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MATERIALS AND METHODS

Preparation of HbVs. HbVs with different Psos were prepared
under sterile conditions as previously reported (32, 34, 37). Hb was
purified from outdated donated human blood provided by the Japanese
Red Cross Society (Tokyo, Japan). HbVs with a Psp = 29 mmHg
(HbV,y) was prepared by adding the allosteric effector pyridoxal
5'-phosphate (PLP; 14.7 mM, Sigma Chemical: St. Louis, MO) to Hb
(38 g/dl) at a molar ratio of PLP to Hb = 2.5. HbVs with a Psg = 8
mmHg (HbVsg) were prepared by adding no allosteric effector to the
Hb solution. The Hb solution was encapsulaled within vesicles com-
posed of Presome PPG-! [a mixture of 1,2-dipalmitoyl-sn-glycero-3-
phosphatidylcholine, cholesterol, and 1,5-di-O-octadecyl-N-succinyl-
L-glutamate at a molar ratio of 5:5:1 (Nippon Fine Chemicals; Osaka.
Japam)]. and the particle size of HbVs was regulated by an extrusion
method. The surface of the HbVs was modified with polyethylene
glycol (molecular mass: 5 kDa, 0.3 mol% of the lipids in the outer
surface of vesicles) using 1.2-distearoyl-sn-glycero-3-phosphati-
dylethanolamine-N-polyethylene glycol (Sunbright DSPE-50H, H-
form, NOF; Tokyo, Japan). HbVs were suspended in a physiological
salt solution and sterilized with filters (Dismic, Toyo Roshi; Tokyo,
Japan; pore size: 0.45 pm) and deoxygenated with N1 bubbling for
storage. The endotoxin content was measured with a modified Limu-
lus amebocyte lysate assay, and the level was less than 0.2 EU/ml
(27). The O, equilibrium curves (OECs) of HbVao and HbVy were
obtained by a Hemox Analyzer (TCS-Medical Products; Philadelphia,
PA), as shown in Fig. 1. The physicochemical parameters of the HbVs
are listed in Table 1.

Animal inodel and preparation. Experiments were carried out in 12
male Syrian golden hamsters (59 = 12 g body wt, Charles Rivers,
Worcester, MA). The dorsal skinfold consisting of two layers of skin
and muscle was fitted with two titanium frames with a 15-min circular
opening and surgically installed under intraperitoneal pentobarbital
sodium anesthesia (—~50 mg/kg body wt. Abbott Laboratory; North
Chicago, TL). After the hair on the back skin of the hamster was
removed, layers of skin muscle were separated from the subcutane-
ous tissue and removed until a thin monolayer of muscle including
the small artery and vein and one layer ol intact skin remained. A
coverglass (diameter 12 mm) held by one frame covered the ex-
posed tissue allowing intravital observation of the microcirculation
(20. 22. 25).

Polyethylene (PE) tubes (PE-10, Becton-Dickinson; Parsippany,
NJ: ~1 cm) were connected to PE-50 tubing (~25 cm) via silicone
elastomer medical tubes (~—4 cm. Technical Products; Decatur, GA)
and were implanted in the jugular vein and the carotid artery. They
were passed from the ventral to the dorsal side of the neck and
exteriorized through the skin at the base of the chamber. Patency of
the catheters was ensured by filling them with heparinized saline (40
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Fig. 1. Oxygen equilibrium curves (OECs) of Hb vesicles (HbVs) at a Pos
where Hb is half-saturated (Psg) of 8 mmHg (HbVg) and 29 mmHg (HbVay)
measured with a Hemox Analyzer (TCS Medical Products) at 37°C compared
with hamster blood. RBC. red blood cells.
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Table 1. Phvsicochentical properties of HbVs and HbVg
compared with hamster blood

Parameters HbVsg HbVao Hamster Blood
Hb concentration, g/dl 10 10 14.8 = 0.5
Particle diameter. nm 250 * 64 247 + 44 5,000-7,000*
Pso. mmHg 8 29 28
Molar ratio of PLP to Hb 0 2.5
MetHb. % <3 <1
HbCO, % <2 <2

HbVy and HbV 39, Hb vesicles (HbVs) at 8- and 29-mmHg Po- at which Hb
is 50% saturated (Pso); PLP, pyridoxal 5'-phosphate. *Size of hamster red
blood cells (RBCs) (39).

1U/ml). Microvascular observations of the awake and unanesthetized
hamsters were performed 5 days after chamber implantation to miti-
gate the effects of surgery. The hamster was placed in a perforated
plastic tube from which the window chamber protruded to minimize
animal movement without impeding respiration. All animal studies
were approved by the Animal Care and Use Committee of University
of California-San Diego and performed according to the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals (Washington, DC: National Academy Press, 1996).

Infusion of HbVy and HbVs>y and occlusion of an arteriole. The
unanesthetized animal was placed in a perforated plastic tube and
stabilized under the microscope. Animals were suitable for the exper-
iments if systemic variables were within normal range, namely. heart
rate >340 beats/min, mean arterial pressure >80 mmHg, systemic
hematocrit >45%, and arterial Po, >50 mmHg, and microscopic
examination of the tissue in the chamber did not reveal signs of edema
or bleeding. Baseline measurements of microvascular parameters and
Po, (see below) were performed before the infusion of HbVy or
HbVy suspended in physiological saline solution into the venous line
at 7 ml/kg. Systemic blood volunie was estimated as 70 mi/kg. In our
previous reports of resuscitation from hemorrhagic shock or hemodi-
lution, HbVs were suspended in an albumin solution to regulate
colloid osmotic pressure (30. 33). However, in the present study, we
did not use albumin to minimize the hypervolemic effect. For the
same reason. the infusion amount was minimized to equal 10% blood
volume (7 ml/kg).

After we stabilized the condition and measured the systemic
parameters for 20 min, diameter and blood flow of the selected
arterioles were measured. Large feeding arterioles or small arcading
arterioles (diameter 53.0 = 6.6 wm) were selected for observation.
The arterioles were occluded by means of a glass micropipette whose
end was drawn into a long fiber by a pipette puller (Fig. 2). The fiber
was bent over a flame, and the knee of the bend was used to press on
the intact skin of the preparation mounted in an inverted microscope
that allowed observation of the opposite side, i.e., the intact micro-
circulation. Once an urteriole was selected for measurement, the
microoccluder is moved to the skin side, between the intact skin and
the optics of the substage illumination. The tip of the occluder was
placed near the center of the optical field of view of the microscope,
and the vessel was similarly placed using the stage micrometric
position control. This arrangement allowed for direct microscopic
observation of the occluded vessel and the stopped flow as shown in
Fig. 2. The duration of occlusion was 30 s.

Measurement of microhemodynamic parameters. Microvessels
were observed by transillumination with an inverted microscope
(IMT-2, Olympus; Tokyo. Japan). Microscopic images were video
recorded (Cohu 4815-2000: San Diego, CA) and transferred to a
television videocassette recorder (Sony Trinitron PVM-1271Q mon-
itor: Tokyo, Japan) and Panasonic AG-7355 video recorder (Tokyo.
Japan). Arterioles were classified according to their position within
the microvascular network according to the previously reported
scheme (33). Microvascular diameter and RBC velocity before occlu-
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Fig. 2. A: microscopic image of an occluded arteriole in the hamster window
chamber. The glass fiber lies across the arteriole. Scale bar = 100 pm. B:
schematic representation of occlusion of A showing the different tissue layers
of the skin (not to scale).

sion were analyzed on-line in the arterioles (14, 15). Vessel diameter
was measured with an image-shearing system (Digital Video Tmage
Shearing Monitor 908, I.P.M.; San Diego. CA), whereas RBC veloc-
ity was analyzed by photodiodes and the cross-correlation technique
(Velocity Tracker Mod-102 B, 1.P.M.). The blood flow rate (Q) was
calculated using the following equation:

Q = (RBC velocity/R,)} X (diameter/2)” N

where R, = 1.6 and is the ratio of the centerline velocity to average
blood velocity according to data from glass tubes (20).

Palladium-porphyrin bound to bovine albumin solution (7.6 wt%,
0.1 ml) was injected intravenously 20 min before the infusion of
HbVs. Arteriolar blood Po, was noninvasively determined by mea-
suring the rate of decay of phosphorescence emitted by the metallo-
porphyrin complex after pulsed light excitation, which is a function of
the local O, concentration (17, 40. 44). The relationship between
phosphorescence lifetime and Po, is given by the following Stern-
Volmer equation:

TST =1+ kg X 1, X POy (2)

where 7, and T are the phosphorescence lifetimes in the absence of
molecular O, and at a given Poy, respectively, and kq is the quenching
constant, with both factors being pH and temperature dependent.
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Light was gathered from an optical window of 20 X 5 pm placed
longitudinally along the blood vessels. Measurements in the blood
compartment were made every second using a single flash.

