RENAL PHYSIOLOGY AND ACID/BASE BALANCE

By regulating the excretion of water and NaCl, the kidneys control:

-  osmolality of body fluids (important for maintaining normal cell volume)

-  volume of body fluids (necessary for normal function of the cardiovascular system)

PERCENT CONCENTRATION (%) = the number of grams per 100 mL

MOLARITY (M or mol/L) = the number of moles per litre

EQUIVALENCE (Eq/L or mEQ/L) = molecular weight divided by valence

(used to express the concentration of solutes that dissolve into more than one particle in solution) 

Distribution of Body Fluids

TOTAL BODY WATER (TBW) = 50-70% of lean body mass (~70% of total body weight for obese animal)

-  less in old or obese animals, and more in young animals (up to 80%)

-  a rapid change in body weight is almost always due to a change in body water

EXTRACELLULAR FLUID (ECF) = 1/3 TBW (25% plasma, 70% interstitial fluid, 5% transcellular fluid)

INTRACELLULAR FLUID (ICF) = 2/3 TBW 

Movement of Physiological Fluids

1.  Lipid Pathway - diffusion across phospholipid bilayers of cell membranes

2.  Water Channel Pathway - aquaporins; found in tissues with high water flux (eg. kidneys, gut, RBCs)

3.  Special Circumstances - pores and intercellular gaps (eg. capillaries, lymphatics)

Osmotic Pressure

-  determined solely by the number of particles in solution

-  expressed in terms of:

  OSMOLARITY = the number of particles per litre of solution

  OSMOLALITY = the number of particles per kilogram of water

-  oncotic or colloid pressure is the osmotic pressure due to large proteins (primarily albumin)

-  osmotic pressure can be:

   (a)  measured directly by freezing-point depression (osmometer)

   (b)  estimated according to the following equation: (healthy animals only)

OSMOLALITY ECF = approximately 2 x [Na+]

         -  sodium and its associated anions are the most abundant osmotically active particles in the ECF

-  an ineffective osmole freely passes through membranes (both water and solutes move)

-  an effective osmole generates osmotic pressure by causing water to shift across membranes

Osmolality vs. Tonicity

-  osmolality is the property of a solution

-  tonicity is the “effective osmolality” = the sum of the concentrations of solutes that have capacity to 

   exert an osmotic force across the membrane

ISOTONIC: tonicities of the ECF and the cell are equal; no exchange of water 

HYPERTONIC: tonicity of ECF is greater; water moves out of the cell and it shrinks

HYPOTONIC: tonicity of ECF is lower; water moves into cell and it expands

Water moves across membranes until the tonicities of the cell and ECF are equal

SPECIFIC GRAVITY (SG): the weight of a volume of solution divided by the weight of an equal volume of 

        distilled water (which has a specific gravity of 1 mg/mL)

Clinically, the specific gravity of urine is measured by a refractometer

-  in a dehydrated patient with normal renal function, the urine is more concentrated and has a higher 

   specific gravity (~1.030 g/mL)

-  a patient with renal failure can’t concentrate urine, so SG is ~1.010 g/mL even when dehydrated

Fluid Exchange within the ECF Compartments
The aqueous solutions that compose the plasma and the interstitial fluid exchange readily through the thin walls of most of the body’s capillaries.  The primary forces regulating this exchange are:

HYDROSTATIC PRESSURE: blood pressure within the capillaries; tends to push fluid out of the plasma

ONCOTIC PRESSURE: the osmotic pressure due primarily to albumin; tends to pull fluid into the plasma

The above Starling Forces tend to balance each other, but high venous pressure or hypoproteinemia can result in water moving into the interstitium (ie. edema formation).

Comparison of the Three Major Compartments:

	
	Capillary
	Interstitium
	Intracellular

	Na+
	140
	140
	10

	K+
	4.0
	4.0
	140

	Proteins
	1.5
	0.1
	3.0


*Note: solute concentrations are in mM.

