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Sodium cyanate: from a promising therapeutic agent 
to a research tool in high altitude physiology 
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Sodium cyanate (NaOCN) first appeared on the biomedical scene as a potential 
therapeutic agent for sickle-cell disease. Although it did not fulfill its early 
promise in the clinic, it proved to be useful as a pharmacological tool in 
physiological research, particularly in the physiology of oxygen transport. 
NaOCN has been especially valuable in the area of investigation which is 
reviewed here: the study of oxygen transport, both in normoxic and in hypoxic 
conditions, in experimental models in which NaOCN was used to induce a shift to 
the left of the oxygen dissociation curve. The classical idea is that a low Hb-O? 
affinity is of adaptive value for life at high altitudes but it has been challenged by 
several pieces of evidence. One of them is the demonstration of increased survival 
in hypoxic hypoxia of animals with a high Hb-02 affinity induced by NaOCN. We 
also discuss the advantages and potentially confounding factors which should be 
taken into consideration when interpreting results of studies in which the oxygen 
dissociation curve has been modified by administration of NaOCN. 

Key terms: high altitude physiology; hypoxia; oxygen dissociation curve shifts; 
oxygen transport; sodium cyanate. 

I. I N T R O D U C T I O N 

Often scientific disciplines overlap, and 
methods at first considered as specific for 
one clearly defined area are later used in 
another one. When assessing the physiology 
of organisms, the physiologist often uses 
a pharmacologically active agent to see 
whether its administration does or does not 
modify the function of the whole organism 
or of some particular organ within it. Sodium 
cyanate (NaOCN) has been used extensively 
in the study of high altitude but before that 
it generated a lot of excitement for a time in 
clinical pharmacology as a potential thera
peutic agent. Therefore we will first give a 
brief account of the career of NaOCN as 
such an agent and then we will review the 
role that it later acquired in physiology, 
part icular ly in the physiology of high 
altitude. 

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

Sodium cyanate (NaOCN) is a pharma
cological agent with a unique history both in 
clinical and in physiological areas. Probably 
the first time it emerged powerfully on the 
scientific scene was in the early 1970s, when 
Cerami et al (1973) suggested on the basis 
of in vitro studies that it might be the thera
peutic agent so badly needed for treatment 
of sickle-cell disease (Cerami and Manning, 
1971; Gillette et al, 1971). Earlier it had been 
found to be a natural product which is form
ed in the body from urea (Birch and Schutz, 
1946; Schutz, 1949). 

Patients with sickle cell disease have a 
lower hemoglobin-oxygen affinity than 
normal individuals. The early investigations 
showed that NaOCN carbamylated selec
tively the NH2-terminal valine of hemoglobin 
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( K i l m a r t i n and R o s s i - B e r n a r d i , 1969 ; 
Manning et al, 1972) and increased 0 2 

affinity. It was reasoned that the resulting 
left-shift of the oxygen dissociation curve 
(ODC) of the erythrocytes of sickle-cell 
disease would allow a limited oxygen 
delivery in the microcirculation, and also 
increasing the saturation of Hb would avoid 
lysis of erythrocytes and could result in 
symptomatic improvement due to a reduction 
of the sickling phenomenon. Also experi
ments on several species of animals revealed 
that the toxicity of the drug might be low 
enough to justify clinical trials (Cerami et al, 
1973; Graziano et al, 1973). Subsequent 
limited studies with NaOCN in humans with 
sickle-cell disease showed that it increased 
the survival t ime of erythrocytes sub
stantially both in vitro and in vivo (Alter et 
al. 1972a; Gillette et al, 1971; 1974; Milner 
and Charache, 1972). These studies also sug
gested that NaOCN decreased the frequency 
of hemolytic crises (Gillette et al, 1974). 
It was found that l 4 C-ca rbamyl groups 
accumulated in organs such as bone, skin, 
liver, and serum proteins, but it was hoped 
that these non-hemoglobin carbamylations 
could be neglected from a clinical point of 
view (Cerami et al, 1973). The disease does 
however need life-long treatment and long-
term undesirable effects of the drug emerged 
as a critical limiting factor, both in clinical 
and in animal studies (May et al, 1972; Ri-
vera-Ch et al, 1991). 

