Renal Physiology
Lecture 1:  Intro to Renal

· Kidney functions:  Maintain ECF volume and solute concentrations.  Eliminate waste.  Synthesize glucose and generate NH3.  Produce hormones (EPO).

· Intracellular fluid is 2/3 of total body fluid.  Extracellular fluid includes interstitial, intravascular and transcellular (glandular secretions) fluids.  Interstitial fluid is an ultrafiltrate of the plasma, so doesn’t have much protein.  Water makes up 50-80% of total body weight.

· Amounts of water in a compartment are dependent upon the solutes there and hydrostatic pressure.  So if you eat salt, water moves into the extracellular fluid.  

· Plasma:  Na = 138-146 mEq/L, K = 3.8-5.0, Cl = 103-112, HCO3 = 24-32, Glucose = 75-95
· In Cell:   Na = 12 mEq/L, K = 150, Cl = 4, HCO3 = 12.  (major anions are PO4s and protein)

· Calcium in cells and plasma is almost all bound to other stuff, so the total amounts present do not reflect the free calcium concentrations.  

· Plasma membranes are permeable to water, and to some extent permeable to ions as well.  Na/K pump maintains ion gradients, and also keep cell volume low.  If the pump fails, Na and K flow, but Cl also flows in and organic anions in the cell can’t get out.  As the cell accumulates ions it swells.  Cells can also adjust ion input/output to changes in ECF ion concentrations, thus regulating their own volumes.  
· ECF volume and composition are regulated by intake (GI) and outflow (GI, renal, secretions).  You try to achieve a steady state, contributing to the homeostasis and maintenance of a constant internal environment.  We try to maintain a setpoint at optimal conditions, using sensors, mediators and effectors.  
· The proximal tubule can be broken down into three segments: S1, S2, S3.  60-70% of Na, K, Cl, and water (as well as all AAs, glucose and HCO3) are reabsorbed here.  It also secretes organic cations/anions, and is the only portion of the kidney to do so. 

· The loop of Henle reabsorbs about 25% more Na and Cl, as well as 15% more water.  It generates and maintains the high osmolarity of the renal medulla.  It is the site of action of the most common diuretics.  

· Distal tubules and collecting ducts are the last sites for reabsorption of Na, Cl, and water.  They also contribute to K and H secretion.  Transport of water and solutes here is heavily regulated by hormones in response to ECF volume and composition changes.  ADH regulates water reabsorption.  Aldosterone regulates Na reabsorption and K & H secretion.  
· The three main functions of the kidney are filtration, absorption and secretion.  The kidney receives 20-25% (~1700 L/day) of the cardiac output.  Only 1-1.5 L/day are excreted.  

Lecture 2:  Glomerular Filtration

· Hydrostatic pressure in the glomerular capillaries force plasma across the filtration barrier, creating a primary urine or ultrafiltrate similar to plasma except it lacks big proteins.
· The glomerulus consists of the Bowman’s capsule and the capillary tuft, between incoming afferent and outgoing efferent arterioles.  
· The filtration barrier includes the fenestrae of the capillary endothelial cells, the basement membrane, and the slits (slit membrane) between the foot processes of the epithelial cells making up Bowman’s capsule.  It filters based on size, charge (+ gets through, - repelled) and shape (rods pass easier than globular stuff).  

· Single Nephron GFR = Kf (∆P - ∆π) 

· Kf - The filtration coefficient represent the leakiness of the filtration barrier.  Determined by (permeability) x (surface area).  Filtration coefficient here is huge.  Mesangial cells in the glomerular capillaries may contract or relax to change the surface area. 
· ∆P – The hydraulic pressure difference across the filtration barrier.  Glomerular capillaries can keep a constant pressure because they occur between two arteriole beds.  Normally Pgc = 45 mmHg and Pbowman’s = 10 mmHg, so ∆P is about 35 mmHg.

· ∆π – The difference in colloid osmotic/oncotic pressure across the filtration barrier.  At the afferent end of the capillaries, it’s about 20 mmHg.  As you filter out water, protein concentration increases to 35 mmHg near the efferent end of the capillaries.  Normally the oncotic pressure in the filtrate of Bowman’s capsule is approximately zero.  