Water Requirements

The primary determinant of water requirement is calorie intake: 1 mL of water per 1 kcal of energy

-  needs lower on a body weight basis in larger animals

    eg.  small dog = 60 mL/kg/day

          large dog = 40 mL/kg/day

-  other determining factors include diet (solute load), ambient conditions, activity…


Clinical Assessment of Fluid Balance

1.  Body Weight – useless in an acute situation, but can monitor changes, water in/out during hospital stay

2.  Hemodynamic Parameters – heart rate, blood pressure, central venous pressure

3.  Blood Measures – hematocrit, plasma protein

4.  Urine – output, concentration

Dehydration (defined as loss of body water)

1.  Insensible Loss (difficult to measure)

      -  loss of fluid through the respiratory tract and sweating (close to pure water; hypotonic loss)

      -  can be increased by high environmental temperatures, fever (7% per oF), activity, hyperventilation

2.  Sensible Loss (can be measured)

       -  loss of fluid through the urinary and GI tracts, and usually accompanied by loss of electrolytes 

          (isotonic or hypertonic loss)

       -  can be increased by hemorrhage, polyuria, diarrhea, vomiting

Fluid Therapy

Indications for fluid therapy:

-  correct water imbalance from excessive fluid loss or inadequate intake

-  expand blood volume (shock)

-  correct electrolyte or acid/base imbalances

-  correct disturbances in oncotic pressure

-  supply blood components, calories, nutrients

-  promote renal blood flow (kidney disease)

The theory behind fluid therapy is that you replace what was lost

Composition of Fluids:

1.  Balanced vs. Unbalanced

       -  balanced resembles the ECF (which is opposite to the type of fluid loss), unbalanced does not

2.  Crystalloids vs. Colloids

       -  crystalloids are solutions containing electrolytes and non-electrolyte solutes capable of entering all 

          body fluid compartments

       -  colloids are large molecular weight substances that are restricted to the plasma compartment 

Common Fluid Compositions and their Effects

	Fluid
	Glucose

(g/L)
	Na

(mEq/L)
	Cl

(mEq/L)
	Osmolality

(mOsm/kg)
	Effect of Administration of 1 L

of Fluid on ECF and ICF Volume

	[image: image1.emf]D5W - 5% dextrose in water
	50
	0
	0
	252
	-  isotonic to ECF until dextrose is

   metabolized (then hypotonic)

-  similar effects to 0.45% NaCl

	0.45% NaCl

(hypotonic saline)
	0
	77
	77
	154
	-  decreases osmolality of ECF

-  movement of water into ICF

-  increase in ECF and ICF volumes

	[image: image2.emf]0.9% NaCl

(isotonic saline)
	0
	154
	154
	
	-  increases volume of ECF by 1 L

-  no driving force for fluid movement 

   so volume of ICF unchanged

	LRS - Lactated Ringers Solution
	0


	130
	109
	272
	-  increases volume of ECF by 1 L

-  no driving force for fluid movement 

   so volume of ICF unchanged

	7.5% NaCl

(hypertonic saline)
	0
	1283
	1283
	2415
	-  large increase in ECF osmolality

-  movement of water out of ICF

-  increase ECF, decrease ICF volume


GLOMERULAR FILTRATION
NET FILTRATION PRESSURE (Pf) = Pgc – (πb + Pt)

Pgc = glomerular capillary hydrostatic pressure

πb = plasma oncotic pressure within the glomerular capillary

Pt = hydrostatic pressure in Bowman’s space

Pgc is maintained along the glomerular capillary because absorption depends on the speed that fluid is moving through the glomerulus (ie. slower speed = more absorption).

Regulation of the Glomerular Filtration Rate (GFR)

The main physiological control of the GFR is via Pgc, controlled by changes in the resistance of afferent and efferent arterioles.  It involves three factors:

1.  The aortic pressure infusing the kidneys

2.  The afferent resistance (determines the extent the aortic pressure is transmitted to the glomerulus)

3.  The efferent arteriole resistance

	
	Effect on Renal Blood Flow
	Effect on Glomerular Filtration Rate

	Afferent Constriction
	decrease
	decrease

	Afferent Dilation
	increase
	increase

	Efferent Constriction
	decrease
	small increase

	Efferent Dilation
	increase
	small decrease


Complex mechanisms tightly regulate GFR and RBF:

1.  Intrinsic (autoregulation)

       Maintains stability over a range of 80-180 mmHg of renal arterial pressure.

