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A B S T R A C T Hemoglobin Rainier (p14 tyrosine -

histidine) is an abnormal hemoglobin associated with
increased oxygen affinity, decreased heme-heme inter-
action, presence of a Bohr effect, and erythrocytosis,
but without obvious clinical sequelae.

Regulation of erythropoiesis was studied in affected
members of families having either hemoglobin Rainier
or Yakima, abnormal hemoglobins associated with eryth-
rocytosis.
Apart from the elevated but stable hemoglobin con-

centration and red cell mass, parameters of red cell pro-
duction in the subjects were normal. Initially normal
values of erythropoietin excretion were increased by
phlebotomy indicating a significant hypoxic stress at an
otherwise normal hematocrit. This stress led to increased
reticulocyte production and an eventual return to the
prephlebotomy hematocrit. The erythrocytosis in car-
riers of hemoglobins Rainer and Yakima appears to be
secondary to the increased oxygen affinity and this, with
the response to phlebotomy, is consistent with the postu-
late that the renal sensor tissue regulating erythropoietin
production is primarily influenced by the oxygen tensions
of venous rather than arterial blood.

INTRODUCTION
The oxygen tension of blood at some site in the kidney
is probably the critical factor regulating red blood cell
production (1). This regulation is mediated by erythro-
poietin which acts upon bone marrow to produce differ-
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entiation and proliferation of precursor cells along eryth-
roid lines (2-5). Evidence for the role of erythropoietin
in the regulation of normal erythropoiesis is provided
by its presence in normal urine (6-8) and its predictable
variation with small changes in hematocrit (9). A num-
ber of clinical situations, most frequently associated
with cardiac and pulmonary dysfunction, result in ar-
terial hypoxemia, increased erythropoietin production,
and eventual erythrocytosis (10-12). In addition, eryth-
rocytosis has been linked recently to abnormal human
hemoglobins having increased oxygen affinity. At pres-
ent five such human hemoglobins have been described:
hemoglobins Chesapeake (13), Ypsi (14), Yakima (15,
16), Kempsey (17), and Hiroshima (18). Structural
data on a sixth hemoglobin with increased oxygen
affinity, designated as hemoglobin Rainier, have also
been reported (19). The biochemical abnormality in he-
moglobin Rainier is located near the C-terminal end of
the polypeptide chain and represents a substitution of the
invariant ,ft tyrosine by histidine. This substitution
also renders the hemoglobin Rainier molecule resistant
to denaturation by alkali, the first example of an adult
human hemoglobin variant characterized by abnormal
alkali denaturation kinetics.

This report describes erythropoietin studies, oxygen-
hemoglobin equilibria, the family study, and further bio-
chemical characteristics of hemoglobin Rainier. In ad-
dition, erythropoietin studies are described in two sub-
jects with hemoglobin Yakima (15, 16).

METHODS
Hematologic and hemoglobin studies. Hematologic mea-

surements were made with standard techniques. Red cell
mass was measured in the proposita with hemoglobin
Rainier using 51Cr-labeled autologous cells (20). Hemoly-
sates were prepared by a modification of the method of
Drabkin (21).
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TABLE I
Hematologic and Hemoglobin Data in Hemoglobin Rainier Family

Per cent of
alkali-

Hb 02 Hemato- RBC Reticulo- resistant
Case Age Sex Rainier Pro* capacity Hb crit Count cytes hemoglobin

Yr mmHg ml/100 ml g/100 ml X 10/mm' % %

I-1 47 F + 11.9 16.7 52.0 5049 1.0 16.8
11-2 28 F + 13.1 22.0 16.4 53.0 5650 1.8 12.6
11-4 25 F - 30.6 15.8 11.8 36.0 3960 3.2 0.2
11-5 24 M + 11.3 28.2 21.0 60.0 6600 1.2 15.0
11-7 23 F + 13.5 21.7 16.2 51.0 5600 2.2 14.0

11-1 10 M - 17.7 13.2 40.0 4700 0.9 0.3
1I1-3 8 F + 14.6 21.6 16.1 49.0 5040 1.2 15.0
111-4 4 F + 13.5 21.4 16.0 46.0 5230 1.8 16.5
III-5 3 M - 31.1 16.6 12.4 38.0 4330 0.8 0.2
111-7 3 M - - 16.5 12.3 37.0 5200 1.0 0.1
111-9 2 M + 12.7 20.0 14.9 44.0
111-10 70 days F - 30.5 12.3 9.2 29.0

* PJo = oxygen tension of whole blood at 50% saturation (pH 7.40 and 380C).

