BIO3302 FINAL
ION AND WATER BALANCE
· Water entry into animal must be matched by water exit and salt exit from animal must be matched by water entry
· Where salt and water and coming in and going out of animal
· Entry and exit routes for water and salt ions
· Oral: eat and drink – water or ions
· Normal metabolism (water is an end product of metabolism)
· Diffusion: lose water by diffusion through skin to air or lose water diffusion to marine environment or gain water if in fresh water enviro
· Lose water/salt over gills depending on enviro
· Sweating – salt secreting glands … lose salt and water
· Respiration – evaporation across surface of lungs
· Excretion
· Become dehydrated you drink
Regulated and Obligatory Exchanges
· Obligatory: set by environment; animal has no physiological control of hese
· Regulatory: use to compensate for the effects of obligatory exchanges
· Lose water by evaporation (obligatory) so you drink (regulated)
· Factors that determine what moves and in what directions – oboligatory exchanges 
· Transepithelial gradients
· SA:V ratios, animal size, permeability
· Size important for aquatic animals (water reservoir) and determines SA :V ratios… small animals favor exchange; low volumes of water to fall back on and high SA :V ratios so high rates of exchange
· Permeability: how easy it moves across body surface
· Metabolism – metabolic rate
Aquatic Animals
Terminology
Euryhaline: can tolerate a wide range of salinities
Stenohaline: can only tolerate a narrow range of salinities
Hyperosmotic: higher in osmotic concentration in body fluids than in environment – takes into account other osmotic cpds like urea and glucose ex. Fresh water fish in fresh water
Hyperionic: higher in ionic concentration than in environment 
Hypo-osmotic: lower in osmotic concentration than in enviro ex. Salmon in marine enviro (seawater)
Hypoionic: lower in ionic concentration in body fluids than in environment 
Iso-osmotic and isoionic: concentration are identical
Marine Animals
Osmo and Ionoconformers
· In general ion conc in animal are same as the enviro
· Marine invertebrates ex. Jellyfish, squids, muscles
· Only one vertebrate = hagfish 
· But artemia is an invertebrate regulator
· Matching enviro in terms of ionic and osmotic concentration
Osmoconformers and Ionoregulators
· Cartilaginous fish (elasmobranchs – sharks, skates, rays), chimaerans (ratfish), coelacanth, crab-eating frog
· Dogfish shark have low salt concentrations but are osmotically matched to their environments – hypoionic 
· Hypoionic: high salt concentration in enviro, low salt in animal – salt gain by diffusion primarily across the gills (gills are permeable) so they must get rid of that salt by secreting salt using the RECTAL GLAND
· Fingerlike gland that dumps salt secretions into the end of the intestine
· Secretes salts by producing a very salty fluid
Elasmobranch Solutions
· NaCl excreted by the rectal gland, gills (marine fish), salt secreting glands (reptiles and birds) – same mechanism applies to all three
· Relies on a set of membrane proteins that excrete chloride ACROSS the cell and sodium go BETWEEN the cells
· Sodium-potassium ATPase (NKA) (sodium pump) 3 sodium out for 2 potassium in with the expenditure of ATP
· Sodium-Potassium-2Chloride co transporter: facilitated diffusion mechanism that uses Na gradient established by NKA to allow (sodium goes down gradient) to allow chloride and potassium to ENTER the cell (secondary active Transport mechanism) (NKCC)
· Chloride channel: apical membrane of cell (face lumen)
· Sodium LEAVES the blood into the rectal gland fluid through a paracellular route (between the cells)
· These 4 are the mechanism of salt secretion
· NKA on basolateral membrane pumps sodium OUT of cell which creates low sodium conc inside cell, which allows the NKCC to work – carries chloride ions INTO cell, get rid of chloride across apical membrane via the chloride channels (get it out of blood to the lumen of rectal gland) 
· Accumulation of sodium around and between the cells because of NKA pumping it OUT of cell which creates a local gradient that allows sodium to diffuse out into the rectal gland fluid 
· High osmotic conc and low salt concentrations
· Urea (nitrogen end product) and TMAO (counter-acting solute) – TMAO offsets effects of urea
· High urea and TMAO levels that make up the difference 
· Hypoionic (gains salt by diffusion across gills and opening mouth)
· Salt loss via RECTAL gland (sodium and chloride) and via urine (sulphate and magnesium) 
· Iso-osmotic
· Doesn’t have problem with water loss/gain 
· Only worry about maintaining ion balance and retaining urea
· Almost always found in marine environments
· Exception: freshwater stingray		
· Don’t accumulate urea
Osmo and Ionoregulators
· Bony fish in marine environment (teleost)
· Flounder: HYPOionic and HYPOosmotic regulators
· Low salt and osmotic concentration
· Salts are trying to diffuse in and waters going OUT… constantly losing water to their environment – dehydrating environment
· Salt gain by diffusion, water loss by osmosis – primarily across gills because they are the most permeable surface area
· Solution: drinks seawater! They can get rid of the salt in seawater 
· Get rid of salt because they have salt-secreting cells in the gills (secrete sodium and chloride)
· Get rid of the other ions in urine and feces
· Match water loss by drinking sea water and excreting the salt via salt-secreting cells in gills and divalent ions via urine and feces
· Produce low volumes of urine and try not to lose anymore water than they have to – must work on water retention
· Chloride cells (salt secreting cells) in gills – IONOCYTE (ion transporting cell)
· Use the same mechanism to secrete salt that the cells of the rectal glands use and the salt-secreting cells that birds and reptiles use
· Excrete salt from blood out to sea water
· NKA and NKCC go on basolateral membrane (blood)
· sodium moves BETWEEN the cell through leaky junctions 
· chloride channels on apical membrane SLIDE 24 !!! KNOW THIS diagram


Fresh Water Animals
Hyperionic and Hyperosmotic
· enviro more dilute than animal is
· water is GAINED by animal and salt LOST from animal  by diffusion across gills
· fresh water fish and amphibians
· NaCla concentration is high relative to enviro – lose ions and gain water
· Balances water gain by producing large volumes of very dilute urine and NOT drinking
· Active ion uptake occurs across gill in fish and skin in amphibians
Active Ion Uptake
· Also found in kidney tubules of most vertebrates
· Ionocytes: ion transport
· Mitochondrian rich cells (MR cells) – lots of mito to produce ATP needed for pumps
· Elaborate membrane (lots of infoldings) – lots of SA for transporters to be placed
· Several different cells that are involved in active ion uptake which vary b/w animals
Acid Secreting Cell
· Sodium uptake
· Takes up sodium in exchange for protons
· NKA on basolateral membrane – pumping Na OUT of cell (lower cell sodium levels) to allow for sodium uptake across apical membrane – create gradient for sodium entry from fresh water into cell
· Proton pump – proton ATPase: pumps proton OUT of cell using ATP 
· These two pumps together are sufficient to allow sodium to be taken up either via a sodium channel or sodium hydrogen exchanger (NaHE)
· Protons come from the hydration of carbon dioxide which is catalyzed by carbonic anhydrase (CO2 to HCO3) – produces protons to be excreted across apical membrane
· NKA creates low levels of sodium on the INSIDE of cell, the proton pump creates a gradient for sodium entry, sodium enters via sodium channel OR sodium hydrogen exchanger, and the protons for this process come from the hydration of CO2 
Base Secreting Cell
· Chloride uptake
· Secretes base to allow chloride to be taken up
· Chloride bicarbonate exchanger (facilitated diffusion mechanism) on apical membrane
· Bicarb ions OUT of cell and chloride ions INTO cell
· Chloride ions enter blood via CHLORIDE CHANNELS
· Bicarb ions come from the hydration of carbon dioxide catalyzed by carbonic anhydrase
· The CO2 is coming from respiration; regular CO2 excretion (gill is gas exchange site)

Osmorespiratory Compromise at Fish Gill
· Gill – one structure being used for 2 important processes
· The gill is not really the ideal candidate for ion and water balance
· High SA and low diffusion distances – highly permeable... max gas movement and salt and water movement 
· Gill maximizes water and salt movements
· Osmorespiratory compromise
· Apparent in structure of gill
· Fish will minimize surface of gill as much as possible
· Gill remodeling: gold fish and crucian carp
· Goldfish can survive without oxygen for several days at room temp
· They can also cover the lamellae of their gills if the oxygen demand is low
· Normoxic: covered lamellae to minimize obligatory exchanges
· Hypoxic: uncover gills to pick up more oxygen BUT more water gain and more ion loss
· Will recover gill if put back in normoxia
· Rainbow trout in Ottawa tap water
· Rainbow trout in ION POOR water
· Ionocytes increase in number ! 
