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Kidney: Cell Structure and Pathophysiology
The Nephron
-

The nephron has 2 self-regulatory mechanisms for glomerular blood flow, which
determines GFR:

• Myogenic reflex:
 The smooth muscle cells of the afferent arterioles respond
to systolic pressure. As systolic pressure increases, smooth
muscle vasoconstriction maintains a constant glomerular
pressure.
 In hypertensive emergencies, systolic pressures >180-200
mmHg overwhelm this protective mechanism. Intraglomerular
pressure becomes the same as systolic pressure, rupturing the
glomeruli. These hemorrhagic can be seen on the surface of the
kidney, called “flea-bitten”.
• Tubuloglomerular reflex:
 The macula densa of the distal convoluted tubule monitors
both the urine flow and chloride concentration of the filtrate
through a modified NaK2Cl channel. When flow and chloride
decrease, the macula densa cells release adenosine,
prostaglandins and renin to maintain intraglomerular pressure
and GFR (see below: Regulation of urine production).

Structure of the nephron
-

1

Each segment of the nephron has a specialized function with different regulatory
mechanisms. Each should be considered separately.
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The Glomerulus
-
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The site of filtration, it filters all components except proteins and cells. The tubules then
reabsorb or secrete the filtered components according systemic and local regulation.
Cellular structure (see image below):
• The afferent arteriole (3) is surrounded by smooth muscle cells (4). These effect
the myogenic reflex (see above) and local vasoconstriction for regulation of GFR
(see below).
• The smooth muscles surrounding the efferent arteriole (6), have numerous ATII
receptors while the smooth muscle cells of the afferent arteriole (4) do not. This
underlies the tubuloglomerular reflex in which the GFR can be increased by
increasing the intraglomerular pressure (see below).
• The cells that line Bowman’s space are called parietal cells of Bowman’s capsule.
When stimulated by fibrinogen in rapidly progressive glomerulonephritis, they
proliferate, forming crescents. The podocytes (8) form the visceral layer.
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Regulation of urine production
A. Central (CNS): sympathetic nervous system (7)
• The nucleus tractus solitarius NTS) in the medulla is stimulated by the
baroreceptors in the aorta (CN X afferents) and carotid sinus (CN IX afferents).
• The hypothalamus is stimulated by volume receptors in large veins and atria. The
hypothalamus signals the NTS and releases ADH.
B. Local
• The macula densa measures both flow rate through non-motile cilia and [Cl-]
through a modified NaK2Cl transporter.
• When low GFR is identified by a ↓flow and a ↓[Cl-], as there is increased
absorption upstream, GFR is increased by increasing hydrostatic pressure. This is
accomplished by vasodilation of the afferent arteriole and vasoconstriction of
the efferent arteriole.

3
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The cells of the macula densa release PGE2, which signals the renin-secreting
cells to release renin. This starts the cascade that increases ATII and
aldosterone (RAAS).
o The afferent endothelial cells release NO and decrease adenosine
production. Together with the PGE2, NO causes vasodilation of the
arteriole through the smooth muscle cells.
o The efferent smooth muscle cells have abundant ATII receptors (Gq),
which together with the endothelin (also Gq), cause vasoconstriction.
o The resulting increase in the intraglomerular pressure increases the
GFR.
o ATII also causes peripheral vasoconstriction through the ATII receptor
and the aldosterone increases blood volume.
C. Clinical pathologic correlation:
• Patients with borderline renal function, common in diabetes mellitus. Should not
take over-the-counter NSAIDs. These inhibit COX which is necessary for PGE2
synthesis. The decrease in PGE2 decreases the vasodilation of the afferent
arteriole, which then decreases the intraglomerular pressure, with a decrease in
GFR leading to renal failure.
• Patients with GFR < 30 mL/min (i.e. Stage 3 failure) develop inevitable
progression due to focal segmental glomerulosclerosis from the elevated
intraglomerular pressure (see compensatory hypertrophy in: Kidney: Renal
function Testing and Renal Failure). To slow this process down, these patients
are place on ACE-I. The decreased vasoconstriction in the efferent arterioles
lowers intraglomerular pressure.
•

