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Preface

Water is fundamental to life and all metabolic reactions are influenced
by the aqueous environment in which they occur. The maintenance of an
appropriate aqueous environment for metabolic reactions is critical at the
molecular, cellular, and organismal level. At the molecular level, the con-
figuration and function of proteins is strongly influenced by the activity
of water and the concentrations and nature of ions present. At the cellular
level, osmoregulation assures the maintenance of a proper milieu in the cell
cytoplasm as well as the regulation of cell volume. At the organismal level,
osmoregulatory organs provide for the uptake and retention of water in
dry environments, and the elimination of excess water under dilute exter-
nal conditions. Each of these three levels requires specific and sometimes
distinct regulatory processes.

Water balance is a fundamental aspect of cell volume regulation. As
the active transport of water does not occur in biologic systems, the active
transport of ions is central to the transfer and the regulation of water in bio-
logic systems. The transport of ions and the maintenance of ion gradients is
one of the oldest and most fundamental functions of cell membranes. Ion
gradients across membranes also serve in energy storage and transduction.
These functions are therefore not only inextricably linked to osmoregula-
tion and water balance, but also they are fundamental in the production,
storage, transduction, and use of energy in animals.
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1 The properties
of water

1.1 Introduction

A description of osmotic regulation in animals involves the mechanisms
by which animal cells regulate the quantity and concentration of water in
the body and in their cells. The need to regulate the volume of water is
inherently clear. Every animal has a finite volume and the accumulation
of more and more water eventually overwhelms the capacity of the tissues
and organs to accommodate this increasing volume. Conversely, if water
is lost to the environment in an unregulated manner, body volume will
shrink until physiological functions, such as circulation, respiration, and
locomotion, are adversely affected. Similarly, cells require an appropriate
volume of cytoplasm to distribute ions and nutrients, facilitate cell motility,
and retain the appropriate spacing of cellular organelles.

A second aspect of water is as important, perhaps more so, than simple
volume. That aspect is the capacity of water to act as a solvent. The role
of water as a solvent is vital for the proper configuration and function of
proteins, sugars, lipids, and nucleic acids. Water is an essential aspect of
every living organism. The discovery of water on Mars has excited those
scientists who hoped to find evidence of life on Mars because water is
absolutely essential to life as we know it. As we will see throughout
this book, water alone is not sufficient for life. Living systems control
and manipulate water in specific ways to accommodate vital activities.
In this chapter, we will examine the properties of water and the means
by which organisms can change those properties to facilitate a variety of
vital activities.
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1.2 The structure of pure water

Every elementary student is presented with the formula for water: H,O.
This formula indicates that every molecule of water consists of one atom of
oxygen which is associated with two atoms of hydrogen. The oxygen atom
sits in the middle of the molecule with the hydrogen atoms attached to it
by covalent bonds on opposite sides of the oxygen. The covalent bonds are
not precisely opposite to each other. That is, they are not 180° apart but are
slightly off of a straight line such that the bonds form an angle ranging
from 104° to 109°, depending on the state of the water (Fig. 1.1). As a result,
the molecule has a “sidedness” with one side being most influenced by the
presence of the hydrogen atoms, and the other side being dominated by the
presence of an oxygen atom. The hydrogen and oxygen atoms do not share
the electrons that form their covalent bonds equally. Instead, the electrons
have a greater statistical likelihood of being near the oxygen nucleus than
near the nuclei of the hydrogen atoms. As a result, the water molecule is a
dipole, that is, one side of the molecule has a partial negative charge and
the other side has a partial positive charge. This partial charge is usually

)

~_,

Fig. 1.1. Representations of the structure of a water molecule. Oxygen atoms are represented
by an O, hydrogen atoms by a H. The left-hand figure is a “Ball and Stick” representation. Many
chemists think the right-hand “Space-filling” model is a better representation of the actual
structure of water.

o+
H

/

@) Fig. 1.2. A water molecule showing the distribution of partial charges
S+H— O-

across the molecule.
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depicted with the Greek letter delta, as 8+ or 8— depending on the sign of
the charge (Fig. 1.2). The charge is partial because the electron is not fully
with one atom or the other. If the electron had moved over completely, it
would leave the hydrogen nucleus with a charge of +1. As a result of the
nonuniform charge distribution across the molecule, we refer to the water
molecule as being polar.

When water is in its liquid or solid state, water molecules have the
opportunity to come into close contact with each other. The polar nature
of water influences the ways in which the water molecules interact. As like
charges repel and unlike charges attract, adjacent water molecules have a
preferred orientation with the negative side of one water molecule being
more frequently associated with the positive side of the adjacent one. In
liquid water, this can lead to a preferred orientation for a whole string of
molecules such that each molecule affects the orientation of adjacent water
molecules around it (Fig. 1.3). It is important to realize that in liquid water,
the molecules are free to move about because of their kinetic energy. The
orientation of water molecules with each other is therefore more accurately
thought of as a favored or most probable orientation and not one that is
fixed in time and space. In other words, the polar nature of water influ-
ences the statistical likelihood of the various orientations of water, with ori-
entations in which the positive and negative poles that are adjacent being
favored.

The associations of the positive and negative poles of water are fairly
strong and these electrostatic attractions require energy to be broken.
We refer to these associations as hydrogen bonding. At the temperatures
at which water is liquid, kinetic energy serves to break the bonds fairly

H H
AN
/O /
H
/
o]
AN
H H
\O/
H N Fig. 1.3. Water molecules can be connected by hydrogen bonds between
N S H " molecules that lead to an increase in the likelihood of the association of a partial
o negative charge on the oxygen atom being associated with the partial positive

| charge on an adjacent hydrogen atom. Covalent bonds are shown with a solid
H line, hydrogen bonds with a dotted line.
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frequently, yet the energy contained in those bonds is substantial and has
profound effects in biologic systems. Hydrogen bonding tends to glue water
molecules together, increasing their adhesion to each other and influencing
their configurations as illustrated in Figure 1.3.

1.3 Some unusual attributes of water

L. J. Henderson published a book in 1913 entitled “The Fitness of the
Environment”. In his book, he argued that water has properties that make
it unusually well suited as the solvent that supports life on Earth. Let us
examine some of these properties.

1.3.1 Surface tension

Water has unusually strong surface tension. This is a phenomenon we see
in the manner in which water adheres to and creeps up the side of a glass
container, in the spherical shape of raindrops, and in the beading of water
on waxy surfaces. When water molecules enter a narrow space they pull
other water molecules along with them. This is an enormously important
feature in the wetting of materials with water, which reaches its extreme
in the case of trees that “pull” water up to the highest leaves along nar-
row xylem tubes. This can occur even in trees that are many meters high.
The strong surface tension of water is the result of the strong intermolecu-
lar attraction between water molecules, a phenomenon associated with the
hydrogen bonds as discussed above.

1.3.2 Density

Within the range of normal environments on Earth, water can exist as a
solid, liquid, or gas depending on the temperature and pressure. The aver-
age distance between water molecules in the liquid state determines the
density of water. As water becomes warmer, the molecules increase their
kinetic energy and this increase causes the molecules to bang against each
other a bit harder, putting more space between the rambunctious molecules.
As a result, over most of the range in which water is liquid, the density
of water goes down as temperature goes up. This has profound implica-
tions for biologic systems and ecosystems. For example, in the ocean, cold
water tends to sink through warmer water, leading to the massive, three-
dimensional current flows that drive the transfer of heat around the globe
and through their actions can influence the distribution of nutrients in the
oceans.
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As water cools, it becomes denser and denser. This trend does not con-
tinue all the way to 0°C, the temperature at which water freezes. Instead,
as water gets very near to its freezing temperature, it actually decreases
in density. Figure 14 is a graph illustrating the density of water versus
temperature. It can be seen that the density of water is maximum at about
4°C. The reason for this is the fact that water in its solid phase has a lower
density than in liquid phase. This occurs because the molecules enter into a
crystalline array during freezing. The distance between the water molecules
is greater in the solid state than in the liquid state. Stated somewhat differ-
ently, in the liquid state the water molecules are free to move around and
maintain a relatively close association. The formation of ice crystals locks
the molecules into a solid array in which molecules are stabilized in a crys-
talline array with an average spacing greater than in the liquid state.

As one lowers the temperature of liquid water (i.e., reduces the kinetic
energy of the molecules), the water molecules begin to develop a crystal-
line state of association with their neighbors. At temperatures just above
freezing that state exists briefly before being broken by kinetic forces.
Nonetheless, the repeated occurrence of even this momentary crystalline
condition causes the molecules to be more widely spaced, thereby lowering
the density as the molecules approach the fully solid condition at 0°C.

This characteristic of water, namely, the solid state is less dense than
the liquid state, has profound implications in biology. Consider a pond in
a climate where summer temperatures are well above the freezing point of
water and winter temperatures are well below. As can be seen in Fig. 1.5a,
in the summer the air temperature is warmer on average than the water

1.0905 —

1.0903 |~

Liquid

1.0901 ¥ Freezing T

Volume (cm?® of 1.00 g of H,0)

Melting¢
1.0008 Density maximum
— 4°C
1.0001
0.9999 [N I [N I I [ I A I I A |
-4 —2 0 2 4 6 8 10

Temperature (°C)

Fig. 1.4. The density of water as a function of temperature.
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Soil at depth

- 10°C Warm water
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Fig. 1.5. Conditions of a pond in (a) summer, (b) fall, and (c) winter.

because of the thermal inertia of this relatively large body of water, because
the ground is cooler than the air, and because of the effects of evaporation
which cools the body of water. Figure 1.5b illustrates what happens in the
fall when the air temperature drops. The water begins to cool at its upper
surface, forming water more dense than that below. The pond is said to
“turn over,” that is, it tends to cool throughout as water cooled at the sur-
face sinks all the way to the bottom, being now the densest water in the
pond. To replace this sinking water, warmer water is brought up to surface
where it in turn begins to cool. Figure 1.5c illustrates the conditions in win-
ter. As fall proceeds into winter the water in the pond cools until it comes
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to a uniform 4°C. At this point, any water which cools further at the surface
actually becomes less dense (note this effect in Fig. 1.4). This lighter water
remains at the surface, cooling further and turning to ice. As this ice is less
dense than liquid water, the ice floats and eventually forms a solid layer on
the pond’s surface. At this point, evaporative cooling is greatly reduced (ice
does sublime but slowly). Any further cooling of the pond water can occur
only by slow diffusion of heat from the pond water through the ice to the
overlying cold air. The ground underlying the pond is not as cold as the
overlying air because of the thermal inertia of the soil. In fact in most cold
climates, the soil does not freeze down below a few centimeters. In Artic
and Antarctic areas the ground freezes to a greater depth (still only a few
meters) and does not fully thaw in the summer, a phenomenon known as
permafrost.

To return to Fig. 1.5¢, ice formed in the winter floats to the top and helps
to seal the pond. As a result, as winter proceeds the ice may thicken if air
temperatures remain cold, but under the ice the water is liquid. In fact, at
the bottom of the pond, the temperature is a very precise 4°C, because this
is the temperature at which water is most dense. The water at the bottom
of the pond remains at 4°C if the winter is warm and the ice is thin, or if
the winter is cold and the ice is thick. This allows animals, such as fish,
frogs, turtles, and insects, to overcome winter near the pond bottom under
conditions where the water temperature is stable and well above freezing.
Of course, if very cold temperatures prevail, the pond can freeze all the
way to the bottom, killing those organisms that are not freeze tolerant. In
larger bodies of water, this is very unlikely to happen because the soil acts
as a constant source of heat preventing the bottom water from reaching the
freezing point.

Consider the alternative situation, if water in solid state were denser
than water in liquid state. In such circumstances, ice would form in cold
weather and sink to the bottom. The water would continue to be cooled by
the overlying air and would circulate downward as it cooled. The warmest
water would constantly be brought to the surface to be cooled. Under these
conditions ponds would freeze much more rapidly and to a greater depth
than they now do. Aquatic life in temperate climates would be much more
difficult and larger freeze-sensitive organisms would probably be excluded
altogether.

1.3.3 Vapor pressure

Water has a high heat of vaporization for a molecule of its size. The heat
of vaporization is the amount of energy required to cause the molecule
to change from its liquid phase to its gaseous phase. A high heat of
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vaporization means that a large amount of energy is required for this tran-
sition. Let us examine why water has a high heat of vaporization and why
this is biologically important.

Imagine a beaker of water open at its surface to the atmosphere. The
water has a certain temperature. This temperature reflects the average
kinetic energy of the molecules in the beaker. If we remove energy from
the water, its temperature will go down. If we add energy, the tempera-
ture will go up. Not all of the molecules in the beaker have equal kinetic
energy. Some are moving fast, some are slow, but the average energy is a
measurable value as reflected by the temperature. When a moving molecule
approaches the air/water interface it may have sufficient kinetic energy to
break free and enter the air as a single, gaseous molecule. In order to do
that, it must have a trajectory that will carry it out into the air and sufficient
energy to break the bonds of attraction with the adjoining molecules in the
liquid. Because of the strong hydrogen bonds in liquid water, a substan-
tial amount of energy is required to break free. As a result, at any given
temperature water evaporates more slowly than other liquids of similar or
even greater molecular weight. For example, the vapor pressure generated
by water at 19°C is 16.5 mm of mercury, while the vapor pressure generated
by ethanol at the same temperature is 40 mm of mercury. The higher heat
of vaporization of water is equivalent to saying that water evaporates more
slowly than ethanol and boils at a higher temperature.

The strong hydrogen bonds that exist in liquid water reduces the vapor
pressure of water and raise the temperature at which the liquid boils. At
boiling point, the vapor pressure of a liquid equals the pressure of the air
around it (1 atm at sea level). Table 1.1 shows the boiling point of a number
of substances in the size range of water. It can be seen that water has an
unusually high boiling point.

Despite the strong hydrogen bonds holding the molecules together, water
does evaporate from an open beaker, assuming that the air above it is not

Table 1.1. Molecular weight and boiling point of a number of substances in the size range
of water

Compound Molecular weight Temperature at which the vapor
pressure equal 1 atm (°C)

Carbon dioxide (CO,) 44.01 —78.2
Ammonia (NHs) 17.03 -33.6
Acetone (CH;COCH,) 58.08 56.5
Ethanol (CH;CH,OH) 46.07 78.4

Water (H,0) 18.02 100
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saturated with water vapor. Those molecules that do manage to escape
into the air are unusual;, however, they are the molecules with the great-
est kinetic energy, as they managed to escape the force of the hydrogen
bonds. In fact, all these molecules had kinetic energy above the average of
the molecules in the beaker. As a result, when the high-energy molecules
leave the water, this lowers the mean kinetic energy of the molecules in
the beaker. As stated above, this means that evaporation of water from
the surface tends to cool the water in the beaker. This is a phenomenon
with which we all are familiar, evaporation cools the fluid or surface from
which the evaporation occurs. This is true for every fluid. However, the
large amount of energy required to separate each water molecule from its
neighbor causes the energy that is removed per molecule to be unusually
large compared to other fluids.

It can be seen that the water is an unusual molecule with interesting
physical properties. Those properties have a profound effect on the living
forms that have evolved on the largely aqueous surface of our planet. To
this point in the chapter we have considered the properties of pure water.
The interaction of water with solutes is also of critical importance in bio-
logic systems. We will now turn our attention to those issues.

1.4 The colligative properties of water

Compounds which will dissolve in a liquid are referred to as solutes. To be
considered a solute, the compound must interact with fluid and remain sus-
pended in the absence of agitation. If you took a handful of soil and placed
it in a beaker of water, it would, upon stirring, form a nice muddy mess. If
you allowed this mixture to settle for a day and came back, you would find
that you had formed a solution. Salts and other ionic compounds would
dissolve in the water, dividing into their ionic forms. Organics such as
sugar and proteins would also dissolve in the water. Colloids such as tiny
clay particles might well also still be suspended and in solution. Larger
particles of silt, sand, and mud would, however, have settled down. If we
now decanted the overlying solution, we would have separated soluble
compounds (i.e., solutes and colloids) from insoluble materials.

The presence of solutes profoundly affects the properties of liquid water.
These properties, which are termed the colligative properties of water,
include:

¢ The vapor pressure of the aqueous solution

¢ The freezing point of the aqueous solution

¢ The melting point of the aqueous solution

e The osmotic concentration of the aqueous solution
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These properties change in concert because each is affected by the free
energy of the water in solution. Let us examine this point in more detail.

1.4.1 Solute effects on vapor pressure

The effects of solutes on the free energy of water are most easily understood
if we examine the effects of solutes on the vapor pressure of a solution.
Consider the situation depicted in Figure 1.6, in which we have a closed con-
tainer with an aqueous solution below and air above. Naturally over time,
an equilibrium will occur in which the water vapor evaporating from the
liquid will saturate the air above, leading to an equilibrium condition. This
equilibrium is, by definition, the state in which the water has the same free
energy in the liquid and vapor state. We can state this mathematically as

Gliquid = Gvapor (11)

where G stands for the Gibbs free energy of the water molecules.
Solutes lower the vapor pressure of solutions as expressed by
Raoult’s law:

vapor Ppure water(Xl) (12)

In this expression, the vapor pressure of an aqueous solution containing a
solute (Pypor) is equal to the vapor pressure of pure water (Ppyre water) X the
mole fraction of solvent (X1) present in the solution. The mole fraction of
solvent (in this case water) is defined as

Moles of solvent

= 1.3
Moles of solvent + Moles of solute (1.3

/ Air \

Fig. 1.6. A closed container in which an equilibrium has
been established between the solvent in the liquid and the
solvent in the gaseous state in the air.
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The mole fraction is, therefore, a measure of the proportion of moles of that
substance present in the solution. For example, if no solute was present in
the solution, X1 would equal 1.0. If the solvent and solute were present in
equimolar amounts, X1 would equal 0.5.

Raoult’s law states that the vapor pressure of water over a solution
declines as the percentage of water in that solution goes down, and this
decline is directly proportional to the mole fraction of solvent. As the pro-
portion of solvent molecules at the surface of the solution drops, the vapor
pressure drops as well because fewer water molecules are available to evap-
orate from the surface.

The mole fraction of solvent is not the only relevant unit here; we can
also refer to the mole fraction of solute. The mole faction of solvent (symbol
X1) is a proportion which is always <1. The mole fraction of solute (sym-
bol X2) also is <1. The mole fraction of solvent and mole fraction of solute
when added together must equal 1.

X1+X2=1 (L4)
Therefore,

X1=1-X2 (L5)
If we substitute for X1 as defined in Eqn 1.2, we obtain

Pyapor
— % =1-X2 (1.6)

p pure water

In other words, the reduction in vapor pressure is proportional to the mole
faction of solute added. The more solute, the lower the vapor pressure.

We have made some good progress here. We have demonstrated that one
of the very important properties of water varies inversely with the mole
fraction of water present (or if you prefer directly with the mole fraction of
solute present). However, mole fractions are units with which we have had
little contact. To understand mole fractions a little more clearly, let us take a
look at the mole fractional values of a solution with which we are familiar,
namely seawater.

Seawater has about 1 mole of solutes per kilogram of water. It is a rela-
tively concentrated solution by the standards of free-standing water on our
planet. Only brine pools and salt lakes are more salty. Seawater is either
equally salty or more salty than the body fluids of all animals. Seawater is,
therefore, a useful example for us to use a relatively concentrated solution.

Given that seawater has 1 mole of solutes per kilogram of water, how
many moles of water are present in a kilogram? Well, water has a molecular
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weight of 18 g so the number of moles of water in a kilogram is

1000 g

—— = 55.56 1.7
18 g/mole a7)
Therefore, there are 55.56 moles of water in a kilogram of seawater and
1 mole of solute.

The mole fraction of solute in seawater is, therefore,

= 0.018 (1.8)
55.55

and it follows that the mole fraction of water in seawater is 0.982.

Given that we consider seawater to be a relatively concentrated solution
from a biologic perspective (e.g., it is too concentrated for us to drink and
remain in water balance), we can see that a relatively small reduction in the
mole fraction of water can have a profound effect on the biologic properties
of water.

As discussed above, the colligative properties of water vary in concert as
a function of the mole fraction of solute present in the solution. Table 1.2
shows the effects of the addition of 1 mole of solute to a solution with
regard to each of the colligative properties. All of the colligative properties
covary in a linear manner with the solvent mole fraction. By measuring any
one of these characteristics (e.g., freezing point), one can determine quanti-
tatively any other (e.g., osmotic concentration).

It is very inconvenient to always be calculating the mole fraction of
either the solvent or the solute. This is not a value that we tend to think
of or measure. For the sake of convenience, we can simplify this unit
substantially.

Table 1.2. The effects of the addition of 1 mole of solute to a solution with regard to each of the
colligative properties

Concentration Glucose Nadl

(moles/kg H,0) ) . ; .
Concentration of  Activity as % of Concentration of  Activity as % of
effective particles  perfect solvent effective particles  perfect solvent

0.1 0.096 96 0.192 96

0.5 0.542 108 0.937 94

1.0 1.158 116 1.885 94
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The expression for the mole fraction of solute is

Mole fraction of solute
Mole fraction of solute = - - 1.9
Mole fraction of solute + More fraction

of solvent

As we can see from the calculation shown in Eqn 1.8, in biologically rele-
vant solutions the mole fraction of solutes is very low in proportion, usu-
ally <2%. Therefore, the mole fraction of solvent in such solutions is a very
large number relative to the mole fraction of solute. We can simplify Eqn
1.9; therefore, by leaving the mole fraction of solute out of the denominator.
We are left with the equation

) Mole fraction of solute
Mole fraction of solute =~ - (1.10)
Mole fraction of solvent

The expression to the right of the equality symbol is equivalent to the
number of moles of solute per mole of solvent; that is, the molar concentra-
tion. For practical purposes, therefore, we can consider the effects of solutes
on the colligative properties of water to be linearly related to the molar
concentration of the solutes in the solution.

1.5 The activity coefficient

In the previous section, we explained and pointed out that the colligative
properties of water (including osmotic concentration) can be quite accurately
determined if one knows the molar fraction of solute present in the aqueous
solution. The mathematical and physical underpinnings of our calculations
were based on the concept of a perfect solute. By this we mean that the
solute must be perfect in the same way that we refer to perfect gases, that
is, the particles must not interact with each other in any way. I am sorry
to inform you that perfection is hard to come by. In the real world, such
assumptions about perfect solutes may not be entirely met.

The most obvious examples of this are found among the electrolytes.
For example, if we add one-tenth of a mole of NaCl to a liter of water,
the first thing that happens is that the NaCl dissociates into its constituent
ions, namely Na* and Cl . As a result, one-tenth of a mole of NaCl yields
two-tenths moles of particles. Each of these ions acts as a separate and
effective solute. By comparison, if we dissolve one-tenth mole of sucrose in
a kilogram of water, the sugar dissolves but the molecules remain intact.
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One-tenth mole of sucrose yields one-tenth mole of solute particles when
dissolved in water.

Electrolytes yield additional particles depending on chemical structure.
NaCl and KCl yield two particles in solution. CaCl, yields three, one cal-
cium ion and two chloride ions. The important point is not the number of
moles of substance added to the solution but rather the number of discrete
particles produced upon interaction with the solvent.

Most electrolytes act as perfect solutes at low concentration (e.g., in a
0.1-M solution). Each ion moves about in its own sphere unaffected by other
solute molecules. After all, the solutes constitute only about 0.1% of the mol-
ecules present while the water molecules constitute 99.9% of the molecules
present. At higher concentrations, however, solutes can begin to interact,
decreasing their capacity to act as perfect solutes. When NaCl dissolves in
water, the following reaction occurs:

NaCl = Na™+Cl

That is, the salt dissociates into its ionic forms in a reversible manner. At
low salt concentration the dissociation is nearly complete. At higher concen-
trations, the Na* and Cl have a greater likelihood of interacting with each
other and they will sometimes come together again through electrostatic
interactions. I am not referring to precipitation of salt which would occur
when the salt concentration exceeds the solubility level. Instead, I am refer-
ring to interactions of the two ions while both remain in solution. Under
these conditions, because of their close association, the two ions act as a
single solute particle. Table 1.3 shows the effects of increasing solute con-
centration on the effective solute activity of the dissolved solutes for glucose
and NaCl. It can be seen that when solutes are present in low concentra-
tion they act similar to perfect solutes. As the concentration of the solutes
increases, their deviation from “perfect” behavior increases. Large organic

Table 1.3. The osmotic effects of increasing solute concentration

Moles added per liter ~ Osmotic concentration if ~ Osmotic concentration if

of water the solute is glucose the solute is NaCl
0.028 0.025 0.03
0.2 0.13 0.38
0.4 0.42 0.73
0.6 0.66 1.10
0.8 0.93 1.49
1.0 1.18 1.92

1.2 1.45 2.27
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solutes often have an effective concentration in excess of their true con-
centration (see Chapter 3 for a discussion of the interaction of water with
organic molecules) while electrolytes can have a lower effective concen-
tration due to the effects of ionic interactions. The true concentration of
a solute as indicated in Table 1.3 is the actual amount added to the water
present. The effective concentration is the concentration of particles con-
tributing to the mole fraction of solute. The ratio of these two values is the
activity coefficient.

When speaking of the “activity of a solute,” we are referring to the cap-
acity of the solute to act as a perfect solute, that is, its capacity to lower the
vapor pressure of the solvent, raise the boiling point, etc. We can similarly
use the term the “activity of water” to refer to the degree to which the solv-
ent in a solution differs from pure water.

1.6 The activity of water

In this chapter, we have discussed the fact that the presence of solutes modi-
fies the properties of water. From a chemical viewpoint, the presence of
solutes lowers the Gibbs free energy of the water (solvent) molecules. This
lowering of free energy affects the colligative properties of the water. For
example, solutes lower the vapor pressure above the solution, and raise the
boiling point. Similarly, the capacity of water molecules to diffuse through
the solution is reduced in proportion to the reduction in the mole fraction
of water. A reduction in free energy of the water affects the driving force
for diffusion.

It is cumbersome to refer constantly to the Gibbs free energy of the solv-
ent in addressing issues of diffusion, solubility, and osmosis. Therefore,
physiologists employ the term “the activity of water” to refer to the capacity
of water to diffuse, create vapor pressure, and dissolve solutes. The activity
of water in a solution is compared to pure water. Addition of solutes lowers
the activity of water. This lowering is precisely and quantitatively related to
the reduction in the mole fraction of water in the solution. Although, as we
have seen, solutes in the real world may not always act as perfect solutes,
for dilute solutions this reduction parallels the effective molar concentra-
tion of solutes. The concept of the activity of water as the driving force for
osmosis will be the topic of our next chapter.

Suggested additional readings

Blandamer, M.J., ] B.EN. Engberts, PT. Gleeson & ]J.C.R. Reis (2005) Activity
of water in aqueous systems: a frequently neglected property. Chem. Soc.
Rev. 34:440-458.
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2 Osmosis

21 The phenomenon of osmosis

Consider the following situation. We place a shallow dish on the table in
front of us and we pour a 1 molar (1.0 M) solution of sucrose in water into
that dish. Next, a more dilute aqueous solution of sucrose (0.1 M) is poured
carefully into the dish such that the two solutions are layered one on top of
the other. The more dilute solution will float on top of the more concentrated
one, because it is less dense. You know this to be the case because you have
seen that when you add sugar (sucrose) to your glass of ice tea, the concen-
trated sucrose solution accumulates at the bottom of the glass until you stir
it. In our shallow dish, both water and sucrose molecules are moving about
because of kinetic energy, that is, they are diffusing randomly.

After a very long period of time, the gradients in our dish will dis-
appear. The two solutions will come into equilibrium and will have identi-
cal sucrose concentrations. This will occur because the effects of diffusion
will destroy the gradients, causing the fluids to become uniform through-
out the dish. Let us take a closer look to see why this is the case.

First, let us examine what is happening with the sucrose molecules. The
concentrated solution has more sucrose molecules in any given volume than
does the dilute solution. In fact, as the concentrated solution has a concen-
tration of 1 mol/1 and the dilute solution has a concentration of 0.1 mol/l,
initially, there are exactly 10 times as many sucrose molecules per milliliter
as in the more concentrated solution. At the interface between the two solu-
tions, therefore, there are 10 times more sucrose molecules on one side than
on the other side (Fig. 2.1). All the sucrose molecules are diffusing randomly,
driven by the kinetic energy they possess. Figure 2.2 shows that for purely

17
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Fig. 2.1. Anillustration of initial conditions when a dilute sucrose solution is layered on top of a
more concentrated one. The small open spheres are water molecules, the larger darker spheres are
sucrose molecules.

Fig. 2.2. As the sucrose molecules undergo random movements, the solution with the most
sucrose molecules (the lower solution) would also have the most molecules randomly crossing the
line of demarcation to the more dilute solution.

statistical reasons, more sucrose molecules will diffuse upward than down-
ward under these conditions. Sucrose shows a net diffusion from areas of
high concentration to areas of low concentration. This occurs because there
are more sucrose molecules near the interface on the side with high con-
centration. Therefore, for purely statistical reasons, more sucrose molecules
will cross the interface going from high to low concentration than in the
opposite direction. This occurs solely because of the cumulative effects of
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random motions and not because of the fact that sucrose “loves” water, or
is repelled by other sucrose molecules, or “knows where it should be.” The
movements are strictly random.

When we consider the water molecules, the same principles apply. In
the case of water, the concentration gradient is reversed. The concentration
of water is higher in the more dilute fluid. As discussed in Chapter 1, we
can refer to the concentration of water as the activity of water, meaning the
capacity of water to engage in chemical reactions, to dissolve solutes, and
to diffuse freely. In our dish containing two fluids, water molecules show a
net diffusion from the more dilute sucrose solution to the more concentrated
one as a result of water moving down its concentration (activity) gradient.
For purely statistical and physical reasons, therefore, sucrose displays net
upward diffusion, and water displays net downward diffusion in our dish.

Now consider a situation in which the two solutions are configured as
described above but they are separated by a semipermeable membrane. A
semipermeable membrane is one that is permeable to some substances but
not to others. This is a common characteristic of biologic membranes. In
this case, let the membrane be permeable to water but not to sucrose.

Under these circumstances, the sucrose cannot diffuse down its activity
gradient because it cannot pass through the membrane. Water molecules
can, however, diffuse down their activity gradient through the membrane.
This would result in water moving from the dilute sucrose solution to the
concentrated one. This is called osmosis. Osmosis is a special case of dif-
fusion, used to describe the diffusion of water down its activity gradient
through a semipermeable membrane. It is important to recognize that the
water is not “attracted by the more concentrated solution.” Instead, water is
simply diffusing down its activity gradient.

Unlike the example above of water diffusing vertically in a shallow dish,
we are usually more interested in the movement of water into and out of
cells, tissues, or even entire animals. This is because osmosis is the process
that drives water through cell membranes and across the epithelial surface
of animals. Biologists normally illustrate fluid flow and solute transport in
diagrams which show horizontal fluid flow, as illustrated in Figure 2.3. In
this figure, we can see that a differential activity of water across a semiper-
meable membrane is causing a net movement of water from left to right.
The rate of water movement in this system is determined by three funda-
mental characteristics of the system: (1) the permeability of the membrane
to water, (2) the size of the membrane (specifically its surface area), and
(3) the difference in the activity of water across the membrane. Biologists
describe this relationship with a formula

J=DA) G - ) 2.1)
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Fig. 2.3. Water moves down its activity gradient, leading to a net diffusion across the
semipermeable membrane from left to right.

In this equation, | is the rate of water movement, often referred to as flux.
Let us describe the flux in units we can all understand: ml/min. ] is, there-
fore, the rate of water movement across the barrier in ml/min. “A” in Eqn
21 is the surface area of the membrane (e.g., cm?). Clearly, if you have a
driving force for moving water across the membrane, the larger the surface
area the more water gets moved. Equation 2.1 tells you that the rate of flux
is directly proportional to area. C; in Eqn 2.1 is the concentration of solutes
in compartment 1 and C, is the concentration of solutes in compartment 2.
For the reasons described in Chapter 1, we express these concentrations in
Osmoles (Osm) as these units express the activity of water. This leaves D,
the diffusion coefficient. D is a constant for each membrane which describes
the inherent permeability of the membrane to water flux. Some barriers
are very impermeable to water (e.g., the skin of a snake), while others are
highly permeable (e.g., the diaphanous membranes covering a jellyfish). Let
us see what units we need to use for D that would allow us to have dif-
fusion coefficients that would be useful for the wide variety of biological
barriers we are likely to encounter.

J is expressed in ml/min. As a milliliter is also a cubic centimeter, we
can express | as cm®/min. A is expressed in cm?. C; and C, are expressed as
Osm, and as we are subtracting Osm from Osm, the units remain Osm. If
we adjust Eqn 2.1 to solve for D (do not you love this fancy algebra jargon?)
we get

D = JJA (Osm) 2.2)
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Table 2.1. Approximate values for the osmotic permeability

of various epithelia

Epithelium Osmotic permeability
(cm/min Osm)

Mammalian lung 1.0

Mammalian amnion 0.9

Mammalian colon 0.1

Toad bladder (no ADH) 0.02

Toad bladder (+ADH) 0.4

Mammalian sperm membrane 0.001

Fish qill 0.0003

Fish skin 0.00008

Crab cuticle 0.0006

Lizard skin 0.00001

Snake skin 0.000001

Cuticle (aquatic insect) 0.0004

21

Expressed in words, the diffusion coefficient describes the rate of water
movement across the membrane per Osm of driving force, for a membrane
of a given surface area.

If we insert the units in place of symbols we get

(cm?)
G 2.3)
cm? (Osm)

At this point the units still make sense. They reflect the cubic centimeters
of water that can cross a membrane of a given surface area for each Osm
of force.

By canceling units we can simplify this equation to read

D = cm/min (Osm) (2.4

Therefore, when you see values of D for various membranes (such as
the ones listed in Table 2.1) the units will be cm/min (Osm). Obviously
this now makes no sense at all. How can permeability be expressed in cm/
min? Just remember when you see this that the real units before canceling
are as shown in Eqn 2.3 and the units do make sense if you consider
that D is an expression of the inherent permeability of the material in the
membrane.

Therefore, let us review what Eqn 2.1 has told us. Each membrane has
an intrinsic permeability to water. That permeability is expressed as the
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diffusion coefficient. The rate of water movement increases in proportion
to (ie, linearly and directly with) the driving force for water movement
expressed as the difference in osmotic concentration. The larger the surface
area of the membrane the faster the water moves.

Let us use this equation to solve a practical problem in animal osmoregu-
lation. Goldfish have a blood concentration of about 0.3 Osm, yet they live in
fresh water, the osmotic concentration of which can be very low, let us say
10 mOsm. As a result, the activity of water is much higher in the external
medium than it is in the body fluids of the fish. The skin and, particularly,
the gills of goldfish are very permeable to water, leading to the osmotic
uptake of water. We can use Eqn 2.1 to determine the rate at which water
enters a goldfish by osmosis.

Let us use a goldfish with a body weight of 20 g. The surface area of a
roughly cylindrical animal can be described by the following equation:

Surface area in cm? = 10 (weight in grams)*3
— 10 (2003
=10 (74)
= 74 cm?

Therefore, we can estimate the surface area of the fish to be about 74 cm?.
Let us use the permeability coefficient for the skin (8 X 10~° cm/min Osm),
as shown in Table 2.1.