· Response to try and take up more salt from dilute environment
· But these big round cells are increasing diffusion distance of gill – make gas transfer more difficult 
· Osmorespiratory compromise is a real problem for these fish
Question
1. Euryhaline Osmoconformer: marine invertebrates
2. Stenohaline conformer:
3. Euryhaline Osmoregulator: salmon
4. Stenohaline osmoregulator: goldfish 
Question
· Fresh water to the left like zero
· Regulator so has a flat line
· Stenohaline so it has a short line
· Freshwater animals are at about 300-400
· Example of this kind of fish: goldfish, freshwater minnows, carp, perch, bass
· Hyperionic and hyperosmotic
· Problems: water gain and ion loss
· Solutions: doesn’t drink, large volumes of dilute urine, compensates for loss of salt with active salt uptake across gills (Mitochondria rich cells – acid and base secreting)

Ion and Water Balance in Terrestrial Environments
Basic Principles
· Maintenance of internal enviro despite external enviro
· Buffer difference b/w EC and IC enviro
· Regulators: keep constant osmotic pressure despite enviro
· Energetically costly
· Conformer: follow what enviro does
· Inexpensive energetically
· Cannot be osmoconformer in fresh water enviro – too diluted
· 1000 osmotic concentration is sea water
· PP of oxygen is 160
Regulation
· For regulation to occur
· Water entry = water exit
· Salt entry = salt exit
· Lose it across body surface, respiratory surface, excretion
· Aquatic animals living on land - Body is still 70% water
· Live in enviro where water is in short supply
· Water loss if big problem – WANT WATER CONSERVATION 
· Animals still have to get rid of waste products which causes water loss
· Water loss across body surface, because of breathing, in urine and feces – must minimize these obligatory water losses
Water Loss Across Body Surface
· Make body less permeable – thicker and harder skin
· Slow down rate at which water will get through
· Coat that has impermeable layer 
· Add thin layers of lipids into skin (minimize water movement across body surface)
· These lipids are missing from skin of amphibians since they use it for gas exchange – good for gas exchange, but bad for water loss
Phyllomedusa Frogs
· Minimize water loss by producing waxy compound from glands and spreading it across their skin – wiping behavior
· Fat containing compound to skin has huge impact on water loss 
Water Loss Across Respiratory Surface
· Problem with animals with high body T and high MR
· Birds and mammals – endothermic 
· Air in lungs is in contact with moist surfaces – humidified
· As you inhale air, water moves from nasal passages to air to humidify it so it is fully saturated in lungs
· Problem when you exhale: exhale air that is fully saturated with water (water loss from animal)
· Warm air holds more water than cold air
· High body T – need to add more air to be sat’d
· High MR – breathing more, therefore losing more water
· Birds and mammals vs reptile and amphibs
· Respiratory more important for birds and mammals
· Body surface: reptile and amphibs
· Temporal Counter current exchange mechanism: as air is inhaled, water and heat are added to it to bring it up to body temperature and fully saturate it
· Water and heat comes from nasal passages (cool nasal passages as air is inhaled)
· When air is exhaled, it passes over those now cooled nasal passages
· Allows water to condense out across nasal passages
· Water recovered by animal
· Animal has to exhale water that is 100% saturated
· Only one exception: dehydrated camel that has sticky salty mucous in nose that’s able to extract water from air they are exhaling
· Hygroscopic material: extract water from air they exhale
· Other than that you exhale air that is 100% saturated with water so if you cool air that youre breathing out you can reclaim some of that water
· Warm air holds more water than cold air
· Kangaroo rat has long can exhale air that is cooler than inhaled air
· Long complex nasal passages, counter current mechanism is very effective
· Both animals inhaling air at 30degrees 0 humidity
· Both animals have air in lungs at 37 degrees 100% humidity
· Human exhales at about 35 degrees – large water loss small recover
· Kangaroo rat: exhales at about 25 degrees – large water recovery
Minimize Water Loss in Urine and Feces
· Excrete urine to get rid of nitrogenous waste
· Ammonia, urea, uric acid
· 0.5 vs 0.05 vs 0.001 L/g
· Uric acid is a paste – excrete uric acid with so little liquid
· Make a change over evolutionary time to use an end product that requires less water to get rid of
· Produce urine that is more concentrated – physiological trick only birds and mammals have achieved
· Req’s a concentrating mechanism – loop of henle found in nephron of kidney
· Excrete waste products while recovering some of the water
· birds aren’t as effective at this as mammals 
· in mammals it depends on the length of the loop of henle
· desert rodents have the longest relative loop of henle (marine mammals are also quite impressive)
· Australian hopping mouse – 25 times more concentrated than body fluids
· Save water during waste excretion
Human vs Kangaroo Rat
· Each a human and kanga root are given 100g of potato chips which has 525mg of NaCl
· How much water each animal needs to use to get rid of salt load
Minimize Obligatory Water Loss
· Minimize fecal water loss: absorption of fecal water by insects, desert reptiles, rodents
· Behavioral response: avoidance of desiccating environments
· Ex. Kangaroo rat is nocturnal – burrow and night air T = 25 degrees
Replacing Lost Water
· DRINK – under control of hypothalamis (thirst centre)
· Stim’d by rise in osmolarity of plasma or by fall in plasma volume
· Negative feedback system
· Same stimuli link to urine production
· ADH (regulate urine flow)
· Control over fluid intake and fluid loss triggered by same stimuli
· Body water low: drink more, produce less urine
Seawater
· Marine mammals, birds, reptiles
· Marine mammals have a kidney capable of producing concentrated urine so they can drink seawater and use it to their benefit
· Marine reptiles and birds have salt-secreting glands
· Birds: over top of eye that produces salty fluid that drips down to nasal passage
· Galapagos iguana: salt secretion above eye that drip down to nasal passage
· Snort it out and ends up on their head
· In turtles, in eyes – produce salty tears
· Snakes – under tongue
· Capacity to produce concentrated salt solution to get rid of salt load
· Salt gland is much more effective organ than kidney
Salt Gland
· Tubules have salt secreting cells – similar to chloride cell and rectal gland
· Same molecular mechanisms
· Basolaterol NKA, NKCC and apical chloride channel
· Sodium dissipates between cells – leaky tight junctions
Replace Water Across Body Surface
· Amphibians (frogs) have pelvic patch that absorbs water from soil across it
· Controlled by arginine vasotocin (AVT) – non-mammalian ADH
· In mammals we have AVP instead of AVT – same thing ADH 
· Terrestrial arthropods extract water vapor from air via rectum or mouth
· Hygroscopic materials: absorb water
· Limiting rh (%) from 45-94%
Water Gain from Food and Metabolism
· Pre-formed water in food
· Oxidation water; water, fuel, + O2  ATP + CO2 + H2O
· Water is an end product of aerobic metabolism – burn fuels, generate water
· Most food contain water in them – source of water to animal
· Net metabolic water gain = gross gain – obligatory water losses (fecal, urinary, respiratory)
· Main source of water for some desert animals – eat more and change what they eat when they’re dehydrated
· Eat carb rich diet instead of lipids – carbs yield more water
· Australian popping mice
Water Storage
· Urinary bladder of amphibians – up to 50% of body weight
· Reabsorb water from bladder when dehydrated
· Reabsorption occurs thru aquaporins which are under control of AVT
· Toads that are in a dry cocoon can survive because of this
Tolerance of Dehydration
· Mammals – up to 10% tolerated
· 15-20% fatal
· Some frogs are up to 40% tolerated
Case Study: Kangaroo Rat
· In desert like enviro – can tolerate high temperatures and do so without access to drinking water
· Eat dry barley seeds 
· Water gain as a function of humidity
· High metabolic rate, high body T, breathe a lot – major source of water loss = evaporatn
· Decrease in evaporative water loss as humidity goes up
· Lose water in urine – not affected by humidity – constant
· Water gains come from metabolic water and preformed water in food
· Consume 100g of barley per month
· More humid it is, the more water the seeds absorb
· Total water intake increases with humidity because of preformed water in food
· In balance as long as water intake is greater than water loss as long as environment has relative humidity above 10%
· They have a very effective temporal counter current mech to minimize respiratory loss, effective kidney to minimize urinary loss, effective reasborption from feces
· So they can survive in desert without drinking
The Vertebrate Kidney
· Key role in maintaining salt and water balance
· Most important mech in mammals
· Receive more of CO than their size warrants
· Functional unit: nephron
· Urine production occurs in nephrons
Nephron
· Long squiggly tube with very thin walls (one cell layer thick)
· Regions
· 1. Bowman’s Capsule:ballon around small tuft of capillaries called glomerulus
· Glomerulus + bowman’s capsule = renal corpuscle
· Site of filtration – filter blood to remove waste products – filtrate is base of urine formation
· 2. Proximal tubule: major site of reabsorption – first modification occurs here
· Filtration based on size
· 3. Loop of Henle: only found in mammals and birds
