
equivalent to the ADCC of purified hu- 
man blood at the same ratio. This sug- 
gests that only a few microliters of whole 
blood are needed to measure the ADCC, 
an amount easily obtained from blood 
drawn for other diagnostic tests in clini- 
cal settings. For animal studies, since 
only a few microliters of blood are 
needed for testing, one can serially bleed 
the same small animal without having to 
kill it to obtain cells. 

Recent studies have shown that up to 
1 x 106 mononuclear cells can be ex- 
tracted from human tumor biopsy sam- 
ples (10); with conventional techniques, 
functional studies of these cells would be 
impossible. With the FCM assay, func- 
tional studies of extremely small cell 
subpopulations obtained by cell sorting 
or gradient density techniques can be en- 
visioned. Circulating immune complexes 
are found in several disease states such 
as cancer and parasitic infections (11). 
Since ADCC is mediated by a subpopu- 
lation of Fc receptor-bearing cells (1), it 
is extremely sensitive to inhibition by 
immune complexes. We have shown that 
the ADCC assay by FCM is more sensi- 
tive than conventional techniques for de- 
tecting immune complexes (12); when 
the number of target cells is reduced to 
1000, the amount of serum needed for 
immune complex detection becomes 
minimal. These potential applications of 
ADCC assay by FCM demonstrate the 
utility and practicality of flow cytometry 
in clinical immunopathology in terms of 
prognosis and diagnosis. 
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tion of Hb Ziirich by carbon monoxide. 

Unstable hemoglobins constitute ap- 
proximately one-fourth of the 350 human 
hemoglobin variants. The hallmark of 
these disorders is the propensity of the 
abnormal hemoglobin to denature and 
precipitate when intact red blood cells or 
hemolyzates are exposed to heat, redox 
dyes, or isopropanol (1). The first of the 
unstable hemoglobins to be analyzed 
structurally, Hb Zirich (HbZ), is a mu- 
tant in which the histidine distal to the 
heme at position 63 in the ft chain is re- 
placed by arginine. Since the original de- 
scription of the hemoglobinopathy (2) 
two additional and unrelated families 
have been described in Maryland (3). Af- 
fected individuals are asymptomatic, 
with normal blood findings except for 
mild reticulocytosis. Clinical recognition 
of the disorder most often depends on 
the occurrence of anemia and jaundice 
during infections or following the admin- 
istration of sulfonamides. 

A review of clinical and blood findings 
in 15 individuals with HbZ, observed by 
us for 20 years, showed variation in the 
phenotypic expression of the disorder. 
One subject did not become anemic after 
exposure to sulfonamides (3); serum 
concentrations of haptoglobin (an a2- 

globulin that binds free hemoglobin) and 
of hemopexin (a 8-globulin that binds 
free heme) ranged from zero to normal 
(4); and thermally induced denaturation 
of HbZ in intact red cells was slightly in- 
creased in some and markedly increased 
in others (4). These observations led to 
further investigations to identify factors 
that may alter the stability of the abnor- 
mal hemoglobin and, in turn, its clinical 
presentation. 
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The rate of heat denaturation of nor- 
mal hemoglobin (HbA) and some of the 
unstable hemoglobins is decreased by 
the addition of carbon monoxide (CO), a 
ligand that stabilizes the linkage between 
heme and globin (1, 5). Because the af- 
finity of HbZ for CO is approximately 65 
times that of HbA, an indication that 
most of the CO is complexed with the ab- 
normal hemoglobin (6), excessive ex- 
posure to CO of subjects with HbZ may 
be a factor in modifying the phenotypic 
expression of the hemoglobinopathy. 

The amount of CO bound to hemoglo- 
bin in packed erythrocytes from persons 
with and without HbZ was determined 
by infrared spectroscopy (7, 8). Normal 
hemoglobin has one infrared absorption 
maximum for bound CO at 1951 cm-'. In 
contrast, purified HbZ has two absorp- 
tion maxima, one at 1951 cm-~ and an- 
other, which arises from the abnormal f, 
subunit, at 1958 cm-1. The degree of sat- 
uration by CO in vivo was measured as 
the ratio of integrated CO stretch band 
intensities at 1951 and 1958 cm-' initially 
and after saturation with CO. 