Using Eqn 2.1

] =AD) G~ C)
=74 cm*8 X 107 em/min Osm) (0.3 Osm — 0.01 Osm)
=178 X 10~ ml/min

A microliter is a thousandth of a milliliter, so the water uptake of the gold-
fish can be expressed as 1.78 pl/min. This means that the rate of uptake over
1 hr would be 60 times that or about 0.1 ml/hr or 2.4 ml/day. Most animals
contain about 75% water; hence, a 20-g goldfish contains about 15 g (15 ml)
of water. As the total water content of the fish is 15 ml, we can see that the
fish gains through osmosis a volume of water equal to about 16% of its total
body water per day. This is a rapid but manageable rate of water uptake. To
put this in perspective, in a 70 kg (154 Ibs) human, this would be equiva-
lent to drinking 11 liters of water a day. The United States Department of
Agriculture recommends that this 70-kg person ingest 3.7 liters of water a
day, so one can see that goldfish obtain a large amount of water through
osmosis, but one which can be managed. The fish’s kidneys will produce
copious, dilute urine to rid the body of this water.
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Let us use Eqn 2.1 to solve a different problem, one that biologists often
face when investigating a new experimental system or organ. How would
you determine the diffusion coefficient of an unknown membrane?

Figure 2.4 shows an experimental preparation for determining the diffu-
sion coefficient of a flat layer of tissue, in this case a toad bladder. The blad-
der has been removed from the animal and rinsed out with distilled water.
The lumen of the bladder is then filled with distilled water and tied to a
glass rod. The sites for fluid exit from the bladder (the ureters and urethra)
are tied. The bladder and tube are then weighed on a balance. Let us say
that the combined weight of the tube and bladder is 20 g.

The bladder is then placed in a solution that is isosmotic to the blood
of the animal. This solution contains a nonpermeant solute, for example, a
0.3-M sucrose solution. The bladder is left in this solution for 20 min. After
this, the bladder is removed from the sucrose solution and the external sur-
face of the bladder is blotted dry with a paper tissue. The bladder and tube
are weighed again. The new weight is found to be 18 g. The bladder lost
weight over this 20-min period due to the osmotic movement of water from

|- Toad
bladder
filled with
distilled water

0.3 M sucrose solution

Fig. 2.4. A practical method for estimating the osmotic permeability of an epithelium. Here,

a toad bladder is ligated so that any water movement must occur across the epithelium. By
establishing a known gradient, the rate of water movement in response to that gradient can be
established by weighing the bladder, immersing it in the sucrose solution for a defined period of
time, and then reweighing it.
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the fluid with a high activity of water (the distilled water) to the solution
with a lower activity (the 1-M sucrose solution).

We can now dissect the bladder, cutting it open and measuring the sur-
face area of the bladder. Let us say we find the bladder to have a surface
area of 12 cm? We can now plug these values into Eqn 2.4

] =ADdc
0.1 ml/min = 12 cm? (D) 0.3 Osm

We rearrange this to solve for D.

D = 0.1 cm®/min X 12 cm? (0.3 Osm)
D = 0.36 ccn/min

The diffusion coefficients shown in Table 2.1 were determined in this
manner, either by measuring water flow across isolated epithelia or by
measuring water uptake into cells and determining volume changes.

It can be seen, therefore, that if you know the diffusion coefficient for a
given membrane, you can estimate the rate of water flow across that mem-
brane, assuming that you can estimate surface area and osmotic gradient.
Alternatively, using isolated tissues or membranes and precisely controlled
osmotic gradients, you can measure water flux and determine the diffusion
gradient. Both approaches are used and will be of great use to us when we
discuss specific tissues in chapters to come.

2.2 The reflection coefficient

Throughout the above discussions and calculations, we have worked with
the assumption that the membrane separating the two solutions is a perfect
semipermeable membrane, meaning that it possesses permeability for water
but is completely impermeable to the solute. The reader is old enough to
know by now that perfection is vanishingly rare. Most membranes have a
finite permeability to solutes. What then happens if the membrane is per-
meable to the solute?

Figure 2.5 illustrates the conditions we have discussed previously, namely,
ones in which two solutions with different osmotic concentrations in com-
partments 1 and 2 are separated by a semipermeable membrane. The differ-
ence in this figure is that I have graphed the activity of water in solutions
below the chambers. It can be seen that a steep gradient for the activity of
water exists right at the membrane. The region in which the greatest net
diffusion occurs, due to the gradient in the activity of water, is therefore
exactly superimposed on the membrane. As a result, water moves down its
activity gradient across the membrane and we have osmosis.
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Fig. 2.5. Under initial conditions, a steep gradient for the activity of water lies right at the
membrane.

The reader can appreciate that as water moves from left to right in
Figure 2.5, the solute becomes more dilute in Chamber 2, resulting in a
gradual slowing down of the rate of osmosis. This occurs because the move-
ment of water from left to right across the membrane dilutes the differences
in concentration. It is important to note, however, that the location of the
steepest part of the gradient does not move, it is always located right at the
membrane.

Let us now consider a situation where the membrane is permeable not
only to water, but also to the solute contained in Chamber 2. This situation
is illustrated in Figures 2.5 and 2.6. The initial conditions are identical to
those depicted in Figure 2.5, namely, the steep area of the gradient of water
activity is located at the membrane. Shortly thereafter, however, the move-
ment of solute across the membrane has caused the steep part of the gradi-
ent to move to the left, and it is now located inside Chamber 1. As a result,
there is still a zone of nonequilibrium where water shows net diffusion,
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Chamber 1 Chamber 2
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Fig. 2.6. If the solute can penetrate the membrane, then the steep gradient for the activity of
water moves away from the membrane and osmotic flow across the membrane ceases.

but this zone is no longer located at the membrane. The membrane, in
fact, no longer has an activity gradient across it. For this reason, net water
movement across the membrane stops. As we can see, if the semipermeable
membrane is permeable to a solute, then that solute is incapable of generat-
ing osmotic water movement across the membrane.

How can we deal with this situation quantitatively? Biologists have
chosen to address this problem by introducing a new factor in Eqn 2.1,
namely, the reflection coefficient. The reflection coefficient is inserted in
Eqn 2.1 as follows:

J=AD) rr(C,— Cy) (2.5)

The term, r; is called reflection coefficient because you can think of it as
a number indicating the degree to which a solute is reflected back by the
membrane. In other words, a solute, which is fully reflected and cannot
pass through the membrane at all, has a reflection coefficient of 1. A fully
permeable solute has a reflection coefficient of 0.
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Fig. 2.7. Note the difference in size between an ammonium ion (molecular weight 18) and a
molecule of sucrose (molecular weight 342).

If a solute has a reflection coefficient of 1, we can ignore it in Eqn 2.5
because multiplying by 1.0 has no effect on the flux rate (J). This is what
we did in Eqn 2.1 when we first introduced it, we ignored rr because we
had set it to 1.0 by declaring that the semipermeable membrane was imper-
meable to the solute. Conversely, if the value of rr is 0, it has a profound
effect on Eqn 2.5, causing the flux (J) to always be 0. This occurs because
a permeable solute can generate no osmotic force due to its own diffusion
across the membrane.

You can, therefore, see that the reflection coefficient describes an impor-
tant osmotic property of a membrane. The situation can even get more com-
plicated. As the reflection coefficient represents the properties of a specific
membrane with regard to a specific solute, that number can vary with the
solute being considered. Let me give an example. One can imagine a mem-
brane that is relatively permeable to ammonia. Ammonia is a relatively
small molecule and most biologic membranes have some finite permeabil-
ity to ammonia. In contrast, sucrose is a relatively large molecule. It is a
disaccharide and unless it is broken down into its constituent sugars, most
membranes will be impermeable to sucrose. Figure 2.7 shows the relative
sizes of molecules of ammonia and sucrose.

Consider, therefore, a membrane that is separating two solutions as shown
in Figure 2.5. Chamber 1 contains pure distilled water while in Chamber
2 there is a solution containing ammonia and sucrose dissolved in water.
How fast would water move from Chamber 1 to Chamber 2 under these
circumstances? We know that the membrane has a finite permeability to
ammonia so let us say that the reflection coefficient for that solute is 0.4.
We also know that the membrane is quite impermeable to sucrose so let
us say that the reflection coefficient for that solute is 1.0. We then need to
modify Eqn 2.5 to take into account the rate of water movement driven by
each solute individually.
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] = A(D) rr(cammoniaz - Cammonial) + A(D) rr(csucrosez - Csucrosel) (26)

where |, A, and D are the flux of water, area of the membrane, and diffu-
sion coefficient of the membrane, respectively. C,mmonia, is the concentration
in Osm of ammonia in Chamber 2 and C,monia, is the concentration in Osm
of ammonia in Chamber 1. Cyycrose, aNd Cyyerose, T€present the concentrations
of sucrose in these two chambers.

In the example we are using we can substitute the reflection coefficients
for each solute into Eqn 2.6, yielding

J = A(D) 04(Cammonia, — Cammonia) + AD) 1.0(Caucrose, — Coucrose) 2.7

This equation states that, in the initial condition, each solute generates a
gradient of water activity across the membrane, and is capable of producing
osmotic water flow across a semipermeable membrane. The reflection
coefficient differs for each solute, however, due to its particular permeabil-
ity through this membrane. Therefore, the osmotic effect of an ammonium
gradient is only 0.4 times as great as a similar sucrose gradient in moving
water across this membrane.

There is an additional point I should make, namely, that both ammonia
and sucrose are driving osmotic water movement across the same mem-
brane with the same surface area. Therefore, Eqn 2.7 could be simplified
to yield

J = AD) |04(Cammonia;  Cammonia) + 1.0(Coucrose;  Concrose)] ~ (2.8)

One could imagine a slightly more complicated situation in which the
gradient for ammonia was oriented in one direction (e.g., with Chamber 1
being more concentrated than Chamber 2) and the concentration of sucrose
being exactly opposite (Fig. 2.8). In this situation, if the two solutes were
present in the two solutions in equal osmotic concentrations, they would
affect the activity of water identically. However, because of the differential
permeabilities of the solutes, we would see an osmotic flow of water across
the membrane as described by the following equation:

I = A(D) L0'4(Cammoniaz - Cammonia]) 1'O(Csucrose2 - Csucrose1)_] (29)

The change in sign between Eqns 2.8 and 29 reflects the differences
in the directions in which the osmotic forces move water. In the situation
described in Figure 2.9 the forces oppose each other and, therefore, the two
values must be subtracted from each other. We see a flow because although
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the activity of water is identical on both sides, the reflection coefficients of
the two solutes are not identical.

At this point you may be starting to feel that this is getting hopelessly
complicated. You may well be right! Think about the fact that most real-
world osmotic problems in biology involve calculations of water movements
across membranes that are in contact with blood or seawater. Both are very
complex fluids. Seawater has osmotically active concentrations of sodium,
potassium, chloride, sulfate, carbonate, and hydrogen ions. And those are only
the inorganic compounds! Biologic membranes would have a distinct reflec-
tion coefficient for each of these solutes. How can we deal with this complex-
ity and still produce meaningful results of use to us in biologic situations?

We can obtain biologically useful information by measuring osmosis
under conditions that are as natural as possible. Let us return to the situation
we first looked at in Figure 2.4, namely, the rate of water movement across
the bladder epithelium of a toad. In our first approach to that example, we
measured the osmotic permeability of the bladder by placing a sucrose solu-
tion on one side and distilled water on the other. What if we use a more bio-
logically accurate condition, namely, distilled water inside the bladder and
toad’s blood (or a saline solution similar to that of blood) as the outer solu-
tion? If we had to calculate the rate of water movement across the bladder
using the reflection coefficients for all of the solutes in the blood (sodium,
chloride, bicarbonate, glucose, etc.), we would face a horrendous mathemati-
cal problem. Instead, we can simply do the experiment directly. We place
water inside the bladder and toad’s blood (or saline) outside. We measure the
rate of water movement and calculate the diffusion coefficient for this mem-
brane under this specific set of conditions. This is an excellent experiment
and it provides us with a very useful value. After all, these are the osmotic
conditions that apply in the animal in its normal physiological state. That is
generally what we want to know: how does this animal or tissue function
in its normal environment? By determining these values empirically, we can
avoid worrying about the effects of each solute individually.

As a savvy consumer of tables of diffusion coefficients, therefore, you
need to be aware that the reported values of D can vary with the types of
fluid on either side. Generally, biologists will have determined the value of
D using solutions that approach as nearly as possible in the natural state,
and in normal physiological environment, of the membrane.

2.3 Osmotic pressure

Often, when reading the literature associated with osmotic regulation, one
comes upon the term osmotic pressure. This is usually encountered in older
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literature and in the field of animal osmoregulation the term has largely
gone out of use. Let us examine how the term came into being and explore
what pressure has to do with osmotic concentration.

Imagine a situation as depicted in Figure 2.8a in which a solution with
1 Osm concentration of an impermeant solute is separated by a semiper-
meable membrane from a solution with a concentration of 0.1 M. You are
now fully familiar with what would happen. Water would move down its
activity gradient from left to right. Now let us assume that the walls of
the chamber on the right cannot expand outwardly, but the level of fluid
in Chamber 2 can rise. The movement of water down its activity gradi-
ent would indeed provide sufficient potential energy to lift water. At some
point, the system would come into equilibrium, as illustrated in Figure 2.8b.

(a)

Direction of net
water flow due
to osmosis

1.0M

Hydraulic
pressure
head

Direction of net
water flow due
to osmosis

Direction of
water movement
due to hydraulic
pressure

0.1 M

1.0M

Fig. 2.8. (a and b) The energy stored in the form of a difference in the activity of water can be
used to produce a net diffusion of water and a hydrostatic pressure head.
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It would come to this equilibrium because the accumulation and, thus, lifting
of water in Chamber 2 would create a hydraulic pressure that would drive
water back through the membrane from Chamber 2 to Chamber 1. In other
words, the hydraulic pressure generated by the difference in the height of
the two solutions on either side of the membrane (the hydraulic pressure
head) would be equal and opposite in effect to the net diffusion of water
from Chamber 1 to Chamber 2.

It is important to recognize that we are dealing here with two distinct
phenomena. One is osmosis, which is a process that requires a semiper-
meable membrane. The second is fluid flow driven by hydraulic pressure.
This does not require a membrane (note how water flows through the tap
on your sink, or down a river). Hydraulic pressure can move water through
a membrane, presumably through various aqueous pores. We can express
the effects of the hydraulic pressure across a membrane relatively simply
by an equation:

] = AlLp @P)

where | is the flux of water driven by hydraulic pressure, A is the surface
area of the membrane, Lp is the hydraulic permeability of the membrane,
and dP is the hydraulic pressure gradient across the membrane.

At the equilibrium depicted in Fig. 2.8b, no net water movement occurs
because the net osmotic flow equals the net hydraulic flow. That is,

J=0
when
J=AD)(C,—-C)—ALp@dP)=0

It can be seen that the movement of water from left to right in Fig. 2.8b
is due to the osmotic gradient, and the movement of water from right to left
is due to hydraulic flow. The hydraulic flow is directly proportional to the
difference in height of the water level in the two solutions. Therefore, the
difference in the osmotic concentration of the two solutions is proportional
to the difference in height of the two solutions at equilibrium. This system
can therefore be used to measure the osmotic concentration of solutions. If
you can measure the difference in height of the fluids in the two chambers,
you can get an estimate of the osmotic concentrations of the two fluids.
If one solution has known osmotic concentration (e.g, a standard solu-
tion that you prepared), this method can tell you the concentration of the
other, unknown solution. This method was used in older experiments to
measure osmotic concentration (e.g., by van't Hoff in 1887). As described
in Chapter 1, there are now much easier and faster ways of measuring the
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osmotic concentration of solutions. Nonetheless, it is important to be aware
that hydraulic pressure can also drive water through a membrane.

The important points at this time are (1) that water can be moved through
a membrane either by an osmotic gradient or by a hydraulic pressure gradi-
ent, and (2) that these forces can be additive (or subtractive) depending on
the circumstances.

In animal systems, we usually do not worry about hydraulic pressures.
In plants, by contrast, hydraulic forces generated by osmosis are of critical
importance. Even though this book is about animal osmoregulation, let us
take a quick look at how plants generate hydraulic forces from osmosis.

Imagine the situation I described in Figure 2.9a, but now with the cir-
cumstance that there is a piston on top of Chamber 2. As fluid flows from
Chamber 1 to Chamber 2, the piston would be lifted (Fig. 2.9b). Alternatively,
downward pressure can be applied to this piston to resist fluid flow through
the membrane from Chamber 1 to Chamber 2. If we put enough pressure
on this piston, we can resist the expansion of Chamber 2. Under these con-
ditions, the system is again in equilibrium (Fig. 2.9¢c). There is no net fluid
flow when the osmotic force driving water from Chamber 1 to Chamber 2
is opposed by the hydraulic force applied by the piston. This is precisely
the situation in plant cells. Plant cells are surrounded by cell walls made
up of cellulose. The plant cells are filled with cytoplasm (a solution contain-
ing many osmotically active solutes) while the extracellular fluids are much
more dilute (being composed mostly of water pulled up from the roots).
Water flows by osmosis into the plant cells which then swell. Eventually
their cell membranes bump up against the cell walls and can no longer
expand. This situation generates hydraulic pressure inside the cell until that
pressure matches the osmotic force driving water in. The result in plants is
called turgor pressure, the positive hydraulic pressure inside plant cells that
gives the plant stiffness and volume.

There are few situations in animals in which hydraulic forces are import-
ant in driving fluid movement. As we will discuss in Chapter 10, the kidney
of higher vertebrates uses blood pressure to drive fluid through the walls of
the glomerulus, thereby producing the primary urine. We will examine this
process in more detail when we discuss kidney function.

There is a final point that needs to be made about the capacity of osmo-
sis to generate pressure. When an animal cell is placed in a solution more
dilute than the fluids in the cytoplasm, water will move by osmosis across
the plasma membrane and into the cell. This causes the cell to expand
and swell, that is, to expand in volume. The cell cannot swell indefinitely,
because the surrounding cell membrane can only expand a small amount
before it ruptures. Is the force generated by osmotic water flow really suf-
ficient to blow a cell apart? Let us take a look.
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Fig. 2.9. (a—c) Application of pressure can be used to produce a gradient for the activity of water
across a semipermeable membrane.

The pressure that can be generated by osmosis is proportional to the
difference in the osmotic concentration of solutes on opposite sides of the
membrane. As we discussed above, one can measure directly the pressure
produced under different osmotic conditions. It turns out that a gradient of
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1 Osm of solute across a membrane impermeant to that solute will generate
a pressure of 22.4 atm. That sounds like a lot of pressure, but frankly most
of us are not used to dealing with pressure in atmospheres. Let us pick
some units with which we are more familiar.

In the United States and Great Britain, tire (or tyre) pressures are meas-
ured in pounds per square inch (Ibs/sq. in.). In the rest of world, they gen-
erally use the pressure unit of bars (equal to the pressure generated by a
column of mercury 1-m tall). Your average automobile tire operates with a
pressure of about 35 lbs/sq. in.

35 1bs/sq. in. = 2.41 bar

I think we can all agree that the pressure in an automobile tire is very
high. It is sufficient to keep a tire inflated even with a big automobile press-
ing down on it. In addition, the walls of the tire are thick rubber, designed
to keep that pressure in. If we express that tire pressure in atmospheres it
turns out to be 2.4 atm.

Therefore, let us go back to the pressure that a 1 Osm osmotic gradient
can generate, namely, 22.4 atm. The pressure that 1 Osm gradient can gen-
erate is more than nine times greater than the pressure in your automobile
tires! Small wonder then, that osmotic forces can rupture cell membranes
that are 100,000 times thinner than a millimeter!

Fortunately animals, whether they be insects, fish, worms, or humans,
have many defenses that prevent them from developing these enormous
pressure forces. The following chapters in this book will provide insights
into these processes and their diversity among animals. A full appreciation
of the importance and efficacy of those processes requires an understand-
ing of the deleterious effects of osmotic gradients. These deleterious effects
include potentially massive pressure forces, osmotic, and ionic perturb-
ations in cellular compartments, and the large fluxes of water that are an
integral part of life for organisms inhabiting many of this planet’s diverse
osmotic habitats.

Suggested additional readings

Hochachka, PW. & G.N. Somero (2002) Biochemical Adaptation. Oxford
University Press, Oxford.

Verkman, A.S. (2000) Water permeability in living cells and complex tissues.
J. Membr. Biol. 173:73-87.

Withers, PC. (1992) Comparative Animal Physiology. Saunders College
Publishing, Forth Worth, TX.



3 The interaction of
water with organic
solutes

3.1 The effects of polar solutes

Polar solutes such as salts can dissolve in water. Let us take table salt
(NaCl) as an example. If present in sufficiently dilute concentration, sodium
chloride will dissociate in water into sodium ions (Na*) and chloride ions
(Cl"). Note that the table salt which was electrically neutral (Do you notice
any lightening bolts coming out of your salt shaker?) dissociates into two
ions, each of which is charged, but which are neutral overall. The charged
nature of the ions has specific effects on the surrounding water molecules.
Positive sodium ions tend to influence the alignment of the water mol-
ecules around them such that the most statistically likely orientation of the
water molecules is with the negative pole of the water molecules oriented
toward the sodium ion. Conversely, the most statistically likely orientation
of the water molecules around a chloride ion is with the positive pole of
the water molecules oriented toward the negatively charged chloride ion
(Fig. 3.1). This “shell” of water around charged solutes serves to keep the
solute associated with water and dissociated from its polar opposite. For
example, NaCl dissolves readily in water into Na* and Cl°, but this salt
is essentially insoluble in nonpolar solvents such as benzene and olive oil.
The interactions between water and polar solutes, therefore, have important
effects both on the structure of water around the solute and on the solubil-
ity of the solute in water.

A number of organic solutes also have polar portions that interact with
water and/or form hydrogen bonds with surrounding water molecules.
Common sugars are a good example. Figure 3.2 shows the molecular struc-
ture of glucose. It can be seen that many of the carbons in the ring have a

35
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bond between the carbon atom and the hydrogen atom (i.e, a C—-H bond)
and that same carbon also has a bond to a hydroxyl “~OH” group (ie, a
C-O-H bond). In the C-H bond, the carbon and hydrogen share the elec-
tron fairly evenly so this bond is not highly polar. We have already men-
tioned that the O-H bond, as found in water, is very unbalanced with the
oxygen hogging the electron, leaving the hydrogen with a partial positive
charge. The C-O-H bonds on glucose, therefore, readily form hydrogen
bonds with water, thereby promoting the solubility of glucose and serving
to orient water molecules around this polar region. As we will see later
in this chapter, molecules with a predominance of C-H bonds are rather

H H
| |
H “H
Na*
PACIN
H H
/O\ Hf/O
H H
H
. . . CI-
Fig. 3.1. Owing to the charge polarity in the water molecule, the H H
water molecules associated with ionic solutes have a statistically Ny
preferred orientation as shown in these diagrams. 0

Fig. 3.2. The chair structure of glucose. The
hydroxyl groups at each carbon atom can ionize

(1, 3), promoting the aqueous solubility of the
molecule. The carbon-hydrogen bond (2) does not
ionize and therefore does not contribute to aqueous
solubility.
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insoluble in water while those with lots of C-O-H bonds are more soluble.
Sugars, because of these hydroxyl groups, are highly soluble in water and,
therefore, can participate actively in the aqueous reactions occurring inside
the cell.

Proteins are another class of organic molecules in cells. They are extremely
important because proteins are the major structural molecules in the cell.
In addition, many proteins act as enzymes, the molecules that facilitate and
control almost all the chemical reactions in the cell. All proteins consist
of linear chains of amino acids. These amino acids have profound effects
on the structure and function of a protein. Let us begin by examining the
structure of amino acids and how they might interact with water.

When dissolved in water, amino acids have a number of potential polar
regions. Figure 3.3 illustrates the amino acid glycine. You will see that gly-
cine has an amine group (NH;) and an acid group (COOH), both attached
to the same carbon atom. This is a characteristic shared by all amino acids
and the ubiquitous presence of the amine and acid groups leads, in fact, to
the name amino acid. When dissolved in water, both the amine and the acid
groups tend to ionize. The acid group undergoes the reaction (Fig. 3.4).

The amine group undergoes the reaction (Fig. 3.5).

H o]
AN
N-C-C
H | “oH
H

Fig. 3.3. The structure of the amino acid glycine.

Fig. 3.5. The reaction of the amine group in agueous solution.
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Because one group produces a positive ion and the other a negative ion,
the net effect of the two ions is neutral. Although the whole molecule is
neutral, glycine is still readily soluble in water because it has locally charged
regions that interact with water molecules and promote solubility.

In all amino acids, the amine and acid groups attached to the same car-
bon atom balance out. The remaining portions of the amino acid (referred to
as the side groups) may, however, have portions that can profoundly influ-
ence the overall character of the molecule. Take the example of glutamic
acid. Glutamic acid has one amine group and two acid groups (Fig. 3.6a). At
a pH near neutral, this amino acid will have a net acid character. Glutamic
acid, therefore, belongs to the group of amino acids with acidic side groups
(Table 3.1). A molecule of glutamate dissolved in water, therefore, interacts
with water molecules as expected, orienting the water molecules around it
such that the positive poles of the water molecules are more likely to be
near the ionized acid group, and with the negative pole of the water mol-
ecules oriented near the ionized amine group.

Other amino acids have side groups that contain an additional amine
group. At neutral pH, such amino acids would have an overall basic char-
acter. An example of such an amino acid is lysine (Table 3.1 and Fig. 3.6b).

Finally, in some amino acids, the types of side groups they possess do
not ionize at neutral pH. Alanine (Fig. 3.6c) is an example of such an amino

| | Y
Oyére
Fig. 3.6. (a) The structure of glutamic acid. bl OH

(b) The structure of lysine. (c) The structure of N
phenylalanine. H H
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Table 3.1. List of amino acids on the basis of side chains

Basic side chains Acidic side chains Polar side chains Nonpolar side chains
Lysine Aspartic acid Asparagine Glycine
Arginine Glutamic acid Serine Leucine
Histidine Threonine Methionine
Tyrosine Tryptophan
Glutamine Cysteine
Phenylalanine
Isoleucine
Valine
Alanine
Proline

acid. These amino acids are termed neutral amino acids as the amine and
acid groups balance out and the side group does not contribute an ion in
water. For reasons described below, the types of amino acids in the linear
chain of amino acids forming a protein can have a profound impact on that
protein’s structure and function.

3.2 The primary structure of proteins

Proteins are certainly among the most important molecules in living sys-
tems. Proteins form the scaffold of cellular structures. Almost all enzymes,
transport moieties, molecular motors, and receptors are proteins. The abil-
ity of cells to maintain their form, move, transport, digest, and metabolize
depends on the health and well being of the proteins in the cytoplasm.

Proteins consist of linear chains of amino acids. The diverse proteins
performing a myriad of functions in cells are differentiated most funda-
mentally through the types of amino acids of which they are composed,
and the order of the amino acids in the linear array.

The linear sequence of a protein is called the protein’s “primary struc-
ture.” It is determined by the gene, which encodes the protein as well as
by any editing (snipping and trimming) that may occur after the protein
is synthesized. Proteins are synthesized on a cellular organelle termed a
ribosome. In the ribosome, the amino acids are attached to each other in a
linear manner by means of peptide bonds. The reaction resulting in a pep-
tide bond formation is depicted in Figure 3.7.

You will remember that in water both the amine and acid groups on
the amino acid are ionized. When two amino acids are joined through a
peptide bond, the amine and acid groups are joined with the result that the
two dissimilar charges become electrically neutral. As a result, the amine
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Fig. 3.7. The reaction associated with the H I [
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Fig. 3.8. Four amino acids in a peptide |_‘| g Hf(|37H C”) chl;fH
chain. Note that the side groups of the \ |
amino acid determine the net charge H o N
along that portion of the peptide. H

and acid groups contributing to the peptide bonds do not contribute to the
surface charges on the protein. Instead, the surface charges on the protein
is derived exclusively from the side chains. Look back at the illustration
of glutamate (Fig. 3.6a). If the amine and acid groups attached to carbon
number 1 are tied up in a peptide bond, then the ionic characteristics of
the amino acid would be entirely due to the acid group in the side group.
Similarly, for lysine (Fig. 3.6b), once the amino acid is in a protein, the side
group assures that the net charge on the amino acid is positive. Amino acids
with neutral side groups create a region of the protein with no net charge.

The effect of this in a linear array of amino acids (i.e,, a protein or pep-
tide) is shown in Figure 3.8. You can see that regions of the protein have
various net charges that are determined by the specific amino acids inserted
at that location.
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3.3 The secondary and tertiary structure
of proteins

When a protein is being synthesized as a linear array of amino acids, it
comes into contact with the aqueous environment of the cell cytoplasm.
At that point, the interactions of the side groups of the amino acids with
water molecules take on a huge significance. Acidic amino acids give up
their hydrogen ions and tend to build associations with the positive pole
of the water molecules. Basic amino acids tend to accept a hydrogen ion
and associate with the negative poles of water. As discussed in Chapter 1,
however, charged molecules attract not only water but also other ionized
molecules with opposite charge. Positively and negatively charged amino
acids can therefore develop ionic bonds with each other; bonds that cause
the protein chain to bend and adhere to itself. The charges on the amino
acids, their effects on water, and their effects on each other serve to produce
specific structural associations within the protein. These preferred config-
urations are referred to as the secondary and tertiary structure of proteins.
The term secondary structure refers to regions of the protein in which the
associations promote specific protein structures. These include a variety of
structural features such as loops, tight hairpin turns, sheet-like structures
termed B-pleated sheets, and coiled a-helices. Such structures can be very
important in structural proteins, and in the proteins associated with mem-
branes (see below).

The secondary structure of a protein refers to the configuration of a
region of the protein. The tertiary structure refers to the overall shape of
the entire molecule. As you can imagine, the overall shape of a protein
plays a major role in determining its function. A structural protein in the
cell is going to be of little use if its interaction with the aqueous solution
causes it to fold into a shape not suited for its purpose. Similarly, enzymes
must assume a specific tertiary structure in order to produce the active site
that interacts with the enzyme’s substrate. Inappropriate changes in that
tertiary structure would make the enzyme ineffective. The interactions of
the side groups on the amino acids with each other, and with their envir-
onment determines the shape of the protein (Fig. 3.9).

The secondary and tertiary structures of a protein are, of course, influ-
enced principally by the protein’s primary structure. Each protein has a
different shape and function because it has a different sequence of amino
acids. The tertiary structure of proteins is, however, strongly influenced by
the environment in which the protein finds itself. One factor that can affect
protein structure is the pH of the surrounding solution. The pH affects the
degree of ionization of the side groups in the amino acids. As we have
indicated above, the charges on the side chains and their interactions (both
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NH,

Fig. 3.9. A protein molecule illustrated diagrammatically as a linear molecule. Owing to net
charge along its length, portions of the protein form ionic bonds with other oppositely charged
regions on the molecule, leading to a preferred configuration of protein folding. The preferred
folding pattern can be influenced by the concentration of charged molecules in the fluid
surrounding the protein.

attractive in the case of unlike charges and repelling in case of like charges)
strongly affect protein shape and stability.

Another important factor is the presence and concentration of strong
ions such as salts. Many of the ionized sites on proteins develop strong
ionic bonds with free ions in solution such as Na*, K*, Ca?*, Cl-, Mg?*, and
SOj . These ions have powerful charges and a small radius, a phenomenon
that chemists refer to as high charge density. In an aqueous solution, these
ions will have a cluster of water molecules around them. Ionized amino
acids on peptides also attract these strong ions, forming ionic bonds. These
associations can be transient or longer term, but in either case they can
affect the protein structure. The interactions of ions with proteins are inevi-
table and in many cases beneficial. The role of calcium in regulating cel-
lular function, the transport of sodium and potassium across membranes,
and the function of potassium in stabilizing cellular proteins, all require
appropriate ionic concentrations in and around the protein. The key term
here is “appropriate.” Too high concentration of ions can disrupt ionic
bonds that keep the protein in its functional configuration. Too low con-
centration can deprive the protein of ions required for structural or regu-
latory interactions. Correct cellular function depends on an appropriate
ionic milieu around the proteins. As we will see in later chapters, a major
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aspect of cellular function is the creation and maintenance of an appropri-
ate environment for the cellular machinery through the manipulation of
the activity of ions and water.

This brings us to the third parameter that affects protein secondary struc-
ture; namely, the activity of water. Many amino acids in proteins have side
groups that ionize in water. These ionized sites can either attract oppositely
charged amino acids on the same protein, oppositely charged strong ions,
or a shell of water molecules. In fact, there is a competition between these
various elements, the outcome of which greatly affects protein structure.
The activity of water affects the latter two parameters directly. Increasing
the activity of water reduces the activity of ions and promotes the likeli-
hood of interactions with water. Decreasing the activity of water has the
opposite effect.

It is easy to understand that removing or adding water to the cytoplasm
can affect the concentration of an ion (e.g, K*), and that this would affect
proteins the manner similar to adding or removing salt. However, we can
show that the activity of water itself affects protein structure. If one adds
sucrose to a solution containing an enzyme and substrate, increasing the
sucrose concentration to high levels will inhibit enzyme functions. This
occurs despite the fact that sucrose does not substantially bind to the pro-
tein. Instead, by lowering the activity of water, the increasing sucrose con-
centration affects the relative concentration of ions present, the interaction
of water with charged regions of the protein, and finally even the solubility
of the protein itself.

We have ignored for the moment the effects of the neutral amino acids,
but let us return to them now. Neutral amino acids are not polar at neutral
pH and therefore do not interact very closely with polar water molecules.
As a result, the energetically most preferred configuration for the protein
is one in which the neutral amino acids are near each other and prefer-
ably sequestered away from water. Clusters of neutral amino acids, there-
fore, often form pockets in the interior of highly folded proteins, placing
them close to other neutral amino acids and away from the surrounding
water molecules. These associations of neutral amino acids are sometimes
referred to as “hydrophobic bonds,” meaning that the side chains are held
together by their “hydrophobicity,” their “fear of water.” In truth, these
are not actual bonds. Instead, the energy that serves to keep these groups
together is provided by the charges on the water, not the lack of charges on
the neutral molecules.

We can see that the structure and function of a protein is dependent on
the proper control of the activity of water around it. As a result, osmotic
regulation is a fundamental and critical function in every living organism.
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3.4 The quaternary structure of proteins

Many proteins do not exhibit their full function until they are joined with
other proteins into a functional protein complex. Examples of this are the
hormone insulin in which the functional unit is two protein chains: hemo-
globin, which requires four chains, and glutamate dehydrogenase, which
consists of approximately 40 proteins in its functional state. The structure of
these protein complexes is termed the quaternary structure of proteins. The
ability of these proteins to carry out their functions depends on the precise
assembly and appropriate location of each protein in the structure, which
in turn depends on the interaction of charged groups on the surface of the
proteins. These protein complexes are held together by ionic and hydropho-
bic interactions, not by covalent chemical bonds. As a result, inappropriate
levels of pH, salt concentration, or the activity of water can lead to the dis-
assembly and inactivation of vital protein assemblages throughout the cell.

