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Hemodilution with Oxybemoglobin

Mechanism of Oxygen Delivery and Its Superaugmentation with a
Nitric Oxide Donor (Sodium Nitroprusside)

Michael W. Rooney, Ph.D.,* Leroy J. Hirsch, Ph.D.,T Mali Mathru, M.D.1

Background: Hemodilution (HD) with oxyhemoglobin col-
loid (oxyHb) provides a greater arterial oxygen content
(Ca,,) than HD with conventional colloids; however, oxygen
delivery (DO,) is essentially the same, because, in contrast to
conventional HD, cardiac output (CO) is not augmented. This
study seeks to elucidate the mechanism that limits CO during
oxyHb-HD and to test whether infusion of a nitric oxide (NO)
donor would augment DO,, because oxyHb is known to in-
activate in vitro endothelial-derived NO.

Methods: Anesthetized dogs were isovolemically hemodi-
luted with 10% oxyHb, 8% albumin, or 10% methemoglobin
(weak NO inactivator) to 20% hematocrit. After HD, sodium
nitroprusside (SNP) was titrated intravenously until decreases
(>10 mmHg) in mean aortic pressure (P,,) indicated the pres-
ence of exogenous NO. Systemic hemodynamics and regional
blood flows (microsphere method) were measured.

Results: Albumin-HD and metHb-HD produced typical HD-
mediated responses: increased CO (63-65%), slight decreases
(13-15%) in DO,, decreases in systemic vascular resistance
(SVR) proportional to the decreases (49-52%) in blood vis-
cosity of all three groups, and increased regional blood flows
(RBF). Responses to oxyHb-HD were atypical: CO and its de-
terminants were not changed, DO, decreased (23%) propor-
tional to Ca0,, and SVR and most RBF were not changed except
for a net redistribution of CO to myocardium and skeletal
muscle. In albumin-HD or metHb-HD, SNP (2-5 pg- kg™ +min™)
induced comparable decreases in mean P,, (29-37%) and SVR
(39-41%); however, CO, RBF, and DO, were not affected. In
oxyHb-HD, exceptionally large doses of SNP (54 % 5
pg kg™ -min*) decreased mean P,, only 19 * 1%; however,
CO increased 78 + 5% and decréases (61 * 3%) in SVR were
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slightly greater than viscosity reductions. Other determinants
of CO were not affected. Most RBF increased proportional to
CO; there was, however, preferential distribution to myocar-
dium and skeletal muscle. Consequently, the augmented CO,
and CaO; of oxyHb-HD, produced large increases in DO,, 77 +
5% from HD alone and 43 + 3% from prehemodilution values.

Conclusions: This study indicates that the limited CO and
DO, of oxyHb-HD resulted from opposing changes in two de-
terminants of flow, i.e., reduced blood viscosity and increased
arterial resistance (vasoconstriction). The vasoconstriction
was not evident with metHb-HD and was reversed by the SNP
infusion, indicating that oxyHb inactivated in vivo endothelial-
derived NO. The ability of the NO donor (SNP) to facilitate
large viscosity-mediated increases in DO, during oxyHb-HD is
an important finding that could potentially render oxyHb col-
loids more useful than conventional colloids, particularly for
the individual with a compromised circulation who would
benefit from an increased oxygen supply. (Key words: Blood,
hemodilution: albumin; hematocrit; methemoglobin; oxyhe-
moglobin; viscosity. Hemodynamics, heart: cardiac output;
oxygen delivery. Hemodynamics, peripheral: regional blood
flows; resistance. Pharmacology: nitric oxide; sodium nitro-
prusside.)

OXYHEMOGLOBIN variants derived from recombi-
nant,' transgenic,? or other sources® have stimulated a
resurgence in the commercial formulation of oxygen-
transporting colloids. Typically, the oxyhemoglobin
colloids have a di-a or di-@ crosslink to prevent tetramer
dissociation and to enhance oxygen dissociation (Pse)
that is superior to banked erythrocytes.!* However,
the hemodynamic response to hemodilution with oxy-
hemoglobin colloids is not completely similar to that
using conventional colloids. Despite a similar reduction
in blood viscosity,” hemodilution with oxyhemoglobin
produces no change in cardiac output,>'' although
hemodilution with conventional colloids will cause a
significant increase.>''"'> The nonaugmented cardiac
output with oxyhemoglobin cannot be simply corre-
lated with such factors as heart rate,>”%%!"! blood pres-
sure,”!! blood volume,® or myocardial contractil-
ity.>%!¢ The unchanged cardiac output is not caused
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by oxygen availability;'®'” in fact, oxygen delivery is
significantly decreased from prehemodilution values
despite the additional plasma oxygen provided by oxy-
hemoglobin.”=?

A growing body of in vitro evidence indicates that
oxyhemoglobin, but not methemoglobin, produces or
enhances vasoconstriction,'”"2? and inhibits vasodila-
tion by endothelium-derived nitric oxide (NO) or re-
lated compounds.'®'?** Whether, and how, oxyhe-
moglobin mediates this ‘‘vasoconstrictor”’ property in
the systemic circulation, and the role of endothelial-
derived NO, are unclear. For example, oxyhemoglobin-
mediated changes in venous or arteriolar tone could
affect stroke volume, or a selective redistribution of
regional flows to capacitance beds could effect venous
return, 224

The purpose of the current study was to examine the
mechanism(s) of the nonaugmented cardiac output and
decreased oxygen delivery of hemodilution with oxy-
hemoglobin, including the role of endothelial-derived
NO. Systemic and regional circulations were evaluated
in dogs hemodiluted with oxyhemoglobin, methemo-
globin (weak NO inactivator), and albumin, in the ab-
sence and presence of an infusion of an exogenous NO
donor (sodium nitroprusside).

Materials and Methods

This study was approved by Loyola University Animal
Care and Use Committee and performed in accordance
with the National Research Council’s Guide for the
Use of Laboratory Animals. Twenty-nine conditioned,
heartworm-free male mongrel dogs (18-27 kg) were
anesthetized with sodium pentobarbital (30 mg/kg in-
travenously) followed by intravenous maintenance
dose of 4 mg-kg™' - h™'. After the dogs’ tracheas were
intubated, their lungs were mechanically ventilated
(Siemens-Elema 900D Servo Ventilator, Solna, Sweden)

with 100% oxygen at a rate sufficient to achieve nor-
mocarbia.

