is an ester but is slowly metabolized in the liver). Amide local anaesthetics are stable in blood, therefore may accumulate with repeated doses; they undergo initial liver metabolism followed by renal excretion. Prilocaine is rapidly metabolised, lidocaine is intermediate and bupivacaine is the slowest. Other sites of metabolism (lung) can also contribute to clearance.

Toxicity 
Although intended primarily to produce a local anaesthetic action, these agents can also be absorbed systemically after an inadvertent high dose or if accidentally injected intravenously, to produce toxic effects in the CNS (tend to occur first) and cardiovascular systems.

CNS side effects: sensory disturbances (tinnitus, perioral tingling, tongue numbness, slurred speech, visual disturbaance), agitation/talkativeness, anxiety, confusion, dizziness, restlessness, a metallic taste in the mouth, drowsiness, blurred vision, tremor, shivering or muscle twitching and possible generalized seizures; respiratory depression→ arrest; coma. 

Cardiovascular side effects: hypotension (due to direct vasodilation), possibly leading to cardiovascular collapse→coma; myocardial depression → bradycardia, with varying degrees of block, arrhythmias, possibly leading to ventricular fibrillation and asystole (cardiac arrest); 

Allergic reactions:
These are more common with ester-type local anaesthetics, and are seen as contact dermatitis, bronchospasm, hives, all caused by the generation of p-aminobenzoic acid (PABA) on ester hydrolysis. Allergic reactions to amide anaesthetics are rare.

Local anaesthetics on binding to plasma or tissue proteins can also develop direct antigenic properties. 

Some patients that lack plasma pseudocholinesterase can experience prolonged anaesthesia and enhanced toxic effects.

Other toxic effects: Direct injection of a local anaesthetic into a muscle can sometimes induce an intense inflammatory response, possibly leading to muscle necrosis. In ophthalmic use, damage can occur to the extra-ocular muscles, producing blurred vision.

Lipid rescue: this is a relatively new concept introduced recently to counteract severe local anaesthetic toxicity, whereby an aqueous intravenous infusion of very fine lipid droplet suspensions (nanoparticles) (Intralipid: 20%) is used in order to scavenge uncharged local anaesthetic molecules (and any lipohilic toxic metabolites) from the plasma and affected tissues and therefore in principal, make them unavailable for entering nerve membranes and interaction with Na+ channels. This method is now being advocated for treatment of poisoning by other lipophilic drugs in general.
Combination with vasoconstrictors

With the exception of cocaine, which produces local vasoconstriction by inhibiting the U1 uptake process for noradrenaline into sympathetic nerve terminals, most local anaesthetics like lidocaine at therapeutic concentrations, have a direct vasodilator activity, which would tend to increase blood flow in the area of application, limit the duration of anaesthetic action and also increase the chance of excess systemic absorption and possible toxic side effects. For this reason, adrenaline 1:50,000 is usually also included in injected solutions to constrict blood vessels in the area of administration and therefore to localize and lengthen the duration of anesthesia at the injection site. Accidental intravascular injections of local anaesthetic solutions containing adrenaline can also produce unpleasant cardiovascular effects, particularly in patients with severe hypertension or unstable cardiac rhythm.
Phentolamine mesylate (a nonselective α-adrenergic blocker), can be used for the reversal of soft-tissue anaesthesia following intraoral submucosal injection of a local anaesthetic containing a vasoconstrictor.
Note: Vasoconstrictors are not used for anaesthesia in the fingers, toes, nose, ear lobes or penis due to risk of peripheral gangrene. For these patients, an anaesthetic without adrenaline should be used.
Clinical uses

Topical or surface anaesthesia: Direct application of aqueous solutions of topical agents may be used to provide surface anaesthesia of mucous membranes of the nose, mouth, trachea or genitourinary tract; also, the cornea of the eye or the skin e.g. lidocaine, tetracaine and benzocaine (not in ophthalmology).

Infiltation anaesthesia: Drug is injected directly into tissue e.g. skin, gums, to produce local numbness for carrying out minor surgery. Adrenaline is included in solutions to produce local vasoconstriction.