The Po, decay curves induced by the occlusion were obtained
before the infusion of HbVs and 20 min after the infusion of HbVs.
The Sag, of HbVs at every Po, were obtained from the OECs (Fig. 1).
and the total O; content in blood (ml O, in 1 dl blood) can be
estimated using the following equation:

[Sao,(RBC) + 0.0667 X Sag,(HbV)]
100

O, content = 23.6 X

(3
Po,
+ 242 X o
713

In this calculation, we used 15 g/dl as the average Hb conceniration in
arterial blood (14.8 = 0.5 g/dl, heme concentration 9.3 mM), which
was measured with a handheld photometer (B-Hemoglobin Photom-
eter, Hemocue). One hundred milliliters of blood contain 23.6 ml O,
bound to Hb when Sacp, is 100% (volume of an ideal gas at 37°C)
according to Boyle-Charle’s gas law, PV = nRT. where P (in atm) is
atmospheric pressure, V (in liters) is gas volume, # is mole number,
R is the gas constant (0.082 atm+1-K~'-mol~!), and T is absolute
temperature [23.6 (ml) = 9.3 X 10~ (mol) X 0.082 X (273 + 37) X
1,000}. The physically dissolved O, content at [ atm O, (713 mmHg
after subtracting the vapor pressure of water = 47 mmHg) at 37°C
was calculated to be 2.42 mi in 100 m! water. Sap,(RBC) and
Sap,(HbV) are Sag,s of RBCs and HbVs. respectively, at each
arteriolar Po, during the experiments.

HbVs were suspended in physiological saline solution ({Hb] = 10
g/dl); therefore, their infusion lowered colloid osmotic pressure,
causing the extravasation of plasma fluid. To account for this, we
carried out our measurements 20 min after HbV infusion and assumed
that this interval was sufficient for normalizing blood volume through
the release of extra fluid to the interstitium, thus increasing plasma Hb
concentration by 6.7%.

Data analysis. Data are given as means = SD for the indicated
number of animals. Data were analyzed using ANOVA followed by
Fisher's protected least-significant difference test between groups
according to the previous studies. Student’s t-test was used for
comparisons within each group. All statistics were calculated using
GraphPad Prism 4.01 (Graph Pad Software; San Diego. CA). Changes
were considered statistically significant if P < 0.05.

RESULTS

Hemodynamic properties of arterioles. The profiles of the
selected arterioles, diameters, centerline RBC velocities. blood
flow rates, and intra-arteriolar Po, values before and after
infusion of HbVs are listed in Table 2. There was no significant
difference between the groups. The O, content in blood attrib-
uted to hamster RBCs and physically dissolved O at the
observed arteriolar Po, was estimated as 18.61 = 1.23 ml O,/dl
blood according to Eq. 3. After the infusion of HbVy and
HbVag. the O, content increased to 20.30 = 1.18 and 20.17 =
1.54 ml Oy/dl blood, respectively, due to the O» bound to
HbVs. The contributions of HbVy and HbVa to whole Oa
content were 1.51 = 0.01 and 1.25 % 0.07 m1 O/d] blood,
respectively. The HbVy group showed higher O, content than
the HbV39 group due to the higher Sap,(HbVs), which was
95.9 + 0.6% compared with the Sag,(HbVa9) of 79.6 = 4.7%.

Changes in Po; in arterioles after occlusion in the presence
of HbVs. Arteriolar Po, before occlusion was about 50-52
mmHg in average for all groups and started to decrease
significantly immediately after occlusion, as shown in Fig. 3.
In all groups, Po; fell to about 10 and 5 mmHg after 10- and
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Table 2. Profiles of arterioles for occlusion before
and after infusion of HbVs

After HbV Infusion

Before
Parameters Infusion HbVy HbVae
Arteriolar diameler. pm 53.0£6.6 56.2+6.8 55.8£6.9
Centerline flow velocity, mm/s 3.1%£0.5 34207 3.5+0.5
Blood flow rate. nl/s 6.8x1.6 8.7x3.1 8.5x2.1
Arteriolar Po2. mmHg 50.7x4.7 51448 52.1+£53
Sao.(RBC), % 78.1£5.1 76.0+7.7 77.9+6.5
Sao,(HbV). % 95.9+0.01 79.6x4.7

O- content in whole blood,
ml O-/dl blood

O content in HbV, ml Ox/dl
blood

18.61+1.23 20.30x1.18% 20.17x1.54*

1.5120.01 1.25%0.07

Values are means * SD. Arteriolar Po,, Oz saturation (Sap,) and Os
contents were obtained during 6 s before occlusion. *P < (.05 vs. before
infusion: 12 < 0.05 vs. RBCs and HbVzy.

30-s occlusion. respectively. When the Po, values were ex-
pressed as relative to the baseline values (before occlusion),
infusion of HbVj tended to show a slower rate of reduction of
Pos compared with the infusion of HbVay and without infusion
(Fig. 4). There was a significant difference between the HbVy
infusion and before infusion groups only at 7 s (P = 0.035).
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Fig. 3. Time course of Poz in the blood of an occluded arteriole (diameter,
53.0 £ 6.6 pwm) before and after infusion of 7 ml/kg HbVy or HbVyy into
hamsters. Measurements were made in blood at a distance of 50 pwm from the
point of occlusion. Most vessels equilibrate to intravascuolar partial pressure in
the range of 4—6 mmHg about 15-20 s after occlusion.
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Fig. 4. Changes in Poa relative to before occlusion. The data in Fig. 3 were
averaged. Baseline values before occlusion were obtained as the average of 6
values before occlusion and fixed as 1.0. There was a significant difference
between the HbVg infusion and before infusion groups only at 7 s (P = 0.035).

Sae,(RBC) and Sap,(HbV) at every arteriolar Po, value can
be estimated using the OECs in Fig. 1 assuming that the
conditions in the arteriole (such as temperature and pH) do not
change significantly from the normal condition (37°C, pH 7.4).
Figure 5A shows the changes in the whole arteriolar O, content
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Fig. 5. A: time course of the arteriolar O, content in whole blood of an
occluded arteriole before and after infusion of 7 ml/kg HbVg or HbV2e into
hamsters. The Oz contents were calculated using Eg. 2 and the data of OECs
(Fig. 1) and P02 changes (Fig. 3). B: time course of the O; content derived from
HbVs in the blood. The contributions of HbVs are derived from the data in A
and magnified in scale. C: rate of O- loss dO»/dt from HbVs. The graphs in B
were differentiated and plotted.

AJP-Heart Circ Plysiol « VOL 288 » JUNE 2005 « www.ajpheart.org

G002 ‘sz Aeiy Uo Bio-ABojoisAud uesydle wWoil pepeojumo




during the occlusion. Immediately after occlusion, the Op
content decreased rapidly. The HbVg group showed a slower
rate of reduction compared with the HbV,9 group and the
group before HbV infusion. To demonstrate the contribution of
HbVs clearly, only the O, content of HbVs is shown in Fig. 5B.
HbVy showed a very slow rate of O, release. After 30 s of
occlusion, the arteriolar Pox decreased to 5.2 = 0.7 mmHg.
However, Sao,(HbVg) was 26.1 = 7.3% and did not reach
steady state but continued O» release. HbVq9 showed almost no
change after 15 s, and Say,(HbVay) was 7.4 £ 1.0% after 30 s.
Figare 5C shows the rate of O loss from HbVs obtained by the
differentiation of the graphs in Fig. 5B. HbVyy showed the
fastest O, loss with the maximum of 0.18 ml O,/dl blood sec
after only 2 s of occlusion and did not supply O, after 17 s, On
the other hand, HbVyg showed a moderate O- loss and showed
the maximum of 0.08 ml O,/d] blood after 10 s of occlusion
and continued to release O, until 30 s.

Figure 6 shows the fraction of O» in blood originating from
HbVs. Before occlusion of the arterioles, the fractions of HbVy
and HbVyo are very small and similar because of the small
dosage compared with the originally present RBCs. However,
after occlusion, the fraction of O, from HbVy increased sig-
nificantly and was about 0.55 after 10 s. This indicated that
HbVyg, and not RBCs, was the main source of the O, carrier
when Po, attained very low values.

DISCUSSION

The principal finding of this study is that HbVg (Pso = 8
mimHg) with a high O affinity (low Psp) releases Oz at a
slower rate than does HbV,y in occluded arterioles of the
hamster dorsal skinfold model. Furthermore, we found that
HbVyg. and not HbVao. is the main O- source in ischemic
conditions.

The immediate occlusion of blood flow in the arterioles
caused a rapid reduction of O content. Similar phenomena
have been observed by Richmond et al. (23) in rat spinotrape-
zius muscle tissue. There is substantial evidence that the
arteriolar wall is a significant O sink, consuming O- at a rate
that is much greater than most tissues (9, 35, 42), which
explains in part the significant and rapid drop of Po, found in
our study. In our experiments, only one arteriole was occluded
at a time in the intact subcutaneous tissue, and arteriolar Po»
decreased to about S mmHg, which was higher than the critical
Po; (2.9 = 0.5 mmHg) in the rat spinotrapezius muscle tissue
(23). Although the O- supply was significantly reduced, diffu-
sion of O, from the other surrounding arterioles, venules, and
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Fig. 6. Time course of the fraction of O2 content from HbVs in whole blood.
The extended time of occlusion induced hypoxic conditions and the fraction of
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capillaries near the occlusion should contribute to maintaining
tissue Po, at a higher value than in the study of Richmond et
al. (23), where the supply of blood to the tissue was stopped
altogether. Sap,(HbVy) at 5 mmHg is estimated to be about
26% according to the OECs (Fig. 1). which is higher than that
for HbVs9 (6%) and RBCs (2%): thus HbVy remains a source
of O for a longer period in a prolonged occlusion, because the
fraction of O; from HbVy was 0.5 or higher, overwhelming the
contribution from RBCs, as shown in Fig. 6.

