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INTRODUCTION

verview

It is well recognized that a major threat to injured combat soldiers and other trauma victims is
exsanguination (16-18). In some of these patients timely replacement of blood loss with an
oxygen transporting volume-expanding solution could be life saving. Additionally, there are a
variety of logistical and other problems related to the collection, storage and administration of
red blood cells, and in some military environments ensuring an adequate supply of blood in close
proximity to where casualties occur might be difficult (5). Additionally, in the last fifteen years,
there have been increased concerns related to the transmission of infectious disease via blood
transfusions. In an effort to address these and other issues, a variéty of candidate "blood
substitutes” containing modified hemoglobin compounds are currently in the process of
development (5,17,18). The United States Army has developed a cross-linked hemoglobin (XL-
Hgb) solution that has been effective in sustaining life in animal models in the near-absence of
red blood cells (4,7-9,15). However, a number of problems have been identified with this
compound. These problems include a relatively short physiologic half-life, and the observation
of systemic and pulmonary hypertension in many animal models (5-9). At the beginning of this
contract the concept was that XL-Hgb scavenges endogenous vasodilator nitric oxide (NO),
thereby limiting its ability to relax blood vessels (1,5,9,10,12-14). This concept, was generally
confirmed in the current series of studies, and isalso consistent with emerging evidence related to
the "transport" of NO-related compounds by hemoglobin and red blood cells (11). Finally, it
appears that non-NO mediated mechanism might contribute to the hypertension caused by XL-
Hgb. With this information as a background, our original technical objectives included:

Objective 1: To determine if XL-Hgb transfusion inhibits the production and function of
endothelium-derived NO.

Objective 2: To determine if the local vasoconstricting XL-Hgb solutions might be reinforced
by increased release of catecholamines and vasoconstricting factors from the
adrenal gland and postganglionic sympathetic nerves.

Objective 3: To determine if XL-Hgb disturbs local endothelial and sympathetic control of
vascular tone in vivo and if baroreflex control of peripheral vascular resistance is
altered.

Objective 4: To determine if hypertension after XL.-Hgb transfusion is maintained in spite of
"normal" renal hemodynamics due to a disruption of the NO-mediated pressure-
induced natriuresis usually seen during volume expansion in hypertension.

In general these objectives were addressed, and when warranted additional related issues were
also addressed. However, due to budgetary constraints and the early termination of this contract,
some of the originally planned studies were modified or not performed.




Previous Work

There have been attempts to develop "blood substitutes” since the last century. Since blood
performs a host of physiologic functions in addition to the transport of oxygen and maintenance of
intravascular blood volume, a more appropriate name for "blood substitutes” would be "oxygen-
carrying volume-expanding solution." However, the term "blood substitute" is the widely accepted
parlance (4,17,18). Beginning in the 1930s there were attempts to make hemoglobin-containing
blood substitutes. Along these lines, there have been numerous demonstrations that animals could
survive for up to several days in the absence of native red blood cells in the presence of
hemoglobin-containing blood substitutes (2,3,5,7,17,18). Additionally, there have also been a
variety of demonstrations (in animals) suggesting that these compounds would be effective in the
fluid resuscitation of individuals suffering from hypovolemic hemorrhagic shock. There have been
several persistent problems shown with all hemoglobin-based blood substitutes: 1) limited
intravascular half-life 2) hypertension; 3) potential for long-term disruption of renal function; 4)
development of a “pure” hemoglobin solution free of red blood cell stromal debris. Over the years,
issues 1 and 2 have been addressed using several techniques. The intravascular half-life of these
compounds has been prolonged by chemical cross-linking so that the hemoglobin (once liberated
from the red blood cells) remains in a tetrameric unit and does not break down into dimers and
monomers (4,7-9,15). The potential for renal damage is also reduced via the cross-linking process.
Additionally, better purification of the hemoglobin and removal of red cell stromal debris from
these products has markedly reduced potential renal complication (issues 2 and 4). In this context,
one of the most important of the newer generation hemoglobin solutions currently under
development by a variety of governmental and industrial concerns is the U.S. Army Research and
Development Command's alpha-alpha 9 XL-Hgb (4,5,7-9,15,17,18). Several important features of
this molecule deserve attention:

1) It continues to represent the gold standard for purified hemoglobin.

2) Non-infectious material can be prepared from red blood cells infected with various
viral contaminants including HIV.

3) A variety of transfusion protocols in animal models suggests that this molecule is
effective in restoring blood volume in animals subjected to experimental
hypovolemic hemorrhagic shock. Additionally, animals can survive for prolonged
periods of time after complete exchange transfusions with cross-linked hemoglobin

solutions.

4) The major continuing "toxicity" of cross-linked hemoglobin solutions given to
animals appears to be systemic and pulmonary hypertension as a result of
vasoconstriction.




Purpose of the Completed Work

With this information as a background, the purpose of the work outlined in this contract was to
better understand the mechanisms responsible for the hypertensive effects of XL-Hgb when given
to animals. In project 1 Dr. Katusic used classic pharmacologic techniques on isolated blood
vessels to "pharmacodissect" the interactions of XL-Hgb and the nitric oxide pathway that regulate
vascular tone in a variety of blood vessels. In project 2 Drs. Rorie and Tyce studied the concept
that nitric oxide is a key regulator of catecholamine release from both the adrenal medulla and
sympathetic nerves. In project 3 Dr. Joyner studied the effects of XL-Hgb on baseline vascular
tone in a variety of organ systems and on the vasodilator responses to a variety of pharmacologic
compounds. The planned studies on the effects of XL-Hgb on baroreceptor regulation of blood
pressure were abandoned due to budgetary cuts. In project 4 (Dr. Romero) the effects of XL-Hgb
on renal blood pressure regulating mechanisms were being evaluated. The key finding in these
studies is that when XL-Hgb was given as a volume expander, it is one of the only solutions that
causes both volume expansion and hypertension without evoking natriuresis and diuresis. This is
consistent with the concept that NO is a key mediator of these responses.

Methods and Approach

Overview

Four laboratories collaborated on interrelated projects to address the mechanisms of hypertension
after XI.-Hgb blood substitute transfusion.

1) Dr. Katusic. In Dr. Katusic's laboratory, standard in vitro pharmacologic techniques
in isolated blood vessels were used to explore the pharmacologic effects of XL-Hgb
on the normal contracting and relaxing factors which regulate blood vessel tone.

2) In Project 2 Drs. Rorie and Tyce investigated the interactions of XL-Hgb, nitric
oxide, and catecholamine release from the adrenal medulla and sympathetic nerves.
Their laboratory is fully equipped and capable of making these measurements.

3) In Project 3 Dr. Joyner investigated the effects of XL-Hgb administration on in vivo
pharmacologic responses related to the NO pathway in an anesthetized canine
model.

4) In Project 4 Dr. Romero investigated the effects of volume expansion with XL-Hgb
on renal blood pressure regulating mechanisms.




Techniques

Animal Model. Studies were conducted in anesthetized dogs and isolated canine blood vessels and
adrenal glands. Animals were housed and cared for in accordance with AAALAC standards and
Institutional Animal Care and Use Committee guidelines. All studies were approved by the
Institutional Animal Care and Use Committee. The total number of animals used was reduced
since investigators that study isolated blood vessels obtained these tissues from a common shared
source animal that services the needs of multiple laboratories. This approach provides the
maximum yield of tissue using the minimal number of animals. Additionally, the budgetary
cutbacks during the final year of the study reduced the number of animals used to address issues
associated with objectives 3 and 4.

Animal Instrumentation (general). Dogs were anesthetized with pentobarbital (30 mg/kg,
maintained with supplemental doses of 10 mg/kg). They were subsequently intubated and
mechanically ventilated to maintain normal arterial blood gases. Body temperature was maintained
at 36-38°C. Arterial pressure was monitored with an indwelling catheter located in a femoral
artery. Central venous pressure (CVP) and cardiac output (some studies) were measured using
thermodilution with a pulmonary artery catheter advanced from the femoral or jugular vein.
Regional (mesenteric, iliac, renal, or coronary) arterial blood flows were measured using Transonic
flow probes placed around the vessels of interest after laparotomy or sternotomy. Arterial and
central venous pressure, along with regional blood flows, were measured continuously. Arterial
blood gases and cardiac output were measured every 10-15 minutes. In some studies, small
polyethylene cannulas were placed into the proximal portions of the arteries of interest for local
infusion of drugs. After physiological measures were completed, the anesthetized animals were
sacrificed using potassium chloride, barbiturate overdose, or exsanguination. Further technical
details are available in the appended manuscripts. Specific details of the large animal
instrumentation are available in the materials submitted that are relevant to projects 3 and 4.

XL-Hgb Transfusion. XL-Hgb from the USAMRDC has been used in two basic transfusion
protocols. Hypovolemic partial exchange transfusions were conducted after removal of 30-40
cc/kg of blood or sufficient blood volume to cause an ~30% reduction in mean arterial pressure
(MAP). This was followed immediately by resuscitation with 60 cc bolus doses of XL-Hgb
sufficient to return MAP to baseline. Sham control experiments were also conducted using the
approaches outlined above, but the volume replacement consisted of commercially available
albumin or dextran solutions designed to have a viscosity and osmolality similar to that of the XL-
Hgb product. Volume expansion was also used to expand the blood of a normovolemic animal by
10-20% with either XL-Hgb, albumin, or dextran. Total hemoglobin is estimated measuring the
hematocrit and the Hgb concentration in spun plasma. These approaches were used in projects 3
and 4.

Drugs. A variety of compounds were used. Details of the specific experimental approaches are
available in the appended abstracts and manuscripts submitted with the materials relevant to each
project.




Chemical Determinations:

Catecholamines in the presence of XL-Hgb. Over the past 13 years, the laboratory of Drs. Tyce
and Rorie has developed many of the standard catecholamine assays used internationally which
yield recoveries of >80% of added authentic standards. However, it was impossible to recover
catecholamines from fluids containing XL-Hgb using the traditional methods. In this context,
Drs. Rorie and Tyce developed new or modified their standard techniques and collaborated with the
Mayo Mass Spectrometry Core to identify these compounds. Further details associated with these
issues are contained in the project 2 report.

Isolated Blood Vessel Preparations (Projects 1 and 2):

Tensions developed in blood vessels. Studies have been conducted in organ baths on isolated
canine mesenteric, renal, left circumflex coronary, femoral, and other large arteries. Blood vessels
with and without endothelium were prepared using the standard techniques that remove endothelial
cells, but preserve the ability of the vascular smooth muscle to contract. The presence or absence of
endothelium was confirmed by determining whether or not bradykinin causes relaxation during
contractions evoked by an ECs, concentration of contractile agonists. All experiments were
performed in the presence of indomethacin in order to inhibit activity of cyclooxygenase. Further
details are presented in the materials related to project 1.

NE release from sympathetic nerve endings in vessels. The details of the approaches used by
Drs. Rorie and Tyce to study these issues are outlined in their appended abstracts and manuscripts.
Further details are presented in the materials related to project 2.




PROJECT 1
"Effects of XL-Hgb on Endothelial Regulation of Vascular Tone"
Dr. Z.S. Katusic

This project was designed to determine the effect of XL-Hgb on the function of endothelial and
smooth muscle cells of isolated peripheral and cerebral arteries. Our major goal was to
determine the effect of XL-Hgb on endothelium-dependent relaxations mediated by nitric oxide.
Previous studies from a number of different laboratories, including our own, reported that
hemoglobin is a potent chemical antagonist of nitric oxide (1). These results suggested that the
most likely mechanism responsible for the pressor effect of XL-Hgb is chemical inactivation of
nitric oxide. Furthermore, previous studies on isolated cerebral arteries have also demonstrated
that hemoglobin is a potent vasoconstrictor and that this effect is not dependent on the presence
of endothelial cells (1). More importantly, the effects of hemoglobin have not been
systematically studied on isolated small resistance arteries that play a key role in regulation of
arterial blood pressure. Thus, initially we focused our attention on the effects on XL-Hgb in
large arteries and than analyzed the effects of XL-Hgb in small resistance arteries.

Our studies were performed on isolated canine femoral, renal, coronary and basilar arteries.
Standard organ chamber technique was used to study vascular reactivity. We also used
radioimmunoassay to measure production of cyclic GMP and cyclic AMP in vascular wall in
order to determine the effects of XL-Hgb on the levels of major vasodilator second messengers in
smooth muscle cells. Detailed description of these techniques is provided in enclosed copy of
the published manuscript.

To study reactivity of small resistance arteries treated with XL-Hgb, secondary branches of
basilar arteries and tertiary branches of mesenteric arteries (inner diameter ~ 300 pm) were
dissected under dissection microscope. The arteries were than transferred to an arteriograph
filled with oxygenated (95% O, and 6% CO,) control solution and than mounted onto
microcannulas (Living System Instrumentation, Burlington, Vermont). Control solution
circulated from a 250 ml oxygenated reservoir through the arteriograph chamber at flow of 12
ml/min. Temperature was continuously monitored to maintain the vessel environment at
37+0.5°C. The arteriograph was placed on the stage of an inverted microscope (Diaphot-TMD,
Nikon) that had a video camera attached to the viewing tube. The signal derived from the video
image of the vessel was processed by an electronic system (Living System Instrumentation) for
the continuous measurement and recording of both inner diameter and wall thickness.

Responses of the pressurized arteries (in the absence of intraluminal flow) were measured at a
transmural pressure of 50 mm Hg. This pressure was found to be optimal for contractions of
these arteries as assessed by repeated exposures to 3x10*M U46419 (a thromboxane A, receptor
agonist) at various transmural pressures.
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Effects of XL-Hgb in large arteries

The experiments on large arteries provided several novel observations that may help to explain
cardiovascular effects of XL-Hgb. It is clear from our experiments that in the presence of
relatively low concentrations of XL-Hgb (10'7 and 10'6M), production of nitric oxide in
endothelial cells is impaired. Measurements of cyclic nucleotides demonstrated that XL-Hgb
selectively abolished formation of cyclic GMP under basal conditions, or during activation of the
endothelium with acetylcholine. The selectivity of the effect of XL-Hgb was demonstrated by
the fact that it did not affect production of cyclic AMP. These observations are best explained by
chemical antagonism between nitric oxide and hemoglobin. More importantly, the inhibitory
effect of XL-Hgb on endothelium-dependent relaxations mediated by nitric oxide was detected in
peripheral and cerebral arteries. This observation is consistent with results of previous studies
demonstrating that oxyhemoglobin is a potent inhibitor of endothelium-dependent relaxations
(1,2). Indeed, the results of this project demonstrated that chemical modification of hemoglobin
molecule by crosslinking with bis(3,5-dibromosalicyl) fumarate does not affect its ability to
inhibit relaxations mediated by increased production of nitric oxide (3). Thus, our studies clearly
demonstrated that XL-Hgb impairs endothelium-dependent relaxations in isolated large conduit
arteries. Decreased availability of nitric oxide in the presence of XL-Hgb is reflected in selective
inhibition of cyclic GMP formation. This in turn may help to explain pressor effect of XL-Hgb.
Furthermore, under in vivo conditions impaired function of nitric oxide may increase aggregation
platelets, adhesion of white blood cells and proliferation of smooth muscle cells.

Effects of XL-Hgb in small resistance arteries

It is generally believed that the role of nitric oxide in control of vascular tone in resistance
arteries is less prominent than in large arteries. On the other hand it has been proposed that in
small arteries nitric oxide may act more efficiently as an inhibitor of leukocyte adhesion and
platelet aggregation as well as modulator of vascular growth (4). To examine the reactivity of
small vessels to nitric oxide, we examined the effect of a nitric oxide donor, 3-
morpholinosydnonimine (SIN-1) in secondary branches of basilar arteries contracted with
endothelin-1 (10'9-10'8M). SIN-1 (10'8-104M) caused concentration-de?endent relaxations. This
effect of SIN-1 was almost abolished in the presence of XL-Hgb (10”M; Figure 1), suggesting
that nitric oxide is a potent vasodilator in these arteries, and that XL-Hgb is an inhibitor of
relaxations to exogenous nitric oxide. Because our previous studies suggested that in resistance
arteries a portion of endothelium-dependent relaxations to bradykinin and calcium ionophore
A23187 (5) may be independent of nitric oxide production, we examined the effect of XL-Hgb
on these relaxations. Interestingly, despite the fact that we used very high concentration of XI-
Hgb endothelium-dependent relaxations to bradykinin were not abolished (Figure 2). In
addition, XL-Hgb caused modest reduction of endothelium-dependent relaxations to A23187
(Figure 3). These results suggest that in resistance arteries of the brain, endothelial function is
impaired by XL-Hgb, however, this impairment appears to be less pronounced than in large
arteries, suggesting that nitric oxide may not be a sole mediator of endothelium-dependent
relaxations in these arteries. Alternatively, high local concentration of nitric oxide in these
arteries may overcome chemical antagonism of XL-Hgb. Selectivity of XL-Hgb inhibitory effect
on endothelium-dependent relaxations was demonstrated by the fact that XL-Hgb did not affect
relaxations to 8-bromo cyclic GMP (Figure 4).
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In contrast to cerebral arteries, in tertiary branches of mesenteric arteries endothelium-dependent
relaxations to bradykinin were abolished (Figure 5). At the present time we do not have an
explanation for the differential effect of XL-Hgb in cerebral and peripheral arteries. Further
studies are needed to fully characterize the mechanisms of endothelium-dependent relaxations in
these vascular beds. Based on these findings it will be possible to explain heterogeneous
reactivity to XL-Hgb.