Perhaps the most consistent and con
spicuous effect of NaOCN observed in all 
these studies was that it led to a shift to 
the left of the ODC: carbamylation of the 
hemoglobin molecule increases the affinity 
of hemoglobin for oxygen. Although NaOCN 
did not fulfill expectations as a therapeutic 
agent for sickle-cell disease, its ability to 
shift the ODC made it an exciting tool for 
investigating oxygen transport, particularly 
transport at high altitude. 

I I I . P R E L I M I N A R Y C O N S I D E R A T I O N S ON T H E 
B I O L O G I C A L S I G N I F I C A N C E O F O D C S H I F T S 

The affinity of hemoglobin for oxygen plays 
an important role in oxygen transport, both 
at sea level and at high altitude. It is usually 
represented by an ODC relating P 0 2 and 0 2 

saturation (S0 2 ) (Fig. 1). The position of the 
ODC may vary, the change being usually a 
shift to the right or to the left with all P 0 2 s 
increasing or decreasing in the same propor
tion as in a Bohr shift. For example, the 
blood ODC is strongly influenced by the 
concentration of 2,3-DPG in the erythro
cytes: it decreases the affinity of hemoglobin 
for oxygen (Benesch and Benesch, 1969; 
Chanutin and Curnish, 1967). Lenfant et al 
(1970; 1971) used this property to explain 
their finding of a decrease in Hb-O, affinity 
in the blood of lowlanders after they had 
gone up to 4510 m. They proposed that blood 
pH is the principal factor causing changes in 
the position of the ODC after arrival at high 
altitude and that it acts through 2,3-DPG. 

The adaptive value of a low or high H b - 0 2 

affinity has been extensively studied, both 
in humans and in animals. On the one hand, 
animals which are adapted genotypically to 
altitude show consistently a high H b - 0 2 

affinity and cope successfully with the 
hypoxia of high altitudes. On the other hand, 
animals which are not so adapted, and man 
is one of them, have relatively low H b - 0 2 

affinities. Thus a high H b - 0 2 affinity appears 
as an evolutionary trait of animals geno
typically adapted to high altitude. 

The biological significance of such dif
ferences in the position of the ODC in oxygen 
transport from the lungs to mitochondria in 
the tissues has also been extensively studied 
experimentally by shifting the ODC to the 
left and the shift has usually been produced 
with NaOCN. The possibility of experimen
tal manipulation of the ODC with NaOCN 
paved the way for exploring various of the 
steps of the oxygen transport cascade from 
lungs to cells. 

The physiological consequences of a shift 
to the left or right of the ODC has long been 
an issue of intense debate. 

Consider first, purely theoretically, an 
oversimplified model of the problem: what 
would be the effect of a shift to the left of the 
ODC, without any change in blood flow on 
the transport of 0 2 between a fixed arterial 
P 0 2 (Pa0 2 ) and a fixed venous P 0 2 (Pv0 2 )? 

To indicate the position of the ODC, we 
use the parameter P 5 0 the affinity constant, 
which is the P 0 2 at which Hb is half saturat
ed with 0 2 . For example, in the dissociation 
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curves of Fig 1, which we obtained ex
perimentally in mice (Rivera-Ch et al, 1995), 
P 5 0 for half saturation was reduced by 
NaOCN from 35.8 Torr to 19.4 Torr. 

Such a left shift increases S 0 2 at all values 
of P 0 2 , but the size of the increase varies 
with P 0 2 , having a rounded maximum near 
P 5 0 and decreasing sharply to zero at P 0 2 = 
0, and more gradually as P 0 2 increases. 
Transport of 0 2 ( S a 0 2 - S v 0 2 ) is increased by 
a left shift if the shift increases S a 0 2 by 
more than it increases S v 0 2 , and vice versa. 
In Fig. 1, the two lines each connecting an 
arterial and a venous point, show the changes 
in S a 0 2 and in S v 0 2 , with a high P a 0 2 (AB) 
and with a low P a 0 2 (CD). Clearly at a high 
P a 0 2 of 100 Torr, there is a greater increase 
in S v 0 2 (B) than in S a 0 2 (A) and so 0 2 

transport is reduced by the left shift but if 
P a 0 2 is as low as P 5 0 , the increase in S a 0 2 

(C) is greater than in S v 0 2 (D) and so 
transport increases. A left shift increases 0 2 

transport in severe hypoxia but reduces it in 
normoxia or mild hypoxia. This emerges 
from the experimental data, as will be seen. 

