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SUMMARY 

Spectrophotometric measurements have been made of how the uptake of 02 and 
CO by haemoglobin in intact human er~hrocytes varies with time. A decay, from 
a fast initial rate, is observed with 0 s which varies with temperature, storage, and 
the presence of O s. No decay is observed with CO ilnless O~ is also present. The fast 
rate with O~ can be inhibited by lowering the pH, but cyanide, azide, fluoride, iodo- 
acetate and methylene blue have no significant effect. After decay, lhe rate can be 
temporarily increased by the addition of adenosine. It is suggested that the membrane 
permeability is altered by aerobic metabolism. 

INTRODUCTION 

The rate at which O l is taken up by reduced haemoglobin in erythrocytes has been 
interpreted by RouGs'ros  ~,s in terms of diffusion through the cell membrane, followed 
by diffusion through and reaction with the internal haemoglobin. The chemical 
reaction of O s with haemoglobin has been extensively investigated by RouGwroN 
and co-workers, a review of which has been givenby GmsoN s. Measurements have 
also been made by LONGMUIR AND ROUGWrON 6, Later confirmed by KLUO, KmsuzEE 
AND ROUGR~rON s, Of the diffusion coefflcient of gases through haemoglobin. Using 
these two parameters it is possible to calculate from experimental observations on 
intact ~.~lls a factor, At, d/rectlv related to the membrane permeabil/ty and th/ckness z. 
The firs~ measuren~nts on the Ot uptake by erythrocytes were made by H~trlUl~E 
,~D Rouc,~rro~ and ~ t~.~t the membrane had a significant resistance. 
Later an interesting exception was it,~nd by I . z~E  AND Rouolrrox T and analysed 
by NIcotsoN AND Ro~c, wro.,~, of a ram, ~a which the memlrane permeabiihy was 
eflectivdy i,,cm~e. Thoqh this result n ~ h t  be in err~ due to ~ of the 
split.heron detecting system, as discussed by Silts a~o Rov6mo~',  further work 
~ Sn~m," ~ tbat the membrane ~ to Zues did vary with the 
time e ~ a e d  from ~ sad the ceU ~ The pre,em remas repmmt 
in in. _~_ . *km in_to the n~tJ~e_ _ ~ the_ v~r~. t ~  ,n,t the m~dmlk p ~ w a y  i n ~  



U P T A K E  OF O X - f G E N  BY ERYTELROC'~FES ~-* 

METHOE-S 

The rate of O, upteke by the haemoglobin in human erythrocytcs h~s been measured 
by the constant- ~¢ !  stopped-flow methods of Sins AND ROU6Wro,~ 4. I~ principle, 
a small saraple of whole blood is drawn by venipencture, and then diluted with an 
isotonic solution. The 0 r present is quickly removed by repeated ~va~ ~ 
flushing with N~ The ,-educed cell suspension is then rapidly mixe~cl, by the met.h ~c~t 
of HAWnUm;E AND ROUGWrONn with a similar isotonic solution containing a known 
O s concentration. With the constant-flow system, the mixtur,  is driven, by gas 
lXessure, at a steady velocity through a uniform-bore glass tube. The percentage 
saturation of the internal cell haemoglobin with Ot is observed spectrophotometrically 
¢,t 4 or 5 points along the tube, corresponding to different elapsed times since mixing. 
From these measurements a curve relating the percentage saturation with time can 
be drawn and the initial rate of uptake calculated. Though this s)~tem is in some 
r~_~_ts easier to calibrate and can be used with elapsed times of the order o. 5 msec, 
it  has the disadvantage that  large quantities of reagents are required. For this reason. 
it has been used in the following experiments mainly as reference method, and the 
majority of the results were obtained with the much more economical stopped-flow 
system. This involves stopping the flow suddenly, and observing the rapid uptake 
at  a fixed d/stance, approx, z cm from the mixing point, with a spectrophotometric 
detector, an oscilloscope and a camera. In detail the techniques are exactly the same 
as described by SIRs AND RouGa'ros, except that with the constant-flow system, 
measurements were_ first made with the oxygenated suspe,-mion flowing to the mixing 
chamber via inlet A and the reduced cells by in!et B; and then with the connections 
reversed, so that the reduced c ~  ent?red A z~i  +.he oxygenated by B. By cot,paring 
the mixture deflections a check could be maiI=+aiaed to ensure that no blockage had 
occurred in the mixing jets, and that  any non-linearity was of spectrophotometric 
o r ~ .  