Percentages of carboxyhemoglobin 
were measured in 15 asymptomatic HbZ 

subjects from two unrelated families, to- 
gether with simultaneous determinations 
of blood counts, serum concentrations of 
haptoglobin and hemopexin, and the ef- 
fects of heat and isopropanol on rates of 
precipitation of the abnormal hemoglo- 
bin in intact red cells and hemolyzates 
(9). Carboxyhemoglobin levels are 

markedly increased in HbZ individuals 
who smoke and moderately elevated in 
those who do not smoke; hematocrit val- 
ues are higher in the smokers than in the 
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Carboxyhemoglobin Levels in an Unstable Hemoglobin 
Disorder (Hb Zurich): Effect on Phenotypic Expression 

Abstract. The affinity of Hb Ziirich for carbon monoxide is approximately 65 times 
that of normal hemoglobin. The carboxyhemoglobin content in serum from individ- 
uals with Hb Zurich rangedfrom 3.9 to 6.7 percent in nine nonsmokers andfrom 9.8 
to 19.7 percent in six smokers. Rates ofhemolysis and hemoglobin denaturation were 
less in smokers than in nonsmokers, effects that may be secondary to the stabiliza- 
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nonsmokers (Table 1). In addition, HbZ 
subjects who smoked had a marked re- 
duction in absolute reticulocyte counts, 
together with normal or moderately re- 
duced serum concentrations of hap- 
toglobin and hemopexin, findings that 
suggest a decreased rate of hemolysis in 
these individuals. 

The effects of CO in vivo on the stabil- 
ity of hemoglobins in vitro were deter- 
mined by simultaneous measurements of 
carboxyhemoglobin in whole blood and 
rates of hemoglobin precipitation in 
heated red cells and hemolyzates ex- 
posed to isopropanol. In HbZ individuals 
with high levels of carboxyhemoglobin 
(subjects 1-2 and III-1), formation of he- 
moglobin precipitates (Heinz bodies) in 
heated red cells proceeded at significant- 
ly slower rates than those observed in 
nonsmokers (Fig. 1). 

The percentage of hemoglobin precipi- 
tated in hemolyzates incubated with 17 
percent isopropanol for 20 minutes at 
41?C was less in HbZ subjects who were 
smokers than in those who were non- 
smokers. In four nonsmokers with car- 
boxyhemoglobin percentages of 5.5, 5.4, 
5.4, and 5.4, the amount of hemoglobin 
precipitated was 20.8, 21.6, 19.4, and 
22.5 percent, respectively. Values for 
three smokers with carboxyhemoglobin 
percentages of 14.8, 19.7, and 19.0 were 
12.3, 12.0, and 10.7 percent. The amount 
of hemoglobin precipitated in hemol- 
yzates from six normal nonsmoking 
adults ranged from 1.7 to 2.1 percent. 

The increased content of carboxyhe- 
moglobin in nonsmoking HbZ subjects is 
probably secondary to endogenous pro- 
duction of CO (4 moles df CO formed for 
each mole of hemoglobin catabolized). 
Carboxyhemoglobin levels in subjects 
with more severe degrees of hemolysis 
than those observed in HbZ subjects 
ranged between 1.5 and 2.6 percent (10). 
Thus the higher percentages observed in 
nonsmoking HbZ subjects provides addi- 
tional evidence for the increased affinity 
of CO for HbZ. 

Several factors may contribute to the 
elevated hematocrit values in HbZ sub- 
jects who smoke. A portion of the in- 
crease could be secondary to the left- 
ward shift of the oxygen-hemoglobin dis- 
sociation curve that occurs in normal 
adults with carboxyhemoglobinemia sec- 
ondary to smoking-0.4 torr for each 1 
percent increase in carboxyhemoglobin 
(11). Although a previous study showed 
that the affinity of HbZ-containing red 
cells for oxygen is increased, it is not 
known whether this phenomenon was 
secondary to elevation of carboxyhe- 
moglobin (12). Any increase in oxygen 
affinity, whatever the cause, would re- 
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Fig. 1. Relationship Whole blood incubated 
between carboxyhe- at41?Cfor: 

moglobin levels and p100- I1 hour 
rate of formation of ' sa 3 hours 
hemoglobin precipi- ( 6 hours 5.7 6 
tates (Heinz bodies) 80- 5.1 - 6.7 
in whole blood. Ve- 7K Ii - 
nous blood was col- 9N i0 1 9.8 c; 60- il ~ 
lected in EDTA-Vacu- I 
tainer tubes; 0.1 ml 1: 
of 5 percent glucose 40- 
was added to 1.0 ml I 
of blood; and the mix- 
ture was incubated 20- 17 3 19.0 
for 1, 3, and 6 hours f 
at 41?C. Percentage .: . 3.2 2.4 
of Heinz bodies was 1-2111-1 111-4 11-2 111-5 11-3 111-3 111-2 Control 
determined by a pre- L_- Individuals with Hb Zurich - i 
viously described meth- 
od, normal values for 25 normal adult smokers and nonsmokers at 1, 3, and 6 hours being 0, 0, 
and 8.6 + 3.1 (standard deviation) percent (4). The numbers at the top of the bars represent 
the percentage of carboxyhemoglobin determined simultaneously in the same samples of blood. 
The designations of the subjects are identical to those used in previous reports (3). 

