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Part 1 

Introduction 



Chapter J 

1.1 Introduction and Background 

The search for a clinically useful blood substitute has been stimulated by the inherent 

limitations of the homologous blood transfusion system, particularly its sufficiency, safety and 
costs. Blood has been described as the "most complicated fluid in animals" (Winslow, 1992). 

An attempt to forulUlate a blood substitute is misguided because blood is composed of a complex 

mixhIrc of fluids, cells, salts, proteins and numerous other molecules having various functions 
and characteristics. The hemorrhage or loss of blood foremost results in a hypovolemic state and 
ultimately leads to depletion of oxygen delivering capability (Dracker, 1995). 

Biologically significant hemorrhage may be defined as a blood loss sufficient to impair 

oxygen transport (Shoemaker et al., 1973; Bassin et al., 1971; Hauser and Shoemaker, 1982). 

The major physiological effect of hemorrhage is anemia and hypovolemia leading to drastic 
aIterations in blood flow to the vital organ systems (Prough et al., 1991). The persistent 

hypoperfusion to organ systems is responsible for ultimate organ failure even after repcrfusion 
(Knaus et al., 1985). The infusion of large volume of Ringer's lactate in the resuscitation of 

hemorrhaged patients is associated with several disadvantages. In addition, problems associated 
with blood transfusion necessitate the development of an alternative resuscitative solution which 
can be administered in small volumes and is effective in combating the comprom.ised 
hemodynamics. Haemoglobin-based blood substitutes (oxygen carriers) have been proposed to 

be effective in the treatment of hemorrhagic shock. 

The major categories of blood substitutes include the (I) perfluorocarbon solutions and (2) 

haemoglobin based compounds. 

1.2 Problems associated with use of perfluorocarbons as blood substitutes 

The perfluorocarbons are water insoluble, halogenated hydrocarbon compounds that are 
liquid at body temperature and are excellent solvents for oxygen and other gases. The advantages 
of per fluorocarbon products are they are synthetic in nature and the problem of transmission of 
human disease is nearly eliminated. These products are chemically inert and are unlikely to 
undergo biodegradation or generation oftoxic or antigenic products. TIle manufacturing process 
is very simple and commercial quantities can be produced at relatively low costs. However, in 
contrast.to haemoglobin, which binds oxygen cooperatively and is nearly saturated with oxygen 
when breathing at room airJ perfluorocarbons have a high solubility for oxygen. The higher the 
concentration of oxygen inspired, the more the oxygen will be dissolved. Therefore, significant 
clinical benefit requires the use of supplemental oxygen and a very high FI02 is needed to carry 
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Blood Substitutes Chapter I 

sufficient oxygen. The particle size of perfluorocarbons is also critical and if it is too large, 

capillary plugging may occur and if the particle is too small, an increase in blood viscosity may 

occur. Following intravenous administration the perfluorocarbon droplets are gradually removed 
from the circulation by the reticulo-endothelial system and a large dose of perfluorocarbon may 

result in the enlargement of the organs of the reticulo-endothelial system. 

1.3 Problems associated with use of haemoglobin based blood substitutes 

Early attempts to prepare haemoglobin-based blood substitutes involved hypotonic lysis of 

human red blood cells followed by crude separation of the soluble haemoglobin from the 

insoluble cell membranes. These solutions produced significant nephrotoxicity and intravascular 

coagulation. During 1960's teclmiques were developed to eliminate 99% of the red cell stroma, 

but these stroma~free haemoglobin solutions still produced severe adverse effects. There are two 
major limitations in the lise of stroma-free haemoglobin as resuscitative solution. TIle first is that 

the haemoglobin tetramer dissociates into dimers. This dissociation is extremely rapid and when 

haemoglobin is administered it is rapidly excreted in urine. The second limitation is that in the 

absence of its nonnal allosteric regulator 2,3 DPG the affinity of haemoglobin for oxygen is very 

high and this does not allow unloading of oxygen to the tissues. 

A safe and effective oxygen carrying haemoglobin-based blood substitute could be life 

saving for trauma victims and has become a major goal of many research groups within industry, 
aca~emic centers, and the military. Oxygen carrying haemoglobin~based blood substitutes have 
numerous advantages over conventional blood transfusions. They can be produced in large 
volume, stored for prolonged periods (about one year or more), administered rapidly and without 
need for cross~typing, and can be made free ofvimses and other infectious agents (Estep el al., 

I 989a; Estep ef al., I 989b). A number of haemoglobin-based blood substitutes have passed 

significant phase I safety hurdles and are now in phase" patient testing (Dracker, 1995; Chang, 

1995). 

