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		RENAL PHYSIOLOGY








		Kidney



The kidneys are two reddish-brown, bean-shaped organs located in the retroperitoneal space on either side of the vertebral column. They filter blood, regulate fluid and electrolyte balance, maintain acid–base homeostasis, remove metabolic waste, and perform several endocrine functions.

The two kidneys lie on the posterior abdominal wall, positioned outside the peritoneal cavity (retroperitoneal).
Each adult kidney weighs about 150 g and is approximately the size of a clenched fist.

On the medial border of each kidney is the hilum, an indented region where the following structures enter or leave:


		Renal artery

		Renal vein

		Lymphatic vessels

		Nerves

		Ureter (carrying urine to the urinary bladder)



The kidney is enclosed by a tough fibrous capsule that protects its internal tissues.

Anatomy of the Kidney

Location


		Located retroperitoneally between T12–L3 vertebrae.

		
Right kidney is slightly lower due to the liver.

		Each kidney is capped by an adrenal gland.

		Protected partially by the 11th and 12th ribs.



Surrounding Layers


		
Renal capsule – tough fibrous covering

		Perirenal fat

		Renal (Gerota’s) fascia

		Pararenal fat



External Features


		Bean-shaped with:




		Convex lateral border

		
Concave medial border containing the hilum





		At the hilum: renal artery enters; renal vein and ureter exit




Dimensions


		Length: ~11–12 cm

		Weight:




		Males: 80–160 g (right), 80–175 g (left)

		Females: 40–175 g (right), 35–190 g (left)



Internal Structure

A vertical section through the kidney shows two main regions of  Renal Parenchyma:

1. Renal Cortex (outer region)

Light-colored, granular region beneath the capsule.

2. Renal Medulla (inner region)

Composed of 8–10 renal pyramids, each cone-shaped.


		The base of each pyramid lies at the corticomedullary junction.

		The apex (renal papilla) projects into the renal pelvis.



Collecting System


		The renal pelvis continues into the ureter.

		The pelvis is divided into major calyces, which further branch into minor calyces.

		Each minor calyx collects urine from one renal papilla.



The walls of the calyces, pelvis and ureter contain smooth muscle, which helps propel urine toward the bladder.

Renal Sinus & Collecting System


		Papilla → Minor calyx


		Minor calyces → Major calyx


		Major calyces → Renal pelvis


		Renal pelvis → Ureter
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Key Functions


		
Filtration: Occurs in the glomerulus. About 20% of renal blood flow is filtered.

		
Reabsorption: Water, sodium, bicarbonate, glucose, and amino acids are reabsorbed.

		
Secretion: Hydrogen ions, ammonium, potassium, and uric acid.

		Endocrine Functions:




		Activation of vitamin D → calcitriol


		Secretion of erythropoietin (stimulates RBC production)

		Secretion of renin (RAS regulation)




		Excretory Functions: Removal of urea, creatinine, toxins, drugs.






		Renal Histology



Renal histology describes the microscopic structure of the kidney and the specialized cells that support filtration, tubular transport, endocrine functions, and urine concentration. The kidney contains a wide variety of epithelial, endothelial, stromal, and smooth muscle cells arranged in highly organized cortical and medullary regions.



Gross Microscopic Organization

Cortex

The renal cortex contains:


		Renal corpuscles (glomerulus + Bowman’s capsule)

		Proximal convoluted tubules

		Distal convoluted tubules

		Cortical collecting ducts

		Medullary rays containing straight tubules and collecting ducts.



The cortex appears granular due to the presence of numerous corpuscles and convoluted tubules.

Medulla

The medulla contains:


		Loops of Henle

		Medullary collecting ducts

		Vasa recta

		Interstitial cells



The medulla appears striated because of the parallel arrangement of tubules and blood vessels.


		Major Cell Types in the Kidney



Below is a concise classification of key microscopic cell types arranged by location and function.

1. Glomerular Cells (Renal Corpuscle)

• Parietal Cells of Bowman’s Capsule


		Simple squamous epithelial cells lining the outer capsule

		Form the boundary between Bowman’s space and the surrounding interstitium



• Podocytes (Visceral Epithelial Cells)


		Cover glomerular capillaries with interdigitating foot processes

		Form slit diaphragms that contribute to the filtration barrier



• Intraglomerular Mesangial Cells


		Located between glomerular capillaries

		Provide structural support, perform phagocytic functions, and regulate capillary flow via contractility



• Extraglomerular Mesangial Cells


		Found outside the glomerular tuft, near the vascular pole

		Involved in signal transmission within the juxtaglomerular apparatus



• Juxtaglomerular (Granular) Cells


		Modified smooth muscle cells in the afferent arteriole wall

		Produce and release renin, regulating blood pressure and GFR





2. Cells of the Renal Tubule

• Proximal Tubule Brush Border Cells


		Tall cuboidal cells with dense microvilli

		Perform bulk reabsorption of water, electrolytes, glucose, and amino acids



• Thin Segment Cells (Loop of Henle)


