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Hardly any molecule has attracted the interest of as many scientific discipfines as 
has haemoglobin. Contributions from physicists, chemists and biologists have 
combined to bring about a full understanding of the relationship between its 
structure and function. In particular, the finding that red cell metabolism and 
haemoglobin function are interdependent has provided important biological 
insights that have transformed the red cell from a seemingly inconspicuous bio- 
logical unit into a model demonstrating several fundamental biological principles. 

It is the aim of this article to summarise current knowledge about the physio- 
logical properties of haemoglobin in transport of oxygen and carbon dioxide in 
the blood, and to relate this to its molecular structure. 

I. The Chemistry of Haemoglobin 

Every vertebrate haemoglobin known is an oligomeric protein. They consist of 
four polypeptide subunits (protomers) each of which contains an oxygen binding 
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protohaem which is a chelate complex of protoporphyrin with a bivalent iron 
atom. Each two of the polypetide subunits has an identical amino acid sequence. 
In human haemoglobin A (A for adult) the two identical ~-subunits consist of 
141 amino acid residues, whereas the two fl-subunits are built up from 146 residues. 
Besides haemoglobin A (azflz) there are at least two more biologically important 
human haemoglobins: haemoglobin F (F for foetal) which has the structure a2Vz 
and haemoglobin A2 (~z62). HbF is the major oxygen carrying pigment during the 
last two thirds of gestation and HbAz is a minor component in the blood of adults 
(about 2.5 per cent of total Hb). 

Both HbF and HbA2 have the same a-subunits as HbA. Their 7- and f-sub- 
units, however, differ from the fl-subunits in the sequence of  the amino acid residues 
(SCHROEDER, 1963; BRAUNITZER et al., 1964; SCHROEDER and JONES, 1965). All the 
various subunits possess a certain sequence homology, particularly if some gaps 
are introduced. This sequence homology can be interpreted as the result of gene 
duplications during phylogeny and the conclusion can be drawn that the y-sub- 
units were the first to develop independently of the a-subunits, followed by the 
r- and the fi-subunits (ZuCKERKANDL and PAULING, 1962; BRAUNITZER, 1967). 

The secondary structure of all subunits shows a high content of a-helix com- 
prising about 80 per cent of all amino acid residues. The helical sections are called 
helices A to H, starting at the N-terminus of the subunit. The nonhelical segments 
or corners are denoted according to the adjoining helices, e.g., AB, BC etc. 
Residues within each segment are numbered from the amino end (PERUTZ, 1965). 
Helix D is deleted in the a-subunits. 

The three dimensional folding of the polypeptide subunits, like their secondary 
structure, was elucidated by means of X-ray diffraction analyses of crystals of 
haemoglobin and myoglobin, the latter being a monomeric haemoprotein found in 
muscle cells (KENDREW et al., 1960; PERUTZ et al., 1960; MumnA~O and PERUTZ, 
1963; PERUTZ et al., 1964; PERUTZ, 1965; MU1RH~D et al., 1967; PERUTZ et al., 
1968; MUIRnAED and GR~R, 1970; BOLTON and PERUTZ, 1970). The most striking 
feature of the tertiary structures of the different snbunits is their close resemblance 
in spite of rather large differences in primary structure. The majority of the amino 
acid side chains (R groups) protruding into the interior of the subunits are non- 
polar, or hydrophobic, in character so that the molecule is held together by 
numerous hydrophobic interactions. The polar R groups, on the other hand, are 
mainly in contact with the solvent where the charged side chains are exposed to 
the water phase. This particular distribution of hydrophilic and hydrophobic 
R groups explains the solubility of haemoglobin, even at the very high concentra- 
tion found in red cells. 

The haem group is embedded in a hydrophobic pocket between helices E and F. 
The only covalent bond between the haem group and the R groups forming the 
wall of the haem pocket is between histidine F (8) and the haem iron, whilst most 
interactions (about 60) are again hydrophobic in nature. The invariance of the 
residues surrounding the haem group suggests that almost all of them are essential 
for a proper function of the haemoglobin molecule (PERUTZ et al., 1968). 

The hydrophobic environment of the haem group is thought to explain the 
unusual stability of the oxygen-haemoglobin complex. It was suggested that the 
reversible binding of oxygen to the haem group is due to the low dielectric constant 
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Fig. 1. Schematic representation of the assembly of ~- and fl-subunits in haemoglobin 

of water in the hydrophobic environment of many aliphatic hydrocarbon R groups 
and aromatic rings (WANG, 1958; WANG et al., 1958). By embedding a ferrous 
haem-imidazole complex in a matrix of polystyrene, which is analogous to the 
hydrophobic environment of the haem pocket, a model compound can be obtained 
which is capable of reversible combination with oxygen (WANG, 1958). This experi- 
ment seems to offer proof of the conclusion that the low dielectric constant of 
water in the haem pocket prevents the superoxide anion, which is probably formed 
at the 6th coordination site of the haem iron (see Reaction 1), from dissociation 
from an oxidized haem iron (WEiss, 1964; VIALE et al., 1964; WITTENBEgG et al., 
1970). 

N N N N 
\ /  \ /  

Globin--Fe ++ -[- 02 ~- Globin--Fe +++ • O~ 
/ \ / \ (1) 

N N N N 
Deoxyhaemoglobin 0xyhaemoglobin 

As oxyhaemoglobin becomes deoxygenated when travelling through the tissue 
capillaries, Reaction (1) proceeds from right to left because the superoxide anion 
is held back in the haem pocket where the dielectric constant of water is only 
slightly higher than that of benzene (PERuTZ, t965), whilst molecular oxygen is 
perfectly free to leave the pocket. 

The quaternary structure of the tetrameric haemoglobin is maintained by a 
number of contacts between ct- and fl-subunits, most of which are hydrophobic. 
One can sketch the assembly of ~- and fl-subunits in the following way (Fig. 1) 
which represents the view along the dyad axis of the molecule. Between the sub- 
units aa and fla the contacts consist of thirty-four residues, whereas the contact 
between ~1 and f12 involves nineteen residues belonging to helices C, F and G. 
Upon ligand binding large structural changes are observed at this latter contact 
which led to the conclusion that it may be important from a functional view point 
(PERUTZ et al., 1968; MUmrIAED and GREER, 1970). Support for this idea comes 
from the functional properties of mutant haemoglobins. Among other things, a 
diminished haem-haem interaction has been reported in all cases where the ~,flz 
contact is affected (PERUTZ and LEHMANN, 1968). It should be noticed, however, 
that the ~,flz contact cannot be thought of simply as a pathway, along which 
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information is carried from one haem group t o  another, but rather as a functional 
unit which must be seen in relation to other specific contacts between the subunits. 
The importance of some of these contacts for the functional properties of haemo- 
globin were extensively discussed by PERUTZ (1970), and will be dealt with in the 
following paragraph. 

II. Allosteric Effects in Haemoglobin 

A. General Considerations 

The physiologically most important properties of haemoglobin are the cooperati- 
vity of oxygen binding and the influence of hydrogen ions, carbon dioxide and 
organic phosphate compounds on the affinity of haemoglobin for oxygen. The 
basis for comprehending these properties is the fact that haemoglobin undergoes a 
structural transition when oxygen and other haem ligands (e.g. CO, NO) are 
bound or removed. This structural change was observed as early as 1938 by 
HAUROWlTZ who states: ,,Aus diesen Versuchen geht deutlich hervor, dab die 
Bindung des Sauerstoffs an das H/imoglobin mit einem Umbau des Krystallgitters 
verbunden ist. Er ist vermutlich auf eine ~nderung der zwischen den H/imgruppen 
wirksamen Kr~iften zurtickzufiihren". (" From these experiment it follows clearly 
that the binding of oxygen to haemoglobin is accompanied by a rearrangement of 
the crystal lattice. It is probably attributable to a change in the forces acting 
between the haem groups.") This rearrangement of the crystal lattice occurring 
when ligands are bound or removed, was later elucidated in striking detail by 
MAX PERUTZ and his colleagues in Cambridge (PERuTZ et al., 1960; MUmHAED 
and PERUTZ, 1963; PERUTZ, 1965; MUIRHAED et al., 1967; PERUTZ et al., 1968; 
MUIRHAED and GREER, 1970; BOLTON and PERUTZ, 1970). The idea that the change 
of molecular shape of haemoglobin which occurs upon ligand binding is respon- 
sible for its functional properties, was first theoretically developed by WYMAN and 
ALLEN (1951) and later extended by WYMAN (1963, 1967). WYMAN and ALLEN 
clearly foresaw that both the interaction between the haems of haemoglobin and 
the Bohr effect are due to conformational changes of the molecule as a whole, and 
that a number of chemical differences between oxy- and deoxyhaemoglobin 
(BENESCH and BENESCH, 1963) are connected to the same phenomenon. 

The term allosteric (from greek 622o¢ az~0~, different appearance) was intro- 
duced into biological terminology by MONOD and JACOB (1961) to describe the 
effect of an inhibiting or activating agent on the action of an enzyme in terms of the 
structural alterations of the protein (allosteric transition), induced by the binding 
of a ligand. Later this concept was extended and refined (MONOD et al., 1963) and 
resulted finally in the formulation of a specific allosteric model (MONOD et al., 
1965). With regard to haemoglobin the model requires the existence of a molecular 
conformation with a low oxygen affinity (T-conformation, T for tense) which is in 
equilibrium with a conformation where the oxygen affinity is high (R-conforma- 
tion, R for relaxed). All substances (allosteric effectors) which affect the equi- 
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Fig. 2. Cooperative (n=2.8) and non-cooperative (n=l.0) oxygen haemoglobin equilibrium 
curves with the same oxygen affinity. ZxSo2 is the amount of oxygen which can be extracted from 
the blood when the partial pressure of oxygen falls from 100 mm Hg (in the lungs) to 20 mm Hg 
(in the coronary sinus) 

librium between these two conformations, i.e., the allosteric transition of the 
protein, will correspondingly affect the oxygen affinity. It is noteworthy to recall, 
that, as early as 1961, NI~SEL described a model for the reaction of haemoglobin 
with oxygen which contains many of the characteristic features of the allosteric 
model Of MONOD et al. (1965). 

B. The Oxygen Haemoglobin Equilibrium Curve 

The relationship between the oxygen pressure and the saturation of haemoglobin 
with oxygen is shown in Fig. 2. It  is immediately apparent that, unlike the mono- 
meric myoglobin, the tetrameric haemoglobin binds oxygen in a cooperative 
fashion which is expressed in the sigmoidal shape of the curve (BoHR, 1903). This 
cooperativity is brought about by the fact that oxygen binding to certain sites in 
haemoglobin increases the oxygen affinity of the remaining ones. A quantitative 
estimate for cooperativity is given by the exponent n in the equation put  forward 
by HILL (1910): 

K .  pn 
Y -  l+Kp,  (2) 

in which Y, K and p denote the oxygen saturation, the dissociation constant and 
the oxygen pressure, respectively. The exponent " n "  was originally (HILL, 1910) 
assigned to the number of subunits which combine to form a polymeric haemo- 
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globin. However, " n "  is now thought to represent the minimal estimate of the 
number of haem groups which interact upon ligand binding, i.e. for the haem-haem 
interaction (PAULING, 1935; WYMAN, 1948). Depending on the experimental condi- 
tions " n "  is found to be about 2.8 for all normal tetrameric haemoglobins at neu- 
tral pH in an oxygen saturation range between 20 and 80 per cent. A very low de- 
gree of haem-haem interaction (n-~ 1) should be expected if a given haemoglobin 
does not undergo an allosteric transition on ligand binding, and this has indeed 
found to be the case. Haemoglobin H, a haemoglobin composed only of t-sub- 
units, behaves functionally almost like monomeric myoglobin (BENESCH et al., 
1961), and its crystal structure is independent of the absence or presence of ligands 
(PERUTZ and MAZZARELLA, 1963). 

The physiological meaning of cooperative oxygen binding in haemoglobin can be 
assessed immediately on the basis of the curves shown in Fig. 2. It can be seen 
that if haemoglobin exhibits normal cooperativity (n = 2.8), the amount of oxygen 
which may be extracted from 'it as the partial pressure of oxygen falls from that of 
arterial blood to that of venous blood is almost twice as much as that extracted if 
it behaves like a monomer with no cooperativity (n= 1.0). It should be noted 
that this large difference in the availability of oxygen is mainly due to the reduction 
of oxygen saturation at the arterial pO2 which would lead to a much reduced 
oxygen content in the arterial blood. Although a cooperative oxygen binding 
seems to be advantageous when the oxygen affinity is normal, or even reduced, 
it becomes detrimental when the oxygen affinity is elevated. When there is a high 
oxygen affinity the lesser inflection of the curve promotes the unloading of oxygen, 
as can be seen from the functional properties of some abnormal haemoglobins 
(BELLINGHAM, 1972). 

The cooperative binding of haem ligands with its obvious physiological impli- 
cations has evoked the theoretical interest of many workers and has resulted in 
the formulation of a substantial number of models other than the allosteric one. 
Unfortunately, within the limits of the present article, it is only possible to discuss 
the main alternative to the "allosteric" model put forward by KOSHLAND et al. 
(1966) and named the "induced fit" model. Many other models have been dis- 
cussed by NIESEL (1961) and more recently by WHITEHAEO (1970) and ANTONINI 
and BRUNORI (1971). 

The gist of the model of KOSHLAND and his colleagues is that oxygen binding 
to one subunit in the tetrameric haemoglobin causes a conformational change 
solely in that subunit which in turn will induce an alteration of the tertiary structure 
of a neighbouring subunit. This "induced fit" leads then to a higher reactivity 
towards the next oxygen molecule to be bound which, once it is in place, will 
induce another fit and so forth. The main difference between the "allosteric" and 
the "induced fit" model is based predominantly on different assumptions about 
the path of the conformafional changes. Whereas the allosteric transition from the 
tow-affinity to the high-affinity quaternary structure is thought to occur in an all 
or none fashion without tertiary-tertiary interactions, the induced-fit transition is 
supposed to take place sequentially by tertiary-tertiary interactions only, without 
any influence of quaternary constraints. 

As was to be expected, there was and is still disagreement in respect to the 
validity of the two models. EDELSTEIN (1971), for example, in analyzing oxygen 
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binding curves obtained under various conditions, came to the conclusion that 
only the two-state model could account for the functional behaviour of haemo- 
globin. Similar inferences were reached by HOPViELD et al. (1971) and by SHULMAN 
et al. (1972) on the basis of analyses of kinetic data. Further support for the 
two-state model came from measurements of the binding of a spin-labeled tri- 
phosphate to haemoglobin with the additional assumption of differences in the 
functional behaviour of ~- and fl-subunits (OrATA and McCoNNELL, 1971; 
1972a, b). 

The induced-fit model, on the other hand, received support from the analyses 
of haemoglobin equipped with a spinlabel at the SH-group of cysteine F 9 (93) 
fl which was studied at different levels of ligand binding (OGAWA and McCoNNELL, 
1967). Also, the fact that a haemoglobin with irreversibly liganded ct-subunits 
shows cooperativity (between the fl-subunits) was taken as a case where the 
"induced fit" applies (HABER and KOSHLAND, 1971). Another example of subunit 
allostery is found in haemoglobin Iwate, a mutant haemoglobin which is frozen in 
the quaternary T-structure. In this haemoglobin the a-subunits are oxydized, and 
therefore unable to react with oxygen or carbon monoxide. Nevertheless, the 
protein exhibits distinct interactions between the fl-subunits which are independent 
of changes of the quaternary structure (GERSONDE et al., 1973). 

If one tries to view this situation from a distance, it becomes quite obvious that 
there are experimental situations which can be adequately described by one or the 
other model, particularly if certain modifications are introduced to augment the 
degrees of freedom for a given model. It seems to be unlikely, therefore, that the 
general validity of any model can be assessed by showing that it can fit the data of 
more or less limited experimental conditions. Furthermore, there are now experi- 
mental results accumulating which indicate that partially liganded haemoglobin 
may have a structure (tertiary and/or quaternary) different from that of oxy- and 
deoxyhaemoglobin (HUESTIS and RAFTERY, 1972; CASSOLY and GIBSON, 1972; 
OLSON and GIBSON, 1973 a) and that apparently even the structure of plain deoxy- 
haemoglobin and oxyhaemoglobin changes, depending on the solvent conditions 
(DEAL et al., 1971; MCDONALD and NOBLE, 1972; OLSON and GIBSON, 1973b; 
HENRY and BANERJEE, 1973). Thus, at present it seems to be safe to rely on models 
which are formulated in a more general way (HERZFELD and STANLEY, 1972) 
leaving enough room for the complexity of interactions between haemoglobin and 
ligands. 

A very detailed mechanism on the nature of the haem-haem interaction was 
proposed by PERUTZ (1970, 1972) on the basis of stereochemical observations. 
PERUTZ found the deoxy quaternary structure of haemoglobin to be stabilized by 
six specific salt-bridges not only between the c~- and fl-subunits and the two 
e-subuuits but also within the fl-subunits. These salt-bridges hold the molecule in 
a state of low oxygen affinity (T state in the sense of MONOO et al., 1965). As 
oxygen is bound to the subunits, these salt-bridges are sequentially broken until 
the molecule "clicks" into the relaxed oxy conformation which has an oxygen 
affinity 100-200 times higher than has deoxyhaemoglobin. The major change in 
the quaternary structure seems to occur after the third ligand is bound to haemo- 
globin (ROUGHTON et al., 1955, 1972; TYUMA et al., 197t; MACQUARRIE and 
GIBSON, 1971 ; SALHANY et al., t972). This rather large change of the quaternary 
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Fig. 3. Position of the penultimate tyrosine of the/~-subunits in deoxyhaemoglobin and oxy- 
haemoglobin. (After PERUTZ, 1970) 

structure is induced by a comparatively minute movement of the iron atom when 
it changes its spin state from high spin to low spin upon ligand binding. In deoxy- 
haemoglobin the haem iron is in a state of high spin and found to be displaced out 
of the haem plane by 0.7-0.8 A. As oxygen is bound, the haem geometry changes, 
inasfar as the iron moves back into the haem plane (HOARD, 1966; BANERJEE et al., 
1969; PERUTZ, 1970). This movement induces a shift of helix F towards the centre 
of the molecule in the direction of helix H. 

In deoxyhaemoglobin helices F and H of each subunit form a pocket which 
accomodates its penultimate tyrosine HC 2 (140) a and HC 2 (145) ft. The move- 
ment of helix F narrows the pocket and causes the tyrosine's expulsion (Fig. 3), 
pulling the C-terminal residues with it and thereby breaking some of the salt- 
bridges which hold the molecule in the tense deoxy conformation. The breaking of 
the salt-bridges leads then to a rearrangement of the quaternary conformation and 
a consecutive increase in oxygen affinity. Clearly, the penultimate tyrosines act as 
levers which magnify many times the small movement of the iron atom upon 
ligand binding, giving rise to cooperative ligand binding (KILMARTIN and HEWITT, 
1971). A very similar mechanism has been described for a monomeric type of 
insect haemoglobin in connection with the liberation of protons on ligand binding 
(SICK et al., 1972). 

Another important point of the stereochemical model concerns the different 
oxygen affinity of the a- and fl-subunits. Since the haem pockets of the a-subunits 
have more room next to the haem than have the fl-subunits, PERUTZ (1970) pro- 
posed that the c~-subunits should take up oxygen preferentially. The experimental 
evidence obtained so far points towards either the a- (HAYASm et al., 1968; LIND- 
STROM and Ho, 1972; HUESTIS and RAFTERY, 1972; HENRY and CASSOLY, 1973) or 
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the fl-subunit (LINDSTROM et al., 1971 ; GIBSON, 1973; OLSON and GIBSON, 1973 a, b) 
as the faster reacting species, depending mainly on the type of ligand studied. It is 
significant that interactions between a- and fl-subunits are apparently transmitted 
from the fl-subunit to the a-subunit and not the other way round (BANERJEE et al., 
1973). Furthermore, ligand binding to the fl-subunits only leads to a more pro- 
nounced alteration of the molecular shape towards the oxy conformation than 
does ligand binding to only the a-subunits (BAUER et al., 1973). 

C. The Binding of Carbon Dioxide to Haemoglobin 

On the way from the tissues back to the lungs haemoglobin is involved in the 
transport of carbon dioxide in two ways: firstly by the direct combination of 
carbon dioxide with haemoglobin, and secondly by the oxygen-linked uptake and 
release of protons. The direct combination of carbon dioxide with haemoglobin 
was discovered by HENRIQUES (1928, 1929). By the work of others it quickly 
became apparent (FERGUSON and ROUGHTON, 1934a, b; FERaUSON, 1936; STADIE 
and O'BRInN, 1937) that the reaction between haemoglobin and carbon dioxide 
belongs to the general carbamate type (SmGERmD, 1905; FAUgHAULT, 1925) in 
which carbon dioxide reacts with uncharged amino groups according to the 
following reaction scheme: 

R-NH + ~ R - N H 2 + H  + a 
R-NH2 + CO2~- R-NHCOOH b (3) 
R-NHCOOH ~- R-NHCOO-  + H + c 

Among all the residues which in principle are capable of forming carbamate, 
the terminal a-amino groups of both a- and fl-subunits have long been suspected 
as the most likely candidates at physiological pH. It will be noted from the reaction 
scheme that carbon dioxide does not react with the protonated form of the amino 
group (R-NH~'). From this consideration it follows that the e-amino groups of the 
numerous lysine residues, which have a pK of about 10.5, cannot participate 
significantly in the carbamate reactions at physiological pH. Provided that step (b) 
in the above reaction is the same for both a- and e-amino groups, it follows that 
most carbon dioxide molecules form carbamate at the a-amino groups which have 
a pK value of about 7.0-8.0 (RossI-BERNARDI and ROUGHTON, 1967; ROUGHTON, 
1970; KILMARTIN and ROSSI-BERNARDI, 1971). 

This reasoning was later verified directly in experiments with haemoglobin 
specifically blocked with cyanate at the a-amino groups of either the a- or the 
fl-subunits (KILMARTIN and ROSSI-BERNARDI, 1969, 1971). KILMARTIN and ROSSI- 
BERNARDI showed by various experiments including differential titration, carbon 
dioxide binding and oxygen haemoglobin equilibrium curves that, indeed, the 
terminal a-amino groups are equally and solely responsible for the carbamate 
reaction at physiological pH. It should be noted, however, that the reaction of the 
a-amino groups with cyanate of the a-subunits is accompanied by a rather large 
increase of the oxygen affinity and that the blocking of the corresponding groups 
in the fi-subunits leads to a decrease in cooperativity. This is to say that blocking 
of one or the other site in haemoglobin may well lead to significant changes in 
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properties of the molecule without corresponding structural changes detectable by 
X-ray crystallography. Whilst the conclusions of KILMAgTIN and ROSSI-BERNARDI 
on the location of the binding site of carbamate seem to be unimpeachable, the 
relative contribution of a- and fi-subunits to the reaction should be reexamined 
with different blocking agents in order to rule out the possibility that the chemical 
manipulation at one pair of subunits alters the carbon dioxide reactivity of the 
other pair. 

Under physiological conditions the amount of carbamate formed by the 
haemoglobin molecule depends upon at least three variables: pH, the saturation 
of haemoglobin with oxygen and the concentration of organic phosphate esters. 

The influence ofpH on the carbamate reaction becomes immediately clear from 
the reaction scheme. An increase of pH increases the number of unprotonated 
amino groups (step a) and, at the same time, shifts step c to the right. Therefore, 
an increase in pH leads to an increase in carbon dioxide affinity through both 
reactions. 

The effect of oxygen binding on the carbamate reaction is not that easy to 
understand. It was not until the late sixties that ROSSI-BERNARDI and ROUGHTON 
(1967) and FORSTER et al. (1968) verified the assumption of FERGUSON and ROUGH- 
TON (1934a, b) that at constantpH less carbamate is formed by oxygenated haemo- 
globin solutions than by deoxygenated ones. This was the proof that the carbamate 
is truly linked to oxygen binding and not, as WYMAN (1948) had proposed, just 
linked to the changes in pH accompanying changes in the state of ligation of the 
haemoglobin. 

Evidently, the reduced carbamate formation of fully liganded haemoglobin 
must be connected to the characteristic conformational change, but the available 
information on this point is puzzling. According to PERUTZ (1970) one of the pairs 
of salt-bridges stabilizing the deoxy conformation is formed between the a-amino 
groups of Val NA (1) and the carboxyl groups of Arg HC3 (142) of the ct-subunits. 
These links are broken in oxyhaemoglobin, whereas the a-amino groups of the 
fl-subunits seem to be free, irrespective of the state of ligation. From this one 
would expect the carbon dioxide affinity of oxyhaemoglobin to be actuatly higher 
than that of deoxyhaemoglobin, which is not the case. One explanation is that in 
deoxyhaemoglobin the negatively charged carbamate groups form strong secondary 
salt-links with neighbouring positively charged R groups; they are broken in 
oxyhaemoglobin, resulting in the liberation of carbon dioxide. Another possibility 
is, that in oxyhaemoglobin the formation of carbamate is opposed by negatively 
charged residues. This might be the case for the carbamate formed at the t-sub- 
units where the N-terminal amino group is very near to the C-terminal carboxyl 
group of the opposite fl-subunit. 

The third variable which controls the carbon dioxide affinity of haemoglobin is 
the concentration of organic phosphate esters normally found in human erythro- 
cytes. The most important of these is 2,3-diphosphoglycerate (DPG). The crucial 
significance of this compound for the regulation of the oxygen affinity of haemo- 
globin inside the erythrocytes will be discussed in the next paragraph. In connection 
with carbamate formation it is sufficient to mention that the binding of DPG to 
haemoglobin involves the a-amino groups of the N-termini of the fl-subunits 
(BuNN and BRIEHL, 1970; BENESCFt et al., 1971). This binding shifts the ionization 
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equilibria of these groups towards the protonated form (RIGGS, 1971) and therefore 
reduces their carbon dioxide affinity. 

An antagonism between carbamate formation and binding of DPG was first 
reported by BAUER (1969) and later verified for a number of experimental condi- 
tions (BAUER, 1970; PACE et al., 1970; TOMITA and RINGS, 1971; SIGCAAgD- 
ANDERSEN, 1971). However, in all of these experiments the change in carbamate 
affinity was inferred indirectly measuring, for example, the Bohr effect or total 
carbon dioxide content. It is most significant therefore, that MOgROW et al. (1973) 
observed carbamate formation by nuclear magnetic resonance spectroscopy as ~aC 
resonances and that these typical resonances are very largely inhibited by DPG. 
This finding confirmed the results obtained by BA~R (1970) on the effect of DPG 
on the carbon dioxide affinity of human haemoglobin solution and points towards 
the N-terminal e-amino groups of the fl-subunits as the main binding sites for 
carbon dioxide. 

HI. Changes of the Oxygen Affinity of Haemoglobin 

A. Factors Affecting the Oxygen Affinity of Haemoglobin 

A convenient measure of the affinity of haemoglobin for oxygen is the oxygen 
pressure at which haemoglobin is half saturated with the ligand (half saturation 
pressure, P~ or Pso). It can be easily obtained from an oxygen haemoglobin equi- 
librium curve and is inversely related to the oxygen affinity: the higher the oxygen 
pressure necessary to attain half saturation the lower the oxygen affinity, and vice 
versa. The number of factors which control the oxygen affinity of haemoglobin is 
quite large (RIGGS, 1965; ANTON1NI, 1965; RIEGEL, 1970; ANTONINI and BRUNORI, 
1971) but for most physiological and pathophysiological conditions there are only 
three variables to consider: 1. temperature, 2. the actMty of protons and 3. the 
concentration of organic phosphate esters. 

1. Temperature 

Since the reaction of haemoglobin with oxygen is exothermic in nature (AH= 
--11 Kcal/mole) the oxygen affinity of haemoglobin decreases with increasing 
temperature, i.e., the higher the temperature the higher Pso. As pointed out by 
WYMAN (1948) the heat of reaction of haemoglobin and oxygen is composed of the 
intrinsic heat of oxygenation, the heat of solution of oxygen and the heat of 
ionization of the oxygen-linked acid groups. The temperature coefficient for this 
relationship (A log Pso/AT) is between 0.019 (DILL and FORBES, 1941) and 0.024 
(AsTRm, et al., 1965). This decrease of oxygen affinity with increasing temperature 
may be of physiological significance during heavy muscular exercise when the 
temperature in the muscles increases to about 39 ° C (SALTIN et al., 1968), causing 
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an additional liberation of 1-2 Vol. per cent of oxygen from the blood at constant 
oxygen pressure. 

2. Protons 

In 1904 BOHR et al. discovered that carbon dioxide considerably decreases the 
oxygen affinity of haemoglobin. B~CROFT (1928) attributed this effect (Bohr 
effect) entirely to an increase of the proton concentration rather than to a specific 
effect of carbon dioxide. However, later it was unequivocally demonstrated that, 
apart from changing pH, carbon dioxide specifically decreases the oxygen affinity 
of haemoglobin (MARGARIA and GREEN, 1933; HERMANN et al., 1939; KREUZER 
et al., 1972). The fact that the oxygen affinity of haemoglobin decreases at constant 

p H  with increasing pressure of carbon dioxide already furnishes proof that the 
carbamate reaction is truly oxygen linked, as proposed by FERGUSON and ROUGI~- 
TON (t934a, b). The thermodynamic relationship between the effect of oxygen on 
the binding of carbon dioxide and the effect of carbon dioxide on the oxygen 
affinity of haemoglobin was deduced in 1923 by ADAIR in a very early example of 
the "principle of linked function" in haemoglobin which was later so successfully 
applied by WYMAN (1948, 1963, 1967). 

As far as the change of Ps0 with pH is concerned, it was noted that the decrease 
of oxygen affinity with decreasing pH only holds down to pH 6.0-6.5. At more 
acid pH values the oxygen affinity increases again (FERRY and GREEN, 1929; 
GERMAN and WYMAN, 1937). This phenomenon is called the acid Bohr effect in 
contrast to the alkaline Bohr effect. In any event, from what was said about the 
negative interaction of oxygen and carbon dioxide binding, one would expect that, 
in the range where oxygen affinity decreases with increasing acidity (alkaline Bohr 
effect) the uptake of oxygen by unliganded haemoglobin would lead to a liberation 
of protons, whereas, in the range of the acid Bohr effect, protons would be taken 
up by haemoglobin on ligand binding. This concept was experimentally verified by 
HASTINGS et al. (1924) and GERMAN and WYMAN (1937), and later confirmed by 
many other workers. The thermodynamic relationship between oxygen affinity and 
proton activity on the one hand, and proton dissociation and oxygen binding on 
the other, is as follows (WYMAN, 1948): 

log pO 2 AH + 
- -pH- -  Y= A Y -  p02 (4) 

and means that the change in oxygen pressure for a given change in pH, at constant 
oxygen saturation (Y), is numerically equivalent to the number of protons liberated 
from haemoglobin upon ligand binding. It further implies that the liberation of 
protons is linearly related to oxygen binding, at least if protons and oxygen are the 
only interacting partners. 

The numerical equivalence of both terms in Equation (4) was experimentally 
confirmed by ANTONtNI et al. (1963) for haemoglobin solutions in the absence of 
chemicals other than buffers. The presence of carbon dioxide and DPG, however, 
makes the situation more complex, causing non-identity of the two terms (SIG- 
GAARD-ANDERSEN et al., 1972). Similarly, the linear relationship between ligand 
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binding and proton release, which was confirmed in a number of experiments in 
different laboratories (ANTONINI et al., 1965a; GRAY, 1970; OLSON and GIBSOn, 
1973a), appears to deviate from linearity in the presence of carbon dioxide and 
DPG (SI66AARD-ANDF_RSEN et al., 1972; GARBY et al., 1972). These chemicals are, 
however, known to have an influence on the Bohr effect by itself so that it is 
difficult to judge whether the observed deviation is real or due to side reactions of 
carbon dioxide and DPG with haemoglobin. 

The chemical groups involved in the Bohr effect (oxygen-linked acid groups) 
were long suspected to be imidazole (WYMAN, 1948; BEN~SCH and BEN~SCH, 1961; 
ANTONINI et al., 1965b) and a-amino groups (HILL and DAWS, 1967) in the range 
of the alkaline Bohr effect, and carboxyl groups (WYMAN, 1948; ANTONINI et al., 
1965b) in the range of the acid one. With regard to the alkaline Bohr effect, the 
studies of KILMARTIN and ROSSI-BERNARDI (1969) and of KILMARTIN and WOOTTON 
(1970) have brought foreward strong evidence that 25 per cent of the released 
protons come from the a-an~ino groups of Val NA (1) of both a-subunits and 
50 per cent from the imidazole groups of His HC 3 (146) of the fl-subunits. The 
pK of this latter group has been measured by nuclear magnetic resonance spectro- 
scopy at 30°C and found to be 8.0 in deoxyhaemoglobin and 7.1 in carbon- 
monoxyhaemoglobin (KILMARTIN et at., 1973). The release of protons upon ligand 
binding can be explained by specific salt-bridges in deoxyhaemoglobin, one pair 
between the a-amino groups of Val NA 1 (1) and the carboxyl groups of Arg 
HC 3 (143) of the a-subunits, and the other between the imidazole group of His 
HC 3 (146) and the carboxyl group of Asp FG 1 (94) of the fl-subunits (PERUTZ 
et al., 1969; PERUTZ, 1970). These salt-bridges break on oxygen binding, and 
protons are released. 

We note that at least two of the pairs of salt-bridges responsible for the alkaline 
Bohr effect are also involved in haem-haem interactions. This would lead to the 
conclusion that the Bohr effect and cooperativity depend on each other. However, 
this does not seem to be the case. For example, artificial intermediates, i.e., 
haemoglobin with only either the a-subunits or the fl-subunits free to react with 
ligands, show a Bohr effect almost identical to that of normal haemoglobin, yet 
cooperativity is greatly reduced (BANERJEE and CASSOLY, 1969; BRUNORI et al., 
1970). Furthermore, the extensive studies of BUNN and GUIDOTTI (1972) on the 
oxygen affinity of normal haemoglobin, measured in a wide range of solvent 
conditions, point in the same direction, namely that Bohr effect and cooperativity 
are largely independent. This fact puts a restriction on the validity of the stereo- 
chemical model of PERUTZ (1970), because the two allosteric phenomena obviously 
cannot be based on the same salt-bridges seen by X-ray crystallography. It is much 
more likely that there are multiple equilibria involved in allostery which have yet to 
be defined in order to allow a physically meaningful interpretation of allosteric 
effects (WEBER, 1972). 

Physiological Sign~icance of  the Bohr Effect. As a decrease of pH leads to a 
diminution of the oxygen affinity of haemoglobin one would expect the unloading 
of oxygen from blood in the tissue capillaries to improve as carbon dioxide and 
fixed acids enter the blood stream. Unfortunately, there is no direct experimental 
evidence to prove this claim but certain deductions can be made from known 
changes of pH and pO2 which occur under certain physiological conditions. 
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Fig. 4. Effect of a decrease in pH on oxygen haemoglobin equilibrium curves under in vivo 
conditions. (Based on the data of DOLL et al., 1968) 

The magnitude of the Bohr coefficient A log Pso/A pH is about -0.48 (DILL 
et al., 1940) when changes of pH are brought about by changes of pCO2, but are 
lower when the pCO2 is kept constant and pH is changed by adding either hydrogen 
or hydoxyl ions (SIG~AARD-ANDERS~ et al., 1972; WRANNE et al., 1972). How- 
ever, this effect does not need to be taken into account for the following considera- 
tions, because in vivo the pH is mainly determined by pCO2 so that the use of a 
Bohr coefficient of -0.48 is justified. There are two physiological situations in 
which pH changes are large enough to produce a significant change in oxygen 
affinity of haemoglobin. Firstly, during the placental gas transfer, and secondly 
during heavy muscular exercise. In the placenta the maternal and foetal blood 
stream meet and, as a result of the exchange processes, the maternal blood be- 
comes more acid and the foetal blood more alkaline. Hence, one has a doubling of 
the Bohr effect. In the maternal blood oxygen is released more readily, since the 
oxygen affinity decreases, and the foetal blood takes up oxygen more easily 
because of its increase in oxygen affinity (BARTELS, 1959). Quantitative considera- 
tion of this process revealed, however, that the Bohr effect accounts only for about 
8 per cent of the oxygen exchanged across the placenta (HILL et al., 1973). 

During a submaximal exercise of about 200 watts, the situation is somewhat 
different. The pO2 in the venous blood of working muscle is about 20 mm Hg 
and the pH averages 7.164 under these conditions (DOLL et al., t968). From the 
oxygen haemoglobin equilibrium curve (Fig. 4) and from the published values for 
the increase in blood flow from 2 ml of blood/100 ml of tissue at rest (DE MAR£F_S 
and BARBEY, 1973) to about 300 ml of blood/100 ml of tissue at this work load 
(VARNAUSKAS et al., 1970) it can be estimated that the Bohr effect provides about 
20 per cent of the amount of oxygen made available to the working muscle. The 
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increase of temperature (see above) contributes another 10 per cent, so that the 
overall effect of changes in oxygen affinity due to a rise in proton concentration 
and in temperature amounts to 30 per cent of the oxygen delivered to the working 
muscle. 

3. Organic Phosphate Esters 

Perhaps the most significant discovery with regard to the regulation of oxygen 
affinity was the finding that red cell metabolism and haemoglobin function are 
connected via organic phosphate esters of the red cell, of which DPG and adeno- 
sine triphosphate are the most important (BENESCH and BEz,~scrI, 1967; CHANUTIN 
and CURNISH, 1967; BENESCH et al., 1968 b). Particularly DPG, which occurs with 
haemoglobin in about equimolar concentrations (5 mM/1 red blood cells) in 
human erythrocytes (RAVOVORT and GUEST, 1941) was shown to decrease the 
oxygen affinity of haemoglobin most effectively. This compound is synthesized in 
the erythrocytes from 1,3-diphosphoglycerate by the enzyme diphosphoglycerate 
mutase. The breakdown of DPG occurs via a specific phosphatase (DPG phos- 
phatase) yielding 3-phosphoglycerate and inorganic phosphate. (For a very de- 
tailed discussion of the red cell metabolism, and in particular of the DPG shunt, 
the reader is referred to some recent summarizing articles: RAVOVORT, 1969; RAVO- 
VORT et al., 1972; DUHM, 1973; R~RTH, 1973.) 

From the pronounced effect of DPG on the oxygen affinity of haemoglobin it 
can be deduced that, in analogy to the effect of protons and carbon dioxide, the 
deoxy conformation of the molecule must have a much higher affinity for the 
phosphate compound than has the oxy conformation. It has actually been shown 
by direct binding experiments in dilute haemoglobin solutions that DPG (BENESCH 
et al., 1968b) and ATP (Lo and SCHIM~CmL, 1969) combine with deoxyhaemoglobin 
in a ratio of one mole per haemoglobin tetramer. This binding is specific for the 
deoxy conformation, since binding to oxyhaemoglobin is negligible under these 
conditions (BENESCH et al., 1968 b; Lo and SCHIMMEL, 1969 ; CALDWELL et al., 1971 ; 
BAUER et al., 1973). 

