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Hemoglobin and Hematocrit

280 million /RBC e o
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Normal hemoglobin concentration is 34 g per 100 ml of packed cells it 36 gl o] 355
Hemoglobin constitutes 33% of RBC weight ... o %o e S

Normal hematocrit (“packed cell volume”) is 40-45% (slightly lower in women))
(Blaadl LA aaa) o Ssilangll.2 &

Thus normal hemoglobin is 14-15 g per 100 ml of blood s i ws woio o %40 - o5 i

aba 15-14 52 ull o Jo 100 (o sonsball (pasle songll Il

* When hemoglobin is measured in 100 ml packed cells only (RBCs) it’s condensed,
but if it’s measured per 100 ml of whole blood then the number will be almost the

. WJalSI Al o8 186 ol yandl asll (oS (o ulidll op 3,401.3
half (because the hematocrit is 40-45%) i i s a6 100 g ol ot
s L ail cusSns (Lasdally sandl all Lo ol sins 5l1) oS sl n Lo 100 (5 ulid iee
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« O, carrying capacity is 1.34 ml / g Hgb, or 19-20 ml O, /100 ml blood .- ...
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The doctor said that we need to identify different units
You don’t have to memorize numbers but you should be able to answer questions when you’re given the normal values
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Sites of Erythropoiesis
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* Hematopoiesis: production of all blood cell types in the bone marrow.
8a¥s!l 3 13 8 patews dulac a9 «((RBCS) ¢ lpandl aull ol S @ L) dlac o :(Erythropoiesis) yea¥l o3<ill.2
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« Erythropoiesis: production of erythrocytes, it’s a continuous process that starts before we are

born until death, with continuous destruction because they have limited lifespan (so they have

to be continuously replaced).
Bladl e ehpandl adll &l S 35 Jal 0.3
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* First few weeks of gestation — RBCs production takes place in the yolk sac

DS Dslialll stally Jabdl Lealuss o (S (1 sy St slpaall pall b S 7S] Sny taall a5

* Mid-trimester — mainly in the Liver (+ spleen, lymph nodes)

€15 g sy St iy eyl pll S S ) bl g ] n Y1 el

» Last month of gestation through adulthood — mainly in the Bone marrow
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. e - Hall: Guyton and Hall Textbook of Medical Physiology, 12th Edition
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See the next slide for further explanation
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Further explanation of th previous slide 222%™~
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Inthe graph, we have the agein years on the x-axis & the cellularity on the y-axis.. " *_ 2 e )
e Ll LUl uliie 2 Lo pllaall £ 1 o clpandl all ol S @i 31 (oA
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Cellularity of the bone marrow: indicates the proportion of RBC-producing cells in the BMsoit’sa
reflection of the activity of erythropoiesis, the higher the cellularity the higher the activity will be.
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 Beforethe age of 5 D plie il s alall uand alsall £ 183 g spanll adl LS £ ok sl sdn e
The marrow of all bones (long & short) produces RBCs .- = o o= jsen o Bl e 8ol wds o (DA St TS ot
: pll b SEls) ole
LewalAll w4002
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» After the age OF 5 oo 521 (el Loall e lindl g Tyl alsall gl Ll £ L 6 Ll T i (32l ol o)

There is a decline in the production (& cellularity) of RBCs in the marrow of long bones (tibia & femur
shafts with preserved cellularity in their heads) until the age of 20 .

o iall (s 3203
o After the age of 20 i e o e e S e s
RBCs production takes place only in the marrow of short membranous bones (vertebra, sternum, ribs,
ilia...) which become the main sites for erythropoiesis.

While in the long bones, RBCs-producing cells are replaced by fat cells so they don’t have active

L]
production of RBCsS. . ... coum e o 1 et
Al Sl Sl sle opals 05 of LT iy ¥ 1ia oK) allaall £ 10 K—\B ol Sl S Al I Jlasil o Ly e basdl adl ol S gy
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Generally, cellularity decreases with age in all bone types but that doesn’t mean that we won’t be able
to produce RBCs (this is just a measure of cellularity).
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 Pluripotent hematopoietic stem cells (they’re present in the bone marrow after birth) give
D pall Lol i) pll Lol £ 1531 cam ol1 Ll 5 Lol ) (s Al (o T gt ol ¥ Ll g Lo iasie it 055
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rise sequentially to committed stem cells and mature cells. =2t

