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Discuss the regulation of renal blood flow
Circulating factors
· Catecholamines – constrict vessels (especially arteries / afferent arterioles)

· Prostaglandins – increased flow in the cortex, decreased in the medulla

· Angiotensin II – constrict efferents / afferents

· ACh – vasodilation

· High protein diet – increased glomerular capillary pressure, increased renal blood flow

Renal Nerves
· Noradrenergic stimulation (in order of effects with increasing stimulation)

· Increased renin secretion (via Noradrenaline on (1 receptors in juxtaglomerular cells

· Increased sodium reabsorption (via Noradrenaline on tubular cells - ?(, ?(
· Markedly decreased blood flow (mostly (1, with some (2 effect)

Autoregulation
· Vascular resistance varies with perfusion pressure

· Direct response to stretch

· Nitric oxide involved
· Angiotensin II at low pressures – causes efferent constriction (to maintain GFR)
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Discuss the factors affecting GFR
· GFR in an average male = 125mL/min

· Decreased with body surface area

· Decreased by 10% in females (independent of body surface area)

· Affected by

· Renal blood flow

· Permeability

· Surface area of filtration

· Capillary hydrostatic pressure

· Tubular hydrostatic pressure

· Oncotic pressure

Permeability
· Renal capillaries are 50x more permeable than skeletal muscle capillaries

· Proteins in capillary wall are negatively charged – therefore, it is more difficult for negatively charged substances (eg. albumin) to filter

Surface area (capillary bed size)

· Altered by mesangial cells – if they contract, the filtration area decreases.  They also affect regional tubular flow.

· Factors causing contraction of mesangial cells

· Endothelins

· Angiotensin II

· Vasopressin

· Noradrenaline

· Platelet activating factor

· Platelet derived growth factor

· Thromboxane A2

· PGF2

· Leukotrienes C & D

· Histamine

· Factors causing relaxation of mesangial cells

· ANP

· Dopamine

· PGE2

· cAMP

Hydrostatic pressure gradient
· High compared with other capillary beds because

· Afferent arterioles are short and straight

· Efferent arteriolar resistance is high

· Constant along the whole capillary system

· Capillary hydrostatic pressure affected by

· Systemic BP (though autoregulation maintains GFR until mean BP <90, then rapidly falls

· Afferent / efferent arteriolar constriction

· Tubular hydrostatic pressure

· Ureteral obstruction

· Renal oedema

Oncotic Pressure
· Negligible in tubules

· Affected by dehydration, hypoproteinaemia

· Capillary Oncotic pressure changes along the capillary (increases as you go along)

· Because of fluid leaving the capillaries (and increased concentration)

· Point where the hydrostatic pressure gradient equals the Oncotic pressure gradient, there is no further filtration
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Renal Blood Flow
· Exchange is flow-limited, not diffusion-limited.

· Increased flow causes a slower rise in oncotic pressure (because a lesser fraction of the fluid is removed)

Describe renal sodium reabsorption
· Sodium reabsorption is coupled to the transport of hydrogen ions, other electrolytes, glucose, amino acids, organic acids, and phosphate.

· It is regulated distally by mineralocorticoids and other hormones

· There is cotransport and exchange transport of sodium into the epithelial cells, down the concentration and electrical gradients

· It is then actively pumped out into the interstitium, except in the thin limb of the Loop of Henle.  This pump is Na-K ATPase (which pumps 3 sodium molecules out for every 2 potassium molecules in)

· There are tight junctions at the luminal edge of the epithelial cells, but otherwise there is a lateral intercellular space between the cells – Sodium is pumped into this space

Which substances are transported by secondary active transport with sodium?
· Amino acids

· Lactate

· Citrate

· Phosphate

· H+
· Cl-
· Glucose

Describe the mechanism / regulation of renal sodium excretion
· Sodium is filtered in large amounts

· It is actively transported out of all but the thin limb of the Loop of Henle (96-99% reabsorbed)

· Mostly reabsorbed with Cl

· Some reabsorbed with Na-H antiport

· Small amount reabsorbed with Na-K antiport

· Regulation is important, since Na is the major determinant of ECF volume

· Excretion = Intake over a wide range of intakes (1mEq/day to 400mEq/day)

