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1. Describe the mechanism for H+ secretion and HCO3- reabsorption along the proximal and distal nephron.  Why is H+ secretion important? (24/5, Fig. 4)

Approximately 70 mEq(50-100 mEq) of nonvolatile acid are produced by the body each day.  The kidneys are able to remove this acid from the body by secreting the appropriate amount of H+ into the tubule (70 mEq/day) and excreting it as protonated urinary buffers (H2PO4- and NH4+) . Secretion of H+ is also important for the reabsorption of approximately 4300 mEq of filtered HCO3- per day.
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Proximal tubule and thick ascending limb (Reabsorbtion of 95% of filtered HCO3-).
Intracellular carbonic anhydrase catalyzes CO2 + H2O( H2CO3 which dissociates to form H+ and HCO3-. The H+ is secreted into the lumen via a Na+-H+ exchanger driven by the large extracellular  Na chemical gradient. A small amount of H+ is also secreted via an apical H+ ATPase.  In the lumen, the H+ combines with filtered HCO3- to form H2CO3, which  is converted to H2O and CO2 in the presence of apical membrane associated carbonic anhydrase Note that carbonic anyhydrase can catalyze this reaction in both directions. The CO2 diffuses into the tubular cell and is rehydrated by intracellular carbonic anhydrase to yield H+ and HCO3-. The HCO3-. exits the basolateral surface via a Na+-3HCO3- cotransporter.  This cotransporter is fueled by the favorable electrochemical gradient of HCO3-.  HCO3- re-enters the bloodstream by diffusing into the peritubular capillaries.
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Distal nephron (Reabsorption of 5% of filtered HCO3-).

In the intercalated A type cell, intracellular H+ and HCO3-  are generated by the same mechanism as in the proximal nephron, but the secretion/reabsorption mechanism are different.  H+ is secreted by two active transport mechanisms, K+-H+ ATPase and H+ ATPase.  Secreted H+ combines with filtered HCO3- via carbonic anyhydrase to produce H2CO3 which dissociates into  H2O and CO2..CO2 diffuses into the cell where it combines with H2O and produced H+ and HCO3- via intracellular carbonic anhydrase.  HCO3- exits the basolateral surface via a HCO3 -/Cl- exchanger.  A second type of intercalated cell (B-type) is also present in the distal nephron, but it is primarily active during alkalosis.  In this cell type the H+ATPase and the HCO3-/Cl- exchanger are in opposite sides of the cell compared to the intercalated type A cell.  This enables the B-type cell to secrete HCO3- into the lumen for excretion.  

2.  Identify four  ways HCO3- reabsorption is affected by the kidneys. (27/3,4,5)


A. Glomerulotubular balance.  Increases in filtered HCO3- result in increased rates of HCO3- readsorption

B. Intracellular H+ concentration. An increase in PCO2 leads to increased H+ concentrations inside tubular epithelial cells.  Increased intracellular H+ creates a gradient favoring secretion of H+ into the tubule.  Acidosis also triggers the insertion of additional H+ transporters into the membrane of tubule cells.  In the same fashion, a decrease in PCO2 decreases intracellular H+ and diminished the H+ gradient and less H+ is secreted leading to decreased HCO3- reabsorption. There is also evidence that changes in intracellular pH alters the activity of  key H+ and HCO3- transporters.  

C. ECF volume. Any condition that affects Na+ reabsorption will alter H+ secretion and HCO3- reabsorption via Na+-H+ exchange in the proximal tubule and thick ascending limb. For example, in ECF volume contraction, the renin-angiotensin system is  stimulated, which leads to increased H+ secretion and HCO3- reabsorption.(Angiotensin II increases Na/H  exchanger and Na/K ATPase activity in the proximal tubule).  ECF volume expansion has the opposite effect. 

