URINE FORMATION

-- The formation of urine involves the exchange of certain substances (water, K+, Na+, Cl-, glucose, amino acids, urea, uric acid, creatinine, ammonia, H+, HCO3-, drugs, toxins, antibiotics etc.) between the two capillary regions of the nephron (glomerulus and peritubular capillary network) and the various tubules of the nephron (Bowman’s Capsule, PCT, Loop of Henle, DCT, Collecting Duct), with the ECF serving as the intermediary.  In fact, it is the ECF’s variable osmotic pressure that plays a huge role in governing molecular movement.

-- refer to fig. 16.6 p. 310







Region-by-Region Analysis
Glomerulus/Bowman's Capsule:

-- blood enters the kidney via the renal artery, which subdivides into thousands of afferent arterioles (one afferent arteriole services one nephron).
-- it is via one of these afferent arterioles that blood enters the first capillary bed of a nephron, the glomerulus.

-- the blood pressure within the glomerulus is quite high relative to that of most other capillary beds in the body.  This is because the efferent arteriole (the blood vessel that exits the glomerulus) possesses a smaller internal diameter than the afferent arteriole.

-- due to this relatively high blood pressure, water and small molecules are pushed out of the glomerulus through the ‘slits’ formed between the podocytes and the cells of the glomerular wall into the lumen of the Bowman’s Capsule.
-- larger molecules such as proteins and most toxins, drugs, antibiotics, and/or histamines, along with all blood cells, are too large to fit through the podocyte-induced slits.

-- this size-based filtering process is referred to as pressure filtration.
-- what substances are pressure-filtered?

-- water, glucose, amino acids, salts (electrolytes or ions such as: Na+, Cl-, K+, H+, HCO3-, NH4+), urea, uric acid, creatinine, ammonia.

-- pressure filtration is not 100% efficient ( some small molecules of ‘filterable size’ manage to leave the glomerulus via the efferent arteriole.

-- the substances within the lumen of the Bowman's Capsule are now collectively referred to as glomerular filtrate (sometimes known as proto-urine).

-- glomerular filtrate possesses close to the same osmotic pressure as plasma with respect to small molecules only (remember, plasma has proteins, but the filtrate does not).

* it is important to understand that urine formation, at this point, is incomplete because we cannot waste this amount of water, glucose, amino acids, and salts.  Thus, somewhere along the line, the ECF and/or the blood must reabsorb some/all of these useful substances, or else we would die of starvation and/or dehydration.




Proximal Convoluted Tubule (PCT):
-- the glomerular filtrate now flows into the proximal convoluted tubule.

-- because of the existence of numerous microvilli on its lumen wall (increasing its SA for absorption), the PCT’s structure is well-designed to begin the reabsorption process, known specifically as selective reabsorption, since only specific carrier proteins exist in the PCT’s epithelium.

-- Na+, K+, amino acids, and glucose are all actively reabsorbed across the PCT epithelium into the ECF, and eventually, yet passively, from the ECF into the blood (which is now within the peritubular capillary network).

-- Why actively to ECF, but passively to blood?  

It was the blood that lost all of these materials during pressure filtration; the ECF’s osmotic pressure remained stable.  Thus, these nutrients are moving up their concentration gradients, which requires energy.  After that, they move into the blood (from the ECF) down their concentration gradients.  

-- the ions (electrolytes), glucose, and amino acids are reabsorbed until all specific carrier proteins are saturated.  The excess molecules remain in the PCT.  Note: There exist much more carriers for the ions than there do for the glucose/amino acids.

*interestingly, K+ experiences a ‘revolving door’ phenomenon where it is reabsorbed, then exchanged with Na+ in a 2:3 ratio (Na+/K+ pump: 2 K+ into tubule for every 3 Na+ out of tubule into ECF); this K+ issue is rectified in the distal convoluted tubule.

-- water follows the reabsorption of the solutes passively, it does not require an active process - it is following the osmotic gradient (due to the solutes moving).

-- Cl- follows its electrostatic ‘partner’ Na+, but does so passively (the ‘pull’ of Na+ is so great, Cl- does not require a carrier molecule).

