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Pro ’~r*.’~ s Repor t  fo r  Con tr ac t  No. DA 1 7 — 7 1 — C — 1 1 l 5  J u ly  1, ~97 1 tO~~~ar _~~~~~ , 1978
1. It  has been Loun d that  proprano lo l  decreases the a t f i n i t y  of hem~~ EobT~~

(hgb ) f o r  oxygen (0 .,) when added to red cell  suspensions  In v i t r o  by a process ~n ich
requir es  an int ac t  ~ell.  Subsequent studies SUggeSt ~~d i ts  e f f e c t  was produced by a
r e d i st r i b u t i o n  of membrane—bound 2 , 3— dip hosp hog lyc era te  (2 , 3— DPC ) ; howeve r , we an d
others have been unable to f i nd  an increased 2 , 3—D1~CJ h gb molar  r a t i o  in red cel l
membranes .  Hence , we have re—examined the effcct of propranolol on the red cell

• to further clarify its mechanism of action .

DL or D—propranolo]. produces a maximal decrease in hgb—O ., aff inity (P
5~~

29.5
Hg, control P 25.5 mmHg) at 0.1mM in buffer or 0.5mM in plasma . The do~e

response curve ~~s steep , since 0.02mM propranolol in buffer or 0.1mM in plasma
did not produce a change in P Propranolol had no effect on hgb—O affinity of
(a) hemolysates (b) hgb strip~~d of organic phosphates or (c) hgb so’utions with
added 2,3—DPG , confirming the requirement of the intact cell for its action (1).
2,3—DPC was not found to be membrane associated in untreated cells . - Indeed ,
2,3—DI’C/hgb molar ratios were 20% less in sedimented ghosts than in supcrnatant
after hemolysis of untreated or propranolol treated cells. Propranolol invariab ly
produced 1) a shape change to stomatospherocytes , 2) a reduction in red cell
volume (90A

3 to 70~~ ) and 11.,O content (67~. to 55%). 3) an increase in cellular
• hgb ~MCHC ) (33 to 44 gin/lOO~ll RBC) , 4) a 32% increase in 2,3—DPC p l us ATP

expressed as m moles/mi cell I1.,0, 5) a 40% decrease in cellular chloride and
potassium , 6) a reduction of rca cell pH from 7.152 to 7.055 and 7) an increase

• in~~pH (pHe—pili) from 0.223 to 0.465. The effects of DL or D—propranolol on cell
volume , HC11C ,~~pH and hgb—02 affinity were not prevented by epinephrine . Epine—
phrine itself had no effect on red cell shape , volume )1120 and cation content orP

50
Other surface—active agents eg. procaine (0.1 to 10mM) produced isovolumic

stomatocytosis but had no effect on P~~ . Hypertonic NaC1 added to blood so as to
reduce red cell volume to an extent c&nparable to the volume change with  propr~inol .’l
resulted in 1) increased ~1CHC (45 gm/lOOutl) and 2 ,3—DPC and ATP/ce l l  H~ O , 2)
decr.-~jsed inc r ~ cei 1uLar p~ (7 .09~~’l , 3 )  an increased pH ~.0. 2S8 .ind P~~ ~~~~~~~~~~~ .

Red cells in hypertanic plasma were cren~ite d  discs , not s t oma tocy te s .  B u f f e r e d
sucrose added so as to shrink red cells to a comparable degree increased MC1IC
(46 g/lOOml) but did not alter intracellular p11 (7.170). The4pH was markedly
reduced from 0.2.J to 0.0~ 2 and th er eb y  r e su l t ed  ~n a decre ase in 1’. ( 1  .5)  ~i~en
corrected to an oxtracellular p11 of 7. .4 , b u t  t h i s  was l ar g e l y  a fac t iou s
shift since Intracellular p11 (7.170) was similar to control cells (7.l~~).

Administr ation of 20 to 40 mg of propranolol over 4 h ours to healthy human
volunteers did not result in a change in red cell  volume , 2 , 3—lfl ’C or h gb—fl .~
a f f i n i ty  ~ihen measured w i t h i n  2 to 24 hours  of ad mj n i ~;t r a t i o n . T h i s  ine i f ~ c t i v ~’—
111 55 hi V iV O  it.1S an t~~cj p a t u d  f ro m  the ~~~~~~ h igh c o n c e n t r . i t  ieas r e qu i r e d  to . ich ie” t ’
effeei~ ~lo~’d in v i t r o  ( > 0 .2 m N ) .is opposed to  maxim.i l  in  v~~vi~ n o e n t r a t i o ns
after 40 mg propranoiol (Z0.0~)O5tth).

Conclusion — 1) Propranolol (0.1 to 0.5mM) induced hypovolumic stomatesphero-
cyt e s , ce l l u lar  d e h y d r a t i on  and a decrease in intrace 1 l u l a r  p H .  The deer e  I S. ’ in
pH is dull to a new Cibbs—Uonnan equilibrium required by the increased ervth r .~.: :
concentration of impanetrant organic anions. Tht’ h i g h  concentration of cellul ar

• h emoglobin al so nay have c o n t r i b u t e d  to the chan ge in •titin ity . 2)  The e l t e ct  o~
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pr opr anol o l  on cell hyd r a t icn  and hgb—0 ~ af~~in i t v  was not  s p e c if i c  in that
it was not blocked by ep inep h r ine .  3) Prcpranolol  a dm in i s t e r ed  to norm~ l
volunteers  did not produce e f f e c t s  on red cell hydra t ion  or hgb— 0 2 a f f i n i t y .

2. The a f f i n i t y  of hemoglobin for  oxygen may increase si gn i f i c a n t l y  in
subjects who are hvpop hosp hatemic and a l ka l ot i c . We s tud ied  the o rgan ic
phosphate content and oxygen binding by hemoglobin of red cells in subjects
und cr ~ oing hemodialysi s , dur ing which tL~e a decrease ir. plasma inorganic
phosphate and an increase in blood pH nay occur .

Red cell 2 ,3—DPC was not correlated with plasma inorganic phosphorus .
whereas red cell ATP “as highly correlated with plasma inorganic phosphorus
when analyses were made on pred ialysis samples. Predialysis red cell inorganic
phosphorus was highly correlated with plasma inorganic phosphorus, supporting
the concept that ineraerychrocytic inorganic phosphorus is maintained by a
gradient from plasma to cell. Plasma inorganic phosphorus decreased by 45%
during the per iod of hemod ialysis; whereas red cell inorganic phosphorus did
not change. This finding is compatible with previous studies showing a
markedly slower exodus of inorganic phosphorus.

Red cell 2 ,3—DPC, AT? and oxygen binding by hemoglobin at standard
conditions of temperature , pH and Pco

2 
were not altered after six hours of

hemodialysis. Plasma pH and ‘~ase excess increased during dialysis. The
increase in base excess , an estimate of the non—pH dependent effec t of CO.,
on oxygen binding by hemoglobin , counter”alanced a portion of the effect ~t
elevated pH on hemoglobin—oxygen affinity under in vivo condit~.ons. Hence ,
only a slight increase in oxygen binding by hemoglobin occurred . Moreover ,
late dialysis symptoms were not associated with the degree of alkalosis or
with the extent of change in hemoglobin ’s affinity for oxygen . Red cell
2,3—DPG content i.’as lower and hemoglobin ’s affinity for oxygen was higher in
subjects with chronic renal disease than in non—azotemic subjects with similar
hemoglobin de fi c i t s  and increased red cell AT? in chronic renal  disease
pa t i en t s  did not inf luence oxygen binding by hemoglobin.

3. We have found chat subjects  wi th  h vp o n r o l i f er a t iv e  ( r e t i c u l o c v t o ~ en i c )
anemia increased the i r  red cell 2 ,3—di pho sph ogl vcerat e  ( , 3—D P C ’~ con t en t  in
re1ati.on~ h ir  to the nac~n itud e  of the alka lo s is  wh ich  accompani ed t h e i r  hemo —
globir.  (hb) d e f i c i t .  Plasma p11 increased a~’p r oxi ~iate lv 0.0 1 ‘un i t  ~or each

decrement in blood lib and red cell  2 . ~— DPG inc reased 0.~~. moies ,~ hb
fo r eac h 0.01 u n i t  increm ent in plasma pit vhcn non— a:otemic s ubj e c t s  were
studicd , cn n u ir m i a c  previous r epor t s  re la t~ r.~ blood pit to  red cell  2 , 3— D P ( .
Subj ec t s  wi th  ch r o n i c  renal disease and severe anemia did not have an incr ease
in red cell 2 .~~-DPC since thei r  ac id lead p revented dev elopment  ~f
alka les is  dosp~.te th r t ce  weekly hemodial ’~s~ s ‘~hi ch  ma inca ~ ncd t h e i r  pr i.~1vs ~~;
p la sma p it v .eat -  norma l When al l  anemic :~ub~ cc t : ; ~~~~ ~~~~~~~~~ uon—~ .~c
we re c o n si d e r e d , red cell . 2 ,3—D P C increased ~~~ ~o 1ee;g hb :or eJC i~ r l :;e o r
0.10 u n i t  of p iasma pH.

The Pa 2 at h a l f — s a t u r a t i o n  of hb ~~~~~ at standard c o n d i t i o n s  (T 37 °C ,
= 40 to r t , p 11— 7. 40) increased 1.0 t ô t r  fo r  each Inc r ement in r ed c e ll

2 ,3 DPG of i .e um oies/ g  hb; however , P at in v i v o  cond i t ions  le~ P~~ in
vivo log 

~~~ 
s td.  ~ 0.3S (‘.40 — pH) .0013 8.1T . +.024 ( t  — 1 7 ’~~) ) d ~1d not

increase witri increasing red cell 2 , 3—PP C s ince the p lasma a l k a l e si s  ~e~ u rroLi
to generate incrt ’a~;es 2 , 3—D l ’G can ce l led  th e  e f r e c t  or  :~~~.‘ l a t t e t  on ~:itr.i —
ce l l u lar  pH.  The r e t~r •:ssio n of ~~~ st.I . o n 2~~’— !W C f o r  a l l  sub  .‘c r s  w. tc

s td .  — 0.31 (2,3— D r c + 21 .3 , ~he r.eas the r c~ rea~~on of i .v .  on red ce l l
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2 , 3—i was Lv .  — .00~ (2 , 3— ~ t ’G) + 25 .3 .  Azotemic , anemic subjects
adnin~~ tered bicarbonate dev eloped  a metabolic alkalosis , (plasma
pH as high as 7 . 5 4 )  with accompanying increases in red cell 2 , 3—DPG ( e . g . ,
from 13 to 2b~~~moles/g hb) and P~~ std. (e.g., from 25.0 to 30.5 torr).
However , intracellular pH was slightly hig her than normal and P

50 
in vivo

was sltg htlv less t han  norn.i l (Table 1).

Conclusions : 1) Blood pH was n e g a t i v e ly  c o r r e l a t e d  w i t h  hb d e f i c i t
in non-a~otemic subjects w i t h  hypeproliferative anemia . 2) Red cell
2 , 3—D PC was positiv ely correlated with blood pH in a!,cmic subjects and
the chain  of even t s :  a) reticuloc”topenic anemia , b) alkalosis, c)elevated
2,3-DPC could explain , on the average , 75~ of the assoc iation of P
standard with blood hemoglobin concentration. 3) Azotemic , anem i
subjects treated with hemod ialysis did not develop alkalosis with anemia
and did  not have s i g n i f i c an t  e levat ions  of red cell 2 , 3—DP G and
st a n d a r d .  I f g ive t~ NaItC3 3, c h r on i c  alkalosis  could be maintained and
red cel l  2 , 3—D PG and P~ std . increased in relation to the height of the
blood pH .  4) P~~ i n v?v o was s imi la r  in a’) healths ’ , b) anem ic , c)
hemodialysis and ~ ) hcmodialvsis subjects using NaItCO 3, since the increment
in red cell 2,3—OrG and thereby red cell hydrogen ion was counterbalanced
by the increment in plasma pH and red cell hydroxyl ion. Indeed , at high
blood pit , 

~~~ 
in vivo was slightly less than normal. 5) Changes in

hemoglobin’s affi nity for oxygen which is mediated by 2,3—DPG in reticulo—
cytopenic anemia appears to be in large part a response to al’kalosis, and
hence does not prov ide “compensation” for the hemoglobin deficit .

