Ultrastructure of Bone

Bone constitutes a highly specialized category of connective tissue. Its distinct
histological characteristics facilitate the execution of a myriad of essential functions:

e Haematopoiesis —the process of generating blood cells from haematopoietic
stem cells located within the bone marrow

e Lipid and mineral storage — bone serves as a significant reservoir, containing
adipose tissue within the bone marrow and storing calcium within hydroxyapatite

crystals.

e Support — bones provide the structural framework and configuration of the
organism.

e Protection — particularly the axial skeleton, which encases the vital organs of the
body

In this discussion, we will explore the ultrastructure of bone, encompassing its
constituent components, structural organization, and developmental processes.
Furthermore, we will analyze how pathological conditions may influence its architecture.

Components of Bone

Bone represents a specialized variant of connective tissue. Similar to other connective
tissues, its constituents can be categorized into cellular components and the
extracellular matrix.

Cellular Components

Bone contains three distinct types of cells:

e Osteoblasts — responsible for synthesizing uncalcified/unmineralized
extracellular matrix known as osteoid, which subsequently undergoes
calcification/mineralization to form bone.

e Osteocytes — as the osteoid undergoes mineralization, osteoblasts become
encased between lamellae within lacunae, where they mature into osteocytes.
These cells then oversee the regulation of minerals and proteins to modulate
bone mass.

e Osteoclasts — originating from monocytes, these cells resorb bone through the
secretion of H+ ions and lysosomal enzymes. They are characterized by their
large size and multinucleated structure.



The equilibrium between osteoblast and osteoclast activity is essential for the
preservation of the tissue's structural integrity. This balance also plays a pivotal role in
conditions such as osteoporosis.

Extracellular Matrix

The extracellular matrix (ECM) denotes the molecular constituents that furnish both
biochemical and structural reinforcement to cellular entities.

The ECM of osseous tissue is intricately specialized. In conjunction with collagen and
the concomitant proteins typically present in connective tissue, bone is permeated with
mineral salts, principally calcium hydroxyapatite crystals. These crystalline structures
interact with collagen fibers, imparting hardness and strength to the bone. This matrix is
meticulously organized into numerous thin strata, referred to as lamellae.
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Structure of Bone

Upon microscopic examination, bone can be categorized into two distinct types:

e Woven bone (primary bone) — This form is evident during embryonic
development and in the process of fracture repair, owing to its capacity for rapid



deposition. It is composed of osteoid (unmineralized ECM), wherein the collagen
fibers are arranged in a random fashion.This configuration is transient, as it is
subsequently supplanted by mature lamellar bone.

e Lamellar bone (secondary bone) — This constitutes the osseous structure of the
adult skeleton. It is characterized by highly organized sheets of mineralized
osteoid. This structured arrangement confers significantly greater strength
compared to woven bone. Lamellar bone can be further subdivided into two
categories — compact and spongy.

In both classifications of bone, the external surface is enveloped by a layer of
connective tissue known as the periosteum.A comparable layer, termed the endosteum,
lines the internal cavities within bone (such as the medullary canal, Volkmann’s canal,
and the voids in spongy bone).

Lamellar bone can be further categorized into two types. The outer layer is referred to
as compact bone — which is characterized by its density and rigidity. The inner layers of
bone exhibit numerous interconnecting cavities and are designated as spongy bone.

Compact Bone

Compact bone constitutes the external ‘shell’ of the bone structure. In this classification,
the lamellae are systematically arranged into concentric circles, which encircle a vertical
Haversian canal (which facilitates the passage of small neurovascular and lymphatic
vessels). This entire architecture is termed an osteon, representing the functional unit of
bone.

The Haversian canals are interconnected by horizontal Volkmann’s canals — these
conduits contain small vessels that anastomose (connect) with the arteries of the
Haversian canals. The Volkmann’s canals also facilitate the transmission of blood
vessels from the periosteum.

