
Delay Time of Hemoglobin S Polymerization 
Prevents Most Cells from Siclding in Vivo 

A laser photolysis technique has been developed to assess 
the quantitative significance of the delay time of hemo- 
globin S gelation to the pathophysiology of sickle cell 
disease. Changes in the saturation of hemoglobin S with 
carbon monoxide produced by varying the intensity of a 
photolytic laser beam were used to simulate changes in 
the saturation of oxyhemoglobin S produced by varia- 
tions in oxygen pressure. The presence of polymer at 
steady-state saturation with carbon monoxide was deter- 
mined by measurement of the kinetics of gelation after 
comvlete ~hotodissociation. The kinetics are a verv sensi- 
tive hrobeL for polymer since small amounts of p&lymer- 
ized hemoglobin increase the rate of nucleation sufficient- 
ly to elimhate the delay period. First, the equilibrium 
gelation properties of partially photodissociated carbon- 
monoxyhemoglobin S were shown to be the same as 
partially oxygenated hemoglobin S, and the method was 
then used to determine the effect of saturation on the 
formation and disappearance of polymers in individual 
sickle cells. The saturation at which polymers first formed 
upon deoxygenation was much lower than the saturation 
at which polymers disappeared upon reoxygenation. The 
results indicate that at venous saturations with oxygen, 
gelation takes place in most cells at equilibrium, but is 
prevented from occurring in vivo because the delay times 
are sufficiently long that most cells return to the lungs 
and are reoxygenated before polymerization has begun. 

T HE POLYMERIZATION OF HEMOGLOBIN S UI'ON DEOXY- 

genation to form an extremely viscous or solid-like gel is the 
primary pathophysiological event in sickle cell disease. Gela- 

tion distorts the red cell and decreases its deformability. These rigid 
cells may obstruct the narrow vessels of the circulation, resulting in 
impaired o q g e n  deliven. Tissue hypoxia caused by vaso-occlusion 
in the microcirculation and the resulting organ damage constitute 
the principal cause of the morbidity and mortality of the disease (1, 
2 ) .  

Studies on  the gelation process in molecular, and even atomic 
detail (2, 3-7), have evolved to the point that it is possible to  
approach the problem of gelation in vivo and vaso-occlusion more 
rigorously (7). What information is necessary to  accurately describe 
gelation within red cells in vivo? One would like to  describe the 
distributions for individual cells in both the fractional saturation 
with o q ~ g e n  and the amount of polymer at all points in the 
circulatory system. This description must accurately incorporate the 
kinetics of the polymerization process, which are, perhaps, the most 
interesting and unusual aspect of gelation. In a polymer-free solu- 
tion, gelation is characterized by a pronounced delay period prior to 

the appearance of any polymerized hemoglobin (8, 9). The delay 
time is extraordinarily sensitive to  solution conditions, particularly 
to the hemoglobin S concentration and the saturation with o q g e n  
or carbon monoxide (8-14). The reciprocal of the delav time 
depends on  the 15th to 50th power o f  the initial hemoglobin S 
concentration (8, 11, 14). These findings led to  the proposal that the 
delay times for intracellular gelation, relative to the times required 
for red cells to  traverse the m~crocirculat~on, are the primary 
determinant of severity in sickle cell disease (7, 15). This concept 
suggested that increasing the delay time, for example by decreasing 
the intracellular hemoglobin concentration, would allow rnore cells - 
to escape the microcirculation before gelation begins, and should 
lead to amelioration of the disease (7, 15). 

The population of sickle cells within a given patient is extremely 
heterogeneous because of differences in hemoglobin S concentration 
(16). For this reason, measurements must be performed on individ- 
ual cells. The effects of cell heterogeneity are most evident in kinetics 
studies, where the delay times range from a feu, milliseconds to rnore 
than 100 seconds, with a delay time for most of the cells of less than 
the 1 second required for cells to pass through the microcirculation 
(17). In these experiments the initial saturation (with carbon 
monoxide) was 100 percent, while the saturation at which the 
lunetics of gelation \\,ere measured was close to zero. In vivo the 
situation is different because deoxygenation in the tissues is only 
partial, and therefore much longer delay times are expected. In 
addition, oqgenation in the lungs is not complete, so that some 
cells may contain residual polymerized hemoglobin at arterial 
oxygen saturations (6, 7, 15, 18, 19) .  

Until now there have been neither equilibrium nor kinetic data 
which describe gelation in single red cells at partial saturation with 
oxygen. In this article we describe our initial findings obtained with 
a neiv laser photolysis technique to detect the presence of polymer in 
individual cells as a function of saturation with carbon monoxide. 
We show, in addition, that carbon monoxide has the same effect on 
gelation in vitro as does oxygen. The results permit the first 
quantitati1.e assessment of the role of the delay time in determining 
the proportion of cells containing polymerized hemoglobin S in the 
arterial and venous circulations of a patient with sickle cell disease. 