Hemoglobin electrophoresis on agar gel was performed
with 0.05 M citrate buffer at pH 6.2 (22). Hemoglobin A2
was quantitated by diethylaminoethyl (DEAE)-Sephadex
chromatography using Tris-HCl buffer with a pH gradient
from pH 8.3 to 7.1. Hemoglobin Rainier was separated and
quantitated by carboxymethycellulose (CM)-Sephadex col-
umn chromatography with 0.05 M phosphate buffer at pH 6.0
and a linear NaCl gradient from 0.0 to 0.15 moles/liter.
Alkali denaturation rates were determined by the technique
of Jonxis and Visser (23) and the method of Betke, Marti,
and Shlicht (24) in those individuals without an increase
in alkali-resistant hemoglobin. Hemoglobin thermostability
was studied in hemolysates in 0.05 M phosphate buffer at
pH 7.0; the undenatured hemoglobin was quantitated as
cyaiimethemoglobin after exposure of hemolysates for 2 min
to a gradient of temperatures ranging from 370 to 100°C
and after exposure to 60°C for 12 hr. The spectra of oxy-
hemoglobin in an unfractionated hemolysate and of acidic
and alkaline methemoglobin Rainier and methemoglobin A
were determined in both Beckman D.U. and Cary recording
spectrophotometers.
Oxygen-hemoglobin equilibrium curves of whole blood.

Oxygen equilibrium curves were determined in venous blood
of seven individuals with hemoglobin Rainier. The blood was
drawn into syringes containing 5%o sodium fluoride in heparin
solution (1000 IU/ml) in the dead space. All determinations
on whole blood were completed within 8 hr of blood with-
drawal. Two aliquots of each sample were exposed in
rotating glass vessels for at least 70 min at 38°C to a
constant stream of gases containing 25% and 0% oxygen,
respectively, in 6% carbon dioxide and nitrogen. Known
quantities of each sample were mixed thoroughl anaerobi-
cally, and the oxygen tension and pH measure after 2-5
min at 38°C with Radiometer electrodes. The zero point of
the oxygen electrode was determined with sulfite in borax
solution, and the scale was calibrated with a gas containing
approximately 5%o oxygen accurately analyzed by the method
of Scholander (25). Complete deoxygenation of blood con-
taining hemoglobin Rainier in the 0% oxygen tonometer
could not be attained within a practical time, so the oxygen
content of the blood was measured by the Van Slyke-Neill

manometric apparatus at different times during tonometry.
The per cent saturation was calculated from a knowledge
of the amount of oxygen in the "deoxygenated" sample, the
equilibrium oxygen tension, and the hemoglobin concentra-
tion of the blood (26). In two subjects, points on the oxygen
equilibrium curve were also determined by the following
technique (27). Blood was exposed for at least 45 min to
gases of known oxygen partial pressure, the oxygen con-
centration and oxygen capacity measured by the Van Slyke-
Neill apparatus, and the per cent saturation calculated. The
pH was measured with a Radiometer electrode. In all cases
blood was checked for hemolysis after tonometry by visual
examination of plasma. The pH of the blood samples after
tonometry with 6% carbon dioxide ranged from 7.280 to
7.433. The oxygen tensions were corrected to their values
at 7.40 by use of a Bohr effect factor of -0.48.
The Bohr effect (A log Po2/A pH) was determined in

whole blood after equilibration of aliquots of blood with gas
mixtures of approximately 3, 6, and 12% carbon dioxide,
respectively, and measurement of the shift of the oxygen
equilibrium curve. Oxygen capacity was determined either
by measurement of the oxygen content of blood after equili-
bration with a gas mixture containing 25% oxygen or by
calculation from the hemoglobin content (determined spec-
trophotometrically as cyanmethemoglobin) assuming 1 g of
hemoglobin combined with 1.34 cc of oxygen. The pH of
packed red blood cells was determined immediately after
hemolyzing them anaerobically by a freeze-thaw method
(28). The relationship between plasma pH and red cell pH
was determined at a number of different pH's and regression
lines were calculated.
Oxygen equilibria of hemoglobin solutions. These were

performed on unfractionated hemolysates prepared from
freshly drawn blood from normal controls and two indi-
viduals with hemoglobin Rainier, and also on hemoglobins
Rainier and A isolated with CM-Sephadex chromatography.
The hemoglobin solutions were dialyzed at 4°C for 24 hr
against 0.05 M phosphate buffer at pH 6.5. The oxygen
equilibrium curves were constructed with the above men-
tioned mixing technique at hemoglobin concentrations of
3.0-5.4 g/100 ml. They were done at a water bath tempera-
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FIGURE 1 Hemoglobin electrophoresis on agar (pH 6.2) stained by buffered benzidine for
1 min and subsequently by amido black. 1, normal control; 2, Hb Rainier heterozygote;
3, control with 4%o Hb F; and 4, sickle-cell trait.