3.5 The interaction of lipids with water in the cell

The term lipid encompasses molecules with a large range of chemical struc-
tures. The common characteristic of the molecules, however, is their low
solubility in water. Figure 3.10 shows the structure of oleic acid, a fatty acid
found in many organisms. You will note that oleic acid has a long chain
of carbon atoms, each of which is attached to one or two hydrogen atoms.
These bonds between carbon and hydrogen do not dissociate and are not
ionized in water. As a result, water molecules are not attracted to this long,
neutral chain of atoms. The first carbon atom of the molecule does possess
a carboxylic acid group. The molecule is referred to as a fatty acid because
of this acid group. Carboxylic acid does dissociate in water. Nonetheless,
the long uncharged chain makes oleic acid very poorly soluble in water.

If lipids are present in water they tend to cluster together and to form
accumulations in which water is excluded. You have seen the effects of this
in a bottle of salad dressing. The oil and water separate and do not mix.
Even if one shakes up the bottle, apparently blending the lipid and aqueous
portions, the two phases rapidly separate again. As we will now discuss,
this separation of aqueous and hydrophobic phases plays a crucial role in
the structure of cellular membranes.
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Fig. 3.10. The structure of oleic acid.
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3.5.1 The structure of membranes

All animals are eukaryotic, meaning that they possess cells with a nucleus.
The structures delimiting the cell and separating the nucleus from the
remaining cytoplasm are membranes. In addition to defining the external
boundaries of the cell and nucleus, cellular membranes are the critical func-
tional units of several cell organelles including mitochondria, the endo-
plasmic reticulum, the Golgi apparatus, and lysosomes. In considering the
structure and function of cells, therefore, it is essential to consider how
membranes react with water and how cellular function can be affected by
osmotic parameters.

In 1972, Singer and Nicholson described their Fluid Mosaic Model of
membrane structure (Fig. 3.11). This model proposes that the membrane
consists of a lipid bilayer which serves as a two-dimensional “sea” in which
proteins are floating. More recently, this model has been updated a bit, but
the major modifications involve a deeper understanding of protein struc-
ture within the membrane and a realization that the density of proteins
in the membrane is very high (Engelman, 2005) (Fig. 3.12). A better ana-
logy might be, therefore, that proteins are boats afloat in a crowded harbor
rather than in a vast “sea” of lipid.

In the previous section, we discussed the fact that lipids are not very
soluble in water and tend to partition themselves away from aqueous
regions. The lipids in membranes must be rather unusually differentiated,
therefore, as membranes surround the cell and have large areas of contact
with the aqueous environment. In fact, most membrane lipids do have an
unusual makeup in that they are diglycerides. Figure 3.13 shows a single
lipid molecule which is typical of the types found in membranes. This lipid
is a diglyceride, meaning that it has a glycerol backbone with two fatty

Fig. 3.11. The fluid mosaic model of membranes. (Redrawn from Engelmann, 2005.)
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Fig. 3.12. A more modern version of the fluid mosaic model. (Redrawn from Engelmann, 2005.)

acid chains attached to it. The molecule is usually described as having a
head region and two tails. The two “tails” are the nonpolar fatty acids that
are highly hydrophobic. The “head” region usually consists of a molecular
structure capable of being ionized in water, that is, a polar group. In Figure
3.13, the head group is phosphatidylcholine. The precise chemical structure
of the head region can vary substantially in various membranes but the
head region is always highly polar.

The diglycerides in a membrane are not randomly arranged. In fact
they assume a very specific orientation in water. The lipids form a bilayer
(Fig. 3.11). One layer is oriented with its head groups on the upper layer of
the membrane. The opposing layer on the opposite side has the opposite
orientation such that the head groups point down. The resulting membrane
has two polar surfaces and a central hydrophobic region composed of the
hydrocarbon chains on the fatty acids. Not surprisingly, the polar heads are
oriented such that they interact with water and the hydrophobic region is
relatively free of water. As a result, the lipid bilayer forms a hydrophobic
barrier around the cell through which water passes with great difficulty.
The polar heads ionize in water and have close associations with water
molecules. These polar and ionic interactions serve to stabilize the mem-
brane in the configuration shown in Figures 3.11 and 3.12.

As depicted in Figures 3.11 and 3.12, the proteins floats about in the lipids.
Many of the proteins actually extend through the membrane such that they
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Fig. 3.13. The structure of a diglyceride molecule, in this case | |
phosphatidylcholine.

are in contact with both the external fluid and the internal aqueous cyto-
plasmic fluid space. You will remember that amino acids with ionized side
groups produce charged regions of the peptide chain. These portions of the
protein tend to be associated with water molecules. Other amino acids have
neutral side chains and they tend to be hydrophobic in nature. Proteins
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associated with membranes tend to assume a configuration in which the
hydrophilic and the hydrophobic interactions are maximized, leading to the
lowest energy configurations of the protein. As a result, highly charged
regions of the protein will be found adjacent to the external and internal
aqueous solutions, allowing the ionized amino acids to interact with water.
The portions of the protein embedded in the internal regions of the lipid
bilayer will possess an abundance of neutral amino acids with neutral side
chains. The hydrophilic interactions of the proteins on either side of the
membrane, and the hydrophobic interactions in the lipid bilayer tend to
stabilize the proteins in the membrane. It is difficult for the protein to pop
out of the membrane because this would bring amino acid side groups into
an environment that is not energetically favored.

As we discussed above, proteins are linear arrays of amino acids. One
might expect, therefore, that a protein would stick through the membrane
and have two charged ends with a central hydrophobic region. When cell
biologists began to study membrane proteins in more detail they found that
most membrane proteins did not fit such a model. Instead most membrane
proteins have multiple highly charged regions and multiple uncharged
regions along their length. Second, the proteins were too long to extend
only once across the membrane. It soon became clear that the proteins were
arranged in the membrane not in a linear, stretched configuration, but rather
in a highly folded cluster. In fact, a single membrane protein can extend
back and forth across the membrane many times, a configuration referred
to as a multipass protein (Fig. 3.14). Although the configuration of the pro-
tein in the membrane may seem unusual, it is yet another example of a
protein spontaneously folding into a preferred configuration based on its
amino acid sequence and dictates the surrounding environment. The protein
is arranged in the membrane such that regions that are highly hydrophobic
are embedded in the lipid bilayer and regions that are highly charged tend
to be protruding on one surface or the other into the aqueous medium.

3.5.2 Integral and peripheral membrane proteins

When cell biologists began investigating membranes from cells, they dis-
covered, not surprisingly, that these membranes consisted principally of
lipids and proteins. They found that some proteins were hard to isolate
unless one treated the membranes with detergent. This treatment dissolved
and dissipated the lipid bilayer, and freed the proteins for further isolation
and analysis. Some membrane proteins, however, could be isolated sim-
ply through the application of a strong salt solution (e.g., a concentrated
KCl solution). It was found that the concentrated salt was competing for
ionic bonds that held these proteins to the membrane, thereby releasing
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Na*/K* ATPase

Fig. 3.14. The structure of multipass protein in a membrane.

these proteins from the membrane lattice. It became clear, therefore, that
some proteins were securely embedded in the lipid bilayer while others
were apparently more external and were held in place by ionic bonds. The
former, embedded proteins were termed integral membrane proteins, while
the nonembedded proteins were termed peripheral membrane proteins.
Figure 3.12 illustrates our current understanding of the relative positions of
these two classes of membrane proteins.

3.5.3 Proteins can act as pores in the lipid bilayer

If a multipass protein is large enough, the lateral surfaces of the protein adja-
cent to the lipids and within the bilayer can be hydrophobic while most of
the internal, folded regions of the protein can possess ionized amino acids
that hold the protein together and promote protein stability. This would
result in a protein that spans the membrane and has strong hydrophobic
anchors holding the protein in place, yet possesses a central hydrophilic core
that can extend completely through the protein. This central hydrophilic
core would form a channel running through the membrane.

Charged molecules such as ions or carbohydrates find the charged
interior of such transmembrane proteins an appropriate environment for
transient ionic binding. If an ionized channel were to extend completely
across the bilayer, charged molecules that are unable to transverse the lipid
bilayer could cross the membrane through such a charged core.

Cell physiologists have studied the properties of membranes by pro-
ducing artificial lipid bilayers. These structures, referred to as black lipid
membranes, consist entirely of membrane lipids structured in a lipid bilayer.
They are highly impermeable to water (p = 10> m/s) and to ions. Although
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the water permeability of a pure lipid bilayer is quite low, it was found that
the addition of membrane proteins increased the osmotic permeability of
the membrane. The proteins seem to provide sites where water can “leak”
or diffuse through the membrane, perhaps along the sides of the proteins
or through some central ionized core. Researchers found that if they added
proteins to the lipid bilayer they could also increase the permeability of the
membrane with regard to specific charged solutes. For example, adding the
small peptide valinomycin increases the permeability of the membrane to
K" but not to sodium or calcium. Adding the protein Glutl increases the
permeability to glucose but not to other sugars. Such proteins came to be
called channels because they serve as conduits for charged molecules to
cross the membrane. They do not require the specific input of energy to
function as a channel and the molecules diffuse down their activity gradi-
ent through these molecules.

The specificity of the channels for one ion molecule, but not others, is
apparently determined by the ionized sites in the central core of the chan-
nel. The charged side groups on the amino acids lining the central channel
influence the binding and transverse passage of molecules based on their
specific shape, size, and charge. These characteristics are different for each
type of solute molecule, allowing the channels to impart highly specific
permeability characteristics to the membranes.

Although all integral membrane proteins seem to increase the perme-
ability of the membrane to water, in the 1980s proteins were discovered
that took this permeability to new heights; they are selectively permeable
to water. These proteins, termed aquaporins, are relatively impermeable to
ions, but are highly permeable to water molecules. It seems that their physi-
ological function is to increase the osmotic permeability of membranes. As
we will see in subsequent chapters, this facilitates the process of moving
water through epithelia and serves to make cells more rapidly responsive
to osmotic gradients.

Over the course of evolution, some proteins that have specific ion-binding
characteristics were functionally combined with proteins that can harvest
chemical energy from high-energy organic bonds. These amalgamated pro-
teins are capable not only for transferring ions across the membrane, but also
for coupling such movements to energy provided from chemical reactions.
As a result, these proteins can transport solutes against their electrical
and chemical gradients. These proteins are termed ion transport proteins.
Examples are the Na*/K" ATPase, which transports these two ions across
membranes in nerves and muscle, and the Ca?>" ATPase in skeletal muscle.
These vital molecules will be described in more detail in Chapters 9 and 10.
For the moment it is sufficient for us to recognize that these transport moi-
eties consist of multipass membrane proteins, that they possess a central
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ionized core that provides the specificity required for their specialized
function, and that their capacity to couple their function to energy sources
allows them to create gradients for solutes across the membrane.

3.6 Membranes are ubiquitous

All animal cells possess membranes and these cellular structures play a
central role in cell structure and function. The polar nature of water is
critical in the formation of membranes as the phospholipids forming the
bilayer cluster together with their polar heads pointed out. The hydrophobic
nature of the lipids forms a tight and stable seal around the cell allowing
cells to keep valuable compounds in and, equally vitally, many compounds
out. Proteins in the membrane are influenced by their interactions with
water. Their configuration, distribution, and orientation in the membrane
are all dictated by hydrophobic and hydrophilic interactions. Finally, the
interactions of integral membrane proteins with peripheral membrane pro-
teins and indeed with other proteins in the cell are strongly influenced by
pH, ionic strength, and the activity of water. We can see, therefore, that the
regulation of the activity of water is critical for the proper configuration
and activity of virtually every organic structure in the cell.
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4 The need for,
and often
conflicting issues of,
osmoregulation and
volume regulation

41 Osmotic regulation

The presence of solutes affects the activity of water. This activity in turn
profoundly influences the structure and function of proteins. In addition, if
differences in the activity of water exist across a semipermeable membrane
(i.e., across virtually all biologic membranes), osmotically driven movement
of water across the membrane will result.

It follows that animals can influence protein function and fluid move-
ment by controlling the activity of water. A corollary of that statement is
that it is critical for animals to regulate the activity of water if they are to
maintain homeostasis. In particular, because the differences in the activity
of water will drive fluid movement across membranes, the similarity or
difference in the osmotic activity of fluids separated by a membrane is of
critical importance.

For this reason, we now need to consider the activity of water in the
various compartments that are separated by a membrane. Let us begin by
considering a single cell residing in a fluid that is isosmotic with the cyto-
plasm of the cell (Fig. 4.1). If the fluid becomes slightly more concentrated,
the activity of water in the cell would be higher than in the surrounding
fluid and there would be a net outward diffusion of water from the cell.
When this process reaches equilibrium, the cell will be isosmotic to the
external fluid and the volume of the cell will be slightly less than before
(Fig. 4.1). Alternatively, if the surrounding fluid shown in Figure 4.1 were
to become slightly more dilute, water will show a net diffusion into the cell
cytoplasm, causing the cytoplasm to become more dilute and the cell to
swell. It can be seen, therefore, that changes in the osmotic concentration
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Fig. 4.1. The cell on the left has the normal, homeostatically regulated volume. If the medium
becomes more concentrated, the cell will, in the short term, shrink due to osmotically driven loss
of water from the cytoplasm. If the medium becomes more dilute, the cell will, in the short term,
swell due to osmotically driven entry of water into the cytoplasm.

of the surrounding fluid can have two disparate effects on cells. They can
affect both the osmotic concentration and the volume of the intracellular
compartment. These two parameters are linked but distinct.

For single-celled organisms such as protozoa, we need to consider only
these two fluid compartments: the extracellular fluid compartment and
the intracellular cytoplasmic compartment. Marine protozoa generally are
isosmotic with the external oceanic milieu. Osmotic regulation for them
is achieved by the unchanging nature of the vast oceans (see Chapter 5).
Freshwater protozoa have cytoplasmic osmotic concentrations that are much
higher than the external medium. This causes them to gain water constantly
through osmosis and they have mechanisms for excreting the excess water
they gain (see Chapter 7).

Over evolutionary time, animals evolved from a single cell state to more
complex, multicellular body plans. Very early in evolution, animals arose
whose body plan involved the cells being bathed by an internal fluid. In
other words, animals evolved an integument which faced the external envir-
onment, allowing the internal organs to be bathed by an interstitial fluid
between the cells. This, on the one hand, served to protect and partially
isolate the cells from the external environment, but it also meant that trans-
port mechanisms involved in osmotic regulation had to be located at this
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external barrier. The body plans of animals evolved in a number of different
directions. In animals such as flatworms, the external surface was derived
from ectoderm during development while the gut was derived from endo-
derm (Fig. 4.2). The spaces between the integument and gut filled with cells
derived from mesoderm. In pseudocoelomate animals such as nematodes, a
fluid-filled space known as the pseudocoelom forms around the gut during
development (Fig. 4.3). In coelomates, both the ectoderm and the endoderm
are lined with mesoderm. A fluid-filled space termed coelom surrounds the
gut which is also lined with mesoderm (Fig. 4.4). In animals, such as ver-
tebrates, that have a closed circulatory system, another fluid compartment,
the blood, exists that is distinct from the interstitial and coelomic fluids.
Despite these complex and highly variable body plans, the osmotic conse-
quences of multicellular body plans are rather simple. In all multicellular
animals possessing an integument and various types of internal compart-
ments, the intracellular compartment is always isosmotic to the extracellu-
lar fluid in which it is bathed. From an osmotic point of view, therefore, it is
apparent that in order to protect and regulate cellular function, regulation
of the extracellular fluids of multicellular animals is critical.

Let us examine the consequences of these facts by using the example of
a marine flatworm. Even in animals as morphologically simple as a flat-
worm, the cells of the body are bathed by body fluids which reside inside
the integument. Imagine now that the flatworm finds itself in a tide pool
into which rain falls for a short period of time, diluting slightly the water
in which the flatworm resides. As the dilute rain mixes into the tide pool,
the activity of water in the pool will rise and water will move osmotically

Flatworm
Ectoderm

Endoderm

Fig. 4.2. A cross section of a flatworm showing the organization of internal compartments and
cell layers.
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across the integument of the flatworm and into the flatworm’s body fluids.
It is important to realize that this change in osmotic concentration will
extend throughout the body of the animal and into all of the tissues in the
body. Water will diffuse down its activity gradient until all of the osmotic

Nematode

Ectoderm

Mesoderm

Endoderm

Pseudocoelom

Fig. 4.3. A cross section of a nematode showing the organization of internal compartments and
cell layers.

Mollusk
Ectoderm Mesoderm

Coelom

Endoderm

Fig. 4.4. A cross section of a mollusk showing the organization of internal compartments and
cell layers.
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gradients across membranes come into equilibrium. An additional effect
will be that the flatworm’s body volume will increase.

Let us consider a different animal with different physiological capaci-
ties, namely, a goldfish living permanently in dilute water. As we will dis-
cuss further in Chapter 8, the fish maintains an osmotic concentration in its
body fluids that is well above that of dilute, freshwater. As a result, water
moves osmotically across the integument and into the blood of the fish. All
of the internal fluid compartments, whether they be blood, interstitial fluid,
coelomic fluid, or cytoplasm, are isosmotic with one another. Therefore, if
the fish allows its blood to become dilute, then this would affect every cell
in its body. Rather than allowing this to happen the fish uses its kidneys
to produce dilute urine, thereby reducing the osmotic concentration of the
blood (see Chapter 8 for more details). By regulating the osmotic concentra-
tion of the blood, the kidneys regulate the osmotic concentration of all of
the fluid compartments in the body. The internal environment is entirely at
the mercy of the osmotic concentration of the extracellular fluids.

4.2 Volume regulation

We have seen in the above examples that the osmotic entry of water into a
fluid compartment alters the osmotic concentration of that compartment. It
has the added effect of changing the volume of that compartment. Similarly,
water moving out of a compartment reduces the volume of that compart-
ment. We normally do not worry about the volume effects of ions moving,
except in the context of the effect of those ions on further water movements.
The reason for this can be appreciated if we consider the makeup of physio-
logically relevant solutions.

As we will see in subsequent chapters, the internal body fluids of terres-
trial and freshwater animals have an osmotic concentration of around 300
mOsm. This is equivalent to the osmotic activity of 0.3 moles of osmotically
active solute per kilogram of water. The molecular weight of water is 18 Da
and the weight of 1 mole of water is therefore 18 g. As shown Eqn 4.1, 1 kg
of water therefore contains 55.56 moles of water.

1000 g of water

18 g of water/mole

= 55.56 moles 4.1

Using this information, we can see that in 1 liter of a solution with an
osmotic concentration of 300 mOsm, there are 55.56 moles of water and 0.3
moles of solute. Therefore, there are 185.2 water molecules for every solute
molecule present.
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55.56 moles of water/0.3 moles of solute = 185.2 moles/mole 4.2

The movement of one solute molecule across a membrane that is at
osmotic equilibrium in the body of these animals would cause the move-
ment of 185 water molecules to restore osmotic equilibrium. The movement
of ions, therefore, has a direct effect on volume regulation and fluid trans-
port, but only because it so profoundly affects the distribution of water.

Changes in osmotic concentration and volume can have both deleterious
physiological effects, yet the two problems often require slightly different
mechanisms to correct. Let us examine a specific example to understand
this point. Consider osmotic and volume regulation in a mammal. If the
mammal suffers a serious injury, blood is lost until such time as the blood
clots and the wound can be sealed to avoid further fluid loss. At that
point, the osmotic concentration of the extracellular fluids would be largely
unchanged but the volume of the extracellular fluids and, particularly,
the blood would be reduced below the normal physiologically regulated
value. The challenge for this animal is to restore the lost blood volume
while maintaining appropriate osmotic regulation. As we described above,
the volume in physiological solutions is largely water. The animal could
replace this volume by drinking water. As this water moves across the gut
and into the blood, however, it would upset osmotic homeostasis by dilut-
ing the blood. This added water would have to be removed by the kidneys
to restore the proper blood osmotic concentration. The result would be no
change in blood volume.

Alternatively, the animal might seek to replace the blood volume by
ingesting salt (NaCl). As this salt moves across the gut, it would raise the
osmotic concentration of the blood, drawing water from the intracellular
compartment. This would transiently raise blood volume, but again, homeo-
static osmotic controls would induce the kidneys to remove salts through
the production of concentrated urine. As the urine can never be made as
concentrated as a pure salt, the ingestion of salt would actually lead to a
net reduction of blood volume by the time the proper osmotic concentration
has been restored. We can see that in these examples, osmotic and volume
regulation can work at cross purposes.

To replace the blood volume lost, the mammal must obtain both salts
and water in order to produce a fluid of the appropriate osmotic compos-
ition. This requires both the acquisition of the appropriate compounds and
their appropriate regulation by the excretory organs. I mention this to make
the point clear that both osmotic and volume regulations are vital issues
for animals. The challenge from the physiological point of view is that the
solutions to one of these regulatory challenges may at times interfere with
the regulation of the other.
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Table 4.1. Examples of major compatible organic osmolytes in animal groups

Mollusks Betaine, taurine, glycine
Elasmobranchs Urea, trimethylamine oxide
Annelids Sorbitol, betaine, taurine, glycine,
Insects Proline, trehalose

4.3 Compatible solutes

By competing for hydrogen bonds that hold the protein in its active con-
figuration, highly charged compounds can inactivate (denature) enzymes
and structural proteins. There are classes of solutes, however, that interact
with proteins in a manner such that they stabilize proteins in the active
configuration. Such solutes are termed “compatible solutes.” Table 4.1 is a
list of compatible solutes and the organisms from which these molecules
have been identified and isolated. It can be seen that amino acids lead the
list. In addition, a number of sugars and sugar alcohols can serve as com-
patible solutes.

Compatible solutes serve two purposes in the cells of euryhaline animals.
One purpose is that their presence helps to promote and protect the appro-
priate configuration of proteins. They serve this purpose even if the proteins
are subjected to slight stresses due to changes in temperature, pH, or salin-
ity. The second purpose served by compatible solutes is that they can be var-
ied in concentration with little effect on protein structure. In those animals
that experience substantial changes in cellular osmotic concentration (see
osmoconformers in Chapter 5), the cells can vary the concentration of com-
patible solutes as a means of regulating cell volume. Although changes in
noncompatible solutes would affect protein function, changes in compatible
solute concentration is relatively benign in its effects on protein structure
and function. When we examine the cells of euryhaline osmoconformers,
therefore, we find that their cells are rich in compatible solutes. The concen-
tration of these solutes can be modified up or down to regulate cell volume
while simultaneously retaining appropriate protein structure and function.
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5 Osmoconformers

5.1 Introduction

In the marine environment, the vast majority of organisms are osmocon-
formers. That means that their extracellular fluid conforms to (is isosmotic
with) the surrounding seawater and no mechanism exists for maintain-
ing osmotic gradients relative to that medium. As discussed in Chapter 4,
because the cells of all organisms are also isosmotic with the extracellu-
lar fluid surrounding them, this means that in osmoconformers, the entire
organism is subject to the vagaries of the external environment.

It behooves us, therefore, to determine just how variable the marine envir-
onment is, and to learn a bit more about the osmotic and ionic concentrations
of seawater. The open ocean is actually surprisingly constant in terms of its
osmotic and ionic makeup. The open Pacific Ocean has an average salinity
of 35 ppt. This means that if you took 1000 g (close to 1 liter) of seawater
from the open Pacific Ocean and evaporated all of the water from that, you
would be left with 35 g of salts. Table 5.1 shows the concentration of other
regions in oceans. It can be seen that the open oceans are well mixed at their
surfaces. A few areas of the oceans that are somewhat more isolated from
mixing currents can vary from the norm. This includes enclosed regions
in warm, dry climates such as the Red Sea, and enclosed basins in cold
climates with multiple inflowing rivers, such as the Baltic Sea.

Although the total osmotic concentration of the oceans can vary, the ionic
ratios in these various bodies do not vary at all. In other words, although
the Baltic Ocean may have an osmotic concentration one-half that of the
open Atlantic Ocean, the ratios of sodium to chloride will be identical in
both oceans. The regions in the ocean that are more concentrated, or less
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Table 5.1. The salinity of ocean waters

Geographic region Salinity (ppt)
Open Pacific Ocean 33-37

Open Atlantic Ocean (20° North) 36

Open Atlantic Ocean (60° North) 31

Arabian Sea (relatively open body in an arid region) 37

Red Sea (relatively isolated body in an arid region) 40

Pacific Ocean (near Alaskan coast) 24-32
Puget Sound (relatively open body near the mouth of large rivers) 21-27

Baltic Sea (relatively isolated body in a cold, well-watered region) 5-15

so, vary only by the amount of water diluting the ions. The ratios of all the
constituents remain constant. As a result, marine organisms may have to
adjust to slight variations in the total osmotic concentration of the external
medium, but the ions present and the ratios of these ions are totally invariant
in the marine habitats.

5.2 Marine invertebrates

5.2.1 Echinoderms

A useful place to start our discussion on osmoconformers is with the
Echinoderms, for example, the sea stars. Sea stars are restricted to stable,
marine environments. These animals not only have an extracellular fluid
which is isosmotic to seawater, but also their extracellular fluid is seawater.
Echinoderms have a sieve-like plate (termed madreporite) on their exter-
nal surface which serves as a filter. Fluid can flow in and out between
the extracellular compartment and the seawater through this plate. As a
result, the internal fluid of these animals is identical to seawater in every
aspect, with the exception that large particles and organisms, such as bac-
teria, protozoa, and larvae, are excluded. The cells are, therefore, bathed in
a NaCl-rich fluid, which varies very little from day to day and indeed from
century to century as long as the sea stars are bathed by water from the
open ocean. Sea stars expend no energy on the regulation of the ionic and
osmotic makeup of the extracellular fluids as these properties are main-
tained by the mixing properties and stability of the vast oceans.

Seawater is ideal as an extracellular fluid. It is rich in sodium and rela-
tively low in potassium. Such an ionic mix is required in the extracellular
fluid for the proper functioning of action potentials in nerves and muscles.
Seawater is highly stable in osmotic concentration so the cell volume is
not constantly challenged by osmotic shifts. It contains a mix of minerals
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Table 5.2. Elements in seawater (data from Weast
and Astle, 1980)

Element Concentration in parts
per million
Chloride 18,980
Sodium 10,561
Magnesium 1,272
Sulfur 884
Calcium 400
Potassium 380
Bromide 65
Aluminum 2
Fluoride 1.4
Nitrogen 0.05
Phosphorus 0.01
lodine 0.05
Iron 0.02
Zinc 0.005
Copper 0.09
Manganese 0.01

necessary for proper cellular function such as calcium, magnesium, iodine,
and phosphorus. Table 5.2 shows the extraordinary diversity of vital min-
erals and nutrients contained in seawater.

Most scientists believe that life first evolved in the oceans (an alterna-
tive theory evokes hot springs). Seawater was unquestionably, however,
the external medium in which the early eukaryotes evolved. It is a tautol-
ogy, therefore, to argue that seawater is a good external milieu for living
organisms. The eukaryotes evolved with seawater as the external medium
and natural selection weeded out organisms not suited to such an envir-
onment. As a result, animals possess cellular processes that function well
and indeed generally require a sodium-rich extracellular fluid resembling
seawater with regard to a number of key parameters.

Seawater, however, is totally inappropriate as an intracellular fluid. Proper
functioning of the action potential requires a strong gradient for sodium
across the plasma membrane of excitable cells. If seawater were present as
both the extracellular and the intracellular fluid, then nerves and muscles
could not function. In addition, most intracellular proteins are denatured
by the high sodium concentration of seawater. Instead, intracellular proteins
require high levels of potassium and low levels of sodium and calcium. For
these reasons, the intracellular milieu in animals, including osmoconform-
ers, is ionically very distinct from seawater (see Table 5.3). The cells must
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Table 5.3. The principal ions in seawater (data from Potts and Parry, 1964) and in the
muscle of the squid Sepia officinalis (data from Potts and Parry, 1964; Robertson, 1965)

lon Concentration in seawater Concentration in the
(mmol/kg) cytoplasm (mmol/kg)

Sodium 478 31

Magnesium 55 19

Calcium 1" 2

Potassium 10 189

Chloride 558 45

Sulfate 28 2

Bicarbonate 2 Variable

Some of the elements in the cytoplasm may not be fully ionized.

expend substantial amounts of energy constantly pumping ions into and
out of the cells to maintain the necessary elemental distinction between
extracellular fluid and intracellular fluid (see Chapter 9 for more detail on
ion transport).

While I am emphasizing here the fact that the intracellular fluid is ion-
ically quite distinct from the extracellular one, I also wish to remind the
reader that the osmotic concentration of the cytoplasm is identical to that of
the extracellular fluid. Therefore, the cell cytoplasm will differ substantially
in ionic makeup from seawater, but the total osmotic concentrations of the
two compartments remain always equal.

It is not sufficient for the sea star to regulate the intracellular milieu
by substituting potassium and bicarbonate for sodium and chloride. The
cell interior is rich in organic compounds required by the cells for proper
function. These include sugars, amino acids, and nucleotides. These are all
small, highly soluble compounds with high osmotic activity. In addition,
the cell interior contains a myriad of proteins in the form of enzymes, cell
regulators, structural proteins, and cofactors. These also contribute substan-
tially to the osmotic concentration of the intracellular fluid. Because (1) the
intracellular fluid is rich in organic compounds, (2) the extracellular fluid
is low in organic compounds, and (3) the two compartments must be equal
in total osmotic concentration, it follows that the total ionic concentration of
the intracellular fluid is lower than that of the extracellular fluid. Although
the activity of water in the intracellular and extracellular compartments is
equal, the intracellular compartment differs in that the ions present are dif-
ferent, the total ionic strength is lower, and the contribution of organic com-
pounds to the total solute concentration is much greater (see Table 5.3).

The intracellular fluid in sea stars is rich in organic molecules. In addition
to the proteins and carbohydrates required for intermediary metabolism, the
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cells of sea stars accumulate relatively high concentrations of amino acids.
These small organic molecules occur in low concentrations in seawater and
many marine organisms can accumulate them through active uptake (see
Chapter 9). In addition, ingested proteins can be broken down into their
constituent amino acids providing an abundant source of small osmotically
active molecules. For example, an average mid-sized protein might have a
molecular weight of 100,000 Da. In fact, this protein would have the osmotic
activity of a single molecule. If it were broken down into its constituent
amino acids, then the osmotic activity associated with this material would
increase substantially. Amino acids have an average molecular weight of
about 100 Da, so splitting the protein into single amino acids would pro-
vide 1000 small molecules. As a result, the osmotic activity associated with
this organic material would increase 1000-fold. It is clear, therefore, that
cells can decrease their cytoplasmic osmotic activity substantially through
protein synthesis, thereby reducing free amino acids, or increase osmotic
concentration through protein degradation, which serves to increase free
amino acid levels.

In sea stars, the extracellular fluid is filtered seawater and, as a result,
they are totally dependent on the external medium for osmotic regulation.
Nonetheless, the intracellular fluid differs substantially from seawater in its
ionic makeup. The intracellular fluid is rich in potassium, bicarbonate, and
magnesium while the extracellular fluid is high in sodium and chloride. In
addition, abundant organic molecules contribute to the internal intracellular
osmotic concentration, including proteins, amino acids, and organic acids.
Sea stars are considered to be stenohaline. Their cells will die if the total
osmotic concentration varies very much from that of the open ocean. If you
go to tide pools along the ocean shore, you will find sea stars exposed to
the air only during the lowest tide. They do not venture far up into the
high intertidal where they might, on the one hand, be exposed to dry air
for extended periods, or equally deadly, to diluting rain. If a sea star does
become dislodged by the waves to be swept up on shore, then it very often
dies due to the inability to osmoregulate. Sea stars and many other marine
organisms are tied to and dependent on the stabile, nurturing constancy of
the oceans.

5.2.2 Mussels

Marine mollusks breathe by means of gills. In order to facilitate rapid gas
exchange, gills must be thin-walled and filamentous. The gills of mollusks
are covered with thin epithelial cells and the blood is transported into each
gill filament in branchial blood vessels (Figs. 5.1 and 5.2). The shell of the
mussel is covered by a thin delicate mantel as well. Mollusks, therefore,
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Frontal

Sublateral

Abfrontal

Fig. 5.1. A diagrammatic representation of a cross section of the gill of a marine mollusk. The
figure-like extensions on the frontal and abfrontal cells are cilia that beat and move water over
the gill. afc, abfrontal cilia; bv, blood vessel; ch, conchiolin, a compound that stiffens the gill;
fc, frontal cilia; Ifc, laterofrontal cilia; Ic, lateral cilia. Scale bar = 50 pm. (Adapted from Wright
etal., 1987.)

Fig. 5.2. An electron micrograph showing a cross
section of the gill of Mytilus californianus. The view
is identical to that shown within the box in Fig. 5.1.
bv, blood vessel; ch, conchiolin; e, endothelial cell;
g, goblet cell; Ifc, laterofrontal cilia; Ic, lateral cilia;
mv, microvilli. Scale bar = 20 ym. (Adapted from
Wright et al., 1987.)
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have a large surface to volume ratio and delicate, thin epithelia in intimate
contact with their aqueous environment. As a result, marine mollusks are
by necessity osmoconformers.

In contrast to sea stars, which are stenohaline, mussels are euryhaline,
by which we mean that they can survive in a broad range of salinities. If
you go to harbors in the mouth of rivers, you will find abundant clusters
of mussels coating the piers, rocks, and shores. The mussels can survive
extended exposure to air during low tide. They also rapidly resume feed-
ing when the tide comes back in. Finally, and most critically, they can also
survive and feed if heavy rains swell the river filing the harbor with more
dilute water. How are mussels able to survive in these variable environ-
ments given their requirement to osmoconform?

In part, mussels survive in diverse osmotic environments by closing their
shells tightly during times of adverse environmental conditions. This is
quite evident when you buy mussels at the fish market. Every living mus-
sel is tightly shut, awaiting better environmental conditions. It is important
that mussels can seal themselves off from dry environments as mussels
have little capacity for maintaining an osmotic gradient between the exter-
nal environment and their extracellular fluid.

In addition to simply isolating themselves from adverse conditions, mus-
sels possess biochemical and physiological mechanisms that allow the cells
throughout the body to survive while covarying with the changing external
osmotic concentrations. In seawater, the cells of mussels are similar to those
of sea stars. They contain high concentrations of potassium, proteins, and
amino acids. A substantial portion of these solutes are compatible osmolytes
that serve to protect the structural integrity of the proteins at high osmotic
concentrations. Unlike the sea stars, however, mussels can survive in salini-
ties as high as seawater and as low as one-third strength seawater. Let us
examine the processes that allow such a broad range of salinity tolerance.

In full strength seawater, the cells of the mussels have an osmotic con-
centration equal to that of seawater, about 1000 mOsm. This high osmotic
concentration in the cells is achieved by the accumulation of potassium,
protein, organic acids, and amino acids. Now consider the consequences
for these mussels, living in seawater, when the tide swings toward low
tide and water begins to recede from the mouth of the river. Freshwater
moves down from the river to partially replace the seawater. As a result,
the salinity around the mussel begins to drop. Under these circumstances
the activity of water in the external medium is increasing. Water will,
therefore, flow by osmosis into the mussel’s blood and into the cells. This
would produce a crisis for the mussel involving both cell volume regula-
tion and cell osmotic regulation. To regulate cell volume, the mussel cells
must reduce the number of solute molecules present in the cytoplasm. This
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is achieved in two ways. The first mechanism is to transport solutes out.
This is achieved in the form of outward transport of potassium and amino
acids. In response to the cell swelling, volume-sensitive channels open in
the plasma membranes of the cells, allowing potassium and amino acids to
leak down their concentration gradients (see Chapter 11). Physiologists have
measured immediate increases in the concentrations of amino acids (partic-
ularly aspartate and taurine) circulating in the blood of mussels following
down transfer to more dilute waters. These solutes derive from the cells.
The cells must “dump” these solutes as a way of regulating cell volume. If
they did not, the cells would rapidly swell and burst. A second mechanism
for reducing the quantity of internal solutes consists of the synthesis of pro-
teins from free amino acids in the cell. By combining individual free amino
acids into a single large protein molecule, the number of osmotically active
molecules in the cell is greatly reduced.

