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Objectives

Upon completion of this course, the reader
should be able to:

1. Indicate the normal constituents of the red
blood cell.

2. List the functional characteristics of hemo-
globin.

3. Describe factors that alter the affinity of the
oxygen-hemoglobin relationship.

4. Evaluate the role of hemoglobin in acid-base
balance.

5. Describe the normal hemoglobin variants
based on the age of the person.

Blood still wet, still rich with urgent
color…plump little corpuscles tumbling
against each other like a miniature
game of bumper cars. — Caroline
Kettlewell, Skin Game, 1999

Red blood cells were first observed in the
mid-1600s and termed ruddy globules for
their conspicuous shape and color. Since
that time, the functional significance of this
extraordinary membranous pouch of
proteins and electrolytes has been carefully
detailed. The architecture of the red blood
cell, the biochemistry of hemoglobin, the
mechanics of the oxygen-hemoglobin
affinity-altering diphosphoglycerate
compounds, and the variants of hemoglobin
are reviewed. Far from being a simple trans-
port vehicle of oxygen to and from tissues,
the red blood cell is a multifunctional entity
whose absence would make life as we know
it impossible.
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Human blood can be thought of as a suspension
of particulates (cellular components) in an
aqueous-colloid solution (plasma) resplendent
with electrolytes. Blood is the medium of interac-
tion between the cells of the body and the external
environment; it has monitoring and protective
roles as well. The cellular components consist of
red blood cells (RBCs), a variety of white blood
cells, and platelets. The focus of this review, as it is
especially relevant to the acute care of an anes-
thetized patient, is the erythrocyte or RBC.

RBCs were first accurately described in
humans by the Dutchman, Leeuwenhoek in 1674,
although they were probably first observed almost
2 decades earlier by Swammerdan, who referred
to them as ruddy globules. A century later, these
extraordinary entities were properly depicted as
flattened disks rather than globules, their impor-
tant role in the economy of the body was recog-
nized. It was not until the decade before the Civil
War that the discovery and isolation of hemoglo-
bin came about.1 Today we recognize the RBC as
lacking in the cytoplasmic organelles necessary to
synthesize protein, execute oxidative reactions, or
undergo mitosis, yet we fully understand it as a cell
of extraordinary complexity and importance.

The RBC is a membranous pouch holding a
solution of protein and electrolytes whose shape
changes as it navigates the labyrinthlike passage
through the capillaries. The spectacular, bilateral-
ly concave disk shape of the RBC yields a ratio of
surface area to internal volume that approaches
the maximum theoretical value (Figure 1). The
RBC has a mean diameter of about 8 µm and is
about 2 µm at its thickest point and only about 1
mm or less at its center. The average volume of the
RBC is about 83 mm3.2 The explanation for how
the RBC achieves, maintains, and restores its
architecture, though continuously distorted on its
capillary odyssey, exceeds the scope of this review.
Suffice it to say that it is likely a combination of
intramembranous elastic forces, surface tension,
transmembrane electrical forces, and osmotic-
hydrostatic pressure gradients.

Greater than 95% of the cytoplasmic protein
and about 90% of the dry weight of each RBC is in
the form of hemoglobin. Hemoglobin is a remark-
ably stable protein and functions throughout the
approximately 120-day life span of the RBC. The
RBC has various points of origin depending on
the stage of life (Table 1). The percentage of the
blood that is cellular (the hematocrit) is normally
in the 40% to 45% range, while the hemoglobin
density (in grams per 100 mL of blood) is

normally about 16 for men and about 14 for
women. Table 2 describes the development of the
typical RBC.

The biochemistry of hemoglobin and its acces-
sory component, 2,3-diphosphoglycerate

Hemoglobin is composed of 3 essential com-
ponents. The first of these is globin, a protein con-
sisting of 2 dimers of 2 different globin chains.
These polypeptide chains fall into 6 designations
(α, β, χ, δ, ε, γ) according to the number and
sequence of amino acids in the chain. The amino
acid sequences and chain proportions within the

Figure 1. A mature red blood cell (magnifica-

tion 9,800)

Table 1. Areas of origin of red blood cells by life

stage

Life stage Location of production

Early embryonic Yolk sac
Middle trimester of Liver, spleen, lymph
gestation nodes
Late trimester to Bone marrow of all bones
age 5 years
5 to 20 years Long bone production

falls off as marrow
progressively becomes

fatty in nature
>20 years Membranous bones—

vertebrae, sternum, ribs,
pelvis
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greater molecule change throughout fetal develop-
ment and do not stabilize until shortly after birth.

The second and third hemoglobin compo-
nents, protoporphyrin IX and Fe2+, combine to
form ferroprotoporphyrin IX, commonly known
as heme. Heme, when chemically bound to globin
chains, composes a majority of the hemoglobin
molecule. There are a total of 4 heme molecules,
each inserted into a cavity formed within the
tertiary structure of a globin chain.