· Ascending limb and descending limb
· 4. Distal Tubule
· 5. Collecting Duct: collects output from other nephrons
Renal Circulation
· Fenestrated capillaries in glomerulus – tuft of capillaries
· Glomerulus: site of filtration of blood
· Not a lot of oxygen transfer
· So this blood is still oxygenated – still arterial
· Afferent arteriole: carries blood from renal artery INTO glomerulus
· Efferent arteriole: carries blood AWAY from glomerulus – oxygenated blood
· Glomerulus  goes to second capillary bed where it loses oxygen
· Peritubular: around the proximal and distal tubules
· Vasa recta: around loop of henle 
· Then collected ultimately back to RENAL VEIN
Urine Formation
1. Filtration
· Based on size alone – anything small enough will end up in filtrate
· Glucose, ions, amino acids, etc. NOT PROTEINS pass
· Filtrate in bowman’s capsule contains a lot of things the animal wants to have so we need REABSORPTION
2. Reabsorption
· Removal of solutes and waters from filtrate BACK INTO the blood
· 99% water and salts – necessary 
· Active and passive mechanisms
3. Secretion
· Get rid of molecules by ADDING mlcls from blood into filtrate
· Selective, active transport
Renal Clearance Ratio
· What happens to drug at kidney
· RCR = [X]u*Vu / [X]p * GFR
· RCR = 1 : filtration ONLY… same amt in urine and formation
· Substance it JUST FILTERED
· RCR < 1 : filtration AND reabsorbed
· RCR > 1 : secretion… filtration and ADD to it – more in urine than in filtrate
· GFR = [insulin]u * Vu / [insulin]p 
· Concentration in filtrate and plasma should be the same
· 0.03 – filter lots of sodium but reabsorb most of it
· Estimate GFR 125ml/min
· Take cpd that is ONLY filtered, so the renal clearance ratio HAS to be 1 
· We commonly use INULIN to do this or PEG
1. Glomerular Filtration
· Capillary bed surrounded by bowman’s capsule – from blood to capsule
· Hydrostatic pressure:
· Intrastitial fluid pressure – fluid pressure IN bowman’s capsulte
· Colloid osmotic pressure – plasma proteins that are present in bed but absent in filtrate
· Pull water back into blood
· Instead of interstitial fluid you look at what happens in Bowman’s capsule
· Blood pressure in glomerulus tends to be high compared to capillary elsewhere
· Afferent arteriole is relatively short with high diameter – low resistance path so you get high blood pressure
· Net Filtration Pressure = blood pressure – pressure Bowman’s capsule (filtration force)
· Reabsorption force is colloid osmotic pressure – 30 mmHG
· Net Filtration pressure is 5-25mmHG
· Regulate blood pressure in glomerulus?
· Mechanisms used to control afferent arteriole which regulate rate of filtration and determine how much urine you use
· Barrier to movement also regulates rate of filtration
Permeability
· Filtration barrier that has three layers
· Blood in a capillary that we want to be filtered via Bowman’s Capsule
· 1. Wall of Capillary – fenestrated capillaries contain pores
· Relative leaky that allow everything but plasma proteins and blood cells
· 2. Basement Membrane
· 3. Inner Wall of Bowman’s Capsule
· Podocytes that have cell body and long (foot) processes that wrap around
· Leave little slits that molecules can pass through
Compare Freshwater vs Marine Teleosts
· Freshwater fish need to get rid of water and marine need to conserve it
· Freshwater
· Many nephrons, well-developed glomeruli  HIGH GFR
· Marine
· Fewer nephrons, small glomeruli  LOW GFR
· Aglomerular nephrons in 30 speicies of marine fish – don’t filter blood at all
· Urine formation by secretion in proximal tubule
· Euryhaline species
· Adjustment of GFR and secretion under hormonal condition
· Hormonal mechanism to favor or reduce filtration
· Rainbow trout, killifish, eel
· Fish nephrons with no loop of henle
2. Reabsorption
· Variety of sites in nephron – ionocytes at sites of reabsorption
· Lots of mitochondria to power ion transporters, elaborate membranes (folding to provide area for transporters) and tight junctions b/w cells so there’s no loss via paracellular 
· Similar structural characteristics to salt secreting cells in birds and reptiles, chloride cells in gills of marine fish, rectal gland in elamobranch, salt uptake cells (mitochondria rich cells) in freshwater fish
· Salt and water balance depend on reabsorption
· Active and passive mechanisms – very specific to region of nephron you look at
· NKA on basolateral membrane
· Production of proteins through hydration of CO2 – give protons to drive mechanism – same as acid secreting mechanism
· Parallels with FW fish gill – acid-secreting MR cell
· Through nephron
· Proximal convoluted tubule: 70% NaCl & H2O and 75% filtrate
· Glucose and aas reabsorbed COMPLETELY
· Quantitatively most important site of reabsorption
· Descending limb: water is passively reabsorbed
· Filtrate becomes more concentrated
· Ascending limb: NaCl is actively reabsorbed but NOT WATER
· Filtrate becomes more dilute again
· Basis of concentrating mechanism
· Distal Tubule: fine tune urine composition
· NaCl reabsorption 
· Under control of ALDOSTERONE
· Match sodium secretion to sodium intake
· Collecting duct: water reabsorption adjusted here
· Under control of ADH (AVP)
· Involves aquaporins under the control of ADH
· Fine tuning water production
Role of Distal Tubule
· FW amphibs and fish  diluting segment
· Active NaCl reabsorption
· Permeability to H2O under hormonal control AVT
· Marine teleosts LACK distal tubule
· In dehydrated animals, vasopressin is relreased and leads to increased expression of aquaporin genes allowing water recovery from the lumen
Secretion
· Potassium, hydrogen, ammonia, acids and bases
· Distal tubule
· Comparative considerations – mechanism of urine formation in aglomerular marine teleosts
· Occurs in PROXIMAL tubule
· Active transport of Na, Cl, Mg, SO4 is followed by water and solute influx
· Comparative considerations: contributes to uric acid (urate) excretion in birds, reptiles, mammals (via proximal tubule)




Renal Concetrating Mechanism (mammals and birds)
· Osmotic removal of water from collecting duct
· Corticomedullary concentration gradient
· Increases [NaCl] and [urea] concentration from cortex to inner medulla
· Based on Loop of Henle
· Anatomical layout
· Function asymmetry in permeability and salt transport
· Countercurrent principle
· Loop of henle is central to the production of hyperosmotic urine
· Countercurrent multiplier: a structure in which two fluids flow in opposite directions on either side of an exchange surface, allowing high-efficiency exchange of materials active means ex. Ion concentration in loop of Henle
· Low osmolarity near cortex and high osmolarity deep into the medulla 
· Unique configuration structurally and functions that go with it – salt and water reabsorption
· Creation of osmotic gradient that starts LOW in outer corex and gets higher near renal pelvis – inner part medulla
· This osmotic gradient allows reabosrption to occur
· Organized in a radial fashion around kidney with collecting ducts going to pelvis
· Loop of Henle – structural feature to concentrate
· Ascending: active sodium chloride absorption
· Descending: permeable to water
· Concentration gradient based on countercurrent principle
· Small differences translate into large difference from top to bottom
· Osmotic gradient getting stronger from top to bottom – corticomedullary conc gradient
· Salt is actively reabsorbed from ascending limb which creates a gradient for water reabsorption from the descending limb
· The gradient across any two points is quite small but because of countercurrent principle the gradient from the top to the bottom becomes quite large
· Fluid is flowing through the loop – constantly being replaced SOOO as a result from that, the differences magnify from the top to the bottom of the loop
· Only small differences ACROSS the two limbs of the loop
· Flow acts as a multiplier – flows in opposite directions = multiplication 
Lack of Loop of Henle
· Concentrating power is low
· Fish, amphibians,a nd reptiles lack of loop of henle
· Mammals, relative length of loop of henle reflects environment
· Dry enviro have LONGER relative loop of henle - more concentrated urine


Question
1. Marine Teleost Fish: no glomerulus – aglomerulus 
2. Freshwater Mammal: has loop of Henle
3. Freshwater teleost fish: no loop of Henle – not a mammal, has distal tubule (diluter), large glomerulus: emphasis on filtration
4. Marine teleost: no loop of henle, small filtration site, no distal tubule
Control of Salt and Water Balanec
· Volume and concentration of urine have to be adjusted via neural and hormonal regulating mechanisms
· 3 methods of regulation
· 1. Control of GFR
· 2. Control of salt reabsorption (regulate osmotic concentration)
· NaCl reps >90% osmotic activity of ECF
· Linkage between salt and water reabsorption
· 3. Control of water reabsorption
Kidney Lab
· Control, salt water, and normal water
· Measure urine flow rate and urine osmotic concentration every 30 mins
· Time 0 is pre-treatment
· Green: water
· Black: control
· Purple: salt water
1. Control of GFR
· Driven by blood pressure which tends to fluctuate
· Autoregulation (intrinsic control)
· Maintain constant GFR in the face of minor moment to moment fluctuations of bp
· Keeping urine production constant with normal variation of bp
· Adjust resistance to flow to maintain constant glomerular BP
· Extrinsic Control
· Adjust GF when it NEEDS to be adjusted
· Ex. Big drank of beer, big loss of blood from cut
Autoregulation (Intrinsic Control)
· Constant filtration in ordinary changes in blood pressure
· Bp detected in renal artery (vary with position, exercise, etc.)
