18
Conclusion

While more research is required for a full understanding of the biological and pharmacological
properties of this rHSA-FeP, the present results obviously indicate that the albumin-based
synthetic O,-carrying hemoprotein excludes unfavorable hemodynamic responses observed in
the modified-Hb solutions. Thus, rtHSA-FeP can be utilized not only as a safe and effective red
blood cell substitute, but also as an Oj-carrying medicine which will be adopted for use in
several clinical applications, such as myocardial infraction, tracheal blockade, preservation of

organs for transplantation, etc.
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Contaldo, Claudio, Stren Schramm, Reto Wettstein,
Hiromi Sakai, Shinji Takeoka, Eishun Tsuchida, Mi-
chael Leunig, Andrej Banic, and Dominigue Erni. Im-
proved oxygenation in ischemic hamster flap tissue is corre-
lated with increasing hemodilution with Hb vesicles and
their Og affinity. Am J Physiol Heart Circ Physiol 285:
H1140-H1147, 2003. First published May 8, 2003; 10.1152/
ajpheart.00285.2003.—The aim of this study was to test the
influence of oxygen affinity of Hb vesicles (HbVs) and level of
blood exchange on the oxygenation in collateralized, ische-
mic, and hypoxic hamster flap tissue during normovolemic
hemodilution. Microhemodynamics were investigated with
intravital microscopy. Tissue P02 was measured with Clark-
type microprobes. HbVs with a Pso of 15 mmHg (HbV15) and
30 mmHg (HbV30) were suspended in 6% Dexiran 70 (Dx70).
The Hb concentration of the solutions was 7.5 g/dl. A step-
wise replacement of 15%, 30%, and 50% of total bleod volume
was performed, which resulted in a gradual decrease in total
Hb concentration. In the ischemic tissue, hemodilution led to
an increase in microvascular blood flow to maximally 141
166% of baseline in all groups (median; P < 0.01 vs. baseline,
not significant between groups). Oxygen tension was tran-
siently raised to 121 = 17% after the 30% blood exchange
with Dx70 (P < 0.05), whereas it was increased after each
step of hemodilution with HbV15-Dx70 and HbV30-Dx70,
reaching 217 * 67% (P < 0.01) and 164 = 33% (P < 0.01 vs.
baseline and other groups), respectively, after the 50% blood
exchange. We conclude that despite a decrease in total Hb
concentration, the oxygenation in the ischemic, hypoxic tis-
sue could be improved with increasing blood exchange with
HbV solutions. Furthermore, better oxygenation was ob-
tained with the left-shifted HbVs.

blood substitutes; artificial red blood cells; microhemodynam-
ics; hypoxia; collateral cireculation

MAINTAINING ADEQUATE OXYGENATION is crucial for func-
tional recovery and survival of cerebral, myocardial,
mesenteric, or peripheral tissues rendered ischemic
due to acute obstruction of their anatomic blood supply.
In this scenario, oxygenation is determined by the
amount of oxygen that is transported into the infarcted
tissue via a collateral vasculature as well as by the
potential of the oxygen carrier to deliver oxygen to this
tissue.
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Oxygenation and survival of ischemic myocardial (7,
19), cerebral (3, 18, 29), and peripheral tissues (2) could
successfully be improved after the infusion of solutions
containing artificial oxygen carriers, such as perfluoro-
carbons and chemically modified Hbs. These solutions
have initially been developed with the scope of reduc-
ing the need of allogeneic blood transfusions, and at
least four compounds are currently in advanced clinical
trials to evaluate their potential as red blood cell (RBC)
substitutes in blood loss (1, 10).

In a recent study (6), we were able to demonstrate
that hypoxia in ischemic, collateralized hamster flap
tissue was attenuated by a 50% blood exchange with a
solution containing Hb vesicles (HbVs) suspended in
6% Dextran 70 (Dx70). The effect was associated with
an increased capacity to transport oxygen to the ische-
mic tissue, which was related to the presence of HbVs
and to an improvement of microcirculatory blood flow.

The HbV consists of isolated, purified human Hb
that is encapsulated with a double phospholipid mem-
brane coated with polyethylene glycol (22). The encap-
sulation of Hb prolongs the circulation time in the
organism and prevents direct contact of Hb with the
endothelial lining, thus suppressing vasoconstriction
due to NO scavenging, which has been attributed to
chemically modified Hbs (20). Another major advan-
tage of the HbV is that oxygen affinity may easily be
adapted to the needs of the tissue by supplementing
the appropriate amount of coencapsulated allosteric
effector (pyridoxal 5'-phosphate) (24). It was shown
that after a 80% blood exchange with HbV solutions,
oxygen consumption of the microvasculature was near
to normal for a Pso of 16 and 30 mmHg, respectively,
whereas it was significantly reduced for a Pgo of 9
mmHg. The development of artificial RBC substitutes
has been characterized by the assumption that their
oxygen affinity should be similar or lower than that of
blood to facilitate the delivery of oxygen to the tissues
in need. On the other hand, it has been postulated that
shifting the oxygen dissociation curve of RBC-bound
Hb to the left (26, 27) or applying artificial oxygen
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carriers with high oxygen affinity (11) may be benefi-
cial for the oxygenation of hypoxic tissues, in which Og
diffusion from oxygen carrier to tissue is ensured by
the high gradient of Pos.

The aim of this study was to test the effect obtained
by increasing the oxygen affinity of HbVs on the oxy-
genation of the ischemic hamster flap tissue during
normovolemic hemodilution with HbVs suspended in
6% Dx70. To this end, HbV with a Pso of 15 mmHg
(HbV15) was compared with an HbV (Pso = 30 mmHg;
HbV30) with an oxygen affinity similar to that of ham-
ster blood (Pso = 28 mmHg). Furthermore, we wanted
to evaluate the influence of the degree of normovolemic
blood replacement with the HbV solutions. We chose a
protocol that included three steps of hemodilution up to
a level of 50% blood exchange, beyond which a clinical
use doeg not appear to be reasonable.

MATERIALS AND METHODS

Experiments were performed according to the National
Ingtitutes of Health Guidelines for the Care and Use of
Laboratory Animals and with the approval of the local Ani-
mal Ethics Committee. Thirty-seven male Syrian golden
hamsters weighing 65-85 g were used in this study. The
animals were randomly assigned to the control group (n = 9)
or to one of three groups subjected to stepwise normovolemic
hemodilution with 6% Dx70 (n = 10) or HbV15 or HbV30,
respectively, suspended in 6% Dx70 (HbV15-Dx70, n = 9;
HbV30-Dx70, n = 9).

Animal and flap preporation. The experiments were per-
formed in a hamster skin flap model as described previously
(4-86). Anesthesia was induced by pentobarbital injected in-
traperitoneally (100 mg/kg body wt, Nembutal, Abbott Lab-
oratories; Chicago, IL). The carotid artery and jugular vein
were cannulated for blood pressure monitoring and for the
blood exchange and laboratory analysis, respectively. Cath-
eterization and flap dissection were performed with the aid of
an operating microscope at X 10 magnification (Wild; Heer-
brugg, Switzerland). After the animal was shaved and the
back skin of the animal was epilated, the vascular anatomy
was identified by diaphanoscopy. An island flap measuring
30 X 20 mm was dissected free from the surrounding tissue.
The animal was then placed in a lateral postition on a
specially designed Plexiglas stage providing a platform for
mounting the flap, which was positioned with the skin lying
on the platform and kept at its original size by sutures. The
panniculus carnosus was meticulously removed except for a
gingle layer of muscle tissue left in place to protect the
vascular network. The flap was merely perfused via one
artery and vein, which bifurcate into two equal-sized
branches within the flap, each of them supplying a separate
vascular territory. One of the branches was trangected after
being secured with microsurgical ligatures. Therefore, one
vascular territory was anatomically perfused by the intact
branch, whereas the other was indirectly perfused through
the collateral vasculature connecting the two vascular net-
works. The raw surface of the flap was finally covered with a
polyvinyl film to isolate the tissue from the environment.
During surgery, 4 mg papaverine hydrochloride (Sigma; St.
Louis, MO) dissolved in 1 m! physiological saline solution
was applied to the pedicle by a soaked cotton tip to prevent
vasgcular spasm,

Loboratory analysis. Blood samples were collected in 40 pl
heparin-washed microtubes for measurement of total Hb
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concentration and arterial blood gases (ABL 625, Radiome-
ter; Copenhagen, Denmark). Hematocrit was determined by
cenirifugation.

Microhemodynamic measurements. Investigations were
performed using an intravital microscope (Axioplan 1, Zeiss;
Jena, Germany). Microscopic images were captured by a
television camera (intensified charge-coupled device camera,
Kappa Messtechnik; Gleichen, Germany), recorded on video
(50 Hz, Panasonic; Osaka, Japan), and displayed on a tele-
vision screen (Trinitron PVM-1454QM, Sony; Tokyo, Japan),
The preparation was observed visually with a x40 objective
resulting in a total optical magnification of X909 on the
videomonitor. Microvascular diameter was measured by
transillumination with a green filter, which gave a well-
defined image of the width of the erythocyte column. For the
assessment of centerline velocity, white blood cells (WBCs)
were stained in vivo with rhodamine 6G (2 pmol/kg body wt
iv, Sigma). Fluorescence was visualized with the aid of an
excitation filter (530-560 nm), a dichroic mirror (580 nm),
and a barrier filter (580 nm) and through epi-illumination by
a mercury lamp (Atto Arc, Zeiss) (13). Velocity was calculated
by measuring the distance covered by the WBC during one
time frame (20 ms). Microvascular blood fiow (Q) was calcu-
lated by means of Eq. 1

Q = n X (WBC velocity/1.6) X (diameter/2)? (I

The value 1.6 represents the empirically determined ratio of
centerline velocity to whole blood velocity (9).

