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Renal Physiology

· Gross anatomy

· Right kidney sits lower in body: displaced by liver 

· Afferent arteriole into glomerulus, efferent arteriole out of glomerulus 

· Renal hilum: where arteries and veins enter kidney; also ureter
· Cortex of kidney: contains glomeruli and convolute tubules 

· Medullary Pyramids have loops of Henle and collecting ducts 

· Nephron: functional unit of kidney (~1 million in each) 

· Cortical nephrons: 85% of nephrons 

· Juxtamedullary nephrons:15%  

· have longer loop of Henle that go deeper into renal medulla; 

· the longer the loops the greater the concentration gradient that allows for reabsorption 

· Detrusor muscle: smooth muscle of the bladder; involuntary, external sphincter helps you control urine output, internal sphincter is involuntary   

· General physiology

· blood flow

· Renal blood flow (RBF) directly influences GFR, less blood flow ( lowered GFR 

· RBF ~ 1,000-1,200 ml of blood/ min to kidneys, ~ 20-25% of Cardiac output 

· 3 ways to control blood flow: 

· Hormonal, neuroregulation, autoregulation

· Autoregulation: 

· afferent arteriole constricts when it senses high pressure
· maintains ~uniform RBF over wide range of BP
· macula densa in distal tubule can sense amount of filtered sodium and stimulate vasoconstriction via renin & intrarenal angiotensin

· if senses too little sodium then vasoconstricts so end up filtering less sodium, have less blood flowing through glomerulus
· Neuroregulation: sympathetic nervous system (fight/flight)

· vasoconstriction if blood pressure down 

· also vasoconstrict if any stressor – don’t want to convert blood to urine

· No significant parasympathetic nerve fibers in kidney 

· Hormonal: renin angiotensin-aldosterone system 

· urine production

· Excretion = Filtration + Secretion - Reabsorption
· Filtration: Ultrafiltrate forms in Bowman’s (urinary) space: plasma gets filtered into it; electrolytes, creatinine, amino acids, water, glucose, (almost no protein generally) 

· Reabsorption: from tubule to capillary (via renal epithelial cells)
· Secretion: from capillary (via renal epithelial cells) to tubule 

· Filtration: ultrafiltrate production in glomerulus

· fenestrated endothelial cells & podocytes form filtration barrier

· GBM (glomerular basement membrane)

· filtration slits – spaces between podocyte foot process interdigitations

· typical production of interstitial fluid

· higher hydrostatic pressure in capillaries forces fluid into extravascular space

· small solutes follow

· plasma oncotic pressure goes up towards venous end of capillary
· hydrostatic pressure decreases 
· capillaries in glomerulus have increased oncotic pressure, by the end of the capillary the net filtration pressure is ~0, unlike capillaries in the rest of the body, we don’t want to reabsorb fluid into the capillaries

· kidney does NOT have lymphatics in the cortex & medulla (only in the renal capsule) 

· Nephron – functional unit of the kidney

· glomerulus / renal corpuscle
· glomerulus is the ball of capillaries as described above

· renal corpuscle is the glomerulus plus Bowman’s capsule + Bowman’s space
· After glomerulus, filtrate goes to proximal tubule

· hydrostatic pressure is low in tube  and high oncotic pressure in capillaries 

· pressure gradient will favor reabsorption 

· active reabsorption of Na+ is the primary function of the proximal tubule 

· water follows, other electrolytes follow water

· by end of proximal tubule
· ~75% of sodium, water, chloride, potassium, etc. 
· reabsorption of highly valuable organic molecules is done via Na-coupled transporters

· ~100% glucose, amino acids and ~100% of filtered bicarb are reabsorbed
· If we don’t want it, we don’t take it back in

· ~0% of unwanted waste products (e.g. creatinine)
· NOTE: urea is reabsorbed – urea is used in the medulla to create a hyperosmotic environment
· Loop of Henle 

· counter current exchange system 

· in medullary interstitium: hyperosmotic (salt bed) 
· As fluid goes down descending loop of tubule: concentration becomes higher because water is leaving 

· As goes up ascending tubule: concentration goes down, water can’t leave but ions (Na+ & Cl-) can 

· descending loop: permeable to water but not sodium or chloride 

· filtrate coming in has a lot of water in it, H2O leaves in descending loop, (more concentrated in interstitium as it goes down descending loop) 

· ascending loop: sodium and chloride can go out, impermeable to water (hyperosmotic in the tubule compared to interstitium) 

· ascending loop, sodium and chloride are leaving 

· salt into interstitial space and then going into vasa recta which are the capillaries going through 
long loops 
· thick ascending loop: Na+ actively reabsorbed