· Want to keep glomerular BP constant
· Myogenic mechanism: smooth muscle
· Smooth muscle if afferent arteriole is sensitive to stretch
· BP increases, stretch arteriole, esponds by contracting to keep afferent arteriole at same diameter, in order to keep constant BP
· Paracrine mechanism: local endocrine factors
· Vasoactive cpds that act on afferent arteriole
· Juxtoglomerul cells surround arterial that release vasoactive cpds ex. Prostaglandins that act on afferent arterial
· Triggered by sensory cells called macula densa (distal tubule) 
· Detect urine flow rate
· Filtrate flow rate is high – filtration should be DECREASED
Extrinsic Control
· Bp beypnd normal range – alter filtration rate to bring bp back to normal
· Neural (SNS): shut down filtration to bring back bp to normal
· Hormonal
· Angiotensis II and ADH cause vasoCONSTRICTION of afferent arteriole to reduce glomerular filtration to bring blood pressure and volume back to where it should be
2. Reabsorption of NaCl
· Rennin released in response to LOW SODIUM levels (macula densa) in filtrate or low blood pressure and volume (SNS or catecholamines)
· Rennin produced by juxtaglomerular cells
· Changes angiotensinigin  angiotensin I (inactive)  angiotensin II (active hormone)
· Vasoconstrictor! Afferent arteriole
· Stimulates aldosterone (promotes sodium reabsorption) at distal tubule
· If low BP/volume, filtrate flow  rennin increases  angiotensin II increases  corrects problems of low BP/V to cause vasoconstriction to decrease filtration (conserve water) and stimulates ALDOSTERONE which promotes sodium reaborption in distal tubule
· Rennin Angiotensin System – RAS
Aldosterone
· Steroid hormone acts on distal tubule to increase na absorption
· Ligand activated transcription factors, regulate transcription of target genes
· Increase sodium channels and sodium pumps in distal tubule
· Fish lack aldosterone – tetropod hormone
· Fish use cortisol
3. Reabsorption of Water
· ADH REDUCES urine production (dieresis = increased urine)
· AVP and AVT produced by HT and released by post pituitary
· ADH secretion controlled by need for more water 
· Plasma osmolarity: hypothalamic osmorecetprs
· Blood pressure: via baroreceptor reflex and atrial stretch receptors
· ADH regulates
· Collecting duct permeability in mammals (AVP)
· Distal tubule permeability in FW fish amphibs (AVT)
· AVT increases water reabsorption in distal tubule
· ALSO, AVT controls the pelvic patch and water reabsorption from the bladder AND reduced glomerular filtration
· Alcohol suppresses ADH secretion and ecstasy promotes it
· Inserts aquaporins (AQP2) in apical membrane
Atrial Natriuretic Peptide (ANP)
· Involved in control of both salt and water balance
· Responds to increased plasma volume by INCREASING salt and water excretion
· Stretch sensitive cells in wall of atrium
· Stretch  ANP
· ANP increases urinary loss of sodium
· INHIBITS release of rennin
· Inhibits secretion of aldosterone
· Inhibits ADH release
· Increases GFR
· Increase the loss of water and salt in response to atrium being stretched – want to reduce plasma volume 
Lab Groups Hormone Response
· Water: increase plasma volume and make plasma more dilute
· ADH is sensitive to plasma osmolarity and volume
· ADH decreased, fewer aquaporins, less water reabsorbed, more urine
· Aldosterone: slight increase to try to reabsorb more salt
· ANP: not too much… responds to volume not osmolarity
· Control:
· Salt: increase plasmaosmolarity
· Increased ADH secretion to produce less urine
· Want to get rid of excess salt
· DECREASE in aldosterone production – cause LESS sodium to be reabsorbed and MORE sodium to be lost in urine
Question: Explain how blood pressure is maintained by renal and CV system.
Acute regulation of blood pressure are based on
· Keep it at that set point with total peripheral resistance (vasoconstriction) and cardiac output (heart rate)
· Baroreceptor: detect increase in BP  activate CV in brain  lower SNS output to heart to reduce heart rate and lower SNS to blood vessels to promote dilation = fallen heart rate, fallen resistance, fallen blood Pressure
· If blood pressure falls you get the opposite
· Angiotensin II is a vasoconstrictor and ADH is a constrictor can contribute to acute changes in blood pressure
· Important in catastrophic fall in BP
Longer Term Regulation of Blood Pressure
· ADH, aldosterone, ANP, and regulation of GFR act together to regulate blood volume and therefore blood pressure
· Control how much urine is produced and how much salt and water is lost in urine
· Fall in blood pressure
· BP has crashed
· Lost a lot of blood that needs to be replaced
Acid-Base Regulation
· Integrates respiratory functionality with water-ion balance
· Protein function very much depends on pH
· Factors affecting pH Intrinsic
· Proteons production by metabolism
· Proton fluxion during digestion
· Alterations of breathing: hold breath, blood more acidic
· Extrinsic:
· Acid of base consumption
· Temperature changes
· Exposure to conditions that cause disturbances
· Acid water or basic water
· Hypercapnia
· Regulate breathing and ion exchange
Acid-Base Disturbances
Metabolic
· Changes in proton levels = metabolic acidosis
· Drink lemonade – add protons to body
· Diving: increase in blood lactate concentration – acidosis
· Removal of protons or increase of bicarbonate – alkilosis
· Alkilosis when you eat
· Eat: add acid to stomach to digest food
· Acid comes from co2 being hydrated by carbonic anhydrase
· Protons exported to stomach and bicarbonate ions added to plasma
· Alkaline tide: metabolic alkilosis
· Change in protons level
Respiratory Disturbances
· Changes in breathing
· Both pH and CO2 levels change
· CO2 hydrated to form bicarbonate ions and protons
· In fluids, bicarb conc is quite high and proton levels are quite low
· Add one bicarb ion to a lot of bicarbs but one proton to very few protons
· Hold breath: allow CO2 accumulate – get more protons = respiratory acidosis
· Breathe air/water that’s high in CO2 – respiratory acidosis
· Hyperventilate: lower CO2 levels – produce more CO2 – respiratory alkilosis as proton levels fall
Compensation
· Regulate breathing – respiratory compensation
· Directly add or remove proton and bicarbonate ions – metabolic compensation
· Gills, kidney and skin
· Acidosis: proton levels too high
· Excrete protons thru kidney
· Or by hyperventilating to lower CO2 levels
· Alkilosis: too much peptobismol
· Hold breath to accumulate CO2, accumulate protons
· Excrete bicarbs via urine with excess bicarbs
· Excrete bicarbs OR accumulate protons = same net effect
Question
1. Hyperventilation: respiratory alkilosis
· Hyperventilate, blow off CO2, relative increase of bicarbs in blood
· Excrete bicarb ions with kidney 
2. Vomiting: metabolic alkalosis
· Losing all of acid from stomach
· Adding bicarb to body fluids
· Excreting bicarbs/retaining protons at KIDNEY… or decrease ventilation
3. Lactic acid after dive: metabolic acidosis
· Acid Moved from muscle to blood
· Hyperventilate, excrete proton and retain bicarbs
4. Rainbow trout to high O2: respiratory acidosis
· High O2 levels, they will breathe less, accumulate CO2
· Decreased ventilaton 
· Excrete protons/retain bicarbs, INCREASE ventilation

Tetropods vs Fish
· Water breathers vs air breathers
· Differ in reliance on respiratory compensation
· Differ in primary organ for metabolic compensation
· Tetrapods: alter ventilation to compensate disturbances and their KIDNEY is main organ for direct adjustments of ion levels
· Teleosts
· Don’t really use respiratory compensation b/c their CO2 levels are so low (low O2 in water)
· Can’t afford to hypoventilate
· Rely on metabolic compensation more than respiratory compensation
· Use gill rather than kidney (kidney plays supporting role)
· Acid secreting Mito rich cell: sodium uptake
· In exchange for acid excretion
· Base secreting Mito Rich cell: chloride uptake
· In exchange for base loss 
· Ion regulation and acid base regulation are very tightly regulated together in fish
· Acidodic trout must increase protons so it takes up less sodium