      (a)  Myogenic Reflex

            -  likely mediated by local vasoactive substances (PG, AgII, NO)

            -  when arterial pressure increases, RBF increases and the renal afferent arteriole is stretched 

                →  vascular smooth muscle responds by contracting, thus increasing resistance and returning 

          RBF to normal

-  when arterial pressure decreases, the opposite occurs

      (b)  Tubuloglomerular Feedback

            -  juxtaglomerular apparatus – afferent and efferent arterioles, mesangial and JG cells, and 

               macula densa (a special portion of distal tubular epithelial cells adjacent to JG cells)

            -  macula densa cells specifically sense the delivery and reabsorption of Cl- in the distal tubule

                →  when the filtrate is flowing rapidly, the cells respond by releasing a vasoconstrictor which 

                      acts on the afferent arteriole to reduce the GFR

                →  when the filtrate is flowing slowly, the cells respond by releasing a vasodilator

2.  Extrinsic (neurohumoral) Mechanisms

       Operates outside of 80-180 mmHg of renal arterial pressure.

(a) Renin-Angiotensin-Aldosterone System (RAAS)

-  hypovolemia (as from hemorrhage) resulting in renal arterial blood pressure <80 mmHg causes:

    →  release of renin from JGA (mesangial cells)

    →  renin acts on angiotensinogen (in liver) and converts it to angiotensin I

    →  angiotensin I is converted to angiotensin II in the lungs by ACE

-  angiotensin II is a very potent vasoconstrictor that increase systemic blood pressure

-  efferent arteriole resistance increases, leading to a reduction in renal plasma flow

-  aldosterone is released, which acts to increase NaCl (and water) reabsorption in the distal 

    segments of the nephron – this increases vascular volume and renal perfusion

-  synthesis of vasodilating prostaglandins is stimulated

(b) Vasodilators (prostaglandins)

-  the vasoconstrictive effects of the RAAS are modulated by renal vasodilator prostaglandins

-  prevent renal ischemia in hypovolemic states when AgII and NE concentrations are high

-  clinical relevance: NSAIDS that inhibit production of prostaglandins may cause renal ischemia 

   and acute renal insufficiency in hypovolemic patients

Clearance Concept

The rate at which plasma is cleared of a substance is described in the following equation:

[image: image3.emf]Clearance of “x” =    concentration in urine      x  (volume of urine excreted over a specific time period)

                                 concentration in plasma

GFR is measured as the clearance of a substance that is freely filtered but neither secreted or reabsorbed, for example:

-  inulin: 3-5 mL/min/kg in a dog, 2.5-3.5 mL/min/kg in a cat

-  creatinine (slight tubular secretion leads to overestimation of GFR): 2-5 mL/min/kg in a dog or cat

Azotemia

Accumulation of increased concentrations of nitrogenous wastes in the plasma because of decreased GFR

     eg. urea nitrogen, creatinine

Classification:

PRERENAL – caused by decreased renal perfusion

RENAL – due to intrinsic renal dysfunction

POSTRENAL – due to urinary obstruction

	
	PRERENAL
	RENAL
	POSTRENAL

	Urine Specific Gravity


	> 1.025 (dog)

> 1.030 (cat)
	> 1.025 (dog)

> 1.030 (cat)
	1.007 – 1.017

	Urine Creatinine : 

Serum Creatinine (mg/dL)
	> 20:1
	> 20:1
	< 5:1

	Urine Sodium (variable)


	< 20 mEq/L
	< 20 mEq/L
	> 40 mEq/L


FRACTIONAL EXCRETION (CLEARANCE) RATE, FEx 

= [ clearance of “x” / clearance of a reference substance (GFR) ] x 100%

FRACTIONAL REABSORPTION RATE = (1 – FEx) x 100%

Overview of Reabsorption

1.  Active Tubular Reabsorption

       -  against an electrical or chemical gradient (requires ATP)