4. The rc ’a t l o n sh l p s  of red cell adenosine triphosphale (AT?) to
hemoglobin (hh)  oo~ c o n t r a t i o n  and to plasma inorganic phosphate (P

t
) in

a:otemic and non—a.’~’temic anemic subjects and subjects with major
deviations In pla~r~a P but with mild anem ia (e.g., alcoholic pancreatitis ,
liver disease , hypcrai.hsentation) are under study. We have a highly
si~;nif ~cs:~ t ~ncre:’~t~ut in red cell ATP w i t h  hb det  Ic it  at~cm~ c subjects
(0.~ 7 _ Zf ~’o le ~; A T ~’’~ hb ard r.’duc~~ en In blood hh of 1.0 ~/l0~~l: r. — 0.~

Q)
than r~ ~~~~ 

— ane~ c cc s (0 .  11 m ole s  .\ I ~‘i ~ . ‘ p er reduc t ~ou
i n h i c o s  ~i’ of  .0 

~~~~~~~~~~~~~~~~~~ r ” — 0 . 7 ’ ’i . The a : o t ’ n ic  s~:Hoc t s  were a l l  on
mainte:~u~cc  ~~~~4ialvsrs and had pred ialysis plasma Ps ’s of 0.36 to 2.955

r~o ~ . I • who rca.; t ho ar.e~ sul’ c ot s  had p lasr:a P ‘
~~~ of 0.85 to 1 . 79

~~noies/ ;’. . “led ‘ •
~~~~~ ATP was .fl so h i c h i v  co r r e l a t e d  iw~ t h pl asma P . in

~c sub , cc ts (r) . - ~‘
‘
~ h~~.’ev er .  hh ard were s~ cn i t  i c a u t ly  ~ce r r o l a t  cc

( t ’  — ‘. ~~~~~~ ; henc e • P ir .~ .vrr coul d  ho cor r e~ ste u b ecaus e  or a j o ~n :
a soc~ .:t ion ot P v’. t~~ b o t h  hh and red ccli ATE’. I T s i n~~ m u l t i p l e  cor r e i a t~ cn
it  was cur.d t h a C  .~~T was not s i g n i f i c a n t l y  mor e closely correla t ed w i t h
hh ~~ P - (r  0. ~ • t h an  w~ th  :1’ a lo n e ’ ( r —  0. S°) . Psi r.c p .ir t tal  corre1.~ t ion .
the  ;r ~ .’c ~~~~~~ o t  ATI’ ‘~r : h  h I’ c o n t r o l l i u c  (or an ei~ (‘Ct o r  P .  ( r —

lv :r r o n c e r t h ;n  he as.;ec i a t  ~~ .~ri’ th  ~ co n t ro l !
t • ~~~~~~~~~~~ :~ : u — o . -~~~~ . .:

~~ ‘ .~ ‘~ ‘u ~ 
:-

~~~~ ~ f c ~~~ 
‘ 

~ c r cr:c u t
in red c c i i  ATE ’ can be e x p l a i n e d  by hb d e : i c r t  and 2~~. by p lasma P 1 or
unknown variab les very closely correlated with hb and P .. When s tud ies
wets’ made of azotcmlc subjects , inc luding several made ~vpophosphatemic

~ t t h  .\~~~‘h) . ~ct (p l . ’.:r:.i P 4 0 . ’~ to 3.0 ~~~ eles n l ) , the ~nf 1uence ci P .
was he ~ht  c ucu . Pn der  the~ e c t r o t inst ances , yea cell  A lP  was cor re la  ted
t o  a ~. ~~~~~~ de cre e  w i t h  hb (r —0 . -~~~~~ and the p a r t i a l  c o r r e l a t i o n  oi
red Oe ’~~ l \ I P  w t t a  ~b co n~ : o I l  i n ;  t a r t he ’ t’ t f ~~et  of (r — 0 . 7 3 ) , a nd w i t h

- —~~~--- ~~~~~~~~~~~~~~~~~~~~~ - - —  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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cont ro l l in g  f o r  the e f f e c t of hb (r — 0.70) , were also s imi l a r .

Increased red cell AT? was not explained by the percent of reticulo—
cytos since in previous studies in patients with hemolytic anemia , we
observed tha t red cell ATP increased by 0.09 ~anolesi

’g hb for each 1X-
incrtcnent in ret~ culocytes . Anemic subjects in this study had less than
S.0~ r e t i c ul o c y t es .

Red ce ll , 2 , 3—d iphosphog lycerat e  (2 , 3— DPG ) was not cor re la ted  w i t h
plasma P

1 
between 0.5 and 3.0 ~iuoles/ ml in severely anemic subjec ts  with

and without azotemia . In subj ects with pancreatitls , alcoholic l iver
disease and hyperalimentation with plasma P~ below 0.33 ,~moles/ml , red
cell 2,3—DPG was below normal despite mild anemia and in some cases, plasma
alkalosis. The latter two variaT~les are usually associated with elevated red
cell 2,3—DPG . Red cell AT? was significantly reduced in proportion to the
extent of reduction in plasma P~ .

Red cell AT? did not contribute to oxygen bind ing to hb in intact
cells. Regression of P

50 
std. (i.e., the Pa, at which hb is 50 saturated

with oxygen at 37 °C, pH — 7.40, PCO, — 40 tofr) on red cell ATP was nil
(r — 0.02), whereas that of P 

0 
sta. on red cell 2,3—DPG was highly

significant (r — O.Sl). The c~ rrelation of P50 
with 2,3—DPC + AT? was

significantly less than that of 2,3—DPG alone. Several subjects with
chronic renal disease on hemodialysis with normal red cell 2,3—DPG content
had a red cell ATP content greater than 4.0 ~~tnoles/g hb above that of
healthy subjects withou t an increase in P~0 sti. One non—azotemic , anemic
subject with leukemia had a severe hb deficit (3.5g/lOOml) normal red cell
2,3—DPG , a marked increase in red cell AT? (3.5 _,4moles/g hb above normal)
withou t an increase in P50 std . on repeated examination.

Red cell magnesium (i.~
2+
) and red cell pH were measured in ten anemic

subjects (nine of whom were receiving dialytic therapy) with high red cell
ATP ~~ o . 5  ~~moles ’ c i-tb and 2,3—DPG ~~chin the normal ranec . ~~d cell
Mg~~ ~:as s- i g n i t i c u u r i ’~ c r o c te r  tI~an ~n h e a l thy  subjec ts  and Mg /AT E ’ ra t
were above 1.3. Hi~th AT? red cells did not hav e a reduction in pH at an
extracellular pH of 7.~~0 (i.e., piL e 

— pH .  gradient  was not greater  than
0.3~~. The gradient was increase~ei in red 00113 w it h  elevated 2 ,3 —D P G .
A ‘eress~or. of P~~ an 2,3-DPG was made by incuba t ing  blood in inosine
(lCr~-~) ,  pv ru~ nte  :~~~-~~ and ph o sp nate  (3m -1) . P~~ and 2 ,3—IJFC measurements
were made s~.n~ui.tar.cou siy  at  v a rio n s  t imes  cve t n ine  h o u rs .  2, — iWC rose
to as hi gh as c~:a ci~ es normal at  nine hours .  Incuba t ion  of blood w ith
adenine (lOmN) . pvruv a te  (5m1) and P .  (3Cmfl ) resulted in elevat ion in
red ce l l  .~TP .at n i ne  hours  to as hic~ as three  t im es  normal wher oc s

2 , 3— D P C :ncrcasod o nly  1.3 t imes n crmc l .  P~~ a f t e r  adenine , py r u v a t e  anc
P4 r .ts s1~~;itt y ~zre.~tor tha n cxpe ~ ted f rom t t~ incr ease in 2 , 3—D P 1. .

- ‘/ ~\.F ra tie~ ~cre 0.5 to 0.95.

Hence , 1.) ~cd cell AlT is Increased in subjects with hypoproliferativ e
anemia in relatIonship to hb deficit. The increase cannot he explained by
the presence of increased proport Ions of reticulocvtes , although average
cell age may be a f ac t o r .  2) Incre arod  plasma P influences only slightly
the red cell ATE ’ in arotemic s u b j ect s ;  however . ~hj s fattor or a closely
correlated one r av  exp ’~a ’.n the  g re a t er  i n cr em e nt  in red cell AT? w i t h  ane :~ 1a
and tt sev.~re cnou~ n , will reduce “od cell An’, anu w hen reduced becomes
an impor tan t  f a c t o r  In the dctcr~-iL n.~:ion of  red cell A ’I’ level. 3) AT?
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did not influence P c of intact red cells , perhaps because of th e  known
inability of ~tg~~—AT~ to bind to specific sites on hemo globin. 4) 2 ,3—DPC
was not correlated with pla sma P~ , unles s P~ was below 0.33 ~.tmoles/ ml.

S a) Our previous reports have dealt with observations related to
studies of oxygen binding by hemoglobin. These studies are be ing continued
and extended . In pa r t i cu l a r  the role of adenosine t r i p h o s p h a t e  in v i v a  in
the regulation of oxygen binding to hemoglobin Is being explored extensively
in order to answer this important questIon.

b) The role of dynamic changes in hemoglobin oxygen affinity in the
maintenance of oxygen consumption in subjects with acute myocardial infarction 

-

is being studied . The causal relationship of blood pH and the time—averaged
deoxy to oxyhemoglobin ratio to red cell 2,3—DPG content is being examined
as an intermed iary mechanism which determines the decrease in hemoglobin—
oxygen affinity which occurs with decreasing arterial oxygen flow rate
following myocardial infarction. The quantitative role of changes in
affinity to increased proportional extraction of oxygen with decreasing
arterial oxygen flow rate is being assessed . P

c) The frequency of occurrence and effect of respiratory alkalosis in
subjects with trauma are being examined to determine if acute increases
in affinity leads to a reduction in oxygen consumption and/or whether
increases in blood flow compensate for increased affinity.

d) The role of rad io opaque dyes in the apparent increase of ~~~og lal~ n—
oxygen affinity has been examined . This has been shown to be a factitIou s
effect which is inconsequential in vivo. The importance of direct
measurement of red cell pH when studying the effec t of agents which
disturb the normal electrical potential of the red cell membrane has not
been prev iously appreciated .

