
References and Notes 

1. R. Froriep, Notizen aus demn Gebiete der 
Naitur u. Heilkunde 221, 9 (1849). 

2. J. Kocks, Centralblatt Gynaekol. 26, 617 
(1878); Y. V. Prudnikoff, thesis, Imperial 
Academy of Medicine of St. Petersburg 
(1912); R. L. Dickinson, Surg. Gynecol. 
Obstet. 23, 203 (1916). 

3. M. N. Hyams, Am. J. Obstet. Gynecol. 28, 
96 (1934); B. H. Sheares, J. Obstet. Gynaecol. 
Brit. Commonwealth 65, 419 (1958). 

4. L. A. DeVilbiss, Am. J. Obstet. Gynecol. 29, 
563 (1935); J. 0. Porter, C. G. Sutherland, 
W. E. Brown, ibid. 74, 341 (1957). 

5. Provided by Ethicon, Inc., Somerville, N.J. 
6. D. J. Hosbein and D. A. Blumenstock, Surg. 

Gynecol. Obstet. 118, 112 (1964); D. A. 
Weilbaecher, F. J. Mathieu, I. Cohn, Am. 
J. Surg. 107, 353 (1964); R. J. Wilder, H. 
Playforth, M. Bryant, M. M. Ravitch, J. 
Thoracic Cardiovasc. Surg. 46, 576 (1963); 
H. H. Stone, Am. Surgeon 30, 177 (1964); 
V. S. Wojnar, A. I. German, T. H. Moghul, 
D. Scarano, Arch. Surg. 89, 237 (1964). 

7. J. Brundin, Acta Physiol. Scand. 61, 219 
(1964). 

8. G. S. Greenwald, Fertility Sterility 12, 80 
(1961). 

9. W. C. Awe, W. Roberts, N. S. Braunwald, 
Surgery 54, 322 (1963); B. Seidenberg, E. 
Garrow, R. Pimental, E. S. Hurwitt, Ann. 
Surg. 158, 721 (1963). 

10. Work performed in the departments of ob- 
stetrics and gynecology and pathology, Col- 
lege of Physicians and Surgeons, Columbia 
University, and at the Navy Medical Research 
Institute, Bethesda, Md. Supported in part by 
a grant from the Josiah Macy, Jr. Foundation. 

5 April 1965 

Hemoglobin and Oxygen: Affinities in 

Seven Species of Sciuridae 

Abstract. Studies of the respiratory 
function of the bloods of seven species 
of squirrels suggest that, in the evolu- 
tion and adaptive radiation of this 
group, the oxygen affinity of hemo- 
globin has changed in a manner to 
better adapt the various species to dif- 
ferent ways of life and different habi- 
tats. These changes are shown by the 
relative positions of the oxygen-disso- 
ciation curves of bloods of several 
species having dissimilar habits and 
environments. 

Rodents are the most numerous of 

mammals, in both number of individ- 
uals and number of species. Rodents 
are also old in evolution, having their 

origin in early Eocene. One well-de- 
fined family of rodents is the Sciuri- 

dae, or squirrels, which are almost 
worldwide in distribution. One of the 

interesting features in the natural his- 

tory of squirrels is that they show 
considerable adaptive radiation. Some 
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show burrowing habits, some are ar- 

boreal, some terrestrial; some can 
move by "gliding." Some species are 

solitary in habit, while others live in 

great colonies. Some are diurnal in 
habit while others are nocturnal. These 
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features make the group an interesting 
one for physiological studies. 

Seven species of squirrel became 
available during a study of rodents' 
blood: the common American marmot, 
Marmota monax; the antelope ground 
squirrel, Amnospermophilus harasii; 
the round-tailed ground squirrel, Sper- 
mophilus tereticaudus; the thirteen- 
striped ground squirrel, S. tridecemli- 

neatus; the gray squirrel, Sciurus caro- 

linensis; the prairie dog, Cynomys 
ludovicianus; and the flying squirrel, 
Glaucomys volans. Respiratory func- 
tions of blood of prairie dogs. had been 

previously studied (1). 
Blood samples were drawn by direc,t 

cardiac puncture; animals were tran- 

quilized by small intraperitoneal injec- 
tions of Nembutal, and minimal 
amounts of heparin were used as an 

anticoagulant. Blood samples were kept 
cold pending transfer to tonometers; 
all tonometric analyses were com- 

pleted within 2 hours of blood with- 
drawal. In all instances mature adult 
animals in good physiological condi- 
tion were used; no gross pathology 
was apparent at autopsy. An abbrevi- 
ated description of the methods of 
blood equilibration (1) follows: Both 

oxygen and carbon dioxide were mea- 

sured by use of 0.5-ml pipettes; the 

procedure used for these combined 

analyses has been described by Van 

Slyke and Neill (2). After blood was 

delivered to the Van Slyke apparatus, 
the remaining volume was extruded 
into a volumetric flask (50-ml) con- 

taining Drabkin's reagent. The pipette 
volume up to the lower mark was 

rinsed several times with this reagent; 
this solution was used for determina- 

tion of total hemoglobin; the factor of 

1.34 times the gram percentage of 

hemoglobin was used to give the total 

oxygen capacity of hemoglobin. Total 

oxygen capacity of a sample of blood 
was also determined by saturation of 

the blood with a pO2 of 200 mm-Hg. 
Both methods employed for determi- 
nation of oxygen capacity agreed with- 

in the errors of the analytical methods. 