Surgical Preparation

The dog was placed supine and polyethylene cathe-
ters were inserted for monitoring arterial pressure, col-
lection of reference microspheres, isovolemic ex-
change transfusion, administration of intravenous
fluids, and collection of blood samples. A 5-French
thermodilution catheter was inserted into the pulmo-
nary artery for measurement of cardiac output and right
atrial pressure, and for monitoring blood temperature,
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which was maintained at 39° C with water-circulated
heating pads. A Foley catheter was inserted into the
bladder for urine collection. Under fluoroscopy, a 5-
French volume-conductance catheter (Mansfield Web-
ster, Baldwin Park, CA) was inserted, via the left carotid
artery, across the aortic valve to the apex of the left
ventricle to measure instantaneous volume change. An
8/10-French Fogarty venous thrombectomy catheter
was placed, via the left femoral vein, into the inferior
vena cava just above the diaphragm to produce occlu-
sive unloading of the left ventricle.

The animal was then placed on its right side and par-
alyzed with pancuronium bromide (0.15 mg/kg). A
left thoracotomy was performed in the fourth inter-
costal space. The exposed lung was retracted and 5 cm
H,0 positive end-expiratory pressure was instituted to
prevent atelectasis. A small incision was made in the
pericardium near the left atrial appendage. The ap-
pendage was protracted and a PE 90 catheter was in-
serted for microsphere injection. A 3-French micro-
manometer-tipped pressure catheter (Millar, Houston,
TX) was then inserted, via the appendage, into the left
ventricle for pressure recording. The exposed thoracic
surface was covered with plastic film to prevent evap-
oration.

Measurements and Calculations

Heart rate, aortic pressure (P,,), left ventricular pres-
sure and volume, and right atrial pressure (P,,) were
recorded continuously on an analog thermal array re-
corder (Gould Model TA4000, Cleveland, OH). Car-
diac output (CO) was measured in triplicate using a
Spectramed Hemopro 1 (Oxnard, CA) thermodilution
computer. Systemic vascular resistance (SVR), in
dyne+s-cm™?, was calculated from (Jmean P,, — mean
Py, in mmHg] + CO) X 80 dyne+s-1+cm™ - mmHg™! -
min~'. Systemic vascular hindrance (SVH) was calcu-
lated from SVR + 5,'® where 7 is the apparent viscosity
of whole blood in centipoise (cps).

Arterial blood pH, Pco,, Po,, and electrolytes were
measured with a Nova Stat Profile 1 analyzer (Waltham,
MA). Plasma colloid osmotic pressure (COP) was de-
termined with a Wescor 4400 Colloid Osmometer (Lo-
gan, UH). Blood viscosity was measured with a Brook-
field Cone/Plate DV-II viscometer (Stoughton, MA) at
shear rates (=~ 225 s™') assumed in the aorta.!® He-
matocrit was determined volumetrically. Oxyhemo-
globin (gm%), methemoglobin (%), and percent oxy-
gen saturation were measured with a cooximeter
(Model 482; Instrumentation Laboratories, Lexington,
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MA). Oxygen content was measured with the cooxi-
meter and added to the dissolved oxygen (0.003 X
Po,) to give total blood oxygen content (vol%). Whole-
body oxygen delivery (DO,) in ml/min was calculated
from CO X arterial blood O, content. Blood cyanide
levels (mg/Il) were measured spectrophotometrically by
SmithKline Beecham Clinical Laboratories (Schaum-
burg, IL). The lower limit of cyanide detection with
this method is 0.1 mg/1 and the covariance is 12.0%.

Total blood volume was computed from plasma vol-
ume (indicator dilution of iodinated I'?*-albumin;
Mallinckrodt Medical, St. Louis, MO) and whole body
hematocrit.§ According to Gold and Murray,'? this
method may underestimate total blood volume during
hemodilution approximately 6% because of paradox-
ical sequestration of red cells in the spleen.

Colloid Preparation

Dog hemoglobin (10%) was prepared by a modifi-
cation of methods from Fairbanks et al.?® and Rooney
et al.*® Red cells, stored in CPDA-1, were separated
from plasma and washed three times with 5 mmol so-
dium phosphate-buffered saline (pH 7.4). One volume
of red cells was hypotonically lysed with two volumes
of 5 mmol sodium phosphate (pH 8.0). The hemoly-
sate-red cell suspension (= 12 gm% hemoglobin) was
then centrifuged at least 0.7 X 107g,,.x* min at 4° C to
remove partially formed red cell ghosts.?*T The he-
moglobin supernatant was adjusted to isotonicity with
physiologic levels of NaCl, KCl, and CaCl,, and then
centrifuged (0.6 X 10%g,.x* min at 4° C) to separate
residual annealed red cell ghosts. The final supernatant
(10 gm%) was then passed (flow rate ~ 250 ml/min)
through a series of 1.0-, 0.45-, and 0.25-um filters
(Whatman Polycap, Maidstone, England). Methemo-
globin (metHb) was prepared by titration of oxyhe-
moglobin (oxyHb) with potassium ferricyanide until
the solution was 100% metHb as measured with the
cooximeter. The metHb solution was dialyzed against
40 volumes of physiologic electrolytes at room tem-
perature. After 8 h, the bath was changed and the di-
alysis repeated. Human albumin, in normal saline, was
purchased as Albuminar-25 (25 gm%) from Armour
Pharmaceutical Company (Kankakee, IL) and diluted

§ International Committee for Standardization in Hacmatology:
Recommended methods for measurement of red-cell and plasma vol-

ume. J Nucl Med 21:793-800, 1980.

{ Rooney MW: Sickling of liposomes containing hemoglobin S.

Master’s Thesis, Bioengineering, University of Illinois, 1980.
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Table 1. Physical and Chemical Properties of the
Oxyhemoglobin and Albumin Solutions

Property 10% Oxyhemaoglobin 8% Albumin
Methemoglobin (%) 0.6 +0.2 —_
Pso* (pH 7.4) (mmHg) 23.2+0.6 —
pH (U) 7.0+£03 6.9+ 0.2
[Na*] (mm) 150 + 3 150 £ 3
[K*] (mm) 25+02 0.1 £ 0.01
[Ca?*] (mm) 1.2+ 0.1 0.06 = 0.01
COP (mmHg) 4111 39x1.0
Viscosity (cps) 1.7 £0.2 1.6+£02
Total lipidt (mg/L) <2§ 91+2
Endotoxini: (EU/ml) <0.13§ <0.13§

Values are mean + SE; n = 12,
COP = colloid osmotic pressure.

* Determined by methods of Rooney MW, Joseph NJ, Crystal GJ, Salem MR:
lonic and newer nonionic contrast media adversely affect oxyhemoglobin dis-
sociation. ANESTHESIOLOGY 69:A828, 1988.