       -  usually crosses into the tubular cells easily, but needs ATP-dependent carrier to cross the 

          basolateral membrane of the tubule cell into the interstitial space

2.  Passive Tubular Reabsorption

       -  substances move along an electrochemical gradient (eg. diffusion, facilitated diffusion, osmosis)

       -  electrochemical gradient is established by active reabsorption of Na+, as is the osmotic gradient

3.  Transport Maximum

       -  nearly all substances that are reabsorbed have a transport maximum (except Na+), and this 

          reflects the number of carriers available in the renal tubule

       -  there are usually lots of carriers for substances that need to be retained (eg. glucose) and few 

          carriers for substances that have no use in the body

       -  when carriers are saturated, excesses are excreted in the urine

Modification of Glomerular Filtrate

-  > 99% of glomerular filtrate is reabsorbed!

-  the main barrier to filtration is the basement membrane (blocks large, negatively charged molecules)

-  inulin is neither absorbed nor secreted; creatinine is mildly secreted

-  water is reabsorbed along the entire length of the nephron

1.  Proximal Tubule

       -  reabsorption of 60% of water and Na+, 100% of glucose, bicarbonate and amino acids

2.  Loop of Henle

      (a)  Descending Limb

            -  permeable to Na+, Cl-, urea, water

            -  progressive increase in osmolality with diffusion of Na+ back into the tubule and continuous 

               water removal via the vasa recta

      (b)  Ascending Limb

            -  reabsorption of 30% of Na+, less permeable to water

            -  progressive decrease in osmolality

3.  Distal Tubule

       -  reabsorption of 7% of Na+
       -  impermeable to water, causing a progressive decrease in osmolality

4.  Collecting Duct

       -  reabsorption of 2-3% of Na+
       -  permeability to water (and concentration of urine) depends on the presence of aquaporins

       -  role of ADH


Why is glomerulonephritis associated with peripheral edema?
Changes in the basement membrane might mean that proteins such as albumin are escape into the urine.  This loss of protein results in decreased oncotic pressure to hold fluid within the bloodstream. 

PROXIMAL TUBULE REABSORPTION

-  extensive brush border increases the absorptive surface area

-  metabolic rate is high; many mitochondria present

REMEMBER THAT WATER FOLLOWS THE OSMOTIC GRADIENT!

Primary Active Transport

-  the Na+/K+ ATPase generates a concentration gradient that favours movement of Na+ from the tubular 

   lumen into the peritubular cells

-  Na+ is reabsorbed into the bloodstream from the extra-cellular fluid by peritubular capillaries

Secondary Active Transport

-  Na+ symporters in the luminal membrane transport glucose, amino acids, phosphate, sulfate and organic 

   ions into the PT cells

-  Na+ antiporter transports H+ out of the PT cells into the tubular lumen, where carbonic anhydrase 

   catalyzes the following reaction: H+ + HCO3- → H2O + CO2
-  the reverse reaction occurs inside PT cells, and bicarb is transported into the ECF by a Cl- antiporter 

   and a Na+ symporter (~60-85% of the bicarbonate is reabsorbed)

Passive Reabsorption

-  urea is passively reabsorbed in the proximal tubule


A Closer Look at Glucose Transport

-  a two-step process in the proximal tubule:

   1.  Secondary Active Transport (luminal membrane)

   2.  Carrier-mediated Diffusion (basolateral membrane)

-  uses two transport proteins: GLUT1  and GLUT2

-  it is a saturable process, and eventually reaches a transport maximum

Glucosuria

- two possible causes:

   1.  Renal Origin

          -  defects in tubular transport (eg. Fanconi syndrome in Basenji dogs; rare)

   2.  Non-renal Origin

         -  renal “spillover” with hyperglycemia (eg. diabetes mellitus, glucose-containing IV fluids)

         -  the threshold is ~10 mmol/L

Composition of Tubular Fluid at the End of the Proximal Tubule

-  the concentration of most substances to be excreted has increased

-  the concentration of most substances to be reabsorbed has decreased

-  [Na+] is essentially unchanged, [Cl-] has increased

-  there has been no overall change in the osmolality of the filtrate

Key Points

-  60-65% of Na+ and water and 100% of bicarbonate, glucose and amino acids are reabsorbed

