Renal Study Guide:

Functional Unit in the Kidney is the Nephron

Glomerulus and Glomerular Filtration (eLecture):

· consists of Bowman’s capsule and capillary tuft

· formation of the primary urine

· all filtration from the bloodstream takes place at the glomerulus, but secretion and reabsorption occurs further along in the tubules

· capillary network situated between two arterioles

· in order for blood to cross from the blood in the capillary into bowman’s capsule it must first make it through the fenestrated endothelium of the capillary, then the shared basement membrane, and finally the slit membrane of the epithelial foot processes of the podocytes

· Primary filtration paramaters are size, charge, and shape

· Size: Less than 5200 daltons, and 14 angstroms effective radius are freely filtered, molecules over 34000 are not filtered

· Charge: Negative molecules present more of a barrier to filtration since the barrier system is rich in negative charges. Positive and neutral molecules are more freely filtered.

· Shape: Rod-shaped molecules pass through more easily than globular molecules.

· Glomerular Filtration Rate is a function of K, hydraulic pressure difference, and average oncotic pressure.

· K: The ultrafiltration coefficient, a product of hydraulic permeability and the filtration surface area (larger permeability x larger surface area = greater GFR)

· Hydraulic Pressure Difference: Fluid pressure in glomerular capillaries – Fluid pressure in Bowman’s capsule, This is purely a measure of mean blood pressure (45mmHg) and pressure exerted by fluid in the capsule (10mmHg)

· Colloid Osmotic Pressure / Oncotic Pressure: More challenging to understand, this is the pressure of plasma proteins. Change in oncotic pressure = Capillary Oncotic Pressure – Ultrafiltrate Oncotic Pressure. Typically the pressure in Bowman’s capsule is zero since proteins are not freely filtered into the space. The pressure of proteins in the glomerular capillaries resists the flow into the capsule (water wants to stay with the great amount of proteins) and hence exerts a negative force in the equation for GFR. This pressure increases along the length of the capillaries since more water is filtered out and there’s a higher concentration of proteins in the capillary. At the afferent end it’s 20mmHg, and rises to 35mmHg at the efferent end. As this value rises along the capillary, GFR decreases towards the more efferent arteriole. The rise of capillary oncotic pressure is also inversely related to renal blood flow, the higher the renal blood flow, the slower the rise and hence the greater distance that filtration takes place along the capillaries. 

· Autoregulation: GFR and renal blood flow are  maintained constant in humans between arterial blood pressures of all values, this is called autoregulation because there aren’t any extrinsic regulatory factors (like neural factors or hormones that contribute)

· Not sure I really understand the varying afferent / efferent resistance as part of autoregulation? Go back and review? 

· Tubuloglomerular Feedback: The macula densa, a region of cells on the distal tubule which contacts J-G cells on the afferent arteriole is a system sensor for blood volume. Increased delivery of fluid to the distal tubule reduces GFR. Fluid amount sensed by macular densa, which constricts the afferent arteriole, returning GFR to control lvels.

· Clearance, If a substance is a) freely filtered b) neither secreted nor reabsorbed then the amount filtered (plasma concentration x GFR) = the amount excreted (urine concentration x urine flow). GFR will then equal = urine concentration x urine flow rate / plasma concentration. Inulin is used clinically because it meets the above criteria and is non-toxic and easily measured in plasma and urine. 

· Clearance of inulin is independent of plasma concentration, this means that GFR is independent of inulin concentration. Relationship only true for substances that are neither resabsorbed nor secreted. 

General transport

· absorption is transport from luminal compartment back into the blood, fluid is isotonic or hypertonic to the plasma 

· secretion is transport from blood into the lumen, fluid can be isotonic or hypotonic  

Water Transport

· water movement is coupled to transport

· water flow = permeability x (hydrostatic pressure difference – osmotic pressure difference) normally hydrostatic pressure is close to zero

· solute coupled water transport involves a osmolality difference between the basolateral and apical solutions, it can be high enough to support large meovements of water in conjuction with a pump ?