The deoxy conformation is therefore stabilized by DPG (as it is by protons and 
carbon dioxide) and becomes more resistant to oxygenation by a change in free 
energy of - 6 .5  Kcal/mole which accompanies the complex formation of DPG 
with haemoglobin (BENESCH et al., 1969). At the high haemoglobin concentration 
in the red blood cell the situation appears to be more complex, as indicated by the 
results of GARBV and DE VERDIER (1971) who found the binding of DPG to 
decrease with increasing haemoglobin concentration, and by the data of KLINGER 
et al. (197t) who were able to separate three classes of binding of ATP to oxy- 
haemoglobin, one of them being very firm. 

The binding site of DPG is associated with the fl-subunits (BENESCH et al., 1968 a) 
where DPG is bound at the entrance to the central cavity which runs through the 
molecule along the dyad axis of the tetramer. At this particular place there are 
located a number of positively charged residues which can interact electrostatically 
with the polyanion that carries about four negative charges at neutral pH (BE- 
NESCH et al., 1969). From the lesser effect of DPG on the oxygen affinity of foetal 



16 C. BAUER : 

haemoglobin in comparison to HbA (BAUER et al., 1968, 1969; TYUMA and 
SHIMIZU, 1969) it was deduced that one residue involved in the binding of DPG is 
the imidazole group of histidine H 21 (143) (DE VERDIER and GARBY, 1969). This is 
located at the entrance to the central cavity and is replaced in the 7-subunits of 
foetal haemoglobin by a neutral serine which evidently reduces the electrostatic 
interactions with the polyanion. 

Affinity labelling with pyridoxal phosphate (RENTHAL et al., 1970; BENESCH 
et al., 1972) and studies on the reactivity of acetylated foetal haemoglobin towards 
DPG (BUNN and BRIEHL, 1970), as well as the depression of the binding of carbon 
dioxide by DPG (BAUER, 1969, 1970), traced the c~-amino group of Valine NA 1 (I) 
of the fl-subunits as another residue involved in the binding of the phosphate 
compound. All the conclusions concerning the stoicheometry of binding and the 
binding sites themselves were confirmed by the X-ray diffraction studies of 
ARNONE (1972). ARNONE showed that there is only one molecule of DPG bound 
per molecule of deoxyhaemoglobin and that, apart from the basic groups of Valine 
NA 1 (1)/31, flz and Histidine H 21 (143) ill,//2, the imidazole group of His NA 2 (2) 
and the e-amino group of lysine EF 6 (82) of the fl-subunits also interact with 
DPG. The place where the polyanion is plugged between the two fl-subunits is thus 
surrounded with a wreath of positive charges which firmly anchor the molecule in 
the deoxy conformation of haemoglobin. In fully liganded haemoglobin, on the 
other hand, the room between the fl-subunits becomes much more narrow and 
extended so that DPG can no tonger be accommodated. 

One interesting aspect of the binding of DPG concerns the Bohr effect. The 
binding of DPG would tend to increase the pK values of the six cationic groups 
(4 imidazote and two s-amino groups), whereas the pK of the phosphate groups of 
DPG would decrease. From the studies on the effect of DPG on the Bohr effect 
one must conclude that the increase in pK of the cationic groups overcomes the 
decrease in pK of the phosphate groups because there are more protons liberated 
upon ligand binding in the presence of DPG than in its absence (BAILEY et al., 1970; 
DE BRUIN et al., 1971 ; RIGGS, 1971 ; DE BRUIN and JANSSEN, 1973). Therefore, in 
addition to the protons coming from the oxygen-linked acid groups, there are 
protons released from the groups to which DPG is bound. This explains the enhan- 
cement of the Bohr effect by DPG. 

Probably the most important physiological role of DPG is to reduce the oxygen 
affinity of haemoglobin in such a way that significant unloading of oxygen is 
guaranteed at the oxygen pressures occuring in the human body, i.e., to shift the 
oxygen haemoglobin equilibrium curve to the position where it is actually found 
under normal conditions. From Fig. 5 it can be seen that the removal of organic 
phosphates from human erythrocytes increases the oxygen affinity of haemoglobin 
to such an extent that the amount of oxygen, which can be removed from the 
blood, decreases by more than 60 per cent. 

It might be argued that such a marked increase of the oxygen affinity does not 
have these adverse effects on tissue oxygenation because the carriers of haemo- 
globin Yakima who have about the same oxygen affinity, do not show any clinical 
signs except a high haemoglobin concentration (NovY et al., 1967; METCALFE and 
DHINDSA, 1972). However, the combination of a high haematocrit and a high 
oxygen affinity does not seem to be the optimal solution for systemic oxygen 
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Fig. 5. Effect of removal of DPG from human erythrocytes on the amount of oxygen liberated 
from haemoglobin. (Based on the data of D~M, 1971) 

transport because of the increased viscosity of the blood under these conditions 
(RICHARDSON and GUYTO~, 1959). 

B. Physiological and Pathophysiological Implications of Changes in Oxygen 
Affinity of Haemoglobin 

So far we have discussed the physiological implications of a change in the oxygen 
affinity only in connection with single parameters which have an influence on the 
reaction of haemoglobin with oxygen. In the following paragraph an attempt will 
be made to consider oxygen affinity in connection with other parameters governing 
oxygen delivery to the tissues, e.g., the oxygen capacity of the blood and cardiac 
output. 

The physiological advantages of a decrease in oxygen affinity of haemoglobin 
are usually assessed theoretically by showing that, at a given pressure of oxygen in 
the arterial and venous blood, the amount of oxygen which may become available 
to the tissues increases with a decrease in oxygen affinity (see Figs. 4 and 5). This 
is, however, only true as long as the arterial oxygen pressure is high enough to 
keep the arterial oxygen saturation in the upper flat part of the oxygen haemo- 
globin equilibrium curve. At high altitude, for example, where the oxygen pressure 
of the arterial blood is greatly reduced, a very low oxygen affinity is not beneficial 
(KEys et al., 1936; BAUMANN et al., 1971 ; BANCHERO and GROVER, 1972) and may 
significantly jeopardize oxygen uptake in the lungs. 
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The circumstantial evidence for the favourable effect of adaptations of the 
oxygen affinity iS extensive and comprises studies in comparative biology (BARTELS, 
1964; METCALFE and DHINDSA, 1972; JOHANSEN and LENFANT, 1972), high altitude 
(KEYs et al., 1936; ASI~-SALAZAR and HURTADO, 1944; RORTH et al., 1972; 
LENFANT et al., 1968, 1971 ; HARTLEY, 1972) and various clinical conditions usually 
associated with What is periphrastically called "tissue hypoxia", e.g., red cell mass 
deficit and cardiopulmonary insufficiency. In order to quantitiveIy assess the effect 
of changes in oxygen affinity of haemoglobin on the oxygen delivery to the tissues, 
one would like to have a precise measure of the state of oxygenation in the tissues. 
Basically there are two methods available to obtain information on this parameter 
under physiological conditions. One is to measure pO2 directly with microelec- 
trodes (Lt3BBERS et al., 1971) and the other is to use myoglobin as an indicator for 
the state of oxygenation in the skeletal and cardiac muscle (CoBURN and MAYERS, 
1971 ; COBURN et al:, 1973). A very informative approach to this problem has been 
used by VERSMOLD and BRAUSER (t973) who employed the spectra of cytochrome a 
in a perfused liver preparation to demonstrate a marked shift of oxygen from 
haemoglobin to the tissues upon addition of DPG, All of these methods do require, 
however, a fair amount of instrumentation and are as yet restricted to a few 
speciatised laboratories. 

To circumvent these problems some investigators have choosen to measure 
oxygen consumption, cardiac output and the oxygen Content and pressure in the 
arterial and mixed venous blood in order to find out the effect of oxygen affinity 
changes on systemic oxygen transport. From the few studies in which these 
variables have been measured it can be inferred that, at rest, variations in the 
oxygen affinity do not lead to variations in the cardiac output but rather to changes 
of the haemoglobin concentration, i.e., the oxygen carrying capacity of blood. 
Thus, it has been shown that the arterio-venous oxygen concentration difference 
(AVDo2) and the mixed venous pO2 are quite similar in sheep and human subjects 
in spite of the fact that the oxygen affinity of sheep blood is very much lower than 
that of human blood. This close similarity in AVDo~ is due to the low oxygen 
capacity of sheep in comparison with human blood. Since the oxygen consumption 
is almost identical in both species, it follows that the cardiac output must also be 
very similar which is indeed the case (PARER et al., 1967). The relationship between 
oxygen affinity and oxygen capacity, found in comparing two different species, is 
likewise observed during the postnatal development within the same species. 
BARTELS and colleagues (1963) have studied systemic oxygen transport in lambs 
and kids after birth and found that in spite of a marked decrease in oxygen affinity 
due to the replacement of foetal by adult haemoglobin, AVDo2 and mixed venous 
oxygen pressure remained essentially unaltered as a result of the decTease in oxygen 
capacity. A third example is found in human subjects who are heterozygous for 
haemoglobin Yakima, a haemoglobin mutant which leads to a high oxygen affinity 
(Nov¥ et al., 1967). This abnormality in the respiratory function of the blood is 
compensated for by an increase in oxygen capacity of the blood, with the result 
that AVDo2 and mixed venous pO2 are within the normal limits, as are cardiac 
output and oxygen consumption. 

From these examples it is clear that, in a number of instances, the oxygen 
affinity of blood is one of the regulating factors for erythropoiesis. The regulatory 
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mechanism is probably brought about by the fact that renal blood flow and renal 
arterio-venous oxygen concentration difference are quite insensitive to variations 
in cardiac output and arterial oxygen pressure. Due to the low renal AVDo2 the 
blood enters and leaves the kidneys mostly along the upper, flat part of the oxygen 
haemoglobin equilibrium curve, where slight variations in oxygen saturation lead 
to large variations in the oxygen pressure in the venous blood leaving the kidneys. 
It is probably this latter parameter which transmits changes of the oxygen affinity 
to the erythropoietin-producing system, so that both oxygen capacity and oxygen 
affinity act together to secure an optimal oxygen pressure in the tissue capillaries 
(ADAMSON et al., 1969; PARER, 1970; VrRSMOLD et al., 1972; M~TCALrE and 
DrlINDSA, 1972). 

Many clinical situations in which changes of the oxygen affinity may be of some 
importance are characterized as hypoxic conditions. This indicates that the oxygen 
concentration in the arterial blood is below the normal value of about 20ml/100ml 
of blood either due to a deficiency in red cell mass (anaemic hypoxia) or due to a 
reduced oxygen pressure in the arterial blood as seen at high altitude or associated 
with disorders of tung and heart (hypoxic hypoxia). These hypoxic conditions 
induce a decrease of the oxygen affinity of blood which is thought to partly 
compensate for the reduced concentration of oxygen in the arterial blood. The 
decrease of the oxygen affinity is brought about by a concomitant rise of the DPG 
concentration in the erythrocytes, where the phosphate ester exerts its effect not 
only by direct interaction with haemoglobin but also via changes of the intra- 
erythrocytic pH value (BATTAGLIA et al., 1970; BELLINGHAM et al., 1971; DUHM, 
1971). 

The regulation of synthesis and breakdown of DPG under these hypoxic conditions 
has been a matter of some controversy but it is now well established that the pH 
value inside the erythrocytes is the most important determinant of the level of 
DPG. An increase of pH leads, in general, to  an increase in the concentration of 
DPG, whereas a rise of acidity causes DPG to fall. Variations in the degree of 
oxygenation of haemoglobin are accompanied by changes of the intraerythrocytic 
pH in such a manner that a decrease of the oxygen saturation leads to an increase 
in pH which, in turn, enhances the synthesis of DPG and cuts down its degradation 
(ASAKURA et al., 1966; RORTH, 1970; DUHM and GERLACH, 1971 ; LENFANT et al., 
1971 ; RORTH et al., 1972; MOORE et al., 1972). This increase in red cell pH upon 
deoxygenation is caused by the lower net negative charge of deoxyhaemoglobin in 
comparison to oxyhaemoglobin which leads to a redistribution of diffusable 
charges according to the DONNAN equilibrium (VAN SLYKE et al., 1925). Any signi- 
ficant increase of the concentration of deoxyhaemoglobin is therefore transmitted 
to the system which controls the respiratory properties of blood almost exclusively 
via an increase in pH (RORTH, 1970; DUHM and GERLACH, 1971). 

This brilliant example of biological regulation in which a characteristic feature 
of haemoglobin is used to monitor and control its function with the aid of red cell 
metabolism operates in a number of hypoxic conditions. At high altitude for 
example a decrease in oxygen affinity is parallelled, or rather caused, by an 
increased concentration of DPG, as was first shown by LENFANT and his colleagues 
(1968) and later amply verified not only for man (LENFANT et al., 1971; RORTH 
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et al., 1972) but also for rats and guinea pigs (BAUMANN et al., 1971; DUHM and 
GERLACH, 1971). Similar changes are observed when the arterial oxygen content is 
reduced in anaemia (EATON and BREWER, 1968; VALERI and FORTIER, 1969; DUHM 
and  GERLACH, 1971; VALERI et al., 1972) and in patients with cardiopulmonary 
insufficiency (OSKI et al., 1969; VALERI and FORTIER, 1969; WOODSON et al., 1970; 
VALERI et al., 1972). In all of these cases the average concentration of deoxyhaemo- 
globin is higher than it is under normal conditions; as a result the average pH 
value in the erythrocytes increases. This small rise in pH causes the concentration 
of DPG to augment and the affinity of haemoglobin for oxygen to decrease. 

Although the relationship between hypoxaemia and the decrease in oxygen 
affinity is well documented, little is known about the quantitative contribution of 
this effect to systemic oxygen transport. First of all it must be remembered that the 
oxygen affinity of blood is usually assessed under standard conditions in respect to 
pH and partial pressure of carbon dioxide. Thus, the oxygen affinity in vivo and 
in vitro may differ quite considerably as is seen during the first period of adaptation 
to high altitude where the decrease of oxygen affinity due to accumulation of DPG 
is offset by the increase in pH due to hyperventilation (RORTH et al., 1972). In view 
of this it seems that discussions on the effect of changes of the oxygen affinity on 
the uptake or delivery of oxygen by the blood, should be based as much as possible 
on parameters measured in vivo. One example of the beneficial effect of a decreased 
oxygen affinity upon exposure to an altitude of 4350 meters above sea level is 
furnished by a study in which the oxygen uptake was measured at different work 
loads and after different periods of time of exposure (HARTLEY, 1972). While 
maximal oxygen uptake at high altitude was lower than at sea level, it increased 
from the value after 1 hour of exposure (when oxygen affinity was yet unchanged) 
by about 20 per cent after two or ten days at altitude (when oxygen affinity had 
decreased). This rise in maximal oxygen uptake was associated with a correspond- 
ing decrease in oxygen content of the mixed venous blood which coincided with the 
period of decreased oxygen affinity of blood. A similar effect was described in two 
exercising patients who had the same degree of anaemia but with widely different 
oxygen affinities due to inherited enzyme defects of the red cell. The patient with 
the low oxygen affinity exhibited a much larger fall in the oxygen saturation of the 
mixed venous blood than did the patient having the high oxygen affinity, in spite of 
the fact that the latter had a more pronounced fall of the mixed venous oxygen 
pressure. This diminished oxygen extraction resulted in a compensatory increase of 
cardiac output (DELIVORIA-PAPADOPOULOS et al., 1969; OSKI et al., 1971). 

In summarizing these considerations on the interrelationship between changes 
in oxygen affinity and systemic oxygen transport, the following conclusions can be 
made. Whenever the erythroid generating tissue is functioning, the oxygen affinity 
appears to play an important role as regulator of erythropoiesis. Since it is the 
"tissue" pressure of oxygen which determines erythropoietic activity (THoRLING 
and ERSLEV, 1968) changes of the oxygen affinity may well be reflected in the 
oxygen pressure at the sites which control erythropoietic activity. In favour of such 
an interpretation are recent results of VERSMOLD et al. (1972) and MILLER et at. 
(1973) who demonstrated a decrease of erythropoietic activity under conditions of 
decreased oxygen affinity. The same reasoning can be applied to the study of 
BELLINGHAM and HUEHNS (1968), who compared patients with haemolytic disease 
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caused by abnormal haemoglobins. The patients with a normal or reduced oxygen 
affinity had a lower red cell mass than had the patients with an increased oxygen 
affinity. It therefore appears that one mechanism by which a change of the oxygen 
affinity influences the state of oxygenation of the tissues is via the regulation of the 
haemoglobin concentration, i.e., the oxygen carrying capacity of the blood. 

A direct improvement of the flow of oxygen from the blood to the tissues by a 
decreased oxygen affinity is certainly important under extreme conditions when the 
need of the organism for oxygen is greatly increased as, for example, during 
muscular exercise in hypoxic conditions. Under these circumstances the favourable 
effect of a decreased oxygen affinity can be seen directly in terms of an increase of 
maximal oxygen uptake or an increased economy of cardiac performance. 

IV. Physiological Aspects of the Transport of Carbon Dioxide in 
the Blood 

Carbon dioxide is transported in the blood as bicarbonate, carbamate and in the 
dissolved form. The hydration reaction of carbon dioxide which takes place in the 
blood yields bicarbonate ions and protons and is accelerated to the necessary 
extent in the red cells by the enzyme carbonic anhydrase. In the lungs a dehydration 
reaction takes place that leads to the formation of molecular carbon dioxide. 
Besides the enzyme carbonic anhydrase, it is the linkage between oxygen binding to 
haemoglobin on the one hand, and the liberation of hydrogen ions and carbon 
dioxide on the other which is of crucial importance for the understanding of carbon 
dioxide transport in the blood. 

The reduction of carbon dioxide content in blood on oxygenation at constant 
pCOz was conclusively demonstrated by CrmISTIANSEN et al. in 1914. Whilst the 
existence of this phenomenon is universally accepted, there is still disagreement on 
the relative importance of the chemical mechanisms involved in the CngISTIANSEN- 
DOUGLAS-HALDANE effect (CDH effect), as it is commonly known. CHRISTIANSEN 
and her colleagues, and later WYMAN (1948), discussed the possibility that oxy- 
haemoglobin is a stronger acid than deoxyhaemoglobin is, and that, therefore, the 
diminution of carbon dioxide binding could be almost fully explained by the lesser 
bicarbonate content in oxygenated blood due to the fall in pH. 

ROUGHTON (1964), on the other hand, concluded that about 70 per cent of the 
CDH effect can be explained by the decrease in carbamate binding to haemoglobin 
when the protein combines with oxygen. It is, however, well established now that 
DPG Nnding to haemoglobin and carbamate formation are antagonistic processes 
(BAUER, 1969, t970; PACE et al., 1970; NIGGAARD-ANDERSEN, 1971; CALDWELL 
et al., 1971 ; BRENNA et al., 1972; WRANNE et al., 1972; MORROW et al., 1973) and 
that, therefore, the role of carbamino compounds in the CDH effect of human 
blood can only be assessed under conditions which permit careful control of the 
concentration of organic phosphate compounds in red blood cells. If this is done, 
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it can easily be calculated from the data of BAUER and SCHRODER (1972) that 
under physiological conditions (pH 7.4, pCOz = 40 mm Hg) the fraction of oxy- 
labile carbamate is 0.092 Moles CO2/Mole 02 and that therefore the contribution 
of carbamate to the CDH effect, which amounts to 0.28 Moles CO2/Mole 02 
(KEYS et al., 1936; HARMS and BARTELS, 1961), is only about 33 per cent, compared 
to the 70 per cent in the earlier estimates (ROUGHTON, 1964). 

What are the implications of the reduced carbamate formation for the overall 
exchange of carbon dioxide during the respiratory cycle? In order to draw any 
conclusions in this respect one has to remember that the CDH effect is composed 
of two mechanisms: one is the liberation of protons as oxygen is bound, leading to 
a reduction of the bicarbonate concentration in oxygenated blood. The other is the 
difference in carbamate concentration between oxygenated and deoxygenated blood. 
From the reaction scheme of the carbamate formation it can be seen that a 
decrease of carbamate formation leads to an absorption of protons. Therefore, the 
reduction of carbamate formation in the process of oxygenation is coupled with an 
uptake of protons. At the same time there are protons released by the oxygen- 
linked acid groups and, as a result of these two opposing processes, the number of 
protons actually liberated from haemoglobin upon oxygenation are lower in the 
presence of carbon dioxide than in its absence (RossI-BERNARDI and ROUGHTON, 
1967; SIGGAARD-ANDERSEN, 1971). Therefore, one would expect that a reduction in 
carbamate formation, e.g. by DPG, increases the number of protons liberated 
from haemoglobin upon oxygenation, as is indeed seen to be the case (BAUER, 1970; 
SIGGAARD-ANDERSEN, 1971 ; SIGGAARD-ANDERSEN and gALLING, 1971). 

The consequences of these interactions on the CDH effect are clear. The 
decrease of the contribution of oxylabile carbamate is compensated for, at least to 
a significant extent, by the increase in the number of protons being liberated from 
haemoglobin. In harmony with this conclusion are the results of KLOCK~ (1973) 
who has measured both the CDH effect and the fraction of oxylabile carbamate as 
a function of the concentration of DPG. From his data it can be seen that the 
fraction of oxylabile carbamate decreases by about 60 per cent when the concen- 
tration of DPG is increased from zero to normal at pH 7.4, but that the CDH 
effect is diminished by only about 20 per cent. 

In order to assess the physiological significance of  the CDH effect, one has to 
remember that, with a normal respiratory exchange ratio of 0.85, 0.85 moles of 
carbon dioxide are given up in the lungs per mole of oxygen uptake. Oxylabile 
carbon dioxide exchange (CDH effect), on the other hand, results in the release of 
0.28 moles carbon dioxide per mole of oxygen bound. Therefore, the proportion of 
total exchange of carbon dioxide which is linked to oxylabile reactions is 0.28/ 
0.85=33 per cent. About one third of this latter number is due to oxylabile 
carbamate, whilst the remaining two thirds can be attributed to the change in 
acidity of haemoglobin on its combination with oxygen. It follows that it is only 
the mechanism of the CDH effect which needs revision with regard to former 
conceptions (RouGI~TON, 1964; ROSSI-BERNARDI and ROU~IqTON, 1967), but not its 
physiological significance. Thus, the interaction between haemoglobin and its 
ligands in the transport of carbon dioxide provides another illustrative example of 
the physiological effectiveness of the molecule. 
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I. Introduction 

The classical experiments of RINGER (1883) were the first to provide evidence that 
calcium plays a role in physiological processes. In recent years a considerable body 
of data on the cellular actions of Ca has been accumulated, and numerous reviews 
have appeared. It is now recognized that Ca may play a fundamental role in 
cellular respiration (e.g. LEHNINGER et al., 1967; CARAFOLI and RossI, 1971). 
Calcium ions are required for muscular contraction (e.g. EBASHI and ENDO, 1968; 
COSTANTIN, 1974), and for the coupling of excitation to secretion in a large variety 
of secretory cells (e.g. DOUGLAS, 1969; RUBIN, 1970) and at nerve endings (e.g. 
KATZ, 1969). They are necessary for the maintenance of excitable membrane 
"stability" (e.g. SHAft, S, 1958a, b; BIANCHI, 1968), and in many types of excitable 
cells, Ca ions carry much of the inward current associated with depolarization 
(e.g. R~UTZe., 1973). Finally, Ca has a significant influence on membrane permea- 
bility: raising intracellular Ca uncouples intercellular connections (LOEWENSTEm 
et al., 1967; OLIVEIRA-CASTRO and LOEWENSTEIN, 1971; LOEWENSTEIN, 1973) and 
increases potassium permeability in many types of cells (e.g. GARDOS, 1959; 
KREGENOW and HOFFMAN, 1971; ROMERO and WHITTAM, 1971; MEECH, 1972; 
KRNJEVlC and LISlEWICZ, 1972; JANSEN and NICHOLLS, 1973). 

Despite this wealth of information on the physiological actions of Ca, relatively 
little is known about the mechanisms which govern the movements of Ca across 
cellular membranes, and which control the intracellular free Ca 2+ concentration in 
resting cells. During the past few years data from a number of laboratories have 
provided evidence that in many types of cells the transport of Ca may involve, at 
least in part, an exchange of sodium ions for Ca ions. The primary objective of this 
article is to review these data and to discuss the possible mechanisms involved. 
In many instances the available information is rather fragmentary, and sometimes 
controversial. Most of these observations are, however, consistent with the idea 
that in many types of cells some of the energy for "active" Ca transport may be 
derived from the transmembrane Na electrochemical gradient, rather than from 
adenosine triphosphate (ATP) directly as is the case for the Na-K coupled pump 
(e.g. CALDWELL, 1969; DE WEER, 1973). Thus, the possible role of the Na gradient 
in Ca transport may be compared with the postulated role of the Na gradient in 
non-electrolyte transport (e.g. SCHULTZ and CURRAN, 1970; GIBB and EDDY, 1972; 
but see POTASHNER and JOHNSTONE, 1971; SCHAFER and HEINZ, 1971; and GECK 
et al., 1972). 

A number of reviews, monographs and compendia on various aspects of 
calcium transport and metabolism have appeared in recent years, including those 
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by BRINK (1954), NEUMAN and NEUMAN (1958), SCHOFFENtELS (1963), WASSERMAN 
(1963), BORLE (1967), BIANCHI (1968), COMAR and BRONNER (1969), NICHOLS and 
WASSERMAN (1971), and BAKER (1972). Only the review by BAKER, which was 
limited to calcium metabolism in nerve, has included a discussion of coupled 
movements of Na and Ca. 

II. Compartmentation of Sodium and Calcium 

A. Extracellular Sodium and Calcium 

As a first step in evaluating the role of an ion transport mechanism in terms of its 
contribution to cellular homeostasis, it is necessary to obtain information about 
the transmembrane electrochemical gradient(s) for the transported ion(s). This 
information is useful not only as a measure of whether or not an ion is distributed 
in accordance with the Gibbs-Donnan equilibrium (DOrCNAN, 1925); but also in 
determining the minimum energy requirements for maintenance of the steady-state 
electrochemical gradient in the event of a non-equilibrium distribution (cf. CALD- 
WELL, 1969). 

The situation for monovalent cations, at least in extracellular fluids, is relatively 
straightforward: there is general agreement that sodium and potassium are virtu- 
ally completely ionized, as indicated by ion activity measurements (FRIEDMAN 
et al., 1963). The determination of ion activities for divalent cations, however, is 
complicated by the fact that these ions readily bind to proteins and complex with 
small polyvalent anions. Furthermore, since the constants for complex formation 
have generally been determined under idealized in vitro conditions, errors may be 
introduced when these constants are used to evaluate ion interactions in physio- 
logical fluids (see below). This uncertainty may be minimal in the case of human 
blood plasma, where both chemical (NEUMAN and NEUMAN, 1958; WALSER, 1961) 
and bioassay (MCLEAN and HASTINGS, 1935) data indicate that slightly less than 
half the plasma calcium is ionized. According to WALSER (1961), of the total plasma 
Ca (2.4 mmoles/liter), about 47 per cent is ionized and about 7 per cent is com- 
plexed to polyvalent anions (including primarily phosphate and citrate); the re- 
maining 46 per cent is not ultrafilterable, and is therefore presumably protein- 
bound. By comparison, in human cerebrospinal fluid, which has a much lower 
protein concentration than plasma, nearly all of the Ca is ultrafilterable, and most 
of it is likely ionized (PAUPE, 1957; McLEAN and HASTINGS, 1935). 

Similar detailed analyses of Ca binding and complex formation in plasma are 
not available for other higher vertebrates. However, data on the total calcium, 
protein and polyvalent anion concentrations in the blood plasma of other mammals 
(and even birds, reptiles and amphibians; DtTTt~IER, 1961) suggest that the pattern 
of Ca binding and complexation in human blood plasma may be fairly represen- 
tative of this group. 
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By way of comparison, marine invertebrates probably exhibit a somewhat 
different pattern. To begin with, the hemolymph of most marine arthropods and 
molluscs for which data are available (DITTMER, 196t) have total Ca concentrations 
of the order of 8-12 raM, considerably higher than the typical plasma Ca concen- 
trations of higher vertebrates (2-5 raM; DITTMER, 1961). 

Little is known about the Ca-binding properties of the hemolymph protein of 
marine invertebrates; data from our own laboratory (BLAuSTEtN, unpublished) 
indicate that about 90-93 per cent of the Ca in barnacle (Balanus nubilus) and squid 
(Loligo pealei) hemolymph is dializable. There is, however, reason to believe that a 
significant fraction of the Ca is complexed to polyvalent anions. Although data 
about inorganic phosphate concentrations is scanty (cf. DITTMER, 1961, page 296), 
the relatively high concentration of sulfate in the hemolymph of a number of 
marine molluscs (about 28 mmoles/liter in squid hemolymph; HAYES and PELLtmT, 
1947) may indicate that a significant fraction of the hemolymph Ca is in the form 
of undissociated CaSO 4. Most of the sulfate must, however, be in the form of 
undissociated MgSO4, in view of the high concentration of Mg in the hemolymph 
(50 mmoles/liter; BLAUSTEIN, unpublished data), and the fact that the dissociation 
constants for CaSO4 and MgSO4 are about the same - about 5 x 10 -3 Molar -I  
(SfLLEN, 1964). Taking values of 50 mmoles/liter for total Mg and 7 mmoles/liter 
for dializable Ca in squid (Loligopealii) hemolymph (BLAUSTEIN, unpublished data, 
and see HAYES and PELLUET, 1947), the concentration of free Ca z+ in squid blood 
can be calculated by assuming that 12 per cent of the undissociated divalent sulfate 
(M2+SO4) is CaSO4 (since 12 per cent of the divalent cation is Ca): 

([Mg2+]+ [Ca2+l) ([SO~-I) = 5 × 10 -a M-L (1) 
KM2+ so4 = [MgSO4] + [CaSO4 ] 

According to Equation (1), the free, ionized Ca z÷ in squid hemolymph should be 
about 4 mmoles/liter. This value may be an over-estimate if some of the Mg is 
protein-bound, or if other undissociated salts of Ca and/or Mg are present (such as 
the phosphates or carbonates). 

One more factor to be considered in describing the state of Ca in extracellular 
fluids is the activity coefficient for this ion. Since we are dealing here not with 
simple binary electrolytes, but rather, with complex solutions which include a 
variety of ions, it is important to recall the dictum of LEWIS and RANDALL (t921): 
"In  dilute solutions (i.e, ionic strengths of 'a few hundredths to a few tenths') the 
activity coefficient of any ion depends solely upon the total ionic strength of the 
solution". Accordingly, we have used the Debye-H~ickel equation, as modified by 
GUNTELBERG and GUGGENHEIM (RomNSON and STOKES, 1968, page 231; and see 
SHATKAY, 1968) to calculate the single ion activity coefficient for Ca 2+ (fca) in 
mixed electrolytes resembling human blood plasma and squid hemolymph (see 
Appendix). These values, 0.30 and 0.23, respectively (Table 1), are within 15 per 
cent of the Ca 2+ ion activity coefficients in pure CaC12 solutions calculated from 
hydration theory (BATES et al., 1970). 

The main point about the data in Table 1 is that they indicate that the acti- 
vities of Ca 2+ in vertebrate blood plasma and in marine invertebrate hemolymph 
are about 1/300th of the activities of Na in the same solutions. 
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Ionic Free 
Strength Ca +2 Na + Debye-Hiikel constants 
(/) Concentration Concentration 

(CCa) (CNa) A b 
moles/liter moles/liter 

NaCI C a C I  2 

Human blood plasma 0.15 1.2 × 10 -a 0.145 0.52 0.10 0.20 
Squid hemolymph 0.58 4× 10 -a 0.437 0.50 0.10 0.20 

Sodium Calcium Sodium Calcium 
activity activity activities a activities a 
coefficients coefficients 
(fNa=fCl) (fca) (aNa) (aca) 

moles/liter moles/liter 

Human blood plasma 0.74 0.30 0.11 3.6x 10 -4 
Squid hemolymph 0.70 0.23 0.30 9.3 x 10 - 4  

a The activity, a i is equal to fi x c i, where c i is the (free) molar concentration of the i th ion. 

B. Intracellular Sodium and Calcium 

Considerable controversy surrounds the question of whether or not the alkali 
metal ions in the cytoplasm are bound to cytoplasmic proteins. For  example, 
although some nuclear magnetic resonance data have been interpreted as indicating 
considerable binding of intracellular Na (COPE, 1970), alternative interpretations 
have also been put  forth (SHPORER and CIVAN, 1972). However, HII~KE (1961), 
using ion-specific microelectrodes in the squid giant axon, provided evidence that 
about 76 per cent of the Na and virtually all of the K in the axoplasm is free. 
MCLAUGHLIN and HINKE (1966) applied similar techniques to giant barnacle 
muscle fibers and concluded that a significant fraction of the intracellular Na 
(about 84 per cent), but  none of the sarcoplasmic K, was bound. Again, there is 
not unanimity of opinion on this point, but  much of the controversy here concerns 
the magnitude of the total intracellular Na concentration in barnacle muscle (cf. 
GAYTON et al., 1969). 

The distribution of Ca within cells presents an entirely different problem: 
although the total Ca in many vertebrate cells is of the order of 0.5-2 mmoles/liter 
fiber water, there is general agreement that, in most cells which have been studied, 
only a small fraction of the intracellular Ca is present as free ions. Much of the cell 
Ca is normally sequestered in organelles, such as mitochondria (see below). In 
relaxed muscle, a considerable fraction of the cell Ca is stored in the sarcoplasmic 
reticulum (e.g. WEBER, 1966; EBASHI et al., 1969). 

In view of this sequestration, and of the possibility of binding and complex 
formation, the main unresolved question is: How much of the intracellular Ca is 
present as free Ca 2+ ? An answer is lacking for most vertebrate tissues primarily 
because of technical limitations. Verv crude estimates of intracellular Ca distri- 
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bution have been made by studying the subfractionation of Ca and protein in 
homogenates of liver (CARAFOLI, 1967), brain (TOWER, 1968) and intestinal mucosa 
(CASSIDY et al., 1969). The highest concentrations of Ca (per gram protein) are 
found in the mitochondria, and only about 1-10 per cent of the total tissue Ca 
remains in the clear supernatant solution following high-speed centrifugation. 

Mitochondria isolated from a variety of mammalian tissue sources exhibit a 
high-affinity Ca uptake mechanism (e.g. LEHNIN6ER, 1970; CAR~OLI and RossI, 
1971). When rat liver mitochondria are incubated with an equimolar mixture of Ca 
and adenosine diphosphate (ADP), no phosphorylation of the ADP occurs until 
the Ca z+ concentration of the medium is decreased to about 2 x 10 -6 M by the 
respiration-linked mitochondrial accumulation of Ca (RossI and LEHNINGER, 1964; 
DRAHOTA et al., 1965; and see LEHNINGER, 1970). These data may indicate that the 
ionized Ca 2÷ concentration in the cytosol of intact cells may have to be about 
2 gM or less in order to permit oxidative phosphorylation. 

A clearer picture emerges from studies of skeletal muscle. Since the contractile 
processes require Ca 2+ ions in low concentration (e.g. EBASm and ENDO, 1968), 
the Ca 2÷ concentration at the contraction threshold provides a lower limit for the 
pCa I in relaxed muscle fibers - about 6.3-7.0 (FILO et al., 1965; HELLAM and 
PODOLSKY, 1969; JULIAN, 1971). 

The giant nerve and muscle fibers of certain marine molluscs and arthropods 
have been particularly useful sources of information about the distribution of 
intracellular Ca. PORTZEHL et al. (1964) injected solutions containing Ca buffered 
with EGTA [ethylene glycol bis (fl-aminoethyl ether)-N,N'-tetraacetate] into single 
muscle fibers of the crab, Maia squinado. Their data enabled them to calculate that 
the pCa at the contraction threshold was 5.8-6.5. Likewise, HAGIWARA and 
NAKAJIMA (1966) examined the effect of injected Ca-EGTA buffers on the excita- 
bility of giant barnacle (Balanus nubilus) muscle fibers; from these data they 
concluded that the pCa in the sarcoplasm of resting fibers was between 6.1 and 6.7. 
The apparent binding constant of EGTA for Ca used to derive these values was 
calculated from the data of SCHWARTZENBACH et al. (1957). However, as pointed 
out by EBASHI (1962) and OGAWA (1968), these calculated binding constants may 
be more than an order of magnitude higher than EGTA binding constants obtained 
experimentally under physiological conditions; consequently, the free Ca 2+ con- 
centrations may be somewhat underestimated in these muscle studies (but see 
JULIAN, 1971). 

The state of Ca in the axoplasm of squid giant axons has been the subject of 
several investigations. Although these have recently been reviewed by BAKER 
(1972), a few of the salient features will be mentioned here for the convenience of 
the reader, because they are pertinent to some of the discussion which follows. 
HODGKIN and KEYNES (1957) first studied the diffusion and mobility of Ca in 
squid axons, following the injection of small patches of 4sCa into the axoplasm. 
They obtained a mean value of 1.2x 10 .6 cm2/sec for the diffusion coefficient, 
but stated that the lowest values (0.6x 10 -6 cm2/sec), obtained in their longest 
experiments, were probably the most reliable. The latter value is an order of 
magnitude less than the self-diffusion coefficient for Ca in sea water. The Ca 

1 pCa is the negative logarithm (base 10) of the molar intracellular free Ca 2+ concentration. 
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mobility was too small to be measured with precision, but the upper limit was 
estimated to be 0.9 x 10 -s  cm/sec per volt/cm, a value only 1/45th of that in free 
solution. This result suggests that, at most, only about 2 per cent (or less than 
10 I~M) of the total axoplasmic Ca (0.4mM - KEYNES and LEWIS, 1956; BLAtr- 
S~I~ and HODGKIN, 1969) is ionized (pCa>5). LUXORO and YA~EZ (1968) and 
BLAUSTEIN and HODGKIN (1969) measured the efflux of Ca from axoplasm which 
was injected with 4SCa and then extruded into dialysis bags; the results of these 
experiments also indicated that slightly less than 1/50th of the axoplasmic Ca 
was free. 

KATZ and MILEDI (1967; 1969; 1970) measured post-synaptic depolarization as 
an indication of depolarization-induced presynaptic Ca conductance increase, Ca 
influx and transmitter release at the squid giant synapse (see Section III B 2b). 
Moderate presynaptic depolarization normally evoked post-synaptic depolariza- 
tion. But with very large presynaptic depolarizations, to + 130 mV or more, large 
post-synaptic depolarizations were observed only when the presynaptic membrane 
was repolarized. This suggests that the presynaptic Ca conductance was increased 
by depolarization, but that perhaps Ca 2+ could not carry inward current because 
the membrane was depolarized to, or beyond, the Ca equilibrium potential (Eca; 
see Equation 2). Assuming that the "suppression potential" (+ 130 mV) was 
approximately equal to Eca, KATZ and MILEDI (1967) calculated that pCa in the 
squid axoplasm was about 6.4. 

More recently, BAKER et al. (1971) employed the photoprotein, aequorin, to 
measure the resting free Ca 2+ concentration in squid axoplasm. Aequorin, which 
emits visible light in the presence of Ca z+, was first injected into the axon, and the 
"resting glow" was measured. Subsequently Ca-EGTA buffers were injected in an 
effort to alter or maintain the resting glow. A buffer containing about 45 mM Ca 
and 100 mM EGTA was found to maintain the resting glow. From these data, 
BAKER et al. concluded that if the ionized intracellular magnesium concentration is 
about t0 mM, the minimum pCa in the axoplasm is about 6.5. However, this 
value, again, is based upon the apparent binding constant (Kapp) of EGTA for Ca 
obtained from the data of SCHWARTZENBACH et al. (1957); if the K~pp is taken as 
4× l0 s M -1 (EBAsHI, 1961; OGAWA, 1968), a value of about 5.5-5.7 is obtained 
for the axoplasmic pca.  

