Urinary Physiology

Based on the lectures and text material, you should be able to do the following:

Urinary system:
→
describe the role of the kidneys

→
list several kidney functions that help maintain body homeostasis

→
describe the anatomy of a nephron and relate it to the structure of the kidney

→
identify the parts of the nephron responsible for filtration, resorption and secretion

→
explain the mechanism underlying glomerular filtration

→
explain the processes underlying water resorption

→
explain the mechanisms underlying resorption of glucose, amino acids and other useful 
substances

→
explain the mechanisms underlying tubular secretion

→
describe the roles of aldosterone, antidiuretic hormone (ADH) and atrial natriuretic factor 
(ANF) in sodium and water balance

→
describe how the medullary osmotic gradient is generated and maintained

→
describe the formation of dilute urine and concentrated urine

→
describe to route of urine flow from the kidney to the exterior

→
describe the function of the urinary bladder

→
define micturation and the micturation  reflex

Fluid, Electrolyte and Acid-Base Balance:
→
list the routes by which water enters and leaves the body

→
discuss factors which determine fluid shifts between compartments of the body

→
explain obligatory water losses and explain their significances

→
describe the feedback mechanisms that regulate water intake

→
describe the routes of electrolyte entry and loss from the body

→
briefly describe the mechanisms involved in regulating sodium and water balance

→
relate these mechanisms to normal cardiovascular function

→
explain how the concentrations of important ions in the plasma are regulated

→
describe the sources of acids in the body

→
describe the influence of the respiratory system on acid-base balance

→
explain how the kidneys regulate H+ and HCO3- ion concentrations in the blood
Urinary System
Introduction
(
during metabolism, many unnecessary and even toxic substances accumulate in the body, including: excess sodium, chloride, sulfate, hydrogen, and nitrogenous wastes such as urea

Basic Concepts
(
since tight junctions joining most cells blocks passage between them, substances must travel through the cells themselves:

(
lipid-soluble = diffusion passively into the cell 

(
water-soluble = pores, protein channels, or carrier proteins are needed

(
capillaries in the kidney are very porous (fenestrated), allowing fluid to leak out 

(
kidney tubules collect the fluid that has seeped out, leaving only large proteins, blood cells, and platelets in the blood

(
as blood passes through these tubules, essential nutrients that the body can use are resorbed back into the blood (via transport proteins) -leaving behind wastes and non-essential substances

(
part of this process is also to balance water, salt, and acid-base levels in the blood

(
the kidney can actively secrete excess levels of these substances that the body needs in certain amounts

(
the kidney plays a critical role in the regulation of blood volume as salt and water balance affects cardiac output and blood pressure

Kidney Physiology

Glomerular Filtration 
(
passive, nonspecific process  - the renal corpuscle acts as a simple mechanical filter

(
blood pressure in the capillary beds of the glomeruli is higher than normal because the afferent arteriole has a larger diameter than the efferent arteriole that  collects the blood => blood hydrostatic pressure is  ~55 mm Hg along the entire length of the glomerulus

(
fluid accumulating inside the glomerular capsule produces a capsular hydrostatic pressure of  ~15 mm Hg that resists fluid entering the capsule

(
since the filtrate contains all the same osmotically active molecules that were present in the plasma (except for plasma proteins), the blood in the glomerulus will exert strong glomerular colloid osmotic pressure of  ~30 mm Hg, forcing solutes back into the blood

The net balance of these forces is ~10 mm Hg out of the capillaries and into the glomerular capsule => continuous formation of filtrate
Regulation of Glomerular Filtration 
(
for optimal function, the glomerular filtration rate (GFR) must be precisely regulated:

(
if GFR is too fast, resorption and secretion cannot occur properly and essential substances will be lost in the urine

(
if GFR is too slow, too much filtrate - including wastes - will be resorbed

(
GFR is maintained by regulating the diameter of the afferent arteriole and hence, the blood pressure within the glomerulus 

(
this is achieved through intrinsic and extrinsic mechanisms:

Intrinsic Control (Renal Autoregulation)

1) Myogenic control

(
increase in afferent arteriole pressure causes the blood vessels to expend, initiating a stretch reflex, which results in constriction of the blood vessel and hence, restriction of blood flow => prevents rising pressure from affecting the GFR