· epithelia that have long highly enfolded lateral intercellular spaces and numerous microvilli in brush borders are highly permeable to water, in these water and salts are absorbed together, so the net effect is that water is removed from the luminal compartment into the interstitial fluid without changing osmolality of the fluid within the lumen – this is iso-osmotic absorption, because fluid will be reduced from one compartment and added to another without changing ionic composition, this is seen in the proximal tubule
· epithelial that are largely impermeable to water have fewer and shorter microvilli and transport hypertonic solution, water permeability can also be regulated (as seen with ADH in the collecting duct)

· water impermeable epithelia absorb salts but not water with a net effect of removing salt, this is known as hyperosmotic absorption, where the concentration of fluid in the compartment the salt moves to will increase, but not the amount of fluid in that compartment, this occurs in the thick ascending limb
Proximal Tubule

· 60-70% of Na, K, Cl, water, all of the [amino acids, bicarbonate and glucose] present are reabsorbed b the proximal tubule

· The only site that secretes organic cations and anions

· Covered extensively in renal handling lecture. 

· Brush borders of the apical side of the epithelial cells provide extensive surface area for reabsorption which is probably why a lot of it takes place here.

· Water and salts are reabsorbed together, meaning isoosmotic reabsorption.  So solutes are reabsorbed without a change in osmolality, concentration of bicarbonate, glucose, and amino acids in fluid falls, but chloride rises to maintain electroneutrality as bicarbonate is reabsorbed

· Most energy is coupled to water transport, but some is reabsorbed because of oncotic pressure of peritubular capillary fluid

· Na transport here is coupled to the Na gradient since Na concentration is high in the tubule lumen and lower within the cell, solute transporters in the apical membrane are coupled to the gradient and use the concentration gradient to absorb solutes like glucose, amino acids, and chloride as well as to secrete protons, sodium entering via cotransporters or exchangers then is pumped back out of the cell into the blood via the basolateral sodium-potassium pump

· Water reabsorption: water permeability is very high in the proximal tubules and is driven via the reabsorption of solutes via a solute coupled water transport mechanism, reabsorption is isoosmotic with respect to the plasma. 

· Glucose reabsorption: Happens via apical Na-glucose co transporters and leaves the cells on the basolateral surface via facilated diffusion. Initial transporters have a high capacity but low affinity for glucose, capacity decreases along tubule length but increases but affinity increases. So the S1 reabsorbs the bulk and S3 extracts remaining glucose. 

· Amino acid reabsorption: Enter on apical side via Na- amino acid cotransporters, separte ones for different charges on amino acids. 

· Proton secretion occurs in exchange for sodium, and bicarbonate is also reabsorbed as a consequence of proton secretion. Protons are secreted with the lumen and combine with bicarbonate to produce CO2. CO2 goes into the proximal tuble cell and combines with water and goes back to bicarbonate, the bicarbonate liberated in the cell is then reabsorbed across the basolateral cell membrane, this gets most of the bicarbonate filtered. 

· Organic ion secretion: S2 secretes organic ions, there are transporters. 

· Organic anion secretion: PAH are coupled to Na entry and enter into the basolateral cell membrane, then exit the apical membrane into the lumen. This is coupled to Cl reabsorption.

· 75% of K is reabsorbed here. 

· Initially convoluted then straight

· S1 and S2 are part of the convoluted tubule,  they have an extensive brush border and abundant mitochondria, but mitochondria decrease as you move along the proximal tubule

· S3 is the straight proximal tubule, it has a particularly tall brush border but cells decrease in height as one moves along the tubule

· Clearance: A substance is secreted if it’s clearance is higher than inulin and a substance is reabsorpbed if it’s clearance is lower than inulin. 

Loop of Henle – Concentrating Mechanism Lecture

· reabsorbs about 25% more NaCl and about 15% more water

· maintains the high osmolality of the renal medulla 

· site of most commonly used diuretics to treat hypertension

· the concentration gradient in he kidney increases from the cortex to the tip of the renal papilla, mostly NaCl and urea

· the longer the loop of henle, the better the organism is at concentrating the urine

· NaCl is transported to the interstitium via the thick ascending limb, and water is drawn from the lumen of the think descending limb, water gets absorbed into the blood via the vasa recta

· What happens normally: The thick ascending limb and it’s solute pumping establishes a horizontal gradient. The Vertical Gradient from the cortex to the papilla is magnified by the loop structure. So what happens is water from the thin descending limb flows out and the urine in the tubule becomes more concentrated as it descends, once the thick ascending limb starts, water cannot flow out and solutes are actively pumped out, reducing the concentration of the urine in the lumen, but establishing NaCl in the interstitium. The maximum vertical gradient that can be established is 600mOsmols. 