ture of 330C and a carbon dioxide partial pressure of
approximately 40 mm Hg. The final pH of the samples was

6.30. Aliquots of the isolated hemoglobins were dialyzed
at 4° for 24 hr against 0.05 M phosphate buffers at pH 6.5
and 7.4, to determine the Bohr effect factors. Methemoglobin
concentrations were measured in the samples after dialysis
and tonometry by the method of Evelyn and Malloy (29).

Studies of erythropoiesis regulation. Factors regulating
red cell production were characterized in the proposita with
hemoglobin Rainier (case I-1), and in the 15 yr old daugh-
ter of the propositus with hemoglobin Yakima. Iron kinetics
were measured by labeling the patients' serum with 5-10
gc of 'Fe, previously converted to the ferrous salt with
4% sodium citrate, and injecting the label intravenously
(30). Per cent utilization and erythrocyte iron turnover

I

were measured at 14 days. The reticulocyte count, corrected
for hematocrit (30), was determined by screening the
equivalent of 10,000 red cells using the Miller ocular (31).
Urinary erythropoietin was measured over a 4 day period
and then averaged to establish baseline excretion. Midway
in the course of study an exchange phlebotomy was carried
out which was designed to lower the hematocrit by about
10 points. Blood removed was partially replaced with 5%
albumin solution; no untoward effects were observed. The
erythropoietic response to the phlebotomy was monitored
for 4-5 days by measurements of hematocrit, reticulocyte
index, and erythropoietin excretion.

In addition, urine was collected on 2 separate days from
the propositus with hemoglobin Yakima. At the time of
sampling, the patient's hematocrit was 47.5 and had been

cJHb Rainier 0 Normal ) Not examined G) Dead Abortion

FIGURE 2 Pedigree of the proposita, C. B., with hemoglobin Rainier.
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FIGURE 3 Separation of Hb Rainier from Hb A by CM-Sephadex
chromatography.

essentially normal after a course of 8P therapy 2 yr
previously (15).

Urines for erythropoietin determinations were collected in
consecutive 24-hr lots. Each specimen was frozen immedi-
ately upon voiding and stored at -20'C until thawed in
preparation for assay. One-fourth of each 24 hr pool
(equivalent to a 6 hr aliquot) was concentrated (9) and
assayed in ex-hypoxic polycythemnic mice maintained on a
protein-depletion diet (6). Erythropoietin was quantitated by
comparing the response of groups of mice receiving urine
concentrates with those receiving known amounts of erythro-
poietin Standard B. Saline-injected animals served as
controls.

RESULTS

The proposita, a 47 yr old Caucasian female, was ad-
mitted to the Clinical Research Center, University Hos-
pital, Seattle, Washington, in 1967, for evaluation of
presumed polycythemia vera, first diagnosed 2 yr be-
fore. She had previously been treated by phlebotomy and
'P radiotherapy. Family history was significant in that
two brothers and the maternal grandmother were alleged
to have "thick blood." Physical examination revealed
only mild plethora; the spleen and liver were not en-

larged. Hematologic values are found in Table I. Leu-
kocyte, differential, and reticulocyte and platelet counts
were normal. Bone marrow aspiration revealed only
mild erythroid hyperplasia. Analysis of blood revealed
no arterial hypoxemia (arterial oxygen tension, 88 mm
Hg at pH 7.4).
A hemoglobin abnormality was suspected when it was

found that whole blood from the patient had increased
oxygen affinity and the hemolysate had increased alkali
resistance in the absence of fetal hemoglobin. Hemo-
globin Rainier was subsequently demonstrated by agar-

gel electrophoresis (Fig. 1).
Further studies revealed that among the children and

grandchildren of the proposita (Fig. 2, Table I) six had
mild erythrocytosis associated with hemoglobin Rainier.
Besides mild rubor, none of them had clinical findings
or symptomatology which could be directly attributed to
the presence of the abnormal hemoglobin.

