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LECTURE:   GENERAL ANAESTHETICS
Introduction

General anesthetic drugs are a chemically diverse group of compounds that are used medically during major surgical procedures in order to produce a state of reversible unconsciousness (hypnosis) for a controlled amount of time, with inhibition of sensory, motor and autonomic reflexes, loss of skeletal muscle tone, analgesia - loss of pain, touch, cold and other sensations, and amnesia. Some sedative hypnotics can also be used to produce general anesthesia.  
History of general anaesthesia

Before the development of general anaesthetics in the mid-1800’s, major surgery (e.g. amputation of limbs) was carried out on patients while they were fully awake, or under various uncontrolled states on intoxication produced by ‘sedative’ agents such as opiates, ethanol e.g. a large shot of whiskey followed by biting on a piece of wood, ice for the numbing effect, or even a blow to the head! Some historical landmarks include:
1846-
first demonstration by William Morton (Boston, USA) of the administration of diethyl ether in surgery.
    
1847-
first use of chloroform in surgery
    
1867-
anaesthetic action of N2O discovered [synthesized by Joseph Priestly 1772]
    
1930's-
modern anesthetics introduced - thiopentone
    
1940's-
tubocurarine- used for skeletal muscle relaxation

1956- halothane- first ‘safe’ inhalational anaesthetic introduced
1972-
enflurane
1981-
isoflurane

1992-
desflurane

1995-
sevoflurane
There are two types of general anaesthetics: inhalational and intravenous.
Inhalational agents: these are substances that exist either as gases or volatile liquids  that are vaporized and delivered to the patient, mixed with oxygen and air, via an anaesthetic machine; e.g. N2O (‘laughing’ gas) or volatiles: halothane, isoflurane, desflurane, sevoflurane - simple halogenated compounds containing fluorine and/or chlorine or bromine. Diethyl ether (flammable) and chloroform (toxic to liver) are no longer used. The rare gas Xenon also possesses anaesthetic properties, although it is not widely used clinically.
Intravenous agents: these are various anaesthetic compounds or induction agents given by intravenous injection usually in combination with inhaled anaesthetics in order to supplement and maintain general anaesthesia, or to provide pre-anaesthetic sedation: e.g. propofol; etomidate; barbiturates- thiopentone, methohexital; benzodiazepines- diazepam, lorazepam, midazolam; opioid analgesics: fentanyl, sufentanil; ketamine [used mainly by veterinarians and in emergencies e.g. road traffic accidents – also a drug of abuse)].
Signs and stages of general anesthesia

There are 4 classically recognized stages of general anaesthesia:
1. Stage of analgesia:  the ‘induction’ period; no pain felt, (inhibition of pain transmission in spinal tract - dorsal horn, spinal cord, nociceptors), respiration irregular; BP normal; no amnesia
2. Stage of excitement:  - patient is excited, delirious, respiration and heart rate are irregular and fast, BP high, pupils dilated, possible vomiting; period needs to be as short as possible (higher centres are affected- increased excitatory neurotransmitters); amnesia
3. Surgical  anesthesia: - operative stage - respiration is regular; loss of eyelash reflex (decreased spinal reflexes); skeletal muscles are relaxed; no eye movements; dilated pupils; surgery can begin
4. Medullary depression:  danger point - overdose - normal respiration ceases; potential cardiovascular collapse - artificial respiration and cardiovascular support required
Mechanism of Action
The precise mechanism of action of general anaesthetics (particularly inhalational halogenated hydrocarbons) has always been a subject of debate. Unlike other pharmacologically active substances that produce their effects usually by interacting with specific surface membrane receptors at very low concentrations and with high binding affinity, with general anaesthetics there is no obvious structure activity relationship between the various active substances (but see below), and the actual anaesthetic concentration achieved at the membrane level to produce anaeasthesia is in the order of millimoles rather than nanomoles or micromoles.  These basic observations led to the concept that general anaesthetics did not interact with a specific receptor site(s), and that their neuronal action was solely dependent on their physiochemical properties i.e. by producing a non-specific pertubation of the lipid membrane surrounding neurotransmitter receptors and voltage-gated ion channels.
The Meyer-Overton lipid solubility-anaesthetic potency correlation
In general, the theory states that the more lipid soluble the drug [olive oil/gas partition coefficient], the more potent it is as an anaesthetic. Thus, the anaesthetic is believed to simply dissolve and interact with the lipid membrane of the neurone, altering the structure of lipid matrix (increase in fluidity), and therefore indirectly altering the function of embedded receptor and ion channel proteins in a non-specific manner. The molecular volume rather than the chemical structure of the molecule was considered to be more important for anaesthesia. In support of this theory was the general observation that an increase in atmospheric pressure could reverse the anaesthetic effect (pressure reversal). Several other elaborate physiochemical theories have also been developed over the years (bilayer expansion hypothesis, phase separation hypothesis, changes in membrane lateral pressure etc).
More recently, several important observations have however, led to a re-evaluation of the basic lipid solubility theory:
· Not all halogenated ‘membrane–disruptor’ agents that dissolve in lipid membranes show anaesthetic properties, even though the Meyer-Overton hypothesis predicts that they should have.  
· Stereoisomers of certain anaesthetics exist that have identical partition coefficients but very different anaesthetic potencies e.g. R-(+) isomer of etomidate is 10 times more potent than the S-(-) isomer.
· Some highly lipid soluble agents behave as convulsants rather than anaesthetics e.g. flurothyl. Also, some exert only one component of the expected anaesthetic action (amnesia) and no immobilization.
· Altering the chain length of a series of alcohols or hydrocarbons increases their lipid solubility in proportion, but after a certain chain length is achieved, anaesthetic effectiveness drops dramatically, indicating a critical limit to how big a molecule can be and still remain effective (cut-off effect).  

