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Fluid, Electrolyte, and Acid–Base Balance: An Overview

Objective

• Explain what is meant by the terms fluid balance, electrolyte balance, and acid–base balance and discuss their importance for homeostasis.

The next time you see a small pond, think about the fish it contains. They live out their lives totally dependent on the quality of that isolated environment. Severe water pollution will kill them, but even subtle changes can have equally grave effects. Changes in the volume of the pond, for example, can be quite important. If evaporation removes too much of the water, the fish become overcrowded; oxygen and food supplies run out, and the fish suffocate or starve. The ionic concentration of the water is also crucial. Most of the fish in a freshwater pond will die if the water becomes too salty; those in a saltwater pond will die if their environment becomes too dilute. The pH of the pond water, too, is a vital factor; that is one reason acid rain is such a problem.

Your cells live in a pond whose shores are the exposed surfaces of your skin. Most of your body weight is water. Water accounts for up to 99 percent of the volume of the fluid outside cells, and it is an essential ingredient of cytoplasm. All of a cell’s operations rely on water as a diffusion medium for the distribution of gases, nutrients, and waste products. If the water content of the body changes, cellular activities are jeopardized. For example, when the water content reaches very low levels, proteins denature, enzymes cease functioning, and cells die.

To survive, we must maintain a normal volume and composition of both the extracellular fluid or ECF (the interstitial fluid, plasma, and other body fluids), and the intracellular fluid or ICF (the cytosol). The ionic concentrations and pH (hydrogen ion concentration) of these fluids are as important as their absolute quantities. If concentrations of calcium or potassium ions in the ECF become too high, cardiac arrhythmias develop and death can result. A pH outside the normal range can also lead to a variety of serious problems. Low pH is especially dangerous, because hydrogen ions break chemical bonds, change the shapes of complex molecules, disrupt cell membranes, and impair tissue functions.

In this chapter, we will consider the dynamics of exchange among the various body fluids, and between the body and the external environment. Stabilizing the volumes, solute concentrations, and pH of the ECF and the ICF involves three interrelated processes:

1. Fluid Balance. You are in fluid balance when the amount of water you gain each day is equal to the amount you lose to the environment. The maintenance of normal fluid balance involves regulating the content and distribution of body water in the ECF and the ICF. The digestive system is the primary source of water gains; a small amount of additional water is generated by metabolic activity. The urinary system is the primary route for water loss under normal conditions, but as we saw in Chapter 25,

sweat gland activity can become important when body temperature is elevated. lp. 943 Although cells and tissues cannot transport water, they can transport ions and create concentration gradients that are then eliminated by osmosis.

2. Electrolyte Balance. Electrolytes are ions released through the dissociation of inorganic compounds; they are so named because they can conduct an electrical current in a solution. lp. 39 Each day, your body fluids gain electrolytes from the food and drink you consume, and lose electrolytes in urine, sweat, and feces. For each ion, daily gains must balance daily losses. For example, if you lose 500 mg of Na+ in urine and insensible perspiration, you need to gain 500 mg of Na+ from food and drink to

remain in sodium balance. If the gains and losses for every electrolyte are in balance, you are said to be in electrolyte balance. Electrolyte balance primarily involves balancing the rates of absorption across the digestive tract with rates of loss at the kidneys, although losses at sweat glands and other sites can play a secondary role.

3. Acid–Base Balance. You are in acid–base balance when the production of hydrogen ions in your body is precisely offset by their loss. When acid–base balance exists, the pH of body fluids remains within normal limits. lp. 40 Preventing a reduction in pH is the primary problem, because your body generates a variety of acids during normal metabolic operations. The kidneys play a major role by secreting hydrogen ions into the urine and generating buffers that enter the bloodstream. Such secretion occurs primarily in the distal segments of the distal convoluted tubule (DCT) and along the collecting system. lp. 975

The lungs also play a key role through the elimination of carbon dioxide.

Much of the material in this chapter was introduced in earlier chapters, in discussions considering aspects of fluid, electrolyte, or acid–base balance that affect specific systems. This chapter provides an overview that integrates those discussions to highlight important functional patterns. Few other chapters have such wide-ranging clinical importance: The treatment of any serious illness affecting the nervous, cardiovascular, respiratory, urinary, or digestive system must include steps to restore normal fluid, electrolyte, and acid–base balances. Because this chapter builds on information presented in earlier chapters, you will encounter many references to relevant discussions and figures that can provide a quick review.

An Introduction to Fluid and Electrolyte Balance

Objectives

• Compare the composition of intracellular and extracellular fluids.

• Explain the basic concepts involved in the regulation of fluids and electrolytes.

• Identify the hormones that play important roles in regulating fluid balance and electrolyte balance and describe their effects.

Figure 27–1a• presents an overview of the body composition of a 70-kg (154-pound) individual with a minimum of body fat. The distribution was obtained by averaging values for males and females ages 18–40 years. Water accounts for roughly 60 percent of the total body weight of an adult male, and 50 percent of that of an adult female (Figure 27–1b•). This difference between the sexes primarily reflects the proportionately larger mass of adipose tissue in adult females, and the greater average muscle mass in adult males. (Adipose tissue is only 10 percent water, whereas skeletal muscle is 75 percent water.) In both sexes, intracellular fluid contains a greater proportion of total body water than does extracellular fluid. Exchange between the ICF and the ECF occurs across cell membranes by osmosis, diffusion, and carrier-mediated transport. (To review the mechanisms involved, see Table 3–3, p. 94.)

The ECF and the ICF

The largest subdivisions of the ECF are the interstitial fluid of peripheral tissues and the plasma of circulating blood (see Figure 27–1a•). Minor components of the ECF include lymph, cerebrospinal fluid (CSF), synovial fluid, serous fluids (pleural, pericardial, and peritoneal fluids), aqueous humor, perilymph, and endolymph. More precise measurements of total body water provide additional information on sex-linked differences in the distribution of body water (see Figure 27–1b•). The greatest variation is in the ICF, as a result of differences in the intracellular water content of fat versus muscle. Less striking differences occur in the ECF values, due to variations in the interstitial fluid volume of various tissues and the larger blood volume in males versus females.

In clinical situations, it is customary to estimate that two-thirds of the total body water is in the ICF and one-third in the ECF. This ratio underestimates the real volume of the ECF, but that underestimation is appropriate because portions of the ECF— including the water in bone, in many dense connective tissues, and in many of the minor ECF components—are relatively isolated. Exchange between these fluid volumes and the rest of the ECF occurs more slowly than does exchange between plasma and other interstitial fluids. As a result, they can be safely ignored in many cases. Clinical attention is usually focused on the rapid fluid and solute movements associated with the administration of blood, plasma, or saline solutions to counteract blood loss or dehydration.

Exchange among the subdivisions of the ECF occurs primarily across the endothelial lining of capillaries. Fluid may also travel from the interstitial spaces to plasma through lymphatic vessels that drain into the venous system. lp. 767 The identities and quantities of dissolved electrolytes, proteins, nutrients, and waste products in the ECF vary regionally. (For a chemical analysis of the composition of ECF compartments, see Appendix IV.) Still, the variations among the segments of the ECF seem minor compared with the major differences between the ECF and the ICF.

The ECF and ICF are called fluid compartments, because they commonly behave as distinct entities. The presence of a cell membrane and active transport at the membrane surface enable cells to maintain internal environments with a composition that differs from their surroundings. The principal ions in the ECF are sodium, chloride, and bicarbonate. The ICF contains an abundance of potassium, magnesium, and phosphate ions, plus large numbers of negatively charged proteins. Figure 27–2• compares the ICF with the two major subdivisions of the ECF.

If the cell membrane were freely permeable, diffusion would continue until these ions were evenly distributed across the membrane. But it does not, because cell membranes are selectively permeable: Ions can enter or leave the cell only via specific membrane channels. In addition, carrier mechanisms move specific ions into or out of the cell.

Despite the differences in the concentration of specific substances, the osmotic concentrations of the ICF and ECF are identical. Osmosis eliminates minor differences in concentration almost at once, because most cell membranes are freely permeable to water. (The only noteworthy exceptions are the apical surfaces of epithelial cells along the ascending limb of the loop of Henle, the distal convoluted tubule, and the collecting system.) Because changes in solute concentrations lead to immediate changes in water distribution, the regulation of fluid balance and that of electrolyte balance are tightly intertwined.

Physiologists and clinicians pay particular attention to ionic distributions across membranes and to the electrolyte composition of body fluids. Appendix IV reports normal values in the units most often used in clinical reports.

Basic Concepts in the Regulation of Fluids and Electrolytes

Before we can proceed to a discussion of fluid balance and electrolyte balance, you must understand four basic principles:

1. All the Homeostatic Mechanisms That Monitor and Adjust the Composition of Body Fluids Respond to Changes in the ECF, Not in the ICF. Receptors monitoring the composition of two key components of the ECF—plasma and cerebrospinal fluid—detect significant changes in their composition or volume and trigger appropriate neural and endocrine responses. This arrangement makes functional sense, because a change in one ECF component will spread rapidly throughout the extracellular compartment and affect all the body’s cells. In contrast, the ICF is contained within trillions of individual cells that are physically and chemically isolated from one another by their cell membranes. Thus, changes in the ICF in one cell have no direct effect on the composition of the ICF in distant cells and tissues, unless those changes also affect the ECF.

2. No Receptors Directly Monitor Fluid or Electrolyte Balance. In other words, receptors cannot detect how many liters of water or grams of sodium, chloride, or potassium the body contains, or count how many liters or grams we gain or lose in the course of a day. But receptors can monitor plasma volume and osmotic concentration. Because fluid continuously circulates between interstitial fluid and plasma, and because exchange occurs between the ECF and the ICF, the plasma volume and osmotic concentration are good indicators of the state of fluid balance and electrolyte balance for the body as a whole.

3. Cells Cannot Move Water Molecules by Active Transport. All movement of water across cell membranes and epithelia occurs passively, in response to osmotic gradients established by the active transport of specific ions, such as sodium and chloride. You may find it useful to remember that “water follows salt.” As we saw in earlier chapters, when sodium and chloride ions (or other

solutes) are actively transported across a membrane or epithelium, water follows by osmosis. lp. 972 This basic principle accounts for water absorption across the digestive epithelium, and for water conservation in the kidneys.

4. The Body’s Content of Water or Electrolytes Will Rise if Dietary Gains Exceed Losses to the Environment, and Will Fall if Losses Exceed Gains. This basic rule is important when you consider the mechanics of fluid balance and electrolyte balance. Homeostatic adjustments generally affect the balance between urinary excretion and dietary absorption. As we saw in Chapter 26, the physiological adjustments in renal function are regulated primarily by circulating hormones. These hormones can also produce complementary changes in behavior. For example, the combination of angiotensin II and aldosterone can give you a sensation of thirst—which stimulates you to drink fluids—and a taste for heavily salted foods.

An Overview of the Primary Regulatory Hormones

Major physiological adjustments affecting fluid balance and electrolyte balance are mediated by three hormones: (1) antidiuretic hormone (ADH), (2) aldosterone, and (3) the natriuretic peptides (ANP and BNP). These hormones were introduced and discussed in earlier chapters; we will summarize their effects next. Those interested in a more detailed review should refer to the appropriate sections of Chapters 18, 21, and 26. The interactions among these hormones were illustrated in Figures 18–17b, 21–16, 21–17,

and 26–11•. lpp. 623, 731, 734, 968

Antidiuretic Hormone

The hypothalamus contains special cells known as osmoreceptors, which monitor the osmotic concentration of the ECF. These cells are sensitive to subtle changes: A 2 percent change in osmotic concentration (approximately 6 mOsm> L) is sufficient to alter osmoreceptor activity.

The population of osmoreceptors includes neurons that secrete ADH. These neurons are located in the anterior hypothalamus, and their axons release ADH near fenestrated capillaries in the posterior lobe of the pituitary gland. The rate of ADH release varies directly with osmotic concentration: The higher the osmotic concentration, the more ADH is released.

Increased release of ADH has two important effects: (1) It stimulates water conservation at the kidneys, reducing urinary water losses and concentrating the urine; and (2) it stimulates the thirst center, promoting the intake of fluids. As we saw in Chapter21, the combination of decreased water loss and increased water gain gradually restores the normal plasma osmotic concentration.

lpp. 730–732

Aldosterone

The secretion of aldosterone by the adrenal cortex plays a major role in determining the rate of Na+ absorption and K+ loss along the distal convoluted tubule (DCT) and collecting system of the kidneys. lp. 974 The higher the plasma concentration of aldosterone, the more efficiently the kidneys conserve Na+ . Because “water follows salt,” the conservation of Na+ also stimulates

-

water retention: As Na+ is reabsorbed, Clfollows (see Figure 26–14a•, p. 974), and as sodium and chloride ions move out of the tubular fluid, water follows by osmosis. Aldosterone also increases the sensitivity of salt receptors on the tongue. This effect may increase your interest in, and consumption of, salty foods.