D. Angiotensin II: Stimulates Na+-H+ exchange and thus increases HCO3-  reabsorbtion.
3. Describe the production and excretion of ammonium. (27/5, Fig. 3 & 4)


NH4+ production and excretion are the most important regulated factors for maintaining metabolic acid-base balance. Acidosis activates the enzymes in the proximal tubule cells responsible for metabolizing glutamine to 2 NH4+ and 2 HCO3-.  Most NH4+ reaches the fluid  by substitution for H+ on the Na+-H+ exchanger.  A small amount of NH3 diffuses across the apical membrane and is protonated within the lumen.  The HCO3- exits the tubule cell via the basolateral surface via the Na/3HCO3  cotransporter and diffuses into the peritubular capillaries.  In order for  net production of HCO3- to occur, the NH4+ must be excreted in the urine. However, NH4+ is subject to transcellular and paracellular reabsorption of in the thick ascending limb.  For the transcellular pathway NH4+ can substitute for K+ in the Na-K-2Cl cotransporter on the apical surface and can exit the basolateral surface via K+ channels. NH4+ is also driven through the paracellular route by the lumen positive transepithelial potential.  Once in the interstitial fluid of the medulla, NH4+ is subject to countercurrent multiplication and exchange as well as secretion by the medullary collecting duct.  In the medullary collecting duct NH3 diffuses into the lumen and is protonated by the very low pH (4.5) here  (diffusion trapping).  The remaining portions of the nephron are impermeable to NH4+, so it remains in the urine and is excreted.  
4.  What brings about respiratory compensation for metabolic acid-base disturbances and renal compensation for respiratory acid-base disturbances and alkalosis? (27/6, 7)


A. Respiratory compensation for
i) metabolic acidosis.  A decrease in HCO3- at constant PCO2 causes increased [H+] in the plasma.  Increased H+ is sensed by peripheral chemoreceptors to increase ventilation and thus to lower PCO2. (there is actually a slight decrease in [HCO3-] due to action of blood buffers). However, the ratio of [HCO3 ]/[CO2] decreases and consequently [H+] decreases.

ii) metabolic alkalosis.  An increase in HCO3- at a constant PCO2 causes [H+] to fall.  This is sensed by the peripheral chemoreceptors and ventilation decreases, PCO2 rises, and [H+] increases. The effectiveness of hypoventilation to correct alkalosis is limited somewhat because as arterial PO2 begins to drop, peripheral chemoreceptors are stimulated to increase breathing rate. 

B. Metabolic compensation for
i) respiratory acidosis. Elevated PCO2 causes an increase in [H+] (there is a slight increase in [HCO3-] due to action of blood buffers).  The increased PCO2 drives the CO2 hydration reaction in tubular cells to produce H+ and HCO3-, which provides more H+ for secretion.  If H+ secreted is greater than filtered HCO3-, the excess H+ will combine with urinary buffers and be excreted in the urine.  When this happens a "new" HCO3- is added to the bloodstream for every H+ excreted.  Acidosis also stimulates the production of NH4+ from glutamine in the cells of the proximal tubule which adds "new" HCO3- to the bloodstream  New H+ transporters are also added to the apical membrane during acidosis facilitating H+ secretion. The increased plasma HCO3- lowers plasma [H+].

ii) respiratory alkalosis. Decreased PCO2 leads to a fall in plasma [H+] (buffering by blood buffers decreases [HCO3-] slightly) . The low PCO2 leads to decreased H+ concentration in renal tubular cells.  Less H+ available decreases the amount of H+ secreted into the lumen.  If HCO3- filtered is greater that H+ secreted, then HCO3- will be excreted in the urine lowering plasma HCO3- and increasing plasma [H+].


5. Name six processes which may remove HCO3-, from the body (remember the role HCO3- plays in buffering strong acids).

A. H2S04 from metabolism of sulfur-containing amino acids: Met or Cys( glucose + urea +  SO4 + 2H+
B. H+ generated by the metabolism of Arg and Lys: Arg or Lys( glucose +  urea + H+
C. Lactic acidosis due to intense excercise or decreased avility of the liver or kidney to metabolize lactic acid.

