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I. INTRODUCTION 

Inhibitors of gas transport differ from other metabolic inhibitors be
cause they act by making the physical separation of the lungs and tissues 
into an effective barrier and have, ideally, little or no direct effect on 
individual metabolic processes. I t follows that their action must be dis
cussed in terms of physiological rather than biochemical systems. Quite 
apart from their theoretical interest, one of them, carbon monoxide, is of 
practical importance, since something of the order of 1000 deaths are due 
to it each year in Britain alone. These deaths are for the greater part due 
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to the use of poisonous illuminating gas and could be avoided by burning 
hydrocarbons or using electrical power. In addition, incomplete combus
tion of fuels in heating appliances or in engines creates a further hazard, 
while the dangers to coal miners have been recognized for very many 
years. There is, naturally, a large literature dealing with every aspect of 
the problem. In this article no attempt has been made at compilation, but 
a brief account of the mechanism of action has been given, and an attempt 
has been made to correlate laboratory and clinical findings. 

Conversion of hemoglobin to methemoglobin or sulfhemoglobin is much 
less common and is a rare cause of death. The mechanism of the forma
tion and removal of methemoglobin is interesting biochemically, and both 
processes have been extensively studied. 

Interference with C 0 2 transport by inhibitors of carbonic anhydrase 
is chiefly of academic interest and has a shorter history than the study of 
inhibitors of oxygen transport. The subject is still developing actively, 
and some problems remain to be worked out, especially those relating to 
the gas tensions in the blood, where the static extracorporeal methods of 
analysis commonly used are not directly applicable. 

II. POISONING BY CARBON MONOXIDE 

A. Preliminary 

This inhibitor acts on hemoglobin and myoglobin, and a word about 
the functions of these proteins under normal conditions is necessary. The 
oxygen requirement of the tissues in man is substantially independent of 
the supply over any appreciable period and at rest is, say, 0.25 liters/min. 
Given an alveolar gas tension of oxygen of 100 mm Hg, blood free from 
hemoglobin would contain about 3 ml 0 2 / l i ter . Thus, even if the tissues 
could remove all of this in a single passage, it would be necessary for 
the heart to circulate 83 liters of blood to the tissues each minute. This 
volume is about 15 times larger than the normal resting cardiac output; 
and even if the heart were enlarged and adapted to deal with the great 
volumes required, it would itself use up most of the oxygen in the blood, 
leaving the tissues still without provision. The need for a respiratory 
carrier is obvious. The detailed study of hemoglobin and of the way in 
which its behavior fits into the economy of the animal was carried out 
chiefly by the Cambridge school of physiology under Sir Joseph Barcroft 
(1) and has been described by him in his classic books "The Respiratory 
Function of the Blood," Part 1, Lessons from High Altitudes; Part 2, 
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Hemoglobin, published in 1928. He pointed out that an efficient oxygen-
transporting pigment should have the properties of becoming fully satu
rated, or nearly so, at the gas tensions ruling in the alveoli and should 
give up the greater part of its oxygen at a tension of 40 mm Hg or there
abouts. This unloading tension is important in providing the oxygen 
concentration gradient between the capillary and the tissue necessary for 
the final distribution of oxygen to the points at which it is to enter into 
metabolism. The sigmoid oxygen dissociation curve of many hemoglobins 
makes them well adapted to perform these functions and provides also a 
reserve of transporting capacity which can come into play in exercise 
when, in response to a moderate fall in the venous partial pressure of 
oxygen, a large increase in oxygen removal from the blood can occur. 
In mammals, myoglobin is found in skeletal muscle and is believed to act 
as a short-term oxygen store, maintaining the supply during the interrup
tion of the circulation associated with vigorous muscular contraction. Its 
combination with carbon monoxide is not very important physiologically, 
but must be taken into account in critical studies of such procedures as 
the determination of corpuscular volume by the carbon monoxide method 
and in detailed studies of the uptake and removal processes in the animal. 

B. Absorption of the G a s 

The affinity of hemoglobin for carbon monoxide is much greater than 
for oxygen, and, under conditions where sufficient quantities of these gases 
are present so that little uncombined hemoglobin remains, the distribution 
of hemoglobin between the ligands is given by Eq. (1) 

