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Describe the changes that occur in the cardiovascular system (at the muscular level) during exercise
· At rest, there is tonic vasoconstrictor discharge

· At or before exercise initiation, there is increased blood flow, due to sympathetic vasodilator system

· During exercise, there are factors that increase blood flow

· Decreased PO2

· Increased PCO2

· Accumulation of potassium / other vasodilator metabolites

· Increased temperature

· There is opening of many more capillaries, decreasing the distance for oxygen diffusion

· Increased interstitial fluid

· Increased capillary pressures

· Increased osmotically active substances in the interstitium

· This is balanced by increased lymphatic flow

· Shift in oxygen dissociation curve to the right (oxygen given up more easily)

· Decreased pH

· Increased temperature

· During short periods of exercise, there is anaerobic metabolism of glucose, leading to an oxygen debt.

Draw the pressure / volume loop of cardiac output, and indicate how it changes with exercise
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· Decreased diastolic BP, therefore:

· Earlier opening of aortic valve (and so earlier ejection)

· Decreased ventricular pressure at the end of isovolumetric relaxation
· Increased contractility, therefore increased pressure during ejection

Describe the differences in the cardiovascular effects of isometric and isotonic contraction during exercise
	Isometric Contraction
	Isotonic Contraction

	· Increased heart rate

· Psychic stimuli

· Decreased vagal tone
	· Increased heart rate

· Psychic stimuli

· Decreased vagal tone

	· Increased systolic and diastolic BP


	· Decreased total peripheral resistance (vasodilation in exercising muscles)

· Systolic BP increased only moderately

· Diastolic BP unchanged or decreased

	· Little change in stroke volume


	· Markedly increased stroke volume



	· Decreased blood flow to skeletal muscle (vessel compression)
	

	
	· Increased cardiac output (proportionate to increased oxygen consumption)

· Increased HR

· Increased stroke volume

	
	· Increased venous return

· Increased muscle pumps

· Constriction of visceral veins

· Systemic venoconstriction

· Increased pressure transmitted to veins through dilated arterioles


What compensatory mechanisms occur in athletes
· Increased stroke volume (increased heart size)

· Decreased heart rate

· Increased maximum oxygen consumption produced by exercise

· In skeletal muscle

· Increased mitochondria

· Increased enzymes involved in oxidative metabolism

· Increased number of capillaries

· These all lead to increased oxygen extraction, and decreased lactate

Describe how ventilation changes as exercise is commenced and then ceased
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· Initial rapid increase in ventilation due to

· Psychic stimuli

· Proprioceptor stimuli

· More gradual increase is humoral (though PO2, PCO2, pH remain stable)

· ? Mechanism – temperature, potassium, etc.

· Initially increased depth of respiration
· More strenuous exercise – increased respiratory rate

· Abrupt decrease in ventilation when exercise ceased

· Gradual decline to pre-exercise values (repay any oxygen debt)

What happens at the tissue level?
· Capillary bed dilation leads to decreased diffusion distance

· Tissue and venous PO2 decreases, shifting into the steep part of the oxygen dissociation curve – therefore increased oxygen given up by haemoglobin

· Oxygen dissociation curve shifts to the right because of

· Increased temperature

· Increased H+, CO2

· ? Increased 2,3-DPG

· Oxygen supply increased x 100 because of

· Increase in oxygen removed from the blood x 3

· Increase in blood flow x 30

What is the respiratory quotient?
· CO2 produced divided by O2 consumed (at steady state)

· It can be calculated for the whole body, or individual organs

· RQ of carbohydrate = 1.00

· RQ of fat = 0.7

· It is a component of the calculation of alveolar-arterial oxygen gradient, and usually 0.8 is used as an average RQ in this calculation

What factors affect metabolic rate?
· Size – large animals have larger total BMR, but lower BMR per body weight

· Females have a slightly lower BMR than males of the same size

· BMR decreases with age

· Increases with anxiety / tension

· Decreases with depression

· Muscular exertion – remains elevated for as long as it takes to repay the oxygen debt

· Recently ingested food – it takes energy to assimilate food into the body

· Body temperature – increases 14% for each 1 degree increase in body temperature

· Environmental temperature (metabolic rate increases at lower temperatures because of shivering etc, and increases at very high temperatures as body temperature increases)

· Increased with thyroid hormones

· Increased with Catecholamines

· Decreased with prolonged starvation

Describe the processes involved in thermoregulation
· The maintenance of a constant body temperature is essential for normal body function.