· uses the Na+/K+/2Cl- transporter on apical membrane

· this transporter is blocked by loop diuretics (e.g. furosemide (Lasix®))
· Na+/K+/2Cl- transporter uses 2nd active transport
· Distal convoluted tubule
· poorly permeable to water but can reabsorb ions 

· aldosterone works at distal tubule: reabsorbing sodium and secreting potassium

· we can also exchange K+ for H+, and vice versa

· our ancient diet was high in K+ and low in Na+ so,

· our kidney freely gives up K+ in exchange for Na+ - not a good idea today

· volume of filtrate is about 1% of what we had at the glomerulus - rest reabsorbed back into body 

· Cortical collecting duct
· similar to DCT

· Medullary collecting duct (MCD)
· permeable to water IF there is ADH 

· ADH (works at MCD) makes you retain water, flows out of collecting duct and into medulla and then vasa recta 

· if water reabsorption ( concentrated urine 

· without ADH ( dilute urine

· SIADH: inappropriate ADH (too much ADH), person will be water overloaded and have very concentrated urine, and possibly hyponatremia
· Too little ADH (diabetes insipidus): lots of urine output, not very concentrated 

· ADH has NO direct effect on sodium

· Minor calyces: where urine collects and from there ( major calyces ( renal pelvis
· nothing interesting happens here under normal conditions
· Staghorn calculous – stone filling renal pelvis into calyces – this is not good

· extra renal structures:

· Ureter
· Urinary bladder
· Urethra
· Key indicators of kidney health (actually GFR)

· Creatinine: product of nonenzymatic creatine conversion, elevated levels of plasma creatinine indicate lowered GFR; however,
· more muscle also ( higher creatinine, but not an indication of kidney damage

· normal plasma creatinine: 0.6 – 1.2 mg/dL
· BUN: blood urea nitrogen – result of using amino acids for gluconeogenesis
· urea filtered at glomerulus, high urea nitrogen suggest lowered GFR 

· also reabsorbed in tubules, can also see BUN go up in dehydration, acute and chronic renal failure 
· high protein diet will also raise BUN (more amino acids being used for gluconeogenesis)
· normal BUN: 7-18 mg/dL
· Renal philosophy of urine production

· Afferent arteriole: bringing blood to glomerulus where we produce ultra filtrate (water plus small solutes) 

· Proximal tubule ( loop of Henle ( distal tubule ( collecting duct – what we have left is urine 

· Kidney takes the blood plasma and dumps it into a filtrate and takes back what it wants to keep, the rest ends up in urine (blood ends up really clean, but this takes a lot of work) 

· Kidneys use ~10% of your energy every day 

· If molecule that we have never seen before reaches the kidneys they will get rid of it, it will end up in ultra filtrate, doesn’t get taken up ( urine 

· We will only keep things we have transporters for 

· high value molecules ($20 bills) are reabsorbed very aggressively
· Glucose and amino acids: kidneys pulling them back as fast as they can (bring back 100% in proximal convoluted tubule)
· diabetics have so much glucose that they can’t bring it all back in and some will be in urine

· useless waste products are left in the lumen ( urine
· Creatinine: have no use, so kidneys just leave it behind ( urine (bring back 0% of this) 

· we actually secrete some creatinine in addition to the filtered creatinine
· A lot of drugs will be filtered out by kidneys (clear small water soluble drugs this way) 

· some molecules have diminishing marginal utility
· water, sodium, chloride, phosphate we titrate exactly how much we want back and let the rest of it go (bring back about 3/4 of these things) in proximal convoluted tubule, and ~99% overall
· Loop of Henle and beyond: water, Na+, Cl-, pH, and K+ is focus 

· under conditions of dietary deficiency, we also absorb Phosphate and Ca++ beyond PCT

· Distal convoluted tubule: always contact with afferent arteriole at macula densa (dark spot)

· forms juxtaglomerular apparatus 

· Juxtagumerular apparatus: controls fluid volume by controlling production and release of renin by sensing amount of blood going to afferent arteriole and flow through distal tubule 

· low BP triggers release of renin
· Collecting duct: final place where we reabsorb H2O and secrete or absorb H+ (we usually secrete H+ and create bicarb) 

· Glomerulus in detail:
· 3 cell types in glomerulus: 

· endothelial (making fenestrated capillary)

· epithelial (podocytes) outside of capillaries

· mesangial cells (modified smooth muscle cells that can relax/contract to make glomerulus larger/smaller and increase/decrease) GFR

· Efferent arterioles: smaller than afferent arterioles

· 10% of volume of blood (~20% of plasma) that comes into glomerulus leaves as ultrafiltrate 

