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Overhead: text (Selective pressures for stringent regulation of water and solutes)

The solute composition of living cells has been subject to stringent natural selection. In particular, strong selective pressures for intracellular osmo- and ionoregulation exist for organisms that experience some form of environmental water or solute stress, including:

1. High, low, or fluctuating salinity. In particular, for eurohaline osmoconformers, body fluid osmolarity will be subject to variations, and the osmolality of the cell will necessarily vary as well because cell membranes are permeable to water.

2. Desiccation. Evaporative water losses will result in elevated body fluid osmolality, which in turn tends to pull water out of cells.

3. Freezing. Freeze-tolerant species restrict ice-formation to their extracellular fluid. Ice crystal formation draws unfrozen water out of cells and thereby increasing the osmolality of the remaining intracellular fluid.

Overhead: Withers 16-3 (composition of intra- and extracellular fluids)

In spite of large variations in ion compositions of different aquatic environments and almost equally large variations in solute compositions of extracellular fluid of different animals there are some very clear trends regarding the intracellular compositions of osmolytes.

1. In most animals (vertebrates from teleosts and up excluded) the major intracellular osmolytes are not the same as those in the extracellular fluids, in which Na, K, and Cl usually dominate.

2. Intracellular concentration of Na, [Na+]i is low (10-30 mM), and [K]i is remarkably constant, in the region of 120 -140 mmol/kg cell water, in spite of wide variations in the osmolality of the environment and/or the body fluids. The only notable exception is the freshwater lamellibranch mollusk, Margaritifera, which has the lowest osmotic concentration measured for any animal.

1. [Salt]i < [Salt]e
2. ‘Solute gap’ (difference between intra- and extracellular environments in osmotic concentrations contributed by inorganic ions) is “always” filled by organic solutes.

Overhead: text (Major intracellular organic osmolytes)

The major intracellular organic osmolytes are a few types of organic molecules:

3. Carbohydrates, such as trehalose, sucrose,

4. and polyhydric alcohols, such as glycerol and mannitol.

5. Free amino acids and their derivatives, including glycine, proline, taurine, and beta-alanine.

6. Urea and methyl amines (such as trimethyl amine oxide, TMAO, and betaine) together.

These observations raise a number of questions, including:

Overhead: text (prompted questions)

1. Why do cells accumulate expensive energy-rich metabolites rather than more readily available inorganic ions, such as Na+ and K+?

2. Why do some organic osmolytes occur in certain combinations and often in fairly invariant proportions?

3.  What properties of compatible osmolytes make them compatible with cell function?

Overhead: Text/Figure (High concentrations of cations perturb enzymes)

 The only organism known to tolerate high intracellular concentrations of inorganic cations is the ancient halophilic archibacterium, Halobacterium, which can have an intracellular K+ concentration of about 750 mM and Na+ concentrations up to 800 mM. The reason why all other organisms rather accumulate organic osmolytes in their cells than have high concentrations of Na+ or K+ lies in the tendency of inorganic cations to denature proteins.

Biochemical data have demonstrated that increasing [Na+]i and [K+]i above typical intracellular levels (10 - 30 mM for Na; 120 – 140 mM for K) affects the catalytic rate, vmax and KM, the apparent Michaelis-Menten constant, of enzymes. As a consequence, it is impossible to design a single protein which maintains optimal function over a wide range of salt concentrations.

In contrast, polyols such as glycerol or mannitol or sugars such as sucrose aid in cell water retention while remaining compatible with macromolecule function. Amino acids are often used to add osmolarity to the intracellular fluid. However, not all amino acids are compatible with enzyme function over a wide range of concentrations. In particular, the basic amino acids argenine and lysine perturb enzyme function and are not used to boost intracellular osmolality.

Compatible osmolytes such as glycine, alanine, taurine, beta alanine, proline, glycerol, and mannitol are accumulated in cells as body fluid osmolality increases. This accumulation matches the osmolality of ECF and prevents cell shrinkage without altering the concentration of perturbing inorganic osmolytes such as Na+ and K+. Organic perturbing osmolytes include urea and the amino acids argenine and lysine.

Overhead: Withers16-7 (Eriocheir sinensis)

The mitten crab, Eriocheir sinensis, is a strong osmoregulator that can live and thrive both in seawater and freshwater. Upon transfer from FW to SW, the amino acid content of the cells increase markedly to compensate for the increased osmolarity in the hemolymph. Initially the mitten crab dehydrates and this is probably the cue for an increased amino acid synthesis.

Overhead: text (Methyl amines counteract pertubating effects of urea)
In elasmobranchs, urea and methylamines are always present in a 2:1 ratio. Sharks and rays have typically 350 – 450 mM of urea in their blood and intracellular fluid. The urea is used as an osmolyte even though it can potentially perturb protein function. Very high concentrations (up to 3M) of urea are also found in the loop of Henle in the mammalian kidney where it is used to create the osmotic gradient necessary for urine concentration.

The explanation for this apparent paradox is that methylamines are powerful counteractants of urea perturbation of proteins. Moreover, at a urea:methylamine ratio of 2:1 this stabilizing effect is optimal. At a 2:1 ratio the opposing effects of urea and methylamines are cancelled stoichometrically. Methylamines are unsuitable as osmolytes on their own, as they tend to stabilize proteins so strongly they become enzymatically inactive.