The microvessels were classified according to physiological
and anatomic features into conduit arterioles (connections to
each other), end arterioles, and small venules (4, 12). The
vessels were chosen for examination according to their opti-
cal clarity.

Tissue oxygen tension, Tissue Poe was assessed with Clark-
type microprobes consisting of polarographic electrodes and
an oxygen-gensitive microcell (Revoxode CC1, GMS; Kiel,
Germany). According to the manufacturer, the Revoxode CC1
provides reproducible values for several consecutive days
without the need of recalibration. The length of the cell was
1 mm, and the sampling area was within 1 mm of the cell.
The probes were inserted into the subcutaneous tissue in the
center of each vascular territory under visual control and
microscopic magnification. Care was taken to place the
probes in such a way that no arterioles or large venules lay
within the sampling area.

Table 1. Physicochemical characteristics of hamster
blood and the diluents

Hamster
Blaod Dx70 HbV15-Dx70 HbV30.Dx70
Pso, mmHg 28 15 30
Hill number 2.8 1.7 2.3
OTE, % 31 19 35
Ozxygen capacity,

10}/100 ml 243 9.1 9.1
{Hb], g/dl 17 0 7.5 7.5
[netHb), % 5.2 2.3
Oncotic pressure,

mmig 18 50 50 50
Viscosity, cP 4.5 2.8 8.7 8.7

HbV15-Dx70 and HbV30-Dx70, hemoglobin vesicles (HbVs) with a
Pso of 15 mmHg (HbV15) and 30 mmHg (HbV30) suspended in 6%
Dextran 70 (Dx70), OTE, oxygen transport efficiency (arteriovenous
difference in oxygen saturation of Hb in hamsters); metHb, methe-
moglobin. Viscosity was measured at 37°C and at 150 s~ L.
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Table 2. MAP and laboratory data at baseline and during blood exchange

Hp VESICLES AND OXYGENATION OF ISCHEMIC TISSUE

Level of Blood Exchange
Bassline 16% 30% B0%

Hematocrit

Control 0.54 = 0.05 0.53 + 0.04 0.51 = 0.03 0.51 = 0.05

Dx70 0.51 + 0.04 0.39 + 0.05% 0.30 = 0.06% 0.20 x 0.05¢

HbV15-Dx70 0.561 + 0.07 0.41 * 0.08% 0.32 = 0.07¢ 0.22 + 0.07t

HbV30-Dx70 0.56 = 0.06 0.46 + 0.05} 0.33 = 0.06+ 0.20 = 0.08}
Total Hb concentration, g/dl

Control 16.6 = 1.0 163 + 08 16.1 =07 160+ 08

Dx70 16.7 + 1.0 129 = 1.7% 9.9 + 2.0t 8.5 = 1.5

HbV15-Dx70 16.7+ 2.1 14.2 = 2.6t 11.7 = 2.5¢ 8.7 = 2.2¢

HbV30-Dx70 181+ 18 14.6 + 1.8F 111 = 1.2¢ 8.0 = 1.0%
MAP, mmHg

Control 87+ 11 808 83=+9 9+5

Dx70 817 81+ 10 81+8 79 +8

HbV15-Dx70 817 81+9 80+ 8 78+ 4

HbV30-Dx70 918 90 +9 290 *9 86 + 11
Pog, mmHg

Control 47+ 6 48 =7 45+ 7 47+ 8

Dx70 43 = 10 49 + 18 58 = 19* =17

HbV15-Dx70 45 + 8 47 £ 13 49+ 14 53 + 13

HbV30-Dz70 42+ 7 47 + 15 51+ 14 B2 = T*
Pcoz, mmHg

Control 62+ 8 629 62+9 60x8

Dx70 615 59+ 8 58 + 8t 51 = Tt

HbV15-Dx70 59+ 6 56+ 8 55+ 8 53+ 8

HbV30-Dx70 55+ 4 52+6 51x5 B0 x5
pH

Control 7.23 + 0.05 7.25 + 0.06 7.25 + 0.08 7.25 * 0.09

Dx70 724+ 0.04 7.24 + 0.05 7.28 + 0.05 7.30 = 0.07

HbV15-Dx70 7.23 +0.06 7.25 + 0.07 7.27 £ 0.08 7.80 + 0.08

HbV30-Dx70 7.26 + 0.05 7.27 = 0.06 7.29 + 0.05 7.29 *+ 0.05

Values are means * SD. MAP, mean arterial blood pressure. *P < 0.05 and TP < 0.01 vs. baseline,

HbBYV solutions. The HbVs were prepared as previously allosteric effector pyridoxal 5'-phosphate, and it was calcu-
reported (22, 24). They consisted of isolated human Hb en- lated from the O3 equilibrium curve measured with a Hemox
capsulated in a phospholipid vesicle coated with polyethylene Analyzer (TCS Medical Products) at 37°C (24). The HbVs
glycol. The size of the vesicles wag 253 3 63 nm. The oxygen were suspended in 6% Dx70 (B. Braun Medical; Emmen-
affinity (Pso) was regulated by adding the coencapsulated brucke, Switzerland). The physical characteristics of the so-

Table 3. Microhemodynamic data in anatomically perfused and ischemic tissue at baseline

Diameter, pm Centerline Velocity, mm/s
Conduit End Conduit End
arterioles arterioles Venules arterioles arterioles Venules
Anatomically perfused tissue
Control 55 + 18 6522 75 + 18 7.3*+22 1.6 08 21+12
n 20 15 8 20 15 8
Dx70 52 = 29 72x26 88 = 7 7.8+ 3.0 3.0+16 21x11
n 19 29 9 19 29 a
HbV15-Dx70 53 + 23 64+ 1.7 839 6.4+ 27 1.9+1.0 1.1+04
n 13 23 7 13 23 7
HbV30-Dx70 52 % 16 75+18 86 = 19 73x286 2207 1.8=08
n 25 16 17 25 16 17
Ischemic tissue
Control 56 = 29 78 34 83 = 13 0504 03 +£02 0.2+00
n 18 21 10 18 21 10
Dx70 63 + 34 83 +3.0 20+ 11 0.8 07 05*03 0403
n 21 31 9 21 31 9
HbV15-Dx70 70 + 31 6.7 +22 89 + 13 04*03 02x01 02 =01
n 15 25 9 15 25 9
HbV30-Dx70 54 + 20 86 +23 77+ 16 0.7x03 0402 02 +01
n 27 25 12 27 25 12

Values are means * SD; n, sample size. Note that centerline velocity was significantly lower in the ischemic vessels than in the
anatomically perfused vessels (P < 0.01).
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Fig. 1. Microvascular diameters in the anatomically

perfused (A) and ischemic (B) tissues at baseline
and after stepwise exchange of 15%, 30%, and 50%
total blood volume with 6% Dextran 70 (Dx70) and
Hb vesicles (HbVs) with a Psg of 15 mmHg (HbV15)
and 30 mmHg (HbV30) suspended in Dx70. Data
are given as a percentage of baseline and represent
means * SD.
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lutions are summarized in Table 1. Oncotic pressure and
viscogity were measured with a colloid osmometer (model
4420, Wescor; Logan, UT) and a cone-plate viscometer
{(PVII+, Brookfield Engineering; Middleboro, MA), respec-
tively (30).

Protocol. The animals were kept under light anesthesia
with a continuous infusion of 50 mg/ml pentobarbital given at
a rate of ~0.5 mg-min~*-kg body wt~! throughout the ex-
periment. The depth of anesthesia was regulated by toler-
ance of a noxious reflex due to pinching of the hind paw but
no nonaversive reflexes (palpebral, corneal, and jaw reflex). A
constant temperature in the animal and flap preparation was
maintained by means of a heating pad and by keeping the
room temperature at 28°C. Normovolemic hemodilution was
achieved by simultanous replacement of withdrawn blood
over 10 min. Hemodilution was performed in three steps at
an interval of 1 h, thus reaching levels of 15%, 30%, and 50%
of blood exchange. Measurements were taken at the end of
each interval.

Inclusion criteria were a normal vascular anatomy, suffi-
cient optical clarity of the preparation, and a mean arterial
pressure above 60 mmHg.

The animals were euthanized with an overdose of pento-
barbital at the end of the experiment.

Statistical analysis. The InStat version 3 program (Graph
Pad Software, San Diego, CA) was utilized for statistical
analygis. If the assumption of a normal distribution was
appropriate, data were presented as means * SD; otherwise,
they represented median and 25th and 75th percentiles. For

normally distributed data, the time-related differences be-
tween repeat measurements and the differences between the
groups were assessed by the paired and unpaired ANOVA,
respectively, whereas the nonparametric Friedman and
Kruskal-Wallis tests were used for not normally distributed
data analysis. All tests were followed by the Bonferroni post
test. A value of P < 0.05 was taken to represent statistical
gignificance.

RESULTS

Five animals (1 control, 1 Dx70, 1 HbV15-Dx70, and
2 HbV30-Dx70) did not fulfill the inclusion criteria-and
were excluded from this study.

