Physiology – Board Review Series Book
Renal and Acid-Base Physiology

· Distribution of water: 

· Intracellular fluid (ICF) contains 2/3rds of total body water (TBW); major cations are K+ and Mg+2; major anions are protein and organic phosphates.

· Extracellular fluid (ECF) contains 1/3rd of TBW; composed of interstitial fluid (ISF) and plasma; major cation is Na+; major anions are Cl- and HCO3-.

· Plasma is ¼ of the ECF and thus 1/12 of TBW; major plasma proteins are albumin and globulins.

· ISF is ¾ of the ECF and thus ¼ of TBW; composition of ISF is the same as the plasma except that it has little protein.  Therefore, ISF is an ultrafiltrate of plasma.

· Shifts of water between compartments:

· At steady state, ECF osmolarity and ICF osmolarity are equal.  To achieve this equality, water shifts between the ECF and ICF.  It is assumed that solutes such as NaCl and mannitol do not cross cell membranes and are confined to ECF.  

· Changes in volume and osmolarity of body fluids following:

	Type
	Examples
	ECF vol
	ICF vol
	ECF osmol
	Hct and serum [Na+]

	Isosmotic volume expanision
	Isotonic NaCl infusion
	↑
	No change
	N/c
	↓ Hct 

n/c [Na+]

	Isosmotic volume contraction
	Diarrhea
	↓
	N/c
	N/c
	↑ Hct

n/c [Na+]

	Hyperosmotic volume expansion
	High NaCl intake
	↑
	↓
	↑
	↓ Hct

↑ [Na+]

	Hyperosmotic volume contraction
	Sweating, fever, diabetes insipidus
	↓
	↓
	↑
	n/c Hct

↑ [Na+]

	Hyposmotic volume expansion
	SIADH – gain of water
	↑
	↑
	↓
	n/c Hct b/c H20 shifts into RBCs ( ↑ vol
↓ [Na+]

	Hyposmotic volume  contraction
	Adrenal insufficiency – loss of NaCl
	↓
	↑
	↓
	↑ Hct

↓ [Na+]


· Renal clearance, Renal Blood Flow (RBF) and Glomular Filtration Rate (GFR):

· Clearance: indicates the volume of plasma cleared of a substance per unit of time.  The units are ml/min and ml/24 hrs.

· C = UV/P where 

· C = clearance

· U = urine concentration (mg/ml)

· V = urine volume/time (ml/min)

· P = plasma concentration (mg/ml)

· RBF: 25% of cardiac output; is directly proportional to the pressure difference between the renal artery and the renal vein and is inversely proportional to the resistance of the renal vasculature.

· Vasoconstriction of renal arterioles, which leads to a ↓ RBF, is produced by activation of the symp nervous system and angiotension II.  At low conc, angiotension II preferentially constricts efferent arterioles, thereby protecting (increasing) the GFR.  ACE inhibitors dilates efferent arterioles and produce a decrease in GFR which reduces hyperfiltration and the occurance of diabetic nephropathy in diabetes mellitus.  

· Vasodilation of renal arterioles, which leads to an increase in RBF, is produced by prostoglandins E2 and I2, bradykinin, NO, and DA.

· Autoregulation of RBF is accomplished by changing renal vascular resistance.  If arterial pressure changes, a proportional change occurs in renal vascular resistance to maintain a constant RBF.  The mechanisms of autoregulation include:

· Myogenic mechanism: the renal arterioles contract in response to stretch.  

· Tubuloglomerular feedback: increased renal arterial pressure leads to increased delivery of fluid to the macula densa, which senses the increased load and causes constriction of the nearby afferent arteriole, increasing resistance to maintain constant blood flow.

· A measurement of renal plasma flow (RPF) can be determined by measuring clearance of paraaminohippuric acid (PAH), but this estimate underestimates true RPF by 10% because clearance of RAH does not measure renal plasma flow to regions of the kidney that do not filter and secrete PAH.

· Measurement of RBF:

· RBF = RPF/(1 – Hct)      

· where 1 – Hct is the fraction of blood volume occupied by plasma.

· GFR:
· Measurement of GFR by measuring the clearance of inulin, which is filtered but not reabsorbed or secreted by the renal tubules.  

· GRF = ([U]inulin * V) / [P]inulin

· Estimates of GFR with blood urea nitrogen (BUN) and serum [creatinine].  Both BUN and serum [creatinine] increase when GFR decreases.  In prerenal azotemia (hypovolumia), BUN increases more than serum creatinine and there is an increases BUN/creatinine ratio (> 20:1).  GFR decreases with age, although serum [creatinine] remains constant because of ↓ muscle mass.
· Filtration fraction (FF), which is the fraction of RPF filtered across the glomerular capillaries (FF = GFR/RPF), and is normally about .20.  Thus, 20% of the RPF is filtered.  The remaining 80% leaves the glomerular capillaries by the efferent arterioles and becomes the peritubular capillary circulation.  Increases in FF produce increases in the protein concentration of peritubular capillary blood.

· Determining GFR-Starling forces:  The driving force for glomular filtration is the net ultrafiltration pressure across the glomular capillaries.  Filtration is always favored in glomerular capillaries because the net ultrafiltration pressure always favors the movement of fluid out of the capillary.