Pluripotent hematopoietic stem cells are undifferentiated & have no identity so they can differentiate to
all blood cell types, but when they further proliferate & differentiate they become committed .
« Committed stem cells: they are still stem cells (have no identity) but they are committed to produce

certain type of blood cells (if they are cultured they give their specific line). ;Www,:ﬁ;fﬁ
Crne 55 L) (o Gy e el (AT 03 06 (oS Sty Lo
eﬁlh:tjwtycm LAl s i gl clgiel)) ol Lasie®
Lalall s Ll i eyl adll Lo o «3abs JSy
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- Growth inducers ( factors; e.g. interleukin-3): they induce increase in size or number.

 Differentiation inducers: theyinduce cell differentiation to become more specific toits final
mature cell (through the expression of certain genes & producing certain proteins & organelles

4 °
:(Differentiation Inducers) slsill =134
required to perform the cellular fUNCHONS). ~ o memasian, | | @ @ st 1o 50t it
:E:emam')”i“is) éﬁ‘—’-‘ﬁ"“;'” O3Sl Jone Ll AT sy o1 0 e L Lo gl sLiaely iy 7 5] o) 658 3 dumlad] lisad| bt e 5oLl 1in oe
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= Rate of Hematopoiesis responds to changing conditions including;
* Hypoxia (low tissue oxygen level): increases the rate of erythropoiesis (in order to compensate

this low oxygen level).
Infection / inflammation: WBC prod uction (someinfections may increase the production of a certain line of WBCs).

‘(Infection/Inflammation) wLalY! si s saall
(sl AdlS) el ol DA (o s £33 ) i3 a8 (goanll € 15T Gany (WBCS) el aall Loka £ 031 50l (o1 elld s o1 oS el 51 gsae Eypan Al (e



. Abkias ¢ 131 ] (Hematopoietic Stem Cells) Lussilogl! e dall LA 55 AS 3 psuall sia i
OO e I n eages Pl e Ll 55 e Ll MJ}MM@IQM\&ULK.PJ\%Q-

JeT P
This figure explains the different cell lines that are @ . S
derived from the original hematopoietic stem cell (M HSC()M _— e mE
> :;j'; . unit-blast) ~ unit-erythrocytes)
1. MHSC: will further differentiate into two main stem e /=2, sy
cells (more committed stem cells; CFU-S & LSC). i @ @ : @ kg
%;gz%g%g: st MHSC CFU-S CFU-GM Monocytes
2. CFU-S: called colony-forming unit becauseit ~ e, ooven. gl (ovomis grﬁﬁ'lﬁ?;&l"s'mr#%%ﬁ;s) Macrocytes
proliferates to high number of same cells, also called EEfEJ%?Eiﬁﬁ“ﬁ‘&?:ﬁ‘?ﬁQf’f.,cem
myeloid stem cell, it will only give rise to one of three ¢ell ™" —> Mesakarvocvtes
types (CFU-B, CFU-GM & CFU-M). cFUM Platelets
ot el g
3. CFU-B: will further differentiate into CFU-E that will
finally giverise to a mature erythrocyte. i =" 50t ot e oue : 6 g Q Wi s
4.CFU-GM: (another committed stem cell) this will either @ @
Formation of the mul- ~ MHSC LsC = B lymphocytes

potent hematopoietic

or monocyte that will be a mature macrophage later on. i

Please refer to the figure while going through the text As these cells reproduce, a small portion of them
4. CFU-GM (5,001 Wladl e sl celiandl ol U1 - o paaiod | s Lola):

i3l el Al 1] 505 s i remains exactly like the original MHSCs & is retained

*Granulocytes: coldgslils (o)bdgis ¥ | odladg sigaill Jie.