· It is a balance of heat production and loss

· Heat production

· Muscular exercise

· Assimilation of food into the body

· Basal Metabolic rate

· Endocrine – Catecholamines, Thyroid

· Brown fat in infants

· Heat loss

· Radiation

· Conduction

· Evaporation

· Convection

· There is a circadian rhythm to body temperature, with lowest temperature approximately 6am.

Regulation of body temperature
· Mechanisms activated by cold temperature (controlled by posterior hypothalamus)

· Increased heat production

· Shivering – “Primary Motor centre for shivering” in the posterior hypothalamus increases background muscle tone
· Hunger

· Increased voluntary activity

· Increased secretion of catecholamines, thyroid hormones

· Anterior hypothalamus releases thyrotropin releasing hormone, which acts on the anterior pituitary to release TSH

· Increased chemical thermogenesis – catecholamines uncouple oxidative phosphorylation, increasing heat production by brown fat

· Decreased heat loss

· Cutaneous vasoconstriction – stimulate the posterior hypothalamic sympathetic centre

· Behavioural factors
· Piloerection

· Countercurrent exchange – heat transferred from arteries traveling to peripheries, to veins traveling from peripheries (thus maintaining core temperature, despite cool peripheries)
· Mechanisms activated by heat (controlled by anterior hypothalamus)

· Increased heat loss

· Cutaneous vasodilatation – inhibit the posterior hypothalamic sympathetic centre

· Sweating

· Increased respiration (evaporation)

· Behavioural factors

· Decreased heat production

· Anorexia

· Apathy / inertia (inactivity)

· Inhibit shivering / chemical thermogenesis

· Afferent fibres

· Receptors in skin, deep tissues, spinal cord, extrahypothalamic brain, hypothalamus (separate temperature thresholds for each)
Describe the digestion of carbohydrates to glucose, then glucose absorption and metabolism
Digestion
· Alpha amylases are present in saliva and pancreatic secretions

· Break down polysaccharides to oligosaccharides

· Oligosaccharidases are in the outer portion of the brush border of the small intestine.

· Most of the glucose molecules formed are absorbed in the adjacent mucosal cells, but some are absorbed further down the intestine

· Disaccharidases (Sucrase, Lactase) are on the luminal surface of mucosal cells

· Final products – Glucose, Fructose, Galactose

Absorption of Glucose
· Sodium dependent transport into cell (secondary active transport).

· It is then pumped into the interstitium by GLUT2 transporter (facilitated diffusion)

· Absorption is NOT affected by Insulin

Metabolism
· Glucose is phosphorylated to glucose-6-phosphate.

· Enzymes

· Hexokinase (not affected by Insulin)

· Glucokinase (increased by Insulin, present in liver only)

· G-6-P is 

· Polymerised to glycogen

· Catabolised

· There are 2 pathways

· Embden Meyerhof pathway (G-6-P to Pyruvate)

· 4mmol ATP formed per mol G-6-P

· No oxygen required

· Direct Oxidative Pathway

· Large amounts of NADPH formed – the amount of ATP formed depends on conversion of NADPH to NADH

· Proteases formed – building blocks for nucleotides

· Both pathways end in the Kreb’s cycle in aerobic glycolysis

· In anaerobic glycolysis, NAD+ is converted to NADH.  Once all the NAD+ is used up, pyruvate converts to lactate to provide further NAD+
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· Glycogenesis = Glycogen formation
· Glycogenolysis = Glycogen breakdown

· Glycolysis = Breakdown of glucose (to pyruvate +/- lactate)

Describe the digestion and absorption of proteins
Digestion
· Stomach

· Pepsinogens are activated by HCl, and form pepsins

· These hydrolyse bonds between aromatic amino acids and a 2nd amino acid, forming various sized polypeptides

· Optimum pH for this is 1.6-3.2 – therefore action terminated when alkaline pancreatic juice mixes

