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ERYTHROPOIESIS

Introduction

Red blood cells (RBC’s), their precursor cells, the organs, and the growth factors involved in RBC production, are all parts of a complicated system known as the “Erythron”.  The production of normal healthy RBC’s depends on the presence of a normal functioning erythron.  The main function of erythrocytes is transport of oxygen from the lungs to the tissue, and to transport carbon dioxide (CO2) from the tissue to the lungs.  In order to carry out such a task, the body needs about 3 × 1011 RBC's per killogram of body weight.  The normal life span of RBC’s is about 120 days, which means that about 1% of the circulating erythrocytes are being destroyed (removed) daily.  Since, about 1% of RBC’s is removed from peripheral blood (pb) daily, therefore 1% of newly synthesized RBC’s is released into the pb, as a replacement, on daily basis as well.  These figures indicate that the erythron has to produce about 3 × 109 RBC’s/kg/day.

The bone marrow (BM) is the most important organ in production of RBC’s.  Under normal conditions, the BM of vertebrae, pelvis, ribs, sternum, skull, and the proximal parts of the long bones are the most involved in RBC production.  However, in abnormal conditions, extra medullary eythropoiesis can occur.  This is a condition where the BM is not functioning well, or cannot meet the demand of RBC production (i.e., when there is ineffective BM erythropoiesis).  This in turn, leads to the extra-medullary erythropoiesis, where the liver and spleen assist in the production of RBC’s.

Regulation of RBC’s production

As mentioned above, RBC’s are made and destroyed in massive numbers on daily basis.  Such a demand on the eythron is controlled by a very organized and complicated system.  This involves the interactions among various organs including, the kidneys, heart, BM, liver, spleen, and the vascular system.  The kidneys have oxygen sensors which are very sensitive to any alterations in O2 tension.  Renal O2 tension decreases in response to decreased tissue O2 tension.  On the other hand, tissue O2 tension could be effected by many factors, such as:

1- Decreased hemoglobin (Hgb) O2 saturation
2- Decreased Hgb concentration
3- Decreased RBC’s mass
4- Decreased Blood flow rate
Anyone of these conditions leads to “Hypoxia”, which is detected by the oxygen sensors in the kidneys, as a shortage in RBC’s oxygen carrying capacity.  The kidneys respond to such situation by trying to increase RBC production.  This is achieved by the release of Erythropoietin (EPO) into the erythron system.  Erythropoietin is synthesized by the kidneys and is considered as the most important growth factor in erythropoiesis.  It is a glycoprotein of a molecular weight of 34000 Dalton.  Other growth factors also involved in erythropoiesis include: IL-1, IL-4, IL-6, IL-11, IL-12, and SCF.  Furthermore, Insulin, Growth hormone, and steroid hormones are very crucial in RBC production.  

EPO acts on the precursor cells of RBC’s in the BM known as the BFU-E & CFU-E (Burst Forming Unit-Erythroid & Colony Forming Unit-Erythroid, respectively ) to stimulate their proliferation and differentiation, leading to increased RBC production (see diagram, below).  

Under normal conditions, EPO is produced daily at a constant rate to face the demand caused by the destruction of the 1% of circulating RBC’s that have reached the end of their life span (120 days).  This controlled release of EPO acts on the precursor cells of RBC’s in the BM stimulating their differentiation and proliferation.  Within 5 days, this leads to the production and release of newly synthesized RBC’s and reticulocytes, abbreviated as "retics" (which are the stage just before the mature RBC, in the maturational sequence).  See below, maturational sequence of RBC’s.

↓ O2 tension → ↑ EPO → ↑ RBC’s precursors (BFU-E and CFU-E) → 

↑ differentiation & proliferation → ↑ retics & mature RBC’s release to pb in 5 days.

The scheme above, illustrates the regulation of erythropoiesis under normal conditions.  However under abnormal conditions leading to severe tissue hypoxia (such as sudden massive blood loss), the process is speeded up by releasing extra amounts of EPO.  Erythropoietin stimulates RBC’s progenitor cells to proliferate and differentiate to release more retics and RBC’s and in shorter time (3 days, rather than 5).  This is also accompanied by the release of “shift” cells, which are very early (young) retics. 

↓↓↓ O2 tension → ↑↑↑ EPO → ↑↑↑ RBC’s progenitors (BFU-E and CFU-E) →

↑↑↑ differentiation & proliferation → ↑↑↑ shift cells*, retics & mature RBC’s release 

to pb in 3 days. 

*Shift cells are very early reticulocytes containing more RNA than ordinary retics and therefore, are more polychromatophilic (appear as large grayish cells in pb).  Increased shift cells in pb (a condition described as “polychromasia”), is indicative of increased RBC production, i.e., “active erythropoiesis”.

Once hypoxia has disappeared, and RBC’s shortage has been repaired, EPO production returns to the steady state release that is normally present in healthy conditions.
RBC’s destruction & removal

Aging RBC’s (about 120 days old) have decreased: calcium, sialic acid, and lipids, and therefore, are incapable of carrying oxygen effectively.  The decrease in these compounds, serve as a marker to label these “old” cells.  The Reticulo Endothelial System (RES) recognizes these old cells and removes them.  The RES consists of phagocytic cells found mainly in the liver, and spleen (but also present in the lungs, BM, and lymph nodes).  These phagocytic cells are macrophages, monocytes, and histiocytes.  The spleen and liver are the major organs responsible about RBC’s removal where the spleen removes RBC’s with mild to moderate alterations (whether due to aging or else) while the liver removes RBC’s with severe deformities.