· Actual lipid structure and fluidity effects produced by clinically relevant concentrations of general anaesthetics in artificial membranes have been found to be actually very small and easily mimicked by small changes in temperature (~1°C); clearly such small changes in body temperature do not induce anaesthesia in humans! 
Thus instead, of general non-specific membrane fluidity effects, general anaesthetics could in fact be binding directly and stereoselectively to hydrophobic portions (pockets) of receptor proteins and ion channels, at reasonable pharmacological concentrations, to affect their activity directly (changing protein ‘dynamics’, rather than conformational shape).  More polar general anaesthetics are also less likely to penetrate the blood-brain barrier. 

Current evidence now suggests that volatile general anesthetics can interact with specific target neurotransmitter receptor and ion channel proteins, rather than by mere lipid membrane disruption: e.g.-
· GABAA and glycine receptors – allosterically enhancing the neuronal increase in Cl- conductance produced by GABA or glycine.  Accordingly, halogenated compounds that are non-anaesthetics do not affect GABA or glycine currents.
· TASK-1/TREK-1 (two-pore-domain [K2P]) K+ channels - increasing the background K+ conductance involved in maintaining the resting membrane potential, thereby causing a hyperpolarization and decrease in neuronal excitability (halothane/isoflurane). Interestingly, TASK-1 (-/-) and TREK-1 (-/-) mice are resistant to anaesthesia by volatile anaesthetics. Their presence in the heart could also explain the dysrhythmic cardiac side effects of some volatile anaesthetics.
Other possible receptor/ion channel targets include:
· Nicotinic acetylcholine receptors (nAChRs) (-)
· Glutamate AMPA or NMDA receptors (-)
· 5HT3 receptors (+)
· Voltage-gated Na+ ion channels (-weak) - decreasing action potential propagation.
· Voltage-gated Ca2+ ion channels (-weak)

Bioavailability of inhaled anaesthetics
An inhaled anaesthetic first enters the lungs, then the agent is carried in the blood circulation to all tissues of the body including the brain; the partial pressure of the anaesthetic in the brain then causes anaesthesia. The clinical speed of onset and effectiveness of an inhaled anesthetic will therefore be principally governed by its physiochemical and pharmacokinetic properties:
· The solubility of the anaesthetic in the blood (blood/alveolar gas ratio); anaesthetics with a low blood/gas ratios do not dissolve readily in the blood (less drug ‘hidden’ or buffered in the general circulation) and thus more will be available to arrive at the brain. A more soluble agent will dissolve in large quantities in blood before the brain levels rise adequately to cause anaesthesia, therefore a slower onset. More soluble agents will also have longer recovery.
· The amount of anaesthetic that reaches the brain, indicated by its lipid solubility (oil/alveolar gas ratio); the higher the oil/gas ratio, the more anaesthetic will get to the brain.