A limitation of our experimental method is that Sao, is
estimated under the assumption that conditions in the target
arteriole are identical to that of the OEC measurement; how-
ever, the O, affinity of Hb changes as a function of tempera-
ture, pH, electrolyte concentration, and CO, content. Local
ischemic conditions caused by the occlusion could affect pH
and increase CO, tension, resulting in a slight decrease in the
O, affinity (increased Psg); however, it is unlikely that this
would introduce a significant error in the measurement of O2
release considering the short duration of the occlusion (30 s).

We have previously demonslrated using an artificial narrow
polymer tube (inner diameter: 28 pm) surrounded by a sodium
dithionate solution to consume O, that a Hb solution under
continuous flow conditions (1 mm/s) facilitates O, release
when mixed with RBCs. Conversely, HbV did not show this
phenomenon (31). This difference is due to the small size of
0O,-bound acellular Hb molecules, which diffuse and therefore
contribute to the facilitated O, transport (21. 31), whereas
HbVs (diameter, about 250 nm) are too large to show sufficient
diffusion for the facilitated O, transport. In these conditions.
O, affinity (Pso) becomes the determining factor for the rate of
O> release and transport to the vessels wall. Thus. in our
present results, the presence of HbVs did not facilitate the
reduction of Po, or O, content but retarded the reduction of Po,
and O, content.,

Our experimental model is designed to characterize the O»
release behavior of blood from an occluded microvessel and
does not directly related to clinical ischemic conditions be-
cause the occlusion of the small arteriole for 30 s does not
induce fissue ischemia other than the transient event in the
proximity of the microvessel. However, our data suggest that
HbVy could be a significant source of O, in an ischemic
condition with significantly lowered tissue Po,. Because of the
small dosage of HbVg (7 ml/kg), the Oa content in the blood
after occlusion (5 ml O,/d] blood at 5 s) is significantly smaller
than the baseline value (20 ml O2/dl blood at 0 s). To enhance
the contribution of HbVs, a larger dosage and sustained blood
flow would be required. Contaldo et al. (7) recently demon-
strated that inducing hemodilution using up to 50% blood
exchange with HbV (Psy = 15 mmHg) suspended in dextran
effectively oxygenated ischemic collaterized tissue in skin
flaps. This phenomenon could be explained by low Psg HbVs
retaining O, in the upstream vessels and delivering it to the
ischemic tissue via collateral arterioles, even when these may
have significantly slower blood flow. It has been proposed that
small-sized HBOCs oxygenate ischemic tissue by being able to
pass through constricted or partially occluded vessels that do
not allow the passage of RBCs; however, the results from
Contaldo et al. (17) as well as those from our experimental
nmodel do not serve to support this concept, because arterioles
were completely ligated or occluded. It should be noted.
however, that an advantage of small HBOCs, including HbVs,
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is that they are homogeneously dispersed in the plasma phase
and therefore can deliver O, more homogeneously to the
periphery than RBCs because microvascular hematocrit is
heterogeneous particularly in pathological states. In such con-
ditions. HbVs with a higher O affinity should show a slower
05 unloading that would be effective for oxygenating ischemic
tissues.

In conclusion, HbVs provide the unique feature of allowing
for the regulation of Psy by modulating the amount of coen-
capsulated PLP (33, 45). Recent studies showed the effective-
ness of HBOCs with a lower Psq (higher O affinity) as a means
ol implementing Oa delivery targeted to ischemic tissue (2, 3.
41, 43). Thus this experimental method provides data useful for
the design and optimization of O, carriers and suggests the
possible utilization of HbVs for therapeutic approaches aimed
at remedying ischemic conditions.
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Plock, Jan A., Claudio Contaldo, Hiromi Sakai, Eishun
Tsuchida, Michael Leunig, Andrej Banic, Michael D, Menger,
and Dominique Erni. Is hemoglobin in hemoglobin vesicles infused
for isovolemic hemodilution necessary to improve oxygenation in
critically ischemic hamster skin? Am J Physiol Heart Circ Physiol
289: H2624-H20631, 2005. First published August 5, 2005;
doi:10.1152/ajpheart.00308.2005.—The aim of this study was to test
the influence of hemoglobin, encapsulated in phospholipid vesicles as
an oxygen carrier, given in the course of isovolemic hemodilution to
improve oxygenation in critically ischemic hamster flap tissue. Cap-
illary hemodynamics and macromolecular lcakage were investigated
with intravital microscopy and analyzed off-line with the CapImage
software. Partial tissue oxygen tension was measured with fluores-
cence quenching electrodes. The occurrence of apoptosis was assessed
with the terminal deoxynucleotidyl transferase-mediated dUTP nick-
end labeling assay. Vesicles with (HbV) or without (V) encapsulated
Hb were suspended in 6% hydroxyethyl starch (HES) used for the
33% blood exchange. In the ischemic tissue, hentodilution led to an
increase in functional capillary density by 31% for HES (P < 0.01 vs.
other groups). 66% for V-HES. and 62% for HbV-HES (all P < 0.01
vs. control). Capillary diameters behaved inversely proportional to
capillary microhemodynamics. The 20% increase in macromolecular
leakage found over time in control animals was completely abolished
in the vesicles groups (P < 0.01) but not with HES. Oxygen tension
was improved from 10.7 to 16.0 mmHg after HbV-HES (P < 0.01 vs.
baseline and other groups). Compared with the other groups, apopto-
sis was significantly reduced after HbV-HES (P < 0.01). We con-
clude that the encapsulation of Hb was essential to attenuate hypoxia
and subsequent cell death in the critically ischemic tissue. However,
the effect was partly auributed to the rheological changes exerted by
the vesicles.

blood substitutes; capillary hemodynamics; hypoxia; capillary leak-
age; apoplosis

CRITICAL ISCHEMIA 1s characterized by a reduction of nutrient
blood flow, thus causing hypoxia that may eventually lead to
apoptosis and cell death. One of the most {requent etiologies of
critical ischemia is the acute peripheral arterial obstruction.
Oxygenation and survival of ischemic miyocardial (13, 24),
cerebral (23, 32), and peripheral (6) tissues could successfully
be improved after the infusion of solutions containing artificial
oxygen carriers, such as perfluorocarbons and chemically mod-
ified Hbs.

In recent studies (8, 12), we were able to demonstrate that
hypoxia in ischemic hamster flap tissue was attenuated by

isovolemic hemodilution with colloid solutions supplemented
with phospholipid vesicles containing isolated, purified human
Hb. The effect was ascribed to the combination of an improve-
ment of the impaired microcirculation and the presence of the
Hb vesicles (HbVs) (12), and it correlated with the degree of
blood exchange (8). However, it was not possible to outline the
extent to which either the rheological changes or the presence
of Hb contributed to this benefit. In other words, it could not be
excluded that similar success could have been achieved with
the use of phospholipid vesicles void of oxygen carriers, which
in turn would have a significant impact on their clinical
application, because the manufacturing of the vesicles could be
simplified and possible adverse effects related to the encapsu-
lated Hb could be avoided. Furthermore, it may be postulated
that the presence of cell-free Hbs may lead to arteriolar
vasoconstriction with (4, 26) or without (14) scavenging of
nitric oxide, which may further deteriorate microvascular per-
fusion and oxygen delivery in the ischemic tissue.

In this context, the viscosity of the diluent appears to play a
pivotal role. Because of the large size of the vesicles. the
viscosity of HbV solutions is manyfold higher than that of
hamster plasma (12, 26). Raising the viscosity in the plasma
phase of the circulating blood led to shear stress-induced. nitric
oxide-mediated arteriolar vasodilation (2, 9), which was made
responsible for increasing microcirculatory blood flow (2),
microvascular pressure (3), and functional capillary density
(FCD) (2, 3) in healthy tissue in hamsters. Furthermore, ac-
cording to the Stokes-Einstein equation, the diffusivity of
oxygen through the plasma is inversely proportional to its
viscosily, an effect that may contribute to the distribution of
oxygen release in favor of hypoxic tissues, in which oxygen
diffusion is ensured by the high gradient of partial oxygen
tension.

The hypothesis to be tested in this study was whether the
presence of Hb in the HbV is needed to obtain the previously
reported benefit of isovolemic hemodilution with HbV on the
oxygenation of the ischemic hamster flap tissue (8, 12) or
whether similar effects could be obtained with a suspension of
vesicles void of Hb due to their viscosity-related effect on arte-
riolar and capillary hemodynamics and on tissue oxygenation.

MATERIALS AND METHODS

Experiments were performed according to the National Institutes of
Health guidelines for the care and use of laboratory animals and with
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the approval of the local Animal Ethics Committee. Forty-eight male
Syrian golden hamsters weighing 65-85 g were used in this study.
The animals were randomly assigned to the control group or to one of
three groups subjected to normovolemic hemodilution with 6% hy-
droxyethyl starch 200-0.5 (HES: Fresenius. Stans, Switzerland) or
vesicles with or without encapsulated Hb suspended in hydroxyethyl
starch (HbV-HES and V-HES, respectively).