Studies on hemoglobin Rainier. In addition to agar-

gel electrophoresis in citrate buffer at pH 6.2, hemo-
globin Rainier was resolved from hemoglobin A by

Erythrocytosis Associated with Hemoglobin Rainier
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FIGURE 4 Comparison of hemoglobin heat stability at 60'C
in 10 normal controls and unfractionated hemolysates from
two hemoglobin Rainier heterozygotes.

CM-Sephadex chromatography (Fig. 3). Starch-block
and starch-gel electrophoresis of unfractionated hemoly-
sates, using Tris-ethylenediaminetetraacetate (EDTA)-
borate (TEB), Tris-HCl, or phosphate buffer systems
over a wide pH range, failed to separate hemoglobin
Rainier from hemoglobin A. Comparison of isolated
fractions on starch gel (TEB buffer at pH 8.6) indicated
slightly slower anodic mobility of hemoglobin Rainier.

Hemolysates prepared from six individuals with he-
moglobin Rainier had normal amounts of hemoglobin As
(2.6-3.2%). The amount of alkali-resistant hemoglobin
ranged from 12.6 to 16.8%. From the knowledge of al-
kali denaturation kinetics of isolated hemoglobin Rainier
and the finding that only the 3-chains of hemoglobin
Rainier resist denaturation by alkali,' it was calculated
that the amount of hemoglobin Rainier in heterozygotes
was 25-34%. These calculations are in agreement with
the proportions of hemoglobin Rainier and hemoglobin
Rainier3 quanitated in four individuals by CM-Sephadex
chromatography. Heat denaturation of unfractionated
hemolysates showed increased hemoglobin stability (Fig.
4). Oxygenated solutions of unfractionated hemolysates
had normal visible spectra. The acid and alkali methe-
moglobin derivatives of isolated hemoglobin Rainier had
maximum and minimum absorptions at the same wave

lengths as the derivatives of methemoglobin A (Fig. 5).
However, the absorption spectrum of acid and alkali
methemoglobin Rainier at wave lengths 560700 and
540-700 mu, respectively, had slightly greater optical
densities than those of the same derivatives of hemo-
globin A.
Oxygen equilibria of whole blood. The mean oxygen

equilibrium curve of seven subjects (by the mixing tech-

1Stamatoyannopoulos, G., and A. Yoshida. Unpublished
observations.

450 500 550 600 650 700 450 500 550 600 650 700
Wavelength, m#

FIGURE 5 Comparison of visible absorption spectra of acidic
and alkaline derivatives of methemoglobin Rainier and
methemoglobin A.

nique) whose blood contained hemoglobin Rainier at a

temperature of 38'C and pH 7.40 is depicted in Fig. 6.
Also shown. is the mean oxygen equilibrium curve of
normal human adult blood at the same temperature and

q)
.3
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02 pressure , mm Hg

FIGuRE 6 Oxygen equilibrium curve of whole blood from
seven subjects with hemoglobin Rainier compared with that
of normal adult human blood at 38'C and pH 7.40. The
hemoglobin Rainier curve is the average determined by the
mixing technique (0). The Hb A curve is from Severing-
haus (32) with points obtained in this laboratory by the
mixing technique superimposed. The open circles (0) for
hemoglobin Rainier were obtained manometrically.
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pH (32). There was satisfactory agreement between
the oxygen equilibrium curves of the abnormal blood
determined by the manometric and mixing methods. The
oxygen affinity was extremely high, the mean Po2 at
50% saturation being 12.8 mm Hg with the mixing tech-
nique. The curves were hyperbolic in shape. The value
of n in Hill's equation was determined by the method of
least squares. Hill's equation is: log (Y/1 - Y) = n log
Po2 + log K, where Y is the degree of oxygenation, Po2
is oxygen pressure, and n and K are constants. The
most probable value for whole blood containing hemo-
globin Rainier is 1.21 (Fig. 7) whereas that in normal
adult human blood is 2.66. Methemoglobin was absent
from the blood samples after tonometry, and hemolysis
was negligible.
The mean value of the Bohr effect factor, defined as