The systemic data are summarized in Table 2. Sim-
ilar hematocrits were obtained in all hemodiluted an-
imals. After the 50% blood exchange, hemodilution
with Dx70 resulted in a mean total Hb concentration of
6.5 g/dl, whereas the addition of HbV to the diluents
enhanced the total Hb concentration to 8.7 and 8.0 g/d},
respectively (P < 0.06). Arterial Pos was gradually
raised after each step of hemodilution, reaching 71
mmHyg in the Dx70 group (P < 0.01 vs. baseline) and 53
and 52 mmHg for HbV15-Dx'70 [not significant (NS)]
and HbV30-Dx70 (P < 0.05), respectively (both P <
0.05 vs. Dx70). Furthermore, the blood exchange was
followed by gradual reductions of arterial Pcog (P <
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0.01 for Dx70; NS for the HbV groups) and increases in
pH (NS).

At baseline, the microhemodynamic data were simi-
lar in all groups. The diameters and centerline veloci-
ties for conduit arterioles, end arterioles, and venules
in each part of the flap are summarized in Table 3.
Mean centerline velocities were significantly reduced
in the ischemic vessels compared with the anatomi-
cally perfused vessels (P < 0.01).

The behavior of the microvascular diameters in both
parts of the flap are shown in Fig. 1. A slight vasocon-
striction was observed in the conduit arterioles after
hemodilution with Dx70 (98 = 10% in the anatomically
perfused tissue and 95 *= 7% in the ischemic tissue,
both NS) and HbV15-Dx70 (93 = 9% anatomically
perfused, NS), whereas the diameters remained virtu-
ally stable in the other microvessels in all groups.

Microvascular blood flow did not show any relevant
changes in the anatomically perfused vessels (Fig. 2),
whereas it was significantly increased in all vessels in
the ischemic tissue due to hemodilution (P < 0.05 for
Dx70 and HbV15-Dx70; P < 0.01 for HbV30-Dx70).
The highest values were obtained with the 30% and
50% blood exchanges, reaching 144% (108-160%) for

Hp VESICLES AND OXYGENATION OF ISCHEMIC TISSUE

Dx70, 166% (152-192%) for HbV15-Dx70, and 141%
(118--165%) for HbV30-Dx70.

Mean Po; ranged between 23.0 + 4.3 and 26.7 = 2.2
mmHg in the anatomically perfused tissue. Tissue Pog
was significantly reduced in the ischemic part, where
the values were between 7.7 * 3.2 and 10.9 * 34
mamHg (P < 0.01). In the anatomically perfused tissue,
oxygenation was virtually not influenced by hemodilu-
tion with or without HbVs (Fig. 3). In the ischemic
tissue, a transient improvement was observed during
hemodilution with Dx70. The maximum was obtained
after the 30% exchange (121 = 17% of baseline, P <
0.05). Each step of blood exchange caused an increase
in ischemic tissue oxygenation if the diluents contained
HbV. Tissue Pos was enhanced up to 217 + 67% and
164 = 83% for HbV15-Dx70 and HbV30-Dx70, respec-
tively (both P < 0.01 vs. baseline and other groups).

DISCUSSION

The principal findings of this study were that 1)
oxygenation in the ischemic, collateralized, and hy-
poxic flap tissue was raised with each step of hemodi-
lution with both HbV golutions and that higher values
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Fig. 3. POy in the anatomically perfused (A) and ischemic (B) tissues
at baseline and after stepwise exchange of 15%, 80%, and 60% total
blood volume with 6% Dx70, HbV15-Dx70, and HbV30-Dx70. Data
are given as a percentage of baseline and represent means + SD.
#P < 0.05 and **P < 0.01vs. baseline; #P < 0.05 and ## P < 0.01 vs.
HbV15-Dx70; °P < 0.01 vs. HbV30-Dx70.

were obtained 2) by increasing the oxygen affinity of
HbV and 3) with HbV-containing solutions compared
with Dx70 only.

Normovolemic hemodilution with Dx70 transiently
improved the oxygenation in the ischemic tissue,
reaching a peak of 121% of baseline at the 30% blood
exchange. This level of hemodilution is considered to
provide the highest RBC flux at the capillary level (15),
thus resulting in maximal oxygen transport capacity
both systemically (28) and in locally ischemic tissue
(25). Furthermore, arterial Poy was increased at this
level of hemodilution due to hyperventilation. As we (5)
demonstrated in previous experiments in the same
model, increased arterial Poz values were transferred
as far as the collateral arterioles, which is where the
blood circulation enters the ischemic tissue. In the
present study, however, the improvement of oxygen-
ation in the ischemic tissue was by far higher if HbV
was added to the Dx70 solution, although microvascu-
lar blood flow, Hb concentration, and arterial Po, were
similar or lower. Moreover, the oxygenation was en-
hanced despite a simultaneous decrease in total Hb
concentration due fo hemodilution with the HbV-Dx70
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solutions. These results suggest that under the given
conditions, the presence of HbVs increases the capacity
of blood to deliver oxygen to the ischemic tissue and
that the effect is related to the level of blood exchange
with HbV solutions.

The effect may be achieved due to the small size of
the HbVs, which might allow them to perfuse capillar-
ies that are no longer accessible to RBCs due to intralu-
minal obstructions or reduced perfusion pressure that
have to be assumed in the ischemic, collateralized
tigsue in the present model. Indeed, circulating HbVs
could be observed in capillaries that were no longer
considered functional because of the cessation of RBC
flux (23). However, our previous experiments (6)
showed that the improvement of oxygenation in the
ischemic tissue obtained after hemodilution with HbV
solutions was dependent on an increased RBC flux in
this tissue, which indicates that mechanisms different
from the passage of HbVs through vascular obstruc-
tions may be present.

On the basis of previous intravascular oxygen ten-
sion measurements, it was estimated that 40-50% of
the systemic arterial oxygen content exited the up-
stream vasculature before reaching the collateralized,
ischemic flap tissue (5, 24). It has been shown in both
experimental (8, 24) and theoretical (81) studies that
oxygen delivery may be delayed in favor of the down-
stream vasculature if oxygen carriers with increased
oxygen affinity are infused. It is conceivable that this
effect was responsible for the increased ischemic tissue
oxygenation obtained with HbV15-Dx70 in our study.
The high oxygen affinity of HbV15 did not seem to
hamper the unloading of oxygen to this tissue, which is
promoted by the high oxygen tension gradient and the
increased residence time of circulating blood (11). Fur-
thermore, it may be assumed that oxygen delivery is
facilitated due to metabolic acidosis, thus causing a
shift of the oxygen dissociation curve to the right,

The results obtained with HbV30-Dx70 suggest that
prevention of oxygen loss in the upstream vasculature
may have been accomplished without raising the oxy-
gen affinity of HbV. It has been shown that the diffu-
sion of oxygen through the plasma may substantially
be influenced by adding oxygen carriers (14, 16, 17).
According to the Stokes-Einstein equation, the diffu-
givity of oxygen ig inversely proportional to the size of
the plasma-bound oxygen carrier and the viscosity of
the suspension. In mathematical models and in vitro
experiments, facilitated oxygen diffusion was ascribed
to small-sized Hbs (14, 16, 17, 21), whereas, because of
their large size, this effect was abolished if HbVs were
used (21). Although not measured in our study, there is
sufficient evidence to assume a marked increase in
viscosity of the plasma suspension obtained during
hemodilution with the HbV-Dx70 solutions, because an
increase in plasma viscosity from 1.2 to 1.4 ¢P has been
observed in hamsters after severe hemodilution with
Dx70 (30), which has a threefold lower viscosity than
HbV-Dx70. Taken together, it may be assumed that
hemodilution with the HbV-Dx70 solutions caused a
retention of oxygen in the upstream vasculature, which
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was related to both the size of the HbV and the increas-
ing composite viscosity of the plasma suspension con-
sigting in original hamster blood plasma, Dx70 mole-
cules, and HbV, and which resulted in a shift of oxygen
delivery in favor of the collateralized, ischemic and
hypoxic flap tissue.

Additional studies will be necessary to outline the
influence of both HbV concentration and viscosity of
the solutions, and the long-term benefit of the observed
improvement in oxygenation would yet have to be
confirmed by evaluating the functionality and survival
of the jeopardized tissue. Moreover, our data may not
be extrapolated to ischemic conditions in other, vital
organs, such as the myocardium or cerebral tissue, in
which the oxygen demand is substantially higher than
in the present flap tissue.

