
Topic 3.7 – Homeostasis and the kidney  

Homeostasis
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Homeostasis describes the mechanisms by which a constant internal environment is achieved by negative feedback. Homeostasis prevents extreme fluctuations, beyond the optimal range, allowing cells and metabolism to function efficiently.
Each body condition such as core body temperature, blood glucose level, pH and water potential may change due to changes in our activity or external environment, but they fluctuate around a set point. The body is kept in dynamic equilibrium; constant changes occur, but corrective mechanisms bring the internal environmental conditions back towards a set point by negative feedback.
Negative feedback

1. A receptor detects a deviation from the set point in the internal environment. 
2. The receptor sends instructions to a coordinator or controller. 
3. The coordinator communicates with one or more effectors which make responses which are corrective. 
4. The factor returns to normal (the set point), this is monitored by the receptor and information is fed back to the effectors, which stop making the correction.
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Excretion

Excretion is the removal of wastes produced by the body due to metabolism. 

The kidney

The kidney has two main functions:

· Excretion – the removal of nitrogenous waste (urea) from the body

· Osmoregulation – the control of water potential of the body’s fluids (blood, tissue fluid and lymph)
Protein metabolism and the excretion of urea
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Protein metabolism

Exeretion is the removal of waste products of metabolism from the bod. f allowed
0 build up inside cells and tissues these waste products can be toxic, The two main
excretory products produced by animals are carbon diovide, produced during acrobic
vespiration, and nitrogenous waste from she breakdown of excess amino acids (and

nucleic acids)

When proteins are digested the amino acids absorbed into the body are used to
mple enzymes and hormones. Excess amino acids

synthesise other proteins, for ¢
cannot be stored in the body. They are broken down in the liver by a process called
deamination (Figare 42
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Figure 42 Deamination of excess amino acids

Anamine group is removed from the amino acid and s then converted into ammonia,
“The remainder of the amino acid (nosw a keto-acid) i cither respired or converted to

carbohydrate or lipid to be stored.




The urinary system
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The urinary system makes urine for excretion by the body. Humans have two kidneys, one either side of the vertebral column. The kidney is enclosed in a tough renal capsule. Blood enters the kidney via the renal artery and leaves the kidney via the renal vein. You should be able to identify and label the structures shown below.
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by the posterior lobe of the
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increases the permeability
of cells of the collecting
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The nephron

The nephron is the functional unit of the kidney. The Bowman’s capsule and the proximal and distal convoluted tubules are present in the cortex. The loop of Henle is found in the medulla. 
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= 3ure 17.2 Microscopic structure of the mammalian kidney. A Single nephron with its blood supply.
2 zlpighian body enlarged to show its internal structure.

Leading from the Bowman’s capsule is a tubule, about 60 xm in outer diameter, whose
_-men is continuous with the capsule space. The first part of the tubule is loca ed in the
-tex of the kidney and is coiled: it is called the proximal convoluted tubule (proximal
~ause it is the first part, convoluted because it is coiled). You can see the beginning of it
= figure 173.
The proximal convoluted tubule leads to a U-shaped loop of Henlé, named after the
“-rman microscopist F.G.J. Henlé, who discovered it in the 19th century. It consists ofa
- -aight descending limb which plunges down into the medulla, where it does a hair-
-2 bend and returns to the cortex as the ascending limb. The ascending limb of the loop
~“Henlé leads to the final part of the nephron, the distal convoluted tubule. This, as the
~=me implies, is coiled and it opens into a collecting duct. Several nephrons share the
~=me collecting duct.
e collecting ducts converge at the pelvis of the kidney, emptying their contents into
-2 ureter which conveys them to the bladder as urine. The tubules and collecting ducts
- lined with a single layer of epithelial cells, mainly of the cuboidal type.
Each nephron has its own blood supply. Blood from the renal artery is carried to the
“smerulus by an afferent arteriole and leaves it by an efferent arteriole. The latter
lits up into a capillary network which envelops the tubule of that particular nephron.
2100d from the capillaries drains into the renal vein. So blood flows first to the glomerulus
-2d then to the capillaries surrounding the tubules before leaving the kidney.

