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Introduction

In recent years the erythrocyte membrane has received
considerable attention by many investigators. Numer-
ous reviews on the composition [21, 111], immunologic
[85, 116] and rheologic [65] properties, permeability
[73], active transport [99], and molecular organiza-
tion [109, 113, 117], attest to this interest. Although
many studies relating to membrane enzymes have ap-
peared, systematic reviews of this area are limited.
More than a dozen enzymes have been recognized in
the membrane of the human erythrocyte, although
changes in activity associated with pathologic condi-
tions are found regularly only with acetylcholinesterase
(EC. 3.1.1.7). Although the physiologic functions of
erythrocyte acetylcholinesterase remain obscure, the
location of this enzyme at or near the cell surface gives
it special significance in studies of cellular membranes
and the activity alterations seen in several hemolytic
disorders may be of importance in understanding cer-
tain basic disease processes. Present knowledge con-
cerning erythrocyte acetylcholinesterase as related to
health and disease, age of the individual, and erythro-
cyte aging is so diffuse that a review of this subject
seems to be warranted.

Cholinesterases

Cholinesterases are enzymes, present almost exclu-
sively in animal tissues, that catalyze the hydrolysis of
acetylcholine into acetic acid and choline. Acetylcho-
line was discovered over 100 years ago, but it was not
known until the 1920's that this substance was wide-
spread in animal tissues and that it was important for
the functioning of nervous tissue. After acetylcholine
was found in animal tissues, it was shown that the
physiologic action of this ester was inhibited by ex-
tracts of heart tissue [66]. Later studies indicated that
the inactivation of acetylcholine was caused by the
action of an enzyme [28]. It then became apparent

that this enzyme was an esterase, hence the term
"choline esterase" was coined [100]. Further studies
established that more than one type of cholinesterase
occurs in the animal body, differing in substrate
specificity and in other properties. Alles and Hawes
[1] compared the cholinesterase of human erythro-
cytes with that of human serum and found that,
although both enzymes hydrolyzed acetyl-a-methyl-
choline, only the erythrocyte cholinesterase could
hydrolyze acetyl-yg-methylcholine and the two dia-
stereomeric acetyl-«: /3-dimethylcholines. These dif-
ferences have been used to delineate the two main
types of cholinesterase: (1) acetylcholinesterase, or true,
specific, E-type cholinesterase (acetylcholine acetyl-
hydrolase, EC. 3.1.1.7) and (2) cholinesterase or
pseudo, nonspecific, s-type cholinesterase (acylcholine
acylhydrolase, EC. 3.1.1.8).

Acetylcholinesterase is found in the nervous tissue
of all animals and in the erythrocytes of most of them,
whereas pseudocholinesterase is found in lesser
amounts in the nervous tissue of all animals and in the
serum of most of them [4]. The most important differ-
ences between acetylcholinesterase and pseudocholines-
terase are indicated in Table I. Although other non-
specific esterases that also hydrolyze acetylcholine are
present in many tissues, they can be distinguished from
the cholinesterases by their insensitivity to inhibition
by eserine.

Some Properties of Acetylcholinesterase

Acetylcholinesterase possesses two adjacent binding
sites for the substrate. One site is "anionic," and it
binds the cationic quaternary nitrogen of acetylcholine.
The other site is "esteratic," formed by a serine residue
and by another nucleophilic group (imidazole of a
histidine residue) that accepts the proton released
during the enzyme reaction. While the anionic site
attracts the quaternary nitrogen of the substrate, the
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Table I. Characteristics of cholinesterases1

Optimum pH
Inhibition by excess substrate
Hydrolysis of

Tributyrine
Acetyl-/3-methylcholine
Benzoylcholine

Hydrolysis rate with butyrylcholine
(relative to acetylcholine)

Inhibition by
Eserine
Quinidine
Diisopropylphosphofluoridate

Acetylcho-
linesterase

7.5-8.0

+

—
+
—

10%

+ + + +
+

+ +

Pseudocho-
linesterase

8.5
—

+
—
+

200%

+ + + +
+ + + +
+ + + +

'After the data of Augustinsson [4]. Acetylcholinesterase:
erythrocytes, nervous tissue, brain, placenta. Pseudocholines-
terase: serum, pancreas, glands.

