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ABSTRACT
Background: To date, there is no safe and effective hemoglobin-
based oxygen carrier (HBOC) to substitute for erythrocyte transfu-
sion. It is uncertain whether a deficiency of endothelial nitric oxide
bioavailability (endothelial dysfunction) prevents or augments
HBOC-induced vasoconstriction.
Methods: Hemodynamic effects of infusion of PolyHeme (1.08 g
hemoglobin/kg; Northfield Laboratories, Evanston, IL) or murine tet-
rameric hemoglobin (0.48 g hemoglobin/kg) were determined in
awake healthy lambs, awake mice, and anesthetized mice. In vitro, a
cumulative dose-tension response was obtained by sequential ad-
dition of PolyHeme or tetrameric hemoglobin to phenylephrine-pre-
contracted murine aortic rings.
Results: Infusion of PolyHeme did not cause systemic hypertension
in awake lambs but produced acute systemic and pulmonary vaso-
constriction. Infusion of PolyHeme did not cause systemic hyperten-
sion in healthy wild-type mice but induced severe systemic vasocon-
striction in mice with endothelial dysfunction (either db/db mice or
high-fat fed wild-type mice for 4–6 weeks). The db/db mice were
more sensitive to systemic vasoconstriction than wild-type mice after
the infusion of either tetrameric hemoglobin or PolyHeme. Murine
aortic ring studies confirmed that db/db mice have an impaired re-
sponse to an endothelial-dependent vasodilator and an enhanced
vasoconstrictor response to HBOC.

Conclusions: Reduction in low molecular weight hemoglobin con-
centrations to less than 1% is insufficient to abrogate the vasocon-
strictor effects of HBOC infusion in healthy awake sheep or in mice
with reduced vascular nitric oxide levels associated with endothelial
dysfunction. These findings suggest that testing HBOCs in animals
with endothelial dysfunction can provide a more sensitive indication
of their potential vasoconstrictor effects.

THE mortality for patients who hemorrhage without
receiving erythrocyte transfusion is high.1 There is a

critical unmet medical need for an alternative to erythro-
cyte transfusion, when erythrocytes are not available. To
date, after decades of laboratory and clinical research, there is
no safe and effective hemoglobin-based oxygen carrier
(HBOC) to substitute for erythrocyte transfusion in the
treatment of hemorrhagic shock. Ideally, HBOC would pro-
vide vital tissues and organs with oxygen transport after ma-
jor hemorrhage in the field and before typed and cross-
matched blood is available for transfusion. But clinical
application of HBOCs has been stymied by the noxious side
effects of nitric oxide scavenging.2 A recent meta-analysis
reviewed 16 trials of 5 HBOC products (1,927 subjects who
received HBOCs) and demonstrated that those patients re-
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What We Already Know about This Topic

❖ Hemoglobin-based oxygen carriers (HBOC) have been asso-
ciated with myocardial infarction and death, perhaps due to
nitric oxide scavenging

❖ This effect might be reduced by removing free hemoglobin
molecules from HBOC

What This Article Tells Us That Is New

❖ In lambs, HBOC containing 1% free hemoglobin caused sys-
temic and pulmonary vasoconstriction

❖ In mice, HBOC containing 1% free hemoglobin caused vaso-
constriction only in the presence of endothelial dysfunction,
suggesting that clinical trials for safety should focus on those
with suspected endothelial dysfunction
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ceiving HBOC had a statistically increased risk of death and
myocardial infarction (MI).3

Understanding the mechanisms responsible for HBOC-
induced vasoconstriction and learning how to prevent it are
crucial to developing safe and effective HBOC-based thera-
pies. Scavenging of endothelium-derived nitric oxide by cell-
free hemoglobin seems to be responsible for HBOC-induced
vasoconstriction,4,5 because mice that are congenitally defi-
cient in nitric oxide synthase 3 do not undergo vasoconstric-
tion when challenged with either HBOC or tetrameric he-
moglobin.6 However, it is unknown whether acquired
reduction of nitric oxide synthase 3 activity, such as that seen
in individuals with endothelial dysfunction associated with
diabetes mellitus or atherosclerosis, reduces or increases the
vasoconstrictor response to HBOCs.