Monocytes: il 3~ ci i 35 3l Macrophages (il L), in thebone marrow to maintain their supply

give granulocytes (neutrophils, eosinophils or basophils) i cis ion e l (Lymphaid st cel)
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Blood Cell Lineages @ ._,m,,,s

5. CFU-M (culiuss,Slasll - & panioal | LSt LA): Suay el Slaall (I CFU-M 5l s CFU-B CFU-E
(7 “CFU-M gy Slass 5l) 555 Lmumin e Ll (8 (Megakaryooyte). e— dupes cilium (o] 5uu5 gl 5,0 Gaidli i 508 ulags, Slal <D (Platelets). pall Lla e Uypuall WAl 8 Lgasll @ilisall. £ LY Lolal o3¢l (Fragmentation) ..l (Colony-forming  (Colony-forming

5. CFU-M: this gives rise to megakaryocyte (maturecell s g -
that undergoes fragmentation & gives rise to platelets). @ @ . Nagil)

> (Eosinophils)
(Basophils)
Monocytes

:CFU-M (Jf CFU-S Lolall Jsa dege dandle
q (Myeloid Stem Cells) &bl Geiall Lol se Lii CFU-M o CFU-B cyo WAl guans

The previous cells (3-5) originate from the myeloid . AL I P
stem cell (CFU-S), once they get out of the bone marrow ey e 9"’““'“"‘“ el "‘°’°°"'°’

stem cell)
they don’t divide (they completed their division in the &Pj s _» Megm o
BM) & they are semi-mature (will be discussed later). =uioiis 5

Lasls ol . (Semi-mature) gas

Llanll oa o] LS, Gilail] Juualis

o L] LS, Ealaill Juualill CFU- M . Platelets
(Colony-forming unit-

6. LSC: it gives rise to B & T lymphocytes & unlike megakanycyes
myeloid-derived cells, lymphocytes can proliferate , g @ Fra—
outside the bone marrow (in the lymphoid tissues). @ @6

6. LSC (islialll Lue dall Laall):
) “LSC e slal Lola o) ule 5,1 e da Bl ot

.(T Lymphocytes) bl Lptalls
.(B Lymphocytes) il Lotadls

Wl Tyl il Jio Fyslialll T (o ol ¢ L € HLa S3ISE T LS daslialll LA caliall ¢ L3 Jalo e o1 Ly sbll) LoA! (e (gl Formation of the mul- MHSC LSC
Please refer to the figure while going through the text Bt el e i (Lymphoid stem cell)
ALl slhaste potent hematopoietic

(astialll Lokl 55 530) LSC 5 Gassasold Lol 535 31) CFU-S o Lummnion e (0l (o] s 5 aanll 15 (MHSC) il 350530 Ll el Lo e bone marrow.
D 51 S e Taslialll Eae¥ 1 o) slialll Lol Jia L3I iy S5 3 culiall £ 155 o T LA 538 5505 Salae
“CFU-S (o lyariaa] L85 1518) o) 555 CFU-B (clyanll pall Lol i 501 5 CFU-GM (caledsalily «aliisiosa¥ | bl il s eluddl pll Lot g 1)
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*Microcytic Hypochromic Anemia (s adl 53
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+Sickle Cell Anemia (slaill aall ;33):
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el Proerythroblast

*Megaloblastic Anemia (=Lag,¥1 suSIl aall ,33):
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«Erythroblastosis Fetalis (sl las,YI):
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daly Basophil
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Erythropoiesis and Anemia

Genesis of RBCs

Microcytic,
hypochromic anemia
Polychromatophil
erythroblast

\

Orthochromatic
erythroblast

Reticulocyte @

Erythrocytes

Megaloblastic anemia

See the next slide for further explanation

:(Erythropoiesis) «/,aall aull Lola (55

1.Proerythroblast (<Ll 45 53lagl! LAT): ®
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2.Basophil Erythroblast (ue il & sy silegd | Latall):
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3.Polychromatophil Erythroblast (sl suasis 4 s silagl! LoAJN):
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4.0rthochromatic Erythroblast (iliLaill 4 sy silag! Loladl):
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5.Reticulocyte (&:Sual! Lyall):
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6.Erythrocytes (faslill elyeall sl LoA):
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Erythroblastosis fetalis

Figure 33-3. Genesis of normal red blood cells (RBCs) and characteristics of RBCs in different types of anemias.
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Further explanation of the previous slide

There are several stages from CFU-E until we reach the final mature erythrocyte.