Μ . p C 0 . 0 2 H b = P 0 2 - C O H b (1) 

where Μ is the partition coefficient and has a value of about 210 for man 
(2). As air contains 21% 0 2 , it appears that a concentration in the in
spired air of only 0.085% would be sufficient, at equilibrium, to give 50% 
conversion of the hemoglobin to COHb. This concentration is so small 
that the quantity inspired is often of more importance than the equi
librium conversion to COHb which would be attained after indefinite 
exposure to a given gas mixture. Thus, at 50% saturation the hemoglobin 
will be combined with about 500 ml carbon monoxide. If the total ven
tilation is 7 liters/min with a dead space of 0.15 liters, then, at 20 
breaths/min, 4 liters/min of air will be presented for respiratory ex
change. Assuming 0.085% CO, this air will contain 3.4 ml CO or about 
0.7% of the total equilibrium content of the body. Thus, even if all 
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the CO presented for respiratory exchange were absorbed, only about 
0.4%/min of the hemoglobin could be converted to COHb. Detailed 
studies by Pace et al. (8) have shown that over the first 30% of the way 
to equilibrium the rate of uptake may be taken as linear and that the 

[parts CO per 10,000] [exposure time (min)] 
°7 COHb = X [minute volume (liters)] 
/ o 20 [blood volume (liters)] ^ } 

where the minute volume is reduced to STP. They found that about 40% 
of the inspired CO is retained in the blood. 

As equilibrium is approached, the rate of uptake declines. Fairly exten
sive experiments using gasometric methods for the determination of 
COHb were carried out by Forbes, Sargent, and Roughton (4), who found 
that their results could be described by the semiempirical equation (3) . 

dCO _ % COHb at equilibrium - % COHb at time t 
dt " P % COHb at equilibrium - % COHb at time zero 

Recently, much attention has been given to the uptake of CO from the 
lungs as a tool in the determination of the diffusing capacity in health 
and disease, and Forster, Fowler, and Bates (5) have treated the case 
(among others) where a small concentration of CO is inhaled over a pro
longed period. They assume, essentially, that the rate of CO uptake is 
proportional to the difference in pCO between the blood and the alveoli 
and that the blood is sufficiently nearly saturated at all times to allow 
the relation of Eq. (1) to be used together with the alveolar p 0 2 to 
estimate pCO in the pulmonary capillary. The original should be con
sulted for details. 

C. Toxicity of Carbon Monoxide 

It has been recognized for many years that the toxic effects of con
version of a part of the hemoglobin into COHb are more severe than those 
produced by the same loss of gas-transporting capacity in anemia. Thus, 
Haldane (6) expressed the difference forcibly, pointing out that a man 
who had lost 50% of his hemoglobin through anemia might readily go 
about his daily work, while a similar loss of oxygen capacity through the 
formation of COHb would incapacitate him and might well render him 
unconscious. The main reasons for the difference between CO poisoning 
and anemia appear to be the alteration of the oxygen dissociation curve 
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produced by partial conversion of hemoglobin to COHb and the lack of 
adaptive cardiorespiratory adjustment in CO poisoning. 

The effect on the oxygen dissociation curve has been studied by 
Roughton and Darling ( 7 ) , who have shown that, to a fair approximation, 
the pressures of oxygen and carbon monoxide required to bind a particu
lar total amount of reduced hemoglobin may be treated as additive, the 
pressures of carbon monoxide being first multiplied by M', where the 
prime is introduced to make it clear that the shapes of the oxygen and 
carbon monoxide dissociation curves should not be regarded as identical 
but only as agreeing to a good approximation. The agreement they found 
is illustrated in Fig. 1, which is taken from their paper. Figure 1 also 
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FIG. 1. Observed and calculated oxyhemoglobin dissociation curves of hu
man blood containing varying amounts of carboxyhemoglobin. (From Am. J. 
Physiol 141, p. 2 3 , F ig . 3 ) 

shows clearly the change in the oxygen dissociation curve of the remaining 
free hemoglobin. I t is shifted to the left of the normal curve and is less 
strongly inflected. The simple rule for determining the distribution of 
oxy- and carboxyhemoglobin, which has just been given, can only be 
regarded as an approximation. As Roughton and Darling (7) point out in 
discussing their results in terms of Adair's (8) model for hemoglobin, the 
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rule would only be exactly true if all four equilibrium constants for the 
combination of carbon monoxide could be derived from the corresponding 
constants for oxygen by multiplication by M. This can be expressed in 
another way by saying that if the rule were exactly true there would be 
no difference between Μ and the M' introduced previously. Although 
Joels and Pugh [9) have shown that the dissociation curves for carbon 
monoxide and for oxygen are, for human hemoglobin, quite nearly super-
posable, the precision of the measurements and their range of saturations 
are not sufficient to allow conclusions to be drawn about the values which 
the individual equilibrium constants would have if the equilibrium were 
described in terms of Adair's model. 