The glomerular filtration barrier
-

4

This trilaminar structure is a single functional unit. It is composed of:
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•
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Endothelial cells: these are fenestrated, which means that there are tunnels
through the cytoplasm, filled with a glycocalyx. These pores account for about
one-half of the resistance to filtration. They are selective and help exclude albumin
from perfusion.
 Dysregulation of fenestrae is well characterized in preeclampsia
 Damage to endothelial cells is part of the cause of albuminuria in
diabetes mellitus.
 Fenestrated endothelium is also found in the vasculature of endocrine
glands
Basement membrane: this is negatively charged, making it a key structure in
selective filtration of albumin.
 Thickening of the basement membrane is the first visible pathology of
diabetes mellitus and is associated with albuminuria.
 Defective Type 4 collagen gives rise to an abnormal basement membrane
in Alport disease.
 Antibodies to the α3 chain of Type 4 collagen is seen in Goodpasture
disease.
Slit membranes between the pedicels of the podocytes: the foot processes of the
podocyte (also called pedicels) form tight junctions around the capillaries of the
glomerulus. There are slit membranes between these processes made of multiple
proteins, including nephrin, that are selective for macromolecules, especially
globulins.
 Abnormal foot processes are seen in minimal change disease.
 Immunoglobulins are too large to filter through the glomerulus. Light
chains do filter through. In multiple myeloma, the immunoglobulin is
found in the plasma, but not the urine. 90% of myelomas produce an
excess of light chain and these can be found in the urine, where they are
called Bence-Jones protein.
 Light chains are not detected by dipstick, which only identifies albumin.
One must order a separate urine protein assay.
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The Tubules
A Model Tubular Cell

-
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The energy for tubular function comes from the Na+ / K+ ATPase
• Plasma membrane ATPases are not common in the body. Others of note include:
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•

•

 Ca+2 ATPase in the cardiac myocyte
 H+ ATPase in the intercalated cell of the collecting duct
 H+/K+ ATPase in the parietal cell of the stomach.
All substances that are absorbed against the electrochemical gradient require
active transport that depends on the energy of the Na+/K+ ATPase
 Symporter (3): absorbed with sodium, this is seen on the apical
membrane for glucose, amino acids and lactate
 Antiporter or exchanger (4) : the substance is exchanged for an
electrolyte such as sodium or potassium
Substances that can be absorbed down a gradient use facilitated diffusion that
requires no energy.
 Channel (4): common for glucose (GLUT 2) and with gated electrolytes
that are used to signal, like calcium
 Paracellular (5): divalent cations, such as Mg+2 and Ca+2, have complex
regulation, but a significant component of their absorption occurs
between cells (i.e. it is paracellular). This space is regulated by specific
proteins, the claudins. The paracellular space is permeable to water,
accounting for the “leakiness” of the tubule.

The Proximal Convoluted Tubule (PCT)
-

-

-
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Sodium: 2/3 of sodium is absorbed in 2 steps:
• From the lumen into the cell via
symporters, H+ exchanger and a Na+
channel (minor).
• From the cell into the peritubular
capillary via the Na/K ATPase
Glucose: sodium-glucose linked cotransporter
(SGLT-2) is a 2° active transport.
• SGLT-2 is saturated at ≈180 mg/dL.
Glycosuria suggests diabetes.
• SGLT-2 (#1) can be inhibited by the
gliflozins in Type 2 diabetes.
-2
PO4 -sodium transporter Type 2A (NaPi 2
A, #2) regulates most of the phosphorus
reabsorption. It is inhibited by PTH and FGF 23
and activated by Vitamin D3. NaPi transporter
dysfunctions early in chronic renal disease.
The resulting increase in serum PO4-2 leads to
an increase in PTH and starts the process of
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renal osteodystrophy that ends in osteitis fibrosa cystica.
Bicarbonate: The H+-Na+ exchanger leads to the resorption of 90% of the bicarbonate
filtered. Type 2 renal tubular acidosis (#3) is seen in children with congenital defects in
transporters or the more global Fanconi syndrome. Acquired RTA type 2 is seen in
myeloma kidney. Carbonic anhydrase can be inhibited with acetazolamide, used in the
treatment of glaucoma.
Removal of solutes from the urinary filtrate creates an osmotic gradient with the blood
that promotes passive water absorption through the “leaky” tubule (#4). This leakiness
is through aquaporin channels and the paracellular space. Urea, measured as blood urea
nitrogen or BUN, passively follows the water. The BUN/creatinine ratio can be used to
differentiate acute tubular necrosis (ATN) from pre-renal hypoperfusion.
The family of dibasic amino acids (cystine ornithine, arginine and lysine) have a specific
protein transporter (#5) that is defective in cystinuria. The ↑[cystine] in the urine leads
to the formation of stones at an early age.