· (∆P - ∆π) represents the net ultrafiltration pressure.  It’s about 10 near the afferent arteriole end and about 0 near the efferent arteriole end of the capillaries.  
· The point at which ∆π catches up to ∆P is called filtration equilibrium.  This normally occurs about half way through the capillaries.  So, a big portion of the capillaries produces no GRF.  Increasing renal blood flow causes the ∆π to travel farther along the capillaries before losing enough water to reach filtration equilibrium.  This increase in the flow rate increases GFR (and increases the length of glomerular capillary over which filtration occurs).   Either way you’re reaching equilibrium by the time the blood reaches the efferent arterioles, but with higher flow you get more blood doing this in a given time period, producing a greater GFR.

· Over a wide range of arterial blood pressures, GFR and renal blood flow are kept constant.  This occurs through autoregulation, requiring no external factors.  Increases in arterial BP result in increased afferent arteriole resistance and decreased efferent arteriole resistance.  The resistances of afferent and efferent vessels are controlled separately.  
· The JGA includes:  the end of the afferent arteriole, the beginning of the efferent arteriole, the macula densa in the distal tubule, and the extraglomerular cells.  
· The macula densa (distal tubule) and extraglomerular cells sense changes in GFR.  The afferent and efferent arterioles carry out the changes necessary to fix it.  

· With increased delivery of fluid to the distal tubule, you will reduce GFR.  The increased fluid delivery is sensed by macula densa cells.  They release a mediator that increases resistance in the afferent and decreases resistance in the efferent arteriole to lower GFR back to normal.  

· In addition to the JGA, other mechanisms act to produce autoregulation.  

· We use clearance methods to assess filtration.  Clearance is the amount of plasma that must be cleared of a substance to account for the amount of substance that appears in the urine.  
· If a substance is freely filtered and neither secreted nor reabsorbed, then the amount filtered must be equal to the amount excreted:  [Xplasma]*GFR = [Xurine]*Urine Flow Rate

· So:  GFR = [Xurine]*Urine Flow Rate / [Xplasma]

· If our assumptions about filtration and secretion/absorption hold, the GFR = Clearance.  

· Inulin and creatinine are commonly used for this.  Creatinine is a product of protein muscle metabolism and isn’t as good a measurement, but it’s more convenient.

· Clearance is NOT the same as the excretion rate.  Excretion rate = [Xurine]*Urine Flow Rate.  This tells you how much is excreted, not how much blood needs to be cleared to excrete that much.  

· Plasma [inulin] is directly related urine [inulin] and thus to the excretion rate.  But, clearance is independent of both of these.  This is true for substances not reabsorbed or secreted.  

Lecture 3:  Na, K, Cl and Glucose

· Epithelial cells act as barriers to plasma membrane proteins.  More importantly, epithelial cells are structurally and functionally polarized for directional transport across apical and basolateral surfaces.  This requires different proteins on each of these membranes, which are kept separate by occluding zones (tight junctions).  Epithelial cells are also highly specialized with microvilli or invaginations to increase surface area or create extracellular compartments where stuff can be concentrated.  

· For absorption/secretion, substances have to enter the cell across one membrane and leaves across the other.  

· A Na/K pump is almost always on the basolateral surface of epithelial cells, building significant ion gradients.  The energy in the electrochemical Na gradient can then be used by many other transport systems.  
· Water transport is coupled to solute transport.  Water flow is described as:  Jw = Lp (∆P - ∆π)    The ∆P across most epithelial layers is ~0.  Lp is hydraulic water permeability.  
· Ex:  Na entry may raise ICF osmolarity a tiny bit, and basolateral pumps move the Na into the restricted space in between cells, raising the osmolarity there by a few milliosmoles.  Water channels permit large movements of water along this gradient, if the water permeability is great enough.  

· Cells that transport lots of water have microvilli for increased apical absorption and deep lateral invaginations between cells in which solutes are concentrated on the basolateral surface.  Absorbing solutes and water together allows uptake without changing osmolarity of either compartment (iso-osmotic absorption).  This occurs in the kidney’s proximal tubule.  
· Other epithelia have low water permeability, and tend to be flatter with fewer and shorter microvilli.  If they transport ions, they move a very hypertonic solution.  If they are water impermeable, they have a negligible effect on volumes of the compartments.  Some cells like this can regulate their water permeability, as in the case of collecting duct cells in response to ADH.

· The proximal nephron is highly water permeable (doesn’t change osmolarities of compartments) and reabsorbs Na, Cl, glucose, HCO3, and AAs.  