· Small Intestine

· Powerful proteolytic enzymes of the pancreas and intestinal mucosa

· Endopeptidases (Trypsin, Chymotrypsins, Elastase) act at interior peptide bonds

· Exopeptidases (Carboxypeptidases of the pancreas, Aminopeptidases of the brush border) hydrolyse amino acids at the carboxy and amino ends of the polypeptides

· Some free amino acids are liberated in the lumen

· Others are liberated at the cell surface by aminopeptidases and dipeptidases in the brush border

· Some di- and tri-peptides are actively transported into cells and hydrolysed by intracellular peptidases

Absorption
· D-amino acids are absorbed solely by passive diffusion

· L-amino acids are actively transported

· Sodium-dependent transport

· Neutral amino acid carrier

· Methionine and phenylalanine carrier

· Amino acid carrier in the brush border

· Sodium-independent transport

· Basic amino acid carrier

· Neutral amino acid carrier that prefers hydrophobic side chains

· Other carriers in the basolateral membrane

· There is a separate system for absorption of di- and tri-peptides

· Enter ECF by simple diffusion and facilitated diffusion

· Undigested proteins are also absorbed in small amounts (responsible for IgA immunity)

· Absorption is rapid in the duodenum and jejunum, and slow in the ileum

· There is a very small amount absorbed in the colon

· There is homeostatic regulation of peptidases (increased if ileal partial resection or in starvation)

· Digested proteins arise from

· 50% from ingestion

· 25% from digestive juice proteins

· 25% from desquamated mucosal cells

· Nucleic acids are split into nucleotides in the intestine by pancreatic nucleases

· Nucleotides are split into nucleosides and phosphoric acid by enzymes on the luminal surface of mucosal cells

· Nucleosides are split into sugars and purine and pyrimidine

· Bases are absorbed by active transport

Describe the digestion and absorption of fats
Digestion
· Ebner’s glands on the dorsum of the tongue secrete lipase.  This becomes active in the stomach, and can digest up to 30% of dietary triglycerides.

· Stomach secretes lipase (important only in pancreatic insufficiency)

· Duodenum

· Pancreatic lipase is the most important – hydrolyses 1 and 3 bonds of triglycerides, but slower action on 2 bonds.  Therefore produces free fatty acids and 2-monoglycerides.  Acts on fats that have been emulsified

· Colipase – secreted in pancreatic juice.  Binds to lipase and exposes its active site.  It is secreted in its inactive proform, and activated by Trypsin.

· Fats are finely emulsified in the small intestine by bile salts, lecithin and monoglycerides.  Bile salts are poor emulsifiers on their own.

· If there is a high concentration of bile salts (eg. after gallbladder contraction), the lipids and bile salts interact spontaneously, to form micelles (containing fatty acids, monoglycerides and cholesterol).  This solubilises the lipids and allows easier transport to the cells.  They move down the concentration gradient to the brush border.

· Contents of micelles enter the cells by passive diffusion.  They are rapidly esterified inside the cells, to maintain the concentration gradient.
· Bile salts are not absorbed in the jejunum, therefore remain present in the lumen for ongoing use.

Absorption
· Passive diffusion into the mucosal cells of monoglycerides, cholesterol and fatty acids

· If < 10-12 carbon atoms, they are absorbed straight into the portal blood (free fatty acids)

· If > 10-12 carbon atoms, they are re-esterified to triglycerides in the cell.

· Some of the cholesterol is esterified

· Triglycerides and cholesteryl esters are coated with a layer of protein, cholesterol and phospholipid, to form a chylomicron (which leaves the cell, into the lymphatics)

· The greatest absorption is in the upper small intestine, with significant amounts still absorbed in the ileum (> 95% of ingested fat is absorbed)

· Cholesterol is readily absorbed from the small intestine if bile, fatty acids and pancreatic juices are present.

· Almost all is incorporated into chylomicrons

Describe the transport of fat in plasma
· Free Fatty Acids travel bound to Albumin

· Cholesterol, Triglycerides, Phospholipids travel in lipoprotein complexes

· Lipoproteins have 6 families

· Density is inversely proportionate to lipid content

· They are made of a hydrophobic core of triglycerides and cholesteryl esters, surrounded by phospholipids and protein

Exogenous pathway
· Chylomicrons are very large lipoprotein complexes that enter the circulation via the lymphatic ducts.  They are formed in the intestinal mucosa

· Lipoprotein lipase is on the surface of the capillary endothelium.