A variety of strategies have been developed to minimize
the scavenging of nitric oxide by HBOCs. In one such strat-
egy, hemoglobin is extensively crosslinked and the fraction of
low molecular weight hemoglobin is markedly reduced. We
previously reported that administration of the crosslinked
bovine hemoglobin containing 3% low molecular weight
hemoglobin, HBOC-201 (Biopure Corporation, Cam-
bridge, MA), induced systemic hypertension in both awake
mice and sheep.6

In this study, we tested the hypothesis that the adminis-
tration of HBOC containing less than 1% low molecular
weight hemoglobin would not cause hypertension. Unfortu-
nately, crosslinked bovine hemoglobin containing less than
1% low molecular weight hemoglobin was not available for
our studies. Instead, we examined the systemic and pulmo-
nary vascular effects of crosslinked human hemoglobin con-
taining less than 1% low molecular weight hemoglobin,
PolyHeme (Northfield Laboratories, Evanston, IL). We re-
port that intravenous administration of PolyHeme did not
increase systemic blood pressure in healthy awake mice or
sheep. However, PolyHeme administration caused pulmo-
nary hypertension and reduced cardiac output in awake
sheep. Moreover, PolyHeme induced systemic hypertension
in mice with endothelial dysfunction due to either diabetes
mellitus (db/db mice) or in wild-type (WT) mice fed a high-
fat diet. This hypertension and vasoconstriction were pre-
vented by pretreatment with inhaled nitric oxide.

Materials and Methods

Animal Preparation
Mice. This study was approved by the Subcommittee on
Research Animal Care of Massachusetts General Hospital,
Boston, Massachusetts. We studied 8- to 10-week-old male
C57BL/6 WT mice (total of 68) and B6.Cg-m�/�Leprdb/J
(C57BL6/J background) db/db mice (total of 74). Additional
WT mice (total of 11) were fed a high-fat diet (60 kcal% fat; Re-
search Diets, Inc., New Brunswick, NJ) for 4–6 weeks. All mice
were obtained from Jackson Laboratory (Bar Harbor, ME).
Lambs. Fifteen Suffolk lambs weighing 23.9 � 2.9 kg
(mean � SD) were anesthetized. A tracheostomy was per-

formed, and monitoring catheters were placed as previously
described.7 After emergence from general anesthesia, all
lambs were allowed to recover for at least 2 h in a large-animal
mobile restraint unit (Lomir, Malone, NY) before starting
the awake study while spontaneously breathing via the tra-
cheostomy in the cage. Mean arterial pressure, mean pulmo-
nary arterial pressure (PAP), and central venous pressure
were continuously monitored. Heart rate and cardiac output
were measured every 15–30 min.

Preparation of Murine Tetrameric Hemoglobin Solution
and PolyHeme
Murine tetrameric hemoglobin solution (4 g/dl, methemo-
globin � 2%) was prepared as described previously.6 Poly-
Heme (9–10 g/dl, methemoglobin � 8%, containing � 1%
tetrameric hemoglobin) is a preparation of glutaraldehyde-
polymerized pyridoxylated human hemoglobin and was ob-
tained from Northfield Laboratories (Evanston, IL).

Hemodynamic Effects of PolyHeme Infusion in Awake
Lambs
Three groups of lambs were studied. One group (n � 7) re-
ceived an intravenous infusion of autologous whole blood
warmed to 37°C (1.44 g hemoglobin/kg within 20 min) while
spontaneously breathing via a tracheostomy at an inspired oxy-
gen fraction of (FIO2) 0.30. Autologous blood was donated and
stored in heparin anticoagulant 2 days before the infusion ex-
periment as described previously.7 A second group (n � 4)
received an infusion of PolyHeme (1.08 g hemoglobin/
kg within 20 min) while breathing at FIO2 � 0.30. A third
group (n � 4) breathed 80 ppm nitric oxide for 1 h at FIO2 �
0.30, followed by continuously breathing at a decreased level of
nitric oxide (5 ppm) during and after an infusion of PolyHeme
(1.08 g hemoglobin/kg within 20 min) for 2 h. At 2 h, nitric
oxide inhalation was acutely discontinued, and pulmonary and
systemic hemodynamics were continuously monitored while
lambs breathed at FIO2 � 0.30.

Hemodynamic Effects of PolyHeme Infusion in Awake
Mice
Systolic blood pressure (SBP) was measured with a noninva-
sive blood pressure system (XBP 1000; Kent Scientific, Tor-
rington, CT). The mask delivery system for nitric oxide (80
ppm) was previously described.6

Four groups of WT mice were studied. Each mouse was
given a 16% of blood volume (� 0.3 ml in a 25 g mouse)
infusion (a “topload”) via a tail vein. A control group of WT
mice received an intravenous infusion of murine whole blood
(1.44 g/kg). A second group received an infusion of Poly-
Heme (1.08 g/kg). A third group of WT mice was fed a
high-fat diet (containing 60 kcal% fat) for 4–6 weeks and
then received an infusion of PolyHeme (1.08 g/kg). The
fourth group of WT mice received various concentrations of
murine tetrameric hemoglobin (0.048, 0.12, 0.24, and 0.48
g/kg in the same total volume) at one intravenous dose per
mouse.
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Four groups of db/db mice were studied. The first re-
ceived an intravenous infusion of murine whole blood and
served as a control group. A second group received an infu-
sion of PolyHeme (1.08 g/kg). The third was pretreated with
inhaled nitric oxide at 80 ppm (FIO2 � 0.21) for 1 h followed
by discontinuation of nitric oxide breathing and infusion of
PolyHeme (1.08 g/kg). A fourth group received various con-
centrations of intravenous murine tetrameric hemoglobin
(0.048, 0.12, 0.24, and 0.48 g/kg in the same total volume)
at one dose per mouse.