-- About 67% (⅔) of the NaCl and water that was pressure filtrated is reabsorbed across the PCT epithelium.  
-- If the filtrate was to spend more time in the PCT, this percentage would be higher, but alas, the bulk flow of the liquid pushes the filtrate into the descending arm of the Loop of Henle.

-- diabetes sufferers (assuming no medication/supplements) tend to have high glucose in their urine since the liver cells cannot absorb glucose for storage as glycogen (leads to high blood glucose, a large amount of glucose pressure filtrated, and a rapid saturation of the glucose carriers in the PCT epithelium).  Consequence?  Not as much water gets reabsorbed (due to increased osmolarity of filtrate) and dehydration can set in quickly due to increased urination (wasting of water).  This can also occur with a higher than normal carbohydrate/protein diet.




Descending Arm of the Loop of Henle:
-- remember: the osmotic pressure within the ECF increases as we dive from the renal cortex into the renal medulla. 

-- more specifically, the ECF becomes increasingly hypertonic to the filtrate in the tubules as we move from the renal cortex to the renal medulla of the kidney.

-- how this occurs and why it is important will soon be explored, though primarily, it has to do with the presence of NaCl and urea in varying concentrations in these regions of the kidney.  The creating and maintenance of these varying concentrations requires a notable amount of energy.
-- see fig. 16.7 p. 312.

Now…on to the Descending Arm of the Loop of Henle:

-- the cells lining the descending arm are permeable only to water and are impermeable to anything else (most notably, NaCl).

-- in order for water to be able to be reabsorbed passively out of the loop, the surrounding ECF must be hypertonic to the filtrate; in other words, in order for water to move, it needs to move down its concentration gradient (up a solute gradient).

-- well, as described above, the osmotic pressure (tonicity) of the ECF increases gradually from the cortex to the innermost medulla of the kidney.

-- this creates what is known as a COUNTERCURRENT MECHANISM SYSTEM, meaning that energy is ‘spent’ to create a concentration gradient that exists ALL THE WAY DOWN the descending arm.  Because of this, water exits the tubule/filtrate and enters the ECF all the way down the descending arm.  The majority of this water eventually enters the bloodstream.

- ie. the ECF of the renal cortex/medulla is always ‘one step ahead’ of the filtrate with respect to osmotic pressure, promoting constant water movement (osmosis) from the tubule to the ECF.
-- as the water moves out of the tubule, the [NaCl] in the tubule’s filtrate increases due to the water departing by osmosis.  In fact, the proto-urine is now at its most concentrated level (approximately four-times more concentrated than the initial filtrate) at the bottom of the loop of Henle.
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Ascending Arm of the Loop of Henle:
-- this region of the loop of Henle is impermeable to water.

-- the lower, thinner portion of the ascending limb allows passive diffusion of the now very highly concentrated Na+ and Cl- out of the tubule and into the ECF.

-- NaCl follows its OWN gradient in order to leave the tubule (it ignores the contribution of urea (discussed later)).

-- this mass exodus (‘easy’ diffusion) of NaCl contributes to the higher osmotic pressure of the ECF surrounding the lower portion of the loop of Henle in the renal medulla.


-- Note: although the two limbs of the loop of Henle are not in direct 
contact, they are close enough together to affect each other’s chemical 
exchanges with a common ECF.

-- the thicker upper portion of the ascending arm also allows movement of Na+ and Cl- across its wall and into the ECF, but the transport is now ACTIVE, and therefore slower and less profound.
- thus, less ions move, which contributes to a surrounding ECF that isn't as hypertonic as that which exists lower down in the renal medulla of the kidney.

-- approximately 25% more NaCl is reabsorbed in the ascending arm.

Distal Convoluted Tubule (DCT): 

-- More selective reabsorption: Na+ is actively pumped out of the distal convoluted tubule and into the ECF (and eventually into the blood).

-- water and Cl- passively follow.

-- also, bicarbonate ions may be reabsorbed here as there exist carriers for them in the DCT epithelium (this serves to control pH - see below).

TUBULAR EXCRETION (TUBULAR SECRETION):

-- the reverse of reabsorption occurs in this region of the nephron – excretion.

-- substances are actively ADDED to the filtrate in the DCT from the blood in the peritubular capillary network, via the ECF in the renal cortex.