Rationale of the experiment. p he principal objectives of our 
measurements were to  determine the saturation with oxygen in 
single red cells at which polymers first form upon deoxygenation, 
and the saturation at which they disappear on reoxygenation. We 
sought an experimental method that permitted the saturation to be 
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Fig. 1. Formation and disappearance of polymer 
in partially photolyscd H b C O  S solutions at 
35°C. The preparative beam was obtained by 
focusing the 5 14-nm line of an argon ion laser to  
a l / e  diameter of 9.2 p m  \i,hilc, to rcduce lascr 
heating, the more intcnsc probe beam \?,as fo- 
cused to  a dlamcter of 2 pm, with a peak power of 
0 . 7  kWicm2. H c a t ~ n g  of the sample by the laser 
beams was estimated to be less than 0.5"C: undcr 
all experimental condit~ons (14). (A) Optical 
spectra of H b C O  A and deoxvHb A obtained by 
~omI'lete photod~ssoc~at~on  \ i ,~th the preparative Wavelength (nm) Wavelength (nm) log (laser power) 
beam, which a w e  measured \vith a microspectro- 
photometer (21, 38). These spectra were used as 9 
the reference spectra for calculating the fractio~lal 2 2 a~ 
saturations in partially photolyscd H b C O  S. (B) '5 
Optical spectra of H b C O  S [2.3-pm laycr (0.329 

z - 
g!ml) dial!.zed agai~lst 0.15d4 potassium phos- , 0 E 100 .- 
~'hate butfer, p H  7.35, plus 55 rniM sodium u ,- 
dithionite] as a function of increasing p o n w  of $ =-. - 
the preparati\-e beam. The points are the data, and 5 0 o, I 
the continuous c u r e s  are the least-squares fits to  $ 
the the points spectra obtained in (A). The from fits a linear are so colnbinatio~l good that the of 100 200 100 200 100 200 100 200 - 0 Zoom 2 3 

points are barely visible. (C) Fractional saturation Time (msec) log (laser power) 
with carbon monoxide obtained from least- 
squares fits to  the spectra in (A) as a filnction of 
the logarithm of the incident power ofthe preparative beam when the sample hnetics \\,ere recorded. (H to  K) The preparative beam \\,as first turned on at 
is desaturated by increasing the laser po\i,er (open circles), or resaturated by a po\i,er just above that required to  produce gelation within 15 seconds. 
decreasing the laser power once gelation had occurred (filled circles). The M e r  15 seconds, the power \?.as decreased and held fixed at a lo\i,er value for 
data coincide once dcpolymerization is complete. Thc solid c u r e  is a 45  seconds. Lye then measured the hnetics of gelation at zero saturation, 
theoretical fit to the open circles, excludi~lg the nvo points at the highest using the probe beam. Both beams were s~iitched ott'fbr at least 45  seconds 
power, as calculated from the nvo-state allosteric model for the power benveen experiments to  pcrmit complete rebinding of carbon monoxide and 
de~xndence of the sat~lration (14). (D to K) Kinetics of gelation at zero degelation. The relati\-e po\i,er in the preparative beam \?.as 0 for (D) and 
sanlration measured from the fbnvard scattered light ofthe probe beam (21) (K). 160 for (E) and (J) ,  180 for (F) and (I), 400 for (G),  and 430 for (H). 
at various initial stcady-state saturations produced by the preparative beam. (L) lMay time as a functio~l of the logarithm of the power ofthc preparative 
(D to G) The power of the preparative beam was adjustcd to producc an beam in desaturation experiments (open circles) and resaturation experi- 
initial stead!!-state desaturation and, about 15 seconds later, thc more intcnsc ments (filled circles). 
probe beam n,as saitched on  to produce complete photodissociation and the 

easily controlled and accurately measured, as well as a probe that 
could detect the presence of intracellular polymers with high 
sensitivity. These criteria were satisfied by an experinlent in \vhich 
photolysis in the presence of excess carbon monoxide was used to 
control the saturation, and light scattering was used to detect 
polymerized henloglobin. The experiment required nvo laser beams. 
One beam, called the preparative beam, had a diameter of about 10 
p,nl and was used to create partially saturated hemoglobin S by 
continuous photodissociation of the carbon monoxide complex. 
Any desired steady-state saturation could be rapidly obtained by 
val?-ing the incident laser intensity. The saturation was then deter- 
mined by measuring the optical absorption spectrum of the sample 
with a microspectrophoto~lleter. A second more intense beam, 
called the probe beam, with a diameter of about 2 p,m, was used to 
detect polymer by measuring the kinetics of gelation from changes 
in the scattered light intensity after complete photodissociation of 
the renlaining carbon monoxide (14, 17, 20, 21 ) .  