Irrespective of whether the correct value for free Ca z+ in squid axoplasm is in 
the micromolar or tenth-micromolar range (pCa = 5-6 or 6-7, respectively), it is 
clear that at least 98 per cent of the Ca in axoplasm is not free. Experiments on the 
effects of metabolic poisons on the Ca efflux from 4SCa-loaded axons (RoJAS and 
HIDAL60, 1968; BLAUSTEIN and HODGr:IN, 1969), and on the light emission of 
axons injected with aequorin (BAKER et al., 1971) indicate that most of this 
unionized Ca is sequestered by an ATP-dependent process. Fig. 1 shows that the 
Ca efflux from a 4sCa-injected axon increased dramatically (10-fold in this case), 
following a 60-90 minute delay, when the fiber (solid symbols) was exposed to 
cyanide. The delay is presumably a reflection of the time required for the axo- 
plasmic ATP concentration to fall sufficiently (CALDWELL, 1960). The increased 
4SCa efflux from the poisoned fiber appears to be the direct consequence of a 
markedly reduced pCa: The rate of loss of 4sCa from the extruded axoplasm of the 
unpoisoned axon (open symbols) was initially very low, and only increased with a 
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Fig. 1. Ca efflux before and after extrusion in A (©) unpoisoned squid axon and B (e) cyanide- 
poisoned axon. Abscissa: time. Ordinate: rate constant of Ca efflux. Axon diameters: A, 1030 ~t, 
and 13, 840 g. (From BLAUST~rN and HODOK~, 1969) 
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Fig. 2a and b. Injection of ATP into cyanide-poisoned squid axons. In a, the axon was exposed 
to artificial sea water (ASW) containing 2 mM-CN at zero time and was returned to cyanide- 
free ASW at the time marked by a vertical dashed line, In b, the axon was pre-treated for 30 rain 
with oligomycin both by injection to give a final concentration of 50 pg/ml and also inclusion 
of 5 pg/ml in the ASW, At zero time 2 mM-CN was added to the oligomycin-ASW bathing the 
axon. In both a and b, ATP was injected at the vertical arrows, to give a final concentration 
of 30pM. 13oth axons contained 0.18 pl aequorin. Diameter of axon A, 650g, and t3, 850p. 
Temp. 21 ° C. (From BAKER et al., 1971) 

de lay  which  is l ikely due  to  the  even tua l  loss of subs t ra te  to fuel  the  s eques t r a t i on  
process (cf. BLAtJSTEIN a n d  HODGKIN, 1969). 

M o r e  di rect  ev idence  t h a t  cyan ide  reduces  p C a  is g iven  in  Fig.  2a ,  wh ich  
shows tha t  i n  a n  aequor in - in j ec t ed  a x o n  the  l ight  emiss ion  great ly  inc reased  a b o u t  
a n  h o u r  af ter  the  i n t r o d u c t i o n  of cyanide .  S u b s e q u e n t  in j ec t ion  of A T P  signif i -  
can t ly  reduced  the  l ight  emiss ion  (Fig.  2a) ,  p r e s u m a b l y  by  fue l ing  the  re-sequest ra-  
t ion  of Ca.  However ,  in j ec t ion  of A T P  had  l i t t le effect on  the  l uminescence  which  
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occurred in the presence of both cyanide and oligomycin (Fig. 2b). This may 
implicate mitochondria as the primary site of Ca sequestration in squid axoplasm 
since accumulation of Ca by mitochondria may proceed either via cyanide- 
sensitive oxidative metabolism, or via an ATP-dependent, oligomycin-sensitive 
route (e.g. CARAFOLI and RossI, 1971). 

In sum, the pCa of squid axoplasm is probably in the range of 5.5-6.5, and 
most of the intracellular Ca is sequestered in ATP-dependent stores-presumably 
mitochondria. 

Finally, the activity coefficient for intracellular Ca should also be mentioned. 
Its value is probably quite similar to thefc, in the extracellular fluid. However, the 
fact that unionized taurine may account for 5-10 per cent of the osmotically active 
solute in the axoplasm (KOECHLIN, 1955) may mean that, with a lower ionic 
strength,fc a will be slightly higher here than in the hemolymph. 

C. The Electrochemical Gradient for Calcium 

In order for Ca to be distributed at equilibrium across the plasma membrane, the 
Ca diffusion potential (Eca), as given by the Nernst relation2: 

RT aCao 
Ec~ = ~ In (2) 

aCal 

should be equal to the resting membrane potential. With a resting potential of the 
order of -60  mV (cytoplasm negative), as observed in many nerve and muscle 
cells, the Nernst relation predicts that the intracellular Ca activity (aCal) should 
be about 100-fold greater than the extracellular activity (aCao), rather than a 
small fraction of i t - a s  is actually the case. Similar reasoning may be applied to 
most cell types in higher animals, since a negative membrane potential is the 
general rule. This leads to the conclusion that the steady-state distribution of Ca is 
far from equilibrium in most animal cells, and, if the cell membranes are not 
totally impermeable to Ca, these cells must be capable of extruding Ca against a 
large electrochemical gradient. Consequently, active transport of Ca must play a 
particularly critical role in the recovery process of those tissues (e.g. certain nerve, 
muscle and glandular cells) in which activity is associated with the net entry of Ca 
ions (see DOUGLAS, 1968; Rtm1~, 1970; P~UrnR, 1973). The subsequent sections of 
this article are concerned with the problem of "active" Ca transport, with parti- 
cular emphasis on the possible role of Na-Ca exchange in this process. 

III. Calcium Fluxes in Nerve 

A. Invertebrate Nervous Tissue 

1. The Squid Axon 

Squid axons, during electrical activity, normally gain a small amount of Ca 
(HODGKIN and KE¥~S, 1957; BAKER et al., 1971). Although the functional signi- 

2 Where R is the gas constant, T is absolute temperature and F is Faraday's number. 
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ficance of this Ca influx is not understood, it is readily apparent that during 
recovery there must be a net extrusion of Ca against a large electrochemical 
gradient. 

a) Calcium Efflux 

In considering the efflux of a cation, we would like to obtain answers to several 
pertinent questions, including: 1. Is the efflux of the cation accompanied by an 
anion ? or 2. Does the cation exchange for another cation, moving in the opposite 
direction, with no net movement of charge incurred ? or 3. Is the cation effiux 
electrogenic, in as much as the coupled anion or cation movements (if they occur) 
are insufficient (or over-sufficient) to balance the charge transfer of the cation 
efflux of interest ? And, since we are concerned with an "uphi l l"  movement of Ca, 
4. What is the immediate source of energy for this "act ive"  transport process ? 

The information obtained from experiments on squid axons have provided 
some of the most definitive (albeit by no means complete) answers to these 
questions. It is therefore most convenient to begin with a discussion of these data, 
and then to compare them with the results obtained from a variety of other 
preparations. 

Several characteristic features of the Ca efflux from squid axons, which bear on 
the aforementioned questions, are illustrated in Fig. 3. There is, in the first place, 
a dependency on certain cations in the external medium: in the unpoisoned axon, 
when external Ca is replaced by Mg, the Ca efflux is reduced by about 35 per cent. 
A further 25 per cent reduction in efflux (from the Ca-free baseline) occurs when 
Li, choline or dextrose is substituted for external Na (BLAUSTEIN and HODGKIN, 
1969 ; and see Fig. 3). The most straight forward explanation for these observations 
is that a significant fraction of the Ca efflux involves an exchange a for Cao and Nao. 
In one experiment, the Ca efflux was reduced to about 10 per cent of its value in 
control sea water when all of the external Na, Ca and Mg were replaced by choline 
(BLAUSTBIN and HODGVaN, 1969). On the face of it, this might be construed as 
being indicative of a Ca-Mg exchange; the issue is complicated, however, by the 
fact that the squid axon may depolarize in a divalent cation-free solution (el. 
SHANES, t958a; FRANKEN~IAEUSER and HODGKIN, 1957), and depolarization may 
itself reduce the Ca efftux (see below). Furthermore, in the presence of external 
Ca and Na, removal of external Mg has little, if any, effect on Ca efflux (BAKER 
and CRAXYTORD, 1972). Consequently, the Nao- and Cao-independent efflux 
remains as something of an enigma, and will be reconsidered below. 

In experiments in which Nao was replaced by Li, in the presence of Cao, the 
loss of 45Ca also decreased, but recovery was incomplete when Na o was reintrodu- 
ced (BLAUSTEIN and HODGKIN, 1969). One explanation for the apparent decline of 
the Ca efflux and the incomplete reversibility is that the Ca efflux mechanism may 
become saturated or inhibited by the large influx of Ca which occurs from Na-free, 
Li sea water (Section III, A, 1 b). 

When the axoplasmic pCa is reduced by poisoning the axon with cyanide 
(Section II, B), the attendant increase in Ca efflux is largely dependent upon 

a Subscripts "o" and " i"  refer to external and intraceUular environments, respectively. Square 
brackets around a chemical symbol (e.g. [Na]) refer to the concentration of the ion. 
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Fig. 3. Effect of removing first calcium and then sodium on Ca efflux in an unpoisoned squid 
axon and then during cyanide-poisoning. The second part of the figure shows the effect of K 
or Na glutamate on Ca efflux from the intact axon and from extruded axoplasm. Abscissa: time. 
Ordinate: rate constant of Ca efflux. • Standard (artificial) Na sea water. 01 Ca replaced by Mg. 
o Ca replaced by Mg and Na replaced by Li. a Sea water replaced by Ca-free and Mg-free K 
glutamate. • Same but K replace by Na. (From BLAUSTErN and HODGKrN, 1969) 

external Ca and Na (Fig. 3). On the average, in poisoned axons, about 70 per cent 
of the total Ca efflux was dependent upon external Ca, and 80 per cent of the 
residual efflux in Ca-free sea water required the presence of Nao. This observation 
may indicate that ATP is not required for Na-Ca  exchange, since the ATP concen- 
tration falls to about I00 IxM in the presence of cyanide (CALDWELL, 1960; MUL- 
LINS and BRINLEY, 1967)--a level sufficiently low to markedly inhibit the N a - K  
exchange pump (HODGKIN and KEYNnS, 1955; MULLINS and BradLEY, 1967). 
Furthermore, DiPoLO (1973a), using internal dialysis techniques (BRINLEY 
and MULLINS, 1967) to reduce the axoplasmic ATP concentration below 5 pM, 
did not observe significant inhibition of Cat + Nat-dependent Ca e f f l u x - n o r  was 
the magnitude of the Cat + Nat-dependent efflux affected by the subsequent addi- 
tion of ATP to the internal solution. However, the question of possible ATP 
involvement is not yet settled, as BAKER and GLITSCH (1973) have obtained evidence 
that at high intracellular pCa, reduction of ATP inhibits Ca efflux. 

Returning to the question of external cation activation of the Ca efflux, 
Fig. 3 shows that extruded axoplasm loses 45Ca irrespective of the species of 
cation (Na or K) present in the medium, whereas in the intact axon 4sCa efflux 
was specifically Nat-dependent. These data indicate that the mechanism which 
mediates the Na-dependent Ca efflux is located at the plasma membrane. 

The quantitative relationship between the Ca efflux and the external Na 
concentration is shown in Fig. 4. The data describe a sigmoid curve which best 
fits a cube-law relationship (see Fig. 4 caption) and may indicate that three Na + 
ions enter the axon in exchange for one Ca 2+ ion. Although these data were 
obtained from internal dialysis experiments on cyanide-poisoned axons with rather 
low pCa's (3.5-3.7), a virtually identical relationship was observed in intact, un- 
poisoned barnacle muscle fibers (RusSELL and BLAUSTEIN, 1974; but see BAKER 
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Fig. 4. Per cent of maximal Nao-dependent 4SCa efflux from internally-dialized squid (Loligo 
pealei) axons, graphed as a function of the external Na concentration. The data are mean values 
from five axons; the standard errors are indicated by the vertical bars. The axons were internally- 
dialized with an ATP-free solution containing 2 mM cyanide and a pCa of 3.5-3.7; the tem- 
perature for these experiments was 15 +_ I°C. The Nao-dependent Ca efflux into Ca-free 425 mM 
Na-containing sea water, taken as 100% in the graph, averaged 2.78 _. 0.18 pmoles • cm -2. see-i; 
the mean effltbx into Ca-free, Na-free sea water was 0.05 __ 0.01 pmoles • cm -2 • sec -1. Lithium 
was substituted isosmotically for Na in all of these experiments. The smooth curves were drawn 
to fit the equation: 

V 
v= . {  KNa ~" 

1 _ 

where v is the Nao-dependent 4SCa efflux at any external Na concentration ([Na]o), relative to 
that in Ca-free, Na-rich medium (V);/fN. is the apparent half-saturation constant for No, with 
a value of 125 mM. The exponent, n, had a value of 2 (solid line) or 3 (dashed line) (BLAUST~rN 
et al., 1974). 

and GLITSClL 1973, who have evidence that  the affinity for Na, and perhaps Ca, 
may  be under metabolic control). 

If the stoichiometry of the N a - C a  exchange is indeed 3 N a + :  1 Ca 2+, one 
possibility is tha t  the t ransport  mechanism is electrogenic. In  this case, for  a 
complete t ransport  cycle, the axon wilt gain one positive charge due to  the entry 
of the third N a  +. If this inward-moving Na  + acts as a counter- ion to a negative 
charge on the t ransport  mechanism, the exit of Ca 2+ might  be accompanied by the 
free negative charge. Recent evidence indicating that  the Nao-dependent Ca efflux 
is sensitive to the electric field across the membrane,  and is inhibited by depolariza- 
t ion (Fig. 5 and BRtNLEY and MULLIN$, personal communicat ion)  and enhanced by 
hyperpolarization (BRINLEY and MULLINS, personal communicat ion)  is consistent 
with this idea. In  quantitative terms, the Ca efflux is reduced e-fold (where e is the 
base of the natural logarithms), or  a little less, by a 25 mV depolarization (Fig. 6 
and BRINLEY and MULLINS, personal communicat ion).  This reduct ion fits with 
the hypothesis that  Ca exits in the company  of one free negative charge (or tha t  
the return limb of the cycle brings in a free positive charge). 
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Fig. 5. Effect of membrane potential on 4SCa efflux (solid circles, lower portion of figure) from 
an internally-dialized squid axon. The time in icated on the abscissa refers to the elapsed time 
from the start of the internal dialysis. The membrane potential, recorded from the end of the 
dialysis tube, is shown in the middle part of the figure. The bars at the top indicate the presence 
in the external medium of either I0 mM K (10 K) or 100 mM K (100 K), and of 1.5 × 10 -4 M 
veratridine (Ver) or 10 -6 M tetrodotoxin (TTX). The veratridine and K-rich solutions were 
used to depolarize the axon; TTX is known to reverse veratridine-induced depolarization in 
squid axons (OnTA et at., 1973). Axou 6013b; Diam. 630 I.t; Temp. 15 ° C. The internal dialysis 
fluid was ATP-free and contained 2 mM cyanide, 50 mM Na, 350 mM K and had a pCa of 3.7 
(BLAtlSTE~ et al., t974). 

Fig. 7 provides further evidence that there is a site on the transport  mechanism 
which accepts alkali metal ions, and is distinguishable f rom the site occupied by Ca. 
This experiment shows that the Cao-dependent Ca efflux is activated by Li, but not 
by choline; external Na  can also activate the Cao-dependent Ca efflux (BLAUSTEIN, 
RUSSELL and DE WEnR unpublished data). These data may indicate that  in the 
Ca -Ca  exchange mode (i.e. during Cao-dependent Ca efflux), entering Ca ions 
must be accompanied by either Na  or Li (the two effective ions tested). 

Since Ca efflux is at least in par t  dependent upon external Ca or Na, suggesting 
that  Cai can exchange for either Cao or Nao, it is possible that  these ion exchanges 
may  utilize a single transport  mechanism containing some sites which can accom- 
modate  either ions spec i e s -bu t  not both  simultaneously. One might expect Na  
and Ca to compete for these sites, and indeed, Fig. 8 shows that  increasing [Na]i 
inhibits Ca e f f lux -  perhaps indicative of a displacement of Ca f rom the transport  
sites by Na. The curve is considerably flatter than anticipated if two Na  + ions 
displace one Ca 2+ (in which case the Ca efflux ought to be proportional to 
1/[Na]2). However, these data were obtained at a relatively low (non-physiologic) 
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Fig. 6. Effect of membrane potential on 4SCa efflux from internally-dialized squid axons. Data 
from 8 axons are summarized in the figure; data from individual axons are connected by solid 
lines. 4SCa efflux into Ca-free sea water containing 10ram K and 425 mM Na is indicated by 
solid circles. In some instances the axons depolarized spontaneously, as denoted by two solid 
circles connected by a line. In other instances 50 mM K (A) or 100 mM K (zx) or 5 x 10 -4  M 
veratridine (o) was used to depolarize the axons. All axons were dialized with ATP-free solution 
containing 2 mM cyanide; the pCa was 3.5-3.7, and the temperature was 15 __ 1 ° C. The broken 
line (-.-.) has a slope equivalent to an e-fold reduction in Ca efflux for a 25 mV depolarization 
BLAUSreXN et al., 1974). 

pCa  (3.5-3.7), where the Ca concentrat ion m ay  tend to  saturate the t ransport  sites 
(DIPOLO, 1973a); unfortunately,  there is no  comparable  data  available for  lower 
Ca concentrations. 

b) Calcium Influx 

There is also a competi t ion between N a  and Ca at the external surface of the 
m e m b r a n e - m o s t  readily demonstrated in Ca influx experiments (BAKER et al., 
1969): when external N a  is replaced by Li or  dextrose, Ca influx increases (Fig. 9 a). 
There are, however, impor tant  quantitative differences between the effects of these 
two Na-substitutes. As N a  is replaced by Li, Ca influx increases monotonically.  
With  dextrose as a substitute, however, the Ca influx increases to a peak as [Na] o 
is reduced to about  100 raM, and further  reduction of N a  o causes a fall in Ca 
influx. These observations complement  the aforementioned Ca efflux studies by  
providing further  evidence that  the Ca t ranspor t  mechanism contains two types of  
sites: one which can be occupied by either Ca or  N a  (presumably two Na+) ,  and a 
second type ("ac t iva tor" ) ,  which accepts a single alkali metal ion, and does no t  
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Fig. 8. Effect of internal sodium concentration on 4SCa efflux from internally-dialized squid 
axons into Ca-free, Na-containing sea water. The graph shows the increment ( + )  or decrement 
( - - )  in the efflux (in pmole s - cm - z -  sec-I),  relative to the efflux from axons dialized with a 
solution containing 50 m M  Na. For  this case ( [Na] i=50  mM), the mean efflux into Ca-free 
Na-contalning sea water was 3.01 + 0.38 pmoles- cm -2 -  sec - I .  The data are the mean values 
for 8 axons; the standard errors for the effluxes are indicated by the vertical bars. The axons 
were dialized with ATP-frce solutions containing 2 mM cyanide and a pCa of 3.5-3.7. The sum 
of [Na]i and [K]i (present as the isethionates) was always 400 mM. Taurine (200 mM) accounted 
for most  of the remaining osmotically-active solute in the dialysis fluids. Temp. 15 + 1 ° C (BLAU- 
STEIN et al., 1974). 
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Fig. 9a. Effect of external sodium concentration on calcium influx in squid axons using lithium, 
upper curve (o), or dextrose, lower curve ( . )  as replacement for Na. Average results obtained 
on fourteen axons from seven squid (Li), or sixteen axons from eight squid (dextrose). Abscissa: 
sodium concentration in raM. Ordinate: calcium influx. K-free solutions with 10 -s M ouabain 
were used 

Fig. 9b. Effect of replacing external Na by Li or dextrose on Ca-dependent Na efflux from 
squid axons in the presence of I0 -s M ouabain, o Average Ca-dependent sodium efflux for 
Li-Na mixtures (three experiments). • Average Ca-dependent sodium efflux for Na-dextrose 
mixtures (two experiments) in which the efflux in Li sea water was also determined. The mean 
increment on replacing Na by Li (in the presence of Ca) in these two experiments was the same 
as in the three experiments from which the Li-Na curve was obtained. Ordinate: left-hand scale, 
fraction of 22Na lost per minute; right-hand scale, the Na efflux (pmole • cm -2"  sec -:t) based 
on an average diameter for these five axons of 822 ~t, and a mean intraeeUular Na concentration 
for all refrigerated mantle axons tested, of 70 mM/kg axoplasm. The smooth curves were drawn 
to fit a model described in the original text. (From BAKER et al., 1969a) 

discriminate between N a  and Li. Thus, reducing Na  o (in the presence of Cao) 
should increase the fraction of  the former  sites which are occupied by Ca;  but  the 
second site mus t  also be o c c u p i e d - b y  either N a  or  L i - i n  order  to permit Ca 
influx. 

A second striking feature of the Ca influx in squid axons is its dependence on 
Nai ;  at low internal N a  concentrations (-~30 mM),  Ca influx increases only 
slightly when N a  o is replaced by Li, whereas at elevated internal N a  concentrat ions 
(-,~ 130 mM),  substitution of Li for  Nao dramatically stimulates Ca influx (BAKER 
et al., 1969a). The data  of Fig. 9a  were obtained on axons which presumably had  
high internal N a  concentrations, since the axons came f rom squid mantles which 
had been cold-stored for  several hours prior to use. 

c) External Calcium-Dependent  Sodium Efftux 

The definitive proof  of an ion exchange flux mechanism requires the direct 
demonstra t ion of appropriately-coupled fluxes moving in opposite directions. 
Thus, the similarity in the properties of the Cao-dependent Ca efflux, and the Ca 
influx f rom Na-depleted media, suggests strongly that  these are manifestations of 
C a - C a  exchange. Direct evidence for  N a - C a  exchange in squid axons comes f rom 
the observation of  a Cao-dependent N a  efflux (BAKER et al., 1969a), with properties 
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which bear a strong resemblance to those of the Ca influx: the Na efflux increases 
when Nao is progressively replaced by Li or dextrose (or choline); but with 
dextrose (or choline) as the Na substitute, the Na efflux again declines as [Na]o is 
reduced below 100 mM (Fig. 9b). Furthermore, the magnitude of the Lio-stimu- 
lated Na efflux (which is approximately equal to the Cao-dependent Na efflux) is 
directly proportional to the square of the internal Na concentration (BArd~g et al., 
1969a), and may suggest that two Na ÷ ions leave the axon in exchange for each 
entering Ca 2+. 

Despite the use of somewhat different techniques for the Ca influx and Na 
efflux experiments (BAK~ et al., 1969a), comparison of the data in Figs. 9 a and 9b 
also provide a crude measure of the Na-Ca exchange stoichiometry- they indicate 
a Na efflux: Ca influx ratio of 3-5:1. The lower value (3:1), seen at [Na]o = 100 mM, 
is probably the better estimate, because the nominally "Na-free" solutions used in 
the Ca influx experiments most likely contained substantial amounts of Na. 

Unfortunately, similar data on the Na influx, to help substantiate the Na 
influx-Ca effhLx exchange hypothesis, are not available and may be rather difficult 
to obtain: the calculated Ca-coupled Na influx, less then 1 pmole/cm 2 sec, would 
represent (at most) only about one per cent of the total Na influx in the resting 
squid axon. Nevertheless, despite the absence of direct verification, the circum- 
stantial evidence weighs strongly in favor of the view that a significant fraction of 
the Ca efflux from squid axons in coupled to Na influx. 

d) Do Cardiac Glycosides Directly Affect the Calcium Fluxes ? 

In most of the aforementioned experiments on the Cao-dependent Na efflux, the 
cardiac glycoside, ouabain, was added to the bathing medium in order to inhibit 
the Ko-coupled (sodium pump) Na efflux (CALDWELL and KEYNWS, 1959)--thereby 
reducing the Cao-independent fraction of the Na efftux. This treatment had no 
effect on the Cao-dependent Na efflux (BAKER et al., 1969 a). Even more important, 
ouabain had no effect on either the Ca efflux (BLAUSTEIN and HODGKIN, 1969) or 
Ca influx (BAKER et al., 1969 a) in squid axons. In a few other preparations, such as 
crustacean muscle (AshLEY et al., 1972) and frog skeletal muscle (CugTls, 1966; 
see Section IV, A), there also is evidence that cardiac glycosides do not affect 
Ca fluxes. 

This raises a particularly important point because, in a number of the studies to 
be described in subsequent sections of this review, it will be noted that the appli- 
cation of a cardiac glycoside does, indeed, affect Ca fluxes in a variety of tissues. 
One possible explanation is that the Ca transport mechanism in these tissues is, 
itself, directly affected by the glycosides, and thus differs from the mechanism in 
squid axons. In many instances, however, the removal of external K has been 
found to mimic the effects of the cardiac glycosides. Consequently, a more likely 
explanation is that in these tissues the effects of the glycosides on the Ca fluxes 
are secondary to inhibition of the Na-K coupled p u m p - a n d  may perhaps result 
from alterations in the Na and/or K concentration gradients and/or membrane 
potentials. Such alterations are bound to occur most rapidly in small cells with 
large sur face- to-volume ratios. In large cells, such as squid axons and barnacle 
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muscle fibers, on the other hand, complete inhibition of the sodium pump should 
result in only a slow rise in [Na]~ and fall in [K]i, due to the relatively small 
sur face-  to - volume ratio. 

e) A Model for the Na-Ca  Exchange Mechanism in Squid Axons 

In the foregoing discussion, the mechanism governing the coupled fluxes of Na 
and Ca has been referred to by the vague term " t ranspor t  mechanism". However, 
a mechanism which can permit exchange diffusion (Ca-Ca exchange), as well as 
counterflow exchange (Na-Ca exchange), likely involves a mobile carrier (ROSEN- 
BERG and W'ILBRANDT, 1957; WILBRANDT and ROSENBERG, 1961); consequently, 
the term "carr ie r"  will now be used when referring to the Na-Ca  or Ca-Ca 
transport mechanism. 

The evidence presented above suggests that each carrier molecule has two 
rather distinct sites: one site presumably contains a single negative charge, which 
confers the voltage-sensitivity on the Ca efflux. In order for the carrier to move 
inward, this site must be occupied by an alkali metal ion (normally Na +, although 
Li + or K + may also act as the counter-ion). On the outward limb of the cycle, no 
counter-ion need occupy this site, since the free negative charge would readily be 
driven down the voltage gradient. [Alternatively; a K + could serve as counter-ion 
on some of the s i tes-perhaps providing an explanation for the observation that, 
on the average, somewhat less than one negative charge accompanies the efflux of 
each Ca ion (see Fig. 6).] 

The other type of site on the carrier may, presumably, be occupied by either 
two Na + ions or one Ca 2+ ion. However, it is difficult to envision a single site 
which could be so selective for Na, among the alkali metal ions, and also have a 
very high affinity for Ca 2+. A more likely possibility is that this " s i t e"  actually 
has two aUosterically different (and mutually exclusive) conformat ions-  one which 
accepts two Na ÷ ions, and another which accepts a single Ca 2 + ion. For  simplicity, 
we will assume that this car r ie r"  site" has two negative charges, and that the Ca 2 + 
or two Na + ions act as counter-ions, to provide a net charge of zero at this site. 
[As an alternative, there may be no net charge at this site on the carrier; instead, the 
Ca r+ (or 2Na +) may be liganded to the carrier by means of an induced-dipole 
interaction as occurs with several ionphorous antibiotics (PRESSMAN, 1968). In this 
case, anions with a net charge of 2- (for example, two C1- ions) may have to 
accompany the carrier on both its inward and outward journeys. There is, at 
present, no data available from which to decide between these alternatives.] 

The principle features of the proposed carrier model (cf. BLAUSTEIN and 
HODGRIN, 1969), with the cartier designated as R 3-, are depicted in Fig. 10. All 
of the reactions are presumed to be reversible, but the long arrows indicate the 
(presumed) preferred directions for each of the individual reactions when a small 
Ca load is placed on the inside. Under these conditions (a slight displacement 
from the steady-state), in a single cycle, three Na + ions will move down their 
electrochemical gradient into the axon; one Ca 2+ ion will exit, moving uphill, 
along with a negative charge which moves from a negative to a positive potential. 
Thermodynamic considerations indicate that this carrier could derive sufficient 
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Fig. 10. Model of a sodium-calcium counter-transport carrier mechanism. The free carrier, R 3-, 
is assumed to have two types of cation-binding sites. One site is monovalent, and can bind a 
single alkali metal ion (M+); the second site is divalent, with specificity for either Na (two Na + 
ions can bind) or Ca. The chemical reactions between carrier and counter ions are assumed to 
be very rapid, while the diffusion of the carrier complexes across the membrane are rate-limiting. 
The diffusible carrier-eation complexes are: Na2RM, CaRM, Na2R- and CaR- (the latter two 
are driven by the membrane potential and therefore move preferentially in the outward direction). 
Free carrier (R 3-) is assumed to diffuse slowly, if at all. The long, solid arrows show the directions 
the reactions would tend to go in if the steady-state were disturbed by a Night increase in [Ca] i. 
The subscripts, i and o, refer to the axoplasm and hemolymph, or internal and external surfaces 
of the membrane, respectively 

energy f rom the downhill movements  of N a  + and the free negative charge so that, 
in the steady-state, the Ca activity gradient (ac,o/aca,) would be given by :  

aCao  ( aNao)  3 - -  V F  

aCa i  - -  ( a N a t )  a exp-  R T  (3) 

Where  V is the membrane  potential,  and R, T and F are the gas constant ,  absolute 
temperature, and Faraday ' s  number,  respectively. With  a N a  activity ratio 
(aN~o/aNai) of about  10, and a - 60 mV resting potential, this mechanism could, 
in principle, provide a Ca activity ratio of about  104, thereby holding ac, i in 
squid axoplasm at about  9.3 x 10 -8 M (cf. Table 1). This is equivalent to a pCa  
of about  6.6 which is very close to the value of 6.4-6.5 given by BAKER et al. (1971) 
and by KATZ and MILEDI (1967), and thus within the likely physiological range. 

The apparently-satisfactory fit of this model  to much of  the  available data  does 
not ,  however, prove tha t  A T P  has no direct effect on  N a - C a  coupled t ranspor t  
(cf. Section III, A, 1 a, and BAKER and GLITSCH, 1973). Moreover ,  the model  does 
no t  account  for  the significant Nao- and Cao-independent Ca efflux, which is 
particularly prominent  in axons with a high (physiological) pCa. The external 
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Fig. l l a .  Ca 2+ content (0) (mmoles/kg nerve after 10 min) and Ca 2+ influx (e) (mmoles/kg 
nerve during a 7-rain exposure to 45Ca) in crab (Maia) nerve as a function of the external Na + 
concentration (mM). Na+-ASW (Na artificial sea water) was replaced isosmotically by Li+-ASW. 
The net Ca influx content and Ca z+ influx data were obtained on different crabs. Each point is 
the mean of 3 determinations. An essentially similar curve was obtained when Na+-ASW was 
replaced by dextrose-ASW 

Fig. 11 b. Ca 2+ influx (mmoles/kg nerve during a 7-min exposure to 45Ca) as a function of the 
external Ca 2+ concentration (mM). The solutions were MgZ+-free and Na + was replaced is osmoti- 
cally by Li +. Each point is the mean of at least 3 separate determinations. The Ca influx (v) 
curves in Figs. 11 a and 11 b have been drawn to fit the equation: 

V 

Ko,[Mglo Kc~ (t [Na]ot 2 
1 + KMg [Ca]o + ~ \ + g~-N~ / 

where V, the maximum rate of Ca influx, is 0.2 M mmoles Ca/ks nerve per rain; Kca and KMs are 
the apparent dissociation constants for Ca, Mg and Na, with values of 2 and 20 raM, respec- 
tively, g'Na is the half-saturation constant for Na with a value of 75 raM. (From BAring and 
BLAUSTEIN, 1968) 

ca t ion- independent  efflux could  be the  mani fes ta t ion  of a second (perhaps  A T P -  
driven)  Ca  t r a n s p o r t  system opera t ing  in para l le l  with,  and  p resumably  indepen-  
dent ly  of, the  N a - C a  exchange carrier.  But, despi te  the precedent  in h u m a n  red  
b lood  cells of an ATP-fue led  Ca ext rus ion (ScHATZMANN and VINCENZI, 1969), 
there  is no  di rec t  evidence to  impl ica te  a s imilar  mechan i sm in the  squid  axon  or  in  
any  cell o ther  t han  the e ry throcy te  (a l though metabo l ic  po ison- inh ib i ted  Ca  extru-  
sion m a y  be c i rcumstant ia l  evidence for  such a mechan i sm;  e.g. BeRt.n, 1969). 
Fur the rmore ,  the opera t ion  of two t r a n s p o r t  systems in paral lel ,  when one m a y  be 
sufficient to  do  the  job ,  seems r edundan t  and  wasteful .  Clear ly,  add i t iona l  experi-  
men ta t ion  is needed to  clar i fy these unresolved p rob lems  and  to  ampl i fy  and  refine 
the mode l  or  discredi t  it. 
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2. Nerves of  Other Invertebrates 

Although multicellular, small-cell preparations are disadvantageous for certain 
types of ion flux studies, they may be particularly well-suited for i measurement of 
net ion movements and for the study of some kinetic parameters which require the 
alteration of several variables in a single experiment. An example of this utility is 
seen in the results of experiments on the walking leg nerve of the crab, Maia 
squinado (BAKER and BLAUSTEIN, 1968). Bundles of crab nerve fibers (and lobster 
nerve fibers; BLAUSTEIN and WIES~NN, 1970), pre-loaded with Na by stimulation, 
accumulated 45Ca much more rapidly from Na-free sea water (Na replaced by Li 
or dextrose) than from standard Na sea water. The relationship between Ca influx 
and the external Na concentration is illustrated in Fig. 11 a which also shows 
that there is a net gain of Ca by the fibers incubated in Na-depleted media; the 
striking similarity between these data and the Ca influx curve for squid axon 
(Fig. 9 a) is obvious. When both Cao and Nao were varied in the same experiment, 
the results suggested that Nao was a competitive inhibitor of Ca uptake (Fig. 1 t b), 
and that at least two Na + ions competed with each Ca 2+ ion. Accumulation of 
45Ca by crab nerve was also influenced by Nai: uptake from Na-free Li sea water 
was enhanced in Na-loaded fiber bundles, and inhibited in Na-depleted nerves, as 
compared to uptake by unstimulated controls. Thus, as in squid, lowering [Na]o 
and]or raising [Na]i tended to move Ca into the tissue. 

B. Vertebrate Nervous Tissue 

1. Peripheral Nerve 

Evidence for Na-Ca exchange in vertebrate peripheral nerve axons is limited to the 
demonstration that the 45Ca efflux from rabbit vagus was inhibited when external 
Na was replaced by choline (KALIX, 1971); however, the inhibitory effect was only 
"slight" when Li was substituted for Na. Neither 10 -4 M ouabain, which in- 
hibits K transport in C fibers (KEv~zs and RITCHIE, 1965), nor the metabolic 
poisons, cyanide, monoiodoacetate and 2,4-dinitrophenol had any effect on the 
Ca efflux. 

Indirect evidence regarding Na-Ca exchange at vertebrate motor nerve 
terminals will be discussed in Section III, B, 2b. 

2. Brain 

a) Brain Slices 

The mammalian brain slice has been a much more popular preparation for 
studying Ca transport than peripheral nerve, and a number of these slice studies 
suggest the occurrence of Na-Ca exchange processes in the mammalian central 
nervous system. There is, first of all, a marked increase in Ca accumulation when 
external Na is replaced by Li, choline or sucrose. The shape of the curve relating 
Ca uptake to [Na]o is very similar to the one obtained with invertebrate nerve 
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preparations (cf. Figs. 9 a and 11 a), and little stimulation of Ca uptake is ob- 
served unless more than half the external Na is removed (CooKE and ROBINSON, 
1971; STAHL and SWANSON, 1972). Ca uptake is also enhanced by conditions 
which inhibit the Na-K coupled pump, causing the loss of K and gain of Na by 
cerebral tissues; these conditions include incubation with ouabain or with meta- 
bolic poisons (cyanide, azide or 2,4-dinitrophenol), incubation with K-free media, 
and anoxia (FuJISAWA et al., 1965; TOWER, 1968; STAHL and SWANSON, 1969 and 
1972; COOKE and ROBINSON, 1971 ; BULL and TREVOR, 1972). The fact that ouabain 
and K-free solutions are effective indicates that the extra Ca accumulation is 
probably not a direct consequence of inhibited ATP production; this leaves de- 
polarization and increased [Na]i or decreased [K]i as possible stimulators of Ca 
uptake. 

Most of the ouabain-induced Ca accmnulation was found in the mitochondrial 
fraction of the tissue homogenates (TOWER, 1968; STAHL and SWANSON, 1969; 
COOKE and ROBINSON, 1971), but the rate of Ca accumulation by isolated brain 
mitochondria was not influenced by ouabain (STAHL and SWANSON, 1969)--which 
does not conflict with the view that the only direct cellular action of cardiac 
glycosides is inhibition of the plasma membrane Na-K coupled pump (cf LEE and 
KLAUS, 1971, and Section IX, A). 

Ca efftux from 45Ca-loaded brain slices is also influenced by Nat, and perhaps 
by Na i. Tracer efflux into Ca-free (STAHL and SWANSON, 1972) and Ca-containing 
(COOKE and ROBINSON, 1971; BULL and TREVOR, 1972) media is reduced when 
external Na is replaced by choline or sucrose, or when ouabain is added to the 
medium. As in squid axons (Section III, A, 1 a), azide (FuJISAWA et al., 1965) and 
cyanide (STAm~ and SWANSON, 1972), which should reduce pCa, accelerate the 
efflux of 45Ca into Ca-free solutions. 

The foregoing results show deafly that Ca accumulation is enhanced when the 
[Na]o/[Na]i gradient is reduced; but lowering the gradient with Na-depleted ex- 
ternal media or with ouabain inhibits Ca efflux, whereas metabolic poisoning 
stimulates Ca efflux. It should be recognized, however, that the influence of some 
of these treatments is difficult to interpret. In small cells (i.e., those with a large 
surface: volume ratio), inhibitors of the Na-K pump and inhibitors of inter- 
mediary metabolism not only cause [Na]i to increase rapidly; they also cause a 
reduction of [K]i and concomitant depolarization-and, as seen in the squid axon, 
depolarization may directly influence Ca efflux. 

A further complication of the brain slice preparation is that it contains a 
considerable number of non-nervous elements, primarily gliB. Consequently, there 
is uncertainty as to which cells in the brain slice are responsible for the Na- 
dependent Ca fluxes. 

b) Presynaptic Nerve Terminals 

Studies on pinched-off presynaptic nerve terminals (synaptosomes) separated from 
mammalian brain homogenates may help to resolve the aforementioned dilemma, 
since this preparation is composed almost exclusively of neural elements. Data 
from many laboratories (see review by RODRIGUEZ DE LORES ARNAIZ and DE 
ROBERmS, 1972) indicate that these pinched-off terminals reseal and retain many 
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of the physiological activities normally associated with intact cells; they have 
complete glycolytic and oxidative pathways, and can utilize metabolic energy to 
accumulate and retain K, and to extrude Na. They likely have membrane potentials 
(GOLDRING and BLAUSTEIN, 1973) and can release transmitters when "depolarized" 
(e.g. BLAUSTEIN et al., 1972). There is now considerable evidence that transmitter 
release is normally triggered by the entry of Ca at the nerve terminals (KATZ, 1969; 
KATZ and MILEDI, 1970; BLAUSTEIN, 1971; LLINAS et al., 1972; BLAUSTEIN et al., 
1972). The functional significance of an extrusion mechanism for Ca at nerve 
terminals is thus readily apparent. 