Overhead: text (Two separate mechanisms make incompatible osmolytes incompatible)
1. Direct interference with catalysis:

Pertubating osmolytes such as K+ interact with active sites on enzymes and with substrates, cofactors and modulators. Many enzymes possess sites which specialize in binding ions such as Ca2+ and Zn2+ and these sites will have a weaker but not insignificant affinity for other cations. Intracellular activities of Ca2+ and Zn2+ are extremely low (pM - µM) and ions with much weaker affinity for their binding sites on enzymes can successfully compete for binding if they are abundant enough. In contrast, organic osmolytes are either neutral or, in the case of amino acids, zwitterionic. Therefore, they do not have a net positive charge that could form complexes with enzymes and cell metabolites, which are mostly negatively charged. Most amino acids have neutral or negative net charge at intracellular pH (pH 7.4). The exceptions, Arg, Lys, and His are not used as osmolytes.
Overhead: fig. (solute – protein)

2. Compatible and pertubating osmolytes affect hydration, solubility, and charge interactions of various protein groups (peptide backbone groups and side chains) in different ways.
Perturbing osmolytes interact strongly with proteins at the polar peptide bonds and at anionic sites. This interaction favours the unfolding of tertiary structure so that surface area is maximized in order to maximize energetically favourable protein-solute interactions.

In contrast, the commonly occurring organic osmolytes are excluded from the ordered water that surrounds proteins. As a result, these solutes tend to be partitioned into the fraction of the intracellular water that is not interacting with surfaces of proteins and other macromolecules. Compatible osmolytes, therefore, are restricted to a fraction of the total intracellular water volume.

This non-random partitioning of solute molecules leads to a reduction in the entropy of the solution. Because of entropy, the protein surface area exposed to the solvent (i.e. water) tends toward a minimal value when compatible osmolytes are present. In other words, proteins tend to fold into the compact native conformations, protein subunits aggregate (e.g. dimers, heteromers), and the stability of multiprotein complexes is favoured. All of these arrangements tend to minimize surface area, so as to minimize the volume of water from which organic osmolytes are excluded. We describe these effects as stabilizing. In fact, although the entropy of the protein itself decreases in these arrangements, the entropy if the solution is maximized if the protein surface area is  minimized when compatible osmolytes are present.

EPITHELIAL TRANSPORT
Transporting epithelia are crucial for ionoregulation and osmoregulation. All iono- and osmoregulatory organs including intestine, kidney, skin, salt glands, gill, and lungs of vertebrates have ion transporting epithelia. Osmoregulatory epithelia have the following characteristics:

1. They are located at the interface of the internal space of the organism and its environment, the external space. This interface may, in fact, occur quite deep within the organism, in the case of the intestinal lumen, for example.

2. Adjacent epithelial cells are sealed together by tight junctions which block, with varying degree of effectiveness, the paracellular pathway between the mucosal (=outside =apical) and serosal (=inside =basolateral) surfaces of the epithelium. Only passive movements of materials occur through the paracellular pathway.

Actively transported ions or neutral solutes most follow the transcellular pathway, involving movement across the apical and basolateral cell membranes. 

An easy way to remember the important features of epithelial structure is given by the ‘Six-Pack Model of Epithelia.’ A section of an epithelium is represented by a six-pack of beer. In this model:

each beer can = a cell,

the pop-top end = the mucosal surface,

the bottom end = the serosal surface,

the plastic hoops = the tight junctions,

the spaces between the beer cans = the lateral intracellular spaces.

Overhead: Eckert 4-35 (epithelial cells)

The ‘six-pack model’ does not show:

gap junctions, which permit movement of small molecules and ions between cells, and

desmosomes, which are small contact areas, which prevent the beer cans from flexing apart.

Whereas gap junctions function as bridges to permit materials to cross laterally between cells, tight junctions function as ‘gates’ and ‘fences.’ As a gate, the tight junction regulates solute movements between the apical and lateral paracellular space. As a fence, the tight junction restricts the movements of transporters and other proteins in the cell membrane. This fence is fundamental to the properties of transport epithelia because it confers asymmetry or polarity. In other words, the set-up of pumps and channels is kept different at the apical side from the basolateral. It is this cell polarity with respect to membrane proteins that is the basis for vectorial transport of solutes and water across an epithelium.

Overhead: text (properties of transporting epithelia)
So overall, one can explain the functioning of a transporting epithelium on the basis of:

1. Properties of two different cell membranes (apical and basolateral) in series, and

2. the properties of the junctions. In fact, some junctions are not really ‘tight’ but allow small molecules, such as inorganic ions and water to pass through paracellular pathways.

Overhead: CH review (FW fish gill is a tight epithelium)
This figure shows an example of ion transport through a tight epithelium, the gill epithelium of a freshwater fish.

Show Na and Cl transport

The tightness, which is provided by the tight junctions (plastic hoops between beer cans), prevents backflux of ions and permits steep gradients to be built up across the epithelium. Typically a 250-fold difference in [Na+] is maintained across the gills of a freshwater fish. You can also consider the H+ gradient across the tight epithelium of our stomach. The stomach lumen may be at pH 2, and the blood at pH 7.2, so the difference in [H+] is 100,000-fold!