Invasive Hemodynamic Measurements in Anesthetized
Mice
Mice were anesthetized with an intraperitoneal injection of
ketamine (120 mg/kg) and fentanyl (225 �g/kg) as described
previously.6 Briefly, a thoracotomy was performed and a
Millar pressure–volume catheter (size 1F, model PVR-1030;
Millar Instruments Inc., Houston, TX) was inserted via the
apex into the left ventricle (LV). After obtaining stable he-
modynamic measurements, whole blood (1.44 g/kg) or Poly-
Heme solution (1.08 g/kg) was infused through the jugular
vein, at a rate of 100 �l/min. PVAN software (AD Instru-
ments, Inc., Colorado Springs, CO) was used to analyze LV
pressure–volume loop measurements obtained before and 4
min after the infusion.

Measurement of Vascular Reactivity on Isolated Aortic
Rings
WT and db/db mice were killed with pentobarbital (200
mg/kg, intraperitoneal). Krebs-Henseleit physiologic salt so-
lution was prepared as described previously.8 Two milliliters
of ice-cold Krebs solution was injected retrograde into the
LV, and the thoracic aorta was dissected free of connective
and adipose tissue and placed in ice-cold Krebs-Henseleit
physiologic salt solution preequilibrated with 95% O2-5%
CO2 for 15 min. Two rings of 3–4 mm length were taken
from the aorta and mounted between two tungsten wire
hooks over wet blotting paper. Rings were suspended verti-
cally in 10-ml organ baths of the myograph (TSE Systems,
Bad Homburg, Germany) containing physiologic salt solu-
tion and maintained at 37°C, pH 7.4 and continuously
tonometered with a mixture of 95% O2-5% CO2. The rings
were equilibrated for 90 min at a resting force of 1.0 g, with
changes in bathing solution at 15-min intervals. The viability
of the vessel was checked by stable and reproducible re-
sponses to the addition of phenylephrine (10�6

M). The in-
tegrity of the endothelium was assessed by acetylcholine
(10�6

M) challenge, producing a reproducible and stable re-
laxation of phenylephrine-precontracted rings. Cumulative
dose–tension response curves to sequential addition of mu-
rine tetrameric hemoglobin (6 � 10�9 to 1.8 � 10�5

M) or
PolyHeme (6 � 10�9 to 1.8 � 10�5

M) were obtained.
Tissue was washed with physiologic salt solution (main-
tained at 37°C, pH 7.4) 4–5 times after each dose–response
study until the aortic ring returned to a stable resting tension,
before starting a new dose response.

In an additional series of experiments, aortic rings from
WT mice were preincubated with a submaximal dose (a dose
that decreases the vasodilator response to acetylcholine but
does not completely block the response) of NG-nitro-L-argi-
nine methyl ester (L-NAME, 10�7

M) for 30 min, and then
we obtained cumulative dose responses to murine tetrameric
hemoglobin (6 � 10�9 to 1.8 � 10�5

M) or PolyHeme (6 �
10�9 to 1.8 � 10�5

M). The net change in tension developed
in the aortic ring was calculated from the baseline value ob-
tained immediately before commencing the dose–response
curve for each ring.

Statistical Analysis
All values are expressed as mean � SEM. Data were ana-
lyzed by a repeated measures two-way ANOVA with in-
teraction (SigmaStat 3.0.1; Systat Software, Inc., San
Jose, CA). A paired t test (two tailed) with a Holm-Sidak
adjustment was used to compare the changes in SBP in
WT and db/db mice. A repeated measure two-way
ANOVA was used to assess the invasive hemodynamic
measurements (anesthetized mice) and the changes of net
tension of murine aortic rings. Probability values less than
0.05 were considered significant.

Results

Hemodynamic Effect of Infusion of PolyHeme in Awake
Lambs
We compared the hemodynamic effects of infusing Poly-
Heme (1.08 g/kg) or a similar volume of whole blood in
awake lambs (fig. 1). Infusion of whole blood did not alter
mean arterial pressure, PAP, systemic vascular resistance, or
pulmonary vascular resistance (PVR). PolyHeme infusion
did not alter mean arterial pressure, but the PAP, PVR, and
systemic vascular resistance increased and cardiac output and
heart rate decreased.