-- these substances include:  H+, creatinine, uric acid, drugs, toxins, antibiotics, histamines, K+.

-- some of these substances were either too large to enter the filtrate via pressure filtration, or they were present in the blood in such a large amount that they ‘missed out’ on the pressure filtration (making tubular excretion analogous to a ‘contingency plan’ for the kidneys).

Two important homeostatic mechanisms are regulated by tubular excretion at the DCT:

1. Blood K+ level – K+ plays a role not only in neuron functioning and maintenance of blood pressure, but also in the functioning of muscles and nodal tissue in the heart (SA and AV nodes).  A high K+ blood level is known as hyperkalemia and it may cause ventricular fibrillations and cardiac arrest when the level is egregiously high.  A low K+ blood level is known as hypokalemia and it may cause muscle pain/weakness along with cardiac arrhythmia.  The kidneys are the main organs responsible for maintaining the somewhat rigid range of K+ tolerated by the body.

* maintained by hormone aldosterone (discussed later).

2. Blood pH – if blood pH is too high, less HCO3- is selectively reabsorbed from the DCT into the blood, and less H+ is excreted from the blood into the DCT.  If blood pH is too low, more HCO3- is selectively reabsorbed and more H+ is excreted.

* typically, urine is acidic meaning that usually an excess of H+ is excreted.

* ammonia is able to buffer H+ in the urine, forming NH4+ (ammonium).

* see fig. 16.9 p. 315.




Collecting Duct:
-- filtrate from hundreds of  DCTs now enters a singular collecting duct.

-- this filtrate is now isotonic with the ECF of the renal cortex.

-- as the collecting duct dips from the renal cortex down into the renal medulla, the filtrate becomes increasingly hypotonic to the surrounding ECF (countercurrent mechanism system).
-- thus, water diffuses out of the collecting duct passively (by osmosis) into the ECF (the walls of the collecting duct are impermeable to salts).

-- the countercurrent water reabsorption eventually makes the urine slightly hypertonic to the ECF/blood (due to the high [urea] still existing in the filtrate).

-- to rectify this, urea leaks out of the collecting duct (which is permeable to urea in its lower region) into the ECF of the renal medulla, thus evening out the tonicities of the two regions (ie. the filtrate becomes isotonic to ECF after urea leakage).

-- this urea leakage also contributes to the higher osmotic pressure (tonicity) that exists in the renal medulla of the kidney.

-- the urine that drips out of the collecting ducts is now ready to be excreted from the body.

-- it passes out of the collecting ducts into the RENAL PELVIS, which drains into the ureters (recall that the ureters drain into the urinary bladder).

-- urine essentially possesses all of the molecules that were not reabsorbed along with urea and the substances that entered via tubular excretion.

-- the [glucose]:[urea] (glucose-to-urea ratio) is higher in the renal vein than it is in the renal artery as, ideally, 100% of the glucose is reabsorbed whereas 20-30% of the urea is reabsorbed (to maintain osmotic pressure in renal medulla).

Maintaining Blood Volume/Blood Pressure/Blood Osmotic Pressure - Hormonal Functioning

-- can be accomplished by governing the amount of water reabsorbed in the collecting duct of a nephron (ADH), and/or by governing the amount of Na+ reabsorbed at the DCT (Aldosterone).

Definitions:

Diuresis – an increased amount of urine.

Diuretic – agents that increase the amount/flow of urine (eg. caffeine, ethanol, ANH (hormone)).

Antidiuresis – a decreased amount of urine.

Antidiuretic – agents that decrease the amount/flow of urine (eg. hormones ADH, aldosterone – described below)
Antidiuretic Hormone (ADH)

-- produced in the hypothalamus, stored and released by the Posterior Pituitary Gland.

-- ADH acts to decrease the amount of urine produced and released by/from the body.  This act, quite simply, conserves water.

-- ADH accomplishes this by increasing the amount of water reabsorbed by the nephrons in the collecting ducts.
-- ADH increases the permeability of the collecting ducts. 
-- ADH is regulated by a negative feedback loop.  