Overhead: text (characteristics of tight epithelia)
Thus, the physiological characteristics of tight epithelia are:

1. High transepithelial potential (TEP)

2. High transepithelial electrical resistance

3. Steep ion gradients maintained by ion transport 

Overhead: Argentum presentation (epithelium of small intestine is a leaky epithelium)

While our stomach is lined by a tight epithelium, the epithelium of our small intestine is a leaky one. Leaky epithelia allow significant paracellular movements of ions and/or water. In the intestine, this leakyness is used to couple water uptake to active ion transport. Leaky epithelia are not as efficient as tight epithelia in building up steep transepithelial ion gradient but they are still used extensively in animals.

Explain Na and Cl transport!

Overhead: fig (voltage scanning)
The presence of paracellular ion fluxes were first detected by a technique called voltage scanning. An extracellular microelectrode moved across a leaky epithelium just above the surface will detect small voltage deflections (called ‘IR drops’ V = IR) whenever the tip of the microelectrode is over the lateral paracellular spaces between adjoining cells.

Overhead: text (characteristics of leaky epithelia)
In general, leaky epithelia are characterized by:

1. Low TEP

2. Low transepithelial electrical resistance

3. Small or moderate solute gradients.

TECHNIQUES TO INVESTIGATE ION TRANSPORT
Ussing Chamber

In frogs the skin functions as a major osmoregulatory organ. Na+ and Cl- are actively transported from the apical side (pond water) to the basolateral side to compensate for diffusive ion losses from the frog to the water.

Overhead: fig. (Ussing chamber)

In the 1930’s and 1940’s a Danish physiologist, Hans Ussing, developed a very innovative technique to study Na and Cl fluxes across the frog skin. A piece of abdominal skin is removed from a decapitated frog. The skin is then clamped between the two halves of a chamber, which today is known as the Ussing chamber.

Ussing chambers are still in use for studies of a great variety of epithelia, but are restricted to epithelia that can be flattened out and mounted in an Ussing chamber. A late modification of the technique is to grow cultured epithelial cells on a semipermeable membrane, which is then fitted in an Ussing-type chamber. 

Transport of ions across the epithelium from one of the compartments to the other can either be monitored by measuring generation of electric currents and potentials, or by following unidirectional movements of radioisotopes, such as 22Na+.

Explain radiological analysis of influx, efflux, and net flux

Early studies with the Ussing chamber demonstrated active transport of Na+ and Cl- from the apical side to the basolateral side of frog skin. These studies utilized radioisotope flux measurements.

Overhead: text (evidence for active Na+ transport)
1. Net Na+ fluxes from apical to basolateral side can occur against an opposing electrochemical gradient.

2. Transport is inhibited by general metabolic inhibitors (CN-, iodoacetate) and by a specific Na+/K+-ATPase blocker, oubain. The latter was only effective if applied to the basolateral side, suggesting that Na+/K+-ATPases that drive the transport are sitting in the basolateral membrane only.

3. Strong temperature dependence

4. Saturation kinetics for Na+ transport as a function of the [Na+] on the serosal side, but little dependency upon [Na+] on basolateral side.

Overhead: Eckert 4-37 (Ussing chamber)
In the Ussing chamber ion movements can also be used by measurements of currents and potentials across the epithelium. If Na+ is actively transported there should be an agreement between current (i.e. coulombs/s) and the number of Na+ ions transferred as measured by radioisotope techniques. A problem arises because the measured net current is often reduced by passive movement of counterions (i.e. Cl-) since active Na+ transport will create an electrical potential, which will result in the movement of Cl-. Therefore, an external network is used to compensate for cationic movements. The epithelium is electrically short-circuited (i.e. TEP is set to zero) by injection of a current in the opposite direction to the movement of Na+.

Short-circuiting has two important advantages. When TEP = 0,

1. Na+ transport is not hindered by the build-up of an opposing electromotive force (EMF)

2. Current flowing through the external circuit is equal and opposite to the current through the skin. Thus, short-circuiting allows easy quantification of the ion movement.

Whole Body Fluxes
Overhead: CH (principal for whole body flux)
In freshwater fish, uptake of ions from the water occurs almost exclusively across the gill epithelium. Similarly uptake of ions from water in frogs takes place across the skin. If you have direct uptake by one single organ, in this manner, it is possible to measure ion transport by simply adding a radioactive tracer to the water and observe its accumulation in the body. 

Overhead: Kirshner, 1983, Am.J.Physiol; Fig. 1 (Na kinetics)
If you now increase the external Na concentration to different levels you will end up with a hyperbolic curve, suggesting that unidirectional Na influx follows Michaelis-Menten kinetics. From this relationship you can derive Jmax and KM just as you can from an enzymatic reaction in the test-tube.

Both these techniques using intact epithelia (Ussing chamber and whole animal flux) are excellent for studies of regulation of ion transport. To some extent they can also be used to figure out what kind of transporters are involved in the process. For example, you can use specific blockers for transporters and by applying them to either side of the epithelium you can get an idea of their localization. The localization of the Na/K-ATPase that drives the transport of Na and Cl across the frog skin was identified by adding oubain to either side of the skin in the Ussing chamber. Inhibition was only observed if the blocker was added to the basolateral side, which suggested that the Na/K-ATPase was sitting in this membrane.