D. Keto acidosis in diabetes due to the altered metabolism of fat, which produces strong keto acids.

E. Renal HC03- loss.

F. Fecal HC03- loss, e.g. diarrhea.

6. A 22 y/o woman complains of easy fatigability and weakness for one year. Physical exam is unremarkable. The following lab values are obtained:

Plasma
Urine

[Na]  = 141 meq/L

[K]   = 2.1 meq/L

[Cl]  = 85 meq/ L

[HCO3-]= 45 meq/ L
[Na] = 50 meq/day

[K]  = 120meq/day



A.  What do the lab values indicate?

hypokalemia, urine K wasting, metabolic alkalosis

B.  Based on the history and lab data, what might you include in the differential diagnosis?

vomiting or diuretic use

C.  Assume the patient has been vomiting, explain her potassium level and acid/base disturbance.

The loss of H+ from the gastric juices results in an increase in plasma HC03-, producing metabolic alkalosis. Alkalosis will cause H+ to exit cells in exchange for K+ to buffer pH, lowering extracellular pH. Additionally, alkalosis increases the secretion of K+ in the collecting duct by stimulating the Na/K ATPase and by enhancing apical K+ permeability. Finally, the patient has lost volume, which would lead to and increase in aldosterone and AGII  levels and increased secretion of K+ and H+ into the urine. Thus, the volume regulation is dominant over acid and potassium homeostasis.

D.  Assume the patient has been using diuretics, explain her K+ level and acid/base disturbance.

Loop and thiazide diuretics will cause an increased flow of H20 and solute to the distal segments of the nephron. The increased flow increases K+ secretion in the distal tubule. Due to the decreased ECF, the body will maximize the reabsorption of Na and H20 and enhance H+ secretion, thus further overriding K+ and H+ homeostasis. Once again, the renin-angiotensin and aldosterone responses will lead to secretion of H+ and K+ to maintain ECF volume.

E.  A patient who has been vomiting will be both hypovolemic and alkalotic. How does the kidney respond to these problems? Which homeostatic mechanism is dominant?

Volume regulation is dominant. The secretion of H+ will exacerbate the existing alkalosis.


7. On a midnight run to Vegas for some spur-of-the-moment gambling (you spent your whole quarter financial aid check in the first week and you’re hopin’ to win it back), you fall asleep at the wheel and crash into a cactus.  Unbeknownst to you, you experienced enough head trauma that your sella turcica wreaked some major havoc on your hypophysis/pituitary so that it is no longer functional.  Even though you have tons of Gatorade in the back seat (unharmed by the crash), explain why this will be a problem when the sun comes up and heats the desert up to a nice toasty 120 degrees. 

A.  What hormone level is altered which affects fluid balance?


ADH (Vasopressin).

B.   Detail the site of release, stimulus of release, mechanism and site of action of this hormone. 

Site of storage/release:
neurohypophysis

Stimulus for release:
1) plasma osmolality.  Small increases, sensed by osmosensitive cells in anterior hypothalamus, mediate large release. VERY SENSITIVE

2) blood volume loss.  Large changes (~10%) cause release, sensed by atrial stretch receptors (decreased stretch = decreased inhibition of ADH release) and baroreceptors of carotid and aortic arch.  

3)Minor regulators:  AngII increases ADH.  ANP decreases ADH. 

4)Reflex osmoreceptors in esophagus will shut down ADH secretion with water intake.

Mechanism of action:
Mediated by two receptor types, V1 and V2. 

V1 (located on vascular SM cells) = phospholipase C ( IP3/DAG system ( increased cytosolic Ca+2( contraction of vascular SM.  

V2 (located in the kidney, basolateral side of cells) = activates adenylate cyclase ( increase cytosolic cAMP( activates protein kinase ( insertion of water channels (Aquaporin 2) in cell apical membrane (rapid response, 1-2 min after ADH binding)

Site of Action:
The fact that this hormone has two names should be a clue to its major sites of action (
1)Kidney – major action is to increase water permeability of entire collecting duct via insertion of water channels, hence the name Anti-Diuretic Hormone. RESULT( increased WATER uptake!

2)Vascular smooth muscle – vasopressin (VP) is a potent vasoconstrictor!! At high doses VP will increase arterial blood pressure by causing arteriolar vasoconstriction. Notice, this happens at HIGH levels of VP… the kind of levels that would be seen with major blood loss (hemorrhage). At lower VP levels the vasoconstriction is counteracted by VP mediated depression of CO (due to CNS effects) so no change in BP is seen.  This means that if you go out and run around in the desert and get a little dehydrated you won’t see much of a change in your BP.  But you will be putting a bunch of water channels in the cell membranes of your collecting ducts to reabsorb water from your urine prior to excretion.