· It clears the chylomicrons, by catalyzing the breakdown of triglycerides to Free Fatty Acids and Glycerol.  These enter the adipose cells and are re-esterified.  Free Fatty Acids may remain in the circulation, bound to Albumin.

· It also removes Triglycerides from VLDL

· Chylomicron remnants – cholesterol-rich lipoproteins which remain in the circulation after the triglyceride is removed from the chylomicrons.  They are carried to the liver, and bind to LDL receptors.  This complex is internalized in endosomes, and degraded by lysosomal binding.

Endogenous pathway
· VLDL
· Formed in the liver, and transports triglycerides from the liver to other tissues

· Triglycerides are removed by lipoprotein lipase, and forms IDL

· IDL

· Gives up phospholipids

· Picks up cholesteryl esters from HDL (via LCAT – lecithin cholesterol acyl transferase)

· Some is taken up by liver

· The rest loses more triglycerides and protein in the liver sinusoids.  They also lose apoE, but keep apoB100 – forms LDL

· LDL

· Provides cholesterol to tissues

· Taken up by endocytosis in many tissues (LDL receptor recognizes apoB100 and apoE, but not apoB48).

· Receptor-LDL complex is enclosed in an endosome.  Proton pumps decrease the pH in the endosome, and cause release of LDL receptor (which is recycled).

· Endosome then fuses with lysosome (cholesteryl esters are converted to cholesterol ready for use)

· Feedback control – increased cholesterol in the cell inhibits HMGCoA reductase (to decrease synthesis), stimulates esterification of excess cholesterol, inhibits synthesis of new LDL receptors

· LDL is also taken up by macrophages (with lower affinity) – form foam cells, which are important in atherosclerosis.

· HDL

· Absorbs cholesterol that is leaving cells

· Synthesised in the liver and intestine

· Some contain apoE (therefore bind to LDL receptors) – transport cholesterol from cell to cell.

· Contains LCAT – supplies cholesteryl esters to IDL

· apoE

· Synthesised by astrocytes in the brain, and in the spleen, lung, adrenal, ovary, kidney, liver.

· Increased concentration in injured nerves (plays role in the regeneration by controlling cholesterol concentration)
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Describe the mechanism of action of Insulin
· Insulin receptor has 2( and 2( subunits.

· Insulin binds to the ( and triggers tyrosine kinase activity of (.  This causes autophosphorylation of tyrosine residues of (.  This triggers phosphorylation and dephosphorylation of other proteins in the cell.

· The Insulin-Receptor complex is endocytosed and digested by lysosomes.

· The receptors are broken down or recycled

· There is down-regulation of receptors by exposure to increased insulin.

What are the actions of Insulin
· Rapid

· Increased Glucose transport into cells
· Increased Amino acid and potassium transport into cells
· Intermediate (Minutes)
· Stimulate protein synthesis
· Inhibit protein degradation
· Activate glycogen synthase and glycolytic enzymes
· Inhibit phosphorylase and gluconeogenic enzymes
· Delayed (Hours)
· Increased mRNA for lipogenic enzymes and others.
· Net effect – Storage of carbohydrate, protein and fat (ie. ANABOLIC)
Effects on Adipose Tissue
· Increased glucose entry

· Increased Fatty Acid synthesis
· Increased glycerol phosphate synthesis
· Increased triglyceride deposition
· Activate lipoprotein lipase
· Inhibit hormone-sensitive lipase
· Increased potassium uptake
Effects on Muscle
· Increased glucose entry

· Increased glycogen synthesis
· Increased amino acid uptake
· Increased protein synthesis
· Decreased protein catabolism
· Decreased release of gluconeogenic amino acids
· Increased ketone uptake
· Increased potassium uptake
Effects on Liver
· Decreased ketogenesis

· Increased protein synthesis
· Increased lipid synthesis
· Decreased glucose output
· Decreased gluconeogenesis
· Increased glycogen synthesis
General Effects
· Increased cell growth

Describe the regulation of Insulin secretion
· Glucose enters B cells of the pancreas via GLUT2 transporter.  This doesn’t require insulin.