An alternative simple model, in which 
S(a-v)0 2 is constant and changes in P v 0 2 are 
considered, gives qualitatively the same 
answer that a left shift is advantageous in 
marked hypoxia because it raises P v 0 2 . How 
far do such simple models account for ob
servations? 

A low H b - 0 2 affinity was long considered 
an advantage which improved 0 2 transport to 
the tissues in hypoxic hypoxia. Aste-Salazar 
and Hurtado (1944) found that highlanders 
showed a slight right shift in the ODC and 
argued that this may be interpreted as a 
favourable compensatory adjustment to the 
low pressure environment at altitude. They 
stated that under these conditions the basic 
problem is one of the delivery of oxygen 
to the tissues, and a right deviation of ODC, 
even if slight, would be of appreciable 
benefit to this process, especially when the 
increased quantity of blood hemoglobin 
present is considered. Later, Lenfant et al 
(1968) studied the relation between oxygen 
dissociation and 2,3-DPG in the red cells of 
subjects moving from low to high altitude 

100 
Saturation (%) 

Hb P50 
(g/dl) (Torr) 

Control 14.8 35.8 
NaOCN 17.4 19.4 

0 20 40 60 80 100 120 140 160 

PO2 (Torr) 

ASO2 NaOCN Control 

Fig 1. Whole oxygen dissociation curves, one normal and other shifted to the right by NaOCN, with 
P 5 0 s 35.8 and 19.4. Line depicted by small squares, difference between saturation of normal and 
NaOCN blood as a function of P 0 2 . Bold straight lines connect A, change in saturation of arterial blood 
at P 0 2 = 100 and B, change in saturation at a venous P 0 2 = 40; CD, as for AB, except in marked 
hypoxia: P a 0 2 = 30 and P v 0 2 = 15. In AB, gain of S a 0 2 is less than gain of S v 0 2 , so 0 2 transport is 
reduced; but in severe hypoxia, CD, transport is increased. 
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and vice versa. They found that, in response 
to high altitude hypoxia, the ODC shifted to 
the right within 24 hours and a parallel 
increase occurred in the 2,3-DPG content 
of the red blood cells. They concluded that 
while their study does not provide direct 
evidence of a cause and effect relationship, 
the data strongly suggest that, with hypoxia, 
the observed rise in the 2,3-DPG of the red 
blood cells reduces the affinity of Hb for 0 2 

and so is responsible for the right-shift of the 
ODC, which allows an increased availability 
of oxygen to tissues. They considered that 
this change may represent an important rapid 
adaptive mechanism to high altitude hypoxia. 
However, in spite of these considerations, 
the observation is that animals which are 
genotypically adapted to high altitude show 
not a low but rather a high H b - 0 2 affinity as 
their most noteworthy characteristic (Monge-
C and León-Velarde, 1991), and our simple 
model suggests that a high affinity would 
be valuable in the marked hypoxia of high 
altitude. NaOCN has been used to test this. 

IV. E A R L Y S T U D I E S ON L E F T - S H I F T E D O D C 
AND TISSUE O X Y G E N T R A N S P O R T 

Changes in erythropoiesis suggest changes 
in the tissue P 0 2 of one particular tissue, 
which acts as a receptor for the release of 
erythropoietin. So far as the erythropoietic 
response is concerned, there may appear to 
be differences between animals in the extent 
to which erythrocytosis is induced by ad
ministration of NaOCN, and such variable 
results may be due to various factors such as 
route of administration, time and intensity 
of t reatment , and biological ( intr insic) 
differences. In this context, Cerami et al 
(1973) did not find any substantial poly
cythemia in most of the animals (mice, rats, 
dogs, monkeys) they treated with cyanate at 
sea level and that suggests that probably 
there is good oxygen delivery to the tissues 
by the carbamylated erythrocytes despite 
their high H b - 0 2 affinity, and so there is no 
significant stimulation of erythropoiesis by 
tissue hypoxia. However, some of the indivi
dual mice and dogs did display a moderate 
10-15% increase in hematocrit and hemo
globin concentration, when compared to con
trol animals. The authors speculated that this 

may signify an attempt by the animal to 
enhance oxygen delivery to tissues through a 
moderately increased erythropoietic response. 
Thus they acknowledged that further work 
needs to be done to rule out the possibility 
that there is a decreased oxygen supply to 
some tissues as a result of the high oxygen 
affinity of the blood produced by NaOCN. 