]

@

'works

The kidney accomplishes its regulatory functions by three separate but related processes:
Sltration, reabsorption and secretion. The fluid part of the blood is filtered from the
<lomerulus into the capsule space. As the resulting fluid flows along the tubules, useful

T

Figure 17.3 Photomicrograph of Bowman's
capsule and associated structures. A arteriole; G
glomerulus; P proximal convoluted tubule.
Magnification x5650.





Ultrafiltration

Ultrafiltration is filtration under high pressure. Small molecules and ions are forced into the tubule as filtrate. Large molecules like proteins and blood cells cannot pass into the tubule as they are too large to be filtered.

Bowman’s capsule and the capillary knot of the glomerulus are responsible for ultrafiltration. High hydrostatic pressure is generated in the capillary knot as the blood capillaries narrow.
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Blood enters the glomerulus via the afferent arteriole and leaves via the efferent arteriole. The afferent arteriole has a wider diameter than the efferent arteriole; this narrowing generates a high hydrostatic pressure. This provides the driving force for ultrafiltration. Small molecules – water, glucose, salts, urea and amino acids pass through three filtration layers (glomerular fenestrations, glomerular basement membrane and filtration slits in Bowman’s capsule podocytes) and enter the Bowman’s capsule and therefore the tubule as filtrate

The fine structure of the glomerulus and Bowman’s capsule allows ultrafiltration to take place. The blood entering the glomerulus is separated from the Bowman’s space by three filtration layers:

· Capillary walls – The wall of the capillaries in the glomerulus is one cell layer thick – this is the endothelium. Tiny pores between cells, called fenestrations allow small molecules to pass to the basement membrane.

· Basement membrane – this is a selective molecular filter which only allows small molecules to pass through; blood cells, platelets and large proteins, such as antibodies, are too large.

· Podocytes of Bowman’s capsule– Podocytes have extensions, called pedicels, which wrap around a capillary, pulling it closer to the basement membrane. The gaps between the pedicels are called filtration slits.
The high hydrostatic pressure, generated by narrowing of the capillaries in the capillary knot of the glomerulus, forces small molecules through the fenestrations of the endothelial cells, through the selective molecular filter of the basement membrane and finally through the filtration slits of the pedicels into the Bowman’s space – the liquid is now called glomerular filtrate.

Calculating filtration rate

About 20% of the blood that leaves the heart enters the kidneys. The rate at which fluid passes from the blood in the glomerulus into the Bowman’s capsule is the glomerular filtration rate. This is calculated by:

% blood filtered  =      Volume of filtrate produced per minute        x 100

                              Volume of blood entering kidneys per minute
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Selective reabsorption by the proximal convoluted tubule

Selective reabsorption is the process by which useful substances such as glucose, amino acids and salts are reabsorbed back into the blood plasma. This takes place in the proximal convoluted tubule (in the cortex) by facilitated diffusion and active transport (80% of the filtrate is reabsorbed here).
Since the nephron is closely associated with blood capillaries called the vasa recta, the reabsorbed substances pass from the proximal convoluted tubule into the blood plasma contained in the vasa recta capillaries. The cells lining the wall of the proximal convoluted tubule are highly specialised cuboidal epithelial cells (look at the diagram below).               The composition of filtrate at the beginning of the proximal convoluted tubule (PCT) will be very different to that at the end of the PCT because useful solutes have been reabsorbed.
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The proximal convoluted tubule (PCT) has certain structural adaptations in relation to selective reabsorption:
· Large surface area (due to it length and large number per kidney)
· The specialised cuboidal epithelium cell above has microvilli (A) protruding into the lumen of the PCT to increase surface area for selective reabsorption.
· There are many mitochondria (B) producing ATP for active transport of solutes. 
· Tight junctions between cells (C) to hold neighbouring cells together closely to prevent molecules diffusing between adjacent cells (in either direction). 
· Basal channels (D) also increase surface area of the cell membrane at the basement membrane (E). 
· The cells are closely associated with the blood capillaries of the vasa recta so there is a short diffusion pathway.
This is how molecules are selectively reabsorbed:

· [image: image19.jpg]Micrograph B




Salts – Mainly active transport, but some by facilitated diffusion

· Glucose & amino acids – Co-transport with sodium ions into the cell                                    (see the diagram below)

· Water – Osmosis
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Urea and small proteins – Facilitated diffusion

Look at the diagram opposite. Glucose and amino acids enter the cell from the lumen of the PCT by co-transport with sodium ions. Chloride ions enter by facilitated diffusion and water by osmosis. Once inside the cell they diffuse across the cell cytoplasm towards the opposite cell membrane. Glucose leaves the cell by facilitated diffusion and secondary active transport via a carrier and pump respectively. Sodium ions leave by active transport via a sodium-potassium pump. Amino acids and chloride ions leave by facilitated diffusion and water by osmosis.

The reabsorption of the solutes, along with the presence of plasma proteins (which remained in the blood), lowers the water potential of the blood in the capillaries surrounding the tubule. As a result, most of the water (85%) in the filtrate is reabsorbed by osmosis. The filtrate at the end of the PCT is isotonic with the blood plasma.
The glucose threshold
Glucose is essential for respiration and is usually all reabsorbed by the PCT and re-enters the blood stream via the vasa recta. But, if the concentration of glucose in the filtrate is too high intrinsic transport proteins in the membrane of the PCT cells may become limiting (there are not enough of them), which means that not all the glucose will be reabsorbed. Glucose will remain in the filtrate and pass out of the body in urine. This may occur if a person secretes too little insulin (diabetes type 1) or liver cells no longer respond to insulin (diabetes type 2 or gestational diabetes in some pregnant women).

Reabsorption of water by the loop of Henle

The loops of Henlé concentrate salts in the tissue fluid of the medulla & that causes an osmotic flow of water out of the collecting ducts and distal convoluted tubules. This is achieved by:
· Filtrate leaves the PCT and enters the descending limb of the loop of Henle (look at D below). The descending limb is permeable to water and water leaves the filtrate and enters the blood (vasa recta) by osmosis, down a water potential gradient. 
· At the same time Na+ & Cl- ions diffuse into the descending limb from the medulla.

· The medulla has a low water potential which is maintained by the ascending limb of the loop of Henle expelling Na+ & Cl- by facilitated diffusion and then active transport. 
· As water leaves the descending limb by osmosis the filtrate becomes more concentrated, reaching maximum concentration at the apex of the loop. 
· The ascending limb is impermeable to water, but is permeable to Na+ & Cl-. Initially Na+ & Cl- leaves the ascending limb by facilitated diffusion, but later as the concentration of solutes decreases (as Na + & Cl- leave the filtrate), active transport takes over the expulsion of Na+ & Cl- into the tissue fluid of the medulla.









The loop of Henle is called a counter current multiplier because the filtrate flows in opposite directions (a counter current) and the concentration of solutes in the filtrate increases towards the apex where it is at its maximum concentration (is multiplied); the longer the loop of Henle the higher the concentration of solutes at the apex.

Variation in loop length

The concentration of urine produced is directly related to the length of the loop of Henle – the longer the loop the greater the volume of water reabsorbed into the blood (conserved).
· Animals with long loops of Henle are adapted to dry environments, such as the desert e.g. camels. They produce a small volume of concentrated urine.
· Animals with short loops live in fresh water environments e.g. otters. They produce a large volume of dilute urine.
The longer the loop the more ions can be pumped into the medulla. This lowers the water potential of the medulla further allowing more water to be reabsorbed into the bloodstream by osmosis.