We previously reported that the effects of HBOC-201 on
systemic and pulmonary vascular tone7 could be inhibited by
breathing nitric oxide gas (80 ppm for 1 h before and 5 ppm
for 2 h after HBOC administration) without oxidizing the
extracellular hemoglobin. Similarly, we observed that this
two-level nitric oxide breathing completely prevented the
PolyHeme-induced changes in PVR, cardiac output, and
heart rate but only attenuated the increase in systemic vascu-
lar resistance induced by PolyHeme infusion (P � 0.05 dif-
fers from PolyHeme without added inhaled nitric oxide, fig.
1C–F). However, when breathing 5 ppm nitric oxide was
acutely discontinued at 2 h, the PAP and PVR immediately
increased (fig. 1B, D). After administration of PolyHeme,
plasma methemoglobin levels in the group breathing 80 ppm
and then 5 ppm nitric oxide did not increase above the low
levels measured in the PolyHeme group breathing at FIO2 �
0.30 without added nitric oxide (data not shown).
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Effects of PolyHeme Infusion on SBP in WT, High-Fat
Fed, and db/db Mice
In contrast to HBOC-201, infusion of PolyHeme (1.08
g/kg) did not cause systemic hypertension in awake WT mice
fed a standard diet (fig. 2).

To determine whether reduced endothelial nitric oxide
bioavailability associated with endothelial dysfunction alters
the vascular response to HBOCs, we measured the change in
SBP induced by intravenous PolyHeme in WT mice fed a
high-fat diet for 4–6 weeks and in db/db mice. In WT mice
fed a high-fat diet, PolyHeme increased the SBP from 109 �
4 (baseline) to 136 � 2 mmHg at 10 min after infusion of

PolyHeme (P � 0.05, fig. 2). Similarly, in db/db mice, infusion
of PolyHeme (1.08 g/kg) increased SBP from 117 � 3 at base-
line to 140 � 6 mmHg at 10 min (P � 0.05; fig. 3). In contrast,
infusion of murine whole blood did not change SBP in db/db
mice. Pretreatment by inhalation of nitric oxide (80 ppm, 1 h)
prevented the systemic hypertension induced by the subsequent
infusion of PolyHeme in db/db mice.

Invasive Hemodynamic Measurements in Anesthetized
Mice
To confirm the findings obtained in awake mice, invasive
hemodynamic measurements were performed in anesthe-

Fig. 1. (A) Mean arterial pressure (MAP), (B) mean pulmonary arterial pressure (PAP), (C) systemic vascular resistance (SVR), (D) pulmonary
vascular resistance (PVR), (E) cardiac output, (F) heart rate of awake lambs after an intravenous infusion of prewarmed (37°C) autologous whole
blood (n � 7), after an intravenous infusion of PolyHeme (Northfield Laboratories, Evanston, IL) (1.08 g hemoglobin/kg body weight, n � 4), or
after an intravenous infusion of PolyHeme (1.08 g hemoglobin/kg body weight, n � 4) in lambs that were pretreated with inhaled 80 ppm nitric
oxide for 1 h followed by continuously breathing 5 ppm nitric oxide for 2 h (high/low inhaled nitric oxide [iNO], n � 4). * P � 0.05. PolyHeme value
differs from whole blood and from PolyHeme � high/low iNO. ** P � 0.05. Whole blood differs from PolyHeme � iNO.
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tized WT (n � 14) and db/db mice (n � 13) both before and
4 min after infusion of PolyHeme or whole blood. At base-
line, LV end-systolic pressure (LVESP), LV end-diastolic
pressure (LVEDP), maximum rate of developed LV pressure
(dP/dtmax), minimum rate of developed LV pressure
(dP/dtmin), cardiac index, systemic vascular resistance index
(SVRI), arterial elastance (Ea), time constant of isovolumic
relaxation (�), and central venous pressure did not differ in
WT and db/db mice (table 1). Infusion of murine whole
blood did not change the heart rate, LVESP, LVEDP,
dP/dtmax, dP/dtmin, cardiac index, SVRI, Ea, �, or central
venous pressure in either genotype. Infusion of PolyHeme
into WT mice did not alter heart rate, LVESP, LVEDP,
dP/dtmax, dP/dtmin, cardiac index, SVRI, Ea, �, or central
venous pressure. In contrast, intravenous infusion of Poly-
Heme into db/db mice increased LVESP, LVEDP, SVRI,
and Ea while decreasing heart rate and cardiac index without
affecting dP/dtmax, dP/dtmin, or central venous pressure. The

increase in SVRI and Ea strongly suggests that PolyHeme
induces systemic vasoconstriction in db/db mice.