Biochemical Approaches
If it is important to figure out the identity of the transporters present and clearly show their localization and function you will need to use biochemical techniques. A convenient way to identify location of transporters is of course to use immunohistochemistry. For functional studies, the most commonly used approach is to make vesicles of the cell membrane.

Overhead: CH (Preparation of membrane vesicles)
1. By choosing conditions, you can prepare vesicles from either apical or basolateral membrane.

2. Inside-out vesicles (IOV) or rightside-out vesicles can be prepared by sealing the vesicles in presence of either Mg (IOV) or Ca (ROV).

3. Look at Na transport by Na/K-ATPase ( make IOV from basolateral membrane.

Overhead: CH (Identification of Na-2Cl-K cotransporter in apical membrane)
Make ROV at conditions that favour formation of vesicles from apical membrane.

Draw: (ROV with Na-2Cl-K cotransporter)
Use 36Cl to trace movement of Cl- into vesicles.

Test the Following Conditions
1. Outside: Na+, K+, Cl-
Inside: sucrose

Result: transport

2. Outside: Na+, K+, Cl-
Inside: Na+, sucrose

Result: No transport

3. Outside: Na+, Cl-
Inside: sucrose

Results: No transport

4. Pre-incubation of vesicles with a Na+ ionophore

Outside: Na+, K+, Cl-
Inside: sucrose

Result: No transport

5. Condition #1 at 0 and 37°C (Temperature dependency)

Result: Transport essentially stopped at 0°C.

6. Condition #1, but vary the external [Na+]

Result: Michaelis-Menten kinetics (if not channel)

IONO- AND OSMOREGULATION IN AQUATIC ANIMALS

Overhead: Withers 16-9 (Theoretical cost of osmoregulation at different S ‰)
Since regulation of ions and water is driven by active transport it costs energy. Just like energy expenditure of thermoregulation is dependent upon the difference between the temperature of the body and the environment, the cost of ion- and osmoregulation is higher the father away the interior ion and osmotic concentrations are from those of the surrounding water.

(A) Consider an animal that has 140 mM of Na in the ECF. If the Na concentration of the water is 140 mM (BW), the animal has ‘osmotic holiday’ and theoretically it does not need to spend any energy on ion regulation. If the salinity increases or decreases the cost of maintaining an ECF concentration of Na within acceptable limits increases. Now, the cost of regulating Na against a Na gradient depends upon what kind of animal you are. (1) A strong ionoregulator need to keep the Na concentration of the ECF within a narrow range. Therefore, as salinity of the water increases or decreases from the 140 mM of the ECF the cost of ionoregulation rapidly becomes steeper. (2) In contrast, a weak ionoregulator would tolerate significant increases and decreases in the Na concentration of the ECF and the work to maintain tolerable Na levels would thus be less.

 (B) As we have seen above, an animal living in a dilute environment need to take up ions from the environment to compensate for diffusive ion losses. A relatively cheap way to save ions is to reclaim them from the urine. The reason for this is that the primary urine is isoosmotic with the blood and the gradient to transport ions from the pre-urine is therefore smaller than that between FW and ECF.

An animal in water with 140 mM of Na has theoretically no metabolic cost for replacing urinary ions if the blood and the urine also hold Na concentrations of 140 mM. The energy needed to replace ions lost in the urine increases exponentially as the Na concentration of the water declines. Again the cost will be very much higher for a strong ionoregulator than for a weak. If the Na concentration of the final urine equals that of the blood, it means that no Na is reabsorbed from the pre-urine and the Na loss has to be compensated for by uptake of Na from the water (by other organs). The cost to do this is very much higher than that spent if the Na reabsorption from the pre-urine is maximized. This lower trace shows the metabolic cost to replace urinary Na lost if the Na concentration of the final urine is reduced to that of the surrounding water. That is, this is  the cost to reclaim all lost Na directly from the urine.
Because it is energetically more economical to reabsorb Na from the pre-urine than to pick up lost ions from a dilute water, many animals living in hypoosmotic media excrete a very dilute urine.

Overhead: Withers table 16-8 (energetic cost of omsoregulation)
The cost of iono- and osmoregulation varies stupendously between animals. The variation depends of a range of factors, such as gradient between medium and ECF and permeability of the integument.

For example, cost for osmoreg in teleost increases by 20 – 30 % going from isoosmotic conditions to either FW or SW.

The polychete, Nereis diversicolor, spends no more than 3% of its resting metabolic rate when in freshwater. This low cost of osmoregulation is in spite of a 70-fold Na/Cl gradient between water and blood.

In 40% SW, that is 188 mM Na, the green crab, Carcinus maenas, spends 11% of its metabolic energy on osmoregulation even through the gradient between water and blood is much less than that in the example with the polychete.

In full strength SW, the larva of the mosquito, Aedes campestris, expends about 22% of its resting metabolic rate in keeping the ion concentrations of the blood down.  

The brine shrimp, Artemia, which can live in very saline environments (up to 8x SW) expends 33% of its resting metabolic rate on osmoregulation in a solution of 3000 mM NaCl. Note that even though the salinities this animal can survive are extremely high, the Na gradient a brine shrimp has to fight (18x) is much less than that the FW polychete and many other FW organisms are exposed to.