· What could go wrong: 1) loss of ion transport at the thick ascending limb means that the urine cannot be concentrated and proximal tubule fluid would have the same osmolality as distal tubule fluid (300mOsm) 2) if we abolish fluid movement wihin the lumen of the tubules in the loop but allowed transport to occur, there’s a limiting gradient of 200 mOsmol, and osmolality of the distal tubule fluid would be less than that of the proximal tubule. 3) Stopping flow causes flow of fluid in the tubule down its concentration gradient, which is problematic. 

· None of this counts urea in, but urea is also important to countercurrent multiplication. Urea is only permeable to the thin ascending limb and he inner medullary collecting ducts (which have a transporter that allows urea transport when stimulated by ADH). So as renal fluid moves down the descending limb the urea concentration rises because it is not transported out. Urea gets dumped into the interstitium in the inner medulla when it reaches the thin ascending limb which is permeable, then once again the loops are impermeable until he collecting duct, allowing urea concentration to rise again. When the fluid of high urea concentration hits the lumen of the medullary collecting duct, a urea transporter facilitiates movement back into the inerstitium. So this recycling of urea back into the ascending limb from the medullary collecting duct helps a continued increase in urea concentration in cortical nephrons and helps a larger concentration in the inner medulla. 

· The role of the vasa recta as countercurrent exchangers. Vessels in the vasa recta containing blood descend toward the inner medulla and are near to blood vessels carrying blood ascending toward cortical regions of the kidney, so this sets up the countercurrent flow. These vessels are highly permeable to salt and water meaning that blood in the vasa recta can exchange with blood flowing up to the cortex. As tubular fluid goes down a descending limb, it’s following through areas of increasing osmolality and water is lost from the vasa recta on the way down. As tubular fluid travels up though, the osmolality decreases and water lost from the vasa recta gets returned. It’s also freely permeable to solutes so salt enters on the way down and leaves to be returned to the interstitum on the way up.

· ADH regulates water permeability of the collecting ducts and control thick ascending limb transport. So it helps increase osmolality in the loop of Henle and the collecting duct. 

Thin descending

· hypotonic movement of fluid from lumen to blood, osmolality of fluid increase

· highly passively permeable to water, no Na permeability

Thin ascending

· hypertonic movement of fluid from lumen to blood, osmolality of fluid decreases

· impermeable to water, but passively permeable to Na and urea

Thick ascending

· hypertonic movement of fluid from lumen to blood, osmolality of fluid decreases

· not passively permeable to water, sodium, or urea

· only segment of the loop of Henle that actively transports NaCl, Na enters apical side via cotransport (Na/K/2Cl cotransporter) and then is pumped out at the basolateral side, water is not concomitantly transported

· aldosterone, calcitonin, glucagons, ADH, parathyroid hormone all increase NaCl reabsorption

· 25% of K is reabsorbed here

Distal Tubule

· reabsorbs Na, Cl, and water; reabsorbs about 2-5% of the filtered Na, Ca, and Cl

· plays a role in parathyroid hormone stimulated Ca reabsorption and overall body Ca balance since Ca can enter apically via a Ca channel and exit via a Ca ATPase pump

· important in K and H secretion

· since it reabsorbs NaCl and water but not urea, it plays an important role in increasing urea concentration that remains within the tubule lumen

· aldosterone increases NaCl reabsorption

· prostaglandins, bradykinin, atrial natriuretic factor decrease NaCl reabsorption

· can reabsorb K in severe K depletion

Collecting Duct

· both principal cells and intercalated cells, we’re mainly concerned with principal cells