In small cerebral arteries we have also examined the effect of XI-Hgb on relaxations to a ATP-
sensitive potassium channel activator pinacidil. The rationale for these experiments was based
on the reports in the literature demonstrating an important role of potassium channels activation
in control of vascular tone (6). During contractions to endothelin-1, pinacidil (10'7-10'4M)
caused concentration-dependent relaxations (Figure 6). This effect of pinacidil was significantly
reduced in the presence of XL-Hgb (10°M). In contrast, XL-Hgb did not affect relaxations to a
calcium channel blocker diltiazem (Figure 7). Thus, it appears that XL-Hgb may affect vascular
tone not only by inactivation of nitric oxide but also by interacting with potassium channels.
The precise mechanisms responsible for this effect of XL-Hgb remains to be determined,
however this intriguing observation illustrated complexity of the vascular effects of XL-Hgb.

Summary

The results of this project clearly demonstrated that XL-Hgb in concentration range from 10"M
to 10°M is an inhibitor of endothelium-dependent relaxations in large arteries. More
importantly, XL-Hgb selectively inactivates nitric oxide produced under basal conditions with
subsequent significant decrease in levels of cyclic GMP in vascular wall. These inhibitory
effects on a key vasodilator mechanism in vascular wall may help to explain pressor effect of
XL-Hgb observed in vivo. Interestingly, inhibitory effect of XI-Hgb on endothelium-dependent
relaxations mediated by nitric oxide in resistance arteries was less pronounced. However, in
small arteries we detected an inhibitory effect of XL-Hgb on relaxations to ATP-sensitive
potassium channel activator pinacidil, suggesting that in these arteries XL-Hgb may inhibit
vasodilator mechanisms that are not dependent on production of nitric oxide. Taken together
these results support the idea that pressor effect of XL-Hgb, is in part, mediated by inactivation
of vasodilator mechanisms responsible for maintenance of normal vascular tone.
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PROJECT 2

"Effects of XI-Hgb Solutions on Catecholamine Release from the Adrenal Medulla
and Vascular Sympathetic Nerve Terminals"

Drs. G.M. Tyce and D.K. Rorie

A. Specific Aims of the Project

To determine whether cross-linked hemoglobin (XL-Hgb) affects the release of
catecholamines from the adrenal medulla or from sympathetic nerve endings in blood vessels.

B. Publications Supported by Contract #USAMRDC 91283001

Hunter LW, Tyce GM, Rorie DK: Norepinephrine release during vasoconstriction induced by
cross-linked hemoglobin. Life Sci, 59:131-140, 1996.

Ward LE, Hunter LW, Grabau CE, Tyce GM, Rorie DK: Nitric oxide reduces basal efflux of
catecholamines from perfused dog adrenal glands. J Auton Nerv Syst, in press.

Hunter LW, GM Tyce, Benson LM, Naylor S, Rorie DK: Transmural stimulation of mesenteric
artery in the presence of cross-linked hemoglobin produces a compound with chromatographic
characteristics similar to dopamine. Biogenic Amines, submitted.

Tyce GM, Ward LE, Hunter LW, Rorie DK: Effects of nitric oxide on overflow of catecholamines
from perfused dog adrenal gland. 8th International Symposium on Chromaffin Cell Biology,
Edinburgh, Scotland, August 6-10, 1995 (abstract)

Hunter LW, Tyce GM, Rorie DK: Effect of ao cross-linked hemoglobin (XL-Gb) on
norepinephrine (NE) release and contraction in femoral artery (FA). FASEB J 10:A341, 1996
(abstract).

Tyce GM, Chritton SL, Bames RD, Ward LE, Hunter LW, Rorie DK: The adrenal gland as a
source of DOPA and of catecholamine metabolites. 8th International Catecholamine Symposium,
Pacific Grove, CA, October 13-18, 1996 (abstract).

Barnes RD, Ward LE, Tyce GM, Rorie DK: Role of nitric oxide in modulation of evoked

catecholamine efflux from canine adrenal gland. International Anesthesia Research Society 71st
Clinical and Scientific Congress, San Francisco, CA, March 14-18, 1997 (abstract).
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C. Progress Report

I. Releases from the adrenal glands: Since hemoglobin reacts readily with nitric oxide
(NO), it is likely that Hgb-induced effects will be via an interaction with NO. Thus initial
experiments were directed towards determining whether NO has a role in the regulation of basal
and evoked releases of catecholamines from the adrenal gland.

(i) Basal releases: Effects of endogenous NO. Isolated perfused dog adrenal glands
were used in these studies. Basal releases were compared in the presence and absence of NO

monomethyl-L-arginine (L-NMMA, 3x10™*M), an inhibitor of nitric oxide synthase (NOS) or of
one of a number of NO donors. In the presence of L-NMMA basal effluxes of norepinephrine
(NE), epinephrine (E) and dopamine (DA) were increased (Figures 1-3). Those effects were
reversed in the presence of L-arginine (10'3M) (Figs 1-3) indicating that endogenous nitric oxide
inhibited the basal effluxes of catecholamines from the adrenal gland. Sodium nitroprusside, an
NO donor, inhibited the releases of NE and E (see enclosed manuscript).

Basal or spontaneous releases of catecholamines from adrenal gland has previously received
scant attention but there are suggestions that this basal efflux is substantial. The importance of this
efflux may be the maintenance of sensitivity and proper trophic function of the target organs on
which released catecholamines act.

Neither inhibition of NOS nor the addition of NO donors had any effect on basal overflow
of the met-enkephalins. The release of these peptides did not appear to be under the influence of
NO.

(i)  Basal releases of catecholamines from adrenal gland: Effects of XI.-Hgb.
XL-Hgb (104 and 5 x 1O4M) increased the basal release of E, NE and DA in the isolated perfused

adrenal gland. This effect was of a similar magnitude to that of L-NMMA. To determine whether
XL-Hgb was exerting its action via an interaction with NO, we studied the effect of 10*M XL-Hgb
in perfusions where NO production is greatly attenuated i.e. in the presence of 3 x 10*M L-
NMMA. In these circumstances the effects of XL-Hgb were greatly reduced indicating that a major
component of the action of L-NMMA is attributable to an interaction with NO. However, the data
indicate that a small component of the action of XL-Hgb in increasing basal catecholamine release
is independent of an interaction with NO.

These data are currently under analysis and a manuscript is in preparation.

(iii) Evoked releases of catecholamines from adrenal gland: Effect of nitric oxide.
Release of catecholamines from adrenal glands of dog, man and most species is evoked by

stimulation of nicotinic receptors by acetylcholine. Releases via this mechanism were compared in
the presence and absence of L-NMMA using the isolated perfused dog adrenal gland. Releases
were evoked with the nicotinic agonist 1,1-dimethyl-4-phenylpiperazinum (DMPP).

Isolated dog adrenal glands were perfused and after 60-min stabilization perfusate was
collected during (a) a 10-min basal period, (b) a 2-min stimulation with a "low" (3x10”6M) ora
"high" (5x10°M) dose of DMPP, a nicotinic agonist, (c) an 8-min post-stimulation, and (d) a 30-
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min stabilization period. This stimulation sequence was repeated three times (S,, S,, S;). In some
studies L-NMMA was added to the perfusate before the third sequence of collections. E, NE and
DA in perfusates were quantified by HPLC. Net evoked catecholamine efflux was calculated by
subtracting prior basal efflux from total evoked efflux. The ratios of net evoked catecholamine
effluxes in S; expressed as a percentage of effluxes in S, were compared in the presence vs. the
absence of L-NMMA.

Effluxes (as ng/min) of E, NE, and DA during S, were: 2050+191, 264+50 and 23+3 with
low dose of DMPP, and 43061664, 1215+197 and 43+3 with high dose of DMPP respectively.

Inhibition of NOS by L-NMMA had differing effects depending on the intensity of
stimulation: at low intensity stimulation L-NMMA increased releases, but at high intensity
stimulation L-NMMA decreased releases of catecholamines (Table 1).

Table 1. S;/S, Ratios in Presence and Absence of L-NMMA
Low Dose DMPP High Dose DMPP
Control with L-NMMA Control with L-NMMA
E 80.5+18.8% 112.4+13.3% 73.8+£3.1% 58.0+5.7%"
NE 56.0+7.2% 125.7+13.3% 61.5+2.3% 58.9+5.6%
DA 73.7£5.8% 121.1£19.5% 82.7+4.6% 63.324.5%"
*Significantly different from control (Student's t test).

II. Releases of catecholamines from sympathetic nerve endings:

(i) Effect of XI.-HGB or basal and evoked released of NE from nerve endings in

blood vessels. Studies were done using isolated superfused segments of canine femoral artery to
determine whether XL-Hgb induced increased efflux of NE from sympathetic nerve endings in the
vasculature. This blood vessel was chosen because preliminary studies showed that it contracted in
response to 10°M XL-Hgb.

Helical strips of canine femoral artery were prepared and superfused in vitro with Krebs-
Ringer solution and, for each strip, the overflow of NE into the superfusate as well as contractile
responses were measured concurrently during basal conditions, during nerve stimulation and during
tyramine-evoked release of NE. XL-Hgb (IO'SM) contracted unstimulated strips without affecting
NE overflow (Fig. 4). NE overflow also was unchanged by NG-monomethyl-L-arginine (L-
NMMA; 300 uM), an inhibitor of NO synthesis, by sodium nitroprusside (SNP; 1 uM) an NO
donor, by a combination of HL-Hgb and L-NMMA, or of XL-Hgb and SNP. These treatments
contracted the strips to the same degree as did XL-Hgb alone, except for SNP, which induced
relaxation (Fig. 4). Transmural stimulation of the strips at 2 and 10 Hz induced NE overflow and
contraction, neither of which was affected by any treatment except SNP which significantly
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(P<0.05) increased NE overflow while inhibiting contraction. In a further series of experiments,
XL-Hgb augmented contractions induced by tyramine (10 pM) although the resulting NE release
was unaffected. These results suggest that, in the femoral artery, contractions induced by XL-Hgb
are not due to increased efflux of NE from vascular nerve endings but are consistent with inhibition
by XL-Hgb of the postjunctional actions of NO.

(i) Release of DA-like compound from XL-Hgb. When sympathetic nerve endings
in isolated canine mesenteric arteries were stimulated electrically a compound appearing to be DA
was released (Fig. 5 B, C and D). This compound was released in a frequency-dependent manner
(Figures 5C and D). Production of this putative dopamine occurred only in arteries exposed to XL-
Hgb (compare Figures SF and 5D). A study was done to determine whether this compound was, in
fact, DA. The production of DA, a substance with vasodilatory properties, was of considerable
interest primarily because of the heterogeneity in contractile responses to XL-Hgb among different
vascular beds.

Several chromatographic characteristics of the unknown compound were identical to those
of DA, i.e. adsorption onto Sep-Pak C,g cartridges, and isographic elution on a reversed-phase
HPLC column. However, the compound did not adsorb onto neutral alumina or onto a cation-
exchange resin as did DA, and its voltametric properties were similar but not identical to those of
DA. Subsequently, the compound was found to be produced in Krebs-Ringer solution in the
absence of artery (Figure 6B), provided XL-Hgb, oxygen and an electric current were supplied
(Figure 6, compare H and B). Similar results were obtained when other proteins were substituted
for XL-Hgb (Figure 6C, D, E, F, and G). It was concluded that the compound released from
mesenteric artery by XL-Hgb was not DA.

In several experiments, we examined the possibility that the unknown compound might
influence the release or disposition of NE or might affect contraction in isolated blood vessels.
However, no effects on the release or disposition of NE could be demonstrated, and the compound
did not cause contractions in segments of dog mesenteric artery. Because of the lack of
physiological actions at neuroeffector junctions of the unknown compound, further lines of
investigation were not pursued.

Analyses by mass spectrometric procedures in collaboration with Dr. S. Naylor, Director of
the Mass Spectrometry Facility at Mayo, indicated that the unknown compound was not DA.
However, because of high counts of background ions which interfered with mass spectrometric
detection, the compound could not be identified.
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Figure 1. The effect of L-NMMA, 3 x 10“M, on the basal efflux of EPI from dog adrenal
gland. In Figs. 1-3 L-NMMA, when added to the perfusate, was present in intervals 2-5. Ca?*
was present in all perfusates. Data are the means + SEM of 5 to 9 experiments. Three L-
NMMA experiments were done with L-arginine (10°M) present. The amounts in perfusates
collected per min in intervals 2-5 are expressed relative to those in interval 1. [, control; M,
L-NMMA: §, L-NMMA and L-arginine. *p < 0.05, significant change over time from values
measured in interval 1. +p < 0.05, significant increase from the value in control perfusates
in the same interval. In Figures 1-3, intervals 2, 3 and S are 10-min each and interval 4 is 30-

min.
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Figure 2. The effect of L-NMMA, 3 x 10°M, on the basal efflux of NE from dog adrenal
glands. See legend to Fig. 1.
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Figure 3. The effect of L-NMMA, 3 x 10*M, on the basal efflux of DA from dog adrenal

glands. See legend to Fig. 1.

-

Qo

o
)

|A

50 -

NE OVERFLOW (%)

CONTRAGTION (%)

[T CONTROL 72 SNP. 1M
BN XL-HD, 10 pM B L-NMWA « XL-HD
E=S L-NMMA 300 v B SNP .« XL-HD

Figure 4. NE overflow (A) and contraction (B) during basal conditions in femoral artery strips
superfused in vitro; effects of XL-Hb and of various treatments which modify tissue levels of
NO. NE overflow was measured during a 5-min period and is expressed as the percentage of
the NE which overflowed during a comparable 5-min period, 60 min prior to treatment.
Contraction is expressed as the percentage of the contraction induced by stimulation of the vessel

at 2 Hz prior to treatment.

Values are + SEM of determinations from five different

experiments. *, Significant difference from corresponding value in control vessel, P < 0.05.
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Figure 5. HPLC chromatograms illustrating the overflow of putative DA in mesenteric artery
strips superfused in vitro.
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Figure 6. HPLC chromatograms scanned between 10 and 18 min, illustrating the production
of an unknown compound which co-eluted with DA (see Figure 5) in the presence of various

proteins.
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PROJECT 3
"Effects of XL-Hgb Solution on Local and Baroreflex Control of Resistance'

Dr. M. J. Joyner

The studies conducted as a part of this project addressed issues related to in vivo vascular responses
to administration of the vasodilating substances acetylcholine and nitroprusside inter-arterially.
Twenty-four acutely instrumented anesthetized dogs were studied. Flow probes were placed
around the left circumflex coronary artery, the mesenteric artery, and the femoral artery. These
vessels have been selectively cannulated and the effects of increasing doses of acetylcholine (ACh,
1-100 mics/min) and nitroprusside (NTP, 1-100 mics/min) were studied. The animals also received
systemic doses of alpha and beta blocking drugs to blunt any reflexogenic changes in arterial blood
pressure in response to the various protocols. The first group of animals (n = 6) served as a time
control, and successive dose response curves to ACh and NTP were conducted in the vessels of
interest. These studies showed that the vasodilator responses to these compounds were stable over
time. The second group of animals (n = 6) underwent an initial series of ACh and NTP dose
response curves followed by rapid removal of roughly one-third of their blood volume. This
volume was then replaced with albumin and the dose response curves repeated. The third group of
animals underwent a similar bleeding protocol, but were resuscitated with an equal volume of
cross-linked hemoglobin (~400-500 mls). The fourth group of animals (n = 6) underwent dose
response curves during control conditions after treatment with the nitric oxide synthase inhibitor L-
NMMA, and again after volume loading with cross-linked hemoglobin.