1 Determined with USEPA method 413.1, Springfield, llinois, 1978.

4 Determined with limulus amebocyte lysate assay (LAL), BioWhittaker, Inc.,
Walkersville, MD, according to Cooper JF: Resolving LAL test interferences. J
Parenter Sci Technol 44:13-15, 1990.

§ Below lower limit of detection.

with saline to 8 gm%. Physical and chemical properties
of the colloids are shown in table 1.

Regional Blood Flows and Distribution of

Cardiac Output

Regional blood flows (ml-min™':100 g™' tissue)
were measured with the reference isotope technique
using 15-p microspheres, as previously described.?” To
maintain isovolemic conditions during baseline sam-
pling of reference microspheres, 8% albumin (=30
ml) was infused simultaneously. After hemodilution,
either oxyhemoglobin or albumin was infused simul-
taneously. These infusions did not significantly affect
hematocrit. After the final injection of microspheres,
the heart was stopped by intravenous injection of po-
tassium chloride. Skin and bone (rib) were sampled
from a shaved area distal to the thoracotomy. Skeletal
muscle samples were taken from the hindlimb, back,
forelimb, and head. These and all other organs were
weighed. Organ blood flows (ml-min~'+ 100 g™") and
organ weights (grams) were used to calculate total or-
gan flow. Organ blood flows (BFg,,) were summed to
yield total systemic flow (ZBFoy) from which the
fractional distribution of cardiac output to each organ
was computed from BFggun + ZBFoegan X 100. Values of
CO determined with indicator thermodilution, and
ZBF, determined with microspheres, were not sig-
nificantly different, and the latter was used to determine

1
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the fractional distribution (%) to each organ tissue.

Skeletal muscle, skin, and bone weights were assumed

to be 40, 9, and 8% of body weight, respectively.2®

Left Ventricular End-Systolic Elastance (Ej,,s)

Left ventricular contractility was determined from
end-systolic elastance (Ees) using pressure-volume re-
lationships according to methods of Kass et al,?? Briefly,
a volume-conductance catheter was used to measure
left ventricular volumes simultaneous with pressure
during a 15-20-s inflation/deflation of the inferior vena
caval occluder. The acquired data were used to con-
struct a set of pressure-volume loops. A linear regression
line was fitted to the end-systolic pressure-volume
points of the acquired loops. The slope of the regression
line, called the end-systolic elastance (Eives), is a load-
independent measure of global left ventricular con-
tractility. Increases and decreases in Ej,. correspond
to increases and decreases in contractility, respectively.
Changes in blood conductivity (inverse of resistivity)
that occurred with hemodilution were measured by
withdrawing whole blood into a syringe-like cuvette
equipped with two ring-shaped stainless-steel excita-
tion electrodes. A 25-kHz AC current was applied, and
in-phase voltage reflects the resistivity of the blood.
Because only relative volume changes were considered
in this study, parallel conductance (offset volume) of
structures surrounding the left ventricle was measured
only at the start of the study to bring absolute volume
signals into the physiologic range. A potential limitation
of this technique is that the parallel conductance may
change from cardiac cycle to cardiac cycle during an
occlusion, thereby skewing the ESPVR in one direction
or another. However, studies by Lankford et a/.3° have
shown that the conductance-offset volume does not
change within a cardiac cycle.

Experimental Protocol

On arrival at the laboratory, typically, all dogs had
hematocrits of 45 vol% or greater and filling pressures
(Preq) less than 5 mmHg. After cannulation, all animals
received 8 gm% albumin to increase Py,.4 and to bring
hematocrit to near 40 vol%. After 30 min of hemody-
namic stability, baseline measurements were obtained.
Hemodilution (HD) was produced by simultaneous
isovolemic exchange of blood for colloid at a rate of
20 ml/min (=45 ml/kg) to reduce hematocrit to 50%
of baseline (~20 vol%). Twelve dogs were hemodi-
luted with 10 gm% oxyhemoglobin (oxyHb-HD), 12
were hemodiluted with 8 gm% albumin (Ab-HD), and
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5 were hemodiluted with 10% methemoglobin
(metHb-HD). After the exchange transfusions, mea-
surements and samples were obtained within 30 min.
To administer a NO donor after HD, sodium nitroprus-
side (SNP) was infused intravenously until mean P,,
decreased > 10 mmHg, indicating the presence of ex-
ogenous NO. All 12 dogs in the oxyHb-HD group, 5 of
12 randomly selected dogs in the Ab-HD group, and
all 5 dogs in the metHb-HD group received SNP. Stan-
dard SNP concentrations (100 ug/ml) were used in the
Ab-HD and metHb-HD groups. However, in the oxyHb-
HD group, excess volumes of the standard SNP solution
produced < 10-mmHg decreases in mean P,, in the first
two dogs, as well as unacceptable decreases in hemato-
crit. In the remaining ten dogs, the SNP dose was in-
creased, by adjusting concentration and the rate of in-
travenous infusion, in a step-wise manner until mean
Py, decreased > 10 mmHg to indicate the presence of
NO. The SNP solution was prepared, from 50-mg vials
(Elkins-Sinn, Cherry Hill, NJ), so that not more than
50 ml of solution was infused per animal. Blood volume
measurements were repeated after the SNP infusion was
discontinued.

Statistical Analysis

The paired Student’s ¢ test was used to compare con-
trol and hemodilution data within groups. Analysis of
variance (ANOVA) was used in all other cases. Because
different SNP concentrations were used in the groups,
between-group analyses of the SNP results were not
made. When significance with ANOVA was found, a
modified Student-Newman-Keuls test (Bonferroni
method) was used to make comparisons. Results are
expressed as mean + SE. In all cases, a P < 0.05 was
considered indicative of a statistically significant dif-
ference.