Dose–Responses to Infusion of Murine Tetrameric
Hemoglobin in WT or db/db Mice
The observation that PolyHeme induced hypertension in
db/db mice but not in WT mice fed a standard diet suggested
the possibility that db/db mice were more sensitive to the
vasoconstricting effects of HBOCs. To further examine this
possibility, the change in SBP induced by infusing a range of
doses of murine tetrameric hemoglobin (0.048, 0.12, 0.24,
and 0.48 g/kg) was compared in awake db/db mice and WT
mice fed standard chow. The vasoconstrictor effect of HBOC is
dose dependent in both genotypes. The infusion of tetrameric
hemoglobin caused greater systemic hypertension in db/db
mice than in WT mice at all the doses we studied (fig. 4).

Vascular Reactivity to PolyHeme or Tetrameric
Hemoglobin Addition to Isolated Murine Aortic Rings
To determine whether the vasoconstricting effects of Poly-
Heme in db/db mice were attributable to a direct effect of the
HBOC on the vasculature, we measured the development of
isometric tension in response to cumulative concentration
increments of PolyHeme or tetrameric hemoglobin in aortic
rings isolated from db/db and WT mice (fig. 5). In both
genotypes, PolyHeme produced a concentration-dependent
increase in net tension in aortic rings, with a greater maxi-
mum response in db/db (0.25 � 0.04 g) than in WT mice
(0.13 � 0.03 g). PolyHeme induced vasoconstriction in WT
aortic rings at very high concentrations (6 � 10�6 and 1.8 �
10�5

M). Similarly, tetrameric hemoglobin (6 � 10�9 to
1.8 � 10�5

M) evoked a concentration-dependent increase
in the net tension of the aortic rings of both genotypes (fig.
5A). The increment of net tension in response to the addition
of tetrameric hemoglobin was greater in db/db mice than in
WT mice (P � 0.05). The maximal tension responses achieved
in db/db mice were greater than those in WT mice (0.67 � 0.05
vs. 0.46 � 0.07 g, P � 0.01). The maximum contraction re-
sponses produced by PolyHeme were less than those produced
by tetrameric hemoglobin, in both db/db and WT mice (P �
0.05 differs vs. tetrameric hemoglobin for both).

The observations that PolyHeme induced hypertension
in both WT mice fed a high-fat diet and db/db mice but not
in WT mice fed a standard diet, as well as the finding that
db/db aortic rings were more sensitive to PolyHeme than
were WT aortic rings, suggested the possibility that endothe-
lial dysfunction sensitized blood vessels to PolyHeme-in-
duced constriction. We previously reported that WT mice
fed a high-fat diet have endothelial dysfunction.9 Moreover,
we confirmed that aortic rings from db/db mice have an
impaired vasodilator response to acetylcholine (fig. 6A).
Then, endothelial dysfunction seen in db/db mice10 and
mice fed a high-fat diet11 has been attributed to reduced
nitric oxide bioavailability. To test the hypothesis that re-
duced nitric oxide bioavailability associated with endothelial
dysfunction enhanced the vasoconstrictor response to Poly-

Fig. 2. Systolic blood pressure (mmHg) was measured in awake
standard diet-fed wild-type mice (n � 9) or high-fat fed wild-type
mice (HF-WT, n � 11) after infusion of PolyHeme (Northfield Labo-
ratories, Evanston, IL) (1.08 g hemoglobin/kg). * P � 0.05 differs
versus PolyHeme in standard diet-fed WT group.

Fig. 3. Systolic blood pressure (mmHg) was measured in awake
db/db mice after infusion of whole blood (n � 10), after infusion of
PolyHeme (Northfield Laboratories, Evanston, IL) (1.08 g hemoglo-
bin/kg body weight, n � 8), or after infusion of PolyHeme in mice that
were pretreated with inhaled nitric oxide (iNO) (80 ppm for 1 h;
PolyHeme � iNO, n � 8). * P � 0.05 differs versus whole blood
group and PolyHeme � iNO group.
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Heme, we examined whether inhibition of nitric oxide synthase
with L-NAME could sensitize aortic rings from WT mice (fed a
standard diet) to the vasoconstrictor effects of PolyHeme. We
chose a concentration of L-NAME, which only partially inhib-
ited nitric oxide synthase 3 (submaximal dose: 10�7

M; fig. 6B),
because complete congenital deficiency of nitric oxide synthase
3 completely blocked the vasoconstrictor effects of HBOCs.6 In
the presence of L-NAME (10�7

M), the vasoconstrictor response
of WT aortic rings to both tetrameric hemoglobin and Poly-
Heme was markedly augmented (fig. 5B). The maximum net
tension developed with tetrameric hemoglobin in rings prein-
cubated with or without L-NAME was 0.65 � 0.13 and 0.46 �
0.06 g, respectively. The increment of net tension in response to

the cumulative addition of PolyHeme was higher in L-NAME-
preincubated aortic rings than in rings without L-NAME.
Taken together, these findings suggest that reduced vascular
nitric oxide levels (because of endothelial dysfunction or treat-
ment with submaximal doses of L-NAME) markedly sensitize
vascular tissues to the constricting effects of HBOCs.