Administration of successive doses of acetylcholine resulted in an increase in blood flow from 2-
500%, depending on the blood vessel (coronary > femoral which was > mesenteric). Similar dose
response relationships were observed with the nitroprusside administration. When no transfusion
protocol was performed, these responses were stable with time and repeated dose response curves
to both agents were nearly identical. In the second protocol, the blood flow (vasodilation)
responses to ACh and nitroprusside were similar to those in group 1. With bleeding, there was a
profound drop in arterial pressure from approximately 75-80 mmHg to 40-50 mmHg. This fall in
pressure was promptly restored by administration of albumin. After albumin administration, dose
response curves were again similar, and the reduced viscosity associated with a lower hematocrit
appeared to have minimal effect on these relationships. In group 3, the pre-bleeding/transfusion
responses were similar to the first two groups. The fall in arterial pressure with blood removal was
similar to that observed in group 2. However, when volume resuscitation was performed with XL-
Hgb, there was a prompt restoration in arterial blood pressure, and arterial pressure eventually rose
to ~120 mmHg (p < 0.05 vs control). This rise in pressure was associated with vasoconstriction in
the mesenteric and femoral beds. There was mild vasodilation in the coronary bed, perhaps as a
result of the increased blood pressure and subsequent increased metabolic rate of the heart. Dose
response curves to acetylcholine and nitroprusside were minimally affected in the mesenteric and
femoral arteries. The changes in flow, conductance, or calculated resistance were blunted with
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ACh administration in the coronary artery. The responses in the coronary artery to nitroprusside
were unaffected by XL-Hgb. Table 1, along with figures 1 and 2, shows the effects of transfusion
with XL-Hgb on the vasodilator responses to ACh and nitroprusside. Figure 3 shows the effects of
L-NMMA followed by volume loading with XL-Hgb on the coronary dilator responses to ACh.
Note the additive effect of the two treatments.

In group 4, the control dose response curves to both agents were again similar. Systemic
administration of L-NMMA caused a 20-30 mm rise in arterial pressure. This blunted the ACh
dose response curve in the coronary artery, but not the femoral and mesenteric arteries. With
subsequent XL-Hgb administration, there was an additional increase in arterial pressure.

The following conclusions can be drawn from our work thus far.

1.

Our animal preparation was stable with time, so the effects of any intervention were
not due to time. '

After acute bleeding and volume replacement with albumin, little change in the dose
response relationships to ACh or nitroprusside were noted in the coronary, femoral,
or mesenteric vascular beds.

Cross-linked hemoglobin caused marked systemic and pulmonary hypertension.
This was accompanied by generalized vasoconstriction in all vascular beds studied.
However, XL-Hgb only caused dramatic effects in the vasodilator responses to ACh
and NTP in the coronary arteries.

Finally, XL-Hgb can cause hypertensive effects greater than those with L-NMMA
on the basis of NO synthase blockade. This suggests, along with the failure of XL-
Hgb to blunt NO-mediated vasodilation in response to various drug treatments, that
other mechanisms may contribute to the vasoconstriction after XIL-Hgb
administration. Since these animals were under systemic alpha and beta blockades,
it is unlikely that catecholamines could explain these effects. It would appear
reasonable to suggest that either XL-Hgb has some sort of other vasoconstricting
effect, or that renal mechanisms which can promote hypertension were activated
after XL-Hgb administration.

Another possible explanation for the continued vasodilation observed when ACh is

administered after XL-Hgb is that ACh may evoke release of a second vasodilating
factor.
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Figure 1.
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Dose-Response Curves to Acetylcholine Before and After XL-Hgb or Albumin

The change in conductance from baseline in response to various doses of
acetylcholine (ACh) is shown for each arterial bed (femoral, mesenteric, and
circumflex coronary) before and after partial (1/3 blood volume) exchange
transfusion with either 5% albumin (n = 6) or XL-Hgb (n = 6) in an anesthetized
canine preparation. There was no difference in the femoral artery responses to ACh
in either the albumin (4A) or XL-Hgb (4B) conditions. In the mesenteric (4C) and
coronary (4E) vascular beds after infusion of albumin, there was an increase in the
response to higher doses of ACh. With XL-Hgb, there was no change in the dose-
response relationships in the mesenteric vascular bed (4D); however, there was a
decrease in the vasodilation in the coronary circulation (4F). *P < 0.05 versus pre-
transfusion value.
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Figure 2.
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Dose-Response Curves to Sodium Nitroprusside Before and After XL-Hgb or
Albumin

The change in conductance from baseline in response to various doses of sodium
nitroprusside (NTP) is shown for each arterial bed (femoral, mesenteric, and
circumflex coronary) before and after partial (1/3 blood volume) exchange
transfusion with either 5% albumin (n = 6) or XL-Hgb (n = 6) in an anesthetized
canine preparation. There were no changes in dose-response relationships in the
femoral artery after either albumin (5A) or XL-Hgb (5B). There was increased
conductance in the mesenteric vascular bed (5C) after albumin, but no change after
XL-Hgb (5D). There was an increase in conductance in the coronary artery after
albumin (5E) at the lower doses, and a decrease in conductance after XL-Hgb (5F).
*P < 0.05 versus pre-transfusion value.
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Figure 3.
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Dose-Response Curves to Acetylcholine After L-NMMA and the XL-Hgb

The change in conductance from baseline in response to various doses of
acetylcholine (ACh) is shown for the circumflex coronary artery prior to drug
administration, after administration of L-NMMA, and subsequently after 10%
volume loading with XL-Hgb in an anesthetized canine preparation (n = 5). L-
NMMA blunted the vasodilator responses to ACh and administration of XL-Hgb
further blunted these vasodilator responses. *P < 0.05 versus pre-treatment values.
+P < 0.05 versus post L-NMMA values.
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PROJECT 4
"Effects of XL-Hgb Solution on Renal Blood Pressure Regulating Mechanisms"

Dr. J.C. Romero

X-Linked hemoglobin, a new type of blood substitute, may interact in mediating the natriuretic
response to changes in pressure and volume. Elucidation of the mechanism of volume-induced
natriuresis is important because it will provide insight into the pathogenesis of essential
hypertension. For example, inhibition of nitric oxide synthesis increases mean arterial pressure
which is accompanied by peripheral vasoconstriction and sodium retention. Likewise, a significant
uptake of nitric oxide in the systemic circulation may lead to peripheral vasoconstriction of the
vascular smooth muscle tissue. There is experimental evidence that the paramagnetic properties
(odd number of electrons) of nitric oxide accounts for a high binding affinity for the heme iron
complex. It is well known that hemoglobin binds nitric oxide producing a pronounced
vasoconstriction. Recently, a different form of cross-linked hemoglobin (alpha-alpha with bis 3,5-
dibromoscilicyl fumarate) has been synthesized with a chemical modification that increases the
half-life of hemoglobin in the circulation, thus prolonging intravascular retention. The potential use
of this compound as a blood substitute makes it important to understand its hemodynamic effects.

The first line of investigation, therefore, was undertaken to define the hemodynamic changes
induced by the intravenous infusion of cross-linked hemoglobin (XL-Hb) on three vascular beds
(iliac, mesenteric, and renal). Concomitant changes in blood pressure, glomerular filtration rate,
and urinary sodium excretion were monitored. A similar volume-matched expansion with 6%
Dextran was used as control, since its molecular weight is comparable to XL-Hb and it is
‘biologically neutral. As shown in Figures 1 and 2, XL-Hb administration resulted in a significant
decrease of blood flow to the three vascular beds coinciding with a significant increase in MAP.
XL-Hb did not alter glomerular filtration rate or sodium excretion. In contrast, the administration
of Dextran did not alter MAP but induced a significant increase of blood flow in the iliac,
mesenteric, and renal vascular beds. These changes were accompanied by three-fold increases in
sodium excretion.
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Figure 1a-d: Changes in mean arterial pressure (MAP) and in iliac (IBF), mesenteric
(MBF), and renal (RBF) blood flows observed after the intravenous infusion of Dextran
(cloéed circles) or cross-linked hemoglobin (XL-Hb) (open circles) during periods 2,3,4,
and 5. Period 1 served as a baseline.

*p<.05 between the treatment groups

+p<.05 with respect to the basal period.
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These results demonstrate that XL-Hb administration is followed by hypertension, vasoconstriction,
and blunted natriuresis. Such alterations cannot be attributed to volume expansion as they were not
observed when a similar expansion was induced with Dextran. Therefore, these differences in the
responses may be more related to specific biological actions of XL-Hb, such as its scavenging
effects on nitric oxide.

The second line of investigation was to test the hypothesis that nitric oxide plays a role in vascular
tone and regional blood flow regulation and to see if these changes parallel the effects of cross-
linked hemoglobin. Mean arterial pressure, renal, mesenteric, and iliac blood flows, and cardiac
output were measured in control and following progressive nitric oxide synthesis inhibition with L-
NAME. As shown in Figure 3, at the highest dose (50 mg), there was an increase in mean arterial
pressure, and a significant decrease of blood flow in the iliac, mesenteric, and renal blood flows.
Glomerular filtration rate and urinary sodium excretion were not significantly different from control
at the 50 mg dose of L-NAME (Figure 4).
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Figure 3 a-d. Response of mean arterial pressure (MAP) and in iliac (IBF), mesenteric

(MBE), and renal (RBF) blood flows to the I.V. infusion of 10 and 50 mg/kg body weight

(b.w.) of L-NAME in nine dogs.
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Figure 4 a-b. Response of glomerular filtration rate (GFR) and urinary sodium excretion

(UNa) to the L.V, infusion of 10 and 50 mg/kg b.w. of L-NAME.

Changes in mean arterial pressure, blood flow to the three vascular beds,
glomerular filtration rate‘, and urinary sodium excretion in response to the highest dose of
L-NAME, paralleled the changes seen with the intravenous infusion of cross-linked
hemoglobin. These findings support the notion that the biological actions of cross-!inked

hemoglobin may be related to its scavenging of nitric oxide.
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The third line of investigation was to determine the compensatory effect of Dextran or cross-linked
hemoglobin during hypovolemic hemorrhage on systemic vascular resistance, regional blood flow
distribution and urinary sodium excretion. The dogs were hemorrhaged via the femoral artery a
quantity of blood sufficient to reduce blood pressure by approximately 25%. Following this, an
equal quantity of 6% Dextran of XL-Hb was infused intravenously and measurements were
repeated. As seen in Table 1, in response to intravascular infusion of Dextran following
hemorrhage, mean arterial pressure and blood flow to the iliac, mesenteric, and renal vascular beds
were significantly increased.

Table 1. Renal responses to Dextran following hypovolemic hemorrhage
CONTROL HEMORRHAGE DEXTRAN

MAP (mmHg) 1374 100 + 5* 135 + 47
IBF (% of control) -71 £ 4% 195 +26*
MBF (% of control) -68 + 1* 135+41%
RBF (% of control) -38 £ 6% 116 £ 25%
GFR (ml/min) 244 10 + 3* 41 £ 77
FENa (%) 0.83+0.2 0.24 +.12% 1.25+ .49

Values are means + SE, n = 6 experiments. Abbreviations as in Figures 1 and 2.

*p <.05 compared with control period. 1p < .05 compared with hemorrhage period.

As seen in Table 2, in response to XL-Hb, mean arterial pressure, blood flow to the iliac,
mesenteric, and renal vascular beds, and urinary sodium excretion were all significantly increased.
However, the response of blood flow to the three vascular beds was blunted compared with the
response to Dextran infusion.
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Table 2. Renal response to XL-Hb following hypovolemic hemorrhage
CONTROL HEMORRHAGE XL-Hb

MAP (mmHg) 1303 100 £ 4* 130 + 3¢
IBF (% of control) | -70 + 6* 66 + 3511
MBEF (% of control) -53 £ 9* 84 £ 307
RBF (% of control) -35 £ 4* 27 +297%
GFR (ml/min) 22+3 15+4 25 £ 27}
FENa (%) 0.43+£0.20 0.10 £.02* 3.13 £0.90*7}

Values are means + SE, n = 6 experiments. Abbreviations as in Table 1. *p < .05
compared with control period. p < .05 compared with hemorrhage period. ip < .05
compared with Dextran period (group comparison).

These results are consistent with the previous observations that XL-Hb exerts a scavenging action
on circulating NO.
More detailed information is provided on each of the studies in the enclosed manuscripts.

1. Cases A, Stulak JM, Romero JC. Hemodynamic and renal effects of cross-linked
hemoglobin infusion. Am. J. Physiol. In review, 1996.

2. Cases A, Romero JC. Heterogenic vascular response to nitric oxide synthesis
inhibition (abstract). Am. Heart Assoc., 1996.

3. Stulak JM, Cases A, Romero JC. Renal responses to Dextran during hypovolemic
hemorrhage. In preparation, 1996.
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CONCLUSIONS

The major conclusion of studies conducted under this contract are two-fold. First, cross-linked
hemoglobin caused marked vasoconstriction and this constriction is due in part to the scavenging of
nitric oxide by hemoglobin outside the red blood cell. Additionally, it appears reasonable to
hypothesize that not all of the vasoconstriction and hypotension caused by administration of cross-
linked hemoglobin can be accounted for solely on the basis of hemoglobin-scavenging nitric oxide.
Some of the hypertensive effects may be due to entirely other mechanisms or may be secondary to
other NO-mediated effects. For example, it appears that hemoglobin can cause vasoconstriction in
a variety of vascular beds that is greater than that caused by nitric oxide synthase alone. This would
suggest hemoglobin interferes with vasodilating pathways that are independent of nitric oxide.
These conclusions are based on data from projects 1 and 3. Data from project 1 shows the XL
hemoglobin interferes with vasodilating K™ channel mechanisms. Data from project 3 shows that
NO synthase blockade with L-NMMA can blunt endothelial-dependent dilation more than XI.-Hgb
alone. Additionally, hemoglobin transfusion also appears to blunt the normal natriuretic response
seen during volume expansion in hypertension. This response mimics that seen during low level
nitric oxide synthase inhibition in the kidney. This observation is consistent with the concept that
intrarenal nitric oxide pathways play a role in the natriuretic and diuretic responses to volume
expansion and hypertension. Finally, hemoglobin can also have modest effects on basal
catecholamine release, which may be in part explained by its disruption of NO-mediated
mechanisms. However, altered catecholamine release does not appear to account for the
hypertension with XL-Hgb administration. In summary, cross-linked hemoglobin appears to
scavenge NO and this scavenging of NO may account for 50% or more of its total vasoconstricting
effect. In addition, NO-mediated hemoglobin-based vasoconstrictor mechanisms and/or
vasoconstrictor mechanisms secondary to NO-scavenging appear to account for the remainder of
the vasoconstriction.
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PROJECT 1
"Effects of XL.-Hgb on Endothelial Regulation of Vascular Tone"
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- ABSTRACT. 1.Several previous in vivo studies demonstrated that crosslinked hemoglobin is a potent
vasoconstrictor capable of significantly increasing arterial blood pressure following systemic administra-
tion. The precise mechanisms underlying the vascular effects of crosslinked hemoglobin are not clear.
The present study was designed to determine the effect of crosslinked hemoglobin on the endothelial
L-arginine-nitric oxide biosynthesis pathway in isolated canine arteries.

2. Isolated femoral and renal arteries were suspended in organ chambers for isometric tension re-
cordings. Endothelium-dependent relaxations to acetylcholine and calcium ionophore A23187 were
studied in the absence or in the presence of crosslinked hemoglobin or hemoglobin. A radioimmunoassay
technique was used to determine levels of guanosine 3),5-cyclic monophosphate (cyclic GMP) and
adenosine 3,5cyclic monophosphate (cyclic AMP).

3. A nitric oxide synthase inhibitor LNAME (10~ “M) selectively inhibited endothelium-dependent
relaxations to acetylcholine and calcium ionophore A23187. The inhibitory effect of LNAME was
reversed by L-arginine (3 x 10 ~*M). Crosslinked hemoglobin (107, 10 ~® and 10 ~*M) inhibited endothe-
lium-dependent relaxations to acetylcholine (10~°-10 ~°M) or A23187 (10~°-10~°M). In the same con-
centration range, purified bovine hemoglobin exerted a similar inhibitory effect on relaxations mediated
by activation of endothelial cells. Crosslinked hemoglobin (10~ *M) significantly reduced basal production
of cyclic GMP, but did not affect production of cyclic AMP. Acetylcholine (10~ *M) stimulated production
of cyclic GMP. This effect of acetylcholine was abolished in the presence of crosslinked hemoglobin.

4. These studies demonstrate that crosslinked hemoglobin impairs endothelium-dependent relaxations
in isolated large conduit arteries. This effect appears to be mediated by the chemical antagonism of
crosslinked hemoglobin against nitric oxide released from the endothelium. Inhibition of the endothelial
L-arginine-nitric oxide biosynthesis pathway, with subsequent decrease of cyclic GMP in smooth muscle,
may help to explain vasoconstrictor and pressor effects of crosslinked hemoglobin. Gen PHARMAC 27;2:
239-244, 1996.