· Glucose is metabolized via glucokinase (the rate-limiting step)
· ATP is generated – this closes ATP-sensitive potassium channels, and decreases potassium efflux.
· This causes depolarisation, which leads to opening of voltage-sensitive calcium channels, and calcium enters the cell.
· Increased calcium activates calcium-dependent kinases – this releases insulin.
· Insulin release occurs in 2 phases
· Rapid (preformed insulin, triggered by increased calcium)
· Slower (Insulin synthesis)
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· Increased Insulin

· Glucose

· Amino acids

· Glucagon

· Right vagus stimulation

· Cholecystokinin, Secretin, Gastrin

· Beta agonists

· Theophylline

· Sulfonyl ureas

· Nitric oxide

· Decreased Insulin

· Sympathetic innervation

· Potassium depletion

· (2 agonists

· Noradrenaline / Adrenaline

Describe the action of Glucagon
· Binds to receptors on the liver – activates adenylyl cyclase

· Activates phosphorylase

· This increases glycogen breakdown, and increases plasma glucose

· Activate protein kinase

· This decreases metabolism of Glucose-6-phosphate

· It also activates a different receptor, which activates phospholipase, which increases cytoplasmic calcium.

· This causes glycogenolysis

· There is no glycogenolysis in muscle

· Gluconeogenesis in liver

· Increased metabolic rate

· Increased ketone formation

· Positive inotrope (via increased myocardial cAMP)

Describe the regulation of Glucagon secretion
· Increased secretion

· Decreased glucose

· Sympathetic stimulation

· Stress, Exercise, Infection

· Protein meal, amino acid load (NB. Also get Insulin secretion)

· Starvation

· Cholecystokinin, Gastrin

· Vagus stimulation

· Theophylline

· Decreased secretion

· Increased glucose

· Alpha stimulation

· Secretin, Somatostatin

· Free Fatty Acids, Ketones

· Insulin

Describe the organisation of the cells in the Islets of Langerhans, and the inter-relationship between the hormones released
· B cells (Insulin) are surrounded by A and D cells

· Some islets have many A cells (Glucagon)

· Some have many D cells (Somatostatin)

· There are gap junctions between the A, B & D cells
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Describe the composition of bile
· Bile is made up of bile salts, bile pigments and other substances, dissolved in an alkaline electrolyte solution.

· Bile pigments

· Bilirubin

· Biliverdin

Bile Salts
· Sodium and potassium salts of bile acids, conjugated to glycine or taurine.

· Bile acids are synthesized from cholesterol.

· 2 primary bile acids (cholic acid, chenodeoxycholic acid) formed and conjugated in the liver

· 2 secondary bile acids (deoxycholic acid, lithocholic acid) formed in the colon by bacterial conversion of primary bile acids

· Salts are formed in alkaline bile.

· There are hydrophilic and hydrophobic domains of bile salts

· Above critical micelle concentration, they form micelles, which are transported to the brush border in solution, for absorption

· 90-95% of bile salts are absorbed from the small intestine (some by nonionic diffusion, most by active transport in the terminal ileum)

· 5-10% enter the colon, and are converted into secondary bile acids

· Lithocholate is mostly excreted in the stools

· Deoxycholate is absorbed

· Losses are compensated by liver synthesis, but most of the bile salts are recycled via the enterohepatic circulation

Describe the formation and breakdown of bilirubin
· Most if formed from the breakdown of haemoglobin in tissues

· It is transported in the blood, bound to albumin

· Most dissociates in the liver, and free bilirubin enters the hepatocytes, where it is bound to cytoplasmic proteins

· It is conjugated to glucuronic acid (to form water soluble molecule)

· It is transported against a concentration gradient into the bile canaliculi, and so to the intestine.

· Intestinal mucosa is impermeable to conjugated bilirubin.

· A small amount of conjugated bilirubin escapes from the hepatocytes into the plasma (and is less tightly bound to albumin, so is excreted in urine)

· The intestinal mucosa is permeable to unconjugated bilirubin, and urobilinogens (formed by the action of intestinal bacteria).  

· Some of this is resecreted (enterohepatic circulation).  

· Some enters the general circulation, and is excreted in the urine.
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