· This depends on changes in filtration and reabsorption

· Affected by

· GFR

· Aldosterone

· ANP

· Angiotensin II

· PGE2

· Rate of hydrogen and potassium secretion by the tubules

· Aldosterone
· Increases Na reabsorption by

· Increased H and K secretion

· Increased Cl reabsorption

· Acts primarily on cortical collecting ducts, but also causes a small amount of reabsorption from the bladder

· It acts on P cells, and increases the number of

· Amiloride inhibitable sodium channels in the apical membrane

· Na-K ATPase molecules

· If there is decreased Na intake, aldosterone increases

· Other factors

· PGE2

· Inhibits Na-K ATPase

· Increases intracellular calcium – this inhibits the Na channel

· Endothelin and IL-1 increase PGE2 formation

· ANP – increased cGMP – this inhibits the Na channel

· Ouabain – inhibits Na-K ATPase

· Angiotensin II – increases Na and HCO3 reabsorption in PCT
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· Drugs that inhibit carbonic anhydrase increase Na excretion (and decrease H secretion)

· If there is a markedly increased buffering of CO2 or H in blood, there is increased Na excretion, because of increased sodium-anion complex secretion, which overwhelms the Na-H antiport

Describe renal glucose reabsorption
· Glucose is reabsorbed in the early portion of the proximal convoluted tubule, by secondary active transport.

· Glucose and Na bind to a common carrier.  Therefore, as Na runs down its gradient, glucose is taken with it.

· Glucose is transported out of the cell by GLUT-2

· It is filtered at 100mg/min (GFR x plasma concentration)

· There is very little excreted in the urine

· If the maximum transport rate (Tm) is exceeded, there is glycosuria

· Tm = 375mg/min in men, 300mg/min in women

· Renal Threshold = the plasma concentration at which glucose appears in the urine in more than the usual minute amounts

· 180 mg/dL venous glucose, NOT 300mg/dL as it should be, if calculated on a Tm of 375 mg/min

· This is because the Tm is not identical in all tubules, and not ALL the glucose is removed when the filtered glucose < Tm
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Describe renal water excretion
· Filter 180L/day, but only excrete 1L/day urine

· Enormous variations in urine volume possible, with same total solute excretion

· 500mL – 23.3L / day (with osmolality 30-1400 mosm/L)

· Most of this regulation is via the action of vasopressin on the collecting ducts

	
	GFR
	% Reabsorb
	Urine Volume
	Urine Conc

	Isotonic Urine
	125mL/min
	98.7
	2.4L/day
	290mosm/L

	Max antidiuresis
	125mL/min
	99.7
	0.5L/day
	1400mosm/L

	Complete diabetes insipidus
	125mL/min
	87.1
	23.3L/day
	30mosm/L


Mechanism of reabsorption
· Proximal Convoluted Tubule

· Water moves by passive diffusion along the osmotic gradients set up by active transport of solutes

· 60-70% of solute and water have been removed by the end of PCT

· Loop of Henle

· Descending limb permeable to water – urine becomes hypertonic as water filters out to the hypertonic interstitium

· Ascending limb is relatively impermeable to water.  Na, K, Cl are transported out (see below), therefore urine becomes hypotonic.

· A further 15% of water is removed
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· Distal Convoluted Tubule

· Acts the same as the ascending limb of Loop of Henle

· 5% of urine removed

· Collecting Ducts

· Increased water channels with increased stimulation by Vasopressin

· Up to 10% of water is reabsorbed in the cortical part

· 4.7% of water reabsorbed in the medullary part

· With no Vasopressin, approximately 2% of water is reabsorbed

How is body tonicity defended?
· Total body osmolality = Na + K / H2O

· Normal range = 280-295 mosm/L

· With decreased osmolality, there is decreased Vasopressin secretion (and so increased excretion of solute-free water)

· With increased osmolality, there is increased Vasopressin secretion

· Water is retained

· Thirst mechanism is stimulated


How is body volume defended?
· The amount of sodium is the most important determinant of volume