The design of this experiment draws on the results of earlier 
investigations of the kinetics of gelation. High-sensitivity light 
scattering experiments on thermally induced gelation of completely 
deox~genated hemoglobin S sho\ved that the delay time is shortened 
or even eliminated when \-el?, small amounts of polymerized hemo- 
globin are present (22). These results can be understood in terms of 
the double nucleation mechanism that explains all of the major 
obsemations on  the kinetics of gelation ( 5 ) .  According to this 
mechanism, gelation is initiated by homogeneous nucleation of 
individual polymers in the bulk solution phase; but the reaction 
propagates by a second process, called heterogeneous nucleation, in 
\vhich additional polymers nucleate on the surface of existing ones. 
As nucleation and polymerization proceed, there is an autocatalytic 

increase in the rate of heterogeneous nucleation because the polymer 
surface area on  \vhich these nuclei can fomm is continuously increas- 
ing. Since the rate of nucleation is initially vel? slo\v, there is a delay 
before any polymerized hemoglobin can be detected. In solutions 
that already contain even sn~all amounts of polymer, the initial 
rate of heterogeneous nucleation is increased, and the delay period is 
shortened or eliminated. 

For the experiment to  be relevant to  the problem of gelation in 
vivo, the gelling behavior of  carbonrnonox~hemloglobin S ( H b C O  
S) partially saturated by continuous photodissociation must be 
similar to that of partially saturated oxyhemoglobin S ( H b 0 2  S) 
obtained by lowering the oxTgen pressure. We have reason to 
believe that this should be the case. In the absence of light, the 
equilibriunl data on gelation are the same for the nvo ligands, as 
shown by a conlparison of solubilities as a hinction of  the solution 
phase saturation of the gel (4, 12) .  This finding can be explained 
with a simple extension of the two-state allosteric model, which 
postulates that ligands control gelation because only n~olecules in 
the T quaternal? structure polymerize (4).  Similarities in their 
binding properties can be used to argue that, at a given fractional 
saturation, the proportion of n1olecules that have the T quaternal? 
structure is the same for the nvo ligands (23). Desaturation by 
photolysis is not expected to  alter the dependence of the proportion 
of molecules in the T state on  fractional saturation, si~lce cooperativ- 
ity in carbon nlonoxide binding cun.es, as judged by a comparison 
of Hill plots, is independent of light intensity (24). This is consistent 
with kinetic studies which sho\v that cooperativity in carbon 
monoxide binding is primarily manifested in the overall association 
rate and is, therefore, only slightly affected by the increase in the 
overall dissociation rate causcd by continuous photolysis (24, 25). 
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Fig. 2. Sensitivity of the kinetics ofgclatio11 to the 1 0.2 
presence of polymcrizcd hemoglobin (sample 
0.314 glml, at 35°C). M e r  gelation of the sample 0.04 
produced by partial photolysis ~ v i t h  the prcpara- 
tivc bcam, the po\ver of'thc preparatii-e bcam \\.as 2 
rapidly reduced to a valuc just bclo\ir that at ~vhich 7 
the polymer completely disappears. The fonvard X 0.5 
scattered intensity from the preparative beam is 0.02 
sho~v11 in (A),  and on  an expanded scale in (B). At iT, 
various times aftcr the dccrcasc in po\trcr of the 
~xcparativc beam, as is indicated by the arro\vs in 
(R) ,  the po\irer in the preparative bcam \\,as 
i~lcrcascd t o  the original \-aluc that produced 0 0 0 
gelation. The kinetic traces measured with the 0 10 
probe beam are sho\irn in ( C ) .  Traces 1 to 4 Time (sec) 
corrcspo~ld t o  times after decreasing the poLvcr of 
the ~xcparativc bcam of 5, 10, 20, 2nd 30 sec- 
onds, respecti\rely. The dclay timc fbr this partially saturated sample \\.as 
7.7 t 2.0 seconds in separate experiments at 100 percent initial saturatio11. 

Critical saturation of hemoglobin S solutions. T o  determine 
whether gelation of partially pllotolysed H b C O  S simulates gelation 
of partially saturated H b 0 2  S, we first compared the solubility of 
partially photolyed H b C O  S with previous data from sedimenta- 
tion studies on partially saturated HbOz S. T o  d o  so we prepared a 
series of solutions of H b C O  S at a pressure of 1 atmosphere carbon 
monoxide and at different protein concentrations. As the pourer of 
the preparative beam was increased or  decreased, optical absorption 
spectra were measured and analyzed to determine the fractional 
saturation, and the kinetics of gelation was measured after complete 
pl~otodissociation with the probe beam. 