KEY WORDS. Cyclic GMP, endothelium, nitric oxide, l-arginine

INTRODUCTION

The need for a safe and effective blood substitute has stimulated devel-
opment of oxygen-carrying solutions that could be used in clinical
conditions requiring blood transfusion (Winslow, 1992). Previous
experiments demonstrated that a solution of human hemoglobin inter-
dimerically crosslinked with bis (3,5-dibromosalicyl) fumarate between
a-chains {crosslinked hemoglobin), is capable of replacing blood and
preserving cardiovascular functions (Hess et al., 1991). Crosslinked
- hemoglobin is a potent vasoconstrictor and, in experimental animals
as well as in humans, it may cause an increase in arterial blood pressure
(Winslow, 1992; Schultz et al., 1993; Motterlini and Macdonald, 1993;
Sharma and Gulati, 1994).

The most likely mechanism responsible for the pressor effect of cross-
linked hemoglobin is chemical inactivation of a potent endogenous
vasodilator, nitric oxide. Itis generally accepted that, under these condi-
tions, unopposed vasoconstrictor stimuli increase arterial tone leading
to hypertension. The high affinity of hemoglobin for nitric oxide has

human hemoglobin inhibits endothelium-dependent relaxations to ace-
tylcholine in the isolated rabbit aorta (Rioux et al., 1994). This effect
appears to be due to inactivation of nitric oxide released from the
endothelium. However, effects of crosslinked hemoglobin on endothe-
lial regulation of arterial tone have not been investigated in isolated
blood vessels. The present study was designed to characterize the effects
of crosslinked hemoglobin on endothelium-dependent relaxations and
the L-arginine/nitric oxide pathway in large peripheral arteries.

MATERIALS AND METHODS

The experiments were performed on rings (3~5 mm in length) of femoral
and renal arteries taken from dogs (15-20 kg) anesthetized with pento-
barbital sodium (30 mg/kg IV) and euthanized via exanguination. The
protocol was approved by the Institutional Animal Care and Use Com-
mittee. The arteries were placed in modified Krebs-Ringer bicarbonate

solution [control solution (in mM): 118.3 NaCl, 4.7 KCl, 2.5 CaCl,,

been utilized to characterize the chemical nature of endothelium-derived
relaxing factor (Martin et al., 1985). Furthermore, in our previous study,
we used hemoglobin as a pharmacological tool to inhibit relaxations
of cerebral arteries to exogenous or endogenous nitric oxide (Katusi¢
et al., 1989). A more recent report demonstrated that recombinant

*To whom correspondence should be addressed.

Received 5 May 1995.

1.2MgSOs, 1.2 KH,PO4, 25.0NaHCO3, 0.026 calcium EDTA, and 11.1
glucose]. In certain rings, the endothelium was removed mechanically.
Each ring was connected to an isometric force transducer (Gould
MTC-2, Oxnard, CA, USA) and suspended in an organ chamber filled
with 25 ml of control solution (37°C; pH = 7.4) and gassed with 94%
0-6% CO,. Isometric tension was recorded continuously.

The arteries were allowed to stabilize at a resting tension of 200-400
mg for 1 hr. Each ring was then gradually stretched to the optimal
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TABLE 1. Effect of L-arginine on endothelium-dependent relaxations to acetylcholine in femoral arteries treated with L NAME

Acetylcholine (-log M)
9 8.5 8 7.5 7 6.5 6
L-NAME (3 x 10-*M) 22+12 22+ 2 22 %2 22+ 2 24 x3 27+ 3 33+4
L-Arginine (10M) +
L-NAME (3 x 10~*M) 24 x2 251 26 + 1 26 + 1 34 +1 44 = 6* 49 = 7*

Values are means = SEM (n = 7), and expressed as percent relaxation. *P < 0.05 as compared to .-NAME.

point of its length-tension curve as determined by the contractions
to norepinephrine (3x 10-"M) (Katusi¢ et al., 1984). Optimal resting
tensions were 12 g and 10 g for femoral and renal arteries, respectively
(Katusié etal., 1984). The functional integrity of endothelium was tested
by the presence of relaxations to acetylcholine (10~M) (Katusi¢ et dl.,

1984).

Radioimmunoassay of cyclic nucleotides

A radioimmunoassay technique was used to determine the levels of
cyclic 3',5-guanosine monophosphate (¢(GMP) and cyclic 3',5-adenosine
monophosphate (cAMP) (Cosentino et al., 1994). Rings with endothe-
lium were initially incubated in control solution bubbled with 94%
0,-6% CO; gas mixture and kept at 37°C. After 1 hr, rings were
incubated for an additional 30 min in a fresh solution containing indo-
methacin (10~° M) and 3-isobutyl-1-methyl-xanthine (IBMX; 10-*M)
to inhibit the production of prostanoids and the degradation of cyclic
nucleotides by phosphodiesterases, respectively. When crosslinked he-
moglobin was used, it was present throughout the incubation period
of 30 min. At the end of the experiments, rings were removed from
the solution and frozen in liquid nitrogen. A radioimmunoassay kit
(Amersham, Arlington Heights, IL, U.S.A.) was used to perform the
measurements of cCAMP and cGMP.

Drugs

The following pharmacological agents were used: acetylcholine hydro-
chloride (Sigma, St. Louis, MO, U.S.A.), L-arginine hydrochloride,
calcium ionophore A23187, bovine, hemoglobin (Type 1), indometha-
cin, IBMX (all Sigma), molsidomine (SIN-1; Cassella, Frankfurt, Ger-
many), NC-nitro-L-arginine methylester (.-NAME), L-norepinephrine,
papaverine hydrochloride (all Sigma) and pentobarbital sodium (Fort
Dodge Laboratories, Fort Dodge, IA, U.S.A.). Stock solutions of the
drugs were prepared fresh every day. Drugs were dissolved in distilled
water such that volumes of <0.2 ml were added to the organ chambers.
All concentrations are expressed as final molar (M) concentration in
the bath solution.

Oxyhemoglobin was prepared by adding 10 mM sodium dithionate
toa 1-mM solution of hemoglobin. The sodium dithionate was removed
by dialysis in distilled water (containing 0.001% EDTA) for 2 hr at
room temperature (Katusié et al., 1989). The concentration of oxyhemo-
globin in the final solution was determined by Co-oximeter Analyzer
(IL482, Instrumentation Laboratries, Lexington, MA, U.S.A.). Cross-
linked hemoglobin was obtained from the Walter Reed Army Institute
of Research, Washington, DC, USA. The solution was prepared from
stroma-free human hemoglobin from outdated blood modified with bis
(3,5-dibromosalicyl) fumarate according to the method of Snyder et al.
(1987). The crosslinked hemoglobin was formulated in Ringer acetate
(7 g/100 ml) and maintained at 4°C until the day of use. At that time,
it was passed through a 0.22 pm filter to remove particulate matter,
then warmed to 37°C by placing the bag in a water bath.

The incubation time was 30 min for hemoglobin, crosslinked hemo-
globin, and indomethacin, 5 min for L-arginine, and 15 min for .L-NAME.

Concentration-response curves were obtained in a cumulative fash-
ion. Several rings cut from the same artery were studied in parallel;
only one concentration-response curve was made per preparation. The
relaxations were expressed as a percentage of maximal relaxations to
papaverine (3x 10-*M).

Statistical Analysis

The results are expressed as means + SE; n refers to the number of dogs.
Statistical evaluation of the data was performed by Student’s t-test for
paired observations. P<0.05 was considered to be statistically sig-
nificant.

RESULTS
Effect of L-LNAME on endothelium-dependent relaxations
to acetylcholine and A23187

During contractions induced with norepinephrine (3x 10-"M), acetyl-
choline and calcium ionophore A23187 caused endothelium-dependent
relaxations in canine femoral arteries. .-NAME (3x 10~*M) abolished
relaxations to acetylcholine (Fig. 1), and significantly reduced relaxations
to A23187 (n=9, data not shown). The inhibitory effect of L-NAME
was partially reversed in the presence of L-arginine (10-*M; Table 1).
In femoral arteries without endothelium, L-NAME did not affect relax-
ations to the nitric oxide donor SIN-1 (n=7, data not shown).

Effect of crosslinked hemoglobin on endothelium-dependent
relaxations to acetylcholine and A23187

Infemoral arteries, increasing concentrations of crosslinked hemoglobin
(1077, 107¢ and 10~°M) caused concentration-dependent inhibition of
endothelium-dependent relaxations to acetylcholine (Fig. 2). Cross-
linked hemoglobin also significantly reduced relaxations to A23187
(Fig. 3). The inhibitory effect of crosslinked hemoglobin on relaxations
to A23187 was not concentration-dependent.

In renal arteries, crosslinked hemoglobin (10-'M) significantly re-
duced endothelium-dependent relaxations to acetylcholine as well as

to A23187 (Figs. 4 and 5).

Effects of hemoglobin on endothelium-dependent
relaxations to acetylcholine and A23187

In femoral arteries, as well as in renal arteries, hemoglobin significantly
reduced endothelium-dependent relaxations to acetylcholine (Figs. 6

and 7).

Effect of crosslinked hemoglobin on production
of cyclic nucleotides

In arteries with intact endothelial cells, acetylcholine (10-M) caused
significant increase in cyclic GMP production (Table 2). In contrast,
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FIGURE 1. Concentration-response curvestoacetylcholinein ca-
nine femoral arteries with endothelium in the absence and pres-
enceof LNAME (3 x 10~ *M)areshown. Relaxations were obtained
during contractions to norepinephrine (3x107"M). Data are
shown as means+SE and are expressed as percent of maximal
relaxation induced by papaverine (3x 10~ *M; 100%=15.6x3.1¢g,
19.8+ 1.4 g,n =9, for control rings and in the presence of LNAME,
respectively). Difference between control rings and rings treated
with LNAME is statistically significant (P<0.05).

it did not affect production of cyclic AMP (n=4, data not shown). In
the presence of crosslinked hemoglobin (10-M), basal production of
cyclic GMP (but not cyclic AMP) was significantly reduced in femoral
and renal arteries. Crosslinked hemoglobin also abolished stimulatory
effect of acetylcholine on production of cyclic GMP (Table 2).

DISCUSSION

The present study demonstrates that, in isolated canine peripheral
arteries, crosslinked hemoglobin inhibits endothelium-dependent relax-
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FIGURE 2. Concentration-response curves to acetylcholinein ca-
nine femoral arteries with endothelium in the absence and pres-
ence of crosslinked hemoglobin (XLHgb) are shown. Relaxations
were obtained during contractions to norepinephrine (3x10~7 M).
Data are shown as means+SE and are expressed as percent
of maximal relaxation induced by papaverine (3x107% M;
100%=11.8+1.5g,15.8+0.6 g, 13.6+2.6 g,and 16.8+1.9g,n=4,
for control rings and in the presence of 1077, 10~ °and 107° M
XLHgb, respectively). Difference between control rings and rings
treated with crosslinked hemoglobin is statistically significant
(P<0.05).
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FIGURE 3. Concentration-response curves to A23187 in canine
femoral arteries with endothelium in the absence and presence of
crosslinked hemoglobin (XLHgb) are shown. Relaxations were
obtained during contractions to norepinephrine (3 x 10-’M). Data
are shown as means+SE and are expressed as percent of maximal
relaxation induced by papaverine (3x107*M; 100% =6.8+1.9 g,
6.1+2.3 g, 5.1+1.6 g, and 6.2+2.0 g, n=4, for control rings and
in the presence of 10~7, 10-¢ and 10-M XLHgb, respectively).
Difference between control rings and rings treated with crosslinked
hemoglobin is statistically significant (P<0.05).

ations. The effect of crosslinked hemoglobin is apparently mediated
by inactivation of L-arginine/nitric oxide pathway. This conclusion
is supported by several lines of evidence: (a) endothelium-dependent
relaxations to acetylcholine and A23187 were selectively impaired in
the presence of a nitric oxide synthase inhibitor L-NAME, (b) L-arginine
was able to partially reverse the inhibitory effect of LNAME, (c) cross-
linked hemoglobin and hemoglobin inhibited endotheliumdependent
relaxations to acetylcholine and A23187, and (d) the inhibitory effect

20
40

60

7% Relaxation

®——@o Control

g0 | A——4 XLHgb 10=7M

- n=5

100 : : s : : ;
9 8 7 6

Acetylcholine (—log M)

FIGURE 4. Concentration-response curves toacetylcholine in ca-
nine renal arteries with endothelium in the absence and presence
of crosslinked hemoglobin (XLHgb). Relaxations were obtained
during contractions to norepinephrine (3x10°7M). Data are
shown as means+SE and are expressed as percent of maximal
relaxation induced by papaverine (3x107*M; 100%=8.2+0.6 g,
10.0+1.6 g, n =35, for control rings and in the presence of XLHgb,
respectively). Difference between control rings and rings treated
with crosslinked hemoglobin is statistically significant (P<0.05).
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FIGURE 5. Concentration-response curves to A23187 in canine
renal arteries with endothelium in the absence and presence of
crosslinked hemoglobin (X LHgb). Relaxations were obtained dur-
ing contractions to norepinephrine (3x 10-’M). Data are shown
as means+ SE and are expressed as percent of maximal relaxation
induced by papaverine (3x10-*M; 100%=5.9+1.0 g, 6.8+1.3 g,
n=>5, for control rings and in the presence of XLHgb, respectively).
Difference between control rings and rings treated with crosslinked
hemoglobin is statistically significant (P<0.05).

of crosslinked hemoglobin was associated with decreased production
of cyclic GMP under basal conditions and during stimualtion of endo-
thelial cells with acetylcholine.

The results of our study confirmed previous findings demonstrating
theinhibitory effect of L-NAME on endothelium-dependent relaxations
inisolated arteries (Cosentino et al., 1993). The effect of L-NAME could
be due to inhibition of nitric oxide synthase (Cosentino et al., 1993),
muscarinic receptor antagonism (Buxton et al., 1993), or nonselective
inhibition of smooth muscle relaxation. L-NAME did not affect relax-
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FIGURE 6. Concentration-response curves to acetylcholine in ca-
nine femoral arteries with endothelium in the absence and pres-
ence of hemoglobin (OxyHgb). Relaxations were obtained dur-
ing contractions to norepinephrine (3 X 10-’M). Data are shown
means+SE and expressed as percent maximal relaxation induced
by papaverine (3x107*M; 100%=11.8+1.5 g, 15.6+2.5 g,
14.8+1.0 g and 14.3x2.6 g, n=4, for control rings and in the
presence of 10-7, 107% and 10~°M OxyHgb, respectively). Differ-
ence between control rings and rings treated with OxyHgb is statis-
tically significant (P<0.05).
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FIGURE 7. Concentration-response curves toacetylcholinein ca-
nine renal arteries with endothelium in the absence and presence
of hemoglobin (OxyHgb). Relaxations were obtained during
contractions to norepinephrine (3x10-’M). Data are shown
means+SE and expressed as percent maximal relaxation induced
by papaverine (3 x 10~*M; 100%=8.9+0.5 g, 8.8+0.5 g, n=5, for
control rings and in thepresence of 10-’M OxyHb, respectively).
Difference between control rings and rings treated with OxyHgb
is statistically significant P<0.05).

ations to SIN-1, indicating that it has selectivity for relaxations induced
by activation of the endothelial cells. The contribution of the antimusca-
rinic effect of .L-NAME cannot be estimated from our experiments.
However, the ability of L-arginine to partially restore relaxations inhib-
ited with L-NAME, as well as the fact that acetylcholine caused signifi-
cant increase in cyclic GMP levels, demonstrates that, in femoral and
renal arteries, endothelium-dependent relaxations to muscarinic activa-
tion are mediated by production of nitric oxide. Our previous study
on cerebral arteries demonstrated that L NAME selectively inhibits
endothelium-dependent relaxations and production of cyclic GMP (Co-
sentino et al., 1994), further supporting our conclusion that the effect
of L-NAME is due to inhibition of nitric oxide synthase.

The ability of mammalian hemoglobin to bind nitric oxide has been
described by Gibson and Roughton in 1957. This chararacteristic of
the hemoglobin molecule has been extensively used in analysis of mecha-
nisms of endothelium-dependent relaxations (Katusi¢ et al., 1989;
Liischer and Vanhoutte, 1990). The results of our study demonstrate
that chemical modification of hemoglobin molecule by crosslinking
with bis (3,5-dibromosalicyl) fumarate does not affect its ability to inhibit
these relaxations. In addition, similar inhibition of endothelium-
dependent relaxations was obtained with identical concentrations of
crosslinked hemoglobin and hemoglobin, confirming that crosslinking
does not decrease affinity of the hemoglobin molecule for nitric oxide
(Alayash et al., 1993).