· Starling equation: GFR = Kf[(Pgc – Pbs) – (πgc – π bs)]

· Kf is the filtration coefficient of the glomerular capillaries.  The glumerular barrier consists of the capillary endothelium, basement membrane, and filtration slits of the podocytes.  Normally, anionic glycoproteins line the filtation barrier and restrict the filtration of plasma proteins, which are neg changed.  
· Pgc is glomerular capillary hydrostatic pressure, which is constant along length of capillary.  It is ↑ed by dilation of afferent arteriole or constriction of the efferent arteriole.  ↑ Pgc = ↑ net ultrafiltration pressure and GFR.

· Pbs is Bowman’s space hydrostatic pressure.  It is ↑ed by constriction of the ureters.  ↑ Pbs = ↓ net ultrafiltration pressure and GFR.

· Πgc is glomerular capillary oncotic pressure.  It normally increases along the length of the glomerular capillary because filtration of water increases the protein conc of glomerular capillary blood.  It is ↑ed by ↑ in [protein].  ↑ in πgc = ↓ in net ultrafiltration and GFR.

· Πbs is Bowman’s space oncotic pressure.  It is usually zero because only a small amount of protein is normally filtered.

Effect of changes in Starling Forces on GFR, RPF, and FF

	
	Effect of GFR
	Effect on RPF
	Effect of FF

	Constriction of afferent arteriole
	↓ - caused by ↓ Pgc 
	↓
	N/c

	Constriction of efferent arteriole
	↑ - caused by ↑ Pgc
	↓
	↑ - ↑ GFP/↓ RPF

	Increased plasma [protein]
	↓ - caused by ↑ πgc
	N/c
	↓ - ↓ GFR/unchanged RPF

	Ureteral stone
	↓ - caused by ↑ Pbs
	N/c
	↓ - ↓ GFR/unchanged RPF


· Reabsorption and Secretion:

· The reabsorption and secretion rate is the difference between the amount filtered across the glomerular capillaries and the amount excreted in the urine.
· Transport maximum (Tm) curve for glucose – a reabsorbed substance:  Filtered load of glucose increases in direct proportion to the plasma glucose concentration.  

· Reabsorption of glucose: Na+-glucose cotransport in the proximal tubule reabsorbs glucose from tubular fluid into the blood.  There are a limited number of Na+-glucose carriers, such that at plasma [glucose]:

· < 250 mg/dl - all filtered glucose can be reabsorbed.

· > 350 mg/dl – all carriers are saturated (=Tm); higher levels cannot result in ↑ reabsorption.    
· Excretion of glucose – threshold is defined as the plasma concentration at which glucose first appears in the urine (=250 mg/dl).  

· Splay is the region of glucose curves between threshold and Tm (=250-350).  It is explained by the heterogeneity of nephrons and the relatively low affinity of the Na+-glucose carriers.  

· Relative clearances of substances:

· Substances with the highest clearance are those that are both filtered across the glomerular capillaries and secreted from the peritubular capillaries into urine (e.g. PAH).

· Sunstances with low clearances are those that are either not filtered (e.g. protein) or are filtered and subsequently reabsorbed into peritubular capillary blood (e.g. Na+, glucose, AA, HCO-3, Cl-).

· Substances with clearances equal to GFR are glomerular markers and are those that are freely filtered, but not reabsorbed or secreted (e.g. inulin).

· Relative clearances: PAH>K+>inulin>urea>Na+>glucose, aa, and HCO-3.

· NaCl regulation

· Tubular Fluid/Plasma (systemic) (TF/Px) ratio: compares the concentration of a substance in tubular fluid at any point along the nephron with the concentration in plasma.  

· If = 1, then either there has been no reabsorption of the substance or reabsorption of the substance has been exactly proportional to the reabsorption of water.

· If < 1, then reabsorption of the substance has been greater than the reabsorption of water and the concentration in tubular fluid is less than that of plasma.

· If > 1, then either reabsorption of the substance has been less than the reabsorption of water or there has been secretion of the substance.

· TF/P(inulin) is used as a marker for water reabsorption along the nephron.  It increases as water is reabsorbed because inulin concentration is determined solely by how much water remains in the tubular fluid (since inulin is not reabsorbed or secreted, but is freely filtered).  

· Fraction of filtered water reabsorbed = 1 – 1/([TF/P]inulin)

· [TF/P]x/[TF/P]inulin ratio corrects the TF/Px ratio for water reabsorption and gives the fraction of the filtered load remaining at any point along the nephron.

· Na+ is freely filtered across the glomerular capillaries; Na+ is reabsorbed along the entire nephron and very little is excreted in urine (< 1% of the filtered load).

· Na+ reabsorption along the nephron:

· Proximal tubule: reabsorbs 67% of the filtered Na+ and H20 and is the site of glomerulotubular balance.  The process is isosmotic (the reabsorption of Na+ and H20 are exactly proportional).

· Early proximal tubule: reabsorbs Na+ and H20 with HCO3-, glucose, amino acids, phosphate, and lactate.