At the neuromuscular junction, the frequency of miniature end-plate potentials 
(m.e.p.p.) has been used as an index of transmitter release, and, indirectly, as a 
measure of pCa in the motor nerve terminals (cf Section II, B). Thus, the increased 
m.e.p.p, frequency which results from a reduction of [Na]o, as a consequence of 
Na-Ca competition (BIRI(S and COHEN, 1965; KELLY, 1965; GAGE and QUaSTEL, 
1966), or a rise in [Na]i (BmKS and COHEN, 1965 and 1968a and b; MUCHNIK and 
VENOSA, 1969) may indicate that these conditions tend to lower pCa by driving Ca 
into the terminals on an Na-Ca exchange carrier (BmKs and COHEN, 1968 b). 

The release of norepinephrine from sympathetic nerve endings in the cat spleen 
is also stimulated by Na-deprivation (KmPEK~ and WAKADE, 1968), and by 
ouabain if Ca is present (GARCIA and KmJ'EK~, 1973). Similarly, Na-depletion 
enhances the Cao-dependent release of norepinephrine from rat heart (BLASZ- 
KOWSKI and BOGDANSKI, 1971). 

Of particular interest, in the context of the present article, is the observation 
that the isolated nerve terminals (synaptosomes) exhibit Ca fluxes which require 
the presence of Na on the side of the membrane toward which Ca moves (BEAU- 
ST~IN and WIESMANN, 1970; BLAUSTEIN and OBORN, 1974). Quantitative assessment 
of this Na dependency indicates that the Ca efflux may be directly related to [Na]o 3 
(Fig. 12a, and compare Figs. 4 and 14). The relationship between [Na]i and Ca 
influx is rather complex, and is in part dependent upon [Na]o as well. Ca uptake 
from Na4ree Li medium containing 1.2 mM Ca is proportional to [Na]~; Uptake 
from the standard Na-containing medium is also proportional to [Na]~, but 
appears to saturate at high [Na]i (Fig. 12b and see Fig. t3b). When [Ca]° is 
increased to 7.6 mM, Nal-dependent Ca uptake from the Na-containing medium 
does not saturate as [Na]i is increased to 137 mM (BLAUSTEIN and OBOrtN, 1974). 
These data may indicate that at a low [Na]i, and with [Na]o= 137 mM and 
[Ca].= 1.2 raM, the rate of carrier movement from inside to outside (presumably 
as Na2R- or Na3R; cf. Fig. 10) is the rate-limiting step in the Na-Ca exchange 
cycle. However, as [Na]i is increased, and the carrier cycles more rapidly, the 
binding of Cao to the carrier may become rate-limiting because of Nao-Cao 
competition. 

Ca influx is also inhibited by external Na, and the curve relating Nai-dependent 
Ca uptake to [Na]° (BLAUSTWIN and WlESMAr~N, 1970) is comparable to the curves 
obtained with crab nerve (Fig. 1 t a), squid axon (Fig. 9 a) and mammalian brain 
slices (e.g. STAHL and SWANSON, 1972). When the effects of both [Na]o and [Ca]o 
were tested, a family of curves very similar to those of Fig. 11 b were obtained 
(BLAuSTEIN and OBORN, 1974), perhaps indicating that, as in crab nerve, at least 
two Na + ions compete with each Ca 2+ for entry. 
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Fig. 12a. External sodium-dependent Ca efflux from 4SCa-loaded rat brain synaptosomes gra- 
phed as a function of [Na] o. Choline was substituted for Na o, and the sum of Naq-choline was 
always 132 mM;  all of the efflux solutions were Ca-free. The Nan-dependent 45Ca efflux into 
Ca-free Na solution, 0.29 Ixmoles Ca/rag protein per min during a two-minute incubation at 
30 ° C, was taken as 100 per cent. The 4SCa efflux into the Na-free, Ca-free choline solution 
averaged 0.03 pmoles/mg protein per min. Each point is the mean of four determinations. The 
smooth curves were drawn to fit the equation shown in the caption to Fig. 4. In this case, KNa 
had a value of 18 raM. The exponent, n, had a value of 2 (solid curve) or 3 (broken curve) 
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Fig. 12b. Internal sodium-dependent 45Ca influx in synaptosomes, graphed as a function of 
[l',Ia]~. The rat brain synaptosomes were first equilibrated with Ca-free solutions containing 
mixtures of Na and Li, with the sum of Naq-Li  always equal to 137 raM. Ouabain (10 -3 M) 
was also present, to minimize Na extrusion from the Na-loaded synaptosomes. The equilibration 
solution was decanted following centrifugation, and the pellets were re-suspended in a medium 
containing either 137 mM Li (©) or 137 mM Na (e).  Synaptosomes were incubated in these 
solutions, which also contained 1.2 mM Ca labeled with 4SCa, for 1 rain at 30 ° C. Uptake of 
45Ca was terminated by the addition of EGTA, and the extra-synaptosoma145Ca was removed 
as described by BLAOSTEIN and WI~SMANN (1970). The Na concentration graphed on the abscissa 
is the Na concentration in the equilibration solution, and therefore, presumably, the concentration 
inside the synaptosomes (BLArOSTEIn and OBORN, unpublished data) 
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Metabolic poisons also affect the Ca fluxes in synaptosomes: cyanide inhibits 
Ca influx and enhances Ca efflux into Ca-free media. Cyanide and 2,4-dinitro- 
phenol both cause a net loss of Ca from terminals incubated in media which 
contain 1.2 mM Ca (BLAUSa'~N and OBORN, 1974). 

The main conclusion from these experiments is that an Na-Ca exchange 
mechanism, with many properties similar to those observed in squid axons, 
probably is present in presynaptic nerve endings. As in squid axons, the exchange 
mechanism can extrude Ca from metabolically-poisoned preparations; this may 
indicate that ATP is not necessarily the immediate source of energy for this process. 

IV. The Influence of Sodium on Calcium Fluxes in Muscle 

In many types of muscle, including invertebrate muscle and vertebrate cardiac and 
smooth muscle, Ca z+ ions may carry a considerable fraction of the inward current 
during depolarization-and, particularly in those tissues where the sarcoplasmic 
reticulum appears to be rather sparse, this "extra" entry of Ca during activity may 
be essential for the activation of contractile proteins (cf RrUTER, 1973). However, 
even in vertebrate (frog) skeletal muscle, which can contract perfectly well in the 
absence of external Ca (ARMSTRONa et al., 1972) there is normally an increased 
entry of 45Ca during activity (BIANCHI and SHANES, 1959; CURTIS, 1966; and see 
BIANCnI, 1968). Virtually all types of muscle fibers must, therefore, be able to 
extrude Ca against an electrochemical gradient in order to return to the steady- 
state following a period of activity. 

In muscle, contraction, as indicated by tension development or shortening, may 
be used to "bioassay" changes in pCa (el FILO et al., 1965; HELLAM and PODOL- 
SKY, 1969), and perhaps indirectly, changes in Ca fluxes. When contracture occurs 
following an alteration of external cation concentration, there may be reason to 
suspect that the immediate cause of the contracture is a fall in pCa as a result of 
increased Ca influx and/or decreased Ca efflux-provided that release of Ca from 
the sarcoplasmic reticulum can be ruled out. The absolute requirement for Cao, in 
the absence of membrane potential changes (to avoid voltage-dependent changes 
in Ca conductance and Ca release from sarcoplasmic reticulum), may provide 
presumptive evidence that the contracture is a consequence of net inward move- 
ment of Ca. 

A. Vertebrate Skeletal Muscle 

Information regarding Ca transport mechanisms in vertebrate skeletal muscle 
is rather limited, but the study by COSMOS and HARRIS (1961) strongly suggests that 
Na-Ca exchange may occur in frog muscle. They observed a close correlation 
between the net gain of Na and of Ca. Conditions which promoted Na gain and 
K toss also promoted 45Ca and net Ca entry: incubation in K-free media, in ice- 
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cold media, or in media containing ouabain. Net re-extrusion of Ca (and Na) was 
observed when tissue stored in a cold, K-free environment was returned to Ringer's 
containing 10 mM K. Ca influx (using strontium-89 as a tracer, since the move- 
ments of 4SCa and 89Sr seemed comparable) and net Ca gain were also enhanced by 
depletion of Nao. In one experiment, a reduction of [Na]o from 100 to 30 mM 
increased the rate of 89Sr uptake, and a return to the 100 mM Na medium induced 
net extrusion of the isotope despite its continued presence in the external medium. 
These observations led CosMos and HARRIS to conclude that the Ca entry me- 
chanism probably involved Na-Ca competition for anionic sites which could accept 
either cation. There is also evidence for Nao-Cao competition in slow muscle 
fibers, since reduction of [Na]o induces sustained contractures in the frog rectus 
abdominis (SciqAECHTELtN, 1961). 

CURTIS (1966), studying 45Ca fluxes in single frog muscle fibers, noted that 
cardiac glycosides had no effect on Ca influx or on the time constant for Ca efflux. 
Since the incubation period used by CURTIS was much shorter than that used by 
CosMos and HAggis, and since the rate of net Na gain by glycoside-poisoned frog 
muscle is relatively slow (EDWARDS and HARRIS, 1957), these observations indicate 
that, as in nerve, cardiac glycosides have no direct effect on the Ca fluxes. Rather, 
their effects on Ca fluxes (in the experiments of COSMOS and HARRIS) are probably 
a consequence of the slow increase in [Na]i. 

B. Cardiac Muscle 

The earliest evidence of an antagonism between Nao and Cao was W~LBRANDT and 
KOLLER'S (1948) demonstration that the strength of contraction of the frog heart 
is directly related to the ratio, [Ca]o/[Na]o z. These observations were confirmed and 
extended by L/3TTGAU and NIED~RGERKE (1958; and see NIEDERGERKE and L~TT- 
6AU, 1957), who showed that even in depolarized cardiac muscle, contraction 
could be effected by depleting the medium of Na. The contractures in Na-poor 
media could be accounted for by NIEDERGERKE'S (1963, and see NIEDERGERKE, 
1954; NIEOERGERICE and HAggiS, 1956) observation that a marked increase in Ca 
influx and net gain of Ca occurred in frog ventricles exposed to the contracture 
fluids, in which Li, choline or dextrose was substituted for Na. Prompt relaxation 
occurred (see also VASSORT, 1973) in conjunction with a net loss of Ca upon return 
of the Ca-loaded ventricles to control Ringer's. To explain these results, NIEDER- 
GERKE postulated that Ca entry occurred via a carrier mechanism for which 
external Na + and Ca 2+ ions competed, presumably in the ratio, 2:1. 

REUTER and his colleagues (REuTER and SEITZ, 1968; GLIXSCH et al., 1970) 
examined the effects of both internal and external Na on Ca fluxes in mammalian 
cardiac muscle (guinea pig auricles, and calf and sheep ventricular trabeculae). 
As in the frog heart, partial or complete replacement of Na o increased Ca influx 
and the net Ca content of the tissue. The most dramatic increase was observed in 
tissue which had been pre-loaded with Na, as shown in Fig. 13, where Ca uptake 
from Na and from Li media is graphed as a function of [Na]~. The striking simi- 
larity between these data and the data from synaptosomes (Fig. 12b), including 
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Fig. 13. Internal sodium-dependent 45Ca influx in guinea pig auricles (data of GLrrscri et al., 1970, 
Fig. 3) graphed as a function of [Nail. The auricles were incubated for 10 rain in 45Ca-containing 
Tyrodes solution (e) or in a similar solution with 137 mM NaC1 replaced by choline C1 (0) 

the apparent saturation of Ca uptake under conditions of high [Na]i and high 
[Na]o (cf. Section 1 B, 2b), is readily apparent. 

The Ca efflux from mammalian heart (REUTER and SEITZ, 1968) was dependent 
upon both Na o and Ca o: it was reduced to 70 per cent of control levels when Cao 
was removed, and to 20 per cent of control levels when Na o was also removed 
(replaced by Li, choline or sucrose). The Cao-dependent fraction of the Ca efflux 
was inhibited by'Nao, but was constant at a constant [Ca]o/[Na] 2 ratio, suggesting 
that Ca o and Na o compete for external binding sites on a Ca carrier in the ratio, 2: 1. 

All of these observations in cardiac muscle are consistent with a Na-Ca  ex- 
change carrier mechanism. However, they only provide evidence for a 2 Na +- 
for-1 Ca 2+ exchange, which would clearly be insufficient to maintain the observed 
Ca electrochemical gradient. Obviously, more complex Ca transport mechanisms, 
such as the 3-for-1 model of Fig. 10 or perhaps an ATP-dependent system, must 
be considered, although no information regarding these possibilities is yet avail- 
able. 

C. Smooth Muscle 

The situation vis-a-vis the possible role of Na-Ca  exchange in smooth muscle is 
complicated by the fact that many types of smooth muscle undergo spontaneous 
electrical discharge. Since the depolarizing current may be carried by Ca 2+ and/or 
Na + ions (cf KURIYAMA, 1970; REUTER, 1973; TOMITA and WATANABE, 1973), 
alterations in the extracellular or intracellular concentrations of these ions might 
affect tension by mechanisms unrelated to a carrier-mediated transfer of Ca. 
Nevertheless, some observations on the effects of changes in [Na]o and [Na]i on 
smooth muscle coincide fairly closely with the pattern suggestive of Na-Ca  ex- 
change in other tissues. For  example, JUDAH and WILLOUGHBY (1964) found that 
segments of guinea-pig ileum go into contracture when exposed to Na-free media 
(Li or sucrose substituted for Na); relaxation requires the presence of Na in the 
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medium, and is incomplete when ouabain is also present. Sustained contractures 
are also induced in mouse myometrium by Na-depleted solutions (OSA, 1971). 
Although taenia coli do not give sustained contractures in Na-free media, the 
contractures induced by K-rich media are maintained if the tissue is then trans- 
fered to media containing sucrose or tris-hydroxymethylamino methane in place 
of Na; but slow relaxation does occur when Li is substituted for Na (KATASE and 
TOMITA, 1972; and see TOMITA and WATANABE, 1973). The rate of relaxation in 
Na-containing media is slowed if ouabain is added to, or if K is deleted from the 
medium (KATASE and TOMITA, 1972). These observations fit with the idea that Ca 
extrusion by taenia coli is dependent upon a large Na gradient in the normal 
direction. The fact that the Ca content of taenia coli is increased upon exposure of 
the tissue to Na-free sucrose (GooDFOr~D, 1967), or to K-free or ouabain-containing 
media (CASTEELS et al., 1973), supports this view. 

In rat portal vein, the rate of relaxation following K-induced contractures is 
also slowed by the deletion of external Na, although incubation in an Na-free 
medium does not, itself, induce contracture (BIAMINO and JOrIANSSON, 1970). 

A somewhat more complete and straightforward picture is available for arterial 
smooth muscle: removal of external Na induces contractures (e.g. HINKE and 
WILSON, 1962; SITRIN and BOHR, 1971; and see the reviews by BoI-rR, 1964, and 
SOMLYO and SOMLYO, 1968) without depolarization (REuTER et al., 1973). The 
contracture tension is influenced by both Cao and Nao and, as in the heart (Sec- 
tion IV, B), is approximately constant at a constant [Ca]o/[Na] 2 ratio (REUTER et al. 
1973). There is some indication that increasing [Na]i may also affect tension in 
arterial smooth muscle, since incubation in K-free media or in media containing 
ouabain causes contractures (LEONARD, 1956) despite only a 5-10 mV depolariza- 
tion (REUTER et al., 1973). The contractures which occur in Na-depleted media are 
associated with a net gain of Ca by the tissue (REUTER et al., 1973) as a result of 
both increased Ca influx (VAN BREEMEN and MCNAUGHTON, 1970; VAN BREEMEN 
et al., 1973) and decreased Ca efflux (REUTER et al., 1973). 

In sum, arterial smooth muscle, and perhaps other types of smooth muscle, 
have many of the properties which indicate that Ca transport in these tissues may 
involve Na-Ca exchange. Furthermore, this mechanism may play a role in the 
maintenance of resting tension in arterial muscle which apparently has a relatively 
sparse sarcoplasmic reticutum (DEVINE et al., 1972) with a less active Ca pump than 
skeletal muscle (FITZPATRICK et al., 1972): In normal man (e.g. MASON and BRAUN- 
WALD, 1964) and dog (HIGGINS et al., 1972), pharmacological doses of cardiac 
glycosides induce vasoconstriction by a direct action on the vasculature. These 
observations may indicate that even a small increase in [Na]i, due to partial 
inhibition of the Na,-K pump by the cardiac glycosides, may tend to move Ca into 
the smooth muscle cells thereby lowering pCa and concomitantly increasing resting 
tension. 

D. Invertebrate Muscle 

The muscle fibers of certain crustaceans, most notably those of the giant barnacle, 
Balanus nubilus, are sufficiently large (diameters up to 2-3 ram) to permit the use 
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Fig. 14. Per cent of the Nao-dependent 4SCa efflux from 4SCa-injected barnacle muscle fibers 
in Ca-free sea waters graphed as a function of the external tX~a and Li concentrations; the Na  o- 
dependent Ca efflux into Ca-free sodium-containing sea water was taken as 100 per cent. The 
graphed points are the mean values for three experiments; the vertical bars through the points 
indicate _ one standard error. The experiments were conducted at temperatures of 18_+ 1 ° C. 
The data have been fitted to the equation shown in the caption to Fig. 4; in this case g'Na had a 
value of 60 mM. The exponent, n, had a value of 2 (solid curve) or 3 (broken curve). In these 
experiments the mean Nao-dependent Ca efflux in Ca-free Na-eontaining sea water was about 
0.6 pmoles • cm -2 • see - I ,  assuming complete mixing of the isotope in the sarcoplasm. (From 
RUSSELL and BLAUSTEIN, 1974) 

of intracellular injection (cf. CALDWELL and WALSTER, 1963) and internal dialysis 
(cf. BRINLEY and MULLINS, 1967) techniques for ion flux measurements. This 
situation has been used to advantage, and Ca flux studies on muscle fibers of Balanus nubilus have been carried out recently in several laboratories. Ca influx in 
intact fibers (BLAUSTEIN and RUSSELL, 1974) and in internally-dialyzed fibers 
(DIPOLO, 1973b) is stimulated when [Na]o is decreased and/or [Na]i is increased. 
In the absence of external Na, and with [Na]i increased there is a large net gain of 
Ca and contracture. BRINLEY (1968) observed that under these conditions the 
contracture was associated with a dramatic increase in Na efflux. This Na efflux 
appears to be Cao-dependent, thereby providing direct evidence for Na-Ca ex- 
change in barnacle muscle (BLAUSTEIN and RUSSELL, t974). 

Studies on the effects of [Ca]o and [Na]o on shortening velocity may provide a 
crude indication of the interactions between these cations and the Ca "carrier": 
Na competitively inhibits the stimulatory action of Ca on shortening velocity, 
where two Na + ions appear to compete with one Ca 2+ (BLAUSTEIN and RUSSELL, 

1974). 
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Ca efflux from Balanus muscle is also influenced by internal and external cation 
concentrations. In intact fibers injected with 45Ca, the rate of tracer loss is reduced 
by about 50 per cent when Cao is removed; of the remaining Ca efflux into Ca-free 
media, a variable fraction averaging about 40 per cent is Nao-dependent (RUSSELL 
and BLAUSTEIN, 1974). The magnitude of the Nao-dependent fraction could be 
increased at the expense of the Cao- and Nao-independent portion of the efflux, by 
treatment with 2-3.5 mM caffeine (which should release Ca from the sarcoplasmic 
reticulum; cf. W~BER and HERZ, 1968). This observation suggests that a slight fall 
in pCa (but insufficient to induce observable contracture in this case) may perhaps 
stimulate Na-Ca exchange (cf. RUSSELL and BLAUSTEIN, t974). The quantitative 
relationship between [Na]o and the Nao-dependent Ca efflux is shown in Fig. 14; 
the fact that the sigmoid curve fits best to a cubic equation raises the possibility 
that, as in the squid axon (Section III, A, 1), one exiting Ca z+ may exchange for 
3 Na + ions (cf. Fig. 10). 

There is also evidence for competition between Na and Ca at the internal 
surface of the membrane, since Ca efflux from internally-dialyzed fibers is in- 
creased by 50 per cent when [Na]i is reduced from 80 to 2 mM (VOGEL and 
BRINLEY, 1973). 

Although many details remain to be filled in, these data suggest that the Na-Ca 
exchange mechanisms in barnacle muscle fibers and in squid axons may be quite 
similar. In crayfish muscle, where relaxation from caffeine-induced contractures is 
significantly slowed in Na-depleted media (ORENTLICHER and ORNS~IN, 1971) 
Na-Ca exchange may also play a role in trans-sarcolemmal Ca regulation. 

V. Secretory Tissues 

A large variety of secretory processes, including the release of neural transmitter 
substances (see Section III, B, 2b), are critically dependent upon extracellular Ca, 
and in many instances secretion has been correlated with the entry of Ca into 
secretory cells (DouGLAS, 1968; RUmN, 1970). Although the mechanism of 
"stimulus-secretion coupling" (DOUGLAS and RUmN, 1961; and see DOUGLAS, 
1968) is incompletely understood, if secretion is indeed triggered by Ca entry and 
decreased pCa (cf DOUGLAS, 1968; KATZ, 1969), secretory activity may serve as a 
useful, albeit crude measure of decreased pCa (cf LLI~AS et al., 1972). Considerable 
evidence has accumulated from this type of "bioassay" to implicate Na-Ca ex- 
change as one mechanism of Ca entry in a variety of secretory tissues. This view is 
based upon observations that Nao-deprivation, and treatments which may be 
expected to inhibit the Na-K coupled pump and increase [Na]i, stimulate secretion. 

The influence of Na on catecholamine release at adrenergic synapses has 
already been mentioned (Section III, B, 2b), and a very similar situation appears 
to apply in the case of catechotamine retease from the adrenal medulla: the basal 
secretion (i.e. in the absence of a secretagogue) of catecholamines is enhanced when 
external Na is replaced by sucrose or Li (DouGLAS and RUBI~, 1961 and 1963; 
BANKS et al., 1969). This effect is Cao-dependent (DOUGLAS and RumN, 1961 and 
1963), and is not a consequence of depolarization-in fact it is accompanied by a 
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slight hyperpolarization of adrenal medullary cells (DOUGLAS et al., 1967b). 
Perfusion of adrenal glands with K-free media (DOUGLAS and RUBIN, 1961 ; BANKS 
et al., 1969) or with media containing ouabain (BANKS, 1967) also enhances basal 
secretion, and BANKS (1967) has shown that the ouabain effect is Cao-dependent. 
Metabolic inhibition by anoxia and glucose-deprivation, which should also increase 
[Na]i, potentiates Cao-dependent spontaneous catecholamine release (RUBIN, 1969). 

The basal secretion of insulin by the fi-cells of the pancreas is likewise stimu- 
lated by Nao-deprivation (with replacement by Li or choline), by Ko-deprivafion, 
and by ouabain (HALES and MILNER, 1968 a). The stimutatory effect of ouabain is 
abolished in the absence of either CaD or Nao (HALES and MILNER, 1968a and b). 
Insulin release from cultured fetal rat pancreas also is stimulated by K-free media, 
if CaD and Na o are both present, and by Nao-depletion (LAMBERT et al., 1969). And 
in the intact dog, infusion of ouabaln in the hepatic portal vein induces hypo- 
glycemia as a result of enhanced insulin release (TRINER et al., 1968). 

Some secretions of both the anterior and posterior pituitary are enhanced by 
ouabain: DICKER (1966) observed an increased release of oxytocin and vasipressin 
from rat neurohypophysis in the presence of cardiac glycoside. In glands from 
adult rat, but apparently not from newborns, the ouabain effect was CaD-dependent 
although no special precautions were taken to assure complete removal of Ca 2+ 
from the Ca-free solutions. 

Ouabain also stimulates the CaD-dependent secretion of adrenocorticotropin 
(ACTH) and growth hormone (FLEISCHER et al., 1972), as well as a concomitant 
accumulation of 45Ca by the adenohypophysis (FLEISCHER and WOOD, 1973). 
Deprivation of Ko also promotes growth hormone secretion and potentiates the 
effect of cardiac glycoside on ACTH secretion (FLEISCI-/ER et al., 1972). 

One interpretation of the foregoing observations is that reduction or reversal of 
the Na gradient in these secretory tissues may tend to move Ca into glandular 
tissues by an Na-Ca exchange mechanism, thereby lowering pCa and triggering 
the release of secretory product. Clearly, this is not a normal physiological me- 
chanism for triggering secretion. More physiologic secretogogues appear to 
depolarize secretory cells (e.g. DOUGLAS et al., 1967 a; DEAN and MATTHEWS, 1968; 
and see DOUGLAS, 1968 and KATZ, 1969), perhaps inducing a depolarization- 
dependent increase in Ca permeability and Ca influx (cf. DOUGLAS, 1968; KATZ, 
1969). Obviously, a Ca extrusion mechanism would then be necessary for recovery, 
and it seems possible that Na-Ca exchange could participate by operating in the 
opposite direction from that just described- although there is no experimental 
evidence available to support this hypothesis. 

VI. Intestinal and Renal Epithelia 

A. Intestinal Absorption of Calcium 

Electrical (Rose and SCHULTZ, 1971) and Ca concentration gradient (cf. Section II, 
B and CASSIDY et al., 1969) considerations indicate that there is normally a large 
electrochemical gradient favoring the movement of Ca from the mucosal lumen, 
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and from serosal fluid, into the mucosal cells. Consequently, looking at Ca ab- 
sorption from a thermodynamic viewpoint, there appears to be little problem in 
getting Ca from the intestinal lumen into the mucosal cells, but energy must be 
expended to extrude Ca across the serosal (lateral-basal) border of these cells. 
Although the mechanism of this uphill process is not understood, data from two 
laboratories (MARTIN and DE LUCA, 1969; S CHACHTER, 1969; SCrIACnTER et al., 
1970) show dearly that Na is required, presumably in the serosal medium (alt- 
hough this was not tested specifically), in order to effect the transport of Ca from 
cell to serosal fluid. Reduction of the [Na] in the lumen solution, alone, has been 
reported to have a stimulatory (GIBBONS et al., 1972) or slight inhibitory effect 
(LAUTERBACK, t967 a) on Ca absorption, and SCHACHTER et al. (1970) found that 
Na has little effect on the fluxes of Ca across the brush border of the mucosal cells. 

Ca absorption is inhibited by cardiac glycosides (LAUTERBACH, 1967b; ADAMS 
and NORMAN, 1970), which must be present in the serosal medium to be effective 
(ADAMS and NORMAN, 1970). They have no effect when placed only in the mucosal 
(lumenal) medium (ADAMS and NORMAN, 1970; GIBBONS et al., 1972). These obser- 
vations are consistent with other evidence that Na-K coupled pumps are present 
primarily on the serosal surface of intestinal mucosal cells (SMITrI, 1964; CSAKY 
and HARA, 1965), and that cardiac glycosides act primarily at the pump sites on the 
external surfaces of cells (CALDW~LL and K~VNES, 1959). 

A proposal for a model of the Ca absorption process in the intestine which 
takes the foregoing observations into account is illustrated in Fig. 15; it incor- 
porates many of the ideas suggested by MAgTIN and DE LtJCA (1969). Ca 2+ presum- 
ably moves (by an Na-independent route) down its electrochemical gradient from 
lumen to cell, with the rate of transfer being determined by the Ca permeability of 
the brush border. At the serosal side of the cell a carrier mechanism, perhaps 
similar to the one illustrated in Fig. 10, exports Ca up its electrochemical gradient 
in exchange for Na, which moves downhill. Although not shown in the figure, there 
is evidence for a vitamin D-dependent Ca-binding protein in the mucosa cell 
cytosol, which might facilitate the movement of Ca from mucosal to serosal border 
within the cell, while maintaining a high pCa (cf. WASSERMAN, 1968). 

B. Reabsorption of Calcium by the Kidney 

The renal tubules are constantly faced with the task of reabsorbing nearly all of the 
Ca which is filtered at the glomeruli-about 99 per cent, or approximately 
200 millimoles/day in a normal adult man. Micropuncture studies in rodents 
indicate that Ca is transported out of all major regions of the nephron lumen 
against an electrochemical gradient, although most of the reabsorption takes place 
in the proximal convoluted tubule (LASSITER et al., 1963). A significant fraction of 
the tubular Ca might perhaps be reabsorbed by bulk flow (of water and some 
solutes) through the paracellular shunt pathways between the renal tubular cells 
(cf. BOULPAEP, 1972; FR6MTER and DIAMOND, 1972). However, this mechanism 
alone could not produce a tubular fluid/plasma ratio for dializable Ca of signifi- 
cantly less than 1.0 (cf. LASSITER et al., 1963) in the absence of a large, positive 
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Fig. 15. Model for the mechanism of transport of Ca from intestinal lumen to blood plasma. 
Calcium is presumed to move passively (possibly by facilitated diffusion) across the brush border 
from intesinal lumen to mucosal cell cytoplasm. Within the cytosot, the Ca may diffuse from the 
lumenal to the serosal border--either as the free ion, or perhaps complexed to Ca-binding 
protein (see text). The uphill transport of Ca across the serosal plasma membrane is then effected 
by Na-Ca exchange--by a carrier mechanism perhaps similar to the one depicted in Fig. 10. 
Note that this carrier is assumed to operate in parallel with, and independently of the ATP- 
dependent Na-K exchange pump. Whether or not ATP is also directly required for Ca transport 
is unknown. The mechanism illustrated here may also be applicable to the process of Ca reab- 
sorption by the kidney tubules (see text), with passive Ca entry into the tubule cells occurring 
across the brush border (lumenal) membrane, and Na-Ca exchange across the peritubular 
surface of the tubule cells (analogous to the serosal surface of the mucosat cells) 

transepithelial potential  (lumen positive to peritubular f lu id -c f .  BOULt'AEP and 
SEELY, 1971). Moreover, since renal tubule cells are not impermeable to Ca (see 
below), and since the cytoplasm of proximal tubule cells is electrically negative to 
both lumenal and peritubular fluids (cf. BOULPAEP and SEELY, 1971; BOULrAEI', 
1972), Ca may be expected to readily enter these cells across their lumenal borders. 
The energy-dependent step in Ca reabsorption must then occur at the peritubular 
surface of the tubule cells. The situation here is thus analogous to the Ca absorp- 
tion process in the intestine (Section VI, A): and here, too, there is evidence that  
Na  ions affect Ca transport. 

Renal clearance (e.g. WALSER, 1961; KUPFER and KosovsKY, 1965; ANTO- 
StOU et al., 1969; and see the review by WALSER, 1971), micropuncture (e.g. 
LASSlTER et al., 1963; DUARTE and WATSON, 1967; MOREL et al., 1969; and see 
WALSER, 1971) and microperfusion studies (FRICK et al., 1965; BRUNET~ and 
ARAS, 1971) have consistently shown a striking correlation between the renal 
handling of Na  and Ca, particularly in the proximal tubule, under a wide variety 
of salt loading and diuresis conditions. As Na  excretion increases, so does the 
excretion of Ca-although the interrelationship between these two ions is probably 
not  linear: KUI, r~R and KosovsKY (1965) found that  cardiac glycosides greatly 
increased the excretion of both  Na  and Ca, and regraphing of their data indicates 
that  the Ca clearance may be directly related to the square of the Na  excretion 
(Fig. 16). 
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Fig. 16. Interrelationship between the clearance of ultrafilterable Ca (Clca, in ml per 100 mJ of 
glomerular filtrate) and the excretion of sodium 0SXNa, in mmoles per 100 ml of glomerular 
filtrate) in the dog kidney. The data of KtrerER and KosovsIcY (1965) for three conditions, 
control (e), mannitol diuresis (©) and cardiac glycoside diuresis (A) have been combined and 
re-graphed; some of the control points (Na excretion values less than 1.0) have been omitted for 
the sake of clarity. The data have been fitted to the empirical equation: 

Clca = 2 + (1.43 EXNa) 2 

VOGEL and his colleagues have measured Ca reabsorption in the double- 
perfused, isolated frog kidney, in which the glomerulus and the peritubular space 
can be perfused independently, via the renal artery and renal portal vein, respecti- 
vely. The Ca (and Na) reabsorption rate (from the glomerular filtrate) was dramati- 
cally decreased when both peffusion solutions contained the cardiac glycoside, 
convallatoxin, or the diuretic, furosemide (VOGEL and STOECKERT, 1967) or when 
K + was omitted from both solutions (VOGEL and TERVOOREN, 1965). When the Na 
in the renal portal vein was partially or completely replaced by mannitol, the rate 
of Ca re-absorption was decreased despite an increase in the urinary (tubular 
lumen) Ca concentration• However, the Ca reabsorption rate and Ca concen- 
tration in the urine were unaffected by complete replacement of Na in the renal 
artery perfusion solu t ion-which enters the renal tubule as the glomerular filtrate 
(VOGEL and STOECKERT, 1967). Although not  conclusive, these results indicate that 
the probable site of interaction between Ca and Na is the peritubular surface of the 
renal epithelium. 

Experiments on kidney slices and isolated cortical tubule segments (cfi BURG and 
ORLOFF, 1963) add support to the idea that Na-Ca  exchange may be involved in 
renal tubular transport of Ca. HOFER and KLEINZELLER (1963) noted that Ca 
uptake by rabbit renal cortex slices increased somewhat when the incubation 
medium Na was partially replaced by choline; Ca efflux from Ca-loaded slices 
was slightly reduced by a similar change in the composition of the medium. 
Fig. 17 shows that the rate of tracer efflux from 45Ca-loaded renal cortical tubule 
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Fig. 17. Effect of external Na on the time-course of Ca efflux from 4SCa-loaded isolated renal 
tubule segments. Rabbit renal cortical tubule segments, prepared by the method of BtmQ and 
O~moFr (1962) were incubated in an ice-cold 45Ca-containing solution to load them with isotope 
(cf. I-IorER and KLEEqZ~LLER, 1963). Extracellular isotope was removed by centrifuging the 
suspensions, decanting the supernatant solutions, and then washing the pellets twice (by resuspen- 
sion and centrifugation) with ice-cold Ca-free, Na-free Li solution. The tubule segments were 
then resusupended either in Na-containing, or in Na-free Li-containing media (both Ca-free) 
and incubated at 30 ° C with continuous oxygenation. Aliquots of the susupension were sampled 
periodically, and the tubules and fluid were separated by filtration and assayed for radioactivity. 
As shown in the figure, the time-constant for 45Ca efflux was increased from about 7 min to 
about 16 rain when external Na was replaced by Li (BLAUS~rN, unpublished data) 

segments is reduced when external Na  is replaced by Li; similar results are ob- 
tained when choline is substituted for Na  (BLhraSa~IN, unpublished data). Con- 
versely, Ca uptake by Na-loaded tubule segments is enhanced by Nao-depletion 
(BLAUSTEIN, unpublished data). 

The emerging picture of how Ca is reabsorbed by renal tubule cells is far  f rom 
complete. Nevertheless, sufficient fragments are available to justify the speculation 
that  perhaps the model used to explain Ca absorption in the intestine (Fig. 15 
and see Section VI, A) may also be applicable to the kidney: Ca may diffuse into 
the renal tubule cells across the lumenal brush border, and be extruded across the 
peritubular surface by an N a - C a  exchange mechanism. 

VII. Evidence of Na-Ca Exchange in Other Tissues 

In  concluding this survey of examples of possible N a - C a  exchange mechanisms, 
studies on several other tissues should also be mentioned. Of these, the most  
complete set of observations has been made on rat  liver slices, which accumulate 
more Ca f rom Na-free (choline-substituted) media than f rom standard, Na-  
containing media (JUDAH and ArmoreD, 1963). The net efflux of Ca f rom liver 
slices is Nao-dependent, and is inhibited by cardiac glycosides or Ko-depletion 
(JUDAH and AHMED, 1964; but see VAN ROSSUM, 1970). 
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The chorio-allantoic membrane of the embryonic chick is involved in active 
reabsorption of egg shell Ca for re-utilization by the embryo, and the net transport 
of Ca away from the ectodermal (shell) side of this membrane is inhibited by low 
concentrations of ouabain (TEREeKA et al., 1969). Higher concentrations of oua- 
bain also inhibit Ca accumulation by this tissue (TEREPKA et al., 1969), as does 
deprivation of external Na (G~RISON and TERE~'KA, 1972), but it is difficult to 
interpret these experiments because the site of Ca accumulation and the site (or 
side) of Na action have not yet been pinpointed in this directionally-oriented 
structure. 

LISMAN and BROWN (1972) have examined the effects of intracellular Na and Ca 
on the response, to illumination, of the horseshoe crab (Limulus) ventral photo- 
receptor: The light response is diminished when either Ca or Na (but not K or Li) 
is injected iontophoretically, but the effect of Na injection is Cao-dependent. 
Prolonged treatment with strophanthidin or with K-free media also progressively 
decreases the light response, and these effects, too, are Cao-dependent (BRowN and 
LISMAN, 1972). All of these observations could be accounted for if the light response 
is a function of pCa, and if increasing [Na]i leads to a decrease in pCa by an 
Na-Ca exchange mechanism (LISMAN and BROWN, 1972). 

Finally, CITTADINI et al. (1973) have noted that Ca accumulation by Ehrlich 
ascites tumor cells is enhanced when Nao is replaced by sucrose and mannitol, but 
not by Li or K. Further investigation will be required to determine whether or not 
Ca fluxes in this preparation may involve Na-Ca exchange. 

VIII. ATP-Dependent Calcium Fluxes and Na-Ca Exchange 

As indicated above, several ATP-dependent Ca transport systems have been inten- 
sively studied in recent years. Although a detailed review of this subject is beyond 
the scope of the present article, the comparison of salient features of several types 
of Ca transport mechanisms given in Table 2 may help to place Na-Ca exchange 
in perspective, and to clarify some of the issues which were raised earlier-on. For 
the reader's convenience, the effects of various transport activators and inhibitors 
on the sodium pump (Na-K exchange) are also tabulated. It is apparent that each 
of these transport mechanisms is rather distinct in terms of its response to the 
agents listed in the first column of the table. In addition, two other properties of 
Na-Ca exchange may serve to further distinguish this mechanism from the others 
mentioned in the table: in contrast to all of the other transport systems, Na-Ca 
exchange does not appear to be inherently directionally-oriented. Rather, the 
direction of net Ca movement appears to depend largely upon the direction and 
magnitude of the Na concentration gradient. By way of contrast, the erythrocyte 
Ca pump and the sodium pumps of most cells are involved only in net extrusion of 
these cations, while the ATP-dependent Ca transport systems in mitochondria and 
sarcoplasmic reticulum are involved exclusively in the net accumulation of Ca by 
these organelles. 
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Activator 
or 
inhibitor 

Na-Ca exchange Mitochondrial Sarcoplasmic Red blood 
Ca accumulation reticulum Ca cell Ca 

accumulation extrusion 

Sodium pump 
(Na-K and 
Na-Na exchange) 

ATP 

Na  

Oligomycin 

Caffeine 

Cardiac 
glycosides 

Not required, Required in the 
but may alter absence of 
carrier affinity oxidative 
for Ca [ 1 ] .  metabolism [3]. 