Infemoral and renal arteries, measurements of cyclic nucleotide levels
in the presence of crosslinked hemoglobin revealed inhibition of cyclic
GMP production. Crosslinked hemoglobin did not affect production
of cyclic AMP, demonstrating that, in concentrations up to 1075M, it
has a selective inhibitory effct on cyclic GMP production. It is well
established that cyclic GMP is a second messenger responsible for relax-
ations of blood vessels induced by nitric oxide (Ignarro et al., 1987;
Moncadaetal., 1991). As expected, acetylcholine significantly increased
cyclic GMP in the arterial wall. The stimulatory effect of acetylcholine
on cyclic GMP was abolished by crosslinked hemoglobin. It is also
important to note that crosslinked hemoglobin significantly decreased
production of cyclic GMP under basal conditions. These findings dem-
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TABLE 2. The effect of crosslinked hemoglobin (XLHb) on baseline and acetylcholine (ACh)-induced production of cyclic GMP

in arteries with endothelium

XLHb (10~¢M)

Control ACh (10~ M) XLHb (10~°M) + AC (10~°M)
Femoral artery 19.0 = 19.3 60.2 + 43.8% 2.8 £ 3.2%* 6.1 £ 6.4%*
Renal artery 10.6 = 6.3 39.0 = 33.0%* 3.0 = 2.7%* 2.2 £ 2.9%*

Values are means + SEM (n = 9), expressed as pmol/g wet weight. *P < 0.05, significantly different from control; **P < 0.05, significantly different from contro}

and arteries treated with ACh.

onstrate that, in large canine arteries, crosslinked hemoglobin may
impair function of the endothelial L-arginine pathway. Impaired vascu-
lar endothelial function may have important implications, not only for
regulation of arterial tone, but for interaction between endothelium
and circulating blood cells, including platelets and leukocytes (Luscher
and Vanhoutte, 1990; Katusi¢, 1994). Whether or not administration
of crosslinked hemoglobin in vivo may favor aggregation of platelets or
leukocyte adhesion remains to be determined.

A number of previous studies have demonstrated that endothelium-
dependent relaxations to A23187 are due to translocation of calcium
into endothelium, with subsequent activation of nitric oxide synthase
(Liischer and Vanhoutte, 1990). In isolated canine peripheral and cere-
bral arteries, this effect is associated with a significant increase in cyclic
GMP levels in smooth muscle cells (Cosentino et al., 1994; Katusic et
al., unpublihsed). In our experiments, relaxations to calcium ionophore
were reduced in the presence of crosslinked hemoglobin in femoral and
renal arteries. This finding is best explained by the ability of crosslinked
hemoglobin to inactivate nitric oxide released from endothelial cells.
It also supports our conclusion that the inhibitory effect of crosslinked
hemoglobin on endothelium-dependent relaxations to acetylcholine is
due to interactions of hemoglobin molecule with released nitric oxide,
rather than to an effect on the cell membrane or muscarinic receptors.
However, in femoral and renal arteries and unlike acetylcholine, the
maximal effect of A23187 was not reduced with high concentrations
of crosslinked hemoglobin. The reason for this difference is not clear.
One possible explanation could be related to the fact that A23187 may
activate endothelial cells to release relaxing factors other than nitric
oxide (prostanoids or hyperpolarizing factor; Lischer and Vanhoutte,
1990). The results of the present study do not allow any conclusion
with regard to the mechanism of endothelium-dependent relaxations
to A23187 resistant to the inhibitory effect of crosslinked hemoglobin.

Our results clearly show that crosslinked hemoglobin, developed for
use as a blood substitute, inhibits endothelium-dependent relaxations
in isolated large conduit canine arteries. These results are in agreement
with the previously reported ability of purified hemoglobin and recombi-
nant hemoglobin to act as chemical antagonists against vascular endo-
thelial nitric oxide (Katusi¢ et al., 1989; Rioux et al., 1994). Our study
expands previous findings providing biochemical data to demonstrate
that production of cyclic GMP is abolished in isolated arteries exposed
to crosslinked hemoglobin. The impairment of endothelial L-arginine
pathway function certainly may help to explain the increase in arterial
blood pressure observed following systemic administration of cross-
linked hemoglobin solution. However, because a pressor effect observed
in vivo primarily reflects vasoconstriction of arterioles, further experi-
ments on isolated small resistance blood vessels are required to charac-
terize the mechanisms responsible for the increase in vascular tone
induced by crosslinked hemoglobin.

What are the possible clinical implications of our findings? It is clear
that crosslinked hemoglobin-based solutions have the potential to im-
pair function of the L-arginine pathway in vascular endothelium. The
major acute consequences of this biochemical defect include vasocon-

striction, increased aggregation of platelets, and increased adhesion of
leukocytes (Katugi¢, 1994; Shepherd and Katusi¢, 1991). These effects
may have serious consequences in patients with coronary artery disease,
hypertension, hypercholesterolemia, or diabetes. In all of these condi-
tions, production and/or activity of nitric oxide released from the
endothelium is already decreased, and a much smaller amount of circu-
lating free hemoglobin than reported in our study may be required to
abolish the function of endogenous nitric oxide. In that regard, it will
be very important to define the vascular effects of hemoglobin-based
blood substitutes, not only in healthy animals, but in experimental
models of different cardiovascular diseases. These studies will certainly
help to more accurately predict possible adverse effects of hemoglobin
solutions in clinical conditions associated with the dysfunction of vascu-
lar endothelial cells.
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ABSTRACT

It is well known that hemoglobin binds nitric oxide producing a pronounced vasoconstriction
in isolated arteries. However, it is debatable whether or not such an effect takes place in whole
animals, because hemoglobin also is known to catalyze the formation of prostaglandins from
arachidonic acid. Acute studies were performed to evaluate the effects induced by intravenous
infusion of cross-linked hemoglobin (XL-Hb) on blood pressure and renal, iliac, and mesenteric
flows, as well as on renal function in 6 anesthetized dogs. A similar volume-matched expansion with
6% Dextran was used as control (n=6). Glomerular filtration rate (GFR), urinary flow, and total and
fractional sodium excretion were measured before and after XL-Hb or dextran infusion to evaluate
possible renal function changes. XL-Hb administration resulted in a 29 % elevation in BP and a
significant decrease of blood flow (30-37%) to the three vascular beds. XL-Hb did not alter GFR or
sodium excretion, despite the increase in BP. In contrast, the administration of Dextran did not
significantly alter BP but induced a significant increase (6-13%) of blood flow in the three vascular
beds. These _phanges were accompanied by three-fold increases in urinary flow and sodium excretion
without alterations in GFR. The binding effect of XL-Hb on NO was studied in isolated renal arteries
in organ chambers. These in vitro studies demonstrated that XL-Hb blunted the endothelium-
mediated vasodilator response to the calcium ionophore A23187 and to acetylcholine. Our results
demonstrate that XL-Hb administration is followed by hypertension, vasoconstriction and blunted

natriuresis. All these effects are compatible with the scavenging effect on NO attributed to XL-Hb.

Index Terms: Dextran, nitric oxide, prostaglandins




INTRODUCTION

It is well known that the paramagnetic properties (odd number of electrons) of nitric oxide
(NO) account for a remarkable binding affinity for the heme iron complex (8). Such characteristic
accounts for both the NO-activation of guanylate cyclase as NO binds the heme group of this enzyme,
and the inactivation of NO by hemoglobin (Hb) (1). This later effect has been well described in
isolated arteries, but it has never been explored in whole animals (9,10). From a speculative point of
view, a significant uptake of NO in systemic circulation may lead to a vasoconstriction if the binding
to Hb imposed a reduction on the amount of endothelial NO which diffuses towards the vascular
smooth muscle. However, there are also experimental evidences showing that Hb catalyzes the
transformation of arachidonic acid to prostaglandins with remarkable specificity (3,4,16,22). Such a
cyclooxygenase-like activity could stimulate the formation of vasodilators, such as PGI, or PGE, (25-
26), which may decrease systemic blood pressure. This effect would counteract the vasopressor
action of NO suppression.

Until recently, the possibility of testing the validity of these assumptions was precluded by the
instability and rapid breakdown of stroma-free hemoglobin. Such a problem has been recently
overcome by the synthesis of different forms of cross-linked hemoglobin (XL-Hb). One of these
compounds is hemoglobin cross-link alpha-alpha with bis (3,5-dibromosalicyl) fumarate (7). This
chemical modification increases the half-life of Hb in circulation and reduces its renal clearance, thus
prolonging intravascular retention (7). As it is apparent, the potential clinical use of this compound as
a blood substitute (8,24) creates an additional interest in studying the hemodynamic effects of free
hemoglobin in circulation.

It should be mentioned here that Shultz et al (20) showed that the intravenous of
administration of diaspirin cross-linked hemoglobin to Sprague Dowley rats produced a transient
increase of blood pressure. However, no attempts were made in this study to determine if a
vasoconstrictor effect of cross-linked hemoglobin were uniformly exerted in different vascular beds or
which were the specific changes produce by cross-linked hemoglobin in renal function and urine

sodium excretion. Such information on extracellular fluid volume homeostasis is very critical when



evaluating the characteristics of a volume expander such as cross-linked hemoglobin.

This study was therefore undertaken to define the hemodynamic changes induced by the
intravenous infusion of XL-Hb on three vascular beds: iliac, mesenteric, and renal. These vascular
beds were selected as they are important contributors of total peripheral resistance (5) and their
diversity in metabolic activities justify exploring different responses depending on NO and/or PG’s
involvement. In these studies, the concomitant changes in blood pressure and renal excretory
function, namely glomerular filtration rate and urinary sodium excretion, were also monitored. The
results of these studies were compared to the hemodynamic effects produced by equiosmolar
concentrations of dextran. This substance was chosen over whole blood, plasma or albumin because
its molecular weight is comparable to that of XL-Hb and it is biologically neutral. This characteristic
help to distinguish the hemodynamic effects that could be derived from the XL-Hb-induced volume
expansion, exempted from its biological effects.

To determine if XL-Hb produces the same vasoconstriction than that attributed to the NO
scavenging actions of hemoglobin, we characterized the effects of XL-Hb on the relaxation induced
by either calcium ionophore A23187 or acetylcholine in isolated renal arteries, which are maneuvers

that stimulate the synthesis of NO.

MATERIALS AND METHODS
Intravenous infusion of XL-Hb or dextran

Twelve male mongrel dogs (15-20 kg) were anesthetized with 30 mg/kg of intravenous
sodium pentobarbital and ventilated according to the nomogram of Kleiman and Radford (13). The
femoral artery was catheterized for continuous blood pressure monitoring and to collect blood
samples; while the femoral vein was cannulated for infusion of creatinine (20 mg/min) to measure
GFR, and additional anesthesia, as well as to infuse XL-Hb or dextran. Through a left flank incision
transonic flow probes (Transonic Systems, Inc., New York, USA) were placed in the mesenteric,

renal and iliac segments proximal to the aorta for continuous blood flow monitoring. A curved 23-




gauge needle was inserted into each of these arteries at the distal segment to avoid interferences with
flow measurement. The needles were connected via PE 50 tubing to ihjecﬁon ports attached to
syringe pumps. Saline was continuously infused, 0.5 ml/min, into each vascular bed. Bolus
injections of two doses of arachidonic acid (AA) (205 nM and 410 nM in the iliac and 410 nM and
820 nM in the renal and mesenteric arteries) were injected into each vascular bed before and one hour
after volume expansion to detect possible changes in vascular reactivity due to enhanced prostaglandin

formation produced by the catalytic actions of XL-Hb. The left ureter was also cannulated to collect

urine samples.

Before XL-Hb or dextran infusions were started, averaged values from two 20 min. periods
were considered for basal situation (periods 1 and 2). The infusion of either 6% Dextran or XL-Hb
(10% blood volume) was given by continuous infusion over 20 minutes. Thereafter, three 20 min.
periods (3,4, and 5) were considered to evaluate the effects of the two substances. Urine samples
were collected during each clearance period to measure urine flow, total and fractional Nat excretion
rates, osmolality and creatihine levels. Blood samples for measuring plasma creatinine and hematocrit
levels were collected at the midpoint of each clearance period, while samples to measure plasma renin
activity (PRA) and atrial natriuretic peptide (ANP) were obtained at the end of the first control period
and 40 minutes after the infusion (end of period 4).

Plasma and urine creatinine were measured using a2 Beckman Creatinine Analyzer, and
creatinine clearance was used to estimate GFR. Osmolality was measured by a freezing point
depression osmometer (Precision System 5004); Nat concentration was measured using a flame
photometer (Instrumentation Laboratory I.943). Finally PRA and ANP were measured by
commercial radioimmunoassay Kits (DuPont NEA-105 and Peninsula RIK-8798, respectively).

In vitro effects of XL-Hb in isolated renal arteries

The experiments were performed on rings (3-5 mm in length) of renal arteries taken from dogs
(15-20 kg) anesthetized with sodium pentobarbital (30 mg/kg iv) and euthanized via exanguination.
The arteries were placed in modified Krebs-Ringer bicarbonate solution [control solution (in mM):

118.3 NaCl, 4.7 KCl, 2.5 CaCl,, 1.2 MgSO,, 1.2 KH,PO,, 25.0 NaHCO,, 0.026 calcium EDTA,



6

and 11.1 glucose]. Each ring was connected to an isometric force transducer (Gould UTC-2, Oxnard,
CA, USA) and suspended in an organ chamber filled with 25 ml of control solution (37°C, pH 7.4)
and gassed with 94% O,-6% CO, . Isometric tension was recorded continuously.

Each ring was gradually stretched to the optimal point of its length-tension curve as
determined by the contractions to norepinephrine (3 x 107 M) (13). Optimal resting tensions were 10
g for renal arteries (12). The functional integrity of endothelium was tested by the presence of
relaxations to acetylcholine (10°M). |

The following pharmacological agents were used: acetylcholine hydrochloride (Sigma, St.
Louis, MO), calcium ionophore A23187 (Sigma), L-norepinephrine (Sigma) and papaverine
hydrochloride (Sigma). Stock solutions of the drugs were prepared fresh every day. Drugs were
dissolved in distilled water such that volumes of <0.2 m1 were added to the organ chambers. All
concentrations are expressed as final molar (M) concentration in the bath solution.

Cross-linked hemoglobin was obtained from Walter Reed Army Institute of Research
(Washington D.C., USA). The solution was prepared from stroma-free human hemoglobin from
outdated blood modified with bis (3,5-dibromosalicyl) fumarate according to the method of Snyder
(21). The cross-linked hemoglobin was formulated in Ringer acetate (7 g/100 ml) and maintained at
4°C until the day of use. At that time it was passed through a 0.22 pm filter to remove particulate
matter, then warmed to 37°C by placing the bag in a water bath. The incubation time for XL-Hb was
30 min.

Concentration-response curves were obtained in a cumulative fashion. Several rings cut from
the same artery were studied in parallel; only one concentration-response curve was made per
preparation. The relaxations were expressed as a percentage of maximal relaxations to papaverine (3 x
10"*M).

Statistical analysis.

The results are expressed as means + SEM. Results from the two control periods were

averaged and compared to each of the post infusion periods with a randomized block analysis of

variance. When the F value yielded a p<0.05, difference between clearances were determined by




Newman-Keuls multiple range test. Differences between Dextran and XL-Hb infusions were
evaluated using an unpaired Student's t-test. With respect to the in vitro studies, n refers to the
number of dogs and the statistical evaluation of the data was performed by Student’s t-test for paired

observations. A p<0.05 was considered significant.

RESULTS

Infusion of XL-Hb
Infusion of XL-Hb induced a 13.5% decrease in hematocrit levels (from 39.5+2.06% to

34.17+1.23%, p<0.01). This infusion (control value of periods 1 and 2 vs. averaged increments in
periods 3-5) produced significant and sustained decreases in mesenteric (210427 to 147122 ml/min,
p<0.05), renal (19814 to 134+12 ml/min, p<0.05), and iliac (135£17 to 82£10 ml/min, p<0.05)
blood flows (Fig. 1b-d) while mean arterial pressure increased significantly from 114+4 to 14710
mm Hg (p<0.05 ) (Fig. la). GFR (Fig. 2a) remained unchanged, as well as total urinary and
fractional sodium excretion (Fig. 2b-c). Urinary flow during XL-Hb administration increased by
81+42.4%. In addition, XL-Hb administration resulted in a 75% decrease in plasma renin activity
and a 168% increase in atrial natriuretic peptide levels (Table 1).

Finally, in the three vascular beds the two doses of AA systematically increased blood flow
after the infusion of XL-Hb (Fig. 3a-c), but not in the basal period.