· segments in both the renal cortex and medulla

· segments in the inner medulla have urea transporters that help move urea 

· normally the collecting duct has the lowest apical water permeability in the entire body, but binding of the ADH to a basolateral receptor changes permeability

· see section on ADH for exact process, but essentially stimulation by ADH means aquaporin insertion in the apical membrane and subsequently extremely high permeability to water

· aldosterone increases Na reabsorption here

· extremely important in K secretion, the principal cells are very involved with this, also important in reabsorption when K is extremely low

· in K depletion, K enters the cell on the apical cell membrane and leaves on the basolateral side via a K channel, the Na-K exchanger that is normally in every cell (Kin, Naout) generates the energy for this process to occur so K flows from a high to low gradient across the channel, for this to happen properly, Na also has to enter in a channel across the apical cell membrane, so basically Na and K absorption are linked in the collecting duct with K depletion

· in K secretion, which occurs in a high potassium diet, there is no absorptive channel on the basolateral side of the membrane through which K can leak back into the blood, so the activity of the Na-K pump is linked to K leak channels in the apical membrane, K secretion is also dependent on Na absorption, when sodium is depleted in the lumen of the distal tubule, the excretion of both ions is depressed because K is not leaked into the lumenal fluid

Water Balance:

· water excretion in the kidney is regulated in response to changes in the osmolality of the extra cellular fluid

· changes in osmolality are sensed by osmoreceptors located in organs in the brain, the circumventricular organs lack a blood-brain barrier and contain non selective Ca channels and regulate control of ADH secretion

· organs only sense changes in effective osmols (like NaCl), if freely permeable solutes (urea) are responsible for the changes than ADH secretion will not be affected

· ADH release also means a stimulation of thirst, but thirst can also be stimulated by decreases in blood volume and blood pressure, sensation of thirst will be reduced with stomach distension

· Adding NaCl w/o water to the ECF (ingesting lots of NaCl), this increases the osmolality of the ECF causing a shift of water from ICF to ECF, increase in ECF and subsequent decrease in ICF since no volume added, osmolality of both compartments increase

· Adding pure water to the ECF expands both ECF and ICF and their ratios are maintained while both osmolalities are depressed

· Adding isotonic saline to the ECF will increase the volume of the ECF without a change in the ICF, osmolalities of both compartments will stay the same

Volume / Pressure Sensing

· wide variety of volume / pressure sensors of particular note for this class

· carotid sinus, portal circulation, CSF Na receptors, JG baroreceptors, macula densa GFR receptors, renal tubule hemodynamic sensing

· small changes in blood volume once it is depleted by about 10% cause huge changes in plasma ADH in attempt to retain water

Hormones

Parathyroid hormone

· decreases NaCl reabsorption in the proximal tubule

· increases NaCl reabsorption in the thick ascending limb

Renin-Angiotensin System

· controls the release of aldosterone

· renin is secreted by the JG apparatus of the kidney in response to a decrease in blood pressure or a decrease in NaCl in the ultrafiltrate as sensed by the macula densa cells

· renin acts of angiotensinogen, converting it to angiotensin I, angiotensin I is coverted to angiotensin II by ACE (angiotensin convering enzyme)

· ultimate effects of angiotensin II are vasoconstriction, or increase in Na reabsorption in the proximal tubule

Aldosterone

· Na reabsorption

· K and H secretion

· Synthesized by the zona glomerulosa cells of the adrenal cortex, angiotensin II, elevated plasma K, and ACTH increase aldosterone synthesis, increases in Na intake will depress the synthesis

· Binds to a cytoplasmic receptor in the cells of collecting ducts and leads to protein transcription that ultimately increases the activity of Na channels in the apical cell membrane and the Na-K pumps in the basolateral cell membrane

· Ultimately increases Na reabsorption in the collecting duct, even though this accounts for only 2% of sodim reabsorption, it is still important to balance

· Powerful stimulator of K secretion. If levels of aldosterone are elevated than height and basolateral surface area of the principal cells increase, which helps in K secretion. 

· High plasma K increases aldosterone levels and Na is retained, ECF volume will increase slightly because of this, stimulating ANP and thus increasing Na excretion. If renal excretion is increased, then K will be excreted with it. 

