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Water and Ions - 4

WATER AND ION BALANCE

· Optimal physiological function requires that hydration state and solute concentration within the body be maintained within rather narrow limits.

· Problem = proper internal conditions are almost always very different from environmental conditions

AQUATIC ENVIRONMENTS

· Osmolarity = measure of the solute concentration in a solution (osmoles/liter; 1 Osmole = 1 mole of dissolved solutes per liter); depends on the number of dissolved solutes present. The greater the number of dissolved particles, the greater the osmolarity

· Hyperosmotic = body fluids more concentrated than environment

· Isosmotic = body fluids equal to solute concentration in environment

· Hyposmotic = body fluids less concentrated than environment

· Most invertebrates are isosmotic with seawater (osmoconformers), but they often regulate specific solute concentrations to some extent (Overhead, Willmer et al., p. 78)
· FW animals are all osmoregulators (some better than others) that maintain hyperosmotic body fluids (Overhead, Willmer et al., p. 78)
· Marine Vertebrates are almost always hyposmotic osmoregulators. There are a couple of examples of isosmotic body fluids, but these organisms still regulate the concentration of specific solutes (Handout, Composition of Vertebrate Body Fluids)
· When thinking about water relations in aquatic environments, REMEMBER that water always moves toward a higher salt concentration (by osmosis), while solutes always move down a concentration gradient (by diffusion)

OSMOREGULATION IN FW vs. SW (Vertebrates)

· FW: Animal is hyperosmotic to environment; Problem = taking on water, losing salts

· SW: Animal is hyposmotic to environment; Problem = losing water, taking on salts

· (Handout, S-N p. 319-320)
Solutions to Osmoregulatory Problems in Aquatic Environments

1) Freshwater Fish 

a. Kidney with large glomeruli that produce high filtration rates ( produce large volumes of very dilute urine

b. Chloride cells in gills capable of active solute uptake (Na+, Cl- follows)

2) Saltwater Teleosts (Advanced Bony Fish)
a. Aglomerular kidney or very reduced glomerulus ( essentially no filtration (NH4+ lost at gills)

b. Drink SW to gain water. Actively pump Na+ across digestive tract epithelium, water passively follows

c. Chloride cells in gills actively pump salts out (Na+)

d. Divalent ions (Mg2+, SO42-) actively secreted into kidney tubules, excreted with very low volume of urine

3) Special Saltwater Adaptations
A. Hagfish = a primitive jawless fish

1. glomerular kidney with high filtration rates

2. isosmotic with SW; tolerates high salt concentration, but regulate concentrations of specific solutes to some extent

3. regulate divalent ion concentration at skin by actively pumping out Mg2+, Ca2+
B. Elasmobranchs, Coelacanth
1. isosmotic with SW, but qualitatively very different. Regulate most ions at normal vertebrate levels

2. isosmotic condition achieved by adding large amounts of urea to blood. Tolerate very high urea levels (100 X that in mammals). Also increased TMAO levels that counteract destabilizing effects of urea on macromolecules (i.e., proteins)

3. rectal glands secrete excess Na+
(Handout – Vertebrate Body Fluid Composition)
C. Aquatic Amphibians
1. FW amphibians osmoregulate similar to FW fish. Skin serves as site for active ion uptake. Na+ also actively pumped from the kidney tubule back to blood.

2. Crab-eating Frog (Rana cancrivora) – SE Asia. Lives in coastal mangrove swamps and regularly enters SW.

· Adds large amount of urea (plus some Na+) to body fluids to become isosmotic. Elevates urea by reducing urine volume, rather than pumping urea to blood.
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3. Green Toad (Europe) – Bufo viridis, tolerates brackish water (up to 80% SW levels).

· Has high plasma osmolarity under normal conditions (high Na+ and urea), becomes isosmotic by addition of urea, along with some Na+.

TERRESTRIAL ENVIRONMENTS

· Major Problem = dehydration

· Water Loss occurs via 4 avenues:

a) cutaneous

b) respiratory

c) urine

d) feces

· Cutaneous and Respiratory avenues together constitute Evaporative Water Loss (EWL)

1. Cutaneous Route
· Very high in amphibians (a major problem for them) due to their moist skin

· Lower in animals with keratinized skins, which decreases permeability

· CWL tends to be higher percentage-wise for reptiles than for birds and mammals, since RWL is elevated in endotherms because of their high MR and associated high ventilation rates.

· CWL due to sweating can be a problem for a animals that sweat in hot, dry environments to keep cool

2. Respiratory Route
· Major route for EWL in mammals and birds at most temperatures. 

· Also important for reptiles (25-50% of EWL), especially at high temperatures. 