Infusion of Dextran

Dextran infusion induced a decrease of 13.8 % of hematocrit levels (from 36.17 + 1.5% to
31.17 £ 1.67%, p< 0.01). In contrast with the effects of XL-Hb, dextran infusion produced
significant increases in mesenteric (346143 to 391+34 ml/min, p<0.05), renal (182423 t0 211 £27
ml/min, p<0.05), and a transient increase in iliac (17623 to 186+17 ml/min) blood flows (Fig. 1b-
d), without concomitant changes in mean arterial blood pressure (Fig. 1a). Sodium excretion and

fractional sodium excretion (Fig. 2b-c) rates significantly increased from 51+17 to 168144 pEq/min,



(p<0.05) ml/min (p<0.05) and from 0.96+.32 to 2.78+0.96% (p<0.05), respectively, without any
change in GFR (Fig. 2a). The lack of changes in GFR associated to the significant increments in
sodium excretion resulted in a significant elevation of the calculated FeNa which were comparable to
the increments seen for total sodium excretion (2¢). Urinary flow increased by 206.8+43.9%
(p=0.066 with respect to the increase observed in XL-Hb group). In addition, Dextran infusion
resulted in a 47% decrease in plasma renin activity and a 16% increase in atrial natriuretic peptide
levels (Table 1).

Intraarterial bolus injections of AA (Fig. 3a-c) did not alter blood flow in any vascular bed

before or after Dextran infusion.

Effects of XL-Hb on renal artery relaxation in vitro induced by A23187 and
acetylcholine

It can be seen in Figure 4 that under control conditions exposure of renal arteries to
concentrations of A23187 of 8, 7.5, and 7 (-logM) evoke a relaxation of 20%, 66%, and 95%,
respectively. The vasodilator effect was significantly blunted by the administration of XL-Hb (10
M), since the administration of the first two doses of A23187 (8 and 7.5, -logM) failed to produce a
change in the basal tone, whereas the concentration of -7 logM evoked only a 50% relaxation of the
arterial strips. This represents a 50% decrease with respect to the relaxation evoked by the same dose
6f A23187 in the absence of XL-Hb. Figure 5 shows that the inhibitory effects of XL-Hb were also
exerted during the relaxation induced by acetylcholine (Ach). In fact, the 33%, 60% and 81%
relaxation induced by -7.5, -7 and -6.5 (logM) of Ach were almost completely abolished in the
presence of XL-Hb, while the 88% relaxation induced by -6 logM of Ach was reduced to 44%.

DISCUSSION
Since Dextran (MW 55,300) and XL-Hb (MW 64,000) have high molecular weights and both
solutions were matched for osmolality and sodium content, it would be reasonable to assume that the

magnitude of both volume infusions was comparable. In fact, the average fall of hematocrit in both



groups of dogs, 13.8% and 13.5% respectively, was similar. In spite of these similarities, the
consequences derived from the intravenous infusion of both substances were markedly different. The
acute infusion of XL-Hb was followed by an increase in MAP which was accompanied by peripheral
vasoconstriction in several vascular beds. In fact, the estimated blood flows in renal, mesenteric, and
iliac vasculatures were uniformly decreased by 32, 30, and 39%, respectively. The increase in
intrarenal resistance seen during the XL-Hb infusion was equally distributed between glomerular
afferent and efferent vasculature as GFR did not change. Under these conditions, urinary volume,
and total and fractional excretion of sodium remained within the range of values recorded in the
control periods, despite the volume expansion induced by the infusion and the increase in blood
pressure. This fact indicates that the increase in systemic blood pressure due to the administration of
XL-Hb failed to produce pressure-induced natriuresis. An important issue disclosed by our results
shows that the hemodynamic and renal effects produced by XL-Hb differs from those produced by a
neutral volume expander of approximately the same molecular weight, such as dextran.

It has been previously reported that the intravenous administration of Dextran produces a
significant increase in cardiac output which fails to increase mean arterial pressure because ofa
compensatory reduction in total peripheral resistance (2). These results are in agreement with our
findings which show that Dextran infusion did not modify blood pressure levels, but increased
transiently the iliac and sustainedly the mesenteric and renal blood flows.

The increase in RBF produced by Dextran was not accompanied by changes in GFR, which
suggests that the renal vasodilatation affected similarly both glomerular afferent and efferent arterioles
in such a manner that glomerular capillary pressure remained fairly constant. However, urine flow
and total and fractional Na+ excretion were significantly increased, thus indicating that the major
cause for the observed natriuresis consisted of a reduction of tubular sodium reabsorption (23). A
decrease in tubular reabsortion under these conditions has been attributed to changes in glomerular-
tubular balance, to a decrease in PRA, as well as to a withdrawal of the renal sympathetic activity
(2,23). Furthermore, there is numerous evidence pointing out that the volume expansion-induced

natriuresis is very significantly mediated by the elevation of ANP (6) and by the stimulation of NO
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synthesis (17). Our results are also in agreement with some of these previous observations since
Dextran infusion was attended by a significant fall in PRA and by a marked elevation in the circulating
levels of ANP.

It has been reported that XL-Hb exerts an effective scavenging action on circulating NO, as
this molecule possesses a high affinity for the heme groups (9,10). The scavenging of NO could
account for the rise in blood pressure and the decrease in the three regional blood flows, as well as the
blunted natriuresis, that we found in our study. This statement is supported by comparable results
which were observed when L-NAME, a potent inhibitor of NO synthesis, was infused into rats 14
and dogs (18-19). The response in these animals involves the elevation of MAP without a
proportional increase in sodium excretion because of the counteracting antinatriuretic effect of NO
suppression (17). Additional support to the idea that the vasoconstrictor effect of XL-Hb seen in our
in vivo study is due to the scavenging effect of NO is provided by our observations in vifro in isolated
renal arteries. This experiment shows that HL-Hb blunted the vasodilatory response induced by two
known endothelium-dependent vasodilators, such as acetylcholine and A23187.

Furthermore, in a previous study conducted by Schultz, et al (20) it was shown that the
administration of diaspirin cross-linked hemoglobin (DCL-Hb) produced a significant increase of
MAP which after reaching the peak was significantly reduced by the intravenous infusion of NO
donors (such as nitroglycerine, NTG) or NO synthesis precursors (such as L-arginine). In the
absence of appropriate controls these results are difficult to interpret because the vasodilator effect of
NO donors could reduce any kind of hypertension. On the other hand, the hypotensive effect of L-
argenine may be indicating that this amino acid is capable of increasing the producion of NO to a point
that overrides the scavenging effect of DCL-Hb or that the vasoconstrictor effects of DCL-Hb are not
due to the binding of NO by the HEM group. The authors favored the first possibility because they
show that the inactivation of the HEM group by conversion to cyanomethemoglobin fail to induce
hypertension. The concept that NO in any form would react with oxygenated HEM groups
inactivating the NO and leaving a positive charge on the molecules of hemoglobin is at present highly

elevated. Jia, et al (11) have recently shown that NO would preferentially react with a thiol (a sulfur
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and hydrogen) -group of the two cisteine molecules contained in hemoglobin; while the binding of
NO to the HEM group has a lower affinity.

The biological activity of hemoglobin containing NO bound to the thiol groups only; or to the
HEM groups only or to both groups was tested by Jia, et al (11) in isolated arteries. It was found that
the vessels constricted to all three hemoglobin preparations but the constrictor effect was greater when
both the thiol and HEM groups did not contain NO. From our results we cannot determine which
chemical group was responsible for binding NO. However, it is conceivable that the continuous
uptake of NO by XL-Hb from the lumen of the vessel may create a low concentration gradient of NO

which will decrease the diffusion of NO toward the smooth muscle.

The cyclooxygenase-like activity of the heme group has been well characterized in vitro
(3,4,16,22, 25-26). However, the hypertensive effect that we have achieved during XL-Hb
administration does not seem to agree with these in vitro findings. In fact, our results support the idea
that Hb-dependent stimulation of PG synthesis may be of a rare occurrence under physiological
conditions when all hemoglobin is contained in the red cells or even circulating free into the vascular
compartmeht as it was the case of XL-Hb (25). In fact, this cyclooxygenase-like effect of Hb was
apparent only after an intravenous bolus infusion of the substrate was given. Furthermore, the
predominant effect produced by the infusion of XL-Hb was a generalized vasoconstriction in all
vascular beds studied.

An interesting and novel finding of our study was the pronounced elevation of circulating
ANP observed during the infusion of XL-Hb. This increase cannot be ascribed to a volume
expansion as it was 11-fold higher than the increase induced by a similar volume expansion induced
by the infusion of Dextran. Although our study does not allow further speculation of the mechanism
by which XL-Hb influenced the concentration of ANP in blood, there are evidences showing that
ANP release could be stimulated by changes in the production of humoral factors derived from the
endothelial cells (15). In our study, the 2.7-fold higher increase of circulating ANP achieved with
XL-Hb expansion (compared to Dextran) was not associated with a proportional increase in Na*

excretion. This fact suggests that XL-Hb produced a blunted natriuresis despite the higher increase in




12
ANP levels observed in the XL-Hb group.

In summary, this study demonstrates that the acute infusion of XL-Hb into euvolemic dogs
induces a significant vasoconstrictor effect in three major vascular beds (renal, mesenteric, and iliac),
leading to an increase in blood pressure, and a blunted natriuresis. These alterations can not be
attributed to volume expansion, as they were not observed when a similar expansion was induced
with Dextran. Therefore, these differences in the responses may be more related to specific
biological actions of XL-Hb, such as an NO scavenging effect. This statement is supported by the
fact that NO synthesis inhibition with L-NAME induces comparable effects to those obtained with
XL-Hb, as well as the effect of XL-Hb in isolated renal arteries in the present study. Finally, the
possible stimulation of vasodilator prostaglandin synthesis during XL-Hb infusion was not observed
in our in vivo studies, as indicated by the elevation of blood pressure and the reduction in the three

arterial blood flows.
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FIGURE LEGENDS
Figure 1a-d. Changes in mean arterial pressure (MAP) and in iliac (IBF), mesenteric (MBE),
and renal (RBF) blood flows observed after the i.v. infusion of Dextran (closed circles) or
XL-Hb (open circles) during periods 2, 3, 4, and 5. Period 1 served as a baseline.

* p<0.05 between the treatment groups and T p<0.05 with respect to the basal period

Figure 2a-c. Changes in glomerular filtration rate (GFR), urinary sodium excretion (U NaV)
and fractional excretion of sodium (FeNa) during the same conditions explained in the

previous figure.

* p<0.05 between the treatment groups and T p<0.05 with respect to the basal period

Figure 3a-c. Percent (%) increase in iliac (IBF), mesenteric (MBF) and renal (RBF) blood
flows induced by the bolus injection of two doses of arachidonic acid (AA) given during the
control periods and after infusion of Dextran or XL-Hb (see reference bars).

* p<0.05 with respect to basal period

Figure 4, Concentration-response curves to A23187 in canine renal arteries in the absence and
presence of XL-Hb. Relaxations were obtained during contractions to norepinephrine (3 x 10~
"M). Data are shown as means*SE and expressed as percent of maximal relaxation induced

by papaverine (3 x 10 * M, n=5 for control rings and in the presence of XL-Hb, respectively).

* p<0.05 with respect to control rings.

Figure 5. Concentration-response curves to acetylcholine in canine renal arteries in the absence
and presence of XL-Hb. Relaxations were obtained during contractions to norepinephrine (3 x

10 "M). Data are shown as means+SE and expressed as percent of maximal relaxation
induced by papaverine (3 x 10 * M, n=5 for control rings and in the presence of XL-Hb,

respectively). * p<0.05 with respect to control rings.
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Table 1, Hormonal values obtained before and after infusion of dextran or XL-Hb

Dextran Dextran XL-Hb XL-Hb

Control Infusion Control Infusion
PRA (ng Al/ml/hr) 3.4%1.6 1.8 £0.5 5.6 £0.8 1.4 £0.6*
ANP (pg/ml) 72+ 9 83 +12* 103+ 13 276134*

Mean £SEM. * p<0.05 vs. basal period. PRA: plasma renin activity. ANP: atrial natriuretic peptide.
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PERSPECTIVES
The therapeutic efficacy of blood transfusion has been hampered by the existence of

transmissible disease such as AIDS and by accidents linked to blood storage. These problems could
now be solved by using stroma-free solutions of newly polymerized hemoglobin (this component has
been cross-linked hemoglobin) XL-Hb. The study shows that the V. infusion of XL-Hb differs
from the effect produced by other volume expanders, such as Dextran, because it induces a marked
increase in peripheral vascular resistance (such as renal mesenteric and iliac vasculatures) with a
marked elevation of mean arterial pressure. These changes, however, are not accompanied by any
alteration in sodium excretion. This hypertensive an anti-natriuretic effects are most likely produced
by a reduction in the concentration of NO which is bound to hemoglobin. These actions will have to
be taken in consideration if cross-linked hemoglobin is used as a volume expander in hypovolemic

conditions in humans.
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Summa

The pressor effect of hemoglobin-based blood substitutes is due partly
to their capacity to scavenge nitric oxide (NO), a potent vasodilator. NO also
appears to modulate the release of norepinephrine (NE) from sympathetic nerve
endings in some blood vessels. Thus studies were designed to determine if
contraction occurring in response to aa-cross-linked hemoglobin (XL-Hb) is
due in part to increased exit of NE from vascular nerve endings. Helical strips
of canine femoral artery were superfused in vitro with Krebs-Ringer solution
and, for each strip, the overflow of NE into the superfusate as well as
contractile responses were measured concurrently during basal conditions,
during nerve stimulation and during tyramine-evoked release of NE. XL-Hb
(10 uM) contracted unstimulated strips without affecting NE overflow. NE
overflow also was unchanged by N°-monomethyl-L-arginine (L-NMMA; 300
pM), an inhibitor of NO synthesis; by sodium nitroprusside (SNP; 1 uM) an
NO donor; by a combination of XL-Hb and L-NMMA; or of XL-Hb and SNP.
These treatments contracted the strips to the same degree as did XL-Hb alone,
except for SNP, which induced relaxation. Transmural stimulation of the strips
at 2 and 10 Hz induced NE overflow and contraction, neither of which was
affected by any treatment except SNP which significantly (P < 0.05) increased
NE overflow while inhibiting contraction. In other experiments, XL-Hb
augmented contractions induced by tyramine (10 uM) although the resulting NE
release was unaffected. These results suggest that, in the femoral artery,
contractions induced by XL-Hb are not due to increased efflux of NE from
vascular nerve endings but are consistent with inhibition of the the actions of
NO.

Key Words: cross-linked hemoglobin, norepinephrine, nitric oxide, blood pressure, 3,4-dihydroxyphenylglycol,
femoral artery

The need for an oxygen-carrying blood substitute for use following trauma has long
been recognized (1). In recent years the threat of transmitting pathogenic viruses during
transfusions has intensified the search. One substitute is based upon hemoglobin which has

1Corresponding Author: Duane K. Rorie, M.D. Mayo Clinic, 200 First St., SW, Rochester,
MN 55905. Phone: 507-284-3716; Fax: 507-284-5075
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been interdimerically cross-linked with bis (3,5-dibromosalicyl) fumarate between o chains
(cca-cross-linked hemoglobin; XL-Hb). Other terminology has been used to describe the same
compound, i.e., aaHb (2), DCLHD (3), and HbX1.99« (4). This hemoglobin derivitive is an
effective oxygen carrier and resuscitative fluid (2), however when administered, it often causes
hypertension (3,5). The reasons for the pressor effect are not fully understood, although they
appear to be mediated by mechanisms not directly involving the central nervous system (3).
XL-Hb, like native hemoglobin, has a high affinity for nitric oxide (NO), and recent studies
have shown that the increase in arterial pressure induced by XL-Hb is associated with its
propensity to scavenge this vasodilator (6).

In blood vessels, NO is produced predominantly within the endothelium, with the
primary vascular target being soluble guanylate cyclase within smooth muscle cells (7). The
neurotransmitter norepinephrine (NE) is stored within vascular sympathetic nerve endings and
is released exocytotically into the neuroeffector junction, resulting in a contractile response that
opposes the actions of NO. Interestingly, the exocytotic release of NE appears to be
modvlated by NO in some blood vessels (8-10). Thus we hypothesized that the pressor effect
of XL-Hb might be due partly to its binding to NO, thereby reducing the amount of NO
available to signal a change in NE release. As a result the release of NE into the neuroeffector
junction could be increased. Alternatively XL-Hb might act directly through some as yet
unknown mechanism affecting the neuronal membrane. The aim of this study was to
determine if the vasoconstriction induced by XL-Hb is associated with increased efflux of NE
from sympathetic nerve endings.