		Squamous epithelial cells in the thin descending and thin ascending limbs

		Highly permeable or selectively permeable depending on segment

		Participate in countercurrent exchange



• Thick Ascending Limb Cells


		Cuboidal epithelial cells rich in mitochondria

		Actively transport Na⁺, K⁺, and Cl⁻

		Impermeable to water, crucial for medullary hyperosmolarity



• Distal Tubule Cells


		Cuboidal epithelium with fewer microvilli

		Specialized for ion regulation under hormonal control (e.g., aldosterone, PTH)





3. Collecting Duct Cells

• Principal Cells


		Reabsorb sodium and water (ADH-sensitive)

		Secrete potassium



• Intercalated Cells (Type A and Type B)


		Regulate acid–base balance

		Type A: secrete H⁺, reabsorb HCO₃⁻

		Type B: secrete HCO₃⁻, reabsorb H⁺



4. Interstitial Cells


		Fibroblast-like cells located between nephron segments

		Produce extracellular matrix and participate in local paracrine signaling

		Contribute to maintenance of medullary osmotic gradients






		Renal Corpuscle Histology



The renal corpuscle consists of a glomerular tuft of capillaries surrounded by Bowman’s capsule.

Layers of the Corpuscle


		
Parietal Layer: Simple squamous epithelium forming the outer capsule.

		
Visceral Layer: Podocytes with foot processes forming filtration slits.

		
Bowman’s Space: Space between layers where filtrate accumulates.

		
Basement Membrane: Common basal lamina shared by podocytes and endothelial cells.



Glomerular Filtration Barrier

Composed of:


		Fenestrated glomerular endothelium

		Thick shared basement membrane (lamina rara interna, lamina densa, lamina rara externa)

		Podocyte foot processes and slit diaphragms



This barrier is highly permeable to water and small solutes but restricts large proteins and cells.

Mesangial Cells


		
Intraglomerular Mesangial Cells provide support, regulate capillary diameter, and remove trapped residues by phagocytosis.

		
Extraglomerular Mesangial Cells lie near the vascular pole and participate in the juxtaglomerular apparatus.





Juxtaglomerular Apparatus Histology

Located at the vascular pole of the renal corpuscle.

Components


		
Macula Densa: Dense, columnar cells in the distal tubule that sense NaCl delivery.

		
Juxtaglomerular Cells: Modified smooth muscle cells of the afferent arteriole that secrete renin.

		
Extraglomerular Mesangial Cells: Supportive and signaling cells between the arterioles.



This apparatus regulates renin release, glomerular filtration rate, and tubuloglomerular feedback.

Proximal Tubule Histology

Proximal Convoluted Tubule


		Simple cuboidal epithelium

		Dense brush border (microvilli)

		Abundant mitochondria

		Basolateral infoldings



These features support massive water and solute reabsorption.

Proximal Straight Tubule


		Similar to PCT but with slightly fewer microvilli

		Continuation into the descending limb



Loop of Henle Histology

Thin Descending Limb


		Simple squamous epithelium

		High water permeability, low ion transport

		Passive water reabsorption



Thin Ascending Limb


		Simple squamous epithelium

		Impermeable to water

		Passive NaCl transport



Thick Ascending Limb


		Cuboidal epithelium with many mitochondria

		Active Na⁺–K⁺–Cl⁻ transport

		Impermeable to water

		Key segment in creating medullary hyperosmolarity



Distal Tubule Histology

Distal Convoluted Tubule


		Cuboidal epithelium with sparse microvilli

		Clear lumen due to absence of brush border

		Many mitochondria for active transport

		Responsive to aldosterone and parathyroid hormone



Collecting Duct System Histology

Principal Cells


		Pale cytoplasm

		Fewer organelles

		Reabsorb sodium and water

		Secrete potassium

		Sensitive to aldosterone and ADH



Intercalated Cells (Type A and B)


		Darker cytoplasm

		Rich in mitochondria

		Participate in acid–base regulation

		Type A: secrete H⁺

		Type B: secrete HCO₃⁻



Medullary Collecting Duct Cells


		Taller columnar cells in deeper medulla

		High ADH-dependent water permeability

		Urea transporters maintain medullary osmolality



Renal Interstitial Cells

Interstitial cells are more abundant in the medulla than in the cortex. 

Functions include:


		Producing extracellular matrix

		Regulating medullary blood flow

		Synthesizing prostaglandins

		Supporting countercurrent exchange by maintaining structural spacing





Vascular Elements

Peritubular Capillaries


		Surround proximal and distal tubules

		Low pressure, high permeability

		Responsible for most reabsorption from cortical tubules



Vasa Recta


		Straight capillaries paralleling loops of Henle

		Participate in countercurrent exchange

		Preserve medullary osmotic gradient




		The Nephron



The nephron is the microscopic structural and functional unit of the kidney. Each kidney contains about one to one and a half million nephrons. Every nephron performs the essential processes of filtration, reabsorption, secretion, and excretion, thereby converting blood into urine and regulating the composition and volume of body fluids.