· 

NITROGEN EXCRETION
Introduction
· How nitrogen is excreted contributes to water balance
· Nitrogen found in nucleic acid and proteins
· Broken down, you get a carbon skeleton that can be reused or metabolized
· Also get amino groups
· Amino groups removed, form ammonia – ammonia is a highly toxic neurotoxin
· Affects blood brain barrier
· Ammonia must be eliminated
· Some animals excrete ammonia itself and some excrete as urea or uric acid
Nitrogen End Product
· Choice of N end product is because of environment 
· Ammonia: highly toxic 
· Aquatic invertebrates, bony fish, larval amphibians
· AMMONOTELIC
· High levels of water to get rid of it – 500mL of water to get rid of
· Urea: less toxic
· Mammals, adult amphibians
· UREOTELIC
· 50mL of water to get rid of 1g of nitrogen
· Uric acid: much less toxic
· Birds reptired, terrestrial insexts
· 1mL of water
· URICOTELIC
· Urea and uric acid are much less toxic – can tolerate higher levels of them
· Get rid of more nitrogen per molecule
· Ammonia has 1 and uric acid has 4
· Urea and uric acid have to be syntheisized from ammonia which requires ATP – energy cost
· Environmental aquatic availability
Ammonotelic Animals
· Aquatic Ammonia excreting animals
· Produce ammonia in LIVER
· Ammonia diffuses out of animal across body surfaces
· Usually gill; large SA, permeable
· Recess glycoproteins function as ammonia channels; Rh glycoproteins
· Only allow ammonia gas through them
· Ammonia can combine with a proton to form the ammonium ion NH4+
· Pk of reaction = 9.5 so most of ammonia is present is present as NH4+
· Charged ion will not cross membranes readily, requires channel 
· RH only allow NH3 not the charge NH4+ which means bulk of ammonia excretion is NH3 moving across membranes (direct diffusion or facilitated diffusion via Rh glycoproteins)
· NH4+ present in animal – conversion back and forth – gaseous mlcl is the one that moves
· Mechanism to maintain PP gradient to move ammonia movement
· NH3 moves across membrane, but once it reaches water, it forms NH4+, which eliminates NH3 to maintain PP gradient for ammonia to diffuse through out of the animal via the gills
· These protons come from the hydration of CO2 or from proton pumps/sodium proton exchangers – which combine with NH3 to get NH4 
· ACID TRAPPING MECHANISM: proton catching NH3 gas as ammonium to eliminate it from the PP gradient to maintain ammonia excretion
Lake Magadi Tilapia
· Trona: precipitated sodium bicarbonate
· Mined to form bicarbonate
· Lake has pH of 10 – extremely highly buffered and about 40 degrees warm
· Hot, high pH water
· pH is greater than 9.5 (pk of rxn) SO the acid trapping mechanism cannot work since ammonia is present mostly as ammonia gas
· prevents tilapia from using ammonia excretion – UREOTILIC
· Obligate ureotele: uses same mechanism as mammals – only fish that is an obligate
Ureotelic Animals
· Mammals and amphibians use ORNITHINE UREA CYCLE (OUC)
· Ornithine is regenerated
· Ammonia + bicarbonate ions  carbamoyl phosphate  aspartic acid  Arginine cleaved by arginase  Urea and REGENERATE ORNITHINE 
· Found in the liver of animals that are ureotilic
· Metabolic pathway that requires ATP
· Urea is larger than ammonia
· It CAN get through membranes thru simple diffusion but not very effective
· Require UREA TRANSPORTERS to move urea across membranes
· Urea filtered and eliminated via kidneys
· Fish can eliminate via the gills
· Some animals may produce some urea too by breaking down arginine thru enzyme arginase – don’t need ornithine cycle

Amphibians
· Aquatic and ammonotelic
· Adult amphibs are semi terrestrial and ureotelic
· Transition happens during metamorphosis
· Increase in urea production and increase in enzymes involved in ornithine cycle
· Adult amphibians that remain fully aquatic continue to produce ammonia ex. Xenopus
· Water availability that drives choice between ammonia and urea
Lungfish
· Spend time out of water
· Transition from water to land, convert from ammonia production to urea production
· As water levels fall, lungfish burrow into the mud to form a cocoon of mucous and aestivate through the dry season (lowers metabolic rate)
Mangrove Killifish (rivulus)
· Does not produce urea on land – produces ammonia
· Volatilize ammonia – excretes ammonia gas from its body’s surface
· Gas off ammonia as gas
· Partial pressure of ammonia on thin layer of water at skin is very high 
· Continuing to produce ammonia but use ammonia volatilization
Elasmobranch
· Produce urea – aquatic animal
· Need to maintain salt and water balance
· Use urea and TMAO as osmolytes to bridge gap between the salt concentrations in their body fluids and the osmotic concentration with enviro
· They accumulate high levels of urea and TMAO to maintain an isoosmotic state with their environment
Gulf Toadfish
· Remains something of a mystery
· Subtidal fish found off coast of Florida – not normally exposed to air
· Confined to lab or expose high levels of ammonia it switches from ammonotelic to ureotelic
· Facultative ureotile: capable of producing urea through ornithine urea cycle when it needs to
· Excretes urea in pulses across the gill
· Ammonia levels remain quite low generally and urea levels are low until they produce a PULSE of urea – daily quotient of urea removed during pulse that happens once every 24hrs 
· Gulf Toadfish are sit and wait predators in burrow
· Produce urea as a cloaking mechanism to hide themselves from predators
· Creates mesocosms – put PVC pipe in mesocosm (for burrow) and inside the pipe they put a fake toadfish 
· Greysnapper – predator of toadfish
· Add different cpds/odorants in burrow to see how snappers would respond
· Looked at predation behavior of snapper in response to different odorants
· Sea water as negative control and ground up toadfish as positive control
· Ammonia, snappers are significantly more attracted than if it was urea
· 1:1 mix of ammonia:urea there is no different to urea
· Urea is capable of masking the ammonia
· Capture toadfish in water – most excreting 1:1 ratio of ammonia:urea
· Produces urea to hide itself from one or more predators 
· Chemically camouflage themselves
Uricotelic Animals
· Least toxic nitrogen end product
· Requires least amount of water to get rid of it
· Gets rid of 4 nitrogen atoms per uric acid mlc
· But it is energetically expensive (reqs ATP) and the molecule itself is relatively large – does not go thru membranes without help of transporters
· Produced in liver
· Glycine, aspartate, glutamate or nucleic acid metabolism  Purine ring  uric acid
· Toxicity is so low some animals just accumulate it, not excrete it
· Some terrestrial animals use uric acid rather than urea because of low toxicity
· Animals where early development happens in a small, shell closed egg
· Only exchanges water and gases with enviro
· No way to eliminate end products in egg – must be way to accumulate it when in egg
· Accumulate uric acid without poisoning offspring
· Excretion via kidneys
· Uric acid is filtered but also secreted
· Uric acid (urate) transporters in proximal tubule in nephrons
· Insects where early stages of development occur in aquatic enviro
· Produce ammonia
· Convert to uric acid in metamorphosis
· Water conservation hypothesis
· Crocodile: aquatic reptile
· As an adult maintains large component of ammonia excretion
· As an egg, produce uric acid


THERMOREGULATION
Temperature and Heat Transfer
· Wide range of temperatures available on earth but not all are compatible with life
· Above -1 to above 50 
· Freezing: tends to stop life
· Heat: proteins denaturing; tends to stop life
· Most animals can’t tolerate that full range of T
· Even if they do, they function best at a limited range of T
· Range matches enviro they live in
· Trematomus fish is an Antarctic fish spends all its life at -2 degrees Celsius and 6 degrees is an insane heat stress
· Devil’s hole pup fish is in this hole in the ground which leads to underground hot spring in desert – daily T is 30-35 degrees and upper lethal T is 40 degrees
Why are optimal T ranges typically narrow?