The canine femoral artery contracts robustly when exposed to hemoglobin. In in vitro
experiments using helical strips of the vessel, XL-Hb was applied during basal conditions, and
the efflux of NE (whether by exocytosis, carrier-mediated release or diffusion) from
sympathetic nerve endings during the ensuing contractions was quantified. Also, the release
of NE was induced by nerve depolarization as well as by tyramine, a sympathomimetic amine,
and the effects of XL-Hb on these differing release processes as well as on the concomitant
contractions of the vessels were quantified.

Methods

Tissue preparation: These studies were approved by the Institutional Animal Care and Use
Committee. Tissues were removed simultaneously from adult mongrel dogs for studies in this
and seven other research laboratories that make up the Mayo program of shared-use of animals
in research. Dogs of either sex were first anesthetized with pentobarbital sodium (30 mg/kg);
for this study both femoral arteries were removed and placed in oxygenated Krebs-Ringer
solution (K-R; 11). The removed vessels were dissected free of perivascular tissue and each
was cut carefully into a helical strip approximately 0.5 x 6 cm. Each strip was then cut
longitudinally to yield two strips of equal size; thus four vessel strips were studied from each

dog.

Superfusion procedure: The strips were superfused at 37°C as described previously (12).
Briefly, each strip was suspended vertically in a 1 x 10 cm glass tissue chamber. The bottom
end of each strip was anchored, and the top end was tied by a thread to a force-displacement
transducer. K-R which was held in a reservoir and aerated with 20% Oy, 5% CO,, 75% N,
was pumped at 2 ml/min to the top of each chamber where it then dripped over the enclosed
strip. The contractile activity of each strip was measured continuously using a strip-chart

o
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recorder. In some instances transmural stimulation (TMS; 10 V, 0.2 msec duration, 2 or 10
Hz) was applied via two parallel platinum wire electrodes in contact with each strip throughout
its length and wired to an electrical stimulator.

The vessel strips, after mounting, were equilibrated for 30 min, then the K-R was
changed to K-R containing desmethylimiprimine (DMI; 1 uM), corticosterone (40 upM), and
indomethacin (10 pM) in order to inhibit neuronal and extraneuronal NE uptakes and
prostaglandin synthesis, respectively (13-15). After a further 30 min, each strip was stretched
manually in small increments until 6 g passive force was applied. Preliminary experiments
determined this to be the average optimum point of the length-tension curve for femoral artery
strips in this experimental model. The vessels were rested for 90 min, then collection of
superfusate was begun.

Collections were made during three 25-minute periods, each 60 min apart. For each
of these three periods, collections were done in 5-min intervals, with TMS being applied only
during the second 5-min interval of each period. Hence for each period, superfusate collection
was initiated during basal conditions, followed by collection during TMS, and finally during
three subsequent post-TMS intervals. TMS was at 2 Hz for the first and second set of
collections and at 10 Hz for the third set. In control vessels, K-R (containing DMI,
corticosterone and indomethacin) was applied throughout. In other vessels, K-R containing
these inhibitors and either XL-Hb (10 uM), N®-methyl-L-arginine (L-NMMA; 300 uM),
sodium nitroprusside (SNP; 1 pM), L-NMMA and XL-Hb together, or SNP and XIL-Hb
together was applied 20 min before the second set of collections and continued throughout.
After the 15 collection intervals were completed, the strips were removed from the chambers,
then blotted dry, weighed, and stored at -80°C. In all vessel strips studied, the functional
integrity of the endothelium was assessed before collection of superfusate by establishing
relaxation to acetylcholine (1 uM) during contraction induced by 4 Hz TMS.

Basal efflux of NE: The amount of NE which overflowed from each vessel strip into the
superfusate during each 5-min interval was quantified (see below). To compare the effect of
each treatment on basal efflux of NE, the amount of NE which overflowed during the basal
interval of the second set of collections (treatment added) was expressed as the percentage of
the amount which overflowed during the basal interval of the first set of collections (prior to
treatment). In each strip, the contractile effect of XL-Hb or of the other treatments on basal
tone was measured concurrently with NE overflow, and was expressed as the percentage of
the contraction elicited by the first 2 Hz TMS.

Exocytotic release of NE: For each set of superfusate collections, the amounts of NE above
basal levels which overflowed during the interval of TMS and during the three post-stimulation
intervals were summated and considered to represent the amount of NE released exocytotically
by that stimulation, since neuronal and extraneuronal uptakes of NE had been inhibited. The
first set of collections was done under identical conditions in all experiments: using 2 Hz
TMS, and before addition of XL-Hb or drugs to the K-R superfusing medium. Therefore for
comparative purposes, the amount of NE released as well as the maximum contraction attained
during each of the two subsequent sets of collections were expressed as the percentage of these
respective values that were measured during this first period. Application of XL-Hb or of the
other compounds during basal tonus of the vessel strips caused contraction or relaxation, and
these responses were taken into account in measuring the contractions attributed to TMS; for
this purpose contraction at the time immediately before TMS began was considered to be zero.
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Tyramine-evoked release of NE: A second protocol, similar to that described above, up to
the point of the second set of collections, was designed to determine the effects of XL-Hb on
the carrier-mediated release of NE. In these experiments TMS was not applied during the
second set of collections; instead K-R containing tyramine (10 pM) was applied, during
intervals two and three, and the experiments were terminated after this second set of
collections. Paired vessel strips were superfused simultaneously; one strip of each pair was
not exposed to XL-Hb and served as the control; XL-Hb (10 uM) was added to the K-R of the
other strip 20 min before the second set of collections and remained throughout. DMI was
omitted in these experiments so that the neuronal amine uptake mechanism remained
functional. The NE in each sample of superfusate was quantified as described. 3,4-
Dihydroxyphenylglycol (DHPG), the major intraneuronal metabolite of NE diffused from nerve
endings into the superfusate concurrently with released NE and, in these experiments, was
assayed in the same samples by using the method used for NE. The contractile activity of each
strip was measured continuously during each set of collections.

Sepzration and measurement of NE and DHPG: The NE (and in the tyramine experiments,
the DHPG also) which overflowed into the superfusate during each collection interval was
adsorbed onto a Sep-Pak Plus C-18 cartridge (Waters, Milford MA, USA) attached directly
to the bottom of the superfusion chamber and was quantified by reversed-phase HPLC with
coulometric detection (12,16). The concentration of analytes in superfusate was expressed as
pmol or pmol/min and adjusted to 100 mg tissue weight, the average weight being 71.4+ 1.4
mg (N = 53). The amounts of NE and DHPG measured in each superfusate sample were
adjusted for recovery. Of the K-R additions, only XL-Hb significantly affected NE recovery,
which was 83.3 + 1.7% (N = 25), as compared to 95.4 + 0.7% (N = 28) in samples
without XL-Hb. Similarly, DHPG recovery was 75.9 + 7.0% and 65.1 + 6.6% (N = 8
each) in control and in XL-Hb-treated samples, respectively. The limits of detection of NE
and of DHPG for the assay, expressed per 100 mg of artery, were 7 fmol/min and 8 fmol/min,
respectively.

Preparation of XL-Hb: XL-Hb was obtained from the U.S. Army Medical Research and
Development Command. It was prepared from stroma-free hemoglobin from outdated human
blood and was modified with bis (3,5-dibromosalicyl) fumarate according to the method of
Snyder et al (4). The solution was formulated in Ringer acetate (7 g/100 ml), and stored at -
80°C. Prior to use, it was gradually warmed and filtered through a 0.2 um filter.

Statistics: Data are presented as mean + SEM. For experiments examining basal and TMS-
induced NE release, the Student’s t-test was used to determine if any of the treatments caused
differences in NE overflow or in contraction from those measured in the control vessel strips.
In the experiments examining tyramine-induced NE release, differences over time in the
overflows of NE and of DHPG as well as in contractions resulting from application of XL.-Hb
were determined using two-way ANOVA with repeated-measures. Differences were
considered significant at P < 0.05.

Results

Basal efflux of NE: In all experiments, treatments were added after the first set of
collections, therefore the amount of NE which overflowed during the basal interval of the first
set of collections was used as a basis for comparing the amounts which overflowed during the
basal interval of the second set of collections (Figure 1A). Small amounts of NE were
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measured in the basal superfusate of the control arteries (0.34 + 0.07 pmol/5 min). The
amount decreased over time, with only about 50% as much being present during the second
basal interval as during the first (Figure 1A). The amounts of NE in the superfusate during
basal conditions were unchanged from control amounts by XL-Hb or by any of the other
treatments (Figure 1A). During basal conditions the tone of the control vessel strips was
unchanged, however XL-Hb contracted other strips significantly (Figure 1B). L-NMMA
contracted unstimulated strips to the same degree as did XL-Hb, whereas SNP caused a
relaxation that was significant. XL-Hb had no additional effect on the contraction induced by
L-NMMA, whereas the relaxation induced by SNP was reversed by XL-Hb.

Exocytotic release of NE: Stimulation of the control femoral arterial strips by TMS for 5 min
caused release of substantial amounts of NE (11.1 + 1.4 total pmol at 2 Hz and 34.0 + 4.4
total pmol at 10 Hz). Only SNP significantly increased NE release at both frequencies tested
compared to controls; other treatments were without effect (Figures 2A and 2B). In the
control vessel strips, the maximal TMS-induced contractions reached 2.5 + 0.3 g at 2 Hz and
3.8 + 0.4 g at 10 Hz (N = 5 each). Vessel strips exposed to SNP alone did not contract to
2 Hz and contracted weakly to 10 Hz whereas the other treatments were without effect on
contractions (Figures 2C and 2D).

Tyramine-evoked release of NE: In other experiments, NE release from femoral artery strips
was induced by exposure to tyramine (10 pM) for 10 min. In strips not exposed to XL-Hb,
tyramine induced the release of NE in amounts that were about one-half of those elicited by
2 Hz TMS, and these amounts were unchanged in strips treated with XL-Hb (Figures 3A and
3B). In control vessel strips, the rate of DHPG overflow was about double that of NE. XL-
Hb was without effect on the overflows of NE and DHPG, both during basal conditions and
during exposure to tyramine (Figure 3C and 3D). The contractions to tyramine in the control
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Fig. 2

NE overflow (A,B) and maximum contraction (C,D) induced by stimulation for
5 min at 2 Hz or 10 Hz in femoral artery strips superfused in vitro; effects of
XL-Hb and of various treatments which modify tissue levels of NO. NE
overflow and maximum contraction are expressed as the percentage of these
respective values induced by 5 min stimulation at 2 Hz prior to treatment.
Values are means + SEM of determinations from five different experiments.
* Significant difference from corresponding value in control vessel, P < 0.05.

strips were about half the magnitude of those elicited by 2 Hz stimulation. Further, tyramine-
induced contractions in the XL-Hb-treated strips were significantly higher than those induced
by tyramine in the control strips, even though, in both groups, the parern of contraction over
time was similar and corresponded to the concurrent pattern of NE release (Figures 3A-3F).

Discussion
Basal efflux of NE: XL-Hb increased the basal tone of strips of femoral artery, causing

contractions of a magnitude similar to those elicited by nerve depolarization at low frequencies.
However this XL-Hb-induced contraction was not due to increased efflux of NE from vascular
nerve endings. Endogenous NO, at least at the levels produced in these experiments, did not
modulate the efflux of NE during basal conditions since basal levels of NE in superfusate were
unchanged by L-NMMA, an inhibitor of NO synthesis. Additionally no mechanism appears
to be in place for NO, when present in added amounts, to modulate the basal efflux of NE,
since SNP was without effect on NE levels in superfusate.

The XL-Hb-induced contraction of the femoral artery strips during basal conditions was

)
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Fig. 3

Overflows of NE (A,B) and DHPG (C,D) as well as contractions (E,F) induced
by tyramine (10 uM) in femoral artery strips superfused in vitro; effect of XL-Hb
(10 uM). Superfusate was collected in five consecutive 5-min intervals, with
tyramine being applied during intervals 2 and 3 as indicated by the bars. Values
are means + SEM of seven determinations. XL-Hb induced significant (P
<0.05) contractions during basal conditions (*, Students t-test) and augmented
contractions to tyramine (f, two-way ANOVA with repeated measures).

consistent with reduced levels of NO in the biophase. Inhibition of NO synthesis by L-NMMA
contracted the vessels to the same degree as did XL-Hb. Also, XL-Hb reversed the relaxation
by SNP, an agent with an action that derives primarily from increased tissue levels of NO.
Additionally, contractions induced by XL-Hb and L-NMMA combined showed no additive
effects suggesting that the effects of XL-Hb in the femoral artery are mediated through the
same pathway as are those of L-NMMA, namely through NO (17).

1t appears likely that the NE which was measured in the superfusate during basal
conditions exited the sympathetic nerve endings by diffusion. Although NE is highly polar at
physiological pH, it diffuses across the neuronal membrane in small amounts (18). Release
of NE during unstimulated conditions in this vessel is Ca**-independent (data not shown),
further reducing the possibility of exocytosis. Carrier-mediated NE release during basal
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conditions was also unlikely because, in these experiments, the neuronal amine uptake carrier
had been inhibited by DMI; also the ATP-driven Na* gradient across the neuronal membrane
favors inward but not outward transport of NE. Therefore the present results strongly suggest
that XL-Hb has no effect on diffusion of NE across the neuronal membrane.

Exocytotic release of NE: Under the experimental conditions of the present study, the amount
of NE which overflowed into the superfusate as a result of nerve depolarization by TMS was
equated with the amount which was released exocytotically since neuronal and extraneuronal
amine uptakes were inhibited. The experiments establish that neither XL-Hb nor NO
significantly affect the exocytotic release of NE or the resultant contractions in the femoral
artery, whether induced by low (2 Hz) or high (10 Hz) physiological frequencies of nerve
depolarization. The data also indicate, although indirectly, that XL-Hb does not affect
exocytotic NE release through a mechanism independent of NO (e.g., through interaction with
endothelin; 19), since release was the same in vessels exposed to XL-Hb either in the presence
or absence of L-NMMA.

SNP increased NE release at both frequencies of TMS tested indicating that, although
within the parameters of these experiments, endogenous NO was without effect on NE release,
the mechanisms are present by which NO could augment NE release when NO levels are
sufficiently high. This raises an interesting possibility regarding the interaction of NE and NO
in maintaining vascular homeostasis in vivo. Increased plasma levels of NO, due largely to
its synthesis via the inducible isoform of NO synthase, are characteristic of several pathological
conditions (20). For example, septic shock induces elevated plasma levels of both NO and NE
(21,22). Therefore it is possible that endogenous NO, at levels sufficient to induce
hypotension could trigger increased exocytosis of NE, which would serve as a physiological
braking mechanism to partially counteract the detrimental effects of overproduction of NO.

Our finding that NO, at levels above those produced endogenously, increased NE
release are not in agreement with a previous study on isolated canine mesenteric arteries in
which a decrease in the release of NE induced by SNP and other NO donors was reported (8).
The reasons for this discrepancy may relate to the different artery studied and/or to differences
in experimental preparations. Endogenous NE was not quantified in those studies, rather the
overflow of radioactivity was measured after preloading of vessel strips with 2-[“CJ-NE. In
addition, the TMS applied was far stronger (e.g., 4 Hz, 2 msec for 10 min); either 40-fold
greater (at 2 Hz) or 8-fold greater (at 10 Hz) than the total stimulation used in the present
study (which resulted in vigorous contractions).

Tyramine-induced release of NE: Tyramine, a sympathomimetic amine, induces NE release
by displacing NE from storage vesicles; the NE subsequently exits the nerve ending via
carrier-mediated outward transport (23). That the tyramine-induced increase in NE in
superfusate was unchanged by XL-Hb indicates that XL-Hb has no effect on this mechanism
of NE release in femoral artery. Equally important in drawing this conclusion is the finding
that the levels of DHPG in superfusate were also unchanged by XL-Hb. This lipophyllic
metabolite of NE is formed within the neuron by the action of monoamine oxidase (MAO) and
the amounts of DHPG measured in superfusate serve as a good indicator of the NE levels
within the neuroplasm (24). Thus the neuroplasmic NE levels were probably similar in control
vessel strips and in strips exposed to XL-Hb. MAO is strikingly oxygen-sensitive, therefore
the lack of effect of XL-Hb on DHPG and NE levels in superfusate also indicates that tissue
oxygenation was unchanged in the vessel strips that were exposed to XL-Hb. Thus these data
suggest that XL-Hb does not affect carrier-mediated release of NE, the vesicular amine carrier,
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or the activity of neuronal MAO.