· Stimulates acid secretion. 

Atrial Natriuretic Peptide (ANP)

· it antagonizes the action of Angiotensin II

· causes a natriuresis when injected into animals (increase in sodium excretion as opposed to sodium reapsorption)

· antagonizes effects of vasoconstriction and leads to renal vasodilation and increased GFR and increased bllod flow to the inner medulla

· inhibits the amout of aldosterone released from the zona glomerulosa cells, this also increases Na excretion (but inhibiting angiotensin II also indirectly reduces aldosterone production)

· biochemically it binds to a receptor to increase guanlyate cyclase activity in the collecting duct and cGMP is increased which is a negative modulator of sodium channels in the lumenal membrane of the papillary collecting duct

ADH

· water reabsorption

· synthesized in the supraoptic and paraventricular nuclei of the hypothalamus in response to changes in osmolality determined by the circumventricular organs in the brain and then released into the posterior pituitary

· secretion is very sensitive to small changes in osmolality, maximum effective ADH concentration will produce the kidneys maximum concentration of urine

· ADH circulates through the blood and binds to the basolateral receptor, stimulating activation of adenyl cyclase to create cyclic AMP, stimulating PKA, eventually leading to vesicles storing aquaporins to release their contents and insert aquaporins into the apical membrane, these water channels increase water reabsorption greatly 

The Sympathetic Nervous System

· sympathetic tone increases with volume depletion and decreases with volume expansion

· sympathetic nerves control smooth muscle tone of the afferent arterioles

· nerves also augment rennin release 

Sodium

· The primary determinant of ECF volume, volumes of ECF and ICF are determined by total body water and the ratio of total Na in the ECF to K in the ICF

· blood volume is normally very constant even if solute intake varies, but if solute intake is way too low, volume drops dramatically

· the higher the intake in Na, the greater the ECF volume, which is detected by an increase in body weight

· mean arterial blood pressure is increased by increasing dietary Na, higher blood pressure means more plasma into the interstitial space so ECF volume will increase while blood volume remains constant, this can be seen as edema when blood pressure is extremely high

· Plasma sodium concentration CANNOT be used to assess ECF volume

· Glomerulotubular balance means small changes in GFR do not have large changes on sodium excertion because the tubules will compensate with reabsorption of Na

· Tubular reabsoprtion changes have large effects on sodium excertion

· volume expansion decreases oncotic pressure, so it will subsequently increase GFR and decrease the reabsorption of Na ultimately leading to an increase in Na excretion, volume contraction has the opposite effect

Potassium Balance

· Most of the potassium in the body is intracellular and there is little in the ECF. The body must maintain this setup, however, for normal cell function,etc. 

· Insulin and epinephrine cause cellular potassium uptake.

· Acidic arterial pH results in K+ shifting from cells to ECF.

· K normally enters body via intestinal absorption. 

· The kidney has a large capacity to excrete K, so it plays a critical role in homoestasis filtering about 720mM of K per day, and excreting about 5-15% of this to balance dietary intake, K in urine depends on reabsorption and secretion. 

· Hyperkalemia and hypokalemia lead to abnormal ECGs. Normal is 4-5 mEq/L.

· Not much change in K concentration along the nephron, but increasing distance causes a drop in the ratio of the K amount. Reabsorption in proximal and distal nephron causes the fall in urine potassium, and reabsorption conserves K within the ECF by reducing the amount excreted. (Low K diet)

· When K in the diet is high, reabsorption still occurs in the proximal tubule causing the amount there to fall, but it rises again in the distal tubule because K can be secreted into the lumenal fluid of the distal tubule and cortical collecting ducts which will increase the amount, this will remove K from the ECF. 

· Whether K is absorpted or secreted depends on which side of the principal cell the K leak channel is found. In absorption the channel is on the basolateral membrane, and in secretion it is on the apical membrane. 

· Transport of K is affected by the K concentration in the lumen, the pH of the ECF and ICF, and the flow of fluid through the collecting duct.

· Increases in plasma K increase K secretion.

· Alkalosis stimulates potassium secretion.