An accessory component, 2,3-diphosphoglyc-
erate (2,3-DPG) is unique in that it occupies a place
in the hemoglobin molecule only temporarily and
can be ejected or reintroduced according to specific
conditions. It is held in place within the hemoglobin
center by salt bridges between it and the 2 chains
denoted β. The major importance of 2,3-DPG can
be realized when one looks at its crucial relationship
with respect to the affinity of hemoglobin for
oxygen, in which there is a reciprocal relationship
between binding of 2,3-DPG and the release of
oxygen. 2,3-DPG is manufactured in the Embden-
Meyerhof pathway (glycolysis) with production
occurring specifically within the Rappaport-

Luebering shunt (about halfway along the continu-
um of the conversion of glucose to lactate).

The hemoglobin structure can be depicted
showing its major components in both its oxy-
genated and nonoxygenated states (Figure 2). The
tetramer construction is quite obvious with each
of the 4 heme groups (H) situated within their
respective hemoglobin chains (α and β). In the
tense form, the 2,3-DPG is in place in the center
with salt bridges intact. There are strong bonds
within the dimers (between α and β) and weak
bonds between the dimer pairs. The relaxed form
demonstrates a tighter configuration and lack of
salt bridges following expulsion of 2,3-DPG after
partial oxygenation. These relationships form the
basis for the subunit cooperativity described in
“The transport of oxygen” section.

Hemoglobin: The oxygen transport protein
The absolutely vital function of the RBC is

the exchange of carbon dioxide and oxygen
between the alveoli and the cells of the body.
Readers should recall that a normal respiratory
quotient is approximately 0.8. This value depicts
the following relationship: the amount of carbon
dioxide produced per minute divided by the
amount of oxygen consumed per minute. During
1 minute at rest, a 70-kg person produces about
200 mL of carbon dioxide and consumes about
250 mL of oxygen. During exercise, these values
can easily increase 10-fold. Were it not for hemo-
globin, that is, if the only oxygen available were in
the form of that dissolved in solution in plasma,
life would be impossible. The amount of oxygen
carried in human plasma is described by Henry’s

Figure 2. The structure of hemoglobin A and its

association with 2,3-diphosphoglycerate (DPG)

Left, the tense form represents the hemoglobin molecule in a low
oxygen environment with 2,3-DPG intact. Right, the relaxed form
represents partial oxygenation and expulsion of 2,3-DPG within a
more highly oxygenated environment.

Table 2. Normal genesis of a red blood cell*

Cell type Comments

Hemocytoblast Formed from primordial
stem cells; termed unipo-
tential stem cell

Basophil erythroblast Hemoglobin synthesis
begins

Polychromatophil Named for the combi-
erythroblast nation of basophilic

material and red hemo-
globin

Normoblast Nucleus of the cell
shrinks and is ultimately
extruded

Reticulocyte
†

Endoplasmic reticulum is
slowly reabsorbed; cells pass into the
capillaries
Erythrocyte Endoplasmic reticulum
completely resorbed

*This is a tabular summary of the textual presentation found in Smith
LS, Their SO.

6(pp173-187)

†In the presence of special staining, about 1% of all red blood cells
have a reticular appearance demonstrating the dye acting on the
residual ribosomes, mitochondria, and other organelles. These repre-
sent newly released cells.
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law (the amount dissolved is directly proportional
to the partial pressure); for every millimeter of
mercury of PO2, there is 0.003 mL of oxygen per
100 mL of blood.

Fortunately we have hemoglobin, enabling
the transport of at least 100 times as much oxygen
as would be possible by plasma carriage alone.
Mammals house their oxygen-carrying protein in
corpuscles (the ruddy globules as Swammerdan
called them), as opposed to most of the inverte-
brates whose oxygen-carrying pigment is trans-
ported in a free form in the plasma.

In his classic 1928 treatise, Barcroft3 outlined
the 4 absolute criteria of an oxygen-carrying
protein. To this day, his scheme can be used to
describe the characteristics of normal hemoglobin
and point to the deficiencies of abnormal variants.
These criteria include:

1. The capacity to transport a large quantity
of oxygen.

2. High solubility.
3. The ability to take up and release oxygen at

appropriate pressures, and
4. The quality to act as a buffer.