Omoregulation and ADH (Anti-diuretic hormone)
Osmoregulation Is the control of the water content and solute composition of body fluids (blood, tissue fluid and lymph) by negative feedback – this is a type of homeostasis. Osmoregulation is under hormonal control. 
· Osmoreceptors (detectors) in the hypothalamus detect a decrease in blood plasma water potential. 
· A signal is sent to the posterior lobe of the pituitary gland (the co-ordinator – look at C below) which releases the hormone ADH into the bloodstream. 
· ADH is carried to the kidneys and binds to receptor proteins on the wall of the collecting duct (A) and distal convoluted tubule (these are the effectors). Aquaporins are added to the cell membranes of the effectors allowing more water to be reabsorbed by osmosis. This increases the water potential of the blood back towards the set point. 
· This information is fed back to the hypothalamus and less ADH (or no ADH) is produced.

· ADH increases the permeability of the collecting duct and distal convoluted tubule allowing more water to be reabsorbed; urine produced will be more concentrated and a lower volume.

If insufficient water can be reabsorbed due to the action of ADH to restore the water potential of the plasma, thirst (triggered by the hypothalamus) will encourage the individual to drink more fluids too (look at the diagram next page).

Increasing the permeability of cell membranes using aquaporins
ADH binds to ADH receptor proteins in the phospholipid bilayer of the cell membrane. Vesicles containing aquaporins (water channels) fuse with the cell membrane – increasing the number of available aquaporins for osmosis. This increases the permeability of the cell membrane to water, allowing more water to be reabsorbed into the blood plasma of the vasa recta capillaries.

This is reversible, when ADH is released from the receptors the cell membrane folds, forming aquaporin vesicles, thus reducing the number of aquaporins and reducing permeability.

 

The need for different excretory products
To excrete nitrogenous waste safely, water is used to dilute it to non-toxic levels.

Nitrogenous waste is excreted in different forms: ammonia, urea and uric acid.

The main form of nitrogenous waste is dependent upon the availability of water within an animal’s habitat and the extent to which water loss is controlled by the organism.

The diagram shows the different excretory products and the relative energy cost and volume of water needed to excrete them safely.
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Ammonia

Ammonia is a small, soluble and highly toxic molecule. It must be excreted immediately. It cannot be stored and requires large amounts of water to dilute it to non-toxic levels for it to be excreted safely.

Freshwater fish have body fluids that have a lower water potential than their surroundings and so they absorb large quantities of water by osmosis. Most of this water enters through their highly permeable gills. Freshwater fish therefore excrete ammonia as they have to remove a large volume of excess water. Some of the ammonia is excreted via the kidneys. However, as it is highly soluble, most of it diffuses from the gills.

Urea

Mammals excrete urea. Urea is much less toxic than ammonia and therefore can be stored for a period of time in the tissues. As it is less toxic it requires less water to dilute it down to safe levels. Although producing urea is energetically expensive (ATP) it is an adaptation to life on land and helps prevent dehydration.

Uric acid

Reptiles, birds and insects excrete uric acid. Uric acid has the lowest toxicity and can therefore be stored for long periods of time. Very little water is needed to store it and safely excrete it and it is removed from the bodies as a white paste. The low toxicity means that it can accumulate inside the eggs of birds and reptiles, without damaging the embryo.

Although reducing uric acid is energetically expensive it allows these animals to survive in arid environments and reduces their mass, which is an advantage for flight.

Identifying regions of the kidney using a microscope
You must be able to identify micrographs of different regions of the kidney and justify your decision. Micrograph A shows a Bowman’s capsule (Z) and Glomerulus (Y) and therefore must be a section through the cortex. W & X are convoluted tubules. In micrograph B there are only tubules, which must be loops of Henle and collecting ducts – this is the medulla.
Practical sheet – kidney slides

Recognise - glomerulus, Bowman’s capsule, proximal and distal convoluted tubules; loop of Henlé, vasa recta, collecting duct, afferent and efferent arterioles.