1.Proerythroblast (ds,L! uu.,;}.h.@l\ L.>u|)
Proerythroblastd.I\JIda,Ll Lol Usls Tl 0 3a (0sS5 (ae Thnas $2206 230l ol S sle a3 JI5E ¥ elpanl ol LD 0005 A ol R o0

> Proeruthroblast is still nucieated with a basophilic cytoplasm, since it’s blast it can divide & increase in number.

2.Polychromatophil Erythroblast (¢,[s/¥1 8saais s silagdl Latall):
[Py m&uwﬂy*ﬂthﬂ Lgad T 31 LOWATT (oot o3 L (Oslesaned ] S Ena Baals Bva wle i3 31 Lplall sT) Polychromatophil Erythroblast s «omstésasd! 15k o yaa¥ 1 oslll o] dsadll 58 LA Tus Losies

>(When it starts to have red color it’s called polychromatophil erythroblast (polychromatic: morethan one
stain), this is the first cell where hemoglobin starts to appear.

:(Atrophy) 3153l 5l<G1.3
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> “Nucleus decreasein size (atrophy) & the cgtop asm becomes more eosinophilic (more hemoglobin) & some of
the organelles will start to be reabsorbed & the nucleus will be extruded, in the reticulocyte stage we only have
remnants Golgi § ER, now reticulocytes are ready to leave BM to the circulation by diapedesis through the

4.Reticulocyte (1wl Lylall):

Sll’ll.lSOldS in the BM T il Sloaall iy Jas J15 ¥ Ly it gl a3 ¥ sl s LAl gy (Reticu UI0CYte) St 55 liall £ L o 133 ol Lotall
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>*These reticulocytes aren’t considered fully mature so they require about 1-2 days until they reach the final
normal shape of erythrocytes.
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> The percentage of reticulocytes represents 1-2% of all RBCs in the blood & they reflect the newly produced
RBCs (within two days they mature), this percentageis clinically important because it reflects the activity of
the BM especially in cases of BM stimulation like anemia or haemorrhage, if this percentage is increased this
indicates that the BM is active & is responding to the stimulus .

LS bl g plaall ¢ 15 o TS sgmng (o] a5 g _\\.\)-N ol S5 agng ad) Tbdiie Lol cilS 13

But if the percentageis low despite having anemia or haemorrhage this mdlcates a problem in the BM,
erythropoietin or any step of erythropoiesis . Froa st ol i g 3 il 4l

daals 4 Reticulocytes Lolall gy 813l (2sS5 o5 (Polychromatophil Erythroblast ) Lolall Jsasie
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Erythropoiesis and Anemia

These different forms of RBCs can indicate certain diseases: e =
. . . . - é%ﬁi%“")‘“%ﬂl%wﬁww@ “
Microcytic hypochromic anemia: small & pale red RBCS Can i st vussois s

aadl b sl Slsane GALASH GuSan

indicate low content of Hgb & this reflects low iron level. e ot e 8 6 s i

panSs¥ Joa

Megaloblastic anemia: RBCs are large & they have abnormal —
nucleus also they’re more fragile than the normal RBCs, this  hypochromic anemia
anemia results from vitamin B12 & folate deficiency which are™)
important for RBCs maturation of the DNA & the nucleus  zvsiima g o

P TN,
(which can lead to abnormal division). pogttey
sin yali Blsills DNA JI 65« M\L.y_\nu.mluu_,',_,mm celdsdll
;L“”**“‘rit;"«“;i:;“:m.m A

Sickle cell anemia: Malformation of hemoglobin dueto a b -rbeCs
genetic disease. JZUT L o PN

orslesangdl USid 535 o] S 35 020 589 comslisangdl o8 05t oy elld aay e
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Megaloblastic anemia Erythroblastosis fetalis

Erythroblastosis fetalis: Will be discussed later.