Results

Effects of Each Colloid

Physical and chemical properties of the oxyhemo-
globin and albumin solutions are shown in table 1. The
diluted commercial albumin solution had lower po-
tassium and calcium concentrations and higher total
lipid content compared with the oxyhemoglobin so-
lution. The pH, sodium concentration, colloid osmotic
pressure, viscosity, and endotoxin level were not dif-
ferent for the two solutions. Total lipid in the oxyhe-
moglobin solution was less than the detection limits
of the method. Properties of the methemoglobin and
oxyhemoglobin solutions were the same, except oxy-

20z Uo1e|N 80 uo Jsenb Aq Jpd°|L000-0000€66L-Z¥S0000/86€92E/09/ 1/6./4Pd-8[o111e/ABO|0ISaUISBUE/ 0D IIBUYDISA|IS ZBSE//:d)Y WOl Papeojumoq



64

ROONEY, HIRSCH, AND MATHRU

o W wn
0 ol ™
-7 eQ ococo oSS
=25 mooc TrTw oo
SE| QHH 99 oH+
= ™ © © o
= P =d
% oo co
Z
Y o wn
9 ANO® NON o
= QeQ Qg ©oo
a1 &3 oo cooo ooo
a OE HHH  HHH HAHH
el & oNN NrO Orom
e e e Aoy
g —rr - ~—rr
z
5 TN mON AN
. - oo OooOo ooo
| L HHH HHH HHH
Sl 7% wvne oy ¥~
g DWW BOM NMem
-
& - AN - QN
a 3;":‘ HAHH HHA M H
oo
-] =& %%% 3%5 n B B
a - - o
a =
g o &n
Thn o mhnn Nee
: 2 0SS O0C Orr
gl 8& HHH HAH A HHH
2] = NRO RO ~ON
= OO0~ OO0 OoOgw
: o
=)
g © wn @ wn © un
Y QAN ONN Ongo
= - oo ©oco ooo
1 £% HAHH HAHH H
] = Al Vom VNN
] [y ak=1 MmN~ © NOoO;
=) T - -
o
&0 W W )
* —_ - ~—rr -r—Q
g gg_\°_ HHH HHH 44
= N O = oYX
?) oM o NN w s~
o] B NM®O OO O
ol s% HAHH  HHH HHH
: o trt ON N
é - - N~NO) T <t~ ©
g OFTFT OOHM OmHo
Q
< ] AN NTQN NN
g1 4% HHH HHH HAHH
Y B NS SO WDO©
g £ MMM OOO OO
= = =
o @ 173
8 e NN NOA
|2 eec oo <QoQ
@ TS5 o000 0ooo oco
Hl |92 HAHH HAH A HHH
g DOWOW WVWOM O
MO MO0 Y0
g NN NSNS NSNS
3 &
2 - ©
-] I I
| IS
R = & =
U ‘B - £
g C 1 3
=)
; s S5 _ 23
N gb aEE LEE &
c c
& :Engongooz
2 FOTHHAOTNGOTIT®N
3 (e} < =

Ancsthesiology, V 79, No 1, Jul 1993

Values are mean + SE.

methemoglobin.

hemoglobin; metHb =

arterial oxygen tension; Hct = hematocrit; Hb

arterial carbon dioxide tension; Po,
*54.2 £ 4.6 pg-kg~'-min~?, n = 10.

Pco,

=5,

123+04pg-kg7-min~', n
5.4+ 0.3 pg-kg™*-min".

§ P < 0.05 versus Control.
1P < 0.05 versus HD.

gen dissociation (Pso), which is not relevant to the
former. The effects of hemodilution with each colloid
on blood parameters are shown in table 2. Arterial pH
and blood gases were not different from baseline levels
and, except for a small decrease in serum ionized cal-
cium during Ab-HD, electrolyte concentrations did not
change from respective controls. Hematocrit was in-
tentionally reduced to about 50% of baseline; however,
total hemoglobin did not decrease by this amount dur-
ing oxyHb-HD or metHb-HD because of the presence
of these colloids in the plasma. Whole blood cyanide
levels were below the limit of detection during each
of the baselines and Ab-HD; however, during oxyHb-
HD and metHb-HD, cyanide increased slightly above
the lower limit of detection.

Hemodilution with oxyhemoglobin (oxyHb-HD) had
no affect on cardiac output, but hemodilution with al-
bumin (Ab-HD) or methemoglobin (metHb-HD) in-
creased cardiac output 65 + 2% and 63 + 4% (P <
0.05), respectively (table 3). Mean aortic pressure and
heart rate were not changed by oxyHb-HD or Ab-HD;
however, these parameters were significantly decreased
with metHb-HD. Right and left ventricular filling pres-
sures (P, and Py.q) were not changed with oxyHb-HD
or Ab-HD, but they decreased about 64% (P < 0.05)
with metHb-HD. Plasma colloid osmotic pressure in-
creased about 4 mmHg after hemodilution with each
of the three colloids. Left ventricular end-systolic
elastance (Ep.), an index of contractility, and total
blood volume were not altered by hemodilution with
the colloids.

Figure 1 shows oxygenation parameters of oxyHb-
HD, Ab-HD, and metHb-HD. Despite an approximately
50% greater arterial O, content in oxyHb-HD compared
with Ab-HD or metHb-HD, O, delivery was not signif-
icantly different (P < 0.05) among the three. The com-
pensating effect of increased cardiac output in Ab-HD
and metHb-HD permitted only 13-15% decreases in
O; delivery from prehemodilution control values, al-
though, in oxyHb-HD, the nonaugmented cardiac out-
put caused O, delivery to fall proportional to arterial
O, content. Values for systemic vascular resistance,
blood viscosity, and systemic vascular hindrance are
given in figure 2. These graphs demonstrate that, if vas-
cular resistance is normalized for changes in viscosity
(resistance ~+ viscosity), the actual state of vessel di-
ameter (termed ‘“‘hindrance” here) is apparent. In the
case of Ab-HD, the decreased vascular resistance was
caused by, and paralleled, the decreased blood viscosity
and, therefore, no actual change in vessel diameter oc-
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Table 3. Hemodynamic Parameters during Control, Hemodilution (HD), and HD plus Sodium Nitroprusside (SNP)

CO P Pra

Phod P

0 pco Ejvos HR BV
(L/min) (mmHg) (mmHg) {mmHg) (mmHg) (mmHg/mi) (beats/min) (mi)
Oxyhemoglobin
(h=12)
Control 21+£041 131 £5 25+04 11.1£1.3 186 £+ 0.4 45+04 158 + 6 1874 £ 69
HD 23+ 0.2 136 £ 6 3.8+04 141 +£15 22.8 + 0.8§ 49+ 06 153+ 5 1892 + 125
SNP* 4.1 + 0.3§% 110 = 6§1 3.8+09 101 £ 1.7 20.9 + 0.6§ 43 +0.6 153 % 11 1805 + 118
Albumin
(n=12)
Control 23+0.1 136 = 5 3.4 +03 106 £ 1.2 18.6 £ 0.5 53+0.3 160+ 6 1953 + 121
HD 3.8 +0.2§ 126 + 4 3.2+03 85+12 22.5 + 0.7§ 53+04 158 + 6 1856 + 102
SNP 3.9+ 0.2§ 80 = 581 1.4 + 0.481 2.4 + 1,781 24.2 +1.0§ 5.0 £0.7 156+ 9 1901 £ 111
Methemoglobin
{n = 5)
Control 26+0.2 132+ 8 28+04 9111 179+ 0.9 4.6 +0.2 170 £ 12 1729 + 112
HD 4.4 + 0.3§ 98 + 6§ 1.0+0.1§ 3.3 £0.9§ 21.6 £ 0.7§ 44 +0.3 153 + 11§ 1875 + 59
SNP} 5.0 +£ 0.4§ 70 + 8§ 1.2 +£0.8§ 5.2 £ 0.9§ 21.0 = 1.0§ 4.1 +0.6 147 + 13§ 1872 + 69

Values are mean =+ SE.