1.4 Current teclUlology: An overview 

Intrinsic interest in the stmcture and function of haemoglobin has resulted in a large munber 
of chemical modifications. Free haemoglobin has been cross linked, conjugated, polymerized 
o(encapsulated to prevent its dissociation into dimers. Intramolecular bifunctional cross~linking 
reagent bis(N-maleimidomethyl) ether, increases the half-life of haemoglobin by 4 folds but also 

increased the oxygen affinity. Cross-linking has also been done to dextran or hydrox)'ethyl 
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Blood Substitutes Chapter I 

starch. Intermolecular cross-linking has been perfonned using glutaraldehyde to produce 

oligomers larger than haemoglobin tetramers. 

Several types of haemoglobin-based blood substitutes have been developed and are in 

different phases of clinical trials. Studies have demonstrated the efficacy of haemoglobin-based 

blood substitutes in resuscitation following hemorrhage in animals. Crystalline haemoglobin 

solution to treat severe hypovolemia and anemia in separate canine models and found it to be 
highly effective, suggesting that it acts as a plasma expander to resuscitate intravascular volume 

and also supplements oxygen carrying capacity in anemia (Hauser and Shoemaker, 1982). 

Microencapsulated and conjugated haemoglobin were found to be effective in hemorrhagic 

shock (Usuba e/ al., 1992; Agishi e/ al., 1988; Iwashita e/ al., 1988; Rabinovici e/ al., 1992). 
Crosslinked haemoglobin solutions have also been demonstrated to be effective in the 

resuscitation of hemorrhagic shock (Keipert and Chang, 1985; Hess ef al., 1992; Malcolm ef al., 

1992; Ning ef al" I 992a; Rabinovici ef al., 1989). 

Isovolemic exchange transfhsion with 25% oftotal estimated blood volume in anesthetized 

dogs using 9 gldl of SHIb produced a transient rise in the mean arterial blood pressure with a 

simultaneous increase in the blood flow to vital organs, However, on the renal circulation SFHb 
produced decrease in the glomerular filtration rate (Ning e/ al., I 992b). 50% exchange 

transfusion following liposomal encapsulated haemoglobin though maintains mean arterial blood 

pressure but causes increase in total peripheral resistance and decrease in cardiac output 

(Rabinovici ef al., 1992). Total exchange transfusion with liposomal encapsulated haemoglobin 

has been found to sustain blood pressure and cardiac output but reduced systemic vascular 

resistance (Miller e/ al., 1988). An ultrapurified, polymerized, bovine haemoglobin solution has 

been shown to improve the cerebral blood flow when administered to hemorrhaged rats. Stroma 
free polymerized bovine haemoglobin has been found to be effective in restoring the systemic 
hemodynamic parameters in hemorrhaged dogs. Another study using polymerized uItrapurified 
bovine haemoglobin has shown that it is effective in restoring the cardiovascular parameters 
following ovarian hemorrhage in a miniature horse. A tiposome encapsulated haemoglobin 
preparation consisting of lyophilized powder for use as Itinstant blood It has also been described. 
The use ofhaemoglobinwbased blood substitutes will introduce a new approach in critical care 

medicine of not only improving perfusion but delivering oxygen to tissues. 

Diaspirin crosslinked haemoglobin (DCLHb) is a modified haemoglobin solution derived 

from human erythrocytes. It is prepared by crosswlinking haemoglobin the uwsubunits, within the 
haemoglobin tetramer, by means of a reaction with the diaspirin compound, bis(3,5-
dibromosalicyl) fumarate. It is purified by heat pasteurization to inactivate any contaminating 
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viruses and precipitate undesirable proteins. It possesses biochemical stability and exhibits 

greater intravascular retention than unmodified haemoglobin. It is slowly degraded in the blood 

stream and has less accumulation in the tissues, and it is catabolized to low molecular weight 
compounds which are eliminated through the urine and feces. DCLHb does not require cross

matching or typing prior to administration, is less viscous than whole blood, and may be better 

able to carry oxygen through narrowed vessels to ischemic tissues due to the smaller size of the 

haemoglobin molecule relative to the erythrocytes. DCLHb is devoid of white cells and other 

blood components which are known to contribute to ischemic tissue inju!)' by releasing cytotoxic 

products. DCLHb has been found not to elicit any inflanunato!), reactions in sheep and monkeys. 