Overhead: Withers 16-11 (hypoosmotic regulation by Artemia)

Artemia is found in tremendous numbers in salt lakes and in coastal evaporation ponds where salt is obtained from seawater for commercial purposes. Although brine shrimp cannot survive in fresh water, it can adapt to media that vary from 1/10th SW (~50 mM NaCl) to crystallizing brine, which contains about 30% NaCl. In brackish water, Artemia is hyperosmotic to its medium and behaves like a typical BW organism. At higher salt concentrations, Artemia is an excellent hypoosmotic regulator; in concentrated brine it maintains its ECF at a NaCl concentration less than 10% that of the medium.

The brine shrimp maintains its low osmotic concentration, not by being very impermeable to water, but by active pumping of NaCl. Water is, indeed, lost by diffusion across the cuticle and is replaced by drinking. Most of the ion load is due to drinking. Ions are actively pumped from the gut lumen into the hemolymph and water follows passively by the local osmotic gradient thus created. The absorbed salt is excreted across the 10 pairs of branchiae (‘gill appendages’).

The cells in the branchiae that are responsible for the NaCl excretion can be destroyed by potassium permanganate. Remarkably enough, Artemia survives this treatment, but they loose their ability to iono- and osmoregulate and become strict osmoconformers. These brine shrimp with “burnt” salt pumps are restricted to a narrow range of ambient osmotic concentrations; from being exquisitely eurohaline they have become stenohaline.

The larva of Artemia, called nauplius, uses a different site for the active secretion of NaCl. This organ is called the neck organ, a specialized structure located on the dorsal surface of the animal.

Overhead: Schmidt-Nielsen 8-5 (Ion and water exchange in Aedes)
Many Aedes mosquito larvae osmo- and ionoregulate in hyperosmotic media. The larvae of Aedes respond to rising external salinities by drinking more. As for most animals in hyperosmotic media, water ingestion also means a heavy uptake of ions. The excess salt load is excreted with aid of the Malpighian tubules and the rectum.

The total ion and water balance in an Aedes larva in alkaline water is as follows. The permeability of the integument is lower in Aedes than that of freshwater species, but they are not exceptionally impermeable to ions or water. The hemolymph osmotic concentration is regulated to approximately 340 mOsm and the Na concentration is around 140 mM.

In one day an 8 mg larva drinks 2.4 µl of water, which is more than 1/3 of its total body water content (6.5 µl). The amount of Na ingested in a day (1.2 µmol) is tremendous – more than the total Na content of the animal (0.96 µmol). All this ingested Na, together with a small amount that enters through the body surface (0.1 µmol) is excreted. The amount of water needed for this excretion (1.8 µl) is less than the amount ingested (2.4 µl), leaving enough to cover what is lost by diffusion to the concentrated medium through the body surface (0.2 µl) and from the anal papillae (probably used to take up ions in FW; 0.4 µl). Thus, the hypoosmotic larva is able to osmoregulate and remains in balance in the highly concentrated solution.


Hypoosmoregulation is, on the whole, the exception rather than the rule among invertebrates. As we now turn to the vertebrates we shall find that hypoosmotic regulation is much more widespread, although still not universally present, for there are other ways to solve osmotic problems. However, let us first look briefly at vertebrates in FW.

Overhead: Withers 16-13 (ECF composition of FW fish)

All FW vertebrates, including fish, are hyperosmotic and hyperioninc relative to their external environment. This includes lamprey, which is a cyclostome, FW sharks and rays, sturgeons, lungfish, and teleosts. Interestingly, while all marine elasmobranchs carry high concentrations of urea in their blood, the few sharks and rays that do penetrate into FW systems have low urea concentrations.

One elasmobranch, the Amazon sting ray, Potamotrygon, is permanently established in FW. It is common in the Amazon and Orinoco drainage systems up to more than 4,000 km (2,500 miles) from the sea. This species does not survive in SW even if the transfer is gradual. The most striking feature of this truly FW elasmobranch is the low urea concentration, which is even lower than that of most mammals. Clearly, the retention of urea is not a universal requirement for elasmobranchs – exemplifying that physiological functions are readily changeable as compared with anatomical structures, which often remained conserved.

Overhead: Withers 16-14 (ECF composition of marine fish)
Marine fish use one of three general osmoregulatory strategies:

1. osmo- and ionoconform (hagfish, Myxinae)

2. osmoconform but ionoregulate (Holocephalus, Elasmobranchs, Coelacanth)

3. osmo- and ionoregulate (teleost)

The hagfish is unique among vertebrates in having very similar ionic composition of body fluids as SW. They do regulate divalent ions, though. The concentrations of Ca, Mg, and SO4 are considerably lower than those of SW. This pattern to only regulate divalent ions resembles that of most marine invertebrates.

Holocephalus, elasmobranchs, and coelacanths all use urea to boost up their osmolarity. It does not show here, but at least elasmobranchs and hagfish and slightly hyperosmotic in comparison with the SW. That actually forces water to enter the fish and this water can then be used for formation of urine and fluid from the rectal gland (elasmobranchs).