electrophilic carbon of the carbonyl group at the
esteratic site forms a covalent bond with the oxygen of
serine. The alcoholic portion is split off from the
acetylcholinesterase-substrate complex, and the acety-
lated esteratic site reacts with water to form acetic acid
and the intact enzyme. Substances that bind at the
anionic site (simple quaternary compounds) are rever-
sible acetylcholinesterase inhibitors, since they prevent
attachment of the substrate. Other compounds, such as
prostigmine, eserine, or related substances that have
a carbamyl ester linkage or urethane structure, com-
bine with both the anionic and the esteratic sites. After
choline is split off, a carbamylated enzyme is left that
is hydrolyzed very slowly. This type of inhibition is
slowly reversible. Substances such as diisopropylphos-
phofluoridate form stable diisopropylphosphate esters
with the serine residue of the esteratic site, resulting in
irreversibly inhibited acetylcholinesterase. This type of
inhibition characterizes insecticides and nerve gases.
Compounds with a strongly cationic group at an appro-
priate intramolecular distance from a nucleophilic
group, such as 2-pyridine aldoxime methiodide, rapidly
remove the diisopropylphosphate group from the ester-
atic site, restoring enzyme activity. 2-Pyridine aldoxime
methiodide has been used successfully as an antidote
for diisopropylphosphofluoridate poisoning. Compre-
hensive reviews on acetylcholinesterase inhibitors and
their modes of action have been published [27, 32].

The Erythrocyte and Its Membrane

The mature erythrocyte is a nonnucleated, bicon-
cave, disc-shaped cell containing a high concentration
of hemoglobin [9]. This unique cell is programmed in

such a way that in its life span of 120 days and 280 km
of continuous travel it is an effective vehicle for the
supply of oxygen to all body tissues. Although it
appears that the cell does not expend energy in
fulfilling its known primary functions of transporting
oxygen and carbon dioxide, the maintenance of the
erythrocyte in a functional state involves energy
expenditure. Essential to the rapid oxygenation of
hemoglobin in the lungs and to the comparably rapid
deoxygenation in the tissues is a structurally intact
erythrocyte, i.e., the hemoglobin must be enclosed
within the relatively impermeable envelope or mem-
brane. Conditions that affect the functional and struc-
tural integrity of this membrane may lead to an ineffec-
tive and short lived cell.

As indicated above, the erythrocyte membrane has
been extensively studied in relation to composition,
immunologic and rheologic properties, permeability,
active transport, and molecular organization. How-
ever, the possibility that membrane abnormalities of
an enzymatic nature [31, 112] may be associated with
several inherited or acquired hemolytic disorders has
not received much attention. The erythrocyte mem-
brane, composed primarily of lipid and protein, like
the membranous structures of other cells, possesses
specific enzymes [90]. An enzyme is considered to be
located on the membrane if it cannot be removed by
manipulations that render the membrane hemoglobin
free. Hence, only the enzymes indicated in Table II
are considered to form an integral part of the erythro-
cyte membrane.

Acetylcholinesterase in the Erythrocyte

The capacity of erythrocytes to split acetylcholine
was first described by Galehr and Plattner [33] in

Table II. Enzymes of the erythrocyte membrane

Enzymes References

Acid proteases and peptidases [40, 92]
Diphosphopyridinenucleotidase [35]
Triphosphopyridinenucleotidase [35]
Phosphatases of various specificities [20, 34, 41, 52, 91, 103]
Cation-dependent adenosinetri- [41,75]

phosphatases
5'-Adenosinemonophosphate deam- [79]

inase
Adenylate kinase [17, 41]
Diglyceride kinase [52]
Phosphoglycerate kinase [72]
Sialyltransferases [63]
Glycolytic enzymes [16, 25, 82, 90, 105]
Acetylcholinesterase [11]
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1927. Alles and Hawes [1] demonstrated in 1940 that
the erythrocyte enzyme resembled the brain esterase
but differed markedly from the cholinesterase found
in serum. Sabine [86] observed large increases in
erythrocyte acetylcholinesterase activity in dogs after
phlebotomy and in man after blood loss. In pernicious
anemia a reproducible sequence of events was estab-
lished: in relapse, the enzyme activity was relatively
low, but it rose sharply above normal with the reticulo-
cyte response and then declined progressively as remis-
sion was established. Similar patterns were found in
other anemias. From these observations it was inferred
that erythrocyte acetylcholinesterase activity above
normal is a reflection of accelerated erythropoiesis.