Re- Re- 
quired [7] quired [12] 

Ca efflux propor- No effect or No effect No effect 
tional to [Na]~, slightly [8]. [12, 13]. 
inhibited by Nat; inhibitory; Ca 
Ca influx propor- efflux is stimu- 
tional to [Na]~ lated by K, not 
inhibited by Na, in the 
Na o [11. medium [3, 4, 5]. 

No effect [1, 2]. Inhibits ATP- Inhibits Ca No effect 
dependent Ca uptake [9]. [12]. 
uptake in the 
absence of 
oxidative 
metabolism [3]. 

No direct effect No effect [6 ] .  Inhibits Ca No effect 
[1]. uptake [6]. [12]. 

No direct effect No effect [5]. No effect No effect 
[1]. [5, 10]. [12]. 

Cyanide No direct effect Releases stored No direct 
[1 ]. Ca in the effect [11]. 

absence of exo- 
genous ATP [3]. 

Required for both 
Na-K and Na-Na 
exchange; hydro- 
lyzed only in the 
case of Na-K 
exchange [14, 15, 
161. 

Na efflux and 
K influx propor- 
tional to [Na]i; 
Na competes with 
K o [17, 18, 19, 20]. 

Inhibits Na 
extrusion and ATP 
hydrolysis [21]. 

Inhibits Na-K and 
Na-Na exchange, 
and ATP hydro- 
lysis [22]. 

No direct effect 
[t4, 16]. 

References for Table 2. 
1. Discussed in the present article. 2. DI POLO, 1973a. 3. CARAFOLI and RossI, 1971.4. DRAHOTA 
and LErmINGER, 1965. 5. DRANSFELD et al., 1969. 6. WEBER, 1968. 7. HASS~LBACH and MAKn~OSE, 
1961. 8. MARTINOSI and FEP.ETOS, 1964. 9. FAnu-rOmST et al., 1964. 10. LEE and KLAUS, 1971. 
11. MARTONOSI and FEP~TOS, 1963. 12. SCI~ATZMANN and V~CENZI, 1969. 13. BLAUSTEIN, un- 
published data. 14. CALDWELL et at., 1960. 15. GARRAHAN and GLENN, 1967b. 16. MtrLUNS and 
BRINLEY, 1967. t7. GARRArIAN and GLYNN, 1967a. 18. BAK[R et al., 1969a. 19. BAKER et al., 1969b. 
20. MULL~NS and BRINLEY, 1969. 21. BLAK~ et al., 1967. 22. GLYr~, 1964. 

Due  to  technical  l imitat ions,  the vo l tage-dependence  of t r anspo r t  has been 
examined  only  in the  case of the  sod ium p u m p  and  N a - C a  exchange.  Whereas  
N a - K  exchange is insensit ive to  large changes in the  t r an smembrane  electric field 
(BmNLEY and  MULLINS, personal  communica t ion) ,  N a - C a  exchange is vol tage-  
sensitive (Sect ion I I I ,  A ,  1 a). A l t h o u g h  these observa t ions  m a y  suggest  tha t  the 
energy avai lable  f rom A T P  hydrolys is  is sufficient to  overcome a grea ter - than-  
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normal electrochemical gradient for Na, there is, of course, no indication as to 
whether or not the same situation might apply to the Ca electrochemical gradient 
in the case of ATP-dependent Ca transport mechanisms. 

In sum, the foregoing considerations indicate that Na-Ca exchange is most 
likely an independent and mechanistically different process from the other trans- 
port mechanisms listed in Table 2. 

IX. Possible Clinical Implications of Na-Ca Exchange 

A. On the Positive Inotropic Action of Cardiac Glycosides 

Cardiac glycosides have been used in the therapy of congestive heart failure for 
over two centuries. While their mechanism of action at the cellular level remains 
uncertain, SCHATZMANS (1953) made what is likely a giant step toward the solution 
of this problem with his observation that active transport of Na and K is inhibited 
by cardiac glycosides. Considerable evidence of the close correlation between 
inhibition of the sodium pump and the positive inotropic action of the cardiac 
glycosides has accumulated during the last two decades (cf. GLENN, 1964; REITER, 
1970; LEE and KLAUS, 1971). Inhibition of the sodium pump remains the only 
consistently-observed action of pharmacologic concentrations of cardiac glyco- 
sides (Mt~LLER, 1965), although there have been occasional, disputed reports of an 
action of the glycosides on Ca transport by sarcoplasmic reticulum (compare 
DRANSEELD et al., 1969, and LEE, 1971). 

If the inotropic action of the glycosides is, indeed, a consequence of (partial) 
inhibition of Na-K exchange, the question to be answered is: how are these two 
phenomena interrelated ? BIRKS and COHEN (1965; 1968 b) and BAKER et al. ( 1969 a) 
have suggested that the Na-Ca exchange may provide the missing link, and RrITER 
(1970) has shown that both Nao and Cao play an important role in the inotropic 
effect. If Na-Ca exchange helps to maintain the Ca electrochemical gradient in 
normal, intact cardiac muscle (see section IV, B), partial inhibition of Na extrusion 
would result in a slight increase in [Na]i, andparipassu, in [Ca]i (cf. Equation 3). 
The amount of Ca stored in the sarcoplasmic reticulum (and mitochondria) should 
also increase slightly, since accumulation of Ca by these organelles is dependent 
upon the ambient (sarcoplasmic) pCa (e.g. WEBER, 1966). The Ca-dependent 
increase in oxygen consumption of the resting (non-contracting) heart which 
results from exposure to low concentrations of cardiac glycosides (e.g. FINKEL- 
STEtN and BODANSKY, 1948; and see LEE and KLAUS, 1971) might, in fact, be a 
manifestation of Ca-stimulated mitochondrial respiration (cf. LEtlINGER et al., 
1969; CAgAFOLI and RossI, 1971) as a result of a decrease in sarcoplasmic pCa. 
The absolute magnitude of the Ca concentration changes may be quite small; 
no significant changes have been observed, although there is an increase in the 
"exchangeable" Ca (ef. LEE and KLAUS, 1971). Fm'thermore, there is general 
agreement that toxic concentrations of cardiac glycosides, which may simply 
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exaggerate the effects of lower concentrations, do significantly increase cell Ca 
levels (cf. LEE and KLAUS, 1971). 

Since the relation between tension and pCa is sigmoid, with no tension deve- 
loped at high pCa, a small decrease in pCa should have a negligible effect on 
tension in relaxed (resting) muscle. However, in the range of twitch tensions, where 
tension is inversely proportional to pCa (cf. WIr,~GRAD, 1971), a small increment 
in the amount of Ca released from sarcoplasmic reticulum (assuming that the 
amount released is proportional to the amount stored) during excitation might 
significantly increase contractile tension. 

The possibility that Na-Ca exchange may link the inotropic action of cardiac 
glycosides to their inhibition of the sodium pump is thus an attractive hypothesis 
which fits most of the available data. However, this hypothesis obviously rests on 
several tenuous assumptions, and many gaps in our knowledge remain to be 
filled in. 

B. Does Na-Ca Exchange Play a Role in Some Forms of Hypertension ? 

In experimental renal and endocrine hypertension, the Na content of the 
vascular wall is elevated (ScrtorFENIELS, 1969), but it is not known whether at least 
a part of this increase represents an increase in the [Nail of the smooth muscle 
fibers. If the [Nail does increase, one can speculate that pCa may then decline as 
a result of Na-Ca exchange (cf. REt;TER et al., 1973). Evidence that Na-Ca 
exchange may be involved in the regulation of resting pCa, and consequently, 
steady tension in arterial smooth muscle, was discussed in Section IV, C. Assuming 
that slight alterations in [Na]i may indeed affect pCa and tension in this tissue, 
Na-Ca exchange may thus play a critical role in the development of some forms 
of hypertension. Incidentally, these considerations may also indicate why restricted 
Na intake and the administration of saluretics are frequently effective therapy for 
mild hypertension. 

X. Summary and Conclusions 

A. What is the Source of Energy for Calcium Extrusion ? 

Available evidence indicates that most animal cells must extrude Ca against a 
large electrochemical gradient in order to remain in steady Ca balance. In many 
types of cells a portion of the transmembrane Ca fluxes appears to be coupled to a 
counterflow of Na + ions. Under these circumstances, the Na gradient could supply 
some of the energy required to actively extrude Ca. The most detailed kinetic data 
are available for nerve and muscle, and in some preparations (squid axon, barnacle 
muscle, synaptosomes) these data indicate that the stoichiometry of the exchange 
may be: three Na + entering-for-one Ca 2+ leaving. Ca efflux from the squid axon 
(data are not available for other preparations) also is driven, in part, by the 
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electrical potential gradient. The total contribution of the Na and potential 
gradients could in theory, supply sufficient energy to maintain the observed Ca 
gradient. But, as already pointed out, these considerations do not necessarily rule 
out direct participation of ATP or other high-energy metabolic intermediates in 
Ca extrusion via Na-Ca exchange. The fact that metabolic poisons such as cyanide 
and 2,4-dinitrophenol stimulate Nao-dependent Ca efflux in some preparations 
may be additional evidence that ATP is not required. However, it must be re- 
membered that these poisons release Ca from intracellular stores, thereby provid- 
ing a more favorable transmembrane gradient for Ca extrusion. We are therefore 
forced to conclude that the question of whether or not high-energy metabolic 
intermediates participate directly in Na-Ca exchange is, as yet, unresolved. 

B. Does Na-Ca Exchange Help to Regulate pCa in Intact Cells ? 

Although it seems clear that a variety of cell types apparently do possess Na-Ca 
exchange mechanisms, it is important to know whether or not these mechanisms 
participate in the regulation of pCa. In most of the experiments described in the 
preceding sections, normal physiologic conditions were significantly altered in 
order to obtain evidence of Na-Ca exchange. In a few instances, however, condi- 
tions which may only slightly alter the distribution of Na also appear to affect 
pCa (e.g. see Section IX). Thus, the evidence that Na-Ca exchange is involved 
in the regulation of pCa is suggestive but not conclusive. 

A possibly related problem stems from the fact that perhaps as much as 
25-40 per cent of the total Ca efflux from squid axon and barnacle muscle (and 
presumably other tissues, from other animals, as well) is apparently Cao- and Nao- 
independent. This flux is too large to be accounted for by passive diffusion. One 
hypothetical explanation is that the "residual" Ca efflux may be the manifestation 
of a separate, energy-dependent Ca extrusion mechanism which operates in 
parallel with the Na-Ca exchange carrier. But, aside from the lack of experimental 
evidence, such a duplication of effort seems rather unlikely, unless insufficient 
energy (in the form of Na gradients, potential gradients, and perhaps ATP) is 
available to the Na-Ca exchange carriers to maintain the physiological pCa. 
These considerations leave the enigma of the Na o- and Cao-independent Ca efflux 
unsettled. A possible clue that it may not however, be associated with a separate 
transport mechanism comes from the observation (RUSSELL and BLAUSTEIN, 1974) 
that low concentrations of caffeine (insufficient to induce contractures) in barnacle 
muscle increase the Nao-dependent Ca efflux at the expense of the "residual" Ca 
efflux - presumably as a consequence of a slight fall in pCa. 

On the basis of available evidence, it seems reasonable to conclude that the 
widely-distributed Na-Ca exchange mechanisms probably do play a role in pCa 
regulation in a variety of cell types. But we must recognize that the story has not 
yet unfolded completely. The directions which future research must take in order 
to rigorously test this hypothesis are obvious, and if this view survives the test of 
time, it may help to tie together many of the seemingly-unrelated observations 
described above. 
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XI. Appendix: Caleulation of the Caleium Ion Aetivity Coeffieient 

The activity coefficient of any ion in dilute solution depends soley upon the total 
ionic strength of the solution (LEwis and RANDALL, 1921). It should therefore be 
possible to calculate approximate activity coefficients for individual ion species in 
mixed electrolyte solutions such as physiological salt solutions. To a first appro- 
ximation, it seems reasonable to assume that extracellular fluids such as human 
blood plasma and squid hemolymph are primarily mixtures of NaC1, MgCl z, and 
CaC12 provided that appropriate corrections are made for the contributions of 
other ions to the total ionic strength (I; Equation 4c) of the solution. Activity 
coefficients may then be calculated from the Debye-Htickel-Gtlntelberg equation, 
as modified by GUGGENHEn~I (ROBINSON and STOKES, 1968, page 231): 

AIz+z-l~7 
logf~: = 1 -t-13 +b(I)  (4) 

where the mean activity coefficient, f~: is given by: 

f• = f~_+ fL- (4a) 
and 

v=v++v_ (4b) 

where v+ and v_ are the numbers of moles of cation and anion, respectively, 
formed from one mole of electrolyte. 

In Equation (4), I denotes the total ionic stength of the solution: 

I=l/2 Zc,  z 2 (4c) 

where ci is the concentration (in moles per liter) of the i th ion, whose valence is z. 
The z+ and z_ in equation 4 refer to the valence of the cation and anion, respecti- 
vely. The constant, A, in Equation (4) involves the absolute temperature and the 
dielectric constant of the solvent; for aqueous solutions it has a value of 0.50 at 
15°C and 0.52 at 35°C (ROBINSON and STOKES, 1968, page468). The second 
constant, b, may be approximated by 0.1 [z+ z_] (DAVIES, 1938, quoted by ROBIN- 
SON and STOKES, 1968). 

The mean activity coefficients for NaC1 and for CaC12 can be calculated by 
inserting the appropriate values (see Table 1) into Equations (4) and (4a) through 
(4c). Values for the Ca activity coefficient of 0.30 and 0.23 for human blood 
plasma and squid hemolymph, respectively, are then obtainable from Equation 
(4a), if it is assumed that the activity coefficients for Na and CI are equal 4. As 
indicated in Section II A, these values are in reasonably good agreement with the 
single ion activity coefficients calculated from hydration theory (BARFS et al., 1970). 
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I. Introduction 

H. BLASCHKO: 

There are many reasons that make the study of a family of enzymes like that of the 
amine oxidases rewarding. There is, first of all, the elucidation of the biochemical 
properties of these enzymes. This has to start with the aim of purifying the indi- 
vidual catalysts and investigating their physical properties, their chemical composi- 
tion and the stoichiometry of the enzymic reaction as well as their substrates and 
their inhibitors. But in addition there is the cytology of the enzymes, i.e. all the 
questions relating to their topography in living tissues and their location in relation 
to other macromolecules. Then there are the physiological questions relating to the 
function of the enzymes in living tissue. 

In the study of the amine oxidases all these aspects have been investigated. 
Answers have been obtained to some of the questions raised, but there is still room 
for uncertainty and speculation. The present article does not aim at giving a 
comprehensive review. There have been recent surveys (see COSTA and SANDLER, 
editors, 1972; Tn'TON, 1973). However, some aspects of topical interest have never 
been fully reviewed. For example, the r61e of amine oxidases in connective tissue 
has become important only in the last few years. These are among the questions 
that will be discussed. 

One problem that arises in the description of such a family of enzymes is that of 
nomenclature and classification. Nomenclature will not be discussed in great 
detail in what follows, but it cannot be entirely ignored. It is clearly unsatisfactory 
that various authors have used one and the same name for entirely different 
catalysts, proteins that differ not only in the chemistry of the enzyme proteins and 
in the chemical nature of their prosthetic groups, but also in their functional 
significance. 

On the other hand, the variety found in living matter is such that the same 
name is used, and must be used, for compounds differing very slightly in their 
chemical constitution. This poses a dilemma: clearly one and the same name may 
cover individual catalysts slightly differing from each other, e.g. in different species 
or, in the same species, in different organs. This is a difficulty with which taxo- 
nomists are very familiar: SIMPSON (1945) distinguishes the "splitters" from the 
"'lumpers". 

Enzymes isolated from different species or from different organs often show 
slight differences in substrate specificity. One assumes that such differences are 
often due to the substitution of one, or a few, amino acid residues in the enzyme 
protein. In addition there is the possibility that substrate specificity may differ 
because the molecular properties of the enzymes in different locations are different, 
e.g. there may be differences in the states of aggregation of enzyme protomers. 

These considerations are important for the monoamine oxidases, enzymes that 
have been reported to occur in the form of different isoenzymes. Differences in 
substrate specificity may therefore be interpreted in some instances by assuming 
that in different locations the different isoenzymes are present in different pro- 
portions. 

As to nomenclature, a new name is usually helpful when in two different 
locations the main substrates are different. Ideally, of course, nomenclature should 
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be linked to physiological significance. However, since in a great number of 
instances the function of an enzyme is still obscure, its name is often related to a 
prominent substrate. To some extent, therefore, nomenclature is provisional until 
the physiological substrate is clearly recognized. 

Historical considerations cannot be fully excluded from a discussion of nomen- 
clature. The early studies of the amine oxidases were concerned with the problem 
of the biological inactivation of amines of high pharmacological activity, sub- 
stances present in living tissue or others useful in drug therapy. 

The reader can be safely referred to cartier reviews on this subject (see BLASCIt- 
KO, 1952a). The earliest study is that by SCHMIEDEBERG (1877) who studied amine 
metabolites, in particular metabolites of benzylamine, before the individual 
enzymes involved had been characterized. 

The story of the amine oxidases begins in the late twenties when within a year 
Miss HARE (1928) described the enzyme tyramine oxidase and BEST (1929) the 
enzyme histaminase. In 1937 it was found that the first of these enzymes also acted 
upon adrenaline and the related monoamines and that it also oxidized the aliphatic 
monoamines (BLASCHKO et al., 1937a, b; PUGH and QUASTEL, 1937a, b; KonN, 
1937). The catalyst involved, then known as amine oxidase, acted neither on 
histamine nor on the short-chain aliphatic diamines, e.g. 1,4-diaminobutane 
(putrescine) and 1,5-diaminopentane (cadaverine). ZELLER found in 1938 that the 
histaminase of pig kidney also acted upon these two aliphatic diamines. It might 
be mentioned here that ZELLE~t'S finding, which was not accepted by all observers, 
has been fully confirmed in recent years when the pig kidney enzyme was success- 
fully crystallized (YAMADA et al., 1967). 

The finding, that there was a complementariness in the substrate specificity of 
amine oxidase and histaminase, led ZELLER (1938) to propose a new nomenclature 
for the two enzymes. He called amine oxidase "monoamine oxidase'" and hist- 
aminase "diamine oxidase". In what follows these two enzymes will be designated 
by the abbreviations M A t  and DAO respectively. In order to avoid confusion, 
it should be emphasised that in this review these abbreviations will be reserved 
throughout to these two enzymes exclusively. They will not be used to refer to 
related enzymes with somewhat similar substrate specificities, 

The two enzymes known in 1938 were clearly distinguished, not only by their 
differing substrate specificities, but also by their characteristic inhibitors. The 
study of the oxidation of adrenaline and the other catecholamines was made 
possible by the observation that the so-called autoxidation of these compounds 
could be inhibited by cyanide, whereas the oxidation by M A t  was cyanide- 
insensitive (BLASCHKO et al., 1937a). On the other hand, DAO is reversibly inhi- 
bited by cyanide. Similarly, M A t  is not inhibited by semicarbazide and other 
carbonyl reagents; on the other hand all these compounds are strong inhibitors 
of DAO. 

Since 1938 many other inhibitors of M A t  have been found. This followed 
from the original discovery by ZELLER et al. (1955) that iproniazid was an "irre- 
versible" inhibitor of the enzyme. It is not proposed to include a discussion of the 
M A t  inhibitors in this review. 
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The distinction between MAO and DAO is still valid today. These two enzymes 
catalyse the same general reaction: 

R .  CH 2 • NH2 + H20 + 02 ~ R- CHO + NHs + H202 

There are some general differences to be discussed in this review, especially in 
regard to the effect of substituting the amino group, but the main difference 
between the individual enzymes lies in the fact that the character of the group R 
has a profound effect on whether or not a given amine is oxidized. This tells us 
something about the character of the enzyme-substrate reaction, but it is also of 
paramount importance in determining the functional significance of the enzyme. 

Both these aspects wilt be discussed in what follows. 

II. Oxidases Containing Flavin 

A. The Mitoehondrial Monoamine Oxidase (MAO) 

1. Ftavin as a Constituent of  the Prosthetic Group 

Many reasons have made it likely for a long time that MAO is a flavin enzyme. 
However the evidence was based mainly on the similarities between the reactions 
catalysed by MAO and by the mammalian D-amino acid oxidase respectively 
(RICHTER, 1937; BLASCHKO, 1952a). 

An early, more direct, approach to the problem of the prosthetic group was to 
study the MAO activity in riboflavin deficiency. Miss HAWKINS (1952b) found 
that the enzymic activity in the liver of riboflavin-deficient rats was reduced. 
However, when she compared the loss of enzymic activity with that of D-amino 
acid oxidase activity in the same organ, neither the loss during deficiency nor the 
recovery of enzymic activity upon adding riboflavin to the diet were as pronounced 
with MAO as they were with the marker enzyme. However, it was pointed out 
that the experiments could not serve to establish the r61e of flavin, since also with 
the D-amino oxidase no significant fall was seen in the enzymic activity in the 
kidneys. Somewhat more marked reductions in liver MAO, and more marked 
recoveries after administering riboflavin, occurred when accumulation of fat was 
prevented by adding inositol to the diet. 

The observations on the rat kidney illustrate the inherent limitations of the 
method: nobody doubts that D-amino acid oxidase is a ravin enzyme, but in the 
kidneys the enzyme hangs on to the cofactor even in a severe deficiency. An 
analogous interpretation was given to HAWKINS' experiments by SOURKES (1968) 
who repeated and confirmed them. In the meantime, experiments on par ty  
purified preparations of MAO had been carried out which supported the idea that 
MAO was a ftavin enzyme. The experiments from SOtrRKES' laboratory have 
recently been summarized (YouDIM and SOURKES, 1972). 

Progress with purification of monoamine oxidase has produced evidence from 
many authors, indicating that MAO contains flavin adenine nucleotide (FAD). 



The Natural History of Amine Oxidases 87 

Work from a number of different laboratories produced evidence of the presence 
of ftavin in the highly purified preparation of the oxidase. ERWtN and HELLERMAN 
(1967) achieved a considerable degree of purification of the oxidase of mito- 
chondria from the bovine kidney, using digitonin treatment, followed by am- 
monium sulphate fractionation and column chromatography on calcium phosphate 
gel-cellulose. The purified preparation had a spectrum characteristic of a flavo- 
protein, and there was a maximum reduction of absorption at 460 nm, when 
substrate (benzytamine) was added under anaerobic conditions. Also, the prepara- 
tion emitted a fluorescence with a peak at 520 nm when the activating wave- 
length was at 450 rim; this also is characteristic of a flavin compound. 

Several other investigators have reported analogous observations. Beef liver 
mitochondrial MAO was studied by IGAUE et al. (1967), with similar results; this 
work has recently been reviewed by YASLrNOBU and OI (1972). Two chief com- 
ponents, of molecular weights of about 425000 and 1200000 respectively, were 
isolated, and .the FAD content was 1 mole per I00000 g of protein. Similar 
results were obtained with rat liver oxidase (see SOURKES, 1968; YOUDIM and 
SOURKES, 1972). 

The pig liver enzyme was studied by OR~LAND and OLWECRONA (1971 ; see also 
ORELANO, 1971; 1972). Mitochondria served as the starting material, and these 
were treated with methyl ethyl ketone. Two peaks of activity, with not significantly 
differing substrate specificity, were eventually isolated, of a molecular weight 
estimated at 110000 and 280000 respectively. Here again evidence of the presence 
of flavin was obtained, with an absorption peak at 410 nm and a shoulder with 
a maximum at 455 nm; the latter showed a decrease when substrate (benzyl- 
amine) was added under anaerobic conditions. ORELANO concludes that the flavin 
is held firmly, by covalent links; this is similar to the conclusion arrived at by 
YASUNOBU et al. (1968) and by Souggazs (1968). 

TIPTON (1968a, b) has made a study of the mitochondrial MAO from pig 
brain. No detergents were used in the purification of the oxidase. The final 
product, applied to a calibrated column of Sephadex G 200, was found to have 
a molecular weight of 435000. It was possible to obtain a low-molecular-weight 
fraction that activated D-amino acid apo-oxidase. One mole of FAD per 120000 g 
of protein was found. The spectral properties of the enzyme were similar to those 
described by other authors. An apo-enzyme of MAO was obtained by careful 
treatment with acid; this material could be re-activated by adding FAD. 

The observations just reported raise the question whether in different locations 
the mode of attachment of the flavin moiety to the enzyme protein is different. 
It is difficult to envisage that the apo-enzyme of the pig brain enzyme could be 
able to attach the FAD in covalent linkage once the natural co-factor had been 
removed. It would be of interest to establish whether or not the re-constituted 
enzyme is in all respects similar to the native, undissociated enzyme. 

The mode of attachment of the flavin moiety to the enzyme protein has recently 
been studied by KEARNEY et al. (1971) and by WALKER et aL (1971). Advantage 
was taken of the fact, to be more fully discussed below, that MAO is located in 
the outer mitochondrial membrane. This allowed separation of MAO from 
succinic dehydrogenase, another flavin enzyme, in which FAD is covalently 
linked to the enzyme protein, through an imidazole nitrogen atom of a histidyl 
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residue. A preparation of bovine liver MAO was obtained which was about 
35 times enriched when compared with fresh mitochondria. The preparation was 
treated with trichloroacetic acid and, after some further purification, digested with 
trypsin and chymotrypsin. This treatment yielded a clear yellow supernatant fluid, 
which contained a flavopeptide in the form of flavin mononucleotide (FMN). 
The study of the amino acid composition of the peptide moiety showed that it was 
a pentapeptide, containing serine, glycine and tyrosine in the ratio 1:2: 1. Hydro- 
lysis with aminopeptidase revealed the presence of the fifth amino acid residue, 
which remained attached to the flavin, in the form of cysteinyl-FMN, which is not 
hydrolysed by aminopeptidase. 

The thio-ether of cysteine, attached to the riboflavin in position 8, has been 
synthesized by GH~LA and HEMMERICH (1971). This compound behaves like the 
ftavin-peptide isolated from bovine mitochondriat MAO (WALKER et al., 1971). 
The thio-ether has the constitution shown: 

NH2 R 
I "" CH. C H  2 . S .  CH~ .,,,..N N O / 

cooH Y " T \ y  
CH3 I ]  

o 

where R represents the rest of the FAD in the intact enzyme. 
WALKER et al. (1971) show the amino acid sequence of the pentapeptide as 

follows: 
Ser-Gly-Gly-Cys-Tyr 

I 
flavin 

These experiments on liver MAO raise a number of questions. Is the mito- 
chondrial oxidase everywhere a flavin compound of this kind ? In the experiments 
of TIPTON, already described, it seems conceivable that the free FAD was ob- 
tained by a cleavage of a covalent bond, but the reactivation of the apoenzyme by 
added FAD remains to be accounted for. Two possibilities suggest themselves: 
either the pig brain enzyme differs from the bovine liver enzyme by containing 
FAD in non-covalent form, or the catalytic system can also be completed by 
adding free FAD to the enzyme protein. 

Observations made on the related microbial oxidases (see II, B) are relevant 
in regard to this problem. 

2. SubstratesofMAO 

Substrate specificity was one of the main topics of an earlier review ( B L A S C H K O ,  

1952a). The observations made in recent years have not only greatly increased the 
number of known substrates of the enzyme, some of them of great physiological 
significance, but they have also made it possible to arrive at a more precise formu- 
lation of the phenomenon of substrate specificity. 
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The knowledge, discussed on the preceding pages, that MAO is a flavin 
enzyme, is of relevance to the question of specificity. We can say that an enzyme 
of this kind will accept substances as substrates which fulfil two conditions: 
1. they must be able to interact with the prosthetic group, and 2. they must be able 
to interact with, or fit into, the enzyme protein. 

In the field of the monoamine oxidases, the enormous variety in substrate and 
inhibitor specificity that is observed is due to the facts that (a) different enzymes 
carry different prosthetic groups and that (b) the conditions imposed on substrates 
by the enzyme proteins display an enormous variety. 

As to the requirements of specificity imposed by the prosthetic group, it is 
obvious that the basic amino group has to interact with the flavin group so that the 
C-N bond in the substrate can be ruptured. The conditions for this have recently 
been reviewed by HELLERMAN et al. (1972). The most characteristic feature of MAO 
which distinguishes it from some of the oxidases to be discussed below, is its 
ability to accept as substrates not only primary amines. In fact, the interest of 
physiologists and pharmacologists in the enzyme was first aroused when it was 
found that adrenaline, a secondary amine, was a substrate (BLASCHKO et al., 
1937a, b). At the same time it was shown by RICHTER (1937) and KOHN (1937) 
that hordenine, the N-dimethylated derivative of tyramine, was a substrate. Since 
then this fact has repeatedly been confirmed (RANDALL, 1946; SMITn et al., 1962). 
In the ability to act on dimethylated derivatives MAO differs from another flavin 
enzyme, D-amino acid oxidase, which will act on N-methyl derivatives but not on 
N-dimethyl derivatives. For a discussion of possible intermediates in the enzymic 
reaction see the paper by HELLERMAN et al. (1972). SMITI~ et al. (1962) have also 
reported a very slow oxidation of N-oxides; this reaction has not yet been studied 
with the more highly purified preparations now available. 

Of the specificity requirements dictated by the substrate-enzyme protein inter- 
action, that which has been most widely studied is the inability of the short-chain 
aliphatic diamines like 1,4-diaminobutane (putrescine) and 1,5-diaminopentane 
(cadaverine) to be oxidized; these amines are without affinity for MAO. We shall 
see in the following that this property, although common to all types of mammalian 
MAO investigated, is not an absolute requirement: exceptions to the general rule 
have been found in insects. This fact demonstrates that although the requirements 
imposed by the interaction with the prosthetic groups are generally valid, those 
imposed by interaction with the enzyme protein are variable. 

This variability is also well illustrated by the fact, already discovered in 1945 
(BLASCIJKO and DUTmE, 1945), that with increasing chain length separating the 
two amino groups in the polymethylene diamine series, the adverse effect of the 
second amino group diminishes: for instance, 1,10-diaminodecane and 1,12- 
diaminododecane are good substrates of the MAO of rabbit liver (see BLASCHKO 
and HAWKINS, 1950). 

These observations first showed that one requirement for a successful attach- 
ment of the substrate to the enzyme was the presence in the substrate of a region 
free of Charged groups and capable of hydrophobic interaction with the enzyme 
protein. This is a property which has been studied by many contributions from 
ZELLER'S laboratory. 
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Another group of compounds studied at Oxford was that of the co-aminopoly- 
methylene trimethylammonium compounds; in this homologous series 

H2N. (CH2)n" N(CHa)3 

the compounds with n = 5 or 6 were not significantly oxidized but with increasing 
chain length the members were substrates and the dodecamethylene derivative was 
readily oxidized by guinea-pig and rabbit liver preparations albeit less readily than 
the diamino analogue (BARLOW et al., 1955). 

Other diamino compounds tested are the xylylene diamines (BLASCttKO and 
CHRUSCIEL, 1959). The meta compound was rapidly oxidized by both rabbit and 
guinea-pig liver whereas oxidation was absent or poor with the ortho and the para 
derivatives. That the inhibitory effect of the second nitrogen atom in the amino 
compounds studied is related to the charge on the amino group, is supported by 
the observation that derivatives of ethylenediamines in which one of the nitrogen 
atoms is directly attached to an aromatic ring, are substrates of the MAO of rabbit 
and guinea-pig liver (BLASCHKO et al., 1955). N-o-Aminophenylethylenediamine (I) 
was rapidly oxidized; 1,2'-aminoethylbenziminazole (II) was also attacked. The 
pKa values of the compound (II) were measured by Dr. ADRIEN ALBERT and found 

~ NH. CH2. CH: . NH 2 

NH2 
Compound I 

CH2 • CHa . NH2 

Compound II 

H O O C H  ( NH z ). CHz. NH. CHa 

Compound III 

to be 8.24 and 4.32 respectively. This shows that the terminal amino group is 
about 90 per cent ionized at the pH of 7.4 whereas the second has extremely weak 
basic properties. It might be mentioned that LEt4~ANN and RANDALL (1948) have 
reported that certain ethylenediamine derivatives are oxidized by the MAO of 
guinea-pig liver. For instance, Compound (III), the amino analogue of phenyl- 
ephrine, is oxidized at about the same rate as the latter. This observation appears 
to merit a more detailed study. 

Interference with attachment of the amines to the mammalian MAO is by no 
means restricted to compounds in which that interference is due to the presence of 
a positively charged amino (or trimethylammonium) group: the short-chain ali- 
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phatic o~-amino carboxylic adds, e.g. c0-amino-enanthic acid, H2N(CH2)6 • COOH, 
or co-amino-caprylic acid, H2N(CH2) 7 • COOH, are not or poorly oxidized. On the 
other hand, co-amino-hendecanoic acid (with 11 carbon atoms) is rapidly oxidized 
by guinea-pig liver. In other words, here too it is the interatomic distance between 
the carboxyl and the amino group that determines affinity (BLASCnKO et al., 1962). 

A discussion of the physiology of MAO would not be complete without a 
discussion of its naturally occurring substrates. In 1952 these were still imperfectly 
known although even 25 years ago it was clear that MAO was not the only catalyst 
of the inactivation of the catecholamines (see BLASCHKO, 1952a). However, it is the 
events following the discovery by ARMSTRONG, MACMILLAN and ShAw (1957) of 
vanillylmandelic acid as a normal metabolite in human urine and the subsequent 
work by AXELROD (see AXELROD, 1959) on catechol-O-methyl transferase which 
led to a better understanding of the rrle played by MAO in the catabolism of the 
catecholamines. In addition, this work led to the recognition of three new and 
important substrates of MAO: metanephrine, normetanephrine and 3-methoxy- 
tyramine. 

In addition to these major metabolites it seems likely that both tyramine and 
octopamine are normally occurring substrates of MAO in mammals. These two 
monophenolic amines occur in mammals in small amounts; they are however 
present in large amounts in both molluscs and arthropods (HENZE, 1913; ER- 
SPAM~R, 1952; LAKE et al., 1970; BARKER et al., 1972). 

The other important substrate of MAO in mammals is 5-hydroxytryptamine 
(FREYBURGER et al., 1952; BLASCHKO, 1952b). It was the discovery of both 5- 
hydroxyindoleacetic acid (see UDENFRIEND, 1958) and of 5-hydroxytryptophol 
(Kx, q~DER et al., 1962) in mammalian urine which showed that MAO is the chief 
catalyst of 5-hydroxytryptamine breakdown (see BLASCHKO and LEVINE, 1965). 

The catecholamines (and their O-methylated metabolites) as well as 5-hydroxy- 
tryptamine yield, as a result of the activity of MAO, the corresponding aldehyde. 
This aldehyde is never the end product of amine breakdown. The first oxidation 
product is either further oxidized by an aldehyde dehydrogenase to the correspond- 
ing carboxylic acid, or it is reduced, by an alcohol dehydrogenase, to the corres- 
ponding alcohol. 

3. Diversity of  Monoamine Oxidases 

a) Isoenzymes of MAO 

That the relative activities of an enzyme against a variety of substrates differ 
according to the source of enzyme is a phenomenon that is familiar to students of 
many enzymes. Some relevant observations will be discussed in some detail below. 

There have also been reports that MAO from one organ is not homogeneous 
but is composed of a number of isoenzymes. These observations will not be 
discussed here in great detail since little fresh material has accumulated since they 
were last comprehensively reviewed (COSTA and SANDLER, editors, 1972; SANDLER 
and YOUDIM, 1972). The problem has been approached in several different ways. 
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Inhibition studies have shown that some inhibitors will, at a given concentration, 
produce different degrees of inhibition with different substrates. When the relation 
between percentage inhibition and inhibitor concentration was studied, it was 
found that with some inhibitors there was a range in which increasing concentra- 
tion did not produce a higher percentage inhibition; beyond that range a further 
increase in inhibition occurred. With different substrates the percentage inhibition 
achievied at the point of levelling out was different. 

One of the first of these inhibitor studies was that of JOHNSTON (1968) who used 
preparation of rat brain mitochondrial M A t .  Using clorgyline as inhibitor, he 
found a plateau when tyramine was used as substrate. He interpreted his obser- 
vations by assuming the presence of an enzyme A that was highly sensitive to the 
inhibitor, with a pI50 value of 8.8, and of an enzyme B that was relatively insensi- 
tive to clorgyline, with a pI50 of 5.2. The observations suggested that 5-HT was 
oxidized by enzyme A only. 

Many other authors have described analogous observations, in which similar 
differences in sensitivity to enzyme inhibitors have been described. Since these 
studies have been fully reviewed quite recently, the reader is referred to reviews on 
the subject (TIPTON, in print; GORKIN, 1972; YOUDIM, 1972; NEFF and GORIDIS, 
1972; FULLER, 1972; SQUIRES, 1972). 

The second set of observations on isoenzymes is based on separation, usually 
by electrophoresis, of a number of enzymically active entities which migrate 
differently in the separation. In some instances the pattern of substrate specificity 
of the separated fractions was essentially similar, in others it was different. Of these 
latter instances the most significant is a report on the separation of an oxidase that 
oxidizes specifically, or almost specifically, dopamine (see Tn'TON, 1972; YOUDIM, 
1972). 

Against the existence of isoenzymes it has been argued that M A t  has never 
been obtained entirely pure and separated from contamination with other mem- 
brane constituents, in particular phospholipid. The idea has been discussed that the 
different fractions separated by electrophoresis might represent enzyme fractions 
that differ from each other in having different kinds of membrane fragments 
attached (see TIFTON, in press; HOUSLAY and TII'TON, 1973). 

It is true that there are differences in the electrophoretic behaviour of enzyme 
samples, according to whether these are prepared from mitochondria or "micro- 
somes" (see KIN and D'IoRIO, 1968). This could well be interpreted as due to an 
admixture of different membrane fragments to the enzyme. However, it is more 
difficult to interpret the observations on differential inhibition of enzyme in these 
terms. It seems best to leave the final resolution of the question of isoenzymes of 
M A t  to results of further experimentation. 