· Na+ is reabsorbed by cotransport with glucose, AAs, phosphate, and lactate.  These cotransport processes account for the reabsorption of all the filtered glucose and AAs.

· Na+ is also reabsorbed by countertransport via Na+-H+ exchange, which is linked directly to the reabsorption of filtered HCO-3. 
· Carbonic anhydrase inhibitors (e.g. acetazolamide) are diuretics that act in the early proximal tubule by inhibiting the reabsorption of filtered HCO3-.  

· Middle and late proximal tubules: Na+ is reabsorbed with Cl-.

· Glomerulotubular balance in the proximal tubule maintains a constant fractional reabsorption of 67% of the filtered Na+ and H2O.  If GFR spontaneously increases, the filtered load of Na+ also increases, but so does reabsorption from proximal tubule in proportional fashion.  The mechanism is based on Starling forces (↑ πc and ↓Pc, c = capillary) in the peritubular capillaries which alter the reabsorption of Na+ and H2O in the proximal tubule.  Increases in GFR and FF cause the protein concentration and πc of peritubular capillary blood to increase.  This increase, in turn, produces an increase in fluid reabsorption, and thus glomerulotubular balance via matching of filtration and reabsorption.
· The route of isosmotic fluid reabsorption is from the lumen to the proximal tubule cell, to the lateral intercellular space, and then to the peritubular capillary cell.

· Effects of ECF volume on proximal tubule reabsorption:

· ECF volume contraction increases reabsorption: Volume contraction increases peritubular capillary protein concentration and πc, and decreases peritubular capillary Pc.  Together, these changes cause an increase in proximal tubular reabsorption.

· ECF volume expansion decreases reabsorption: Volume expansion ↓ peritubular capillary protein conc and πc, and ↑ Pc.  Together, these changes cause a decrease in proximal tubular reabsorption.

· Thick ascending limb of the loop of Henle: reabsorbs 25% of the filtered Na+.  

· It contains a Na+/K+/2Cl- cotransporter in the luminal membrane. 

· It is the site of action of the loop diuretics (furosemide, ethacrynic acid, bumetanide), which inhibit the cotransporter. 
· It is impermeable to water.  Thus, NaCl is reabsorbed without water and as a result tubular fluid and tubular osmolarity decrease to less than their plasma concentrations.  This segment, therefore, is called the diluting segment.

· It has a lumen-positive potential difference.

· Distal tubule and collecting duct: together reabsorb 8% of the filtered Na+

· Early distal tubule reabsorbs NaCl by a Na+/Cl- cotransporter and is the site of action of thiazide diuretics.  It is impermeable to water, as well, which further dilutes the tubular fluid.  It is called the cortical diluting segment.
· Late distal tubule and collecting duct have two types of cells:

· Principal cells reabsorb Na+ and H2O and secrete K+.  

· Aldosterone (steroid hormone, slow to act) increases Na+ reabsorption and increases K+ secretion.  

· ADH increases H2O permeability by directing the insertion of aquaporins in the luminal membrane.  In the absence of ADH, the principal cells are virtually impermeable to H2O.

· K+-sparing diuretics (spironoloactone, triamterene, amiloride) decrease K+ secretion.  

· α-Intercalated cells secrete H+ by a H+-ATPase, which is stimulated by aldosterone and reabsorb K+ by a H+,K+ ATPase.
· K+ regulation:

· Most of the body’s K+ is located in the ICF.  A shift of K+ out of cells causes hyperkalemia, a shift of K+ into cells causes hypokalemia.

	Causes of shift of K+ out of cells ( Hyperkalemia
	Causes of shift of K+ into cells ( Hypokalemia

	Insulin deficiency
	Insulin

	β-adrenergic antagonists
	β-adrenergic agonists

	Acidosis (exchange of extracellular H+ for intracellular K+)
	Alkalosis (exchange of intracellular H+ for extracellular K+)

	Hyperosmolarity (H2O flows out of the cell; K+ diffuses out with H2O)
	Hyposmolarity


	Inhibitors of Na+/K+ pump (when pump is blocked, K+ is not taken up into cells)
	

	Exercise
	

	Cell lysis
	


· K+ is filtered, reabsorbed and secreted by the nephron.  K+ balance is achieved when urinary excretion exactly equals dietary intake of K+.  K+ excretion can vary widely from 1% to 110% of filtered load, depending on diet, aldosterone levels, and acid-base status.

· Filtration occurs freely across the glomerular capillaries.

· The proximal tubule reabsorbs 67% of the filtered K+ along with Na+ and H2O.

· The thick ascending limb of the loop of Henle reabsorbs 20% of the filtered K+.  Reabsorption involves the Na+/K+/2Cl- cotransporter in the luminal membrane of cells in the thick ascending limb.

· The distal tubule and collecting duct either reabsorb or secrete K+ depending on diet.

· Reabsorption of K+ involves H+/K+ ATPase in the luminal membrane of the α-intercalated cells, but only occurs on a low-K+ diet.  Under these conditions, K+ excretion can be as low as 1% b/c the kidney conserves as much as possible.

· Secretion of K+ occurs in the principal cells.