The first direct evidence that increased acetylcholin-
esterase activity is a characteristic of young erythro-
cyte was obtained by Pritchard [78] in 1949. He
separated by centrifugation the erythrocytes of rats sub-
jected to blood loss into reticulocyte-rich and reticulo-
cyte-poor populations. High activity was found in the
reticulocyte-rich and low activity in the reticulocyte-
poor fractions. Sabine [87, 88] obtained similar results
by applying the same procedure to blood from patients
with various hematologic disorders. By transfusing
erythrocytes of group O into A-type normal recipients,
and then isolating the donor's cells, Allison and Burn
[2] demonstrated that the loss in acetylcholinesterase
activity with time was compatible with an exponential
decay curve with the assumption that in normal sub-
jects cells of all ages are present in equal quantities.
Subsequent studies have confirmed the notion that the
activity of erythrocyte acetylcholinesterase is related to
cell age [3, 45]. However, an exception is seen in pa-

Table HI. Erythrocyte acetylcholinesterase activity of some
animal species

Species

Man
Chimpanzee
Monkey
Cow

Pig
Guinea pig
Goat
Horse
Dog

Rabbit
Rat
Cat

Relative acetylcholinesterase activity

Zajicek [U8]

1.00

0.88

0.32

0.30

0.21
0.12
0.01

Callahan and
Kruckenberg [15]

1.00
0.71
0.64

0.16
0.14
0.12
0.12
0.08
0.05

0.02

tients with paroxysmal nocturnal hemoglobinuria (see
below).

Brauer and Root [11] in 1945 showed that after in
vitro hemolysis, acetylcholinesterase activity can be
recovered in the erythrocyte membrane. Studies with
proteolytic enzymes, which are unable to traverse the
erythrocyte membrane, have indicated that acetyl-
cholinesterase or its active sites are located at or near
the outer surface of the human erythrocyte [7, 30, 51,
74]. It has been suggested on the basis of a molecular
weight of 90,000 or 180,000/active site that 0.2% of
human erythrocyte membrane proteins is active acetyl-
cholinesterase [6]. The enzyme of human erythrocytes
has been separated by ion exchange chromatography
into two components [95, 96] and studies by Coates
and Simpson [19] have shown genetic variations of
these components. The membrane location of acetyl-
cholinesterase prompted earlier investigators [53] to
link the activity of this enzyme with the active trans-
port of potassium, inasmuch as erythrocyte K+ was
lost in the presence of acetylcholinesterase inhibitors.
However, this hypothesis has been disputed on the
grounds that synthesis of acetylcholine by erythrocytes
could not be demonstrated to be sufficiently active for
the continuous operation of a K+ transport system
[67]. Furthermore, the concentrations of inhibitor
required to prevent K+ transport were up to 1,000
times higher than those needed to inhibit acetylcholin-
esterase activity [106]. The studies of Skou [99] and
Post et al. [75] have established that the active trans-
port of monovalent cations in and out of the erythrocyte
is linked to a sodium-potassium-magnesium-dependent
adenosine triphosphatase, present in the membrane.

Of the mammals studied, man has the highest
acetylcholinesterase activity in the erythrocytes,
whereas the cat has the lowest. Zajicek [118] has
demonstrated an inverse distribution of acetylcholin-
esterase activity between erythrocytes and platelets in
man and the cat, showing that in the former the
enzyme activity is highest in the erythrocytes and
almost absent in platelets, whereas in the latter the
activity is very low in erythrocytes and extremely high
in platelets. In Table III the activity of acetylcholin-
esterase of erythrocytes of different animals is com-
pared with that of normal adult humans.

Measurement of Erythrocyle Acetylcholinesterase

The methods used for the estimation of acetyl-
cholinesterase activity are based on the measurement
of the rate of hydrolysis of acetylcholine or of an
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appropriate analogue such as acetylthiocholine [54,
115]. One simple method is the colorimetric technique
of Ellman et al. [26] which uses acetylthiocholine as
substrate in the presence of dithionitrobenzoate and
quinidine sulfate (to inhibit pseudocholinesterase) in
0.1 M sodium-potassium phosphate buffer (pH 8.0) and
at 25°. The thiocholine liberated reacts with dithioni-
trobenzoate, yielding a yellow color that is measured
spectrophotometrically at 412 nm. Table IV shows the
enzyme activity in erythrocytes of normal adults, new-
born infants, and patients with disorders characterized
by a reduction of acetylcholinesterase activity as ob-
tained in our laboratory. Specific activity is expressed
as change in absorbance per minute per milligram of
hemoglobin.