A log Po2/A pH, was - 0.42 (SEM ±0.07, n = 10). This
is not significantly different from the normal value for
adult human blood (32). The oxygen capacity of blood
from the various subjects is shown in Table I. The re-
gression equation relating pH of red cell hemolysates
to plasma pH is shown in Table II, together with the

equation for normal human adult blood as determined in
this laboratory. The pH of red cells at a plasma pH of
7.40 is 7.17 for the abnormal blood and 7.20 for normal
human blood. Thus, an altered intracellular pH does not
account for the increased oxygen affinity of cells con-
taining hemoglobin Rainier; in fact, the slightly lower
than normal pH observed would tend to decrease the
oxygen affinity in comparison to normal human blood.
Oxygen equilibria of hemoglobin solutions. The av-

erage oxygen equilibrium curve of unfractionated he-
molysates from two subjects with hemoglobin Rainier is
shown in Fig. 8, together with a curve for normal he-
moglobin A. Approximately 6% of the hemoglobin was
present as methemoglobin after tonometry. Absorption
spectra in the ultraviolet and visible regions showed no
evidence of hemoglobin denaturation after tonometry.
As with whole blood, the oxygen equilibrium curve of
hemolysates containing 30% hemoglobin Rainier was
shifted significantly to the left of that of hemolysates
obtained from normal subjects. The value of Hill's n
was 1.08, while that for the hemolysate of normal blood
was 2.94.

Erythrocytosis Associated with Hemoglobin Rainier
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TABLE I I
Regression Equations Relating the pH of Plasma and pH of Red Blood Cell Hemolysates

of Blood from Subject 11-2 and Normal Adult Humans

Erythrocyte pH
Correlation at a plasma pH

Subject Equation SD coefficient of 7.40

11-2 pHRBC = 0.821 pHbIod + 1.091 40.021 0.984 7.17
Normal adult humans pHRBC = 0.814 pHblood + 1.176 40.013 0.995 7.20

Since a microtechnique for the determinations of oxy-
gen equilibria was not available, chromatographic sepa-
rations of hemoglobins Rainier and A using 10 ml of a
solution containing 10 g of hemoglobin/100 ml were at-
tempted. The chromatographic procedure was prolonged
and although the hemoglobin Rainier fraction contained
practically no hemoglobin A, there was 5-6% hemo-
globin Rainier in the hemoglobin A fraction. After con-
centration and dialysis the methemoglobin contents of
hemoglobins A and Rainier were 17 and 29% respec-
tively. After tonometry they ranged from 19.8 to 24.1%
for the hemoglobin A and from 31.9 to 33.7% for the
hemoglobin Rainier. These values for the hemoglobin
Rainier are not corrected for the relatively higher ab-
sorption of methemoglobin Rainier at 630 mu.

In the presence of these contaminants, the Pao of the
hemoglobin A fraction was 12.5 mm Hg, and of the
Rainier fraction, 2 mm Hg. The determinations were at
330C and the pH was 6.29 and 6.26, respectively. Correc-
tion factors for calculating the shift of the oxygen equi-
librium curves due to the presence of methemoglobin and
hemoglobin Rainier in the A fraction and the presence of
methemoglobin in the hemoglobin Rainier fraction are
not available. It is known that the presence of methemo-
globin in ox and human hemoglobin solutions and in dog
blood shifts the curve to the left (33). The wide separa-
tion in values of POD of the two fractions and the rela-
tively close values of methemoglobin make it likely that
the abnormal hemoglobin is responsible for the shift to
the left of the oxygen equilibrium curves seen in both
whole blood and unfractionated hemolysates containing
hemoglobin Rainier.
A significant Bohr effect factor (- 0.28) was mea-

sured in the isolated hemoglobin A. It was not possible
to determine the factor in isolated hemoglobin Rainier
because the extremely low values of oxygen tension were
almost within the limits of error of the meter.
Although methodologic limitations prevented direct

measurements of oxygen equilibria and calculation of
Hill's n for the isolated hemoglobin Rainier fraction,
the effect of the presence of hemoglobin Rainier in de-
creasing heme-heme interaction in whole blood or
unfractionated hemolysates merits comment. Even if the
value of Hill's n in isolated hemoglobin Rainier were 1.0,

the observed value, n = 1.21 for whole blood or hemoly-
sates, is well below that expected for hemoglobin mixtures
containing 30% hemoglobin Rainier and 70% hemoglo-
bin A. However, similarly decreased n values, not cor-
responding to the sum of n's in the isolated hemoglobin
components, have been observed in hemolysates con-
taining 38% hemoglobin Yakima (n = 1.1) (16), 45%
hemoglobin Kempsey (n = 1.1) (17), and 50% hemo-
globin Kansas (n = 1.1) (34).