Overhead: text (advantages/costs to ureo-osmoconformation)

In addition to these fish species, the marine crab eating frog, Rana canicrivora, uses urea as osmolyte. There are both benefits and costs to ureo-osmoconforming. Obvious advantages include 

1. energy savings and 

2. no need to drink. As we noted before, water uptake from SW is driven by active uptake of Na, which means that extra energy has to be spent on ionoregulation in an osmoregulating marine vertebrate. A rough estimate suggests that a marine teleost spends 20 x more energy on osmo- and ionoregulation than does an elasmobranch.

Disadvantages of ureo-osmoconforming include the biochemical necessity to tolerate high urea levels. Since the protein perturbing effects of urea can be neutralized by TMAO and other methylamines it is unclear why advanced marine teleost fish have abandoned the strategy of ureo-osmoconforming and adopted the more expensive strategy of hypoosmoregulation. The answer could be argued to lay in the heritage of marine teleosts. Most researchers nowadays believe that teleost fish evolved from a primitive fish that invaded freshwater (where they had to iono- and osmoregulate). Later the teleost re-entered the marine environment and doing this they just continued to osmo- and ionoregulate. However, just as FW elasmobranchs have doffed their blood urea, it is unclear why marine teleosts wouldn’t start to use urea as osmolyte again. The ability to produce urea through the OUC is there. The Gulf toadfish is even facultatively ureotelic, but  not for purposes of osmoregulation.

TERRESTRIAL ENVIRONMENT
The greatest physiological advantage of terrestrial life is the easy access to oxygen; the greatest physiological challenge to life on land is the danger of dehydration. Successful large-scale evolution of terrestrial life has taken place only in two animal phyla, arthropods and vertebrates. Some of these species can inhabit some of the hottest and driest places found on this planet. In addition, some snails thrive on land and are truly terrestrial; some even live in the desert.

Let us first examine some of the factors that influence evaportation.

Overhead: Withers 16-20 (Water vapour pressure)
(see Withers pp. 567-568)

Evaporation from a free water surface increases with T and evaporation is faster in a dry atm than under wet conditions. The water vapour pressure over a free water surface increases rapidly with T. As a rule of thumb we can remember that at mammalian body T (38°C) the water pressure (50 mm Hg) is about twice as high as at a room T of 25°C and more than 10 x as high as the vapour pressure at the freezing point (0°C; 4.6 mm Hg).

The water content of air is often expressed as the relative humidity (RH %), which is 

RH =100 x water partial pressure/saturation water vapour pressure.

Absolute Humidity (() = water vapour density (mg water/L air)

The rate of evaporation from an animal depends on the difference in absolute humidity for the animal and the surrounding air. If the air already contains some water vapour, the difference between water vapour pressure at the body surface and air will be less and the driving force for water vapour to diffuse from the body surface into the air will be less.

Consider an animal with an integument without any resistance to evaporation. The absolute humidity of that animal is estimated to be equal to the absolute humidity for saturated air in equilibrium with body fluids (100% line). As a rough approximation to the measure of the driving force for water vapour, many investigators have used the water vapour difference, which is expressed as the difference between the vapour pressure over a free water surface at the T in question and the water vapour pressure in the air. If the relative humidity of the air is 50%, the vapour pressure difference increases with temperature, as shown by the difference between the lines.

Another crucial factor in determining evaporative water loss is the resistance of the body to evaporative water loss.

Overhead: W Table 16-10 (resistance values)
The resistance to evaporative water loss is given by the resistance term, r. An r value approaching zero (0) is equivalent to a free water surface. From this table it is very clear that there is a great disparity in r-values between different organisms. There is an obvious correlation between the degree of terrestriality and the r value for both invertebrates and vertebrates.

Birds and mammals have skin r values that are moderately high, 50 – 200. 

Overhead: W16-24 (Respiratory Evaporative Water Loss, EWL)
One potential site of water loss is the respiratory surfaces. These are necessarily thin epithelia with a large surface area to allow effective gas exchange. Both these properties promote EWL. Furthermore, respiratory surfaces are moist  and evaporate like an open water surface.

Respiratory water loss varies enormously between species and can account for anything from <1% of the total EWL in scorpions and ticks to 70% in some mammals. Generally, you can find that the respiratory systems of insects and Arachnids (spiders and scorpions) have very good water economy.

Trachea of insects open to the exterior via spiracles openings that can close ( water conservation.

Spiders and scorpions have book lungs or trachea that are evolved from book lungs (not homologous to insect trachea). The spiracles of these cannot close but respiratory system still very water economical.

Overhead: Withers 16-23 (Counter current system in vertebrate airways)
Terestrial lizards, birds and mammals can reduce their respiratory EWL by nasal countercurrent exchange of heat and water. Inspired air is warmed up to lung temperature and saturated with water vapour in the nasal passages to avoid desiccation of the alveolar epithelium.

Expired air is cooled by heat exchange with the nasal mucosa as it leaves the nasal passages.

Water condenses in the nasal passages as it is cooled during expiration because the expired air is initially 100% saturated with water vapour at core body temperature.