2) Tubuloglomerular feedback control

(
the macula densa cells of the distal convoluted tubule are chemoreceptive - they respond to filtrate flow and osmotic signals by releasing (or not releasing) a vasoconstrictive substance

(
when the GFR is low, the proximal convoluted tubule and the loop of Henle resorb more fluid and salt => the filtrate flow and the osmolarity in the tubule will be low => the macula densa cells are inhibited from releasing the vasoconstrictive substance => afferent arteriole will dilate => increase in net filtration and GFR

(
when GFR is too high, the macula densa cells sense the increased flow and osmolarity => are stimulated to release the vasoconstrictive substance => afferent arteriole will constrict and restrict blood flow => decrease in net filtration and GFR

Extrinsic Control 

1) Renin-angiotensin feedback control

(
when afferent arteriole pressure is low, the juxtaglomerular cells release renin 

(
renin converts angiotensinogen (a blood plasma protein) to angiotensin I, which in turn is converted to angiotensin II (a potent vasoconstrictor)




(
angiotensin II stimulates the adrenal gland to release aldosterone, and is very quickly broken down by enzymes


(
aldosterone causes the renal tubules to draw in more sodium ions, which is succeeded by further resorption of water => increase in arteriole blood volume and hence, BP

2) Sympathetic nervous system feedback control

(
stimulated under stressful situations when increased blood flow to the brain, heart, and skeletal muscles is required

(
blood is diverted away from the kidneys

(
sympathetic stimulation and the release of adrenaline from the adrenal glands cause vasoconstriction of the afferent renal arterioles

(
juxtaglomerular cells also release renin which increases arteriole BP

(
As filtrate moves through the tubules and ducts of the nephron, it(s composition changes dramatically ~ this is as a result of:

(
tubular resorption ~ most of the fluid(s contents are returned to the blood

(
tubular secretion ~ unnecessary substances are removed from the blood into the filtrate for excretion 

Tubular Resorption 

(
all organic nutrients are completely resorbed from the tubular lumen to the blood

(
the rate and degree of water and ion absorption is under hormonal control and tightly regulated

(
non-lipid-soluble particles, those with large molecular weight, and those which lack specific carriers will not be absorbed

(
Resorption in the proximal convoluted tubule (PCT)
(
the majority of resorption occurs here: 100% of glucose, lactate, and amino 
acids; 70% of the sodium and water; 90% of filtered bicarbonate ions; 50% of the chloride; 90% of the potassium from the filtrate

(
Resorption in the loop of Henle (LOH)
(
another 25% of sodium, 35% of chloride, and 40% of potassium that remains once the filtrate has reached the LOH, is resorbed in the ascending limb via active transport proteins

(
water does not leave the ascending limb of the LOH ~ it does leave the descending limb (about 15% is resorbed here) but ions do not go with it

(
these differences in permeability in the LOH indicate the ability of the kidney to form dilute and concentrated urine

(
Resorption from the distal convoluted tubule (DCT) & collecting duct (CD)

(
by the time the filtrate reaches this point, there is only about 10% of the originally filtered NaCl and 20% of the water remaining in the tubular lumen

(
aldosterone and ADH make it possible reclaim all the remaining sodium and water - if the body needs it - by targeting the principal cells of the most distal regions of the DCT and CD

(
the adrenal cortex will release aldosterone if blood volume or BP decrease, or if there are low sodium concentrations or high potassium concentrations in the extracellular fluid (most of these conditions first induce the renin-angiotensin mechanism)

(
aldosterone has the following effects:

1)
Causes the principal cells to open existing sodium channels in the apical membrane, thereby allowing passive diffusion of sodium from the lumen into these cells

2)
Promotes expression of the genes that code for sodium channels, hence the formation of new channels (to increase sodium diffusion) 

3) 
Increases general metabolism in the principal cells

4) 
Promotes indirect water resorption because water follows the sodium into the cells 

(
ADH bound to the principal cells also increases resorption of water:

(
the principal cells contain vesicles that house water channel proteins called aquaporin-2

(
when ADH is present, the vesicles with their water channel proteins are inserted into the apical membrane of the cells, allowing for rapid movement of 
water

Production of Dilute and Concentrated Urine
(
the kidneys face the challenge of eliminating nitrogenous wastes and excess ions while still conserving water