6. Studies or the role of red cell as~~n~ in flov in c lla:v ~~ -~~s
have been performed. Erythrocyte flow in cap ifla~ :es mav co t’cna  S ~~~ :~~c..::: -.

on membrane elasticity, cell surface—capillary wall rcs~ st~nce and
charact er of the ~hi:’. lubricar-in~ f i l m  set~.ira r i n~ ~~~~~~~~~~ ana c a t ’
s u r f a c e .  The re la c icc lv  ri~ id senesc ont ~hC wou Id ~e r a
abnornai flaw charac:er:stics. he examin ed ne~ brar .e elas :  t v  •

~~~

uni d  i...ens lena! c~:tcns :b ~1 ~tv of membr ane  as a un c  t :en of ~~e a : a
de te rmined the  e r v t h r c c v t e  f low veloc i.tv (V .~r ( .~ and der ’.vcc values e t

membrane c a p i l l a r y  wall  r e s i s t ance  (C~ and ~~~~r i ca t i n~z f~~ m
in or d er  to  compa r e capi l lar y f l c~: of senescent  to nor~~i .~h L ’ . ~-~e i - ~~a.~~
ex t e n b i l . ~as measu r ed by as~’i~-a t : o n  of .i per :  i on  of 17C
0.5 ‘,tm r~~c~ op r~~ot:e at  p ressures  0 — I C r  ~ii~d ~~~~~t t  ~~~~~~ • :‘.i - ’
elongation with time ~ntorvals l0~ 7 C~C~” . ~;as re ’rde~ d~~r t c~ 1’
REC f lowing  in a 2.3 ~~ glass micro  cap ill~ r~~; suspendod in a
NaC 1 i sotonic  b u f f e r  con ta in ing  0 . 5 ~ m .’~ albu m in and y~~ obu l~ n C o n e t u t r i —
t ions  0— l0 ~ m ’i at  pressure  d i f f e r e n t i a l s  0—3mm 11,0. The ex t e n s i o n  ot
senescent  c e l l s  i:~c~~e~~s~~d more rap id ly  than cc’ntro I cells and w h e r e a s
extension ratio-(yx ) for control membrane was Linear with force , in
senescent  ct ’1.s i n~ t~ a l  r e s i s t a nce to e x t e nsion , t hen  r a p~~d ‘ a~
s i b il i ty  occur r ed  and at  t imes ‘l . U ” p l a st i c  f io~: of nt ’~n b r a ne was o~~ er r ~ d

L -~~~~~~~ —---.
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R IC fo r  con t ro l  ~.as o—l 5 un / sec , 1/2 th o r of ce l l  f r e e  ax~ al l v f l o w i n g
fluid, and ‘.‘ .~~., . f o r  sen escent  c e l l;  wa s i d e nt  ical : 5— U ~sn/~ ec .  Add it :cr~
of g L o b u l i n  not a f f e c t  V 1, 

~ 
or C w h i c h  was L~r’ d yn sec/cm 3 . i E l0 -:~ —

f o r  both c o n t r o l  and sencsce~~ RBC . These da t a  indicate  t~i f f e r en t  e last ic
p ro p e r t i e s  of SeneSCent  ce ll s and p r e d i c t  r e t a r d a t i o n  of flo~.’ in cr i t i ca l
chan nels  where t ime dep endent  e x t e n s i b i l i t y  is important. Normal and
senescent  ce l l s  have simi lar  f low c h a r a c t e r i s t i c s  in cap i l l a r ies  > 2 . 8  ~m
a nd are not a f f e c t e d  by p r o t e i n  c o n c e n t r a t i o n .

We have also examined the mechanism of poikiloc yte  f or m a t i o n  in
t halassen ic  and sickle red cells.

E r yt h r o c yt c s  undergo both rapid and protracted deformat ion  dur ing
flow. Elasticity, essential for protracted deformation , depend s on membrane
molecular  i n t e rac t ions  and may be changed by al tera t ion  of membrane and
st ress d u r at I o n .  These s tudies  compared immediat e and t ime dependent
memb ran e ex t c r t s i b i ~~ity  aS a measure of e las t icity  in normal , s ickle  and
tha l a ssemrc  ce l l s  and examined the i r  f low ve loc ity  in in v i t ro  glass
m i c r o c a p i ~~ ar~ es , to de te rmin e  whether  s i gn i f i c a n t  change of e l a s t i c i t y
c c r : e l a t e s  with duration of s t r e s s , pe rmanent deform at ion  (po ik i locy te )
and o~~:er ed  flew . Elast ic ity was measured as y length  of membrane
ex te n s I o n , a sp : : a rcd  in to  0 .5  ~m i c r op i p e t t e  at p ressures U~ to 100 =1120 ,
at  t .~~cs 30 ’ , 5-30’ , and res idua l  length a f t e r  force r emoval . Flow
ve loc ’. tv  wa~i dc t e r m~~nt~u f o r  cells in plasma at T— 23 ° C.  30” ( immediate
d~~~or m a t : o n )  ‘, valu~ s f o r  50 cel ls :  control , 2 . 2 ;  SS( ISC) ,  1.1; SS
( r e v e r s I h ~ e ) .  2 . 1 ;  Tb . 1.3. Na cyanate  improved y in deoxy RSC . Permanent

d -~~- i i ~ t~~on ‘c~~~-~~ : r . ~ :n ISC and Th. V for  control cells was 3.6±0 . 2imn /
~a .i ~ o m l c r 0 0 0 p r l la ry .  V for  oxy SS(RSC) and Tb was normal;

~~t ~n~~~: ~~~~~~~~ : c ~~~~. 2-4-0 .~~; 32 did not enter the to icrocapi l la ry .
~~~~~~~~~ or •. .~~~ a: :sc wh ich enter. Reduced 1n~ ediate and t ime dependent
ex te ns ~~~n of tho l~~~tc ce ls c ar . f i r m s  prediction of abnorma l e las t ic i ty  in
j t r ~e r a .  ~~t.~ t b t . : .e~~~. Per :’~a t i t ’n : n e n h r a n e  d i s tor t i on  (residual  y )  and

~! ~~~~~~ o~ z~~ ‘~~~~~‘ ex p l a i n  how in vive po :I~c l acvte  ¶

~. .a : t .  t n t a t : o n  c a t ;  eccur even at low s t r e s ses  of the
- * .e.. -..e~ i t : -  ss Is . r . c r e ~j .

I,

~ 

— ~~~~~~~ —- -~~~ ——~ ——--——-—----



7. The r e l a t ionsh ips  of hemoglobin concent ra t ion  and blood pH to red cell
2 .3—d i~ nosph og 1vcerate and oxygen bindir~ by hemoglobin have been s tudied in h e a l t h
sub~ cc :s and s ub j e c t s  w~ :h h ypop r c l i f er a t iv e  anemia with or without severe chron:c
renal d isease. Red cell 2 , 3—DP C was inversely co r re la ted  wi th  hem oglobin  def ic: :
and directly and equa l ly  s t rong ly  assoc iated  w i t h  blood pH in anemic subjects
wi thou t  chro nic renal disease . In subject s  wi th  chronic  renal disease rece iv ing
regular  hemodialysis , p redialysis p H was not increased desp i t e  severe anemia ,
and red cell 2 , 3—DPG was not s ignif icant ly  elevated , except in sub jec t s  who had
a sustained alkalosis due to the use of sodium bicarbonate.

In hypopro li fe ra t ive anemia , the increment in pH was associated with the
dec rease in hemoglobin concentration such that  80~ of the increase in P 50
measured at s tandard condi t ions  which occurred with anemia was expl icable  by
the re la t ionship  of (a) pH with hemoglobin concent ra t ion , (b) red cell 2 ,3—DP O
wit h pH , and (c ) P50 std with  red cell 2 ,3 —DPG. However , P 50 at the pH and
base excess present in vivo was similar in all anemic subjec ts  whe ther  an
inc r ease in r ed ce ll 2 ,3—DPG occurred or not. Blood alkalosis and the accumula-
tion of 2 ,3—DPG cancelled each ocher ’s e f f e c t  on oxy gen bi ndi n g by hemoglobin .
Hence , increased red cell 2 ,3—DPG and P50 compensated for the alkalosis of
hypop ro l i f e rac ive  anemia , not for  the d e f i c i t  in hemoglobin con cent ra t ion .

8. We have shown that  propranolol reduces oxygen binding by hemoglobin
in intac t red cells by increasing the selective permeability of the red cell
membrane  resu l t ing  in an exodus of potassium , chloride , and wate r .  The latter
effects resul t  in a new distribution of hydrogen ion between cell and plasma ,
and thereby a reduct ion in red cell pH. The reduction iii pH can f u l l y  explain
the chang e in hemoglobin ’ s af f i n i t y  for  oxygen based on the Bohr e f f e c t .
Either 0— or DL—propranolol can produce the change in red cell pH and oxygen
b i n 2 in ~ by hem oglob in .  The drug ac t ion  on p er m e a b i l i t y  is not  p r e v e n t e d  by
epine~ hr ine . although it is by chiorbu tanol. Hence , the mer~brcne action of
prcrrano L~~l ices no: aopear to be related to its ac:av::~ as a beta-~ arenerc:c
rece~ tor bieck in-; agent.

Propranclol orocuced a marked u tcraticn in red cell sh.:re as veil as in
h v d r a r i o r i  t~hvpawo~ u~~ c stomarocvr es). The : effects were erara~ Le sonce
de~;v~~r a : a c n  of the  cci i  bY the addi tion  of sucrose to p lasma did no: r e su l t
3:or.a rocv ~ cs and c h i c r b u r inoi blocked the enhancement of ?ermea ~~ 1:::. of tac
rca ce’l membrane by pr~ pranoioi without ?r~vent~~~ the shal’e ch a n c e  ( isovo iam:c
s:cmatoc’;t es) .  This suqgest s that  pr o~ r anolol  may have two s ep ar a t e  s i t e s  of
memb r ane  : n te rac t i cn .

P r a n r i n o l o l  (10 to 360 ~~~ a d min i s t e red  to human sub~~ec: ~.id ~e C
hem lob — , x v ~~en . . it :in i : :. This is ex~~laj ne ’d by th e fact char the t;centr,;-
don in blood a f ter  such doses is near ly  4 ,000 to 100—fold lowe r th an  t h a t
required to achieve changes In blood in vitro.
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9 . The ir. erralationships of artertal ox’,~ en flow rare i ncex , o:.:v;en b o  
- 

-~~~

by hemoglobin , and oxygen consumpt ion  have been examined in p a t i e n t s  -;i:n a- u :e
tovocard ial infarction . Proportional extraction of oxygen increased ~n close
associat ion with  decreasing oxygen flow r a t e , and he nce , whole bod y oxygen
consumption was constant over nearly a t h r e e — f o l d  va r i a t ion  in a r te r ia l  oxygen
flow race. .A red uc:ior. in hemoglobin—oxygen affinity at in vivo conditions of
pH, Pco , and temp erature also occuried in proportion to the reducticn in
arterial oxygen flow rate. Therefore , the increased proporticnal removal of
oxygen from arterial blood at low oxygen flow rates , required to maintain oxygen
consumption , may have been fac i l i ta ted  by the reduced affinity of hemoglobin
for  oxygen at in vivo conditions . However , the dec rease in a f f i n i ty  did not
appear to explain more than 30—40% of the increased extraction .

Res piratory alkalosis was a frequent occurrence Li~ these pa t i en t s  and
2 ,3—diphosphog lycera ce was positively associated wi th  blood pH as well as wi th
the t ime—averaged propor t ion  of deoxyhemoglobin in a r t e r i a l  and venous blood .

Hemoglobin—oxygen a f f i n ity  measured at standard cond i t i ons  and the  mixed
venous oxygen sa tura t ion were equally good indicators of reduced arterial
oxygen f low rate in patients wit hout shock. However , S~ o, is more easil y
measured and is a more useful  indicator of reduced oxygen f low rate , since
its re la t ionship  to oxygen flow appears to be independent of a f f i n i t y  changes
and time.

10. The inconvenience of measurement of red cell pH , has led to the
pract ice  of establishing the relation of oxygen saturation of hemoglobin
to the par t ia l  pressure of oxygen in blood based on extracellular pH. This
method relies on the precise dependence of int raery throcyt ic  pH on ext racel lu lar
pH. Studies o f the e f f e c t s  of certain plasma additives on the binding of oxygen
to hemoglobin have neglected to consider the possibility that the normal negative
potent ial  d i f f e rence  between the interior and exterior of the red cell may be
d isturbed by the agent  under stud y .  The change in potential leads to a cc~ coni:sn:
loss in the usual relationship between excracellular and intracellular ionic
species anc thereov p h .

In a recent study of the effects of radiographic contrast media on oxygen
bindimz to  hemoglobin , an increased aff~ mitv of iemoclob :r. for ox~ ccn was
obse rve d based on cor ract  ions using ex tr a c e f lu l ar  p~~. However , it  w ou l d  be

ch ar poor y penetrating compounds woula reduce the ~ri ~raaien: between
p la sma and cells , by  causing an acidic icarion of Oi - csma due to a no: m o v e m e n t
of hvdroxyl icn :nto the red cell without a conconitant chun~ e in r ed ce l l  p~
because oi the high buffering capacity of the red cell Interior. Hence , a
por:con of  th e  apparor.: affinity change would be spurious , since intra cellular
pu ~overn~ o:’.’:;en 5:ndin to hemog lob in.