Osteocytes are situated between the lamellae, residing within small cavities known as
lacunae. The lacunae are interconnected by a network of interconnecting tunnels,
referred to as canaliculi.
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Spongy Bone

The spongy bone comprises the internal structure of the majority of bones and is
situated beneath the compact bone layer.lt encompasses numerous expansive voids,
which impart a honeycomb-like morphology.

The osseous matrix is characterized by a three-dimensional network of slender
columns, which interconnect to create irregular trabecular formations. This structural
arrangement results in a lightweight and porous bone that exhibits strength in response
to multidirectional forces. The reduced weight of spongy bone is vital for facilitating
bodily movement; were compact bone the sole type present, it would be excessively
cumbersome to permit mobility.

The voids between the trabeculae are frequently occupied by bone marrow. Yellow bone
marrow is composed of adipocytes, whereas red bone marrow houses haematopoietic
stem cells. This form of bone does not incorporate any Volkmann’s or Haversian canals.
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Ossification and Remodelling

Ossification represents the biological process through which new bone is synthesized.
This phenomenon transpires through one of two distinct mechanisms:

e Endochondral ossification — In which hyaline cartilage undergoes a
transformation, being substituted by osteoblasts that secrete osteoid. The femur
serves as a pertinent illustration of a bone that experiences endochondral
ossification.

e Intramembranous ossification — In which mesenchymal (embryonic) tissue
undergoes condensation to form bone. This particular form of ossification is
responsible for the formation of flat bones, exemplified by the temporal bone and
the scapula.

In both aforementioned mechanisms, primary bone is initially synthesized, which is
subsequently supplanted by mature secondary bone.

Remodelling

Bone constitutes a dynamic tissue that perpetually engages in the process of
remodelling. This process involves the reabsorption of mature bone tissue alongside the
formation of new bone tissue. It is executed by the cellular constituents of bone.

Osteoclasts facilitate the degradation of bone through the action of a cutting cone. The
released nutrients are reabsorbed, while osteoblasts proceed to deposit new osteoid.
Remodelling predominantly occurs at loci experiencing stress and damage, thereby
reinforcing the affected regions.

Clinical Relevance — Disorders of Bone



Bone possesses a distinct histological architecture that is essential for the execution of
its physiological functions.Modifications to this architectural framework, resulting from
pathological processes, can lead to a variety of clinical manifestations.

Osteogenesis imperfecta represents a disorder characterized by the aberrant synthesis
of collagen by osteoblasts. The clinical manifestations of this condition encompass
skeletal fragility, deformities of the bone, and a blue discoloration of the sclera. This
condition is classified as a rare genetic disorder, exhibiting an autosomal dominant
pattern of inheritance.The inherent fragility of the skeletal system renders it susceptible
to fractures, a consideration of significant medicolegal relevance, particularly in pediatric
populations, where it may be misinterpreted as intentional harm.

Osteoporosis is defined as a reduction in bone mineral density, which compromises its
structural integrity. This condition arises when the resorption activity of osteoclasts
surpasses the bone-forming activity of osteoblasts. The resultant bones exhibit
increased fragility and a heightened susceptibility to fractures. Osteoporosis can be
categorized into three distinct types:

e Type 1: Postmenopausal osteoporosis — Develops in women after the
menopause, due to decreased oestrogen production. Oestrogen protects against
osteoporosis by increasing osteoblast and decreasing osteoclast activity.

e Type 2: Senile osteoporosis — This type typically occurs in individuals over the
age of 70.

e Type 3: Secondary osteoporosis — This variant occurs as a consequence of
comorbid conditions (e.g., chronic renal failure).

Risk factors for the development of osteoporosis include advanced age, gender,
nutritional deficiencies (particularly vitamin D and calcium), ethnic background, tobacco
use, and physical inactivity. Management typically involves the use of bisphosphonates,
which are preferentially absorbed by osteoclasts, leading to their inactivation and
subsequent apoptosis. This intervention serves to mitigate further osteoclastic
degradation of bone tissue.



Radiograph of a child affected with rickets.