· Acidosis inhibits potassium secretion. 

· Hydrogen ions regulate the apical K channel, so acidosis (excess H) actually inhibits the apical K conductance which is why secretion is depressed.

· Increased flow to the collecting duct from diuretic use can result in a loss of K from the body. Decreasing K excretion by blocking potassium secretion will also cause an increase in plasma K. 

· Inhibiting the reabsorption of NaCl and water in earlier nephron segments from the collecting duct (mannitol, loop diuretics, alkalosis, etc.) will increase the flow of the fluid through the collecting duct and subsequently increase K secretion. This happens because at high flow rates lumenal K within the collecting duct remains low enchanging the difference in K between the ICF and the lumenal fluid. So this will increase the driving force for secretion. Low tubule flow will allow the concentration in the lumen to increase and lower this same driving force and lower secretion. 

· K is also balanced in relation to dietary factors, insulin will increase K uptaking into cells following a meal, and glucagons later on will cause K to leave the cells. 

Diuretics

· a diuretic increases urine flow rate by inhibiting the reabsorption of solutes and waters, most effectively they inhibit Na reabsorption which will ultimately reduce ECF volume (hence why they are used to treat hypertension and edema), reducing salt intake with the diuretic treatment is very important

· Proximal tubule diuretics: Acetazolamide blocks carbonic anhydrase in the proximal tubule, this inhibits bicarbonate and water reabsorption

· Loop diuretics block Na transport across luminal cell membrane inhibiting NaCl reabsoprtion by the loop of Henle (furosemide), this is where 25% of NaCl reabsorption takes place, these are also K+ wasting because they increase renal flow to the CCD thus increasing K secretion. Act on Na/K/2Cl cotransporter. 

· Distal tubule thiazides block Na reabsorption here via the Na/Cl cotransporter. 

· CD diuretics like amiloride are K sparing because they just inhibit Na transport here and indirectly block K secretion (K secretion dependent on Na channel here)

· Osmotic diuretics are freely filtereted at the glomerulus but not reabsorpted, so they reduce water reabsorption by increasing the osmolality of the collecting duct fluid. Mannitol is common, in diabetes glucose can act as a collecting duct diuretic. 

Lung Acid-Base Balance

· humans use a bicarbonate buffer system that involves an equilbrium between carbon dioxide + water to bicarbonate + hydrogen ion, the reaction is catalyzed by carbonic anhydrase and we can use the Henderson=hasselbach equation to show that pH = 6.1 + log (bicarb / 0.03pCO2)

·  non-bicarbonate buffers are hemoglobin, organic phosphates, inorganic phosphates, plasma proteins, and intracellular proteins, these buffers are all in equilibrium with the hydrogen ion concentrations in the ECF

· the nice thing about the bicarbonate buffer system in humans is that pCO2 is part of an open system and we can breathe to remove CO2 from the system which helps keep our pH constant, we can also control the level of bicarbonate in the kidney

· red blood cells are pemerable to bicarbonate through a Cl/bicarbonate exchange system (antiporter), so it is rapidly distributed between red cells and the plasma

· 6% of hydrogen ions can combine w/ hemoglobin; 42% will form CO2 and be exhaled away, and another 50% combines with other proteins

· tissues produce a lot of CO2 through metabolism, it diffuses freely into the rbcs and combines with water to produce bicarbonate and hydrogen ion, the hydrogen ion can bind to hemoglobin so O2 is released from rbcs and the bicarbonate/cl exchanger puts bicarbonate into ECF and O2 diffuses out to the tissues

· the lung has inverse processes, CO2 from the tissues diffuses out to the lungs, while O2 in the lungs diffuses into the tissues, here the bicaronbate/Cl exchanger is reversed and bicaronate is transported into the rbc where it can combine with hydrogen ion released from hemoglobin to form CO2 

· most CO2 in the tissues is carried as dissolved bicarbonate, increasing ventilation rapidly decreases alveolar Co2, as ventilation falls, alveolar CO2 rises

· as pH increases, ventilation decreases and as blood pH falls, respiratory rate increases

· respiratory vs. metabolic acidosis and alkalosis, repiratory problems have to do with the amount of ventilation, hyperventilation leads to a drop in pCO2 and an increase in pH. In metabolic diseases, there is no change in pCO2. 