Other important factors include: the volatility of the anaesthetic (saturated vapour pressure: SVP), the inspired concentration, alveolar ventilation, cardiac output, tissue perfusion, anaesthetic equilibration with tissues, metabolism and age of the patient. 
Blood/gas ratios: N2O  = 0.47; Halothane = 2.3; Isoflurane = 1.4. 
N2O has low solubility in the blood, thus quickly reaches high concentrations (high arterial tension) and therefore, gets to brain quickly. 
Oil/gas ratios: N2O  = 1.4; Halothane = 225; Isoflurane = 98

Halothane and isoflurane are clearly more lipid soluble than N2O, therefore would partition more readily into the brain

Anaesthetic potency

Inhaled anaesthetics also vary in their potency. This is usually expressed as Minimum Alveolar Concentration (MAC) – defined as the lung alveolar concentration of anaesthetic vapour (expressed as a percentage volume  at 1 atmosphere, i.e the % partial pressure), needed to prevent a response to a painful stimulus [skin incision] in 50% of patients. It may therefore be considered ≡ ED50 of the anaesthetic.  The measurement is made after 15 min equilibration in the alveoli, blood and brain. 
MAC is inversely proportional to lipid solubility (oil/gas ratio), therefore inversely related to potency i.e. a low MAC means high anaesthetic potency. MAC values may be considered like drug doses e.g. 0.3 MAC of drug X, 1 MAC of drug Y and are additive. Use of i/v adjvunts to anaesthesia or N2O as a carrier gas, lowers the MAC (dose) required of other inhalational drugs, therefore less likelihood of side effects developing. MAC of an agent is also reduced by hyperthermia, alcoholism and in elderly patients.
MAC of various inhaled anaesthetics in order of potency:
Halothane 0.75%; Isoflurane 1.15%; Desflurane 6%; N2O 104%
Use of general anaesthetics   
 Gaseous anaesthetics
N2O is a colourless, odourless, tasteless, sweet-smelling inert inorganic gas with a low blood solubility (rapid induction and recovery) but a weak anaesthetic potency and no amnesic effects, but powerful analgesic effects; it is therefore combined (50-66% in O2) with other inhalational or intravenous agents to produce a full surgical anaesthesia. Also used widely 50:50% v/v with O2 for analgesia in obstetrics. Unlike the hydrocarbon anasethetics, N2O does not interact with GABA​A receptors but inhibits NMDA receptors, in a manner similar to that of ketamine, and can likewise produce similar euphoric and hallucinatory effects.  It has minimal effects on HR, BP, respiration or liver function, therefore very safe to use for maintenance of anaesthesia. Prolonged or frequent exposure can however produce megaloblastic anaemia (inhibition of the action of Vit B12).
Xenon blocks AMPA and NMDA-type glutamate receptors directly, therefore inhibits neuronal excitatory synaptic transmission. It has also recently been shown to be a novel activator of ATP-sensitive K+ (KATP) channels in brain. Xenon is not widely used due to its relatively high cost.
Volatile inhalational anaesthetics

These agents are commonly used for induction and maintenance of anaesthesia and after induction with an intravenous anaesthetic. They are administered through a calibrated vaporizer along with air, O2, or N2O/O2. Induction with these agents is typically rapid, and duration relatively short, depending on pharmacokinetic redistribution of drug from brain to other tissues. Side effects: malignant hyperthermia (potentially fatal), hepatotoxicity, nephrotoxicity, cardiorespiratory depression, hypotension, and cardiac arrhythmias. Some patients may also suffer postoperative nausea and vomiting.
Halothane, although potent, non-flammable and non-irritant, is rarely used now because or risk of severe hepatotoxicity after repeated exposure.
Isoflurane: Most widely used agent; stable, colourless, non-flammable; minimal cardiac effects; no hepatotoxicity; systemic vasodilation possible; it potentiates the actions of muscle relaxants; can however be irritant, causing cough and laryngospasm.
Desflurane: rapidly acting and rapid recovery but less potent than isoflurane; it is quite irritant to airways so less commonly used; no malignant hyperthermia

Sevoflurane: rapidly acting, quick recovery and quite potent; Non-irritant. 
Intravenous Anesthetics