Cerami et al (1973) also exposed cyanate-
treated and untreated mice to a hypoxic en
vironment in a hypobaric chamber with an 
oxygen content equivalent to approximately 
6 to 7%. They found that the cyanate-fed 
mice lived and survived for 10 days and so 
also did the control mice. The hypoxia within 
the chamber was very close to a lethal range 
and so this observation was believed to show 
that there is adequate oxygen transport to 
tissues even under adverse conditions in 
animals with a left-shifted ODC. In addition, 
the authors claimed that their observations 
also show that, when animals are fed cyanate, 
they still can respond to hypoxia with in
creased erythropoiesis. Thus they ruled out 
the possibility that in vivo there is a substan
tial inhibition of hemoglobin synthesis by 
NaOCN such as had previously been shown 
to occur in vitro by Alter et al (1972b). 

In summary, the papers of Cerami and 
Manning (1971) and Cerami et al (1973) 
showed that the most striking difference 
between control and cyanate-treated animals 
was an increase in the oxygen affinity of the 
blood of the animals receiving cyanate and 
this change did not seem to be detrimental 
to the animals. This opinion seems to be sup
ported by experiments performed by Wolk et 
al (1972) showing that the myocardium of 
dogs with a left-shifted ODC, induced by 
treatment with cyanate, was still able to 
extract the customary 70% of oxygen from 
the blood. However, it remains to be deter
mined whether an adequate oxygen delivery 
occurs in other tissues as well. 

V. N a O C N AS A T O O L IN H I G H 
A L T I T U D E P H Y S I O L O G Y 

A. Hemoglobin concentration 

We have shown, in contrast to Cerami et al 
(1973), that mice given NaOCN 0.5% in 
drinking water at sea level have a significant 
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increase in hemoglobin concentration in ad
dition to a marked increase in H b - 0 2 affinity 
(Rivera-Ch et al, 1995). Interestingly, con
trol mice exposed either to chronic or to 
intermittent hypobaric hypoxia developed a 
lesser erythrocytosis than did cyanate-fed 
animals exposed to hypoxia in the same way. 
The latter animals had already been rendered 
polycythemic by the NaOCN before they 
were exposed to hypoxia, and they showed 
consis tent ly higher hemoglobin values 
than animals which had been treated with 
NaOCN at sea level. As to whether there are 
beneficial or detrimental effects of the high 
H b - 0 2 affinity induced by NaOCN, we found 
that at sea level, young mice fed cyanate lost 
weight, whereas the controls gained weight 
(Rivera-Ch et al, 1991) but when both 
groups were also exposed to intermittent 
hypobaric hypoxia the controls lost weight 
and the cyanate-fed mice regained weight. 
However, the positive effects of cyanate on 
the body weight of hypoxic mice were 
largely outweighed by a cumulative deterio
ration in mitochondrial function when the 
animals were assessed after two and three 
months of treatment with NaOCN. Thus we 
warned about the need to keep in mind this 
long-term deleterious effect of cyanate when 
interpreting the adaptive responses to chronic 
hypoxia (Rivera-Ch et al, 1991). Never
theless, it remains to be seen whether the 
deleterious effects of NaOCN shown in 
liver mi tochondr ia also occur in other 
tissues. Meanwhile, the administration of 
NaOCN continues to be the most common 
strategy for experimentally shifting the ODC 
to the left. 