(
to overcome this, they must create hyperosmotic urine (the urine must contain more solutes than water)

(
since cells cannot actively pump water across their membranes, they must 
establish osmotic gradients that move water in the desired direction 

The Medullary Osmotic Gradient
(
the walls of the PCT and the descending limb of LOH are freely permeable to water, therefore the filtrate is isosmotic to the interstitial fluid surrounding it

(
there is a significant difference between the osmolarity of the interstitial fluid of the cortex and that of the medulla (cortex = similar to blood; medulla = progressively higher osmolarity the deeper into the medulla the LOH travels)

(
as a result, at the elbow of the LOH, the filtrate has lost most of its water to the surrounding tissues due to osmosis (therefore, the filtrate is now has a very high osmolarity

(
the filtrate then enters the ascending limb of the LOH and returns to the cortex and the DCT

(
the walls of the ascending limb are impermeable to water AND their cells are actively pumping sodium of of the filtrate ( therefore, the filtrate that enters the DCT is hypotonic, relative to the surrounding tissues, with a very low osmolarity (there is also little water present)

Recap: 

(
there is more sodium in the filtrate as it enters the ascending limb of the LOH than when it reaches the DCT because Na+ is being pumped out into the interstitial fluid as it travels up the limb

(
this also means that there is more sodium in the interstitial fluid in the deep medulla than in the medulla near the cortex because there is progressively less Na+ to be pumped out as the limb approaches the cortex

 (
this effectively establishes the Na+ gradients that are required for elimination of wastes and conservation of water

 

Maintenance of the Gradient
(
each nephron is closely associated with a network of peritubular capillaries and vasa recta (long capillaries that run parallel to the LOH)

(
the vasa recta are freely permeable to both water and salt (therefore, as blood flows deeper into the medulla, is loses water and gains sodium and chloride, becoming very hypertonic  (remember that the osmolarity of the interstitial fluid greatly increases deeper into the medulla)

(
as the blood flows back toward the cortex, it regains water and loses salt once again

Regulation of Urine Concentration and Volume
(
the amount of water resorbed from the urine is under negative feedback control, and is primarily regulated by ADH

(
osmoreceptors in the hypothalamus detect the osmotic concentration of the blood and interstitial fluid

(
 if the concentration is high, ADH is released (by the posterior pituitary gland)

(
ADH acts upon cells in the DCT and the CT to open channels that allow water to pass through their normally impermeable membranes

(
as a result, water is resorbed into the interstitial fluid and blood ( decreasing their concentrations ( once the concentrations return to normal, ADH release is reduced

Formation of Dilute Urine
(
when the osmotic concentration of body fluids is low, ADH levels are also low and the DCT and CT are impermeable to water

(
under these conditions, water is not resorbed and the dilute (hypotonic) filtrate at the top of the ascending limb of the LOH is allowed to pass through to the ureters

(
the result is dilute urine and promotion of water loss (osmotic concentration of body fluids is returned to normal

Formation of Concentrated Urine
(
when the osmotic concentration of body fluids is high, ADH levels are also high

(
water channels in the cells of the DCT and CT are open allowing resorption of most of the water from the filtrate

(
under these conditions, concentrated urine is produced and water is conserved

Diuretics
(
chemicals that enhances urine production

(
any ionic or osmotically active substance that is excreted through the kidney will reduce its ability to resorb water

(
for example, the high blood glucose level of a diabetic or the high blood urea  level created by a high protein diet both lead to increased solute concentration (osmolarity) in the kidney filtrate and act as diuretics, drawing water from the body tissues into the filtrate => increased urine formation

(
alcohol acts as diuretic by inhibiting the release of ADH

(
caffeine increases diuresis by promoting renal vasodilation and increasing the GFR

Active and Passive Resorption
(
many substances (including glucose, amino acids, lactate, vitamins, and most ions) are resorbed via active transport - mostly co-transport with sodium  (therefore the presence of adequate sodium in the filtrate is essential

(
for most of these substances there is a kidney threshold level or transport maximum because there are a limited number of transport proteins

(
 this threshold level is quite high, but when excessive amounts of a solute are present (like glucose in a diabetic), the transport molecules become saturated and the excess solutes that cannot be resorbed are excreted in the urine