Erythrocyte Acetylcholinesterase Activity in Neonates

The erythrocyte of the neonate differs in many
respects from that of the adult individual [8, 13, 55,
69, 121]. The circulating blood at birth contains two
kinds of hemoglobin, a fetal type, which comprises
0.80 of the whole, and the adult type, which makes
up the remaining 0.20. Receptors of the ABO, Lewis,
and Ii blood group systems are not fully developed at
birth, and the cells have a greater susceptibility to
substances that generate methemoglobin. Electron
microscopy has shown that vacuoles beneath the cell
membrane, not present in erythrocytes from adults,
are fairly common in cells from neonates. The mem-
branes of cells from adults have more lecithin and
less sphingomyelin than those from newborn infants,
although both types of erythrocytes have the same total
phospholipid content.

Despite the fact that the blood from normal neonates
has a higher proportion of younger cells than that
of adult individuals [70], acetylcholinesterase activity
of the newborn's circulating erythrocytes is consider-
ably less than that of the adult's [58]. Burman [14]
has shown that mean acetylcholinesterase activity of
cord erythrocytes was 53% of that of adult erythrocytes
and that adult levels were reached by 3-5 months of
age. By separating the erythrocytes into light and
heavy fractions (youngest and oldest cells, respectively),
he also demonstrated that acetylcholinesterase activity
was higher in the fraction containing most of the young
cells. No changes in acetylcholinesterase activity were
found by Burman in nine patients with Rh hemolytic
disease and in two patients with ABO hemolytic dis-
ease of the neonate [14]. Volpato et al. [110] demon-
strated low acetylcholinesterase activity at birth and

Table IV. Erythrocyte acetylcholinesterase activity in man1

Study subjects Specific activity2

Normal adult (60) 153 ± 24
Paroxysmal nocturnal hemoglobinuria 62, 60, 45, 29, 22

(5)
Autoimmune hemolytic anemia (2) 43, 46
Normal full term neonates (253) 95 ± 15
Full term neonates with hemolytic dis-

ease
Rh disease (65) 98 ± 16
ABO disease (90) 57 ± 15

Infants of low birthweight appropriate 88 ± 15
for gestational age (120)

1 Numbers in parenthesis indicate number of subjects tested.
2 Mean ± SD.

showed a gradual increase to adult values by the 3rd
week of life. They found similar enzyme activity in
the erythrocytes of full term and of premature infants.
However, reduced acetylcholinesterase activity was
noted in 7 out of 26 infants with hyperbilirubinemia.
Kaplan and Tildon [62] confirmed the results of
earlier investigators by demonstrating that the en-
zyme activity at birth was 63% of adult values. In
contrast to the findings of Volpato et al. [110], these
authors demonstrated a further reduction in activity
by 3-9 weeks of life, which is compatible with the
evidence that reduced erythropoiesis after birth re-
sults in an older erythrocyte population [61]. As ex-
pected, values approaching adult levels were found in
infants of 10-17 weeks of age [62]. Although the con-
centration of reticulocytes was not determined in this
investigation, the activity of glucose 6-phosphate dehy-
drogenase, an enzyme located intracellularly, was used
as an additional variable. The activity of this enzyme,
which is higher in the neonate than in the adult [101],
was lower in the group of infants of 3-9 weeks of age
than at birth and slightly higher by 10-17 weeks of
age [62]. Zefirov and Kovalev [120] reported that acetyl-
cholinesterase activity in full term infants did not
change during the 1st week of life. Studies with erythro-
cytes from infants of low birthweight have shown that
acetylcholinesterase activity is slightly lower than that
of full term babies [50]. When the infants of low birth-
weight were followed for up to 6 weeks, there was an
initial slight decline in activity associated with a small
increase in glucose 6-phosphate dehydrogenase activity.