4.Erythroblastosis Fetalis (g5l olags,Yi):
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Regulation of Red Cell Production

>
/\u@ Les chyaadl aall LA o ST sse £ 5] oS Y.1

We can’t produce higher than what we need of RBCs G5 2ol slSl v o v o s srimst s o s
Why? There is only enough number of RBCs that can cover our need, not higher, not lower

e Ssilosgl) lpandl I o k52
(7 | 8l (58 03151 Olanl sl Baed L s (i Ssilasll) elyandl asll Lols ES ooty ae
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* So Red blood cell mass (hematocrit) is regulated within a relatively narrow range to:
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* Maintain adequate oxygen carrying capacity®
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» Avoid excessive blood viscosity, if the production increases (polycythemia) , that may
lead to increased resistance and impede blood flow (more sluggish blood flow)
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* If the bone marrow is damaged (due to chemotherapy or radiotherapy) or if demand
for erythropoiesis is extreme (due to hypoxia) , other parts of the bone marrow
may become hyperplastic (increase in number in a contained space) , or

extramedullary hematopoiesis MaY OCCULN. s o pomesn e s s s
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» Extramedullary hematopoiesis: RBCs formation in sites outsides the BM, like the liver or lyphmatic

tissues (sites of early stages of hematopoiesis) .




Tissue) dawd¥! oSyl G2 LAY Llaieal elyanll anll Lla 7 LS) aalals LS 5 g0all 038 rasss
pall Lol L) dbee padaty avuadl gl ol o craniSs¥ 1 Halias] Uls 8. (Oxygenation

e Tissue O2 and Erythropoietin
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Factors that decrease
oxygenation
1. Low blood volume
2. Anemia

3. Low hemoglobin
4. Poor blood flow
5. Pulmonary disease

Figure 33-4. Function of the erythropoietin mechanism to increase
production of red blood cells when tissue oxygenation decreases.

See the next slide for further explanation
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Further explanation of the previous slide
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Feedback mechanism of regulating RBCs productlon- R
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v’ Thekey factors are hypoxia & eruthropmetm.g:,:g;;;g{;;fj;ﬁ;r ol B 2 il
Erythropoietin: a hormoneis mainly produced by the kidney (in fibroblasts or epithelial tubular
cells), that is responsible for regulating the rate of RBCs production, kidney cells respond to
hypoxia by increasing the production of erythropoietin into the circulation where it can affect the
sites of erythropoiesis the BM, stimulating the production of proerythroblast from the
hematopoietic stem cells & increasing their rate of proliferation & differentiation and thus

increasing the number of RBCs.
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Any condition that decreases tissue oxygenation will be sensed by kidney cells to increase)
erythropoietin production, these conditions can be: e =
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1. Low blood volume : dueto hemorrhage (blood loss) i s tionalo b i s s L a2
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2. Anemia: insufficient RBCs or Hgb T T e
3. Low hemoglobin: insufficient transportation of 02

4. Poor blood flow : due to stenosis, thrombosis, heart failure...
5. Pulmonary Disease : decreases normal tissue oxygenation
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* For example: patients with asthma or any respiratory disease will have higher RBCs level (don’t
forget the relationship between these conditions & erythropoiesis).
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Ciical Compensatory Polycythemia

Perspective
=Secondary polycythemia
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fSustained hypoxia can result in red cell mass above the usual
normal range...
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* Prolonged stay at high altitude (physiological) , lower atmospheric oxygen levels
will lead to hypoxia and thus more RBCs production.
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L Heart failure: low 02 thus compensation occurs to increase the number of RBCs.
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* Necessary for erythropoiesis in response to Fépoxm when there is a hypoxia
there will be increase in production of erythropoietin.
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* ~90% made in the kidney mainly s
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* Thesignaling that is responsible for stimulating erythropoietin transcription is hypoxia.
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==m) bhinds hypoxia response element

Hypoxia mssp HJIF-1
=) EPO transcrlptlont

*HIF-1: hypoxia inducable factor, it’s a gene expression promoter.

»  Without erythropoietin, only few RBCs are produced, so a basal level of
erythropoietin is required even if no hypoxia (because of the continuous
destruction).
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i Erythropoietin (cont’d)

S N SRR
IS e Cpsg i Y 1 E ) (e TSI 8508l sl 046 ol e 8 (IS i 5T Uyl Sl aa3hl (2 La¥ ] iy (ISI il Aot o (nephrectomy) (ISH Jlatio] Llae o (IS A a3 130
qLSJ&“u s wlizl Lols €3] el o ¥ Opas e M 01 30 S0 Orasas o M gl el qanmy U1 s o e