This system is perfected in the kangaroo rat (Dipodomys); the expired air is cooler than the inspired – evaporative air conditioner! Air may be inspired at 30°C and 25% RH (Water vapour density = 13 mg/L) and lung air would be saturated at 38°C and 100% RH (water vapour density = 46 mg/L). The evaporative water loss would be 33 mg water/L if the air was expired at body temperature. However, the expired air at this ambient temperature is cooled to 27°C so the water content of expired air is only 26 mg/L. Thus, the net respiratory water loss is only 13 mg/L.

 Overhead: Schmidt-Nielsen p. 337 (Water vapour absorption in House mite)
Very few animals can absorb water vapour from subsaturated air. The only animals I am aware of that are able to do that are insects and arachnids.

This is a house mite, which at RH>70% can take up water from the atmosphere. Top dehydrated – Bottom hydrated.

Overhead: Withers 16-25 (Equilibrium of water vapour between mite and air)
Many other mites, such as the feather mite, can absorb water vapour directly from the air. There is equilibrium between the water potential in the air and in the mite. The critical RH at which water potential is the same in the animal as in the air is about 57% for the feather mite.

Overhead: Withers p. 777 (desert cockroach)
The desert cockroach absorbs water vapour via its mouth-parts at RH>82%. Two eversible bladders are extruded from the anterior hypopharynx during water absorption.

Overhead: Withers 16-27 (water absorption in desert cockroach)
The two eversible bladders are covered with fine, densely packed hairs. A fluid with solute concentration similar to the hemolymph is secreted onto the bladders. Together with the fluid, the mat of cuticular hair appears to lower the water potential to cause condensation when the bladders are everted. The water is then extracted from the bladder and ingested.

Overhead: Withers 16-28 (cryptonephridial-rectal complex)

A variety of insects absorb water vapour from air of RH>88%. The rectal complex of many beetle and lepidopteran larvae, has the distal end of six Malpighian tubules attached to the surface of the rectum. Their outer tubule surfaces are expanded to form bubble-like dilations (bursouflures), each with a specialized Malpighian tubule cell, the leptophragmata. A perinephric membrane, which is impermeable to water, surrounds this whole cryptonephridial complex. The perinephric membrane is especially thin where it covers the leptophragmata cells.

Leptophragmata cells pump K+ (and Cl- follows) from the hemolymph into the Malpighian tubule (MP) distal segment. The highly water impermeable perinephric membrane prevents solute-linked water flux following the K+ and Cl- from the hemolymph into the MP. The result is that K+ and Cl- accumulates inside the MP to a high concentration, from 390 mOsm in hydrated insects to 4,300 mOsm in dehydrated insects. This high osmolarity is sufficient to draw water out of the rectal lumen where water vapour gets ‘trapped’ because of the osmolarity.
Overhead: Schmidt-Nielsen p.338 (puddling moth)
So far we have been concerned with the problem of obtaining sufficient water where there is little or none available for uptake. Water shortage is not the only problem for terrestrial insects; other essential substances are not always abundant. An example is the moth, Gluphisia septentrionis, whose larval food plant, the quaking aspen, Populus tremuloides, contains little Na in comparison with most trees.

Perhaps you’ve seen how butterflies can sometimes aggregate in large numbers at the edge of a puddle, apparently engaged in drinking. Well, moths also engage in “puddling” behaviour, but most people don’t see them do it because they are active at night. In the moth, Gluphisia, it is the male that engages in puddling, eagerly drinking for hours on end. The large volumes are voided rapidly as anal jets that are passed at intervals of a few seconds. Tremendous volumes of fluid pass through the gut of this moth. A male Gluphisia weighs 80 mg and sends out jets that average 8.2 µl at a rate of 18 jets/min, amounting to nearly 2 x the mass of the moth each minute. The maximum was observed in a moth that passed 600 times its own volume in 3-4 h; if humans were to follow the moth’s example it would amount to passing over 42,000 L (~1,000 Gal) at a rate of 3.8 L/s.

Why all this drinking? Na is taken up from the ingested water. Remember that only males are engaged in puddling. During mating the male transfers the Na to the female, who in turn transfers much of this Na to the eggs. Thus, Na is transferred from male to female to the egg and the larvae is finally benefiting from the Na supplement while feeding on the Na-poor quaking aspen.

Overhead: Withers 16-30 (tick osmoregulation)
Other groups of organisms that have to deal with large volumes of water are arachnids and insects that feed on blood. Ixodid ticks have a smart way of getting rid of extra fluid. In the gut, water is absorbed by passive diffusion secondary to pumping of salts across the gut wall. About 74% of the ingested water is then returned to the host by injection of saliva. The rest of the excess water (20-25%) is excreted with the faeces.   

TERRESTRIAL VERTEBRATES

Overhead: Withers 16-32 (Relationship between terrestriality and dehydration tolerance in amphibians)
Many amphibians have a high evaporation rate because in terms of evaporation, their skin is essentially an open water surface. The EWL is therefore balanced with a high water uptake. Consequently most amphibians are restricted to moist habitats. Amphibians do not drink, but absorb water across their skin; in particular the pelvic patch which is a highly vascularized region of the skin with a high rate of solute-linked water uptake.

The amphibian kidney is designed for production of large volumes of dilute urine – a strategy that is optimal for FW amphibians. Terrestrial amphibians use the dilute urine in their bladder as a water store. Many terrestrial species have exceptionally large bladders, which can store up to 50% of their body mass as urine! Water is reabsorbed across the bladder wall and this process is stimulated by arginine vasotocin.