· Mechanism of distal K+ secretion: At the basolateral membrane, K+ is actively transported into the cell by the Na+/K+ pump.  As in all cells, this mechanism maintains a high intracellular K+ conc.  At the luminal membrane, K+ is passively secreted into the lumen via K+ channels.  The magnitude of this passive secretion is determined by the chemical and electrical driving forces on K+ across the luminal membrane.  ↑ing intracellular [K+] or ↓ing the luminal [K+] will ↑ K+ secretion.  ↓ing intracellular [K+] will ↓ K+ secretion.

	Causes of increased distal K+ secretion
	Causes of decreased distal K+ secretion

	High K+ diet b/c ↑ intracellular [K+]
	Low K+ diet b/c ↓ intracellular [K+] and b/c α-intercalated cells are stimulated to reabsorb K+ by the H+/K+ ATPase

	Hyperaldosteronism – aldosterone increases Na+ entry into the cells across the luminal membrane and increased pumping of Na+ out of the cells by the Na+/K+ pump.  Stimulation of the pump simultaneously ↑ K+ intake into the principal cells, ↑ing the intracellular [K+].  Aldosterone also ↑ the number of luminal membrane K+ channels.
	Hypoaldosteronism

	Alkalosis – The blood contains too little H+, therefore H+ leaves the cell across the basolateral membrane (across which K+ and H+ effectively exchange for each other) and K+ enters the cell, ↓ing intracellular [K+].
	Acidosis – the blood contains excess H+, therefore H+ enters the cell across the basolateral membrane and K+ leaves the cell.  As a result, the intracellular [K+] ↓.

	Thiazide and loop diuretics – diuretics that increase floor rate thru the distal tubule cause dilution of the luminal K+ conc, ↑ing the driving force for K+ secretion, causing hypokalemia.
	K+-sparing diuretics – spironolactone is an antagonist of aldosterone; triamterene and amiloride act directly on the principal cells.  


	Luminal anions – excess anions in the lumen cause an increase in K+ secretion by increasing the negativity of the lumen, which favors K+ secretion.
	


· Renal Regulation of Urea, Phosphate, Calcium and Magnesium

· Urea: 50% of the filtered urea is reabsorbed passively in the proximal tubule.  The distal tubule, cortical collecting ducts, and outer medullary collecting ducts are impermeable to urea.  ADH increases urea permeability in the inner medullary collecting ducts.  Urean reabsorption from inner medullary collecting ducts contributes to urea recycling in the inner medulla and to the development of the corticiopapillary osmotic gradient.

· Phosphate: 85% of the filtered phosphate is reabsorbed in the proximal tubule by Na+/Phos cotransport.  The rest (15%) is excreted in the urine.  Parathyroid hormone (PTH) inhibits phosphate reabsorption in the proximal tubule by activating AC ( ↑ cAMP ( ↓ Na+/Phos cotransport ( causing phophaturia and increased urinary cAMP.  

· Phosphate is a urinary buffer for H+, excretion of H2PO4- is called titratable acid.

· Calcium: 60% of the plasma Ca++ is filtered across the glomerular capillaries.  Together the proximal tubule and thick ascending limb reabsorb more than 90% of the filtered Ca++ by passive processes that are coupled to Na+ reabsorption.  
· Loop diuretics cause increased urinary Ca++ excretion.  Because Ca++ reabsorption is linked to Na+ reabsorption in the loop of henle, inhibition of Na+ also inhibits Ca++.  If volume is replaced, loop diuretics can be used in the treatment of hypercalcemia.

· The distal tubule and collecting ducts reabsorb 8% of the filtered Ca++ by an active process:
· PTH increases Ca++ reab by activating AC in the distal tubule.

· Thiazide diuretics ↑ Ca++ reab in the distal tubule and therefore decrease Ca+ excretion.  Thiazides are used in the treatment of idiopathic hypercalciuria.

· Magnesium: is reabsorbed in the proximal tubule, thick ascending limb of loop, and distal tubule.  In the thick ascending limb , Mg++ and Ca++ compete for reabsorption; therefore hypercalcemia causes an increase in Mg++ excretion (by inhibiting Mg++ reab).  Likewise, hypermagnesemia causes an increase in Ca++ excretion (by inhibiting Ca++ reab).

· Concentration and Dilution of Urine:

· Concentrated urine is high when circulating ADH levels are high.

· Corticopapullary osmotic gradient (CPOG) (high ADH) is the gradient of osmolarity from the cortex (300 mOsm/L) to the papilla (1200), and is composed primarily of NaCl and urea.  It is established by countercurrent multiplication and urea recycling and is maintained by countercurrent exchange in the vasa recta.

· Countercurrent multiplication in the loop of Henle depends on NaCl reab in the thick ascending limb and countercurrent flow in the descending and ascending limbs of the loop.  It is augmented by ADH, which stimulates NaCl reabsorption in the thick ascending loop.  Therefore, the presence of ADH (↑ the size of the CPOG.

· Urea recycling from the inner medullary collecting ducts into the medullary ISF is also augmented by ADH.