Cell volume regulation in mussels can therefore be achieved by tying the
transport of solutes and the synthesis of proteins to cell volume measure-
ments. The precise mechanisms by which this is controlled are still under
investigation. Suffice it to say that the control of solute retention in each cell
is influenced by stretch receptors in the cell membranes that provide the
cell with information about the degree of tension on the cell membranes
occurring due to changes in cell volume.

To understand more fully the challenges that cells face with changes in
external salinity, let us consider the following scenario. Imagine a mussel in
full strength seawater suddenly being faced with a rapid transition to one-
half strength seawater. This would be a substantial change, but one faced
by many estuarine animals. If no solute regulation occurred, water would
flow by osmosis into the cell until the cell reaches twice its original volume.
At that point, the internal and external osmotic concentrations would be
identical and net water flow would cease. Most cells cannot survive this
level of volume increase. It is clear, therefore, that the task facing the cell is
not simply to adjust the osmotic concentration of its cytoplasm, but rather to
adjust the total number of osmotically active solute molecules in the cyto-
plasm. In other words, to maintain homeostasis with regard to cell volume,
the cell must reduce the number of osmotically active solute molecules. If
the cell carries out these tasks and reduces the number of active solute mol-
ecules to one-half the previous number, the cell volume will return to the
same volume it was previously. The osmotic concentration of the cytoplasm
will be reduced to one-half its previous value. It can be seen, therefore, that
the cells of estuarine mollusks are not regulating cytoplasmic osmotic con-
centration, in fact that varies enormously in concert with the environment.
Instead, they are regulating cell volume very closely, and they do this by
regulating the number of active solute molecule in the cell.
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If we return to the problem of adjusting to a medium of one-half strength
seawater, the cytoplasm of the cells contains abundant carbohydrates and
organic acids necessary for cellular function and metabolism. The solutes
that the cell gets rid of, either through macromolecular synthesis or leakage
from the cytoplasm, must therefore be “extraneous” molecules not directly
necessary for cellular function. It follows that in higher salinities, the cells of
mussels contain abundant molecules that are present largely for reasons of
volume regulation. These “extraneous” solutes are largely compatible solutes
as defined in Chapter 4. Upon, dilution of the medium, these solutes can be
rapidly jettisoned to restore cell volume and preserve cellular integrity.

5.2.3 Marine crabs

Marine crabs also respire by means of gills. As the gills possess thin, per-
meable epithelia that must remain in contact with the external aqueous
medium, most marine crabs are osmoconformers. The hemolymph of these
crabs has the same osmotic concentration as the external medium but the
ionic makeup can sometimes differ considerably. In particular, the magne-
sium and sulfate concentrations in the hemolymph are often lower than
that of seawater. In all species examined to date, the intracellular milieu of
crabs contains high concentrations of compatible organic solutes. We have
already discussed the important role that these solutes play in protecting
metabolic function in the cytoplasm under both high and variable salinity
conditions.

Some crabs are stenohaline, meaning that they cannot withstand sub-
stantial reductions in salinity. Other species are euryhaline osmoconform-
ers, meaning that they osmoconform, but can withstand substantial changes
in the external salinity. Cancer gracilis is an example of such a species. This
species can survive in estuarine environments where the salinity of the
surrounding water is somewhat depressed by freshwater flowing off the
land. Cancer cannot survive indefinitely but, for example, at concentrations
around 50% seawater the crabs can survive on average about 30 hr. This
may not seem adequate for surviving in such environments as the whole
population might be extirpated after a few days at this salinity. Remember,
however, that the estuarine environment is subjected to twice-daily high
and low tides. The crabs only have to be able to survive for 5-6 hours
at low salinity before the next high tide would bring increasingly saline
water back into their environment. By linking organic solute and potassium
efflux to stretch receptors in the cell membranes crabs can, similar to other
marine invertebrates, allow the osmotic concentration of the body fluids to
reflect the changing external environment while constantly regulating and
adjusting cell volume and blood volume.
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5.2.4 Insects

A few species of insects can survive in saline water using osmoconforma-
tion as their osmotic strategy. These include a species of caddis fly and
a number of mosquito species. Mosquito larvae in the genera Culex and
Culiseta osmoconform in all media that are more concentrated than 30%
seawater. In media ranging from about 300 mOsm to 1000 mOsm, the
osmotic concentration of the hemolymph exactly matches that of the exter-
nal medium. In media more dilute than 300 mOsm, the larvae osmoregu-
late in a manner identical to freshwater species.

When larvae of osmoconforming mosquito species are reared in concen-
trated media, the hemolymph contains high levels of amino acids, particu-
larly proline and serine. The hemolymph also contained unusually high
levels of the disaccharide sugar trehalose. The larvae are able to synthesize
these compatible solutes in their cells and accumulate them in the hemo-
lymph. In this manner, they raise the osmotic concentration of the hemo-
lymph to a level equal to that of the external medium.

The cells of these osmoconforming larvae have a cytoplasmic osmotic con-
centration equal to the hemolymph and thus to the medium. Physiologists
were interested in determining the intracellular osmolytes employed by
these species. They found that trehalose, the common blood sugar of insects,
was not found in the cells in measurable amounts. This sugar, which is an
excellent compatible solute, is apparently strictly extracellular. Proline, how-
ever, was found in high concentrations inside the cells as well as in the
hemolymph. This is an interesting example of a compatible osmolyte being
used both intracellularly and extracellularly in an animal.

There is an important difference between the osmotic strategy of osmo-
conforming insects and those of osmoconforming marine invertebrates
such as mussels and crabs. The marine invertebrates allow their blood or
hemolymph to come into ionic equilibrium with the seawater, regardless of
its strength. As a result, although the fluid surrounding the cell is variable
in osmotic concentration it is reliably always rich in sodium and chloride.
Insects are frequently found in inland or coastal saline waters in which the
ionic ratios can be quite variable due to freshwater runoff or mineral input
from the soil. These insects have evolved a strategy that involves allowing
the hemolymph to osmoconform, but the osmolytes are organic solutes pro-
duced by the insect itself. This strategy allows the insects to take advantage
of the energy savings inherent in osmoconformation without permitting
the external ions entry into the body. Similar to marine invertebrates, the
intracellular compartment of osmoconforming insects contains amino acids,
as these have neutral or even beneficial effects on protein and membrane
structure.
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5.3 Osmoconforming chordates

Most chordates are osmoregulators, meaning that they expend metabolic
energy to retain body fluids that differ substantially from the external
environment and are stable. A few chordates are osmoconformers. We will
review them here and examine the physiological processes employed by
these animals.

5.3.1 Hagfish

Hagfish are osmoconformers. They are found exclusively in marine waters
and their blood, and therefore their tissues as well, is isosmotic with the
medium. The ionic makeup of their blood differs a bit from seawater, how-
ever, being lower in the concentrations of the divalent ions Ca?*, Mg?**, and
SOz™. Their blood is not particularly rich in organic compounds. It follows
that the monovalent ions, particularly Na® and CI, are somewhat elevated
compared with the external seawater.

The advantages of osmoconformation are largely energetic. Because they
are isosmotic to the external environment, hagfish do not experience large
fluxes of water across the body wall. Compared to the vertebrates described
in subsequent chapters, they expend little energy on ion transport or the
movement of large volumes of water into the urine. The disadvantages of
osmoconformation are that the tissues are subjected to any variabilities in
osmotic concentration that occur in the external medium. As hagfish occur
strictly in the open ocean, this poses little danger to them.

The cytoplasm of hagfish is enriched in potassium and organic solutes,
including amino acids, in a manner similar to that of the invertebrates
described above. They are stenohaline and have little capacity for adapting
to dilutions of the medium.

5.3.2 Sharks and skates

Marine sharks and skates osmoconform. Their blood is isosmotic with the
surroundings. As a result, the osmotic movement of water across the integu-
ment, including the gills, of shark and skates is minimal. Sharks and skates,
therefore, do not drink the medium to maintain body volume. The flux of
ions is also small and is restricted to the ions that diffuse across the gills
or are contained in the seawater ingested with the meals.

Although the blood of sharks and skates is isosmotic to the surround-
ing seawater, the ionic concentrations of the blood differ substantially from
those in the external medium. Whereas the sodium and chloride concentra-
tions in seawater are 460 and 540 mM, respectively, the concentrations in
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marine sharks and skates are around 250 mM for each ion. It is clear that
other solutes must be present to produce the remaining osmotic activity.
The blood of sharks and skates contains high levels of urea (see Fig. 5.3), a
nitrogenous waste produced during the catabolism of proteins. The concen-
tration of urea can be as high as 370 mM. Being a highly soluble compound,
urea contributes substantially to the osmotic activity of the blood. Urea is,
therefore, an ideal solute for raising the osmotic concentration of the blood
as it is cheap to produce (being a waste by-product) and of low molecular
weight. The problem is that urea is a strong denaturing agent for proteins.
In this sense, urea cannot really be considered a compatible solute, as it does
not protect protein function. The solution to this physiological conundrum
is the presence of a second organic compound, trimethylamine N-oxide
(TMO), in blood of sharks and skates (Fig. 5.4). This compound serves to
counter the effects of urea. The concentrations of urea alone would be toxic
to sharks and skates were it not for the simultaneous presence of TMO.

Urea and TMO together represent a substantial portion of the osmotic
activity both intracellularly and extracellularly in sharks and skates. The
presence of these two organic compounds varies with the salinity of the
external medium, allowing the ionic makeup of the blood and cytoplasmic
compartment to be well regulated. As urea by itself is toxic, the term com-
patible solute seems inappropriate for this osmolyte. Yancey and Somero
(1979) proposed the term counteracting solutes for pairs of solutes which
together are benign but where one of the solutes alone would have deleteri-
ous effect on protein and membrane structure.
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Fig. 5.3. The structure of urea.
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Fig. 5.4. The structure of trimethylamine N-oxide.
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5.3.3 Crab-eating frog

One last vertebrate deserves mention as an osmoconformer. While most
amphibians are restricted to freshwater and are hyper-regulators (see
Chapter 7), one species of frog can be found in coastal marine habitats.
This species is the crab-eating frog, Rana cancrivora. This frog cannot sur-
vive indefinitely in full strength seawater, but it is able to exploit estuarine
environments with salinities well above those that would kill other amphib-
ians. The frog forages into estuarine and intertidal waters, feeding on the
invertebrates that are abundant there, including the crabs that give it its
name. Frogs maintained in brackish waters have ion concentrations in their
blood that are normal for an amphibian (Na* concentration = 250 mM,
Cl™ concentration = 230 mM). The blood, however, is isosmotic with the
medium with urea contributing a substantial portion of the additional
osmotic activity. As the frogs move through the environment, experiencing
changing osmotic conditions, water moves into and out of the body across
the permeable skin in response to the osmotic gradient. The frogs are able
to achieve volume regulation and maintain stable ionic concentrations in
the body fluids by regulating the rate at which urea is either retained in,
or excreted from, the body.
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6 Hyporegulators

6.1 Introduction

As described in the previous chapter, the vast majority of marine animals,
both in terms of the number of individuals and the number of species, are
osmoconformers. This is a logical strategy for dealing with the marine envir-
onment as it equilibrates the activity of water inside and outside, thereby
eliminating any substantial expenditures for water regulation. Yet a number
of animal groups thrive in saline waters without being osmoconformers.
These animals are all hyporegulators. They regulate the internal concen-
tration of solutes at a level lower than the external medium. This chapter
describes the physiological mechanisms employed by these animals.

6.2 General principles

Hyporegulators, by definition, maintain the osmotic concentration of their
body fluids at a concentration below that of the external medium. Because
the activity of water in the body is higher than that of the medium, the
animals tend to lose water to the medium by osmosis. If this effect were
not mitigated, the animals would lose water and thus body volume indefi-
nitely. This problem could be alleviated if the animals had access to fresh
water or to food that is lower in osmotic concentration than that of their
body fluids. For most marine hyporegulators, these two solutions are not
constantly available. Therefore, animals must drink the seawater to replace
losses in their body volume. The animals replace the water that they have
lost by drinking seawater, with the obvious drawback that it contains abun-
dant salts, particularly sodium chloride. Hyporegulators, therefore, almost

72
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uniformly have some mechanism for producing and secreting a hyperos-
motic fluid. The mechanisms by which these hyperosmotic secretions are
formed, and the anatomical locations of their formation will be the major
topics in this chapter.

6.3 Marine teleosts

Teleosts are the bony fishes. These terms are used to distinguish this clade
of fishes from other vertebrates such as sharks and rays that have largely
cartilaginous skeletal elements. The teleosts are an extremely successful
group of animals. It is estimated that there are more than 20,000 species of
marine teleosts.

Marine fish maintain an internal osmotic concentration of around
250-300 mOsm. They regulate this internal concentration very closely and
as the external osmotic concentration of the ocean is about 1000 mOsm,
marine fish qualify as strict hyporegulators. The first issue we should con-
sider is the strong osmotic gradient that this mode of regulation imposes
across the integument of the fish. The skin of marine teleost is relatively
impermeable. The skin is covered with dead epidermal cells that contain
abundant keratin fibers. The multiple layers of cell membranes and mats of
protein fibers impede diffusive pathways and reduce osmotic flow across
the skin. It is worth mentioning that damage to the skin of marine fish due
to wounds, abrasions, or infections imposes a substantial osmotic load on
the fish and is therefore a serious physiological issue.

The gills of fish consist of numerous thin gill filaments stiffened by car-
tilaginous rods running along their length (see Fig. 6.1 and Fig. 7.1 in the
following chapter). When the fish respires, it draws water into the mouth,
referred to as the buccal cavity. Following inspiration, the mouth is closed
and positive pressure is exerted by the hyoid muscle to force water across
the gill filaments and into the opercular cavity. From there the water flows
out through the opercular openings, returning to the external medium.

Naturally, a critical role for this flow of water is the facilitation of the
exchange of respiratory gases across the surface of the gills, the respiratory
epithelium of the fish. The exchange of oxygen and the gaseous form of car-
bon dioxide across the gill epithelium is passive. Oxygen must diffuse across
the gill epithelium, across the extracellular space, across the capillary wall,
and into the blood. Carbon dioxide must passively diffuse along this same
path in the opposite direction. Efficient transfer of these gases, therefore,
necessitates that the gill epithelium be very thin. In addition, the flow of
oxygen would be severely reduced if extensive connective tissue, keratinized
structures, or scales were present on the gill surface. The cellular architecture
of the gills is, therefore, organized along very different lines from the skin.
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Fig. 6.1. Anillustration of the pathway of water through the mouth and opercular chamber of
fish. (Adapted from Schmidt-Nielsen, 1994.)

The thin epithelium covering the gills also is the major site of osmotic
water loss from the body of marine fish. The necessity of having a reposi-
tory surface that is highly permeable places an osmotic burden on the fish,
given its hypo-osmotic condition relative to ocean water. The water lost
across the gill is essentially pure water. As the gill membranes are rela-
tively impermeable to ions, water can move out of the body across the gill
epithelial cells and down its activity gradient, but ions move very slowly, if
at all, down their activity gradient, which is directed inward.

The osmotically driven loss of water from marine fish would eventually
be lethal if not countered. Loss of water without associated ions increases
the osmotic concentration of the blood and cells, as well as reducing blood
and extracellular fluid volume. The only means available to marine fish for
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replacing this water is drinking the external medium. The problem is that
the seawater the fish must drink is contaminated with salts. In fact, as the
seawater is more concentrated than the blood of the fish, the water they
drink actually draws water out of the blood and into the gut. At this point,
therefore, drinking seawater has led only to deleterious consequences.

As the ingested water enters the intestine of the fish, however, the ions
are transported across the epithelium and into the interstitial fluid, even-
tually entering the blood. As these ions move across the gut, the activity
gradient for water is modified and indeed reversed. By removing sodium,
chloride, magnesium, calcium, and sulfate from the seawater in the gut, the
fish moves the vast majority of the osmotically active solutes into that fluid.
The activity of water in the gut fluid rises sufficiently that the water moves
by osmosis across the intestinal epithelium and into the body fluids. At this
point the fish has restored its body and blood volume, but it is still facing
the problem of the excessive ionic load derived from the seawater.

The kidneys of most fish produce urine by filtering the blood through a
filtration apparatus referred to as the glomerulus. The filtration barriers in
the glomerulus filter out large, highly charged molecules such as proteins,
but allow other fluid components to pass into the urine. This original fil-
trate is termed primary urine. Primary urine mimics the blood composition
with regard to the small solutes present. It is rich in salts and small organic
molecules.

Some marine fish lack glomeruli, but still produce primary urine. They
do this by transporting ions, particularly magnesium, into the tubule lumen.
Salts and water follow, producing urine that is isosmotic to the blood and
rich in divalent ions.

To avoid eliminating the primary urine, which after all contains essential
nutrients, the proximal tubules of the fish kidney resorb sodium, chloride,
and organic compounds such as glucose and amino acids. The removal of
these solutes increases the activity of water in the urine, and water diffuses
osmotically across the proximal tubule cells and back into the blood. In
addition, the proximal tubule cells actively transport divalent ions across
the epithelium and into the urine. The result is urine which is isosmotic to
the blood, low in sodium and chloride, and high in calcium and magnesium
sulfate and bicarbonate. The urine is excreted in this form. Its excretion
serves to remove the divalent ions that the fish has obtained by drink-
ing seawater. The excretion of these solutes is very important in regulating
ions that have profound physiological effects on nerve and muscle func-
tions. However, the excretion of this urine does not solve the other osmotic
problem associated with the drinking of seawater, namely, the ingestion of
excessive amounts of sodium and chloride. Those problems are solved by
the gill epithelium.
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The epithelium covering the surface of the gills of fish is composed prin-
cipally of three cell types (Fig. 6.2). The most numerous of these cell types
are the pavement cells. As their name implies, pavement cells are thin and
flat, by which I mean it is a relatively short distance from their apical sur-
face to their basal surface. Similar to paving stones, the cells have interlock-
ing margins and cover the surface of the gills. The short distance from the
apical surface to the basal surface of the cells facilitates the rapid diffusion
of oxygen into the gill and carbon dioxide out. Interspersed between the
pavement cells are mucous cells that secrete mucous on to the surface of the
gills. This mucous serves to protect the gills, particularly from potentially
damaging particulate matter in the water stream, as well as from pathogens
that stick to the mucous and are then sloughed off. The third cell type is
the chloride cell, also sometimes called the mitochondria-rich cell. This cell
type is the major site of ion transport across the gills. The chloride cells
are much larger in their baso-apical axis. The cell contains numerous mito-
chondria. The basal membrane is greatly expanded in the form of folds and
tubes that extend deep into the cell almost to the apical surface.

The chloride cells of marine fish are the site of active outward transport
of sodium and chloride across the gill epithelium. Our current understand-
ing of the molecular processes involved in this transport are outlined in
Chapter 10. For our current discussion, it is sufficient to point out that the
transport of sodium and chloride across the chloride cells occurs rapidly,
the chloride cell has a sufficient low permeability to water, and that the

Fig. 6.2. There are three cell types in contact with the external fluid on the surface of fish gills.
These are the thin pavement cells (PC); chloride cells (CC), which in marine fish are the site of salt
excretion; and mucous cells (MC), which secrete protective mucous on to the gill surface.



Hyporegulators 77 ‘

transported fluid is hyperosmotic to both the blood and the seawater. The
chloride cells of the gill, therefore, serve as the site of sodium and chlor-
ide excretion, and of the transport of a hyperosmotic fluid. These activities
bring the fish back into osmotic homeostasis and allow the fish to maintain
an osmotic concentration well below that of the seawater.

6.4 Marine reptiles

Several reptilian families contain species that inhabit the marine and/or
estuarine waters. These include crocodiles, sea turtles, marine iguanas,
and marine snakes. The vertebrates evolved from a fish-like ancestor. They
have inherited and retained an osmotic concentration of their body fluids of
around 300-350 mOsm. Marine reptiles are therefore hyporegulators.

Reptiles differ from both fish and amphibians in that they respire exclu-
sively by means of lungs rather than gills or skin. As the lungs do not
come into contact with the seawater, reptiles are able to have a respiratory
epithelium that is thin and highly permeable to gases, but which does not
lose water directly to the seawater. The skin of reptiles is thick and highly
keratinized (see Chapter 9) for a further description of reptilian skin, char-
acteristics that greatly reduce permeability to water. Nonetheless, no epithe-
lium is entirely impermeable to water and marine reptiles still lose some
water through their integument to the seawater. Thinner epithelia covering
the mouth, nasal passages, and eyes are additional sites of osmotic water
loss to the surrounding seawater.

Despite the relative impermeability of the integument of reptiles com-
pared to fish and the isolation of the respiratory surface from contact
with the seawater, marine reptiles still face a substantial osmotic load. If
they feed on fish, they have food source with an osmotic concentration
(300 mOsm) isosmotic to their own blood. It is likely, however, that they
will ingest at least small quantities of seawater with the fish as they cap-
ture and eat them. Other food sources in the sea are osmoconformers as
described in Chapter 5 and eating them is osmotically, although not ion-
ically, equivalent to drinking seawater. (As the body fluids of osmocon-
formers contain substantial levels of organic solutes the ionic load is less
than that of equal volumes of seawater.) This poses problems, for example,
for crocodiles feeding on crabs, turtles feeding on jellyfish, or marine igua-
nas feeding on algae.

The reptilian kidney is incapable of producing urine more concentrated
than the blood. In all of the vertebrates with exception of a few aglomerular
fish, urine is produced by filtration in the glomerulus and modified in the
kidney tubules. The primary urine produced in the glomerulus is isosmotic
to the blood and thus markedly hypo-osmotic to seawater.
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Marine reptiles maintain osmotic homeostasis by excreting a hyper-
osmotic, sodium chloride-rich fluid from their bodies into the surround-
ing waters. This capacity is carried out by epithelia in the head region.
Crocodiles possess glands in the tongue that can secrete hyperosmotic
fluid. In sea turtles, this activity is carried out by the lacrimal (tear) glands
surrounding the eye. In marine iguanas, nasal glands are the site of active
salt transport.

The situation with marine snakes is a bit more uncertain. Sea snakes
also have skin of low permeability and breathe with lungs. Sea snakes feed
on fish and as a result face lower salt loads than animals feeding on osmo-
conformers. The relative importance of hyperosmotic fluid secretion in sea
snakes is still an unresolved issue for several families of marine snakes.

6.5 Marine birds

Similar to the reptiles from which they evolved, birds have skin that is highly
impermeable to water. That coupled with a layer of feathers makes the rate
of osmotic loss across the skin very low. Nonetheless, birds face hyperos-
motic stress due to the loss of water via the respiratory tract and, in the case
of marine birds, through the intake of hyperosmotic fluid when they drink
seawater. If birds feed on fish, they are ingesting food in which the body
fluids have an osmotic concentration of about 300 mOsm. If they are feeding
on invertebrates such as crustaceans, mollusks, or annelids, then the food
will have a concentration of about 1000 mOsm. Essentially all marine birds
must deal with hyperosmotic stress.

Bird kidneys are capable of producing urine hyperosmotic to the blood.
They do this using processes essentially identical to those of mammals,
namely, the concentration of the urine in the collecting duct through the
extraction of water into a hyperosmotic medulla of the kidney. A detailed
description of this mechanism is provided in Chapter 8 under terrestrial
mammals. For our purposes here, suffice it to say that the kidney of birds
can produce urine with an osmotic concentration of about 700 mOsm, which
is markedly hyperosmotic to the blood but still slightly hypo-osmotic to
seawater. The urine, therefore, contributes to osmotic regulation but cannot
fully achieve osmotic homeostasis on its own if the bird ingests seawater or
prey isosmotic to seawater.

Marine birds use nasal salt glands to remove the remaining salts and
maintain osmotic homeostasis. The glands actively transport sodium and
chloride through a relatively impermeable epithelium. The resulting fluid
is very concentrated, with an osmotic concentration that can be as high as
1300 mOsm (i.e, markedly hyperosmotic to seawater). It is worth noting
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Salt gland

Fig. 6.3. Marine birds possess a cephalic gland that
produces a hyperosmotic secretion. The fluid exits
the bird through the nares.

that the salt glands in birds and reptiles are all in the form of glands in
the head region.

The fluid secreted by the nasal glands exits the nares and flows out on to
the beak (Fig. 6.3). If you watch seagulls at the shore you will often see them
shake their heads to get rid of adhering drops of fluid on the bill. Those
droplets are normally the product of nasal salt glands. Marine birds near
land also avail themselves of inland sources of fresh water. By drinking at
these sites, the birds presumably can reduce the energy output required for
active ion transport in the nasal salt glands. Fresh water also seems to be a
preferred medium for feather preening the birds engage in.

6.6 Marine mammals

All mammals are strict osmoregulators with body fluids that are main-
tained around 250-300 mOsm. Mammals arose on the land from reptil-
ian ancestors. The mechanisms they employ for osmotic regulation were
shaped by the terrestrial environment (see Chapter 8). Several lineages of
mammals returned to the sea, including whales and dolphins, seals, otters,
manatees, etc. They took with them their inherent mammalian character-
istics and these were further shaped by the needs to meet their new envi-
ronment.

Mammals have thick, keratinized skin covered with fur. The skin is
relatively impermeable to water, a characteristic that aided mammals sub-
stantially in their evolved capacity to survive in the dry terrestrial environ-
ment. As a result, although marine mammals must survive in an aquatic
environment markedly hyperosmotic to the blood, they lose relatively little
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water across the skin. In addition, mammals, as opposed to fish and most
invertebrates, respire through lungs that come in contact only with the air;
therefore, they do not face the problem of water loss to the marine environ-
ment through thin, highly permeable respiratory surfaces. On this basis,
it might be argued that mammals face little osmotic stress in the marine
environment. This is not entirely true, as you yourself would know if you
were to fall overboard and drift at sea in tropical waters. In mammals, some
water is lost in respiration. The significance of this process is described
in more detail in Chapter 8. Marine mammals, however, breathe air that
is immediately above the ocean surface and as such is usually very well
hydrated. Respiration continues to be a small source of water loss in marine
mammals, but it is a very small one. The principle osmotic stress on marine
mammals comes from the ingestion of seawater and foods isosmotic to that
medium. For animals feeding on marine invertebrates (e.g., otters feeding
on clams, seals feeding on squid, or whales feeding on krill), the food is
markedly hyperosmotic to their own blood. Even though a substantial por-
tion of the osmotic activity in this food may be in the form of organic
molecules, the mammals must nonetheless rid themselves of the excess ions
in the food and deal with the drying effects of eating hyperosmotic food.
Those mammals feeding on fish or other mammals (e.g., seals feeding on
herring, killer whales feeding on seals) face a substantially smaller osmotic
load but must nonetheless somehow replace water lost through evaporation
from the lungs or osmosis with the surrounding waters.

Mammals solve all of these osmotic problems using their kidneys. The
entire salt load and water loss experienced by marine mammals is coun-
tered by the production of concentrated urine. Being evolved from ter-
restrial mammals, marine mammals already possessed kidneys capable
of hyperosmotic urine production (the mechanism for this is described in
detail in Chapter 8). Upon entering the sea, mammals faced selection pres-
sures for continued efficient and powerful kidney function. This capacity is
impressive (e.g, it exceeds the urine concentrating capacity of humans) but
not unprecedented, as a number of desert mammals have similar concentra-
tion capacities.

Ironically, some of the greatest osmotic stresses in marine mammals may
arise when they exit the sea. Some seals spend a substantial portion of time
on land, for example, to give birth to pups and to suckle them. These events
frequently take place on islands with no shade. The seals are able to sur-
vive in this harsh terrestrial environment using only their kidneys as a
means of producing a hyperosmotic excreta. The lactating females face the
additional osmotic stress of producing dilute milk for the pups. The water
they lose in this manner is a considerable osmotic stress. Seal milk tends to
be extremely rich in fat, a mechanism to reduce water content and provide
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as many calories to the pup as possible with a minimum of water loss to
the mother.

6.7 Saline-tolerant mosquitoes

Biologists have long been fascinated by the capacity of mosquito larvae to
survive in saline environments that are much too toxic for any aquatic ver-
tebrate. Although saline-tolerant, osmoregulating larvae are known to exist
in several genera of mosquitoes, larvae in the genus Ochlerotatus have been
the most carefully studied.

Larvae in the genus Ochlerotatus are strict osmoregulators. They regu-
late the osmotic concentration of their hemolymph at around 300 mOsm,
regardless of the concentration of the external medium. As these larvae
often are found in saline waters with osmotic concentrations well above
that of seawater (>1000 mOsm), they clearly face large osmotic gradients
driving water out of the larva. The cuticle of the larvae is permeable to
water but quite impermeable to ions so the larvae constantly lose water
to the external medium due to osmosis. This causes the hemolymph to
increase in osmotic concentration and to be reduced in volume. The larvae
replace the lost volume by drinking the external medium. This solves the
problem of volume regulation, but the high salinity of the water exacerbates
the problem of ion regulation.

As is the case with most insects, the Malpighian tubules are the site of
urine production in mosquito larvae (Fig. 6.4). The tubules produce a fluid
isosmotic to the hemolymph through the active transport of ions, principally
potassium and chloride. This fluid flows into the gut at which point it moves
posteriorly into the rectum. In freshwater forms, ions would be removed from
this fluid to produce dilute urine (see Chapter 7). In saline-water species of
Ochlerotatus, the rectum is divided into two parts, termed the anterior and
posterior rectal segments. The anterior segment is the site of ion uptake and
seems to be histologically and functionally similar to the rectum of fresh-
water species. The potassium and chloride ions that were used to form urine
in the Malpighian tubules are resorbed in the anterior rectum.

For larvae residing in highly saline waters, the above mechanisms are
inadequate for achieving osmotic homeostasis. The posterior rectum of the
insects, however, restores osmotic balance by serving as a salt gland that
produces hyperosmotic secretion, thereby removing the excess ions from
the hemolymph. The posterior rectal segment actively transports sodium,
magnesium, chloride, and potassium from the hemolymph to the gut
lumen. The epithelium is relatively impermeable to water and the secre-
tion produced can be as high as 3000 mOsm in osmotic concentration. The
rectal fluid is always hyperosmotic to the medium in all waters in which
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rectum rectum

Malpighian tubule

Fig. 6.4. A diagrammatic representation of the digestive and excretory organs of the larvae of

a saline-water mosquito. lons are actively transported into the Malpighian tubules, producing an
isosmotic primary urine. This flows into the midgut and then posteriorly into the anterior rectal
segment. Here, ions are resorbed. When the larvae are in concentrated media, the posterior
rectum is the site of secretion of hyperosmotic fluid which is excreted through the anus. (Adapted
from Bradley, 1985.)

the larvae can survive. The types of ions and rates of ion transport are
influenced by the water in which the larvae had been reared. This allows
the larvae to survive not only in seawater, but also in inland ponds rich in
sodium bicarbonate or sodium and magnesium sulfate. No vertebrates are
capable of surviving in these types of waters.

6.8 Brine flies

The larvae of Ephydrids (brine flies and shore flies) are astounding for their
capacity to survive in highly saline waters. Brine flies from the Great Salt
in Utah (USA) thrive by the billions in NaCl-rich water with a salinity up
to 10 times that of the open ocean. At Mono Lake in California (USA) the
larvae of Ephydra hians also thrive in water three times the concentration
of the ocean, but these waters are rich in sulfate and bicarbonate, with a
pH of 10!

All of the species of brine fly examined to date are osmoregulators. The
hemolymph has a total osmotic concentration of about 300 mOsm. The
osmotic concentration of the external medium can be well over 2000 mOsm.
It follows that the larvae must lose water across the cuticle due to the large
osmotic forces that exist. To replace the water lost through osmosis, the
larvae drink the external medium. This poses the additional problem of
forcing the larvae to rid themselves of the ions ingested.
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Fig. 6.5. A diagrammatic representation of the excretory organs of the brine fly Ephydra hians.
(Adapted from Herbst and Bradley, 1989.)

Figure 6.5 illustrates the internal organs associated with the gut and with
excretion in the larvae of E. hians. The fluids and food that are ingested pass
into the midgut. The fluid in the midgut rapidly comes into osmotic equi-
librium with the hemolymph. Water follows osmotically. The Malpighian
tubules produce urine by transporting ions from the hemolymph into the
tubule lumen. Water follows this transport osmotically as well. The fluid in
the Malpighian tubules is, however, isosmotic with hemolymph and there-
fore does not contribute directly to osmoregulation.

Unlike mosquitoes, the rectum is not the site of hyperosmotic urine
formation in E. hians. Instead, a section of hindgut anterior to the rectum
termed colon is capable of producing a hyperosmotic fluid. The anterior half
of the colon can actively transport sulfate, while the entire colon is capable
of producing hyperosmotic urine rich in sodium and chloride. These trans-
port processes permit the brine flies to be the most saline tolerant of all
insect species.

6.9 Crustaceans (brine shrimp)

The champion hyporegulators, however, are brine shrimp. These crust-
aceans are found around the world in salt ponds and lakes. They can with-
stand extreme osmotic gradients and are frequently found in waters with
precipitating salt crystals. In such waters, the brine shrimp often face no
aquatic competitors or predators. Saline waters are generally rich in algae
and bacteria on which the brine shrimp filter feed. Waters with abundant
brine shrimp are often very attractive to birds that feed on the shrimp.
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These birds, including phalaropes, grebes, gulls, and flamingos, often accu-
mulate in spectacular numbers to feed on brine shrimp at inland salt lakes
and ponds.

Brine shrimp are strict osmoregulators. They maintain their hemolyph at
a concentration ranging from about 200 mOsm to 400 mOsm over a wide
range of external salinities. The shrimp have a cuticle-covered integument
that retards water loss, but the extreme gradients present still lead to sub-
stantial water and volume loss through osmosis. The shrimp drink the exter-
nal medium to restore body volume. The accumulated salts are removed by
powerful salt glands. In immature shrimp, termed nauplii, the gland is on
the dorsal surface of the cephalothorax. In the adults, the second maxilla
contains maxillary glands that are rich in Na*/ * ATPase and are capable
of transporting sodium chloride outward against steep gradients. The gut is
also thought to be a site for the production of concentrated excreta.

Brine shrimp can survive periods of complete drying in the ponds in
which they occur by means of cysts that the females produce and release into
the water. These cysts have extremely low metabolic rates and can survive
drying. Upon return to saline water, the cysts hatch, releasing the nauplii.
The wading birds that are the major predators on brine shrimp play another
important role in the life history of the shrimp. The cysts occasionally adhere
to mud on the feet of these birds and in this manner are transported from
one body of water to another. This means of transport carries the shrimp to
new habitats and/or leads to gene flow between shrimp populations.
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7 Hyper-reqgulators:
life in fresh water

7.1 Introduction

We will now consider a very important and widespread habitat: fresh water.
Freshwater habitats exist nowhere in the ocean because if rain should fall
on this massive accumulation of salt water, the dilution has no significant
effect due to rapid diffusion and mixing. A possible exception to this broad
statement is the effect of rain on tide pools and estuaries, but we discussed
this already in Chapter 5.