Erythrocyte Acetylcholinesterase Deficiency in ABO
Hemolytic Disease of the Neonate

During an investigation to establish correlation be-
tween erythrocyte survival and erythrocyte enzyme
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activity in the first days of life, Kaplan et al. [60]
found a consistent reduction in acetylcholinesterase
activity in newborn infants affected with ABO hemo-
lytic disease. No decrease in enzyme activity was noted
in infants with Rh hemolytic disease, in infants with
congenital spherocytosis, or in infants with unex-
plained neonatal hyperbilirubinemia. In infants with
ABO disease, the activities of glucose 6-phosphate
dehydrogenase and of inorganic pyrophosphatase [44]
were higher than in normal neonates, reflecting the
presence of more young erythrocytes in the peripheral
blood. The characteristic reduction of acetylcholin-
esterase activity in ABO disease is transient, since by
the 4th month of life normal adult levels are found
[60].

The finding of subnormal acetylcholinesterase activ-
ity in ABO disease has now been confirmed by several
investigators [24, 36, 71, 89, 98], and Stocker et al. [102]
suggest its use as a clinical aid in evaluating infants
for exchange transfusion in ABO hemolytic disease.
Others have not found any association between the
levels of acetylcholinesterase activity and severity of
clinical disease [36, 60].

Investigations to elucidate the nature and significance
of reduced acetylcholinesterase activity in ABO hemo-
lytic disease of the neonate, like the findings with the
deficient cells of paroxysmal nocturnal hemoglobinuria
[3], have failed to reveal differences between the en-
zyme from these sources and the acetylcholinesterase
from normal individuals. No inhibitors of acetylcholin-
esterase could be found in patients with reduced en-
zyme activity [47] and no differences in regard to
substrate specificity, pH profile, Km, effects of inhibitors
[47, 71] and of inactivators [42, 43, 46], and thermo-
stability were found when enzyme from acetylcholin-
esterase-deficient erythrocytes was compared with that
of normal cells. The report by Ferrone et al. [29] that
the reduced acetylcholinesterase activity of erythro-

Table V. Conditions with reduced erythrocyte acetylcholin-
esterase activity

Consistent finding
Paroxysmal nocturnal hemoglobinuria
ABO hemolytic disease of the neonate
"Familial" reduction in acetylcholinesterase activity
Severe poisoning with acetylcholinesterase inhibitors

Occasional finding
Autoimmune hemolytic anemia
Erythroleukemia
Acute leukemia

cytes from newborn infants with ABO disease was more
resistant to heat denaturation than the enzyme activity
of the cells from normal infants could not be confirmed
in our laboratory.

Acetylcholinesterase Activity in Infants of ABO-incom-
patible Pregnancies

Since ABO hemolytic disease of the neonate does not
represent a clearly defined clinical entity, but a loose
complex of clinical, hematologic, and immunologic
abnormalities [60, 80], a continuous spectrum of levels
of acetylcholinesterase activity in offsprings from ABO
incompatible matings is to be expected. The com-
parison between full term infants of ABO-compatible
pregnancy and infants of ABO-incompatible pregnancy
but without signs of hemolytic disease reveals that
acetylcholinesterase activity is somewhat lower in the
latter group of children (98 ± 16 versus 91 ± 12). This
difference is amplified when fractions comprising the
oldest cells are examined and in 20% of babies of
ABO-incompatible pregnancy, acetylcholinesterase ac-
tivity is significantly lower than in the other infants
[48]. This finding is reminiscent of other anomalies
described in normal-appearing neonates of ABO-in-
compatible pregnancy [80, 83, 122].

Erythrocyte Acetylcholinesterase Deficiency in Other
Disorders

By the end of approximately 3 months of life,
erythrocytes have adult levels of acetylcholinesterase
activity [62]. Although the range of normal levels of
erythrocyte acetylcholinesterase activity in the adult is
relatively wide [5], increases in activity have been de-
scribed in several conditions [86, 94]. However, it is
not possible to ascribe great significance to these find-
ings, since they occur during reticulocytosis and retic-
ulocytes are known to have higher enzyme activity
than erythrocytes [78].