CO = cardiac output; P,, = mean aortic pressure; P,, = mean right atrial pressure;

Pnoa = mean left ventricular end-diastolic pressure; Py, = plasma colloid osmotic

pressure; Eyes = left ventricular end-systolic elastance; HR = heart rate; BV = blood volume.

*54.2 476 ug-kg™'-min~', n = 10.
123%0.4 pg-kg™'-min~', n =5,
$56.4 + 0.3 pg-kg™'-min-1,

§ P < 0.05 versus Contral.

1P < 0.05 versus HD.

curred. During metHb-HD, however, some vasodilation
was evident. In the case of oxyHb-HD, although cal-
culated systemic resistance was not changed, blood
viscosity decreased 51 % 4% (P < 0.05) and systemic
vascular hindrance increased 102 % 6% (P < 0.05).
Thus, with Ab-HD or metHb-HD, cardiac output in-
creased as viscosity decreased, thereby averting sub-
stantial reductions in O, delivery. With oxyHb-HD, the
flow-increasing effects of reduced viscosity were
masked by systemic vasoconstriction, and O, delivery
decreased with arterial O, content.

As shown in table 4, the nonaugmented cardiac out-
put (and decreased O, delivery) of oxyHb-HD did not
involve a redistribution of regional organ blood flows
to beds with slow transit times (e.g., splanchnic). In
fact, flows were selectively redistributed from other
beds to skeletal muscle and myocardium (fast transit-
time beds), but with no net affect on cardiac output,
Although regional hindrances were not determined, the
data in table 4 indicate that the vasoconstrictor effects
of oxyHb-HD were less evident in skeletal muscle,
myocardium, and brain. In Ab-HD and metHb-HD, re-
gional flows increased in approximate proportion to
their respective cardiac outputs (tables 5 and 6) and
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there was no evidence of a redistribution of flows to
beds with fast transit times (Ze., extrasplanchnic).

Effect of SNP on Each Colloid

Standard hypotensive doses of SNP were not effective
in oxyHb-HD, and large doses (54.2 + 4.6
g kg™ - min~') decreased mean P,, only 19 + 1% (ta-
ble 3). However, the large SNP doses markedly in-
creased CO, 78 = 5% (P < 0.05), from oxyHb-HD
alone. Right and left ventricular filling pressures (P
and Py.q) were not significantly affected by the large
SNP doses, indicating that, during oxyHb-HD, the NO-
dilating properties of SNP were selectively effective
only in resistance vessels, and not in capacitance beds.
Neither left ventricular contractility (Ep.;) nor heart
rate were affected by SNP. In Ab-HD and metHb-HD,
much smaller SNP doses (2.3 * 0.4 and 5.4 + 0.3
ug-kg™' - min™, respectively) produced a 37 + 1% and
29 £ 2% decrease (P < 0.05) in mean P,,, respectively
(table 3). In Ab-HD, the SNP infusion significantly de-
creased P, and Py (56 £ 4% and 72 + 9%, respec-
tively; P < 0.05) indicating NO-dilating effects in both
resistance and capacitance vessels. Except for modest
decreases in arterial pH in Ab-HD and metHb-HD, the
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Fig. 1. Oxygenation parameters during control, hemodilution
with each colloid, and hemodilution plus intravenous infusion
of sodium nitroprusside (SNP). Details provided in legend of
table 2 or 3. *P < 0.05 from control; tfrom oxyhemoglobin-
hemodilution; #from within-group hemodilution.

SNP infusions produced no significant change in blood
gases or electrolytes (table 2). At the time of SNP in-
fusion in metHb-HD, endogenous conversion of met-
hemoglobin to oxyhemoglobin was indicated by the
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Fig. 2. Systemic vascular resistance, blood viscosity, and sys-
temic vascular hindrance during control, hemodilution with
each colloid, and hemodilution plus intravenous infusion of
sodium nitroprusside (SNP). Details provided in legend of table
2 or 3. *P < 0.05 from control; *from oxyhemoglobin-hemo-
dilution; ¥from within-group hemodilution.

significant decrease in total methemoglobin levels from
HD alone. The effects of methemoglobin conversion
on the dilating potency of SNP were not studied in a
concentration-dependent manner; however, about
twice the SNP dose used in Ab-HD was needed in
metHb-HD to achieve comparable decreases in mean
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Table 4. Regional Blood Flows (ml- min™- 100 g™") and Fraction of Cardiac Output (% CO) during Control, Hemodilution with
Oxyhemoglobin (OxyHbHD), and OxyHbHD plus 54.2 + 4.6 #g kg™ - min™ Sodium Nitroprusside (OxyHbHD + SNP)

Control OxyHbHD OxyHbHD -+ SNP (n = 10)

Organ Blood Flow % CO Blood Flow % CO Blood Flow % CO
Kidney 577 + 38 329+1.8 492 + 45 275+23 564 + 87 11.5 £ 1.2*+
Gl tract 343 11.7 £ 0.7 37+3 129+ 0.7 105 + 10*t+ 177+ 22
Spleen 162 £ 19 52+ 0.6 152 + 34 5.1 +0.8 155 + 43 2.3 £ 0.5*t
Pancreas 244 0.6 £ 0.1 27 +3 0.6 £ 0.1 55 + 9*t 0.8=+0.3
Hepatic 385+7 8311 27+5 6.8+1.1 86 = 19*+ 80x18
Bronchial 59 + 10 70+1.4 39 + 6* 34 +0.7* 144 + 64*t 5727
Muscle 3.1+04 135 + 1.1 53 £0.7* 211 +£1.5* 9.6 + 1.4*t 18.7 £ 2.5*
Skin 25+05 22+0.2 3.3+04 28+0.2 9.1 + 0.6*F 42 +09
Bone 139+15 1056 +1.2 114+18 8410 16,56 £ 2.7 6.9 £1.1*
R Vent 52+ 4 0.9 + 0.1 99 + 9* 1.4 £0.1* 413 + 76*t 3.3 £ 0.5*t
L Vent 92+7 3.7+04 173 + 16* 6.3 + 0.5* 564 + 86*t 12.0 = 1.8*t
Septum 807 1.2 +£01 174 + 20* 21+0.2* 563 + 85*t 4.3 £ 0.9t
Brain 27 £1 1.3£0.1 42 + 3* 1.7+0.2 93 + 14*t 1.8 +0.3

Values are mean + SEM; n = 12,

Gl tract = stomach, small and large intestines: Hepatic = arterial flow; Bronchial = arterfal flow; R Vent
= cerebrum and cerebellum.