Regulation of erythropoiesis. Studies characterizing
erythropoiesis in the proposita with hemoglobin Rainier
are summarized in Table III. The red cell mass was

34.4 cc/kg body weight, above the upper limit of normal
by the method employed. The plasma iron turnover was

0.92 mg/100 ml blood per day (normal: 0.70 ±0.15).

--- -0

A

02 pressure, mm Hg

FIGURE 8 Oxygen equilibrium curves of unfractionated
hemoglobin solutions from blood containing hemoglobin
Rainier and from normal human adult blood dialyzed
against 0.05 M phosphate buffer. Hemoglobin concentration
was approximately 4 g/100 ml, carbon dioxide tension was
40 mm Hg, pH 6.27-6.34, and the determinations were
made at 33°C.
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TABLE III
Ferrokinetic and Erythropoietin Data

TJ
Serum iron plasma Urinary

Hemato- Reticulo- Red cell disappear- erythro-
Hb Subject Age Sex crit cytes mass TIBC* ance PIT$ EITt poietin

% cc/kg min Std. B
U/day

Rainier C. B. 47 F 52.0 1.0 34.4 79/415 45.5 0.92 0.86 3.0
43.4 2.5§ - 10.0

Yakima L. J. 43 M 47.5 1.5 9.2
K. J. 15 F 54.0 1.2 35.8 123/361 73.0 0.82 0.74 2.4

45.5 2.2§ 9.1

* TIBC = total iron-binding capacity.
t Plasma iron turnover (PIT) and erythrocyte iron turnover (EIT) as mg of iron/100 ml whole blood per day.
§ Peak observed.

Utilization of iron tracer was 94% at 14 days and the
calculated erythrocyte iron turnover 0.86 mg (average
normal: 0.56 mg). The baseline corrected reticulocyte
count was normal (1.0%) as was the average erythro-
poietin excretion measured over a 4 day period before
the exchange phlebotomy. Lowering of the hematocrit
in this patient resulted in an increase in the average
excretion of erythropoietin from 3.0 to 10.0 Standard B
U/day. The rise in urinary erythropoietin was accom-
panied by an increase in reticulocyte production.

Results of the studies carried out on the daughter of
the propositus with hemoglobin Yakima were similar to
those seen with hemoglobin Rainier (Table III). Base-
line erythropoietin excretion averaged 2.4 Standard B
U/day and rose to a mean value of 9.1 U over the 4 days
after phlebotomy, with peak excretion of 12.9 U oc-
curring on day 3. The relationships of the daily hemato-
crits, corrected reticulocyte counts, and urinary erythro-
poietin are shown for both patients in Fig. 9.
While at a hematocrit of 47.5, erythropoietin excre-

tion in the propositus of the family with hemoglobin
Yakima averaged 9.2 U/day.
The slopes of the lines relating the log of erythro-

poietin excretion and hematocrit in the two individuals
subjected to phlebotomy were - 0.0608 and - 0.0681 for
hemoglobins Rainier and Yakima, respectively. The
erythropoietin/hematocrit relationship for each indi-
vidual studied is shown in Fig. 10. The slopes of response
are similar to, but exceed the mean slope (I=-
0.0303) derived from 12 normal subjects (9).

DISCUSSION
Hemoglobin Rainier is yet another example of an ab-
normal hemoglobin having increased oxygen affinity and
associated with erythrocytosis in affected family mem-
bers. The oxygen equilibrium curve of whole blood con-

taining hemoglobin Rainier is indistinguishable from
that of hemoglobin Yakima, and the oxygen affinity of
unfractionated hemolysates of hemoglobins Yakima,
Kempsey, and Rainier, when corrected for temperature
differences, are also very similar. With all three of
these hemoglobins there are impaired heme-heme inter-
actions (low Hill's n), a hyperbolic oxygen equilibrium
curve, and presence of a Bohr effect.