The foLiow :n~ studies demonstrate how erroneous inferences n - i ’ -  be d r a ~~
from reliance on extracellular p kl f o r  de terminat ion  of the oxv~ en— .ietn~~ lob in
dissoc iation curve in si tuations where the ion d i s t r i b u t i o n  across  the  red
ce ll me m b r ane ii~ disturbed .

- - - -
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Cons t ruc t ion  of oxygen—hemoglobin d i ssoc ia t ion  curves based on extracellular
pH and us ing blood toriometered w i t h  5% C D - ~ was shown misleading in the presence
of poo r ly pe ne t ra t ing  non—ionic molecules like sucrose or poorly penetrat ing
anionic compounds like radiographic contrast materials. False conclusions
regarding the position of the oxygen—hene-ilobin dissociation curv e result
because of the d is turbance  of the normal pH gradient between plasma and red
cell induced by such chemicals .

H. The development and use of radiographic contrast media have been major
contributions to clinical medicine . Although considerable study has been
given to the adverse effects of these agents , some reactions remain
unexplained . Most research on the adverse ef fec ts  of water—soluble contrast
materials has been directed to the effects of the rapid injection of a hyper—
viscous and hypertonic bolus on rheology of blood , although a “tendency to
acidosis” has been noted previously.

The effec t of water—soluble radiographic contrast  material on pH when
added to blood in clin ical dosages in vi tro or when used in vivo for
diagnostic purposes , was examined . Contrast material caused a reduction of
blood pH. The mechanism of this occurrence was found to be the balancing of the
negative charge of intracellular organic anions by the extracellular anionic
contrast material molecules. The normal negative potential of about 10
millivolts across the red cell membrane was reduced , nullified or reversed
depending on the concentration of contrast material , added to blood . As
the inside of the cell became more positive with respect to the outside ,
protons were , in ef f ect , repelled into plasma , although the apparent
exodus of protons occurs by the generation and outward d i f fus ion of carbon
dioxide.  Since the acidemia is dependent on rehydrat ion of carbon dioxide
in plasma , a reaction measured in seconds , the site of injection and transit
time of dye will contr ibute to the pH of the plasma during passage through
a r eg ional capillary bed .

~
‘e speculate t ha t  an alteration in membrane potential and/or the acute

acidemia ma y cont r ibute  to the adverse efreL~ s of contrast  material ,
particularly on tissues dependent on membrane electrical rhythmicitv such
as th e myocardium.

~2. The oxygen—hemoglobin equilibrium is of clinical importance since it
ma’! provide evidence for a structurally altered hemoglobin with heightened
or les~ eried a f f i n ity  fo r  oxygen . The presence of a structurally altered
hemoglobin wi th  abnormal oxygen binding character is t ics  is made evident
by examining the oxygen—hemoglobin dissociation curve at  s t andard  condi t ions
of temperature , pH and ?co~,. The pos it ion  of the curve is r ep re sen t ed  by
the P~~ standard (?

~o 
std), that is the P02 at which hemoglob in is ha l f—

sa tura ted  with oxygen at standard condit ions . S tanda rd i za t ion  e l i m i n at e s  the
e f f e c t s  of va r ia t ions  in temperature , pH and the pH—in dependent  e f f e c t  of
Fco., . DeviatIons in the P50 std , therefore , imply e i ther  an al tered content
of ~ed cell 2 ,3—DPG or a hemoglobin with oxygen binding charac te r i s t i c s
dif fe ren t  from hemoglobin A.

In add it i on , th e  a f fin i t y  of hemoglobin fo r  oxy gen is of c l in ical
~~por:ance because it nay decrease in resp onse to hypoxia , anemia or reduced
blood f low and acts , thereby ,  to maintain venous ( i . e .  t issue) Po~ as

— - --- —~~~~~~~~
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ox\gen e’ctraction Inc eases In situations concern i ng oxygen hemog ’obin
content or f low , the e f f e c t s  of the four major determinants of the 

4

equ i l ib r ium , that  is red cell 2 ,3—DPG , pH , temperature , and Pco, must be
co ns ide red . This has been called the oxygen—hemoglobin dissoc iation curve
at in vivo conditions , and is presented by the P50 in vivo (P50 i.v.).

An assessment of the a f f i n i t y  of hemoglobin for oxygen is considered
inaccessible to the practicing physician and hematologist  since it requires
t000metry and mixing techniques often available only in research laboratories.
[n the following studies , we examined the usefulness of a single venous blood
sample as an indicator of the position of the oxygen—hemoglobin dissociation
curve . A single venous blood sample , analyzed far  pH , Pa ,, and So., by
a clinical chemistry laboratory could be used by any physic ian to assess the
presenc e of an alteration in the oxygen—hemoglobin equilibrium .

We have validated this cechni~ue correlating the P50 std or P50 In vivo
derived from an -hemoglobin dissociation curve with that  from a single
measurement of pH , ~~~ Pco., and So., in venous blood . Studies of subjects
with alkalosis or acidosis ~nd with high and low affinity hetnoglobins were
made to ve r i fy  this technique . Equations were developed to allow the calcula-
tion of P5Q from a single Po2 and So~,.

13 .  At r ia l  tachypacing and oxygen—hemoglobin a f fin i .

The f i r s t  study deals with atrial. tachypacing and oxygen—hemoglobin
a f f i n i t y  in pat ients  with chest pain syndromes , most of ten  with  angina
pectoris. It was conceived originally in response to research reported by
Shappell and coworkers and referred to earlier in this applicat ion .  Their
studies showed that & patients with coronary disease who underwent atr ial
tachv~ ac ing ,  only the 5 who developed chest pain showed an increase dur ing
pacin~ in P5Q standard from arterial to coronary sinus blood . The increase
was cadep enden t  of DPO , AT? , or red ccii p H — — t h e  known determinants of
stan da rd—— a nd suggested the possibility tha t a substance was released duhn~ischemia whic h produced the decrease in oxygen hemoglobin affinity across the
coronary bed . Because of the potential significance of this  f i n d i ng  (in
pir::cu ar if ri~hr sni~ :ed curves are in fact advantageous :n Lschemic
sce:os), and because InvestIgations in our lab oraotry inc i ca t od  tha t
stand~~ro correlated very  s t rongly  with  DPG alone , we were interested in turther
e:-:~~l o r i m g  this que st ion  in pa t ien ts  undergoing at r ia l  tachvp ac :ng  studies
fo r  d iagnos t ic  purp oses  in our cardiac catheter i :a tton labora tory , where
routine coronary sinus pacing makes the requi s i t e  blood samplin ~ possib le
and convenient . Thus f a r , 11 p at ients , 9 with coronary arcer’- disease and
g,~ccn : induced an~~ina , and 2 w i t h  chest  ~a :n  and norma l c o r o n ar ’ -’ arte rie-~.
have been st’udce ’~i ca control. paced . ~nd recover’: states. An incrcall’ .’
sur~~rc3Ln~ (ens to our knowledge new) observation , is tha t v i r tu a l ly  cich
pat ient  developes alkalosis during pacing , and th i s pH cha n ge is on a
r e s p i r at o r y  basis (pC0.~ fal ls  appropriatc- ly) . A rise in a r ter ia l  pO~ from
the rest to the paced state occurred in many pat ients  and is consistent
w i t n t h i s  ir i c r eaj e  in resp i r a t ion .  A~ a couce~ u enc e  of  the  pd chango , P50at in vit r o pH (calculated from ~~~ s tandard)  is decreased d u rt h g  a tr i a l
tac: lv ~’,zc in ~~. r,n l ike  :~‘.e prior invosti .~et ~ ona . we nave not d e tect ed  d u r i n g
the paced st a t e  any increase in ?~~ scanuard f ro m arter ’: to coroner ’: s inus .
t~’L:nout onumcrat:ng the several ways in which aoparentiv dii fering results 
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ca n be reconci led , the results of this study appear to be of i n t e r e s t  In at
least two respects. First , as indicated in the original proposal , it is
conceivable that when flow is fixed (as it well may be in the r eg iona l ly
involved ,treas in coronary heart  disease) , and when oxygen ex t r ac t ion  is
max imum , a le f twa rd  s h i f t  in the in vivo oxygen hemoglobin dissociat ion curv e
(such -:a chat induced by alkalo sis) may be detr imental  to oxygen t r a n s p o r t .
Making several assumptIons (regional flow Is fixcd , venous p0 .  is r r op o r t io n at e
to tissue - t )

,, and for both there is a cri t ical  ischemic leve l , and cap i l l a ry
p0-, is raLe limiting for oxygen transport to ischeniic tissue), we calculated
that the patient with the largest decrease in P50fl~ viva (arterial , coronary
sinus , and averaged) during pacing might have decreaid~ is oxygen extractionand t he re fo re  his oxygen transport by 10% as a result  of the alkalosis.
Using this reasoning , it is conceivable that pH through its e f f e c t  on oxYgen
delivery (just as rate pressure product has its effect on oxygen demand)
is important in determining threshold for angina . Second , it is also conceivable
that in spontaneous angina there may be pH (alkalosis) antecedents , just as
there  are blood pressure and heart ra te  antecedents , and tha t  these may
ef f e c t  threshold for  pain by impairing oxygen transport. Pilot studies are
planned monitoring depth and rate of respiration in hospitalized patients
with isehemic chest pain to explore this latter possibility.

~~ Chronic cardiac decompensation and oxygen—hemoglobin a f f i n i~~

A c l in ica l  s tudy is underway exploring relat ionships between 2 ,3—DP C ,
p11, oxygen hemoglobin a f f i n i t y ,  and oxygen transport  in pat ients  with
va ry ing  degrees of chronic cardiac decompensation .