C.  What symptoms would you experience as a result of the loss of this hormone?


Incapable of retaining water, you would experience an excessive diuresis, thirst, and dehydration.  This condition in the medical world is known as diabetes insipidus (DI) and can mimic the polyuria and polydipsia of diabetes mellitus.  Often DI is caused by head trauma.


8. Over the past few weeks you’ve noticed that your 26 year old Austrailian Shepard, GiGi, has been really tired and just lays around the house.  A little concerned, you decide to check her over a bit before running off to the vet.  Using your physical diagnosis skills you determine that GiGi has bilateral rales upon auscultation, marked S3 and S4 heart sounds, and dyspnea upon exertion (in addition to her progressive fatigue).  You realize these symptoms are consistent with congestive heart failure (CHF) and decide that all you really need for GiGi is some Captopril (an Angiotensin Converting Enzyme (ACE) inhibitor and a first line treatment for CHF). Luckily, you remember that your grandma, who also has CHF, has some Captopril in her medicine cabinet.  You swipe the Captopril and give some to GiGi.  (GiGi does great on the Captopril. You’re so proud of yourself! Grandma, on the other hand, starts to really take a turn for the worse…)

A.  What hormone level is directly altered with an ACE inhibitor?

Angiotensin II.

B.  Detail the formation, stimulus of release, mechanism and site of action of this hormone.

Formation:
The ACE inhibitor acts directly on the renin-angiotensin system by interfering with the activity of the ACE which is integral in the production of AGII.

                          Renin                     ACE                 Aminopeptidase

Angiotensiongen   (  Angiotensin I  (  Angiotensin II  (  Angiotensin III

Stimulus for release:
Dependent on the release of renin into the blood from the secretory granules of JG cells.  Release of renin is stimulated by:

1) intrarenal receptors - macula densa (chemoreceptors - decreased NaCl = increased renin release) and JG cells (vascular baroreceptors – increased BP = decreased renin release)

2) renal sympathetic nerves – increased sympathetic input (β1 receptors) = increased renin release 

3) humoral agents – AGII = negative feedback,  ANP = renin release inhibition, PGI2/PGE2 = renin release stimulation

Mechanism of action:
3MAIN EFFECTS:

In vascular smooth muscle cells and adrenal cortex,  AGII causes increased intracellular Ca+2 leading to 1) arteriolar vasoconstriction and 2) increased adrenal cortex aldosterone release.  In the renal proximal tubule,  AGII results in decreased cellular cAMP levels leading to 3) increased Na+ absorption.

Site of Action:
Three major effects:

1)  arteriolar vasoconstriction – fastest effect, effects arterioles (increased TPR) and glomerular arterioles (decreased GFR = decreased urine output and increased Na conservation

2)  renal Na retention at proximal tubule- AGII stimulates Na/H exchange and possibly Na/K ATPase

3)  increased aldosterone synthesis  and secretion from adrenal cortex ( increased Na retention at distal tubule and collecting duct

9. It’s the weekend after finals and you’re getting ready to hop on a plane for Cabo (they’ve got great margaritas, lots of sun, great scuba diving, and no medical school).  While grabbing a bite to eat in the airport bar and restaurant you get to talking to some guy about the dismal performance of the ‘Niners in this year’s playoffs. The last thing you remember is a heated discussion and the weird taste of your coke.  You wake up to find yourself in a random hotel room in a bathtub full of ice and two incisions (recently stitched closed) above each kidney.  “Dial 911” is written on the mirror in your own blood.  Remembering a recent email that your friend had forwarded to you warning of occult kidnappings and harvesting the kidneys of the unsuspecting victims, you are rushed to the nearest hospital for a MRI.  The third year med student assigned to your case returns to tell you that there is good news and bad news.  The good news is you still have both your kidneys. The bad news is that you were kidnapped by some idiots who mistook your adrenals for kidneys.  

A.  Aside from all the other problems that will ensue, what hormone loss will affect your fluid management now that your adrenals are gone? 

Aldosterone.

B.  Detail the site of release, stimulus of release, mechanism and site of action of this hormone. 

Site of synthesis/release:
zona glomerulosa (the outer portion) of the adrenal cortex

Stimulus for release:
Increased plasma [AGII] and [K+].  These stimuli work additively to increase aldosterone release, and can offset one another if there is an increase in one and a decrease in the other.