The transport of oxygen
One gram of hemoglobin, when fully saturat-

ed, can carry 1.39 mL of oxygen. The oxygen-dis-
sociation curve for hemoglobin relates the rela-
tionship of the saturation of hemoglobin with
oxygen with the resultant oxygen tension in the
blood. At sea level, breathing a standard inspired
concentration of 21% oxygen, the range of pres-
sures is from about 90 to 100 mm Hg in arterial
blood, down to about 35 to 40 mm Hg in the veins
(Figure 3). A variety of factors affect the relation-
ship between saturation and pressure. Among
these are the properties of the hemoglobin
molecule, the environment within the RBC itself,
the pH, the temperature, and the concentration of
2,3-DPG. By closely examining Figure 3, it can be
seen that the curve is conspicuously sigmoidal in
shape, with the steepest part of the curve found
within the boundaries of normal tissue oxygen
tensions. Once termed heme-heme interaction, in
which the binding of oxygen by 1 subunit alters the
oxygen affinity of other subunits, subunit coopera-
tivity better describes the phenomenon and is now
the preferred phrase. The overall affinity for the
coupling of oxygen with hemoglobin is expressed
as the P50, which is the partial pressure of oxygen
when 50% of the hemoglobin is saturated. This
averages 26 mm Hg in normal humans, but is
highly pH dependent.4 A leftward shift, occurring in

conditions of alkalosis or hypothermia, lowers this
value and indicates an enhanced affinity for
oxygen with hemoglobin; a higher value indicates a
rightward shift, which is seen in acidosis or hyper-
thermia and indicates reduced affinity favoring
unloading of oxygen to tissues.

The Bohr effect refers to the change in the
affinity of hemoglobin for oxygen based on the
prevailing pH. The hemoglobin-oxygen affinity is
reduced as pH is lowered. Carbon dioxide is
abundant in metabolically active tissues; RBC
carbonic anhydrase immediately converts carbon
dioxide to carbonic acid, lowering the pH in that
environment relative to the pH of the arriving
arterial blood. Oxygen transfer from hemoglobin
to tissue is thus facilitated. In the alveoli, as carbon
dioxide is released, the pH rises, increasing the
affinity of oxygen for hemoglobin and facilitating
oxygen uptake.

The role of hemoglobin in acid-base balance
Readers may recall that a substance that is

capable of acting as both a proton donor (an acid)
and as a proton acceptor (a base) is termed an
amphoteric substance.5 Hemoglobin, primarily by
virtue of carboxyl and amino groups located on its
surface, is amphoteric. Because it is in a relatively
abundant concentration, hemoglobin is able to
exercise a considerable role in acid-base balance.

Figure 3. Oxygen-hemoglobin dissociation

curve at sea level

* Leftward shift as seen with decreased 2,3-diphosphoglycerate (2,3-
DPG), decreased temperature, increased pH.
† Rightward shift as seen with increased 2,3-DPG, increased tem-
perature, decreased pH.
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RBC pathophysiology and hemoglobin variants
Under normal circumstances, about 90% of

an adult’s hemoglobin is in the form of hemoglobin
A. However, RBCs also contain traces of other
hemoglobins, such as the embryonic forms known
as Gower I, Gower II, and Portland species.
Differences among the species are due to variations
in globin chains, heme, and iron. Fetal hemoglobin
(hemoglobin F) is the major hemoglobin in fetal
life. At birth, about 80% of the total hemoglobin
component is in the hemoglobin F form. As the
infant ages, fetal hemoglobin is gradually replaced
by adult hemoglobin (hemoglobin A). By 1 year of
age and persisting into adulthood, approximately
97% of hemoglobin is in the A form, about 2% in
the A2 form, and the rest in the F form.1,2

Disorders of hemoglobin are myriad and
include toxic exposures (carboxyhemoglobin,
methemoglobin, aplastic anemia), dietary defi-
ciencies (iron deficiency anemia, megaloblastic
anemia), and a myriad of genetic-based disorders
(the diverse range of thalassemias, hereditary
spherocytosis, sickling disorders). Other diseases
include hemolytic anemia, paroxysmal nocturnal
hemoglobinuria, and RBC membrane disorders,
just to name a few.6

Hemoglobin electrophoresis is a valuable lab-
oratory tool for detecting and quantifying
abnormal variations of hemoglobin. Specialized
assays and techniques that have evolved in the
wake of advances in molecular biology are invalu-
able in the diagnosis and treatment of disorders of
the RBC and hemoglobin.

Summary
The intestinal parasite Ascaris lumbricoides,

which infects 1 billion people worldwide, has huge
hemoglobin molecules that bind to oxygen 25,000
times more tightly than does human hemoglobin.7

This hemoglobin species seeks out and destroys
oxygen in a complex reactionary sequence. The
worm, which survives in an ultra-low oxygen envi-
ronment, probably finds oxygen toxic. Humans
recognize hemoglobin’s importance for far differ-
ent reasons.

Anesthesia providers continuously assess
surgical blood loss, organ blood flow, the satura-
tion of hemoglobin with oxygen, and hemody-
namics. Fundamentally, what we are monitoring is
RBC function. The RBC is a multifunctional entity
and should not be viewed simply as a pouch of
hemoglobin whose sole purpose is to transport
oxygen to the tissues. The RBC also transports
carbon dioxide, contains carbonic anhydrase for
catalyzing the reaction between carbon dioxide
and water, and acts as an acid and a base. In the
absence of the ruddy globule, life as we know it
would be impossible.
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