· Vasa recta are the capillaries that supply the loop of Henle.  They maintain the CPOG by serving as osmotic exchangers.  Vasa recta blood equilibrates osmotically with the ISF of the medulla and papilla.
· Proximal tubule (high ADH): The osmolarity of the glomerular filtrate is identical to that of plasma (300 mOsm/L). 2/3rds of the filtered H2O is reabsorbed isosmotically (with Na+, Cl-, HCO-3, glucose, AAs, etc.) in the proximal tubule.  TF/Posm = 1 throughout the proximal tubule b/c H2O is reabsorbed isosmotically.

· Thick ascending limb of the loop (high ADH) is called the diluting segment.  It reabsorbs NaCl by the Na+/K+/2Cl- cotransporter, is impermeable to H20.  Therefore, H2O is not reabsorbed with NaCl, and the tubular fluid becomes dilute.  The fluid that leaves the thick ascending limb has an osmolarity of 100 and TF/Posm < 1 as a result of the dilution process.

· Early distal tubule (high ADH) is called the cortical diluting segment because it reabsorbs NaCl but is impermeable to water.

· Late distal tubule (high ADH): ADH increases the H2O permeability of the principal cells of the late distal tubule.  H2O is reabsorbed from the tubule until the osmolarity of distal tubular fluid equals that of the surrounding ISF in the renal cortex (300).  TF/Posm = 1.

· Collecting ducts (high ADH): ADH increases the H2O permeability of the principal cells of the collecting ducts.  As tubular fluid flows thru the collecting ducts, it passes thru the CPOG which was previously established by countercurrent multiplication and urea recycling.  H2O is reabsorbed from the collecting ducts until the osmolarity of the tubule equals that of the surrounding ISF  The final urine, therefore, has an osmolarity of 1200, the same as the ISF at the bend of the loop of Henle.  TF/Posm >1.
· Production of dilute urine is when ADH is low (water intake, central diabetes insipidus) or when ADH is ineffective (nephrogenic diabetes insipidus).  
· The CPOG is smaller than in the presence of ADH because ADH stimulates both countercurrent multiplication and urea recycling.  

· Proximal tubule: As in the presence of ADH, 2/3 of filtered water is reabsorbed isosmotically.

· Thick ascending loop: NaCl is reabsorbed without water and the tubular fluid becomes more dilute, although not quite as dilute as in the presence of ADH.

· Early distal tubule: NaCl is reabsorbed without H2O and the tubular fluid id further diluted.

· Late distal tubule and collecting ducts: In the absence of ADH, these cells are impermeable to H2O.  Thus, even though the tubular fluid flows the the CPOG, osmotic equilibration does not occur.  The osmolarity of the final urine will be dilute with an osmolarity as low as 50.  

	↓
	Responses to water deprivation
	Responses to water intake

	
	Water deprivation
	Water intake

	
	Increases plasma osmolarity
	Decreases plasma osmolarity

	
	Stimulates osmoreceptors in ant hypo
	Inhibits osmoreceptors in ant hypo

	
	↑ secretion of ADH from post pituitary
	↓ secretion of ADH from post pituitary

	
	↑ water permeability of last distal tubule and collecting duct
	↓ water permeability of last distal tubule and collecting duct

	
	↑ water reabsorption
	↓ water reabsorption

	
	↑ urine osmolarity and ↓ volume
	↓ urine osmolarity and ↑ volume

	
	↓ plasma osmolarity toward normal
	↑ plasma osmolarity toward normal


· (Solute)-Free water cleanance (Ch2o) is produced in the diluting segments of the kidney, where NaCl is reabsorbed and water is left behind.  It is used to estimate the ability to concentrate or dilute urine.  In the absence of ADH, this solute free water is excreted and Ch2o is +.  In the presence of ADH, solute-free water is reabsorbed and Ch2o is -.
· Ch2o = V – Cosm   where Ch2o = free water clearance (ml/min); V = urine flow rate (ml/min); Cosm = osmolar clearance [(UosmV)/Posm] (ml/min).
· Renal Hormones:

	Hormone
	Stim for secretion
	Time course
	Mechanism of action
	Action on kidneys

	PTH
	↓ plasma [Ca++]
	Fast
	Basolateral receptor ( AC ( cAMP ( urine
	↓ phosphate reabsorption (prox tubule); ↑ Ca++ reabsorption (dist tubule); stimulates 1α-hydroxylase (prox tubule)

	ADH
	↑ plasma osmolarity; ↓ blood volume
	Fast
	Basolateral V2 receptor ( AC ( cAMP 
	↑ H2O permeability (last distal tubule and collecting duct principal cells)

	Aldosterone
	↓ blood volume (via rennin-angiotensin II); ↑ plasma [K+]
	Slow
	New protein synthesis
	↑ Na+ reab (dist tubule prince cells); ↑ K+ secretion (dist tubule prince cells); ↑ H+ secretion (dist tubule α-intercalated cells)

	ANF
	↑ arterial pressure
	Fast
	GC ( cGMP
	↑ GFR

	Angiotensin II
	↓ blood volume (via renin)
	Fast
	
	↑ Na+/H+ exchange and HCO-3 reab (prox tubule).