(
some other solutes are resorbed passively, for example: carbonate ion and chloride ( these negative ions are drawn back into the interstitial fluid by both the concentration and electrical gradients created by the resorption of  the positive sodium ion

Tubular Secretion
(
mechanisms exist that allow the active secretion of substances into the filtrate in the areas of the DCT and CT

(
 this is important for the elimination of potassium ions; for the partial regulation of pH by the secretion of hydrogen ions; for the elimination of some urea that was passively resorbed in the PCT

Micturition
(
a.k.a. urination or voiding

(
is a reflex initiated by stretch receptors in the walls of the urinary bladder

(
filtrate from the kidneys enters the bladder (via the ureters) and is stored there until enough is present to distend the bladder 

(
when the stretch receptors are stimulated, they send afferent impulses to two destinations:

1) 
to the brain ( where the urge to urinate is felt
2) 
to the sacral region of the spinal card ( parasympathetic efferent impulses return to the internal sphincter and the muscles of the bladder ( contractions of the bladder muscles, coupled with relaxation of the internal sphincter, cause a small amount of urine to be pushed into the beginning of the urethra

*Since the external sphincter is under voluntary control, urine will not go any 

further until this last barrier is relaxed

(
if urination does not occur at this time, the reflexive bladder contractions will subside until more urine accumulates and the stretch receptors are reactivated

(
eventually, if urination does not take place voluntarily, the reflex will override and the bladder will empty anyway

Body Fluids
Body Water Content
(
 varies with body composition which depends on age, sex, and nutritional status

(
fat is the least hydrated tissue, therefore total water content:

~ declines throughout life

~ is lower in women than in men

~ is lower in obese people than in leaner people

(
generally, the body is made up of 50-60% water

Fluid Compartments
(
2 main fluid compartments in the body:

1) Intracellular fluid

2) Extracellular fluid  
a) plasma


b) interstitial fluid

(
the composition of plasma and interstitial fluid are very similar, except that plasma contains many proteins that do not cross the endothelium of the blood vessels, therefore do not exist in the interstitial fluid unless there is an injury to the endothelium

(
intracellular fluid, however, has very few sodium and chloride ions, and many more potassium ions compared to extracellular fluid (this is important in maintaining the plasma membrane potential of cells)

 Water Balance
(
remains in equilibrium throughout the day 

(
sources of water gain: ingested fluids 
60%

     moisture in food
30%

     metabolic water
10%

(
sources of water loss: gas exchange and across the skin
28%


perspiration


8%


feces



4%

    


urine



60%

Regulation of Water Intake
Thirst Mechanism 
(
is the driving force for water intake, but is poorly understood

(
plasma volume or plasma osmolarity stimulate osmoreceptors in the hypothalamus which creates the sensation of thirst that motivates us to drink

(
in addition, filtration in the capillaries supplying the salivary glands, saliva secretion, and dry mouth are all associated with thirst

(
interestingly, thirst is often quenched almost immediately, long before the water is absorbed  and plasma osmotic concentrations are returned to normal

(
the negative feedback (indicating quenching of thirst) is stimulated by the moistening of the mucosa of the mouth and stretch receptors in the stomach and intestine

(
it is said that thirst is often mistaken for hunger and that dehydration may disguise itself as hunger pangs

Regulation of Water Output
Obligatory Water Loss
(
to survive we must expel some water from our bodies

(
obligatory water loss includes: evaporation from the lungs and skin; and some loss in 
the feces

(
as previously discussed, the concentration of urine (hence water resorption) is controlled by ADH released by the posterior pituitary in response to stimulation of the same osmoreceptors that are involved in the thirst mechanism

Electrolyte Balance
(
electrolytes include salts, acids, and bases ( however, the term electrolyte balance refers only to salt balance

(
sources of salts:
food


water 

metabolic activity

(
routes of salt loss: 
perspiration

feces

urine

(
obtaining adequate amounts of salts is not generally a problem; our primary concern is excreting surplus

Role of Sodium
(
sodium salts (NaHCO3 and NaCl) account for 90-95% of all solutes in the extracellular 
fluid (ECF)

(
sodium (Na+) is the most abundant cation and is the only one that exerts a significant osmotic effect

(
sodium content in the body can be altered, but its concentration in the ECF remains stable because water follows salt therefore, anytime that sodium ion concentration 
changes, water volume adjusts accordingly