-  organic ions, drugs and toxins are excreted

-  primary and secondary transport of Na+ is the driving force

-  fluid absorption is isotonic; the osmolality of the filtrate is the same at the beginning and end of the 

   proximal tubule

THE LOOP OF HENLE

Urine Concentration and Dilution

-  the kidney concentrates or dilutes the urine in relation to the body water balance, with the goal of 

   maintaining body fluid osmolality

There are Three Main Components:

1.  Generation of a Hypertonic Medullary Interstitium

       -  this is accomplished by reabsorbing osmotically active substances and removing water from the 

          interstitium via the vasa rectum

       -  the anatomy, location and functional attributes of the loop of Henle are critical

           → spatial orientation into the medulla (long-looped juxtamedullary nephrons)

           → hairpin arrangement, tubular flow in opposite directions allows for countercurrent exchange

       

       

-  the counter-current mechanism increases medullary hypertonicity with minimal effort, due to the 

   anatomic arrangement of the thin limbs of the loop of Henle and the vasa recta

-  the descending limb of the loop of Henle is permeable to water and urea, but impermeable to NaCl

2.  Dilution of the Tubular Fluid
       -  the ascending limb is impermeable to water, but it actively reabsorbs ~30% of the Na+, 25% of 

          Ca2+ and 50% of Mg2+
3.  Variability in Water Permeability of the Collecting Duct

      -  controlled by ADH (vasopressin)

THE VASA RECTA

-  counter-current exchange; the vessels parallel the hairpin loops of Henle

-  maintains medullary interstitial gradient by removing water from the interstitium

THE DISTAL TUBULE

-  reabsorbs 7% of the Na+, but is impermeable to water therefore it serves to further decrease the 

   osmolality to less than that of plasma

-  the NaCl transporter is inhibited by thiazide diuretics

THE COLLECTING DUCT

-  reabsorbs 2-3% of the Na+, plays an important role in the final excretion of water and electrolytes

-  permeability depends on the presence/absence of aquaporins, which is controlled by ADH (operates via 

   a G-protein and cAMP)

-  aldosterone enhances Na+ absorption and K+ secretion

-  the inner medullary collecting duct reabsorbs urea by facilitated diffusion, and is important in the 

   maintenance of medullary hypertonicity

Urine Osmolality

HYPOTONIC = specific gravity of < 1.008 

ISOTONIC = specific gravity of 1.008 – 1.012

HYPERTONIC = specific gravity of > 1.020

To Secrete Hypotonic Urine:

-  the ascending limb of the loop of Henle retains solute, but much less water

-  dilute tubular fluid enters the distal segments of the nephron

-  we see more NaCl reabsorption in the distal tubule and cortical collecting duct

-  without ADH the result is very dilute urine

To Secrete Hypertonic Urine:

-  critical process is counter-current multiplication (accumulation of NaCl in the medullary interstitium)

-  reabsorption of solutes in the ascending loop of Henle dilutes the tubular fluid and increases the 

   osmolality of the medullary interstitium

-  this creates an osmotic driving force for water reabsorption by the collecting duct (as long as ADH is 

   present to increase the permeability)

Regulation of Water Balance

-  the osmolality of the ECF and serum [Na+] is regulated by adjusting water balance

  SENSOR (AFFERENT) LIMB: osmoreceptors in the hypothalamus; ADH (vasopressin) is released when 

                                                   receptors shrink in response to plasma hyperosmolality or hypovolemia

   

   EFFERENT LIMBS: ADH (water output) and thirst (water input)


Assessment of Urine Concentrating Ability: The Water Deprivation Test

-  used in animals with PU/PD, dilute urine (SG < 1.007), suspected nephrogenic diabetes insipidus or 

   psychogenic polydispsia (horses, dogs)

-  should not be used for animals that are dehydrated and suspected to have renal disease, or in azotemic 

   animals

1. Bladder is emptied and baseline data (body weight, skin turgor, PCV, plasma proteins, serum osmolality, urine SG and osmolality) is collected

2. Water is withheld; check the above parameters every 2-4 hours (emptying the bladder each time)

3. Maximal ADH release occurs after 5% loss in body weight, so test is concluded when urine concentrating ability is observed or dehydration occurs

     -  normal concentrating ability is evident with urine SG > 1.025 in dogs or > 1.030 in cats

4.  Administer ADH and assess after 1-2 hours

Modified Water Deprivation Test: maximal urine solute concentration is defined whenever there is < 5% increase in urine osmolality on sequential measurements.