· Renin-angiotensin-aldosterone system: is used in long-term blood pressure regulation by adjustment of blood volume.  Renin is an enzyme; angiotensin I is inactive; angiotensin II is physiologically active; angiotensinase degrades angiotensin II.

· ↓ in renal profusion pressure causes the juxtaglomerular cells of the afferent arteriole to secrete renin ( renin catalyzes the conversion of angiotensinogen to angiotensin I in plasma ( ACE catalyzes the conversion of angiotensin I to angiotensin II, primarily in the lungs (ACE inhibitors block this conversion and therefore ↓ bp) ( angiotension II has two effects:

· 1) it acts on the zona glomerulosa of the adrenal cortex to stimulates the synthesis and secretion of aldosterone.  Aldosterone ( ↑ Na+ reab by the renal distal tubule, thereby ↑ing ECF volume, blood volume, and arterial pressure.

· 2) It causes vasoconstriction of the arterioles, thereby ↑ing TPR and mean arterial pressure. 

· Hyperkalemia increases aldosterone secretion, as well.  Aldosterone increases renal K+ secretion, restoring blood [K+] to normal.

· Actions of aldosterone: 

· ↑ renal Na+ reab (action on the principal cells of the late distal tubule and collecting duct).

· ↑ renal K+ secretion (action on the principal cells of the late distal tubule and collecting duct).

· ↑ renal H+ secretion (action on the α-intercalated cells of the late distal tubule and collecting duct).

· Hypoaldosteronism: The lack of aldosterone has three direct effects on the kidney: 1) ↓ Na+ reab 2) ↓ K+ secretion 3) ↓ H+ secretion.  As a result, there is ECF volume contraction caused by ↓ Na+ reab, hyperkalemia caused by ↓ K+ secretion, and metabolic acidosis caused by ↓ H+ secretion.  The ECF volume contraction can cause othrostatic hypotension and the decreased ECF ( ↓ arterial pressure ( ↑ pulse rate via baroreceptor mechanism.  ECF volume constration also stimulated ADH secretion from post pituitary via volume receptors.  ADH causes ↑ water reab from collecting ducts, which results in ↓ serum [Na+] (hyponatremia) and ↓ serum osmolarity.  Thus, ADH released by a volume mechanism is inappropriate for the serum osmolarity in this case.  Hyperpigmentation is also an associated symptom.


· ADH (vasopressin) is involved in the regulation of blood pressure in response to hemorrhage, but not in the minute-to-minute regulation of normal bp.  Atrial receptors respond to a decrease in blood volume or pressure and cause the release of ADH from the posterior pituitary.  ADH has two effects that tend to ↑ bp toward normal: 1) it is a potent vasoconstrictor that ↑TPR by activating V1 receptors on the arterioles.  2) it increases water reabsorption by the renal distal tubule and collecting ducts by activating V2 receptors

· Atrial natriuretic peptide (ANP) is released from the atria in response to an increase in atrial pressure.  It causes relaxation of vascular smooth muscle, dilation of the arterioles, and decreased TPR.  It causes increased excretion of Na+ and water by the kidney, which reduces blood volume and attempts ot bring arterial pressure down to normal.  And it inhibits renin secretion.
· Acid-Base Balance

· Acid production: Two types of acid are produced in the body: 

· Volatile acid is CO2, which is produced from the aerobic metabolism of cells.  CO2 combines with H2O to form the weak acid H2CO3, which dissociates into H+ and HCO3-.  Carbonic anhydrase, which is present in most cells, catalyzes the reversible reaction between CO2 and H2O.

· Nonvolatile acids, or fixed acids, include sulfuric acid (a product of protein catabolism) and phosphoric acid (a product of phospholipids catabolism).  They are produced at a rate of 40-60 mmoles/day.  Other fixed acids that may be overproduced in disease or may be ingested include ketoacids, lactic acid, and salicylic acid.

· Buffers prevent a change in pH when H+ ions are added to or removed from a solution.  They are most effective within 1 pH until of the pK of the buffer.

· Extracellular buffers:  The major one is HCO-3, which had a pK of the CO2/HCO-3 buffer pair is 6.1.  Phosphate is a minor buffer and the pK of the H2PO4-/HPO4-2 buffer pair is 6.8.  Phosphate is most important as a urinary buffer.

· Intracellular buffers: Organic phosphates and proteins.  Of the proteins, imidazole and α-amino groups on proteins have pKs that are within the physiologic pH range.  Hemoglobin is a mjor intracellular buffer, and in the physiologic pH range, deoxyhemoglobin is a better buffer than oxyhemoglobin.

· HH equation to calculate pH: pH = pK + log [A-]/[HA]

· Titration curves describe how the pH of a buffered solution changes as H+ ions are added or removed from it.  A buffer is most effective in the linear portion of the titration curve, where the addition or removal of H+ causes little change in pH.  When the pH of the solution equals the pK, the concs of HA and A- are equal.