Release of ADH is governed in two ways:

i. Specialized osmoreceptors located in the hypothalamus detect a higher than usual osmolarity (osmotic pressure) in the blood.  They then signal the posterior pituitary to release ADH.  These same osmoreceptors detect when blood OP has returned to normal.  They then signal the posterior pituitary to stop releasing ADH (negative feedback).  These osmoreceptors ALSO trigger the hypothalamus to make a person aware that they need to ingest water (ie. they trigger a thirst response).  More water ingested leads to a decrease in blood OP. 
ii. Specialized pressure receptors located in the left atrium of the heart detect a lower than usual blood pressure (lower blood volume) and signal the hypothalamus and the posterior pituitary to produce/release ADH.  These same pressure receptors detect when blood pressure/volume has returned to normal – they then signal the hypothalamus/posterior pituitary to stop producing/releasing ADH (negative feedback).



Possible causes linked to eventual ADH production/release:

- increased blood osmotic pressure or decreased blood pressure.


- drinking little water during a day 


- excessive sweating (perspiration) 


- diarrhea 


- high sugar/salt/mineral intake during a day 

** remember, alcohol and caffeine are diuretics, insofar as they inhibit ADH, thus inhibiting increased collecting duct permeability to water – inhibiting water retention by the body.

A ‘hangover’ is mainly attributable to the onset of dehydration.

Aldosterone

-- a steroid (lipid) hormone secreted by the adrenal cortex (part of the adrenal glands, which sit on top of each kidney).

-- aldosterone acts to maintain Na+ levels in the blood, thus contributing to the governance of the blood’s osmotic pressure.

-- it does so by increasing the reabsorption of Na+ at the distal convoluted tubule.
-- water passively follows the Na+ that are reabsorbed, which serves to increase blood volume and blood pressure.

-- Aldosterone is also regulated by a negative feedback loop.

Release of Aldosterone is governed by the Juxtaglomerular Apparatus:

- recall that the Juxtaglomerular Apparatus (JGA) is a junction between the DCT and the afferent arteriole of a nephron.

- when the blood pressure or the blood volume in the afferent arteriole drops to the point where it is insufficient in promoting pressure filtration in the glomerulus, specialized pressure receptors in the JGA signal JGA cells to secrete the enzyme renin. 

- once present in the blood, renin converts the plasma protein angiotensinogen (originally produced in the liver) to angiotensin I.  

- angiotensin I travels in the bloodstream to the alveolar capillaries in the lungs, where the angiotensin-converting enzyme converts angiotensin I to angiotensin II.
- angiotensin II is a powerful vasoconstrictor, meaning that it acts to increase blood pressure by constricting various arterioles throughout the body (including those serving the kidneys) – a form of blood shunting.

- it is the efferent arteriole that is constricted most profoundly in order to help with pressure filtration during this lower blood volume/pressure period.

- angiotensin II also travels to the adrenal cortex (part of adrenal glands) and signals for the release of the hormone aldosterone, which serves to stimulate increased reabsorption of Na+ at the DCTs of nephrons.

- once aldosterone reaches the DCT, it feeds back upon angiotensin II by inhibiting it (negative feedback), to therefore re-dilate the efferent arteriole to its normal diameter so that the glomerulus does not experience an egregiously high pressure (which could cause physical damage).

- this increased reabsorption of Na+ allows Cl- to follow passively, but most importantly, it promotes the reabsorption of water, which increases blood volume, and therefore blood pressure.

*aldosterone also acts to increase the excretion of K+ at the DCT (3 Na+ reabsorbed for every 2 K+ excreted), in order to maintain the strict K+ blood level. 

Possible causes linked to eventual aldosterone production/release:

- loss of blood volume/decreased blood pressure, and/or decreased blood osmotic pressure (usually due to low Na+ levels).

- severe blood loss 

- diarrhea 

- excessive sweating (perspiration) 


- low salt (Na+) intake 

- for the most part, ADH and aldosterone are partners in maintaining blood volume, blood pressure, and/or blood osmotic pressure as both eventually promote a higher blood volume due to eventual water retention.

* incidentally, a third hormone, atrial natriuretic hormone (ANH) acts to decrease blood volume and blood pressure by inhibiting ADH and aldosterone release.  ANH is secreted by the atria of the heart when pressure receptors detect a higher than normal blood pressure/volume.
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