Aldosterone is secreted in response to rising K+ or falling Na+ levels in the blood reaching the adrenal cortex, or in response to the activation of the renin–angiotensin system. As we saw in earlier chapters, renin release occurs in response to (1) a drop in plasma volume or blood pressure at the juxtaglomerular apparatus of the nephron, (2) a decline in filtrate osmotic concentration

at the DCT, or, as we will soon see, (3) falling Na+ or rising K+ concentrations in the renal circulation.

Natriuretic Peptides

The natriuretic peptides ANP and BNP are released by cardiac muscle cells in response to abnormal stretching of the heart walls, caused by elevated blood pressure or an increase in blood volume. Among their other effects, they reduce thirst and block the release of ADH and aldosterone that might otherwise lead to the conservation of water and salt. The resulting diuresis (fluid loss at the kidneys) lowers both blood pressure and plasma volume, eliminating the source of the stimulation.

The Interplay between Fluid Balance and Electrolyte Balance

At first glance, it can be very difficult to distinguish between water balance and electrolyte balance. For example, when you lose body water, plasma volume decreases and electrolyte concentrations rise. Conversely, when you gain or lose excess electrolytes, there is an associated water gain or loss due to osmosis. However, because the regulatory mechanisms involved are quite different, it is often useful to consider fluid balance and electrolyte balance as distinct entities. This distinction is absolutely vital in a clinical setting, where problems with fluid balance and electrolyte balance must be identified and corrected promptly.

Fluid Balance

Objective

• Describe the movement of fluid within the ECF, between the ECF and the ICF, and between the ECF and the environment.

Water circulates freely within the ECF compartment. At capillary beds throughout the body, hydrostatic pressure forces water out of plasma and into interstitial spaces. Some of that water is reabsorbed along the distal portion of the capillary bed, and the rest enters lymphatic vessels for transport to the venous circulation. There is also a continuous movement of fluid among the minor components of the ECF:

1. Water moves back and forth across the mesothelial surfaces that line the peritoneal, pleural, and pericardial cavities and through the synovial membranes that line joint capsules. The flow rate is significant; for example, roughly 7 liters of peritoneal fluid is produced and reabsorbed each day. The actual volume present at any time in the peritoneal cavity, however, is very small—less than 35 ml.

2. Water also moves between blood and cerebrospinal fluid (CSF), between the aqueous humor and vitreous humor of the eye, and between the perilymph and endolymph of the inner ear. The volumes involved in these water movements are very small, and the volume and composition of the fluids are closely regulated. For those reasons, we will largely ignore them in the discussion that follows.

Water movement can also occur between the ECF and the ICF, but under normal circumstances the two are in osmotic equilibrium, and no large-scale circulation occurs between the two compartments. (A small amount of water moves from the ICF to the ECF each day, as the result of mitochondrial water generation; this will be considered in a separate section.)

The body’s water content cannot easily be determined. However, the concentration of Na+ , the most abundant ion in the ECF, provides useful clues to the state of water balance. When the body’s water content rises, the Na+ concentration of the ECF becomes abnormally low; when the body water content declines, the Na+ concentration becomes abnormally high.

Fluid Movement within the ECF

In the discussion of capillary dynamics in Chapter 21, we considered the basic principles that determine fluid movement among the divisions of the ECF. lp. 724 The exchange between plasma and interstitial fluid, by far the largest components of the ECF, is determined by the relationship between the net hydrostatic pressure, which tends to push water out of the plasma and into the interstitial fluid, and the net colloid osmotic pressure, which tends to draw water out of the interstitial fluid and into the plasma. The interaction between these opposing forces, diagrammed in Figure 21–12• (p. 724), results in the continuous filtration of fluid from the capillaries into the interstitial fluid. This volume of fluid is then redistributed: After passing through the channels of the lymphatic system, the fluid returns to the venous system. At any moment, interstitial fluid and minor fluid compartments contain roughly 80 percent of the ECF volume, and plasma contains the other 20 percent.

Any factor that affects the net hydrostatic pressure or the net colloid osmotic pressure will alter the distribution of fluid within the ECF. The movement of abnormal amounts of water from plasma into interstitial fluid is called edema. Pulmonary edema, for example, can result from an increase in the blood pressure in pulmonary capillaries, and generalized edema can result from a de

crease in blood colloid osmotic pressure (as in advanced starvation, when plasma protein concentrations decline). Localized edema can result from damage to capillary walls (as in bruising), the constriction of regional venous circulation, or a blockage of the lymphatic drainage (as in lymphedema, introduced in Chapter 22). lp. 767

Fluid Gains and Losses

Figure 27–3• and Table 27–1 indicate the major factors involved in fluid balance and highlight the routes of fluid exchange with the environment:

•
Water Losses. You lose roughly 2500 ml of water each day through urine, feces, and insensible perspiration—the gradual movement of water across the epithelia of the skin and respiratory tract. The losses due to sensible perspiration—the secretory activities of the sweat glands—vary with the activities you undertake. Sensible perspiration can cause significant water deficits, with

maximum perspiration rates reaching 4 liters per hour. lp. 943 Fever can also increase water losses. For each degree that body temperature rises above normal, daily insensible water losses increase by 200 ml. The advice “Drink plenty of fluids” for anyone who is sick has a definite physiological basis.

•
Water Gains. A water gain of roughly 2500 ml day is required to balance your average water losses. This value amounts to

> roughly 40 ml> kg of body weight per day. You obtain water through eating (1000 ml), drinking (1200 ml), and metabolic generation (300 ml). Metabolic generation of water is the production of water within cells, primarily as a result of oxidative phosphorylation in mitochondria. (The synthesis of water at the end of the electron transport system was described in Chapter 25. lp. 924) When a cell breaks down 1 g of lipid, 1.7 ml of water is generated. Breaking down proteins or carbohydrates yields much lower values

(0.41 ml> g and 0.55 ml> g, respectively). A typical diet in the United States contains 46 percent carbohydrates, 40 percent lipids, and 14 percent protein. Such a diet produces roughly 300 ml of water per day, about 12 percent of your average daily requirement.

Fluid Shifts

A rapid water movement between the ECF and the ICF in response to an osmotic gradient is called a fluid shift. Fluid shifts occur rapidly in response to changes in the osmotic concentration of the ECF and reach equilibrium within minutes to hours.

•
If the Osmotic Concentration of the ECF Increases, That Fluid Will Become Hypertonic with Respect to the ICF. Water

will then move from the cells into the ECF until osmotic equilibrium is restored. The osmotic concentration of the ECF will increase if you lose water but retain electrolytes.

•
If the Osmotic Concentration of the ECF Decreases, that Fluid Will Become Hypotonic with Respect to the ICF. Water will then move from the ECF into the cells, and the ICF volume will increase. The osmotic concentration of the ECF will decrease if you gain water but do not gain electrolytes.

In sum, if the osmotic concentration of the ECF changes, a fluid shift between the ICF and ECF will tend to oppose the change. Because the volume of the ICF is much greater than that of the ECF, the ICF acts as a water reserve. In effect, instead of a large change in the osmotic concentration of the ECF, smaller changes occur in both the ECF and ICF. Two examples will demonstrate the dynamic exchange of water between the ECF and ICF.

Allocation of Water Losses

Dehydration, or water depletion, develops when water losses outpace water gains. When you lose water but retain electrolytes, the osmotic concentration of the ECF rises. Osmosis then moves water out of the ICF and into the ECF until the two solutions are again isotonic. At that point, both the ECF and ICF are somewhat more concentrated than normal, and both volumes are lower than they were before the fluid loss. Because the ICF has roughly twice the functional volume of the ECF, the net change in the ECF is relatively small. However, if the fluid imbalance continues unchecked, the loss of body water will produce severe thirst, dryness, and wrinkling of the skin. Eventually a significant fall in plasma volume and blood pressure occurs, and shock may develop. AM: Shock

Conditions that cause severe water losses include excessive perspiration (brought about by exercising in hot weather), inadequate water consumption, repeated vomiting, and diarrhea. These conditions promote water losses far in excess of electrolyte losses, so body fluids become increasingly concentrated, and sodium ion concentrations become abnormally high (a condition called hypernatremia). Homeostatic responses include physiologic mechanisms (ADH and renin secretion) and behavioral changes (increasing fluid intake, preferably as soon as possible). Clinical therapies for acute dehydration include administering hypotonic fluids by mouth or intravenous infusion. These procedures rapidly increase ECF volume and promote the shift of water back into the ICF. AM: Water and Weight Loss

Distribution of Water Gains

When you drink a glass of pure water or when you are given hypotonic solutions intravenously, your body’s water content increases without a corresponding increase in the concentration of electrolytes. As a result, the ECF increases in volume but becomes hypotonic with respect to the ICF. A fluid shift then occurs, and the volume of the ICF increases at the expense of the ECF. Once again, the larger volume of the ICF limits the amount of osmotic change. After the fluid shift, the ECF and ICF have slightly larger volumes and slightly lower osmotic concentrations than they did originally.

Normally, this situation will be promptly corrected. The reduced plasma osmotic concentration depresses the secretion of ADH, discouraging fluid intake and increasing water losses in urine. If the situation is not corrected, a variety of clinical problems will develop as water shifts into the intracellular fluid, distorting cells, changing the solute concentrations around enzymes, and disrupting normal cell functions. This condition is called overhydration, or water excess. It can be caused by (1) the ingestion of a large volume of fresh water or the infusion (injection into the bloodstream) of a hypotonic solution; (2) an inability to eliminate excess water in urine, due to chronic renal failure, heart failure, cirrhosis, or some other disorder; and (3) endocrine disorders, such as excessive ADH production.

The most obvious sign of overhydration is abnormally low sodium ion concentrations (hyponatremia), and the reduction in Na+ concentrations in the ECF leads to a fluid shift into the ICF. The first signs are the effects on central nervous system function. The individual initially behaves as if drunk on alcohol. This condition, called water intoxication, may sound odd, but is ex

tremely dangerous. Untreated cases can rapidly progress from confusion to hallucinations, convulsions, coma, and then death. Treatment of severe overhydration generally involves administering diuretics and infusing a concentrated salt solution that promotes a fluid shift from the ICF to the ECF and returns Na+ concentrations to near-normal levels.

Concept Check

✓ What effect would drinking a pitcher of distilled water have on ADH levels?

✓ What effect would being in the desert without water for a day have on your plasma osmotic concentration?

Answers begin on p. A–1

Review fluid balance on the IP CD-ROM: Fluids and Electrolytes/Water Homeostasis.

Electrolyte Balance

Objective

• Discuss the mechanisms by which sodium, potassium, calcium, and chloride ion concentrations are regulated to maintain electrolyte balance.

You are in electrolyte balance when the rates of gain and loss are equal for each electrolyte in your body. Electrolyte balance is important because:

• Total electrolyte concentrations directly affect water balance, as previously described, and

• The concentrations of individual electrolytes can affect cell functions. We saw many examples in earlier chapters, including the ef

fect of abnormal Na+ concentrations on neuron activity and the effects of high or low Ca2+ and K+ concentrations on cardiac muscle tissue.

Two cations, Na+ and K+ , merit particular attention, because (1) they are major contributors to the osmotic concentrations of the ECF and the ICF, respectively, and (2) they directly affect the normal functioning of all cells. Sodium is the dominant cation in the ECF. More than 90 percent of the osmotic concentration of the ECF results from the presence of sodium salts, mainly sodium chloride (NaCl) and sodium bicarbonate (NaHCO3), so changes in the osmotic concentration of body fluids generally reflect changes in Na+ concentration. Normal Na+ concentrations in the ECF average about 140 mEq> L, versus 10 mEq> L or less in the ICF. Potassium is the dominant cation in the ICF, where concentrations reach 160 mEq> L. Extracellular K+ concentrations are generally very low, from 3.8 to 5.0 mEq> L.

Two general rules concerning sodium balance and potassium balance are worth noting:

1. The Most Common Problems with Electrolyte Balance Are Caused by an Imbalance between Gains and Losses of Sodium Ions.

2. Problems with Potassium Balance Are Less Common, but Significantly More Dangerous than Are Those Related to Sodium Balance.