Earl ier  studies have established that 2 , 3—DPG and P50 standard increase
in patients with cardiac decompensation . Woodson and coworkers noted tha t
the incro~ se in 

~~~ 
stand ard was greater  in pa t i ent s  wi th  more severe

d i ~ e .a - ;~~, and t h a t  it correlated best wi th  mixed venous OX’:gOn sa tu rat i on .
pU vos not mea surcu in this s tudy,  and t h e r e f o r e , its r ole in p ro duc in g
affi nity changes could not be assessed , and P50 in vi”e could not be
calcula ted fro m P~~ standard . Rosenthal and coworkers noted a si gn i i l e a n t
inver se r el . i : :on snip between oxv ~ en f low index ~nd 2 ,3—D P G , bu t  as in the
previo u-; ~;tud~.’ , the role oi pH was not assessed .

The s tuu ~’ wh~oeii ye have p lanned , involving patients with chronic heart
d i s e a s e  underg o ing  d iagnost ic  cardiac ca th et er i c et ion  at S t r o n g  ~teno r~ al
Hoso~ ta l,  is designed to be comprehensive in a fashion analogous to that
pr ev~ o u s L . ’ r ep or tou  involving pa t ient s  wi th  acute  cardiac de-~onnensat  ion
~ol e w t n - ~ nv ocer u ial in fa rct ion ( includinc mea surem ent ~f car o  ice ino. ’x ,
h cr.~t ’g l o h i n , ar t er i a l ane mine d venous blood gasen . and ar t  or ’. a I iri s ‘n ~xed
v~’n ~nu ; re-a ~ el I .\T ’ . I , 3—D PG and pH ) . In part ictiler , t h e  q t o ~ z - ens to h~
explored are the fo l lowing :

(1) What are the interrelations between arterial oxy gen f low
ra te  (eardiua index tj n~~ ar t e r ia l  oxygen content) ,
hemoglobin a f f i n i t y ,  and oxygen consumpt ion .’

( )  L i  ox y g e n  e x t r a c t i o n  inc reases  as c. ’rd ice tndex  f a  1i~~, to
extent can this extrac t ion  be accounted f o r  in ~cc re eses
in fr i  v ivo oxygen hemoglobin ~C f i n i t v .’ 
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(3)  Wha t is responsible for t h e  increase in 2 ,3— DP ( which
accompanies e fall  in a r t e r i a l  oxygen f low index (ca rd iac
index and arterial  oxygen con ten t)?  Does the increase In
2 ,3-DPC correlate with blood pH (ar ter ia l  or averaged arterial
azid mixed venous ) ?  Ooes it co r r e lat e  w it h  t ime averaged
percent deoxyhemoglobin in arterial and mixed venous blood ?
By implication ,Is pH or percent  deoxyhemogl ohin  or a combina-
tion of both the driving force for the increase in 2,3—DPG ?

~.re there other factors involved .

(4) Wha t is in vivo P50? Row do pH and DPG changes interact
in determining in vivo Pso? Do chang es in P~0 i!i ~~~~~~
correlate with arterial oxygen flow index and7or arterial
oxygen content?

(5) How does oxygen transport compare in equivalent degrees of
acute and chronic cardiac decompensa t icin?

F i f t een  pat ients  have been studied thus fa r , but the results are in
too preliminary a s ta te  of analysis for comment at this  time .

Cardiac and skeletal muscle models for studies of 02 metabolism

a. Mvocardial model

The coronary sinus could be cannulated and the cannula sutured in
place. In a significant number of instances , the left main coronary a r t e ry
could be dissected , and a catheter  introduced from the  ca ro t id  a r t e ry  could
be sutured in the dissected coronary vassal . Atr ial .  pacing , epicardial  ST
mapp ing ,  and measurement of pressures were performed as planned .

Two ma jo r  probl ems , however , were enc ount er ed . Fi r s t , ca t h e te r s
a va i lab l e  fr o m  our animal r esear ch  and c a r d i ac  catheter iaat  Len laborat or ‘.os
o f :  or ’ s  coo great  a res istance to flow and p tev t ’ ed adequat e ~‘er ins  i o n
the coronar’: c i rcu lat ion ; cardiac arrest  followed soon a f t e r  cant iu lat  ten .
Subseque n t l y , a st i : nl e s s s tee l  modif ied  - r e ~’.g cannuic has been made to ardor

t o  -;pec t icc t ions prey Wed by Dr . Pt’ ca r  ‘Liraka , hu t  t h i s  cannu [a
h.u-: aet heen ussd as . Second • no sot :s r a e  tar ’: way was f eu r .~-i to
an in vt’ :o ch ange  ta e t n t ’ r DPG or P j .  t nor~ tue , ph eaph a  to , and p~~~uv~ to ,
In .1 ~1eLar  c o u c e n c r a tt on s  each produced no ch~ n~ e irt DPi in the dog ,
p r e s u m a bly  beccu-;e o f the absence in th is  spectes  of the en~ vne e r v t h r a c v t e
pur tue ri ‘ic lees t a n  p t s ~~horylcse (r equ ir  a l  icr the  r r .-ins 1 a m a  ion at  i no a inc
in t r ~ hose phas ~‘ i r S t e  and then  into  I , 3 _ :i1’~: • SO~ :ur bios r ~‘an . i ~ a in  3 a 1 ~•

in :  r : v t m o I I : ;  dos.’-; • 3 t e a s o  I ,3~~DN~ cve I :  , bu t  .rorr eo t an a t  th .’
a I a ;  S to a t ,id Ic n i  In the  normal range  w i t  hi .u::rriau inn oh or ide ~‘r or
to t h e ac u te  e~:pcr  riL’n~~ proved d i f t  i cu l t  . ph i ~ lou t ’ could not  he’ used a Induct’
an in v ivo af f in it v  cil.lngu because of the var  ted ~ f t e e  Is at  p11 ItSt ’ i t  . Vat
these two reasons—— fiutially, laci~ of a suitable p er fu s  Ion carnm Ia and l at er , to
absence of i : ;u i tab Ic mean:; of In ducing  in vi ‘‘a oh .i n g a  a in  P~~ .it ;d , t u  add
because prcct:e.ii considerations suggested working with one mod~ t at a
the nt .i ~or port ion of our effort in the loborator’ has been 3.- v o t e d t o  d c v i ’ ~~~~~~

t he  gr :e a mur;o Ic model , d es cr i b e d  below , wh ore ~r~’g ro~ s has be ni
r.ip id. 1,’hcn the grac tl is ~tu d ius  are w e l l  unde i -wa v • we p l an  to cen t  : tn :e  N)
wa r -: with the coror.arv model.
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b. Grac ills mouel

(i) The experimental desi gn

The de si~ n is essentially as described in the cont rac t proposal  of
1974—1975. Dissection and cannulation are now performed with facu lty .
Blood flow is arbitraril y fixed at 5 cc per minute , a flow which is adequate
for tissue oxygenation at rest and at which oxygen transI~art is limited
during contraction. Sodium bicarbonate rather than saline is used for
volume expansion during the exsanguination because of the tendency for
metabolic acidosis to develop. Red cells resuspended in plasma have proven
superior as a perfusat. to those suspended in Krebs-Ringer solution.
Oxvgenat ion ~of -the blood and pCO-, control are achieved by bubbling a gas
mixture of 4 carbon dioxide and 96Z air through two Dow oxygenators in
series (Dow — Beaker Gas Permeator — D/HFG—l silicone hollow fibers).
(Pilot studies in our laboratory showed that one oxygenator did not provide
adequate gas exchange to maintain equilibrium with perfusate flowing through
the system at 5 cc per minute. With two in series , equilibrium could be
reached within 30—45 minutes and maintained after flow was initiated).
To further improve p11 control , (beyond the substantial control achieved with
pCO2 regulation), a Radiometer titrator (titrator 

— type TTT1C and auto—
burette type ABIJ—lB), is now being incorporated into the system . Perfusate
is warmed to 32° by passing perfusion lines through a constant temperature
bath and this temperature matches closely that of the muscle , which is maintained
by radiant heat and measured with needle probes in the muscle. (Alterations
in design are planned to bring the temperature of the experiment to 37°).
Resting oxygen consumption of the muscle , perfused and maintained In this fashion
is 1.2 u I/m m —gm (Mean, S.E. .15 , n 11). This value obtained at 32° (if a
Ql0 of 2 is taken as a reasonable estimate), is comparable to that described
at 370  by other investigators. The muscle autorogulates appropriatel y to
changes  in flow , to occlusion , and to contraction (examples of this auto—
regulation arc shown in the “controls ” section) .

With regard to contraction, the 20 minutes of stimulation at 2 twitches
per second , which was originaLl’.’ proposed , has proven to he excessive ( t he
nu:scL~ can not m a int a In  tension , and recovery f r o m  c o n t r a c t i on  is ~r o longes ’
The e:-n’e r tmen cal  protocol has now been m o dt f i e d  to 45 seconds ci contraction
cc 1 t w i t c h  ncr  seconu , a Eo~~nat where tw i t ch  tension is ma in t a ined ,
me cabo ij e  recovery is aenieved wi th in  30 minu tes , and recovery  of vascular
res i s tance  occurs in a s ign i fi can t ly  shorter  time . Oxygen consumption
d u r in g  contraction is 3—10 t imes tha t  at r e s t .

( l i )  C o nt r l run s

Contr ol  run :; usi ng blood u n t r e a t e d  except  fo r  i ni t i a l  t i t r a t i on
to pH 7 .4 , have demo n st ra ted  that  in a given muscle , each of th ree  successive
sets c f  4 5 seconds contract Ion and 30 minutes  recovery is qu i t e  s imi lar .
The’-’ ar e  s im i l a r  w i t h  ra~ a rd to (1) a ut o r eg u la t i on  to oc c iur :  ion ~‘r j ar  to
con c rac :~ cn (m agn itu de  of the response to a s tandard 30 secones oc c iu s i on i .
( 2) r e s t in g  oxygen consumption and r e st I ng  m e t ab o l i sm , ( 3) t e n s i o n  ~e’ne r a t e d ,
fa ll in va scu l ar  r esi .scanoe , and Increase  in the  m e t . i h e i  i a n  d a t  in~ c o n t r a c —

and ( 4 )  th e  t i n e  course of recovery of vascular  r e s i s tan c e  . i f t . ’r
conc r o e t t e n .  The following is the data tram one such control run: 

~~---- - — ----— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _



The muscle was prepared in the manner just described and the aforemen-
tioned protocol was followed for four successive sets of contraction . Auto-
regulation in response to a 30 second occlusion was tested prior to each set ,
a five minute period of recovery from the occlusion followed , then 45 mInutes
of one contraction net second , followed by a 30 minute recovery period , a t
which time autoregulation to occlusion was tested again and a cycle repeated .
The muscle temperature was 32 , flow fixed at 4.8 cc/mm , and hemoglobin 12
grams/l00 ml.

Metabolism

Table 1 shows the metabolic data for the experiment . “Contraction”
samples wer e obtained during the last 15 second s of contraction and the
first 30 seconds of recovery . The values for the arterial sample during
contraction are assumed to be identical to the arterial control (i.e.,
A1 A,, A , A

5 A A~ ; this has In fact , been documented in pilot
studie~ ). Recovdry7sainples from one set of contraction are used as controls
for the next (i.e., A3, V3 is also taken as A4, V4; the latter values , not
actually measured , are placed in parentheses). Metabolic data were
obtained for the fourth set in which inadequate volume of perfusate was
available for the recovery period .

The remarkable similarity between control and recovery samples ( i . e . ,
A 1, V1 and A3, V3. A4 ,  V4 and A6, V 6) and between successive “contraction”
samples (V, , V5, V8) should be noted .

Mechanical performance and autoregu].ation——The subsequent four pages——
one page for each of the four sets of contraction——consist of photocopies
of the original Brush recordings (Clevite-Brush——Mark 260) of perfusion
pressure and muscle tension during autoregulation to occlus ion , contract ion ,
and the ear ly  phase of recovery (paper speed l~ u/second) . The response to
auto re guj a t i on  (at the top of the page) occurs p r i o r  to con t r ac t ion  (at  the
bottom ) , and the tracing s are not continuous . This autoregulacion to
occlusio n ~s qua n t i f i ed  in terms of ini t ial  per~hcsicn pressure  (pro ~ or t ion a 1
to i n it i a l  resistance, since flow is constant , and labelled Ri) ,  minimal
p er fu s i o n  n r cssure un on r e inst i tut ion  of flow ( R ) ,  ~R — — Ra~ and .~R,’R , .
The scale f o r  re cord ing  tension is determined at the b eg imr .i n.g of the r

exn e r i m e n c ;  at nr e senc  we are not ca l ib rat ing  tension agains t  a known
stand.ira , and wh ile successive 5et3 of contrac t ions  can be com~ar ed
quant itatively with one another , no absolute values can be assigned to the
magni tude  of the tCn sion generated . The f i r s t  der ivat ive  of tension
ge ner ated  w i t h  r e g a rd  to t ime , 4 T/dt , is also obta ined , :hrcu~ h an