Whatever their exact theoretical interpretation, there is no doubt about 
the effect of the change in affinity and shape shown in the oxygen dissocia
tion curves reproduced in Fig. 1. Their meaning is, perhaps, most clearly 
illustrated by Fig. 2, again taken from Roughton and Darling (7). The 
actual amounts of oxygen held by the blood are plotted against p0 2 for 
several degrees of conversion to COHb and one example of severe anemia. 
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FIG. 2. Calculated Ojrdissociation curves of human blood containing vary
ing amounts of carboxyhemoglobin, plotting the absolute amounts of bound 0 2 

rather than the percentage of available hemoglobin bound to 0 2 . (From the 
Am. J. Physiol. 1 4 1 , p. 28, Fig. 4 . ) 
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If the oxygen consumption of a man at rest is taken as 250 ml/min and 
the cardiac output is 5 liters/min, then the arterial blood oxygen content 
of 19 ml/100 ml for the normal case in Fig. 2 must fall to 14 ml/100 ml 
in the mixed venous blood. In the curve of Fig. 2 this content of oxygen 
corresponds to a partial pressure of 37 mm Hg. I t should be noted that 
the curves in the figure are taken at a constant pH and so neglect the 
favorable influence of C 0 2 transport on 0 2 transport. Proceeding in the 
same way, the oxygen tensions found for the mixed venous blood for 20, 
40, and 60% conversion of the hemoglobin to COHb are 27, 18, and 8 mm 
Hg, respectively, whereas in the case of anemia with 40% of the hemo
globin remaining the oxygen tension would be 20 mm Hg. 

To interpret these figures it is necessary to consider the blood supply to 
the brain, the organ most susceptible to damage from oxygen lack. The 
subject has been thoroughly reviewed by Opitz and Schneider [10). The 
data important for the present purpose are as follows. (1) The oxygen 
uptake of the brain is independent of the partial pressure of oxygen sup
plied to it in the animal down to the point at which the circulation fails. 
It may be regarded as constant for purposes of calculation and is 3.3 
ml/100 gm/min. (2) The blood flow through the brain amounts to 50 
ml/100 gm/min. It appears to be regulated by the oxygen tension in the 
venous blood leaving the brain; the flow begins to increase at an oxygen 
tension of 25-28 mm Hg and increases rapidly from 20 mm Hg down
ward. The flow can be increased by 50-100% at most. (3) The venous 
tension at rest in man is normally 35 mm Hg. The threshold for the 
compensatory increase of blood flow is at a venous 0 2 tension of 25 
mm Hg. Serious disturbance of function with loss of consciousness results 
below 20 mm Hg, whereas the lethal threshold is about 12 mm Hg. All 
these values are time dependent and can be regarded only as averages. 
(4) Not all parts of the brain are alike in their oxygen supply and degree 
of vascularity. Thus, most parts of the grey matter have an oxygen con
sumption and a degree of vascularity such that their oxygen need can be 
covered with a tissue gradient of about 4 mm Hg, as shown by diffusion 
calculations. The corpus striatum, however, has a less favorable relation 
between oxygen uptake and vascularity and would require a gradient of 
at least 7 mm Hg to satisfy its needs. 

Using these data, the oxygen tension in the blood coming from the 
brain can be estimated, as the rate of 0 2 use, blood flow, arterial oxygen 
content, and oxygen dissociation curve have all been specified. The results, 
read graphically from the curves of Fig. 2, have been collected in Table I. 
These figures suggest that no important symptoms should be found below 
30% saturation, but that beyond 40% saturation a serious and rapidly 



546 Q. Η. GIBSON 

EFFECT OF VARIOUS DEGREES OF CONVERSION OF Hb το COHb ON THE VENOUS p 0 2 

COHb Blood flow Venous p 0 2 

Condition (%) (ml/100 gm/min) (mm Hg) 

0 50 35 
20 50 27 
40 75 22 
60 75 8 

Breathing 1 atm 0 2 

60 75 17 
Anemia sparing 40% 

of normal hemoglobin 0 75 27 

progressing intoxication should occur. Having regard to the scatter of the 
observations on the toxicity and to the crudity of the calculations of the 
venous oxygen tensions, the agreement between expectation and observa
tion is excellent. I t appears possible to account for the toxicity of CO 
solely in terms of its action on hemoglobin. 

Although this conclusion fits in well with the work of Haldane (11), 
who showed that the primary effect of CO was due to its combination 
with hemoglobin in the celebrated experiment in which he exposed mice 
to 1 atm CO + 2 atm 0 2 without killing them so long as the excess 
pressure was maintained, there are good reasons for examining other 
possibilities. Thus, it is known that CO will form a compound with the 
cytochrome oxidase which prevents its action with oxygen, but this possi
bility is usually discounted because of the relatively low affinity of the 
enzyme for CO as compared with 0 2 . Haldane (12) was able to show a 
direct effect by varying the conditions of his father's experiment, com
paring the effect on rats of breathing a mixture of 1 atm CO + 3 atm 0 2 

with the effect of 3 atm CO + 3 atm 0 2 . In the first mixture they behaved 
substantially normally, whereas in the second they developed convulsions 
after a short time. The conditions of this experiment were so extreme, 
however, that they seemed to reinforce the arguments for neglecting any 
direct influence of carbon monoxide on the tissue enzymes. Bander and 
Kiese (12a) have re-examined the matter and have pointed out that in 
severe CO poisoning the tissue 0 2 tensions are much reduced and that 
under conditions of low 0 2 tension the simple hyperbolic relation between 
pCO and enzyme inhibition does not hold good, the inhibition exceeding 
that predicted from experiments conducted with higher gas tensions. 
Against this is the fact that, as found by Argyll Campbell (13), the CO 