A small quantity, usually 6.5 ml, of human bl .ood was collected from the author 
by veuipuncture and then diluted with 5oo ml of Ringer-Locke solution (9 g NaCI, 
o.42 g KCI, o.z4 g CaCl t and o.2 g NaHCOa per i). In some experiments the Ringer- 
Locke was replaced by Gev and Gev solution (5.6x g NaCl, o.38 g KCI, z.27 g NaHCOs, 
o.x5gCaCls, o.2 g MgCIs-6HsO, o.z4 g NatHPO,-zHtO.  o .oz ' /g  KHtPO 4, o.o74 g 
~gSO, .THtO and Io.o g glucose per I, equilibrated to pH 7-4 with 4 cm Hg partial 
~essure COt). The cell concentration Is not critical, the initial rate being independent 
of its value I. In the majority of experiments, heparin was used in the collecting s)a~age 
to prevent clotting; a few samples were defibrinated ~'~th glass beads ar, d in one 
case no agent was used. The rates obtained did not vary with the method or lack o| 
defilmnation. The diluted ~ suspen.~ion was then reduced as quickly as possible 
by, tl~-_ ~ ' ~  ~ of repeated evao_tatit:n and flushing with N r This usually involved 
a ~ 04 fin~e (up to 30 rain), between the ~ t ~  of the blood sample and th~ 
first measurement. W:,en -- ~dao~ter tinm-lo~ was required, the 6.5 ml of venous 
blood was ~ through rubber pressure val~ng direct into Riug, et,-Locke pre- 

taeduced and eq~h'brated with Nt- In this came only S rain ~psed betw~-~ 
ceikctim and ammaemmt  t lmu~  a m.dl q. ,mt~ 04 O, (ira tl.m zo mm partial 
W~m~) re.reed. Appro~ ~ mJ 04 me reduced ~ berne ~ . .~ -  
aetkaIly was drawn reader N~ gaemme [rum tbe 5oo-ml re-.,e~,~:Jer to flmh and fill 
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the stoFped-flow s~Tmge. 8-zo Or-uptake curves were then recorded by mixing with 
a similar ox3~genated ~lution witLin the next z re.in. After a ~ven interval (xo-3o rain), 
a further sanmle was drawn from the main reduced suspension and the process re- 
peated. This was continued for several hours until the rate reached its lowest value. 
A sinfflar series of control experiments, by mixing CO with ".he reduced cells, was 
also done, in parallel with the main experiment. 

Temperatures varied between o ~ and 4o ° using a thermostatic centrol p~t ious ly  
described*. The temperature of the reacting mixture in the observation tube was 
checked to q-o.z ° by a thermocouple inserted just below the observation point. 
The pH was measured with a standard glass electrode and pH meter. Small samples 
were taken directly from the reduced cell suspension before an experiment and from 
the outlet after an experiment to he centrifuged and checked to ensure the absence 
of haemolysis. Microscopic examination was also made to ensure no significant cre- 
nation had occurred. 

RESULTS 

The objective of the experiments was to observe the effect of different factors 
on the decay from a fast rate of O s uptake to its slower, p~sive, form. A comparison 
of these uptakes, corresponding to the extreme fast and slow rates, obtained with the 
constant-flow apparatus, under _~imilar conditions, is show33 in Fig. x. The stopped-flow 
system, over the slow and intenuediate phases, gave similar values for ke' (ref. 9), 
within the experimental error of 4- 5 %. The factor ~ '  is, as defined by FoparRe d a/.t*, 
the initial rate of Ot uptake, relative to the total amount of O s that  combines with 
the haem~lobin, disided by the concentration c! the O~ surrcunding the cells 
immediately after mixture. A similar factor/e' ~ used fox the case of CO. T~aoughout 
this paper both k~' and/e'  are given in units of mM-1-sec -~ and have the dimensions 
of a bimolecular velocity constant. At the higher rates, however, the agreement is 
not so good. The reason for this is that within the time elapsed from mixing to obser- 
vation with the stopped-flow sy?.tem, corresponding to approx. I cm distance, the 
reaction has already proceed~ some xo %. Extrapolation to the initial mixture point, 
using the elapsed time, is too inaccurate. The alternative ~ of using a e~_libration 
solution, cor respond~ to the initial unreacted mixture, has the disadvantage that  
it must be done after the curves have been obtained, not sinm]tanecmsly as with the 
constant-flow technique. This again leads to ~n=ll differences which, due to the 
steepness of the initial slope, makes for greater inacctwac~ es. The constant-flow system 
is not paxtictdarly suitable, however, for the repetitive type of experiment necessary 
~ f~P~--- the decay and requires a longer preparation time. The higher values of 
t , '  giv~.~ ~ter  and obtained ~ t h  the stopped-now ~ m ~ n  must ~ be regarded 
a~ relative rather than absolme values, and ~ - v e  that  the faster type el uptake 