Maturational sequence

The pluripotent stem cell (CFU-S) differentiates to the committed stem cell (CFU-GEMM), which in turn differentiates to the earliest form of “committed” erythroid precursor known as the BFU-E (Burst Forming Unit-Erythroid).  After a few days, the BFU-E differentiates to the late erythroid precursor the CFU-E (Colony Forming Unit-Erythroid), which in turn differentiates to the first morphologically identifiable stage of the erythroid cells, the pronormoblast.  The pronormoblast is the first of 6 stages ending in the mature RBC (the erythrocyte).
Maturational sequence of erythrocytes differentiation

They are six morphologically identifiable stages in erythroid differentiation, using Romanowsky (or Geimsa) stained slides:
1- Pronormoblast 
2- Basophilic normoblast

3- Polychromatophilic normoblast

4- Orthochromic normoblast

5- Reticulocyte
6- The mature erythrocyte (RBC)

    



1- Pronormoblast (rubriblast)
The first morphologically identifiable erythroid cell in Romanowsky stained slides.  Under normal conditions, the cell makes up about 1-2% of all nucleated cells in the bone marrow, and should not been seen in peripheral blood.  The cell size ranges from 12-25μ, with round or slightly oval nucleus.  The nucleus is quite large with 1-2 nucleoli and with high N/C ratio of about 90%.  The chromatin is fine but is arranged in clumps (unlike myeloblasts, which have very fine chromatin that is lacy or stranded).  The cytoplasm is very basophilic, i.e., has very dark blue color (important feature to differentiate from myeloblasts).

2- Basophilic normoblast (prorubricyte)

The cell constitutes up to 4% of all nucleated cells in the BM (none in pb).  Its size ranges from 12-17μ with round nucleus.  The N:C is smaller than previous stage with the nucleus occupying about 80% of the cell, and usually with no nucleoli.  The chromatin is more condensed with parachromatin* starting to appear.  The cytoplasm has a deep blue color.

*Parachromatin is the unstained areas in the chromatin (usually seen as whitish “gaps” of unstained matter, similar to holes or vacuoles).  Caution should be taken when evaluating parachromatin so that not to mistake them for nucleoli (especially in cases where the parachromatin gaps are few, i.e., less than 3).
3- Polychromatophilic normoblast (rubricyte)

Also known as “polychromatic normoblast”, the cell makes up to 10-20% of all nucleated cells in the BM (none in pb).   The cell is slightly smaller than previous stage (12-15μ) with N/C ratio of less than 70% and no nucleoli.  The nucleus could be eccentric (not in the center, but towards the sides) with very condensed chromatin.  The cytoplasm varies in color due to the synthesis of Hgb, which leads to a wide range of colors consisting of a mixture of gray, blue, mauve, and/or violet.  This unique color complex is what gives the cell its name and is known in hematology as “polychromasia, or polychromatophilia”.

4- Orthochromic normoblast (metarubricyte)
The last nucleated stage, after which the nucleus gets ejected (extruded).  The cell makes up to 5-10% of all nucleated BM cells.  The cell size is about 9-15 μ with a very small nucleus (N:C ratio about 50% or less).  The nucleus is dead and incapable of DNA synthesis.  It is morphologically described as “pyknotic” which means “dead”.  The cytoplasm has some degree of polychromasia but due to the full production of Hgb, the color slightly changes to pink leading in a resultant color of pale grayish-blue-violet.

5- Reticulocyte (reitcs, diffusely basophilic erythrocyte)

The retics appear slightly larger than normal erythrocytes, with a varying degree of color polychromasia.  That is, the color could be similar to that of the orthochromic normoblast (the previous stage) or could be of grayish blue nature.  The cytoplasm may be irregular and might have inclusions known as “basophilic stippling”, which are the residual RNA remaining in the cells.  This residual RNA forms the basis for the identifying test for accurate retics count known as the “retics supravital staining”.  The procedure principal is based on the ability of staining of the residual RNA while the cells are alive (supravital) by dyes such as new methylene blue or brilliant cresyl blue, which precipitate RNA into a network of strands or clumps that could be seen and counted microscopically.  Normal retic count range is 0.5-1.5%.

6- The mature erythrocyte (RBC)
The erythrocyte (also known as the “discocyte”, due to its biconcave disc shape) has a diameter of about 7μ and thickness of about 2μ.  The center has a pale area, which becomes pinkish towards the sides of the cell.  The cell has no nucleus, and no mitochondria, and therefore, is incapable of any protein synthesis.  The Hgb that it has been already made in the early stages remains until its death (in about 120 days).  The cells main function is the transport of oxygen and carbon dioxide.  This is achieved by the peculiar shape and composition of the cell.  The biconcave surface allows additional area for gases transport (compared with ordinary round cell surface).  This leads to a very efficient and maximal gas transport by RBC's.  Hemoglobin is the main and most important protein in the RBC, without RBC's cannot function properly.  Hemoglobin consists of to major compartments:

1- The globular protein known as the "Globin"

2- The heme structure which contains Iron.  Iron is the actual atom which binds to the oxygen atoms.  Iron binds to oxygen in the lungs (where oxygen tension is high) and only releases it to the tissues where oxygen tension is low.  

Any defect leading to hemoglobin instability or abnormality (whether in the heme or globin compartment) leads to RBC abnormality, dysfunction, and possibly anemia.  
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