Measurement of oxygen capacity on 

the same sample of blood as used in 

the Van Slyke analysis has obvious 

advantages. 
Gas used in tonometric equilibration 

was delivered from large cylinders of 

mixed gases which had been analyzed 
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Table 1. Constituents of bloods of various 
species of squirrel. Numbers of specimens, fol- 
lowed by average body weights (g), appear in 
parentheses. 

Hemo- Hematocrit Eryth- 
globin (% eryth- rocytes 

(g/100 ml ) rocytes) (1 O-mm3) 

Marmot (4/2840) 
13.2 38.9 6.31 

Gray squirrel (5/505) 
14.4 44.2 7.73 

Prairie dog (9/1280) 
15.1 47.3 9.50 
Round-tailed ground squirrel (5/282) 
12.6 40.5 7.31 

Antelope ground squirrel (5/100) 
13.2 42.2 8.39 

Thirteen-striped ground squirrel (3/153) 
14.9 45.8 10.67 
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samples of blood are equilibrated in 

open tonometers. Equilibrations of all 

samples were for 20 minutes at 37?C. 
Determinations of hemoglobin, hem- 

atocrit, and red blood count were also 
made. Hematocrit values were found 
by use of a microhematocrit centri- 

fuge. Blood counts were made by the 
orthodox method of dilution and 

counting on a Neubauer slide. Hemo- 

globin values were determined with an 

Evelyn photocolorimeter; hemoglobin 
was read as metcyanhemoglobin. 

Oxygen-dissociation curves of blood 
from seven species of squirrels are 
shown in Fig. 1; the curves are drawn 

through the average values obtained. 
No attempt was made to determine 

oxygen saturation below 15 percent 
or above 85 percent. Oxygen pressure 
to attain 50-percent saturation of the 

blood, where the ratio of hemoglobin 
to oxyhemoglobin was 1:1 at pH 7.40 
and 37?C, had a standard deviation 
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Fig. 1. Oxygen-dissociation curves of 
whole bloods of seven species of squirrel. 
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of less than 1.2 mm-Hg for each spe- 
cies tested (Table 1). 

Oxygen-dissociation curves of blood 
from these seven species of squirrels 
differed considerably between species 
but were almost identical in individuals 
of the same species. The partial pres- 
sure of oxygen required for half- 
saturation of blood at pH 7.40 varied 
only about 1 mm-Hg for blood from 
the same species, but ranged from 22 
mm-Hg for the prairie dog to 39 mm- 
Hg for the flying squirrel. In fact, it 
would be possible to identify any one 
of these species, apart from the round- 
tailed ground squirrel and the prairie 
dog, by determining the position of 
the dissociation curve. The prairie dog 
and round-tailed ground squirrel have 
similar habits and habitats; their curves 
differ from each other by less ithan 
2 mm-Hg. 

The curves shown in Fig. 1 repre- 
sent the oxygen affinities of hemoglo- 
bin within the confines of erythrocytes 
and in the chemical environment of 
the circulating blood; they do not indi- 
cate the behavior of these hemoglo- 
bins in some other physicochemical en- 
vironment, or any definitive character- 
istic of the hemoglobin molecule. 

It is well established that the hemo- 
globin molecule of mammalian blood 
varies with the species and that its 
relative oxygen affinity is the most 
characterisitic variant. The position of 
the oxygen-dissociation curve is related 
to environmental limitations and to the 
metabolic requiremenits of the species. 
The adaptive value of hemoglobin 
must be considered from both its abili- 
ty to combine with oxygen in the 
lungs and its ability to release this 
oxygen to the functioning cells of the 
body. 