suit in tissue hypoxia and thereby stimu- 
late erythropoesis, a mechanism that has 
been proposed for other unstable hemo- 
globins with altered oxygen affinity (1). 
Presumably the hypoxic stimulus is 
greater in HbZ subjects who are smokers 
than in those who are nonsmokers. 

Another mechanism for hypoxia could 
be the effects of smoking on pulmonary 
function. Spirograms and lung volumes 
in subjects III-1 (smoker) and 11-2 (non- 
smoker) were normal. Subject I-2 (a 
smoker for many years) has mild ob- 

structive airway disease, possibly sec- 
ondary to chronic bronchitis. Since pul- 
monary function values were normal in 
subject III-1, a smoker for 3 years with a 
carboxyhemoglobin percentage of 19.0, 
other causes for the elevated hematocrit 
value have to be explored. 

Additional findings suggest that the se- 
verity of the hemolytic process in HbZ 
subjects is less in smokers than in non- 
smokers; absolute reticulocyte counts (a 
measure of the rate of erythropoiesis) 
are reduced, and serum concentrations of 

Table 1. Hematologic data and carboxyhemoglobin content in 15 subjects with Hb Zirich from 
two unrelated families. 

Abso- 
lute Car- retic- Smok- 

Sub-~ A~ge Hema- ulo- Hapto- Hemo- boxy- S 
Sex HbZ tocrit* globint pexint hemo- 

ject (years) cyte ( g ha- 
(%) (mgldl) (mg/dl) globin b countt bit? 

(109 per (% 
liter) 

Family M 
1-2 62 F + 48 78 154 50 17.3 2-3 

II-2 43 F + 36 247 0 0 5.7 0 
II-3 30 F + 38 182 9 12 6.7 0 

III-1 24 M + 52 75 132 30 19.0 2-3 
111-3 19 M + 45 206 0 0 9.8 0-1/2 
III-4 18 F + 41 164 0 0 5.1 0 
III-5 6 F + 36 163 0 0 6.2 0 
111-2 22 M - 45 45 140 66 3.2 1/41 

Family E 
I-1 55 F + 46 42 65 49 19.0 1-2 

11-3 37 F + 49 96 98 42 19.7 1-2 
11-5 35 F + 44 87 68 20 14.8 1 

111-10 16 M + 46 182 0 0 5.4 0 
III-11 15 M + 46 217 0 0 5.4 0 
111-12 11 M + 41 173 0 0 3.9 0 
111-13 13 M + 37 229 0 0 5.4 0 
111-14 11 M + 42 254 0 0 5.4 0 

Normal 
1 55 M - 43 50 182 95 2.4 1-11/2 
2 24 M - 44 45 150 69 2.6 1/2 
3 26 M - 46 52 145 72 0.9 0 

*Normal values: adult males, 46 ? 3.1; adult females, 40.9 + 3.0. tNormal values: 10 x 109 to 100 x 
109 per liter. tNormal values: for haptoglobin, 100 to 300 mg per deciliter of serum and for hemopexin, 
50 to 100 mg per deciliter of serum. ?Unit: packages of cigarettes per day. 
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haptoglobin and hemopexin (sensitive in- 
dicators of the degree of hemolysis) are 
normal or only moderately reduced. Re- 
sults of in vitro studies on the solubility 
of HbZ in whole blood and hemolyzates 
exposed to heat and isopropanol suggest 
that in vivo elevations of carboxyhe- 
moglobin secondary to smoking may be 
decreasing the rate of hemolysis by sta- 
bilizing the abnormal hemoglobin. 