Reduced acetylcholinesterase activity has been re-
ported in a number of conditions (see Table V), but is
consistently diminished only in patients with paroxys-
mal nocturnal hemoglobinuria [3, 22, 23, 68]. Since
this disorder does not appear to be genetically deter-
mined, subnormal acetylcholinesterase activity would
indicate an acquired membrane protein defect. Because
acetylcholinesterase activity also seems to be reduced in
bone marrow aspirates it has been suggested that
the reduction is the result of defective cell mem-
brane synthesis [3]. In both paroxysmal nocturnal
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hemoglobinuria [107] and ABO disease of the neonate
[60], the activities of other membrane enzymes do not
seem to be affected. One family in which several mem-
bers had reduced acetylcholinesterase activity without
apparent disease has been described by Johns [57]. In
severe poisoning with acetylcholinesterase inhibitors
(see above) the levels of enzyme activity are usually
diminished, with return to normal after the elimina-
tion of the affected cells [37].

Moderate reduction in activity has also been re-
ported in some individuals with autoimmune hemo-
lytic anemia [10, 18, 49, 93, 97, 104, 108]. Sirchia et al.
[97] found an association between diminished enzyme
activity and the types of globulins coating the erythro-
cytes. Acetylcholinesterase activity appeared subnormal
only in those cases where a y-globulin antibody coated
the erythrocytes, irrespective of the presence of com-
plement. The reduced enzyme activity in some patients
with autoimmune hemolytic anemia seems to reflect
an abnormal decline in activity with erythrocyte aging
[93] as well as a relative acetylcholinesterase deficiency
of the youngest circulating cells [49]. Diminished
activity has also been reported in cases of erythro-
leukemia [56] and acute leukemia [119], but the
significance of these findings is not understood.

Possible Mechanisms for Erythrocyte Acetylcholin-
esterase Deficiency

Inasmuch as the reduction of acetylcholinesterase
activity in paroxysmal nocturnal hemoglobinuria seems
to be an intrinsic cellular defect, the possibility of
deficient enzyme synthesis has been considered [3]. In
ABO disease of the neonate, and, in some cases, of
autoimmune hemolytic anemia, the presence of anti-
bodies may interfere with the correct translation of the
genetic message specific for the synthesis of the enzyme
protein, thereby resulting in either reduced enzyme
synthesis or in a case in which the synthesis proceeds
correctly, but the presence of antibodies interferes with
the correct incorporation of acetylcholinesterase into
the erythrocyte membrane. On the other hand, the
possibility that reduced acetylcholinesterase activity
represents the expression of a direct effect of certain
serum components on the erythrocyte membrane has
been tested repeatedly [60, 93, 104]. However, no evi-
dence could be found to support this contention,
because when normal erythrocytes are treated with
immune isoantibodies, serum from patients with par-
oxysmal nocturnal hemoglobinuria or autoimmune

hemolytic disease, under a variety of experimental con-
ditions, no effect on acetylcholinesterase is noted.

Acetylcholinesterase Activity and Erythrocyte Aging

One of the most characteristic examples of metabolic
modifications occurring during development takes
place during erythrocyte maturation [12, 76]. The
erythroid cell up to the erythroblast state is endowed
with a full complement of metabolic activities. Thus,
the marrow cell synthesizes DNA, RNA, proteins,
heme, and lipids, it metabolizes sugars aerobically and
anaerobically, oxidizes through the tricarboxylic acid
cycle, and phosphorylates oxidatively through the cyto-
chrome system. At the adult normoblast stage and at
the reticulocyte stage, many of these functions start
to disappear and the metabolism of the circulating
erythrocytes depends mainly on the utilization of
monosaccharides. During the lifespan of 120 days the
aging process of the erythrocytes is characterized by
specific modifications. The cells have a tendency
toward sphericity; the granular membrane becomes
smooth, and there is a decrease in electric charge. Fur-
thermore, there is an increase in methemoglobin and
in specific gravity, as well as a decrease in osmotic
resistance, water, potassium content, and overall cellu-
lar metabolism.

By using techniques based on the age-dependent
increase in specific gravity it is possible to separate
erythrocytes in accordance with their age [77]; cell
fractions thus obtained can be employed for enzyme
assays. Acetylcholinesterase activity, like the activity of
many intracellularly located enzymes [12], gradually
declines as the erythrocyte ages [47]. The relationship
between the decline in activity and structural and
functional alterations which determine the ultimate
removal of the aged erythrocyte from the circulation
have not been elucidated. It remains unclear whether
the changes in activity are related to an actual loss of
enzyme protein or a progressive enzyme denaturation,
or are a reflection of a modified enzyme with de-
creased catalytic efficiency.