©> Ifthe idney is removed by nephrectomy or other reasons like cancer or kidney failure due to
damage, so the body will mainly have only the liver erythropoietin, thisisn’t enough to
support the normal RBCs production. ..o rypoxia) i ¢t sl oin2
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« Extra-renal hypoxia (hypoxia outside the kidney, like certain organ) can
stimulate EPO production from thekidney. el 1 291 ¥
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- Some factors (hormones) are activated and stimulated in that organincluding,” .. > e

epinephrine, norepinephrine, and some prostaglandins can promote EPO
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* In anephric individuals, 10% reS|duaI Epo (mainly from liver), supports 30-
50% needed RBC productlon Hematocrl) < 5015
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« Hematocrit (packed cell volume) ~23-25% rather than 40- 45%., thisisn’t enough, we
need to replace it with erythropoietin for patient with kidney failure. 2 7 = o 2 o o s,
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« Within Minutes to hours of hypoxia, it will lead to]Erythropoietin
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"New circulating reticulocyte (new RBCs) will appear from (3-5) days. @
(RBCs number won’tincrease for at least 5 days until the final increase in number of
RBCs counts appears, but erythropoietin increases from first day).
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 Erythropoietin is important because it & (e .. prosnthoblasts ous HSCs o et ot s i
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 drives production of proerythroblasts from HSCs (Hematopoietic Stem Cells).
« accelerates their maturation into RBCs, both growth & differentiation .
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EPO can increase RBC production up to 10-fold, soitis considered very powerful .
101 i EPO
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rythropoietin remains high until normal tissue oxygenation is restored, due
to negative feedback. When oxygenation is normal, the EPO level decreases because

we don’t need more than necessary. T el £ 1 5 o i st
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Requirements of RBCs production during early pregnancy.
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« Rapid, large-scale cellular proliferation requires optimal nutrition
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 Cell proliferation requires DNA replication, and requires normal level of vitamin B12 and folic
acid,if there is a lack of them, this will lead to abnormal DNA replication. Any cell needs to
replication, it needs to replicate its DNA to get normal proliferation and division.
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 Vitamin B4, and folate both are needed to make thymidine triphosphate (thus,
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Abnormal DNA replication causes failure of nuclear maturation and cell 5
division mm) maturation failure mms |arge, irreqular, fragile, abnormal, bizarre
shaped “macrocytes” , but the macrocyte still has hemoglobin and it can carry oxygen but

its membrane is fragile, has a short life span, thus the person will have anemia “megaloblastic
anemia “.
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- Failure to produce intrinsic factor, which is secreted from gastric secretion.

* Intrinsic factor binds to vitamin B, and facilitate its absorption.
- Protects it from digestion D e e
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- Binds to receptors in the ileum where the absorption occurs. 722«

L DAl Jals B12-IF all 85 e selode
.Pinocytosis

- Mediates transport by pinocytosis . .. B12 i ¥l gl sl L) IF il ]
- Vitamin B, is largely stored in liver, released as needed

* Usual stores: 1 — 3 mqg Daily needs: 1 -3 uq

« Thus normal stores are adequate for 3 — 4 years until anemia appears.
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Folic Acid Deficiency
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Folic acid is present in green vegetables, some fruits, and meats
like liver.

- Destroyed during cooking ==
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* Subject to dietary deficiencies
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May also be deficient in cases of intestinal malabsorption

¢ Maturation failure may reflect combined B4, and folate deficiency
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Formation of Hemoglobin

* Occurs from proerythroblast through reticulocyte
stage

» Reticulocytes retain a small amount of endoplasmic

reticulum and mRNA, supporting continued hemoglobin
synthesis .
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Shapes of RBC and Hemoglobin
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Physiology Quiz 2
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External Resources

1. Guyton & Hall textbook of medical
physiology chapter 33 (p 439-443)

2. Blood cell lineages

3. Erythropoiesis
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https://youtu.be/ddifthdMNVc?si=NvH_6D_WDNspoKyM
https://youtu.be/ddifthdMNVc?si=NvH_6D_WDNspoKyM
https://youtube.com/watch?v=bbUlaTApuuI&si=v82fa0j9T6dNUxHp
https://youtube.com/watch?v=bbUlaTApuuI&si=v82fa0j9T6dNUxHp
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https://forms.gle/1aenUoAoZwLD2Du97