* P < 0.05 versus Control
TP < 0.05 versus OxyHb-HD.

= right myocardium; L Vent = left myocardium; Brain

P, (table 3). In oxyHb-HD, although arterial pH was
not affected, the large SNP infusions resulted in small
but significant increases in blood cyanide levels from
oxyHb-HD alone. In metHb-HD, the SNP infusions did
not change blood cyanide levels from metHb-HD alone.

The SNP-mediated increases of CO during oxyHb-HD

had profound effects on O, delivery (fig. 1). Although
cardiac output increased to levels observed in Ab-HD
(=4 1/min), the greater arterial O, of oxyHb-HD caused
O2 delivery to increase 77 * 5% (P < 0.05) from
oxyHb-HD alone and 43 + 3% from prehemodilution
control values. Because the SNP infusions in Ab-HD

Table 5. Regional Blood Flows (ml-min™-100 g™!) and Fraction of Cardiac Output (% CO) during Control and Hemodilution

with Albumin (AbHD)

Control AbHD
Organ Blood Flow % CO Blood Flow % CO
Kidney 634 + 34 311 +1.1 997 + 72* 28.0+0.9
Gl tract 373 12,7 £ 0.8 82 + 5* 153 £ 0.7
Spleen 163 £ 18 5.8+ 05 186 + 27 3.5+ 0.3*
Pancreas 21+ 2 0.5 £ 0.1 52 + 5* 0.6 0.1
Hepatic 33+3 9.4 £ 0.7 70 £ 5* 9.5+ 0.6
Bronchial 64 + 12 9.2+22 177 £ 50* 9.0+ 21
Muscle 29+0.2 1356 +1.2 7.1 £ 0.3 142 £ 0.7
Skin 25+0.2 24+02 6.6 +0.7* 27+03
Bone 116 £1.1 9.4+ 09 22,0 +1.8" 94 +£06
R Vent 56+ 3 0.9+0.1 178 +17* 1.6+0.2*
L Vent 93+4 3.4+0.2 283 + 25* 54 + 04"
Septum 865 1.1 +£01 270 % 22* 2.7 +£0.2*
Brain 32+2 14 +£0.2 82 + 6* 1.5+0.1

Values are mean + SEM; n = 12,

Gl tract = stomach, small and large Intestines: Hepatic = arterial flow; Bronchial = arterial flow; R Vent

= cerebrum and cerebellum.,
* P < 0.05 versus Control.
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= right myocardium; L Vent = left myocardium; Brain
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Table 6. Regional Blood Flows (ml:min™ 100 g™") and Fraction of Cardiac Output (% CO) during Control and Hemodilution

with Methemoglobin (metHbHD)

Control metHbHD
Organ Blood Flow % CO Blood Flow % CO
Kidney 488 + 43 241 +£25 877 + 94* 235x£29
Gl tract 57 +2 174+ 28 115 + 10* 16.3+ 0.8
Spleen 187 + 27 6.1 + 1.1 196 + 25 26+ 0.7
Pancreas 38+3 0.7 = 01 48 x4 04 +0.1"
Hepatic 41 £ 12 11.5£ 35 118 + 23* 183125
Bronchial 54 + 3 6.0+ 0.7 102 + 37* 6.2+1.2
Muscle 4.3 + 0.1 139+ 34 8.9 £ 02" 145+13
Skin 3.2+02 25+ 06 79+ 0.8 35+1.0
Bone 201 £1.2 11.4 £ 0.8 216 +£1.3 6.5+ 0.8*
R Vent 88+8 0.7 £ 01 295 + 34 1.4+ 0.1*
L Vent 137 £ 11 3.6+03 487 + 56* 7511
Septum 124 + 8 1.1 +041 528 + 40* 2.6+ 02"
Brain 35+4 1.0 £ 041 94 + 9* 1.2+£0.2

Values are mean + SEM; n = 5.

Gl tract = stomach, small and large intestines; Hepatic = arterial flow; Bronchial = arterial flow; R Vent = right myocardium; L Vent = left myocardium; Brain

= cerebrum and cerebellum.
* P < 0.05 versus Control.

and metHb-HD had no significant affect on cardiac out-
put or regional blood flows (data not shown), O, de-
livery also was not changed (fig. 1). Statistical com-
parisons of the effects of SNP were not made between
oxyHb-HD, Ab-HD, and metHb-HD because of the dif-
ferent SNP doses used in each group. However, the
SNP-induced increase in O, delivery during oxyHb-HD
is assumed to be significant from all three baselines and
hemodilution groups. In figure 2, the dilating effects
of SNP were minor in Ab-HD and metHb-HD, but were
markedly obvious in oxyHb-HD. The SNP-induced de-
crease (61 % 3%) in systemic vascular resistance during
oxyHb-HD was primarily caused by the reduction in
blood viscosity that was made apparent by the parallel
decrease in systemic hindrance. As seen in the regional
blood flows shown in table 4, the decreased hindrance
in oxyHb-HD unmasked the flow-increasing effects of
reduced viscosity. Renal and splenic blood flow, how-
ever, were not increased from control levels, demon-
strating that, in the presence of oxyHb-HD, SNP was
not effective in these vascular beds. In contrast, blood
flow to skeletal muscle and myocardium more than tri-
pled from control values, again reflecting selectively
less ‘“vasoconstrictor” effects of oxyHb and greater SNP
effectiveness in these vascular beds. In general, the SNP
infusion during oxyHb-HD produced increases in re-
gional blood flows that were very similar to those ob-
served during Ab-HD and metHb-HD (tables 4-6).
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Discussion

Oxygen delivery during hemodilution with oxyhe-
moglobin colloid (oxyHb) is comparatively the same
as hemodilution with conventional colloids, despite
the additional oxygen provided by plasma oxyHb. Ba-
sically, this response is caused by a lack of increased
cardiac output that, otherwise, would have resulted
from the reduced blood viscosity. An examination of
the determinants of cardiac output revealed that, in
dogs hemodiluted with oxyHb, there was an increase
in the geometric (vasoconstrictive) component of af-
terload that opposed and countered the reduced vis-
cosity component. When the vasoconstrictive compo-
nent of afterload was attenuated with a vasodilator (so-
dium nitroprusside), the large (viscosity-mediated)
increases in cardiac output were observed. It is of par-
ticular significance that the hemodynamic conse-
quences of this pharmacologic intervention resulted
in a superaugmentation of oxygen delivery above pre-
hemodilution levels, a finding that reveals a potential
method and advantage of using oxyhemoglobin colloids
over conventional hemodiluents.