Sodium Balance

The total amount of sodium in the ECF represents a balance between two factors:

1. Sodium Ion Uptake across the Digestive Epithelium. Sodium ions enter the ECF by crossing the digestive epithelium through diffusion and carrier-mediated transport. The rate of absorption varies directly with the amount of sodium in the diet.

2. Sodium Ion Excretion at the Kidneys and Other Sites. Sodium losses occur primarily by excretion in urine and through perspiration. The kidneys are the most important sites of Na+ regulation. The mechanisms for sodium reabsorption at the kidneys were discussed in Chapter 26. lpp. 970, 974

A person in sodium balance typically gains and loses 48–144 mEq (1.1–3.3 g) of Na+ each day. When sodium gains exceed sodium losses, the total Na+ content of the ECF goes up; when losses exceed gains, the Na+ content declines. However, a change in the Na+ content of the ECF does not produce a change in the Na+ concentration. When sodium intake or output changes, a corresponding gain or loss of water tends to keep the Na+ concentration constant. For example, if you eat a very salty meal, the osmotic concentration of the ECF will not increase. When sodium ions are pumped across the digestive epithelium, the solute concentration in that portion of the ECF increases, whereas that of the intestinal contents decreases. Osmosis then occurs. Additional water enters the ECF from the digestive tract, elevating the blood volume and blood pressure. For this reason, people with high blood pressure are advised to restrict the amount of salt in their diets.

Sodium Balance and ECF Volume

The sodium regulatory mechanism, diagrammed in Figure 27–4•, changes the ECF volume but keeps the Na+ concentration relatively stable. If you consume large amounts of salt without adequate fluid, as when you eat salty potato chips without taking a drink, the plasma Na+ concentration rises temporarily. A change in ECF volume soon follows, however. Fluid will exit the ICF, increasing ECF volume and lowering Na+ concentrations somewhat. The secretion of ADH restricts water loss and stimulates thirst, promoting additional water consumption. Due to the inhibition of water receptors in the pharynx, ADH secretion begins even before Na+ absorption occurs; the secretion rate rises further after Na+ absorption, due to osmoreceptor stimulation.

lpp. 553, 605

When sodium losses exceed gains, the volume of the ECF decreases. This reduction occurs without a significant change in the osmotic concentration of the ECF. Thus, if you perspire heavily but consume only pure water, you will lose sodium, and the osmotic concentration of the ECF will drop briefly. However, as soon as the osmotic concentration drops by 2 percent or more, ADH secretion decreases, so water losses at your kidneys increase. As water leaves the ECF, the osmotic concentration returns to normal.

Minor changes in ECF volume do not matter, because they do not cause adverse physiological effects. If, however, regulation of Na+ concentrations results in a large change in ECF volume, the situation will be corrected by the same homeostatic mechanisms responsible for regulating blood volume and blood pressure. This is the case because when ECF volume changes, so does plasma volume and, in turn, blood volume. If ECF volume rises, blood volume goes up; if ECF volume drops, blood volume goes down. As we saw in Chapter 21, blood volume has a direct effect on blood pressure. A rise in blood volume elevates blood pressure; a drop lowers blood pressure. The net result is that homeostatic mechanisms can monitor ECF volume indirectly by monitoring blood pressure. The receptors involved are baroreceptors at the carotid sinus, the aortic sinus, and the right atrium. The regulatory steps involved are reviewed in Figure 27–5•.

Sustained abnormalities in the Na+ concentration in the ECF occur only when there are severe problems with fluid balance, such as dehydration or overhydration. When the body’s water content rises enough to reduce the Na+ concentration of the ECF below 130 mEq> L, a state of hyponatremia (natrium, sodium) exists. When the body water content declines, the Na+ concentration rises; when that concentration exceeds 150 mEq> L, hypernatremia exists.

If the ECF volume is inadequate, both blood volume and blood pressure decline, and the renin–angiotensin system is activated. In response, losses of water and Na+ are reduced, and gains of water and Na+ are increased. The net result is that ECF volume increases. Although the total amount of Na+ in the ECF is increasing (gains exceed losses), the Na+ concentration in the

ECF remains unchanged, because absorption is accompanied by osmotic water movement.

If the plasma volume becomes abnormally large, venous return increases, stretching the atrial and ventricular walls and stimulating the release of natriuretic peptides (ANP and BNP). This in turn reduces thirst and blocks the secretion of ADH and aldosterone, which together promote water or salt conservation. As a result, salt and water loss at the kidneys increases and the volume of the ECF declines.

Potassium Balance

Roughly 98 percent of the potassium content of the human body is in the ICF. Cells expend energy to recover potassium ions as they diffuse out of the cytoplasm and into the ECF. The K+ concentration outside the cell is relatively low, and the concentration in the ECF at any moment represents a balance between (1) the rate of gain across the digestive epithelium and (2) the rate of loss

into urine. Potassium loss in urine is regulated by controlling the activities of ion pumps along the distal portions of the nephron and collecting system. Whenever a sodium ion is reabsorbed from the tubular fluid, it generally is exchanged for a cation (typically K+ ) in the peritubular fluid.

Urinary K+ losses are usually limited to the amount gained by absorption across the digestive epithelium, typically 50–150 mEq (1.9–5.8 g) per day. (Potassium losses in feces and perspiration are negligible.) The K+ concentration in the ECF is controlled by adjustments in the rate of active secretion along the distal convoluted tubule and collecting system of the nephron.

The rate of tubular secretion of K+ varies in response to three factors:

1. Changes in the K+ Concentration of the ECF. In general, the higher the extracellular concentration of potassium, the higher the rate of secretion.

2. Changes in pH. When the pH of the ECF falls, so does the pH of peritubular fluid. The rate of potassium secretion then de

clines, because hydrogen ions, rather than potassium ions, are secreted in exchange for sodium ions in tubular fluid. The mechanisms for H+ secretion were summarized in Figure 26–14c• (p. 975).

3. Aldosterone Levels. The rate at which K+ is lost in urine is strongly affected by aldosterone, because the ion pumps that are sensitive to this hormone reabsorb Na+ from filtrate in exchange for K+ from peritubular fluid. Aldosterone secretion is stimulated by angiotensin II as part of the regulation of blood volume. High plasma K+ concentrations also stimulate aldosterone secre

tion directly. Either way, under the influence of aldosterone the amount of sodium conserved and the amount of potassium excreted in urine are directly related.

When the plasma concentration of potassium falls below 2 mEq> L, extensive muscular weakness develops, followed by eventual paralysis. This condition, called hypokalemia (hypo-, below + kalium, potassium), has potentially lethal effects on cardiac function. AM: Hypokalemia and Hyperkalemia

Balance of Other Electrolytes

The ECF concentrations of other electrolytes are regulated as well. Here we will consider the most important ions involved. Additional information about sodium, potassium, and these other ions is listed in Table 27–2.

Calcium Balance

Calcium is the most abundant mineral in the body. A typical individual has 1–2 kg (2.2–4.4 lb) of this element, 99 percent of which is deposited in the skeleton. In addition to forming the crystalline component of bone, calcium ions play key roles in the control of muscular and neural activities, in blood clotting, as cofactors for enzymatic reactions, and as second messengers.

As noted in Chapters 6 and 18, calcium homeostasis primarily reflects an interplay between the reserves in bone, the rate of absorption across the digestive tract, and the rate of loss at the kidneys. The hormones parathyroid hormone (PTH), calcitriol, and (to a lesser degree) calcitonin maintain calcium homeostasis in the ECF. Parathyroid hormone and calcitriol raise Ca2+ concentrations; their actions are opposed by calcitonin. lpp. 610–612

A small amount of Ca2+ is lost in the bile, and under normal circumstances very little Ca2+ escapes in urine or feces. To keep pace with biliary, urinary, and fecal Ca2+ losses, an adult must absorb only 0.8 – 1.2 g> day of Ca2+ . That amount represents only about 0.03 percent of the calcium reserve in the skeleton. Calcium absorption at the digestive tract and reabsorption along the distal convoluted tubule are stimulated by PTH from the parathyroid glands and calcitriol from the kidneys.

Hypercalcemia exists when the Ca2+ concentration of the ECF exceeds 11 mEq> L. The primary cause of hypercalcemia in adults is hyperparathyroidism, a condition resulting from oversecretion of PTH. Less common causes include malignant cancers of

the breast, lung, kidney, and bone marrow, and excessive use of calcium or vitamin D supplements. Severe hypercalcemia (12 – 13 mEq> L) causes such signs and symptoms as fatigue, confusion, cardiac arrhythmias, and calcification of the kidneys and soft tissues throughout the body. Hypocalcemia (a Ca2+ concentration under 4 mEq> L) is much less common than hypercalcemia. Hypoparathyroidism (undersecretion of PTH), vitamin D deficiency, or chronic renal failure is typically responsible for hypocalcemia. Signs and symptoms include muscle spasms, sometimes with generalized convulsions, weak heartbeats, cardiac arrhythmias, and osteoporosis.

Magnesium Balance

The adult body contains about 29 g of magnesium; almost 60 percent of it is deposited in the skeleton. The magnesium in body fluids is contained primarily in the ICF, where the concentration of Mg2+ averages about 26 mEq> L. Magnesium is required as a cofactor for several important enzymatic reactions, including the phosphorylation of glucose within cells and the use of ATP by contracting muscle fibers. Magnesium is also important as a structural component of bone.

The Mg2+ concentration of the ECF averages about 2 mEq> L, considerably lower than levels in the ICF. The proximal convoluted tubule reabsorbs magnesium very effectively. Keeping pace with the daily urinary loss requires a minimum dietary intake of only 24–32 mEq (0.3–0.4 g) per day.

Phosphate Balance

Phosphate ions are required for bone mineralization, and roughly 740 g of PO43-is bound up in the mineral salts of the skeleton. In body fluids, the most important functions of PO43-involve the ICF, where the ions are required for the formation of high-energy compounds, the activation of enzymes, and the synthesis of nucleic acids.

The PO43-concentration of the plasma is usually 1.8–2.6 mEq L. Phosphate ions are reabsorbed from tubular fluid along the

>

proximal convoluted tubule; urinary and fecal losses of PO43-amount to 30–45 mEq (0.8–1.2 g) per day. Phosphate ion reabsorption along the PCT is stimulated by calcitriol.

Chloride Balance

Chloride ions are the most abundant anions in the ECF. The plasma concentration ranges from 100 – 108 mEq> L. In the ICF, Cl-concentrations are usually low (3 mEq> L). Chloride ions are absorbed across the digestive tract together with sodium ions; several carrier proteins along the renal tubules reabsorb Clwith Na+ . lpp. 972, 974 The rate of Clloss is small; a gain of 48–146

mEq (1.7–5.1 g) per day will keep pace with losses in urine and perspiration.

100 Keys | Fluid balance and electrolyte balance are interrelated. Small water gains or losses affect electrolyte concentrations only temporarily. The impacts are reduced by fluid shifts between the ECF and ICF, and by hormonal responses that adjust the rates of water intake and excretion. Similarly, electrolyte gains or losses produce only temporary changes in solute concentration. These changes are opposed by fluid shifts, adjustments in the rates of ion absorption and secretion, and adjustments to the rates of water gain and loss.

Concept Check

✓ Why does prolonged sweating increase plasma sodium ion levels?

✓ Which is more dangerous, disturbances of sodium balance or disturbances of potassium balance?

Answers begin on p. A–1

Review ion balance on the IP CD-ROM: Fluids and Electrolytes/Electrolyte Homeostasis.

Acid–Base Balance

Objectives

• Explain the buffering systems that balance the pH of the intracellular and extracellular fluids.

• Describe the compensatory mechanisms involved in the maintenance of acid–base balance.

The topic of pH and the chemical nature of acids, bases, and buffers was introduced in Chapter 2. Table 27–3 reviews key terms important to the discussion that follows. If you need a more detailed review, refer to the appropriate sections of Chapter 2 before you proceed. lpp. 37–41

The pH of body fluids can be altered by the introduction of either acids or bases. In general, acids and bases can be categorized as either strong or weak.

•
Strong acids and strong bases dissociate completely in solution. For example, hydrochloric acid (HCl), a strong acid, dissociates in solution via the reaction

HCl ¡ H++ Cl-.