Therefore, when we talk about freshwater habitats, we are discussing the
aqueous habitats that occur on land. This includes streams, lakes, ponds,
rivers, pools, swamps, and puddles, a wide array of hydrological forms.
These habitats can differ widely in size, temperature, speed of flow, and
opacity, but they are all surprisingly similar in their osmotic effects on
animals.

The reason has to do with the general uniformity of osmotic conditions
inside the animals themselves. All animal cells require specific quantities
of potassium, chloride, phosphates and magnesium, sugars, amino acids,
proteins, and nucleotides. In short, there is a laundry list of required sub-
stances in cells without which life simply cannot exist. For most organisms,
this list of osmotically active compounds adds up to a total osmotic concen-
tration of around 200-300 mOsm.

What then is the range of osmotic concentrations that are found in
fresh water? At the lower end of the scale is rainwater (Table 7.1). Rain is,
of course, distilled water formed by condensation in the atmosphere. There
is a possibility of rain picking up a few salts from dust particles in the
air, but on average rain has an osmotic concentration well below 1 mOsm.

86
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Table 7.1. Salinity values

Water source Salinity (ppm) Milliosmoles
Rain (inland) <3 <0.1
Rain (near coast) ~5 0.1
Lake in a well-watered landscape 1 0.3
Freshwater lake with a large drainage basin 46 1

St. Lawrence River (Canada) 50 1
Rhine River (Germany) 250 7
Murray River (Australia) 319 9
Colorado River (USA) 850 24
Fluid from the tissues of most freshwater animals 7,000-12,000 200-300
Seawater 35,000 1,000

When rain strikes the ground it picks up salts and organic compounds
from the soil. Mountain streams have osmotic concentrations around 1
mOsm. As the water flows along streambeds or accumulates in lakes, the
salinity can again rise by leaching from the soil and by atmospheric depo-
sition of dust. As shown in Table 71, rivers can range in osmotic concen-
tration from 1 to 25 mOsm. The Colorado River in North America and the
Murray River in Australia are both so saline that they have limited value
for irrigation. Table 7.1 shows the highest recorded osmolalities for these
two rivers. But even these rivers, which are widely viewed as being highly
saline, are well below the osmotic concentration of the intracellular fluids
of any animal.

As a result, all freshwater organisms are faced with two physiological
challenges. The first challenge is that water will diffuse down its activity
gradient and enter the animal’s body across the integument (skin, gills, body
wall). This will occur in all freshwater organisms regardless of phylogenetic
position. The second challenge is the paucity of necessary ions. Because
freshwater is so low in ions, it provides a poor source of the sodium, cal-
cium, potassium, and chloride required by all organisms. The physiological
mechanisms employed by freshwater organisms to meet these two chal-
lenges is summarized in Table 7.2 and will provide the central theme to our
discussions in this chapter.

7.2 Freshwater fish

We will begin our examination of the physiological responses to life in
fresh water by examining the group of organisms that has been most inten-
sively studied in this regard, freshwater fish.
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Table 7.2. Mechanisms employed by freshwater organisms to meet the physiological challenges

Animal group Integumental features Site of urine Extrarenal site(s) of
exposed to freshwater production ion uptake
Freshwater fish Gills, skin Kidneys Mitochondria-rich
cells in the qill
Adult frog Skin Kidneys Skin
Salamanders Gills, skin Kidneys Gills
Freshwater turtles Skin Kidneys Rectum
Freshwater snakes Skin Kidneys None known
Freshwater otters Skin Kidneys None known
Beavers Skin Kidneys None known
Mosquito larvae Cuticle-lined external Malpighian tubules Anal papillae
integument
Mayfly larvae Cuticle-lined external Malpighian tubules Anal gills
integument
Earthworms Skin Nephridia Skin
Freshwater crabs Cuticle-lined external Green gland Gills
integument
Amoebae Plasma membrane Contractile vacuole Plasma membrane
Freshwater clam Gills, mantle, surfaces of Nephridia Gills, mantle

numerous organs

Most fish, whether residing in fresh water or salt, have tissue osmotic
concentrations of about 230-300 mOsm. The extracellular fluids are rich
in sodium and chloride, while the intracellular fluids are rich in potas-
sium, magnesium, and organic compounds. As indicated in Chapter 5,
the intracellular and extracellular fluids are isosmotic throughout the
body.

As a result, freshwater fish are faced with a substantial inward-directed
gradient for the activity of water, and a large outward-directed gradient
for ions, particularly sodium and chloride. Given these gradients, a major
physiological issue is the permeability of the external surface (integument)
of the fish to ions and water. As indicated in Chapter 2 (Table 2.1), the
integument of the fish has a finite permeability to water and ions; in other
words, the animals are unable to make themselves completely impermeable
to either ions or water. However, the surface of the animal is not uniform
with regard to these parameters. The skin of the fish, that is, the surface of
the body covering the head, flanks, and fins, is relatively impermeable to
water. The skin of fish is a complex, squamous epithelium. This means that
the epithelium is composed of multiple layers of flattened cells, resulting is
a thick layer of cells. The diffusive pathway across this epithelium traverses
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many layers of cellular membranes. The resistance of these membranes is
additive, leading to a very low overall permeability of the entire epithelium.
This serves the purpose of the fish very well, because the skin is meant to
serve as a barrier and not as a conductive epithelium.

In contrast to the skin, the epithelium covering the gills is much more
permeable (Table 2.1). Let us examine the cellular architecture of the gill
epithelium of fish to understand why this might be the case.

7.2.1 The structure of the gills of freshwater fish

The gills of fish consist of numerous thin gill filaments stiffened by cartil-
aginous rods running along their length. When the fish respires, it draws
water into the mouth, referred to as the buccal cavity. Following inspiration,
the mouth is closed and positive pressure is exerted by the hyoid muscle
to force water across the gill filaments and into the opercular cavity. From
there the water flows out through the opercular openings, returning to the
external medium (Fig. 7.1). The general organization of the gills has been
shown in Chapter 6 (see Fig. 6.2).

Naturally, a critical role for the gills is the exchange of respiratory gases
between the blood and the external aqueous medium. The exchange of oxy-
gen and the gaseous form of carbon dioxide across the gill epithelium is
passive. Oxygen must diffuse across the gill epithelium, across the extra-
cellular space, across the capillary wall, and into the blood. Carbon diox-
ide must passively diffuse along this same path in the opposite direction.
Efficient transfer of these gases, therefore, necessitates that the gill epithe-
lium be very thin, and that fluid flows rapidly adjacent to a large epithelial
surface area (Fig. 7.2). The flow of oxygen would be severely reduced if
extensive connective tissue, keratinized structures, or scales were present
on the gill surface. The cellular architecture of the gills is, therefore, organ-
ized along very different lines from the skin.

The epithelium covering the surface of the gills of fresh water fish contains
pavement, chloride and mucous cells (Fig. 7.2). The most numerous of these cell
types are the pavement cells. As their name implies, pavement cells are similar
to paving stones; the cells have interlocking margins and cover the surface of
the gills. Mucous cells that secrete mucous on to the surface of the gills. The
third cell type is the chloride cell, also sometimes called the mitochondria-rich
cell. This cell type is the major site of ion transport across the gills.

It can be seen that the cellular architecture required for efficient transfer
of respiratory gases leads to a circumstance in which a highly permeable
epithelium is brought into constant contact with rapidly flowing water. As
a result, freshwater fish experience a rapid inward flux of water across the
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Fig. 7.1. A functional model of water movements through the mouth, oral cavity, opercular
cavity, and operculum of a fish. (Redrawn from Randall et al., 1997.)

gill epithelium. This influx dilutes the internal fluids of the fish, threaten-
ing its survival. The physiological response of the fish is the production
of dilute urine. As indicated in Chapter 6, marine fish sometimes have
aglomerular kidneys. This is not the situation in freshwater fish. Instead,
freshwater fish always possess glomeruli and these are the site of primary
urine formation (Fig. 7.3). The kidneys of freshwater fish produce urine by
filtration. This means that the blood pressure in the capillaries of the glom-
erulus is used to drive fluid across the glomerular walls into Bowman’s
capsule and ultimately into the proximal tubules. As the primary urine
is produced by filtration and not by active transport, the primary urine is
isosmotic with the blood and similar to the blood plasma with regard to
the principal small dissolved solutes (salts, small organic sugars, organic
acids, etc.) present.
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The primary urine formed in the glomerulus is captured in Bowman’s
capsule and flows by hydrostatic pressure into the proximal tubules
(Fig. 7.3). The epithelial cells lining the proximal tubules are capable of rapid
ion transport, returning sodium, potassium, and chloride to the blood. In
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addition, the proximal tubules possess transport mechanisms for return-
ing organic compounds to the blood, including glucose, amino acids, and
vitamins. The result is the removal of a large percentage of the osmotically
active compounds in the urine and the production of dilute urine. To retain
this water in the urine, the kidney tubules must be relatively impermeable
to water. This is indeed the case. The inner (luminal) surface of the kid-
ney tubule epithelium is ciliated to promote a rapid flow of fluid along the
tubule. The urine is rapidly transported through the tubules and into the
bladder, which also has a low osmotic permeability. The fish are therefore
able to excrete the water that enters across the skin, and even more rapidly
across the gills, through the production of dilute urine.

Even though the urine produced is very dilute, it never can be entirely
free of ions. The lowest measured values for the osmotic concentration of
urine from freshwater fish were 20 mOsm. Fresh water is generally much
lower than the urine with regard to total osmotic concentration, as well as
sodium and chloride concentrations. It follows that the process of forming
dilute urine, while it might permit the fish to maintain volume homeostasis,
cannot maintain osmotic and in particular ionic homeostasis. We must now,
therefore, consider the role of ion transport in freshwater fish.

7.2.2 lonic homeostasis

In freshwater fish, the permeability of the skin with regard to ions is
extremely low and can in fact be largely ignored. The gills, however, have
a measurable, passive permeability to ions due to the very thin and delicate
epithelium that covers the respiratory surfaces.

As pointed out above, in the absence of active processes the fish would
eventually die of ion depletion. The gills of fish, however, are also the site
of powerful active transport processes that serve in the uptake of sodium
and chloride from the external medium. The ionic gradients for both these
ions are steep, with the internal concentration being two to three orders of
magnitude greater than that of the external concentrations. The uptake of
these ions must therefore be active and is coupled to the active use of meta-
bolic energy to do thermodynamic work. For our current discussion, suffice
to say that sodium and chloride are actively absorbed up from the medium
to replace the ions the fish loses in the urine. A more detailed description
of our current understanding of ion transport in fish gills is provided in
Chapter 10.

The process of ion uptake in the gills of freshwater fish serves another
very useful function, namely, the removal of metabolic wastes from the
body. When sodium ions (which are positively charged in solution) are
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taken up across the gills, this is coupled with the excretion of hydronium
and/or ammonium ions (which are also positively charged). This process
serves to greatly reduce the energy needed for the active transport as the
outcome of the exchange is electrically neutral. (See Chapter 9 for dis-
cussion of the influence of ionic charge on thermodynamic work and ion
transport.) Similarly, the uptake of CI"™ ions occurs simultaneously with the
excretion of negatively charged bicarbonate ions derived from CO,. As a
result, the uptake of sodium and chloride by the gills is facilitated by the
excretion of two waste products: ammonia derived from the deamination
of proteins, and bicarbonate derived from carbon dioxide. Other vital ions
such as calcium, magnesium, potassium, and others are obtained largely
from the food.

In summary, in order to deal with the osmotic entry of water, fresh-
water fish produce a urine equal in volume to the amount of water entering
(Fig. 74). Ion balance is achieved by making the urine as dilute as possible.
In very dilute waters this process is inadequate to maintain osmotic balance
and the fish must also take up sodium and chloride across the gills. This
process is energetically costly but is necessary for survival in freshwater.

7.3 Amphibians
7.3.1 Adult frogs

Adult frogs are essentially aquatic animals, despite their occasional forays
into the terrestrial realm. Unlike the skin of fish, the skin of frogs serves as
a respiratory surface. Respiratory organs must by their very nature be rela-
tively permeable and highly vascularized. As a result of these characteristics,
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the skin of frogs is a site of rapid water loss to subsaturated air. The kid-
neys of amphibians, similar to those of the fish-like ancestors from which
they evolved, are incapable of producing urine more concentrated than the
blood of animals. Therefore, although frogs may be capable of spending
considerable time on land, they must regularly return to an aquatic habi-
tat to restore the water lost from the body. In this regard, frogs and toads
possess an interesting physiological adaptation for replacing water lost by
evaporation to the terrestrial environment. The skin on the belly and hind
legs of these amphibians (referred to as the pelvic patch) has a particularly
high osmotic permeability. Therefore, in order to achieve water uptake, the
amphibians need not be fully immersed in water, they need only to sit in
a puddle allowing the eyes and nostrils to remain in the terrestrial realm.
In fact, both frogs and toads have been shown to take up water osmotically
across the pelvic patch even when they sit on a wet substrate such as mud.
This adaptation is vital for allowing these essentially freshwater animals to
temporarily invade the terrestrial environment for the purposes of migra-
tion and foraging.

All amphibians are tightly linked to the aquatic environment both by
their reproductive requirements, and by their osmotic limitations. When
immersed in water, the high permeability of the frog skin leads to osmotic
water influx. The kidneys respond by producing a copious, dilute urine. As
in fish, this urine can be made dilute by the active retrieval of ions from the
primary urine, but the urine is never as dilute as the freshwater in which
frogs usually reside.

We are by now familiar with the solution to this problem, frogs must
have a mechanism for replacing these lost ions. Unlike fish and tadpoles
(see Box 71), however, frogs lack gills. When immersed, frogs respire by
exchanging gases across the skin. This provides the animals with a large
surface area for exchange. When the frog has access to air, the lungs are the
principal organs for gas exchange, although the skin continues to provide
additional respiratory support.

As adult frogs lack gills, this pathway for ion uptake is not available
to them. The capacity for rapid ion uptake in frogs has been transferred
to the skin. The capacity of frog skin to transport ions has been known
for over 120 years. Frog skin is a relatively tough epithelium, compared
to gills or guts. In addition, it is capable of supplying its own respira-
tory support as it is itself a respiratory organ. For these reasons, frog
skin has been the focus of numerous studies examining ion transport in
isolated tissue (referred to as in vitro studies, Latin for isolated tissues
studied in glass). These investigations have demonstrated that frog skin
contains powerful ion transport processes. The skin is capable of actively
transporting sodium and chloride from the medium to the blood at a rate
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Box 7.1. Tadpoles

In considering the processes used by amphibians in fresh water, we should also
consider the developmental stage of anurans (frogs and toads) that is wholly
aquatic, namely, the tadpoles. Tadpoles, the immature larval forms of frogs and
toads, face osmotic circumstances similar to those experienced by freshwater fish.
The internal fluids of the tadpoles range in osmotic concentration from about
200 mOsm to 300 mOsm. As we had noted previously, the freshwater environment
is substantially more dilute. Unlike fish, the skin of amphibians generally has a
relatively high osmotic permeability (Table 2.1). As in fish, the surface of the gills
of tadpoles consists of very thin epithelia appropriate to the role of facilitating gas
exchange. As a result, the gills are also very permeable to water and, to a lesser
extent, ions. Unlike fish, the skin of amphibians is much less keratinized and lacks
scales. As a result, the skin of amphibian is a more significant route for osmotic
water entry than the skin of fish.

Tadpoles are faced, therefore, with a substantial rate of water uptake by diffusion
across both the gills and the skin. They excrete this water via the kidney through
the production of dilute urine. Amphibians posses kidneys similar to those of fish
with well-developed glomeruli. Urine is formed by filtration of the blood plasma
and the kidney tubules serve to remove essential ions from the primary urine. The
bladder also serves as a site of ion uptake from the urine. However, as in fish, the
urine produced by the tadpoles cannot be made as dilute as the waters in which
the animals reside. The gills of tadpoles possess cells responsible for the uptake of
ions (principally sodium and chloride) from the aquatic medium. These processes
serve to restore ionic and osmotic balance.

that replaces ions lost in the urine. Frogs, therefore, solve the problem of
ion replacement in the same manner as most other freshwater animals,
namely, by using an extrarenal organ for ion uptake. In the case of frogs,
this organ is the skin. Naturally, ions obtained in the food (principally
terrestrial insects and mollusks) are also very beneficial in restoring ionic
balance in this freshwater organism.

7.3.2 Salamanders

We should deal briefly with salamanders, another group of amphibians that
has been extensively studied with regard to osmoregulation. Salamanders
are entirely dependent on external water resources and are incapable of
producing urine more concentrated than the blood. The kidneys of sala-
manders have been the subject of extensive study because they possess
large glomeruli that are easily visible when they lie near the surface of the
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exposed kidney following dissection. For these reasons, salamanders were
the subjects of numerous studies in the 1950s and 1960s era when kidney
tubule micropuncture provided tremendous insights into kidney function.
It was determined that the kidneys of salamanders have large glomeruli
that promote the rapid formation of primary urine. The kidney tubules can
remove ions from this fluid, but are incapable of producing urine that is
hyperosmotic to the blood.

Even those salamanders that are mostly terrestrial (lunged and lungless
salamanders) must reside in habitats where the activity gradient for water
favors substantial osmotic influx of water. Examples of such habitats include
wet forest floors, cavities under logs, sites saturated with water vapor, or
habitats that permit periodic access to water (such as stream banks) for
osmotic water loading. When in water, salamanders absorb water across the
skin and/or across the gills if these are present. The skin and gill epithe-
lia are both capable of active sodium and chloride uptake. The salaman-
ders therefore employ physiological mechanisms identical to those of other
amphibians with the exception that the sites of ion uptake vary depending
on the presence or absence of gills in the various developmental stages and/
or species.

7.4 Reptiles

Reptiles are distinguished from the amphibians in part by their highly dif-
ferentiated integument. The skin of reptiles is highly keratinized, thick, and
often covered with scales. This tough, impenetrable exterior has allowed
reptiles to invade a number of habitats unavailable to amphibians, includ-
ing terrestrial and marine habitats. Reptiles also are found in freshwater.
In such environments, the reduced permeability of their integument greatly
reduces the osmotic uptake of water that we have discussed at length in the
fish and amphibians. Similarly, the evolution of lungs has allowed them to
expose their highly permeable respiratory epithelia to air alone, and not to
the external freshwater environment. As a result, reptiles inhabiting fresh-
water have much reduced osmotic loads.

Despite their relative integumental impermeability, reptiles do experi-
ence some water loading while residing in freshwater. Some water does
diffuse across the skin, albeit very little. In addition, residing in freshwater
and catching prey in this environment inevitably leads to the ingestion of
freshwater, either intentionally or as a bycatch of prey capture. As a result,
freshwater reptiles such as turtles, water snakes, and alligators obtain ample
water for urine production. The urine produced under these conditions is
more dilute than the blood of the animal, but once again more concentrated
than the external medium. Habitation in freshwater environments brings
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with it the difficulty of obtaining sufficient ions for physiological func-
tions. The principal source of these ions in aquatic reptiles is their food. By
ingesting ions in the food and minimizing water uptake, reptiles are able
to achieve osmotic balance in the freshwater environments.

Despite the general adequacy of the reptilian strategy of relying on
ingested ions for ionic balance, at least one reptilian group does possess
an extrarenal site of ion uptake from freshwater environments. Freshwater
turtles can actively transport ions across the gut wall, including the rectal
epithelium. Several species of turtle can also open the anus and perfuse the
rectum with water from the external environment. This provides the rectal
epithelium with oxygenated water and has been shown to be an import-
ant source of oxygen for inactive turtles when submerged under water, for
example, during long dives where the animal rests on the bottom. That
same water flowing across the rectal epithelium provides ions that can be
transported across the rectal epithelium and into the blood.

7.5 Birds and mammals

Despite their many anatomical and physiological differences, birds and
mammals can be considered together with regard to their osmotic strat-
egies in freshwater. Both taxa have skin that is highly impermeable to
water. The integumental epithelia are highly stratified and covered with
multiple layers of dead flattened cells that greatly reduce the diffusion of
water across the integument. In addition, many of the animals also secrete
lipids on to the skin to further reduce the diffusion of water and heat loss.
All birds and mammals are capable of forming dilute urine. In this man-
ner, they rid the body of water obtained by ingestion and conserve ions to
the greatest extent possible. Acquisition of the ions necessary to make good
the loss in the urine occurs exclusively through ingestion. No extrarenal
sites capable of ion uptake directly from the external environment occur in
either birds or mammals.

7.6 Insects
7.6.1 Mosquito larvae

Unquestionably, among the aquatic insects, the most intensively studied
with regard to osmotic regulation are mosquito larvae. This is true not only
because of their ubiquity around the globe, but also because of the critical
role that adult mosquitoes play in spreading deadly human diseases.
Mosquito larvae are found in almost every kind of freshwater habitat in
which predators upon them are lacking or occur in low numbers. These
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include the tropical, temperate, and arctic regions, and habitats of varying
sizes, ranging from collections of water in leaf axils to marshes stretching
for kilometers across a flooded plain. As you can imagine, the osmotic char-
acteristics of these habitats differ substantially, with rain-filled bromeliads
and leaf axils high in the tropical canopy being probably at the low end
of the osmotic scale, and muddy puddles drying in the sun being much
higher in osmotic and ionic concentrations. Mosquitoes can survive in all
these habitats, although the species present will vary depending on the
geographical location and the physical parameters of the aquatic habitat.

The entire larval phase of the mosquito life cycle is spent in water.
Mosquitoes are holometabolous, meaning that the larvae (Fig. 7.5) are mor-
phologically distinct from the adults. Similar to all freshwater organisms,
mosquito larvae must maintain an osmotic concentration in their extracel-
lular fluid, which is much higher in dissolved components than the exter-
nal medium. In the case of insects, the circulating extracellular fluid is not
confined to vessels in the circulatory system. Instead, the fluid flows gently
about in an open circulatory system. This fluid is referred to as hemolymph.
The osmotic concentration of the hemolymph in most freshwater species
ranges from about 200 mOsm to 270 mOsm. As a result, the hemolymph is
much more concentrated than the external freshwater medium.

At this point, we need to consider the rate of uptake of water by osmo-
sis in these animals to determine the rate at which water must again be
eliminated. The integument of insects is covered by cuticle, a thick layer
of nonliving material secreted by the underlying epidermal cells. Cuticle
is a composite material composed of proteins and a fibrous carbohydrate
termed chitin. By linking the proteins and chitin fibers into a tough, elas-
tic layer, insects can protect their external surfaces from abrasion and
pathogens, while simultaneously reducing the osmotic permeability of the
integument.

As we will read subsequently in our discussion of the osmotic relations
of terrestrial animals (Chapter 8), insects can make their integuments quite
impermeable to water through the secretion of an external, superficial layer
of wax upon the cuticle. This elegant physiological solution is in general
not available to aquatic insects. A layer of wax would make the insects’
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Fig. 7.5. Aspects of the external morphology of a mosquito larva.
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surface nonwettable, and the insect would as a result stick to the air-water
interface at the surface of the water. The hydrophobic forces at this surface
are extremely strong, particularly for small insects that have a huge surface
to volume ratio. Therefore, aquatic insects generally have only very small
regions of nonwettable waxy coating. In mosquito larvae, for example, the
tip of the respiratory siphon is nonwettable to promote a strong, stable con-
nection between the tracheal system and the atmosphere above the water
surface. As a result, mosquito larvae have no mechanism for making the
cuticle completely impermeable to water.

Mosquito larvae feed on microorganisms in the water, ingesting sus-
pended bacteria, protozoa, and algae by filtering the water using cuticular
combs around the mouthparts. Alternatively, they can use their mandibles
to graze on attached algae. Consumption of these types of food leads to the
simultaneous ingestion of substantial volumes of water. Larvae ingest up
to 12% of their body volume per day. As a result, mosquito larvae obtain
substantial quantities of water osmotically across the cuticle by drinking
and feeding. The resulting uptake of water is, on a per volume basis, much
higher than that we observed in fishes, and necessitates that the insects
must have a very robust mechanism for excreting water and obtaining the
ions they require from a very dilute medium.

Ingested water passes along the gut and enters the hemolymph through
the walls of the midgut when osmotically active solutes (ions and nutrients)
are transported across the gut wall (Fig. 7.6). Water entering across the
cuticle also ends up in the hemolymph. Both processes dilute the hemo-
lymph. Urine formation in the insects occurs by mechanisms that are
entirely distinct from those in the higher vertebrates, both with regard to
mechanism and cell types. Malpighian tubules are the site of urine forma-
tion in most insects. These tubular epithelia are composed of a single layer
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Fig. 7.6. Pathways of active ion movement in the osmoregulatory organs of mosquito larvae.
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of cells. The cells transport ions from the hemolymph into the lumen of the
tubules. The Malpighian tubules have a very high osmotic permeability, so
the transport of osmotically active solutes leads to a rapid flow of water
across the epithelial membranes. Whereas the urine in freshwater fish, rep-
tiles, amphibians, birds, and mammals is produced by filtration using the
hydrostatic pressure of the blood, the primary urine in insects is produced
solely by osmotic flow driven by active ion transport. Owing to the high
osmotic permeability of the tubules, the urine produced is essentially isos-
motic to the hemolymph.

The Malpighian tubules serve to remove water from the hemolymph,
thereby regulating hemolymph, and thus, body volume. The tubules serve
no purpose with regard to osmotic regulation, however, as the primary
urine produced is isosmotic to the hemolymph. The transformation of this
primary urine into a dilute urine occurs in the hindgut. The copious fluid
produced by the Malpighian tubules flows into the posterior portions of
the midgut and then posteriorly into the hindgut. In the rectum, ions in
the urine are rapidly retrieved and returned to the hemolymph by means
of active transport across the epithelial cells in the rectal pad. In contrast
to the Malpighian tubules, the epithelium of the rectum has a very low
osmotic permeability. The removal of ions from the urine occurs with little
water following. The resulting dilute urine is excreted via the anus.

As we observed with the vertebrates, mosquito larvae are capable of pro-
ducing very dilute urine, but they cannot produce a fluid as osmotically
dilute as the external medium. We can conclude that the insects must pos-
sess an extrarenal site for ion uptake. In fish and amphibians, this extrare-
nal site was also a respiratory organ, providing the advantage that the site
of ion uptake was thin and permeable epithelium constantly perfused with
blood on the basal surface and water on the apical. In mosquito larvae,
respiration is achieved by means of air-filled tracheae that are open to the
atmosphere when the larva is at the water surface. Such a respiratory sys-
tem offers no opportunity for ion uptake from the medium.

In mosquito larvae, therefore, the extrarenal site of ion uptake bears no
relation to the respiratory organs. Instead, it consists of sausage-like exten-
sions on the posterior end of the animal termed the anal papillae. The cells
of the anal papillae (which are a syncytium for aficionados of cellular archi-
tecture) are capable of active transport of sodium and chloride from the
external medium into the hemolymph. Similar to the gills of freshwater
fish, the cells of the anal papillae are capable of transporting ions against a
large concentration gradient. The precise mechanisms of transport in anal
papillae are still under investigation but it is clear that active chloride trans-
port occurs in these organs. Mosquito larvae can maintain ionic balance in
very dilute media even in the absence of food. Ablation of the anal papillae
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leads to a loss of ionic homeostasis in very dilute media, but not in more
concentrated media in which the larvae can maintain homeostasis with
renal mechanisms alone.

It is valuable to compare and contrast the osmoregulatory mechanisms
of mosquito larvae with those of freshwater fish. Clearly, the ubiquity of
mosquitoes argues for their capacity to inhabit the most dilute and ephem-
eral habitats available to freshwater organisms. They achieve this by forming
urine and retrieving ions from this fluid. Nonetheless, urine can never be
made as free of ions as the most dilute media and similar to fish, the insects
require additional sites for ion uptake. The overall osmotic strategy in fresh-
water fish and freshwater insects is therefore identical, although the organs
and cell types employed in these strategies are entirely distinct and arose
through independent lines of evolution from primitive marine ancestors.

7.6.2 Mayflies and Dragonflies

The diversity of insects, which invaded the freshwater aquatic habitat,
is impressive. Over 20 orders of insects have life stages that are strictly
aquatic. Insects play a very important role in freshwater aquatic ecosystems
as grazers, predators, and as food for secondary consumers, particularly
fish. Let us consider two additional freshwater insects just to get a sense of
the diversity of body plans and physiological processes employed by insects
in surviving in hypo-osmotic environments.

Mayflies possess larvae that are restricted to freshwater habitats. The
larvae feed on algae and detritus and, therefore, obtain little sodium and
chloride in the diet. The larvae have a large surface area because of their
elongate shape and the presence of three pairs of legs, cuticular hairs,
and numerous gills arrayed along both sides of the abdomen (Fig. 7.7).
The cuticle of mayflies is permeable to water and this leads to a constant
influx of osmotically driven water. The osmotic permeability of the cuticle
of mayflies is similar to that of mosquito larvae. The influx of osmotically
driven water into the mayfly necessitates the production of dilute urine.
This occurs in mayfly larvae in the Malpighian tubules and ion resorption
takes place in the rectum.

Unlike mosquito larvae, however, mayfly larvae do not exchange gases
directly with the atmosphere via a siphon, but respire instead using gills.
As in fish and amphibians, the respiratory functions of gills dictate that
a large and very thin surface area must be brought into intimate contact
with fast-flowing external water in order to obtain oxygen and lose carbon
dioxide at a rate sufficient to support oxidative metabolism. In mayfly lar-
vae, the gills consist of leaf-like appendages (Fig. 7.8) attached to the lateral
surfaces of the abdomen. The gills are relatively large and flat, providing a
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Fig. 7.7. A mayfly larva. Note the
leaf-like gills located on the lateral
edges of the abdomen. (Adapted
from Edmunds et al., 1976.)

large surface area for gas exchange. Unlike the situation in the vertebrates,
the gas exchange does not occur between the water and the blood con-
taining hemoglobin. Instead, in the mayfly larvae the gas exchange occurs
between the external water and air-filled tracheae that are highly ramified
in the internal spaces in the gills (Fig. 7.8). The tracheae permit rapid diffu-
sion of gases down their concentration gradients to and from the respiring
tissues.

The gills of mayfly larvae possess specialized cells on their surface that
are capable of transporting sodium and chloride ions against the concen-
tration gradient that exists between the freshwater environment and the
insect’s hemolymph. The cells which carry on this transport are termed
chloride cells as they were originally thought to be unusually rich in
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Fig. 7.8. A magnified image of a
single mayfly gill. The dark circles are
chloride cells, the sites of active ion
uptake.

chloride due to their capacity for staining with silver stain. In fact, this
silver staining did not elucidate unusual chloride concentration but rather
sites of unusually high permeability in the cuticle, as befits a site where the
underlying epithelial cells must have easy access to external ions.

It is interesting to note that the uptake of sodium and chloride in mayfly
larvae occurs in the gills, just as is the case in fish. The physiological sig-
nificance of ion uptake on the respiratory surfaces lies in the fact that the
ions can be taken up from water that is flowing rapidly across the animal’s
integument. Although the flow of water is driven principally to prevent
stagnation of the external medium and to facilitate gas exchange, the flow of
water also supplies new ion-rich water for the purposes of ionoregulation.

7.6.2.1 Dragonfly larvae

Everyone is familiar with those beautiful and accomplished aeronautic spe-
cialists, the dragonflies. The adults are showy and their tendency to leave
their aquatic habitats and seek insect prey in fields and forest clearings
brings them into close contact with humans, even in urban settings. The
larvae of dragonflies are strictly aquatic and spend months and, in some
species and habitats, years in freshwater prior to emerging as adults to fly,
hunt, and reproduce.

As can be seen in Figure 79, dragonflies exhibit partial metamorphosis
(technically hemimetabolism), that is, although the larval forms lack fully
developed wings and adult gonadal characteristics, they possess many
other features in common with the adults including jointed legs and easily
recognized divisions of the body into head, thorax, and abdomen.
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Fig. 7.9. A dragonfly larva.
(Adapted from Borror et al., 1981.)

The cuticle of dragonfly larvae resembles that of other aquatic insects
and therefore has a finite permeability to water. As such, dragonflies
are subjected to a constant influx of water across the cuticle because of
the osmotic gradient that exists between the external medium and their
sodium-rich and chloride-rich hemolymph.

Dragonfly larvae are predaceous. They feed on any other animal they
can catch and subdue, including other insects, crustaceans, annelids, and
fish. From their animal prey, the larvae obtain not only nutrients but also
valuable ions, particularly sodium, chloride, potassium, and calcium. The
nutritional intake of ions unquestionably provides a valuable source of
these ions to the larvae, sparing energy that would otherwise have to be
expended on ion uptake from the medium. However, the larvae often go for
days and weeks between fortuitous hunting outcomes, and the Malpighian
tubules must produce dilute urine throughout this period to remove water
that has entered through osmosis. During this period, the insects require a
mechanism for extrarenal ion uptake.

In dragonfly larvae, the site of this uptake is the rectum. We have already
mentioned that in insects urine is produced in the Malpighian tubules and
modified through ion transport in the rectum. This occurs in dragonfly
larvae as well. Urine is excreted through the anus once the ions have been
retrieved to the greatest extent possible. Dragonfly larvae are also capable,
however, of taking water back up through the anus into the rectal lumen.
The anus, therefore, serves as a two-way valve for water entering and
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exiting. The insects use this water for three distinct purposes. Firstly, the
lining of the rectal epithelium contains a densely branching network of tra-
cheae. These serve as the site for gas exchange between water in the rectal
lumen and the gas that facilitates diffusion along the tracheae through the
body. In most insects, the rectal fluid would be very low in oxygen indeed,
but in dragonfly larvae, the capability of moving external water into and out
of the rectum, provides well-oxygenated water to this epithelium. Secondly,
the rectum, which already has the capacity to take up ions from the urine,
also takes up vital ions, such as sodium, chloride, and potassium, from the
external water flowing into and out of the rectum. Once again, the site of
rapid fluid flow across the respiratory surfaces serves as a site of ion uptake.
Finally, dragonfly larvae are capable of using powerful muscles in the rec-
tum to expel water at high speed out of the rectum through the anus. This
stream of water serves as an aquatic jet, propelling the larvae forward with
surprising speed. This form of locomotion is useful for ambushing their
aquatic prey, or for themselves escaping hungry predators.

7.7 Crayfish

Arthropods have been extraordinarily successful in invading freshwater,
and not all of these arthropods are insects. The crustaceans also display
surprising diversity in freshwater habitats. We can explore their osmotic
processes in freshwater by examining the crustacean that has been the sub-
ject of the greatest amount of scientific attention, the crayfish.

Crayfish possess a relatively impermeable external integument. The sur-
face of arthropods is covered with tough cuticle that consists of cross-linked
proteins and carbohydrates. In decapods (the group of crustaceans possess-
ing 10 legs to which crayfish belong), this cuticle is often made tougher,
harder, and less permeable by the inclusion of minerals such as calcium
carbonate in the cuticle. As is the case with fish, however, the Achilles heel
in the crayfish is the respiratory epithelium which must of necessity be
thin, highly vascularized, and exposed to a stream of rapidly moving fresh-
water. The respiratory surface in crayfish consists of the gills that reside in
the thorax protected by an external layer of carapace (Fig. 710a). The gills
themselves are highly branched and ramified, such that a large surface area
can be brought into contact with water flowing through the respiratory gill
chamber. As a result, crayfish achieve effective respiratory gas exchange,
but are subjected to substantial osmotic uptake of water across the gill
epithelium.