TABLE I 
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tension in the tissues is below that in the alveoli. This is due to the sharp 
drop in the equilibrium CO tension as the blood gives up 0 2 during its 
passage through the tissue capillary, so that a CO diffusion gradient exists 
from the arterial to the venous end of the capillary, and the mean tissue 
CO is below that in the arterial blood. Bander and Kiese conclude, never
theless, that a significant inhibition of the cytochrome oxidase may occur 
in the terminal stages of CO poisoning and may exceed 10%. 

D. Circulatory a n d Respiratory Responses to C O Poisoning 

There is general agreement that in man and in the dog there is little 
change either in cardiac output or respiration until the level of COHb 
in the blood is of the order of 40%. Beyond this level Chiodi et al. (14) 
found a small increase in cardiac output. There was no increase in total 
ventilation, and experiments with added C 0 2 showed diminished excita
bility of the respiratory center. There is no evidence of stimulation of the 
chemoreceptors of the carotid body, and in electrophysiological experi
ments Duke, Green, and Neil (15) have found that even with 70% or 
more COHb in the blood of anesthetized cats no discharges take place 
so long as the blood pressure is maintained. Daly, Lambertsen, and 
Schweitzer (16) point out that this result is not easily reconciled with 
their measurements of the blood flow and metabolic rate of the carotid 
body. They found the very high flow of 2 liters/100 gm/min at normal 
arterial pressure. The arteriovenous difference was not great enough to 
allow an estimate of the 0 2 consumption at full flow, but when the flow 
was reduced to about one-quarter by lowering the arterial pressure, an 
arteriovenous difference of 2.5 vols% was found, giving an 0 2 consump
tion of 9 ml /100 gm/min. The conditions under which this arteriovenous 
difference was determined are similar to those in which a strong response 
can be elicited from the chemoreceptors. If this response is determined 
by the venous p 0 2 in the blood draining the carotid body, the threshold 
must lie at a high value of p 0 2 , and stimulation would be predicted in 
CO poisoning. As already stated, all the evidence suggests that no such 
stimulation occurs. I t seems certain that CO does not inactivate the 
chemoreceptors of the cat, which will give a strong response after expo
sure to it. The explanation which is sometimes offered, that chemoreceptor 
stimulation depends on arterial p 0 2 and not on venous p 0 2 and that since 
arterial p 0 2 is not lowered in CO poisoning no stimulation would be 
expected, does not appear to fit the experiments in which strong stimula
tion of the chemorecptors is obtained on lowering the arterial blood 
pressure. I t may be that some special factor operates in CO poisoning. 



548 Q. Η. GIBSON 

Ε. Elimination of C O from the Blood a n d Treatment of C O Poisoning 

Experiments on the rate of removal of CO from the blood have given 
conflicting results even when carried out by expert observers using ade
quate methods. Thus, Roughton and Root (17) found a half-time much 
longer than Lillienthal and Pine (quoted in 18). There is agreement, how
ever, that breathing 0 2 as opposed to air gives a sixfold increase in rate 
of elimination and that the addition of C 0 2 to the oxygen will increase 
the rate still further. This further increase has varied considerably from 
one group of workers to another. 

The details of treatment have been much discussed. It is generally 
agreed that: 

(1) The patient should be removed at once from the CO-containing 
atmosphere; (2) artificial respiration, if required, should be given at once; 
and (3) oxygen should be given, using a mask to obtain the greatest possi
ble increase in alveolar p 0 2 . 

Controversy has arisen about the use of C 0 2 - 0 2 mixtures for resuscita
tion. Although there is no doubt that mixtures allow faster removal of CO 
from the blood than does 0 2 alone, this speed of removal is not especially 
important. The outcome of CO poisoning depends on the p 0 2 in the brain 
and on the duration of hypoxia, and, provided the alveolar p 0 2 is raised 
promptly by giving oxygen with or without artificial respiration, the later 
stages of recovery are unimportant. The immediate effect of giving 0 2 is 
to provide a bonus of about 1.5 ml O 2 /100 ml blood, which is sufficient, 
as shown in Table I, to raise the venous p 0 2 by about 8 mm Hg. This is 
enough to transfer a patient from the lethal threshold of 12 mm Hg 
to the comparative security of 20 mm Hg. It is doubtful if the controversy 
about gas mixtures can readily be settled by experiment, as so many 
variables are involved. The balance of evidence seems to suggest that 
C 0 2 - 0 2 mixtures are certainly as good as plain 0 2 , and may be superior, 
but their superiority is less than has been claimed by their more en
thusiastic supporters. References include McDonald and Paton (19, 20), 
Henderson and Haggard (21), Nicloux et al. (22), and Schwerma et al. 
(23). 