In summary, we conclude that up to a 50% blood
exchange, normovolemic hemodilution with HbV-
Dx70 solutions led to a dose- and oxygen affinity-
dependent improvement of oxygenation in the ische-
mic, hypoxic flap tissue, which was not related to the
oxygen-carrying capacity of the circulating blood.
Thus our study strongly emphasizes the potential
function of HbVs as a therapeutic that may be used
to improve the delivery of oxygen to ischemic and
hypoxic tissues, which exceeds its role as a simple
RBC substitute.
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Sakai, Hiromi, Yoji Suzuki, Megumi Kinoshita,
Shinji Takeoks, Nobuji Maeda, and Eishun Tsuchida,
Qg release from Hb vesicles evalvated using an artificial,
narrow Qz-permeable tube: comparison with RBCs and acel-
lular Hbs. Am J Physiol Heart Circ Physiol 285: H2543-H2551,
2003. First published July 24, 2003; 10.1152/ajpheart.00537.
2003.—A phospholipid vesicle that encapsulates a concen-
trated hemoglobin (Hb) solution and pyridoxal 5’-phosphate
as an allosteric effector (Hb vesicle (HbV) diameter, 250 nm]
has been developed to provide an O carrying ability to
plasma expanders. The Oq release from flowing HbVs was
examined using an Oz-permeable, fluorinated ethylenepro-
pylene copolymer tube (inner diameter, 28 pm) exposed to a
deoxygenated environment. Measurement of O release was
performed using an apparatus that consisted of an inverted
microgcope and a scanning-grating spectrophotometer with a
photon-count detector, and the rate of Oq release was deter-
mined based on the visible absorption spectrum in the Q
band of Hb. HbVs and fresh human red blood cells (RBCs)
were mixed in various volume ratios at a Hb concentration of
10 g/dl in isotonic saline that contained 5 g/dl albumin, and
the sugpengion was perfused at the centerline flow velocity of
1 mm/s through the narrow tube. The mixtures of acellular
Hb solution and RBCs were also tested. Because HbVs were
homogeneously dispersed in the albumin solution, increasing
the volume of the HbV suspension resulted in a thicker
marginal RBC-free layer. Irrespective of the mixing ratio, the
rate of Oy release from the HbV/RBC mixtures was similar to
that of RBCs alone. On the other hand, the addition of 50
vol% of acellular Hb solution to RBCs significantly enhanced
the rate of deoxygenation. This outstanding difference in the
rate of Og release between the HbV suspension and the
acellular Hb solution should mainly be due to the difference
in the particle size (250 vs. 7 nm) that affects their diffusion
for the facilitated Qg transport.

blood substitutes; red blood cells; hemoglobin; microcircula-
tion; oxygenation; liposome

VARIOUS KINDS OF HEMOGLOBIN (Hb)-based O carriers
(HBOCs) have been developed for the substitution of
the function of red blood cells (RBCs) including in-
tramolecularly cross-linked, polymerized, polymer-con-
jugated, and liposome-encapsulated Hbs (LEHs; Refs.
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6, 42). Historically, it has been regarded that the Oy
affinity (expressed as Pso; the Oz tension at which Hb
is half-saturated with Og) should be regulated similar
to that of RBCs, namely, ~25-30 Torr, using an allo-
steric effector or by a direct chemical modification of
the Hb molecules. Theoretically, this allows sufficient
O2 unloading during blood microcirculation as can be
evaluated by the arteriovenous difference in Oy satu-
ration (Soz) in accordance with an Os equilibrium
curve. It has been expected that decreasing O, affinity
(increasing Pso) results in an increase in Og unloading.
This is supported by the result in a mouse model (31)
that RBCs with a high Pso value show enhanced O,
release for improved exercise capacity.

The size of HBOCs is much smaller than that of
RBCs. Thus even if the Og affinity of both Og carriers is
similar in the equilibrated condition, the Oz releasing
and binding rates should be different depending on the
flow conditions of the carriers and the diffusion of Os.
In a stopped-flow analyses, significantly faster Oy re-
lease rates for an unmodified Hb solution or LEHs
rather than RBCs were confirmed (e.g., Oz dissociation
rate constant, 84 s~ ! for unmeodified Hb solution vs. 4.4
s~ for RBCs; Refs. 8, 30, 45). However, these observa-
tions were performed under homogeneous conditions
and at dilute (<10 p.M) Hb concentrations ([HbD), and it
was not clear whether this significant difference would
actually be observed in the in vivo condition and how
the microcirculation would respond to the difference.

O3 transfer from blood to tissues in the microcircu-
latory network is the result of a complex process
whereby a substantial fraction of Oy is exchanged in
the arterioles and venules (10, 11, 14) where RBCs are
not homogeneously distributed. RBCs tend to move to
the centerline in laminar flow, and there is a plasma
layer in the marginal zone as is clearly demonstrated
in microvessels (17). For this reason, studies of Og
release in microvessels as well as in capillaries are
physiologically important (14, 34, 38, 39, 43). There-
fore, the O2 release rates under more physiological
conditions, at a higher (Hb], and in flow conditions in
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micravessels have been required for discussion of the
dynamics of the Og releasing that couples with tissue
oxygenation. The measurement can be performed us-
ing an artificial, narrow, Og-permeable tube (35). In
the case of blood, a cell-free plasma layer between a
RBC-flow column and a vessel wall and a highly vis-
cous Hb solution inside RBCs could be barriers to the
Oy diffusion. On the other hand, HBOCs are so small
that they are homogeneously dispersed in the plasma
phase. Page et al. (20) demonstrated using an artificial
flow channel excavated in an Og-permeable silicone
rubber film that a polymerized bovine Hb showed fa-
cilitated Oy release when the Hb was mixed with
RBCs.

Phospholipid vesicles that encapsulate concentrated
Hb have been developed [Hb vesicles (HbVs) or LEHS;
diameter, 250 nm] as another type of HBOC that pos-
sesses a cell structure similar to RBCs (21, 24-30, 42).
Both RBCs and HbVs have a lipid-bilayer membrane
that prevents direct contact of Hb with blood compo-
nents and endothelial lining. Furthermore, Hb encap-
sulation in the vesicle suppresses hypertension in-
duced by vasoconstriction; this mechanism is presum-
ably due to the effects of free Hb, which scavenges the
endogenous vasorelaxation factors, nitric oxide, and
carbon monoxide (13, 24) due to their high affinity with
Hb. In this report, we evaluate for the fist time (based
on microscopic observations) the Og unloading profile
of our HbVs compared with RBCs and an acellular
unmodified Hb solution using an artificial, narrow,
Os-permeable tube with a 28-pm inner diameter. This
methodology has been well established by Tateishi et
al. (35, 36).

MATERIALS AND METHODS

Preparation of HbVs, Hb solutions, and on RBC suspen-
sion. The HbVs were prepared under sterile conditions as
previously reported (24, 27, 32, 33). Hb was purified from
outdated donated blood obtained from the Hokkaido Red
Cross Blood Center (Sapporo, Japan) and the Japanese Red
Cross Society (Tokyo). The encapsulated purified Hb (38 g/dl)
contained 17.6 mM of pyridoxal 5'-phosphate (PLP; Sigma;
St. Louis, MO) as an allosteric effector at a molar PLP/Hb
ratio of 2.5. The lipid bilayer was composed of a mixture
of 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine, choles-
terol, and 1,5-O-dihexadecyl-V-succinyl-L-glutamate in a
5:5:1 molar ratio (Nippon Fine Chemical; Osaka, Japan). The
surface of the HbVs was modified with polyethylene glycol
(PEG; 5,000 mol wt) using 1,2-distearoyl-sn-glycero-3-phos-
phatidylethanolamine-N-polyethylene glycol (NOF; Tokyo;
0.3 mol% of total lipide). HbV diameter wag 252 2 53 nm
(determined by the light-scattering method). The Pso value
was 28 Torr at 37°C, which was measured with a Hemox
analyzer (TCS Medical Products; Huntingdon Valley, PA).
HbVs were resuspended in either 5 g/d] recombinant human
serum albumin (HSA; 69,000 mol wt; Nipro; Osaka; HbVisa)
or in 6 g/dl hydrozylethyl starch (HES; 70,000 mol wt; Kyorin
Chemistry Lab; Tokyo; HbVugms), and the final [Hb] was
adjusted to 10-g/dl.

The purified Hb solution (38 g/dl) was diluted with a
phosphate-buffered saline to 10 g/dl, and PLP was added at a
molar Hb/PLP ratio of 1:3 or 1:1. Under these conditions, the
Pso values were 29 and 15 Torr, respectively, and these Hb
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solutions were termed Hb29 and Hb15, respectively. Fresh
human RBCs were obtained from a healthy donor (Y. Su-
zuki). RBCs were washed twice with isotonic saline and
guspended in the saline that contained 5 g/dl HSA, and the
[Hb] was adjusted to 10 g/dl. The RBC suspension was used
within a day of the blood collection. The physicochemical
properties of all Oz carriers are summarized in Table 1. The
viscogities of the suspensions were measured with either a
capillary rheometer (oscillatory capillary rheometer OCR-D;
Anton Paar; Graz, Austria) or a cone-plate viscometer (model
E; Tokyo Keiki; Tokyo) at 37°C and at the shear rates of 300
and 71 871, The latter shear rate is approximately identical
to the wall shear rate of the narrow tube (inner diameter, 28
pm) as performed in the present study when the centerline
velocity is 1 mm/s. The HbV or Hb solutions were mixed with
the RBC suspension at volume ratios of 0:100, 10:90, 50:50,
90:10, and 100:0. For example, the mixture of 10 vol% Hb-
Vusas and 90 vol% RBCs is abbreviated as 10HbVusas/
Y0RBC for convenience.

Perfusion of HbVIRBC or Hb/RBC mixtures through nar-
row tubes. Narrow, O2-permeable tubes (inner diameter, 28.1
or 28.6 pm; wall thickness, 37.5 pm; length, 150 mm) were
produced from a fluorinated ethylenepropylene copolymer at
Hirakawa Hewtech (Ibaraki, Japan) as described by Kubota
et al. (16). One end of the narrow tube was connected to a
regervoir of the HbV/RBC or Hb/RBC suspension. The nar-
row tube was placed horizontally between two wide acrylic
plates with a short gap (~2 mm) on the stage of an inverted
microscope (IMT-2; Olympus Optics; Tokyo). The suspension
in the reservoir was gently and continuously mixed with a
magnetic stirrer. The gap between the two acrylic plates was
filled with nitrogen-bubbled saline that contained 10 mM
godium hydrosulfite (Na2820.; Wako Pure and Fine Chemi-
cal; Tokyo). The narrow tube was not permeable to sodium
hydrosulfite. The HbVs distributed homogeneously in the
narrow tube so that it was difficult to determine the marginal
HbV-free layer. Therefore, the thickness of the marginal
RBC-free layer, the distance between the tube inner wall and
a nearest RBC, was measured at 50 points using an image-
processing technique (35), and the values were averaged. The
perfusion pressure was monifored with a sensor (P-231D;
Nihon Kohden; Tokyo) equipped with an amplifier (AP-801G;
Nihon Kohden). The entire perfusion experiment was per-
formed at 256°C.