The excess water that enters the animal due to osmosis is excreted in
the urine. In crayfish, urine is produced by the antennal gland (Fig. 7.10b).
Primary urine is produced by filtration in the coelomosac. This fluid is isos-



106  Animal Osmoregulation

(a) Salt loss by Water gain by

diffusion osmosis

Copious, dilute urine
Salts and water in food

Tend to exhibit

water in
feces

Labyrinth

Nephridial
canal

Fig. 7.10. (a) An illustration of a crayfish showing the location of the gills and the pathways of
water and ion movements associated with osmoregulation. (Adapted from Hill et al., 2004.)
(b) The antennal gland is the site of urine formation in crayfish. (Adapted from Randall et al., 1997.)

motic to the hemolymph and is rich in NaCl. As urine flows into the neph-
ridial canal, ions are actively removed from the urine and returned to the
hemolymph. It has been shown that up to 95% of the sodium in the pri-
mary urine is removed prior to excretion in freshwater decapods. The urine
is thus substantially more dilute than the blood, but it is nonetheless much
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more concentrated than the external medium, necessitating an additional
site for ion uptake.

As in fish, this capacity resides in the gills. The epithelial cells in the
gills are capable of active Na* and Cl transport. This process restores lost
ions to the hemolymph and maintains ionic homeostasis.

7.8 Mollusks

As stated in Chapter 6, the osmotic concentration of the blood and extra-
cellular fluids in animals is isosmotic to that of the cells. In most animals
residing in freshwater, the extracellular fluid is regulated in the range of
200-300 mOsm. As discussed in this chapter, this creates constant, ongoing
physiological problems for freshwater animals due to the influx of water
by osmosis. One obvious solution to this problem would be to lower the
osmotic concentration of the blood, and therefore the tissues, to reduce this
gradient. This solution runs up against the need of the animals to retain
the required concentrations of proteins, ions, and nutrients in the cell cyto-
plasm. As a result, few freshwater animals possess the capacity to operate
effectively with extracellular osmotic concentrations below 200 mOsm.

One group of animals does, however, attempt to take this strategy as far
as they can. This group is the freshwater mussels. Bivalve mollusks have
soft bodies that are contained inside the hard shells (termed valves) secreted
by their mantle tissues. The shells consist of calcium carbonate secreted in a
protein matrix. These shells are entirely impermeable to water and bivalve
mussels face no osmotic challenges as long as the valves are closed tightly.
Closing the valves, however, precludes any capacity to feed or respire and
mussels are therefore forced to open their valves to carry out these neces-
sary physiological functions.

Feeding in mussels involves the pumping of large quantities of the
external water across the gills in order to capture and remove microscopic
organisms and organic particles through filter feeding. Particles are cap-
tured from the stream of water passing over the gills through adherence to
a mucous layer on the gill surface. This mucous is transported to the oral
opening for ingestion. This form of feeding requires the juxtaposition of fil-
tering tissues possessing a large surface area with rapidly flowing water.

Respiratory exchange between the mussel and its aquatic surroundings
also occurs at the gills. The ultrastructure of mussel gills was described in
Chapter 6 (Figs. 6.3 and 6.4). The gills by necessity have a very large sur-
face area and a thin, delicate epithelium that separates the mussel’s blood
supply from the external medium. Blood, containing respiratory pigments
flows through the gills on the internal surfaces of the gill filaments, sepa-
rated by only a thin layer of tissues from the external medium flowing
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past. In addition, a number of other tissues in the mussel come into contact
with the external medium, including the mantle and external surfaces of
the gonads. As a result, the surface area over which osmotic flow can occur
is very high in these animals.

Given the many tissues and large surface area exposed to the external
medium in mussels, the energy that would be required to remove water
entering the animal through osmotic flow is very great. To reduce this
excretory and energetic burden, freshwater mussels have the lowest osmotic
concentration in their body fluids of any animal measured (40 mOsm). This
serves to reduce the flow of water substantially as the rate of water entry
through osmosis at a given permeability is directly related to the difference
in osmotic concentration. Nonetheless, the same inevitable rules of physics
apply to mussels as to the other freshwater animals, they must produce
dilute urine to rid the body of water and maintain volume regulation.

In advanced mollusks such as the mussel, urine is produced by filtra-
tion at the heart. A pericardial sac gathers a filtrate that is forced across
the ventricular walls. This primary urine flows through tubules in which
the ions are resorbed. As in the vertebrates and insects, therefore, the pri-
mary urine derives from the blood. This primary urine must be modified
through the removal of ions and nutrients and the secretion of waste prod-
ucts. These transport processes occur in kidney tubules. As a result, the
final urine secreted by the animal into the stream of water passing through
the valve chambers is low in osmotic concentration and rich in nitrogenous
and metabolic wastes.

As in all of the freshwater organisms, mussels must possess an extra-
renal site of ion uptake. In mussels, this activity resides in the gills. It has
been shown that the gills can actively absorb sodium and chloride from
the external medium, replacing the ions lost from the organism by the pro-
duction of a urine which is dilute but nonetheless more ion-rich than the
medium.

7.9 Freshwater amoebae

Unquestionably, the animal facing the greatest surface to volume ratio in
freshwater is the amoeba, an animal consisting of a single cell and sur-
rounded not by an integument but rather by a single membrane composed
of a lipid bilayer. Though many protozoa live in freshwater, amoebae have
gained special attention because they do not possess a test or shell to
reduce osmotic permeability. The form of locomotion engaged in by amoe-
bae (amoeboid motion) requires that the entire membrane be flexible and
motile.



Hyper-regulators 109 ‘

The osmotic concentration of the cytoplasm of amoebae is similar to
that of other animals. It follows that the cytoplasm must take up water
by osmosis. Given that the animals consist of a single cell, how is urine
produced and diluted to regulate cytoplasmic volume and osmotic concen-
tration? As amoebae consist of a single cell, the term urine would be mis-
leading so let us call it the excretory fluid.

Excretory fluid in amoebae is accumulated in a contractile vacuole
(Fig. 711). If one observes an amoeba under the microscope one notices
a series of cyclical events. Small vacuoles appear in the cytoplasm and
migrate toward a central region. Here they accumulate and fuse, forming
an even larger vacuole filled with fluid. Periodically, this vacuole contracts,
expelling fluid through the cell membrane and into the external medium.
Physiologists have sampled this fluid as it accumulates in the contractile
vacuole prior to expulsion and determined that the fluid is very dilute,
having much lower ionic concentrations than the cytoplasm of the amoeba.
Because we have no evidence in any organism for active water transport,
researchers have concluded that fluid must accumulate initially through ion
transport into the small, forming vacuoles. As these proceed toward the
contractile vacuole, ions are removed from the vacuoles, thereby forming
a dilute fluid in the vacuoles. This fluid is accumulated in the contractile
vacuole and is expelled as a dilute excretory fluid. The rate of fluid excretion
is linked to the rate of fluid entry into the cell. This has been demonstrated
by varying the osmotic concentration of the fluid around the amoebae. In
more concentrated media, the contractile vacuole fills and empties less fre-
quently than in dilute media.

Although the fluid expelled from the contractile vacuole is more dilute
than the cytoplasm, it is more concentrated than the very dilute media in
which amoebae can live. It follows that the amoebae must be able to take
up ions directly from the medium, probably by means of active ion trans-

Contractile
vacuole

Fig. 7.11. An illustration of an amoeba
showing the location of the contractile
vacuole within it.
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porting moieties in the plasma membrane. The difficulty of working with
organisms as small as amoebae has made the unequivocal demonstration of
this process difficult. Nonetheless, the maintenance of ion concentrations in
the cytoplasm at levels well above the external medium is direct evidence
of active processes for ion uptake.

710 Summary

The above examples illustrate that all animals in freshwater maintain body
fluids with osmotic and ionic concentrations above those of the freshwater
medium. Unless the integument is extremely impermeable (reptiles, birds,
and mammals), this leads to the osmotic uptake of water into the body.
All freshwater animals produce an excretory fluid that is more dilute than
the blood, thereby restoring body volume and ridding the body of water
obtained from the medium. All freshwater animals require some site of
extrarenal ion uptake. These sites are quite diverse in different animal

groups, existing on various portions of the external integument or the gut
(Table 7.2).
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8 Terrestrial animals

8.1 Introduction

In the instance of aquatic animals, we have discussed at length the gradi-
ents for the activity of water between the external medium and the body
fluids. Terrestrial animals live in an environment in which the external
medium is not aquatic, but rather consists of land and air. How then are
we going to understand the osmotic forces that apply under these circum-
stances and the mechanisms that the animals might use to regulate the
osmotic concentration of body fluids? To begin this process, let us return to
some basic principles of physical chemistry related to the activity of water
in aqueous media and air.

Consider the situation shown in Figure 8.1, in which we have a beaker
containing distilled water. The top part of the beaker contains air and the
beaker is sealed by an impermeable lid. Eventually, an equilibrium will be
set up between the water in the beaker and the water vapor in the air
above it. As the water is pure distilled water, the osmotic concentration of
the water is 0 mOsm.

The amount of water vapor in the air above the water can be expressed
in terms of relative humidity (% RH). A relative humidity of 100% means
that the air is fully saturated with water vapor, that is, it contains all
the water vapor it can at that temperature. When air comes into equilib-
rium with the distilled water, the relative humidity will be 100% RH. If,
just through random molecular movements, the amount of water vapor in
the air should drop a bit, water would evaporate from the liquid water
surface, returning the two phases to equilibrium. If excess water vapor
should accumulate in the air, then this would result in water precipitating
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100% RH

Distilled
H,O
Fig. 8.1. At equilibrium, the air above pure
water will be at 100% relative humidity

(100% RH).

from the air, returning it to the liquid phase and restoring the equilibrium
condition.

Another way of expressing this is that the water in its gaseous phase
also has an activity and, in an equilibrium condition, the activity of water
in the liquid and aqueous phases are equal. If we lower the activity of water
in the aqueous medium, we would lower it in the air as well. One way of
lowering the activity of water is to add solutes. Let us consider a situation
similar to Figure 8.1 but with seawater in the beaker as opposed to distilled
water (Fig. 8.2). Seawater has an osmotic concentration of about 1000 mOsm.
It would come into equilibrium at 25°C with a relative humidity of less than
100%, actually about 98% RH. In other words, the air would contain less
water vapor because the driving force for water entry into the air is the
activity gradient for water between the air and the aqueous medium. As
the activity of water has been lowered in the aqueous phase, it must also
be lowered in the air at equilibrium.

If we add further solutes to the seawater, the relative humidity in the air
with which it is in equilibrium would decline further. This principle is used
in vapor pressure osmometers. They measure the osmotic concentration of
fluids by measuring the vapor pressure of water in the air that has come
into equilibrium with the fluid.

The activity of water is also affected by temperature. As temperature
goes up, the activity of water in an aqueous solution also rises. As a result,
air that is in equilibrium with that solution can also hold more water in
vapor phase. If we return to the conditions shown in Figure 8.1, the amount
of water vapor in the air depends on temperature. Table 8.1 shows the vapor
pressure generated by water at various temperatures.
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=98% RH

Seawater

Fig. 8.2. At equilibrium and at 20°C, the air
above seawater will be at about 98% RH.

Table 8.1. The relationship between temperature
and the vapor pressure of pure water at that

temperature
Temperature (°C) Equilibrium vapor
pressure (kPa)
0 0.6
10 1.2
20 2.3
30 4.3
40 7.3
50 12.4
60 19.8
70 31.0
80 47.2
90 69.8
100 101

Note that the vapor pressure of water goes up with
temperature. At 100°C, the vapor pressure of water match
with the atmospheric pressure at sea level (101 kPa).

The effects of temperature on the capacity of air to hold water vapor
have implications for animals with regard to water loss. If a terrestrial ani-
mal is exposed to a cool wind in which the air has a water content below
saturation, then the animal will be exposed to dry conditions as water
evaporates from its surface into the passing air. If the animal is exposed
to a warm wind with the same water content, then the animal would lose
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water more rapidly to the passing air because the activity gradient for water
between the skin and the air would be larger.

This has implications for the effects of body temperature as well. As the
activity of water increases with increasing temperature, water evaporates
more rapidly at high body temperature than at low body temperature.

Relative humidity is an expression of the amount of water vapor in air
relative to the amount that would be present at saturation. The amount of
water vapor in the air at saturation increases with increasing temperature.
Therefore, air with a humidity of 80% RH at 10°C contains less water vapor
than does air at 80% RH at 25°C. Relative humidity is a useful term for
many purposes, but because of the effects of temperature, it is not a useful
measure of the driving force for the passive movement of water into the
vapor phase. For those quantitative purposes, animal physiologists tend to
employ the partial pressure of water vapor, expressed in kilopascals (kPa).

8.2 The terrestrial environment can be
associated with enormous gradients for
the activity of water

While discussing the capacity of aquatic animals to survive in saline
waters, we mentioned the champions of osmotic regulation, the brine flies
and brine shrimp (see Chapter 6). These highly saline-tolerant animals can
survive in media as concentrated as 6-10 times the concentration of seawa-
ter. Saline medium of this concentration is in equilibrium with air at about
88% RH at 20°C. As you are well aware, a day with 88% RH feels fairly
humid. In most climates, relative humidity frequently falls below this value.
This means that the osmotic gradient, that is, the gradient for the activity of
water between the blood of terrestrial animals and the air, can potentially
be much larger than the gradient experienced by the most saline-tolerant
aquatic animals. Any time the air contains less than 98% RH at 20°C, that is,
almost any time when it is not raining, the gradient for the activity of water
across your skin is greater than that experienced by any marine animal. We
can see, therefore, that the terrestrial environment presents an enormous
challenge for animals with regard to water regulation and retention. The
remainder of this chapter will deal with the many mechanisms employed
by terrestrial animals to deal with this challenge.

8.3 Osmoregulatory strategies among
terrestrial animals

The above discussion established that terrestrial animals face the largest
gradients for the activity of water across their integuments of any animal.
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As a result, the terrestrial environment is a very challenging one from an
osmoregulatory point of view. Only three phyla of animals have managed
to fully exploit the terrestrial environment: the vertebrates, the arthropods,
and a few mollusk species.

A key adaptation in most terrestrial species is the mechanism for redu-
cing the permeability of the integument with regard to water. The mech-
anisms to achieve this vary with the animal group, but given the huge
gradient for the activity of water that exists in the terrestrial environments,
the permeability exhibited by most aquatic organisms would lead to death
in the terrestrial arena. A particular challenge in this regard is posed by the
respiratory surfaces, which must remain highly permeable to oxygen and
carbon dioxide, while minimizing the loss of water.

Acquisition of water is another key feature of terrestrial life. The water
may be obtained as free water, or in the food upon which the animal feeds,
but access to water is critical for all terrestrial animals. Some arthropods
can obtain water in the form of water vapor and we will discuss this pro-
cess in more detail below.

Finally, those animals inhabiting the most challenging terrestrial environ-
ments often possess specialized organs for producing and excreting a fluid
more concentrated than the blood. By producing a hyperosmotic secretion,
these animals raise the activity of water in their body fluids, thereby pro-
tecting the proteins and membranes in their cells from potential denatur-
ation due to high osmotic concentrations.

8.4 Terrestrial vertebrates
8.4.1 Amphibians

Most amphibians are restricted to aquatic or very moist terrestrial envir-
onments. Salamanders, for example, have highly permeable skins and can
survive in terrestrial environments only if the activity of water in the air is
very high. Salamanders tend to remain in moist or underground sites dur-
ing the day when relative humidity is low and venture out at night when
relative humidity is high.

A few amphibia, especially frogs and toads, can survive in terrestrial
environments. Some, such as tree frogs, reside in sites where the rela-
tive humidity can be low and water is at a premium. Several toad species
actually occur in deserts and survive for years in sites where rain is very
sparse.

The osmotic concentration of the blood of all vertebrates is regulated at
a value around 250-300 mOsm. None of the amphibians is capable of pro-
ducing a concentrated urine in the kidneys, or for that matter any kind
of fluid that is hyperosmotic to the blood. Therefore, the osmoregulatory



‘ 116  Animal Osmoregulation

strategy for the amphibians consists simply of assuring access to water and
reducing water loss to a minimum.

Amphibian can obtain water from their food although, because most
amphibians are carnivorous, this rarely provides a highly dilute source of
water. Frogs and toads rarely drink water. They certainly need to obtain
water from the environment and particularly must be able to exploit not
only standing water but also water in moist habitats. They do so by absorb-
ing water directly across the skin, rather than by drinking. Many frogs
and toads possess water-absorbing patches of skin on their ventral surfaces
in their pelvic regions (Fig. 8.3). The osmotic permeability of the patches
can be adjusted by the insertion or removal of aquaporins in the epithe-
lial cells. If the frogs sense that the medium is moist and dilute (e.g., on
a wet leaf, or a spot of muddy soil), then aquaporins are inserted into the
epithelial cell membranes thereby increasing their permeability to water.
Water flows down its activity gradient into the amphibian’s cells and into

Fig. 8.3. A frog sitting on a pane of glass, viewed from below. The pelvic patch is visible as a
dark region between the hind legs and in the pelvic region of the belly. (Adapted from Hillyard
etal., 1998.)
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the bloodstream. The water patches are highly vascularized, facilitating the
distribution of water from the skin into the body. Frogs and toads can-
not actively remove water from the environment. The movement of water
is instead always passive and is generally not associated with active ion
transport.

If water-stressed amphibians can produce a urine that is close to that of
the blood in osmotic concentration, then the necessity for eliminating meta-
bolic wastes occurs with a minimum water loss. Many amphibians store
urine in the bladder rather than excreting it. At times when the animals are
well hydrated, they produce dilute urine and store it. Subsequently, when
exposed to dry conditions, the animals can retrieve water from the urine
in the bladder as they dehydrate. The bladder is capable of recycling ions
from the urine as well. This lowers the osmotic concentration of the urine
and then water flows osmotically through the bladder wall back into the
blood. The urine stored in the bladder can be an important source of water
for animals facing long periods without water.

Toads tend to have more highly keratinized skin than do frogs. As a
result, they generally have lower rates of water loss across the skin than
do frogs. This is an important adaptation in toads that accounts for their
distribution in drier habitats than frogs.

Some frogs, in turn, are even more impermeable than toads. They have
an additional mechanism for reducing water loss through the integu-
ment, namely, the secretion of waxes by glands in the skin. They then
spread these water-resistant hydrocarbons over the skin using their limbs.
Coating themselves with this layer of wax molecules reduces the rate
of water loss substantially. Frogs using waxes to reduce their rates of
integumental water loss are usually found in the tropics where higher
temperatures make the application of waxes easier and the retention of
water more critical.

8.4.2 Reptiles

The osmotic gradient across the integument, that is, between the blood and
the external air, is identical in all of the terrestrial vertebrates. Amphibians,
reptiles, birds, and mammals all have blood concentrations of around 250-
300 mOsm. Therefore, at all relative humidities below about 99%, the gradi-
ent for the activity of water favors water loss across the skin. Reptiles, birds,
and mammals all possess keratinized skin, an important adaptive feature
for terrestrial life. The epidermal cells of these animals are filled with a
large filamentous protein termed keratin. As the cells age, they migrate to
the surface of the integument and flatten. The cells eventually die and are
pressed to the surface by new epidermal cells proliferating under them.
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This causes the surface of the skin to be covered by thick layers of dead,
flattened cells that are filled with tough bundles of keratin. These cells pro-
vide a formidable barrier to water loss because of the multiple layers of
lipid-containing membranes they contain. The keratin serves to make the
skin much tougher and resistant to cutting and abrasion. Despite their thick
and heavily keratinized skin, reptiles continue to lose water across their
integument, albeit at a very low rate compared to amphibians.

An additional source of water loss for reptiles is the respiratory tract.
Consider a reptile which finds itself in a situation where the relative humid-
ity is 80% at 20°C. The animal breathes in a lungful of air that upon enter-
ing the lungs comes into equilibrium with the moisture on the lung surface.
This fluid is, in turn, in equilibrium with the extracellular fluid around the
lung tissue. To saturate the air in the lungs, or at least bring it to 99% RH,
water is removed from the body fluids. As only water but not solutes are
lost in this process, this process increases the osmotic concentration of the
body fluids. When the air is exhaled, the water is lost from the body in the
form of water vapor. Water is lost with every breath. The higher the metab-
olism, the more rapidly the reptile breathes, and the faster the water is lost.

Therefore, due to cutaneous and respiratory water loss, terrestrial rep-
tiles almost always experience some water loss to a terrestrial environment
that has a lower activity of water than the body fluids. The obvious and
indeed most frequently employed solution to this problem is the ingestion
of fluids more dilute than the body fluids. Many reptiles will drink fresh
water and this serves to dilute the body fluids and replace the water lost
through evaporation. Similarly, many reptiles feed on leaves or fruits, and
the tissues of plants almost always have a higher activity of water than the
body fluids of vertebrates.

Some reptiles, for example, desert animals, may not have access to fluid
more dilute than their body fluids for months at a time. If, similar to some
snakes and lizards, they feed on mammals and birds, their food contains
fluids isosmotic to their own. Other reptiles feed on insects that also have
body fluids with concentrations around 250-350 mOsm.

The kidneys of reptiles, similar to those of fish and amphibians, are
unable to produce urine more concentrated than the blood. They lack the
loops of Henle that birds and mammals possess, and thus cannot produce
hyperosmotic urine. In reptiles, the urine is produced by filtration in the
glomerulus. This process is a simple form of physical filtration in which
large molecules and cells are removed, but the fluid passes through rela-
tively unchanged with regard to small solutes. The resulting primary urine
is identical to the blood in osmotic concentration. Metabolically important
solutes are removed as the urine passes through the proximal tubules. As
the proximal tubules are osmotically highly permeable, the urine remains
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isosmotic with the blood. In the distal tubules, solutes can be removed but
not added. The urine, therefore, can be made more dilute than the blood
but not more concentrated.

Similar to marine iguanas (see Chapter 6), some terrestrial species of
lizards can secrete a concentrated fluid from nasal glands. This secretion
can be rich in sodium chloride, but in some desert species that feed on
plants, the salt glands can secrete a hyperosmotic fluid rich in potassium
and chloride, the major ions that they ingest.

8.4.3 Birds

Flying birds are quite mobile in the terrestrial environment and take advan-
tage of this mobility to find sources of water as required. Similar to reptiles,
birds have a relatively impermeable skin. Unlike reptiles that frequently
have scales to increase the toughness and impermeability of the skin, birds
often possess feathers. Birds also lose water through the respiratory tract to
the dry air that passes through the lungs. Birds are warm-blooded (homeo-
thermic) and therefore must regulate their body temperature. In a warm
environment, birds can get overheated and must dump heat to the environ-
ment. They do this by depressing their feathers to reduce insulation, but
also by panting as a means of increasing water evaporation from the mouth
and tracheal surfaces. This activity causes the loss of water, exacerbating
the problem of osmotic regulation for a terrestrial animal.

Urine in birds is produced in the kidneys. The urine exiting the kidneys
passes into the cloaca in birds. If the urine is more dilute than the blood,
water can be resorbed osmotically in the cloaca and returned to the blood.
This serves to conserve water in the body even if the kidneys are not pro-
ducing concentrated urine. The kidneys of birds, unlike those of reptiles,
however, are able to produce urine more concentrated than the blood. The
production of concentrated urine serves to maintain dilute body fluids and
rid the body of salts obtained in the food. When the kidneys are producing
concentrated urine, this urine can pass through the cloaca and remain
hyperosmotic until excreted. Although the cloaca has the potential for the
uptake of ions and water required by the animal, it is can also be made
impermeable to allow concentrated urine to pass through.

Similar to marine birds (see Fig. 6.3), many species of terrestrial birds can
produce a hyperosmotic secretion in nasal salt glands. This fluid serves to
remove ions from the blood and to reduce the osmotic concentration of the
body fluids. In all birds examined to date the nasal secretions are rich in
sodium and chloride.

The capacity of birds to survive in dry terrestrial habitats is, therefore,
due to a suite of behavioral and physiological adaptations. Birds seek out
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water and succulent food to provide water in terrestrial environments.
The kidneys can produce concentrated urine and the cloaca provides an
additional opportunity to regulate ionic and osmotic concentrations in the
blood. Finally, in many birds the nasal salt glands serve to remove excess
NaCl under conditions of high osmotic stress.

8.4.4 Mammals

Similar to birds and reptiles, mammals have a relatively impermeable skin
compared to amphibians. In many mammals, fur also protects the skin,
reducing the heat in sunlight, and reducing the evaporation by minimizing
air movements adjacent to the skin. Nonetheless, some water loss occurs
across the integument in mammals.

Some mammals, including humans and horses, use dermal sweat glands
to place water (sweat) on the skin’s surface. This process serves to reduce
body temperature in warm environments or during exercise, but it can
place substantial osmotic stress on the body. The primary secretion which
is produced deep in the sweat glands is isosmotic to the blood. As the
fluid flows toward the skin surface inside the sweat duct, salts (principally
sodium and chloride) are removed to produce a hypo-osmotic fluid by the
time it reaches the skin surface. When secreted slowly, such as would occur
if a human was sitting in a warm room, the sweat is dilute. If the sweat
is produced more rapidly, for example, during exercise on a warm day, the
salt content is much higher because the fluid flows through the ducts faster
than the removal of salts. Under any circumstances, sweating leads to the
loss of blood volume, body water, and salts.

Mammals also experience respiratory water loss. As pointed out in the
section above on reptiles, inhalation of dry air and exhalation of hydrated
air leads to water loss. The situation in warm-blooded animals is a little
more complicated due to differences in temperature between the environ-
ment and the animal’s body. Let us take the example of a mammal breath-
ing air with a relative humidity of 60% RH and a temperature of 20°C.
When the mammal breathes in, the air passes across the nasal passages,
evaporating water from these surfaces. This serves to hydrate the air. It also
cools the nasal passages as the air is cooler than the body temperature and
evaporative cooling is also occurring. If the air is not fully hydrated in the
nasal passage, it will take up additional water from the tracheal surfaces,
so that the air is fully saturated with water vapor when in the lungs. The
air in the lungs also comes into temperature equilibrium with the body.
As pointed out in the beginning of this chapter, air at 36°C contains more
water at saturation than does air at 20°C. Therefore, by warming the air and
saturating it with water, the mammal has lost water to the air. At this point,
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the mammal will exhale. As the air is expelled it passes out of the nose.
Here it comes in contact with the nasal passages which were cooled dur-
ing inhalation. The nasal passages cool the air passing by. As the exhaled
air is saturated with water vapor, any cooling leads to condensation. Water
condenses on the nasal epithelia as the air passes by. The nasal epithelia
are osmotically quite permeable and this water is osmotically absorbed into
the underlying body fluids. Many mammals have elaborate nasal turbinates
in the nasal passages which increase the surface area available for contact
with inhaled and exhaled air. These passages play an important role in
reducing respiratory water loss.

In mammals, the most important organs with regard to osmotic regula-
tion are the kidneys. Urine formation in all of the vertebrates (with the
exception of aglomerular fishes, see Chapter 6) occurs in the glomeruli.
Here, blood pressure is used to filter the blood through a permeable barrier
composed of the capillary wall, basal lamina, and podocytes. The filtered
primary urine is osmotically and ionically identical to the blood plasma
with the exception that blood cells and large proteins have been filtered
out. This primary urine flows into the proximal tubules in which ions and
metabolically valuable solutes are actively removed and returned to the
circulatory system. The removal of these abundant small solutes, such as
amino acids, sugars, and salts, substantially reduces the quantity of osmot-
ically active solutes in the primary urine. The proximal tubules are osmot-
ically quite permeable so that the solutes are returned to the blood, water
follows. As a result, the volume of the urine is substantially reduced (by
about 90%) but the osmotic concentration does not change at all.

In the distal tubules, active uptake of sodium and chloride occurs. In the
distal tubule, however, the epithelium is less osmotically permeable and the
removal of ions results in a dilute urine. In most vertebrates, it is this activ-
ity that is responsible for the production of a dilute urine.

In all mammals, the urine passes from the proximal tubules to the dis-
tal tubules through a thin connecting segment. The process of producing
a concentrated urine involves the activities of this narrow tubule segment
connecting the proximal and distal tubules, termed the loop of Henle
(Fig. 8.4). In some nephrons the connecting section is short and the fluid
flows almost directly into the distal tubule. In other nephrons and particu-
larly in those species capable of producing a concentrated urine, the inter-
connecting thin sections are longer. The loop of Henle is divided into two
morphologically and functionally distinct regions. Urine flowing from the
proximal tubule enters the descending limb of the loop which extends into
the middle (medulla) of the kidney. Here the tubule makes a sharp u-turn
and the urine flows in the ascending limb, returning to the cortex. The
urine then exits the ascending limb and flows into the distal tubule.
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Fig. 8.4. The kidney tubules of mammals have glomeruli in which the primary urine is formed
by filtration. The primary urine flows sequentially into the proximal tubule, the loop of Henle,
the distal tubule, and then into the collecting duct. The outer region of the kidney is termed the
cortex, while the more central region is termed the medulla. Some kidney tubules (shown on the
right) have short loops of Henle that do not descend into the medulla. These are termed cortical
tubules. Others, termed juxtamedullary tubules, (shown on the left) have long loops that
descend deep into the medullary region. The latter tubules are responsible for maintaining

the highly concentrated interstitial fluids in the medulla of those mammals able to produce
hyperosmotic urine.

The medulla of the kidney in many mammals has an osmotic concen-
tration that is much higher than that of the blood. As we have stated, the
blood of mammals is around 280-350 mOsm. The medulla of the kidney
can have an osmotic concentration as high as 1000-1800 mOsm depend-
ing on the species. Concentration of the fluid in the medulla occurs in
the following manner. As the urine flows down into the medulla in the
descending limb, water is osmotically withdrawn from the urine into the
medullary extracellular spaces. The descending limb is permeable to water
but not very permeable to ions so that the urine comes into equilibrium
with the highly concentrated medullary region, which is enriched in ions.
The urine flows around the loop and begins its return to the cortical region
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via the ascending limb. In this region of the nephron, sodium and chloride
are actively removed from the urine and transported into the medullary
extracellular spaces. It is this active transport of ions that forms a highly
concentrated urine that produces the elevated osmotic concentration in the
medulla. The removal of ions from the urine flowing through the ascending
limb is so effective that by the time the urine reaches the distal tubules it is
actually hypo-osmotic to the blood.

As the urine descending into the medulla in the descending limb loses
water and the urine flowing in the ascending limb loses salts, one might
expect these two processes to cancel each other. It is worth remembering,
however, that the urine flowing into the limb from the proximal tubule is
isosmotic to the blood. The urine flowing out of the ascending limb into
the distal tubule is hypo-osmotic. This means that ions were removed in
the medulla and a disproportionately small amount of water followed. It is
this accumulation of salts without proportional water following that forms
the concentrated extracellular fluid in the medulla. You will remember from
Chapter 4 that the cells in multicellular animals are always isosmotic to their
surrounding extracellular fluid. This is true of the mammalian kidney as
well. The cells in the medulla, and this includes kidney tubule cells, endothe-
lial cells lining the circulatory system, and blood cells, all must come into
equilibrium with this highly concentrated fluid. The blood cells pass rapidly
through these areas, but they do experience a substantial increase in osmotic
concentration and loss of volume during this short passage. The kidney and
endothelial cells must remain in this region for the lifetime of the animal.
They are able to survive in this highly concentrated environment by accu-
mulating compatible solutes, particularly amino acids and sorbitol. In this
respect, the cells in the renal medulla resemble the cells of marine organ-
isms which must also withstand similar osmotic concentrations.

The length of the loop of Henle determines the capacity of the kidney
to produce concentrated urine. Aquatic mammals, such as the beaver, that
have no need to produce concentrated urine, lack a long loop of Henle.
Camels, in contrast, produce a very concentrated urine and their loops
of Henle are very long and descend deep into the medulla of the kidney.
Humans can produce a concentrated urine as well, but not as concentrated
as a camel’s. The length of the loop of Henle in humans is intermediate. All
mammals, including humans, have nephrons that vary with regard to the
length of the loop of Henle. Some loops are short, transporting the urine
almost directly from the proximal tubules to the distal tubules. Others are
long and dip deeply into the medulla. It is these latter tubules that maintain
the high osmotic concentration in the medulla. The flow of urine through
one type of nephron or another is controlled by variations in the flow of
blood through the glomeruli producing urine for that nephron.
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In our description of mammalian kidney function to this point, we have
produced an isosmotic urine in the glomerulus, removed most of the meta-
bolically important nutrients in the proximal tubules, removed ions to con-
centrate the medullary extracellular space, and removed ions in the distal
tubule to produce dilute urine. The production of dilute urine does not,
however, solve the osmotic regulatory problems of terrestrial animals. We
need to identify some mechanisms for concentrating the urine.

The urine flowing down numerous distal tubules (which you will
remember as hypo-osmotic to the blood) is brought together in the col-
lecting ducts. The urine flowing in the collecting ducts passes back down
through the medulla of the kidney. If the epithelia of the collecting ducts
are impermeable to water, the urine remains dilute and can pass through
the ureter to the bladder for excretion. Under these conditions a dilute urine
is produced and eliminated. In contrast, if the epithelia of the collecting
ducts become permeable to water, the urine passing through the collecting
ducts can loose water to the surrounding medullary spaces, and can in fact
become almost as concentrated as the fluid in the spaces. In humans, this
means that the urine can approach 1200 mOsm in concentration, markedly
hyperosmotic to the blood which is about 300 mOsm.

Control of the osmotic permeability of the collecting ducts is, therefore,
the mechanism by which the concentration of urine is regulated. How can
the permeability of an epithelium be rapidly modified and controlled? The
answer lies with the location and function of aquaporins. When they lack
aquaporin molecules, the apical membranes of the collecting ducts are highly
impermeable to water. Under these conditions dilute urine flows through the
collecting ducts and down into the bladder. The cells of mammalian collect-
ing ducts contain vesicles with aquaporin molecules embedded in their mem-
branes. As long as these aquaporin molecules are contained in the vesicle,
they have no effect on the permeability of the apical membranes. If the blood
becomes excessively concentrated, however, antidiuretic hormone (ADH) is
released and this promotes the fusion of the vesicles with the apical mem-
branes. This serves to insert the aquaporin molecules into the apical mem-
brane greatly increasing its osmotic permeability (see Chapter 11 for more
details about the hormonal regulation of this system). The basal membrane
also is already permeable, so the change in the apical membrane determines
osmotic flow across the entire epithelium. Under the influence of the ADH,
therefore, water is drawn from the urine in the collecting ducts using the
osmotic gradient established between the medullary extracellular spaces and
the urine. The osmotic gradient, you will remember, is produced through the
activity of the ion pumps in the ascending limb of the loop of Henle.