Discussion
In this study, we report that the intravenous infusion of
PolyHeme did not cause systemic hypertension in awake
healthy lambs but increased pulmonary artery pressure and
decreased cardiac output and heart rate; these effects were
markedly attenuated by treatment with inhaled nitric oxide.
Infusion of PolyHeme did not cause systemic hypertension
or reduce cardiac output in WT mice. However, in mice with
endothelial dysfunction (either WT mice fed a high-fat diet
for 4–6 weeks or db/db mice), infusion of PolyHeme in-
duced hypertension and reduced cardiac output. Pretreat-
ment with inhaled nitric oxide prevented the hypertensive
response to PolyHeme in db/db mice. Invasive hemody-
namic measurements confirmed that the infusion of Poly-
Heme into db/db mice increased LVESP, LVEDP, and
SVRI and decreased heart rate and cardiac output; this did
not occur in WT mice given a PolyHeme infusion. Both an
in vivo dose–response study and an in vitro study using mu-
rine aortic rings revealed that db/db mice were more sensitive
than WT mice to the vasoconstrictor effects of infusing ei-
ther murine tetrameric hemoglobin or PolyHeme.

Vasoconstriction, linked in part to the presence of low-
molecular weight tetrameric hemoglobin, has hindered the

Table 1. Comparison of Cardiac Function and Systemic Hemodynamic Measurements in WT and db/db
Mice before and after Infusion of Whole Blood or PolyHeme

WT db/db

Baseline Whole Blood Baseline PolyHeme Baseline Whole Blood Baseline PolyHeme

HR, bpm 624 � 16 595 � 16 658 � 18 602 � 18 593 � 12 546 � 31 621 � 17 566 � 26*
LVESP,

mmHg
106 � 2 115 � 3 111 � 1 123 � 3 109 � 1 117 � 3 112 � 3 143 � 5†

LVEDP,
mmHg

3 � 1 4 � 1 4 � 1 5 � 1 4 � 1 4 � 0 4 � 0 6 � 1*

dP/dtmax,
mmHg/s

12,370 � 717 12,295 � 1106 13,385 � 644 12,099 � 849 14,629 � 1651 14,310 � 1782 17,903 � 1394 17,040 � 1138

dP/dtmin,
mmHg/s

�13,821 � 625 �14,807 � 862 �15,442 � 590 �15,692 � 1082 �12,548 � 967 �14,018 � 474 �13,007 � 769 �14,158 � 924

CI, ml � min�1 �
g�1

0.49 � 0.02 0.45 � 0.03 0.54 � 0.05 0.48 � 0.02 0.40 � 0.04 0.33 � 0.05 0.35 � 0.04 0.22 � 0.05*

SVRI, mmHg �
min � ml�1 �
g�1

217 � 14 342 � 40 214 � 22 316 � 21 272 � 21 412 � 117 356 � 49 654 � 128*

Ea, mmHg/�l 5 � 0 6 � 0 5 � 1 6 � 0 4 � 0 5 � 1 5 � 1 8 � 2*
�, msec 5 � 0 5 � 0 5 � 0 5 � 0 6 � 0 6 � 0 5 � 0 5 � 0
CVP,

mmHg
3 � 0 3 � 1 3 � 1 3 � 0 4 � 1 5 � 1 4 � 1 4 � 1

Values are mean � SEM.
* P � 0.05 differs vs. baseline in db/db mice. † P � 0.0002 differs vs. baseline in db/db mice.
CI � cardiac index, which was derived from cardiac output divided by body weight; CVP � central venous pressure; db/db � infusion
of whole blood (n � 6) or PolyHeme (Northfield Laboratories, Evanston, IL) (n � 7) in db/db mice; dP/dtmax � maximum rate of
developed left ventricular pressure; dP/dtmin � minimum rate of developed left ventricular pressure; Ea � arterial elastance; HR � heart
rate; LVEDP � left ventricular end-diastolic pressure; LVESP � left ventricular end-systolic pressure; SVRI � systemic vascular
resistance index; � � time constant of isovolumic relaxation; WT � wild type, infusion of whole blood (n � 7) or PolyHeme with breathing
air (n � 7) in wild-type mice.

Fig. 4. Change in systolic blood pressure (mmHg) after infusion of
murine tetrameric hemoglobin in awake wild-type (WT) mice (n � 6)
and db/db mice (n � 6). BW � body weight. * P � 0.05 WT group
differs versus whole blood infusion group (data not shown). † P �
0.05 db/db group versus WT group.
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development of HBOCs.4 Polymerized hemoglobins, such
as HBOC-201 and PolyHeme, are designed to diminish he-
moglobin extravasation, vasoactivity, and adverse renal ef-
fects.12,13 Our previous study showed that the infusion of
HBOC-201 (containing 3% low molecular weight tet-
rameric hemoglobin) caused systemic hypertension in awake
lambs and WT mice.6 In this study, PolyHeme (contain-
ing � 1% tetrameric hemoglobin) did not cause systemic
hypertension in awake, healthy lambs or in WT mice fed a
standard diet. It is conceivable that the lower concentration
of tetrameric hemoglobin in PolyHeme than in HBOC-201
was responsible for the less marked systemic vasoconstrictor
effects seen with the former.