· slightly higher osmolarity than usual blood, because plasma proteins are more concentrated
· Podocytes sit in Bowman’s space and wrap around outside of endothelial cells

· N: cell body of podocyte 

· M: projections that interdigitate out of podocyte and wrap around capillaries 

· F: podocyte foot processes wrapped around capillary 

· Filtration barrier

· If want to get from blood to ultra filtrate, we don’t need to cross plasma membrane (any small molecule can go through): 

· through fenestration 

· through basement membrane 

· through filtration slit 

· Plasma proteins are small enough to get through fenestration but they are negatively charged and so is the filtration slit so plasma proteins can’t get through

· small anions (e.g. Cl-) pass thru filtration slit without a problem 

· Things that are fat soluble: will be filtered but can come right back in (they pass thru the plasma membrane of epithelial cells lining tubule), kidneys are not good at excreting fat soluble molecules 

· Filtration pressure – similar to every other capillary bed

· Capillary hydrostatic pressure pushing out and hydrostatic pressure in Bowman’s space is small

· so fluid can leave and take solutes with it

· filtration barrier prevents proteins from leaving

· Net filtration into Bowman’s space

· No reabsorption of fluid in glomerular capillary – unlike other capillary beds

· also no lymphatic drainage

· As pressure drops, renal flow rate drops, GFR drops 

· Myogenic response and autoregulation: 

· For a wide range of arterial pressures, renal blood flow is able to stay the same due to autoregulation (myogenic reflex in afferent arterioles (push smooth muscle and it pushes back) – with more pressure they constrict, with less they relax

· At some point as arterial pressure drops, renal blood flow drops, and so will GFR 

· Filtered load: 

· how much of some particular solute we are filtering / time

· = GFR * plasma concentration * % filtered (will be close to 100 for most small solutes) 

· GFR: how much filtrate we are producing (mL/min or L/day)

· example: Sodium
· GFR = 135 (ml / min), Na+ = 140 mM in plasma (= 3.2 mg/ml), 100%
· 430 mg/min – filtered load of Na+

· Dietary intake of sodium: 2,000 mg/day (in 4 or 5 mins we filter a day’s worth of sodium) by time we are done we reabsorb about 99% of sodium filtered load 

· If we’re hypovolemic: want to retain more sodium – hypervolemic: then dump Na+ 

· Kidneys hold on to sodium but freely give away potassium (ancient diet)
· estimating GFR

· E = F + S - R

· Amount excreted = how much we filter + how much we secrete - how much reabsorbed 

· Creatinine: not reabsorbed at all, not much secreted either therefore:

·  amount excreted = amount filtered 

· Amount filtered = GFR x plasma concentration of creatinine 

· Amount excreted = urine concentration of creatinine x volume of urine 

· because F = E
· GFR x plasma concentration of creatinine = urine concentration of creatinine x volume of urine

· GFR ≈ (urine concentration of creatinine x volume of urine) / (plasma concentration of creatinine)
· but who wants to collect urine, so if we estimate the top part, then we can get GFR from simple blood test

· Amount of creatinine you make is proportional to amount of muscle you have 

· muscle is function of (lean) weight & age

· must use ideal weight: no creatine in fat 

· GFR ≈ creatinine clearance ≈ (140- age) x (ideal weight of person in kg) / (72 * serum creatinine)

· As serum creatinine goes up: the worse the kidney function (lower GFR)

· However, more muscle does not mean kidney is failing

· cell types throughout nephron

· Tall cells in proximal convoluted tubule

· filled with mitochondria (labor intensive process) 

· Sodium concentration in lumen is same as blood, concentration in cell is really low

· Sodium wants to get out of lumen and into cell: can do this if brings another molecule with it 

· Have to pump sodium back out of cell (use sodium potassium ATPase) out of the cell into interstitium so blood can carry Na+ back to body

· Thin cells, thin squamous cells, don’t have lots of mitochondria (thin loop of Henle)
· passive transport (going down just water comes out, going up just sodium-chloride come out) 

· Bulk (~3/4) of absorption (Na+, Cl-, K+, Ca++, etc.) in proximal convoluted tubule 

· Collecting duct: reabsorb water and usually secrete H+ 

· Reabsorption patterns

· general

· Reabsorb: out of tubule and into interstitial space where blood can reabsorb it 

· Protein: aren’t supposed to filter protein, BUT if it does get through we want it back so we reabsorb it chopped up as amino acids

· Reabsorb a little urea in proximal convoluted tubule 

· Proximal tubule: isotonic – need Na+ gradient

· Distal: take back a sodium and secrete a potassium – isoelectric & iso-osmotic transport