(
given these rules, control of sodium concentrations also control water distribution in the body, ECF volume, plasma volume, and blood pressure

Regulation of Sodium Balance
(
there are no sodium-specific receptors in the body, however, since Na+ is the major osmotically active ion in the plasma, plasma osmoreceptors will monitor Na+ indirectly

Influence of Aldosterone
(
when blood pressure is low or osmolarity of renal filtrate is low, the juxtaglomerular cells (of the afferent renal arterioles) are stimulated to release renin

(
 the formation of angiotensin II from renin stimulates the adrenal gland to secrete aldosterone

(
remember that most (~80%) of sodium in the filtrate is actively resorbed in the PCT

(
when aldosterone levels are high (due to low blood pressure for example), almost all of the remaining sodium is actively resorbed in the DCT and CT (in the form of NaCl)

(
if ADH has made the tubules permeable to it, water will follow as well

· when aldosterone release is inhibited, almost none of the excess sodium is resorbed
Cardiovascular System Baroreceptors
(
as blood volume and pressure increase, arterial baroreceptors are stimulated and relay messages to the hypothalamus which decreases sympathetic impulses to the kidneys

(
the kidney(s afferent arterioles dilate (  increasing the GFR and hence sodium and water output

(
as a result, blood volume and pressure can return to normal

(
this phenomenon is called pressure diuresis

Influence of ADH
(
remember that osmotic concentration in the plasma regulates ADH release

(
since sodium is the primary osmotic ion, an increase in its concentration leads to increased ADH and hence increased water resorption

(
 this reflex, in itself, does not eliminate the excess sodium, however, it increases blood volume and pressure ( therefore, stimulates salt loss by pressure diuresis discussed above

Influence of Atrial Natriuretic Factor
(
increased blood volume stretches the atria of the heart, causing it to release ANF

(
ANF inhibits the release of ADH, renin, and aldosterone ( therefore, inhibiting the ability of the DCT and CT to resorb sodium

(
as a result, sodium remains in the filtrate, draws water in with it, and both are excreted

(
in effect, blood volume and pressure are returned to normal

Acid-Base Balance
(
acid-base balance is critical because all functional proteins are influenced by H+ concentration (pH)(  too much acidity can denature a protein, while too little can inhibit its activation

(
normal pH levels: 
arterial blood ~7.4 


interstitial fluid ~7.35 


intracellular fluid ~7.0

(
if the pH of the blood rises above 7.4, it is alkalotic (= alkalosis)

(
if the pH of the blood falls below 7.4, it is acidotic (= acidosis)

(
sources of acid: 
a)
ingested food

b)
metabolic by-products (main source) - i.e. phosphoric 




acid, lactic acid, fatty acids, ketone bodies, etc.

c)
CO2 in the blood (combines w/water to 







produce H+and HCO3-)

(
H+ concentration is regulated by 3 mechanisms that act at different speeds:

1) Chemical buffers (seconds)

2) Respiratory adjustments (minutes)

3) Renal adjustments (days)

Chemical Buffer Systems

(
one or two molecules which automatically bind with H+ when pH rises and 

releases H+ when pH falls
(
this prevents pronounced changes in pH when strong acids or bases are added to a fluid
(
3 chemical buffers in the body are: bicarbonate, phosphate, and protein buffers

Respiratory Adjustments
(
CO2 in RBCs is converted to H+ and HCO3- 

(
when H+ builds up (as a result of too much CO2), peripheral and central chemoreceptors are stimulated and the individual breathes more heavily to expel the excess CO2 

(
once the CO2 levels drop, the excess H+ can be converted back to CO2
(
the opposite occurs when H+ levels fall

Renal Adjustments
(
when excess H+ is eliminated through the lungs as CO2, HCO3- is also eliminated

(
HCO3- levels must be returned to normal by the kidneys:

(
HCO3- cannot be resorbed from the filtrate, but the tubules of the nephron can  retain it when it converted from CO2 in the cells of the tubule wall

(
HCO3- can then diffuse back into the peritubular capillaries

(
H+ ions are also secreted by the kidney tubules at a rate determined by their concentration in the ECF which rises and falls with the CO2 levels in the ECF

(
CO2 levels in the ECF are determined by the CO2 content of the peritubular capillaries, which is, in turn, dependent on the blood pH