A new approach to the problem of multiple forms makes use of immunological 
techniques. This requires the use of purified enzyme, for the preparation of anti- 
body. GOMES et al. (1969) obtained two fairly highly purified M A t  preparations, 
C1 and C2, from bovine liver mitochondria; these had molecular weights of 
400000 and 1200000 respectively, but the same protein: flavin ratios. Fraction C2 
was used as antigen in the rabbit. Antiserum against C2 cross-reacted against both 
fraction C 1 as well as C2, and the evidence suggested that the antigenic composi- 
tion of the two proteins was identical (HARTMAN et al., t971). The liver also yielded 



The Natural History of Amine Oxidases 93 

another enzymically active fraction, A, which was not obtained pure. This fraction 
also cross-reacted with the anti-C2 serum. On the basis of these observations 
HARTMAN et al. (1971) suggest that the enzymically active fractions all represent 
different molecular forms of the same protein. Using the same antibody, from 
bovine liver, HIDAKA et al. (1971) obtained evidence to show the immunological 
identity of the bovine brain mitochondrial MAO with bovine liver MAO. How- 
ever, more recently, HARTMAN and UDENFRIEND (1972) have isolated from bovine 
brain an enzyme preparation, representing about 20 per cent of the total brain 
MAO activity, which does not cross-react with anti-C2 serum. This "brain- 
specific" type of MAO had an activity with benzylamine as substrate that was 
about 5 times that of the total brain MAO, when compared with kynuramine as 
standard. Also, the "brain-specific" type of MAO was less sensitive to pargyline 
than total brain MAO. Similarly, MCCAULAY and RACKER (1973) have shown that 
in bovine brain there occur two kinds of MAO. One of these does not act on 
noradrenaline or 5-HT, but acts on benzylamine; this one entirely cross-reacts 
with an antibody against the bovine liver MAO. The other one, immunologically 
distinct, acts on both noradrenaline and 5-HT. 

In summary, it seems probable that the immunological methods will serve as 
useful tools in the characterization of the different types of MAO. 

b) Species and Organ Diversity of MAO 

The proponents of the idea of isoenzymes can point to many observations on 
differences in substrate specificity determined by the source from which the 
enzyme was obtained. These instances are not uncommon, and a few will be dis- 
cussed in what follows. 

Species differences have been known for some time. For instance, from early 
observations by KoI-~ (1937) and RANDALL (1946) one gains the impression that 
MAO from pig and cat acts on tertiary amines more readily than enzyme from 
other mammalian species. 

In the following three relatively recent studies from the author's laboratory 
will be discussed which illustrate the phenomenon of substrate specificity. 

o 0 Cephalopod MAO. MAO is present in many species of molluscs (BLASCHKO 
et al., 1937 b; BI.ASCHKO, 1941; BLASCrlKO and HovE, 1957). Particularly in cepha- 
lopods the enzyme has been found in many tissues (BLASCHKO and HAWKINS, 
1952; BLASCnKO and HIMMS, 1954). In all these studies slight differences only 
between these enzymes and mammalian preparations were noted. 

However, more recently BOADLE (1967; 1969) has made a study of the sub- 
strate specificity of the enzyme in Eledone cirrhosa, in which some differences were 
uncovered. This species contains in many organs an enzyme that acts on amines 
which are substrates of the mammalian MAO. The aliphatic diamines, putrescine 
and cadaverine, were not oxidized. A difference was found with heptamethylene 
diamine, which was oxidized by homogenates of renal appendages, but not of liver. 
However, the most marked difference was seen in the oxidation of histamine. 
Extracts of liver or posterior salivary glands did not act on histamine but those of 
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pancreas, the renal appendages and the optic ganglia oxidized histamine. That this 
oxidation was due to MAO was supported by these observations: 

I. Iproniazid and harmine inhibited the oxidation of histamine by the renal 
appendages extract. 

2. Mixed-substrate experiments, using histamine and N-methyl fl-phenylethyl- 
amine established that oxygen uptake with the two amines was competitive and not 
additive. 

3. The preparations acting on histamine also acted on ~o-N-methyl histamine, 
a substance not acted upon by mammalian histaminase. 

These observations established that in some of these tissues there occurred an 
oxidation of histamine which was brought about by MAO, the first report on a 
"histaminase" type of reaction in an invertebrate. From a study of the relationship 
between the relative rates of oxidation and pH it seems that the Eledone enzyme 
accepts the monocationic form of histamine in which the imidazole ring does not 
carry a charge. 

These observations are of more than theoretic interest: some time ago, BERTAC- 
CIN~ (1961) reported that in Eledone moschata treatment with a number of MAO 
inhibitors in vivo raised the histamine content of the optic ganglia. Thus, the MAO 
present controls the histamine concentration in the ganglion. The rapid rise of the 
histamine content, upon adding the inhibitor, found by BERTACCINI indicates a 
very rapid turnover of histamine in the nerve tissue of this species. 

t )  Insect MAO. The first study of MAO in an insect was made on the cock- 
roach, Periplaneta americana L. (BLASCHKO et al., 1961). Feeble enzyme activity 
was found in a number of tissues, but in homogenates of Malpighian tubules the 
MAO activity was of an order of magnitude quite comparable to that found in the 
mammalian liver. In this early study nothing was found that distinguished the 
enzyme from mammalian MAO: it acted on fl-phenylethylamine and on trypt- 
amine; it also acted on N-methylated amines. 

It was only when the preparations from the Malpighian tubules were subjected 
to a closer scrutiny (BOADLE, 1967; BOADLE and BLASCHKO, 1968), that several 
distinctive properties of the insect enzyme came to light; it was found that the 
preparation also acted upon agmatine, the product of decarboxylation of arginine, 
and upon some of the short-chain aliphatic diamines, in particular cadaverine 
(1,5-diaminopentane) and 1,7-diaminoheptane. The latter amine was attacked most 
rapidly. 

The Malpighian tubules of another species of cockroach were also examined for 
enzymic activity. This was Blaberus discoidalis. No oxidation of any of the "con- 
ventional" substrates of MAO was seen, but the Blaberus preparation acted on 
agmatine and upon the aliphatic diamines, putrescine, cadaverine, 1,6-diamino- 
hexane and 1,7-diaminoheptane. In other words, here is an oxidase that does, in the 
manometric experiments, not act on any of the substrates that are commonly 
considered as related to the physiological substrates of MAO. The Blaberus 
enzyme, in spite of its similarity to the Periplaneta enzyme, might be listed as a 
"diamine oxidase" by some observers. It seems worth while noting, however, that 
PAtS and ACnESON (1968) have reported the presence of 3-hydroxy-4-O-fl-D- 
glucosidobenzyl alcohol in the left colleterial gland of B. discoidalis; this might 
indicate that either dopa or dopamine is deaminated in this species. 
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For reports on insect MAO see also CHAUDHARY et al. (1967), SHAMBOUGH 
(1969), WHITEHEAD (1970), HAYES et al. (1971, 1972). 

~) Cyclostome MAO. A study was made of the substrates of amine oxidase(s) 
in these animals (BOADLE, 1967; BLASCHKO et al., 1969), because they represent the 
most primitive of the extant vertebrates. Although this study must be considered 
as a preliminary one it has yielded several results of interest for the student of 
substrate specificity. 

YOUNG (1962), whose nomenclature has been followed, distinguishes in the 
superorder Agnatha two orders; members of both of these orders have been tested. 

The order Myxinoidea includes Myxine glutinosa L., the hagfish. The liver of 
this species contained an active MAO, which in its pattern of substrate specificity 
was similar to that known for mammalian MAO. The amines that were oxidized 
were those acted upon by the mammalian MAO; compounds like histamine, 
agmatine or the short-chain aliphatic diarnines were not oxidized. A similar type of 
activity was present in the gills, the kidneys and the heart. 

The second order are the Petromyzontia. Petromyzon marinus L., the sea 
lamprey, yielded preparations that revealed activities markedly different from the 
mammalian pattern. The liver of P. marinus (taken from adult specimens, caught 
in the tidal reaches of the river Severn) oxidized a great variety of substrates, 
including many compounds that are not substrates of mammalian MAO. Hist- 
amine was extremely rapidly oxidized. Agmatine was also attacked. A number of 
amines found to be oxidized by the P. marinus liver extracts are listed in Table 1. 
The Table shows that putrescine was rapidly oxidized by P. marinus liver. The 
Table does not include the other aliphatic diamines of the homologous series 
H2N(CHE)nNH2, but Fig. 1 shows that many of them were oxidized; the rate of 
oxidation of putrescine (n=4) and 1,6-diaminohexane was particularly high but 
there was another peak at n = 13. 

Experiments with P. marinus kidney revealed a striking difference in the range 
of substrates attacked by preparations from the two organs. With the kidney 
preparation, the rates of oxidation of histamine, putrescine, n-heptylamine and 
v-phenylpropylamine were not significant. The amines most rapidly oxidized by the 
kidney preparation were tryptamine, co-N-methyltryptamine, 5-methoxytryptamine, 
5-hydroxytryptamine, N-methyl-fl-phenylethylarnine and fl-phenylethylamine. 

The remarkable range of substrates that is oxidized by the sea lamprey liver 
preparation raises the question as to whether this tissue contains a true histaminase 
(DAO). This possibility has not been fully ruled out but it is unlikely on account 
of the following observations: 1. acetone powders of P. marinus liver retained 
the ability to act on histamine in the insoluble residue, the fraction that contains 
the MAO activity; histaminase is usually recovered in the eluates of such powders; 
2. the oxidation of histamine and n-heptylamine, a typical MAO substrate, was 
competitive and not additive. 

Another member of the order Petromyzontia, the river lamprey, Lampetra 
fluviatilisL., was already studied by HOPE (1956). These early observations which 
showed the presence of MAO activity have been confirmed and extended (BOADLE, 
1967). The preparations of L.fluviatilis liver acted rapidly on histamine, putrescine 
and agmatine as well as on typical substrates of MAO. Extracts of heart muscle 
and of gastrointestinal tract oxidized tryptamine, its co-N-methylated derivative as 
well as fl-phenylethylamine; they were without action on histamine or lautrescine. 
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Fig. 1. Rates of oxidation of the members of the homologous series of aliphatic diamines, 
H2N" (CHz)nNH 2, by a dialysed homogenate of liver from Petromyzon marinus. (Unpublished 
experiments by Dr. S.J. STRICa.) Abscissa: number (n) of carbon atoms in the polymethylene 
chain. Ordinate: glO 2 consumed in the first 25 min of the reaction. Each manometer flask 
contained the equivalent of 310 mg of fresh tissue, in a total volume of 0.7 ml. Initial substrate 
concentration: 10 -2 M; t =  37.5 ° C; gas phase: 02 

Table 1. Relative rates of oxidation of a number of amines by a preparation from Petromyzon 
marinus liver. The rate of oxidation of histamine is taken as 100 (after Bo~a~LE, 1967). 

Substrate concentration 10 -2 M 

methylamine 0 n-dodecylamine 
ethytamine 17 iso-amylamine 
n-propylamine 17 benzylamine 
n-butylamine 28 B-phenylethylamine 
n-amylamine 30 7-phenytpropylamine 
n-hexylamine 22 tryptamine 
n-heptylamine 33 1,4-methylhistamine 
n-octylamine 33 4.picolytamine 
n-decylamine 25 3-picolylamine 
n-undecylamine 17 2-picolylamine 

10 rn-xylytenediamine 77 
19 p-xylylenediamine 67 
71 o-xylylenediamine 30 
56 4-methoxy-fl-phenylethylamine 128 
31 3-methoxy-/~-phenylethylamine 93 
78 3,4-dimethoxy-fl-phenylethylamine 89 
98 2,3-dimethoxy-fl-phenylethylamine 49 
97 2,5-dimethoxy-p-phenylethylamine 10 
65 3-methoxy-4-hydroxy-B-phenyl- 
46 ethylamine 42 

mescaline 5 

These experiments are described in some detail because they show that  the 
amine oxidases of cyclostomes would be a mos t  interesting material for  a more  
systematic study. I t  can be seen that  the two more  closely related species which 
belong to the same order have enzymic activities tha t  are rather similar; also in 
these two species there is a particularly diversified activity in the liver, indicating 
the presence of  a marked organ specificity. On  the other hand, the member  of  the 
other order, Myxine glutinosa, had an enzyme with a substrate specificity closely 
similar to that  found in other vertebrate species. These observations indicate that  
the development of amine oxidases in the order Petromyzontia followed a course 
that  differs f rom the main stream of vertebrate evolution, a change that  did not  
happen in the Myxinoids. 
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The diversity of the enzyme in the lampreys, and particularly the organ 
differences, could be readily interpreted in terms of isoenzymes, but no information 
on this is as yet available. 

3) Mammalian MAO. Slight differences in substrate specificity do occur in 
different mammalian species. In addition there are differences within one species, 
between MAO from different organs. Such observations go back to early days of 
research on MAO (see ALLES and HEEGAARD, 1943); they were followed up "by 
HAGEN and WEINER (1959) and by HOPE and SMITH (1960). The latter authors 
described a very impressive difference in the relative rates of oxidation of a number 
of amines in the organs of the mouse. Choosing 5-hydroxytryptamine (5-HT) as 
their standard of comparison, they found that in liver homogenates tyramine was 
oxidized at almost four times the rate of 5-HT, at about 1.5 times in brain and at 
about 0.8 times that of 5-HT in the kidney. Benzylamine, attacked at about the 
same rate as 5-HT in the liver, and at about one-quarter the rate for 5-HT in brain, 
was not acted upon at all in the kidney. 

More recently observations of a similar kind have been reported by other 
authors (see e.g., RAGLAND, 1968). 

It is obvious that observations like those just described could also be readily 
interpreted in terms of the existence of isoenzymes with varying patterns of 
substrate specificity: the various organs might contain mixtures of the isoenzymes 
in differing proportions. 

Since most of the organs studied are composed of a variety of cell types one 
might assume that each type contains a different kind of MAO. Elegant demon- 
strations of such differences were given by GORIDIS and NEFF (1971 a; see below) 
and by JARROTT (1971), following up observations by JARROTT and IVERSEN (1971) 
on the fall of MAO activity in the vas deferens of a number of species after sympa- 
thetic denervation; in these experiments a drop in MAO activity of about 50 per 
cent occurred, indicating that about one-half of the enzymic activity was located 
in the adrenergic neurones. JARROTT (1971) found that the relative activities of 
oxidation of a number of amines in the denervated vas deferens differed from 
those in the normally innervated tissue, suggesting that the enzyme that dis- 
appeared when the nerve supply degenerated was different from the enzyme that 
remained in the tissue after denervation. 

The observation, that in some adrenergically innervated tissues denervation 
removes enzymic activity, is of interest in connection with early observations from 
J. H. BURN'S laboratory (see BURN, 1952) in which MAO was compared to 
acetylcholinesterase at cholinergic nerve endings. Although these observations 
have been confirmed, the role of MAO, to be discussed later, differs from that 
assigned to acetylcholinesterase. 

The interpretation given by JARROTT and IVERSEN (1971) to their observations 
cannot be applied to all instances where a fall of MAO occurs after denervation. 
This is particularly true for organs in which the MAO content is high and where 
much of the enzyme is located in the parenchymal cells. The salivary glands are 
such organs, in fact, the human submaxillary and parotid glands have a MAO 
content higher than that found in any other tissue (STR(}MBLAD, 1959). In the cat's 
salivary glands, parasympathetic denervation caused a loss of about 50 per cent of 
the enzymic activity, but this fall was accompanied by a similar fall in the weights 
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of the glands, so that the activity per unit of weight remained essentially unchanged 
(STRtMm~AD, 1956; see also SNYD~R et al., 1965). JONASON (1969) estimates the 
contribution made by the adrenergic innervation to the total MAO content at 
about 30 per cent, with the remainder located in the parenchyma cells. 

As to the cytochemical localization of MAO in salivary glands (see also FUJI- 
WARA et al., 1966). 

SNYDER et al. (1965) and HAKANSON and OWMAN (1966) have studM the loss 
of MAO in the pineal gland after sympathetic denervation. According to the latter 
authors only in the cat pineal gland does the bulk of the MAO activity reside in the 
adrenergic neurones, whereas in the rat and the rabbit gland the enzyme is present 
mainly in the pinealocytes. Similarly, GORmlS and NE~ (1971 a) estimate that in 
the rat pineal gland about 6 per cent of the ability to oxidize tyramine is lost after 
denervation, whereas 70 per cent of the activity against 5-HT as substrate is lost; 
they interpret these observations in terms of the presence of an isoenzyme, enzyme 
A (clorgyline-sensitive) in JOHNSTON'S (1968) nomenclature, in the adrenergic 
nerves. 

In this connection, it might be mentioned that GomDIS and NEFF (1971 b) have 
presented evidence in favour of a specific association of JOHNSTON'S (1968) iso- 
enzyme type A with adrenergic sympathetic neurones. This type represents about 
90 per cent of' the total enzyme present in the rat superior cervical ganglion. 

It should be pointed out that the relative roles played by the extraneuronal as 
the intraneuronal MAO in the disposal of the adrenergic mediator cannot be 
properly assessed by experiments like those just described, which were carried out 
using tissue h0mogenates. This is due to the fact that the amount of amine that is 
admitted to the compartments containing the enzyme depends upon the efficiency 
of the uptake mechanisms that are at work at the level of the neuronal membrane 
on the one hand and of the membranes of the tissue cells containing the enzyme on 
the other (see also TRENDELENBURG, 1972). 

An illustration of the part played by the intraneuronal MAO in the disposal of 
noradrenaline has been obtained in the isolated rabbit ear artery by DE LA LANDE 
and JELLETT (197t). In this preparation, in which the autonomic nerve endings lie 
at some distance from the lumen, close to the outer edge of the muscular layer, the 
response to amine applied intraluminally is not affected by the MAO inhibitor 
nialamide. On the other hand, the response to noradrenaline applied from the 
outside is potentiated by nialamide, and the response is not fully terminated 
immediately after wash-out. This potentiation and prolongation of the response to 
extraluminally applied noradrenaline is not present in preparations treated with 
cocaine, an inhibitor of neuronal uptake; nor is it present in sympathetically 
denervated preparations. 

Biochemical and histochemical studies have established that the adrenergic 
nenrones are rich in MAO, but whether this association is specific to this type of 
neurone is less clear. Also, most measurements of enzymic activity have been made 
on ganglion cells. It is generally agreed that the sympathetic ganglia are rich in 
MAO whereas the spinal gnaglia are not (Co,SOLO et al., 1968; GIACOmNI and 
KERVEL-FRo~tuS, 1970; TJ~LVF, I971). However, the nodose ganglion also contains 
a fair amount of MAO (GIAcOmNI and KERVEL-FRONIUS, 1970). The same authors 
find a relatively low MAO content in the ciliary ganglion of the cat (see also 
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KOELLE and VALK, 1954; HumLa~I, 1966). FURNESS and COSTA (1971) have not seen 
any specific association of MAO with adrenergic neurones in the enteric ganglia of 
the guinea-pig (see also WOHLRAB, 1961 ; BAXTER-GRILLO, 1970). 

What one would most like to know is if there is a specific association of MAO 
with adrenergic nerve endings, but this has not been established at present (see, 
however, the observations by MCLEAN and BURNSTOCK, 1972, to be discussed more 
fully below). The histochemical techniques that have been developed in recent 
years (BOADLE and BLOOM, 1969; BLOOM et al., 1972; HANKER et al., 1973) should 
be suitable for the study of this problem. It would be particularly interesting to 
study the location of MAO in those tissues in which adrenergic and cholinergic 
autonomic neurones have closely adjoining endings; such an arrangement has 
been particularly studied in the iris (H~KFELT, 1966; H6KFELT and JONSSON, 1966; 
EHINGER and FALCK, 1966; EHINGER et al., 1970) but it also occurs in other sites 
(TRANZER and THO~-EN, 1967). 

For the understanding of the neuronal metabolism of noradrenaline the study 
of the latter's metabolites may become of interest (see SHARMAN, 1973). In an 
analysis of the catabolites of noradrenaline in guinea-pig atria ADLER-GRA- 
SCHINSK¥ et al. (1972) have found that changes in the amounts of 3,4-dihydroxy- 
phenylglycol reflected the amounts of noradrenaline that had been oxidized intra- 
neuronally. It seems that the aldehyde formed as the first product of the oxidative 
deamination of noradrenaline was mainly metabolized by reduction in the neurone, 
but by further oxidation in the extraneuronal tissues. 

4. Intracellular Localization of  MAO 

All observers have confirmed the early observations on the localization of MAO 
in the cell. These were carried out on preparations modelled on Warburg's 
"'Krrnchensuspension" (see BLASCHKO, 1972). MAO is a preponderantly mito- 
chondrial enzyme (COTZlAS and DOLE, 1951 ; HAWKINS, 1952a). 

It was noticed in this early work on rat liver (HAWKINS, 1952a) that some of 
the MAO activity was located in the "microsomes". This has been shown to be 
true also for the MAO of rabbit liver (ZuImZYCKI and STAUDINGnrt, 1967). Miss 
HAWKINS argued that possibly some at least of the microsomal oxidase was in fact 
of mitochondrial origin (see also BAUDHUIN et al., 1964). This will be more fully 
discussed below. 

We owe a fresh insight into the question of the mitochondrial location of MAO 
to SCrmAITMAN et al. (1967), who succeeded, by a graded treatment of rat fiver 
mitochondria with digitonin, in obtaining preparations of the outer mitochondrial 
membranes free of the "mitoplasts", i.e., the inner membranes plus matrix 
material. The MAO activity was present in the outer membrane fraction. This 
observation is now generally accepted. 

Independent support for these observations comes from electron microscopic 
studies. Using a tetrazolium salt that gives a formazan capable of reaction with 
osmium tetroxide (SELIGMAN et al., 1967), BOADLE and BLOOM (1969) studied the 
location of MAO in the cells lining the proximal convoluted tubules of the guinea- 
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pig kidney, cells known to be rich in enzyme (BLASCHKO and HELLMANN, t953). 
BOADLE and BLOOM demonstrated that the formazan precipitated in the interspace 
between outer and inner membrane, beginning at the inner surface of the outer 
membrane, always leaving the interspace between the inner membranes in the 
cristae infoldings clear (see also BLOOM et al., 1972). 

A number of authors, using methods different from that of SCHNAITMAN et al. 
(1967), have confirmed their results (see BEATTIE, 1968; SOTTOCASA et al., 1967). 
Use has frequently been made of MAO as a marker enzyme for the outer mito- 
chondriaI membrane (see SOTTOCASA, 1967; OKAMOTO et al., 1967; BEATTIE et al., 
1967; NEUPERT et aI., I967, 1968; BYGRAVE and BOCrlER, 1968; BRUNNER and 
NEUPERT, 1968; KAISER and BYGRAVE, 1968; SCHNAITMAN and GREENAWALT, 1968 ; 
PEDERSEN and SCHNAITMAN, 1969; BRUNNER and BYGRAVE, 1969). 

This new work on the location of MAO is of interest in relation to the question 
of extramitochondrial MAO. There seems little doubt that the origin of the outer 
membrane of the mitochondria differs from that of the mitoplast. The question 
can be asked: at what time is the mitoplast covered by the outer membrane ? 
Is it possibly after the MAO has been incorporated into the outer membrane ? 
If so, it would be easy to understand the nature of the "microsomal" MAO: it 
could be enzyme located in membrane material still unconnected, or only loosely 
connected, with the mitochondrion. 

Arguments similar to those just given have also been discussed by JARROTT and 
IVERSEN (1968). These authors also discuss a series of earlier papers in which a 
"microsomal" location for MAO was described; these need therefore not be 
referred to again. However, mention should also be made of the observations of 
WEISSBACH et al. (1957) on "soluble" liver MAO in the guinea-pig's liver. This 
might be enzyme not yet bound to the outer membrane. 

The question as to the origin of mitochondria is still under discussion. It seems 
to be generally agreed, however, that the outer membrane has its origin outside the 
mitochondria, and that its proteins are under the control of nuclear deoxyribo- 
nucleic acid (see BAXTER, 1971). In other words, it seems likely that any differences 
in the amounts of MAO and in the substrate specificity of the enzymes in different 
cells are under the control of the nucleus. 

Studies of the regeneration of MAO in rat liver are relevant to the question of 
the incorporation of MAO into the mitochondria. In observations by HAWKINS 
and WALKER (1952) it was shown that in the first two days after partial hepatec- 
tomy there occurred an increase in liver weight without much increase in total 
enzyme content. In other words, there occurred a decrease in the activity per unit 
weight. A similar decrease has since been reported by GEAR (1970), who found that 
enzymes of the inner and the outer mitochondrial membranes did not regenerate 
synchronously; in fact, the regeneration of the individual outer membrane enzymes 
was asynchronous. In this study the recovery of extramitochondrial enzyme was 
not followed, but this was done in the observations by ERWIN and SIMON (1969), in 
which the regeneration of enzyme in the rat liver after the application of irre- 
versible inhibitors of MAO (pargyline or iproniazid) was followed. It was found 
that recovery in the microsomal fraction preceded that in the mitochondria. These 
observations do suggest that the "microsomal" enzyme is, at least in part, precur- 
sor of mitochondrial enzyme. 



The Natural History of Amine Oxidases 101 

MAO must be a minor constituent of the outer membrane protein. RACKER and 
PROCTOR (1970) have used the digitonin method for preparing outer mitochondrial 
membranes from renal cortex, by subjecting the membranes to a further digitonin 
treatment. In this way they obtained a preparation of membranes free of MAO and 
the oxidase in a soluble form. The removal of the enzyme had not diminished the 
cohesion of the membrane. 

When RACKER and PROCTOR (1970) added the soluble enzyme to enzyme-free 
preparations of outer membrane they noted that the enzyme was again sedimented 
with the membrane. Does this observation indicate that the membrane contains a 
specific site to which the enzyme attaches itself? Here is a new problem that is 
posed by these recent findings. There are indications that phospholipids are 
involved in the binding. OLIVrCRONA and OR~LAND (197t), in their attempts to 
elute MAO from mitochondria, have found that both phosphatidylcholine and 
phosphatidylethanolamine could be extracted without detaching MAO, but that 
there was a correlation between the elution of the anionic phospholipids (in parti- 
cular, cardiolipin) and that of MAO (see also ORE~ND, 1972). OLtVECRONA and 
ORELh~qD have also observed binding of MAO to pig liver mitochondria freed of 
enzyme; the MAO was detached by phospholipid elution; when cardiolipin was 
added subsequently the mitochondria were able to bind MAO. 

The author has already once briefly reported on experiments carried out in 
1939, on "soluble" preparations of liver MAO obtained by adding lysolecithin to 
granule suspensions (see BLASCnX~O, 1952a). It would be interesting, in the light of 
recent studies, to know how lysolecithin exerts its solubilizing action. 

5. Functional Significance of MAO 

The study of MAO has been rewarding for an ever increasing number of investi- 
gators because the functional significance of the enzyme in higher animals is clear: 
MAO is one of the principal catalysts of the biological inactivation of amines 
normally present in the organism, with the catecholarnines and 5-HT as the best 
studied and most widely distributed substrates. Thus, interest in MAO has grown 
with the widening recognition of the rrle played by these amines in the animal body. 

When catechol-O-methyl transferase was discovered, the emphasis of research 
for a while veered away from MAO. This phase did not last long. It is true that in 
many sites oxidative deamination of the catecholamines is preceded by O-methyla- 
tion but the re-awakening interest in MAO was due to the recognition of the r6te 
of MAO in adrenergic neurones. The response of excitable organs to catechol- 
amines is terminated by the lowering of amine concentration in the extracellular 
space. An important factor in lowering extracellular amine concentration is uptake 
of amine by the endings of adrenergic neurones. MAO is responsible for keeping 
the concentration of free intraneuronal amine at a low level. This is best demon- 
strated when the other mechanism that lowers free intraneuronal amine concen- 
tration, that is, uptake of amine by the amine-carrying vesicles in the axoplasm, 
is inhibited, e.g. by reserpine. Under these conditions catecholamine, newly 
synthetized in the axoplasm or taken up into the axoplasm from the extraneuronal 
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space, is exposed to the action of intraneuronal MAO. The disappearance of free 
intraneuronal amine can be prevented by MAO inhibitors (see KoviN, 1964; 
CARLSSON, 1966). 

Thus, MAO is one part of the mechanism by which the free intraneuronal 
amine is kept at a low level. For the response of the effector organ, the extra- 
cellular amine concentration in the neighbourhood of the receptors on the effector 
cells is important. This concentration of free amine in the extraneuronal space 
depends on amine uptake, and it has been shown that this uptake is interfered 
with when MAO is inhibited. This has recently been fully discussed (TR~NDELEN- 
BURG, 1972; TRENDELENBURG et al., 1972). 

The r61e of MAO in controlling free amine concentration is the basis for the 
use of MAO inhibitors in mental illness. The antidepressant drugs act by increasing 
the concentration of free extracellular amine. There are two classes of compounds 
that have this effect. The first includes the tricyclic antidepressants, e.g. imipramine. 
These compounds have no significant inhibitory action on MAO; they act directly 
as inhibitors of catecholamine uptake at the level of the neuronal membrane. 
The second class of antidepressants are the MAO inhibitors. Their immediate 
action is to raise the concentration of free intraneuronal amine. They act as 
inhibitors of catecholamine uptake indirectly, by reducing the gradient of concen- 
tration of free amine from extracellular space to the axoplasm. 

This difference in the mode of action of the two classes of antidepressant drugs 
has not always been fully understood. For instance, we read in a recent report on 
Biochemical Research in Psychiatry (Medical Research Council, 1970): " I t  has 
been found that some of the MAO inhibitors, like the tricyclic drugs, prevented 
re-uptake of catecholamines, and that this property rather than their potency as 
MAO inhibitors, ran parallel with therapeutic activity." In the light of what has 
just been discussed it is clear that it is just this inhibition of intraneuronal MAO 
that makes the compounds like iproniazid inhibitors of neuronal uptake. As a 
matter of fact, the different sites of attack of the MAO inhibitors on the one side 
and of the tricyclic drugs on the other may be responsible for the differences that 
some observers see in the modes of action of these two classes of antidepressant 
(see PARS, 1972). 

Another possible way by which MAO inhibitors might act is by increasing 
amine output. If the intraneuronal amine is not destroyed by MAO more might be 
expected to be taken up by the storage organelles. Such an increased amine content 
could lead to an increased amine release. 

Although much is now known as to the fate of the adrenergic mediator, our 
information on the removal of circulating catecholamine is less complete. Possibly 
in the disposal of adrenaline the O-methylation is of primary importance. Also, 
it is known that the efficacy of neuronal uptake decreases with the distance of the 
receptors from the adrenergic nerve endings (see TRENDELENBURG, 1972). 

An additional uncertainty is introduced by our ignorance of the importance of 
extraneuronal inactivation of amines. That much of the MAO is located in extra- 
neuronal sites has already been discussed. There is the histochemical evidence, 
some of it already quoted, that in the proximal convoluted tubules of the kidney 
the epithelial cells contain the enzyme (BLASCI~KO and HELLMASm, 1953 ; GLEbrr~R 
et al., 1957; BOADLE and BLOOM, 1969). Using the electron-microscopic method of 
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BOADLE and BLOOM (1969), HORITA and LOWE (1972) have likewise demonstrated 
the presence of MAO in the myocardial mitochondria. 

There is much evidence that shows that extraneuronal uptake of catechol- 
amines occurs (see AVAKIAN and GILLESPIE, 1969; GILLESPIE and MUIR, 1970; 
GILLESPIE et al., 1970; FISCHER et al., 1965; EISENFELD, t967a, 1967b; LIGHTMAN 
and IVERSFN, 1969; DRASKOCZY and TRENDELENB~JRG, 1970). What is under debate 
is mainly whether or not uptake into the effector cells is a mechanism by which the 
response of the cell is terminated (see KALSNER and NICKERSON, 1968; 1969 a, b; 
TRENDELENBURG, 1972). 

The biochemist finds it difficult to escape the conclusion that some inactivation 
at least of catecholamine does occur within the effector cells with adrenergic 
innervation. It is not known whether or not any of the biological actions of the 
catecholamines require the entry of amine into the cell. There may be differences 
between different types of cell in this regard. One of the puzzling features of amine 
biochemistry is the high amine-forming potential of certain tissues. HOLTZ et al. 
(1938) discovered L-dopa decarboxylase in the guinea-pig kidney, and the very 
active enzymic activity of mammalian liver was established soon afterwards 
(BLASCHKO, 1939). The physiological significance of these findings is still obscure. 
One suspects that amines in these tissues may have local, intracellular, functions; 
such a function might account for the presence of a catalyst of amine catabolism. 
Discussions on catecholamine function have long been dominated by the pheno- 
mena of contraction or relaxation of smooth muscle, easily studied by classical 
pharmacological techniques. The full extent of the r61e of catecholamines in cell 
metabolism is still to be unravelled. This is a problem not within the scope of the 
present review. 

Another argument in favour of a physiological r61e of MAO in non-neural 
tissue might be seen in observations on inducibility of enzyme. It has been shown 
that the enzyme content of tissues is dependent on hormone control. 

As an example one can consider the effect of the thyroid hormone on liver 
MAO. Over twenty years ago SI'INKS and BURN (1952) found that the MAO 
activity of rabbit liver decreased upon feeding of thyroid whereas thyroidectomy 
caused a rise in the enzymic activities of the rabbit and rat liver enzyme. This 
observation has been repeatedly confirmed (TRENDELENBURG, 1953; ZILE and 
LARDY, 1959; ZILE, 1960; HO-VAN-HAP et al., 1967). A more recent study by 
OKAMOTO (1971) is of particular interest. He isolated the outer mitochondrial 
membranes of rat liver and studied the activities of three outer membrane enzymes, 
monoamine oxidase, kynurenine 3-hydroxylase and rotenone-insensitive NADH- 
cytochrome C reductase in normal and L-thyroxine-treated animals. He found 
that the specific activities of all these enzymes were decreased to about the same 
extent. A study of one of these enzymes, kynurenine 3-hydroxylase, suggested that 
the decrease in enzymic activity was due to a decrease in total enzyme protein 
rather than to the production of a catalytically less active form of enzyme. 

Adrenalectomy also affects MAO in some, but not in all tissues of the rat 
(AvAKIAN and CALLINGHAM, 1968; CAESAR et al., 1970). In the rat heart a two- to 
five-fold increase in MAO occurs; this increase can be prevented by administering 
hydrocortisone to the adrenalectomized animals (CALLINGHAM and DELLA CORTE, 
1971). Adrenalectomy seems to exert a general effect on the mitochondrial enzymes 
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that are located in the outer membrane: NADH-cytochrome C reductase was 
similarly affected. On the other side, the activities of fumarase and both succinic 
and malic dehydrogenases were unchanged. 

HORITA and LowF (1972) have recently summarized the observations on an 
increase of heart MAO in the male rat with age (see also STUDER et al., 1964; 
Mt~LLER and PrARSE, 1965). It has now been found that this increase was also 
paralleled by a rise in cytochrome C reductase (CALLINGIJAM and DELLA CORTE, 
1972). Thus, it appears that both age and changes in cortical hormone affect the 
enzyme content of the outer mitochondrial membrane generally. 

HORITA and LOWE (1972) have given reasons for the belief that the effect of age 
(see NovIcK, 1961) is exerted on the extraneuronal mitochondria. The site of 
increase in MAO after adrenalectomy may also be extraneuronal, but this is not 
yet known with certainty. In the vas deferens of the rat an increase by 40 per cent 
occurred after bilateral adrenalectomy; this increase could be prevented by 
dexamethasone. It is interesting that this increase did not occur in the sympatheti- 
cally denervated rat (SAMPATH and CLARKE, 1972). In other words, it is likely that 
in the vas deferens the hormonal effects are exerted upon the intraneuronal MAO. 

The fact that these hormonal changes are effects exerted upon more than one 
of the outer membrane enzymes illustrates the complexity of the mechanisms of 
control of enzyme formation. One possibility is that the reason for changes of 
enzyme content is the variation in enzyme binding sites. It is known that hydro- 
cortisone has an effect upon developing adrenergic structures (ER~,NK/3 and 
ER.g.NKO, 1972; ERANKO et al., 1972; LEMPINEN, 1964): it increases the catechol- 
amine content of the small intensely fluorescing cells of sympathetic ganglia. Here 
the morphologically demonstrable effect of hydrocortisone must be on the number 
of amine storage sites. Of course, these small cells are different from the neurones 
studied by SAMPATH and CLARKE (1972), but it is important to bear in mind that the 
action of hydrocortisone on adrenergic structures can vary. 

It is not intended here to discuss all the effects of hormones on MAO. Some of 
the varied actions of the sex steroids on the uterus have recently been reviewed 
(SOUTHGATE, 1972). 

The observations discussed in this section leave little doubt that both intra- 
neuronal and extraneuronal MAO have a part to play in the biological inactivation 
of the catecholamines. As far as extraneuronal function is concerned, differences in 
extraneuronal uptake of amines in different types of cell may exist which are still 
little studied. 

Another naturally occurring type of amine, not related to the catecholamines, 
is 5-HT. This amine is also inactivated by MAO. It shares with the catecholamines 
the property of being formed by, stored in and released from both secretory cells 
and neurones. In invertebrates, tryptaminergie neurones are not uncommon. In 
vertebrates these types of neurone have recently been investigated in the central 
nervous system (see FuxE et al., 1968). Study of the uptake of 5-HT by structures 
that normally store the amine is complicated by the fact that the uptake mecha- 
nisms for catecholamines, uptake 1 and uptake 2 in IVERSEN'S (1967) terminology, 
wilt be active on 5-HT. In addition, adrenal medulla and adrenergic nerves store 
5-HT when the organism is flooded with 5-hydroxytryptophan. Here it is probably 
chiefly the amino acid that is taken up and decarboxylated intracellularly. 
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In recent years, the uptake and storage of 5-HT has been repeatedly reviewed 
(see SHASKAN and SNYOER, 1970; IVERS~N, 1971 ; CARLSSON et al., 1972). 

It is known that MAO is the main catalyst of 5-HT inactivation. The break- 
down of 5-HT circulating in the blood stream follows upon its uptake into the 
blood platelets. These elements do contain MAO (see PAASONZN, 1961; COLLINS 
and SANDLER, 1971). The rapid uptake of 5-HT (see BORN, 1970), with subsequent 
inactivation by MAO that is found in the platelets, appears to have no parallel in 
smooth muscle. Thus, the sensitivity for 5-HT in the isolated rat stomach prepara- 
tion is little affected by MAO inhibitors (VANE, 1959), whereas these inhibitors 
potentiate the preparation to tryptamine and other congeners of 5-HT in which the 
phenolic hydroxyl group in position 5 on the indole nucleus is absent. It would be 
interesting to know if these differences find their counterpart in differences in 
uptake, but to the reviewer's knowledge no such observations have been recorded. 
Another possible interpretation of VanE'S observations offers itself: possibly the 
5-HT is taken up intracellularly (intraneuronally?) by an uptake mechanism 
resembling the uptake of catecholamines by neuronal vesicles. If tryptamine and 
similar compounds remain present in the cytosol for a longer period than 5-HT, 
one would expect them to be exposed to the action of MAO for longer than 5-HT 
itself. Under these conditions they would be potentiated by an enzyme inhibitor, 
in contrast to an amine that never reaches a high concentration in the cytosol. 

The occurrence of tryptaminergic neurones in the intestinal tract has been 
discussed as a possibility by several authors (ROBINSON and GERSHON, 1971 ; Ross 
and GERSrtON, 1972; FURnESS and COSTA, 1973). However, the only vertebrate 
species in which the existence of tryptaminergic neurones is well established is 
the cyclostome, Lampetrafluviatilis (BAUMCARTEN et al., 1973). 

From what has been said in the preceding part of this section, there still 
remains much relating to the function of MAO that has to be unravelled. What 
has been stressed in this section is the relative importance of extra- and intra- 
neuronal inactivation mechanisms. There is no doubt that the intraneuronal 
disposition of catecholamines (and probably also of 5-HT) is quantitatively of 
great importance. We have to remember that in the central nervous system the 
phenomenon of "extraneuronal" enzyme has two counterparts. First, there is the 
possibility of uptake by glia ceils or satellite cells. It is known that these cells 
contain MAO (see, for instance, SILBERS~IN et al., 1972), but their contribution to 
the inactivation of amines is still unknown. Secondly, one could see a counterpart 
to "'extraneuronal" MAO in the presence of enzyme post-synapticaUy, in the 
nerve cells, e.g. the ganglion cells in the autonomic ganglia and elsewhere. 