Propofol - widely used for maintenance of anaesthesia during surgery, and for pre-sedation; fast acting/short duration; no analgesia; has antiemetic properties. Side effects include respiratory depression, bradycardia, increased BP, anaphylaxis and possible convulsions. i/v injections can also be painful. Like barbiturates, propofol potentiates inhibitory amino acid effects at GABAA and glycine receptors; it can also potentiate ATP effects at purinergic P2X receptors, but inhibits effects at 5HT3 receptors.  Interestingly, propofol has also been shown to block the hyperpolarization-activated cation current rectifier I(h) [HCN1] in cortical and hippocampal neurones at μM concentrations – resulting in a decrease cell excitability.  The general anesthetic actions of propofol may therefore involve inhibition of cortical neurones and perhaps other HCN1-expressing cells in the brain.
Etomidate: non-barbiturate anaesthetic without analgesic properties; has minimal cardiovascular or respiratory side effects, but depresses adrenal corticosteroid production, so not used for maintenance of anaesthesia. Can induce amnesia at low doses. Etomidate also enhances GABAA-mediated inhibitory responses. 

Barbiturates: - thiopental sodium (pentothal) – rapidly acting because of high lipid solubility; crosses the  blood brain barrier very quickly following administration and also diffuses rapidly out of the brain, so rapid recovery; decreases BP (useful when intracranial pressure is high) and respiration; no analgesic action.  It is used in combination with inhaled anesthetics.  Main mechanism is to prolong GABAA-mediated inhibitory responses; it also blocks glutamate receptor-mediated effects. 
Ketamine- similar pharmacological effects to PCP (phenylcyclidine)- ‘angel dust’ – produces ‘dissociative’ anesthesia - catatonia (no talking or reacting), amnesia, and analgesia; also hallucinations  and vivid dreams; emergence delirium. It was originally developed in the 1960s as an intravenous/intramuscular general anaesthetic (safer alternative to PCP), still used for short operations (also for veterinary use). It also now has serious (and increasing) abuse potential and can cause strong psychological dependence and some tolerance but no clear physical dependence or withdrawal syndrome. It stimulates the cardiovascular system, therefore still good for emergency patients in shock, e.g. in road traffic accidents or war zones; it is also used occasionally in children and elderly patients. In small doses, it has been shown useful for the treatment of neuropathic pain and some chronic pain syndromes. More recently, it has been found to exhibit rapid-onset antidepressant effects (within a few hours/days), therefore has been found useful in patients with treatment-resistant bipolar depression. 

‘Street’ ketamine (hydrochloride: difficult to synthesize) is mainly obtained illicitly by diverting commercial sources, and can be snorted (like cocaine), smoked, or taken orally in the form of liquid, tablets, or as powder mixed in drinks (unpleasant taste). Injecting ketamine i/v recreationally is not advisable in view of its powerful anaesthetic effects.  
Chronic ketamine abuse has recently been associated with irreversible bladder damage (ulcerative cystitis), although the mechanism underlying this effect is not currently known. Chronic users can also suffer from memory defects.

Pharmacologically, ketamine blocks excitatory NMDA-type glutamate receptor/ion channels at the ‘PCP site’ in a use-dependent manner; it also inhibits neuronal nAChRs (β4-seletive) and voltage-gated Na+ channels.
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Supplementary (adjunct) drugs used in general anaesthesia

Opioid analgesics: e.g. fentanyl, alfentanil, remfentanil; (given as i/v premedications + intermittent boluses) can be used to lower the amount of inhalant anaesthetics required to achieve effective analgesia during induction/maintenance of general anaesthesia -  also for post-op analgesia:  rapid onset and short duration of action; potent analgesia, loss of interest in environment, with no loss of consciousness, but can produce nausea/vomiting, respiratory and cardiovascular depression and muscle rigidity (chest/jaw).  
Competitive (aminosteroid) neuromuscular blocking agents e.g. atracurium, rocuronium, pancuronium, vecuronium: can be given i/v as supplementary agents administered with general anaesthetics (together with carefully monitored artificial respiration throughout) in order to produce an immediate state of skeletal muscle relaxation of controlled duration (short, intermediate, extended) to facilitate abdominal surgery (minimize dose of general anaesthetic required) and also to allow for easier insertion of endotracheal tubes. Reversal of competitive neuromuscular blockers after surgery, can be made by administering anticholinesterases i/v such as: edrophonium or neostigmine. 