el ec t ronic  d i  erentiating circuit. (The sudden change ~n. n T i d t  in the
f i r s t  ;et of con t rac t ions  is due to a d j u st m e n t  of t h o  ~,c J L e  w h i l e  mu s c l e  is
be ing ~timula:ed~ . Tension generated duri::g ccntract~~’:: ~s :~‘ressea as
T1 (t e ns ion ~eneraced in the second t w i t c h )  and T~ (t e nsion or the f i n a l
tw it ch ) . The resistance change with the autoregulation to cont rac tIon  is
expressed as R~ (initial perfusion pressure), Rf (perfusion pressure at the
end of concractton) , .IR R~ 

— and ~~~~~ Again , the ret’roduc ibil ity
in success~.ve sets oi occlusions and contra~ciorts snould be noccu .

_ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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R ecover

In it i a l  recovery phase a f t e r  each of these sets of c on t r a ct i o n s  is
ana lv~ ed q u an t i t a t i v e l y  on the fo 1lov in -~ gr ap h  (anal’-sis of longer pericds
of the recovery period are also performed). The difference between
pe r fus ion  pressure prIor to cont rac t ion  arid perfusion pressure during
recovery (R~ — R.recov) is plotted on the ordin3te of the semi—log plot
arid time into the recovery period is on the abscissa . for this  part .cular
gra ph , the line of the slopes and intercepts of the lines characterizing
each of the three recovery phases . One way in wbich an e f f ec t  of oxygen—
hemoglobin a f f i n i t y  on oxygen transport might manifest itself (should such
an effect actually occur) would be an alteration in the slope of the line

which represents the “oxygen dependent” portion of thIs recovery phase .
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( C o n t r o l  runs have ilso been performed ~n which. blo od is rrcor-o~ a
manner identical to t hat  employed when potassium cyanate is used to  produce
an in vi’.-o curve shift , identical except for the absence of t h e  pot~ ssium
c v a n i : e  :r e i t m enr  :tself. 3loo i is centrifuged , the plasma .ind the white
cell Livers suc r ioned otf separately , and the cells washed three se~ara :e
times in a solution containing 130 milltm olar sodinm chlorid e . 2 . 7 nilli~ olar
potassIum chloride , 10 millimolar glucose and 20 millimolar TYS b u f f e r
[290 milliosmols , pl-~ 7.~ 1 before  being resuspended in plasma w i t h  th e  appro-
pr iate adjustment of pH and hematocrit. In control runs using this perfusate , L
3 separate sets of contract ion have not proven to be as reproducible  as those
obtained when untreated blood is used . These results are preliminary and are
under further investigation. It is conceivable that the centrlfugarion and
decanting which accompanies each of the washings ~s not as complete as it
should be.

(i i i)  In v itro  m o d i f ic a t i o n  of oxygen—hemoglobin  a f f i n i t y — —
Ac id c i t r a t e—dex t rose  (ACD) and sodium ne tab i sul f i : e  were used i n i ti a l ly ,
as out l ined in the original  p r oposal , but  each has i ts  own associated P
prob lems. Three other methods in various stages of development now appear
more promising .

ACD treated ce lls are depleted of 2 ,3 —DPG , and oxygen—hemo g lobi n a f f i n i t y
is conseq uent ly  increased . We have found that  these treated cel s , even
when in ACD for  oni’: one week (AT? levels remain r e l a t ive ly  h igh)  , and vhen “-

washed and resuspended in plasma , p rove to be a poor pe r iusa te.  P e r f u s i o n
pressu re rises r a p i d l y  and muscle performance f a l l s  o f f  c o n c o m i t a nt ly
suggest ir i ~ that  red cells or cell f ragments  may be occluding the m i c r o—
c i r cu lat i o n .  Phase cont rast microscopy of ACD t rea ted  cells , bo th  be fo re
and a f t e r  organ per fus ion , reveal 1—2+ ~orp ho 1ogic changes ari d I— ~~ r c ’u l e a ux

~o:-~a :cn c on s I s t e n t  v i t d  t h i s  hy p o t h e s i s .

tn cu c ’t t : o n  of red c ej s  th  sodium m o t ch i s u l  f :e. in our ‘r o t o r - -
orcancos decre~~;es in 2 ,3—DPC and ?50 c c ’ ~ir a b ~~e to t h o - ~e r e p o r t e d  by  o t o o r s .
to. order to ge t  changes of an adequa te  m a c o .it u d e  ( 6 — ~ nm’.Hg n t  P ;~~ r o~~u i r a s
3 — .. ao : t r ~ D L  ~~~~~~~~~ f on , ~- ;iic :i is t o o  ~~~‘ ~ t ime . or  ~ en ~: : remeo. :s  of
‘lIt CX~~~ I O O f l t~~~~.

inn - a n a : e  ::lcn.\l lon I lso : n o es  s ign . :  :canc o o c r o ~~s~ s
~to ~ -on~ g , w - ~t h  r.o ,ic ’d n’.-t hc~ chance in 2 , 3 — 7 F i ~~ bu t

to those ducad h’: metch isuift :c t r e a t m e n t , these recuire o n - . 101105.
I ’~~~~~~ * a Co  :roi: o-a ocllc have normo I morodc-’l o-~v ono ic not O u:se a.~ ~‘:a: :on of
O t 0 u5 10:1 :‘r-o-;~ :tr e . Pr o  m inor ’: r esu l  :n.: ~ C O t e a  n~~ : c:~~~ n - ~~e -- : n o~~~

- - a a —

:1e— I’- ~~io :’1:’. i : ::I~~~- : r . : : l o - ’ o  5 ’  t’~~~ , ; 5 o:::: a’ .~~n o c ’  1IjS~~~~ t - I O ~f :  cc :
‘:~~

-.- ~-ono::on cnr~ ng ~~~~~~~ oc:’.cn , ,~ut  e o n~~te  oOn t r ~~~~s I t, ’ 0~~ L V nov

obt. i  tnoe , is iescr  :beu it ’. an ~‘ir l ier  Sect  100 . We :ovo bean a s s ur eg  b y
Dr .  .- t h th o nv  2erant i o~ the  Ro~~~efe1ler  Un i v er s ’_ : v  y,’e r s o n o l  ca :-n tun ico t  I O n )
t ha t  the  exc:ul n~~e of c v an a re  f rom t r e o te d  ce l ls  to muscle tisouC Is
it::; : .0151 conno :  e - p  l o i n  : :ese re a’.; i t s
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A contemplated intervention , not included in the ori ginal proposal , is
the use of carbon monoxthe . Carbon mono x ide , in addition to decreasing
hemogLobin-o~~,’oen capacit’:, induces a left’dard shift the ox~gen— 

-

hemoglobin dissociation curve. By administering carbon nor .vde at ~00
parts per million to a donor dog (via an endotracheal tube) and by
venrilatin~ with a respirator at 3 liters per minute over 3 hours , we
anticipate that blood with 25 carboxyhemoglobin can be obtained , blood
with a 7 or 8 nm leftward shift in the oxygen hemoglobin dissociation
curve . The cells from a donor dog treated in this fashion can be resuspended
in pooled plasma (plasma from donor and recip ient——cells  f rom recipient also
suspended in pooled plasma) to give a final hernatocric which is 4/3 tha t of
the untreated blood . In this manner , perfusates can be obtained consisting
of cells from donor (left shifted by carbon monoxide treatment) and recipient
(normal ?~~) suspended in the same plasma and with the same oxygen capacity ,
but diife~ ing in oxygen hemoglobin affinit~.’. With suitable controls ,
inherent differences in the cells of the donor and recipient can be accounted
for.

A f ina l  intervent ion  which is being evaluated is the use of donor sheep
blood to perfuse a recipient dog gracilis. There are sheep with  naturally
differing oxYgen hemoglobin affinities (range 13—37 Rg) and the effects of
cells from two donors with widely differing affinities suspended in pooled
plasma at an appropriate hematocrit could be comp -ired . With the cooperation

-
‘ 

of the Rochester Zoo , blood from Mufflon sheep has been obtained , the P50
st andard determined in our laboratory is 2~ ~~ Hg virtually identical to that
described in the literature (23 mmHg). Dog gracilis muscle performed well ,
in pilot studies , when the Mufflon blood was used as perfusate. Similar studies
usIng other sheep species are planned , and in vitro studies of the sheep blood
aro :ndem;a’: to deternite red cell pP., intracellular vs. extraceliulor pH
gr- io:ent , Bo.~r oo~~if:cient , tenoeraturo coefficient for convercio’z ?~~

to ? :-. - : :- - -~~~, anc red COj i . DP~ and ~JP—— informaticn neces~ or: OO

p r o v e r evaina~~lcn of :noa int er ve n t i o n .  Similar ~n v~~tro  s tud ies  invol .-:ng
norma l  do~ blood arid hemoglobin , and cyanated dog blood and hemoglob in are
a ls o  u n d e r ~ - ’:. 

*--~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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16 E f f e c t  of hemodialysis on intraerythrocytic  phosp hate  compou nds and ..-- ‘

oxygen binding to hemoglobin.
We hav e studied the effects  of shif ts  in pH and plasma inorganic

phosphate P. on subjects undergoing hemodialysis. Plasma inorganic phosphate
concentration fell significantly during the period of dialysis , although
red cell inorganic phosphate was not influenced by this reduction (Table
1). The uptake of inorganic phosphate by the red cell was shown to be
relatively rap id . Intravenous infusion of inorganic phosphate salts to a
subject with chronic hypophosphatetnia resulted in a proportional and prompt
increase in red cell Pj . Red cell 2 ,3—DPG and ATP did not change significantly
in six hours.

Exodus of inorganic phosphate from the red cell is probably very
slow. This was confirmed by our studies. Normal human red cells were
placed in a phosphate—free , but otherwise physiologic , salt solution containing
0.5 g/l00 ml of human albumin for six hours. Intracellular P~, did not fall
during this period of observation.

Red Cell 2 ,3—DPG content was not altered by six hours of heino—
dialysis. Red cell ATP was also not changed by hemodialysis. Since the
distribution ratio of plasma to red cell inorganic phosphate concentration
expressed as 1~moles/tnl H2

0 did not fall below unity during dialysis and the
exodus of inor ganic phosphate is slow, red cell inorganic phosphate content
is not threatened by dialytic therapy as currently performed.

Plasma pH was increased during six hours of hemodialysis. Blood
base changed from a slight average deficit to a moderate average excess.
The net effect of the rise in blood pH and development of base excess was a
slight increase in oxygen binding by hemoglobin (Figure 1). The increase
in oxygen binding was modest as indicated by a mean decrement in P50 

in vivo
of 0.9 torr. The increase in oxygen binding by hemoglobin was not associated
with postdialysis symptoms. Two subjects had symptoms of headache and/or
nausea at the termination of dialysis. In one, P~0 

in vivo decreased by
1.0 torr ; in another , P~0 in vivo increased by 0.5 torr. Four subjects
with the largest decrease in P50 in vivo did not have late or pos:dialvsis
symptoms (Figure 2).

17 . Red cell adenosine triphosphate in hvoooroliferative anemia
and without chronic renal disease: Relationsiiin to hemoolobin defic:: ord
plasma inorganic phos~hace.

We have found that red cell ATP content, known to be elevated in
subject s  wi th anemia of chronic renal disease, was elevated , also , in the
red cells of subjects with hypoproliferative anemia without renal disease.
In anwic subj ects , with and without renal disease , t he increase in rea
cell AT? was associated wi th  the extent of hemog iobin d e f i c i t ;  however , :s.e
increment in red cell ATP was greater in subj ects with chronic renal disease
at a given reduction in hemoglobin concentration. In subjects with chronic
renal disease , red cell ATP content was also strongly correlated with
p lasma inor;aziic phosphate (P 4 ) concentrat ion . The latter relationshio
appeared to explain the additional increase in red cell ATP, although these
studies do not allow conclusions as to causality . Normal and
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red uced p la~;ma P~ concentrat lon~; were .t ;oc i a t ed  w i t h  a reduced red cell
AT!’ c on t e nt .  tot a given hetnuqlobt n dt” Ic t i n  u~~b l (~~t S  w~ th  chron ~
disease .  Red ce l l  magnesiu m was e levated  in su t’~ ec t s  w i t h  ch rotri c r ena l
disease and in sub jec t s  with h v p o p r o l i t t - i a t i v e  anemia . Ret icu lo cy t e  AT!’
was th r e e — f o l d  the mean p op u l at i o n  AT!’ concen t r a t i on  in norma l su bj e c t s .
This d itterenee fits an exponential decay in red cell ATP with ag in g .  It
is post; ible therefore • tha t age—dependent hemo I vsis may explain populat io n
red cell AT!’ content in hypoproliterative anemias. Selective changes in
the age of red cell populations may exp lain the q u a n t i t a t i v e  v a r i a t i o n  in