· Biochemistry of life is just a whole series of reactions
· Reactions feeding into other reactions
· Each of those reactions is affected by T in its own individual way
· Quantify how reaction is affected by T with Q10 values
· Q10 = 2… Rate of rxn doubles if you increase T by 10 degrees
· Every reaction has its own Q10 value – change T this series of reactions is out of sync (rxn produce too much or too little)
· T has huge impact on all facts of life
Terminology
Thermoregulation: maintain body temperature within a certain desired range
Poikilotherm: body temperature (Tb) that fluctuates – line of equality diagonal up line
Homeotherm: stable body temperature – horizontal line 
Endotherm: generate sufficient metabolic heat – part of thermoregulatory strategy 
Ectotherm: still produce metabolic heat, but not enough to be important to animal
· Endothermic and homeothermic: generate metabolic heat in order to keep a constant body temperature ex. Mammals and birds 
· Warm blooded
· Poikiothermic and ectothermic: don’t generate enough metabolic heat for T strategy so their body T fluctuates with enviro ex. Amphibians, fish, reptils, invert
· Cold blooded
· Ectotherm and homeotherm: don’t create enough metabolic heat to be useful but they have a constant body T because they live in a thermally stable enviro
· Ex. Polar fish (arctic and Antarctic) and tropical fish  
· Endotherm and poikilotherm: generate enough heat but T fluctuates ex. Naked mole rat – huddle together and large flying insects (bees, moths)
· When fly: have high metabolic heat for thermal strategy
· But when they don’t fly they have same T as enviro
Heterothermy
· Animals that are both homeothermic and poikilothermic OR both ectothermic and endothermic
· Heterothermy: body T is regulated to stable values but you see different stable values at different times of day
· Ex. Hummingbird: day – maintained at high T and at night – maintained at lower T 
· Temporal: body T fluctuating in a well defined fashion over time
· Regional heterothermy: one bit of body is regulated and the rest is not
· Blue fin tuna and maycove sharks: swimming muscles are hot and the rest of the body is not 
Heat Transfer
· Heat gain must be matched to heat loss if body T is to remain constant
· Animals can exchange heat with the enviro – direction will depend on enviro
· Radiant, conductive or convective heat
· Produce heat through metabolism and lose heat through evaporation
· If animal is going to have constant body T, it will use these to match heat input to heat output
Negative Feedback Control Systems
· Central thermostat: hypothalamus (thirst centre, osmoregulatory centre)
· Brain and periphery have temperature sensors that monitor body T and compare it to the thermostat
· If it’s lower: heat has to be produced or gain
· If it’s higher: heat has to be lost
· Differ b/w ectothermic poikilotherms and endothermic homeotherm
· Initiation of appropriate response
· Lizard too low T than desired: bask in sun, darken body colour
· Lizard too high: go in shade, panting
Heat Exchange with Enviro
Radiant
· Absorbing radiant energy (starts with sun) – usually re-radiate it
· Animals gain radiant E directly from sun but can also gain re-radiated energy from plants, clouds, etc. animals themselves will radiate heat
· Sun is ultimate source (high E source) of radiant heat E
· Re-radiate at lower E or longer wavelengths – in infrared range (can’t see it with naked eye)
Determinants
· Aquatic vs terrestrial
· Air is transparent (does not absorb radiant E) but water does
· Water absorbs radiant E before animals can get any
· Colour: dark absorb radiant E more readily
· Surface area: expose as much of body as possible – maximize SA
· Cold: curl up in a ball; minimize SA for radiant heat loss
· T diff b/w animal and enviro
· Larger the difference, faster the heat exchange
· Ex. Clear nights feel colder than cloudy… clouds contain water that will be radiating infrared E
· Animals move under shrub to reduce heat exchange with night sky – air in general
Conduction
· Direct transfer of E from one vibrating molecule to another through contact
· Transfer of kinetic energy resulting in transfer of heat
Determinants
· Surface area and temperature difference (factors always present)
· Distance over which conduction is occurring
· Longer the distance, the slower the rate of heat movement
· Bulk up with sweaters and jackets
· Heat conductivity of the material through which transfer is occurring
· Water is a good conductor
· Air is a poor conductor, fairly good insulator
· Fat is somewhere in between
· Since water is a good conductor, this poses problems for aquatic animals –especially water breathers who have a large SA with water ... gas exchange occurring, heat exchange also occurs
· Aquatic mammals and birds but at least they’re breathing air 
· Still living in a giant heat sink – sucks heat from them
· To minimize that heat loss, animals use insulation 
· Trapping layer of air next to body ex. Raising feather
· Divers: trap air next to body (shallow divers) deep divers use blubber (fat) as an insulator
Convection
· Heat transfer by a MEDIUM
· Moving air or moving water
· Wind chill factor: wind movement increases rate of heat loss that makes it feel colder than actual T would suggest
· Creating a bubble next to their body also Reduces heat loss of convection because it’s STILL air 
Determinants
· Surface area and temperature difference
· Rate of fluid flow
· Faster it moves, the more heat it will carry away
· Whether fluid is water or air
· Water is a better conductor, more effective means of heat transfer 
Conduction vs Convection
· Wet suit: neoprene to outer body but doesn’t prevent water from touching skin
· Not good for cold T
· Protects against convective heat loss
· Creates a STILL layer of water around the skin 
· Dry suit: neoprene (thicker) and have gaskets around neck and wrists to prevent water from entering suit to touch skin
· Protects against CONDUCTIVE and convective
· Insulating layer of air next to skin
· Air is a good insulator relative to water
· Better at conductive because there is no water sucking away the heat
Metabolic Heat Production and Evaporative Loss
· Based on animal not environment
Evaporative
· Water convertretd from liquid to gas – energy is required
· If the E comes from animal, constitutes heat loss for animal
· E req’d = 580kcal/g of water
· When an animal evaporates water from body surface, the latent heat of vaporization represents a heat loss for the animal
· Regulated exchange: sweat
· Too hot sweat to lose heat
· This is a major source of OBLIGATORY HEAT LOSS
· Mild winter day (0 degrees) about 20% of heat you lose is via evaporation
· Obligatory evaporative heat loss: inhale air, you must warm and humidify it
· Heat and water comes from nasal mucosa
· When you warm that, you lose heat energy 
· Temporal counter-current mechanism: minimize water loss and minimize obligatory heat loss
· When water recondenses onto nasal mucosa – heat recovery for animal
· more effective the temporal counter-current mechanism the less heat and less water that will be lost
· cat has very effective temporal counter-current mechanism
· used as a mech to maintain body T
· regulated evaporative heat loss
· if enviro T is higher, radiation, convection, conduction are ineffective – only way to lose heat is thru evaporative water loss
· effectiveness of evaporative water loss depends on humidity
· dry heat more tolerable than humid
· if it’s humid, it’s harder to evaporate water from body’s surface – cooling mechanism is less effective
· where does the water come from??? Hot enviros tend to be dry
· animals will use environmental water ex. Humans using a sprinkler, elephants spraying themselves
· if enviro water is not available, it will use its own body water
· ability to do so, depends on size – large animals have low SA:V ratio… Large water supply with low rate of  water loss
· small animals (kangaroo rat) have high SA:V ratio – low stores of body water and easy to lose water
· kangaroo rat avoid overheating by being active at night and using cooler burrow during the day
· humans can carry jugs of water with them
· sweating, panting 
· need to avoid respiratory acid-base disturbance in panting
· use dead space when panting... Take shallow breaths
· lick their skin and evaporate saliva, gulor fluttering in birds
Metabolic Heat Production
· a reflection of the fact that the biochemical reactions of life are inefficient
· glucose  ATP is 70% efficient
· ATP to power muscle 30% efficient
· Want to generate metabolic heat, raise metabolic rate
· Higher MR, more heat to be produced simply because these reactions are inefficient
· Mammals and birds (endotherms) vs lizards and amphibians (ectotherms), the difference is primarily in metabolic rate
· Ectotherm vs endotherm at 37 degrees at same body size
· MR of mammal will be 4-10 times higher than that of ectotherm
· Difference in MR that allows mammal to produce significant metabolic heat to use it for its thermal strategy
· Difference reps endothermic heat production
· Requirement of high metabolic rate and the structure of gas exchange and CV systems
· Birds and mammals have divided circulatory systems so they can create high pressures that will support high MR