Mechanism/Site of action:
Aldosterone affects several transporters of “tight epithelia”, specifically in the distal nephron.  Overall, the major effect is Na uptake and K+ excretion by principal cells.  H+ excretion is also upregulated (in intercalated cells).

apical Na channels – activity of existing channels is increased and synthesis and insertion of new channels is promoted. 

basolateral Na/K ATPase – activity of existing channels is increased  and the synthesis and insertion of new Na/K ATPase pumps is promoted.

apical K+ channels – direct stimulation to secrete K+.  Furthermore, the increased uptake of Na+ results in a negative potential in the tubular lumen which promotes the driving force of K+ secretion.

H+ ATPase (intercalated cells) –promotes H+ excretion in the collecting ducts.

10. Your crazy splitter friend is doing a research project.  For the last three months you have only half-listened to him talk about it because he babbles about it incessantly.  Unfortunately, during the course of his ramblings you somehow agreed to be part of one of his experiments.  (Your only consolation is that you will be getting $165 for your troubles.)  Upon waking up from the anesthesia you discover a large scar spanning the length of your sternum.  You wonder about it for a few minutes but figure it’s not that big of a deal and go down to Woodstock’s for some happy hour pizza and beer.  Over the next few days you begin to notice that you are REALLY gaining some weight (your BP is also going up, but you don’t know that ‘cause you haven’t stopped off at your local Walgreens this week to check it with their automated BP cuff). You lay off the Milky Ways but it’s not enough.  After gaining 20 lbs, it occurs to you to go and talk to your crazy splitter friend.  He tells you it’s possible that it has something to do with the fact that he locally treated your myocardium with a toxin bound antibody.  The antibody is specific for a hormone. ( moral of the story: always listen to your crazy splitter friend)

A.  Name the hormone.

Atrial Natriuretic Protein (ANP).

B.  Detail the site of release, stimulus of release, mechanism and site of action of this hormone.

Site of synthesis/release:
atrial myocytes

Stimulus for release:
Primary stimulus is increased stretch of atrial wall.  ADH and AGII also stimulate release.

Mechanism of action:
Decreases blood volume and mean arterial pressure largely by promoting natriuresis and diuresis. 

Two classes of ANP receptors, ANP-Rgc and ANP-Rc, are found in the kidney, adrenal, and vasculature

1)ANP-Rgc has a guanylate cyclase domain, receptor binding results in increased cGMP( cGMP-dependent protein kinase activates intracellular proteins( results in decreased intracellular Ca+2 ( causes relaxation of vascular smooth muscle

2) ANP-Rc does not have guanylate cyclase domain, but is responsible for clearance of ANP from circulation (this is why it is often called the clearance receptor).

Site of action:
1) vasculature effects – DECREASES MEAN ARTERIAL PRESSURE BY EFFECTING THREE PARAMETERS( CO, TPR, Intravascular Volume)
a) venodilation causes a decrease in preload ( decreased CO

 b)vasorelaxation decreases peripheral resistance ( decreased TPR

 c)ANP can increase capillary permeability to cause a redistribution of fluid from the intravascular space to the extravascular space ( decreased intravascular volume

2) kidney effects – PRIMARY EFFECTS: 1)Stimulate water and Na excretion in collecting duct. 2)Inhibit renin release. ANP accomplishes these by: 

a) increasing afferent arteriole dilatation and efferent areteriole constriction ( increases filtration 

b) directly decreasing Na transport in the COLLECTING DUCT via inhibition of apical membrane sodium channels.  ANP also acts indirectly by inhibiting proximal tubule AngiotensinII induced Na reabsorption ( natriuresis  

c) ANP inhibits ADH-dependent water transport in the COLLECTING DUCT( diuresis 

3)Adrenal Effects-  inhibits aldosterone secretion by inhibiting renin release and inhibiting its AGII stimulated release.

4) CNS – inhibit ADH  release and depresses neural pathways that stimulate thirst and salt craving.

NOTE: Of the four hormones listed to have effect on the kidney, ANP is the only one to counteract the effects of the other three hormones. 

[The following question is NOT for the in class session.  It is provided here as an example of the level of detail that may be expected on the essay portion.]