Although some exotic treatments have from time to time been proposed 
and applied [see (18) for references], no use seems to have been made of 
cardiorespiratory stimulants acting through the carotid body, such as 
nikethamide. As brain blood flow is directly dependent on pressure, such 
drugs might in a severe case provide a little additional oxygen immedi
ately at the time when it is most needed. 
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F. The Use of Carbon Monoxide a s a Tool in Studies of Respiratory Carriers 

The dramatic effects of CO on mammals have suggested its use to 
diagnose the function of hemoglobin in nonmammalian organisms. If its 
application produces a dramatic effect on the animal, then it seems fair 
to conclude that the hemoglobin acts as a respiratory carrier. The con
verse should not, however, be assumed without careful study of the 
animal and of its normal environment. The capacity to survive by means 
of anaerobic metabolic mechanisms, and so to show little obvious sign of 
disturbance on treatment with CO, is not necessarily an indication that 
hemoglobin present in an animal does not normally function as a respira
tory carrier. Exercise tolerance tests, which would often be of value in this 
respect, are difficult to apply in many species. The subject has been dis
cussed by Manwell (24) in a recent review. 

III. METHEMOGLOBINEMIA 

The various aspects of the subject have been reviewed in recent years; 
and so far as its effect on oxygen transport is concerned, there is little to 
add. The literature on compounds inducing methemoglobin formation and 
the mechanism of their action was reviewed by Heubner (25), and a wider 
review with 246 references by Bodansky (26) deals with all aspects of the 
problem. The mechanism of reduction of methemoglobin in erythrocytes 
has been considered by Gibson (27). In the account which follows these 
sources will be drawn upon freely without further reference. 

A. The Effect of Methemoglobin on the O x y g e n Dissociation Curve 

Recent experiments in vitro and in vivo have been made by Darling 
and Roughton (28) and confirmed by Kiese and Klingmuller (29). They 
found that the curve was shifted to the left and was less inflected than 
normal. The effect is analogous to that found with carbon monoxide and 
has been discussed theoretically from this point of view by Wyman and 
Allen (30). Quantitatively, however, the effect of conversion to methemo
globin is smaller; and so far as affinity and shape of dissociation curve are 
concerned, COHb formation has about twice the effect of conversion of a 
similar percentage of the total pigment to methemoglobin. It has been 
shown in animal experiments that the shift of the dissociation curve 
observed in vitro occurs in vivo and that methemoglobin is less toxic 
than an equivalent amount of carboxyhemoglobin (31). 
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Β. Effects of Methemoglobinemia on Transport of O x y g e n in Tissues 

These are similar to, but less severe than, those produced by the same 
percentage conversion to COHb. Chronic methemoglobinemia, although 
rare, is a well-recognized condition [see (27) for references]. In untreated 
cases up to 4 5 % conversion of the hemoglobin has been observed, often 
without any apparent disability. In these patients it seems that the com
pensatory polycythemia often found covers much of the deficit in oxygen-
transporting capacity. Several of the cases reported have been in heavy 
manual laborers, while one was a member of a hockey team. Determina
tions of the form and position of the oxygen dissociation curve have given 
discordant results. Thus, Hitzenberger (32) and Gibson and Harrison 
(33) found a shift and change in shape, whereas Eder, Finch, and 
McKee (34), in repeated careful determinations, could detect no deviation 
from the normal. The existence or otherwise of a shift is of great theoreti
cal interest, since if it could be shown, preferably by examination of the 
same sample of blood before and after removal of the methemoglobin, 
that there was not any change in the form and position of the curve, the 
presumption would be strong that the blood sample contained two types 
of erythrocyte, one containing methemoglobin, the other free from the 
pigment. I t should be pointed out that the important region of the curve 
is from 0 to 1 0 % saturation and that the precise gasometric methods 
developed by Roughton and his co-workers are appropriate (see 35). The 
lack of points at the foot of the dissociation curve greatly diminishes the 
value of all the observations in which an apparent lack of effect of 
methemoglobinemia has been found because other compensatory mecha
nisms might well shift the curve bodily to the right. With the advance of 
spectrophotometric techniques it may well become possible to settle this 
question by investigating the light absorption of single cells. 