· High SA gas exchange systems, thin barriers, effective ventilation – allows them to generate high MR which can be used to generate heat to maintain body T
Temperature Range
· Range of T where MR is at a minimum
· As T falls, MR rises or as T rises, MR falls
· MR in endotherms is affected by enviro but pattern is different
Ectothermic Poikilotherms
· Don’t generate enough metabolic heat to be part of T strategy, their body T follows that of enviro
· Amphibians, fish, reptiles, invertebrates
What Extent Body Temp Matches Enviro
· Aquatic animals: body T and water T are almost perfectly matched; high conductivity of water
· Global warming concern for animals
· Water T goes up, body T of aquatic ectotherms will go up
· Terrestrial animals: 
· Marine iguana regulates body T very well if enviro allows it
· Thermal regulation maintaining preferred body T if enviro is a good thermal quality – if it’s not good they can’t thermoregulate
· Anolis lizards 
· Terrestrial pokiotherms can regulate body T if enviro allows it
· Marine iguana on Galapagos Islands have access to sunny beaches and cold ocean water
Behavior Thermoregulation
· Moving to enviro or microenviro that is at preferred T
· Making use of that enviro
· Ex. Make self perpendicular to sun to maximize radiant energy gain
· Depends on thermal quality of enviro
· Painted turtles 
· Most freq T = 20-25 degrees – preferred body T available
· Use diff microenviro available to them
Physiological Strategies
· Colour changes to adjust heat exchange with enviro
· Light colour vs dark – dark absorbs radiant heat better
· Dark using chromatophores to absorb more radiant E
· Colour lightens as it gets into preferred body T range
· Evaporative heat loss: pant to increase heat loss from respiratory surfaces
· Cloacal ev cooling: using evaporative water loss from cloaca (end of digestive and reproductive track) of birds and reptiles
· Water loss from cloaca shoots up at 35 degrees – cooling mechanism
· In diapers, less able to regulate T 
· Cardiovascular adjustment for heat exchange 
Galapagos marine iguana
· Maintain constant body T across wide range of enviro Ts
· On land: on lava rock beaches (dark with lots of sunlight) 40-50 degrees very warm
· Ocean: 22-27 degrees 
· Two thermal habitats for it
· Preferred body T is 35-38 degrees
· Water: colder than preferred body T – want to minimize heat loss
· Slow down rate at which heat is lost from body
· When they dive, heart rate falls and peripheral vasoconstriction – conserves oxygen AND heat by convection
· Minimize conductive heat loss: thicker layer of tissue – increased distance over which conductive heat loss could occur; animal body = insulstor
· Climb out to rocks – use behavioral & physiological strategies
· Spread out and point to sun to maximize SA to sun radiant heat from sun and conductive heat from rocks
· Accelerate heart rate and vasodilate blood vessels on dorsal and ventra SA – rapidly transfer heat thru blood convective heat transfer
· Net effect: Rapid heating, slow cooling to maintain body T at preferred value
· Importance of CV system in convective heat transfer
· Mating season: males stay on land and can’t go swimming
· Lift themselves off rock
· Parallel to suns rays instead
· Vasoconstrict on dorsal side and vasodilate on ventral to radiate heat into their own shadow
Compensatory Adjustments
· Compensation – acclimation or acclimatization
· Minimize impact of T change on physiological function
· Change to physiological function to try to restore MR – blunt effects of T on MR
· Times of day or year when enviro does not allow them to maintain body T
· Changes within individual
· O2 consumption as function of body T
· Body T goes up, MR goes up
· At 33 and cool down to 15 – MR will fall
· Keep at 15, MR increases over time – acclimation response
Homeoviscous Adaptation
· Body T changes, membrane fluidity will change
· Have impact on physiological function of animal
· Remodel cell membranes by shortening fatty acid chain lengths
· Short: more fluidity long: less fluidity
· Add doible bonds
· Unsaturated: kinks, don’t pack well, have higher fluidity
· Nonpolar head groups to more polar head groups
· Nonpolar have lower fluidity (less packed)
· Amount of cholesterol present in membranes – buffering effect of membrane fluidity
· Increase membrane fluidity at low T 
· Animals remodel cel membranes
· Rainbow trout acclimated to 20 degrees then cooled to five degrees
· Remodeling of membranes occurs
· More polar head groups, more fluid 
· Helps maintain membrane fluididty at colder T
· From five degrees to 20 degrees
· Do the opposite 
· Maintain physiological function even as enviro is changing
Changes in Enzyme Concentration
· Enzymes are slower as temperature falls
· Increase amount of enzymes that’s present at lower temperatures
· Alligators in winter at 15 degrees
· Alligators in summer at 30 degrees
· Acclimatization 
· Exposed to different temperatures in the lab (accoimation)
· Cool down summer animal or warm up winter animal
· Warm up animal: enzyme activity increase
· Cool summer animal: enzyme activity decreases
· Enzyme activity changes according to Q10 relationships
· Acclimatization response: summer animal at summer T and winter animal at cold T, enzyme activity is almost the same


Physiological Adaptation
· Species being matched to their environments
· Same changes on an evcolutionary scale
· Species in cold enviros have more unsat’d tails than those in warm
· Changes in enzyme structure to alter substrate affinity or rate constant of enzyme
· Substrate affinity as a function of temperature
· Affinity of enzyme is relatively constant
· Changes in enzyme structure to allow it to operate best at enviro temperature of animal
Ectotherms at Extreme Temperatures
High Temperatures
· Produce heat shock proteins – molecular chaperones
· Aid in protein folding
· Inducible forms such as HSP70
· Heat shock response matched to enviro
· Antarctic fish don’t have heat shock response b/c they live in an enviro that is consistently cold
· Sculpen fish found in tide pools either close or far from tide
· Tidepool sculpin found well up the beach
· Usually encounters higher temperatures
· Only mounts heat shock response when it gets to 28 degrees
· Fluffy sculpin found down the beach
· Usually encounters lower temperatures
· Mounts heat shock at 22-25 degrees
· Prevent protein damage at high T
Low Temperature
· Animals that live in temperate enviros will likely see freezing
· To freeze ir not to freeze
· Freeze-intolerat: they freeze they die
· Use antifreeze compounds
· Colligative: increase osmotic concentration of body fluids, to avoid freezing… lowers freezing point
· Non-colligative: use anti-freeze proteins that bind to ice crystals to disrupt the formation of their crystal structure – prevent tissues from freezing
· Polar marine teleosts hypoosmotic to enviro… tend to freeze before enviro does (oceanic)
· Fresh water fish are more conc’d than their enviro – freeze AFTER enviro does
· Freeze-tolerant: invertebrates and very few vertebrates
· Survive winter as frozen block of ice
· Wood Frogs – hearts stop, brains flatline, limbs don’t move
· Thaws and comes back to life
· Use ice nucleating agents to stimulate ice formation in extracellular fluids
· Don’t rip cells apart
· As water freezes in EC enviro, the solutes become more concentrated (only pure h2o mlcls that freeze) which results in an increased concentration of intracellular fluids
· Aided by cryoprotectants: prevent intracellular ice formation ex. glycerol
· Contribute to osmotic concentrationof IC enviro
· Intracellular enviroi becomes more conc’d so freezing point falls
· Able to freeze their tissues





Endothermic Homeotherms
· Body temperature maintained through the production of metabolic heat (endothermy) and is therefore constant (homeothermy)
Thermoneutral Zone
· Range of environmental temperatures over which body temp can be maintained WITHOUT changing metabolic rate
· By adjusting heat loss thru behavior, insulation, and blood flow
· Behavior: postural changes, selection of appropriate microenvironment
· MR increases on either side of the thermoneutral zone
· Thermogenetic zone: trying to warm body in cool T – hypothermia 
· Zone of active cooling: trying to cool body in warm T – hyperthermia
· To save energy, they want to stay within the thermal neutral zone
Insulation
· Fur or feathers
· Thicker insulation: greater resistance to conductive/convective heat loss/gain
· Size effects
· Small animals have large SA:V ratio, making thermoregulation more difficult for small animals – cant have length of fur as bigger animal
· Insulation can be adjusted ie. Length or density of fur
· Pilomotor: nerves and muscles that change orientation of HAIR
· Ptilomotor: change orientation of feathers
· Thermal/heat windows: area of animal that has the ability to radiate a considerable amount of body heat relative to others ex. Appendages
· Seasonal changes: coat shedding and thickening in summer vs winter
Blood Flow and Heat Loss
· Vasomotor responses are used to adjust heat loss
· In cold, vasoconstriction to keep blood in core
· In heat, vasodilate to allow heat to radiate out since it’s closer to skin – high heat conductance
· Hot hair will increase blood flow to ears since they’re so thin allowing more heat to be exchanged to skin surface