Again, the presence of MAO in ganglion cells may be indicative of two different 
functional aspects. Firstly, enzyme may be required to deal with mediator that has 
been released preganglionically in the neighbourhood of the cell's receptors, and, 
secondly, it might be enzyme destined to reach the cell's own axonal endings, by 
axonal flow. 

As to the inactivating action of MAO upon amine set free close to the nerve 
cells, little can be said about such a function at present. If a cell is "aminoceptive", 
it might require mechanisms of inactivation, provided there is amine uptake by the 
effector nerve celt, a possibility of which nothing is as yet known. 
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The other aspect of intra-ganglionic MAO is the provision of mitochondria to 
the nerve as a whole and particularly to its endings, by axonal flow. The present 
ideas on axonal transport have been ably summarized by DAHLSTROM (1971). 
Mitochondria are believed to travel at a rate inferior to that at which small 
particles, such as vesicles and endoplasmic reticulum, move down the axon, but 
faster than the rate of transport of soluble proteins (see KARLSSON and SJOSTRAND, 
1971). DAHLSTR6M (1972) has summarized her findings on MAO in ligated sciatic 
nerves of rats. There was an accumulation of enzymic activity in the proximal 
stump which differed in nerves with their sympathetic supply intact and those 
with the lumbar sympathetic removed. There was an accumulation of MAO 
activity determined both biochemically using 14C-tyramine as substrate and by the 
histochemical method of G L E ~ R  et al. (t957). The peak of activity, about 
2-21/2 times the normal activity, was reached 7 days after Iigation in the normal 
nerve, and 14 days after ligation in the sympathectomized nerve, indicative of a 
faster rate of flow of enzyme in the adrenergic neurones. There was also some 
accumulation, biochemically determined, in the distal stump of the nerve. BANKS 
and MAYOR (1972), using the hypogastric nerve of the guinea-pig and a tetrazolium 
technique, have demonstrated an accumulation of MAO on both ends of the 
ligated nerve 16 hrs after ligation. 

Ideas on the formation of mitochondria have profoundly changed in recent 
years. Not so long ago ROBERTSON (1961) was one of the proponents of the view 
that the mitochondria derived their membranes from the plasma membrane by 
infoldings of the latter. This view is no longer favoured; mitochondria are believed 
to arise from other mitochondria, usually close to the nucleus, although the possi- 
bility of some new formation of mitochondria in the periphery has not yet been 
fully excluded (see DAHLSTROM, 1972; BARONDES, 1966). 

In all this work on axonal transport of MAO two factors have so far not been 
fully elucidated, although both are mentioned in DAHLSTROM'S (1972) recent 
review. First, the characteristic location of MAO on the mitochondfion has to be 
taken into account. It is conceivable that a mitochondrion gets some of its outer 
cover, believed to be derived from endoplasmic elements, some way down the 
axon. These elements, we believe, also travel down the axon, but at a rate differing 
from that of the mitochondria. KREUTZBERG (1969) has recently studied the 
movement down the axon of the NADH tetrazolium reductase; these observations 
resemble in their results those on MAO just described. 

McLEAN and BURNSTOCK (1972) have recently studied the flow of MAO, in 
comparison to that of adrenaline, in the sympathetic fibres of the toad, Bufo 
marinus. Accumulation of adrenaline preceded that of MAO above a ligature, but 
in both instances the rate was somewhat less than in mammalian nerve. The main 
interest in their observations is in the fact that a considerable accumulation of 
MAO was seen, with the technique of GLENNER et al. (1959), at the distal stumps 
with a maximum of accumulation after four days, whereas the proximal MAO 
peak developed only after nine days. The cells of the normal 9th ganglion of the 
sympathetic chain of the toad also gave a strong MAO reaction. The authors 
discuss the possibility of induction of enzyme but this question cannot be solved 
until a mitochondrial count in these distal areas has been performed. 
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It might be mentioned that MCLEAN and BURNSTOCK (1972) noted an absence 
of MAO after ligation in animals in which the sympathetic chain had been re- 
moved. This could be used as an argument-and the authors point that o u t - i n  
favour of a specific association of MAO with adrenergic neurones. 

Secondly, in these studies the possibility of characteristic isoenzymes has not 
been taken into account. Since MAO is present in Schwann cells, some of the 
enzymic activity tested for in biochemical studies is stationary, and the discovery 
of substrates attacked at different rates by neuronal and satellite cell enzymes 
might help in the analysis of enzyme migration along the axon. No mention has 
as yet been made in this review of the interesting observation on differences in 
substrate specificity in the developing brain (SHIn and EIDUSON, 1971, 1973); the 
possibility that some of these isoenzymes may be extraneuronal, e.g. glial, is briefly 
referred to in a recent review of these observations (EIDUSON, 1972). 

As to the functional significance of MAO in invertebrate animals, there was 
ample evidence of the occurrence of biogenic amines in molluscs that has accumu- 
lated pari passu with the work on the presence of MAO. Similarly, much was 
known on the occurrence of amines in annelid worms before MAO was demon- 
strated in the earthworm (BLASCI~KO and HIMMS, 1953). More recently the enzyme 
has also been found to be present in Schistosoma mansoni (NIMMO-SMITH and 
RAISON, 1968). In echinoderms MAO was found in early experiments (BLASCHKO 
et al., 1937b; BLASCHKO and HOPE, 1957); it is now well known that biogenic 
amines occur in this phylum. In other words, there is good general agreement 
between the occurrence of MAO and amines in invertebrates. 

B. Amine Oxidases Related to MAO 

The catalysts that can be conveniently discussed under the heading MAO are by 
no means uniform; this has been fully set out in the preceding pages. We have to 
recognize that the terminology used may well be superseded in the future, for 
instance, when we have recognized the functional significance of the "dopamine 
oxidase" in mammals, the "'agmatine oxidase" in Blaberus, or the "histamine 
oxidase" in Eledone. 

In considering enzymes related to MAO we can say, first of all, that we consider 
an oxidase as related to MAO when it can be shown to be a flavin-containing 
amine oxidase. This is a criterion that has the disadvantage that it can only be 
applied when the enzyme has already undergone a considerable degree of purifi- 
cation. There is, however, one feature in which the substrates of the flavin type of 
amine oxidases have been found empirically to differ from the non.flavin oxidases 
to be discussed later in this review. This is the ability ol the flavin oxidases to 
attack secondary amines, an ability never found in enzymes that are not within the 
flavin group; in fact, in a number of instances this ability has had predictive value. 

The few enzymes of this group that have been systematically studied show a 
wide spectrum of substrate specificity. They illustrate the difficulties of nomen- 
clature of enzymes. The ability to act upon diamines and polyamines not oxidized 
by MAO is so common in this group that it seems nonsensical to extend the term 
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" M A O "  to cover a group of enzymes which includes many catalysts unable to 
act upon any monoamine. 

I. Microbial Enzymes Acting on Polyamines 

According to TABOR and TABOR (1964) the first report on oxidation of spermine 
and spermidine by preparations of Pseudomonas pyocyaneus (SILVERMAN and 
EVANS, 1944) was followed by observations made on Neisseria perflava (WEAVER 
and HERBST, 1958) and Serratia marcescens (BACHRACH, 1962), on the oxidation 
of spermidine; the Neisseria enzyme also acted on spermine. Both groups of 
authors noted that in the oxidation of spermidine, propane-l,3-diamine was one 
of the products of the enzymic reaction. In other words, the enzyme in each 
organism acted not on one of the terminal amino groups, but severed one of the 
internal C-N bonds of spermidine. BACHRACH (t962) also established the initial 
formation of 7-aminobutyraldehyde and formulated the reaction as follows: 

H2N" CH2- CH2. CH2. CH2- NH- CH2- CH 2 • CHz- CH2" NH2 + H20 + Oz 

Spermidine 

H2N" CHz" CH2" CH2- CHO +H2N- CH2- CH2" CH2" NH2+ H202 

y-Aminobutyraldehyde Propane-l,3-diamine 

The aminobutyraldehyde spontaneously cyclized, to give Al-pyrroline, thus: 

H2N.CH2 .CH2 .CH2 .CHO 

3'-aminobutyraldehyde 

A ~ -pyrroline 

More recently, TABOR and KELLOGG (t970) have reported more fully on the 
purification and properties of the Serratia oxidase (see also CAMPELLO et al., 1965). 
TABOR and KELLOGG have found that the Serratia oxidase is a particulate enzyme. 
It contains two cofactors. One of these is flavin adenine dinucleotide (FAD). 
This group can be readily removed by precipitation in ammonium sulphate at 
pH 4.5, and the enzyme protein can then be re-activated by adding FAD. The 
second cofactor is a heine, an iron-protoporphyrin IX. The enzyme has a very 
interesting substrate specificity, which is illustrated on Table 2. 

Of particular interest seems the fine discrimination between the two N-acetyl 
spermidines: the compound that has the acetyl group attached to the amino group 
on the three-carbon chain is rapidly oxidized, at about 2/a of the rate of spermidine, 
whereas the compound in which the acetyl group sits on the amino nitrogen 
attached to the four-carbon chain is not oxidized at all. In other words, this 
enzyme has most exacting specificity requirements, in which the polyamine 
character of the substrate is of prime importance. 
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Table 2. Relative rates of oxidation of polyamines by a preparation of Serratia marcescens. 
After TABOR and KELLO66 (1970) 

Substrate Relative rate 

Sperrnidine NHz(CHz)3NH(CH2)4NH 2 
Monoacetylspermidine B CH3CONH(CHz)aNH(CHz)4NI-I2 
N,N'-bis(3-aminopropyl)-l,3-propanediamine 

NHz(CH2)aNH(CHz)aNH(CH2)3NH2 
N-(3-aminopropyl)- 1,3-propanediamine NH2(CH2)aNH(CH2)aNH 2 
Spermine NH2(CH2)aNH(CH2)4NH(CH2)3NH2 
Monoaeetylspermidine A NH2(CH2)aNH(CHz)4NHCOCHa 

100 
60 
48 

36 
17 
0 

The rate of oxidation of spermidine is taken as 100; the rate with the other amines is in per cent 
of the rate with spermidine. 

Thus, the reaction catalysed by the Serratia oxidase severs one of the " in te rna l"  
C-N bonds of spermidine. Interestingly enough, this is true also for the Pseudo- 
monas sp. enzyme studied by PAD~tANABHAN and KIM (t965), but this enzyme, in 
contrast to the Serratia enzyme, does not lead to the formation of 1,3-diamino- 
propane, but to that of 1,4-diaminobutane (putrescine). In other words, these two 
oxidases cleave the two different bonds between the central nitrogen atom and the 
two adjoining polymethylene chains. The reaction catalysed by the Pseudomonas is: 

H2N(CH2)4NH(CHz)3NH2 + H20 + 02 

H2N(CH2)4NH2 + H2N(CHz)zCHO + H202 
Putrescine 3-Aminopropionaldehyde 

It seems worth mentioning here that two other enzymes active on amines have 
been described in Pseudomonas. The first of these catalyses the oxidative deamina- 
tion of dimethylamine or related secondary amines in Pseudomonas aminovorans 
(EADY et al., 1971). This is a mixed-function oxidase; it occurs in the organism 
when grown on media containing methylamine or similar compounds as sole 
source of carbon. The authors formulate the reaction equation thus: 

(CH3)2NH + + NAD(P)H + H + + 02 -~ CH3. NH~" + NAD(P) + + HCHO + H20 

The enzyme did act on dimethylamine and also on ethylmethylamine and diethyl- 
amine, but not  on spermidine. The enzyme contains ftavin and cytochrome of the 
P-420 type. In some ways it resembles the mammalian microsomal oxidases, but it 
is interesting that it contains flavin. 

The second enzyme, described by EADY and LARGE (1971) is a dehydrogenase 
present in Pseudomonas AMI, when grown on methylamine as the sole source of 
carbon. This enzyme, which acts on a number of primary amines, is believed by the 
authors to contain pyridoxal-5'-phosphate. 

2. Microbial Enzymes Acting on Aliphatic Diamines 

In 1965 YAMADA et al. (1965d, 1965e) described an enzyme in Microeoceus rubens 
that oxidized putrescine (1,4-diaminobutane). The purification and some of the 
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properties were more fully described by ADACHI et al. (1966). The Microcoecus 
rubens oxidase acted on putrescine and much more slowly on 1,5-diaminopentane 
(cadaverine) and on spermidine. Spermine was not a substrate, nor were any of 
the aliphatic mono-or diamines. The oxidation of spermidine yielded the same 
products as the Serratia marcescens enzyme. The enzyme contained FAD in 
readily detachable form. More recently, DE SA (1972) has produced a highly 
purified preparation of the Micrococcus rubens enzyme. He reports one mole of 
flavin per mole of enzyme (M.W. 88000) in his preparation. Addition of sub- 
strate under anaerobic conditions led to a loss of the yellow colour of the solution 
of pure enzyme; so did addition of sodium dithionite. The colour could subse- 
quently be restored by oxygenation. The enzyme was not inhibited by isoniazid, a 
typical DAO inhibitor, but was inhibited by hydroxylamine and by iproniazid. 
It was also inhibited by cyanide but not by other metal chelators. 

3. Microbial Oxidase Acting on Monoamines 

For the student of mammalian MAO a most interesting enzyme is the tyramine 
oxidase of Sarcina tutea described by YA~DA and his colleagues (YAM~a)A et al., 
1967b, c, d; KUMAGAI et al., 1968, 1969a, 197t). These authors have crystallized 
an enzyme that has a very restricted substrate specificity: of all the many com- 
pounds tested only two were oxidized: tyramine and dopamine, at very similar 
rates. The solution of the pure enzymes looked yellow, and the absorption spec- 
trum was very similar to that of FAD, with two peaks, at 368 and 466 nm. Adding 
tyramine to the solution of enzyme under anaerobic conditions caused a dis- 
appearance of the colour. Heat treatment of the enzyme caused the liberation of a 
yellow compound that behaved like FAD and replaced FAD as prosthetic group 
for D-amino acid apo-oxidase. The FAD content was 2 moles per mole of enzyme 
protein (MW of 129000). No significant metal content was found in the purified 
enzyme (KUMA~AI et al., 1969a). The enzyme was strongly inhibited by p-chloro- 
mercuribenzoate, and also by phenylhydrazine, but not by other carbonyl reagents. 

Dopamine, when oxidized by the Sareina enzyme, yielded tetrahydropapa- 
veroline. This condensation reaction between aldehyde and un-oxidized amine was 
already fully discussed over twenty years ago as a possible way by which an amine 
oxidase might be involved in the formation of alkaloids in plants (BLASCnKO, 
1952a); it has since been studied, using preparations of mammalian MAO, by 
HOLWZ and his colleagues (for review see Hogrz and PALM, 1966). 

4. Microbial and Mammalian Flavin Enzymes Compared 

There are many reasons why these microbial enzymes related to MAO are of great 
interest to the student of the mammalian enzymes. First of all, there is the interest- 
ing variety in substrate specificity of these enzymes. Some of these are acting on 
monoamines, similar to the mammalian MAO, others on the typical substrates of 
the mammalian diamine oxidase, and others again on potyamines like spermidine. 
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It has already been discussed that the Serratia enzyme nicely demonstrates the 
ability to cleave C-N bonds at a secondary amino nitrogen atom. It would be 
desirable to have information on the chemical nature of the Pseudomonas oxidase 
studied by PADMANABHAN and KIM (1965), which cleaves the other C-N bond at 
the same nitrogen atom of spermidine. The most important lesson that we can 
learn from the work on these enzymes is the variety of specificities imposed upon 
the enzyme, no doubt, by its protein. However, the fact that some of these enzymes 
accept as substrates secondary amines is a condition presumably imposed on the 
enzyme by the nature of its prosthetic group. 

The prosthetic group, where it is known, is FAD. This is also of interest 
because it indicates that the formation of the thio-ether link between the iso- 
alloxazine moiety of the FAD and the cysteinyl residue in the enzyme protein is a 
development that did not occur in these unicellular organisms. 

The occurrence of oxidases similar to MAO has also been reported in protozoa 
(HUNTER, 1957, 1959a, b, 1961; SHAmUA and BOURNE, 1964; JANAKIDEVI et al., 
1966; IWATA et al., 1971; IWATA and KARIYA, 1973). These enzymes occur in 
mitochondria-according to SnARMA and BOVR~ZE (1964) also in some other cell 
organelles. Their chemistry and function, hitherto entirely unexplored, would 
seem to represent a most promising field of study. 

Ill. Amine Oxidases Containing Copper and a Carbonyl Group 
(eyridoxal) 

The heading to this section calls for some comment. The presence of copper has 
been firmly established in quite a number of these enzymes, in others it is only 
inferred. The presence of a carbonyl group is a firmly established fact, mainly on 
the basis of studies of inhibitors of these enzymes. That this carbonyl group is 
located in pyridoxal, rests on evidence that is fairly satisfactory in some instances 
but could be improved in others. Pyridoxal-5-phosphate was first discovered as the 
prosthetic group of the amino-acid decarboxylases, and it is well to remember that 
even in this family of apparently closely related enzymes there is at least one in 
which no pyridoxal is present at all but where the carbonyl group is sited in a 
pyruvyt residue of the enzyme protein. This is the L-histidine decarboxylase of 
Lactobacillus 30a (RILEY and SNELL, 1970). It is therefore advisable, for the time 
being, to leave the "pyridoxal" in brackets. 

Much of the work carried out on one enzyme of this group depended on 
progress made in the study of another. The enzymes are therefore discussed 
together. From the chemical point of view, all the copper-containing amine 
oxidases resemble each other closely in their mode of action, and they share many 
substrates. On the other hand, their physiological significance is more diverse and 
much less obvious than that of MAO. A case apart is that of the newly discovered 
amine oxidase(s) of connective tissue. Here it is the study of enzyme chemistry that 
is still in its beginnings, whereas the physiological significance is obvious. This 
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makes it convenient to discuss these connective tissue enzymes separately (in 
Section V), although they doubtless belong to the same group. 

Diamine oxidase (DAO), the histaminase of BEST and MCHENRY (1930), can be 
considered as the "type specimen" for the whole group. In addition, there are the 
mammalian plasma oxidases, for which the terms spermine oxidase and benzyl- 
amine oxidase have become established. The plasma enzymes have become 
important for the study of the whole group, as they were the first members of it 
that were fully purified and crystallized. Furthermore, there are some microbial 
oxidases, and also the plant amine oxidases about which a considerable amount of 
information has accumulated. Lastly, there is good reason for the belief that the 
amine oxidase(s) of both elastic and collagen tissue belong to this group. 

In this review the term "histaminase" will be avoided, except where the 
activity of an enzyme on histamine is referred to. We have already discussed the 
"histaminase" activity of some preparations of MAO from vertebrate and ce- 
phalopod sources. Several enzymes of the group to be discussed here catalyse the 
oxidative deamination of histamine in vitro and we do not as yet know if they 
function as histaminases also in the intact tissue. 

A. Purification and Properties of Copper-Containing Amine Oxidases, in Relation 
to the Enzyme-Substrate Interaction 

Until about t2 years ago, the purification of the enzymes of this group progressed 
slowly. The first significant success was that of MANN (1961) who achieved a 
considerable purification of the amine oxidase present in pea seedlings. He was the 
first to discover that solutions of the highly purified enzyme looked pink, with an 
absorption peak near 500 nm. The colour disappeared when either putrescine or 
sodium dithionite were added but reappeared upon oxygenation. Metal chelators 
inhibited the pea seedling enzyme, and MANN (1961; see also HILL and MANN, 
1962, 1964) succeeded, by treatment of the purified enzyme with sodium diethyldi- 
thiocarbamate to obtain a protein that was catalytically inactive after removal of 
the chelating agent but could be reactivated by adding cupric copper. 

These discoveries were overshadowed by the successful crystallization of the 
spermine oxidase of bovine blood plasma (YAMADA and YASt~OBU, 1962a, b), 
followed by the crystallization of the benzylamine oxidase of pig plasma (Bu~oNI 
and BLASCHKO, 1964). Solutions of both enzymes were pink, with absorption peaks 
at 480 nm for the bovine and 470 nm for the pig plasma enzymes respectively. 
Here again the colour was discharged upon adding either benzylamine or sodium 
dithionite; it reappeared upon oxygenation. Copper was found to be a constituent 
of both enzymes, and the successful reactivation (by adding cupric copper) of the 
apoenzyme prepared by dialysis against diethyldithiocarbamate, the method 
already employed by MANN, was confirmed (YAMAOA and YASUNOBU, 1962a). 
BUFFONI et al. (1968) report a copper content of 2-3 atoms Cu/mole of protein for 
the pig plasma enzyme, as determined by chemical methods and a content of 
1.9-2.2 atoms Cu/mole of protein as determined by electron spin resonance. 
According to BU~ONI and DELLA CORTE (1972), the crystals of benzylamine 
oxidase lose copper during storage in ammonium sulphate solution. 
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The molecular weight of spermine oxidase is about 255000, that of benzyl- 
amine oxidase about 195000. 

Solutions of the crystalline preparations of the DAO of pig kidney (YA~oA 
et al., 1967a) had an absorption peak at 470 nm; the pink colour was discharged 
by putrescine or by sodium dithionite. The molecular weight was determined to 
be 185000. MONOOVI et al. (1967b) found in a highly purified preparation of the 
pig kidney enzyme that the copper content was 11-12mg moles/rag protein. 
They determined the molecular weight as between 119500 and 135000 (assuming 
a partial specific volume of 0.723, as compared with a value of 0.750 used by 
YAMADA et al. (1967a) in their calculations). 

Another of these pink amine oxidases occurs in a fungus, Aspergillus niger, 
when grown on a medium in which amines like n-butylamine represent the sole 
source of carbon. This enzyme was purified and crystallized by Y~ADA et al. 
(1965a); it had a molecular weight of 252000, and its copper content of I g-atom 
of Cu per 83000 g of protein, was three atoms of Cu per molecule (YAMADA et al., 
1965b, c). The pink colour was lost upon adding amine substrate or sodium 
dithionite and restored on oxygenation. Diethyldithiocarbamate removed the 
copper; the activity of the residual protein could be restored by adding cupric 
sulphate. 

In summary, it can be said that the copper content and the spectral properties 
of these oxidases are well establised. The presence of copper is responsible for the 
fact that copper chelators act as inhibitors of the enzymes. 

There is another group of inhibitors for this group of oxidases: carbonyl 
reagents. The inhibitory action of this group of compounds made ZELLER suspect 
at an early stage that the active centre of DAO contained a carbonyl group. 
Later on WERLE and VAN PECHMANN (1949) suggested that this group was located 
in pyridoxal phosphate. The older references are fully reviewed by KAPELLER- 
ADLER (1970). 

The pioneer work by GORYACHENKOVA and ERSHOVA (quoted from GORYA- 
CrtENKOVA et al., 1968) on the vitamin B6 activity of hydrolysates of fairly highly 
purified preparations of the DAO of pig kidney, in which only traces of activity 
were found, was followed by observations on the crystals of pig plasma benzyl- 
amine oxidase (BLAsCIJr~O and BtJFrONI, 1965) in which hydrolysis by acid yielded 
low-molecular-weight products that activated the L-tyrosine apodecarboxylase of 
Streptoeoccusfaecalis R; a higher degree of reactivation was obtained when ATP 
was added to the incubates and the bacterial preparation was not washed to 
remove the enzyme required for phosphorylation of pyridoxal. These observations 
indicated that in the hydrolysis procedure some of the pyridoxal-5-phosphate was 
hydrolysed. 

Similar experiments were carried out by MONDOVI et al. (1967a) who hydro- 
lysed their highly purified pig kidney DAO preparation and found that a product 
obtained in presence of both diethyldithiocarbamate and phenylhydrazine acti- 
vated the apoenzyme of aspartate aminotransferase. They calculated that the 
pyridoxal phosphate content of the enzyme was one mole of pyridoxal phosphate 
for one atom of Cu, or one mole per unit of 90000 molecular weight. 

The spectroscopic evidence has led other observers to suggest that the prosthetic 
group of the pink amine oxidases contains pyridoxal-5-phosphate. However, 
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WATANABE et al. (1972) do not think that the identity of the chromophore group 
with pyridoxal-5-phosphate is fully established. BUFFONI and DELLA CORTE (1972) 
have proposed that pyridoxal is held in covalent linkage to the enzyme protein; 
such a link may be responsible for the great difficulty in detaching a low-molecular- 
weight component. 

A novel method was initiated by BUFFONI (1968) in the study of pig plasma 
benzylamine oxidase, and this method was again used by KUMAGAI et al. (1969b) 
for pig kidney DAO. Both groups incubated solutions of crystalline enzyme with 
14C-labelled histamine under anaerobic conditions. The incubate was, still in the 
absence of oxygen, reduced with sodium borohydride. The protein that was then 
removed from the incubation mixture was radioactive. It was hydrolysed, and the 
radioactive hydrolysis product was compared by electrophoresis with synthetic 
14C-labelled pyridoxylhistamine; the hydrolysis product and the synthetic com- 
pound migrated to the same position on electrophoresis. 

As to the mechanism of the enzyme reaction, WERLE and YON PECHMANN 
(1949) suggested that the interaction between oxidase and amine substrate involved 
the formation of an imino bond between the amino groups of the substrate and the 
carbonyl group of pyridoxal-5-phosphate. This was followed by a cleavage, 
leaving aldehyde and the pyridoxal groups as pyfidoxamine phosphate. This 
internal transamination was followed by an oxidative deamination of the pyridox- 
amine form of the enzyme to the pyridoxal form. The original suggestion, that a 
flavin moiety was responsible for the oxidative step, has not been borne out in 
subsequent work, since no flavin has been found in the fully purified oxidases of 
this group. However, the role of the copper in the reaction is still under active 
discussion (HAMILTON, 1968; MONDOW et al., 1969; TAYLOR et al., 1972; BUFFONI 
et al., 1972). 

WERLE and VON PECHMANN'S suggestion of the initial reaction mechanism of 
the copper-containing oxidases is supported by observations on the Aspergillus 
oxidase (YAMADA et at., 1972). Titration of the enzyme with phenylhydrazine 
suggests that there are two carbonyl groups per mole of enzyme; this conclusion 
is based on the appearance of a sharp band with a peak at 442.5 nm when phenyl- 
hydrazine is added, with a change of the colour from pink to yellow (a similar peak 
has been reported for the other copper amine oxidases studied). Equally, when 
substrate (n-butylamine) was added under anaerobic conditions, full bleaching of 
the Aspergillus enzyme was seen when two moles of amine per mole of enzyme 
were added. Neither ammonia nor hydrogen peroxide were formed in the absence 
of oxygen. 

Since the pig kidney enzyme does not contain flavin, copper has been impli- 
cated in the oxidative deamination of the pyridoxamine phosphate formed in the 
first stage of the enzymic reaction (see MONDOVI, 1972). 

It should be emphasized that there are some differences in the reports from 
different observers on the amounts of copper and pyridoxal phosphate present. 
LINDSTROM and PETTERSSON (1973) have recently titrated the carbonyl groups in 
pig plasma benzylamine oxidase, using phenylhydrazine. Under these conditions 
they confirm earlier observations on the spectral changes that occur, but they 
report that these changes were completed when 1 mole of phenylhydrazine had 
reacted with one mole of enzyme. On the other hand, the copper content of the 
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enzyme was determined as 2.5-2.7 moles of Cu per mole of protein. This is at 
variance with the ratio of 1 : 1 for copper and pyridoxal reported by MONDOVI et al. 
(1967a) with DAO of pig kidney. 

MONDOVl et al. (1969) have reported that some reduction of the copper in 
DAO occurs upon the addition of substrate; these changes are reversed upon 
oxygenation. 

For the role of copper see also BUFFONI (1968); LINDSTROM, OLSSON and 
PETTERSSON (1973, 1974); FINAZZI-AGRO et al. (1969); COSTA et al. (1971); YAMA- 
SAKI et al. (1970). 

B. Substrate Specificity of Amine Oxidases Containing Copper and a Carbonyl 
Group 

We distinguish in this group of enzymes specificity requirements imposed by the 
nature of the prosthetic group from those accounted for by the chemical properties 
of the enzyme proteins. 

One characteristic property distinguishes all the oxidases of the copper group 
from the flavin oxidases: the copper enzymes will accept only primary amines as 
substrates. Early work on MAO centred around the ability of the enzyme to act 
upon adrenaline, a secondary amine (BLASCHKO et al., 1937a, b). The enzymes of 
the copper group which act upon histamine do not oxidize co-N-methyl histamine 
(KAVELL~R-A3LrR and I6Go, 1957; BtrVFONI, 1966). In contrast, we have already 
discussed that the MAO present in the renal appendages of Eledone cirrhosa, which 
oxidizes histamine, acts also upon co-N-methyl histamine (BoADLE, 1969). Inhibitor 
studies show that the Eledone enzyme is of the flavin type. We see in the restricted 
substrate specificity of the copper enzymes a requirement accounted for by the 
nature of the prosthetic group: the interaction between substrate and enzyme 
involves the formation of a bond between the amino group of the substrate and the 
carbonyl group of the enzyme, situated presumably in pyridoxal-5-phosphate 
(BLASCHKO and BOADLE, 1968). The interaction results in the formation of a 
Schiff's base, thus: 

R .  CHO + H2N • CH2. R 1-* R .  CH: N.  CH2 R1 

where R stands for pyridoxal phosphate and R 1 for part of the substrate. 
If we t ra~  what is known of the amines that are attacked by enzymes belonging 

to the group of copper-containing catalysts, we see that this general rule is obeyed. 
The contrast between flavin enzymes and copper-pyridoxal oxidases becomes 
particularly clear when the oxidation of polyamines like spermine or spermidine is 
considered. The flavin group contains enzymes, already discussed, that act on 
these compounds: they cleave internal C-N bonds in the polyamine molecule. 
In other words, they attack the substrate at a secondary amino group. On the other 
hand, the copper enzyme active on spermine and spermidine, the spermine oxidase 
of bovine plasma, oxidizes the polyamines at one of the terminal, primary, amino 
groups. This was not known in 1962, when the mammalian plasma oxidases were 
first reviewed (BLASCHKO, 1962). An ad hoc hypothesis was proposed to account 
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for the action of spermine oxidase on spermine, a reaction in which spermidine 
was then believed to be one of the primary reaction products. This hypothesis 
became unnecessary when TABOR et al. (1964) repeated earlier experiments, but 
using more highly purified enzyme preparations, and demonstrated that spermidine 
was not the first product of the oxidative deamination of spermine by the bovine 
plasma enzyme. With both spermine and spermidine as substrates the primary 
oxidation products were the terminal aldehydes; these unstable compounds were 
characterized after reduction with sodium borohydride to the corresponding 
alcohols. The product of oxidation of spermine was a dialdehyde, that of spermi- 
dine a monoaldehyde. The reactions equation were formulated as follows: 

NH2(CHz)3NH(CHz)4NH(CHz)zNH2 + 2 02 + 2 UzO ---r 

Spermine 

He(: O). (CHz)2NH(CHz)4NH(CHz)zCHO + 2 NUa + 2 H2Oz 

NH2(CH2)3NH(CH2)4NH2 + 02 + H20 --* 

Spermidine 

HC(: O). (CH2)zNH(CH2)4NH2 + NH3 + H2Oz 

Thus, the bovine spermine oxidase obeys the general rule; it acts exclusively on 
terminal, primary, amino groups. 

The inability to act on secondary amines is shared by all oxidases of this group. 
For example, the crystalline preparation of amine oxidase of Aspergillus niger will 
oxidize noradrenaline, but it is without action on adrenaline (YaMADA et al., 
t965b). Similarly, it is known that the plasma oxidases, both spermine and benzyl- 
amine oxidase, will not act on the N-methylated derivatives of benzylamine, 
fl-phenylethylamine and 7-phenylpropylamine, whereas the primary amines are 
readily attacked (BLASCm¢O, 1960). Also the amine oxidase of pea seedlings acts 
upon benzylamine and fi-phenylethylamine, but not on N-methylbenzylamine or 
fl-phenylethylmethylamine (HILL and MANN, 1964). The plant enzyme also acts 
upon noradrenaline but not on adrenaline (WERLE et al., 1961). 

It should be mentioned here that there exists one report on an oxidase that 
seems to be not in agreement with the general rule: ADhere and Ya~t)A (1970) 
have studied the amine oxidase of a fungus, Fusarium culmorum. The mycelia of 
this fungus, grown on a medium containing n-butylamine, yielded an enzyme that 
was purified about 6000 times. The enzymes was inhibited by copper chelators and 
by carbonyl reagents; however, it was also strongly inhibited by iproniazid, a 
typical MAO inhibitor. This preparation oxidized methylbenzylamine more 
rapidly than benzylamine. More observations on this enzyme must be made until 
its classification can be considered as secure. 

The specificity rules that rest on the interaction between prosthetic groups and 
substrates are common to all enzymes of this group. On the other hand in their 
substrate specificity, inasfar as the latter is determined by the interaction between 
substrate and enzyme protein, the copper-containing oxidases display a variety as 
wide as that found among the flavin oxidases. 

The mammalian DAO is a much studied member of this group. It was first 
described as histaminase, and very probably histamine is an important substrate 



The Natural History of Amine Oxidases 117 

of the enzyme in vivo. The pig kidney has served as a source of enzyme in many 
studies, but there is also work on the placenta enzyme, and recently studies have 
been made of the histamine of rabbit liver (ARaENTO-CERO et al., 1973a, b). 

Observations on the relative rates of oxidation of histamine and cadaverine at 
different values of pH led to the conclusion that it was the di-cationic form of 
histamine that was accepted as the substrate of the pig kidney enzyme. This 
suggestion has recently received support in observations carried out on more 
highly purified preparations of the enzyme (BARDSLEY et al., 1970). 

It is not intended here to give a full review of the work on the substrate specifi- 
city of DAO. ZELL~R'S contribution to this topic has been repeatedly reviewed 
(for references see ZELLER, 1972). A full discussion of DAO is found in BurroNi's 
(1966) review. 

The main outcome of this work is that the mode of attachment of the two 
amino groups to the enzyme is different. One amino group attaches itself to the 
prosthetic group; this is the primary amino group that is recovered in the oxidation 
reaction. The other amino group is attached, presumably by ionic bonds, to the 
enzyme protein. This second group needs not to be a primary amino group. An 
important substrate in which the second basic group is not an amino group, is 
histamine. Another interesting example has recently been given by BARDSLEY et al. 
(1972), who have shown that p-dimethylaminomethylbenzylamine is rapidly 
oxidized by DAO. 

CH3 
N-CH2 CH2. ~NH~ 

CH3 

On the other hand, p-dimethylaminobenzylamine is not significantly attacked 
(BARDSLEY et al., 1973). 

/ N  '-~ ~-  CH2. NH2 
CH3 

In this latter compound the dimethyl amino group directly attached to the 
aromatic ring is presumably not protonated at the pH used in these studies. Incident- 
ally, the work of BARDSLEY and his colleagues has corrected some earlier obser- 
vations according to which p-xylylenediamine was not a substrate of the pig kidney 
oxidase (BLASCHKO and CHRUSCIEL, 1959). 

DAO takes its name from the fact that it acts upon short-chain aliphatic 
diamines like putrescine and cadaverine. On the other hand, the monoamines are 
either not oxidized at all or only at extremely high concentrations. The pea seedling 
oxidase shares with DAO the ability to act on these diamines, but its action on the 
aliphatic monoamines is not negligible. Also, the pea seedling oxidase acts upon 
the polyamines, spermine and spermidine, substances not significantly acted upon 
by the pig kidney oxidase. Another plant oxidase of the same group, that of barley 
and maize seedlings, acts exclusively upon spermine, less on spermidine or 3,3'- 
diaminodipropylamine, but not on the aliphatic amines (SMITH, 1970). 
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At the other end of the range we find the amine oxidase of Aspergillus niger 
(YAMADA et al., t965 b); this is an adaptive enzyme found in mycelia grown in the 
prescence of n-butylamine. The oxidase acts rapidly only on aliphatic mono- 
amines, very slowly on diamines and not at all on spermine or spermidine. (In a 
preliminary publication YAMADA et al., 1965e noted a somewhat stronger activity 
on the short-chain diamines when the oxidase was prepared from mycelia grown 
in the presence of putrescine as source of carbon, but this interesting observation 
has not been followed up any further.) 

The amine oxidases of mammalian plasma exhibit characteristic substrate 
specificities. The specificity pattern differs from species to species, but some 
general properties are obvious. There is, first of all, the difference between spermine 
oxidase and benzylamine oxidase. It has already been discussed (BLASCHKO, 1962; 
BLASCHKO and BONN~Y, 1962) that the spermine oxidase is restricted to the 
ruminants and tylopods, and a few other animals, viz. the hippopotamus and the 
hyracoidea. The biochemical relationship between the hippopotamus and the 
ruminants has recently been strengthened by the finding that the hippopotamus 
differs from the pig in the presence of arginine-vasopressin in the posterior lobe of 
its pituitary gland (UTTENTHAL and HOVE, 1972). 

As to the amine oxidase activity of the plasma enzymes they share with MAO 
the ability to act on aliphatic monoamines and the long-chain diamines; the short- 
chain diamines are either not acted upon at all or only very poorly. Apart from 
these general properties, there are many minor species differences. The crystalli- 
zation of the pig plasma enzyme was embarked upon because in this species the 
oxidase rapidly attacks two amines of great pharmacological interest: mescaline 
and histamine. Among the animals that contain spermine oxidase, the llama is 
characterized by the aNtity to act on mescaline. In some other species mescaline 
and histamine are not oxidized at a significant rate. 

The lesson to be learnt from the substrate specificity of the enzymes of the 
copper-pyridoxal group reinforces what emerged from the study of the flavin 
enzymes: substrate specificity, inasfar as it is based upon the interaction between 
substrate and enzyme protein, varies from enzyme to enzyme. The protein of the 
diamine oxidases has probably a negatively charged group that interacts with the 
second basic group in the substrate molecule; this second basic group may be 
another primary amino group, but it can also be substituted, as in a methylamino 
or dimethylamino group, or it may be located in an imidazole ring. On the other 
hand, the monoamine oxidases among these enzymes lack such an anionic group; 
here the enzyme protein presumably interacts with the monoamine substrate in an 
entirely hydrophobic region. It has been repeatedly emphasized that such a hydro- 
phobic region is also present in DAO, interposed between the pyridoxal group and 
the anionic group; this has already been referred to. 

A recent observation on benzylamine oxidase should be mentioned: TAYLOR 
et al. (1972) have found that the benzylamine oxidase of pig plasma also acts upon 
benzyl alcohol. It remains to be seen if this ability to act upon alcohols is a general 
property of this class of oxidases. The ability of the enzyme to accept an alcohol as 
substrate is reminiscent of the slow action of D-amino-acid oxidase on D-c~- 
hydroxy acids (for references see YAGI et al., 1969). 
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C. Functional Significance of Copper-Containing Amine Oxidases 

DAO was first described as histaminase. We have seen that histaminase activity is 
a property of several enzymes, and experiments already referred to (BERTACClNI, 
1961 ; BOADLE, 1969), show that in molluscs a flavin-containing histaminase is at 
work in vivo. 