· Water excretion is also controlled by volume

· Increased ECF volume causes inhibition of Vasopressin secretion

· Volume stimuli override osmotic regulation

· Angiotensin II

· Stimulates Aldosterone and Vasopressin secretion

· Thirst

· Vasoconstriction

· Increased volume causes release of ANP by the heart, which causes natriuresis and diuresis

· Dehydration leads to moderate drop in ECF volume (because ICF and ECF are lost)

· Loss of sodium (diarrhoea, adrenal insufficiency, heat stroke) leads to a marked drop in ECF volume

· Decreased ECF volume causes

· Drop in BP, causing decreased GFR, and so decreased filtered Na

· Increased Aldosterone, causing increased Na reabsorption

Describe the difference between water diuresis and osmotic diuresis
Water Diuresis
· This begins 15 minutes after a water load, and peaks at 40 minutes

· The act of drinking causes a small decrease in Vasopressin before the water is actually absorbed, but most of the effect is due to decreased plasma osmolality.

Osmotic Diuresis
· Large amounts of an unreabsorbable solute in the tubules causes osmotic diuresis
· Can be caused by Mannitol; Glucose > Tm; Large infusions of NaCl or urea

· If there is increased luminal osmolality, this causes decreased water reabsorption

· This causes decreased sodium concentration which leads to decreased sodium reabsorption (ie. Decreased Na concentration in the lumen, but increased total Na)

· In the Loop of Henle, increased amount of isotonic fluid entering causes decreased water / Na reabsorption because of decreased medullary hypertonicity (as a result of decreased reabsorption of Na, K, & Cl in ascending limb)

· In the DCT, there will be increased volume

· In the collecting ducts, there is a decreased osmotic gradient, causing decreased water reabsorption

· All of this leads to a markedly increased urine volume and Na/electrolyte excretion

	Osmotic Diuresis
	Water Diuresis

	Decreased water reabsorption in PCT & loops
	Normal water reabsorption in PCT

	Markedly increased urine flow
	Maximum urine flow = 16mL/min

	Large volume of isotonic PCT fluid entering the distal system causes urine concentration to approach that of plasma.
	


Describe the countercurrent mechanism of the kidneys
· This phenomenon is due to the inflow and outflow running parallel and near to each other in the Loop of Henle and Vasa recti

· There is a gradient of osmolality from the top of the loop to the bottom.

· Greatest gradient is in the long loops of the juxtamedullary nephrons.

· Osmolality at the tips of the papillae = 1200mosm/L (4 x plasma)

· This osmotic gradient is maintained because the vasa recti also act as countercurrent exchangers

· Solutes diffuse out of the ascending limb and into the descending limb

· Water diffuses out of the descending limb and into the ascending limb

· Therefore solutes recirculate in the medulla and water bypasses the medulla (this maintains hypertonicity)

· Countercurrent exchange (the vessels) is a passive mechanism

· Countercurrent multiplication (ie. the loop) is an active mechanism
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Urea
· Moves passively out of PCT

· The rest of the system is impermeable to it, until the last part of the collecting duct

· Therefore, urea is concentrated, and moves into the interstitium, and adds to the hyperosmolality (this movement is facilitated by Vasopressin)

· If there is no Vasopressin (and dilute intraluminal fluid), urea can move into the lumen – therefore there is a decreased osmotic gradient

· Urea varies with dietary intake.  Therefore increased dietary protein leads to an increased ability to concentrate urine.

Describe renal acid/base handling
Means of H+ Secretion
· PCT

· Na-H antiport

· DCT

· ATP-driven proton pump (independent of Na)

· Aldosterone acts here to increase H+ secretion

· Pump is present in vesicles in I cells as well as on the membrane – if acidosis, the cells can increase the number of pumps on the membrane

· The maximum gradient against which the transport mechanisms can secrete occurs  at urine pH 4.5

· To allow greater H+ secretion than this, buffers are needed

· H2CO3- ( CO2 + H2O (pK 6.1)

· HPO42- ( H2PO4-         (pK 6.8)

· NH3 ( NH4+                 (pK 9)

· HCO3 system is the major system in PCT

· HPO4 occurs in DCT and collecting duct (because HPO4 is not reabsorbed, therefore increased concentration as there gets decreased water in the lumen)