The potentiation by XL-Hb of tyramine-induced contractions was not due to increased
release of NE. The endothelium of the femoral artery contains o, adrenoceptors which, when
activated, induce the release of NO at levels above those produced during basal conditions (15,
25). The NE which was released by the tyramine probably activated these receptors as well
as those on the smooth muscle which caused contraction. Thus the potentiation by XL-Hb of
the contractions may be explained by its binding to this released NO. The potentiating effect
of XL-Hb may have been present also in the vessel strips which were stimulated with TMS,
but was masked by the complicating influences of other vasoactive substances which may have
been released by the stimulation. For example, the cotransmitter neuropeptide Y, a highly
potent vasoactive compound, is released by transmural stimulation of vascular nerve endings
(12, 26), but unlike NE, is not released by tyramine (26).

A further aspect of this study deserves comment. As noted, XL-Hb has a pressor effect
when administered to humans or animals in vivo. Since hypertension is commonly ascribed
to contraction of the resistance vessels, the small arteries and arterioles, the physiological
relevance of examining the femoral artery, a conduit vessel, to elucidate the effects of XL-Hb
may be questioned. However, the femoral artery contracts vigorously when exposed to XL-
Hb, suggesting its appropriateness for this type of study.

In conclusion, this study provides physiological evidence demonstrating that the XL-Hb
induced contraction of the femoral artery is not due to increased efflux of NE from vascular
nerve endings, whether by exocytosis, carrier-mediated release or by diffusion across the
neuronal membrane. Rather the contraction is consistent with inhibition of the actions of NO.
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EFFECTS OF NITRIC OXIDE ON OVERFLOW OF CATECHOL-
AMINES FROM PERFUSED DOG ADRENAL GLAND

Qegrudg M. Tyce, Lawrence E. Ward, Larry W. Hunter, and Duane K.
Rorie, Departments of Physiology and Anesthesiology, Mayo
Clinic/Foundation, Rochester, Minnesota, USA

Epinephrine (E), norepinephrine (NE) and dopamine (DA) overflow
spontaneously from isolated perfused dog adrenal glands. Previously we
have shown that approximately 25% of this spontaneous overflow is Ca*
dependent, but is independent of cholinergic, serotonergic or
dopaminergic stimulation. The present study was done to determine the
actions of nitric oxide (NO) on spontaneous overflow of catecholamines

from dog adrenals. Mongrel dogs were anesthetized with 30 mg/kg i.v.

sodium pentobarbital and adrenal glands were removed. Krebs-Ringer
solution (K-R) was retrogradely perfused at 1.5 mil/min into the
adrenolumbar vein and allowed to exit through slits at the ends of the
adrenal lobes. After an initial stabilization period a basal sample of
perfusate was collected. Perfusion was then continued with K-R
containing (a) N°-monomethyl-L-arginine (L-NMMA; 3 x 10*M, an
inhibitor of synthesis of NO) or (b) 3-morpholinosydnomine (SIN-1; 10'M
or 10°M, a donor of NO) or (c) no drugs (controls). Catecholamines in
the perfusates were quantitated by HPLC with electrochemical detection.
In the presence of L-NMMA the effluxes of catecholamines were
significantly increased; this increase versus control was approximately
25% for E and NE and 50% for DA. These increases did not occur when
Ca** was omitted from the perfusates. When SIN-1 was present in
perfusates the overflow of DA was significantly decreased but overflows
of E and NE showed only minor insignificant decreases. It is concluded
that a Ca®*-dependent component of spontaneous overflow of
catecholamines is inhibited by NO produced in the adrenal medulla. This
inhibition appears to be maximal for NE and E, but not for DA.
Supported by U.S. Army Contract DAMD-93-C-3116-P2.
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TUESDAY AM SMOOTH MUSCLE CONTRACTION (1965-1968)

1965

MOLECULAR EVIDENCE FOR AN H'K'-ATPASE (HKA) IN
VASCULAR SMOOTH MUSCLE CELLS (VSMC). X. Zhao, S.
Marrelli, and J. Allen. Sect. of Cardiovascular Sci., Baylor Col. Med.,
Houston, TX 77030.

Recent functional studies demonstrated evidence of HKA in VSMC.
Our laboratory used RT-PCR and Northern analysis techniques to identify
the presence and type of HKA in canine VSMC. A set of PCR primers
was designed to detect unknown HKA isoforms based on the known
gastric, colonic, and toad bladder HKA sequences. RT-PCR gencrated a
product at & predicted 310 bp size from canine stomach tissue total RNA
ss well as from total RNA of whole carotid artery and primary culture of
carotid artery VSMC. Nucleotide and deduced amino acid sequence
analyses showed a high percentage of homology to the known HKA
sequences. Northem blots were performed using the PCR product and

. Na'K'-ATPase (NKA) «1 cDNA as probes. Stomach and VSMC

samples revealed a strong signal with the HKA probe and a weak signal

with the NKA probe. Canine kidney had similar mRNA signals with both
bes.

F&n studies provide the first molecular evidence and partial nucleotide

sequence of HKA. HKA may play important roles in VSMC in

maintaining both intracellular pH and K content, and may be important in

regulation of vessel tone. (Supported by NIH grant, HL24585.)

' d
1967
THE VASCULAR EFFECTS OF PINACIDIL IN TROUT
(Oncorlynchus mykiss). Michael P Smith and Kenneth R, Qlson
Department of Biological Sciences, University of Notre Dame and South
Bend Center for Medical Education, Notre Dame, IN 46556.

Pinacidil (PNC) is an antihypertensive agemt which exerts direct
vasorelaxant effects by opening ATP-sensitive potassium channels X*m)
thereby hyperpolarizing vascular smooth muscle. However, K*
oonducunc&independemmechuﬁmofvmrdmﬁonhvelhobeen
implicated. We herein present the effects of PNC in O. mykiss, to our
knowledge the first investigation of K*,n, pharmacology in fish. In vitro,
10% to 104M PNC relaxed ings of the 3 and 4% efferent branchial and
coeliaco-mesenteric arteries as well as the ventral sorta which had been
precontracted with arginine vasotocin. This relaxation was varisbly
affected by glyburide (GLY, 10-5M) but not by indomethacin or methylene
blue. Inerestingly, 10M PNC also relaxed otherwise unstimulated rings
and rings with 80mM K. In vivo, administration of 0.1 to
450 mg/kg ia PNC immedistely but transiently reduced dorsal sortic
wmeinmdmumlnedmbynmchum%(‘lmzm
=9), an effect partially inhibited by 5.0 mg/kg ia GLY. These studies
demonstrate that PNC is indeed vasorelaxant in vifro and hypotensive in
vivo in trout. However, the particulsr mechanisms of PNC’s sction
require firther investigation. (Supported by IBN 9105247).

1966

EFFECT OF aa CROSS-LINKED HEMOGLOBIN (XL-Hb) ON
NOREPINEPHRINE (NE) RELEASE AND CONTRACTION IN
FEMORAL ARTERY (FA). i
Mayo Clinic and Mayo Foundation, Rochester, MN 55905

The aim of this study was 1o determine if vasoconstriction caused by
the hemoglobin-based oxygen carrier XL-Hb is associsted with increased
release of NE. Helical strips of canine FA were superfused with Krebs-
Ringer solution (KR) containing corticosterone, desmethylimiprimine and
indomethacin (2 mi/min, 37 C, 20% O,). After 60-min, superfusate was
collected during three 25-min periods, each 60 min apant. In each period
transmural stimulation (TS; at 2 Hz for periods 1 and 2; 10 Hz for period 3)
was spplied between min 5-10. In control vesscls KR was applied
throughout; in other vessels KR containing XL-Hb (10° M) or NO-methyl L-
arginine (L-NMMA; 3X10* M) or XL-Hb + L-NMMA was spplied 20 min
before the second period and was maintained. The NE which overflowed
was quantified by HPLC-ED. NE overflow and contractions were expressed
upereem;eofﬂmemasuredinﬂwﬁmTSinewhmsel. XL-Hb, L-
NMMA or XL-Hb together with L-NMMA contracted resting vessels (65%,
64% and 76%, respectively), however concurrent NE overflow was
unaffected. Overflow of NE and contractile tensions induced by TS were
unchanged by sny treatment as compared to controls. Thus in the FA XL~
Hb: 1) contracts unstimulated vessels by a mechanism not associsted with
increased NE release, and 2) is without effect on TS-induced contractions or
NE release. Supported by U. S. Army contract DAMD17-93-C-3116-PZ.

1968

Carbon Monoxide Mediates the Coronary Vasodilator Effect of Heme
in lsolated Rat Hearts. Matthew J Scholer, Robert A._Johnson and
Alberto Nasiletti. Department of Pharmacology, New York Medical
College, Valhalia, NY 10595.

Cardiac tissues express heme oxygensse (HO), an enzyme which
metabolizes heme to carbon monoxide (CO) and biliverdin. CO is an
activator of soluble guanylate cyclase and has been shown to relax vascular
smooth muscie. These experiments were designed to test the hypothesis
that HO product(s) contribute to the regulation of coronary vascuiar tone.
The hearts of Sprague-Dewiey rats were isolsted and the coronary
vasculature was perfused according to the Langendorff technique at &
consiant flow rate (8-9 mimin) with oxypenated Krebs' buffer containing N¥.
nitro-L-arginine methy! ester (L-NAME, 50 pM), an inhibitor of nitric oxide
synthase, to establish a vasoconstrictor tone. Baseline perfusion pressure
sfter L-NAME administration averaged 13323 mmHg. Addition of heme-L-
lysinate (HLL, 1 M), @ substrate for HO, to the perfusion buffer resulted in
& 2215 mmHg decrease in perfusion pressure after 14 minutes (p<0.05).
In contrast, this response was not seen with addition of a lysine/solvent
wvehicle. More importantly, 1 uM HLL did not decrease perfusion pressure
during infusion of the HO inhibitor zinc deuteroporphyrin 2,4-bis glycol
(ZnDPBG) at a concentration of 50 M. Additionally, bolus injection of
Krebs’ solution (1ml) saturated with carbon monoxide gas caused a 2142
mmHg de in perfusion p e. This study shows that heme elicits
coronary vasodilation via 8 heme oxygenase-dependent mechanism. We
suggest that carbon monoxide is the HO product responsible for the
vasodilatory response to heme in the isolated rat heart.

GENE EXPRESSION/GENE THERAPY II (1969-1970)

1969

IDENTIFICATION OF REGULATED GENES IN RAT HEART
AFTER MYOCARDIAL INFARCTION Y.-Z. Zhu, Y.-C. Zhu, M. Stoil,
Th. Unger (SPON:_M. Momis), Dept. of Pharmacol, Univ. of Kiel,

* Germany.

horderwinvestigntetbegeneexpressionnﬁnmyoardinlinhrcﬁon(hﬂ),
we have used a RNA fingerprinting method, originally developed by Liang
and Pardee (Science 1992; 257: 967-971), a so<called differential display
feverse transcription polymerase chain reaction (DDRT-PCR). M} was
indmedbylipﬁanoftheleﬁmﬁorducehdhgwmuymryw)in
the rat. Total RNA was extracted from the right ventricle (RV) 6 weeks after
W.FiﬁydiﬁemﬁnﬂyugdnechNAhMmominedaﬁu
smplification with the arbitrary down-stream primer T11CT. Eight candidate
cDNAﬁngmemswmexmctedmdchounforﬁndmnﬂysis.m
reamplified PCR-fragments were subcloned and sequenced. The differential
apmsﬁonofthcclonuofimaestwneonﬁ:mdmblmh«nblm.
Seqmemnlyxi:d:monsmtedd:ntwooftheseclmmpoudedw
unknown genes, whereas the other four represented: known genes not
mviomlynwcinedmw.mmgowincluesmgahm, the
mouse interleukin-4 receptor gene, rat ferritin mRNA and T-cell receptor
beta chain V. : ’ .

wmwmwmmﬁmhmﬂym in
dlephmofmodeling:ﬁerbﬂ.mgeneliwluednpremtgeneswhich
hnvenotyetbunmectedwiﬂlmnndmybeinmmemﬂindw

1970 .
DECREASED COX 1 mRNA IS TRANSCRIPTIONALLY REGULATED
IN THE SENESCENT RABBIT MYOCARDIUM. H. Matsuda,
Wﬂ.mv.dWSm,
mwm&wmwmmmm:s

mmmx(mxnmAMmmmu
ueducumpuedtotbemmnbbitmbdiuimimifmh
difference was the sesult of either’ decreased synthesis or increased
degradation of mitochondrial RNA, purified mitochondria from manure (15-
NMnﬂ)ndued(ﬂSOweeb.nﬂ)nbbiuhem:mM
Mitochondrial transcription rates evaluated by [32PJUTP incorporation
indicated lower (p<0.05) incorporation in aged as compared to the mature
beart (19.241 vs. 28.132.2 x10%.p.m. at 60 minutes incubation). COX 1
mRNA transcription measured by run-on transcription and Northern
hyhidinﬁmmdeqused(pd.ﬂs,nd)inlheuednmmdnme
mmwwncommkmnwuum
misochondrial transcription in the aged heart

Supported by grants from NIH (HL29077) and AHA (95006300).
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THE ADRENAL GLAND AS A
CATECHOLAMINE

METABOLITES

Pacific Grove, CA, October 13-18, 1996

SOURCE OF DOPA AND OF

Tyce GM' , Chritton SL!, Barnes RD’, Ward LE?, Hunter LW?2, Rorie DK’

Depts of  Physiology and Biophysics and

Clinic/Foundation
Rochester, MN 55902 USA

2 Anesthesiology, Mayo

Background DOPA, catecholamines and their metabolites in plasma have been
proposed as indices of activity in peripheral sympathetic nerves. However, the
adrenal gland is also a rich source of catecholamines. The purpose of this study
was to examine the characteristics of release and reuptake of these compounds in

dog adrenal gland. The effects of cocaine,
norepinephrine (NE) and of nitric oxide

catecholamine releases were studied.

an inhibitor of the neuronal reuptake of
(NO), a modulator of NE release, on

Methods Isolated dog adrenal glands were perfused ex situ with oxygenated
Krebs-Ringer solution at 37°. Perfusates were collected before, during and after a
2-min stimulation with carbachol (3x10"M) or l,l-dimethyl-4-phenylpiperazinium
(DMPP, 3x10°M). In some experiments cocaine (10°M) or an inhibitor of NO

synthesis N° _monomethyl-L-arginine
Epinephrine (E), NE, dopamine
noremetanephrine (NMN), 3-methoxytyr

(DA), DOPA, ,
amine (3MT), 3,4-dihydroxyphenylglycol

b

[L-NMMA], 3x10°M) was added.

metanephrine MN)

(DHPG), 3,4-dihydroxyphenylacetic acid (DOPAC) and 3-methoxy, 4-

hydroxyphenylglycol
electrochemical detection.
Results and Interpretation During

(MHPG) were quantified in perfusates by HPLC with

the first 60 min of perfusion _the

concentrations of E, NE, DA and DOPA declined exponentially; the levels of the
metabolites did not change. After 60 min, the mean (+SEM) overflows of E, NE,
G

DA, DOPA, MN

DOPAC and MHPG were 45002000,

, NMN, ,

6804200, 5710, 181, 230+80, 9360, 380+100, 36+10 and 1914 pmoles/min
respectively. Carbachol increased the releases of E, NE, DA and DOPA, but not
of the metabolites. Cocaine had no effects on basal or evoked releases of any of

the compounds. L-NMMA 1ncr
NE, and DA.

Conclusions In the dog adrenal gland (1)

eased basal, but decreased evoked, releases of E,
DOPA was released in a similar manner

to the catecholamines; (2) Reuptake of catecholamines could not be demonstrated;
| (3) Because DOPEG was unaffected by the presence of cocaine, it was probably

produced subsequent to translocation of NE

and E from chromaffin granules into

cytoplasm; (4) O-Methylated metabolites of catecholamines were abundant; (5)
NO modulated catecholamine release and the effects were opposite under basal

and evoked conditions.
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12 July 1996

Dr. Duane K. Rorie

Mayo Clinic, 200 First St.

SW, 3-81 Madical Sciences Bldg.
Rochester, MN 55905

USA

Re : BIOGENIC AMINES TN-383

Dear Dr. Duane K. Rorie

Thank you for submitting your paper on "Transmural stimulation
of mesenteric artery in the presence of cross-linked hemoglobin
produces a compound with chromatographic characteristics similar to
dopamine" by Larry W. Hunter, Gertrude M. Tyce, Linda M. Benson,
Stephen Maylor and Duane K. Rorie. '

I shall write to you as soon as I have had reports from our
reviewers. '

Sincerely yours,

=Lt

Dr. ToshiharuQNagatsu
Editor

TN/ei
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