· Look at the corresponding bicarbonate level for the pH, if you have an acidosis and bicarbonate is low, it’s metabolic. If you have acidosis and bicarbonate is high, it’s respiratory. Respiratory bicarbonate falls with pH increase. Metabolic bicarbonate rises with pH increase. Why? Think about the central bicarbonate buffering equilibrium. In metabolic acidosis, you add acid, le chatelier’s principle means that you will use up both the acid and the bicarbonate to shift the equilibrium back to CO2 and water, so bicarbonate will fall. Where as adding base takes away the hydrogen ion acid and bicarbonate will subsequently rise since equilibrium will shift towards more bicarb production. 

· Respiratory and renal mechanisms compensate to control problems with acidosis and alkalosis. 

· Respiratory Acidosis Renal Compensation: Uncompensated, bicarbonate will increase and pH decreases. Increasing pCO2 causes the kidney to reabsorb bimore bicarbonte so plasma bicarbonate increases further. Retaining bicarbonate also increases CL excretion and plasma chloride is lowered, these actions will ensure acid is secreted in the urine and help restore pH to normal. 

· Respiratory Alkalosis Renal Compensation: Normally results in reduction of bicarbonate and pCO2. Decrease in pCO2 means the kidney will excrete alkaline urine, reducing plasma bicarbonate and increasing plasma Cl to keep pH normal. 

· Metabolic Acidosis Respiratory Compensation: Hyperventilation will reduce plasma pCO2 and restore pH. 

· Metabolic Alkalosis Respiratory Compensation: Hypoventilation increases pCO2 and bicarbonate to restore the pH to near normal. 

· Respiratory compensation can never be complete because the stimulus to do it is a pH reduction. If the pH returned all the way to normal than the changes in ventilation would stop. 

· Bicarbonate gets extremely low following metabolic acidosis, this lowers the buffer capacity of the system and can potentially cause problems. 

· Ultimately the kidney must excrete the acid or base but it takes longer for that to kick in than it does for respiratory compensation. The fastest compensation is distribution in the ECF followed by buffering. 

· pH measurement alone tells us nothing about the actual acid/base status. Need to know about bicarbonate and pCO2. 

Kidney Acid-Base Balance

· the kidney must excrete H+ and replenish lost bicarbonate

· the kidney has three ways of maintaining ECF acid/base balance

· bicarbonate is reabsorbed in the proximal tubule to maintain ECF concentrations

· following acid load, net hydrogen ion excretion as titratable acid and ammonium removes the excess acid, and this process regenerates more bicarbonate than is delivered to the kidneys which is enough to regenerate bicarb that was consumed by excess acid

· following base load bicarbonate excretion removes excess bicarb from ECF, secretion of bicarbonate happens in the collecting duct, and production of ammonium is drastically reduced in this situation since there is not as much strong acid to absorb in the collecting duct

· bicarbonate is reabsorbed by the proximal tubule, which lowers the pH once, 90% of filtered load is reabsorbed here, with the distal tubule completing the reabsorption

· the collecting ducts generate the low pH values seen in the urine at about 4.5-5

· the majority of the 100meq/day of acid excreted is associated weak acids bound to ammonium, if it was all strong acid, the pH of the urine would be 1

· Early Proximal Tubule: Lots of carbonic anhydrase in the brush border ensures that bicarbonate is reabsorbed as CO2, once in the epithelial cell it is converted back to bicarbonate and then leaves a transporter accompanied by Na across the basolateral membrane, there is also a Na/H exchanger on the apical membrane that brings Na into the cell and secretes H to facilitate the carbonic anhydrase reaction that allows us to reabsorb bicarbonate. So protons are secreted into the lumen and Na and bicarbonate are reabsorbed without changing lumenal pH. 

· Late Proximal Tubule: This is where new bicarbonate is generated since the concentration of bicarbonate is low. Weak acids accept the secreted protons here. Na and bicarbonate are still reabsorbed across the basolateral membrane but it is new bicarbonate that comes from blood CO2. Slight acidicity to the urine is generated since free hydrogen increases slightly.