Schmidt-Nielsen and Larimer (3) 
have shown that the dissociation curve 
of blood of several mammals is related 
to body size. This correlation is to 
some extent apparent in studies of the 
blood of squirrels when the larger and 
smaller forms are compared. The curve 
furthest to the right is that for the 
flying squirrel, while curves for the 
prairie dog and marmot are far to the 
left. Squirrels, like many other groups 
of animals, exhibit great diversity of 
types, which appears to be correlated 
with diversity of ecological habitats as 
well as with habits of the various spe- 
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dogs live in deep burrows where oxy- 
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gen tensions may become low; their regulation of biosynthesis of these 
oxygen environment may resemble that amino acids. One scheme, discovered 
at high altitude. The marmot is a (2, 3) in the photosynthetic bacterium 
hibernating animal, and it too appears Rhodopseudomonas capsulatus, is part- 
to have low metabolic requirements. ly based on control of activity of the 
The gray squirrel and flying squirrel first enzyme (/3-aspartokinase) by the 
are at the other extreme; they live in "concerted" action of two end prod- 
the "wide-open spaces" and are active. ucts, each derived from a separate 
The gray squirrel, however, is diurnal branch of the pathway. The activity 
in habit, while the flying squirrel is of the cell-free fl-aspartokinase is 
nocturnal (4). The natural history of markedly inhibited when L-threonine 
these animals is described by Walker and L-lysine are present simultaneous- 
(4). ly; binding of both modifiers to the 

How and when changes in the res- kinase presumably causes a specific 
piratory function of the blood origi- conformational alteration of the pro- 
nated during evolutionary development tein to a form with greatly diminished 
of the species are subjects for specu- catalytic activity. We now present evi- 
lation, but that these changes did dence for the operation in vivo of con- 
occur and that they are advantageous certed feedback inhibition of ,3-aspar- 
in the struggle of the various species tokinase activity as a regulatory de- 
for existence seem evident. This is the vice in R. capsulatus. 
picture presented by seven species of From the control scheme suggested 
squirrels. by experiments (2) with cell-free en- 

F. G. HALL zyme preparations, excessive accumu- 
Department of Physiology and lation of threonine and lysine in the 
Pharmacology, Duke University growing cell should lead to inhibition 
Medical Center, Durham, of activity of /3-aspartokinase and 
North Carolina homoserine dehydrogenase and, conse- 

quently, to a decreased supply of com- 
Refereinces and Note mon intermediates required for methio- 

1. F. G. Hall, Proc. Soc. Exp. Biol. Med. 116, nine synthesis. A suboptimum rate of 
1.029 (1964). 

2. D. D. Van Slyke and M. M. Neill, J. Biol. methionine formation should, in turn, 
Chem. 61, 523 (1924). lead to depression of the growth rate. 

3. K. Schmidt-Nielsen and J. L. Larimer, Amer. 
J. Physiol. 195, 424 (1958). This prediction can be tested experi- 

4. E. P. Walker, Mammals of the World (Johns mentally by increasing the intracellular 
Hopkins Press,Baltimore, 1964).^ 

( 
men tally by increasing the intracellular Hopkins Press, Baltimore, 1964). 

5. Work aided by NSF grant GB-349. concentrations of L-threonine and L- 
16 February 1965 lysine, through addition of the amino 

acids to the growth medium. Growth 
experiments (Fig. 2) show the expected 
effect and also that additional sup- 

Control of Enzyme Activity in plementation with methionine causes a 

Growing Bacterial Cells by reversal of the inhibition due to threo- 

Concerted Feedback Inhibition nine plus lysine. 
When both threonine and lysine are 

Abstract. Amino acids of the aspartic added to the synthetic "basal" medium 
acid family are synthesized in bacteria (containing glutam,ate as the nitrogen 
through a multistep branched pathway. source), growth of R. capsulatus is 
In the photosynthetic bacterium Rhod- severely inhibited. In the experiments 
opseudomonas capsulatus, the enzyme of Fig. 2A, supplementary amino acids 
that catalyzes the first step is specifi- were added before inoculation of the 
cally inhibited by a combination of cultures, and under these circumstances 
two end-product amino acids. Evidence the inhibitory effect of threonine plus 
is presented for operation of this kind lysine is relieved to a significant de- 
of "concerted" feedback control as a gree, after a rather extended lag pe- 
regulatory device in growing cells. riod, when methionine is also, present. 

Addition of lysine to the basal medium 
The biochemical conversions through results in a slight, but definite, stimula- 

which aspartic acid gives rise to L- tion of growth whereas appreciable 
lysine, L-threonine, L-isoleucine, and inhibition is observed with threonine. 
L-methionine are believed to be identical The latter amino acid would be ex- 
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Addition of lysine to the basal medium 
The biochemical conversions through results in a slight, but definite, stimula- 

which aspartic acid gives rise to L- tion of growth whereas appreciable 
lysine, L-threonine, L-isoleucine, and inhibition is observed with threonine. 
L-methionine are believed to be identical The latter amino acid would be ex- 
in all bacteria (1) (Fig. 1). Studies pected to interfere with homoserine 
with different bacterial species, how- synthesis through feedback inhibition of 
ever, have revealed the existence of at homoserine dehydrogenase activity (2). 
least three alternative schemes (2) of The probable reason for the depres- 

1351 

in all bacteria (1) (Fig. 1). Studies pected to interfere with homoserine 
with different bacterial species, how- synthesis through feedback inhibition of 
ever, have revealed the existence of at homoserine dehydrogenase activity (2). 
least three alternative schemes (2) of The probable reason for the depres- 

1351 