Nephrons cannot regenerate, so nephron number decreases with age:


		~10% loss every 10 years after age 40

		By age 80, ~40% reduction is common. Remaining nephrons undergo adaptive changes to maintain normal excretory function.



Each nephron consists of:


		A renal corpuscle, where filtration occurs

		A renal tubule, where the filtrate is processed into urine




		Renal Corpuscle



The renal corpuscle is the initial filtering component of the nephron. It is formed by:


		
The glomerulus, a tuft of capillaries

		
Bowman’s capsule, a double-walled epithelial capsule that surrounds the glomerulus



Blood enters the glomerulus through an afferent arteriole and leaves through an efferent arteriole, whose smaller diameter helps maintain glomerular hydrostatic pressure needed for filtration.

Glomerulus

A tuft of capillaries with high hydrostatic pressure. Surrounded by Bowman's capsule (visceral and parietal layers).


		Bowman’s Capsule



Bowman’s capsule, also called the glomerular capsule, is a cup-shaped epithelial structure forming the initial part of the nephron. It surrounds the glomerulus and plays a crucial role in the first step of urine formation by collecting the filtrate produced from blood plasma.

Together, the glomerulus and Bowman’s capsule constitute the renal corpuscle, which is the site of glomerular filtration.

Structure Of Bowman’s Capsule

Bowman’s capsule has two poles and three main structural components.

Poles Of Bowman’s Capsule

Vascular Pole

This is the region where the afferent arteriole enters and the efferent arteriole leaves the glomerulus.

Tubular Pole

This is the region where the capsule continues as the proximal convoluted tubule, allowing the filtrate to flow into the renal tubule.

Layers Of Bowman’s Capsule

From outside to inside, Bowman’s capsule consists of the following:

Parietal Layer


		Composed of a single layer of simple squamous epithelium


		Forms the outer wall of the capsule

		Does not participate in filtration



Bowman’s Space (Urinary Space)


		The space between the parietal and visceral layers

		Collects the glomerular filtrate after filtration



Visceral Layer


		Lies directly over the glomerular capillaries

		Composed of specialized epithelial cells called podocytes


		Podocytes possess foot processes (pedicels) that form filtration slits




		Glomerular Filtration Barrier



The filtration barrier lies between the blood in glomerular capillaries and Bowman’s space. It consists of three layers:


		Fenestrated endothelium of glomerular capillaries




		Allows passage of water and small solutes

		Prevents passage of blood cells




		Glomerular basement membrane




		The glomerular basement membrane (GBM) is the specialized basement membrane of the renal glomerulus. It lies between the fenestrated endothelium of glomerular capillaries and the podocyte foot processes of Bowman’s capsule. Along with the endothelial cells and podocyte filtration slits, the GBM forms a major component of the glomerular filtration barrier.



The GBM is formed by the fusion of the basal laminae of glomerular endothelial cells and podocytes. It is synthesized and continuously maintained primarily by podocytes. The GBM is the principal structure responsible for restricting the filtration of water and macromolecules, especially plasma proteins.

Role In Glomerular Filtration

The glomerular filtration barrier consists of three components:


		Fenestrated glomerular capillary endothelium

		Glomerular basement membrane

		Filtration slits between podocyte foot processes



Among these, the glomerular basement membrane is the main site of size and charge selectivity. It prevents the passage of large molecules and negatively charged proteins such as albumin while allowing free passage of water and small solutes.


		Layers Of Glomerular Basement Membrane



The glomerular basement membrane consists of three distinct layers, arranged from the epithelial side to the endothelial side.

1. Lamina Rara Externa

Location


		Adjacent to podocyte foot processes



Composition


		Heparan sulfate

		Sialoglycoproteins

		Proteoglycans



Function


		Restricts movement of negatively charged (anionic) particles due to heparan sulfate

		Sialoglycoproteins help anchor podocytes to the basement membrane





2. Lamina Densa

Location


		Dense, central layer of the GBM



Composition


		Type IV collagen

		Laminin



Function


		Acts as the primary size-selective barrier


		Prevents filtration of molecules with molecular weight greater than approximately 70 kDa






3. Lamina Rara Interna

Location


		Adjacent to glomerular endothelial cells



Composition


		Heparan sulfate

		Chondroitin sulfate



Function


		Contributes to charge selectivity, further restricting negatively charged molecules
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		Filtration slits between podocyte foot processes



Podocytes are specialized epithelial cells with foot processes (pedicels) that interdigitate around the glomerular capillaries. The spaces between adjacent pedicels form filtration slits, approximately 25 nm wide.

These filtration slits are covered by a slit diaphragm, a specialized protein structure containing the transmembrane protein nephrin. Nephrin plays a crucial role in maintaining the integrity of the filtration barrier and preventing protein loss in urine.
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