In 2008 , a new drug sugammadex was introduced into neuromuscular pharmacology (see: Welliver et al., (2008). Discovery, development, and clinical application of sugammadex sodium, a selective relaxant binding agent. Drug Des Devel Ther. 2: 49–59). It is a modified γ-cyclodextrin, with a lipophilic core and a hydrophilic periphery, with the unique ability to rapidly reverse neuromuscular blockade after administration of the aminosteroid non-depolarizing neuromuscular-blocking agents such as rocuronium or vecuronium. Since sugammadex is not an acetylcholinesterase, muscarinic cholinergic side effects are not produced on reversal, so co-administration of an antimuscarinic agent [image: image3.jpg]


is not required.
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A sugammadex molecule encapsulating a rocuronium molecule.

Non-competitive (depolarizing) neuromuscular blockers: e.g. suxamethonium (ultra-short acting), is used in conjunction with general anaesthesia as a skeletal muscle relaxant to facilitate rapid tracheal intubation and mechanical ventilation in short surgical procedures. Since suxamethonium is normally metabolised by plasma pseudo cholinesterase, prolonged paralysis can occur in patients with abnormal plasma cholinesterases. It can also trigger malignant hyperthermia in some susceptible patients.
Antimuscarinic drugs: such as atropine, glycopyrronium or hysoscine can be given as premedications (i/m) to dry up bronchial and salivary secretions to facilitate intubation and inhalational anaesthesia. They are also used to prevent excessive muscarinic effects: (bradycardia, salivation) following administration of anticholinesterases in neuromuscular block reversal. Hyoscine can also have useful sedative, amnesic and anti-emetic effects.
Benzodiazepines: (GABAA receptor modulators): e.g. diazepam, lorazepam, midazolam, temazepam: are used i/v or i/m: as premedications to produce relief of anxiety, sedation and amnesia before major surgery; also for induction; no analgesia; can produce respiratory depression. 
5HT3R antagonists; e.g. odansetron, granisetron: commonly given pre-op to prevent post-op nausea and vomiting following inhalational general anaesthesia.
Hypnotics (GABAA receptor modulators) e.g. propofol, etomidate i/v (see above): can be given for induction of anaesthesia, supplementary to N20 for short surgical procedures. 

Opioid analgesic: e.g. remifentanil: Remifentanil, is a potent, ultra short-acting synthetic opioid analgesic drug. It is given to patients during surgery as an adjunct to an anaesthetic to relieve pain. Remifentanil induces a deeper analgesia and anaesthesia. Patients given remifentanil show faster recovery times but may need post-operative analgesia more frequently because of the rapid offset of action. 

Remifentanil is different from all other opioids in that it possesses an ester linkage that allows it to be hydrolysed relatively quickly in vivo by non-specific blood and tissue esterases thus, it may be particularly useful where rapid onset and offset of opioid effects are desirable.
References
Franks NP. &  Honoré E (2004). The TREK K2P channels and their role in general anaesthesia and neuroprotection. Trends Pharmacol Sci. 25(11):601-608.

Franks, NP. & Lieb, WR (1990).  Mechanisms of general anaesthesia. Environmental Health Perspectives, 87. 199-205.
Mihic SJ, McQuilkin SJ, Eger EI 2nd, Ionescu P, Harris RA. (1994). Potentiation of gamma-aminobutyric acid type A receptor-mediated chloride currents by novel halogenated compounds correlates with their abilities to induce general anesthesia. Mol Pharmacol. 46(5):851-857.

Stachnik J (2006). Inhaled anesthetic agents. Am J Health Syst Pharm. 63(7): 623-634.
Thompson SA & Wafford, K. (2001). Mechanism of action of general anaesthetics – new information from molecular pharmacology. Current Opinion in Pharmacology 1, 78-83.  

Torri G. (2010). Inhalation anesthetics: a review. Minerva Anestesiol. 76(3):215-228.

http://en.wikipedia.org/wiki/Theories_of_general_anaesthetic_action
http://www.drugscope.org.uk/resources/drugsearch/drugsearchpages/ketamine
AC/General Anaesthetics Lecture​​ 2025.doc/March 2025