· The middle nephron (loop of Henle) concentrates the urine.  The thin descending limb absorbs water (absorbs a hypotonic solution).  The thin ascending limb absorbs NaCl, no water (absorbs a hypertonic solution).  The thick ascending limb absorbs NaCl, no water (absorbs a hypertonic solution).
· The final portion of the nephron absorbs NaCl, with the corresponding water intake dependent upon ADH levels.

· The proximal tubule is divided into S1 (convoluted), S2 (convoluted), and S3 (straight) segments.  S1 cells are tall with a big brush border and lots of mitochondria.  The number of mitochondria decreases from S1 → S3.  S2 and S3 cells have a smaller brush border than S1.  Overall, the large surface area is good for absorption.
· In the proximal tubule, osmolarity doesn’t change.  But, [glucose], [AA], and [HCO3] decrease a lot.  The total amount of Cl in the tubule decreases, but (because water is also lost) [Cl] actually increases to maintain electroneutrality as HCO3 is reabsorbed.  
· In addition to ion coupled water transport, water also moves out of the filtrate and into the blood because the peritubular capillaries still have a pretty high oncotic pressure, so tend to pull water back toward the blood.  

· Glucose, AA, and HCO3 absorption in the proximal tubule is coupled to Na movement into the cell, as is H secretion.  Na goes down the concentration gradient established by the Na/K pump.  

· Glucose/AAs are symported with Na, then move by facilitated diffusion out the basolateral surface.  Glucose transporters in S1 are high capacity and low affinity, so absorb the most volume.  S3 has more specific transporters that are lower capacity, but can pick up the remaining glucose.

· Cl mostly passes between cells driven by a lumenal negative charge.  It’s also absorbed with excretion of other anions through Cl/anion exchangers. 
· Na is exchanged for H.  This excretes H, but also contributes to HCO3 absorption.  The H combines with bicarbonate, and the resulting CO2 and water go into the cell.  It’s converted back to bicarbonate and protons, and the bicarbonate is absorbed while the proton continues to cycle like this.  Most of the bicarbonate in the filtrate is absorbed this way.  This requires carbonic anhydrase in the tubule lumen and in the epithelial cells.

· Proteins that end up in the filtrate are largely returned to the body by pinocytosis.  The proximal tubule is also involved with P, Ca, and Mg balance.  

· The S2 segment of the proximal tubule secretes many drugs and organic ions produced in the body.  Ex:  PAH- enters epithelial cells from the basolateral surface via Na/PAH co-transport.  PAH secretion is then coupled to Cl absorption.  

· Proximal tubules also have among the highest water permeability in the nephron.  The loop of Henle has low water permeability.  The collecting ducts have variable permeability depending on ADH presence.  
· If a substance is secreted, its clearance will be increased over a non-secreted/absorbed substance.  If it is absorbed, its clearance will be decreased comparted to a non-secreted and non-absorbed substance.  
Lecture 4:  Water Concentration

· Nephrons may have long or short loops of Henle.  They function for countercurrent multiplication.  The vasa recta function for countercurrent exchange.  
· Medullary thickness and loop of Henle length correlate with ability to concentrate urine.  

· Thin descending limb is water permeable, thin ascending limb is Na and urea permeable, and thick ascending limb is permeable to neither (it actively transports with no water transport accompanying the solute).  

· Countercurrent multiplication:  Small horizontal changes in concentration are magnified vertically.  

· A horizontal concentration gradient is established by the transport in the thick ascending limb.  The thick ascending limb becomes hypotonic compared to the interstitium.  The thin descending limb is also more concentrated now, because water moves passively out of it.

· Flow of the fluid through the loop structure establishes a vertical gradient.  

· This mechanism establishes about 600 milliosmoles of the total 1200 mosm gradient. 