· Less important for amphibians because of their moist skin (Overhead, Willmer et al. p. 81).

TOTAL EWL ( dependent on Vapor Pressure Deficit (VPD)

VPDTa = WVP (100% RH)Tb – WVP (%RH)Ta
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EXAMPLES:

Under what conditions would drying be faster? (Refer to Water Vapor Pressure vs. Temp. Handout)

I. 1) Lizard at 35(C, RH = 50%

2) Lizard at 10(C, RH = 10%

· Assume Tb = Ta for lizard

· 35(C, RH = 50% ( VPD = 40 – 20 = 20 (40 = 100% RH at 35(C, 20 = 50% RH at 35(C)

· 10(C, RH = 10% ( VPD = 10 – 1 = 9
· Drying is faster under the first set of conditions for the lizard

II. Mammal under the same conditions. Assume Tb = 37(C.

a) VPD = 45 – 20 = 25 (45 = 100% RH at 37(C)

b) VPD = 45 – 1 = 44
· Drying is faster under the second set of conditions in the mammal

· In considering water loss, always remember that warm air holds more moisture than cold air.

· RWL is directly dependent on ventilation volume and VPD.

MECHANISMS FOR DECREASING RWL

1. Increasing oxygen extraction efficiency – this allows the animal to use a smaller ventilation volume to extract the same amount of oxygen

· Not used in mammals. Related mammals have similar oxygen extraction efficiencies, regardless of the habitat in which they live.

· Birds with slightly higher oxygen extraction efficiencies than mammals

· O2Ex does increase in some birds (but not in others) with decreasing temperatures

· Altitude-adapted birds sometimes show an elevated O2Ex, but not in all cases

2. Reduction of Temperature (and therefore water content) of Exhaled Air by Countercurrent Heat Exchange

· Inspired air warmed to Tb and humidified

· During inhalation, walls of nasal passages lose heat to air passing over them (both by evaporation and by the lower temperature, usually, of the air passing over them) ( cools nasal passages

· During exhalation, warm saturated air from lungs loses heat as it passes over nasal passages ( water condenses on walls and is returned to the body water pool

· This mechanism is more effective in mammals and birds than in reptiles because of higher surface areas for exchange.

· Nasal Turbinates = thin, highly convoluted sheets of bone associated with the nasal passages in mammals and birds. These act to increase the efficiency of countercurrent water conservation by increasing the surface area for evaporative cooling. This has the effect of cooling exhaled air to temperatures just slightly above Ta on exhalation. (Overheads – Willmer et al., p. 583, 106)
· Reptiles lack turbinates, although some desert forms may show curved (and therefore slightly longer) nasal passages.

OSMOREGULATION IN MARINE AIR-BREATHING VERTEBRATES

Problem = Food with high salt content and often drink seawater, so have a high salt load

Solutions:

1. Kidney = excretes hyperosmotic urine (relative to body fluids) in birds and, especially, mammals

2. Extrarenal Salt Glands = produce highly concentrated fluid containing mainly Na+ and Cl-. Intermittent function in response to high salt loads.

· Present in several marine reptiles and all marine birds, but not in mammals as their kidneys are sufficient for salt removal.

a) Marine Iguana – located near anterior nasal cavity

b) Sea Turtles – open to corner of orbit

c) Sea Snakes – open to oral cavity

d) SW Crocodiles – salt glands distributed over surface of tongue

e) Birds – open near external nares (nasal salt glands)

· Mechanism for concentrating exudate in birds:

1) Vascularization is countercurrent to secretory tubule ( isosmotic secretion

2) Concentrating power provided by active (ATP-requiring) reabsorption of water by post-secretory tubule. Probably involves uptake of solutes, with water passively following, then active pumping of salts back into tubule.

(See Overhead, p. 436 Willmer et al. and Handout, Phillips et al., p. 96)
REPLACEMENT OF LOST WATER

1. Drinking – most familiar method. For many birds, EWL approximately equals water consumption under standard conditions. Total water consumption is therefore related to body size, and smaller birds have a relatively higher water intake. (Handout – Phillips et al., p. 284)
2. Preformed Water in Food – fresh vegetable matter has the highest water content

3. Metabolic Water = water formed from the oxidation of substrates

a) Very important for animals living under dry conditions. In these animals, metabolic water is the most important source of water gain.

b) Example: Kangaroo Rats – live in dry habitats and eat dry foods, yet never drink ( preformed water in food (10%) and metabolic water (90%) are sufficient to meet water demands.

· Kidney capable of producing very concentrated urine, so WL via urine is very low.

· Also have highly developed and very effective nasal turbinates to reduce REWL