•
When weak acids or weak bases enter a solution, a significant number of molecules remain intact; dissociation is not complete. Thus, if you place molecules of a weak acid in one solution and the same number of molecules of a strong acid in another solution, the weak acid will liberate fewer hydrogen ions and have less effect on the pH of the solution than will the strong acid. Carbonic acid is a weak acid. At the normal pH of the ECF, an equilibrium state exists, and the reaction can be diagrammed as follows:

H2CO3 ∆ H++ HCO3 carbonic acid bicarbonate ion

The Importance of pH Control

The pH of body fluids reflects interactions among all the acids, bases, and salts in solution in the body. The pH of the ECF nor

mally remains within relatively narrow limits, usually 7.35–7.45. Any deviation from the normal range is extremely dangerous, because changes in H+ concentrations disrupt the stability of cell membranes, alter the structure of proteins, and change the activities of important enzymes. You could not survive for long with an ECF pH below 6.8 or above 7.7.

When the pH of plasma falls below 7.35, acidemia exists. The physiological state that results is called acidosis. When the pH of plasma rises above 7.45, alkalemia exists. The physiological state that results is called alkalosis. Acidosis and alkalosis affect virtually all body systems, but the nervous and cardiovascular systems are particularly sensitive to pH fluctuations. For example, severe acidosis (pH below 7.0) can be deadly, because (1) central nervous system function deteriorates, and the individual may become comatose; (2) cardiac contractions grow weak and irregular, and signs and symptoms of heart failure may develop; and

(3) peripheral vasodilation produces a dramatic drop in blood pressure, potentially producing circulatory collapse.

The control of pH is therefore a homeostatic process of great physiological and clinical significance. Although both acidosis and alkalosis are dangerous, in practice problems with acidosis are much more common. This is so because several acids, including carbonic acid, are generated by normal cellular activities.

Types of Acids in the Body

The body contains three general categories of acids: (1) volatile acids, (2) fixed acids, and (3) organic acids.

A volatile acid is an acid that can leave solution and enter the atmosphere. Carbonic acid (H2CO3) is an important volatile acid in body fluids. At the lungs, carbonic acid breaks down into carbon dioxide and water; the carbon dioxide diffuses into the alveoli. In peripheral tissues, carbon dioxide in solution interacts with water to form carbonic acid, which dissociates to release hydrogen ions and bicarbonate ions. The complete reaction sequence is:

CO2 
+ 
H2O 
∆ 
H2CO3 
∆ 
H+ 
+ 
HCO3 -

carbon 
water 
carbonic 

bicarbonate 





dioxide 

acid 

ion 





This reaction occurs spontaneously in body fluids, but it proceeds much more rapidly in the presence of carbonic anhydrase (CA), an enzyme found in the cytoplasm of red blood cells, liver and kidney cells, parietal cells of the stomach, and many other types of cells.

Because most of the carbon dioxide in solution is converted to carbonic acid, and most of the carbonic acid dissociates, the partial pressure of carbon dioxide and the pH are inversely related (Figure 27–6•). When carbon dioxide levels rise, additional hydrogen ions and bicarbonate ions are released, so the pH goes down. (Recall that the pH is a negative exponent, so when the concentration of hydrogen ions goes up, the pH goes down.) The PCO2 is the most important factor affecting the pH in body tissues.

At the alveoli, carbon dioxide diffuses into the atmosphere, the number of hydrogen ions and bicarbonate ions in the alveolar capillaries drops, and blood pH rises. We will consider this process, which effectively removes hydrogen ions from solution, in more detail later in the chapter.

Fixed acids are acids that do not leave solution; once produced, they remain in body fluids until they are eliminated at the kidneys. Sulfuric acid and phosphoric acid are the most important fixed acids in the body. They are generated in small amounts during the catabolism of amino acids and compounds that contain phosphate groups, including phospholipids and nucleic acids.

Organic acids are acid participants in or by-products of aerobic metabolism. Important organic acids include lactic acid, produced by the anaerobic metabolism of pyruvate, and ketone bodies, synthesized from acetyl-CoA. Under normal conditions, most organic acids are metabolized rapidly, so significant accumulations do not occur. But relatively large amounts of organic acids are produced (1) during periods of anaerobic metabolism, because lactic acid builds up rapidly, and (2) during starvation or excessive lipid catabolism, because ketone bodies accumulate.

Mechanisms of pH Control

To maintain acid–base balance over long periods of time, your body must balance gains and losses of hydrogen ions. Hydrogen ions are gained at the digestive tract and through metabolic activities within cells. Your body must eliminate these ions at the kid

-

neys, by secreting H+ into urine, and at the lungs, by forming water and carbon dioxide from H+ and HCO3 . The sites of elimination are far removed from the sites of acid production. As the hydrogen ions travel through the body, they must be neutralized to avoid tissue damage.

The acids produced in the course of normal metabolic operations are temporarily neutralized by buffers and buffer systems in

body fluids. Buffers are dissolved compounds that stabilize the pH of a solution by providing or removing H+ . Buffers include weak acids that can donate H+ , and weak bases that can absorb H+ .A buffer system in body fluids generally consists of a combination of a weak acid and the anion released by its dissociation. The anion functions as a weak base. In solution, molecules of the weak acid exist in equilibrium with its dissociation products. In chemical notation, this relationship is represented as:

HY ∆ H++ Y-
Adding H+ to the solution upsets the equilibrium, and the resulting formation of additional molecules of the weak acid removes H+

some of the from the solution. The body has three major buffer systems, each with slightly different characteristics and distributions (Figure 27–7•):

1. Protein buffer systems contribute to the regulation of pH in the ECF and ICF. These buffer systems interact extensively with the other two buffer systems.

2. The carbonic acid–bicarbonate buffer system is most important in the ECF.

3. The phosphate buffer system has an important role in buffering the pH of the ICF and of urine.

Protein Buffer Systems

Protein buffer systems depend on the ability of amino acids to respond to pH changes by accepting or releasing H+ . The underlying mechanism is shown in Figure 27–8•:

•
If pH climbs, the carboxyl group ( ¬ COOH) of the amino acid can dissociate, acting as a weak acid and releasing a hydrogen ion. The carboxyl group then becomes a carboxylate ion ( ¬ COO-). At the normal pH of body fluids (7.35–7.45), the carboxyl groups of most amino acids have already given up their hydrogen ions. (Proteins carry negative charges primarily for that rea

son.) However, some amino acids, notably histidine and cysteine, have R groups (side chains) that will donate hydrogen ions if the pH climbs outside the normal range. Their buffering effects are very important in both the ECF and the ICF.

•
If pH drops, the carboxylate ion and the amino group ( ¬ NH2) can act as weak bases and accept additional hydrogen ions, forming a carboxyl group ( ¬ COOH) and an amino ion ( ¬ NH3 +), respectively. This effect is limited primarily to free amino

acids and to the last amino acid in a polypeptide chain, because the carboxyl and amino groups in peptide bonds cannot function as buffers.

Plasma proteins contribute to the buffering capabilities of blood. Interstitial fluid contains extracellular protein fibers and dissolved amino acids that also assist in regulating pH. In the ICF of active cells, structural and other proteins provide an extensive buffering capability that prevents destructive changes in pH when organic acids, such as lactic acid or pyruvic acid, are produced by cellular metabolism.

Because exchange occurs between the ECF and the ICF, the protein buffer system can help stabilize the pH of the ECF. For example, when the pH of the ECF decreases, cells pump H+ out of the ECF and into the ICF, where they can be buffered by intracellular proteins. When the pH of the ECF rises, pumps in cell membranes exchange H+ in the ICF for K+ in the ECF.

These mechanisms can assist in buffering the pH of the ECF. The process is slow, however, because hydrogen ions must be individually transported across the cell membrane. As a result, the protein buffer system in most cells cannot make rapid, large-scale adjustments in the pH of the ECF.

The Hemoglobin Buffer System The situation is somewhat different for red blood cells. These cells, which contain roughly 5.5 percent of the ICF, are normally suspended in the plasma. They are densely packed with hemoglobin, and their cytoplasm contains large amounts of carbonic anhydrase. Red blood cells have a significant effect on the pH of the ECF, because they absorb carbon dioxide from the plasma and convert it to carbonic acid. Carbon dioxide can diffuse across the RBC membrane very quickly, so no transport mechanism is needed. As the carbonic acid dissociates, the bicarbonate ions diffuse into the plasma in exchange

for chloride ions, a swap known as the chloride shift. lp. 846 The hydrogen ions are buffered by hemoglobin molecules. At the lungs, the entire reaction sequence diagrammed in Figure 23–23• (p. 846) proceeds in reverse. This mechanism is known as the hemoglobin buffer system.

The hemoglobin buffer system is the only intracellular buffer system that can have an immediate effect on the pH of the ECF. The hemoglobin buffer system helps prevent drastic changes in pH when the plasma PCO2 is rising or falling.

The Carbonic Acid–Bicarbonate Buffer System

With the exception of red blood cells, some cancer cells, and tissues temporarily deprived of oxygen, body cells generate carbon dioxide virtually 24 hours a day. As we have seen, most of the carbon dioxide is converted to carbonic acid, which then dissociates into a hydrogen ion and a bicarbonate ion. The carbonic acid and its dissociation products form the carbonic acid–bicarbonate buffer system. The primary role of the carbonic acid–bicarbonate buffer system is to prevent changes in pH caused by organic acids and fixed acids in the ECF.

This buffer system consists of the reaction introduced in our discussion of volatile acids (Figure 27–9a•):

-

CO2 + H2O ∆ H2CO3 ∆ H++ HCO3 carbon water carbonic bicarbonate dioxide acid ion

Because the reaction is freely reversible, a change in the concentration of any participant affects the concentrations of all other participants. For example, if hydrogen ions are added, most of them will be removed by interactions with HCO3 -, forming H2CO3

-

(carbonic acid). In the process, the HCO3 acts as a weak base that buffers the excess H+ . The H2CO3 formed in this way in turn dissociates into CO2 and water (Figure 27–9b•). The extra CO2 can then be excreted at the lungs. In effect, this reaction takes the H+ released by a strong organic or fixed acid and generates a volatile acid that can easily be eliminated.

The carbonic acid–bicarbonate buffer system can also protect against increases in pH, although such changes are relatively rare. If hydrogen ions are removed from the plasma, the reaction is driven to the right: The PCO2 declines, and the dissociation of H2CO3 replaces the missing .

H+

The carbonic acid–bicarbonate buffer system has three important limitations:

1. It Cannot Protect the ECF from Changes in pH that Result from Elevated or Depressed Levels of CO2. A buffer system cannot pro

tect against changes in the concentration of its own weak acid. As Figure 27–9a• indicates, an equilibrium exists among the components of this buffer system. Thus, in this system, the addition of excess H+ from an outside source would drive the reaction to the left. But the addition of excess CO2 would form H2CO3 and drive the reaction to the right. The dissociation of

-

H2CO3 would release H+ and HCO3 , reducing the pH of the plasma.

2. It Can Function Only When the Respiratory System and the Respiratory Control Centers Are Working Normally. Normally, the elevation in PCO2 that occurs when fixed or organic acids are buffered stimulates an increase in the respiratory rate. This increase accelerates the removal of CO2 at the lungs. If the respiratory passageways are blocked, or blood flow to the lungs

is impaired, or the respiratory centers do not respond normally, the efficiency of the buffer system will be reduced. This buffer system cannot eliminate the H+ and remove the threat to homeostasis unless the respiratory system is functioning normally.

3. The Ability to Buffer Acids Is Limited by the Availability of Bicarbonate Ions. Every time a hydrogen ion is removed from the plasma, a bicarbonate ion goes with it. When all the bicarbonate ions have been tied up, buffering capabilities are lost.

-

Problems due to a lack of bicarbonate ions are rare, for several reasons. First, body fluids contain a large reserve of HCO3 , primarily in the form of dissolved molecules of the weak base sodium bicarbonate (NaHCO3). This readily available supply of

-

HCO3 is known as the bicarbonate reserve. The reaction involved (see Figure 27–9a•) is

-

Na++ HCO3 ∆ NaHCO3.

bicarbonate sodium

ion bicarbonate

When hydrogen ions enter the ECF, the bicarbonate ions tied up in H2CO3 molecules are replaced by HCO3 -from the bicarbonate reserve (Figure 27–9b•).

-

Second, additional HCO3 can be generated at the kidneys, through mechanisms described in Chapter 26 (see Figure 26–14c•,

p. 975). In the distal convoluted tubule and collecting system, carbonic anhydrase converts CO2 within tubular cells into H2CO3, which then dissociates. The hydrogen ion is pumped into tubular fluid in exchange for a sodium ion, and the bicarbonate ion is transported into peritubular fluid in exchange for a chloride ion. In effect, tubular cells remove HCl from peritubular fluid in exchange for NaHCO3.