A a o t I ~  d i l c a l t y  with these "_oa~___ .-,+iota is that  the faster ~t_~_ are not always 
obtaiaed, evea wi th ia S m/m o| coaectioa. 1 ~.- reasem fia, this is aot Imoma. The cw-vus 
in Fig. x let example were ebtaiaed on different saml~les, alter u a-week ~ 
Item the same dea~, all otla~ ladms heing the umte. The ~ curve oemmsl ~ 
• am '- the Ueed tm , and ap- 
melmatm on the We* el the &--or. raeiallaeam el aaa/aey ea bleed mqulabaity 
has b e ~  nqmnted by ~ ,~ d.M. bm it is dilkult  d m  to its ~ m / m e  to 
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~ay it was a decisive factor in this case. The results reported here thus represent the 
fraction of measu~mpnts on cell suspensions in which the faster rates were obtained 
initMly. 

Effca oftemp~,ature. The variation of the rate of decay of k," with time has been 
observed at different temperatures and is shown in Fig. 2. These measurements are 
in agreement with the qualitative statements of-Sins n, tlaat at higL~r re,, ~t~, t'.i,, 
the decay is more rapid and at temperatures below approx. I4 ° no fast rates have 
been observed. This explains to some degree the difficulty in obtaining reproducible 
fast rates after each collection. If the blood sample is ]eft for lon~ at body t,~'mperature, 
the rate of decay is so rapid that no effect will be observed. Another aspect of these 
observations is that  the maximum rate of uptake does not appear to vary over the 
temperature range 20-37 °. The variation of pl-i be tw~n 7.4 and 8.0, "~nder these_ 
omaditions0 ak~ does not have any sign.ifica.nt effect. A ch~mge of Ot concentration 
from o.x38 a M  to o.296 mM, after mixture, only increased the value of the fast 
/~' by 7 %- "I hough this is uot regarded as significant a similar comparison, as the 
cell uptake decayed, suggested that at the higher O z concentration the faster rate 
was maintained for a longer period. 

?Or 
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Fig. x. A compa~-Lson, using the constant-flow 
system, of the fast and slow rates of O t uptake 
by erythrocytes diluted s : zoo in Ringer-Locke 
(pH 8.o). 0 .  O t conch, o.2s mM (mixed); 
tcmlmrature 2o.9-; flow rate z.29 m/see. O, 
Os conch. 0.23 mM (mixed) ; tem~>erature zLS~; 

flOW rate z 55 m/se,:. 
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Fig. 2. ]he eff~t of temperature on the deca~, 
rate, :/So cells in Ringer-Locke using the 
stopped-flow apparatus. Blood sample collected 
at zero time. Q, O s cohen, o.t37 raM; tempera- 
ture 35.9 °. &, O t concn, o.t43 mM temperature 
23% O. Otconcn.o.x9? raM; temperature tS.< ~. 

TI~ i s f l ~  of g ~ g e .  The rapid rate at which the uptake decayed at 57 ° 
suggested t_hat _come ad.w_ntage could be gained by cooling the cells r datively quickly. 
Cells which had been cooled and stored overnight in a refrigerator ,~t 4 °. were found 
to exhibit an induction period, of the order of z h, during which t igh values of re' 
were maintained, before decaying to a lower value. A typical series ot results of this 
type is shown in Fig .  3. A search of the literature revealed that a tim/far phenomenon 
bad been observed by D.vso~T ,,,~D D a ~ n t t u "  when studying sodium transport. 
Use h m  been made ol this obse tva t i~  to obtain and maintain cells with a high r a ~  
o~ Os uptake. Imatedtately alma caller-tim the cdh  are injected into ic~cold Ringer- 
Ixmlm or Gev atKI Gev lolmkm. T i ~ / m  wmmml to ~ =o° jmt l:¢ior to the 

. B ~ # , i m  Bwp6yL .4a, L oo ~ t ~ )  378-)85 
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experiment. In this way the .high r a t ~  have been mamtained long enough to examine 
the erect  of the mtroductmn of various agt.nts as given below. This method again 
does not ensure that a high rate will alwa.~s be obtained. 