O n  decreasing the saturation by increasing the power of the 
preparative beam, the delay time remains constant until some well- 0 0.5 1 

defined saturation is reached (Fig. 1, E and F). This point is marked Fractional saturation 
a challge in kinetic progress reflectillg Fig. 3. ~ o I n p a r ~ s o I l  of gelliIlg data for partlall\. photol\.scd HbC" S 

appearance of polymer, that 1% the disappearance of the delay period partially saturated H b O l  S. (A) Co~lcc~ltrat io~l  as a functio~l of' critical 
and an increase in the initial light scattering signal (Fig. IG) .  At the saturation ~ v i t h  carbon monoxide and solubility as a function of saturation 
same laser power there is a sharp decrease in the fractional saturation with ox~gc11. The points are the results of photolysis experiments and sho\ir 

(Fig, I ,  and C),  Since of llemoglobin polymer is the saturation \vith carbon rno~losidc at ~vhich polymcrs disappear in sa~nplcs 
of' h1o\v11 co~lcc~ltratioll 111 rcsaturation cspcri~ncnts (that is. the "critical 

lourer than that of molecules free in solution (4, 12), this decrease sat,rat;o,l~~), ~h~ deterlniIlcd from the recoven. delay 
can be attributed to  the polymerization of a substantial portion of time (closed circles) a ~ l d  the rcco\-cg of the solutio~l fractional satusatloll 
the llenloglobin S. This obsen7ation is consistent previous (squares). The saturations measured in desaturatio~l and resaturation cxpcri- 
kinetic studies sl,owing presence oftile delay time ~ncnts  \irere assu~ned to be ide~ltlcal ~f they ~vcre  within 2 3  pcrcc~lt (scc, for 

example, Fig. 1C) based on  a root-~ncan-square error of 2 2  percent in fitting sample to  pass from a state in which there is n o  polynler to  one in dcsaturation data to the theoretical billdillg cUn'e, cun,c is 
which a significant arnount of the hemoglobin has polymerized. so~Llbl~in. as a filllctioll of the fiactioIlal satLlratioIl \vith osygeI1 llleasurcd by 
This phenomenon arises because the l~emoglobin S concentration Su~lshi~lc e t  al. (4), shifted do\v11\vard by 0.018 glml to account for the lo~ver 
must significantly exceed the solubilit\r ill order for gelation to occur solubility of deoxyhcmoglobin S at 35°C. The solubilih is defined as the 

on he same time scale as the experim;llt (la),  For exanlple, polymer tor" hhemglob111 co~lcentratio~l in the superllatant after sedilne~ltation of the  
poly~ners of'thc gel (10) .  (B) The diffcrc~lcc b c t w c n  the saturations at ~vllich 

llot appear in the 0.33 giml (Fig. the is polyrners f o r ~ n  and disappear (hystcrcsis) in solution photolysis experiments. 
desaturated to  50  percent, where sedimentation studies predict a The difference is plotted as a fil~lctio~l of the logarithm of the dclay timc for 
solubility of 0.22 g/ml, so that about 50 percent of the the samples in (A) .  The a\-cragc value of thc saturatio~l of the kinetic and 

hemoglobin is expected to  polymerize on gelation. spectral methods \\.as used. The line is a least-squares fit to  the data points. 

Once gelation had occurred, the sample was resaturated by 
decreasing the laser power of the preparative beam, and the spectra tered intensih from the preparative beam (Fig. 2, A and B) .  At 
and kinetic progress cun7es were again measured at each power (Fig. various intervals after the decrease, the pourer of the preparative 
1, H and I). At some well-defined pourer, the kinetic progress curre beam was again raised to  its original value, and the lunetics of 
suddenly recovers its original form and delay time (Fig. 17). The repolymerization was measured in the same way (Fig. 2C). The 
saturation determined from the spectra at this power is the same as original delay time was not recovered until the scattered intensity 
that found on  desaturation (Fig. I C ) .  Both results are consistent decreased to less than about 0.05 percent of its original value, the 
with the absence of any polymerized hemoglobin. minimal detectable level in the experiment. The results also show 

The recovery of the original delay time is a sensitive indicator that that depolymerization is complete in less than 30 seconds under 
depolymerization is complete. This fact was demonstrated by a these experimental conditions. Consequently, the ditFerence be- 
series of experiments in which the intensin. of the preparati~~e beam ween  the saturation at which polymer appears in desaturation 
illuminating a gelled sample was suddenly decreased t o  a pourer just experiments and that at which polymer disappears in resaturation 
below that at u41ich the delay time was recovered (Fig. 2) .  The experiments must result from the delay time for polymerization, not 
extent of depolymerization was monitored by measuring the scat- from slow depolymerization. 
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Fig. 4. Formation and disappearance of polymer 0.8 
in a partially photolyzed single sickle cell. The 
cells were suspended in a physiological buffer (95 a, 