· Renal acid-base:

· Reabsorption of filtered HCO-3 occurs primarily in the proximal tubule.  H+ and HCO-3 are produced in the proximal tubule cells from CO2 and H2O, which combine to form H2CO3, catalyzed by intracellular carbonic anhydrase.  H2CO3 dissociates into H+ and HCO3-.  H+ is secreted into the lumen via the Na+/H+ exchange mechanism in the luminal membrane.  The HCO-3 is reabsorbed.  In the lumen, the secreted H+ combines with filtered HCO3- to form H2CO3, which dissociates into CO2 and H2O, catalyzed by brush border carbonic anhydrase.  CO2 and H2O diffuse into the cell to start the cycle again.  The process results in a net reabsorption of filtered HCO3-, but not a net secretion of H+.

· Regulation of reabsorption of filtered HCO-3:  

· Increases in the filtered load of HCO-3 result in increased rates of HCO-3 reabsorption, but the filtered load can exceed the reabsorptive capacity, and HCO-3 will be excreted in the urine.

· Pco2:  Effects of changes in Pco2 are the physiologic basis for the renal compensation for respiratory acidosis and alkalosis.

· Increases in Pco2 result in increased rates of HCO-3 reabsorption because the supply of intracellular H+ for secretion is increased.

· Decreases in Pco2 result in decreased rates of HCO-3 reabsorption because the supply of intracellular H+ for secretion is decreased.  

· ECF volume expansion results in ↓ HCO-3 reabsorption; ECF volume contraction results in increased HCO-3 reabsorption (contraction alkalosis).

· Angiotensin II stimulates Na+/H+ exchange and thus increases HCO-3 reabsorption, contributing to the contraction alkalosis that occurs secondary to ECF volume contraction.

· Excretion of fixed H+ produced from the catabolism of protein and phospholipids via two mechanisms:

· Excretion of H+ as titratable acid (H2PO4-):  The amount of H+ excreted as titratable acid depends on the amount of urinary buffer present (usually HPO4-2) and the pK of the buffer.
· H+ and HCO3- are produced in the cell from CO2 and H2O.  The H+ is secreted into the lumen by an H+/ATPase and the HCO3- is reabsorbed into the blood (“new” HCO-3).  In the urine, the secretion H+ combines with filtered HPO4-2 to form H2PO4-, which is excreted as titratable acid.  This process results in net secretion of H+ and net reabsorption of newly synthesized HCO-3.  AS a result of H+ secretion, the pH of urine becomes progressively lower (min = 4.4).  

· Excretion of H+ as NH4+:  The amount of H+ excreted as NH4+ depends on the amount of NH3 synthesized by renal cells and the urine pH.  NH3 is produced in renal cells from glutamine.  It diffuses down its conc gradient from the cells into the lumen.  H+ and HCO-3 are produced in the cells from CO2 and H2O.  The H+ is secreted into the lumen via a H+/ATPase and combines with NH3 to form NH4+, which is excreted (diffusion trapping).  The HCO-3 is reabsorbed into the blood (“new” HCO-3). The lower the pH of the tubular fluid, the greater the excretion of H+ as NH4+ because at low pH there is more NH4+ relative to NH3 in the urine, thus increasing the gradient for NH3 diffusion.  

· In acidosis, an adaptive increase in NH3 synthesis occurs and aids in the excretion of excess H+.

· Hyperkalemia inhibits NH3 synthesis, which produces a descrese in H+ excretion; hypokalemia stimulates NH3 synthesis, which produces an increase in H+ excretion.  

· Acid-base disorders

· Metabolis acidosis:  Overproduction or ingestion of fixed acid or loss of base produces an increase in arterial [H+] (academia).  HCO-3 is used to buffer the extra fixed acid.  As a result, the arterial [HCO-3] decreases, which is the primary disturbance.  Acidemia causes hyperventilation, which is the respiratory compensation for metabolic acidosis.  Renal correction of metabolic acidosis consists of increased excretion of the excess fixed H+ as titratable acid and NH4+ and increased reabsorption of “new” HCO3-, which replenishes the HCO-3 used in the buffering of the added fixed H+
· In chronic metabolic acidosis, an adaptive increase in NH3 synthesis aids in the excretion of excess H+.

· Serum anion gap = [Na+] – ([Cl-] + [HCO3-]) and represents unmeasured anions in serum, including phosphate, citrate, sulfate, and protein.  The normal value is ~12 mEq/L.  In metabolic acidosis, the serum [HCO-3] decreases as it is depleted in buffering acid.  For electroneutrality, the conc of another anion must increase to replace HCO-3.  If as a result, the serum anion gap ↑, an unmeasured anion compensated.  If the serum anion gap is normal, the conc of Cl- is ↑ to compensate (hyperchloremic metabolic acidosis).

· Diarrhea: Loss of HCO-3 from the GI tract causes a ↓ in the blood [HCO-3] and a decrease in blood pH via HH equation and thus metabolic acidosis.  To maintain electroneutrality, the HCO-3 lost from the body is replaced by Cl-, thus there is a normal anion gap.  Hyperventilation is the respiratory compensation.  Diarrhea also causes ECF volume contraction, which leads to ↓ in blood volume and arterial pressure.  Thus decrease in arterial pressure activates the baroreceptor reflex, resulting in increased sympathetic outflow to the heart and blood vessels.  A ↑ pulse rate is a consequence of increased sympathetic activity in the SA node, and pale skin can result from cutaneous vasoconstriction.  ECF volume constriction also activates the renin-angiotensin-aldosterone system, and ↑ levels of aldosterone lead to increased distal K+ secretion and hypokalemia.  Loss of K+ in diarrhea also contributes to hypokalemia.  