Regional nerve block anaesthesia: Drug is injected near a peripheral nerve trunk (e.g. dental nerves) or nerve plexus to produce regional anaesthesia for dentistry or surgery. Vasoconstrictor may be included. In intravenous regional anaesthesia (‘Bier’ block), a pressure cuff is used to limit drug entry into the general circulation.

Spinal anaesthesia: Drug is injected directly into the lumbar subarachnoid (intrathecal) space into the CSF below the terminal end of the spinal cord (L2 vertebra) to anaesthetize spinal roots or spinal cord, for abdominal and lower body surgery without general anaeasthesia.

Epidural anaesthesia: Drug is injected into the epidural space at any level of the spinal column to block spinal roots and produce spinal anaesthesia of the thorax, abdomen and lower extremities; also used in ‘painless’ childbirth.
Properties of some local anaesthetics
Cocaine

Cocaine (the first local anaesthetic) is an ester of benzoic acid derived from the leaves of Erythroxylon coca. In addition to its local anaesthetic actions and well known CNS stimulant properties (block of dopamine uptake – euphoria), it also blocks the reuptake of released noradrenaline into sympathetic nerve terminals, so can produce an intense local vasoconstriction. It is still used occasionally as a topical anaesthetic (4-10% solution as hydrochloride) for procedures involving the nasal mucosa (nasotrachael intubation). It is no longer used as a mydriatic and local anaesthetic in ophthalmology, due to corneal toxicity. It is never given by injection. Systemic side effects include → hypertension, tachycardia, hyperthermia (vasoconstriction- poor heat dissipation), mydriasis and CNS stimulant effects (euphoria). It is more slowly metabolized than other ester local anaesthetics, therefore more chance of toxicity.
Lidocaine (Lignocaine, Xylocaine)

Lidocaine is a tertiary amide derivative of diethylaminoacetic acid. It is used widely for infiltration and regional local anaesthesia, and in dentistry in combination with adrenaline; also as a 2-4% solution for surface anaesthesia or as an ointment (5%). Being an amide, it has low allergenic potential. Its speed of onset is relatively rapid due to its low pKa (7.9). Protein binding is relatively low so duration of action is moderate (several hours). Lidocaine is also a class Ib anti-arrhythmic agent, so can be given intravenously to treat ventricular tachycardias and atrial fibrillation. Side effects: hypotension and bradycardia; CNS: confusion, respiratory depression, convulsions.
Procaine (Novocaine) is suitable for infiltration and regional anaesthesia but is now rarely used  because of its low potency, slow onset and short duration of action. It is of no use for surface anaesthesia. It is also subject to rapid hydrolysis (to PABA) so can produce allergic reactions.

Bupivacaine (Marcain)

Bupivacaine is the butyl derivative of N-alkyl pipecoloxylidine. It has a moderate rate of onset and relatively prolonged duration of action. It is use for local infiltration, peripheral nerve block and continuous epidural block in labour (0.25-0.5 % solution). Side effects are similar to those of lidocaine, but can be relatively more toxic, especially on the heart. 
Ropivacaine (Naropin) (a pure S- isomer) is a similar long-acting amide anaesthetic with a better toxicity profile, also used for obstetric anaesthesia.
Prilocaine (Citanest)

Prilocaine is a secondary amide derivative of lidocaine with a similarly rapid onset but longer duration of action. Used mainly for infiltration anaesthesia (1% solution).  Can be used without adrenaline (less direct vasodilatory activity). Avoided for ophthalmology and dental use. It is relatively non-toxic, due to rapid tissue uptake and biotransformation; however one of its metabolites (o-toluidine) can convert Fe2+ to Fe2+ in haemoglobin, causing methaemoglobinaemia (therefore avoided in obstetrics to prevent cyanosis in newborns). 
Benzocaine is an ester derivative that lacks the usual terminal amino group. It is water insoluble and has a low potency and toxicity; it is used exclusively for topical anaesthesia – available in creams and throat lozenges for treating minor ailments. Long-term exposure in topical preparations can lead to contact dermatitis. Use in spray preparations may also cause methaemoglobinaemia.
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