mM NaCI, 20 mM KCI, 23.3 mM NaHC03, 1 
mM Na2HP04, 1 mM MgCIZ, 1 mM CaCIZ, 5 $ 0.4 
mM glucose, bovine serum albumin at 1 mglml), 
and saturated with a gas mixture of 95 percent 2 
carbon monoxide and 5 percent carbon dioxide. 
At the low hematocrit used in these experiments 
(0.1 percent) the 2,3-diphosphoglycerate levels O 401 
are not diminished for at least 6 hours. The fetal 
hemoglobin level was 7 percent, close to the 
average for homozygous sickle cell patients. Other 
details of the experiment are the same as in the 
legend to Fig. 1. (A) Optical spectra at increasing r 
power of the preparative beam. The continuous 
curve is a least-squares fit to the optical spectrum ;;j 
at 100 percent saturation. (6) Difference spectra 5 
from (A). The points are the spectrum measured iiJ 
under continuous illumination with the prep- 
arative beam minus the spectrum at 100 per- 
cent saturation. The curves are least-sauares fits 
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with difference spectra from the quatidn: AA(A)  
= (1, - u)[AHb(A! - AHbCO(A)]. where u is the 
fract~onal saturation w~th  carbon monoxide, 
AHbCO(A) is the fitted spectrum at 100 percent 
saturation in (A), and AH~(A) is the deoxyHb 
spectrum scaled to the same concentration and 
pathlength. (C )  Fractional saturation determined 
&om th: lea&-&pares fits in (B) as a function of 
the logarithm of the relative power in the prepara- 
tive beam. The continuous curve is theoretical, as in Fig. 1C. The arrow The relatively poor quality of these micrographs is due to the use of the low 
indicates the power of the preparative beam at which deformation occurs, numerical aperture of the substage objective (0.25), which was necessary to 
allowing the determination of the saturation by extrapolation of the theoreti- generate the large diameter of the preparative beam and to perform the 
cal curve. (D to H) Kinetics of gelation at relative incident powers of the spectral measurements on cells, as well as to the presence of scattered laser 
preparative beam of 0 for (D), 130 for (E), 210 for (F), 130 for (G), and tight. Nevertheless, they show that there is a large change in the shape of the 
120 for (H). (I to M) Optical micrographs at corresponding laser powers. cell upon loss and recovery of the delay time. 

Complete depolymerization is sufficiently rapid so that the satura- 
tion at which the delay time is recovered may be considered an 
equilibrium value. We call this the "critical saturation," and it can be 
defined either as the maximum saturation at which polymer is 
present at equilibrium, or as the saturation at which the total 
hemoglobin concentration of the sample is equal to the solubility. 
Thus, the curve of the concentration as a function of the critical 
saturation measured in this study is equivalent to the curve of the 
solubility as a function of the solution phase saturation from 
previous sedimentation experiments (4) (Fig. 3). The excellent 
agreement between the two data sets (Fig. 3) is convincing evidence 
that the gelation properties of partially saturated HbOz S are the 
same as those for partially photolysed HbCO S. 

Probing for polymer in single cells. Experiments on individual 
cells from a patient with homozygous sickle cell disease were carried 
out in the same way as those for solutions (Fig. 4). First, the optical 
spectra were measured as a function of increasing power of the 
preparative beam (Fig. 4, A to C) until there was a sudden, gross 
deformation of the cell (Fig. 4K), which prevented further spectral 
measurements. After these measurements were made, the prepara- 
tive beam was turned off to permit complete resaturation with 
carbon monoxide and depolymerization. The cell was then probed 
for the presence of polymer by first adjusting the power of the 
preparative beam, and, about 15 seconds later, by measuring the 
kinetics of gelation after reducing the saturation to zero with the 
probe beam (Fig. 4, D to H). Between each measurement, both the 
preparative and probe beams were extinguished. In all cases, the 
delay time at zero saturation for undeformed cells is independent of 
the steady state saturation produced by the preparative beam. At the 
point at which cellular deformation occurs, the delay period disap- 
pears, and there is an initial increase in light scattering (Fig. 4, F and 
G) that is much larger than what is found for gels (Fig. 1, G to I). 

These results show that deformation is a reliable indicator of 
intracellular gelation. The same conclusion has been reached from 
micropipette experiments in which the static and dynamic rigidities 
of individual cells were measured as a function of decreasing oxygen 
pressure (26). In these studies undeformed cells always showed 
normal rheological properties, while deformed cells, with the excep- 
tion of "smooth-surfaced irreversibly sickled cells," showed marked 
changes in both static and dynamic rigidities. These findings on the 
correspondence between gelation and cellular deformation prompt- 
ed us to perform our experiments in which desaturation was carried 
out more rapidly (over a period of about 1 minute instead of 10 
minutes), with visual observations of cell morphology at each laser 
power. In these experiments, the saturation at which cellular 
deformation occurs is always lower than what is found in the slower 
desaturation experiments. 