Counter-Current Heat Exchangers
· Reduce heat loss in cold environments without sacrificing blood flow
· Extract heat from warmed blood and transfer it to cooler blood by arranging the vasculature info COUNTERCURRENT HEAT EXCHANGERS
· Reduce heat loss at the periphery
· Maintaining blood flow while minimizing heat loss
· In the legs of many birds from cold climates, in the flippers of aquatic mammals, in legs in a number of arctic mammals ex. Arctic fox
· Maintain oxygen and nutrient exchange to tissues while minimizing heat loss
· Have arteries and veins in very close proximity
· Arterial: coming from core to periphery
· Arterial is HOT
· Vein: coming from periphery to core
· Heat is transferred from arterial blood to venous blood
· Small differences along the exchanger that allow heat transfer to occur
· From one end to the other you get large differences
· From 37 at tummy to 15 at paw – heat transferred from artery to venous
· Also allow regional heterothermy
Regional Heterothermy
· Blue fin tuna keep red muscle at high T
· Red muscle at centre of body are much higher T
· Constantly swimming, can’t stop swimming (RAM ventilators)
· Warm T just in swimming muscle
· Have specialized countercurrent heat exchanger between rest of circulation and the red muscle
· Red muscle located in a cluster on either side of the spine
· Network of venous and arterial vessels running in close proximity – RETES
· More tissue that creates a greater distance for heat loss to occur across
· Fish breathe water, water is a giant heat sink
· Blood passes from heart thru the gills then goes thru a series of cutaneous vessels on side of animal (cold arterial blood) and enters red swimming muscle through the RETE (countercurrent heat exchanger) 
· Cold arterial blood is entering red muscle, passing by warm venous blood that is leaving the muscle – heat transferred from warm venous blood to cold arterial blood; warms arterial blood entering the muscle, cooling venous blood leaving the muscle – TRAP HEAT IN THE RED MUSCLE VIA RETE
· Ordinary fish can’t do this because blood goes down centre of body and radiates out to rest of body – different vasculature 
· Large endothermic insects which keep thorax at warmer T than abdomen
· Thorax contains flight muscles which generate heat
· Petiole is connecting thorax and abdomen – petiole functions as heat exchanger
· Hemolymph
· Heart is in abdomen which is pumping hemolymph FORWARD to thorax (this themolymph is cold) 
· Hemolymph is heated up by flight muscles in thorax and goes thru petiole toward abdomen
· Countercurrent heat exchanger traps heat in thorax
· Cold hemolymph going forward and warm hemolymph going backward, they come In close proximity to each other allowing a counter-current exchanger – MEANING that heat is trapped in thorax
· Achieved via countercurrent heat exchanger
Thermogenesis
· Shivering: birds and mammals
· Very inefficient
· Similar effect in endothermic insects achieved by activating antagonistic flight muscles simultaneously
· Bees roasting hornet alive thru shivering
Futile Cycles
· Inefficient metabolism – metabolic pathways that don’t go anywhere
· Large thermogenic insects ex. Bumblebees
· Raise thorax temperatures so flight muscles can generate enough power for flight
· Converting fructose-6-phosphate to fructose-1,6-biphosphate
· Add a phosphate group and remove it again
· Phosphate group added comes from ATP
· Break down ATP and E from ATP is not used for anything useful – highly inefficient and generates heat
Heater Muscles
· Muscle cells that LACK sarcomeres (myofibers)
· Have no contractile apparatus
· When AP arrives, calcium released from sarcoplasmic reticulum
· Normally calcium would turn on muscle contractions
· Calcium will instead turn on various metabolic pathways then is just pumped back into sarcoplasmic reticulum
· ATP is being burned for no other reason but to produce heat – very inefficient process
· heater muscles that keep brain and eyes of swordfish warm to allow them to be better predators
· heater muscle generates heat that warms brain and eyes and is trapped in area by fat (acts as insulator) and rete mirabille (countercurrent heat exchanger)
Nonshivering Thermogenesis in Mammals
· brown adipose tissue or brown fat
· adipose cells (with lipid deposits) that is richly vascularized and contains a ton of mitochondria
· these mito express uncoupling protein 1 (thermogenin) that makes mitochondria VERY INEFFICIENT
· uncoupling of electron transport and oxidative phosphorylation
· tissue becomes a heat generating tissue rather than a tissue that generates ATP
· UCP1 functions as a proton channel (Uncoupling Protein 1)
· Proton flows through WITHOUT generating ATP
· Energy is going into creating that proton pump, is dissipated, and ends up coming out as heat
· Burns lipids but doesn’t produce ATP, just heat
· Pathways are inefficient, E is being produced as heat instead of something useful
· Create proton gradient in space between membranes which drives ATP synthase to produce ATP USUALLLYYYYYY
Seasonal Adjustments of MR
· Adjust MR according to seasonal changes
· Mice in winter elevate MR more to generate heat
· Mice acclimatized to winter can elevate MR more than mice acclimatized to summer
· Allows them to withstand lower T
· Reindeer that live in cold temperatures in winter
· MR is lower in winter than it is in summer because of THICKENING of the winter coat – much thicker insulation in winter than in summer allows them to maintain body T at lower temperatures with lower MR
Active Heat Dissipation
· Cooling – only thing available is evaporative heat loss
· Sweating, panting, spreading saliva
· Increase heat loss by making use of latent heat of vaporization (liquid to gas)
· BUT this uses body water for zone of active cooling
· Some animals have adopted alternative strategy: heat storage
Elevation of Body Temperature – Heat Storage
· Ground squirrel and camel
· Allow body T to rise (storing heat in their bodies)
· Then they cool down again under conditions they can do so without using evaporative heat loss
· Store heat and lose that heat without losing water
· Benefits
· Conserves water
· Less heat gained from enviro b/c T difference is reduced
· Antelope Ground squirrel: run around during hot day
· Gains heat rapidly from enviro
· Allow body T to rise to close to tolerable limit (42) 
· Then they go into their burrow (25 degrees) and lower body T by losing heat via conduction, convection, radiation
· Then they go outside again
· Camel – 500kg that live in arid enviros lacking shade and water – exosed to sun
· Use heat storage to save about 5L of water a day
· Daytime T >40 but nighttime T <20
· Let body T rise during day, then shed heat at night allowing body T to come back down
· As body T reaches upper limit they have no choice but to sweat (past 40-41)
· If given access to awater, the T flucturates will be much smaller and it will sweat
· Camel’s long hair on back insultes it from gaining heat
· Stand parallel to sun’s rays and in shade
· Low SA:V ratio; gains heat from enviro less quickly 






Extreme Cases of Endothermic Homeotherms
Special Problem of Small Endotherms
· Metabolically expensive
· Hummingbirds, shrews, mice, bats
· Retain heat that is generated thru metabolism
· High MR already – generating heat for endothermy is an extra cost
· High SA:V ratio so they lose heat very easily
· Cant have amount of insulation that animals can have
· Length of fur/feathers or amount of body fat they can have
· Require ver7 high rate of food intake ex. Hummingbird takes in twice its body weight of food in order to maintain MR
· Overnight period becomes challenging to maintain MR
· So allow MR to fall at night, body T falls as well – temporal heterotherms
· Difference between body and enviro T is smaller
· Then bring body T back up to normal temp
· Torpor: biochemically lowering MR, then body T also lowers
· Very small so they can warm up body T very quickly when they need to 
Aquatic Endotherms
· Challenge because they live in a giant heat sink 
· Basal MR that are turned up – twice as high as in a similarly sized terrestrial animal
· Large bodied (SA:V ratio) with abody shape that minimizes high SA:V regions 
· barrel shaped and where they have appendages, they have countercurrent heat exchangers to minimize heat loss
· also have fur and or blubber to insulate
· dive: can turn aquatic enviro to their advantage
· make use of diving hypothermia
· very easy to lower body T in aquatic enviro to lower MR during dive to conserve o2 and extend dive times
Endotherms in Extreme Climates
· high amount of heat loss in winter – need high MR but don’t have food available
· very hot and water/food limited
· solution: lower MR rate use TORPOR
· hibernation in winter and aestivation in summer
· adjust biochemical reactions to lower MR then body T falls
· lower MR conserves energy and reduces rate of heat exchange with enviro by lowering the difference between animal nd enviro T
· causes body T to fall so Q10 effects kick in; rates of rxn fall b/c T falls
· saves both energy (food intake and water) which is important when food/water are limiting
· Q10 effect: effect of T on rate of reactions
· Q10 = 2 … rate doubles with an increase of 10 degrees