Table 1. Physicochemical properties of Hb solutions
and HbV and RBC suspensions

Hbie Hb29  HbVusa HhVezes RBC
[Hb], g/dl 10 10 10 10 10
HbL/PLP i1 1:3 1:25 1.2.5
Psg, Torr i5 29 28 28 28
Diameter, mn 7 7 252+53 25253 ~8,000
Suspending
medium Saline Saline 5 g/dl HSA 6 g/dl HES 5 g/d] HSA

Viscosity

cP at 300 572 1 1 35 5,1 8.0

cPat7is™?! 1 1 3.9 5.7 3.9

Values are means * SD for diameter measurements of hemoglobin
(Hb) vesicles (HbV). Hb and HbV viscosity was measured with a
capillary viscometer; red blood cell (RBC) viscosity was measured
with a cone-plate viscometer. Hb15 and Hb29, purified Hb with Pso
values of 15 and 29 Torr, respectively; HbVusa and HbVygs, HbVs
suspended with human serum albumin (HSA) or hydroxzylethyl
starch (HES), respectively; [Hb], Hb concentration; PLP, pyridoxal
5’-phosphate.
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Measurement of Soz in narrow tubes. The apparatus (35)
consisted of an inverted microscope with an objective lens of
x40 magnification (ULWD CDPlan 40PL; Olympus Optics),
a scanning-grating spectrophotometer with a sensitive pho-
ton-counting detector that counted 1 X 108 to 3 X 10° pho-
tong/s (USP-410; Unisoku; Osaka), and a computer (PC-
386V: Epson; Tokyo). The light intensity of a halogen lamp in
the microscope was controlled by a currvent stabilizer (NLO
18-10; Takasago; Tokyo). The spectrophotometer was con-
nected to the microscope eyepiece through a thin light guide
{diameter, 0.4 mm) made of quartz and was operated by the
computer. The grating was scanned in 508 steps over the
wavelength range of 499.2-600.8 nm with a gate time of 20
ms/step for photon counting; data were obtained every 0.2
nm. One vigible spectrum from a 5-pm-diameter spot over
the centerline of the narrow tube was recorded within 20 5. A
measuring spot on the narrow tube within the visual field of
the microscope was fixed on a monitor (PVM-1371; Sony,;
Tokyo) through a video camera attached to the vertical eye-
piece (DXC-930; Sony) by sliding the stage of the microscope
and/or by rotating the cylindrical mirror. The centerline flow
velocity was determined using the cross-correlation tech-
nique (2, 15), and the velocity was adjusted to 1.0 mm/s by
changing the pressure applied to the reservoir of HbV/RBC or
Hb/RBC mixtures. Under these conditions, the Reynolds
number was 0.025 and the laminar flow was theoretically
established.

The spectroscopic measurements were performed at trav-
eling distances of 15, 30, 50, 80, and 100 mm. After a steady
flow of RBCs and a steady oxygenation state of the flowing
RBCs and HbVs (or Hbs) were attained a few minutes later,
10 scans were accumulated. Numerical filtering was then
applied with a moving average of 5 successive values (e.g.,
absorbances at 499.6, 499.8, 500.0, 500.2, and 500.4 nm) in
the scanning step to obtain a smoothed absorption spectrum
(used to improve the signal-fo-noise ratio). One scan of RBCs
flowing in the narrow tube showed a remarkable deviation in
absorbance values (Fig. 14). On the other hand, HbVs
gshowed less deviation due to the homogeneous dispersion of
the vesicles. The accumulation of 10 scans followed by the
moving averaging of 5 successive values in the scanning step
of every 0.2 nm provided a smooth spectrum even for the RBC
suspension (Fig. 1B). However, owing to the light scatter by
fine particles, the absorbance of the HbVs at a shorter wave-
length was slightly higher than that at a longer wavelength
(29).

In the spectra of the 100%-deoxygenated and 100%-oxy-
genated HbVs, two isosbestic points (5622 and 586 nm; Ref.
44) in the @ band of Hb were connected by a straight line as
the baseline (Fig. 1C). The absorbances at 555 nm (Adsss,
Amax of deoxyHb) and 576 nm (AAs76, Amax of oxyHb) from the
baseline were obtained to make a calibration line that shows
the relationship between the Sos (in %) and the ratio of the
two absorbances (R = AAsss/AAs7e) as Soz = (35 ~ 15RY/
(0.25R + 0.21). The Sog values of each sample were plotted
versus the traveling distance.

RESULTS

Flow patterns of HbVIRBC mixiures in narrow tube.
Figure 2 shows a microscopic view of the mixtures of
RBCs and HbVysas flowing in the narrow tubes. The
thickness of the RBC-free marginal layer increased
with increasing mixing ratio of HbVysga, and the layer
seemed to be slightly turbid and dark colored due to the
presence of HbV particles with a 250-nm diameter (29).
The thickness of the RBC-free layer was 2.7 = 1.7 pm
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Fig. 1. A: one scan of the red blood cell (RBC) suspension showed a
significantly scattered spectrum, whereas hemoglobin (Hb) vesicles
(HbVs) showed a smooth spectrum. B: accumulation of 10 scans
followed by the moving average of 5 successive values (using a
0.2-nm scanning step) provided enough resolution to calculate the Os
saturation (802). C: for S0 determination, two isobestic points of the
spectra of deoxygenated (deoxy-) and oxygenated (oxy)HbVs (at 522
and 586 nm) were connected by a straight line (baseline). On the
basis of the absorbances at 566 (Adsss, Amay of deoxyHb) and 576
(AAg76, Amax of oxyHb) min from the baseline, a relationship between
S0y and the ratio of the two absorbances (R = Adsss/AAs7e) was
expressed as S0z (in %) = (35 — 15R)/(0.26R + 0.21).

for RBCs alone (100RBC), 3.5 = 1.8 pm for 10HbVyga/
90RBC, 4.8 * 2.2 pm for 50HbVusa/50RBC, and 7.0 =
1.6 pm for 90HbVsa/10RBC. On the other hand, the
mixture of RBCs and the Hb solution produced a trans-
parent layer, but the distribution of RBCs was not
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10HDV 50 BORBG  S0HOViign! 50RBC  BOHbVyiga! 10RBC

100HDV 454

Fig. 2. Flow patterns of RBCs mixed with HbVs suspended in recombinant human serum albumin (HbVusa/RBC)
in a narrow tube. HbV particles were homogeneously dispersed in a suspension medium. They tended to distribute
in the marginal zone of the flow. Thickness of the RBC-free layer increased with increasing amount of HbVega.
RBC-free phase became darker and more semitransparent, which indicates the presence of HbVs. Tube diameter,
28 pm; Hb concentration ([Hb]), 10 g/dl; centerline flow velocity, 1 mm/s.

changed significantly compared with the HbV/RBC
mixtures (data not shown).

Perfusion pressure of narrow tube. The perfusion
pregsure of the RBC suspension mixed with HbVyuga,
HbVugrs, or Hb29 in various ratios was examined at
the constant centerline flow velocity of 1 mm/s (Fig.
3). The addition of the Hb29 solution to the RBC
suspension in HSA (3.9 ¢P; Table 1) decreased the
perfusion pressure from 10 kPa (100RBC) to 6 kPa
(90Hb29/10RBC) due to the lower viscosity of the Hb
solution (1.3 ¢P at 71 s71). On the other hand, the
addition of HbVs increased the perfusion pressure in
proportion to the HbV/RBC mixing ratio. Especially,
the perfusion pressure (41 kPa) of the mixture of 90%
HbVugss (6.7 ¢P; Table 1) and 10% RBC (3.9 ¢P) was
more than four times higher than that of RBCs alone
(10 kPa).

Spectroscopic changes of HbVIRBC and Hb/RBC
mixtures. Figure 4 shows the representative spectro-
scopic changes of the mixtures of RBCs with HbVs or
Hbs at various traveling distances in the narrow tubes.
The most significant change was observed for the mix-
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Fig. 8. Perfusion pressure measurements of RBCs mized with Hb-
Vasa (HbVysa/RBC), hydroxylethyl starch (HbVyps/RBC), or puri-
fied Hb and added pyridoxal 5'-phosphate (PLP), which has a Pso
value of 29 Torr (Hb29/RBC). {Hb] flowing in the narrow tube, 10
g/dl; centerline flow velocity, 1 mm/s.

ture of 90 vol% Hb29 solution and 10 vol% RBCs
(90Hb29/10RBC). Two characteristic peaks of oxyhe-
moglobin in the @ band significantly decreased with
traveling distance, and at 100 mm, the two peaks were
flattened. On the other hand, the 90HbVyusa/10RBC
mixture showed slight changes, but the changes were
almost identical to those observed for the 100RBC
guspension. The addition of 10 vol% Hb29s to 90 vol%
RBCs (to make 10Hb29/90RBC) did not seem to signif-
icantly change the spectrum.