Animal and flap preparaiion. A hamster skin flap model was used
as previously described in detail (7, 8, 10-12). Anesthesia was
induced by pentobarbital sodium (Nembutal) injected intraperitone-
ally (100 mg/kg body wt: Abbolt Laboratories, Chicago. IL). The
carotid artery and external jugular vein were cannulated for adminis-
tration of anesthesia, blood exchange, laboratory analysis, and mon-
itoring arterial blood pressure (Type514: Spacelabs, Hillsboro, OR).
Catheterization and flap dissection were performed with the aid of an
operating microscope at X 10 magnification (Wild; Heerbrugg, Swit-
zerland). An island flap measuring 3 X 2 cm was dissected from the
shaved and epilated back skin of the animal. The flap consisted of skin
and a thin layer of panniculus carnosus muscle, and it was perfused by
one vascular axis, which bifurcates into two equal-sized branches
within the flap, each of them supplying a separate vascular territory.
One of the branches was transected after being secured with micro-
surgical ligatures, thus rendering the corresponding vascular territory
ischemic. This tissue was merely perfused by a collateral vasculature
connecting the two vascular networks. During surgery, the flap was
irrigated with 0.9% NaCl solution to prevent the flap from drying out.
The animal was placed on a specially designed Plexiglas stage
including a platform for fixation of the flap. During surgery, 4 mg
papaverine hydrochloride (Sigma Chemical, St. Louis, MO) dissolved
in 1 il physiological salinc solution were applied to the pedicle by a
soaked cotton tip to prevent vascular spasm.

Vesicle solutions. The vesicles were prepared as previously re-
ported (27, 28). They consisted of a phospholipid bilayer membrane
coated with polyethylene glycol encapsulating either physiological
saline solution (V) or isolated and purified human hemoglobin (HbV).
The sizes of V and HbV were 274 = 32 and 253 £ 63 nm,
respectively. The Hb concentration inside the HbV was ~35 g/dl. and
its Pso was 9 mmHg, which was calculated from the O» equilibrium
curve measured with a Hemox Analyzer (TCS Medical Products) at
37°C (33). The vesicles were suspended in a solution with a final HES
concentration of 6%.

Laboratory analysis. Blood samples were collected in 40-ul hep-
arin-washed microtubes for measurement of total Hb concentration
and arterial blood gases with the use of the Radiometer ABL 625
system (Radiometer; Copenhagen, Denmark). By validaling this sys-
tem, we have found that the vesicle-bound hemoglobin concentration
may be overestimated by maximally 10%, whereas the results were
not affected by the lipid concentrations present in our study. Hemat-
ocril was determined by centrifugation. The colloid osmotic pressure
of the diluents was measured with a colloid osmometer (tnodel 4420;
Wescor, Logan, UT) with a 30-kDa cutoff membrane. The viscosity
was measured with a cone-plate viscometer (PVII+; Brookfield
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Engineering, Middleboro, MA) or a capillary rheometer (Anton Parr
DCS 300; Parr Physica, Graz, Austria) at 37°C. Viscosities of blood
and plasma were measured 4 h after hemodilution with a Hoppler-type
viscosimeter (HAAKE Messtechnik, Karlsruhe, Germany). The phys-
icochemical characteristics of the solutions are summarized in Table
1. Oxygen content (ml/dl) in the carotid artery was calculated accord-
ing to the equation

[O.] = 1.34- {([Hbgpcl* Sosrpe) + (Hbupyd* Soay)} (1)

where 1.34 corresponds to the amount of oxygen (given in milliliters)
bound to 1 g of Hb at [100% saturation. So, is the fractional oxygen
saturation of red biood cells (RBCs) and HbV, which was derived
from Po, by using (he oxygen dissociation curves of the two hemo-
globins (29).

Microhemodynamic measurements. Investigations were performed
with the use of an intravital microscope (Axioplan 1: Zeiss, Jena,
Germany). Microscopic immages 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 television screen for subsequent off-line
analysis (Trinitron PYM-1454QM; Sony, Tokyo, Japan). The prepa-
ration was observed visually with a X40 objective with a numerical
aperture of 0.75, which resulted in a theoretical resolution of ~300
nm and a total optical magnification of X909 on the video monitor,
where 1 pixel corresponded to 264 nm in the tissue, The microvessels
were classified according to physiological and anatomical fealures
into conduit arterioles (connections to each other), end arterioles, and
small venules (10, 12). The vessels were chosen for examination
according to their optical clarity. The intraluminal microvascular
diameters were measured visually on the television screen with the
use of 2% fluorescein isothiocyanate-labeled dextran (FITC dextran,
molecular mass 150 kDa; Sigma Chemical, Buchs, Switzerland)
injected intra-arterially (0.05 ml), an excitation filter (485-505 nm), a
dichroic mirror (510 nm), and a barrier filter (530 nm). The capillary
hemodynamics and macromolecular leakage were assessed with a
computer-assisted image analysis system (CapImage; Zeint] Software,
Heidelberg, Germany) (17). Capillary diameters were obtained from
the averages of five consecutive measurements. Because the capillary
diameters measured with the present technique may possibly be
underestimated because of the use of fluorescence microscopy and the
optical properties of the microscope (22), the values were given in
percentages of the mean obtained in the anatomically perfused tissue
of the control group at baseline. FCD was defined as the length of
RBC-perfused capillaries per observation field and expressed in cen-
timeters per square centimeters. The product of RBC velocity and
FCD was taken as an index reflecting the perfusion of the tissue with
RBCs. The endothelial integrity was assessed by measuring macro-
molecular leakage (18). This was achieved by densitometric analysis
of the fluorescence of FITC dextran 10 min after its injection.
Macromolecular leakage was expressed by the ratio of fluorescence
obtained in the interstitial space versus capillary fluorescence.

Table 1. Physicochemical characteristics of hainster blood and diluents

Hamster Blood Hamster Plasma HES V-HES HbV-HES
[Hb], g/dl 18 0 0 0 7.5
[metHb], % <3
[Lipid], g/l 44 42
Oncotic pressure. mmHg 18 36 36 36
Viscosity of solution. cP 4.5 12 1.9 11.5 115
Plasma viscosity 4 h after exchange transfusion, cP 1.34 + 0.03 1.31 = 0.06 1.74 = 0.13% 1.67 + 0.12%

Values are means = SD. HES, 6% hydroxyethy] starch; V-HES and HbV-HES, vesicles with and without hemoglobin suspended in HES, respectively; [Hb],
hemoglobin concentration; [metHb), methemoglobin concentration. [Hb] was measured by a cyanomethemoglobin method, and [lipid] was measured with
enzymatic method with use of phospholipase D. Viscosity of solutions was measured at 37°C and at 150 s™1; plasma viscosily was measured at 25°C. *P <

0.01 vs. hamster plasma and HES.
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Tissue oxygen tension. Partial tissue oxygen tension was assessed
with combined bare fiber probes with a tip diameter of 450 pm
(Oxylite probes; Oxtord Optronix, Oxford. UK). The sensitive tip of
the oxygen probe (100-pm diameter) consists of ruthenium-I1-(Tris)-
chloride, which measures Poy by fluorescence quenching of the dye.
A T-type thermocouple was attached to the probe, which was coated
with a biocompatible sleeve of polyurethane. According to the man-
ufacturer, the bare fiber probe provides resolutions of <1 mmHg and
0.1°C for partial oxygen tension and temperature, respectively, and
the sampling arca of the oxygen sensors is 0.25-0.35 mm®. The
probes were inserted into the subcutaneous tissue in the middle of
each vascular terrilory vnder visual microscopic control. Care was
taken to place the probes in such a way that no arterioles or large
venules lay within the sampling area.

Tissue viability. The occurrence of apoptosis was assessed with the
transferase-mediated dUTP nick end-labeling (TUNEL) assay (In Situ
Cell Death Detection Kit, tetramethylrhodamine red; Roche Diagnos-
tics, Rotkrenz, Switzerland) (1). All steps were performed according
to the supplier’s instructions. Tissue samples were obtained from the
middle of each vascular territory. The samples were transferred to
gelatinized microslides and air-dried overnight at 37°C. The sections
were dewaxed in xylene (three changes). rehydraled in ethanol, and
rinsed in Tris-butfered saline [50 mM Tris*NaCl pH 7.4, containing
100 mM sodium chloride (two changes)], and then incubated in 20
pg/ml proteinase K for 15 min at room temperature. Endogenous
peroxidase activity was suppressed by treatment with 0.3% hydrogen
peroxide for 10 min. The sections were then incubated with terminal
deoxynucleotidyl transferase enzyme for 1 h at 37°C followed by
peroxidase-conjugated anti-digoxigenin antibody for 30 min at room
temperature. The reaction was visualized by diaminobenzidine sub-
strate for 8 min at room temperature. Thereafter, the sections were
washed three times with Tris-buffered saline. The labeled DNA
fragments were visualized by incubating the sections with tetrameth-
ylthodamine used as a fluorescence marker, and the sections were
examined with a fluorescence microscope (Leica DM/RB; Leica
Microsystems, Wetzlar, Germany). Data were given as the averages of
fluorescent cells counted in five randomiy selected visual fields (0.5 X
0.5 mm) for the dermis and epidermis separately. Sebaceous glands
and hair follicles were identified and excluded from the cell counts
because of their consistently high apoptosis rate.