· Treatment consists of replacing all fluid and electrolytes lost in diarrhea fluid and urine.

· Metabolic alkalosis: loss of fixed H+ or gain of base produces a decrease in arterial [H+] (alkalemia).  As a result, arterial [HCO-3] increases.  (Ex: in vomiting, H+ is lost from the stomach, HCO-3 remains behind in the blood and the [HCO-3] ↑.)  Alkalemia causes hypoventilation.  Renal correction consists of increases excretion of HCO-3 because the filtered load of HCO-3 exceeds the ability of the renal tubule to reabsorb it.  

· If metabolis alkalosis is accompanied by ECF volume contraction (e.g. vomiting), the reabsorption of HCO-3 increases (secondary to ECF volume contraction), worsening the condition.

· Responses to vomiting: loss of H+ from the stomach causes ↑ blood [HCO-3] and metabolic acidosis.  Because Cl- is lost from the stomach along with H+, hypochloremia and ECF volume contraction occur.  Decreased ventilation rate is the respiratory compensation for metabolic acidosis.  ECF volume contraction is associated with ↓ blood volume and ↓ renal profusion pressure.  AS a result, renin secretion is increased, production of angiotensin II is increased, and secretion of aldosterone is increased.  Thus, the ECF volume contraction worsens the metabolic alkalosis because aldosterone increases HCO-3 reabsorption in the proximal tubule (contraction alkalosis).  The increased levels of aldosterone (secondary to ECF volume contraction) cause increased distal K+ secretion and hypokalemia.  Increased aldosterone also causes ↑ distal H+ secretion, further worsening the metabolic alkalosis.  
· Treatment consists of NaCl infusion to correct ECF volume contraction, which is maintaining the metabolic alkalosis and causing hypokalemia) and administering K+ to replace K+ lost in urine.

· Respiratory acidosis is caused by a decrease in repiratory rate and retention of CO2.  Increased arterial Pco2, which is the primary disturbance, causes and increase in [H+] and [HCO-3] by mass action.  There is no respiratory compensation.  Renal compensation consists of increased excretion of H+ as a titratable acid and NH4+, and increased reabsorption of “new” HCO-3.  This process is aided by the increased Pco2, which supplies more H+ to the renal cells for secretion.  The resulting increase in serum [HCO-3] helps to normalize pH.
· In acute respiratory acidosis, renal compensation has not yet occurred.  In chronic respiratory acidosis, renal compensation (increased HCO-3 reabsorption) has occurred.  Thus, arterial pH is increased toward normal.

· Respiratory alkalosis is caused by an increase in respiratory rate and loss of CO2.  Decreased arterial Pco2, which is the primary disturbance, causes a decrease in [H+] and [HCO-3] by mass action.  There is no respiratory compensation.  Renal compensation consists of decreased excretion of H+ as titratable acid and NH4+, and decreased reabsorption of “new” HCO-3.  This process is aided by the decreased Pco2, which causes a deficit of H+ in the renal cells for secretion.  The resulting decrease in serum [HCO-3] helps to normalize pH.

· Symptoms of hypocalcemia (e.g. tingling, numbness, muscle spasms) may occur because H+ and Ca++ compete for binding sites on plasma proteins.  Decreased [H+] causes increased protein binding of Ca++ and decreased free ionized Ca++.

· Diuretics

	Class
	Site of action
	Mechanism
	Major effects

	Carbonic anhydrase inhibitors (acetazolamide)
	Proximal tubule
	Inhibition of carbonic anhydrase
	↑ HCO-3 excretion

	Loop diuretics (furosemide, ethacrynic acid, butetanide)
	Thick ascending limb of loop of Henle
	Inhibition of Na+/K+/2Cl- cotransporter
	↑ NaCl excretion
↑ K+ excretion (because of ↑ distal tubule flow rate)

↑ Ca+ excretion (treat hypercalcemia)

↓ ability to concentrate urine (b/c of ↓ CPOG)

↓ ability to dilute urine (b/c of inhibition of diluting segment)

	Thiazide diuretics (chlorothiazide, hydrochlorothiazide)
	Early distal tubule (cortical diluting segment)
	Inhibition of NaCl reabsorption
	↑ NaCl excretion

↑ K+ excretion (because of ↑ distal tubule flow rate)

↓ Ca+ excretion (treat idiopathic hypercalcemia)

↓ ability to dilute urine (b/c of inhibition of cortical diluting segment)

No effect on ability to concentrate urine

	K+-sparing diuretics (spironolactone, triamterene, amiloride)
	Late distal tubule and collecting duct
	Inhibition of Na+ reabsorption, inhibition of K+ and H+ secretion
	↑ Na+ excretion (small effect)
↓ K+ excretion (used in combo with loop or thiazide diuretics)

↓ H+ excretion