The attenuated DO, and unchanged CO with oxyHb-
HD is not a new finding. Early studies by Sunder-Plass-
mann et al.% and Moss et al.” showed that isovolemic
exchanges of blood with oxyhemoglobin did not pro-
duce a hyperdynamic state characteristic of anemia,
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i.e., increased cardiac output and stroke volume. Con-
ventional hemodiluents, such as albumin, increase sys-
temic flow, primarily by reducing the viscosity com-
ponent of resistance.'? At the level of the heart, stroke
volume, rather than rate, increases because the viscosity
component of left ventricular afterload is reduced.*
Changes in preload, contractility, and arteriolar tone
may be contributing factors, but are not essential.'® In
the case of hemodilution with oxyhemoglobin, blood
viscosity is reduced to the same extent, or even lower,
than hemodilution with conventional colloids,® and,
in the immediate stages, the unchanged cardiac output
is not caused by alterations in blood pressure,>!! blood
volume,® heart rate,>’-%!! contractility,>*'S or physical
state of the oxyhemoglobin (Z.e., intermolecularly
crosslinked).*® Other studies have shown that oxygen
availability is not a factor, because oxyhemoglobins
with a wide range of oxygen affinity (Ps,) produce the
same response.'®'” In fact, oxygen delivery is signifi-
cantly decreased from prehemodilution levels, de-
spite additional plasma oxygen provided by oxyhemo-
globin,”"?

The above studies indicate that, indeed, the un-
changed cardiac output with oxyhemoglobin-hemo-
dilution appears to involve peripheral hemodynamics
and the resultant effects on ventricular-vascular cou-
pling. If oxyhemoglobin reduced venomotor tone in
capacitance vessels, the pressure gradient for venous
return would be decreased and, ultimately, so would
ventricular preload.'? Or, as is indicated by n vitro
evidence,'”"?? if resistance vessels are affected, there
may be a problem with afterload. However, if oxyhe-
moglobin causes a redistribution of regional blood flow
to vascular beds with long transit times (7.e., splanch-
nic), ultimately, venous return would be decreased.?*4
In the current study, oxyHb-HD did not cause a redis-
tribution of regional blood flows to splanchnic beds.
In fact, blood flows were redistributed from other or-
gans to skeletal muscle and myocardium (fast transit-
time beds),”" indicating selective regional effects of
oxyHb-HD. Net systemic flow, however, was un-
changed. During albumin-hemodilution (Ab-HD), the
increased cardiac output was not associated with a re-
distribution of regional flows to organ beds with faster
transit times. Right atrial and left ventricular end-dia-
stolic pressures were not significantly affected in either
group, indicating that the respective cardiac output
responses were not caused by changes in filling pres-
sures or preload.
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For analysis of the arterial side, we used the
relationship!®

R=19-Z,

to quantify vasoconstriction, where R = systemic vas-
cular resistance (mean P,, — P, = CO); n = whole
blood viscosity; and Z = vascular geometric hindrance.
Increased hindrance implies vasoconstriction.'® With
normal hematocrit values and constant blood viscosity,
changes in resistance usually reflect alterations in vas-
cular hindrance. In the current study, hemodilution
decreased hematocrits to about 20%, causing blood
viscosity (7) to fall to one-half of baseline levels. With
oxyHb-HD, resistance (R) was constant and, thus, hin-
drance (Z) was approximately doubled. With Ab-HD,
both resistance and viscosity decreased about 50% and,
therefore, no change in hindrance was evident, indi-
cating that increased cardiac output was caused entirely
by the flow-increasing effects of reduced viscosity. With
oxyHb-HD, it appears that increased hindrance, caused
by vasoconstriction of resistance vessels, countered the
flow-increasing effects of reduced viscosity and, there-
fore, there was no net change in cardiac output. This
dominant effect of vasoconstriction over viscosity be-
comes obvious if one considers Poiseuille’s Law, which
states that:

_dP.7-r!
Q="g 1 hL
where Q = flow; dP = pressure gradient; r = radius of
the vessel; n = viscosity of the fluid; and L = length of
the vessel. Because flow varies directly with the fourth
power of vessel radius and inversely with the first power
of fluid viscosity, changes in vessel radius (vasocon-
striction) may have considerably more influence than
changes in fluid viscosity. This fact may explain the
lack of increased cardiac output in experiments that
conducted extreme hemodilution with oxyhemo-
globin ?-10

The use of 100% oxygen to ventilate the animals’
lungs (normobaric hyperoxia) may be a vasoconstrictor
influence.?*** Hyperoxia can generate such toxic ox-
ygen metabolites®! as superoxide anion (032), a known
inactivator of NO,** and hydroxyl radical (-OH), a
membrane destabilizer.?* Dedichen et al.? reported
that the usual increase in cardiac output with dextran-
hemodilution was not affected, whether ventilation was
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under normobaric hyperoxia or under hyperbaric hy-
peroxia. However, cardiac output was attenuated after
hemodilution if the initial condition of normobaric hy-
peroxia was switched to hyperbaric hyperoxia. In a
related study, Chapler et al.>® found that switching from
normobaric normoxia to normobaric hyperoxia, after
dextran-hemodilution, caused significant attenuation
of the augmented cardiac output. Because the animals
in our groups were ventilated in the same way at all
times, and with no switching of oxygenation parame-
ters, hyperoxia should not have been a factor. Further-
more, in other studies,>~'! the nonaugmented cardiac
output during oxyHb-HD is consistent, whether the an-
imals were ventilated with room air or 100% oxygen.
Another potential oxygen-related vasoconstrictor influ-
ence is the generation of O3 or - OH during the oxi-
dation of oxyhemoglobin to methemoglobin.?* Met-
hemoglobin levels, in our study, were not increased
during oxyHb-HD, indicating that, in this case, an “‘ox-
ygen-driven” mechanism is an unlikely cause of vaso-
constriction.