The Loop & Thick Ascending Limb (TAL)
-

-
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Sodium: 20-30% is absorbed in this segment through the NaK2Cl transporter. There is
little resorption of water in this segment as there
are no aquaporin channels. This is the essential
element of the countercurrent multiplier system.
The NaK2Cl transporter is the target of
furosemide in diuresis in the edema of CHF.
• Without a CCM, there is no concentration
of urine, measured as urinary osmolality
(UOsm). UOsm is a useful test in many
situations, including differentiating ATN
from pre-renal failure (#1).
Potassium: the continued import of Na+ and Clcreates and electrogenic environment that drives
K+ out into the tubular lumen through selective
apical K+ channels. The resulting positivity in the
lumen drive the passive resorption of divalent
cations Ca+2 and Mg+2 through the paracellular
space. This means that furosemide can be used
in treating hypercalcemia as the decrease in K+
driven lumen positivity results in a decrease in
calcium resorption.
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The Distal Convoluted Tubule (DCT)
-

-

-

Sodium: the DCT reabsorbs 5-10% of sodium
through the NaCl cotransporter. This transporter is
inhibited by thiazides.
Calcium: the DCT is the major site for calcium
regulation. Uptake is via a Vitamin-dependent
calcium binding protein and a calcium channel.
Extrusion is through a calcium / sodium exchanger
and a calcium ATPase. The first three are the most
important and all are upregulated by PTH.
The PTH receptor is Gs. Abnormal Gsα is the defect
in pseudohypoparathyroidism. The defective
receptor leads to hypocalcemia.

The Collecting Duct: Principle Cell
-
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Sodium: the final 2-3% of reabsorption occurs in
the principle cell, but this is enough for
aldosterone and natriuretic peptides to regulate
blood volume via the epithelial sodium channel
(ENaC).
• Aldosterone is lipid soluble and does not
need a membrane receptor. It proceeds
directly to the response elements of the
nucleus for transcription.
• The natriuretic peptides have a Gs receptor
that acts through GMP.
• Aldosterone and ANP are antagonistic for
ENaC, but natriuretic peptides do not affect
K+ excretion.
• 1° hyperaldosteronism is one of the
commonest causes of resistant
hypertension.
• The natural history of CHF (i.e. ↑life span) can be altered by using drugs that act
on this mechanism.
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Spironolactone antagonizes aldosterone by competing for the
aldosterone receptor sites in the nucleus.
 Neprilysin inhibitors (Entresto®) increases the T1/2 of the natriuretic
peptides as neprilysin catalyzes their degradation.
ADH has a Gs receptor that acts through cAMP and PKA. This V2 receptor is different
from the V1 receptor on blood vessels that mediates vasoconstriction in blood vessel,
which is Gq. This latter effect gave rise to ADH’s other name, vasopressin.
• Vasopressin inhibitors are the “…vaptans” (e.g. conivaptan)
The aquaporin 2 channels are preformed and can be increased and decreased over
minutes to regulate water reabsorption.


-

-

The Collecting Duct: Intercalated cell
-

-

-
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The intercalated cells are responsible
for acid-base balance. There are 2
types:
• Type A: secretes acid
• Type B secretes bicarbonate
Diet determines net acid or base gain.
Meats, grains and dairy products
generate acids; Fruits and vegetables
generate alkalis.
The biochemistry is complex and
probably not worth the effort to learn
Renal tubular acidosis Type 1 is a
defect in acidification and patients
cannot get urine pH below 5.5.
Symptoms are related to the resulting
hypokalemia (i.e. weakness).
• In children there is a defect in the
H+ ATPase or the HCO3-/Clexchanger
• In adults, it usually autoimmune,
especially Sjogren’s syndrome.
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Summary
-
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A mental picture of the structure and pathophysiology of the nephron can be used as a
template for many important diseases and drugs.
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Diseases:

Drugs:

12
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Kidney: Cell Structure and Pathophysiology
Do You Know It?
1. Describe the pathophysiology of the kidney in hypertensive emergency.

2. Describe both the central and local response to hypovolemia leading to decreased GFR.

3. Why might the use of NSAIDs in long term diabetics lead to acute renal failure?

4. Why are ACE-I used in all patients with Stage 3 chronic renal failure?

5. Describe the pathophysiology in the glomerulus for:
a. Preeclampsia
b. Diabetes mellitus
c. Alport disease
d. Goodpasture syndrome
e. Minimal change disease
f. Multiple myeloma

6. Describe the tubular regulation of:
a. Sodium
b. Glucose
c. Calcium
d. Phosphorus
e. Bicarbonate
f. Amino acids

7. Describe the disease and pathophysiology for:
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