Once the power in the preparative beam was sufficient to cause 
intracellular gelation and deformation, we decreased it over a period 
of about 1 minute in order to determine the critical saturation. The 
kinetic progress curves show no delay period until a well-defined 
power at which the cell rapidly returns to its normal biconcave disc 
shape. At this power, recovery of the normal cell shape (Fig. 4M) is 
accompanied by recovery of the original delay period (Fig. 4H). The 
saturation corresponding to this power is taken as the critical 
saturation for the particular cell. As with the solution experiments, 
the critical saturation is always higher than the saturation at which 
polymer first formed in desaturation experiments. Also, the critical 
saturation is the same for cells that were initially desaturated at the 
two different rates. 

The complete experiment on a cell consisted of measuring the 
critical saturation and the saturation at which polymer forms at two 
different rates of desaturation. This experiment was performed on 
26 different cells from the same patient. For an additional nine cells 
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the experiment was done at o n h ~  the slower rate of desanirat~on 
About 60 minutes were required to  d o  a conlplete experiment on  
each cell, so that it mas on117 possible to  perform measurements on 
three cells from a given preparation dur& the 3-hour period that 
cells are stable at 35°C. 

Both the critical saturation and the saturation at ~vhich polvmer 
forms decrease with increasing delay time at zero saturation ( ~ i ~ .  
5A). This is expected since the dominant factor controlling the 
equilibriunl and lunetic properties is the intracellular hemoglobin S 
concentration, mith the delay time decreasing and the critical 
saturation increasing as the concentration increases. The critical " 
saturation for even  cell is higher than the saturation at n,hich 
polymer first forms in the desaturation experiments (Fig. 5B), and 
the latter saturation is lower for the more rapid desaturation. This 

Log delay time (sec) 

Fig. 5. Summary of cell data. All cells were chosen at random and wwc from 
the samc patient. (A) Fractional saturation at which polymers form and 
disappcar as a f~lnction of the logarithm of dclay time at zcro saturation. The 
squaresare t11c saturations at w,hich polymers form in desaturation cxperi- 
mcnts in which the p o w u  was decreased over a pcriod of about 10 minutes 
~vhilc spectra were being measured. The opcn circles are the corresponding 
data obtained by dcsaturating in about 1 minute, and ~vi th  cellular deforma- 
tion as the only criterion for polymer formation. The filled circles are the 
critical saturations, that is the saturations at w41ich polymers disappcar in 
resaturation experiments, as judged by the reappearance of the original delay 
time. The lines are the least-squares fits to  the data points. (B)  Hysteresis in 
saturations at which polymers form and disappear. The saturation in the slow 
(10 minutes) (squares) and fast (1 minute) (opcn circles) desaturation 
experiments is subtracted from the critical saturation determined in resatura- 
tion experiments and plotted versus the dclay time. The lines are least squares 
fits to the data points. (C) 1)istribution of delay times at zcro saturation. The 
dashed histogram is for 140 cells from the same patient. 111 anotllcr 15 cells 
from this set of expcrirncnts, gelation did not occur at zero saturation with 
the probe beam (within the 2-  to  5-minute pcriod of the measurement). The 
solid histogram is for the 35 cells for \vhich saturations \\~here polymers form 
and disappear nere  measured (nvo cells did not sickle). The mean, median, 
and standard dniat ion for the 140-cell set w,as -0.86 (140 msec), -0.90 
( 130 msec), and 0.69, w41ilc the corresponding values for the 35-cell set were 
-0.88 ( 130 msec). 0 . 9 0  (130 msec), and 0.62.  The medians included the 
cells that did not sickle. 

hysteresis (Fig. 5B) is similar to  that obsened in the solution 
experiments (Fig. 3B). 

To  determine whether the results on the set of 35 cells are 
representative of the entire cell population, a re  measured only delay 
times for 140 cells from the same patient (Fig. 5C) .  The two 
distributions have nearly identical means, medians, and standard 
deviations, but the 35-cell set has some\vhat fewer cells mith veq. 
short delay times, arhich mould correspond to high critical satura- 
tions. The F-test indicates that the 35-cell set and the 140-cell set d o  
not belong to a different continuous distribution (significance level, 
99 percent). 

The data on  saturations are summarized in a more useful form for 
physiological considerations in Fig. 6. Since the solution esperi- 
nlents show that partiall!, saturated H b 0 2  S and partially photolysed 
H b C O  S have the same gelling behavior at the same saturation, and 
the solution-phase oxygen binding cunre for hemoglobin S is the 
same as that for hemoglobin A (4, 27), we can use the normal whole 
blood binding cur\.e to obtain the oxygen pressure corresponding to 
the measured saturations. Because cells containing polymer are 
deformed and undeformed cells contain no polymer, the fraction of 
cells containing polymer can be equated mith the fraction of sickled 
cells, where sickling is used to indicate any saturation-dependent 
deformation (Fig. 6).  