Regulation of Sodium Balance

EFFECTIVE CIRCULATING VOLUME: the “fullness” and “pressure” within the vascular tree

-  in healthy animals, it is proportional to the ECF volume (and therefore to the Na+ content)

-  in disease states we see an expanded ECF volume in the face of decreased effective circulating volume

Key Concepts:
-  the volume of ECF and ECV are determined by Na+ balance

    → positive Na+ balance = increased ECF & ECV; negative Na+ balance = decreased ECF & ECV

-  regulation of Na+ balance involves integrated action of cardiovascular, sympathetic and renal systems 

   (but the kidney is the main regulator of ECF volume)

-  when stretch receptors sense a change in ECF volume or sodium content, effectors (angiotensin II, 

   aldosterone, the SNS or ANP) cause an appropriate change in urine sodium excretion

-  when osmoreceptors sense a change in total body fluid osmolality or volume, ADH acts to either alter 

   urine osmolality/volume, or stimulate thirst

What is sensing these changes?

-  low-pressure mechanoreceptors (volume receptors) in the cardiac atria and pulmonary vessels

-  high-pressure baroreceptors (pressure receptors) in the aortic arch and carotid sinus

-  the juxta-glomerular apparatus and renal sympathetic nerves

Mechanisms of Regulation of Na+ Excretion

1.  Regulation of GFR

       -  normally, autoregulation of GFR and RBF provides for stability in tubular absorptive function

       -  when there is increased sodium content, an increase in the GFR results in increased NaCl and water 

          excretion to normalize the ECF volume/sodium content

2.  Decreased Protein Osmotic Pressure

       -  increased ECF volume leads to lower colloid osmotic pressure

       -  increased filtration occurs due to the greater difference between hydrostatic and oncotic 

          pressure, which leads to increased excretion of sodium

3.  Regulation of Tubular Function
       -  in the proximal tubule, this is accomplished by angiotensin II and sympathetic adrenergic nerves

       -  in the distal nephron, this is accomplished by aldosterone and atrial natriuretic peptide (ANP)

Summary of the Endocrine Factors Acting on the Nephron to Regulate Na+ Excretion

	Hormone
	Released in Response to
	Action
	Effect on Na+ Excretion

	Angiotensin II
	systemic hypotension
	stimulates the Na+/H+ exchanger in the luminal membrane of the proximal tubule


	↓

	Norepinephrine
	sympathetic stimulation
	stimulates the Na+/H+ exchanger and the Na+/K+ ATPase in the luminal membrane of the proximal tubule
	↓

	Aldosterone
	systemic hypotension
	increases the number of open Na+ channels in the collecting duct and stimulates the Na+/K+ ATPase
	↓

	ANP
	atrial distension caused by

↑ ECF volume and Na+ intake
	inhibits RAAS and the Na+ channels in the collecting duct


	↑


Serum Sodium Concentration

Hyponatremia (<140 mEq/L)

-  usually, but does not always imply hypoosmolality

-  develops when the patient is unable to excrete ingested water and the urinary and insensible losses 

   have a combined osmolality greater than that of the ingested fluids

Hypernatremia (>155 mEq/L in dogs, >162 mEq/L in cats)

-  usually implies hyperosmolality

-  develops when water intake is inadequate, fluid losses have been hypotonic to the ECF, or an excessive 

   amount of Na+ has been ingested

-  caused by a pure water deficit (eg. in hypodipsia, diabetes insipidus, high environmental temperature, 

   fever, no access to water, etc…)