O3 release from HbV/RBC mixtures. According to the
calibration line for the Sog, the Sog values (in %) were
plotted vs. the traveling distances. Figure 5 summa-
rizes the Og release from the HbV/RBC mixtures in
various mixing ratios. The rates of Oz release from all
the mixtures were similar to that of 100RBC, and
~40% of the Oz was released at the traveling distance
of 100 mm.

The influence of the suspending medium of HbV on
Og release was compared using HbVusa and HbVugs
in the mixture of 90 vol% HbVs and 10 vol% RBCs (Fig.
6). Irrespective of the suspending medium (HSA and
HES), the rates of O3 release were almost identical for
the two mixtures.

03 release from Hb/RBC mixtures. Contrary to the
results with the HbV/RBC mixtures, the Hb/RBC mix-
tures showed faster Og release rates than RBCs alone
at the mixing ratio of 50 vol% for Hb29 and 90 vol% for
both Hb29 and Hb15 (Fig. 7). The Hb29 (Pso = 29 Torr)
possessed a similar Pso value as HbV (Pso = 30 Torr;
Table 1). The 10Hb29/90RBC mixture did not show any
apparent change in the Oy release compared with
RBCs alone. However, the addition of 50Hb29/50RBC
clearly showed a faster Og release. The 90Hb29/10RBC
mixture showed a much faster release rate, and 55% of
the Oy was released at the 100-mm traveling distance.
Addition of Hb15, which has a higher Qg affinity (Pso =
15 Torr), also enhanced the Qs release, but the en-
hancement was less than that of Hb29 as evaluated for
the 50Hb15/60RBC mixture. However, at the mixing
ratios of 10 and 90 vol%, there were no apparent
differences in enhancement of O; unloading between
Hb15 and Hb29.
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Fig. 4. Representative spectroscopic changes in § bands of 100% RBCs and various HbVusa/RBC and Hb29/RBC
mixtures compared with traveling distance in the narrow tube. Mixiure of 90% Hb29 with 10% RBCs (901b28/
10RBC) showed significant reduction in the two characteristic peaks attributed to oxyHb. Mixtures shown:
90HbLVy;54/10RBC, 90% HbVisa mized with 10% RBCs; 10Hb29/90RBC, 10% Hb29 mixed with 90% RBCs.

DISCUSSION

The principal finding of this study using the narrow
Oz-permeable tube is that the rate of O release from
HbVs is gimilar to that from RBCs at a constant [Hb] of
10 g/dl. On the other hand, acellular, unmodified Hb
showed faster Qg release rates. This property of HbVs
is outstanding compared with previous findings for Os
release rates measured by the stopped-flow method.
The stopped-flow analysis confirmed that HbVs re-
leased Ogs significantly faster than RBCs and slower
than acellular, unmodified Hbs (30). Vandegriff and
Olson (45) also examined the Qg release of RBCs of
different sizes (diameter, 4.32-50 pm) from various
species and of LEHs (diameter, 200 nm, which is sim-
ilar in size to HbVs). They clarified that the O release
rate depended primarily on the cell surface area-to-
volume ratio and the intracellular [Hb} and that LEHs
had the fastest release rate. These discrepancies of the
results between the perfusion study using the Og-per-
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Fig. 5. Oy release from the HbVussa/RBC mixture for different mix-
ing ratios determined at various traveling distances.

meable tube and the stopped-flow methods should be
mainly due to the differences in the experimental con-
ditions. The stopped-flow studies were performed with
homogeneous solutions at the low [Hb] of 10 M (0.065
g/dl) in a mixing cuvette in which the dissociated O»
immediately diminished with sodium hydrosulfite and
the Og gradient between intra- and extracellular com-
partments was extremely high. In the present study
uging the Og-permeable tube, the [Hbl was as high as
1.6 mM (10 g/dD) with a high viscosity, and a certain
kind of Qg gradient between the center of the tube and
the tube wall would be formed. Therefore, the present
experimental conditions were much closer to the in
vive physiological conditions, although the wall of the
narrow tube was unavoidably thick.

We confirmed under our experimental conditions
that acellular, unmodified Hb shows a much faster Qg
unloading rate than RBCs as reported by other ve-
searchers (18, 20). The differences in the rates between

100
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Fig. 6. Effects of suspending media on Oz release from HbV/RBC
mizture: comparison of 90HbVysa/10RBC and 90% HbVugs with
10% RBCs (90HbVigs/10RBC) determined at various traveling dis-
tances.
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Fig. 7. A: effects of O, affinity on Qs release from HWRBC mixtures
at various traveling distances: comparison of Hb29/RBC and Hb15/
RBC mixtures of various ratios. B: effects of HW/RBC or HbV/RBC
mixing ratios on S0z: data from A for HW/RBC and from Fig. 5 for
HbV/RBC at the traveling distance of 100 mm. Hbi5, purified Hb
with pyridoxal 5'-phosphate (PLP) added, which has a Pso value of 15
Torr.

the acellular Hb and HbVs could be explained by the
theory of facilitated Op transport by the diffusion of
Oz-bound Hb molecules (1, 5, 7). The total Oq flux is the
sum of the fluxes of free Q2 molecules and O3 bound as
HbO,. The diffusion of HbO2 contributes to the facili-
tated O transport. According to the Stokes-Einstein
equation, the diffusion constant (Dmyo,) is defined as

kT

G-w-n-r 2>

Dﬂbo2 =

where % is the Boltzman constant and T is absolute
temperature. This equation demonstrates that the dif-
fusion of a macromolecule, i.e., the contribution of
facilitated Oy diffusion, is inversely proportional to the
viscosity of the solution (v) and the radius of the
macromolecule (7); therefore, the contribution of facil-
itated O2 diffusion is inversely proportional to the size
of the carriers and the viscosity (18).

Nishide et al. (19) studied Og diffusion across a
nonflowing solution membrane, and they found that
the presence of Hb molecules in a solution (<30 g/dD)
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significantly facilitated O, transport. When comparing
HbVs, unmodified human Hb (HbAo), and polymerized
Hbs, the “apparent” Duyo, values are in the followin%
order: HbAo (9 X 1077 ¢cm?s) > polyHbs (2 x 10~
cm?/g) > HbVs (3.5 X 1078 cm¥s) at [Hb] = 10 g/dl,
with solution viscosity values (1.0 < 1.8 < 3.2 cP,
respectively) and molecular sizes (7 < ~15 < 200 nm,
respectively) that are in inverse order in accordance
with Eg. 1. As a result, facilitated Og transport is
significantly reduced for the suspension of HbVs.

According to the study of McCarthy et al. (18), a
PEG-conjugated Hb (PEG-Hb) shows a similar O re-
lease rate with RBCs in an artificial microflow channel,
whereas the acellular cross-linked Hbs and HbAo show
faster rates. The PEG chains should not be a barrier
layer to the Og release. The main difference in the Og
release between PEG-Hb and other acellular Hbs
should be due to the diffusion of Hb and the viscosity:
PEG-Hb has a larger molecular size (28 vs. 7 nm) and
a higher viscosity (3.2 vs. 0.9 cP) than the Hb molecule.
These properties of PEG-Hb may reduce the O3 unload-
ing, because the diffusion constant of PEG-Hb should
be lower than that of an unmodified Hb. The higher Oq
affinity of PEG/Hb (Pso = 10 Torr) should also contrib-
ute to the slower Oz unloading, because we confirmed
that the Hb15/RBC mixture showed a slower Oy un-
loading than did the Hb29/RBC mixture at a 50:50
mixing ratio. Attention should be paid to the theory
that facilitated Oz transport (0] facilitated) decreases
with increasing Pso according to (1, 19)

{Hblg  Dig,
1/K + Po,

where [Hblo is the total [Hb], Po, is the Oz partial
pressure, Dy, is the diffusion coefficient of Hb, and K is
the equilibrium constant of the Og binding reaction (its
reciprocal is proportional to the Pgo value). Accord-
ingly, the faster O3 release rate for Hb29 than for Hbl5
is not due to the higher level of facilitated O, transport
but is simply a result of the lower Og affinity.

When a large amount of HbV is exchange transfused,
the addition of a plasma expander is required, because
the oncotic pressure of the HbV suspension is close to
zero (26). HbVugs shows a higher viscosity (5.7 cPat 71
871 compared with HbVysa (3.9 cP), because the in-
teraction of HbV particles with extended HES chains is
possibly stronger than that with globular HSA mole-
cules, Using the optical microscope, however, we could
not observe the HbV aggregates in the suspension; this
was possibly due to the low molecular weight of HES
(70,000). The marginal RBC-free layer formed by axial
accumulation of RBCs is important for the mainte-
nance of blood flow as a lubricating layer (3). The
addition of HbVysa to RBCs increased the thickness of
the RBC-free layer from 2.7 = 1.7 (100RBC) t0 7.0 =
1.6 pm (90HbVuaa/10RBC). This increase was due to
preferential flow of smaller particles, HbVs, near the
peripheral region of the flow channel (4) and reduction
of RBCs (i.e., reduction of hematocrit) (81). Further-
more, the perfusion pressure was increased at a con-

[O,] facilitated o @

AJP-Heart Circ Physiol « VOL 285 « DECEMBER 2003 - www.ajpheart.org




O2 RELEASE FROM Hs VESICLES

stant flow rate, because the addition of the viscous
HbVugs and HbVusa suspensions increased the viscos-
ity of the RBC-free lubricating layer. The increase in
the perfusion pressure was more evident for the more
viscous HbVyrg than for HbVyga possibly owing to the
differences in the molecular conformations of HES and
HSA; also, differences in their concentrations also
partly contributed to the perfusion pressure values
(87). Despite the viscosity difference between the two
suspensions, Oz release rates from the RBC mixtures
were not significantly altered in the present experi-
mental conditions. It has been confirmed (35) that the
diffusion constant of the O molecule is not signifi-
cantly influenced by medium viscosity. The medium
viscosity may influence the flow behavior of HbVs in a
narrow tube. However, a homogeneous distribution of
HbVugs and HbViga in the narrow tube was observed
by cross-sectional scanning of the narrow tube during
flow, and the vesicle-free layer was hardly observed in
the marginal region. Therefore, homogeneous distribu-
tion of HbVs in the narrow tube and the identical Os
affinity of the vesicles provided identical Oy release
rates from HbVygs and HbVyea under a constant flow
velocity. This phenomenon also supports the fact that
the contribution of HbVs to facilitated O3 transport by
diffusion of HbVs is significantly lower than acellular
Hbs; thus viscosity does not influence Oy unloading.
We conclude that under the present experimental con-
ditions, differences in medium viscosity affect the per-
fusion pressure but not the Og release from HbVs
and/or RBCs.