Although the variation benveen individual patients in the proper- 
ties of sickle cell blood make precise quantitative comparisons 
difficult, the sickling and unsickling c u n w  (Fig. 6) as a function of 
oTgen  pressure calculated fro111 our data are qualitatively consistent 
with the results of other techniques. First, previous studies of the 
traditional sickling cur\.e, measured by counting defornled cells after 
a 15-minute equilibration period at the final oxygen pressure and 

V) - - Solution fractional saturation 
a, 

c 1 
.- + 

e 
L L  

0.5 

B 
0 

0 20 40 60 80 100 

Calculated oxygen pressure (torr) 

Fig. 6. Fraction of cells containing polymer as a function of saturation with 
carbon monoxide and calculated oxygen pressure. (A) Fraction of cells 
containing polymer as a function of fractional saturation of solution phase 
with carbon monoxide in photolysis experiments. This is the samc data 
displayed 111 Fig. 5A. The opcn circlcs are the data from the 1-minute 
desaturation cxpcrimcnts, the open squares from the 10-minute desaturation 
experiments, and the filled circles from resaturation experiments. (B) 
Fraction of cells containing polymer versus calculated o n p e n  pressure. The 
o y g e n  pressures nere calculated from the saturatio~ls in (A) with the least- 
squares fit of the nvo-state allostcric saturation function to the binding cunrc 
of n o r ~ n ~ ~ l  blood (18) at 3 T C ,  pH 7.4, pCOz = 40 torr with paramctcrs 
I(, = 0.0082 torr-I, ICR = 0.95 t o r r ' ,  and L = 3.1 x 10'. The vertical 
dashed lines indicate the average oxygen pressurc found in the arteries and 
veins of patients with homozygous sickle cell disease (30). 
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fixation with glutaraldehyde, gives pressures for 50 percent sickling 
in a studv of seven ~atients between 32 torr and 39 torr. in excellent 

gelation. The present data argue that about 95 percent of cells in the 
arterial circulation of this ~a t i en t  are ~olvmer-free. while the 1- 

agreement with the value of 33 torr from our 10-minute sickling 
curve (28). A similar comparison cannot be made for unsickling 
cunles, since there have been no previous measurements. Initial 
measurements. in which the s h a ~ e  of cells is monitored as a function 
of oxygen pressure by optical micrography, do show the large 
hysteresis in sickling and unsickling saturations observed in the 
photolysis experiments (29). ~easurement  of average properties of 
cell populations are also in qualitative agreement with our results. 
The persistence of polymerized hemoglobin to high saturations, 
predicted from solubility studies (4, 12), has been ohsenred in 
oxygen binding cunres on sickle blood ( l a ) ,  and later confirmed in 
slow desaturation experiments by nuclear magnetic resonance mea- 
surements (19). 

Gelation in vivo. Our results on individual sickle cells provide 
new insight into the question of intracellular gelation in vivo. Some 
basic facts about circulatory physiology are pertinent to this discus- 
sion. The arterial oxygen pressure in sickle cell disease patients is 
85 + 8 (SD) torr [normal is 92 + 5 (SD) torr], whereas the mixed 
~~enous  pressure is 46 + 3 (SD) torr [normal is 39 + 0.8 (SD) torr] 
(30). 1; the average round trip through the circulation a red cell 
spends about 1 second in the alveoli of the lungs, about 3 seconds in 
the arterial circulation, about 1 second in the microcirculation of the 
tissues, and about 10 seconds in the ~ ~ e n o u s  return (31). 

The unsickling cun7e in Fig. 6B shows that at equilibrium about 5 
percent of cells contain polymer at oxygen pressures of 85 torr, 
while at mixed ~ ~ e n o u s  oxygen pressures about 85 percent of cells 
contain polymer at equi l ibrLm.~he situation in viva is expected to 
be quite different because of the delay time prior to the onset of 

/ Fig. 7. l'oss~blc cLcnts occur- 
Arter~al 

A A ~ ~ ~  Venous rlng In the m~crocrrculat~on of 
Am-*S- ----- s~ckle cell pat~ents An artcrl- 

ole, a branched cap~llarv, and 
[Hb Sl 

/ C  \enulc arc shonn  Cells that ' B ezrndc- Y s ~ * A  , 7 arc polymer-free 111 the arterral 
t c~rcu la t~on  pass through the 

m~crocrrcul~tlon andL rnav 
=zzn, -, 

C 0"" - = -- # reach the lungs before gcla- 
a&- t1o11 occurs (A) ,  they mav un- 

dergo gclation In tlic ~ m u l c s  - - - o r  \ ems, as ~ndrcated by dcfor- 
D .,sue' matron of the cell (B), o r  they 

may gel in the capillaries (C 
cz--a%2h - ,,-~, #~ / /  and D). The probability for 