The Phosphate Buffer System

-

The phosphate buffer system consists of the anion H2PO4 , which is a weak acid. The operation of the phosphate buffer system resembles that of the carbonic acid–bicarbonate buffer system. The reversible reaction involved is

-

H2PO4 ∆ H++ HPO42-.

dihydrogen monohydrogen

phosphate phosphate

The weak acid is dihydrogen phosphate (H2PO4 -), and the anion released is monohydrogen phosphate (HPO42-). In the ECF,

the phosphate buffer system plays only a supporting role in the regulation of pH, primarily because the concentration of HCO3 far exceeds that of HPO42-. However, the phosphate buffer system is quite important in buffering the pH of the ICF. In addition, cells contain a phosphate reserve in the form of the weak base sodium monohydrogen phosphate (Na2HPO4). The phosphate buffer

system is also important in stabilizing the pH of urine. The dissociation of Na2HPO4 provides additional HPO42-for use by this buffer system:

2Na++ HPO42-∆ Na2HPO4

monohydrogen sodium

phosphate monohydrogen

phosphate

Maintenance of Acid–Base Balance

Although buffer systems can tie up excess H+ , they provide only a temporary solution to an acid–base imbalance. The hydrogen ions are not eliminated, but merely rendered harmless. For homeostasis to be preserved, the captured H+ must ultimately be either permanently tied up in water molecules, through the removal of carbon dioxide at the lungs, or removed from body fluids, through secretion at the kidneys. The underlying problem is that the body’s supply of buffer molecules is limited. Suppose that a buffer molecule prevents a change in pH by binding a hydrogen ion that enters the ECF. That buffer molecule is then tied up, reducing the capacity of the ECF to cope with any additional H+ . Eventually, all the buffer molecules are bound to H+ , and further

pH control becomes impossible.

The situation can be resolved only by either removing the H+ from the ECF (thereby freeing the buffer molecules) or replacing the buffer molecules. Similarly, if a buffer provides a hydrogen ion to maintain normal pH, homeostatic conditions will return only when either another hydrogen ion has been obtained or the buffer has been replaced.

The maintenance of acid–base balance thus includes balancing H+ gains and losses. This “balancing act” involves coordinating the actions of buffer systems with respiratory mechanisms and renal mechanisms. These mechanisms support the buffer systems by (1) secreting or absorbing H+ , (2) controlling the excretion of acids and bases, and, when necessary, (3) generating additional buffers. It is the combination of buffer systems and these respiratory and renal mechanisms that maintains body pH within narrow limits.

Respiratory Compensation

Respiratory compensation is a change in the respiratory rate that helps stabilize the pH of the ECF. Respiratory compensation occurs whenever body pH strays outside normal limits. Such compensation is effective because respiratory activity has a direct effect on the carbonic acid–bicarbonate buffer system. Increasing or decreasing the rate of respiration alters pH by lowering or raising the PCO2. When the PCO2 rises, the pH falls, because the addition of CO2 drives the carbonic acid–bicarbonate buffer system

to the right. When the PCO2 falls, the pH rises because the removal of CO2 drives that buffer system to the left. The mechanisms responsible for the control of respiratory rate were described in Chapter 23; hence, only a brief summary is presented here. (If necessary, review Figures 23–26 and 23–27•.) lpp. 850, 851 Chemoreceptors of the carotid and aortic bodies are sensitive to the PCO2 of circulating blood; other receptors, located on the ventrolateral surfaces of the medulla oblongata, monitor the PCO2 of the

CSF. A rise in PCO2 stimulates the chemoreceptors, leading to an increase in the respiratory rate. As the rate of respiration increases, more CO2 is lost at the lungs, so the PCO2 returns to normal levels. Conversely, when the PCO2 of the blood or CSF declines, the chemorecep

tors are inhibited. Respiratory activity becomes depressed and the breathing rate decreases, causing an elevation of the PCO2 in the ECF.

Renal Compensation

-

Renal compensation is a change in the rates of H+ and HCO3 secretion or reabsorption by the kidneys in response to changes in plasma pH. Under normal conditions, the body generates enough organic and fixed acids to add about 100 mEq of H+ to the ECF each day. An equivalent number of hydrogen ions must therefore be excreted in urine to maintain acid–base balance. In addition, the kidneys assist the lungs by eliminating any CO2 that either enters the renal tubules during filtration or diffuses into the tubular fluid as it travels toward the renal pelvis.

Hydrogen ions are secreted into the tubular fluid along the proximal convoluted tubule (PCT), the distal convoluted tubule (DCT), and the collecting system. The basic mechanisms involved are depicted in Figures 26–12 and 26–14c• (pp. 971, 975). The ability to eliminate a large number of hydrogen ions in a normal volume of urine depends on the presence of buffers in the urine. The secretion of H+ can continue only until the pH of the tubular fluid reaches 4.0–4.5. (At that point, the H+ concentration gradient is so great that hydrogen ions leak out of the tubule as fast as they are pumped in.)

If the tubular fluid lacked buffers, the kidneys could secrete less than 1 percent of the acid produced each day before the pH reached this limit. To maintain acid balance under these conditions, the kidneys would have to produce about 1000 liters of urine

each day just to keep pace with the generation of H+ in the body. Buffers in tubular fluid are therefore extremely important, because they keep the pH high enough for H+ secretion to continue. Metabolic acids are being generated continuously; without these buffering mechanisms, the kidneys would be unable to maintain homeostasis.

Figure 27–10• diagrams the primary routes of H+ secretion and the buffering mechanisms that stabilize the pH of tubular fluid. The three major buffers involved are the carbonic acid–bicarbonate buffer system, the phosphate buffer system, and the ammonia buffer system (Figure 27–10a•). Glomerular filtration puts components of the carbonic acid–bicarbonate and phosphate buffer systems into the filtrate. The ammonia is generated by tubule cells (primarily those of the PCT).

Figure 27–10a• shows the secretion of H+ , which relies on carbonic anhydrase (CA) activity within tubular cells. The hydrogen ions generated may be pumped into the lumen in exchange for sodium ions, individually or together with chloride ions. The net result is the secretion of H+ , accompanied by the removal of CO2 (from the tubular fluid, the tubule cells, and the ECF), and the release of sodium bicarbonate into the ECF.

Figure 27–10b• shows the generation of ammonia within the tubules. As tubule cells use the enzyme glutaminase to break down the amino acid glutamine, amino groups are released as either ammonium ions (NH4 +) or ammonia (NH3). The ammonium ions are transported into the lumen in exchange for Na+ in the tubular fluid. The NH3, which is highly volatile and also toxic to cells, diffuses rapidly into the tubular fluid. There it reacts with a hydrogen ion, forming NH4 + .

This reaction buffers the tubular fluid and removes a potentially dangerous compound from body fluids. The carbon chains of the glutamine molecules are ultimately converted to HCO3 -, which is cotransported with Na+ into the ECF. The generation of ammonia by tubule cells thus ties up H+ in the tubular fluid and releases sodium bicarbonate into the ECF, where it contributes to the bicarbonate reserve. These mechanisms of H+ secretion and buffering are always functioning, but their levels of activity

vary widely with the pH of the ECF.

The Renal Responses to Acidosis and Alkalosis Acidosis (low body fluid pH) develops when the normal plasma buffer mechanisms are stressed by excessive numbers of hydrogen ions. The kidney tubules do not distinguish among the various acids that may cause acidosis. Whether the fall in pH results from the production of volatile, fixed, or organic acids, the renal contribution

remains limited to (1) the secretion of H+ , (2) the activity of buffers in the tubular fluid, (3) the removal of CO2, and (4) the reabsorption of NaHCO3.

Tubule cells thus bolster the capabilities of the carbonic acid–bicarbonate buffer system. They do so by increasing the concentration of bicarbonate ions in the ECF, replacing those already used to remove hydrogen ions from solution. In a starving individual, tubule cells break down amino acids, yielding ammonium ions that are pumped into the tubular fluid, carbon chains for catabolism, and bicarbonates to help buffer ketone bodies in the blood (see Figure 26–14c•, p. 975).

When alkalosis (high body fluid pH) develops, (1) the rate of H+ secretion at the kidneys declines, (2) tubule cells do not re

-

claim the bicarbonates in tubular fluid, and (3) the collecting system transports HCO3 into tubular fluid while releasing a strong

-

acid (HCl) into peritubular fluid (Figure 27–10c•). The concentration of HCO3 in plasma decreases, promoting the dissociation of H2CO3 and the release of hydrogen ions. The additional H+ generated at the kidneys helps return the pH to normal levels.

Disturbances of Acid–Base Balance

Objectives

• Identify the most frequent threats to acid–base balance.

• Explain how the body responds when the pH of body fluids varies outside normal limits.

Figure 27–11• summarizes the interactions among buffer systems, respiration, and renal function in maintaining normal acid–base balance. In combination, these mechanisms can generally control pH very precisely, so the pH of the ECF seldom varies more than

0.1 pH unit, from 7.35 to 7.45. When buffering mechanisms are severely stressed, however, the pH drifts outside these limits, producing symptoms of alkalosis or acidosis.

If you are considering a career in a health-related field, an understanding of acid–base dynamics will be essential for clinical diagnosis and patient management under a variety of conditions. Temporary shifts in the pH of body fluids occur frequently. Rapid and complete recovery involves a combination of buffer system activity and the respiratory and renal responses. More serious and prolonged disturbances of acid–base balance can result under the following circumstances:

•
Any Disorder Affecting Circulating Buffers, Respiratory Performance, or Renal Function. Several conditions, including emphysema and renal failure, are associated with dangerous changes in pH. lpp. 853, 984

•
Cardiovascular Conditions. Conditions such as heart failure or hypotension can affect the pH of internal fluids by causing fluid shifts and by changing glomerular filtration rates and respiratory efficiency. lpp. 694, 722

•
Conditions Affecting the Central Nervous System. Neural damage or disease that affects the CNS can affect the respiratory and cardiovascular reflexes that are essential to normal pH regulation.

Serious abnormalities in acid–base balance generally have an initial acute phase, in which the pH moves rapidly out of the normal range. If the condition persists, physiological adjustments occur; the individual then enters the compensated phase. Unless the underlying problem is corrected, compensation cannot be completed, and blood chemistry will remain abnormal. The pH typically remains outside normal limits even after compensation has occurred. Even if the pH is within the normal range, the PCO2 or HCO3 -concentrations can be abnormal.

The primary source of the problem is usually indicated by the name given to the resulting condition:

•
Respiratory acid–base disorders result from a mismatch between carbon dioxide generation in peripheral tissues and carbon dioxide excretion at the lungs. When a respiratory acid–base disorder is present, the carbon dioxide level of the ECF is abnormal.

•
Metabolic acid–base disorders are caused by the generation of organic or fixed acids or by conditions affecting the concentration of HCO3 -in the ECF.

Respiratory compensation alone may restore normal acid–base balance in individuals with respiratory acid–base disorders. In contrast, compensation mechanisms for metabolic acid–base disorders may be able to stabilize pH, but other aspects of acid–base balance (buffer system function, bicarbonate and PCO2 levels) remain abnormal until the underlying metabolic cause is corrected.

We can subdivide the respiratory and metabolic categories to create four

major classes of acid–base disturbances: (1) respiratory acidosis, (2) respiratory alkalosis, (3) metabolic acidosis, and (4) metabolic alkalosis.

Respiratory Acidosis

Respiratory acidosis develops when the respiratory system cannot eliminate all the carbon dioxide generated by peripheral tissues. The primary sign is low plasma pH due to hypercapnia, an elevated plasma PCO2. The usual cause is hypoventilation, an

-

abnormally low respiratory rate. When the PCO2 in the ECF rises, H+ and HCO3

concentrations also begin rising as H2CO3 forms and dissociates. Other buffer systems can tie up some of the H+ , but once the combined buffering capacity has been exceeded, the pH begins to fall rapidly. The effects are diagrammed in Figure 27–12a•.

Respiratory acidosis is the most common challenge to acid–base equilibrium. Body tissues generate carbon dioxide rapidly. Even a few minutes of hypoventilation can cause acidosis, reducing the pH of the ECF to as low as 7.0. Under normal circumstances, the chemoreceptors that monitor the PCO2 of plasma and of cerebrospinal fluid (CSF) eliminate the problem by calling

for an increase in breathing (pulmonary ventilation) rates.

If the chemoreceptors fail to respond, if the breathing rate cannot be increased, or if the circulatory supply to the lungs is inadequate, pH will continue to decline. If the decline is severe, acute respiratory acidosis develops. Acute respiratory acidosis is an immediate, life-threatening condition. It is especially dangerous in people whose tissues are generating large amounts of carbon dioxide, or in individuals who are incapable of normal respiratory activity. For this reason, the reversal of acute respiratory acidosis is probably the major goal in the resuscitation of cardiac arrest or drowning victims. Thus first-aid, CPR, and lifesaving courses always stress the “ABCs” of emergency care: Airway, Breathing, and Circulation.