The low contribution of HbVs to facilitated O; trans-
port could explain the similar Oz release rates for
HbVs (250 nm) and RBCs (8 pm). Under conditions
with little facilitated Qg transport for both HbV and
RBC suspensions, only the O: affinity (Pso value)
would be the determining factor for the Oq release rate,
because the Pso values for HbVs and RBCs were the
same (28 Torr) in the present study. This speculation
has to be confirmed in a future study of HbVs and
RBCs with different Pso values.

Experiments of Page et al. (experiment A; Ref. 20)
and ours (experiment B) showed the enhancement of O
unloading by addition of acellular Hb solutions. How-
ever, there are some discrepancies between the two
groups. Experiment A showed that the addition of only
10 vol% of Hb solution to the RBC suspension en-
hanced Oz release, whereas in experiment B, signifi-
cant enhancement was observed with addition of 50
vol% of Hb solution, and enhancement was hardly
observed for addition of 10 vol% of Hb solution. Fur-
thermore, the reduction of So, in experiment A was
much faster than in experiment B despite the identical
Hb concentration (10 g/dD) and similar tube diameter
(25 p.m). For example, the 60% Soz level of RBCs was
attained after 100 s and 100 mm of traveling in exper-
iment B, whereas the same Sog level was attained after
<0.2 s and only 4 mm of traveling distance in experi-
ment A; the flow velocity was much faster in experiment
A (~30 mum/s) than in experiment B (1.0 mm/s).

H2549

These differences between experimenis A and B may
be explained as follows. 1) Op permeability of microflow
channels: the silicone tube has a higher O; perme-
ability [~1,000-6,000 X cm®@STP)cm ?-¢cm gt
mmHg ! X 10'°] compared with the fluorinated ethyl-
enepropylene copolymer tube [59 X cm®STP):cm™2-
cm~tes™l-mmHg™! X 10'°) used in experiment B. Thus
the silicone tube extracts Og from the RBC suspension
very rapidly by exposure to the deoxygenated environ-
ment. 2) Temperature: experiment A was conducted at
37°C, whereas experiment B was performed at 25°C.
The higher temperature results not only in a higher
Pso value (22) but also in more facilitation of the
process of Og unloading in experiment A. 3) Flow veloc-
ity: measurements in experiment B were carried out
when the RBC flow and oxygenation attained steady
state at a flow velocity of 1 mm/s. However, the mea-
sured So; of the flowing RBCs at an observation point
showed the RBCs to be in the process of Oz unloading.
In this condition, the measured Sos would be higher
than in the RBC-Oz equilibrium state. The O, distri-
bution in the tube has a parabolic shape; therefore, Og
is transferred from the centerline toward the wall of
the tube. Such an O gradient in the tube may be more
prominent at a higher flow velocity and with higher O,
permeability of the tube as in experiment A, as there
would be less time for O unloading, Conversely, the
thicker marginal RBC-free layer formed at the faster
flow velocity may make the Hb-induced facilitation of
Oy release more evident. 4) Measurement of Soz: in
experiment B, S0z was measured on a 5-pum-diameter
spot over the centerline of the narrow tube in which O¢
was retained for a longer traveling distance, whereas
in experiment A, the So; was measured for the entire
section of the flow channel. However, we confirmed
that the Soy at the center was not significantly differ-
ent from that at a point a half-radius distance from the
center after 100 mm of travel. In relation to the wave-
length for the spectroscopy, the measurement in the
Soret band (400-450 nm) in experiment A was remark-
ably influenced by the light scattering of the RBCs. On
the other hand, the measurement in the @ band with a
longer wavelength in experiment B was less influenced
by the light scattering. These differences in spectros-
copy do not seem to provide any quantitative differ-
ences in the Oy release rate. In conclusion, the quan-
titative difference between O release in experimenis A
and B is mainly due to the difference in the Og perme-
ability of the flow channels and partly due to the
differences in temperature and flow velocity.

It has been suggested that faster Oz unloading from
the HBOGCs is advantageous for tissue oxygenation
(20). However, this concept is controversial with regard
to the recent findings, because an excess Oy supply
would cause autoregulatory vasoconstriction and mi-
crocirculatory disorders (1, 23, 41). We confirmed that
HbVs do not induce vasoconstriction and hypertension.
This is not only owing to the reduced inactivation of
nitric oxide as an endothelium-derived vasorelaxation
factor (24) but also possibly due to the moderate Oy
release rate that is similar to RBCs as confirmed in this
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study. Very recently, Exmi et al. (9, 12) demonstrated
that HbVs suspended in dextran effectively oxygenated
ischemic collaterized tissue in skin flaps. This phenom-
enon should be explained by the functional character-
istics of HbVs; namely, HbV suspension continues to
retain Oy in upstream vessels and reaches the ischemic
tissue to release the O; (9, 12). In this regard, it is
expected that HbVs with a lower Pso value would show
much slower Oz unloading, which would be advanta-
geous for ischemic tissue oxygenation. Moreover, the
higher viscosity and the resulting higher perfusion
pressure (as shown in Fig. 3) would be beneficial to
increase the shear stress on the vascular wall for va-
sorelaxation and to homogeneously trangmit the pres-
sure to the microvascular network and thus supply
blood to whole capillaries (39). Our experimental re-
sults contribute importantly to the design and optimi-
zation of Qg carriers and suggest the possible utiliza-
tion of HbVs for new clinical indications other than
blood substitution.
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Hemoglobin (Hb) vesicles (particle diameter, ca. 250 nm) have been developed as Hb-based oxygen
carriers in which a purified Hb solution is encapsulated with a phospholipid bilayer membrane. The
oxidation of Hb to nonfunctional ferric Hb (metHb) was caused by reactive oxygen species, especially
hydrogen peroxide (H;0,), in vivo in addition to autoxidation. We focused on the enzymatic elimination
of Hz0; to suppress the metHb formation in the Hb vesicles. In this study, we coencapsulated catalase
with Hb within vesicles and studied the rate of metHb formation in vivo. The Hb vesicles containing
5.6 x 10" unit mL™! catalase decreased the rate of metHb formation by half in comparison with Hb
vesicles without catalase. We succeeded in prolonging the oxygen-carrying ability of the Hb vesicle in

vivo by the coencapsulation of catalase.

INTRODUCTION

Ferrous hemoglobin (Hb) reversibly binds oxygen
molecules to carry oxygen to terminal tissues and is
gradually autoxidized to nonfunctional ferric Hb (metHb).
In red blood cells, reduction systems such as NADH-
cytochrome bs, NADPH—flavin, glutathione, and ascorbic
acid reduce metHb to ferrous Hb, Superoxide dismutase
(SOD) and catalase exist in the cell to eliminate the
superoxide anion (O;™°) and hydrogen peroxide (H:0,),
respectively, and the percentage of metHb in red blood
cells is normally maintained at less than 1.0% (I, 2).

At present, several hemoglobin (Hb)-based oxygen
carriers, which have been developed as red blood cell
substitutes (3—5), are generally classified into two
types: one is the acellular-type modified Hb molecules
such as intramolecularly cross-linked Hb (6), recombinant
cross-linked Hb (7), intermolecularly polymerized Hb (8),
and poly(ethylene glycol} (PEG}-conjugated Hb (9. The
other is a cellular-type Hb such as Hb vesicles (10) or
liposome-encapsulated Hb (1/), in which Hb molecules
are encapsulated with a phospholipid bilayer membrane.
Some of the acellular-type Hb modifications have ad-
vanced to phase 111 clinical trials (12, 13). Though the
Hb vesicles have not yet been clinically studied, their
excellent oxygen-carrying ability and high safety have
been confirmed in vivo (10, 14~ 19).

When using Hb-based oxygen carriers, the oxidation
of ferrous Hb to metHb is an important issue (20).
Enzymes such as SOD and catalase, and enzymes in
metHb reduction systems have been used to limit the
metHb formation (21, 22). In the case of acellular Hb,
the rate of metHb formation in blood circulation was
suppressed compared with that in vitro, because metHb
was reduced by reductants contained in the plasma such
as ascorbic acid and glutathione. For example, about 40%
glutaraldehyde-polymerized bovine Hb was reported to
be oxidized to metHb at 72 h after a 90% exchange
transfusion in ovines, and no further increase in the
metHb percentage was observed (23. In the dextran-
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conjugated Hb, the metHb percentage was maintained
at 35%, 12 h after the 50% exchange transfusion in
guinea pigs (24). On the other hand, in the Hb vesicles,
the reductants in plasma are not available because of
their low membrane permeability. Among the reactive
oxygen species (ROS) such as nitric oxide (NO), O,™, and
H,0,, which are known to promote metHb formation,
H,0; can permeate through the bilayer membrane, and
a relatively large amount of H;O; such as 4-5 uM is
constantly generated in normal human plasma (25).
Therefore, we considered that such exogenous H>O»
should be a cause of the metHb formation in addition to
the autoxidation of Hb and endogenous H;0; generated
by the autoxidation of Hb in the Hb vesicles. Therefore,
the metHb formation of Hb vesicles was expected to be
suppressed by HzO; elimination.