· The rest of the gradient comes from urea.  Only the thin ascending limb and medullary collecting duct are permeable to urea.  Urea is concentrated in the tubule because it remains in the lumen as lots of solute and water are reabsorbed.  In the thin ascending limb urea moves into the medulla.  Then in the collecting duct, transporters (stimulated by ADH) facilitate further urea movement into the renal medulla.  Much of this may go passively back into the thin ascending limb.  But overall it adds to the concentration gradient, the key to being able to produce concentrated urine.
· Vasa recta are highly permeable to both salt and water.  Through countercurrent exchange they maintain the gradient established via the loop of Henle.  Water and salt flow in and out of the blood vessels passively.  By having interconnecting blood vessels between the ascending and descending vasa recta, the kidneys can control how much blood goes how deep into the medulla thus regulating the amount of countercurrent exchange going on.
· ADH regulates loop of Henle function by controlling water and urea permeability in the collecting ducts.  It may also enhance the transport in the thick ascending limb.  So, ADH enhances both NaCl transport and urea cycling into the interstitium to increase the medullary osmolarity and the max concentration of urine.  

· The thick ascending limb is also responsible for lots of bicarbonate, K, Ca, and Mg absorption as well.  

Lecture 5:  Extracellular Fluid I/II
· A key function of the kidneys is water balance.  Water excretion can be regulated over a very large range, and can occur with little change in the rate of solute excretion.  
· Very small changes in plasma osmolarity (indicating not enough water) can dramatically alter water excretion.  Osmoreceptors are in the circumventricular organs in the brain.  These receptors regulate thirst and ADH secretion.  ADH is synthesized in the hypothalamus (supraoptic and paraventricular nuclei) and released from the posterior pituitary.  They only respond to effective osmolarity, which is the osmolarity due to solutes that cannot cross the membrane freely.  So urea, for example, doesn’t effect these receptors.

· ADH secretion is very sensitive to small changes in osmolality.  Without ADH, collecting ducts are quite impermeable to water.  ADH binds receptors and results in the insertion of aquaporins (aquaporin 2) into the apical cell membrane of PRINCIPAL cells.  This increase water permeability and water reabsorption.  

· A typical American diet requires excretion of about 600 mosmol per day.  Without ADH, urine concentration is about 50 mosm/L whereas with ADH it can be up to 1200 mosm/L.  

· In diabetes insipidus, there is some defect in ADH production or response and lots of water is lost in urine.  
· In addition to inducing ADH secretion, osmoreceptors also induce thirst with very small changes in osmolarity.   This is also controlled by blood volume, pressure, gastric distention, dry mouth, etc.  After drinking, stomach distention reduces the sensation of thirst to prevent over-hydration.  

· Water consumption (from thirst) and ADH are keys regulating water balance and controlling plasma osmolality and extracellular fluid.  

· Another key function of the kidneys is controlling ECF volume (and blood volume).  Blood volume is essential for appropriate perfusion and blood pressure.  Blood volume is kept very constant over massive changes in solute and water intake.  But, with increased Na intake you do get an increase in ECF overall.  With more Na intake, blood pressure is increased and the additional fluid is forced out into the interstitium.  
· There are many renal and extra-renal blood volume and blood pressure sensors.  

· ECF sodium is the primary determinant of ECF volume.  The distribution of the total body water depends on the solute distribution in different compartments (ECF vs. ICF).  Adding Na alters ECF volume much more than adding water.  This is because adding Na will take fluid from within cells and draw it into the ECF, whereas adding water will add volume to both but keep the ratio of volumes the same (2/3 of the new water will go into the ICF).

· Add just Na, and ECF volume increases, ICF volume decreases, and ECF [Na] increases.  Add just water and ECF volume increases, ICF volume increases, and ECF [Na] decreases.  Add isotonic saline and ECF volume increases, ICF volume doesn’t change, and ECF [Na] stays the same.  

· Plasma sodium can’t be used to assess ECF volume!!!

· But, ECF volume is controlled by excretion of Na (since [Na] is the primary determinant of ECF volume).  Na excretion is regulated by measures of ECF volume, so that an increase in volume will increase Na excretion regardless of [Na].  You change urinary output to match dietary intake.  This is different from water regulation in which you also change your water input (thirst) when blood osmolarity changes.  

· ADH is secreted with a severe decrease in blood volume, or with a very small increase in osmolarity.  If you’re severely volume depleted, you need to maintain blood volume to survive even if it decreases blood osmolarity.  Normally, you’re more concerned with maintaining osmolarity via ADH.  
Lecture 6:  Extracellular Fluid III/IV

· Ultimately, ECF volume and composition are regulated (via sensors, mediators/hormones, effectors) to maintain an adequate circulating volume.  
· Na excretion:

· Regulated by GFR and Na reabsorption.  Normally, small changes in GFR are compensated for by proportional changes in reabsorption (glomerular-tubular balance).  