Kidney failure and treatment

If both kidneys fail treatment will be needed to balance fluids in the blood and remove waste because the kidney’s major roles are excretion and osmoregulation. Medication can be taken to control blood potassium and calcium levels. A lower protein diet will reduce the need for deamination in the liver and less urea will be produced. Drugs can be used to reduce blood pressure. Dialysis and a kidney transplant may also be needed.

Dialysis

A dialysis machine removes waste products and excess salts from the blood; this type of dialysis is called haemodialysis. 
Blood is taken from an artery in the arm (1) and is passed through thousands of long narrow strands of selectively permeable dialysis tubing. The fibres are surrounded by dialysis fluid. 
Waste products pass out of the blood plasma, through the pores in the dialysis tubing, into the dialysis fluid (2). The fluid flows in the opposite direction to the blood (counter-current flow) and is continuously replaced to maintain steep concentration gradients. 
Clean blood is returned to the patient through a vein (3). This type of dialysis is carried out three days a week, with each session lasting four hours.
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Kidney transplant

A donor (living or dead) donates a kidney to the patient. The donor and patient must have compatible tissue types and blood groups. 

To reduce the risk of rejection post- transplant the patient must take immunosuppressant drugs for the rest of their lives.
Lab book – dissection of a mammalian kidney
Urea


Amino acids cannot be stored so excess amino acids, not used for the synthesis of proteins or other nitrogenous compounds are deaminated in the liver - the amino group is removed and converted into ammonia NH4 (highly toxic) and then to urea (less toxic). Urea is then transported in the blood to the kidneys to be removed.
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A – Kidney





B – Ureter (transports urine to the bladder)





C – Bladder (stores urine)





D – Urethra (carries urine out of the body)





E – Renal vein (blood returns to the general circulation)





F – Renal artery (blood enters the kidney)








Kidney structure


K – Medulla (reabsorption of water occurs here)





L – Cortex (ultrafiltration and selective reabsorption 


   occurs in this region)





M – Pelvis (empties urine into the ureter)





N – Ureter (transports urine to the bladder)








Top Tip – Look at the section through a kidney shown on the left. Notice the position of the nephron. The nephron is the functional unit of the kidney and is highly adapted. There are a million nephrons in every kidney. You should practice drawing a nephron onto a kidney to ensure the relative position is correct.





Vasa recta (blood capillary network for loop of Henle)
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Top Tip – The kidneys of an adult receive 1.1dm-3min-1 and produce 125cm3min-1 of glomerular filtrate. Before you even begin to plug the numbers into the equation above you must make sure the units are consistent (match) e.g. all in cm3 min-1.


% blood filtered  =    125   x 100  = 11.4% (1dp)


                              1100











Selective reabsorption is the uptake of specific molecules from the glomerular filtrate into the bloodstream.


Co-transport is the transport of molecules or ions together through the same transport protein (look and glucose & amino acids entering the cell with Na+ to the left).


Secondary active transport is the coupling of diffusion, down an electrochemical gradient, providing energy for active transport (look at glucose leaving the cell to the left).
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A–  Glomerulus


B – Bowman’s capsule


C – Proximal convoluted 


     tubule


D – Loop of Henle


E –  Collecting duct








The  descending  limb of the loop of Henle is permeable to water; water  leaves by osmosis.   Na+ & Cl- ions enter the descending limb by facilitated  diffusion.





The  ascending  limb of the loop of Henle is not permeable to water, but  does  allow Na+ & Cl-  to leave by facilitated diffusion and then active transport.
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Top Tip – You may be asked to compare the dialysis machine to the nephron:


The selectively permeable dialysis membrane corresponds to the capillary knot and Bowman’s capsule – endothelium fenestrations, basement membrane and podocyte filtration slits (see page 53).


The tube taking blood to the dialysis machine corresponds to the renal artery.


The tube returning blood to the patient’s body is the renal vein.


The dialysis fluid is the filtrate in the nephron tubule.