Comparison of 0 s and CO uptake. That the decay is specifically associated with 
O t can be s~en from Fig. 4- The full-line c~a.~,-~ represent simultaneous measurements 
of the rate of O t and CO uptake, by the haemoglobin in the intact cells, in Ringer-  
Locke at room temperature and pH 8.0. While the O.. val,_,~, k¢', fall steadily, the 
CO rate, It', remains constant. This implies that the change observed with O t is not 
due simply to physical changes in the cell structure. In contrast when the cells are 
placed in Gev and Gev solution only partially reduced and equilibrated with 2 cm 
partial pressure Or, both the O t and CO uptakes are found to vary with time. Another 
aspect of this decay is that the CO rate falls in advance of the O t change. If these 
curves are compared with the rate of decay in Ringer-Locke given in Fig. z, the 
Oi decay rate is much slower than would be expected for a temperature of 33 °. 
Some advantage can thus be obtained by suspending the cells in a suitable medium, 
but even when suspended in their o~m plasma it was found n that the cells normally 
reach a passive level within 4 h. 

0 
C 

k~ 

8C 

7C, 

, , ~ ,  , , ~ , ~  

Tim~ (m*¢~) 

Fig. 3- A decay curve  ob ta ined  on cells which 
had  been s tored for 20 h a t  4 ° . O t concn. 

o x5 mM in mixed  solu t ion  at  23.3 ~. 

o 

: 6-. 
" - q .  

30,-  " - .  ~ ~ • ~ ' ~ - ~ _ - i r  . . . . .  -% . . . .  

T,me (~rm} 

Fig. 4- A simultaneous compaxison of  the var i -  
at, ion of 0 s and  CO u p t a k e  w i t h  t ime .  Cells in 
R i n g e r - L o c k e  (pH 8.0) a t  2t .5  °. A.  O s concn.  
o.23 raM. &.  CO concn,  o . t 5  raM, Cells in 
Gev and  C, ev  so lu t ion  (pH 74} and all  so lu t i on ;  
equ i l ib ra t ed  wi th  2 cm pa r t i a l  pressure  O s a t  
33.5 ~. O, O s conch,  o . t o  raM. O.  CO conch.  

o.x9  raM. 

Slimslalion. The results o b t ~ n e d  so tax axe suggestive of a metabolic  function 
as the source of the decay. If this w . .  ",he ~ it  should be possible to  stimulate the 
uptake by addition of suitable s~bstrate~ A curve ob~v~ned by adding flrzt adenosine 
and then 4-5 ml Rh~- r -Locke  e q u i h ~ t e d  with O s is shown in Fig  5- These 
were injected into the reduced cell suspension through a piece of rubber pmsma~ 
~bing mpplying the N,  lmmme. The ~ m l a ~ n S  effect of a low O. co~mtmtion 
had bct~ ot~rvcd in pct, viom ~x--~xinmm and care was taken to emm¢ that it 
wss ~ when hm'oducing tt~ adenmine stoupS. 
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Iah/b/ t /oa .  A va r i e t y  of inhibi tors  have been similar]v injected,  af ter  removing 
a n y  O t, v ia  a syr inge into  the  reduced suspension reserx'oir to examine their  e f f ~ t  
on  the  decay  rate .  Sodium azide (conch. 5 mM in reduced suspension reservoir), 
urn.thane (Zo mM), and nmthylene blue had  no immedia te  effect on the dec, a,. curve. 
T h e  add i t ion  of sodium cyanide  (xo-* M) d.'z~s_ not  inhibi t  the  process and there l~ 
some evidence t h a t  i t  helps to  ma in ta in  the  higher ra te  of uptake.  W k h  th~ ad~tt,, :~ 
of e the r  a s t r ik ing  increase was observed,  which appeared  to be associated with 
a s t ruc tu ra l  a l t e ra t ion  of the e~ell. Immed ia t e  inhibi t ion was observed upon inject ing 
iodoacet ic  ac id  (2 raM) into  the  reduced suspension, as is i l lus t ra ted in Fig. 6. How- 
ever,  the  solut ion was not  neut ra l ized  in this  exper iment  and  further examinat ion  
disclosed t h a t  a s imilar  effect could be obta ined  b y  addi t ion  of I ml of 0. 5 M HCI to 
the  cell suspension,  changing the  p H  from 8.0 to  6.3. Wi th  neutral ized iodnacetate  
no change was observed.  The act ion of N a F  (I--2o rng/l) is errat ic.  In  one series of 
exper iments  n definite inhibi t ion was observed bu t  thig bss  not  been confirmed g~th 
the  human  ce Ills used on this  ~ c a s i o n .  it is po~sibie tha t  anaerobic  glycolysis -,';as 
involved  in the  previous  exper iments .  
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Fig. 5. The uptake of O I (o.t 4 re.M) b;" human red 
cells diluted x:tc~ i~, Ringer-Locke (pH 8.oi at 
35.9 °, after the addition to the red-ced suspension 
of (A) adenosine (z mM in reduced suspension 
reservoir) and (B) 4.5 ml Ringer -IJ>cke. ~<luilibrated 