mean red cell AT!’ levels (Fi gure 3).

l~~ Ef f e c t s  of cont ras t  ma te r i a ls  on red cell membrane p o t e n t i a l  and
p lasma and red cell p1-1.

In these studies , contrast materials hav e been shown to pr oduce
an acute reduction in blood pH. By adding impenetrable organic anions to
the external milieu , the electrical effect of internal red cell organic
anions is counteracted and the negative potential across the red cell
membrane is nullified . The red cell membrane potentiaL (E) expressed as
volts may he calculated f rom the equilibrium distribution of chloride by
use of the Nernst equation :

E — F (J?’-4”~I hi 
[Cl ]

L ~~ [ C l~ 1~

where R , the gas constant , equals 3.314 j oule/ K per mole ; T , the ihsolute
t e m p e r a t u r e , is 3lOoK; z , the valence of the chlor ide  ion , is un i ty ;  F , the
Faraday constant , is 96493 coulomb/eq ; and tCl~~ is the concentration o f
ch lor ide  in plasma water  (e) and in cell water  (I) . The ac t iv i ty  c o e f f i c i e n t
of C1 is assumed to be the same in cytosol  as in plasma .

The anion equivalency of impenetrable compounds in the red cvf l
is .tp~~r o x i t n a t t ’lv 70 m E q / L  11,0. This t o ta l  is compose~l of h e m o g l o b i n  (-~~ .~~~)

.~,~~— d i p osnho vcer .’ i te  (‘.. 20 m E q / L ) , adenosine  tr-iphosp hate (~~~ ~

m E i i / t . )  and o t h e r  phosp h at o s  (“-‘ 5 m E q / L ~ . If the e~ fect of contrast mat fat
is due to i t s  b alanc ing , the  interna l impenet rab le  anions , the membr an e
p o t e n t i a l  should be o b lit e r a t e d  when ipprexlmate lv 70 mE q / L  li~ 0 of sodium
11.-paqut ’ ~~-; added t.~ t he  ex te rna l  milieu . —

In o rde r  to t e st  this hypothes i:;, we p r e pa red  i sot on ic  no.1 into
Hypa quc so lu t  ton s and added isotonic sodium chlortde so as to . s : t t e v e

so lut  ~en n  o t  U to 135 toM sod ium Hvp aque wh ich wer e isotonic (2-~~—3d0 m~~~m)

S ince 1 IM sod ium ilvpaqut� produced 2 ri(~t~n , we assumed complet e  .1 i snoc  u t  t on
of th e  c o a n ’up..j in s o l ut i o n . We , t h e re af t e r , t i t r a t e d  the equtx al.ents o~
ext  r~~ ‘ I .tr i ivp. i que an i o n  r e q uir ed  t o  r educe  the  t ’Int’raue pot ’nt ta 1
.. -r o  in b ey o nd  , .~~~~ ~~~~~~ im -r~~~ i~~ 5 . A d d I t i o n  of !lvp .iquo resu I t.’d In .1
r cds . - t ~ ~~i n s a  t ~n . t  ( l v  inver sion  oi the m embr an e  potent t _ t l -~~~~ t n c~ c a n

c o n c e n t r at i on s  of l lvpaque were added.  By extrapolation . the  membran e
p o t en t  ~.il was f l er o  at ~ 65 m E q / L  of Hypaque which  is  ve ry  c lose  to the
expec t  avt ’ra.~.’ va lue  of 70 mE q / L  (T~ b 1e 2 ) .  This reduction in negat iv  it ~
O~ t I n n  do w i t  h respec t to the  ~ u t  ide of t h e  membr ane  a 1. 1et~ ; ho t a t
of m i  Lux of p er meab le  anions , hvdrox’.-l ., bica rbonate  and ch lor ide  to  i n c re a s e
and c.~ Lii I or  ex~ c c .j  ~

- 
~a t- of  o f f  l_ tix i h . . gr c i t e  r b u f f  or n~ ea~’ac ‘-~ of tb. ’

t n i . ’r I ) ~ O f  he red CL ’11 .15 1 the j i ( .
~~5( ’ in !‘co, in the

L ~- ~~~~~~~~~~~~~~~~~ - - - - - 
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red cell prevent a significant change in internal pH , whereas plasma is
ac idified by the net increase in hydrogen ion concentration which occurs.

Coronary sinus blood was sampled following injection of Renografit
or Hypaque into the coronary artery . pH measured in blood collected 5 to 8
seconds after dye injection decreased in each of four dogs studied (Figure
4). Red cell pH did not change s ign i f ican t ly  (not shown) . The fall in pH
was closely assoc iated with the concentration of dye present in the blood
samples studied . The magnitude of the p11 fall observed was greater than
that in renal blood , due to the ability to sample more rapidly. If 0.5 M
NaHCO3 was added to Hypaque solutions prior to injection, 

the fall in
plasma pH was prevented , although in this case red cell pH increased significantly
(e.g., 7.19 to 7.25). The abrupt change in plasma pH could contribute to
the abnormality of membrane and cell function , which may occur following
injection of contrast material, especially into the coronary circula tion.

19. The use of a single venous blood sample to measure the in vivo
of hemoglobin.

The affinity of hemoglobin for oxygen is of clinical importance
because it may decrease in response to hypoxia, anemia or reduced blood
flow and acts , thereb y, to maintain venous (i.e. tissue) P02 as oxygen
extraction increases. In situations in which the oxygen—hemoglobin equilibrium
is altered as a consequence of deficits in oxygen content or flow , the
ef f e c t o f  the f our  major de terminants of the equilibrium, that is red cell,
2,3—DPG , pH , temperature , and Pco2 must be considered. This has been
called the oxygen—hemoglobin dissociaton curve at in vivo conditions and is
represented by the P50 in vivo (P50 

iv).

An assessment of the affinity of hemoglobin for oxygen is considered
inaccessible to the practicing physician and hematologist since it requires
tonomerry and mixing techniques often available only in research laboratories.
In the following studies , we examined the usefulness of a single venous
blood sample as an indicator of the position of the oxygen—hemoglobin
dissociat ion curve. A single venous blood sanmle , ana lv~ ed for  pH , P0 , and
SO, by a clinical laboratory could be used by a physician to assess th~
pr~ senca of art a l terat ion in the oxygen—hemog lobin equilibrium .

Venous blood samples were obtained from heal thy subj ects as well
as those wi th  hypoprol ife rar ive  anemia , congestive heart fa ilure , ischemic
heart  disease , acidosis , alkalosis , sickle cell disease and from umbilical
cord blood .

The CALCULATED (CALC) P50 iv of venous blood at 37 °C was determined
f rom the  fo rmula :

CAL C ?50iv = anti log (log !‘50 
std + 0. !~8 ( 7 . 4 0 — p U )  + 0.00 13 (B E ) )

where ?50 
std was derived for a hemoglobin—oxygen dissociation curve .
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The AS RECEIVED (AS REC) P
50 

iv was determined from the formula :

AS REC P
50 

iv = antilog
[

b0~ n
ls~~

j

where
rioo— so

1/k antilog (n log P02) x 2

P02 and SO2 were measured in the venous blood. The Hill Constant, a, was
considered to be 2.7 in all subjects. If necessary, AS REC P50 iv can be
adjusted for body temperature by the formula:

P50 iv antilog [log P50 + 0.024 (t—37°C)1

where t is subject’s body temperature at the time of sampling. All formulae
were entered into a Wang 600 progra~mnable calculator.

Figure 5 depicts the relationship in 102 subjects between AS EEC
P
5 

iv at 37°C determined by a single P0 and SO., measured in venous blood
an~ the CALC P50 iv at 37°C determined b~ , firstty, preparing a three to
five point oxygen—hemoglobin dissociation curve, secondly , deriving the P

50std from the curve and, thirdly , adjusting the P50 std to the pH and base
excess of the venous blood at the time of sampling. A strong and highly
significant correlation was present (r 0.8, P < 0.001). Moreover, the
slope of the curve was such that AS EEC P5~ iv was in excellent agreement
with CALC P iv above a P of 26 torr and was only slightly greater
(maximally ~.5 torr) than ~RLC P50 iv as P50 decrease from 26 to 21 torr.

Eleven subjects with either alkalosis or acidosis were studied
also. CAL C P iv derived from the P

50 
std , pH and base excess or deficit

was very sim i~~ r to the AS REC P iv sased on a single venous blood sample.
The correlation coefficient for ~Re association of CALC iv with AS EEC

iv determined from a single venous blood sample was very high Cr = 0.9 ,
P~~’ 0.001) .

An important question regarding the AS REC P~~ iv is the validity
of using venous rather than arterial blood to assess P50 iv. Since std
is the same in venous and arterial blood , the major concern is the diizerertce
in pH of venous as compared to arterial blood. We, as others, have found
that  arteri.al pH is very closely correlated with venous pH. Figure 6
dep icts the relationship of central venous to arterial pH based on 170
obse~~;atio ns f rom arter ial and venous blood samp les measured simultaneously .
A vary h i- ;h correlation (r = 0.93 , P < 0.001) was present . ~-iean venous p~was about 0.03 pH units  less than arterial at an arterial p11 of 7.40 .

- - - _ - _ _ - __ --_-— - -
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In situations where tissue lactate production is very hi gh, as in
shock , use of venous blood to measure P in vivo may be misleading since
red cell pH would not be influenced by ~?ood lactate during the time required
for capillary transit. Since CO2 rapidly enters the red cell and is hydrat ed
instantaneously by the action of red cell carbonic anhydrase , increases in
Pco as blood traverses tissue capillaries can produce changes in oxygen—
binding to hemoglobin that may be functionally important. Under all but
the most extreme circumstances the pH gradient between artery and vein is
related to differences in Pco2. Indeed , in attempting to quantify the
effect role of oxygen binding to hemoglobin on oxygen delivery the P
gradient from artery to vein may be the most valid estimate , exc1udi~~ the
effect of excess lactate. Central rather than peripheral venous blood is
most useful for measuring P50 in vivo.

20~ .~ The use of a single venous blood sample to measure P50 at standard -

conditions so as to detect mutant henioglobins.
Also, measuring the strength of oxygen binding to hemoglobin at

standard in vitro conditions is of clinical importance because it is a
means of detecting the presence of a mutant hemoglobin with high or low
affinity for oxygen. Hemoglobins with markedly altered affinity for oxygen
may be the cause of polycythemia or , less commonly , anemia.

The evaluation of patients with polycythemia is hampered by the
requirement for special equipment to do oxygen—hemoglobin dissociation
curves. These instruments , found in a few labora tories , are often in-
accessible to the practicing physician. We show here that measurement of
venous blood , p11, oxygen tension (Po2), and oxygen saturation (So2), as
performed in a clinical chemistry laboratory, is a useful means for detecting
hemoglobin with an altered affinity for oxygen .

AS REC P 50 std — antilog log 1/k

100—So,
where 1/k [antilog (n log Po217 4\ ) ]

• So,

A Hill constant (n) for hemoglobin A of 2.7 was used in all
ca lculations. The Po., in venous blood , measured at 37°C was converted to
P0 2 at  pH 7 .3  wi th  th~ formula :

log Po 2(7 4) — log Po.-, — [0.5 ( 7 .4 O — p H ) 1 ,

where pH represent s the value in the antecubital venous blood .

The Po,~ 7 4) and So, of anrecubi tal  venous blood frc m 33 hea l thy
subj  act s ar~ sho~~ in- Figure #A. These observations f a l l  near the cur ’.’a
expected ~or the  oxygen—hemoglobin equil ibrium of norma l blood . The sha~ied
area in Figure 7B depicts the range for  heal thy subj ects.  The PO~~ 7 • .~ anu
So, of arttecubital venous blood from healthy subjects with polycytLit~~
vera and hypoxic polycythemia fall within the range for healthy subjects.
The ?o,~, ~ and So ., of the antecubjtal. venous blood frets ~ub j~~cts wi th
structüt~ 1~~ariants of hemoglobin with altered oxygen affinity t:.iil outS
the range for  heal thy subjects .

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _  _ _
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The distribution of P calculated from the venous P02 ~ 
, and

So, is shown in Figure 8. The ~~ood of healthy subjects had a mLft~~~50 std
of’26 

± 
1.3 (S.D.) turn Hg. The 99 confidence interval for individual

observations was 22.6 to 29.4 mm Hg. The P50
’s derived from six observatlzris

in three subjects with hemoglobin Bethesda and a sing le observation in
subjects with either hemoglobin ’s Olympia , Rainier , or Yakirna, all high—
affinity hemoglobins , were outside the 99~ lower confic~ence limit for