E ?rsc3v -- --- /) ~~' each of these will be dctcr- 
mined by the delay timc bc- 
fore gclation relative to the 

Z r - 3 ~ ~ ~ ~  f --Ll- ~ ~ ~/ 

F os:zs- ~ ~ ~ ~ appropriate transit time (7, 
15). In (A) and (B) the cells 

inside the capillary contain n o  polymer, but deform to pass through. The 
majority of cells are known from the analysis presented in the test to  have 
delay times longer than 10  seconds at venous oxygen pressures and \\,ill 
return to the lungs and be reoxygcnatcd before gelation occurs (A). If  the 
delay time is between 1 and 1 0  seconds, gelation will occur in the venulcs o r  
veins (B), and if it is about 1 second o r  less, gclation will occur \vhilc the ccll 
is still in the narrow capillary (C and D). Cells that undergo gelat1011 in the 
capillaries may experience an increased transit timc, or  produce a more 
permanent blockage (D) as a result of the decreased dcformabilin. Cells may 
also enter the ~nicrocirculation containing variable amounts of polymer (E 
and F). This may occur either because the total concentration of the ccll is 
higher than the solubilin even at arterial pressures, o r  because depolymcriza- 
tion would occur at equilibrium, but requires longer than the 3 seconds that 
the cell resides in the arterial circulation. 111 these cells, deosygenation will be 
accompanied by rapid gclation without a delay, as shown in the present 
cxpcrirnmts, and vaso-occlusion might occur in the arterioles (F) (36). From 
this description it is clear that the percentage of cells it1 the capillary 
circulation that are blocked in the steady state depends not only on the 
probabilin of gelation occurring in the microcirculation, but also on the rate 
at which occluded vessels are reopened. 

L .  

minute sickling cun7e indicates that a comparable fraction of cells 
contain no polymer at mixed venous saturations. Our data thus 
suggest that in vivo approximately 80 percent of the cells are 
prevented from sickling in even round trip through the circulation 
because the delay times are so long that these cells return to the 
lungs before any rheologically significant polymerization has oc- 
curred. They also suggest that there is little additional sickling from 
deoq~genation in the microcirculation. 

This analysis is oversimplified, and the actual number of sickled 
cells in the veins might be somewhat higher because oxygen 
extraction in the microcirculation of some tissues is considerably 
greater than the a~~erage, such as in the coronary and hepatic 
circulations (32),  and the cells in these organs will have much 
shorter delay times. Also, the fraction of polymer-free cells in the 
arteries might be somewhat lower because of slow depolymerization 
in the lungs (33). The major conclusions, however, are supported by 
available data on the percentage of deformed cells in blood that has 
been fixed with glutaraldehyde imnediately after withdrawal from 
the arteries and veins of patients. These data take on new signifi- 
cance in light of our results and those of the rheological study (26) 
that, with the possible exception of experiments on a subsecond time 
scale (17, 34),  cell morphology can be a reliable indicator of 
intracellular gelation. Results from three independent studies on a 
total of 60 patients with homozygous sickle cell disease show that an 
average of about 10 percent of cells are sickled in the arteries and 
about 20 percent in the veins (30, 32, 35). In spite of some 
uncertainties about these data, the conclusion from these studies is 
clear; in agreement with the analysis of our data from the photolysis 
experiments (Fig. 6 ) ,  most cells in both the arterial and venous 
circulations of sickle cell patients do not contain polymer. Another 
consequence of this finding is that the effect of polymerization in 
enhancing oxygen unloading in the tissues has been considerably 
overestimated, since it is based on in vitro equilibrium measure- 
ments in which much more polymer is present than in the in vivo 
situation (7). These considerations indicate that descriptions of 
gelation in vivo that do not include a kinetic analysis (6, 36, 37) are 
inadequate and can be misleading. 

The work presented above is only the beginning of a quantitative 
description of the dynamics of gelation and vaso-occlusion in vivo. 
The scheme presented in Fig. 7 points to the need for measuring 
gelation and degelation at the much faster rates of deoxygenation 
and oxygenation found in the circulation. Our laser technique could 
be modified for such measurements. Such data would allow a 
quantitative assessment of the percentage of cells that are sickled in 
various locations in the microcirculation. It would also be important 
to develop rapid sampling techniques that could assess the extent of 
intracellular gelation, or at least the presence of polymer, in individ- 
ual cells from arterial and venous blood. 
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