· Mostly H+/bicarb and water reabsorption in collecting duct 

· ammonia used as a buffer for H+ if needed

· Loop of Henle – all about H2O & NaCl
· interstitial osmolarity

· Interstitium of cortex is isotonic (~290 mOsm) 

· Medulla becomes increasingly concentrated until it peaks at ~1200 milliosmole 

· In descending loop of Henle: 

· H2O out into increasingly hyperosmolar interstitium (on way down)

· In ascending loop of Henle: 

· Sodium + chloride out of lumen into interstitial (passive) (on way up)

· In thick ascending loop of Henle: 

· actively pump sodium out into interstitial space
· this is what creates the hyperosmotic medulla

· also creates hypo-osmotic luminal fluid 

· Thick loop of Henle cells are most at risk if person goes into shock

· Only 10% of renal flow goes to loop of Henle
· Vasa recta supply loops of Henle 
only 10% of blood to kidney goes to medulla 

· Thick tubes are particularly in danger of hypoxia 

· Thin tubes don’t do much, they can hold their breath for long time

· Thick descending and ascending: most susceptible to hypoxia 

· metabolically active, but poorly perfused

· If collecting duct permeable to water (water from lumen to interstitium): concentrate urine
· if not permeable urine will be dilute (based on presence of ADH) 

· In medulla more and more hypertonic, tubular fluid more concentrated

· hypoxic: loss of ability to pump NaCl into space, loss of hyperosmotic environment ( can’t concentrate urine 

· Aldosterone: works in distal convoluted tubule, we exchange potassium for sodium (keep sodium, give away potassium) 

· have to retain exact amount of sodium or get hypotension or hypertension 

· Chloride usually follows sodium, but not in DCT (since exchanger is iso-electric) 

· Cl- reabsorption will balance cations

· if we’re losing bicarb, we’ll retain more Cl-, and vice versa

· Juxtaglomerular apparatus (macula densa, juxtaglomerular cells, extraglomerular mesangial cells) 

· Secrete renin under influence of blood flow in afferent arteriole and luminal fluid through distal convoluted tubule

· if not a lot of flow we need more volume

· secrete renin to retain sodium (via renin-angiotensin-aldosterone system)
· increase serum osmolarity will lead to retaining water (via ADH) + to increased blood volume

· regulates blood volume over the long term 

· Hypovolemia and hypotension: when low enough sympathetics kick in and kidney will constrict afferent arteriole, less blood to kidney (more blood to rest of body), less pressure in glomerulus, GFR falls and automatically make less urine; downside: we decrease blood flow everywhere throughout to kidney including loops of Henle, long term hypotension damages the thick loops of Henle 

· Acid-base regulation

· Liver and kidney can do gluconeogenesis 

· liver wants to keep blood glucose normalized and everyone happy between meals 

· liver puts two amino groups together (+ CO2) and makes urea 

· Kidney: take amino acid, dump amino group into tubule as ammonia (NH3)

· Bicarb: filtered in glomerulus, present in ultra filtrate, we want to retain bicarb, but we don’t have a transporter for bicarb 

· (On slide) Yellow: urine, red: blood, green: cells 

· Want to bring almost ALL bicarb back in from glomerulus 

· In proximal tubule:  kick out an H+, we have sodium H+ exchanger, 

· now have bicarb + H+ can recombine to make carbonic acid, 

· which is dissociated into water and carbon dioxide by carbonic acid anhydrase: 

· can transport CO2 and H2O into cells without transporter, 

· carbonic acid anhydrase in cell which recombines to carbonic acid 

· which dissociates into bicarb and H+ 

· (we did NOT create a new bicarb or excrete an H+); 

· normal bicarb concentration is 24 mmol 

· Have a med (Diamox®) that inhibits carbonic anhydrase: wouldn’t reabsorb as much sodium, good diuretic but patient ends up acidotic, because getting rid of all bicarb 

· med used to treat alkalosis - they pee out bicarb and pH is back to normal 
· can also be used to prevent mountain sickness by stimulating hyperventilation
· Collecting duct: (pH titration; most ppl have acidic diets and need to excrete excess H+ consumed) take out H+ that came from carbonic acid (can always make carbonic acid), brand new bicarb that we just made goes into blood, 

· need a buffer: first choice is phosphate (from our diet), if we still need more buffering: we can make as much ammonia (NH3 ) as we need, can continue to make this buffer as long as we have amino acids 

· Kidneys are doing gluconeogenesis because they want the amino group to use as a buffer 

· NH3 + H= ( NH4+ (ammonium)