· Physical factors like volume and oncotic pressure affect Na excretion.  With volume expansion, GFR increases and oncotic pressure decreases (so you excrete more Na).  With volume contraction, GFR decreases and oncotic pressure increase (to retain Na).

· Active Na transport is also highly regulated by hormones.  

· Angiotensin enhances Na absorption at the proximal tubule.  It also vasoconstricts vessels and stimulates the release of aldosterone.  
· Aldosterone is made and released by the zona glomerulosa cells of the adrenal cortex.  Angiotensin, ACTH, and high K levels induce its production.  High Na levels depress it.  Aldosterone binds a cytoplasmic receptor in the PRINCIPAL cells of the collecting ducts and increases apical Na channels and basolateral Na/K pumps to enhance Na uptake.  Since Na uptake and K secretion are coupled in the collecting duct, aldosterone powerfully stimulates K secretion.  Aldosterone also stimulates acid secretion in the collecting ducts.
· Atrial Natriuretic Factor is released with expanded ECF volume.  It antagonizes vasoconstrictors like angiotensin, leading to renal vasodilation and increased GFR.  It has the opposite effect of aldosterone, promoting Na excretion by inhibiting aldosterone release (directly and via angiotensin) and by blocking Na channels in the collecting duct principal cells.
· With volume depletion, sympathetic neural tone increases to alter arteriole constriction, increase renin release (beta adrenergic receptors enhance renin release), and having neurotransmitters increase Na reabsorption.  
· Volume regulation:  volume and baroreceptors lead to aldosterone/ANF/angiotensin and Na reabsorption changes.

· Osmoregulation:  osmoreceptors lead to ADH 

· These two systems are related.  Eating NaCl would increase osmolality, cause you to drink/retain water as well as transfer water from ICF to ECF which would increase volume, which would result in Na/water excretion and bring you back to normal.  

· K balance:

· There is normally little K in the ECF, because most of it is present within cells (especially muscle, liver and RBC).  This distribution is critical to many cellular functions, particularly the heart, so K is closely regulated.  Urinary excretion of K is important for K homeostasis.  

· On a low potassium diet, K is absorbed throughout the nephron, and very little is excreted.  On a high potassium diet, K is absorbed in the proximal tubule and loop of Henle, but secreted in the distal tubule and collecting duct.  So the distal tubule and cortical collecting duct can either reabsorb (only with severe K depletion) or secrete K (more normal).  

· On a low K diet, absorption of K and Na are linked.  On a high K diet, absorption of Na and secretion of K are linked.  So, if Na is depleted, K secretion may be impaired.
· Increased plasma [K] leads to increased K secretion in the collecting duct.  
· Alkalosis stimulates K secretion, and acidosis inhibits K secretion, because hydrogen ions inhibit apical K channels.  Conditions causing alkalosis (vomiting) may lead to hypokalemia due to more K excretion.  With acidosis, you can get hyperkalemia.  
· Faster urine flow through the collecting duct decreases K secretion.  This keeps lumenal K low and allows for more secretion.  Inhibited absorption of NaCl and water earlier in the nephron increases the flow rate.  
· Insulin secreted during a meal also stimulates potassium uptake into cells, while glucagon decreases K uptake.  

· Aldosterone stimulates Na absorption and K secretion, but they can be controlled independently.  

· Diuretics:

· Increase urine flow by inhibiting reabsorption of water/solutes.  Used for edema (a results of congestive heart failure, for example) and hypertension.  

· In heart failure, baroreceptors trigger overall fluid retention by the kidneys.  Diuretics block the transport of solutes and water, and are most effective when combined with limited Na intake.  
· Hydrogen Transport Inhibitors:  Acetazolamide blocks NaHCO3 absorption by blocking carbonic anhydrase.  

· Loop Diuretics:  these are the most common diuretics, including furosemide and bumetinide.  They block Na transport in the thick ascending limb.  They are K wasting, because they increase fluid flow to the collecting duct and increase K secretion.  

· Distal Tubule Diuretics:  Thiazdies block Na reabsoprtion in the distal convoluted tubule by blocking an Na/Cl co-transporter.  
· Collecting Duct Diuretics:  Amiloride inhibits Na transport in principal cells of the collecting duct.  These are K sparing, because they indirectly block K secretion.