Protocol. The animals were kept under light anesthesia with a
continuous infusion of 50 mg/ml pentobarbital sodium given at a rate
of ~0.5 mg-min~!-kg body wt™! throughout the experiment. The
depth of anesthesia was regulated by tolerance of a noxious reflex due
to pinching of the hind paw but no nonaversive reflexes (palpebral,
corneal, and jaw reflex) (10). A constant temperature in the animal
and flap preparation was maintained by means of a heating pad and by
keeping room temperature at 28°C.

Baseline values were obtained after a postoperative period of 1 h
had elapsed for stabilization. Thereafter, one-third of the total blood
volume was exchanged with HES or the vesicle solutions. This was
achieved by simultancous blood withdrawal via the carotid catheter
and infusion via the jugular catheter over 15 min. Measurements were
taken hourly until 4 h after hemodilution, and tissue samples for
immunohistochemical analysis were taken after 5 h.

Exclusion criteria were abnormalities of the vascular anatomy,
insufficient optical clarity, mean arterial pressure <60 mmHg, and
systemic arterial pH, Po,, and Pco, owside the normal ranges al
baseline (7.19-7.29, 35-55, and 45-65 mmHg, respectively).

The animals were euthanized with an overdose of pentobarbital
sodium at the end of the experiment.

Statistical analysis. The InStat version 3 program (Graph Pad
Software; San Diego. CA) was wtilized for statistical analysis. The
data were presented as means * SD. The time-related differences
between repeat measurements were assessed by the paired ANOVA,
followed by Dunnett’s posttest. The differences between groups were
assessed by the unpaired ANOVA, followed by Tukey’s posttest. If
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only two sets of data were to be compared, paired (repeat measure-
ments) and unpaired (differences between groups) i-tests were used. A
value of P < 0.05 was taken to represent statistical significance.

RESULTS

Six animals did not fulfill the inclusion criteria and were
excluded from this study, thus resulting in sample sizes of n =
11 for control, » = 11 for HES. # = 9 for V-HES, and n = 11
for HbV-HES.

The systemic data are summarized in Table 2. Similar
hematocrits were obtained in all hemodiluted animals. The
blood exchange reduced mean total Hb concentration to 10.4
and 10.1 g/dl for HES and V-HES, respectively, but only to
13.0 g/dl if HbV was added (P < 0.01 vs. other groups).
Hemodilution increased arterial Po, to mean values of 58-61
mmHg (P < 0.01 vs. baseline) and decreased Pco, to 4041
mmHg (P < 0.05 ), whereas pH remained virtually unchanged.
Compared with the control animals, plasma viscosity was
increased from 1.34 to ~1.7 cP after hemodilution with both
vesicle solutions (P < 0.01 vs. control) but not with HES
(Table 1).

Hemodilution resulted in an arterial oxygen conient decrease
from ~18 to 12.8 = 1.5 ml/d] for HES and 12.6 %= 1.3 mi/dl
for V-HES (bolh £ < 0.01) after 4 h, whereas this reduction of
oxygen-carrying capacity was significantly attenuated by add-
ing HbV to the diluent (15.7 = 1.2 ml/dl; P < 0.01 vs. baseline
and other groups) (Fig. 1).

Table 2. Systemic and laboratory data at baseline and 1 and
4 h after blood exchange

Baseline Lh 4 h
MAP. mmHg
Control 109x5 1048 1017
HES 105=8 1075 99+2
V-HES 1075 109+5 102+6
HbV-HES 105+5 1075 103£3
Hematocrit
Control 0.55+0.03  0.55+0.03 0.53x0.03
HES 0.57+0.03  0.33+£0.03"¢ 0.3320.03"¢
V-HES 0.57+0.02  0.32x0.02%  0.32%0.01b4
HbV-HES 0.56+0.02 0.33%20.02>¢  0.33+0.02n¢
Total Hb conceniration, g/dl
Control 18.0+1.1 18.0x14 17.2*1.1
HES 17.7x1.2 10.4+0.8>¢ 11.20.8P4
V-HES 17.8+1.3 10.1£0.30¢ 10.7+0.5Pd
HbV-HES 17.9*+0.9 13.0+0.4"¢ 13.2+£0.70<
Po2. mmHg
Control 433 44*6 49=+8
HES 42+5 5292 59120
V-HES 40*8 5248 61+ 15"
HbV-HES 44+6 5780< 58+10°
Pcoz, mimHg
Control 53%6 523 48+6
HES 52+4 48+5 41x70
V-HES 51%6 43+82¢ 40x112
HbV-HES 51x7 4382 41x6°
pH
Control 7.34+0.04 7.34%0.05 7.36*0.05
HES 7.35+0.05 7.39%0.05 7.39+0.07
V-HES 7.33+0.05 7.38%+0.06 7.37%0.08
HbV-HES 7.34+0.06  7.37+0.06 7.34+0.04

Values are means = SD. MAP, mean arterial pressure, *°P < 0,05 and °P <
0.01 vs. baseline; °P < 0.05 and 9P < 0.01 vs. control; °P < 0.01 vs. other
groups.
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Fig. 1. Oxygen content in carolid artery at baseline and 1 and 4 h after
bemodilution with 6% hydroxyethyl starch (HES) and vesicles with (HbV-
HES) and without (V-HES) Hb suspended in HES, including relative contri-
bution of red blood cells (RBCs) and HbV. Data are given as percentages of
baseline and represent means = SD. **P < 0.01 vs. baseline; ##P < 0.01 vs.
other groups.

At baseline, the microvascular diameters were 42 * 17 pun
for conduit arterioles, 10.6 * 3.5 um for end arterioles, and
88 = 14 pm for venules. In both flap areas and in all groups,
the diameters were similar at baseline and they remained
virtually unchanged throughout the experiments.

The behavior of the capillary hemodynamics in both parts of
the flap is shown in Fig. 2. At baseline, the capillaries in the
ischemic tissue were significantly wider than the anatomically
perfused capillaries (means of 3.31-3.33 vs. 2.79-2.82 pm:
P < 0.01). In the control group, the capillaries further dilated
over time in both the anatomically perfused and the ischemic
tissue by 25% and 9%, respectively (both P << 0.01). This
time-related dilation was significantly attenuated in all hemodi-
luted animals (£ << 0.01 vs. control), the most pronounced after
HbV-HES, which resulted in a reduction of capillary diameter
in the ischemic tissue to values close to baseline values
obtained in the anatomically perfused tissue (2.85 = 0.03 wm;
P < 0.01 vs. baseline and other groups). The induction of
ischemia reduced capillary RBC velocity by ~60% (P < 0.01).
Hemodilution increased RBC velocity by ~50% in the ana-
tomically perfused tissue and ~150% in the ischemic tissue
(both P < 0.01 vs. baseline and control) for all diluents,
whereas RBC velocity further declined in the ischemic tissue
of the control animals over time by 67% (P < 0.01). In the
ischemic tissue, baseline FCD was ~50% lower than in the
anatomically perfused tissue (P < 0.01). In the control group,
FCD decreased to 85% of baseline in the anatomically perfused
tissue and to 69% in the ischemic tissue over time (both P <
0.01), whereas hemodilution kept FCD at baseline levels in the
anatomically perfused tissue (P < 0.01 vs. control) and in-
creased FCD in the ischemic tissue by 31% after HES (P <
0.01 vs. other groups), 66% after V-HES, and 62% after
HbV-HES (all P < 0.01 vs. baseline). At baseline, the calcu-
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lated RBC perfusion index in the ischemic tissue was reduced
to ~20% of the value obtained in the anatomically perfused
tissue (P < 0.01), and it was further decreased in both tissues
of the control animals over time (P < 0.01). Hemodilution
raised the RBC perfusion index by ~50% in the anatomically
perfused tissue, independently of the diluent given (P < 0.01
vs. baseline and control), and by 186% after HES (P << 0.01 vs.
other groups), 330% after V-HES, and 316% after HbV-HES
in the ischemic tissue (all P << 0.01 vs. baseline and control;
P = not significant between vesicle groups).

The baseline macromolecular leakage was slightly increased
in the ischemic tissue compared with the anatomically perfused
part (not significant; Fig. 3). In the control and HES groups,
macromolecular leakage was increased by 20-30% in both
parts of the flap over time (P < 0.01 for anatomical; P < 0.05
for ischemic), whereas it remained virtually unchanged after
hemodilution with the vesicle solutions (P << 0.01 vs. control
and HES).

The baseline mean Po, ranged from 22.7 to 25.2 mmHg in
the anatomically perfused tissue and was significantly reduced
in the ischemic tissue to 10.2-10.8 mmHg (P < 0.01: Fig. 4).
The values remained at baseline levels in both parts of the flap
and in all groups except for HbV-HES, which led to a signif-
icant Po, increase to 16.0 = 1.8 mmHg in the ischemic tissue
(P < 0.01 vs. baseline and other groups).