Potassium Homeostasis

-  60-75% of the body’s potassium is in skeletal muscle

-  potassium excretion is approximately equal to ingestion: 90% in the urine and 10% in the feces

    → 80-90% of the filtered potassium is reabsorbed by the beginning of the distal tubule (70% in the 

        proximal tubule and 20% in the ascending limb of the loop of Henle)

Hypokalemia (< 2.4-3.0 mmol/L)

-  can be caused by:

    → excessive loss (diarrhea) combined with low intake

    → urinary disease (chronic renal failure)

    → prolonged use of diuretics

Hyperkalemia (> 6.0-7.0 mmol/L)

-  caused by impaired renal excretion (acute renal failure, urethral obstruction, ruptured bladder)


Acute Regulation: Extrarenal Homeostasis

To prevent the development of life-threatening hyperkalemia following a large intake of potassium, the body shifts it between the ECF and ICF.  Cells rapidly uptake large amounts of potassium, which they later release slowly to be excreted by the kidneys.

Major Factors and Hormones Affecting K+ Distribution

-  constant plasma [K+] is maintained by epinephrine, insulin and aldosterone (which move it into the cells)

-  acid/base imbalance or cell lysis can disturb the normal K+ balance

Regulation of K+ Excretion

1.  Increased transport into cells of the late distal tubule and cortical collecting ducts via Na+/K+ 

    ATPase stimulation by:
       -  dietary K+ intake
       -  Na+ delivery to the distal nephron

       -  aldosterone

2.  Changes in volume flow along the lumen of the distal nephron segments caused by:

       -  dietary Na+ intake

       -  diuretics

ACID/BASE BALANCE

Determining the Nature of an Acid/Base Disturbance
Rule of Thumb:

-  if the change in pH and pCO2 is in the opposite direction, the disturbance is respiratory in origin

-  if the change in pH and pCO2 is in the same direction, the disturbance is metabolic in origin

	Plasma pH
	pCO2
	[HCO3-]
	Origin

	decreased
	increased
	increased

(if renal compensation)
	respiratory acidosis

	increased
	decreased
	decreased

(if renal compensation)
	respiratory alkalosis

	decreased
	decreased

(if respiratory compensation)
	decreased
	metabolic acidosis

	increased
	increased

(if respiratory compensation)
	increased
	metabolic alkalosis


The Three Lines of Defense in Acid/Base Homeostasis:

1.  Buffering (fastest)

2.  Respiratory Compensation (minutes to hours)

3.  Metabolic Compensation (hours to days)

It is rare to see metabolic acidosis/alkalosis without some kind of respiratory compensation (an increase/decrease in arterial pCO2 ), but we often see respiratory acidosis/alkalosis without metabolic compensation (excretion of excess H+ ions in the urine).


Some Causes of Acid/Base Disorders:

Metabolic Acidosis

-  accumulation of fixed acids or loss of buffer base which decreases blood pH (ie. too many unmated H+)

-  can be due to diarrhea (loss of HCO3-), diabetes mellitus (ketoacidosis), rumen acidosis (increased H+ 

   production) or hyperkalemia (inhibits K+ reabsorption by the K+/H+ exchanger)

Metabolic Alkalosis

-  caused by the excessive elimination of H+ or by the intake of base which increases blood pH

-  can be due to vomiting (lost HCl must be replaced by H+ ions from the blood), torsion/dilation of the  

   abomasum (traps H+ ions), constipation (increased HCO3- reabsorption) or diuretics (increased H+ 

   excretion)

Respiratory Acidosis

-  always caused by hyperventilation (where pO2 increases at the expense of CO2 excretion)

   eg.  asthma, pneumonia, anxiety, high altitude

Respiratory Alkalosis

-  caused by impaired lung function (decreased expiratory air flow leads to retention of CO2)

   eg.  increased airway resistance, fractured ribs, bloated abdomen
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Polyuria and Polydipsia – PU/PD


1.  Primary (psychogenic) polydispia


2.  True polyuria/polydipsia


      -  renal insufficiency


      -  diabetes insipidus


          → central (neurogenic): lack of ADH


            → nephrogenic: aquaporin problem


      -  chronic renal failure





