Chronic respiratory acidosis develops when normal respiratory function has been compromised, but the compensatory mechanisms have not failed completely. For example, normal respiratory compensation may not occur in response to chemoreceptor stimulation in individuals with CNS injuries and those whose respiratory centers have been desensitized by drugs such as alcohol or barbiturates. As a result, these people are prone to developing acidosis due to chronic hypoventilation.

Even when respiratory centers are intact and functional, damage to some respiratory system components can prevent increased pulmonary exchange. Examples of conditions fostering chronic respiratory acidosis include emphysema, congestive heart failure, and pneumonia (in which alveolar damage or blockage typically occurs). Pneumothorax and respiratory muscle paralysis have a similar effect, because they, too, limit the ability to maintain adequate breathing rates.

When a normal pulmonary response does not occur, the kidneys respond by increasing the rate of H+ secretion into tubular fluid. This response slows the rate of pH change. However, renal mechanisms alone cannot return the pH to normal until the underlying respiratory or circulatory problems are corrected.

The primary problem in respiratory acidosis is that the rate of pulmonary exchange is inadequate to keep the arterial PCO2 within normal limits. Breathing efficiency can typically be improved temporarily by inducing bronchodilation or by using mechanical aids that provide air under positive pressure. If breathing has ceased, artificial respiration or a mechanical ventilator is required. These measures may restore normal pH if the respiratory acidosis was neither severe nor prolonged. Treatment of acute respiratory acidosis is complicated by the fact that, as we will soon see, it causes a complementary metabolic acidosis due to the generation of lactic acid in oxygen-starved tissues.

Respiratory Alkalosis

Problems resulting from respiratory alkalosis (Figure 27–12b•) are relatively uncommon. Respiratory alkalosis develops when respiratory activity lowers plasma PCO2 to below-normal levels, a condition called hypocapnia. A temporary hypocapnia can be produced by hyperventilation when increased respiratory activity leads to a reduction in the arterial PCO2. Continued hyperventilation can elevate the pH to levels as high as 8.0. This condition generally corrects itself, because the reduction in PCO2 halts the stimulation of the chemoreceptors, so the urge to breathe fades until carbon dioxide levels have returned to normal. Respiratory alkalosis caused by hyperventilation

seldom persists long enough to cause a clinical emergency.

Common causes of hyperventilation include physical stresses such as pain, or psychological stresses such as extreme anxiety. Hyperventilation gradually elevates the pH of the cerebrospinal fluid, and central nervous system function is affected. The initial symptoms involve tingling sensations in the hands, feet, and lips. A light-headed feeling may also be noted. If hyperventilation continues, the individual may lose consciousness. When unconsciousness occurs, any contributing psychological stimuli are removed, and the breathing rate declines. The PCO2 then rises until pH returns to normal.

A simple treatment for respiratory alkalosis caused by hyperventilation consists of having the individual rebreathe air exhaled into a small paper bag. As the PCO2 in the bag rises, so do the person’s alveolar and arterial CO2 concentrations. This change eliminates the problem and restores the pH to normal levels. Other problems with respiratory alkalosis are rare and involve primarily (1) individuals adapting to high altitudes, where the low PCO2 promotes hyperventilation, (2) patients on mechanical respirators, or (3) individuals whose brain

stem injuries render them incapable of responding to shifts in plasma CO2 concentrations.

Metabolic Acidosis

Metabolic acidosis is the second most common type of acid–base imbalance. It has three major causes:

1. The most widespread cause of metabolic acidosis is the production of a large number of fixed or organic acids. The hydrogen ions released by these acids overload the carbonic acid–bicarbonate buffer system, so pH begins to decline (Figure 27–13a•). We considered two examples of metabolic acidosis earlier:

•
Lactic acidosis can develop after strenuous exercise or prolonged tissue hypoxia (oxygen starvation) as active cells rely on anaerobic respiration (see Figure 10–21c•, p. 314).

•
Ketoacidosis results from the generation of large quantities of ketone bodies during the postabsorptive state of metabolism. Ketoacidosis is a problem in starvation, and a potentially lethal complication of poorly controlled diabetes mellitus. In either case, peripheral tissues are unable to obtain adequate glucose from the bloodstream and begin metabolizing lipids and ketone bodies.

2. A less common cause of metabolic acidosis is an impaired ability to excrete H+ at the kidneys (see Figure 27–13a•). For example, conditions marked by severe kidney damage, such as glomerulonephritis, typically result in severe metabolic acidosis.

lp. 960 Metabolic acidosis is also caused by diuretics that “turn off” the sodium–hydrogen transport system in the kidney tubules. The secretion of H+ is directly or indirectly linked to the reabsorption of Na+ . When Na+ reabsorption stops, so does H+

secretion.

3. Metabolic acidosis occurs after severe bicarbonate loss (Figure 27–13b•). The carbonic acid–bicarbonate buffer system relies on bicarbonate ions to balance hydrogen ions that threaten pH balance. A drop in the HCO3 -concentration in the ECF thus

-

reduces the effectiveness of this buffer system, and acidosis soon develops. The most common cause of HCO3 depletion is chronic diarrhea. Under normal conditions, most of the bicarbonate ions secreted into the digestive tract in pancreatic, hepatic, and mucous secretions are reabsorbed before the feces are eliminated. In diarrhea, these bicarbonates are lost, and thus the

-

HCO3 concentration of the ECF drops.

The nature of the problem must be understood before treatment can begin. Potential causes are so varied that clinicians must piece together relevant clues to make a diagnosis. In some cases, the diagnosis is straightforward; for example, a patient with metabolic acidosis after a bicycle race probably has lactic acidosis. In other cases, clinicians must be detectives.

Compensation for metabolic acidosis generally involves a combination of respiratory and renal mechanisms. Hydrogen ions interacting with bicarbonate ions form carbon dioxide molecules that are eliminated at the lungs, whereas the kidneys excrete additional hydrogen ions into the urine and generate bicarbonate ions that are released into the ECF.

Combined Respiratory and Metabolic Acidosis

Respiratory acidosis and metabolic acidosis are typically linked, because oxygen-starved tissues generate large quantities of lactic acid, and because sustained hypoventilation leads to decreased arterial PO2. The problem can be especially serious in cases of near drowning, in which body fluids have high PCO2, low PO2, and large

amounts of lactic acid generated by the muscles of the struggling person. Prompt emergency treatment is essential. The usual procedure involves some form of artificial or mechanical respiratory assistance, coupled with intravenous infusion of an isotonic solution that contains sodium lactate, sodium gluconate, or sodium bicarbonate.

Metabolic Alkalosis

Metabolic alkalosis occurs when HCO3 -concentrations become elevated (Figure 27–14•). The bicarbonate ions then interact with hydrogen ions in solution, forming H2CO3. The resulting reduction in H+ concentrations causes symptoms of alkalosis.

Metabolic alkalosis is relatively rare, but we noted one interesting cause in Chapter 24. lp. 879 The phenomenon known as the alkaline tide—produced by the influx into the ECF of large numbers of bicarbonate ions associated with the secretion of hydrochloric acid (HCl) by the gastric mucosa—temporarily elevates the HCO3 -concentration in the ECF during meals. But serious metabolic alkalosis may result from bouts of repeated vomiting, because the stomach continues to generate stomach acids to

-

replace those that are lost. As a result, the HCO3 concentration of the ECF continues to rise.

-

Compensation for metabolic alkalosis involves a reduction in the breathing rate, coupled with an increased loss of HCO3 in urine. Treatment of mild cases typically addresses the primary cause—generally by controlling the vomiting—and may involve the administration of solutions that contain NaCl or KCl.

Treatment of acute cases of metabolic alkalosis may involve the administration of ammonium chloride (NH4Cl). Metabolism of the ammonium ion in the liver liberates a hydrogen ion, so in effect the introduction of NH4Cl leads to the internal generation of HCl, a strong acid. As the HCl diffuses into the bloodstream, pH falls toward normal levels.

The Detection of Acidosis and Alkalosis

Virtually anyone who has a problem that affects the cardiovascular, respiratory, urinary, digestive, or nervous system may develop potentially dangerous acid–base imbalances. For this reason, most diagnostic blood tests include several screens designed to provide information about pH and buffer function. Standard tests monitor blood pH, PCO2, and HCO3 -levels. These measurements make recognition of acidosis or alkalosis, and the classification of a particular condition as respiratory or metabolic, relatively straightforward. Figure 27–15• and Table 27–4 indicate the patterns that characterize the four major categories of acid–base disorders. Additional steps, such as determining the anion gap, plotting blood test results on a graph or nomogram, or using a diagnostic chart can help in identifying possible causes of the problem and in distinguishing compensated from uncompensated conditions. Details are included in the Applications Manual. AM: Diagnostic Classification of Acid–Base Disorders

100 Keys | The most common and acute acid–base disorder is respiratory acidosis, which develops when respiratory ac

tivity cannot keep pace with the rate of carbon dioxide generation in peripheral tissues.

Review acid–base balance on the IP CD-ROM: Fluids and Electrolytes/Acid–Base Homeostasis.

Concept Check

✓ What effect would a decrease in the pH of body fluids have on the respiratory rate?

✓ Why must tubular fluid in nephrons be buffered?

✓ How would a prolonged fast affect the body’s pH?

✓ Why can prolonged vomiting produce metabolic alkalosis?

Answers begin on p. A–1

Aging and Fluid, Electrolyte,

and Acid–Base Balance

Objective

• Describe the effects of aging on fluid, electrolyte, and acid–base balance.

Fetuses and infants have very different requirements for the maintenance of fluid, electrolyte, and acid–base balance than do adults.

A fetus obtains the water, organic nutrients, and electrolytes it needs from the maternal bloodstream. Buffers in the fetal bloodstream provide short-term pH control, and the maternal kidneys eliminate the H+ generated. A newborn’s body water content is high: At birth, water accounts for roughly 75 percent of body weight, compared with 50–60 percent in adults. Basic aspects of electrolyte balance are the same in newborns as in adults, but the effects of fluctuations in the diet are much more immediate in newborns because reserves of minerals and energy sources are much smaller. (Readers seeking additional details should refer to the Applications Manual.) AM: Fluid, Electrolyte, and Acid–Base Balance in Infants

The descriptions of fluid, electrolyte, and acid–base balance in this chapter were based on the responses of normal, healthy adults under age 40. Aging affects many aspects of fluid, electrolyte, and acid–base balance, including the following:

•
Total body water content gradually decreases with age. Between ages 40 and 60, average total body water content declines slightly, to 55 percent for males and 47 percent for females. After age 60, the values decline further, to roughly 50 percent for males and 45 percent for females. Among other effects, each decrease reduces the dilution of waste products, toxins, and any drugs that have been administered.

•
A reduction in the glomerular filtration rate and in the number of functional nephrons reduces the body’s ability to regulate pH through renal compensation.

•
The body’s ability to concentrate urine declines, so more water is lost in urine. In addition, the rate of insensible perspiration increases as the skin becomes thinner and more delicate. Maintaining fluid balance therefore requires a higher daily water intake. A reduction in ADH and aldosterone sensitivity makes older people less able than younger people to conserve body water when losses exceed gains.

•
Many people over age 60 experience a net loss in body mineral content as muscle mass and skeletal mass decrease. This loss can be prevented, at least in part, by a combination of exercise and an increased dietary mineral supply.

•
The reduction in vital capacity that accompanies aging reduces the body’s ability to perform respiratory compensation, increasing the risk of respiratory acidosis. This problem can be compounded by arthritis, which can reduce vital capacity by limiting rib movements, and by emphysema, another condition that, to some degree, develops with aging.

•
Disorders affecting major systems become more common with increasing age. Most, if not all, of these disorders have some effect on fluid, electrolyte, and/or acid–base balance.

Chapter Review

Selected Clinical Terminology

hyperkalemia: Plasma K+ levels above 8 mEq> L. (p. 1006 and [AM]) hypernatremia: Plasma Na+ levels above 150 mEq> L. (p. 1003) hypokalemia: Plasma K+ levels below 2 mEq> L. (p. 1005) hyponatremia: Plasma Na+ levels below 130 mEq>L. (p. 1003)

metabolic acidosis: Acidosis caused by the kidneys’ inability to excrete hydrogen ions, the production of numerous fixed or organic

acids, or a severe bicarbonate loss. (p. 1017 and [AM]) metabolic alkalosis: A rare form of alkalosis resulting from high concentrations of bicarbonate ions in body fluids. (p. 1018 and [AM]) respiratory acidosis: Acidosis resulting from inadequate respiratory activity, characterized by elevated levels of carbon dioxide (hy

percapnia) in body fluids. (p. 1015 and [AM]) respiratory alkalosis: Alkalosis due to excessive respiratory activity, which depresses carbon dioxide levels and elevates the pH of body fluids. (p. 1017 and [AM])

Study Outline

Fluid, Electrolyte, and Acid–Base Balance: An Overview p. 995

1.
The maintenance of normal volume and normal composition of extracellular and intracellular fluids is vital to life. Three types of homeostasis are involved: fluid balance, electrolyte balance, and acid–base balance.