In vitro studies have shown that the 
binding of CO to hemoglobin in place of 
02 prevents reactions of 02 that give su- 
peroxide and peroxide as well as methe- 
moglobin (13, 14). Exposure of red blood 
cells with HbZ to certain "oxidant" 
drugs, especially those of the primaquine 
or sulfonamide class, results in the ready 
formation of hemoglobin precipitates 
(15). This hemoglobin denaturation-pre- 
cipitation process is proposed to follow 
autoxidation of heme iron from Fe2+ to 
Fe3+ (16, 17). The autoxidation can pro- 
ceed via a two-electron reduction of Hb- 
bound 02 to peroxide. One electron is 
donated by heme Fe2+ and one by the 
drug to give methemoglobin (Fe3+), 
H202, and oxidized drug (usually a po- 
tentially destructive free radical) (13, 18, 
19). Such a reaction has recently been 
shown to be much faster for 02 bound to 
the abnormal /3 subunit of HbZ than for 
02 bound to normal subunits (19, 20). 
Carboxyhemoglobin does not undergo 
these reactions because CO, unlike 02, 
cannot serve as an electron acceptor. 
Therefore, replacement of 02 by CO or 
the prevention of 02 binding by bound 
CO can prevent the initiation of a series 
of destructive processes. 

Further studies are necessary to deter- 
mine whether carboxyhemoglobin in vi- 
vo in the range of 20 percent alters the 
susceptibility of HbZ subjects to the he- 
molytic effects of drugs or chemicals. 
Even if it is true, the overall risks of 
smoking outweigh the benefits. There 
appears to be no difference in the life- 
style of the smokers and nonsmokers, 
and one of the long-term smokers has 
mild chronic bronchitis. Of greater sig- 
nificance is the discovery that CO can 
modify the characteristics of an unstable 
hemoglobin in vivo and in vitro and that 
studies on the function and physico- 
chemical properties of other unstable 
hemoglobins should include measure- 
ments of carboxyhemoglobin levels. 

W. H. ZINKHAM 
Department of Pediatrics, 
Johns Hopkins University School of 
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H202, and oxidized drug (usually a po- 
tentially destructive free radical) (13, 18, 
19). Such a reaction has recently been 
shown to be much faster for 02 bound to 
the abnormal /3 subunit of HbZ than for 
02 bound to normal subunits (19, 20). 
Carboxyhemoglobin does not undergo 
these reactions because CO, unlike 02, 
cannot serve as an electron acceptor. 
Therefore, replacement of 02 by CO or 
the prevention of 02 binding by bound 
CO can prevent the initiation of a series 
of destructive processes. 

Further studies are necessary to deter- 
mine whether carboxyhemoglobin in vi- 
vo in the range of 20 percent alters the 
susceptibility of HbZ subjects to the he- 
molytic effects of drugs or chemicals. 
Even if it is true, the overall risks of 
smoking outweigh the benefits. There 
appears to be no difference in the life- 
style of the smokers and nonsmokers, 
and one of the long-term smokers has 
mild chronic bronchitis. Of greater sig- 
nificance is the discovery that CO can 
modify the characteristics of an unstable 
hemoglobin in vivo and in vitro and that 
studies on the function and physico- 
chemical properties of other unstable 
hemoglobins should include measure- 
ments of carboxyhemoglobin levels. 
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depletion." The infusion into cats of 
large doses of streptokinase resulted in 
an immediate decrease in the circulating 
level of plasminogen activity. After a lag 
period, this activity was found to return 
to the normal predepletion level. The re- 
turn to normal could be prevented, or 
halted in midcourse, by ligating the kid- 
neys of the depleted animal. This find- 
ing, coupled with the detection of a gra- 
dient of plasminogen activity across the 
kidney (5), led these investigators to con- 
clude that the kidney was the source of 
plasminogen after "acute depletion." 
However, their data preclude the con- 
clusion that the kidney is the site of rou- 
tine plasminogen synthesis, since partial- 
ly restored animals with ligated kidneys 
were able to maintain a constant circulat- 
ing plasminogen level for more than 24 
hours [see figure 3 in (5)]. The circulating 
half-life of plasminogen in the rat and 
rabbit is approximately 12 hours (2). The 
fact that the kidney has no role in the 
routine synthesis of plasminogen was 
clearly demonstrated by Siefring and 
Castellino (6), who showed (i) that kid- 
ney ligation of rats does not halt plas- 
minogen synthesis and (ii) that anephric 
humans possess normal circulating lev- 
els of both forms of plasminogen. This 
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Plasminogen Is Synthesized by 

Primary Cultures of Rat Hepatocytes 

Abstract. The accumulation of rat plasminogen in the medium of primary mono- 
layer cultures of adult parenchymal hepatocytes was detected with a quantitative 
immunological assay. These primary cultures synthesized and secreted both circulat- 
ing isozymic forms of plasminogen at rates sufficient to account for the majority of 
the in vivo plasminogen turnover. 
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