· Osmotic Diuretics:  Freely filtered, but not reabsorbed.  They reduce water reabsorption by increasing collecting duct osmolality.  Mannitol is one example.  

Lecture 7:  Acids and Bases

· Buffers are most effective within 1 pH unit of their pK.  The body’s buffers include RBC and plasma bicarbonate as well as several others (Hb, phosphates, proteins)

· pH = pK + log [A]/[HA]
· Even though carbonic acid’s pK is 6.1 and body pH is 7.4, it’s still a good buffer because we have control of CO2 (ventilation) and HCO3 (kidneys).  And in the above equation, we can treat carbon dioxide like the acid and bicarbonate like its conjugate base.  This makes the buffer an open system that we can modify as needed.

· All other buffers are in equilibrium with [H], so changing that affects all other buffer systems.  Likewise, the ratios of any buffer’s acid and base will tell you about the [H].  The body’s buffering can be divided into intracellular and extracellular buffering.  

· CO2 from the tissues diffuses into erythrocytes, where carbonic anhydrase converts it to bicarbonate.  The resulting protein is buffered by Hb.  Bicarbonate then leaves the RBC through a bicarb/Cl exchanger (anion shift).  The opposite happens in the lungs.  

· Normal plasma values:  pH = 7.4, pCO2 = 40, [CO2] = 1.2 mM, [HCO3] = 24mM.

· Blood pH and CO2 levels respond rapidly to changes in alveolar ventilation, and chemoreceptors monitor these levels to determine how fast to breathe.  

· Respiratory acidosis:  reduced ventilation.  pCO2 increase, [HCO3] increase, [H] increase

· Respiratory alkalosis:  increased ventilation.  pCO2 decrease, [HCO3] decrease, [H] decrease

· Metabolic acidosis:  ingest acid, or lose bicarbonate in diarrhea.  [HCO3] decrease, [H] increase, pCO2 the same because the lungs compensate for changes.  

· Metabolic alkalosis:  ingest bicarbonate or vomit and lose HCl.  [HCO3] increase, [H] decrease, pCO2 the same

· If there’s an imbalance, the respiratory and renal systems will compensate.  
· Renal compensation of respiratory acidosis:  Absorb more bicarbonate, and Cl excretion accompanies it.  

· Renal compensation of respiratory alkalosis:  Excrete more bicarbonate, and absorb more Cl.  

· Respiratory compensation of metabolic acidosis:  Hyperventilate.

· Respiratory compensation of metabolic alkalosis:  Hypoventilate.

· Respiratory compensation can never be complete, or else its stimulus would be gone.  The very reduced bicarbonate in some compensation can impair the blood’s buffering capacity.  

· With an acid/base change, you immediately get buffering, then respiratory compensation, then renal compensation (base before acid).  

· The kidney regulates acid/base balance through:
· Bicarbonate reabsorption in the proximal tubule or excretion.

· Hydrogen excretion as titratable acid and ammonium.  This generates new bicarbonate.  

· Acids encounter buffers and increase the amount of deprotonated acid, reducing the [bicarbonate] in the process.  The kidneys must recycle all the bicarbonate they receive, and produce enough to equal the rate of H production by the acid.  So, even though a body’s buffer is used up, the kidney helps regenerate it.  

· Net acid excretion = titratable acid + ammonium + free H

· Bicarbonate is reabsorbed in the proximal tubule, slightly acidifying the urine.  The distal tubule also reabsorbs a little.  The collecting ducts generate most of the acidity of the urine in this case.  

· Most acid secreted is in the form of associated weak acids or bound to NH3.  

· The early proximal tubule reabsorbs bicarbonate.  The late proximal tubule and collecting duct generate bicarbonate and secrete H.  

· Phosphate is a major weak acid that gets protonated in the urine.  

· For strong acids, you excrete ammonium and the free anion of the strong acid.  

· Drinking lots of citrus juice or a vegetarian diet may produce alkaline urine.  You generally do so by secreting less bicarbonate in the proximal tubule.  

· Regulation:  Hydrogen ions activate acid-secreting mechanisms.  Urine pH and glutamine metabolism affect how much acid is secreted as ammonium (lower urine pH increases ammonia/ammonium production).  Acidic/basic conditions affect the pumps present on intercalated cells of the collecting ducts.  