Similar to our previous studies infusing HBOC-201,7

PolyHeme infusion caused systemic and pulmonary vaso-
constriction in lambs, and treatment with inhaled nitric ox-
ide (80 ppm for 1 h before and 5 ppm concurrently with
HBOC administration) attenuated the PolyHeme-induced

increase in systemic vascular resistance and PVR (fig. 1).
Inhaled nitric oxide at these doses did not produce an in-
crease in plasma methemoglobin levels preserving the oxy-
gen-carrying capacity of PolyHeme. Acute discontinuation
of nitric oxide breathing caused an immediate increase in
PAP and PVR. Catastrophic pulmonary vasoconstriction has
been reported after acute withdrawal of nitric oxide inhala-
tion in a patient with pulmonary hypertension.14

We previously observed that HBOC-201 caused sus-
tained systemic hypertension in awake mice but not in nitric
oxide synthase 3-deficient mice.6 These findings demon-
strated that HBOCs cause systemic vasoconstriction by scav-
enging nitric oxide produced by nitric oxide synthase 3. We
hypothesized that, under conditions of decreased vascular
nitric oxide levels, such as those associated with endothelial
dysfunction, the vasoconstrictor response to HBOCs would
be enhanced. Endothelial dysfunction is characterized by a
reduced vasodilator response to acetylcholine in animal mod-
els and human beings and is associated with diabetes mellitus
and hyperlipidemia. Endothelial dysfunction has been ob-
served in WT mice fed a high-fat diet and in db/db mice.9,10

In db/db mice, endothelial dysfunction has been attributed
to reduced vascular nitric oxide levels caused by increased
superoxide production (superoxide reacts with nitric oxide to
produce peroxynitrite)10 or reduced vascular nitric oxide
synthase 3 protein levels.15 We found that infusion of Poly-

Fig. 5. (A) Cumulative concentration–response curves to murine tet-
rameric hemoglobin and PolyHeme (Northfield Laboratories, Evan-
ston, IL) (6 � 10�9 to 1.8 � 10�5 M) in aortic rings obtained from
wild-type (WT) and db/db mice, n � 6–8. * P � 0.05 tetrameric
hemoglobin-WT differs from tetrameric hemoglobin (Hb)-db/db. †
P � 0.05 tetrameric hemoglobin-db/db differs from PolyHeme-db/
db. ‡ P � 0.05 tetrameric hemoglobin-WT differs from PolyHeme-
WT. § P � 0.05 PolyHeme-db/db differs from PolyHeme WT. (B)
Cumulative concentration–response curves to murine tetrameric he-
moglobin and PolyHeme (6 � 10�9 to 1.8 � 10�5 M) treated with or
without L-NAME (10�7 M) in aortic rings obtained from WT mice, n �
6–8. ** P � 0.05 L-NAME � tetrameric hemoglobin differs versus
tetrameric hemoglobin without L-NAME. §§ P � 0.05 L-NAME �
PolyHeme differs from PolyHeme alone. L-NAME � NG-nitro-L-argi-
nine methyl ester.

Fig. 6. (A) Endothelial function measured by the vasorelaxation in-
duced by acetylcholine (10�9 to 10�4 M) in phenylephrine (10�4 M)-
precontracted aortic rings. * P � 0.05 and ** P � 0.01 differs versus
db/db mice. (B) Tension–dose responses to acetylcholine with or
without L-NAME (10�7 or 10�5 M) in aortic rings from wild-type (WT)
mice, n � 6–8. † P � 0.05 WT group differs from L-NAME 10�5 M

group. ‡ P � 0.05 L-NAME 10�7 M differs from L-NAME 10�5 M

group. L-NAME � NG-nitro-L-arginine methyl ester.
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Heme into awake db/db or high-fat fed WT mice caused
severe systemic hypertension (figs. 2 and 3), in marked con-
trast to WT mice. Again, pretreatment with inhaled nitric
oxide prevented systemic hypertension induced by Poly-
Heme administration in awake db/db mice. Invasive hemo-
dynamic studies demonstrated that the hypertension seen in
db/db mice challenged with PolyHeme was attributable to
systemic vasoconstriction (table 1). A dose–response study
further revealed that db/db mice are more sensitive to the
vasoconstricting effects of an infusion of murine tetrameric
hemoglobin than are WT mice fed a standard diet (fig. 4).