 (Gray) Heart transplant patients after a post‑surgical period of recuperation and rehabilitation, are able to appropriately respond to a number of normal perturbations, even though their hearts do not become innervated for a long period of time. The fact that such patients function well under a number of physiological situations implies that changes in cardiac output are being controlled during the period of denervation by homeostatic mechanisms not requiring cardiac nerves. Discuss the mechanisms (including stimuli, pathways, effects) which may be involved in controlling cardiac output in such a patient (in the denervation period), after a moderate hemorrhage (10 % decrease in blood volume)

[Answer from Dr. Gray] The Problem in Hemorrhage: to increase cardiac output sufficiently to raise MAP back to the normal range; when TPR is simultaneously raised, less CO is needed to accomplish this task. Key concepts to keep in mind with regard to increasing cardiac output after hemorrhage: CO =MAP/TPR and CO =HR x SV; Baroreceptor, Volume and Chemoreceptor reflexes are important in homeostasis, although there are no efferent nerves to the heart affecting HR and SV; circulating epinephrine increases HR and SV; arteriolar vc diverts blood from skin, muscle, splanchnic organs and renal bed; venular constriction mobilizes blood by decreasing capacitance, thereby increasing preload; nerves (sympathetic) and hormones (repin, A‑II, ADH, aldosterone) affecting kidney function are important in decreasing loss of fluid in the urine, or increasing reabsorption of fluid to increase preload; mobilization of cell and interstitial fluid due to changes in the balance of transcapillary Starling forces help to increase preload ‑> incr. CO.

Baroreceptor Reflex: The carotid and aortic baroreceptors respond to the low arterial pressure with decreased input signals to the medullary CV control center; there are no efferent signals to heart, but there is sympathetic drive on arterioles (increased TPR and MAP) and venules (increased VR/preload). Epinephrine/norepinephrine release from the adrenal medulla (causes vaso‑ and veno‑constriction), but also has a major effect on heart function: they increase both HR and contractility/SV/preload through beta‑1 receptors.

Volume Reflex: In innervated hearts the low volume reflex starts with atrial stretch receptors which decrease the rate of afferent signaling via the vagus to the medullary CV control center. These afferent signals also originate in cells of the great veins and pulmonary artery (syllabus, page 14/1) and would still be operative in a denervated heart; thus, the volume reflex would still be elicited by low volume and would support the vc activity of the baroreceptor reflex, but have no direct effect on heart The reflex releases ADH from hypothalamus/posterior pituitary neurons. Aside from osmolarity, low volume is the predominant stimulus for ADH; it is only when pressure is extremely low (50 mm Hg) that pressure also becomes a stimulus through the baroreceptor reflex. ADH causes the reabsorption of fluid from the collecting ducts by the insertion of water channels (aquaporins) in the tubular cell membranes, inc. plasma volume raises preload and CO.

Chemoreceptor Reflex: The reflex is stimulated by lowered blood flow ('stagnant hypoxia') through the carotid and aortic bodies when MAP drops (chemoreceptors need a high blood flow to supply high levels of oxygen). This causes vc activity which supports the baroreceptor reflex, i.e. increased TPR and increased VR (preload).

Kidney Fluid Balance: Low P in afferent arterioles, as well as sympathetic stimulation, cause release of renin from JO cells. Renin cleaves angiotensinogen to angiotensin‑I, which is converted to angiotensin‑II by ACE in pulmonary endothelial cells. A‑II is a vasoconstrictor which increases TPR, increases the proximal reabsorption of Na, causes the release of aldosterone from the adrenal cortical glomerulosa cells. Aldosterone acts on the distal tubule to increase the reabsorption of Na, and water follows osmotically. The resultant increase in plasma volume helps to increase preload, which can result in increased CO. The vc causes a decrease in GFR, which conserves plasma volume. 

Starling Forces: Low arterial pressure, as well as intense neural and hormonal vc cause a decrease in Pc in most capillary beds; this causes an imbalance of the Starling forces and fluid is absorbed from the interstitial space due to the fact that the plasma oncotic pressure is higher than the hydrostatic pressure. Also, circulating epinephrine causes an increase in the release of glucose from the liver (increased glycogenolysis), which also has the effect of causing the movement of water out of cells into the tissue space, some of which ends up in the vascular space. This increased vascular fluid volume helps to raise preload.
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