When erythrocytes from a normal adult individual
are separated into populations of increasing age, a
gradual decline in acetylcholinesterase activity can be
observed [49]. By comparison, a much more accelerated
decrease in activity is seen in patients with reduced
enzyme activity, either because of ABO hemolytic dis-
ease or because of autoimmune hemolytic anemia [49].
An exception to the rule that acetylcholinesterase
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activity declines as the circulating erythrocytes age, is
seen in paroxysmal nocturnal hemoglobinuria [3, 47].
In this condition, the activity is higher in the circulat-
ing older cells than in reticulocytes. This has been ex-
plained as being the result of a dual population of
cells: one short lived and another with normal sur-
vival [59], one complement sensitive and another,
complement insensitive [64, 84].

Dissociation between Acetylcholinesterase Activity and
Reticulocyte Concentration

Although acetylcholinesterase activity is increased in
younger cells and decreased in older cells, the overall
enzyme activity is higher in adults than in neonates
[14, 62], despite the greater reticulocyte content in the
blood of the latter [70]. The dissociation between
acetylcholinesterase activity and reticulocyte content
in newborn infants becomes even more significant
when viewed in the context of the activity of other
erythrocyte enzymes. For example, the activities of the
intracellularly located glucose 6-phosphate dehydro-
genase [47] and inorganic pyrophosphatase [44] are in-
creased not only in fractions containing the youngest
cells but also in unseparated erythrocyte specimens
from normal infants and from neonates with ABO dis-
ease [60]. These observations would exclude the
possibility that the reduced acetylcholinesterase activ-
ity observed in ABO disease is the result of a pref-
erential elimination from the circulation of younger
cells which possess stronger A and B antigens, thereby
leaving a cell population of older mean age [38].

It has been suggested that since fetal erythropoiesis
is greatly accelerated toward the end of intrauterine
life, a premature delivery of cells into the circulation
could take place [121]. This could result in the forma-
tion of cells similar to the "stress reticulocyte" pro-
duced in the adult in response to hemorrhage or
hemolysis [39, 81]. During "stress reticulocytosis" the
normoblasts skip a generation and lose their nucleus at
the polychromatophilic stage to become reticulocytes
without going through the stage of orthochromatic
normoblasts. This possibly incomplete maturation
could be correlated not only with the dissociation of
acetylcholinesterase activity and reticulocyte concentra-
tion in erythroblastotic infants, but also with the dis-
sociation noted in all neonates, because only by 3
months of life does acetylcholinesterase activity reach
adult levels [62].

Thus far, only quantitative differences in acetyl-
cholinesterase activity have been noted. These do not

distinguish between cells having fewer enzyme mole-
cules and molecules arranged in a different spatial
configuration, less favorable for interaction with sub-
strate. The relatively low erythrocyte acetylcholin-
esterase activity and somewhat reduced adenosine tri-
phosphatase activity [114] in neonates are in striking
contrast to the activities of most intracellularly located
enzymes which are higher in neonates than in adults
[60, 101]. If the "stress reticulocyte" hypothesis is cor-
rect this could mean that the complement of intra-
cellular enzymes is synthesized at an earlier temporal
stage than acetylcholinesterase (and perhaps other
membrane components as well). Also, the possibility
that the lower erythrocyte acetylcholinesterase activity
in neonates is the result of an accelerated enzyme in-
activation as a function of cell age cannot be excluded.

Summary

This review summarizes the present knowledge with
respect to human erythrocyte acetylcholinesterase. Al-
though the physiologic functions of this enzyme in the
erythrocyte remain obscure, its physicochemical and
biochemical properties, as well as its position within
the erythrocyte membrane, are better understood. Be-
cause of its location at or near the outer cell surface,
the study of acetylcholinesterase might have relevance
for basic disease processes at the cellular level. Of the
enzymes recognized in the membrane of the human
erythrocyte, alterations in activity associated with
pathologic conditions are found regularly only with
acetylcholinesterase. This review provides a summary
of the knowledge concerning changes in the activity
of this enzyme as related to health and disease, age of
the individual, and erythrocyte aging.
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