An Introduction to Fluid and Electrolyte Balance p. 996 The ECF and the ICF p. 996

1.
The intracellular fluid (ICF) contains nearly two-thirds of the total body water; the extracellular fluid (ECF) contains the rest. Exchange occurs between the ICF and the ECF, but the two fluid compartments retain their distinctive characteristics. (Figures 27–1, 27–2)

Basic Concepts in the Regulation of Fluids and Electrolytes p. 998

2.
Homeostatic mechanisms that monitor and adjust the composition of body fluids respond to changes in the ECF.

3.
No receptors directly monitor fluid or electrolyte balance; receptors involved in fluid balance and in electrolyte balance respond to changes in plasma volume and osmotic concentration.

4.
Body cells cannot move water molecules by active transport; all movements of water across cell membranes and epithelia occur passively, in response to osmotic gradients.

5.
The body’s content of water or electrolytes will rise if intake exceeds outflow and will fall if losses exceed gains.

An Overview of the Primary Regulatory Hormones p. 998

6.
ADH encourages water reabsorption at the kidneys and stimulates thirst. Aldosterone increases the rate of sodium reabsorption at the kidneys. Natriuretic peptides (ANP and BNP) oppose those actions and promote fluid and electrolyte losses in urine.

The Interplay between Fluid Balance and Electrolyte Balance p. 999

7.
The regulatory mechanisms of fluid balance and electrolyte balance are quite different, and the distinction is clinically important.

Fluid Balance p. 999 Fluid Movement within the ECF p. 1000

1.
Water circulates freely within the ECF compartment.

2.
Water losses are normally balanced by gains through eating, drinking, and metabolic generation. (Figure 27–3; Table 27–1)

Fluid Gains and Losses p. 1000 Fluid Shifts p. 1001

3.
Water movement between the ECF and ICF is called a fluid shift. If the ECF becomes hypertonic relative to the ICF, water will move from the ICF into the ECF until osmotic equilibrium has been restored. If the ECF becomes hypotonic relative to the ICF, water will move from the ECF into the cells, and the volume of the ICF will increase.

Fluids and Electrolytes/Water Homeostasis

Electrolyte Balance p. 1002

1.
Problems with electrolyte balance generally result from a mismatch between gains and losses of sodium. Problems with potassium balance are less common, but more dangerous.

Sodium Balance p. 1002

2.
The rate of sodium uptake across the digestive epithelium is directly proportional to the amount of sodium in the diet. Sodium losses occur mainly in urine and through perspiration. (Figure 27–4)

3.
Shifts in sodium balance result in expansion or contraction of the ECF. Large variations in ECF volume are corrected by homeostatic mechanisms triggered by changes in blood volume. If the volume becomes too low, ADH and aldosterone are secreted; if the volume becomes too high, ANP is secreted. (Figure 27–5)

Potassium Balance p. 1004

4.
Potassium ion concentrations in the ECF are very low and not as closely regulated as are sodium ion concentrations. Potassium excretion increases as ECF concentrations rise, under aldosterone stimulation, and when the pH rises. Potassium retention occurs when the pH falls.

Balance of Other Electrolytes p. 1005

5.
ECF concentrations of other electrolytes, such as calcium, magnesium, phosphate, and chloride, are also regulated. (Table 27–2)

100 Keys | p. 1007

Fluids and Electrolytes/Electrolyte Homeostasis

Acid–Base Balance p. 1007

1.
Acids and bases are either strong or weak. (Table 27–3)

The Importance of pH Control p. 1008

2.
The pH of normal body fluids ranges from 7.35 to 7.45; variations outside this relatively narrow range produce symptoms of acidosis or alkalosis.

Types of Acids in the Body p. 1008

3.
Volatile acids can leave solution and enter the atmosphere; fixed acids remain in body fluids until excreted at the kidneys; organic acids are participants in, or by-products of, aerobic metabolism.

4.
Carbonic acid is the most important factor affecting the pH of the ECF. In solution, CO2 reacts with water to form carbonic acid. An inverse relationship exists between pH and the concentration of CO2. (Figure 27–6)

5.
Sulfuric acid and phosphoric acid, the most important fixed acids, are generated during the catabolism of amino acids and compounds containing phosphate groups.

6.
Organic acids include metabolic products such as lactic acid and ketone bodies.

Mechanisms of pH Control p. 1009

7.
A buffer system typically consists of a weak acid and the anion released by its dissociation. The ion functions as a weak base. The three major buffer systems are (1) protein buffer systems in the ECF and ICF; (2) the carbonic acid–bicarbonate buffer system, most important in the ECF; and (3) the phosphate buffer system in the ICF and urine. (Figure 27–7)

8.
In protein buffer systems, the component amino acids respond to changes in pH by accepting or releasing hydrogen ions. The hemoglobin buffer system is a protein buffer system that helps prevent drastic changes in pH when the PCO2 is rising or falling.

(Figure 27–8)

9.
The carbonic acid–bicarbonate buffer system prevents pH changes caused by organic acids and fixed acids in the ECF. The readily available supply of bicarbonate ions is the bicarbonate reserve. (Figure 27–9)

10. The phosphate buffer system plays a supporting role in regulating the pH of the ECF, but it is important in buffering the pH of the ICF and of urine.

Maintenance of Acid–Base Balance p. 1012

11. The lungs help regulate pH by affecting the carbonic acid–bicarbonate buffer system. A change in respiratory rate can raise or lower the PCO2 of body fluids, affecting the body’s buffering capacity. This process is called respiratory compensation.

12. In renal compensation, the kidneys vary their rates of hydrogen ion secretion and bicarbonate ion reabsorption, depending on the pH of the ECF. (Figure 27–10)

Disturbances of Acid–Base Balance p. 1014

1.
Interactions among buffer systems, respiration, and renal function normally maintain tight control of the pH of the ECF, generally within a range of 7.35–7.45. (Figure 27–11)

2.
Respiratory acid–base disorders result when abnormal respiratory function causes an extreme rise or fall in CO2 levels in the ECF. Metabolic acid–base disorders are caused by the generation of organic or fixed acids or by conditions affecting the concentration of bicarbonate ions in the ECF.

Respiratory Acidosis p. 1015

3.
Respiratory acidosis results from excessive levels of CO2 in body fluids. (Figure 27–12)

Respiratory Alkalosis p. 1017

4.
Respiratory alkalosis is a relatively rare condition associated with hyperventilation. (Figure 27–12)

Metabolic Acidosis p. 1017

5.
Metabolic acidosis results from the depletion of the bicarbonate reserve, caused by an inability to excrete hydrogen ions at the kidneys, the production of large numbers of fixed and organic acids, or bicarbonate loss that accompanies chronic diarrhea. (Figure 27–13)

Metabolic Alkalosis p. 1018

6.
Metabolic alkalosis occurs when bicarbonate ion concentrations become elevated, as from extended periods of vomiting.

(Figure 27–14)

The Detection of Acidosis and Alkalosis p. 1019

7.
Standard diagnostic blood tests such as blood pH, PCO2, and bicarbonate levels are used to recognize and classify acidosis and alka

losis conditions as respiratory or metabolic in nature. (Figure 27–15; Table 27–4)

100 Keys | p. 1019

Fluids and Electrolytes/Acid–Base Homeostasis

Aging and Fluid, Electrolyte, and Acid–Base Balance p. 1019

1.
Changes affecting fluid, electrolyte, and acid–base balance in the elderly include (1) reduced total body water content, (2) impaired ability to perform renal compensation, (3) increased water demands due to reduced ability to concentrate urine and reduced sensitivity to ADH and aldosterone, (4) a net loss of minerals, (5) reductions in respiratory efficiency that affect the ability to perform respiratory compensation, and (6) increased incidence of conditions that secondarily affect fluid, electrolyte, or acid–base balance.

Review Questions

MyA&P | Access more review material online at MyA&P. There you’ll find learning activities, case studies, quizzes, Interactive Physiology exercises, and more to help you succeed. To access the site, go to www.myaandp.com.

Answers to the Review Questions begin on page A–1.

LEVEL 1 Reviewing Facts and Terms

1.
The primary components of the extracellular fluid are

(a) lymph and cerebrospinal fluid

(b) plasma and serous fluids

(c) interstitial fluid and plasma

(d) a, b, and c are correct

2.
The principal anions in the ICF are

(a) phosphate and proteins (Pr -)

(b) phosphate and bicarbonate

(c) sodium and chloride

(d) sodium and potassium

3.
Osmoreceptors in the hypothalamus monitor the osmotic concentration of the ECF and secrete _____ in response to higher osmotic concentrations.

(a) BNP
(b) ANP

(c) aldosterone (d) ADH

4.
Calcium homeostasis primarily reflects

(a) a balance between absorption in the gut and excretion by the kidneys

(b) careful regulation of blood calcium levels by the kidneys

(c) an interplay between parathormone and aldosterone

(d) an interplay between reserves in the bone, the rate of absorption, and the rate of excretion

(e) hormonal control of calcium reserves in the bones

5.
The most important factor affecting the pH of body tissues is the concentration of

(a) lactic acid

(b) ketone bodies

(c) organic acids

(d) carbon dioxide

(e) hydrochloric acid

6.
Changes in the pH of body fluids are compensated for by all of the following, except

(a) an increase in urine output

(b) the carbonic acid–bicarbonate buffer system

(c) the phosphate buffer system

(d) changes in the rate and depth of breathing

(e) protein buffers

7.
Respiratory acidosis develops when the plasma pH is

(a) elevated due to a decreased plasma PCO2 level

(b) decreased due to an elevated plasma PCO2 level

(c) elevated due to an elevated plasma PCO2 level

(d) decreased due to a decreased plasma PCO2 level

8.
Metabolic alkalosis occurs when

(a) bicarbonate ion concentrations become elevated

(b) there is a severe bicarbonate loss

(c) the kidneys fail to excrete hydrogen ions

(d) ketone bodies are generated in abnormally large quantities

9.
Identify four hormones that mediate major physiological adjustments that affect fluid and electrolyte balance. What are the primary effects of each hormone?

LEVEL 2 Reviewing Concepts

10. Drinking a hypotonic solution causes the ECF to

(a) increase in volume and become hypertonic with respect to the ICF

(b) decrease in volume and become hypertonic

with respect to the ICF

(c) decrease in volume and become hypotonic

with respect to the ICF

(d) increase in volume and become hypotonic

with respect to the ICF

11. The osmotic concentration of the ECF decreases if the individual gains water without a corresponding

(a) gain of electrolytes

(b) loss of water

(c) fluid shift from the ECF to the ICF

(d) a, b, and c are correct

12. When the pH of body fluids begins to fall, proteins will

(a) release a hydrogen from the carboxyl group

(b) release a hydrogen from the amino group

(c) release a hydrogen at the carboxyl group

(d) bind a hydrogen at the amino group

13. In a protein buffer system, if the pH rises,

(a) the protein acquires a hydrogen ion from carbonic acid

(b) hydrogen ions are buffered by hemoglobin molecules

(c) a hydrogen ion is released and a carboxyl ion is formed

(d) a chloride shift occurs

14. Differentiate among fluid balance, electrolyte balance, and acid–base balance and explain why each is important to homeostasis.

15. What are fluid shifts? What is their function and what factors can cause them?

16. Why should a person with a fever drink plenty of fluids?

17. Define and give an example of (a) a volatile acid, (b) a fixed acid, and (c) an organic acid. Which represent(s) the greatest threat to acid–base balance? Why?

18. What are the three major buffer systems in body fluids? How does each system work?

19. How do respiratory and renal mechanisms support the buffer systems?

20. Differentiate between respiratory compensation and renal compensation.

21. Distinguish between respiratory and metabolic disorders that disturb acid–base balance.

22. What is the difference between metabolic acidosis and respiratory acidosis? What can cause these conditions?

23. The most recent advice from medical and nutritional experts is to decrease one’s intake of salt so that it does not exceed the amount needed to maintain a constant ECF composition. What effect does excessive salt and water ingestion have on (a) urine volume, (b)

urine concentration, and (c) blood pressure?