Individuals with erythrocytosis associated with ab-
normal hemoglobins such as Rainier and Yakima pro-
vide a unique opportunity to study some of the factors
regulating erythropoiesis. With the exception of poly-
cythemia vera and certain neoplastic states in which
erythropoiesis is not physiologically controlled, erythro-
cytosis appears explainable on the basis of alterations in
oxygen delivery to those critical intrarenal sites which
govern the production of erythropoietin. This delivery
can be affected by the amount of oxygen available to he-
moglobin (high altitude dwellers; pulmonary disease)
or by changes in the level of circulating hemoglobin. It
has been postulated that hemoglobins having high oxy-
gen affinity result in erythrocytosis by interrupting oxy-
gen delivery and producing "tissue hypoxia" although
arterial blood gas studies and cardiac hemodynamics have
been normal when tested (13, 16). For this postulate to
be correct, the site within the kidney responsible for
regulating erythropoietin production must be sensitive
to oxygen tensions in the postarterial tree-in capillary or
venous blood. This conclusion is also suggested by the
fact that anemia leads to increased erythropoietin pro-
duction but does not result in arterial hypoxemia.

Normally there is a remarkable constancy of mixed
venous oxygen tension in different mammalian species
having either similar or widely varying body weight and
in sheep with different hemoglobin oxygen affinities
(35, 36). It would appear that oxygen capacity and

Erythrocytosis Associated with Hemoglobin Rainier 1383
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affinity are matched to provide an appropriate delivery
of oxygen at the usual tissue oxygen tensions. In all of
these species, this matching may be mediated by the same
mechanism and possibly the same oxygen tension within
the renal sensor tissue thus explaining the similar values
of mixed venous oxygen tension which have been
observed.

Consistent with these findings in animals is the dem-
onstration that the degree of erythrocytosis in patients
with hemoglobin Yakima compensates sufficiently to al-
low an almost normal mixed venous oxygen tension
(16). Thus it is likely that a virtually normal oxygen
tension is also attained in the renal sensor tissue. If this
is the case, one might expect erythropoietin production
to be normal or near normal in patients such as these
who have attained an elevated but stable hematocrit.
Also, one would expect that at a normal hematocrit the
renal tissue in these patients would be hypoxic because
of a decreased venous or capillary oxygen tension, and
erythropoietin production would be stimulated. The re-
sults in the subjects reported here are in conformity with
these predictions.
Two of the subjects studied had a rate of erythro-

poietin excretion very similar to that seen in normal
man despite hematocrits of 52.0 and 54.0. When the red
cell mass was experimentally lowered to normal, how-
ever, urinary excretion of erythropoietin increased mark-
edly to 9.1 and 10.0 Standard B U/day. Similar levels
are seen in average normal controls only when anemic
(hematocrits 32.0-33.0) (9). Furthermore, at a hemato-
crit of 47.5, the propositus with hemoglobin Yakima ex-
creted 9.2 Standard B U/day, more than two standard
deviations above the mean daily erythropoietin excretion
in normals (4.1 ±1.9 U/day in this laboratory). In the
two phlebotomized subjects, the increased secretion of
erythropoietin was associated with an increase in the
reticulocyte index, indicating an appropriate marrow
response to the hypoxic-stimulus.
The relationship between erythropoietin excretion and

hematocrit in these two subjects differs from that in nor-
mal man. Not only is the response curve shifted to the
right of normal but the slopes of response are greater
than the mean normal slope, a relationship previously de-
scribed in other states of compensated erythropoiesis
(37).
Hemoglobin Rainier, being a ,3-chain variant, should

be found only in very small amounts in the blood of
futuses born to afflicted mothers. If the whole blood oxy-
gen dissociation curve of such fetuses is that expected
for fetal hemoglobin and is half-saturated at an oxygen
tension of 20 mm Hg (38), then the situation pertaining
to hemoglobin Rainier represents the first in any species
in which fetal oxygen affinity is less than that of the
mother. In two other families with abnormal hemo-
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FIGURE 10 The hematocrit/log erythropoietin response
curves in Hb Rainier (A) and Hb Yakima (0, 0). Shaded
line indicates the response curve seen in normal subjects.

globins of high oxygen affinity, Chesapeake (13) and
Zurich (39), the probable fetal blood oxygen affinity is
slightly greater than that of maternal blood. With all
three of these abnormal hemoglobins, however, carriers
of the trait have reproduced apparently normally (13,
39) producing both normals and heterozygotes. It is
clear some other mechanisms must compensate at least
partially for this situation in hemoglobin Rainier mothers
to ensure adequate fetal oxygenation, since only one
spontaneous abortion is recorded for a total of 17 preg-
nancies in affected members. Such compensatory mecha-
nisms might involve placental and umbilical blood flow,
oxygen carrying capacity, size of the placenta, or its
geometry (40).
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