To confirm that db/db mice are more sensitive to the
vasoconstricting effects of HBOCs, we compared the vaso-
motor responses of aortic rings from db/db mice and WT
mice fed a standard diet. As anticipated, the vasodilator ef-
fects of acetylcholine were less in db/db mice than in WT
mice (acetylcholine, fig. 6). Moreover, PolyHeme and tet-
rameric hemoglobin induced greater vasoconstriction in aor-
tic rings from db/db mice than in those from WT mice (fig.
5A). We hypothesized that if reduced vascular nitric oxide
levels sensitized db/db mice to nitric oxide scavenging by
HBOCs, then partial inhibition of nitric oxide synthesis in
WT mice should also result in an enhanced vasoconstrictor
response to HBOC infusion. We identified a dose of
L-NAME (10�7

M), an NOS inhibitor, that attenuated ace-
tylcholine-induced vasodilation mimicking the endothelial
dysfunction seen in db/db mice and WT mice fed a high-fat
diet. When WT aortic rings were pretreated with this sub-
maximal dose of L-NAME, the vasoconstrictor effects of tet-
rameric hemoglobin and PolyHeme were markedly en-
hanced (fig. 5B). Taken together, these observations suggest
that reduced vascular nitric oxide levels associated with en-
dothelial dysfunction sensitize mice to the vasoconstrictor
effects of HBOC administration.

Recently, Natanson et al.3 conducted a meta-analysis of
clinical trials involving 5 HBOC products and reported that
HBOC-receiving patients had a higher risk of death and MI.
MI typically occurs when an occlusive thrombus develops in
an atherosclerotic coronary artery. Nitric oxide scavenging
by HBOCs may predispose individuals to coronary throm-
bosis, in part, by attenuating the platelet inhibitory effects of
nitric oxide.16 Our findings that mice with endothelial dys-
function are more sensitive to the nitric oxide scavenging
effects of HBOCs may provide an explanation of why
HBOC infusion causes hypertension in some patients and
not in others and provide a basis for understanding the
higher mortality and increased rate of occurrence of MI and
stroke in some HBOC recipients. It is conceivable that pa-
tients with endothelial dysfunction may be predisposed to
experiencing an MI when receiving HBOC. Of note, in our
study, we did not investigate animal models of hemorrhagic
shock, as the metabolic and hemodynamic effects of this
complex syndrome would make it difficult to isolate the vas-
cular effects of HBOCs and the influence of endothelial dys-
function on HBOC-induced vasoconstriction. Indeed, hem-

orrhagic shock alone produces endothelial dysfunction in
animal models.17 In the future, HBOCs should be studied in
animal models of endothelial dysfunction, because reduced
vascular nitric oxide levels seem to sensitize these animals
(and presumably humans) to the adverse effects of HBOCs.
Conquering these adverse effects will be vital in producing
useful HBOC for safe transfusion into humans suffering
from hemorrhagic shock.

In conclusion, we report that top-load infusion of Poly-
Heme did not cause systemic hypertension in awake healthy
lambs and WT mice fed a standard diet but caused severe
systemic vasoconstriction and hypertension in mice with en-
dothelial dysfunction (db/db mice and WT mice fed a high-
fat diet). HBOC-induced vasoconstriction and hypertension
were prevented by treatment with inhaled nitric oxide.
Dose–response trials in intact mice, as well as in vitro studies
using murine aortic rings, further demonstrated that db/db
mice are more vulnerable than healthy WT mice to the va-
soconstrictor effects of HBOC administration. In the future,
HBOCs should be routinely evaluated in animal models
with reduced vascular nitric oxide bioavailability to ensure
their safety when given to patients who may have known or
occult metabolic or vascular diseases associated with endo-
thelial dysfunction.
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ANESTHESIOLOGY REFLECTIONS

Hypnotic Anesthesia by De Laurence

A Chicagolander, Lauron William De Laurence (1868–1936) authored many classics of the occult. His
Hypnotism: Mesmerism, Suggestive Therapeutics, and Magnetic Healing depicts “Professor L.W. De
Laurence” thrusting hatpins through the cheek of a hypnotically anesthetized volunteer (see above, cour-
tesy of the Wood Library-Museum). By 1914, the “De Laurence Company of Chicago” was advertising itself
as “The Largest Publishers and Sellers of Occult and Spiritual Books in the World.” Despite unhappiness in
the early 1900s with deaths during ether or chloroform anesthetics, neither the public nor anesthesia
providers would ever revive mesmeric (hypnotic) anesthetics to the level of popularity seen prior to the
advent of “chemical anaesthetics.” (Copyright © the American Society of Anesthesiologists, Inc. This image
appears in color in the Anesthesiology Reflections online collection available at www.anesthesiology.org.)
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