· Collecting Duct: More new bicarbonate is generated in the collecting ducts like in the late proximal tubule. Proton pumps secrete the hydrogen ions, not Na/H exchangers like before. Bicarbonate is still generated via a reabsorptive from the cell type mechanism and crosses into the blood with Na. The pH of the urine is lowered further to it’s final pH.

· The major buffer in the urine (a conjugate base of a weak acid) is phosphate. Uric acid and creatinine can also contribute. Titratable acidity is the amount of NaOH that must be added to a 24 hour urine collection to titrate the pH to physiological pH. It measures acid excreted by the kidneys in the form of weak acids. 

· Bicarbonate Generation and Ammonium: Happens in the proximal tubule cells Ammonia is used to absorb the protons from strong acids. Initially ammonium is formed and than dissociates to ammonia and a hydrogen ion. There is an H/Na exchanger to secrete the H ion. Ammonia can diffuse from the cell into the tubular lumen and combine with protons to form ammonium ion, which is trapped by the low pH in the lumen of the collecting duct. This proton trapping accounts for a large portion of hydrogen ion excreted every day. Collecting ducts have a low capacity to secrete H+ while being able to maintain large H+ gradients between the plasma and lumen. As ammonia is produced it also generates alpha ketogluterate, which the kidney metabolizes to new bicarbonate, which is absorbed back into the blood. Prox tubule mostly creates bicarbonate. Worry more about the H trapping in the collecting duct. 

· Ammonium is produced in the proximal tubule and secreted, eventually to be reabsorbed by the thick ascending limb. Ammonia is finally secreted into the lumen of the collecting ducts, where it is trapped by low pH. 

Acid-Base Control

· Acid secretory mechanisms in the proximal tubules and collecting duct (Na/H exchangers in PT and H pumps in CD) are activated by a fall in ECF pH. They increase secretion because of proton sensors.

· Decreasing urine pH will decrease ammonia production. In chronic metabolic acidosis the kidney increase ammonia production to respond to the acid load.

· Intercalated cells in the collecting duct are involved in acid/base control. There are two types, acid secreting and bicarbonate secreting. Polarity of the sytems changes in response to a chronic base or chronic acid loads. Acid diets favor the proton pump insertion in the lumen as opposed to the basolateral cell membrane where is base diets, do the opposite. Acid diets lead to aldosterone production. Proton pumps in the basolateral membrane leads to bicarbonate secretion, necessary in base load. Aldosterone stimulates acid secretion! 

· Different mechanistic systems interact to produce a total body state capable of responding to acid/base challenge. 

Questions

· What does afferent arteriole constriction in the glomerulus do to GFR?

It will inhibit ultrafiltrate production, GFR increases with increased renal blood flow, so naturally it will decrease with decreased renal blood flow. The low pressure in the capillary tufts will decrease the GFR here. 

Efferent arteriole constriction will increase GFR. Why is this? It will create high pressure in the capillary tufts. 

Things to Note

· Diuresis = increased production of urine

· Natriuresis = process of excretion of sodium in the urine

An example combining what we see with what we know about the hormones:

You ingest NaCl, your ECF will increase at the expense of fluid from ICF so the osmolalities are balanced. Then you ingest water because of thirst, both the ICF and the ECF will increase with water ingestion but ICF will expand back to it’s normal value while the ECF remains greater than normal and greater than it was with NaCl ingestion alone. Ultimately, the kidneys will act to excrete the extra NaCl and water ingested to restore ICF and ECF to initial volumes. With hormones considered, NaCl ingestion detects an increase in ECF volume and ANF levels would increase, decreasing aldosterone production and decreasing renal Na absorption and upping excretion. At the same time the increase in osmolality would stimulate ADH release and water permeability of the collecting ducts increases and thirst centers will be altered leading to thirst and then ingestion of water. Water restores ECF osmolality and reduces water permeability of the collecting ducts, ECF volume will ultimately be restored by the continued increased excretion of NaCl and water, which restores volume back to normal.