24. Exercise physiologists recommend that adequate amounts of fluid be ingested before, during, and after exercise. Why is fluid replacement during extensive sweating important?

LEVEL 3 Critical Thinking and Clinical Applications

25. After falling into an abandoned stone quarry filled with water and nearly drowning, a young boy is rescued. His rescuers assess his condition. They find that his body fluids have high PCO2 and low PO2 levels and that large amounts of lactic acid were generated by

the boy’s muscles as he struggled in the water. As a clinician, diagnose the boy’s condition and recommend the necessary treatment to restore his body to homeostasis.

26. Dan has been lost in the desert for 2 days with very little water. As a result of this exposure you would expect to observe which of the following:

(a) elevated ADH levels

(b) decreased blood osmolarity

(c) normal urine production

(d) increased blood volume

(e) cells enlarged with fluid

27. Mary, a nursing student, has been caring for burn patients. She notices that they consistently show elevated levels of potassium in their urine and wonders why. What would you tell her?

28. While visiting a foreign country, Milly inadvertently drinks some water, even though she had been advised not to. She contracts an intestinal disease that causes severe diarrhea. How would you expect her condition to affect her blood pH, urine pH, and pattern of ventilation?

29. Yuka is dehydrated, so her physician prescribes intravenous fluids. The attending nurse becomes distracted and erroneously gives Yuka a hypertonic glucose solution instead of normal saline. What effect will this mistake have on Yuka’s plasma levels of ADH and urine volume?

30. Refer to the diagnostic flowchart in Figure 27–15•. Use information from the blood test results in the accompanying table to categorize the acid–base disorders that affect the patients represented in the table.

Results 
Patient 1 
Patient 2 
Patient 3 
Patient 4

pH 

7.5 
7.2 
7.0 
7.7

PCO2 

32 
45 
60 
50

Na 

138 
140 
140 
136

HCO3 
 
22 
20 
28 
34

Cl 

106 
102 
101 
91

Anion gap * 
10 
18 
12 
11

-

* Anion gap = Na+ concentration – ( HCO3 concentration +

-

Clconcentration).

Fluids and Electrolytes

Can you compare the composition of intracellular and extracellular fluids? Stop here to view the Fluids and Electrolytes module of your InterActive Physiology CD-ROM. This module contains interactive exercises, quizzes, and study outlines on the following topics:

• Introduction to Body Fluids

• Water Homeostasis

• Electrolyte Homeostasis

• Acid/Base Homeostasis

At this point in the chapter, click on Introduction to Body Fluids. Use IP to review the composition of fluid compartments. A Study Outline consisting of notes, diagrams, and study questions for each topic can also be printed from IP. To help ensure your success in anatomy and physiology, review the remaining topics as they appear in your text and each time you see the CD icon.

TABLE 27–1 Water Balance

Source Daily Input (ml)

Water content of food 1000 Water consumed as liquid 1200 Metabolic water produced during catabolism 300

Total
2500

Method of Elimination
Daily Output (ml)

Urination 1200 Evaporation at skin 750 Evaporation at lungs 400 Loss in feces 150

Total
2500

TABLE 27–2 
Electrolyte Balance

Ion and Normal ECF 

Range (mEq / 
L) 
Disorder (mEq L) Signs and Symptoms / 
Causes 
Treatment(s)

Sodium 

Hypernatremia 
Thirst, dryness and wrinkling 
Dehydration; loss of 
Ingestion of water or

(136–142) 

( 7 150) 
of skin, reduced blood 
hypotonic fluid 
intravenous infusion of




volume and pressure, 

hypotonic solution




eventual circulatory 






collapse 





Hyponatremia 
Disturbed CNS function 
Infusion or ingestion 
Diuretic use and infusion



( 6 130) 
(water intoxication): 
of large volumes of 
of hypertonic salt




confusion, hallucinations, 
hypotonic solution 
solution




convulsions, coma; death 






in severe cases 



Potassium Hyperkalemia Severe cardiac Renal failure; use of Infusion of hypotonic (3.8–5.0) ( 7 8) arrhythmias diuretics; chronic solution; selection of acidosis different diuretics; infusion of buffers; dietary restrictions

Hypokalemia Muscular weakness and Low-potassium diet; Increase in dietary K+

( 6 2) paralysis diuretics; hypersecretion content; ingestion of K+ of aldosterone; tablets or solutions; chronic alkalosis infusion of potassium

solution

Calcium Hypercalcemia Confusion, muscle pain, Hyperparathyroidism; Infusion of hypotonic (4.5–5.3) ( 7 11) cardiac arrhythmias, cancer; vitamin D fluid to lower Ca2+ kidney stones, toxicity; calcium levels; surgery to calcification of soft supplement remove parathyroid tissues overdose gland; administration of calcitonin Hypocalcemia Muscle spasms, convulsions, Poor diet; lack of vitamin Calcium supplements;

( 6 4) intestinal cramps, weak D; renal failure; administration of heartbeats, cardiac hypoparathyroidism; vitamin D arrhythmias, osteoporosis hypomagnesemia

Magnesium Hypermagnesemia Confusion, lethargy, (1.5–2.5) ( 7 4) respiratory depression, hypotension Hypomagnesemia Hypocalcemia, muscle

Overdose of magnesium Infusion of hypotonic supplements or solution to lower antacids (rare) plasma concentration

Poor diet; alcoholism; Intravenous infusion of

( 6 0.8) weakness, cramps, cardiac arrhythmias, hypertension

severe diarrhea; kidney solution high in Mg2+

disease; malabsorption

syndrome; ketoacidosis

Phosphate Hyperphosphatemia No immediate symptoms; High dietary phosphate Dietary reduction; PTH (1.8–2.6) ( 7 6) chronic elevation leads to intake; hypoparathyroidism supplementation calcification of soft tissues Hypophosphatemia Anorexia, dizziness, muscle Poor diet; kidney disease; Dietary improvement;

( 6 1) weakness, cardiomyopathy, malabsorption syndrome; vitamin D and/or

osteoporosis
hyperparathyroidism; calcitriol vitamin D deficiency supplementation

Chloride Hyperchloremia Acidosis, hyperkalemia Dietary excess; Infusion of hypotonic (100–108) ( 7 112) increased chloride solution to lower retention plasma concentration Hypochloremia Alkalosis, anorexia, Vomiting; hypokalemia Diuretic use and infusion ( 6 95) muscle cramps, apathy of hypertonic salt solution

TABLE 27–3 A Review of Important Terms Relating

to Acid–Base Balance

pH The negative exponent (negative logarithm) of the hydrogen ion concentration [H + ]

Neutral A solution with a pH of 7; the solution contains equal numbers of hydrogen ions and hydroxide ions

Acidic A solution with a pH below 7; in this solution, hydrogen ions predominate

Basic, or A solution with a pH above 7; in this solution,

-

alkaline hydroxide ions (OH ) predominate

Acid A substance that dissociates to release hydrogen ions, decreasing pH

Base A substance that dissociates to release hydroxide ions or to tie up hydrogen ions, increasing pH

Salt An ionic compound consisting of a cation other than hydrogen and an anion other than a hydroxide ion

Buffer A substance that tends to oppose changes in the pH of a solution by removing or replacing hydrogen ions; in body fluids, buffers maintain blood pH within normal limits (7.35–7.45)

TABLE 27–4 Changes in Blood Chemistry Associated with the Major Classes of Acid–Base Disorders

pH (normal 

(normal HCO3  
(mm Hg) PCO2




Disorder 
7.35–7.45)

24–28 mEq L)/ 
(normal 
= 
35–45) 
Remarks 
Treatment 

Respiratory 
Decreased 

Acute: normal 
Increased 
Generally caused 
Improve ventilation; in

acidosis 
(below 7.35) 
Compensated: 
(above 50) 
by hypoventilation 
some cases, with




increased 

and buildup CO2 
bronchodilation and




(above 28) 

in tissues and blood 
mechanical assistance

Metabolic Decreased Decreased Acute: normal

acidosis (below 7.35) (below 24) Compensated:

decreased

(below 35)

Caused by buildup of Administration of

organic or fixed bicarbonate (gradual), acid, impaired H+ with other steps as elimination at kidneys, needed to correct

-

or HCO3 loss in primary cause urine or feces

Respiratory Increased Acute: normal

alkalosis (above 7.45) Compensated:

decreased

(below 24)

Decreased
Generally caused by Reduce respiratory rate,

(below 35)
hyperventilation allow rise in PCO2 and reduction in plasma CO2 levels

Metabolic Increased Increased Increased Generally caused by pH below 7.55: no treatment;

alkalosis (above 7.45) (above 28) (above 45) prolonged vomiting pH above 7.55: may require

and associated acid loss administration of NH4Cl

• FIGURE 27–1 The Composition of the Human Body. (a) The body composition (by weight, averaged for both sexes) and major body fluid com

partments of a 70-kg individual. For technical reasons, it is extremely difficult to determine the precise size of any of these compartments; estimates of their relative sizes vary widely. (b) A comparison of the body compositions of adult males and females, ages 18–40 years.

• FIGURE 27–2 Cations and Anions in Body Fluids. Notice the differences in cation and anion concentrations in the various body fluid compartments. For information about the composition of other body fluids, see Appendix IV.

• FIGURE 27–3 Fluid Gains and Losses. Fluid movements that maintain fluid balance in a normal individual. The volumes are drawn to scale; the ICF is roughly twice as large as the ECF.

• FIGURE 27–4 The Homeostatic Regulation of Normal Sodium Ion Concentrations in Body Fluids

• FIGURE 27–5 The Integration of Fluid Volume Regulation and Sodium Ion Concentrations in Body Fluids. NP = Natriuretic peptides

• FIGURE 27–6 The Basic Relationship between PCO2 and Plasma pH. The PCO2 is inversely related to the pH.

• FIGURE 27–7 Buffer Systems in Body Fluids. Phosphate buffers occur primarily in the ICF, whereas the carbonic acid–bicarbonate buffer system occurs primarily in the ECF. Protein buffer systems are in both the ICF and the ECF. Extensive interactions take place among these systems.

• FIGURE 27–8 The Role of Amino Acids in Protein Buffer Systems. Depending on the pH of their surroundings, amino acids either donate a hydrogen ion (as at left) or accept a hydrogen ion (as at right).

• FIGURE 27–9 The Carbonic Acid–Bicarbonate Buffer System. (a) Basic components of the carbonic acid–bicarbonate buffer system, and their relationships to carbon dioxide and the bicarbonate reserve. (b) The response of the carbonic acid–bicarbonate buffer system to hydrogen ions generated by fixed or organic acids in body fluids.

• FIGURE 27–10 Kidney Tubules and pH Regulation. (a) The three major buffering mechanisms in tubular fluid, which are essential to the secretion of hydrogen ions. (b) The production of ammonium ions and ammonia by the breakdown of glutamine. (c) The response of the kidney tubules to alkalosis.

• FIGURE 27–11 Interactions among the Carbonic Acid–Bicarbonate Buffer System and Compensatory Mechanisms in the Regulation of Plasma pH. The central role of the carbonic acid–bicarbonate buffer system is highlighted. (a) The response to acidosis caused by the addition of H+ . (b) The response to alkalosis caused by the removal of H+ .

• FIGURE 27–12 Respiratory Acid–Base Regulation. Respiratory acidosis (a) and respiratory alkalosis (b), which result from inadequate and excessive breathing, respectively. In healthy individuals, respiratory responses, combined with renal responses, can generally restore normal acid–base balance.

• FIGURE 27–13 Responses to Metabolic Acidosis. Metabolic acidosis can result from either (a) increased acid production or decreased acid secretion, leading to a buildup of H+ in body fluids, or (b) a loss of bicarbonate ions that makes the carbonic acid–bicarbonate buffer system in

capable of preventing a fall in pH. Respiratory and renal compensation mechanisms can stabilize pH, but blood chemistry remains abnormal until the levels of acid production, acid secretion, and bicarbonate ions return to normal.

• FIGURE 27–14 Metabolic Alkalosis. Metabolic alkalosis most commonly results from the loss of acids, especially stomach acid lost through vomiting. As replacement gastric acids are produced, the alkaline tide introduces a great many bicarbonate ions into the bloodstream, so pH increases.

• FIGURE 27–15 A Diagnostic Chart for Acid–Base Disorders. The anion gap is defined as: Na+ concentration – ( HCO3 concentration + Clconcentration). For additional discussion of important diagnostic procedures, see the Applications Manual: Diagnostic Classification of Acid–Base Disorders.
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