A massive accumulation of TUNEL-positive nuclei was
observed in the ischemic tissue of untreated animals (Fig. 5).
Compared with the anatomically perfused tissue, a 2-fold
increase was counted in the dermis and a 1.5-fold increase in
the epidermis (Fig. 6; both P < 0.01), which were both partly
attenuated by diluting the animals with HES and V-HES (both
P < 0.01 vs. control) and completely abolished after HbV-
HES, which also revealed significantly lower counts in the
anatomically perfused tissue (P << 0.01 vs. other groups).

DISCUSSION

This study was designed to determine the relevance of Hb
supplemented as an oxygen carrier to a solution used for
isovolemic hemodilution with the scope of improving oxygen-
ation in critically ischemic tissue, as previously described (8,
12). This was made possible by direct comparison of the
oxygen-carrying solution with a solution void of oxygen car-
riers but with otherwise absolutely identical physicochemical
properties. a constellation that, to our knowledge. has not yet
been investigated. Our findings revealed that the presence of
Hb in the vesicles administered in the course of isovolemic
hemodilution was essential to significantly attenuate both hyp-
oxia and subsequent cell death in the critically ischemic tissue,
which were restored to values in the range of those found in the
anatomically perfused tissue.

However, some benefit in tissue survival could also be
obtained with the diluents void of oxygen carriers, which was
related to a substantial improvement in all capillary hemody-
namic parameters, and which was more pronounced in the
compromised microcirculation in the ischemic tissue. The level
of hemodilution we chose is considered to yield the maximal
RBC flux at the capillary level (20). However, compared with
HES. the improvement in capillary hemodynamics in the
ischemic tissue was further enhanced by adding vesicles to the
solution. which resulted in a significant increase in plasma
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Fig. 2. Capillary hemodynamics in anatomi-
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Fig. 3. Macromolecular leakage in anatomi-
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Fig. 4. Partial tissue oxygen tension (P©2) in an-
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line and 1 and 4 h after hemodilution with 6%
hydroxyethyl starch (HES), HbV-HES. and
V-HES. Data represent means + SD. #*P < 0.01
vs. baseline and other groups.
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viscosity. A dependency of FCD on plasma viscosity has been
described for conditions of severe hemodilution (2. 3, 33),
which has been ascribed to shear stress-induced, nitric oxide-
mediated arteriolar vasodilation being required to- maintain
capillary pressurization (2, 3, 9). However, during the moder-
ate hemodilution applied in the present study, no such arterio-
lar vasodilation could be observed. which calls for alternative
explanations not only for the behavior of FCD but also of
capillary RBC velocity and perfusion.

One interpretation may be found in the changes in macro-
molecular leakage. This parameter allows for a guantitative
assessment of capillary leakage, which is an ecarly sign of
inflammation appearing in the course of compromised micro-
circulation such as that due to trauma (31), hemorrhagic shock
(5). or ischemia-reperfusion injury (18), and which is paral-
leled by the activation of the leukocyte-endothelium interaction

Anatomical Control

Anatomical HbV-HES

particularly in the postcapillary venules. Leukocyte adherence,
being an early step in this cascade of events, may augment
resistance in this vascular segment considerably and thus
impair capillary hemodynamics in critically perfused tissues
(19). Compared with both the control group and the HES
group, macromolecular leakage was significantly reduced in
the animals receiving vesicles. Therefore, it may be postulated
that the beneficial effect of the vesicles on the capillary
hemodynamics was related to a reduction of postcapillary
resistance in lerms of blunting leukocyte adherence. The ca-
pability of leukocytes to adhere to the endothelial wall may be
diminished by increasing shear stress (21), which is propor-
tional to linear flow velocity and viscosity of the plasma and
inversely proportional to vascular diameter. Provided that our
data on plasma viscosity and capillary hemodynamics may be
extrapolated to the conditions in the ischemic postcapillary

Ischemic Control

Fig. 5. Transferase-mediated dUTP nick-
end labeling (TUNEL) assay of apoptotic
cells in anatomically perfused and ischemic
tissues 5 h after completion of surgery and
4 h after hemodilution with HbV-HES. Note
massive accumulation of red-labeled apop-
totic cells in both dermis (3¥) and epidermis
(arrows) of ischemic tissue and how apopto-
sis was reduced after hemodilution with
HbV-HES. Hair follicles and sebaceous
glands are shown (arrowheads).

Ischemic HbV-HES
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venules, hemodilution with the vesicle solutions would result
in a significant shear stress increase in these vessels compared
with baseline and HES, respectively. This mechanism may be
of a particular importance in case of ischemia-reperfusion
injury after reoxygenation of critically ischemic tissue (16),
which may, at least partly, have taken place in the animals
receiving HbVs, as evidenced by the improved partial tissue
oxygen tension.

In the present preparation, macromolecular leakage ap-
peared to be primarily related to the traumatization of the tissue
as a consequence of its surgical manipulation (7), because
similar values were obtained in both parts of the flap. However,
it is conceivable that the ischemic tissue is more susceptible to
changes in postcapillary resistance because of the diminished
driving pressure in the collateralized arterioles that are nour-
ished by connecting arlerioles, in which perfusion pressures
below 30 mmHg were measured, compared with ~45 mmHg
in the arterioles feeding the anatomically perfused vasculature
(3, 10). With regard to the postulated effect of the vesicles on
the postcapillary resistance, this would explain why the vesi-
cle-related improvement of capillary hemodynamics was re-
stricted to the ischemic tissue. Moreover, the vesicle-related
increase in capillary perfusion coincided with a decrease in
capillary diameters. Given the assumption that the perfusion
increase was caused by a reduction of upstream vascular
resistance, this would have led to capillary dilation as a vesult
of increased intraluminal capillary pressure (3), whereas in-
traluminal capillary pressure decreases if vascular resistance is
diminished on the postcapillary level. Therefore, the inversely
proportional behavior of capillary diameter and perfusion fur-
ther supports our assumption that the microhemodynamic ben-
efit obtained with the vesicle solutions was predominantly due
to its reduction of postcapillary resistance.

Although all capillary hemodynamic parameters in the is-
chemic tissue were restored to values close to baseline in the
anatomically perfused tissue in the V-HES group, this was not
sufficient to attenuate hypoxia or hypoxia-induced apoplosis.
This suggests that in this group, oxygen delivery to the ische-
imic tissue is reduced because of a lack of oxygen content in its
collateralized, arteriolar inflow, a condition that was presum-
ably circumvented by the presence of Hb in the vesicles
because of various reasons. First, the HbVs contribute to a total
Hb increase, thus resulting in an enhanced oxygen-carrying
capacity not only in terms of arterial oxygen content but also in
terms of additional capillary, HbV-related oxygen flow that is

not included in the index used to express capillary perfusion in
the present study. Second, the high oxygen affinity of the HbVs
may have attenuated the unloading of oxygen in the upstream
vasculature before reaching the collateralized arterioles, which
has been estimated to be as much as 40-50% of the systemic
arterial oxygen content (11, 30). This hypothesis is supported
by both experimental (15, 25, 30) and theoretical (34) studies,
which showed that oxygen delivery may be shifted to the
downstream direction if oxygen carriers with high oxygen
affinity were infused. Third, because of their small size, HbVs
may perfuse capillaries in the compromised microcirculation
that are no longer accessible by RBCs. Indeed, HbVs were
observed in capillaries showing a cessation of RBC flux (29).
which would virtually enhance the density of functional cap-
illaries. Moreover, the occurrence of apoptosis leads to a
reduction of oxygen consumption, thus raising partial tissue
oxygen tension, provided oxygen delivery remains unchanged.
Therefore, the partial tissue oxygen tension increase observed
after HhV-HES may underestimate the improvement in oxygen
delivery in comparison with the other groups.

In summary, on the basis of the unique constellation in
which a HbV solution was compared with a nonoxygen-
carrying vesicle solution with identical physicochemical prop-
erties, we conclude that the presence of Hb in the vesicles is
necessary to oblain an essential improvement of oxygenation
and survival in the critically ischemic flap tissue. However, the
benefit may, to a certain extent, be ascribed to the rheological
changes provided by the vesicles, presumably by reducing
postcapillary vascular resistance.
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Human Serum Albumin Bearing Covalently Attached Iron(II)
Porphyrins as Oz-Coordination Sites
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Tetrakis{(o,a,a,0-0-pivalamido)phenyl }porphinatoiron(II) with a bifunctional tail possessing an axially
coordinated imidazolyl group and a protein attachable succinimidyl(glutamyl) group (FeP-GluSu) has
been synthesized. It can efficiently react with the lysine residues of recombinant human serum albumin
(rHSA), giving a new albumin—heme conjugate [rHSA(FeP-Glu)]. MALDI-TOFMS showed a distinct
molecular ion peak at m/z 70 643, which indicates that three FeP-Glu molecules were covalently linked
to the rHSA scaffold. The binding number of FeP-Glu is approximately three (mol/mol) and independent
of the mixing ratio. The CD spectrum and Native PAGE revealed that the albumin structure remained
unaltered after the covalent bonding of the hemes. This rHSA(FeP-Glu) conjugate can bind and release
O, reversibly under physiological conditions (pH 7.3, 37 °C) in the same manner as hemoglobin and
myoglobin. The Og-adduct complex had a remarkably long lifetime (7y2: 5 h). The Og-binding affinity
[P1202 27 Torr] was identical to that of human red cells. Laser flash photolysis experiments gave the
Oq- and CO-association rate constants and suggested that there are two different geometries of the

imidazole binding to the central ion.