B. Left-shifted ODC and regulation of 
erythropoiesis 

With regard to changes in the humoral 
regulation of erythropoiesis in animals 
t reated with cyana te , Lecherman and 
Jelkman (1985) found in rats that a high Hb-
0 2 affinity induced by NaOCN increased 
plasma titers of erythropoietin (Epo) in 
normoxia but not in severe hypoxia. They 
concluded that a high H b - 0 2 affinity reduces 
the delivery of 0 2 to the cells controlling 
erythropoietin production in normoxia and in 
moderate hypoxia and that excites them but 

that this effect is offset during severe 
hypoxia probably because of an improved 0 2 

loading of the blood. The animals had their 
blood oxygen affinity increased by ex
change-transfusion with blood from NaOCN 
treated rats and cyanate had been ad
ministered orally to donors in the drinking 
water for 3 weeks. These differences be
tween moderate and severe hypoxia are 
consistent with the behaviour of our model. 

C. Left-shifted ODC: Survival in hypoxia 
and other physiological implications 

Animals. Eaton at al (1974) tested whether 
an increased H b - 0 2 affinity is of any adap
tive value to nonindigenous animals when 
they are at high altitude. After two weeks of 
either NaOCN or 0.9% NaCl in the drinking 
water, the animals were exposed in a hypo
baric chamber to an atmospheric pressure 
equivalent to 9,180 m. All of the treated 
animals survived the 90-minute trials and 
their recovery was uneventful, but eight of 
the ten control animals died and in addition, 
all the cyanate-fed rats consistently had a 
much slower heart rate than had the sur
viving control rats. The authors concluded 
that increased, rather than decreased, H b - 0 2 

affinity makes survival possible in conditions 
of severe environmental hypoxia. While they 
recognized that the functional properties of 
some proteins other than hemoglobin may 
be altered by cyanate, they proposed that the 
protective effect of cyanate is due specifi
cally to the increase of H b - 0 2 affinity that 
cyanate produces. Similar results of in
creased survival of cyanate-treated rats 
exposed to extreme hypoxia were obtained 
by Penney and Thomas (1975). 

Man. Hebbel et al (1978) studied human 
subjects who had naturally a hemoglobin of 
high oxygen affinity, Hb Andrew-Min
neapolis. After exposure for one month to a 
moderately high altitude (3,100 m) and in 
striking contrast to two of their normal 
siblings, these high affinity subjects showed 
lesser increments in resting heart rate, 
minimal increases in plasma and urinary 
erythropoietin, no decrement in maximal 
oxygen consumption and no th rombo
cytopenia. These results were considered to 
be evidence that a degree of preadaptation to 
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altitude had been conferred by the increased 
oxygen affinity of their Hb Andrew-Min
neapolis. 

Shortly after the report of Eaton et al 
(1974), another approach to the problem was 
presented by Monge and Whit tembury 
(1974) that helped to reveal the adaptive 
significance of changes in H b - 0 9 affinity. 
They pointed out that in animals native to 
high altitude, a high rather than a low H b - 0 2 

affinity is the rule. That generalization is in 
conflict with the old idea which supposed 
that a lowered H b - 0 2 affinity would be of 
adaptive value in man at high altitudes (Aste-
Salazar and Hurtado, 1944; Lenfant et al, 
1968). 

Turek et al (1978a) have added weight 
to the idea that a left-shifted ODC is ad
vantageous by considering blood gases at 
several levels of oxygenation in rats with 
their ODC shifted to the left by NaOCN. 
They found that the calculated arterio-venous 
C 0 2 difference was not changed by a left 
shift in normoxia but that it was reduced in 
mild hypoxia. In contrast, in severe hypoxia 
a left shift gave a higher mixed-venous P 0 2 

and an increased (a-v)C0 2 difference. The 
control rats developed a severe acidosis 
and pronounced hypocapnia on 5.6% 0 2 but 
with a left shift there was a higher arterial 
and mixed venous pH. These findings sug
gest that in severe hypoxia the extraction 
of 0 2 in the tissues is higher in rats with a 
left-shifted ODC. However, the authors 
considered that their calculations were based 
on certain assumptions which could be tested 
by additional experiments. Accordingly, they 
measured rather than calculated the arterial 
and mixed-venous oxygen content and the 
(a-v)CO, difference together with the oxygen 
consumption (V0 2 ) in rats with their ODC 
normal or left-shifted by cyanate (Turek et 
al, 1978b), both in normoxia and in hypoxia. 
They found the same trend in (a-v)CÓ 2 as in 
the previous study but the absolute values 
were somewhat larger, par t icular ly in 
normoxia. Furthermore, they found that, in 
severe hypoxia, the nutritional blood flow to 
spleen, liver, stomach and intestines, skin, 
and kidney was lower in control rats than in 
NaOCN-treated rats. These reports show 
that, relative to normal controls, animals with 
a left-shifted ODC have an impaired oxygen 