C. Formation of Methemoglobin 

1. C O M P O U N D S R E A C T I N G D I R E C T L Y W I T H H E M O G L O B I N 

An example is sodium nitrite. On injection of nitrite the blood methe
moglobin rises rapidly, reaches a maximum within about half an hour, 
and, in nonfatal poisoning, disappears again in the course of a few hours. 
The time course varies a good deal from one species to another because 
of interspecific differences in the efficiency of the enzymic mechanisms for 
methemoglobin reduction. Nitrite will react directly with hemoglobin 
in vitro, the products depending on the conditions. When p 0 2 is high, 
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conversion to methemoglobin is almost quantitative, but at low p 0 2 nitric 
oxide hemoglobin is also formed. Chlorates are also believed to react 
directly with hemoglobin, but the reaction has many unusual features. 
There appears to be a threshold concentration, but once the reaction has 
started, it is autocatalytic. Quinones may also react directly with hemo
globin, and Fishberg (50) has described a patient who excreted benzo-
quinoneacetic acid and had methemoglobinemia. Rapid regeneration of 
hemoglobin was obtained on giving ascorbic acid, which presumably acted 
by reducing the quinone. 

2. C O M P O U N D S A C T I N G I N D I R E C T L Y 

One of the most thoroughly studied is aniline, where the mechanism has 
been worked out in detail by Kiese and his co-workers (87-41). They 
have shown that aniline is oxidized to phenylhydroxylamine, which in 
turn reacts with hemoglobin in the presence of oxygen to give nitroso-
benzene and methemoglobin. The nitrosobenzene is reduced back to 
phenylhydroxylamine by an enzyme system in the erythrocyte (the 
methemoglobin reductase of Kiese), setting up a catalytic cycle of methe
moglobin formation. This cycle explains the observation that phenyl
hydroxylamine is capable of converting many equivalents of hemoglobin 
to methemoglobin in vivo, whereas with drugs such as nitrite approxi
mately stoichiometric relations are found. 

In addition to qualitative demonstrations that the series of reactions 
aniline ±^ phenylhydroxylamine ±=z nitrosobenzene can take place in the 
blood, quantitative determinations of the amount of circulating nitroso
benzene have been made after the administration of aniline to dogs. These 
levels have been reproduced by continuing infusion of nitrosobenzene, 
and it has been shown that the same rate of methemoglobin formation is 
observed whether the nitrosobenzene is formed indirectly from aniline 
or is injected directly into the blood stream. Although it is not strictly 
relevant to the topic of oxygen transport, it should be pointed out that 
the complexities of the system have by no means been exhausted by the 
description given above; and in the absence of the enzyme system, quite 
different reactions between hemoglobin and nitrosobenzene occur, with the 
formation of a comparatively stable hemoglobin-ligand complex. 

Many organic compounds are able to cause methemoglobin formation, 
and aniline has been chosen for discussion solely because the mechanism 
of its action has been so thoroughly worked out. I t is likely that similarly 
complex transformations occur with other compounds which have not yet 
been so fully studied. 
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D. Treatment of Methemoglobinemia 

Except in the idiopathic variety the tendency is towards recovery. The 
methemoglobin is reduced to hemoglobin by the enzyme systems within 
the erythrocyte. In man, the system active with nitrite-hemoglobin in the 
absence of carriers such as methylene blue appears to depend on D P N -
reducing dehydrogenases, and can deal with 5-10% of the total pigment 
per hour. 

When the pigment has been formed by the action of phenylhy
droxylamine, the chemical reactions are more complicated and involve 
TPN-reducing dehydrogenases, including enzymes able to decarboxylate 
glucose-6-phosphate. In this rather special case a continuing oxygen 
uptake by the blood occurs, but the methemoglobin does not become 
reduced, though it will become reduced and will remain so in the presence 
of carbon monoxide in vitro. 

With several redox dyes, such as methylene blue, the chemical changes 
are similar to those found with phenylhydroxylamine, but as the reoxida-
tion of the dyes is not coupled to the oxidation of hemoglobin, the 
methemoglobin becomes reduced even in the presence of oxygen. With 
methylene blue, for example, the reactions occur as in Eqs. ( 4 ) - ( 6 ) . 

MB + TPN enzyme system + glucose —> LeucoMB + oxidation products + C 0 2 (4) 

LeucoMB + 0 2 -* MB + H 2 0 2 (5) 

LeucoMB + methemoglobin ^± MB + hemoglobin (6) 

In this system, in the presence of oxygen, which keeps the concentration 
of free hemoglobin very low, the equilibrium is in favor of methemoglobin 
reduction; and as the dehydrogenase systems are very active, the net 
result is that methylene blue acts as an effective redox carrier, allowing 
methemoglobin to be reduced at the expense of glucose oxidation. As the 
T P N enzyme systems do not react readily with methemoglobin in the 
absence of carrier, the addition of methylene blue speeds methemoglobin 
reduction by as much as fiftyfold. 