with z5 cm partial pressure O t. 
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Fig. h. Effect on the uptake of {): 
(otq raM) by human cells diluted t : loo  
in Ringer-Locke {pH 80) at 21 :. of it>do- 
acetic avid. (!) conch. 2 mM in reduced 

suspension: {z) 4 mM 

DISCUSSION 

The var ia t ion  of the  ra te  of 0 2 uptake ,  b y  the haemoglobin of the er~Xhroc~e with 
t ime.  t empera tu re ,  presence of glucose and  O s, storage, i ts ac t iva t ion  by  adenosine 
and inhib i t ion  by  p H  change suggest the  proces~ is rnetabofically controlled.  The 
re la t ive  cons tancy  of the  CO uptake ,  while the  O ,  ra te  varies,  indicates  tha t  no direct  
phys ica l  chang, e has  occurred in the  cell s t ruc ture  and the  metabol ic  pa thw a y  must  
be aerobic.  The invar iance  of the  m a x i m u m  rate  of O t up take ,  k / ,  with t empera tu re  
(ZO-37 ~) and  p H  also suppor t  this  view. Reviews of the  metabol ic  pa thways  of 
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the er3xhrocyte have L, ee..n given by  LI~M~EI~G AXD LEGGE m, PR~KEm> t7 and 
LO.~DO.~ ~. Two main aerobic pathways may  be considered, via ghitathione or 
methaemoglobin. Direct oxidation of gtutathione has been dentonstrated by MELDRUM 
AS.~ DLXO.~ zD but there is no evidence of its occurring in the intact cell R. Inht~oition 
of his process also occurs with HCN (ref. xg) but  no effect ef c3~--n.Jde was observed. 
On the other hand the inhibition of catalase by  fluoride, azide and cyanide would 
h v u u s  thc [u,,mtion, via HtO t, of oxidized glutathionett, st. These agents would also 
combine with methaemoglobin and inhibit its reduction to haemoglobin n,t~. The 
formation of methaemoglobin would therefore also tend to increase. No significant 
difference was found after the addition of fluoride, azide and cyanide, nor, as might 
be expected, does the CO-uptake rate alter. The formation of HtOs and methaemo- 
globhi i~ v,,>b.bly lh-,~te._-1 by  the ~n~erobi¢ co,ditions under which the cells are 
stored. O .e  tenth or less of ~he normal metabolism occurs via the pentose shunt ~. 
Methyienc blue considerably increases the activity of this system ~-~'  with a cor- 
responding oxidation of both glutathione and haemoglobin. Addition of methylene 
blue to the cell suspension had no effect on the rate of Os uptake. I t  is possible tha t  
methylene blue by-passes or does not directly involv,~ the source of energy utilized 
in these observations, iodoacetic acid, however, is known to directly inhibit glycer- 
aldehyde-3-phosphate dehydrogenase ~. ~ and so prevent the metabolic sequence via 
DPN to haemoglobin-methaemoglobin and Or. Though no direct action of iodo- 
acetate was observed, none would be expected if inhibition had already occurred 
at the haemoglobin-methaemoglobin link. I f  the process is associated with present 
known metabolic pathways, the evidence would suggest the autoxidation of haemo- 
globin to methaemoglobin as the most likely mechanism. 

Physically it has been shown by Sins ~z that  the alteration in the rate of O t 
uptake must be associated "ruth a ~ , , ~ . g ~ . ,  the membrane permeability. If the 
process involves the utilization of energy, as the biochemical mechanism indicates, 
the enhanced rate after storage at 4 ° would suggest the accumulation of m energy. 
reserve. That the cell metabolism does continue, though at  a slower rate, has been 
shown for example by BICK ~ and P~SKEaD n. I t  is possible to assume that  the 
leakage of Na + and K + at low temperatures is due to the low production of ATP 
being unable to m ~ t  the energy requirements n ~  to pump the Na + out. This 
would imply that  the energy produced is still being used. An alternative explanation, 
more consistem with the above observations and those of Dxvsos  ~', would be that  
the low temperature prevents the utilization of this energy, and for a t ime any ATP 
or other energy source formed is accumulated. 
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