Human serum albumin (HSA), which is the major
plasma protein component in our bloodstream, has no
prosthetic group; however it nonspecifically captures
many endogenous and exogenous compounds by weak
interactions, e.g., H-bond, ionic attraction, and hydro-
phobic interaction, namely noncovalent bonds (1—3).
Synthetic heme, 2-[{8-N-(2-methylimidazolyl)octanoyl}-
oxylmethyl-5,10,15,20-tetrakis{(a,o,0,0-0-pivalamido)-
phenyllporphinatoiron(II) (FeP, Chart 1 a) is also incor-
porated into recombinant HSA (rHSA), and the obtained
albumin—heme (rHSA-FeP) hybrid can reversibly coor-
dinate Oy under physiological conditions (pH 7.3, 37 °C)
(4). This Og-carrying plasma hemoprotein could be of
medical importance as a blood replacement composition
(4e~g). Nevertheless, the major driving force of the heme-
binding to albumin is a hydrophobic interaction; there-
fore, its binding constants (10*-10% M~!) are not high
enough to maintain the heme concentration in the
circulatory system for a long period (4a). The administra-
tion of the albumin—heme hybrid solution into rats
demonstrated that the lifetimes of the heme was less
than 6 h (4e, 5). To immobilize the heme group to the
albumin scaffold more tightly and retain its Og-transport
efficacy, we have combined the Og-coordination site FeP
to the rHSA structure through a covalent bond. In this
communication, we report, for the first time, the synthe-
sis of a novel FeP analogue with a bifunctional branched-
tail including an axially coordinated imidazolyl group and
a protein-attachable succinimidyl(glutamyl) group (FeP-
GluSu, Chart 1 a), and the properties of the rHSA

* Corresponding author. Phone: +81 3-5286-3120. Fax: -+81-
3-3205-4740. E-mail: eishun@waseda.jp.

T Waseda University.

¥ Northwest Normal University.
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Chart 1. (a) 5,10,15,20-Tetrakis{(a,0,0,0-0-pivalamido)-
phenyl}porphinatoiron Derivatives with a Bifunctional
Tail Group. (b) Space-Filling Representation of the
Oxygenated FeP-GluSu by Insight II (see ref 11)

(b)

conjugate bearing covalently linked FeP-Glu as a new
Og-carrying hemoprotein.

As a functional side-chain of FeP, which directly makes
a covalent bond to THSA, we selected the succinimidyl
group, because it selectively reacts with the NH, group
of lysine in the range of pH 6.3—8.6 with high yield. The
branched tail that includes the imidazolyl and sucenim-
idyl groups via a glutamate junction was introduced into
the parent porphyrin 1 (6) as shown in Scheme 1 (7).

© 2005 American Chemical Society

Published on Web 11/12/2004



24 Bioconjugate Chem., Vol. 16, No. 1, 2005 Wang et al.

Scheme 1. Synthetic Scheme of FeP-GluSu

HO0
o OH
(Fmoc)HN" & Wg
—p= r o
oce oce
OH
TFA FeBr, o)
FeP-Glu ——2—» FeP-
CH,Cl, 2,6-luticine, THF Glu oce eP-GluSu

Table 1. CO-and O:-Binding Parameters of rHSA (FeP-Glu) Conjugate in Phosphate—Buffered Solution (pH 7.3) at 25 °C

1078 £, CO(M-1571) 1077 kgnOx(M~1571) 102 koi®2(s™1) PO« Torr)®
system fast slow fast slow fast slow
rHSA(FeP-Glu) conjugate 6.2 1.1 2.8 - 3.3 - 9(27)
rHSA-FeP hybrid® 4.7 0.66 3.2 1.0 7.2 2.2 13 (35)
Hb(T-state)os 0.22 - 0.29 - 1.8 - 40

@ At 37 °C in parenthesis. ® From ref 4c. ¢ From refs 13—15.

First, Fmoc-L-Glu(g-tert-butyl ester) was bound to the OH 66.400
group at the §-pyrrolic position of the porphyrin 1 by (HSA
DCC. After removal of the Fmoc protecting group with
piperidine, 8-N-(2-methylimidazolyl)octanoic acid was
reacted with the obtained compound 3 in CH,Cly, giving
the imidazolyl-tailed porphyrin (4). The tert-butyl group
was then removed by TFA, and the central iron insertion
was carried out by the general FeBr, method to afford
the iron-porphryin FeP-Glu. Finally, the reaction of
N-hydroxysuccinimide with DCC gave the FeP-GluSu. All
reactions can be performed at room temperature with
high yields. The analytical data of all compounds de-
scribed above were satisfactory obtained (7).
The FeP-Glu was converted to the ferrous complex by T T T T T

reduction in a heterogeneous two-phase system (toluene/ 50000 6000 70000 50.000 90,000

fHSA(FeP-Gly)
conjugate

aqueous NagSy0,) under an Ny atmosphere (6, 8). The Mass/Charge

UV-vis absorption spectrum of the orange solution Figure 1. MALDI-TOFMS of the rHSA(FeP-Glu) conjugate.
showed five-N-coordinated Fe(Il) species (Amax: 440, 531, Matrix: 2,5-dihydroxybenzoic acid.

563 nm) via intramolecular imidazole binding (6, 8, 9).

Upon exposure to CO, its UV—vis absorption immediately through amide bond formation. The average number of
moved to that of the CO adduct complex. On the other FeP-Glu in an rHSA was estimated to be 2.9—-3.5, and
hand, the dioxygenation was unstable at 25 °C, which is this number is not dependent on the mixing molar ratio
likely due to the presence of the neighboring glutamic of FeP-GluSw/rHSA that ranged from 4 to 10. There are
acid proton. a total of 59 NH; groups in the rHSA structure, but only

The EtOH solution of the carbonyl FeP-GluSu (2 mL) three of them are presumably active for the FeP-GluSu
was then injected into the phosphate-buffered solution binding.
of rHSA (8 mL, pH 7.3) (molar ratio 4/1), and the mixture The conjugation of FeP-GluSu did not induce any
was gently stirred for 1 h at room temperature. The change in the circular dichroism spectrum of rHSA in
solution was dialyzed against phosphate buffer (pH 7.3) the 200250 nm region. The Native PAGE of rHSA(FeP-
to remove EtOH. The MALDI-TOFMS demonstrated a Glu) also showed a single band with same migration

single molecular ion peak at m/z 70 643 (Figure 1). distance of rHSA. Both results suggested that the sec-
Attempts to measure the molecular weight of the rHSA- ondary structure, molecular shape, and surface charge
FeP hybrid, in which the FePs are noncovalently accom- of albumin remained unaltered after the covalent binding
modated, failed using MALDI- and ESI-TOFMS; the of the hemes.

molecular ion peak of rHSA (65 500) was only observable The UV—vis absorption spectrum of the rHSA(FeP-
because the FePs are dissociated from the albumin Glu) conjugate under an Ny atmosphere showed a typical
during the ionization process (10). Therefore, we can five-N-coordinated complex as seen in the toluene solu-

conclude that the FeP-Glu is conjugated with rHSA tion of FeP-Glu (Figure 2) (4a,b, 6, 8, 9). Upon exposure
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Figure 2. UV—vis absorption spectral changes of the rHSA-

(FeP-Glu) conjugate in phosphate-buffered solution (pH 7.3) at
25 °C.

of this solution to Oy, the spectrum changed to that of
the Og-adduct complex under physiological conditions (pH
7.3, 87 °C) (4da—c). This dioxygenation was reversibly
observed to be dependent on the O, partial pressure in
the same manner as hemoglobin (Hb) and myoglobin. The
half-lifetime of the O; adduct (ca. 5 h at 37 °C) was
significantly longer than that of the noncovalent rHSA-
FeP hybrid (zy2: 2 h) (4d). The covalent linkages of FeP-
Glu to the protein scaffold obviously retarded the oxida-
tion process of the central ferrous ion. Molecular simula-
tion of the structure of FeP-GluSu revealed that the
geometry of the imidazole ring against the porphyrin
platform was perpendicular, which suggests that the
spacer moiety between the imidazole and the porphyrin
periphery does not produce an unfavorable distortion of
the axial coordination and will not influence the Oo-
binding behavior (see Chart 1b) (11).