In vitro studies'®'® have shown that oxyhemoglobin
inhibits the vasodilation by endothelial-derived NO
(EDNO) and related compounds. In contrast, methe-
moglobin has a markedly reduced EDNO inhibition'8'?
as well as weak and unstable binding to NO.3¢ In the
current study, animals hemodiluted with methemoglo-
bin showed no evidence of vasoconstriction, and car-
diac output and all regional blood flows were increased
in a2 manner similar to hemodilution with albumin. The
absence of increased systemic hindrance by methe-
moglobin indicates that the nonaugmented cardiac
output and systemic vasoconstriction in oxyHb-he-
modiluted dogs may be caused by #n vivo inactivation
of EDNO by oxyHb. Although direct binding by oxyHb,
with inactivation of EDNO, can be invoked from iz
vitro studies,'®'?3¢ we cannot rule out the possibility
that oxyHb, but not metHb, caused release of a local
vasoconstrictor, such as endothelin.

Sodium nitroprusside (SNP) was infused after oxyHb-
HD to test whether a NO donor would override the
vasoconstriction that, as indicated by in vitro evi-
dence,'®?! could be caused by inactivation of EDNO.
The advantage of using SNP as a NO donor, unlike other
nitrovasodilators, are its equieffectiveness in the venous

** Van Zwicten PA: Vasodilator drugs with direct action on smooth
muscle. Handbook of Hypertension: Pharmacology of Antihyperten-
sive Drugs 3:308-330, 1984.
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and arterial circulations** with no apparent need of co-
factors or oxidative processes.?”*® The disadvantage of
using SNP is the cyanide byproduct generated at some
point during its decomposition.>*° In the current
study, cyanide levels increased during SNP infusion,
but never reached toxic or hemodynamic-altering
levels.t!~13

To decrease mean P,, in oxyHb-HD, the dose of SNP
had to be increased to 20 times the amount used in
Ab-HD. This indicates that the NO potency, i.e., vaso-
dilation, of SNP in oxyHb-HD was attenuated, either
from an endogenously released vasoconstrictor or, as
indicated by in vitro studies,'®'? via direct inactivation
of SNP NO by oxyHb. However, when mean P,, was
decreased by SNP in oxyHb-HD, simultaneous increases
in cardiac output were observed. Furthermore, the
combination of augmented cardiac output and arterial
oxygen provided by oxyHb resulted in an 80% increase
in whole-body DO, from oxyHb-HD alone, and a 45%
increase in DO, from prehemodilution levels. The SNP
administration during oxyHb-HD did not decrease right
atrial and left ventricular end-diastolic pressures as it
did in Ab-HD. Because there were no changes in blood
volume, cardiac contractility, heart rate, or pleural
pressure during oxyHb-HD, and because afterload
(mean P,, component) was decreased, the unchanged
filling pressures indicated a greater antagonism of SNP
effectiveness in the venous circulation compared with
the arterial circulation. Although SNP decreased the
vasoconstrictive component of afterload (mean P,,),
the reduction in the viscosity component was now
made apparent by the large increases in cardiac output.
In regional circulations, the SNP-induced dilation of
resistance vessels resulted in large increases in blood
flow that were primarily caused by the presence of low
viscosity. Therefore, because of the peculiar effective-
ness of the nitrovasodilator to decrease only arteriolar
tone and unmask the resistance-lowering effects of re-
duced blood viscosity, DO, was superaugmented dur-
ing oxyHb-hemodilution as a result of the increased
cardiac output and greater arterial O, content (50%
more than albumin-hemodilution).

The selective resistance to SNP in systemic veins may
be related to findings that SNP relaxes smooth muscle
in canine veins by a ‘“‘hyperpolarizing’” mechanism,
rather than by a direct binding of NO to. the ferrous
heme moiety on soluble guanylate cyclase.¥'8!® This
““hyperpolarizing’’ mechanism, or factor, is neither in-
activated by oxyhemoglobin nor potentiated by super-
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oxide dismutase plus catalase.*® In the current study,
a selective antagonism of SNP by oxyHb was also ob-
served in regional resistance beds—in particular, the
renal circulation, where flow never increased as it did
in the albumin group. In general, the SNP infusion in-
creased blood flow in most of the organ beds in a man-
ner similar to albumin-hemodilution; however, the
relative effectiveness of SNP in vascular beds was as
follows: skeletal muscle = myocardium > most arterial
beds > systemic veins = renal arteries.

In summary, the mechanism of nonaugmented CO
and decreased DO, during oxyHb-hemodilution ap-
pears to involve an increased vasoconstrictive com-
ponent of afterload that counters the reduced viscosity
component. Thus, stroke volume and cardiac output
were not augmented, and DO, was attenuated by the
hemodilution-mediated decreases in arterial O, con-
tent. Infusion of a nitrovasodilator (SNP) reversed the
vasoconstriction and unmasked viscosity-induced in-
creases in CO and regional blood flows. However, the
dilating effectiveness of SNP was significantly affected
by oxyHb-hemodilution. Unusually large doses of SNP
were needed to decrease mean P,,, and there were no
changes indicative of venodilation. Furthermore, SNP
caused selective distribution of the increased CO to
myocardium and skeletal muscle. As a result of the aug-
mented CO and plasma oxyHb O,, D02 was increased
markedly from prehemodilution levels. The attenuated
effectiveness of SNP in oxyHb-hemodilution, and the
absence of vasoconstriction with methemoglobin
(weak NO inactivator), indicates that the molecular
mechanism of the oxyHb-mediated vasoconstriction
may involve #n wvivo inactivation of endothelial-
derived NO.

This study raises new questions about the evolving
pharmacology of oxyHb colloids and their interaction
with nitrovasodilators. Because many nitrovasodilators
are activated locally in vascular smooth muscle, and
would be less vulnerable to inactivation by plasma
oxyHb, would these nitrovasodilators be more suitable?
Would nonnitro vasodilators be as effective? Regarding
the ‘““vasoconstrictor’’ mechanism, would the same he-
modynamic effects, .e., no increase in cardiac output,
be evident in the albumin group if L-NMMA, a com-
petitive inhibitor of NO synthase,'® was administered
before hemodilution? Does oxyHb deplete L-arginine,
the substrate for NO synthesis?'® In any event, these
studies may have bearing on the design of the O,-de-
livering properties of oxyhemoglobin colloids. More-
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over, the ability to combine oxyHb-hemodilution and
suitable pharmacologic management to superaugment
DO,, at essentially the same metabolic costs as albumin-
hemodilution, is a finding that, potentially, could ren-
der oxyHb colloids more clinically useful than con-
ventional colloids, particularly for individuals with a
compromised circulation who would benefit from an
increased oxygen supply.
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