Although the rate of metHb formation was actually
suppressed in vitro by the coencapsulation of catalase,
the rate was dramatically increased in vivo. This was
because catalase, which was purchased for laboratory
use, was contaminated with LPS, and the resulting
catalase-coencapsulated Hb vesicles were also highly
contaminated with LPS (> 10 EU mL™!). We considered
that the LPS would promote the rate of metHb formation
in vivo because the inflammatory reaction would produce
reactive oxygen species. In this study, we prepared the
Hb vesicles coencapsulating LPS-free catalase (below 0.1
EU mL~Y) and administered the Hb vesicle dispersion to
Wistar rats (20 mL kg™!) to study the suppression of the
rate of metHb formation by the coencapsulation of
catalase.

MATERIALS AND METHODS

1. Removal of Lipopolysaccharide (LPS) from
Catalase. A catalase solution (from bovine liver, Sigma,
St Louis, MO) was mixed with a 10% Triton X-114
solution (Pierce Chemical, Rockford, IL} and incubated
at 4 °C for 30 min. After the mixed solution was
incubated at 37 °C for 40 min to separate into two phases,
the aqueous phase containing catalase was centrifuged
at 5000 rpm for 20 min, and the catalase solution was
dialyzed against the water for injection at 4 °C for 24 h.
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The determination of LPS was carried out with limulus
assay (Limulus ES~II, Wako Pure Chemical, Osaka). The
catalase solution was mixed with the LAL reagent, and
the concentration of LPS was determined from the
gelation time (Toxinometer ET-201, Wako Pure Chemi-
cal). The catalase activity was measured from the de-
creasing rate of the absorbance at 240 nm when the
0.06% (v/v) H,0; solution (2.9 mL) was mixed with the
catalase solution (0.1 mlL) at 25 °C.

2. Preparation of Hb Vesicles Coencapsulating
Catalase (26—28). Hb was purified from outdated hu-
man red blood cells donated from Japanese Red Cross
Blood Center (27). After the hemolyzed solution was
separated from stromata, the ligand exchange of Hb from
Q. to carbon monoxide (CO) was carried out by CO gas
flowing. The proteins other than carbonylHb (HbCO)
were denatured by heat treatment (60 °C for 12 h) and
removed as precipitates. Pyridoxal 5-phosphate (PLP,
Sigma) as an allosteric effector was added to the HbCO
solution (36 g dL-1} at a 2.5:1 molar ratio of PLP to Hb,
and the catalase solution was added to it. Mixed lipid
[1,2-dipalmitoyl-sn-glycero-3-phosphatidylchorine (DPPC,
Nippon Fine Chemical, Osaka)/cholesterol (Nippon Fine
Chemical)/1,5-dipalmitoyl-L-glutamate- N-succinic acid
{DPEA, Nippon Fine Chemical)/1,2-distearoyl-sn-glycero-
3-phosphatidylethanolamine-N-PEG (PEG molecular
weight was 5000, Sunbright DSPE~50H, H-form, NOF
Co., Tokyo), 5/5/1/0.033 by molar ratio] powder was
dispersed with the HbCO solution, and the dispersion
was stirred at 10 °C for 12 h. The resulting dispersion of
multilamellar vesicles was extruded through the mem-
brane filters (FM series, pore size; 3.00, 0.80, 0.65, 0.45,
0.30, 0.22 um, Fuji Film Co., Tokyo) with a Remolino
(Millipore Co., Ltd., Bedford, MA). The Hb vesicles with
an average diameter of 250 nm were prepared after
extrusion through the membrane filter with 0.22 ym pore
size. After the separation of unencapsulated Hb by ultra-
centrifugation (10000g, 60 min), the precipitate of the Hb
vesicles was redispersed into saline. Finally, the Hb
concentration of the dispersion was adjusted to 10 g dL-1.
After Hb vesicles were solubilized with Triton X, the
concentration of Hb was determined by a cyanometHb
method. In this study, [catalase]rq wWas defined as the
catalase concentration at the mixed solution of Hb and
catalase used in the preparation of the Hb vesicles.

The particle diameter of the Hb vesicles was measured
by a dynamic light scattering method (N4 PLUS, Beck-
man Coulter, Fullerton, CA).

3. Measurement of the Rate of metHb Formation
of the Hb Vesicle in Vive. Wistar rats (195-210 g)
were used in the experiments. They were anesthetized
with diethyl ether, and the Hb vesicle dispersion was
administered to the tail vein (20 mL kg™ !). The sample
was the Hb vesicles coencapsulating catalase (0—5.6 x
104 unit mL™Y). The blood withdrawn from the tail vein
was centrifuged (12000g, 5 min) to collect the Hb vesicles
in the upper phase of the precipitate. The metHb
percentage was calculated based on the intensity ratio
at 405 and 430 nm, which were identified as metHb and
deoxyHb, respectively, under the nitrogen condition.

RESULTS AND DISCUSSION

The catalase from bovine liver purchased for laboratory
use was contaminated with LPS and was not acceptable
for in vive administration. We tried to remove LPS from
the catalase solution using a nonionic detergent, Triton
X-114. A solution of Tritont X-114, which has a cloud point
at 20 °C, is homogeneous below this point and is
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separated into an aqueous phase and a detergent phase
above that point (29). LPS is highly lipophilic and is
transferred from an aqueous phase containing catalase
into the organic phase of Triton X-114. We mixed a
catalase solution (2.5 x 10? unit mL~!) with a Triton
X-114 solution {10%, v&) at 4 °C and separated the mixed
solution into two phases at 37 °C to collect the aqueous
phase containing catalase. The LPS concentration of the
resulting catalase solution was reduced to 0.0038 EU
mL~! from > 10 EU mL~! without significant dilution. We
coencapsulated this purified catalase with Hb in the
vesicles.

We then examined the stability of the catalase activity
in a solution state at 37 °C. The catalase activities after
incubation for 24, 48, and 56 h were 82, 82, and 81%,
respectively. The constant activity of around 80% at 37
°C for more than 56 h indicate that the catalase should
be tolerable during the in vivo study because the circula-
tion half-life of the Hb vesicles was around 24 h in rats
(20 mL kg™1).

The particle diameter of the Hb vesicles was 251 + 80
nm, and the oxygen affinity (Pso) was 30 Torr. For all
the Hb vesicles used in this study, oxyHb and metHb
were more than 97% and less than 3%, respectively.
Neither HbCO nor ferrylHb was detected. After the
catalase-coencapsulated Hb vesicles were dissolved by the
addition of Triton X, the resulting solution was analyzed
by electrophoresis (IEF-PAGE). From the band of cata-
lase, it was confirmed that the catalase was exactly
coencapsulated in the Hb vesicles. We tried to measure
the catalase activity of the Hb vesicles, however, due to
the catalase-like activity of Hb, this activity could not
be determined. Therefore, [catalase]sq was defined as the
catalase concentration at the mixed solution of Hb and
catalase in the preparation process.

The LPS concentration in the resulting Hb vesicle
dispersion ([Hb] = 10 g dL-!) was below 0.1 EU mL-!,
which was measured by limulus assay after the solu-
bilization of the Hb vesicles with poly(ethylene glycol)
10-lauryl ether (30).

We studied the reactivity of the Hb vesicles against
ROS (0, * and H;0y). The rate of O, produced in a 106
uM hypoxanthine/0.32 unit mL ! xanthine oxidase sys-
temwas 0.9 uM s}, which was determined by cytochrome
¢ (31). Catalase was also added to this system to
eliminate H;O, from the immediate dismutation of O,
(k= 8.5 x 10° M~! s7). As shown in Figure la, for the
Hb solution, the peaks at 542 and 577 nm, identified as
oxyHb, were gradually converted to the peak at 630 nm,
identified as metHb, indicating that Hb underwent a one-
electron oxidation to metHb by O;™*. On the other hand,
in the Hb vesicle dispersion, the UV—vis spectrum, where
a large decline in the baseline from the lower wavelength
typically shows the turbidity of the vesicles, did not
change at all as shown in Figure 1b. This indicated that
O, could not permeate through the bilayer membrane
due to the electrostatic repulsion from the negatively
charged membrane (Figure 1c). Therefore, if the exog-
enous O;° would attack the Hb vesicles, it should have
little influence on the metHb formation.

Next, we analyzed the reaction of H;O, with the Hb
vesicles as shown in Figure 2a ([heme] = 12 uM, [Hz0,]
= 120 uM); oxyHb was converted to metHb via ferrylHb
as an intermediate. In our previous report (/9), H.O;
permeated through the bilayer membrane, and Hb in the
vesicles reacted with H;O, in a catalase-like reaction to
produce metHb or ferrylHb (FelV==0) in the presence of
excess H;O;. In the case of the Hb vesicles coencapsu-
lating catalase ([catalase] = 4.2 x 104 unit mL", Figure