Other substrates, such as malate, fumarate, and pentose sugars, have 
been shown to reduce methemoglobin in vitro. Their importance under 
ordinary circumstances is uncertain. Nonenzymic reduction occurs with 
ascorbic acid, glyceraldehyde, and glutathione. This may be important in 
chronic idiopathic methemoglobinemia, where the accumulation of the 
pigment is due to a hereditary defect in the reducing systems within the 
erythrocyte and the rate of formation and of reduction are both very low. 
Ascorbic acid has been studied in this connection, and it has been calcu-
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lated that the concentrations reached in the blood could give a reduction 
of perhaps 2 -3% of total pigment per day. The uncertainties involved in 
these calculations are, however, considerable. 

The treatment of acute methemoglobinemia is therefore as follows: 
(1) If the patient is so severely poisoned as to be comatose, oxygen 

should be given at once just as for CO poisoning. 
(2) An intravenous injection of 0.1 gm methylene blue in 10 ml should 

be given. This is just as urgent as giving oxygen, as it will produce worth
while effects in as little as 10 minutes and will usually clear the blood 
within 30 minutes. 

(3) If the patient is cyanosed but not seriously ill, no treatment is 
necessary. In the case of some poisons the maximum blood level con
tinues to rise for several hours. It is important to watch the patient to 
make sure that a seriously toxic level in the blood is not being reached. 
Methylene blue may be given by mouth and will be effective in about 
30 minutes. 

(4) Idiopathic methemoglobinemia. Treatment is required for cosmetic 
reasons only. It may be deferred until any scientific investigations have 
been carried out. Ascorbic acid in large doses is cheap, nontoxic, and 
effective in reducing, but not eliminating, cyanosis. Methylene blue will 
virtually clear the blood of methemoglobin, but may be less desirable 
for long-continued administration. The treatment of choice is perhaps to 
give ascorbic acid regularly, reserving methylene blue to remove the last 
traces of cyanosis for special occasions. 

IV. CARBON DIOXIDE TRANSPORT 

Although carbon dioxide is much more soluble than oxygen and will 
pass more readily through membranes, a specialized transport mechanism 
is required to deal with its properties as an acid. Most of the carbonic 
acid formed by reaction with water is buffered within the red cell by 
reaction with hemoglobin in two ways: (1) Oxyhemoglobin is a stronger 
acid than reduced hemoglobin and is able to bind base more strongly. 
When a solution containing oxyhemoglobin is reduced, it gives up base 
and the solution becomes more alkaline. In the tissues, the base released 
by the reduction of hemoglobin is taken up by carbonic acid, which is 
thereby carried without change in pH. (2) Carbonic acid and hemoglobin 
react together to form bicarbonate and a more acid hemoglobin. This 
mechanism buffers the carbonic acid with a small change in pH. 
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In addition, carbon dioxide is able to react directly with amino groups 
in hemoglobin to form carbaminohemoglobin. In this case carbonic acid 
is not formed at all. Since mechanisms (1) and (2) start with carbonic 
acid, transport is preceded by the reactions 

C 0 2 + H 2 0 i=± H 2 C 0 3 ^ H+ + HCO,-

whereas the reverse changes take place in the lungs. Although the ioniza
tion of carbonic acid is instantaneous, the hydration of C 0 2 and the 
dehydration of carbonic acid are not especially rapid. Quantitative calcu
lations by Henriques (42) showed that the dehydration of carbonic acid 
is not fast enough to allow for the unloading of C 0 2 in the lungs if all 
transport were by mechanisms (1) and (2) . He showed, further, that the 
exchange of C 0 2 with a gas phase was much more rapid in whole blood 
than in blood plasma. These considerations and experiments set in train 
a series of investigations leading to the recognition and purification of 
the enzyme carbonic anhydrase and to the recognition of the place of 
carbamino compounds in C 0 2 transport. This work has been dealt with by 
Roughton (43) in a review which retains, after 25 years, all its original 
interest. 

A. Inhibitors of Carbonic Anhydrase 

Many compounds have been shown to inhibit carbonic anhydrase, 
though because of the technical difficulties few detailed studies have been 
made. Keller (44) has recently reviewed the inhibitors and activators of 
carbonic anhydrase and gives references to the original work. Although 
there are so many inhibitors, and although some of them, like the sulfon
amides, have been widely used in medicine for a long time, the literature 
affords little indication of effects which might be put down to disturbance 
of C 0 2 transport. There are two reasons for this apparent lack of effect, 
of which the first is the great excess of enzyme available in the blood. 
Thus, Roughton et al (45) have estimated that there is about 7500 times 
as much in the erythrocyte as would be needed to deal with normal CO, 
transport in man, so that a very high degree of inhibition is required 
before interference with C 0 2 transport can be expected. The second is that 
compensatory changes in respiration allow C 0 2 transport to be maintained 
even when marked inhibition of carbonic anhydrase has been achieved. 
Some of the difficulties in analyzing the effects of carbonic anhydrase 
inhibitors have been pointed out by Mithoefer (46). They are chiefly due 
to the occurrence of adaptive physiological responses which mask the 
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primary effects of the inhibitors and allow C 0 2 transport to be carried 
on even when carbonic anhydrase has been powerfully inhibited. 