delivery to tissues in normoxia and in mild 
hypoxia, but a more efficient 0 2 delivery 
during severe hypoxia, which is what the 
calculations of Turek et al (1973, 1993) and 
our simpler model predict. 

Furthermore, several other experimental 
studies support this notion that a left-shifted 
ODC induced by cyanate confers an ad
vantage by allowing an adequate oxygen 
delivery to tissues in severe hypoxic con
ditions -when it is most at risk-, but not 
during moderate hypoxia (Schumaker et al, 
1985; Teisseire et al, 1979; Turek et al, 
1973; Turek and Rakusan, 1993). But more 
intense cyanate treatment can induce so 
low a P 5 0 (so great a left-shift of the ODC) 
that hypoxia-like effects may appear in 
rats exposed to a normal atmosphere. For 
example, there may be prevention of normal 
growth, polycythemia, right ventricular 
hypertrophy, and pulmonary hypertension 
(Teisseire et al, 1986). The authors did 
however acknowledge that there was a major 
problem in deciding whether these effects 
were due to the great left-shift of the ODC 
only or rather to direct tissue or cellular 
effects of cyanate as well. In addition, Juarbe 
and Sillau (1988) found that two weeks of 
treatment with NaOCN induced a greater 
muscle capillary surface area in rats and they 
considered that this change would greatly 
facilitate 0 2 transfer to muscle tissue in 
animals in which capillary blood P 0 2 had 
been much reduced by a left-shift of the 
ODC. 

Nevertheless, on the basis of our own 
work in mice, we believe that results which 
show beneficial effects of a left-shift of the 
ODC induced by cyanate in animals acutely 
exposed to hypoxia should be interpreted 
cautiously if one wishes to go on to consider 
whether using NaOCN to produce a left-
shift of the ODC would be beneficial in 
animals chronically exposed to hypoxia. For 
example, we have found (Rivera-Ch et al, 
1991) that chronic cyanate treatment leads to 
progressive and cumulative impairment of 
mitochondrial respiration in mice. And also, 
we found that prolonged treatment with 
cyanate did not prevent the development of 
further polycythemia in mice that were 
already chronically hypoxic (Rivera-Ch et 
al, 1995). 
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Finally, recent in vitro studies have assessed 
the effect of increasing hemoglobin-oxygen 
affinity on muscle 0 2 uptake. The experi
ments were performed in isolated dog 
muscles perfused either with left-shifted 
ODC blood induced by sodium cyanate or 
with normal blood. In maximally working 
gastrocnemius muscles at the same 0 2 

delivery and in similar hemodynamic condi
tions, Hogan et al (1991) found that maximal 
0 2 uptake and calculated mean capillary P 0 2 

were lower when the ODC was left shifted. 
They concluded that these findings are 
consistent with the hypothesis that 0 2 dif
fusion limitation in the peripheral tissues can 
be one important determinant of maximal 0 2 

uptake. To clarify the mechanism underlying 
the fall in O, uptake when 0 2 delivery in the 
arterial blood decreases below a critical 
point, Kohzuki et al (1993) measured the 0 2 

uptake of isolated dog gracilis muscles which 
were perfused alternately with normal or 
with left-shifted ODC blood in which the 
arterial 0 2 content was kept constant, but 
the blood flow was varied to vary the 0 2 

delivery. They found that the critical 0 2 

del ivery at which 0 2 uptake starts to 
decrease, the maximal 0 2 extraction ratio, 
and the plateau O, uptake were similar with 
left-shifted ODC blood and with normal 
blood. The perfusion pressure-blood flow 
relationship was not influenced by the shift 
of the ODC. They suggested that the de
crease in 0 2 uptake in resting skeletal muscle 
when flow is reduced in hypoxic conditions 
is not caused by a decrease in P 0 2 driving 
force within the capillaries, but by a decrease 
in the surface area available for diffusion due 
to a closure of capillaries induced by the low 
perfusion pressure and a rise in the distance 
for diffusion. 