· NH3 occurs in PCT and DCT

Ammonia Secretion
· NH4 enters the lumen in PCT

· It is reabsorbed in the thick limb of the Loop of Henle

· There is a high concentration of NH4 in the medullary pyramids

· NH4 enters the urine the collecting ducts, and is excreted

· pK = 9 – therefore NH3 : NH4 = 1:100

pH
· pH decreases in PCT

· pH decreases further in DCT

· HCO3 is reabsorbed (with the use of H+) mostly in PCT
· Therefore H+ secreted in PCT >> DCT

· Acid secretion changes with

· Intracellular PCO2 (increased PCO2 ( increased H2CO3 – therefore increased H+ secretion

· K (intracellular acidosis with decreased K causes increased H+ secretion

· Carbonic anhydrase (if decreased, there is decreased H2CO3 and therefore decreased H+ secretion

· Aldosterone (increased Na reabsorption causes increased K and H+ secretion

HCO3
· Band 3 in DCT I cells acts as an anion exchange protein (exchanges Cl for HCO3)

· Reabsorption is proportionate to the amount filtered

· There is no maximum threshold

· There is decreased reabsorption if there is increased ECF volume

· Increased plasma HCO3 causes increased excretion (alkaline urine)

· Decreased HCO3 causes increased H+ and NH4 in the urine (acidic urine)
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What is the Base Excess?
· “The amount of acid or base needed to be added to 1L of blood to return its pH to 7.40, at PCO2 of 40” (ie. It indicates the metabolic component of an acid-base disturbance)

Describe the compensatory mechanisms in metabolic acidosis
· Hydrogen ions are buffered by HCO3, Hb, Protein

· H2CO3 is formed ( CO2 + H2O

· CO2 is excreted via the lungs.  Increased hydrogen ions also stimulate respiration.  Therefore, PCO2 actually decreases

· Renal compensation

· Anion of acid (eg. SO42- if H2SO4 added) is filtered with a cation (usually Na)

· Tubular cells secrete H+ in exchange for Na

· The maximum gradient against which the transport mechanisms can secrete occurs  at urine pH 4.5

· To allow greater H+ secretion than this, buffers are needed

1. H2CO3- ( CO2 + H2O (pK 6.1)

2. HPO42- ( H2PO4-         (pK 6.8)

3. NH3 ( NH4+                 (pK 9)

· HCO3 system is the major system in PCT

· HPO4 occurs in DCT and collecting duct (because HPO4 is not reabsorbed, therefore increased concentration as there gets decreased water in the lumen)

· NH3 occurs in PCT and DCT

How do you calculate the anion gap?
· Na – (Cl + HCO3)

· It is due to unmeasured anions (mostly protein, HPO4, SO4, organic acids in normal circumstances)

· Normal is approximately 12 mEq/L

· Increased in

· Lactic acidosis

· Uraemia

· Ketoacidosis

· Toxicology (Alcohols, Paraldehyde etc)

Describe the pathway leading to Angiotensin II formation
· PRORENIN is secreted by the kidneys and ovaries

· It is activated to RENIN in the juxtaglomerular cells
· ANGIOTENSINOGEN is synthesized in the liver

· Renin splits ANGIOTENSIN I from the end of Angiotensinogen

· ANGIOTENSIN CONVERTING ENZYME forms ANGIOTENSIN II from (inactive) Angiotensin I
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Describe the actions of Angiotensin II
· It is a potent vasoconstrictor (less so in sodium depletion, cirrhosis, where chronic increase in AII causes downregulation of receptors)

· Increased Aldosterone secretion by the adrenal cortex

· Facilitates Noradrenaline release by Postganglionic sympathetics

· Contraction of mesangial cells causes decreased GFR

· Effects on the brain (via circumventricular organ, outside blood brain barrier)

· Increased BP

· Increased water intake

· Increased Vasopressin secretion

· Increased ACTH secretion

Describe the production and action of Erythropoietin
· Erythropoietin is a circulating glycoprotein with 4 oligosaccharide chains

· It causes erythropoiesis (production and release of RBC from bone marrow)

· It also enhances synthesis of haemoglobin

· It increases the number of erythropoietin-sensitive committed stem cells.  This causes an increase in RBC precursors, and so an increase in mature RBCs