The Os-binding affinity [P1,°%] of the rHSA(FeP-Glu)
conjugate was determined to be 27 Torr at 37 °C (3b,¢,
6, 7, 9, 10), which is almost the same as that of the rHSA-
FeP hybrid [Py%: 33 Torr] (36—d) and identical to that
of human red cells (12). The laser flash photolysis
experiments provided the association rate constants of
the Oo- and CO-bindings (£un°2, ken®°) (6, 8, 9a). The
absorption decays accompanying the Oy- and CO-recom-
bination to the noncovalent rHSA-FeP hybrid were
composed of two phases of the first-order kinetics, and
the curves were fit by a double-exponential equation to
determine k., (fast) and k. (slow) (Table 1) (4c). We
supposed that the Oy- and CO-association to the FeP in
the hydrophobic domains of the albumin was influenced
by the molecular microenvironments around each Os-
coordination site, e.g., steric hindrance of the amino acid
residue and difference in polarity (4b—d). The time
dependence of the absorption change in the CO recom-
bination to the rHSA(FeP-Glu) conjugate also showed
double-exponential profile, but the rebinding process of
O, obeyed monophasic decay. On the basis of studies on
synthetic model hemes, it has been known that the
proximal-side effect is the only primary factor which
influences the association rate for CO but not for O3 (8,
9a). We assume that there are two different geometries
of the imidazole coordination and that each one shows
the individual kinetics of the CO association. The cova-
lent linkages between the axially coordinated imidazolyl
side-chain and the albumin structure may provide an
additional strain of the Fe—N(imidazole) bond and gives
two conformations of the proximal-base binding. Since
the k4,0 value of tHSA(FeP-Glu) was nearly the same
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as the %,,°z (fast) of the tHSA-FeP hybrid (Table 1), the
FeP-Glu molecules are likely to locate on the surface of
rHSA.

In conclusion, reaction of the newly synthesized tet-
rakis{(o,0,0,0-0-pivalamido)phenyl }porphinatoiron(Il) with
a proximal base and succinimidyl(glutamyl) group to
rHSA produced a novel albumin conjugate bearing co-
valently attached heme groups as Og-coordination sites.
The molecular weight of rHSA(FeP-Glu) was directly
measured by MALDI-TOF MS. In nature, one can find
unique heme-linked proteins, e.g., cyctochrome c. The
rHSA(FeP-Glu) conjugate presumably becomes a valu-
able model of these hemoproteins. The obtained rHSA-
(FeP-Glu) can reversibly absorb O; under physiological
conditions, and its Og-binding affinity showed an identical
value to that for human erythrocytes. These results
suggest that this novel plasma protein may efficiently
transport Og in the bloodstream as an Op-carrier with a
long circulation time.
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Abstract: The binding properties of O, and CO to recombinant human serum albumin (rHSA) mutants
with a prosthetic heme group have been physicochemically and kinetically characterized. Iron(lll)
protoporphyrin IX (hemin) is bound in subdomain 1B of wild-type rHSA [rHSA(wt)] with weak axial coordination
by Tyr-161. The reduced ferrous rHSA(wt)—heme under an Ar atmosphere exists in an unusual mixture of
four- and five-coordinate complexes and is immediately autoxidized by O,. To confer O binding capability
on this naturally occurring hemoprotein, a proximal histidine was introduced into position Hle-142 or Leu-
185 by site-directed mutagenesis. A single mutant (1142H) and three double mutants (I1142H/Y161L, |142H/
Y161F, and Y161L/L.185H) were prepared. Both rHSA(1142H/Y161L)—heme and rHSA(1142H/Y161F)—
heme formed ferrous five-N-coordinate high-spin complexes with axial ligation of His-142 under an Ar
atmosphere. These artificial hemoproteins bind O, at room temperature. Mutation at the other side of the
porphyrin, Y161L/L185H, also allowed O, binding to the heme. In contrast, the single mutant tHSA(1142H)—
heme could not bind O,, suggesting that removal of Y161 is necessary to confer reversible O binding.
Laser flash photolysis experiments showed that the kinetics of CO recombination with the rHSA(mutant)—
heme were biphasic, whereas O. rebinding exhibited monophasic kinetics. This could be due to the two
different geometries of the axial imidazole coordination arising from the two orientations of the porphytin
plane in the heme pocket. The O» binding affinities of the rHSA(mutant)—heme were significantly lower
than those of hemoglobin and myoglobin, principally due to the high O, dissociation rates. Changing Leu-
161 to Phe-161 at the distal side increased the association rates of both O, and CO, which resulted in

enhanced binding affinity.

Introduction

Human serum albumin (HSA) is a versatile protein found at
high concentrations (4—5 gfdL) in blood plasma and is
principally characterized by its remarkable ability to bind a wide
range of insoluble endogenous and exogenous compounds.!
Physiological ligands for HSA include nonesterified fatty acids,
hemin, bilirubin, bile acids, and thyroxine,>™* but the protein
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also binds a huge variety of drugs. Currently, it is of great
interest to exploit the carrier properties of this shuttle protein
for the development of novel therapeutic reagents for drug
delivery and pharmacodynamic modulation.>~7 Hemin [iron-
(IIT) protoporphyrin IX] released from hemoglobin (Hb) during
the enucleation of red cells or through hemolysis is captured
by HSA, which has a high binding constant for this ligand (K
~ 108 M™1).8 This strong affinity of HSA for hemin has
stimulated efforts to develop albumin as an artificial hemoprotein
which can mimic the O; binding capability of Hb and myoglobin
(Mb).%10 HSA consists of a helical monomer of 66.5 kDa
containing three homologous domains (I-IIT), each of which
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Figure 1. Structural models of the effect of site-directed mutagenesis in subdomain IB of HSA to construct a tailor-made heme pocket, which allows O,

binding to the prosthetic Fe?* protoporphyrin IX (heme) group.!?

is composed of A and B subdomains. Crystallographic studies
have revealed that hemin is bound within a narrow D-shaped
hydrophobic cavity in subdomain IB with axial coordination
of Tyr-161 to the central ferric ion and electrostatic interactions
between the porphyrin propionates and a triad of basic amino
acid residues (Arg-114, His-146, and Lys-190) (Figure 1).3e4
In terms of the general hydrophobicity of this o-helical heme
pocket, the subdomain IB of HSA potentially has similar features
to the heme binding site of Hb or Mb. However, if one reduces
the HSA—hemin to obtain the ferrous complex, it is rapidly
oxidized by O, even at low temperature (~0 °C). This is due
to the fact that HSA lacks the proximal histidine which in Hb
and Mb enables the prosthetic heme group to bind O, and serves
to regulate the O, binding affinity.

On the basis of the crystal structure of the HSA—hemin
complex, we have used site-directed mutagenesis to introduce
into the heme binding site of HSA a histidine that would be
predicted to provide axial coordination to the central Fe?* atom
of the heme and thereby promote O, binding (Figure 1). An
initial recombinant HSA mutant, in which Ile-142 and Tyr-161
were replaced by His and Leu, respectively [rHSA(I142H/
Y161L)], has been made, and the O, binding capabilities of
the heme complex have been partially evaluated.!! In the present
study, we have elucidated the coordination structure of the
naturally occurring wild-type rHSA—heme [rHSA(wt)—heme]
by UV-—vis and magnetic circular dichroism (MCD) spec-
troscopies and characterized the unusual axial coordination of
Tyr-161 to the heme. To develop HSA—heme as a synthetic
O, carrier, we have also generated several new mutant rHSA—
heme complexes. Their O, and CO binding properties have been
characterized kinetically and compared to those of the natural
Hb, Mb, and recombinant Mb (rMb) mutants. We have shown
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that our mutagenesis approach can create a new class of
albumin-based artificial hemoproteins which would serve as an
O, carrier.

Experimental Section

Materials and Apparatus. rHSA(wt) was kindly provided by the
NIPRO Corp. (Osaka, Japan). All reagents were purchased from
commercial sources as special grades and used without further
purification unless otherwise noted. Iron(III) protoporphyrin IX (hemin)
chloride was purchased from Fluka. Horse skeletal muscle myoglobin
(Mb) was purchased from Sigma-Aldrich. The iron(IIl) protoporphyrin
IX dimethyl ester chloride (FePPIXDME) was prepared by esterification
of carboxylate side chains of hemin with acidic methanol. The UV—
vis absorption spectra were recorded using an Agilent 8453 UV —visible
spectrophotometer fitted with an Agilent 89090A temperature control
unit.

Site-Directed Mutagenesis, Protein Expression, and Purification.
Specific mutations were introduced into HSA within the context of a
plasmid vector containing the entire HSA coding region (pHIL-D2
HSA) using designed primers with the QuikChange XL site-directed
mutagenesis kit (Stratagene).!* All mutations were confirmed by DNA
sequencing. Each mutated pHIL-D2 HSA plasmid was linearized by
Notl digestion and introduced into Pichia pastoris GSI115 by elec-
troporation using a BioRad MicroPulser. Expressions were carried out
by standard protocols (Invitrogen) with some modifications. Clones
were grown upon BMGY medium [1% yeast extract, 2% peptone, 0.1
M potassium phosphate (pH 6.0), 1.34% yeast nitrogen base without
amino acids, 40 ppm biotin, 1% glycerol] and transferred to BMMY
medium {1% yeast extract, 2% peptone, 0.1 M potassium phosphate
(pH 6.0), 1.34% yeast nitrogen base without amino acids, 40 ppm biotin,
1% methanol] for induction with methanol in baffled shaking flasks at
30 °C in a JEIOTECH SI-600R incubator at 200 rpm.

(12) The pictures were produced on the basis of crystal structure coordinate of
the THSA(wt)-hemin (code: 109X, ref 3e) using PYMOL. DeLano, W. L.
The PyMOL Molecular Graphics System 2002 DeLano Scientific, San
Carlos, CA.
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