B. Effects of Inhibition of Carbonic Anhydrase 

The principal findings may be exemplified by data taken from the 
careful observations of Carter and Clark (47) on unanesthetized dogs. 
These animals received a single intravenous dose of acetazolamide suffi
cient to produce at least 97% inhibition of carbonic anhydrase. As com
pared with control periods for the same animals, total ventilation rose 
from 2.7 liters/min to 5.0 liters/min after 30 minutes; C 0 2 output 
was unchanged at 67 and 66 ml/min before and after injection, while the 
corresponding figures for 0 2 were 84 and 82 ml/min. As a result of the 
increase in total ventilation, alveolar p C 0 2 fell from 37 to 19 mm Hg, 
and p 0 2 rose from 103 to 123 mm Hg. The effect of the respiratory 
changes was to maintain the normal C 0 2 output with a tissue C 0 2 tension 
just sufficiently above normal to maintain the stimulus to the respiratory 
center. 

Serious difficulty is met in attempting to determine the gas tensions in 
the blood. The method of aerotonometry outside the body requires that 
a gas bubble be rotated in a larger volume of blood until equilibrium is 
reached. The period of rotation, however, also allows the C0 2 -bicarbonate 
reactions to go to equilibrium and consequently invalidates the C 0 2 

tension determinations. Indirect methods of calculation by use of the 
Henderson-Hasselbalch equation are equally inapplicable because the 
equation assumes equilibrium between C 0 2 , HC0 3~~ and H + . As a result, 
conflicting reports have appeared on the gas tensions in the alveolar air 
and the arterial blood. For example, in the paper of Carter and Clark (47) 
the alveolar p C 0 2 is quoted as 19 mm Hg, while the arterial pC02 was 
42 mm Hg by aerotonometry and 39 mm Hg by calculation from the 
Henderson-Hasselbalch equation. It seems probable, however, that the 
arterial p C 0 2 as the blood left the lungs was really 19 mm, though it 
would be expected to rise during the passage to the tissues as bicarbonate 
and C 0 2 approached equilibrium. In the tissues the venous p C 0 2 would 
be expected to rise to about normal values, but would fall as equilibrium 
was approached during the passage to the lungs. The net effect would be 
to accentuate the part played by carbaminohemoglobin and to increase 
the amount of C 0 2 transported in physical solution. It does not appear 
easy to express these effects quantitatively because of the shifts which 
should occur during the circulation time of the blood. 

The experiments of Carter and Clark (47) were carried out with un-
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anesthetized dogs at rest; similar experiments conducted with anesthetized 
animals have yielded essentially similar results (48). In man the effect of 
large doses of sulfanilamide has been investigated by Roughton et al. 
(45), who found that although the largest doses of sulfanilamide they 
gave were well tolerated at rest, the limits of physiological adjustment 
were exceeded when severe exercise was attempted, and the subjects 
treated with sulfanilamide had a reduced work capacity, associated with 
subjective feelings of choking, presumably due to C 0 2 retention in the 
tissues. 

It should perhaps be pointed out that the practical importance of 
inhibitors of carbonic anhydrase derives less from their action in the 
erythrocyte than from their action on the kidney. This matter, however, 
lies outside the scope of the present article. One other effect involving 
carbonic anhydrase is also, strictly, irrelevant to the present discussion, 
but offers so attractive an application in biochemistry as to deserve brief 
mention. This is the use of carbonic anhydrase as a tool for determining 
whether carbon dioxide is liberated as such in an enzyme reaction or 
whether it appears as bicarbonate. Thus, Krebs and Roughton (49) 
showed that if urease is allowed to act on urea in such quantity that the 
whole of the substrate is consumed in a period of a minute or so, and 
at a pH such that at equilibrium most of the C 0 2 is converted to bicar
bonate, and if the reaction is followed manometrically with vigorous 
shaking, then in the absence of carbonic anhydrase the p C 0 2 in the liquid 
phase can reach a value well above the equilibrium level, and C 0 2 is first 
shaken out into the gas phase and absorbed again later as equilibrium is 
approached. In the presence of carbonic anhydrase C 0 2 is maintained 
almost in equilibrium with bicarbonate, and no excess C 0 2 is shaken into 
the gas phase at any stage of the reaction. I t is thus shown that C 0 2 and 
not bicarbonate is the immediate product of the enzyme reaction. 
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