D. Pulmonary ventilation 

NaOCN has been used also in several studies 
of ventilatory function and the nervous 
regulatory mechanisms of ventilation, the 
significance of which is stressed by the 
conclusion of West (1982), after extensive 
experience in humans exposed to extreme 
altitudes, that ventilatory function is the 
most important adaptive parameter during 
ascent to high a l t i tude . The hypoxic 

ventilatory response (HVR) in those animals 
which are native to high altitude, and are 
considered as genotypically adapted to 
altitude, seems to be different from the HVR 
of animals which are not genotypically 
adapted and sodium cyanate has been used 
in experiments to test whether shifts of the 
oxygen dissociation curve contribute to 
changes in the HVR. 

In addition, Birchard and Tenney (1986) 
treated rats with NaOCN and found that 
treated animals had a lower P a 0 2 and higher 
hematocrit than control rats. Control ven
tilatory values were similar to those in other 
reports. Treatment with NaOCN did not 
change resting air breathing ventilation. The 
HVR, expressed as a function of P a 0 2 , did 
not differ between control and NaOCN 
treated animals and was similar to that 
observed previously for rats. The fact that the 
relation of HVR to P 0 2 did not change was 
interpreted by the authors as consistent with 
there being no change in the P 0 2 sensitivity 
of the chemosensory mechanism. They stated 
that this supports the hypothesis that the 
correlation between whole blood oxygen 
affinity and the interspecies HVR observed 
is a consequence of natural selection. In ad
dition, they considered that the arterial chem-
oreceptor response is selected to correlate 
with P 5 0 in such a way as to "protect" arterial 
saturation. Consequent ly, Birchard and 
Tenney (1986) concluded that it is not neces
sary to postulate any mechanistic role for 
the whole blood oxygen affinity curve in 
determining the ventilatory response. 

Fur thermore , Fukuda et al (1988) 
analyzed the influence of a left-shifted ODC 
induced by NaOCN and of progesterone on 
hypoxic ventilatory depression, as well as 
stimulation in terms of regulation of the 
breathing pat tern. They found in the 
halothane anesthesized rat that shifting the 
ODC to the left with NaOCN and treatment 
with progesterone both increased the ven
tilatory response to acute hypoxia, whereas 
they inhibited the occurrence of ventilatory 
depression in severe hypoxia. They con
cluded that these beneficial effects probably 
are the result of reducing the extent to which 
the deteriorative action of hypoxia on brain 
tissue damages the central regulatory mech
anism for respiratory rate. 
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We found (Rivera-Ch et al, 1994) that 
chronic cyanate administration left-shifted 
the ODC less in guinea pigs than in rats and 
produced a mild erythrocytosis in guinea 
pigs. At any given level of acute hypoxia, 
HVR was lower in NaOCN guinea pigs than 
in NaOCN rats. We thus concluded that 
animals which are adapted genotypically to 
high altitude such as the guinea pig seem to 
display relatively minor ventilatory and Hb-
02 changes to NaOCN and a relatively minor 
HVR to acute hypoxia. We proposed that 
they probably use tissue and biochemical 
adaptive mechanisms in addition to their 
limited extracellular responses in order to 
tolerate ambient hypoxia successfully. 