The production of urine of variable osmotic concentrations is vital for the
survival of most mammals in the terrestrial environment. A review of the
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Fig. 8.5. The kangaroo rat, Dipodomys spectabilis. (Adapted from Schmidt-Nielsen, 1994.)

mechanisms available to terrestrial mammals can be obtained by examining
the processes used by a small desert rodent, Dipodomys, the kangaroo rat
(Fig. 8.5). The desert in which this rodent is found provides it with almost
no opportunities for drinking free-standing water. The animals obtain water
from the metabolism of food. They live in burrows in which they store the
seeds and vegetable matter on which they feed. Water lost by evaporation
from their bodies can in part be absorbed by their food and be available
upon ingestion. Dipodomys has extensive nasal turbinates and this aids con-
siderably in reducing respiratory water loss. Finally, the rodent has long
loops of Henle and can produce concentrated urine. Behavioral adaptations
are quite important for the survival of these mammals as well. Kangaroo
rats will feed on succulent food when it is available, and their nocturnal
habits allow them to avoid the hot daylight hours in their burrows and
roam about the desert floor only during the cooler nighttime hours.

8.4.5 Desert locusts

The terrestrial animals discussed above are all vertebrates. The organs they
use to produce urine are the kidneys. Any additional sites of hyperosmotic
fluid secretion (if any) are located in the head. Insects evolved from marine
arthropod ancestors that moved out to land entirely independent of the
vertebrates. The body plan of the insects is quite different from the body
plan of vertebrates, and their evolutionary history is also distinct. Although
insects face the same physiological constraints to terrestrial life (infrequent
access to water, low humidity, low-sodium foods), the organs they use and
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the physiological mechanisms they employ are quite distinct from those of
the vertebrates.

We will explore the processes used by the desert locust, Schistocerca gre-
garia. This insect is responsible for the locust plagues which occur in Africa
and in the Middle East. Owing to its extreme economic importance, this
insect has been studied in considerable detail. It can survive even in the
most inhospitable deserts on earth. Not surprisingly, therefore, the physio-
logical mechanisms responsible for osmoregulation in a terrestrial setting
are highly developed and quite evident.

Figure 8.6 illustrates the internal organs of a desert locust. Food macer-
ated by the mandibles is swallowed and then passes through the foregut
into the midgut. Here the food is digested, through the actions of digest-
ive enzymes, and absorbed. The cells lining the midgut contain transport
proteins that drive the uptake of ions and nutrients contained in the meal.
These nutrients include amino acids, fatty acids, and sugars produced by
the enzymatic cleavage of larger molecules in the food. As a result of the
uptake of these numerous, osmotically active solutes, the activity of water
in the gut contents is substantially reduced. Water, therefore, enters the
insect across the midgut wall, moving down its activity gradient.

When the ions, nutrients, and water cross the midgut wall, they enter
the hemolymph. This fluid is the equivalent of blood in vertebrates.
Hemolymph differs from vertebrate blood in that it lacks red blood cells
containing hemoglobin and it circulates in a large open circulatory system
lacking elaborate branching vessels.

Having obtained ions, nutrients, and water, the insects face the usual
challenges of osmotic regulation, volume regulation, and waste excretion.
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Fig. 8.6. A diagrammatic representation of the digestive and excretory organs of the desert
locust. (Adapted from Bradley, 1985.)
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Insects do not have kidneys. Instead, the site of urine formation is the
Malpighian tubules. These tubules are narrow outpocketings of the gut
that extend out into the hemolymph (Fig. 8.6). Their distal ends are closed
and the proximal ends empty into the gut posterior to the midgut. The
Malpighian tubules produce urine through the active transport of ions (see
Chapter 9 for a more detailed description on ion transport processes in
insects). Unlike vertebrate glomeruli that produce urine by ultrafiltration
using hydrostatic pressure, insect Malpighian tubules actively transport
ions across a permeable epithelium, allowing water to follow osmotically.
The urine produced is isosmotic to the hemolymph and is rich in ions that
are used to produce the osmotic gradient. In the case of the desert locust,
these ions are principally potassium and chloride.

The fluid secreted by the Malpighian tubules serves to remove excess
fluid and wastes from the hemolymph, but it has no effect on the osmotic
concentration of the hemolymph as the fluid produced is isosmotic to the
hemolymph. The fluid passes posteriorly in the gut, entering the ileum.
Here active ion resorption, particularly of potassium and chloride, occurs.
This activity serves to reduce the volume of the fluid passing down the
gut. Valuable ions and water are retained and wastes are concentrated in
the fluid remaining in the gut. The walls of the ileum are osmotically quite
permeable so the fluid at this point remains isosmotic to the hemolymph.

This modified urine flows posteriorly into the rectum. The recta of ter-
restrial insects consist of a simple epithelium. This histological term means
that the epithelium is one cell thick. Much of the epithelium is thin and
distensible, which allows the rectum to swell when filled with urine and/or
feces. Other parts of the epithelium are composed of thick cells (the rectal
pad cells), which have highly folded apical and basal membranes and abun-
dant mitochondria. The rectal pad cells can actively transport ions from
the rectal lumen into the hemolymph. In this manner they can, if needed,
retain the ions in the urine prior to excretion from the body through the
anus. The epithelium of the rectum can be quite impermeable to water so
the rectum is capable of resorbing ions faster than water can follow osmot-
ically. In this manner, the rectum can produce dilute urine that is hypo-
osmotic to the hemolymph. This would be the circumstance if the insects
are eating abundant succulent foliage and thus loading the system with
dilute fluids.

A common circumstance for an insect living in the desert, however, is the
need to retain water and excrete ions, and to preserve the relatively dilute
state of its body fluids in the face of the extreme heat and dryness of the sur-
rounding air. The most critical need in these circumstances is the retention
of water in the body through the production of concentrated urine. In ter-
restrial insects, these activities are also carried out in the rectal pad cells.
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Figure 8.7 illustrates the morphology of the rectal pad cells. The apical
surface of the cell, adjacent to the rectal lumen, has numerous, deep mem-
brane infoldings. These membranes are the site of active ion transport from
the rectal lumen into the cell cytoplasm. The ions absorbed are then trans-
ported into the intercellular spaces, forming there a fluid with very high
osmotic concentration. The septate junctions between the cells can act as
semipermeable membranes, permitting water to diffuse down its activity
gradient from the rectal lumen into the fluid-filled intercellular clefts. As
this water flows into the clefts, the fluid already in the clefts are forced in
a basal direction through the intercellular spaces. In the more basal regions
of clefts, ions are removed from the fluid and returned to the cell cyto-
plasm of the rectal cells. This ion transport activity removes ions from the
fluid in a region in which the membrane is relatively impermeable to water.
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Fig. 8.7. A diagrammatic representation of the rectal pad cells of the desert locust. Active ion
transport (shown with solid arrows) across the luminal membrane transports ions into the rectal
cell and then into the intercellular clefts. Water follows (unfilled arrows) down its activity gradient.
This concentrated fluid flows between the cells into the lower intercellular clefts. Here ions are
transported back into the cells through membranes with a low osmotic permeability. The resulting
dilute fluid flows into the hemolymph. The rectal cells are able to recycle the ions, thereby drawing
water from the rectal lumen. (Adapted from Bradley, 1985.)
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This serves to produce a dilute fluid because the major osmotically active
solutes are removed and water does not follow. This dilute fluid continues
to flow in basal direction and eventually passes into the hemolymph. The
result of all of these activities is that water is drawn from the rectal lumen,
is moved basally through the epithelium, ions are removed, and a dilute
fluid is added to the hemolymph. This process retains water in the body and
adds dilute fluid to the hemolymph, thereby counteracting the loss of water
from the body resulting from evaporative and respiratory water loss.

The ions removed from the fluid in the intercellular clefts are trans-
ported back into the rectal cells. These ions are then recycled into the
more apical regions of the cells, and used to draw more water from the
rectal lumen. It has been shown that the rectum is capable of actively
drawing water from the lumen using almost exclusively these recycled
ions while drawing very few ions from the lumen. This allows the rectum
to transport a hypo-osmotic fluid to the hemolymph while removing few
if any ions from the rectal lumen. In this manner, the insects can produce
concentrated excreta, retain water, and yet not load the body fluids with
unneeded ions.

When the insects are well hydrated, for example, when feeding on
abundant lush vegetation, the rectum can retain the needed ions and yet
produce abundant dilute urine. During desiccating times, the rectum can
remove water from the excreta while retaining the minimal number of ions
required to serve physiological functions. The removal of water from the
excreta is so successful that desert locusts appear to produce dry excretory
pellets under desiccating conditions. In fact, the osmotic concentration of
the fluid they excrete has been shown to be about 1800 mOsm. By remov-
ing water from both the urine and feces (both of which pass through the
rectum), these insects achieve greater water savings than are possible in

mammals where the feces can only be concentrated to a level isosmotic to
the blood.

8.5 Water uptake by arthropods from a
subsaturated atmosphere

The above description of the function of the excretory system of the desert
locust also seems to be a pretty good description of these functions in most
terrestrial insects. In all cases examined to date, the Malpighian tubules
produce an isosmotic primary urine which can be modified by downstream
portions of the tubules or the gut. Extensive osmotic modification of the
urine, however, is generally restricted to the rectum or ileum. These are the
sites of urine concentration, principally through water resorption.
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The critical feature of the rectum is the presence of a highly concen-
trated solution in the intercellular spaces. The hyperosmotic solution can
then be used to extract water from the excreta. Water movement is always
driven by the activity gradient of water between the rectal lumen and the
intercellular space. Figure 8.8 is a diagrammatic representation of the ana-
tomical arrangements in the recta of the mealworm, Tenebrio. Here, the tips
of the Malpighian tubules lie very close to the rectal wall. Both the rectum
and the Malpighian tubules are surrounded by an osmotically tight cryp-
tonephridial sheath. Ions transported into the Malpighian tubules through
windows in this sheath produce a very concentrated solution that draws
water from the rectum. As the insects move air in and out of the rectum,
water vapor moves down its activity gradient from air to tubule lumen.
This fluid then flows down the tubules to an osmotically permeable region
bathed in hemolymph. There, the fluid comes into osmotic equilibrium with
the hemolymph. The net effect is that water removed from subsaturated air
is moved into the hemolymph and thus into the animal’s tissues.

A number of insects can take up water from subsaturated air. This is enor-
mously important for their survival in a terrestrial environment. Although
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Fig. 8.8. A diagrammatic representation of the anatomical arrangements in the rectum of
the mealworm, Tenebrio. See text for an explanation on the pathways of water uptake from
subsaturated air. (Adapted from Bradley, 1985.)
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free-standing water is rare in a number of habitats, short intervals of a high
relative humidity are more common. At night, when temperatures drop,
the relative humidity rises substantially. In the desert, although falling rain
often sinks rapidly into the sand, the humidity of the air is raised by the
brief precipitation. It has been shown that insects can take up water from
air using the same rectal mechanisms that are used to dry the feces. Instead
of taking up water from the urine or feces, these insects can pump external
air into and out of the rectum. As long as the activity of water in the air is
higher than that in the intercellular spaces in the rectum, water can diffuse
down its activity gradient and into the spaces. From there it flows between
the cells, ions are removed as described above for the desert locust, and the
hemolymph receives a hypo-osmotic fluid.

Table 8.2 shows the threshold relative humidities below which insects
of various species are unable to achieve a net uptake of water from sub-
saturated air. The marked differences in the threshold between species may
reflect differences in the types of ions transported into the intercellular
spaces, or differences in the rates of water loss from other sites that counter
the rate at which water can be obtained from air.

Table 8.2. The order (in boldface) and Genus species (in italics) names
of a large number of insects that are able to take up water vapor from
subsaturated air

Critical equilibrium
relative humidity (%)

Thysanura (bristletails)
Ctenolepisma longicauda 60
Thermobia domestica 45

Psocoptera (psocids)

Liposcelis rufus 58
Orthoptera (grasshoppers, cockroaches)
Chortophaga viridifasciata 82
Arenivaga investigata 83
Coleoptera (beetles)

Tenebrio molitor 88
Lasioderma serricorne 43

Siphonaptera (fleas)

Xenopsylla brasiliensis 50
Xenopsylla cheopis 65
Ceratophyllus gallinae 82

The critical equilibrium relative humidity represents the relative humidity above
which the insects can take up water from air. Note that a large number of very
diverse insects have the capability of obtaining water in this manner.
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A few insects and other arthropods can take up water from subsaturated
air at morphological sites other than the rectum. The desert cockroach,
Arenivaga investigata, produces a hyperosmotic secretion on bladders near
the mouth. After this fluid has taken up water vapor from the air, the fluid
is swallowed through the mouth. The net effect, of course, is an uptake of
water from the air (Table 8.2). Ticks also produce a hyperosmotic secretion
from the salivary glands that can be exposed to air and then swallowed.
These capacities by arthropods to obtain water from air are of enormous
advantage in terrestrial environments where free-standing water can be
quite rare.
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9 Membranes as sites of
energy transduction

9.1 Introduction

Chapters 1 and 2 discussed the importance of the interactions of solutes
with water, and the profound effects these interactions can have on the
activity of water. The activity of water and the concentration of specific
solutes can in turn influence the structure and function of proteins and
membranes. Differences in the activity of water across membranes have
important implications for the movement of water because the potential
energy contained in the osmotic differences can serve as the driving force
for net diffusion across the plane of the membrane.

The types of solute can also be of great biologic significance. In particular,
the capacity of charged solutes to separate into ions of opposite charge when
dissolved in water is an important characteristic. For example, when table
salt (NaCl) is dissolved in water, the majority of the molecules dissociate into
positively charged sodium (Na®) ions and negatively charged chloride ions
(CI"). The dissolution of the NaCl molecule does not lead to a change in net
charge because the number of positive and negative ions is equal, but it does
lead to strong local charges around the ions, as discussed in Chapter 2.

The hydrophobic lipid bilayer that forms the central structure of mem-
branes serves not only as a barrier to the diffusion of water, but also as a
barrier for the diffusion of solutes, particularly charged solutes such as ions.
By restricting the diffusion of ions across the plane of the membrane, the
membrane thus serves as an electrical resistor.

Electrical flow is carried by charged particles. In the electrical lines in
your house, the electrical flow consists of electrons, each of which carries a
charge of —1. Electrical flow can also be carried by other charged particles

133
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in the form of ions. In the lead acid battery found in most cars, for example,
the electrical energy is stored as hydronium ions (H*) in the acid and this is
transferred to the lead cells creating electrical flow when power is needed
from the battery.

In the cells of animals, separation of charge can also lead to electrical
potentials and indeed current. Let us imagine two solutions separated
by a membrane. Under the initial conditions in our example, each of the
solutions has an equal number of positive ions (cations) and negative ions
(anions) (Fig. 9.1a). If a few of the cations (in this case sodium ions) are
transferred across the membrane without anions following, this leads to
a slight difference in the equality of cations and anions on both sides of
the membrane and produces a net electrical charge across the membrane.
The side to which the sodium ions were transferred develops a net posi-
tive charge and the opposite side, where chloride ions predominate, a net
negative charge. There is no net flow of electricity, however, because the
membrane is acting as a resistor. In the steady-state condition illustrated in
Fig. 9.1b, potential energy is stored across the membrane both as a chemical
gradient, owing to slightly different concentrations on either side of sodium
and chloride ions, and as an electrical charge. This is referred to as an elec-
trochemical gradient because energy is stored in both forms.

Now imagine the same situation, but with the addition of a channel placed
in the membrane that allows only sodium to cross the membrane (Fig. 9.1c).
Now the potential energy stored across the membrane in the form of an
electrochemical gradient drives sodium across the membrane. Chloride
ions cannot follow because the channel only allows sodium to pass. The
effect will be for a brief period in which sodium ions diffuse across the
membrane, driven down their electrochemical gradient. This movement of
sodium ions represents an electrical flow, that is, net charges are moving
across the membrane. This represents a situation in which chemical poten-
tial energy (the separation of sodium and chloride ions) is used to drive ion
flow. This is a form of energy transduction in which potential energy in the
form of electrical charge is turned into kinetic energy in that the ions are
driven in a specific direction.

To the extent, therefore, that membranes can separate chemicals and
charged ions on either side of the membrane, these membranes can act as
sites of energy transduction. Let us now consider some real-life examples of
this energy transduction in action.

9.2 Mitochondrial ATP production

The passage of glucose and other carbohydrates through the pathway
referred to as glycolysis results in the production of pyruvate. All of these
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Fig. 9.1. (a) Consider two compartments separated by a membrane. Owing to the even
distribution of ions in the two compartments, there is no electrical charge across the membrane.
(b) If there is an uneven distribution of ions across the membrane, energy is stored as an electrical
potential. (c) The energy stored in the electrical potential can be used to drive ions across the
membrane. In this manner, potential energy in the form of an electrical charge can be used to
move ions.

reactions occur in the cytoplasm of animal cells. In order for pyruvate
to undergo further aerobic metabolism, it must enter the mitochondrion.
The mitochondria in eukaryotic cells are surrounded by two membranes
(Fig. 9.2). The outer membrane is quite permeable to most compounds and
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can be ignored for our purpose. The inner membrane is the site of active
ion transport and energy transduction (Fig. 9.3) and will be the subject of
our discussion here. Pyruvate enters the mitochondrion through specific
channels in the inner membrane, combines with malate to form citrate,
and cycles through the citric acid cycle. Each passage through the cycle

Mitochondrial outer
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Mitochondrial
Mitochondrial matrix inner membrane

Fig. 9.2. A diagrammatic representation of a mitochondrion. Mitochondria have an inner
membrane and outer membrane surrounding the mitochondrial matrix.
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Fig. 9.3. The electron transport chain acts as a pump for hydronium ions, producing electrical
and pH gradients across the inner mitochondrial membrane. These gradients are used to produce
ATP, drive the exchange of ATP for ADP across the mitochondrial membrane, or import pyruvate
into the mitochondrial matrix.
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produces three NADH, and one FADH,. It is these compounds that pro-
vide the reducing power for subsequent reactions in the electron transport
chain.

The electron transport chain is a series of enzymes and cytochromes
that accept electrons from NADH, or FADH,. These electrons move from
cytochrome to cytochrome within the chain. The chain ranges from the
upstream end, which is highly reduced by the addition of electrons, to the
other end of the chain, which is less reduced (i.e., more oxidized). The elec-
trons can, therefore, flow from the reduced end to the oxidized end of the
chain. As they do so, the electrons give up energy because they are flowing
from a high-energy state to a more low-energy state. The energy given up by
the electrons as they move along the chain is captured by the cytochromes
and used to pump hydronium ions (H*) from inside the mitochondrion
(the mitochondrial matrix) to outside the mitochondrion (the cytoplasm). In
other words, the electron transport chain consists of three hydronium ion
pumps that transport hydronium ions out, and the energy for this transport
is provided by electrons moving along the electron transport chain. I have
indicated that the end of the chain is less reduced (i.e., more oxidized) and
this gradient of reduction is the force that energizes the electron flow. The
end of the electron transport chain is maintained in the oxidized state by
the actions of cytochrome oxidase. This enzyme combines the use of oxi-
dizing power of oxygen to keep the gradient intact. O, accepts the electrons,
forming 20 . These combine with 4H" in the cytoplasm to form two water
molecules (2H,0). You will remember that oxidative metabolism of carbo-
hydrate produces CO, and H,O.

The chemical gradient of H* can also be considered a pH gradient across
the membrane because pH is a function of the concentration of H* ions.
The H* ions that are pumped across the membrane by the electron trans-
port chain are unaccompanied by any negatively charged counterion. As a
result, there is a large electrical gradient established across the mitochon-
drial membrane. The combination of the chemical gradient and the electrical
gradient is termed the electrochemical gradient. This electrochemical gradi-
ent represents a form of potential energy stored across the membrane.

Elsewhere on the mitochondrial inner membrane are molecules referred
to as H*-ATPases. These molecular complexes allow H* ions to move back
into the mitochondrial matrix through a pore in the inner mitochondrial
membrane (Fig. 9.3). The driving force for this movement is the electro-
chemical gradient for H* ions. The H"-ATPase captures the energy associ-
ated with the movement of H* ions down their electrochemical gradient to
synthesize ATP by means of the reaction

ADP + P + energy — ATP (CAY}
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Energy must be added to the molecules on the left-hand side of Eqn 9.1
to produce ATP because ATP contains more chemical energy in its phos-
phate bonds than does ADP. In the mitochondrion, that energy comes from
the movement of H* ion through the H*-ATPase. You may be aware that
the term ATPase is used for molecules that split ATP and use the energy to
do work. This could be described using an equation as follows:

Ion movement across .... membrane

ATP = ADP + P + the establishment of
an ion gradient

In the above equation, the energy contained in the phosphate bond of ATP
is released when ADP+P is formed. Part of the energy is stored in the form
of an ion gradient. The H"-ATPase in the mitochondrion is essentially an
ATPase that is running backwards; in other words, it takes the energy in
ions moving energetically downhill (negative work) and stores that energy
in ATP.

The system I have described above that occurs in mitochondria is an
example of energy transduction. The energy stored in the food is directed
by a variety of chemical pathways into the production of NADH, and
FADH, in the mitochondrial matrix. This is not yet a form of energy trans-
duction because energy that was initially chemical potential energy in food
is still chemical potential energy. The electron transport chain, however,
turns this chemical energy into an electrochemical gradient. This is a form
of energy transduction because potential energy stored in chemical bonds
is transformed into a electrical gradient. The H*-ATPase in turn transforms
the potential energy stored in the form of the electrochemical back into
potential energy stored in the chemical bonds in ATP. In both of these
transformation events, a membrane is involved and indeed required for this
activity.

The electrochemical gradient of H* ion across the mitochondrial mem-
brane is used for other purposes by the mitochondrion as well. For example,
the production of ATP is only useful if that ATP can get out of the mito-
chondrial matrix and into the cytoplasm where the remaining cellular
machinery can make use of it. Therefore, there must be a rapid exchange of
ADP from the cytoplasm for ATP in the mitochondrion. This is facilitated
by a molecular exchange process in the inner mitochondrial membrane
that exchanges one ATP molecule for an ADP. ATP has a net charge of —4
while ADP has a net charge of —3. The exchange of one ATP for one ADP,
therefore, leads to a net movement of one negative charge out. The electro-
chemical gradient established by the electron transport chain is the driving
force for the exchange of ATP for ADP. Similarly, in order for the mitochon-
drion to function smoothly and rapidly, pyruvate must constantly enter the
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mitochondrial matrix. Pyruvate has a net negative charge. Its movement
into the mitochondrion occurs through a transport moiety and is driven by
cotransport with H+ across the membrane.

We can demonstrate that the electrochemical gradient generated by
the electron transport chain really does drive all these processes. If you
remove the oxygen from the mitochondrion, then the electron transport
chain grinds to a halt because the entire chain becomes evenly reduced.
The gradient for H* ions decays in the absence of the electron flow and
the processes driven by the gradient cease. In another form of evidence, if
you introduce a H* ionophore into the mitochondrial membrane, you make
the membrane leaky to H" ions. The gradient disappears and ATP forma-
tion ceases. Importantly, the electron transport chain continues because that
series of reactions has not been inhibited.

The reactions which occur at the mitochondrial membrane provide an
interesting and readily understandable example of energy transduction
occurring at a membrane. It is not only pedagogically useful, but also fun-
damental to an understanding of the biology of membranes. This process
for aerobically forming ATP occurs not only in mitochondria, but also in
bacteria. It is one of the most fundamental processes for energy storage
and maintenance of aerobic life on earth. In addition, the process of photo-
synthesis in plant chloroplasts is essentially this process in reverse, in
which the energy in sunlight is transduced into an electrochemical gradient
for H* ions, which in turn is used to reduce CO, and produce carbon-rich
carbohydrates.

We will see in the examples below, and in the next chapter, that energy
transduction at membranes is used not only to produce ATP but also in a
variety of processes central to osmoregulation in animal cells.

9.3 Vertebrate intestinal epithelial cells

The cells lining the small intestine of vertebrates are termed enterocytes.
These cells are the site of uptake of nutrients from the lumen of the intes-
tine following the digestive processes initiated by enzymes secreted by the
pancreas. The cells play a major role not only in absorbing nutrients but
also in transporting vital ions into the body and absorbing water that other-
wise would remain in the gut lumen. The section below will describe some
of the processes involved in ion, nutrient, and water absorption from the
vertebrate gut.

The enterocytes lining the small intestine are bathed on their basal sur-
face by the interstitial fluids inside the villi. Owing to the permeability
of the capillaries, the interstitial fluids are free to exchange, at least with
regard to fluids and small soluble compounds, with the blood (Fig. 9.4).
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Fig. 9.4. The enterocyte is the site of sodium and nutrient uptake in the intestine of vertebrates.
Na*/K*-ATPase on the basal membrane removes sodium ions from the cytoplasm and establishes
a strong sodium gradient across the apical membrane. This sodium gradient is used to drive the
inward transport of sodium ions and also (via cotransport processes) amino acids and glucose.

The enterocytes are bathed on their apical surface by the gut contents. The
apical surface is highly convoluted in the form of microvilli which serve to
greatly increase the amount of apical membrane in contact with the exter-
nal gut contents.

The basal membrane of the enterocytes contains the Na*/K*-ATPase
complex, which is common in animal cells. This enzyme uses the energy
contained in the ATP molecule to power the transport of 3Na* ions across
the membrane from the cytoplasm to the interstitial fluid. Simultaneously,
the enzyme transports 2K* ions from the interstitial fluid to the cytoplasm
(Fig. 9.5). The actions of this transport moiety serve to make the sodium
concentration in the cell cytoplasm very low, and to enrich the fluid with
potassium ions. As the number of charges passing across the membrane in
both directions is not equal, the transport also makes the inside of the cell
slightly negative relative to the interstitial space. The basal membrane also
contains a potassium channel (Fig. 9.4). The activity of the Na*/K"-ATPase
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Fig. 9.5. The epithelial cells in the integument of marine larvae also use Na*/K*-ATPase to reduce
the sodium content of the cell cytoplasm and establish a strong sodium gradient between the cell
and the seawater outside. This gradient is used to take up valuable organic compounds from the
seawater.

produces a substantial gradient for potassium ions, with inside the cyto-
plasm having a higher concentration than the interstitial fluid. As a result,
potassium can move out of the cell through this potassium channel. As
anions cannot follow, the gradient does not go to zero. Instead, enough
potassium leaks out to form a substantial electrical gradient (on the order
of 60-70 mV inside negative) and the diffusion of potassium slows when the
electrical gradient across the basal membrane is strong enough to counter
the chemical gradient of potassium ions.

The apical membrane of the enterocyte contains sodium channels
(Fig. 94). The concentration of sodium in the cytoplasm is very low due to
the actions of the Na*/K*-ATPase. If the fluid in the gut lumen contains
sodium ions, even in relatively low concentrations, these will be able to
move down their chemical gradient into the cell cytoplasm. Under many
circumstances, the sodium gradient across the apical membrane is actually
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quite large. If the animal has been drinking the external medium in any
waters except strictly freshwater, substantial sodium will be present. If the
animal has eaten a meal, the food will be accompanied by saliva, stomach
secretions, and secretions from the pancreas. All of these have sodium con-
centrations equal to the blood, that is, about 100-150 mM in most animals.
Therefore, under most circumstances, a substantial sodium gradient exists
favoring sodium entry across the apical membrane.

The apical membranes also contain transport moieties that couple the
movement of sodium inward across the apical membrane to inward glu-
cose transport (Fig. 9.4). This process is called cotransport. The molecular
complex couples the movement of glucose from lumen to cytoplasm to the
inward movement of sodium. More remarkably, the energy for this process
is the sodium gradient itself. In the absence of the sodium gradient, glucose
cannot be transported in this manner. In the presence of the sodium gradi-
ent, glucose uptake is stoichiometrically coupled to sodium uptake.

Similar mechanisms present in the apical membranes are involved in the
uptake of amino acids (Fig. 94). Amino acids can be quite different bio-
chemically from each other. Some are positively charged at physiological
pHs, some are negatively charged, and some are neutral. In addition, some
such as proline and hydroxyproline have rather large side groups. To date,
four distinct classes of amino acid transporters have been isolated from
enterocytes. Each one deals with a different class of amino acid. What these
transporters have in common is that they all use the sodium gradient to
provide the energy for the movement of amino acids across the apical mem-
brane. Once again, in the absence of a sodium gradient, these transport
processes cannot occur.

The apical membranes of the enterocytes also contains transport moi-
eties for a variety of ions and micronutrients (e.g., vitamins) that the animal
require from its food. Some of these depend on the sodium gradient as an
energy source, some use ATP or GTP to power solute uptake. Regardless of
the precise mechanism, it is clear that a large variety of solutes are trans-
ported from the lumen of the gut into the cytoplasm. The principal one
of these is sodium. This ion, once it has entered the cytoplasm, is quickly
removed by the Na*/K"-ATPase. This maintains the sodium gradient across
the apical membrane. Glucose and amino acids accumulate in cell, but as
there are channels for these nutrients in the basal membrane (Fig. 9.4) they
are able to diffuse down their concentration gradients into the interstitial
fluid. Similarly, micronutrients and other ions such as calcium diffuse from
the cytoplasm into the interstitial fluid. The net result of this is that a var-
iety of solutes move from the gut lumen, across the cell, and into the inter-
stitial fluid. These processes serve to increase the activity of water in the
fluid in the gut lumen which is being depleted of sodium and other ions,
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sugars, amino acids, and numerous small solutes found in the food. Both
the apical and basal membranes of the enterocytes are relatively permeable
to water. As a result, water diffuses across the epithelium in proportion to
the rate of ion and nutrient transport. As solutes move into the cell water
follows. As these nutrients then move into the interstitial fluid, water fol-
lows into that space as well. As a result, the retrieval of water from the gut
depends on and is driven by the movement of solutes across each of the
membranes of the cell.

Let us return to the issue of the energy sources for each of these proc-
esses. The energy required to deplete the cell cytoplasm of sodium ions
and to enrich it in potassium ions derives from ATP. The transduction of
chemical potential energy into an electrochemical gradient is carried out by
the Na*/K*-ATPase. The basal membrane of the cell also has a large nega-
tive electrical potential (inside negative) and this too is powered indirectly
by the ATPase. The uptake of sodium and the sodium-coupled cotransport
of glucose and amino acids depends on the actions of the Na*/K"-ATPase.
We can see, therefore, that the vast majority of the transport processes are
driven directly or indirectly by the splitting of ATP by Na*/K*-ATPase in
the basal membrane. Even the transport of molecules against steep gradi-
ents at the apical membrane are powered by the splitting of ATP at the
basal membrane. Finally, what about water movement? The gut is capable
of rapid water uptake from the meal. What is the energy source for that?
You are familiar by now with the processes by which water moves across
biologic membranes. Water moves due to osmotic forces and it is the move-
ment of solutes that forms the activity gradients. Therefore, the energy for
water movement across the gut also derives from the splitting of ATP at the
basal membrane by Na*/K*-ATPase.

There is one last scenario we should explore before leaving the issue of
solute and water movement across the enterocyte. What about the situation
in freshwater animals in which they ingest very dilute waters? Similarly,
what happens in terrestrial animals when they drink dilute water? Is the
process of water entry fundamentally different under these conditions? In
the circumstance of water being swallowed which is low in ions and which
is not substantially mixed with saliva, it enters the stomach of a vertebrate
or the midgut of an invertebrate as dilute, ion-poor fluid. The fluid in the
gut will have a high activity of water, while the blood of the animal will
have a lower activity due to the normal solutes found in blood. The stomach
of vertebrates is somewhat permeable to water and therefore some diffusion
of water occurs down its activity gradient. This is a good thing if you are
very dehydrated and thirsty because it means that the water rapidly enters
your bloodstream. As the water passes further into the intestine, the epi-
thelium is even more permeable than that of the stomach and water rapidly
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comes into equilibrium with the blood. This means that the water drunk
by a vertebrate fairly rapidly moves into the blood stream even if sodium
is not present in the gut lumen. A similar situation exists for invertebrates.
In most of these animals, no stomach is present so ingested, dilute water
rapidly moves into the blood. The process is passive, that is, it does not
require simultaneous ion transport and is driven solely by the gradient for
the activity of water.

9.4 The integument of marine larvae

The above example of the intestinal cell of vertebrates represents a cell that
is highly differentiated. Are similar mechanisms at work in other cell types?
Are these mechanisms primitive or merely found in derived cells?

The fundamental, ancient, and indeed universal nature of the energy
transduction mechanisms associated with membranes is demonstrated by
their presence in a taxonomically diverse array of marine invertebrates.
The process has been studied in greatest detail in the larvae of mollusks
and echinoderms, although it also occurs in many other marine phyla
including annelids and protozoa. Marine larvae are very vulnerable to
predation, starvation, and the risk of drifting into adverse environments.
There is a premium on rapid growth to a larger and more secure life his-
tory stage. In their early developmental stages, the larvae of many marine
taxa lack mouths or exist in waters with little particulate food. The larvae
obtain organic nutrients and manage to grow under these circumstances
by absorbing soluble organic nutrients (dissolved organic carbon) directly
from seawater across their integumental cells. Seawater has a surprisingly
high content of dissolved organic matter, including amino acids, sugars,
and peptide fragments. The larvae of marine organisms often absorb these
compounds using the mechanism illustrated in Figure 9.5. The integu-
mental cells of the larvae contain Na*/K*-ATPase. This serves to keep the
sodium concentration in the cytoplasm very low and to accumulate potas-
sium ions. The apical membranes of the epithelial cells in the integument
possess glucose uptake mechanisms that use sodium gradient as the energy
source for the cotransport of sodium and glucose. Similarly, amino acids
are taken up by mechanisms similar to those described above in entero-
cytes and these too use the sodium gradient as an energy source. It is clear,
therefore, that the role of Na*/K*-ATPase in producing an electrochemical
gradient for nutrient uptake is extremely widespread and ancient. It was an
integral part of the physiological armature of early marine creatures and
has been retained as a mechanism linking nutrient uptake to the expendi-
ture of metabolic energy in the form of ATP.
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9.5 Conclusions

Chapter 2 emphasized that the movement of water across membranes, as
well as into and out of animal bodies, involves the generation of activity
gradients for water through the movement of solutes. In this chapter, I have
discussed the concept that the movement of ions using ATPases leads not
only to the transport of a single solute, but also to the establishment of
electrochemical gradients that can serve as sources of energy for a variety
of transport processes. By coupling transport activities between the apical
and basal membranes, the cells can also create activity gradients for water
across an epithelium. The transduction of energy from chemical to electro-
chemical forms, therefore, provides energy for a variety of vital activities
and links these processes across the cell. The following chapter will pro-
vide some specific examples of how the appropriate distribution of ATPases,
cotransporters, and channels can lead to a surprising array of functions in
animals, including ion and nutrient uptake, fluid secretion, regulation of
pH, as well as volume and osmotic regulations.
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10 Transport of
ions and water
in epithelia:
molecular insights

10.1 Introduction

As indicated in Chapter 9, membranes serve as platforms within which ion
transport moieties can reside and function. In some cases these transport
moieties are fairly complex, consisting of multiple proteins that must inter-
act in precise ways to achieve active ion transport. The ion transport serves
to store energy as ionic and electrical gradients, including the energy gra-
dients required for the movement of water.

In this chapter, I will provide examples of three epithelia whose primary
function is osmotic homeostasis and/or water movement. As only three
examples will be provided, it is clear that this list is not intended to be
exhaustive. Instead, my goal is to provide examples of the breadth and diver-
sity one encounters in animal cells. In addition, I seek to convey the concept
that the types of ion-transporting mechanisms available through evolution-
ary modification, gene replication, and subsequent specialization are limited.
However, through the placing of a limited number of types of moieties in
new locations, the number and diversity of physiological functions and spe-
cialized cells that have been achieved are bewilderingly large.