healthy subjects. Also, two observations in one subject with >90% hemoglahin
S, who was known to have erythroeytes with low—oxygen affinity from prior
studies of her oxygen—hemoglobin dissociation curve, were far outside the
upper confidence limits for healthy subjects.

The AS REC P50 std of subjects with hemoglobin Bethesda (‘~ 15
Hg) was somewhat higher than the P50 std measured with a full oxygen—hemoglobin dissociation curve (“ 9 mm Hg). This was explained by the
profound deviation of the oxygen—hemoglobin dissociation curve of this
mutant hemoglobin from the sig~noid curve that is described mathematically
by the Hill equation. Nevertheless, the P50 std was markedly abnormal and
detected the oxygen binding abnormality unequivocally . In subjects with
hemoglob in ’s Olympia, Rainier , Yakima, and S, the AS RECEIVED P50 std was
within 1 mm Hg of the P obtained from a full oxygen hemoglobin dissociation
curve. In previous stu�2es, a close correlation of AS RECEIVED P50 std
with P50 std derived from a full curve in subjects with normal hemoglobin
was found.

2~I The role of hemoglobin-oxygen affinity in oxygen transport to
ischemic myocardiuts.

Fourteen patients, ten with angina and four with atypical
chest pain were studied during diagnostic cardiac catherization and
coronary angiography . An attempt was made to re—examine the suggestion
that a decrease in hemoglobin—oxygen bind ing occurs across the coronary
bed during pacing induced angina. It has been further suggested that
this decrease is not explained by any of the known determinants of P
We were not able t o confirm these observations that had been reporte�°
frc ’m another laboratory. Utillaing careful paired sample analvs~ s, we
could not detect any changes during pac ing-across the coronary c1~ aula t i~m——
~~ ~

‘
~0 

measured at standard conditions (pH 7.4, Pco, 40 torr , T 37 °C),
or th red cell 2 ,3—DPG level. What we did f ind was that  pat ients  deve 1o’~ed
respIrator:.’ al~a1.osis during pac ing. This alkalosis was suffiei.-’nc to
prc~duce a significant reduction in Pc0 at in vivo conditions of pH .
There was an avera~e fall in P of 1.6 torr , and a decrease of 3.0 torr
was observed in one patient. ~~us, a significant increase in hemoglobin-
oxygen b tnd iag  was observed . Patients  w i t h  coronary disease , and those
wi th  norma l coronaries all became .ulkaiotic . The mechani sm appe ared to
be a ~v r’~~nt i 1atorv response to pacing since a cons ist ent  f a l l  in
P~C0, ~~~ anie’i the alkalosis. if hyperventilation and resp iratory
a~ ka I o ~~is occur d u r i n g  aponr aneous ang ina , then in ru g i an s  o f the
coronary vascular bed where f low is f ixed , the f a l l  in P50 might  be
delet2rtous to oxygen release and compound the l imi ta t ion in oxygen
transport caused by restricted blood flow .

_ _ _ _ _ _ _  J
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22. The role of hemoglobiti—oxy~en affinity in oxygen tr ansoor t dur~ t’L:
congesti’ie heart failure.

Twenty two patients with var ing degrees of chronic cardiac
decomperisation were studied during diagnostic cardiac catherization.
The interrelationships among arter ial oxygen flow rate (OFIA

), Oxygen
binding by hemoglobin and whole body oxygen utilization were examined.
Despite a reduction of 63% in systemic oxygen transport from the
highest to the lowest OFIA

, oxygen consumption was relatively well
maintained because there was an increase in proportional extraction of
oxygen , in close association with falling OFI . There was also an
increase in PS0, both at standard and at in Avo conditions as OFIAfell , and rising proportional extraction and P5~ were significantly
correlated with one another (r 0.50). We calculate that about one—
third of the increase in proportional extraction of oxygen that was
observed , as OFIA fell, could be explained by rising 

~5O’ that is——by
a decrease in hemoglobin affinity for oxygen in tissue capillaries.
Thus, altered hemoglobin oxygen affinity appears to be an important
adaptive mechanism for maintaining tissue oxygen utilization when
systemic oxygen transport is impaired in patients with chronic heart
disease.

23 . Cracilis muscle model for studies of oxygen transport. p
We have developed an isolated muscle model to test the

hypothesis that altered hemoglobin—oxygen binding can influence tissue
oxygen uptake when blood flow and arterial blood oxygen content are
held constant (Figure 9). The model is a variation of that described
by Renkin in Acta Physiol. Scand. 54: 223, 1962.

In our initial experiments, the dog gracilis muscles were
isolated , the gracilis artery and vein were cannulated and the muscle
was perfused with blood that had been collected earlier the same day
from the same dog. The blood had been treated in one of several ways
to modify Hb—02 affinity, 

then oxygenated and passed through a finger
pump into the muscle. Various blood treatment modalities were tested .
including (1) blood storage in ACD to reduce 2,3—DPC levels , (2)
exposure to metabisulfite (3) treatment with potassium cyanate to
carbamylate the hemoglobin. All such treatmeuts appeared to produca
red cell damage and perhaps sludging so that muscle vascular resistance
rose dramaticallY during blood infusion , and interpretation of the
data was difficult. These manipulations will, nevertheless be pursued ,
as these f in d in ~ s may have an important bearing on oxYgen transpert
when patients are transfused with stored blood .

At present , however , we are autoinfusing the muscle fr~n1 the
donor dog and are manipulating hemoc~lobin-oxvgen affinity by inducin~
respira~ cry alkalosis (Bohr effect). In ~i typical ex riniant , the
foLlowt:~; protocol is followed after muscle isolati~’n and e st ab L i s h m e n t
of coac:alled f low :

1. Control gracilis arterial (A) and venous (V) blood
sarnpli~~

2. Induction of respiratory al.kaiosis by hyperventilation
3. Repeat A , V sampling for  determination of resting muscle

V0
2 

and lactate production
4. Stimulation of the muscle ~or approximately one minute and

measurement of ‘~0~ and lactate production during exercise
5. Collection of blood samp les during recovery period
6. Restoration of ventilation to normal is followed by a pertod

to allow recovery of muscle to basal conditions
.7 
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8. Alteration of blood flow rate to the muscle and repeat of
steps 3—7

9. At each step blood samples are taken for determination of
blood pH, P02 ,  Pco2, Z}1b02 ,  %RbCO, Hb level, lactate concentration .
Such sampling allows not only calculation of ~O, and lactate production
but of P50 at both standard and in viva conditthns

10. At each step, the muscle is also subjected to a test for
arterial occlusion to be sure that it has retained its capacity to
autoregulace and is thus behaving physiologically .

The preliminary data suggest that in the range of normal flow
rates , alkalosis does not impair either resting or exercise ‘00, in spite
of the associated reduction in P5~ in vivo. However , during alkalosis ,
the muscle appears to operate at lower levels of venous P02. It is
possible, then that with further  reduction in arterial flow rate , or
with more extreme exercise , induced affinity changes stay have an impact
on tissue 02 uptake .
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2~. Ef ects of con tra st m ateri al s or red cell membrane ~oter t ia l and
:~;e ~H of ola sma an~ red cells.

Rad io craoh i c contrast m ateria l s added to blood reduce the red
c el l membrane po t enti a l by balanc ing the interna l mpene traole anio n s ,
hemo~ lob in and or :aric phosphates . In so dom e , a redistribut i on of
protons occurs s u ch  t h a t  plasma is a c i d i fie d. The t ime course of ac i d i fication
of pla sm a is measure seconds , w i t h a nad i r of pH occurr in g 12 to 15
seconds after additio n of Hvpaque (1 .5 to 3.0 mi /lO ml blooc ) and a half—
tim e of ac idif i cation requiring about ~ seconds. The acidification process
is slowed in part by an in i t i a l  al ka l osis due to Hypaque. The acidification
of blood is more rap id after additio n of Renograf in (1.5 to 3.0 m i /lO m l
blood) than after addition of Hypaque since the forme r solution is sli ghtl y
ac dic. The time course of plasma ac ic if i ca ti o rt ind i cates that a maxim a l
reduction in blood pH may not occur in ~ne cap ill a r i e s  of reg iona l circulation
fol lowin g injection of contrast m aterials into its afferent vessel , since
the trans it time of the contrast material may be less than the time required
for maximal ac idification of p lasma .

The rate of acidification oF plas m a is a functi on , p rimari l y
of the hydration of carbon dioxide to form carbonic acid. Since this is
not enzy mat ical l y mediated in p l a s ma , the reaction time is measured in
seconds. Following addition of Hypaque to blood , the fu l l decrement in
pH required about fifteen seconds to occur at 37°C. The changes were
comp l ex in that pH rose in i t i a l l y due to the alkal ine nature of Hypaque
solution and subsequentl y pH fell. Major red u~ tion s (> 0.2 units) re cuired
about 6 seconds to occur Following addition of Hypaque to blood. During
this time pH actuall y changed by 0.3 units if one considers the in i t i a l
a lka los i s , when 3 mIs of Hypaque were added to 10 m is of blood . Fo l iowin u
addition of Senografin , the in i t i a l  al kal osts was absent an d  the acidification
of plasma occurred more rapidly and was inte n si fi ed since t was the result

a s l i c h t l y  ac ic ic solution cou~ led .v ith the ef fect of con trast mat i ai s
on the r-cc cel l memorar’e potent i a l . ~ie’~’erth eles s , a reduc ti on of ~‘0.2 units
of o~ , in tne prese nce of 3 mIs of Renc;raf in per ‘3 ml bl oOd , recuired
3 seconas to occur.

These st u d ie s indicat e that a) the nature of the contrast m a t erial ,
b) the sit e of in~ ectio n and c) t~ e tra nsit time of the con t rast mater i al—
clooc ~~~lr j t i~~n , ar e  imp ortant factors in de t er mi n in c the p~-l of blood in
a reg ional cap i l i a r !  c i rc u latio n . A ~~~~ in jection into an arte r ’.’ sup o lvi n ;
an orcan (cc. coronary or cerebral artery ) may result in transit of t~iuch
of the contrast material prior to achieving the nadir of blood pH .

25- The role cf h~mcc1~ b in -ox y ce-’ a f fi n it y in oxv~ en tran s rt curHc
conc e5tiv ~ reart ~a H u r e .

‘
~e nave ex 3m ini~d the interrelations hi ps amonc b i c o c  axycen

cont ent , blood f l ow , oxygen binding by he mog lobin and oxygen consum ption
in cardiac patients with and without chronic cardiac decompensat ion. ~e
have quant i fied the role tha t decreased oxvgen-b indin c to ~e”oc Jobi n may

p Ia- ~’ i n ~~i n t a i n i n ~ oxycen consumption in t h e  presence cf low syst-am ic biccc
FIC ,’m rates.
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The vo l ume rate of oxygen delivery to tissues was expressed
as the arterial oxycen flow rate index (OFl a), the product of oxygen
content and blood flow. OF I a varied f rom 738 to 262 mis 02 min 1 -

‘,mereas oxygen consumption (“02) vari ed from 170 to 11 7 ml s 02 • mi n 1 -

m 2 1 . Th u s , mean V02 fell only l95,~ despite a mean decrease in OF l a of 632~.
V0~ ‘ .as maintained because the extraction of oxygen rose from about 20~
to 5C: in close association wi t h the decrease in OF I a.

Oxygen b ind i ng to hemo globin decreased as OFl a decreased . At
in v ivo cond iti ons of pH, 

~~~ 
and temDerature , P50 in vivo rose; th is

fac ilitation of oxygen release at the P02 of ti ss ue ca pi l lar ies cou ld
explain about one third of the observed increase in oxygen extraction
as O F I a fe ll . An alternative interpretation is that an increase in

in vivo minimize s the reduction in mixed venous P02 needed to maintain
V~~ when incr easing proportional extraction of 02 compensates for decreasing
OF a. 
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