· It takes 2-3 days for its effect to be seen (since RBC maturation is a slow process)

· It is inactivated in the liver

· Site of production

· Neonates - liver

· Adults – 85% of erythropoietin is produced in the kidneys (endothelial cells of the peritubular capillaries in the cortex)

· 15% from the liver (Kupffer cells and hepatocytes)

· In renal disease, the liver is unable to compensate

· Erythropoietin is stimulated by

· Hypoxia – Heme protein in the kidneys and liver stimulates transcription of mRNA in the deoxy form, and inhibits it in the oxy form

· Hypovolaemia

· Alkalosis at high altitudes

· Catecholamines (Beta receptor)

· Adenosine

· Cobalt salts, androgens

· Erythropoietin is inhibited by

· Theophylline (adenosine antagonist)

Describe the production of active Vitamin D
· There are 2 sources of Vitamin D3

· Diet

· Skin (Sunlight converts 7-Dehydrocholesterol to Previtamin D3, which then converts to Cholecalciferol (Vit D3)

· Vitamin D3 and its hydroxylated derivatives are transported in plasma, bound to Vitamin D Binding Protein.

· This protein has a low affinity for PreD3, but high affinity for D3 (therefore moves D3 from the skin to the circulation)

· In the liver, Cholecalciferol is converted to 25-OH cholecalciferol (Calcidiol)

· In the kidneys (Proximal Convoluted Tubule), this is converted to 1,25-OH cholecalciferol (calcitriol) using 1( hydroxylase

How does Vitamin D3 work, and what are its actions
· It is a steroid – therefore acts on a steroid receptor

· When it binds, it exposes a DNA binding region, increasing transcription of some mRNAs, and decreasing transcription of others.

· The most important receptors are in the intestine, kidneys and bones

· Actions

· Increased calcium absorption from the intestine

· Increased calcium reabsorption from the kidneys

· Mobilise calcium and phosphate from bones

· Increased number of osteoclasts

· Stimulation of osteoblasts also, but this is overwhelmed by osteoclastic activity

· Stimulate differentiation of immune cells and keratinocytes in the skin

Describe the regulation of Vitamin D3
· 25-OH-D3 formation is not stringently regulated

· 1,25-OH-D3 formation is regulated

· Decreased calcium causes increased PTH, causing increased 1-OH-D3

· Increased calcium causes decreased 1,25-OH-D3 and increased 24,25-OH-D3 (relatively inactive)

· Decreased phosphate causes increased 1,25-OH-D3 (PO4 directly inhibits 1( hydroxylase)

· Increased 1,25-OH-D3 negatively feeds back on 1( hydroxylase and parathyroids (and so positively feeds back on the formation of 24,25-OH-D3)

· Prolactin causes increased 1( hydroxylase

· Oestrogens increase total 1,25-OH-D3 (but secondary to increased binding protein, with no increase in free hormone)

· Hyperthyroidism causes decreased 1,25-OH-D3

· Metabolic acidosis causes decreased 1,25-OH-D3
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Describe the events in micturition
· Urine enters the bladder without much increase in intravesical pressure

· Plasticity – initial tension is not maintained

· Law of Laplace: P = 2T / r

· Tension increases, but so does the radius, therefore pressure is stable
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· Urge to void at 150mL

· Marked fullness at 400mL – reflex contraction initiated
· Micturition is a spinal reflex (facilitated and inhibited by higher centres)

· Perineal muscles and external sphincter relax
· Detrusor contracts

· Afferents and efferents run in sacral nerves

· Facilitatory area – pons, posterior hypothalamus

· Inhibitory area - midbrain

· Voluntary control

· Relax muscles of the pelvic floor ( downward tug on detrusor (contracts)

· Contract perineal muscles and external sphincter – prevent urination

What happens with a cauda equina lesion?
· Afferent and Efferent denervation

· Flaccid, distended bladder initially

· Then becomes hyperactive – bladder becomes small / hypertrophied

What happens with spinal cord transection?
· Spinal shock – flaccid, unresponsive (overflow incontinence)

· Later, the reflex is present but no voluntary control

· Sometimes the reflex is hyperactive (small, hypertrophic bladder)
mL/min
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