10.2 Insect Malpighian tubules

Insect Malpighian tubules are the site of urine formation in insects. The
tubules are evaginations of the gut. On their basal surface, the tubules are
bathed by the insect’s blood (termed hemolymph) while the apical surface
faces the urinary space. In insects, the urine is formed by active transport
of ions from the hemolymph to the urinary space, with water following.

146



Transport of ions and water in epithelia: molecular insights 147 ‘

The urine, once formed, flows along the lumen of the Malpighian tubules,
into the gut, and eventually is excreted through the anus. In all insects that
we are aware of, the primary urine is isosmotic to the blood. Freshwater
insects produce a dilute urine by resorbing ions from this primary urine,
while terrestrial insects produce a hyperosmotic excreta by resorbing water
from the urine.

Rhodnius prolixus, a bloodsucking insect found in North America and
South America, can take bloodmeal that is 10 times more massive than its
unfed body mass. This meal, being blood, is largely water and the insect
excretes about one-half of the volume of the meal in the next hour following
the meal. This means that the insect excretes about five times its previous
body volume in 1 hr through four Malpighian tubules. This capacity makes
the Malpighian tubules of Rhodnius the fastest fluid-transporting epithelia
known to biology when expressed on a per gram basis.

The cell type that I have chosen to illustrate in detail is the cells of the
upper tubule (Fig. 10.1). This is the predominant site of fluid transport and
urine formation in the Rhodnius Malpighian tubule. This cell type trans-
ports fluid very rapidly from the basal fluid (hemolymph) to the apical fluid
(urine). To do this, the cell must transport osmotically active ions from the
hemolymph to the urinary space. This ion transport reduces the activity of
water in the urine, driving water movement across the epithelium.

The apical membrane in the cells of the upper tubule contains a hydro-
gen ATPase. The ATPase uses the chemical energy in the reaction

ATP — ADP + inorganic P

and couples it to the movement of hydrogen ions from the cell cytoplasm to
the urinary space. This transport of H* causes the lumen to become more
acidic and, because hydrogen ions are positively charged, causes the urin-
ary space to have a positive electrical charge relative to the cytoplasm. The
pump, therefore, produces both a chemical gradient and an electrical gra-
dient. These gradients provide an energy source that the cell can use for
transporting other ions. In the case of the upper tubule, an ion exchanger
is present in the apical membrane of the cell which exchanges a hydrogen
ion moving inward down its electrochemical gradient for a sodium and/
or potassium ion moving in the opposite direction from the cytoplasm to
the urine. This exchanger is termed the H*/cation exchanger because it can
facilitate the outward movement of either Na® or K*. At the same time,
chloride ions can move through an apical ion channel from the cytoplasm
to the urine, by using electrical gradient as the driving force. The result is
that the urine becomes enriched in sodium, potassium, and chloride ions.
The driving force for the movement of each of these three ions is the release
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Fig. 10.1. lon transport activities associated with cells in the upper tubule cells of the Malpighian
tubules of Rhodnius prolixus. The basal membrane (lower portion of the figure) is energized by

a Na*/K*-ATPase. K* leaks out of the cell through a membrane channel, causing the cytoplasm

to have a negative potential relative to the hemolymph. The electrochemical gradient for sodium
drives the cotransport of Na*, K*, and 2CI~ by an electroneutral cotransporter. Following the
subsequent removal of Na* by the basal ATPase, the net effect at the basal membrane is the entry
of 2KCl. The apical membrane (upper portion of the figure) is energized by a H*-ATPase. The
resulting electrochemical gradient for H* can be used to drive the movement of CI~ through a
membrane channel and K* through a hydrogen ion exchanger into the lumen. The net movement
of KCl across the apical membrane provides the osmotic gradient for water to follow, producing
primary urine in the Malpighian tubules.

of chemical energy from ATP, with the intermediate step being the active
transport of hydrogen into the urinary space.

There are additional physiological events occurring at the basal mem-
brane of the upper tubule cell. At this location, there is also an ATPase,
namely, the Na“/K*-ATPase. This transporter uses the chemical energy
released by cleaving the phosphate bonds in ATP to transport sodium ions
out of the cell against their electrochemical gradient, and potassium ions
inward against their electrochemical gradient. A potassium channel in the
basal membrane allows these potassium ions to diffuse back out to the inter-
stitial fluid. As the potassium ions are positively charged, their outward
diffusion unaccompanied by a negative counterion causes the cytoplasm to
have a negative electrical potential relative to the interstitial fluid. Another
type of channel in the basal membrane serves to bring ions into the cell.
This transporter is referred to as the bumetanide-sensitive Na*/K*/2Cl"
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cotransporter. The name of this transporter derives from bumetanide, the
specific inhibitor that allows one to identify and characterize this trans-
porter, and the types and stoichiometry of the ions that are cotransported,
namely, one sodium ion, one potassium ion, and two chloride ions. You
will note that the cotransport of these four ions is electroneutral. The ions
move across the membrane together, driven by the electrochemical energy
contained in the sodium gradient.

The ions delivered by the bumetanide-sensitive Na*/K*/2Cl cotrans-
porter have different fates within the cytoplasm. The sodium ions can move
into the apical urinary space through the H*/cation exchanger on the apical
membrane, or they may be returned to the interstitial fluid by the Na*/
K*-ATPase on the basal membrane. The potassium ions can move into the
apical urinary space through the H*/cation exchanger on the apical mem-
brane, or they may diffuse back to the interstitial space through the potas-
sium channel in the basal membrane. The chloride ions diffuse into the
urinary fluid by means of the chloride channel in the apical membrane.

Both the apical and basal membranes of the Malpighian tubule cells are
highly osmotically permeable. The net movement of sodium, chloride, and
potassium ions from the cytoplasm to the urinary space reduces the activity
of water in the urine and produces a driving force for water to move into
the urine. The result of this is the formation of a urine rich in Na*, K*, and
Cl , and isosmotic to the hemolymph.

Let us review where the energy comes from for this rapid fluid transport.
At the apical membrane, the energy required for the movement of Na*, K,
and Cl across the membrane is derived from the electrochemical gradient
produced by H* transport. This in turn depends on ATP cleavage by the
ATPase. At the basal membrane, the Na*/K*-ATPase produces the sodium
gradient as well as providing the potassium ions, which upon diffusing
back out, produce the inside-negative electrical potential. These chemical
and electrical gradients combine to provide a strong electrochemical gradi-
ent for sodium. It is this gradient that supplies the energy for the inward
transport of the ions required for urine formation. In this manner, the two
ATPases use chemical energy to produce electrochemical gradients that are
used by ion exchangers and cotransporters to move ions across the two
membranes. These ion movements, in turn, drive the water movement.

10.3 The mitochondria-rich cells of
freshwater animals

As pointed out in Chapter 6, the skin of frogs and toads and the gills of
freshwater crustaceans can actively take up sodium and chloride from the
external medium. In all of these organisms, the cell type responsible for
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active uptake of sodium and chloride is termed the mitochondria-rich cell
(MR cell). These cells are bathed on their basal surface by an interstitial
fluid which is in equilibrium with an extensive blood flow underlying the
skin in amphibians or located in the gills in crustaceans. As a result, the
fluid at the basal surface of the epithelium has an osmotic concentration
around 300 mOsm. The apical surface is bathed by the water passing over
the surface of the gills. The osmotic concentration of this fluid can vary, of
course, but it is often quite low in both sodium and chloride ions. It is the
role of the MR cells to transport sodium and chloride ions against the elec-
trochemical gradient of both ions. In this process, both ionic and osmotic
homeostasis are maintained.

The apical membranes of the MR cells contain a H*-ATPase that serves to
produce a strong electrical gradient (Fig. 10.2). This gradient is used to drive
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Fig. 10.2. lon transport activities in the mitochondria-rich cells of freshwater animals. The apical
membrane (upper portion of the figure) is energized by a H*-ATPase. The resulting electrochemical
gradient for H* can be used to drive the movement of Na* through a hydrogen ion exchanger
into the cell. CI~ enters the cell through a CI7/HCO3 exchanger driven by the negative electrical
potential produced by the ATPase in the apical membrane. H* and HCOj3 are produced in the
cytoplasm through the chemical interaction of H,0 and CO,. The basal membrane (lower portion
of the figure) is energized by a Na*/K*-ATPase. K* leaks out of the cell through a membrane
channel, causing the cytoplasm to have a negative potential relative to the blood. This electrical
gradient drives the exit of Cl~ through a channel from the cytoplasm into the interstitial space. The
net effect of the activities at both membranes is the movement of NaCl from the external medium
into the animal.
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sodium ions inward through a sodium channel in the apical membrane.
Chloride ions can also diffuse across the apical membrane and into the cell,
but this occurs through an electroneutral mechanism that exchanges Cl

for bicarbonate (HCO;). The H"-ATPase tends to acidify the outside aque-
ous medium. This acidification is neutralized, however, by the export of
bicarbonate which results from the CI-/HCO;) exchange. The H* and HCO;
combine in the external fluid to produce water and CO,.

On the basal membrane, the enzyme Na*/K*-ATPase serves to maintain
strong gradients across the membrane for both sodium and potassium ions.
This process not only serves the usual purpose of charging the membrane,
but also serves to move the sodium ions that have entered through the
apical membrane on to the interstitial space. Chloride ions are moved from
the cytoplasm to the interstitial fluid through a passive chloride channel,
which is energized by the electrical potential across the basal membrane.
This potential is maintained in these cells, as in most cells, by the outward
diffusion of potassium through the potassium channel.

The cells in amphibian skin and crustacean gills, therefore, use ATPases
to energize the apical and basal membranes, via chemical and electrical
gradients. These gradients in turn provide the energy to actively trans-
port sodium across the apical membrane and chloride across the basal
membrane.

The Malpighian tubule cells transport ions rapidly outward, while the
amphibian and crustacean cells transport ions rapidly inward. Despite
these differences, the mechanisms for charging the membrane and cre-
ating electrochemical gradients are similar. The differences arise in the
specific positioning of the pumps, ion channels, and exchange processes.
These differences may occur at the level of the cell types as illustrated in
Figs. 10.2 and 10.3, or they may occur in the form of distribution between
the apical and basal membranes. In cells of the Malpighian tubule the
bumetanide-sensitive Na*/K*/2Cl transporter is located in the basal mem-
brane, while in the gills of some marine fish it is located in the apical
membrane and is used for sodium uptake from the external medium.
The transport moieties that have been found in animal epithelia are very
similar across cell types and across animal groups. The various combin-
ations that can be produced by arranging these moieties in different cell
types, different membranes, and in different combinations lead to a very
large number of combinations and permutations. The physiological differ-
ences are produced by placing the pumps and channels in specific loca-
tions. The myriad physiological functions carried out by the epithelia of
animals (e.g., fluid transport, ions uptake or excretion, pH regulation) are
the result.
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Fig. 10.3. Control of the osmotic permeability of the epithelium in the collecting ducts of the
mammalian kidney. (a) The figure illustrates the conditions in the collecting duct when circulating
levels of antidiuretic hormone are low in the body. The cells of the collecting duct are shown in
their position between the urine and the highly concentrated interstitial fluid in the medulla of the
kidney. Aquaporin (AQ) molecules are illustrated as lines in the membrane. The basal membrane
contains AQ3 and AQ4 molecules. These molecules greatly increase the osmotic permeability of
the basal membrane, causing the cell to always be isosmotic to the interstitial fluid. AQ2 molecules
are contained in apical vesicles inside the cell. The apical membrane contains few if any aquaporin
molecules, allowing this membrane to have a very low osmotic permeability. As a result, dilute
urine flows through the collecting ducts in the kidney and on to the bladder to be excreted. (b)
The figure illustrates the conditions in the collecting duct when circulating levels of antidiuretic
hormone are high in the body. Under these conditions, the vesicles that contain the AQ2 molecules
have been transported to the apex of the cell where they have fused with the apical membrane.
As a result, the AQ2 molecules are now inserted in the apical membrane. This markedly increases
the osmotic permeability of the apical membrane and, as a result, the whole epithelium. Water can
now move down its activity gradient from the urine to the interstitial fluid. In this manner, water is
resorbed from the urine and retained in the body, and the urine is made highly concentrated.
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10.4 The collecting tubule of the
mammalian kidney

The example of the Malpighian tubule cell given above involves a highly
permeable epithelium. In such epithelia, where fluid transport is isosmotic,
the rate of ion transport directly and linearly determines the rate of fluid
transport. The cells in amphibian skins and crustacean gills are, in contrast,
relatively impermeable. As a result, ion transport occurs with a dispropor-
tionately small quantity of water and any transported fluid is hyperosmotic
to the interstitial fluid.

There are additional epithelia in which the appropriate function in main-
taining homeostasis involves the capacity to have not a fixed osmotic per-
meability, but rather a variable one. The example I have chosen for this type
of epithelium is the epithelium in the collecting tubule of the mammalian
kidney. As described in Chapter 8, the cells in the loop of Henle produce a
highly concentrated interstitial fluid in the medulla of the kidney of many
mammalian species. As shown in Fig. 10.3a, the concentration of the inter-
stitial fluid in the medulla of the kidney can reach concentrations in excess
of 1000 mOsm or more. The cells in the medulla of the kidney, and this
includes epithelial cells in the loop of Henle, collecting tubule, and capillaries,
are all isosmotic to the interstitial fluid. They survive under these condi-
tions by producing compatible solutes such as proline, leucine, and valine.

The apical membranes of the collecting tubules can have a very low per-
meability to water. This is achieved using the lipid bilayer which by itself
has a very low permeability to water. Apparently, the proteins in the apical
membrane are also either present in very low numbers or fairly imperme-
able to water.

The collecting tubules are capable of changing their overall osmotic per-
meability. This process is controlled by antidiuretic hormone (ADH), also
called as vasopressin. Details of the homeostatic mechanisms controlling
the concentration of ADH in the blood are discussed in the next chapter. In
this discussion, we will concentrate on events in the cells of the collecting
tubule when the circulating levels of ADH increase.

Under conditions of low-ADH concentration in the blood, the apical
cytoplasm of the cells of the collecting tubules contain vesicles that have a
type of aquaporin molecule (AQ2) inserted into their bilayer. These vesicles
remain “parked” in this position as long as ADH levels in the blood are
low. If ADH levels in the blood should rise, however, ADH receptors on
the basal membrane would experience an increased frequency of occupa-
tion by ADH. This increase in occupancy leads to the activation of G pro-
teins in the membrane which diffuse in the lipid bilayer to adjacent enzyme
complexes. These complexes, referred to as adenylate cyclase, catalyze the
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formation of cyclic AMP (cAMP) from ATP. Elevated levels of cCAMP cause
a cascade of enzymatic reactions leading to the phosphorylation of proteins,
and the activation of cytoskeletal elements in the cells. The outcome of this
cascade of activation is that the cytoskeletal elements transport the mem-
brane vacuoles that are parked in the apical region of the cytoplasm to
the apical membrane, facilitating the fusion of these vacuolar membranes
with the apical membrane. That is, the vacuolar membranes containing the
aquaporin molecules actually become part of the apical membrane. Upon
insertion of the aquaporin molecules, the apical membrane becomes much
more permeable to water. As the apical membrane in the unstimulated cell
is the major barrier to transepithelial water movements, the insertion of
aquaporin into the apical membrane increases the osmotic permeability
of the epithelium as a whole. As a result, the large osmotic gradient that
exists across the epithelium now can drive the movement of water. Using
the aquaporin molecules, water moves down its activity gradient from the
urine to the interstitial spaces. In this manner, the level of ADH in the
blood controls the permeability of the collecting tubule epithelium, through
the action of aquaporin insertion.

10.5 On the more general distribution
of aquaporins

As pointed out in Chapter 3, the lipid bilayer in biologic membranes is
actually rather impermeable to water. The presence of proteins in the mem-
branes increases the permeability of the membranes to water but only in
rather nonspecific and haphazard ways. Aquaporins are protein complexes
that greatly increase the permeability of membranes to water, but with little
effect on the permeability with regard to solutes. Some cell types, particu-
larly in the integument of animals, carry out their physiological function
by being as osmotically impermeable as possible. Others, particularly those
involved in transporting fluids, can best carry out their function by being
highly permeable to water. It has become clear that almost all of these
membranes contain aquaporin molecules that serve to increase water per-
meability, thereby facilitating the rapid movement of water.

Let us revisit the example of the collecting tubule to illustrate this point.
The capacity of the cells of the collecting tubule to insert aquaporin mol-
ecules controls the rate of water movement because it converts an imperme-
able membrane to a more permeable one. The basal membrane is always
highly osmotically permeable so it provides no significant barrier to water
movement. Why is that basal membrane so permeable? It has been shown
that the basal membranes also contain aquaporins. These aquaporins are
of different types (AQ3 and AQ4) and are not inserted and removed in
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response to ADH. To date, aquaporins have been found in a large variety of
cells from almost all animal and plant groups. Aquaporins serve to increase
the osmotic permeability of bilayers. In all cells, the number and distribu-
tion of aquaporin molecules is presumably under genetic control, and in
some cell types (such as the collecting tubule) the number of aquaporin
molecules in specific membranes can be rapidly modified using membrane
fusion and/or internalization.
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11 Volume and osmotic
regulation

11.1 Introduction

In the preceding chapters, we have examined the capacity of animals to
regulate the activity of water inside their bodies in a manner that preserves
the structural and functional integrity of their membranes and proteins. We
also explored the conflicts that organisms face from the duel challenges of
regulating internal osmolality and dealing with potential changes in cell
volume.

The first step in maintaining homeostasis involves sensing any changes
in the environment and in the internal physiological state. How can an
animal measure the activity of water in its internal fluids, and/or the
volume of its cells? The sensing and indeed quantification of change is a
vital first step in maintaining homeostasis. The second step is to initiate
the physiological processes that regulate the perturbed parameter. The
third step is to regulate these mechanisms at a strength and duration,
which brings back the organism into a range that is physiologically appro-
priate.

The mechanisms by which animals sense the osmotic concentration
of their internal fluids are complex and vary in phylogenetically diverse
groups. Over evolutionary time, the sensors, mechanisms, and regulatory
processes in animals have become diverse and complex. Physiologists are
still in the early stages of exploring regulation, control, and feedback in
osmotic control systems. Nonetheless, our current knowledge does give us
insights into the processes by which animals can sense and regulate the
osmotic concentration of body fluids.

156
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11.2 Cell volume regulation
11.2.1 Responses to cell swelling

Most of the research on cell volume regulation has employed mammalian
cell types, including isolated liver cells, red blood cells, and fibroblasts.
However, studies with cells from other species tend to demonstrate that
the processes found in mammalian cells are ancient and occur in animal
cells from all phyla. I will review here some of the processes that have been
elucidated that permit cells to regulate their volume in the face of rapid
changes in external osmotic concentration.

Let us begin with the example of a cell that finds itself in an extracellular
fluid in which the osmotic concentration is falling (Fig. 11.1). Under these
circumstances, the cell would begin to swell due to the osmotically driven
entry of water. This increase in volume begins to stretch the cell membrane.
In many cell types, there are stretch-activated potassium channels located
in the cell membrane that open when the cell swells. As the concentra-
tion of potassium is much higher inside the cell than in the extracellular
fluid, these channels permit potassium ions to flow out, thereby lowering
the solute concentration in the cell. As potassium diffuses out, the gradient
for water entry is reduced, leading eventually to osmotic equilibrium. The
gradient for potassium across the cell membranes remains large, however.
The continued diffusion of potassium ions out of the cell now causes the
cell to begin to shrink, returning it to its original volume. At that point the
stretch-activated channels close and the cell has achieved a return to its
normal volume.

Extracellular space

CI-

» HQO + CO2
+

H
Cytoplasm

Fig. 11.1. Volume regulatory responses in cells subjected to swelling. See text for further
explanation.
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Many cells also possess swelling-activated chloride channels. If the intra-
cellular chloride activity exceeds that in the extracellular fluid, this leads
to the passive release of additional solutes from the cell. If chloride efflux
exceeds potassium efflux, the cell membrane will be depolarized, leading
to the opening of voltage-sensitive potassium channels. Finally, some cells,
including those of lower vertebrates, contain channels that cotransport
potassium and chloride together in an electroneutral process. The net effect
of all these events is the rapid and controlled release of both potassium and
chloride, the major free solutes in the cell, in response to cell swelling.

In many cells, organic solutes constitute a major portion of the overall
solute concentration. The cells of marine osmoconformers possess amino
acid channels that are activated during cell swelling. Amino acids released
in this manner include taurine, proline, and alanine. The release of amino
acids into the blood reduces the number of cell solutes and, thus, cell volume.
Mammalian renal inner medullary cells have been found to possess chan-
nels for the release of compatible solutes, betaine and sorbitol. This allows
the cells to regulate cell volume with little effect on metabolic function.

The activation of the channels promoting solute release need not be a
direct physical response to the stretching of the membrane or to mem-
brane depolarization. Some channels are opened in response to intracel-
lular signals such as calcium concentration or cytoplasmic pH. Membrane
stretching can also activate G proteins and phospholipases that, in turn,
activate channels or promote the insertion of channels into the membranes.
In recent years, a great deal of attention has been given to the possible role
of the cytoskeleton, particularly actin filaments, in regulating cell volume.
The cytoskeleton plays a central role in determining cell shape. Through its
attachment to membrane proteins, the cytoskeleton is also well positioned
to sense changes in cell volume and stress on the membrane. It has been
proposed that changes in tension in the cytoskeleton generated during cell
swelling might allow the cytoskeleton itself to play a role in controlling the
activation of ion channels and thus the regulation of the volume response.

Clearly, cellular responses to volume changes can be both structurally and
biochemically complex. The common factor in all cell types and across phyl-
ogenies is the need of the cells to rapidly release solutes in response to rapid
increases in cell volume. This is carried out via solute channels that permit
the passive efflux of osmotically active solutes from the cell cytoplasm.

11.2.2 Responses to cell shrinkage

Cells must equally well be able to respond to externally increasing osmotic
concentrations. In this circumstance, the cells lose water and shrink
(Fig. 11.2). This can lead to impaired function in cells such as muscles that
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Extracellular space

Cytoplasm

Fig. 11.2. Volume regulatory responses in cells subjected to shrinkage. See text for further
explanation.

employ intracellular molecular movements, or nerves that must transport
compounds and organelles through the cytoplasm. In addition, loss of cell
water increases the concentration of all of the internal solutes. This can
change the concentration of small regulatory compounds such as calcium
and ATP. It also affects the thermodynamic activity of proteins if their abil-
ity to change conformation is affected.

Many cells respond to cell shrinkage by opening the bumetanide-sensitive
Na*/K*/2Cl" channel in the cell membrane (see Chapter 10). This channel
uses the sodium gradient to energize the simultaneous movement of one
sodium ion, one potassium ion, and two chloride ions into the cell. This
serves to increase the internal solute concentration, thereby promoting the
inflow of water, and restoring cell volume. Ultimately, the energy for the
entry of these ions is derived from the Na*/K"-ATPase, which maintains
the sodium gradient. As this ATPase removes the sodium and replaces it
with potassium, the net effect of the activity of the Na*/K*/2CI~ channel
and the Na*/K"-ATPase is the entry of potassium chloride into the cell
cytoplasm. When cell volume has returned to normal, the permeability of
the bumetanide-sensitive channel is reduced. A second channel, referred to
as NHE, is found in many membranes. It can be activated by cell shrink-
age. This channel exchanges hydronium ions for sodium. In response to cell
shrinkage, this channel allows sodium to enter, exchanging this ion for H*
in an electroneutral manner. The N*/K*-ATPase exchanges this sodium for
potassium. In most cells, the channels that respond to cell shrinkage are
regulated by enzymes. The channels frequently are activated by kinases
and inhibited by phosphorylases. In some systems, the channels have been
shown to be inserted when their activity is needed.
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11.3 Sensing osmotic concentration

Now that we have a better understanding of how cells respond in a homeo-
static manner to changes in osmotic concentration, we are in a better position
to understand the manner by which whole organisms can sense changing
osmotic conditions.

In many organisms, including marine animals, crustaceans, vertebrates,
and many insects, the principal extracellular solute is sodium. Therefore,
cells, including nerve cells that can sense changes in sodium concentration,
can provide good information about changes in total osmotic concentra-
tion. Most cells possess one or more types of sodium channel. The entry of
sodium into the cell tends to depolarize the cell membrane. You are actually
personally familiar with such cells. The salt-sensitive taste buds on your
tongue have such a sodium-sensing capability. Nerves with these capabil-
ities can be used to sense changes in extracellular water activity based on
sodium concentration.

Changes in cell volume are also a mechanism by which animals can
detect changes in the osmotic concentration of their body fluids. Most
organisms possess neurons and/or cells that respond to changes in cell vol-
ume or the volume of specific body compartments through stretch-related
sensing processes. In vertebrates, stretch receptors monitor blood volume.
In insects, stretching of the body wall initiates processes that control diur-
esis and thus fluid removal. These organs that monitor solute concentration,
especially sodium, as well as the volume of fluid compartments are vital to
the homeostatic response of animals in changing osmotic environments.

11.4 Osmotic homeostasis in insects

As described in previous chapters, insects produce a primary urine in
the Malpighian tubules through the process of active ion transport via
an osmotically leaky epithelium. The resulting fluid is usually isosmotic
with the hemolymph and enriched in particular ions (e.g., potassium and
chloride) that are actively transported. The urine is then modified prior to
excretion in the downstream portions of the Malpighian tubules or in the
hindgut.

In this section, I will describe our current understanding of the regulatory
and control systems for osmoregulation in three insect species. Although
many other insect species have been explored, these three examples have
been studied in considerable detail and they provide some insights into the
diversity of physiological processes existing in the insects as a group.

In Chapter 7, it was pointed out that Desert Locusts (Schistocerca gregaria)
are extraordinary in their capacity to produce a concentrated urine and
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survive in dry, inhospitable environments. At the same time, in periods
in which the desert blooms and is filled with succulent green growth, the
insects can feed voraciously and pass large volumes of dilute fluids through
their excretory systems. Control of diuresis in the Malpighian tubules is
controlled by hormones in the hemolymph. Sensation of osmotic and ion
concentrations in the hemolymph is carried out in the nervous system and
hormones are released by neurosecretory cells in the insect’s central ner-
vous system.

Several hormones have been shown to stimulate the rate of urine pro-
duction in the Malpighian tubules. When feeding on well-hydrated green
leaves, the insects take in a large amount of relatively dilute material. When
this material enters the gut, ions and nutrients are taken up and water fol-
lows. Resulting changes in the ionic concentrations in hemolymph as well
as hemolymph volume initiate diuresis. Two peptide hormones, referred to
as locust diuretic hormone and locustakinin, have been shown to be rap-
idly released into the hemolymph from the neurosecretory cells following
feeding. These hormones can act individually and as well as synergistically
in promoting active ion transport in the Malpighian tubules. As this fluid
flows down the Malpighian tubules into the gut, it passes into the ileum.
As discussed previously, this organ can resorb ions with water following
isosmotically. In this process, the fluid provided in the meal is recycled
through the Malpighian tubules and ileum back into the hemolymph. In
the process, wastes from metabolism and toxins contained in the meal are
concentrated in the urine. If a dilute urine is to be formed, ions are resorbed
from the urine prior to excretion. If the insects are faced with desiccating
conditions, a concentrated urine can be formed as described in Chapter 7.
The control of ion transport in the ileum and rectum is controlled by a
hormone separate from the one that controls Malpighian tubule function.
In this manner, the process of urine production in the Malpighian tubules
can be controlled separately from the processes that modify the urine in
the hindgut. It has been shown that the hormones controlling these two
systems are distinct, and have different response times appropriate to their
distinct functions (Coast et al., 1999).

11.4.1 The bloodsucking bug, Rhodnius prolixus

Insects in the species R. prolixus feed on the blood of mammals and birds.
The insects feed on no other food throughout their lives. When they do
feed, they take on a huge liquid meal of blood, often increasing their body
weight by 10-fold. Following the meal, the insects must rid themselves of
the large amount of fluid contained in the meal in order to concentrate the
nutrients in the meal. Rhodnius is capable of removing most of the excess
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fluid contained in the meal within about 2 hr following the bloodmeal.
They achieve this using only four Malpighian tubules. As a result, the
Malpighian tubules have the highest rate of fluid transport per gram of
any tissue studied to date.

Studies of the control of diuresis in Rhodnius have revealed two distinct
compounds that serve as diuretic hormones, stimulating ion transport across
the epithelium of the Malpighian tubules. A peptide hormone or hormones
is released from neurosecretory cells in response to abdominal stretching
following the huge meal ingested by these insects (Maddrell, 1969; Maddrell
et al, 1991). In addition, the amino acid derivative 5-hydroxytryptamine
(5-HT) has been shown to circulate in the hemolymph following the blood-
meal and to be a stimulant for Malpighian tubule secretion. 5-HT has also
been shown to stimulate resorptive functions in the downstream region of
the Malpighian tubules, a function that produces the copious dilute urine
needed to restore volume and osmotic homeostasis following ingestion of
the bloodmeal. Once the appropriate amount of fluid has been jettisoned
from the insect, it is vital that the rapidly secreting Malpighian tubules
reduce their rate of transport. It has been shown that cardioacceleratory
peptide 2b only has this function in Rhodnius, apparently acting through
the formation of cyclic GMP in the cells of the Malpighian tubules.

In Rhodnius, as in many insects, therefore, distinct hormones are present
that either stimulate or retard fluid secretion by the Malpighian tubules.
The presence of multiple regulatory compounds affords the insects with
flexibility in response as well as providing backup systems for the control
of transport.

11.4.2 The tobacco hornworm, Manduca sexta

The Malpighian tubules of the tobacco hornworm respond to circulating
levels of several peptide hormones, including octopamine, leukokinin I,
tachykinin-related peptides, and two insect neurohormones, cardioaccel-
eratory peptides la and 1b. It is surprising that so many compounds have
been identified that affect Malpighian tubule function in Manduca. There is
a tendency in endocrinology to think of specific functions in a single cell
type as responding to circulating levels of single hormone. As discussed by
Skaer et al. (1999), studies in insects suggest instead that a constellation of
hormones in the blood may influence tissue function. Single hormones can
influence the function of more than one tissue. An example is provided by
the cardioacceleratory peptides that stimulate both heart rate and urine for-
mation in Manduca. In addition, a single tissue can respond to multiple hor-
mones that can have antagonistic or synergistic effects. The overall signal
deriving from the combination of compounds provides improved subtlety
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in response, and permits morphologically separated tissues to be coordi-
nated in their actions.

11.5 The mammalian kidney

In the foregoing chapters we have discussed a great variety of animals in
which specialized organs exist that are capable of producing a very dilute
or very concentrated secretory fluid. These organs are often distinct from
those that produced the primary urine. In fish, for example, the urine is
produced in the kidney, but osmotic regulation is largely dependent on spe-
cialized cells in the gills. In insects, the primary fluid is produced in one
organ, the Malpighian tubules, but is then modified in another, the hind-
gut. In mammals, by contrast, both urine production and osmotic regulation
occur in the same organ, the kidney. The details of this function have been
discussed in Chapters 7 and 8. Here I will describe the regulatory processes
that control the production of urine with appropriate osmotic concentration,
thereby serving to maintain osmotic homeostasis.

In Chapter 8, we discussed at length the capacity of the mammalian kid-
ney to produce a very dilute or highly concentrated urine depending on the
physiological needs of the animal. Mammals must be capable of varying the
osmotic concentration of the urine and therefore of rapidly adjusting trans-
port processes. For example, a well-hydrated animal that begins its journey
across a hot, dry landscape will rapidly need to initiate the processes that
retain water and excrete ions. If, after a period of time, that animal comes
upon a source of water and drinks a large volume, the water taken up
across the gut would initially be used to replace lost blood volume, but
the excess would need to be excreted in the form of dilute urine. We can
see, therefore, that mammals require a means of rapidly assessing slight
changes in the osmotic concentration of the body fluids, and then rapidly
adjusting the excretory products to achieve osmotic homeostasis.

The first requirement in any such homeostatic system is the capacity
to measure changes in osmotic concentration. Critical measurements in
this regard are made by neural cells in the hypothalamus, a region at the
base of the brain. The cells here are sensitive to changes in osmotic and/
or sodium concentration. When the neurosecretory cells sense an increase
in the osmotic concentration of the extracellular fluid that exceeds the set
point, the cells begin to release antidiuretic hormone (ADH), also known as
vasopressin. This hormone circulates in the general blood circulation. Cells
in the collecting duct of the kidney possess receptors that bind ADH. When
the receptors are sufficiently occupied by the hormone, they activate a G
protein which in turn activates adenylate cyclase. This enzyme catalyzes the
formation of cyclic AMP from ATP. Elevated levels of cyclic AMP promote
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the insertion of aquaporin molecules into the apical membrane of the cells
lining the collecting tubules. Because the medulla of the kidney has an ele-
vated osmotic concentration (see Chapter 8), water is drawn from the urine
and returned to the mammal’s body fluids. This results in the production
of concentrated urine, which can then be excreted from the body.

The retention of water serves to dilute the body fluids. If the return of
water to the body is sufficiently great, the osmotic concentration of the body
fluids will be returned to a value within the set points. At this point, the
cells in the hypothalamus reduce the release of ADH and the circulating
levels of the hormone drop. As the ADH receptors on the collecting tubules
experience lower levels of circulating ADH, the activity of adenylate cyclase
is reduced and the aquaporin molecules are removed from the apical mem-
brane. As a result, the osmotic permeability of the collecting tubules drops
and less water is removed from the urine passing by.

Thus, the ADH system of mammals represents a classic negative feed-
back system. If the osmotic concentration goes up, hormone is released pro-
moting water retention. As a result, osmotic concentration drops back into
the regulated range. Unlike what has been described for insects, this is not
a system that involves multiple hormones having either a diuretic or an
antidiuretic effect. Mammals also possess hormones that promote ion secre-
tion into the urine (e.g., aldosterone), but these are more directly involved in
ionic regulation than in osmotic regulation.

Mammals, similar to all other animals, must deal with volume regula-
tion as well as osmotic regulation. Regulation of blood volume is critical
in mammals because cardiac, lung, and kidney functions all depend on
adequate blood volume and pressure. The hypothalamus receives input
from arterial and atrial baroreceptors, cells that sense stretching in these
vessels. If blood pressure becomes too high, these signals can inhibit the
release of ADH, thereby reducing the resorption of water. Increased urine
production results in a reduction in blood volume and a return to blood
volume homeostasis.

11.6 Summary

This chapter is intended to give you a sense of how the various mechanisms
employed by animals to maintain osmotic homeostasis can be controlled.
The first challenge is to accurately measure both changes in osmotic con-
centration and changes in the volume of various body fluid compartments.
We have discussed several mechanisms by which this task can be com-
pleted. The next task is to adjust the output of osmotic regulatory mech-
anisms in a manner that returns the values to ones within the set point
range. In some animals such as insects, this is achieved by a multiplicity
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of interacting and synergistic hormones, the sum total of which determine
urine output and the degree of ion retention. In mammals, the system is
less complicated due to the lack of diuretic hormones, but the system still
has the capacity for independent regulation of osmotic concentration and
fluid compartment volume.

Our understanding of the control of physiological systems is still in its
infancy. In particular, our understanding of the complexity and interactive
nature of hormonal signals is expanding rapidly. This is particularly true in
the area of osmotic regulation.
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