VI. E F F E C T S ON T H E F E T U S 

Cyanate has also been used to indirectly 
manipulate oxygen transport in the animal 
fetus and has proved of great value. In mam
mals, fetal blood has naturally a higher 
oxygen affinity than maternal blood and 
the molecular mechanisms by which this 
property of fetal blood is attained are quite 
well understood (Bunn, 1980; Jelkman and 
Bauer, 1980; Perutz and Imai, 1980), but the 
physiological significance of the difference 
is not clear. Independently both Bauer et al 
(1981) and Hebbel et al (1980) performed 
animal experiments to test whether fetal 
growth is retarded if the excess of the fetal 
over the maternal oxygen affinity is reduced 
by raising maternal 0 2 affinity. Pregnant rats 
were exchange-transfused with high oxygen 
affinity blood, induced by previous treatment 
of the donor rats with NaOCN for up to 14 
days. Both studies showed that an acute 
increase in maternal oxygen affinity leads 
to a reduction of fetal weight. Bauer et al 
(1981) also measured liver and brain weight 
and found a reduction of fetal liver weight 
but not of brain weight. From these ex
periments it was inferred that retardation of 
fetal intrauterine growth resulted from fetal 
hypoxia, which in turn was due to abolition 
of the difference in oxygen affinity between 
maternal and fetal blood. Also, it was sug
gested that the increased mortal i ty of 
newborn animals which were small for 
their gestational age represented a marked 

selective pressure that favored the evolution 
of a fetal oxygen affinity that is high in com
parison with the affinity of maternal blood. 

VII . O V E R V I E W 

In several animal species, sodium cyanate 
has proven to be an extremely useful tool 
for manipulating the ODC and we have used 
experiments with it to assess the different 
steps in the transport of oxygen from 
ambient air to tissues in a variety of tissues. 

Broadly, it is found that NaOCN increases 
the resistance of animals to intense hypoxia 
but increases the effect upon them of modest 
hypoxia and this is the observation predicted 
by our simple model of the changes in 0 2 

transport produced by the left shift of ODC 
that NaOCN produces and by the more 
complex model of Turek et al (1973, 1993). 

When interpreting the results of any study 
in which this drug was used, one must bear 
in mind such important factors as inter
species differences, the route of adminis
tration of the drug, reference to exchange 
transfusion, for example when a donor ani
mal is used, the duration of treatment, and 
whether the experiments were performed in 
normoxia, or in mild, moderate or severe 
hypoxia. 

Genotypically adapted animals such as 
guinea pigs seem to respond differently to 
shifts from non-genotypica l ly adapted 
animals such as rats (Rivera-Ch et al, 1994). 
Interspecies differences may also account for 
the differences observed in the erythropoietic 
response, i.e. the development or not of sig
nificant polycythemia. 

Another important point to be borne in 
mind is that evidence that oxygen delivery to 
tissues is improved in acute hypoxia when 
the ODC is left-shifted by cyanate does not 
indicate that there will also be an adaptive 
(beneficial) effect of cyanate in conditions of 
chronic natural or simulated hypoxia. It must 
be remembered that the great majority of 
studies reported have been performed in 
acutely hypoxic animals only. 

The life-span of the different animal 
species is also important when considering 
the biological meaning of "short-term" or 
"long-term" treatments with NaOCN. 



Biol Res 29: 167-176 (1996) 175 

On the other hand, potentially deleterious 
effects on the function of organs such as 
progressive impairement in liver mito
chondrial function with prolonged exposure 
to NaOCN (Rivera-Ch et al, 1991) should be 
borne in mind if the results of the different 
measurements made are to be interpreted ap
propriately. 

Finally, it is necessary to distinguish be
tween physiological consequences of a left-
shifted ODC (high hemoglobin-oxygen af
finity) induced experimentally in animals 
not adapted genotypically to high altitude 
and the physiologica l s ignif icance of 
naturally occurring high hemoglobin-oxygen 
affinity in animals genotypically adapted to 
high altitude (Monge-C and León-Velarde, 
1991). 

In recent years, renewed interest has 
arisen in NaOCN as a potentially useful 
preventive and therapeutic agent in various 
neoplastic disorders (Hu et al, 1989, 1990; 
Lazarus and Panasci, 1987; Lea et al, 1986, 
1987; Shenouda et al, 1993; Wattenberg, 
1990). If it is eventually demonstrated that 
it is effective in improving substantially 
the survival of those affected with such 
conditions perhaps the toxicity which was 
thought unacceptable in a treatment of so 
chronic a condition as sickle-cell anemia 
could be overlooked in a treatment of malig
nancies. Meanwhile, sodium cyanate will 
remain a valuable tool for manipulating the 
hemoglobin-oxygen affinity in studies of the 
different steps in the oxygen cascade from 
inspired air to mitochondria. 
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