The question as to the significance of DAO is closely bound up with the 
problem, as yet unresolved, of the physiological r61e of histamine. A strong case in 
favour of a role of histamine, particularly in tissue growth and repair, has been 
presented by KAHLSON and ROSENGREN (1971). This is based chiefly on the study 
of the "histamine-forming capacity" of animal tissues. This attractive case still 
awaits definitive confirmation. Since the publication of KAHLSON and ROSENGREN'S 
monograph there have been observations on the histamine-H2 receptors. The 
finding by BLAC~ et al. (1972) of an inhibition of gastric secretion, both penta- 
gastrin-induced and food-induced, by burimamide strongly supports the thesis 
that histamine has a physiological r61e in gastric secretion. 

DAO is a factor that determines the magnitude of the response of excitable 
tissues to histamine. This was shown by ARUNLAKSHANA et al. (1954), who descri- 
bed the potentiation of the effect of histamine by DAO inhibitors, in isolated 
organs as well as upon the cat's blood pressure. The inhibitors studied included 
several carbonyl reagents, such as semicarbazide or aminoguanidine, but also 
cadaverine, a substrate of DAO that interferes competitively with the inactivation 
of histamine. On the guinea-pig's ileum, the response to histamine was found to be 
potentiated by the picolylamines (BLASCHKO and KURZEPA, 1962), substances that 
were poor substrates, but moderately strong inhibitors, of DAO. On the other 
hand, the N-methylated derivative of 4-picolylamine had a low affinity for the 
enzyme, and it did not show the characteristic potentiating effect of the primary 
amines. Thus, DAO is a limiting factor in the response to histamine. 

The full significance of DAO in vertebrates is far from clear. It might be 
mentioned here that high DAO activity has been demonstrated in the brains of 
several teleost fishes (BURKARD et al., 1963); in the mammalian brain such activity 
appears to be absent. 

Oxidative deamination is not the only reaction in which histamine loses its 
biological activity. Two other types of reaction have been described: N-acetylation 
and N-methylation. All these reactions have been discussed by KAHLSON and 
ROSENGI~N (1971). The primary product of the methylation reaction is 1,4-methyl- 
histamine. This compound is further metabolised, by amine oxidases, MAO as 
well as DAO (LINDELL and WESTLIN6, 1957), and it is also a substrate of the two 
plasma oxidases, spermine oxidase and benzylamine oxidase (BLASCm(O, 1959). 
In the intact organism, MAO seems to be the main catalyst that metabolizes 1,4- 
methylhistamine (see SCHAVER, 1959; ELIASSEN, 1973). 

Whereas 1,4-methylhistamine is pharmacologically relatively inert as a hist- 
amine-like agent, the o~-N-methyl derivative has long been known to be highly 
active. It is important to note that this compound, as a secondary amine, may be 
more active because it is not a substrate of the copper-containing amine oxidases. 
On the other hand, it is a substrate of the molluscan histaminase which is a flavin 
enzyme (BOADLE, 1969). 
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The part played by the plasma oxidases in the biological inactivation of 
histamine is still uncertain. In some species, e.g. the pig, the histaminase activity 
is readily demonstrated, in others, e.g. in man (McEwEN, 1972), it is not very 
prominent. It is possible, therefore, that the contribution of the plasma oxidases 
to the biological inactivation of histamine depends on the species. Also, there are 
species where different individuals have very different enzymic activities. For 
instance, in dog plasma one finds great individual variations in the rate of oxidation 
of histamine (BLASCn~O, 1959). 

KAHLSON and ROSENGREN (1971) have fully discussed the conditions in which 
histaminase activity appears in the blood and tissue fluids. The earliest report is 
that of the appearance of histaminase activity in pregnant women. It seems likely 
that the placenta is the source of this enzyme. (For a recent study of the human 
placenta oxidase see PAOLUCCI et al., 1971.) 

Another appearance of a soluble histaminase was reported from KAHLSON'S 
laboratory over 20 years ago. CARLSTWN (1950) described the release of histaminase 
into the thoracic duct lymph of the cat after adrenalectomy. This release of enzyme 
was inhibited by cortisone. More recently, SCHMUTZLn~ et al. (1966b) have studied 
the release of a histaminase during anaphylactic shock in the guinea-pig (see also 
CODE et al., 1961). SCHMUTZLER et al. (1966b) have shown that the liver is the 
source of this enzyme. The release appears to be mediated by heparin, a substance 
that has a powerful releasing effect on the histaminase, not only in the guinea-pig 
(Scn~rOTZLER et al., 1966a) but also in many other vertebrate species (HANSSON 
and TnYSELL, 1968). The enzyme active under these conditions has diamine 
oxidase activity; it acts upon putrescine (see also DAHLB~CK et al., 1968), but in a 
study of the portal vein blood of the guinea-pig (ScHMUTZLER and KNOP, 1968) 
not only histamine and diamines were oxidized but also some monoamines, and 
some polyamines. The possibility can therefore not be excluded that a number of 
soluble oxidases, normally intracellular, are mobilized by heparin. This is a possi- 
bility that has gained fresh interest in view of the work on connective tissue 
oxidases to be discussed later in Section V. 

The diamine and polyamine oxidase activities of many mammalian oxidases of 
the copper group were until recently of little interest. This situation has changed in 
recent years, because more has been learnt of the occurrence of the substrates of 
these enzymes in animal tissue. 

Polyamine biosynthesis was first studied in microorganisms (see BACHRACU, 
1970) but it is now known that similar reactions occur in animal tissues (RAINA, 
t963). The amine precursor of the polyamines is 1,4-diaminobutane (putrescine). 
This compound is transformed to spermidine by the addition of o n e - C - C - C - N  
moiety, and to spermine by the addition of a second such group. Putrescine itself 
is the product of the reaction catalysed by the enzyme L-ornithine decarboxylase 
(PEGG and WILLIAMS-ASHMAN, 1968 a). Thus, putrescine, an excellent substrate of 
DAO, is a normal metabolite in the animal body. Moreover, putrescine stimulates 
the activity of S-adenosylmethionine decarboxylase, the enzyme responsible for 
providing the propylamino residue required for spermidine synthesis from putres- 
cine (PEGG and WILLIAMS-ASHMAN, 1968b; see also HANNONEN et al., 1972b). 

Since putrescine arises as an intermediate of polyamine biosynthesis, the acti- 
vity of the amine oxidases on these two polyamines deserves a more detailed 
scrutiny than it has received in the past. When this field was last reviewed (BLASCH- 
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KO, 1962) it was pointed out that it was probable that the source of polyamine was 
within the animal body; this has now been amply confirmed (RAmA, 1963; HAN- 
NON~N et al., 1972a). As to the degradation of spermine and spermidine, nothing 
essentially new has been added to the observations then discussed. It seems likely 
that some degradation of the two polyamines occurs also in the tissues of those 
animals in which no plasma spermine oxidase is present (see RAINA, 1963), but the 
nature of catalyst involved is unknown. As to the physiological function of 
spermine oxidase, the proposition was put forward that the very high activity of 
the plasma oxidase against the polyamines was evolved in those animals in which a 
large amount of polyamine was released from the decaying micro-organisms of the 
gastro-intestinaI tract. A typical spermine oxidase activity has only been observed 
in those animals in which special and characteristic compartments for the fermen- 
tation of cellulose have been evolved. These animals include all ruminants and 
tylopods, the hippopotamus and the hyracoidea. No new observations to support 
or refute this idea have been adduced since this problem was discussed (BLASCHKO, 
1962). 

It might be recorded here that the mucosa of the rumen also contains MAO 
(ScHuLZ, 1963). 

The functional significance of the plasma amine oxidases must still be con- 
sidered as obscure. It seems worthwhile pointing out that dopamine is an excellent 
substrate of these enzymes (DELLA CORTE and PERRINO, 1968; McEWEN, 1965; 
1972). One of the interesting properties of the plasma oxidases is that in many 
species they make their appearance rather late during postnatal development 
(BLASCHKO and HAWES, 1959; BLASCHKO and BON~qEV, 1962). This property is of 
interest in relation to the connective tissue oxidase(s), to be discussed below: if the 
plasma enzymes are a product of the degradation or secretion of the cells of the 
connective tissue, one could understand that they are not released when the 
formation of new collagen and elastic fibres is at its maximum. 

It was the relationship between copper and plasma amine oxidase activity 
which led to the study ot' benzylamine oxidase activity in copper-deficient pigs. 
It was found that in the deficient animals the enzymic activity was absent or almost 
absent (BLASCHKO et at., 1965). When copper was added to the diet, activity 
appeared in the plasma. 

A full discussion of the significance of the copper-containing oxidases in plants 
is outside the scope of this review. Since the publication of the comprehensive 
article by SMITH (1971) there has been a report on the occurrence of sym-homo- 
spermidine, H2N(CHz)4NH - (CHz)4NH2, in sandal (Santalum album L.) (KUTTAN 
and R-ADHAKRISHNAN, 19'72). SMITH (1971) discusses some of the ideas on the 
participation of amine oxidase in alkaloid biosynthesis. Over twenty years ago, the 
author pointed out that the occurrence, side by side, of amine and aldehyde might 
be of relevance in the formation of tetrahydropapaverine (BLASCHKO, 1952a). The 
possibility that tetrahydropapaveroline or related compounds may occur in animal 
tissues, especially after medication with massive doses of L-dopa, is still under 
discussion (see HOLTZ et al., 1964; HOLTZ and PALM, 1966; SANDLER, 1972). 

The rise of amine oxidase activity in germinating plants has been noted for a 
long time (see SMITH, 1971). It is of interest that this rise is paralleled by a rise in 
histamine-forming capacity (KAHLSON and ROSENGREN, 1971). 
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IV. Transformation 

During the past decade, a number of papers from GORKIN'S laboratory have 
appeared in which the transformation of amine oxidases has been described (for 
references see GORKIN, 1972). These experiments have been carried out on pre- 
parations of enzymes of both groups, those containing flavin as well as those 
containing copper and-presumably-pyridoxal phosphate. Two flavin-containing 
oxidases were studied: mitochondrial MAO and the tyramine oxidase of Sarcina 
lutea. Treatment with oxidizing agents reduced the ability of the preparations to 
act upon tyramine. The beef liver mitochondrial preparation acquired upon treat- 
ment with oxidizing agents an ability to act upon cadaverine, histamine, sper- 
midine and lysine. Similarly, the Sarcina lutea preparation acquired the ability to 
act on lysine, putrescine and spermine. 

Also, preparations of pig kidney DAO were treated with reducing agents. 
Under these conditions their ability to act on putrescine was reduced whereas they 
acquired the ability to act on tyramine. 

GORKIN has suggested that these phenomena are related to an interaction of the 
"transforming" agents with sulphydryl groups: oxidizing agents convert-SH 
groups present into-S-S-bridges; reducing agents re-establish-SH groups originally 
present. Conversely, the reducing agents increase the number of -SH groups 
present in the pig kidney oxidase; this increase is counteracted by treatment with 
o-iodosobenzoate. 

A confirmation of GORKIN'S earlier observation on the shift of the relative 
rates of oxidation of nitrophenylethylamine derivatives by mitochondrial MAO 
under the influence of oxidizing and reducing agents has recently been reported by 
ZELLER (1973). 

A satisfactory interpretation of these observations will presumably have to 
await a full understanding of the structure of the amine oxidases. However, in the 
light of what has been learnt from the study of the specificity of the enzymes 
involved, we can say that it appears that the reagents used may cover or uncover 
groups in the active centres of the enzymes studied. For instance, the idea proposed 
by ZELLER and discussed above, is that DAO contains an anionic group that 
interacts with the second basic group present in the diamine substrate. Possibly, 
when access to this group is prevented, the relative rate of oxidation is shifted in 
favour of monoamines, and their attachment to the enzyme protein may even be 
facilitated, Conversely, one might have to postulate that the treatment of the 
flavin-containing enzymes with oxidizing agents unmasks in the mitochondrial 
MAO and in the Sarcina oxidase a charged group able to interact with the second 
basic group present in the diamines. 

It is more difficult to account for some of the other observations described. 
For instance, ST~SINh et al. (1971) have reported that a purified preparation of pig 
kidney DAO, treated with H2S , had not only a decreased ability to oxidize diamines 
or histamine but had also acquired the ability to act upon N-methyl-fl-phenyl- 
ethylamine. Since it is believed that the inability of DAO to act on the secondary 
amines is due to the properties of the carbonyl group in the active centre, one would 
have to postulate that the enzyme has changed its cofactor. The use of fully 
purified enzyme would exclude such a possibility. 
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According to GORKIN, the treatment of MAO preparations also alters inhibitor 
specificity. These observations are of interest in relation to earlier reports, accord- 
ing to which the MAO of frog's liver acquires sensitivity to semicarbazide upon 
exposure to oxygen, especially at 37°C (SMITH, 1960). In discussing his obser- 
vations, S~,m'n concluded that semicarbazide inhibition was "dependent upon the 
prior oxidation of some sulphydryl groups of the enzyme". In his experiments the 
semicarbazide inhibition was non-competitive. 

It might be mentioned in this context that BOADLE (1967) has also found some 
inhibition by semicarbazide of the monoamine oxidase of the liver from Petro- 
myzon rnarinus and of some elasmobranch and teleost fishes. In P. marinus liver 
the percentage inhibition differed according to the substrate tested. These pre- 
liminary observation merit further examination in the light of the knowledge on 
isoenzymes that has since accumulated. 

V. The Role of Amine Oxidases in Connective Tissue 

Whereas the study of the oxidases concerned with the biological inactivation of the 
biogenic amines goes back over a span of forty years and more, knowledge of the 
existence of the connective tissue oxidase is of very recent origin. As yet, very little 
is known of the enzymes themselves; much of our knowledge comes from a study 
of the chemical composition of elastin and collagen, and of the factors that 
interfere with the formation of the mature proteins. 

A. The Chemistry of the Cross-Links in Connective Tissue 

The two connective tissue proteins are characterized by the presence of cross-links, 
absent in the immature proteins, that connect the individual peptide chains. These 
cross-links are essential for the mechanical properties of the proteins in the extra- 
cellular space (see PIEZ, 1968). 

Although the study of the cross-links is by no means complete, it turns out that 
all known links depends for their formation upon the activity of an enzyme that 
catalyses the oxidative deamination of a lysyl residue in the peptide chain, with the 
removal of the e-amino group. In this reaction the lysyl residue is converted to an 
aldehyde. For this residue the term "allysyl" is now in general use (PINNELL and 
MARTIN, 1968). The reaction can be formulated thus: 

CH2.NH2 CHO 
I 

(CH2)3 +H20 + 02 ~ (CH:)3 
I I + H~O2 

CH CH 
/ \  H / \  H +NH3 

• ..C:O N . . . . . .  C:O N... 

Lysyl Lysyl Oxidase Allysyl 
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In collagen, some of the lysyt residues in the a-chains of tropocollagen are first 
converted to hydroxylysyl; these can also yield "hydroxyallysyl" residues. The 
conversion of the lysyl (or hydroxylysyl) residues to the corresponding aldehydes is 
catalysed by enzymes for which the term "lysyl oxidase" has been introduced 
(MARTIN et al., 1970). This term refers to one important feature of the enzyme(s), 
i.e., to the fact that the natural substrate is a lysyl (or hydroxylysyl) residue that is 
built into a peptide chain. 

Elastin and tropocollagen have very different mechanical properties, and 
although the initial enzymic reactions essential to the formation of a cross-link 
are similar, the cross-links in the two types of tissue are different. In particular, 
in etasfin more of the cross-links are irreversible. This is due to the fact that the 
initial reaction, in which the bridge is formed, is followed by a second reaction in 
which the link is rendered irreversible. Collagen, on the other hand, is a compound 
that undergoes catabolic changes readily, and here many of the links are reversible. 

1. Cross-Links in Elastin 

The first evidence on the chemical nature of the cross-links in elastin came when 
two new amino-acids were discovered in hydrolysates of elastin to which the 
names desmosine and isodesmosine were given (PARTRIDGE et al., 1964; 1965). 
Both compounds contain a pyridinium ring, with four side chains, each of which 
ends in an a-amino acid residue. PARTRIDGE (1965) clearly recognised that these 
compounds could be formed from the condensation of one lysyl residue with three 
attysyl residues. The initial condensation product, it is believed, is stabilized by 

ICOOH 
(CH~)3. CH 

cooH / \NH  c°° I 
~ C H . ( C H 2 ) 2 ~  (CH2)2. CH 

1 
(CH2)4 

1 
CH / \  

NH2 COOH 
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COOH ~COOH 
"CH.(CH2)2. ~ (CH~)2.HC~. 
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NH2 COOH 
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reduction of an unsaturated intermediate, to form an aromatic ring. This inter- 
pretation is supported by the discovery of merodesmosine, a compound that arises 
from the fusion of a lysyl residue with two allysyls (ST~CHER et al., 1967). 

It is easy to see that the desmosines can cross-link as many as four different 
peptide chains. A simpler cross-link was discovered in hydrolysates of bovine 
ligamentum nuchae; this is lysinonorleucine (FRANZBLgU et al., 1965). Lysinonor- 
leucine arises from the interaction between one lysyl and one allysyl, with the 
resulting Schiff's base subsequently reduced. This interpretation is supported by 
the finding that upon the reduction of elastin by sodium borohydride the yield of 
lysinonorleucine was increased, indicating that the unreduced Schiff's base was 
also present (LENT and FRANZBLAU, 1967). 

NH2 COOH 
~crI.(CH~)~. Nu.(cI-I2),.c'~ 

COOtt x. NH2 

Lysinonorleucine 

COOH 
~CH.(CH~)2.~H 

NH2 CH2 
~NH 

I 
(Clt2)4 

I 
CH 

/ \  
NH2 COOH 

/ .  COOH" 
/CH:CH.(CH2 )z. CH 

NH2 

Merodesmosine 

More recently FRANZBLAU et al. (1970) have given evidence of the occurrence 
of a third type of cross-link in elastin. According to their findings this quantita- 
tively perhaps most important cross-link is an aldol, a condensation product 
arising from the interaction of two allysyl residues: 

COOH- CH(NH2) • (CH2)2 • C(CHO):CH • (CH2)a • CH(NH2). COOH 

This compound may not only serve as cross-link, but also as a precursor of the 
merodesmosine molecule. 

All the evidence here related is fairly recent, and it seems probable that more 
cross-links will be found in the future. There has been a very recent report on a 
link in which, in addition to the allysyls, a histidyt residue is also involved (TANZER 
et al., 1973). 

2. Cross-Links in Collagen 

More is known about the chemistry of collagen, but less of that of the cross-links. 
The occurrence of amino-aldehyde in collagen was demonstrated before the nature 
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of the cross-link was demonstrated (see GALLOP et al., 1968, 1970). Collagen is a 
macromolecular assembly of tropocollagen molecules, each of which consists of a 
triple helix of three peptide chains. These tropocollagen molecules are diagonally 
arranged in a staggered fashion. There usually are two a-chains, a 1 and e2, and one 
fi-chain. For the a-chains it has been established that each has an N-terminal and a 
C-terminal end, each non-helical. It is these non-helical regions of the chains that 
seem to be particularly important in cross-linking. 

Two kinds of cross-links are distinguished in collagen: intermolecular and 
intramolecular links. The latter are bonds between the individual chains in one 
tropocollagen, the former bridges between different tropocollagen molecules. 

As in elastin, all the cross-links that have been identified are formed subsequent 
to a reaction in which an e-amino group of one or more Iysyl or hydroxylysyl 
residues are oxidatively removed. As in elastin, subsequent to the formation of the 
allysyl or hydroxyallysyl residue, the link formed is an aldimino or an aldol bond. 

As to the intramolecular bonds, that which is best characterized is situated in 
the non-helical N-terminal portion of the a-chains. This bond is one between two 
allysyl residues located in position 9 on the el-chains (see BORNSTEIN and PIEz, 
1966; P~z  et al., 1970). The two residues form an aldol compound that acts as a 
bridge between identical position on two peptide chains of the tropocollagen 
molecule. 

For the cohesion of the collagen fibres the intermolecular bonds seem to be of 
particular importance. BAILEY et al. (1970 a) distinguish two types of these bonds: 
first, there is a reversible cross-link, present in soluble collagen. Its reduction 
renders the collagen insoluble. The compound responsible for this link was, after 
reduction, isolated and identified as N"-(5-amino-5-carboxypentyl) hydroxylysine 

COOH.  CH(NH~). (CH2)2CHOH. CHz. NH(CH2)4CH(NH2). COON 

In other words, one lysyt and one hydroxylsyl are involved, one of them after 
deamination by an amine oxidase (BAILEY and PEACH, 1971). In contrast to what 
happens in elastin tissue, the Schiff's base is not reduced in collagen. 

In addition, a second intermolecular bond has been described in collagen, 
which appears to be more stable (BAILEY et al., 1970b); this compound, which has 
been called syndesine, is believed to arise from an aldol formed between the 6- 
semialdehydes derived from one lysine and one hydroxylysine. This bond seems to 
be most readily demonstrated in less soluble types of collagen. 

There are some indications that an increasing degree of hydroxylation of the 
lysyl residue renders the collagen more soluble (BARNES et al., 1971). 

As to the location of lysyl (or hydroxylysyl) residues that are exposed to the 
action of the amine oxidase, it is clear that the action of the enzyme is specifically 
directed against very selected residues in the peptide chain. Although there is 
evidence to indicate that some lysyl residues in the helical part of the chains are 
reactive (RoJKIND et al., 1970), evidence for deamination is best for the non- 
helical parts of the e-chains. Mention has already been made of the reactive lysyl 
residue in position 9 in the N-terminal region of the e-chains. More recently, it has 
been shown that from the C-terminal region of these chains, which is also non- 
helical, two otherwise identical peptides can be isolated of which one carries a lysyt 
residue and the other an allysyl (STARK et al., 1971 ; RAUTERBER6 et al., 1972). The 
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possibility is discussed that the allysyl residue may here serve an intermolecular 
cross-link. 

Cross-links seem not to be unique to the collagen of connective tissue; there 
has been an observation on cross-links also in the collagen of basement membranes 
from a variety of locations (TANZER and KEFALIDES, 1973). Thus in these sites also 
we have to postulate that an amine oxidase of the lysyl oxidase type is active. 

B. Observations on Connective Tissue Formation 

1. The Role of Copper 

Many of the earlier observations on interference with collagen and elastin bio- 
synthesis, made at a time when the function of the connective tissue oxidase was 
unknown, can be understood on the assumption that for the formation of the 
cross-links an enzyme of the copper-pyridoxal type is essential. 

Studies on the symptoms of copper deficiency in chickens (O'DELL et al., 1961) 
and in pigs (SHIELDS et al., 1962; W~ISSMAN et al., 1963) showed that in the deficient 
animals there was a defect in the formation of elastic tissues. In particular, the great 
arteries were affected and death was usually due to aortic aneurism. There have 
since been a number of studies of the elastin precursors from both pigs (SMITH et al., 
1968; SANDBERG et al., 1969, 1971 ; SMITH et al., 1972) and chickens (RoENSCH et al., 
1972); these have not only mechanical properties very different from the finished 
product, but also differ chemically from elastin: tropoelastin, as the precursor is 
called, contains about three times as many lysyl residues as elastin, indicating that 
the oxidative deamination, to produce aUysyl, has not taken place. Also, it contains 
no desmosines and no lysinonorleucine. 

For  a fuller discussion on the effect of copper deficiencies on connective tissue 
see CARNES (1968, 1971). 

2. The Role of Pyridoxal 

If it is true that the enzyme(s) operative in connective tissue belong to the copper- 
pyridoxal phosphate group, one would expect abnormalities in connective tissue 
formation in vitamin B6-deficiency. It has been reported that B6-deficiency leads to 
a defect in elastin biosynthesis in the chicken: in elastin from the aorta of B6- 
deficient birds the ratio of demosine plus isodesmosine to lysine was specifically 
reduced (HILL and KIM, 1967; STARCHER, 1969). 

There is one pathological condition in which an interaction with the carbonyl 
group of pyridoxal in the connective tissue enzyme is believed to be the cause of 
defective formation of both collagen and elastin. The condition is osteolathyrism, 
a disease seen in experimental animals fed a diet excessively rich in the seeds of 
certain peas, e.g. the sweet pea (Lathyrus odoratus). The toxic compound in the 
leguminous seeds has been identified as fi-(N-y-L-glutamyl)-aminopropionitrile 
but under experimental conditions osteolathyrism is usually produced by feeding 
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fl-aminopropionitrile, 

H2N. CHz- CHz. C= N. 

The compounds used to produce the condition are called lathyrogenic, It should 
be emphasized, however, that lathyrism, the disease seen in man fed excessive 
amounts of peas (Lathyrus sativus) is a condition with different symptoms, probably 
caused by a different factor. However, many authors refer to the experimental 
disease in animals atso as lathyfism. 

In osteolathyrism the main symptom is an inability to form normal connective 
tissue and in particular collagen or elastin. There is an extreme mechanical 
weakness of the connective tissue and deformation of the skeleton, as well as the 
occurrence of aortic aneurisms. The condition has recently been reviewed (LEvENE, 
1971). 

It was the work of LEVENE and GROSS (1959) that first suggested that in lathy- 
ritic collagen there was an inability of the tropocollagen molecules to associate to 
form normal macromolecular collagen. Soon afterwards LEVrNE (1961, 1962) found 
that the effect of lathyrogenic compounds could be reversed by pyridoxal and he 
suggested that a free carbonyl group was essential for the normal formation of 
collagen; this group, it was suggested, was interfered with by the lathyrogens. 

In recent years many authors have used lathyrogenic compounds in order to 
study the precursors of the connective tissue proteins in the body. With hindsight, 
it is not surprising that it was found that there was a resemblance between copper 
deficiency and lathyrism. The ever-growing literature on this subject is fully 
reviewed by LEVENE (1971). More recently, SYKES and PARTRIDGE (1972) have 
studied the elastin from the arteries of lathyritic chicks. They were able to extract 
from a homogenate a soluble protein similar to that found in elastin from copper- 
deficient animals. The chemical analysis showed that, in contrast to normal 
insoluble elastin, this protein did not contain any desmosine. On the other hand, 
the soluble elastin from the lathyritic animals contained 40 lysine residues/1000 
total amino-acid residues, whereas normal insoluble elastin contained 4 such 
residues. A molecular weight of 40-50.00 was assigned to the soluble protein. 

PAGE and BENDITT (1967) were among the first to suggest that the lathyrogenic 
agents exerted their action by inhibiting an amine oxidase of the copper-pyridoxal 
type. They showed that fl-aminopropionitrile was an inhibitor of the pig plasma 
benzylamine oxidase characterized by BLASCHKO and BU~ONI (1965); the inhibi- 
tion was competitive and reversible. 

That the effect of the lathyrogenic agents is one exerted on the deaminating 
enzyme is made likely by the observation that lathyrogens prevent the formation 
of allysyl residues. 

It seems probable that the lathyrogenic effect will be found not to be restricted 
to the compounds that LEVEE (1971) discussed in his review. Now that this 
condition has been dearly recognized, it will probably also be seen as the conse- 
quence of the administration of other compounds capable of interacting with 
pyridoxal enzymes. One such instances might be quoted as a case in point. Trmiss 
and SCH~RER (1971) have studied the toxicology of a dopa decarboxylase inhibitor 
that has been of interest to the students of Parkinson's disease. The inhibitor is 
N-(DL-seryl)-Nl-(2,3,4-trihydroxybenzyl)-hydrazine (BuRI<ARD et al., 1962). 
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THEISS and SCHARER have found that the daily administration of this compound, 
also known as Ro4-4602, causes deformations of the skeleton. They have seen that 
the compound interferes with the normal maturation of fibroblasts, causing a 
condition accompanied by defective formation of collagen fibrils. Since this 
compound is bound to interact with pyridoxal enzymes, the possibility should be 
considered likely that the condition described by THEISS and SCH,Z, RER is a kind 
of lathyrism. 

Another type of interference with collagen biosynthesis is brought about by the 
administration of penicillamine. However, the action of penicillamine differs from 
that of the lathyrogens. The lathyrogens, as inhibitors of the lysyl oxidase, interfere 
with the enzymic formation of the aldehyde groups essential for cross-linking- this 
is why there is an excess of lysyl groups-whereas the penicillamine does, at least 
in moderate doses, not act in the same way: here the lysyl groups are acted upon 
by the oxidase as in normal animals, but the penicillamine interacts with the 
aldehyde groups of allysyl (or hydroxyallysyl) residues and thus prevents them 
from forming the Schiff's base with the amino group of lysyl residues (NIMNI et al., 
1970). Only in higher doses does the penicillamine interact also with the aldehyde 
groups of the enzyme, the aldehyde group in pyridoxal; in other words, it then acts 
as a lathyrogen (NIMNI et al., 1972). 

C. The Amine Oxidases of Connective Tissue 

The observations on cross-links in elastic and collagen fibres rest on the assumption 
that a "lysyl oxidase" of the copper-pyridoxal type is present in the connective 
tissue. 

There have been a number of studies of amine oxidases in connective tissues, 
but it is not yet known to what extent the observations made are relevant to 
cross-linking. LOVENB~RG et al. (t968) used benzylamine as substrate in obser- 
vations on preparations from rat and human skin. The oxidation of benzylamine 
was inhibited by fl-aminopropionitrile. However, the question as to the significance 
of the reaction studied to the problem of "lysyl oxidase" was left open. NAGATSU 
et al. (1972) achieved a partial purification of an oxidase present in dental pulp; 
again benzylamine was used as substrate. The oxidation was inhibited by fl- 
aminopropionitrile (see also NARAYANAN et al., 1972), by isoniazid and by cuprizon 
indicating that a copper-containing enzyme was at work. 

The most direct approach to the study of lysyl oxidase was made by PINNELL 
and MARTlN (1968; see also MARTIN et al., 1970). These authors used as the 
enzyme a preparation of tibia and femur of 16 day old chicks, and as the substrate 
a protein from embryonic chick aorta labelled in vivo with [3H]6-1ysine. The 
tritium set free when enzyme and substrate were incubated in vitro was measured. 
Tritium release was found to be inhibited by fl-aminopropionitrile. The amount of 
enzyme was found to be at a maximum in cartilage from 17 day old chick embryos 
and to decrease rapidly after hatching. Lysyl oxidase was absent in chicks that had 
been placed on a copper-deficient diet for 8 days; this is reminiscent of results on 
benzylamine oxidase in copper deficiency (BLASCHKO et al., 1965). MARTIN et al. 
(1970) have found that both elastin and collagen can serve as substrate. 
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Further observations on the lysyt oxidase from chick aorta have recently been 
reported by HAggis et al. (1973), who state that they have achieved a 1000-fold 
purification of the enzyme. Both soluble and insoluble protein preparations from 
aorta served as substrates. Gel filtration suggests a molecular weight of the enzyme 
of about 61000, and this leads to a copper content of somewhat over 1 g atom 
of Cu per mole. 

Two enzyme preparations similar to those used by MARTIN et al. (1970) were 
prepared by BAILEY and FOWLH~ (1969) and by FOWLER et al. (1970). These were 
incubated with the appropriate substrates and, after incubation, the protein sub- 
strate was hydrolysed and reduced with tritiated borohydride. In the first experi- 
ment (BAILEY and FOWLER, 1969) the enzyme was a soluble preparation prepared 
from the tibia and femora of 17 day normal chick embryo, and the substrate was 
an insoluble preparation of bones from lathyritic chick embryos. Evidence was 
obtained of the presence of both aldol and aldimino cross-links in the incubated 
samples; these were absent in the unincubated samples. 

In the second experiment (FOWLER et al., 1970) a similar incubation was carried 
out in which a soluble collagen preparation was used. Here the enzyme, similarly 
prepared, was made from the tibia and femora of normal 2 week old piglets; the 
substrate was a soluble protein preparation of Achilles tendon collagen from 
lathyritic piglets. In the borohydride-reduced hydrolysates of the incubated 
collagen both syndesine and hydroxylysinonorleucine were demonstrated, whereas 
they were absent in samples from non-incubated collagen. 

Much of the work on connective tissue oxidase has been carried out using 
conventional substrates of the plasma oxidases. For instance, in chick aorta copper 
deficiency as well as vitamin B6 deficiency caused a reduction in the amine oxidase 
activity of the tissue (KIM and HILL, 1966; HILL and KIM, 1967); these authors 
used the spectrophotometric method of GORKIN et al. (1962), in which benzyl- 
amine serves as substrate. Similarly, in earlier work on the bovine aorta oxidase 
benzylamine had served as substrate (RUCKER and O'DELL, 1971; HARRIS and 
O'DELL, 1972). It remains doubtful if these activities are manifestations of the 
enzyme that is responsible for cross-linking. That a "lysyl oxidase" was present 
in RUCKER and O'DELL'S preparations, at least as one catalyst, is supported by 
the observation that in addition to the substrates oxidized by the bovine plasma 
spermine oxidase, the bovine aorta preparation acted also upon lysine-vasopressin, 
a peptide that contains a lysyl residue (RUCK~R and O'DELL, 1971). The authors 
have discussed the possibility that the plasma oxidase is a secretion product of the 
connective tissue, and that it represents a different molecular form of the connec- 
tive tissue enzyme. This possibility is of interest in view of the fact that in several 
species (e.g., the pig and the goat) the plasma enzymes are absent, or almost 
absent, at birth, that is to say, at a time when synthesis of protein in the connective 
tissue takes place at a high rate. 

To sum up, from the work just reported, it seems quite possible that the 
connective tissue contains three amine oxidases: an enzyme related to MAO, 
secondly, an enzyme closely related to the plasma oxidases (if not identical with 
them), and, thirdly, a true lysyl oxidase, an enzyme that, like the plasma oxidases, 
contains copper and a carbonyl group but seems to have a more restricted sub- 
strate specificity, acting solely on lysyl (or hydroxylysyl) groups in peptide linkage. 
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Dr. B. L. O'DELL kindly tells me that this third enzyme is distinguished by its 
solubility properties, being not extracted by salt buffers or Triton X-100, which 
does solubilize the second type of oxidase. 

The relationship between the plasma oxidases and lysyI oxidase can be resolved 
only when the connective tissue enzymes are fully purified. In order to obtain some 
information on possible biochemical relationships between the two groups of 
enzymes, a new approach was chosen by BtrvrONi and HOPE (unpublished); see 
also Btn~Fom and DELLA CORTE (1972). A rabbit antibody against highly purified, 
re-crystallized benzylamine oxidase of pig plasma was prepared and this antibody 
was used to locate by immunofluorescence microscopy tissue constituents that 
would cross-react with the antibody. Newborn piglets were chosen for this study, 
since it is known that at birth there is practically no benzylamine oxidase activity 
present in the plasma (BLASCHKO, 1962; BLASCHKO and BONNEY, 1962). All the 
tissues tested showed specific fluorescence; these were: the media and adventitia of 
the aorta and other arteries, the connective tissue in uterus, kidneys and tendons. 

The immunofluorescence technique indicates that the connective tissue of the 
newborn pig contains a protein that cross-reacts with the antibody against plasma 
benzylamine oxidase, at a time when there is practically no plasma oxidase present. 
In view of our knowledge that the tissues contain an enzyme capable of acting 
upon benzylamine, the close immunological relationship between a tissue com- 
ponent and plasma benzylamine oxidase becomes particularly interesting. It is 
difficult to escape the conclusion that the antigen shown up by immunofluorescence 
microscopy in the connective tissue must be closely related to the catalyst that is 
responsible for the reaction occurring prior to the formation of the cross-links. 

VI. Final Comments 

The study of the amine oxidases has for many years been focussed upon the 
biogenic amines, the catecholamines, 5-HT and histamine. One of the aims of this 
review has been to show that the field of interest in amine oxidases has widened in 
recent years~ In animal biochemistry and physiology, the study of the polyamines 
is slowly beginning to find a place, three hundred years after Antony van Leeuwen- 
hoek's discovery of spermine. To what extent enzymes like spermine oxidase are 
concerned in the catabolism of endogenous polyamines is still obscure, but most 
probably with the growing interest in the area research will soon concern itself 
with these problems. 

The most unexpected new development of the past decade is the growing 
awareness of the importance of amine oxidases in the biosynthesis of connective 
tissue macromolecules. It has been one of the aims of this review to relate the 
recent work in this field to the earlier studies on amine oxidases. The questions 
that arise from the new work are whether there are more than one enzyme at 
work, e.g. one for the collagen fibres and one for elastin. Another most interesting 
problem will be that of the site of action of these enzymes. Is the lysyl oxidase 
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operative in the connective tissue cells or extracellularly, after the precursor 
proteins have been extruded ? 

These questions are also of relevance to the problem of the amine oxidases of 
mammalian blood plasma. These enzymes still present a challenge. They have been 
important in the study of the copper-containing enzymes in general, because they 
could be relatively readily purified and crystallized, and in many respects they have 
served as prototypes, in the study of DAO and also of the connective tissue 
enzymes. Their own biological significance, however, is uncertain. 

The plasma enzymes act on many substances that are also substrates of either 
MAO and DAO. Is the disposal of these substances their only, or main, function? 
Similarly, is the close relationship between plasma oxidases and lysyl oxidase 
indicative of a function of the latter enzyme in relation to known substrates of the 
plasma enzymes (spermine, histamine, mescaline, dopamine) or is activity in the 
connective tissue on these amines due to contamination with another enzyme? 
These are all questions to which answers will be obtained by further experimen- 
tation. 

Altogether, the copper-containing oxidases are less well studied by the methods 
that have proved useful in research on MAO. We would like to know more on the 
intracellular localization of DAO. The study of the localization of MAO has been 
fruitful for our understanding of the biological functions of this enzyme. 

The study of MAO also poses many new and intriguing questions. What is the 
physiological significance of MAO in animals like the insects where so many 
interesting substrates of the enzyme have been found? 

Another most interesting new development is the study of the isoenzymes of 
MAO. There can be no doubt that functionally different kinds of MAO can be 
distinguished, and it can be hoped that future work will settle the question whether 
the differences in substrate specificity are due to different molecular species of 
protein, possibly genetically determined, or to different activities of one enzyme, 
determined by different environment, e.g. in a membrane. 

There has also been a recent report on isoenzymes of the human plasma 
amine oxidase (Raccu and RAUCU, 1973). The author has recently speculated on 
the possibility that in the nervous system MAO may have different functions in 
different locations (BLAsCI~KO, in press). Possibly even in one neurone MAO may 
act in different locations. If we have to distinguish between receptor-related MAO 
and nerve-ending MAO it is legitimate to enquire if these two kinds of oxidase are 
similar or whether they are different. This is just one aspect of the new discoveries 
that remains to be exploited. 

Another problem, scarcely dealt with in this review, will become important in 
the near future. Much has been learnt of the regulatory mechanisms that operate 
in amine biosynthesis, but much less is at present known of the influences that act 
upon the turnover of the classical MAO. 

The subject matter discussed in this review has been greatly determined by the 
writer's own research interests. This is why many of the problems related to 
function of the enzymes have been more extensively dealt with than the molecular 
aspects. There is little doubt, however, that the study of the latter will be greatly 
extended in the near future, so that some of the problems here discussed will be 
resolved. 
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Al toge ther ,  there  is li t t le reason  to  d o u b t  tha t  the  s tudy of the  amine  oxidases  
will cont inue  to  presen t  the  exper imente r  wi th  new and  reward ing  p rob lems  to  

solve. 
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