Although amphibians easily dehydrate they are also remarkably tolerant to dehydration in comparison with other vertebrates. There is a general trend of increased dehydrational tolerance in more terrestrial amphibians, which obviously are more prone to experience dehydrating conditions. Some of the most terrestrial amphibians can survive up to 50% loss of body water. Even a very aquatic amphibian, such as Xenopus laevis, can tolerate to loose approximately 35% of the body water. These numbers should be put into the perspective of water losses that can be tolerated by mammals, for example. Most mammals can withstand loosing 10% of their body water, although they are in poor condition at that state. A loss of 15 – 20% is lethal to most mammals.

Overhead: Withers 16-33 (cocooned frog)
A number of amphibians from different parts of the world can reduce their cutaneous evaporative water loss by forming a protective cocoon. The cocoon is an accretion of many one-cell thick layers of outer epidermis that are successively shed every few days. Active frogs ingest their shed skin, but the successive addition of layers of shed epidermis forms a paper-like, often thick cocoon over inactive frogs.

The cocoon, which covers, the entire body surface, except for the nares, dramatically reduces the rate of EWL. The number of layers laid down increases linearly with time after initiation of cocoon formation while there is an inverse exponential decrease in EWL with time.

The picture below shows the many layers of epidermis that make up the cocoon.

Overhead: Withers 16-34 (water budget in reptiles)
Reptiles are remarkable in that most reptiles can survive without drinking. The water they get from their food and metabolic water are usually sufficient to balance their water budget. Water is primarily leaving the animal via feces/urine and evaporation. Like amphibians, many lizards can store water in their bladder for use during dehydration. A difference is that lizards do not necessarily absorb urine water across their poorly vascularized bladder; instead it may be passed into the cloaca/hindgut for reabsorption.

The spectacular success of reptiles as well as birds in dry environments is due in part to their being uricoletic and to the role of their cloaca in solute-linked water reabsorption.

Overhead: Withers 16-35 (water budget in birds)
Most birds can rely on drinking because most of them can rapidly fly to a water source. Consequently, they get about 93% of their water from drinking. Water losses are primarily via pulmonary water evaporation, urine, feces. The bird kidney can concentrate urine to some extent (e.g. hyperosmotic urine).
Overhead: Withers 16-37 (water budget in mammals)
Large mammals from most areas can rely on drinking to satisfy most of their water requirement. However, small desert mammals, such as the kangaroo rat, typically do not drink and get all their water from the food in form of water in the food and metabolic water obtained by metabolizing the foodstuff.

Because of the unique ability of mammals to produce a highly concentrated urine, water loss in urine can be made very low. Similarly, respiratory water loss is minimized by counter current water exchange, and cutaneous water loss is low because of the high resistance of mammalian skin to evaporation and the presence of insulating fur.

Overhead: S-N Table 8-18 (Effect on SW ingestion in whale and human)
Now, what about whales and other marine mammals? Most people know that seawater is toxic to humans. The reason for it is that the human kidney cannot produce a urine that is as concentrated as SW. A whale can drink 1 L of SW and have a net gain of about 1/3 L of pure water after the salt is excreted. For a human, the maximum urine salt concentration is below that of SW, and if he or she drinks 1 L of SW, the person ends up with a net water loss of about 1/3L and he is worse off than if he had not drunk at all. Dehydration by drinking SW is further aggravated by the laxative effects of Mg and SO4 on the human intestine.

There is actually still inadequate information about whether seals and whales drink any appreciable volumes of SW. There is good evidence, however, that seals do not need to drink sea water. California sea lions have been kept in captivity and given nothing but fish to eat. Even after 45 days without access to water, these animals were in positive water balance. 

Overhead: S-N Table 8-19 (Composition and energy value of mammalian milk)
Mammals have in their water balance an item that does not apply to reptiles and most birds (pigeons an exception): the female nurses her young and large quantities of water are required for production of milk. One way of reducing this loss of water would be to produce a more concentrated milk. It has long been known that seal and whale milk has a very high fat content and a higher protein content than cow’s milk. This has usually been interpreted as necessary for the rapid growth of the young and, particularly, as a means of transferring a large amount of fat to be deposited as blubber and serve as insulation.

Another way to look at it is in light of the limited water resources for the mother. In the Weddell seal, the fat content of the milk gradually increases during the lactation period, while the water contents decreases correspondingly. Thus, seals provide nutrients for their young with minimal expenditure of water. For each gram of water used, seals transfer nourishment more than 10 x as effectively as land mammals. Moreover, during cellular combustion each gram of fat yields 1.07 g of water. Adding it all up it turns out that for every 100 g of milk that the seal baby drinks, it actually gets 94.4 g worth of water. The corresponding number for human milk would be very similar, 96.1 g of total water. Thus, by having a high fat content in the milk, the Weddell seal transfers more energy in less volume of water. Still, the young have the possibility to benefit from the same amount of total water (liquid + metabolic) if the fat was fully metabolized. In your average seal pup, a large portion of the transferred fat is probably laid down as blubber, but the option to burn the fat and get that water exists if necessary. 
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