It does not interfere with the coagulation cascade, or the reticular endothelial system. Studies 

have shown that DCLHb produces significant increases in mean arterial pressure (MAP) in 

nannal anaesthetized and conscious rats. 

1.5 Role of endogenous vasoactive substances in the cardiovascular effects of haemoglobin~ 
based blood substitutes 

In addition to binding oxygen, haemoglobin is known to have a ve!), high affinity for nitric 

oxide (NO) (Gibaldi, 1993). NO which is bound by haemoglobin may be converted to nitrate 

through interaction with the heme group (Wennmalm e/ al., 1992). The NO system is often 

found to be involved in the regulation of regional blood circulation in normal animals. L-NAME, 

a NO synthase (NOS) inhibitor, blocked the increases in the rat cortical blood flow due to 

stimulation of cerebrovaseular parasympathetic system (Morita-Tsuzuki e/ al., 1993) and 

decreased cerebral blood flow in goats (Fernandez e/ al" 1993). Both L-NAME and another 

NOS inhibitor, NG-Nitro-L-arginine, produced constriction of coronary arterioles in dogs (Jones 
e/ al., 1993). L-NAME decreased renal blood flow and increased renal vascular resistance in rats 

(Sigmon e/ al., 1993), attenuated the vasodilation of muscular arterioles in response to 

acetylcholine in hamsters (Hester e/ al., 1993), and decreased cerebral blood flow and increased 

cerebral vascular resistance in dogs (Saito e/ al., 1994). Endogenous NO mediates most of its 

actions through cGMP (Thiemermann, 1994; Moncada and Higgs, 1993). It is possible that 

following hemorrhage an increase in the release of NO occurs leading to an increase in cGMP 
concentration in the blood plasma. The removal of NO and decrease in cGMP is likely to 

contribute toward restoring the vascular tone and responsiveness. 

In physiological states, a delicate balance exists between vasoconstrictor substances (ET) and 
vasodilator substances (EDRFfNO) to maintain vascular tone (Rubanyi, 1991; Zingarelli el al., 
1992). At the level of the endothelial cell, pro-ET (bigET) is cleaved to ET, the biologically 

active product (Yanagisawa e/ al., 1988; Gulati and Sri mal, 1992). n,is eon version of bigET to 
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ET is inhibited by phosphoramidon, a metallo-protease inhibitor (Matsumura el al., 1992). To 

counter balance the constrictor properties ofET, EDRFINO is released (Rubanyi, 1991). 

1.6 Role of endogenous vasoactive substances in hemorrhagic shock 

The endothelium-derived vasoactive agents which regulate the vascular tone have been 
implicated in the pathophysiology of hemorrhagic shock (Heruich, 1991). Vascular endothelial 

cells have been reported to generate NO, a potent vasodilator (palmer el al., 1988). Severe 

hemorrhagic hypotension causes hyporeactivity or the cardiovascular system to catecholarnines. 
This is mediated by an increase in NOS activity and release of NO (ThiemermmUl el al., 1993). 

In a study, resuscitation with L-NAME (10 mgikg, Lv.) increased mean arterial pressure in 
urethane anaesthetized rats hemorrhaged for 20 min with 50% survival rate at 120 min (Zingarelli 

el al., 1992). In urethane anaesthetized rats hemorrhaged for 15-20 min to a mean arterial 

pressure of60 mmHg, L-NAME (0.3-30 mgikg, Lv.) dose-dependently increased mean arterial 

pressure (Chyu el al., 1992). L-NAME (44 mgikg, Lv.) pretreatment increased mean arterial 

pressure but decreased HR in conscious hemorrhaged rabbits (Koch el al., 1995). NOS inhibitor, 

NG.methyl-L-arginine (30 mglkgt Lv.) has been shown to restore mean arterial pressure in 
pentobarbital anaesthetized rats hemorrhaged for 2 mins (Klabunde el al., 1993), infusion of 

another NOS inhibitor NG-monomethyl-L-arginine (1.2 mglkgfmin) increased mean arterial 
pressure in hemorrhaged rats (Lieberthal el al., 1991). Endogenous NO mediates most of its 

actions through cGMP (Thiemerrnann, 1994; Moncada and Higgs, 1993) and it appears that an 

increase in cGMP levels in hemorrhage is deleterious to the survival of the animal. The studies 
available in literature so far have focused on the improvement in mean arterial pressure following 
hemorrhage. However, in order to determine efficacy it is essential to evaluate the improvement 
in base deficit, oxygen consumption, systemic hemodynamics, regional blood circulation and 
survival time after resuscitation. Thus, the role of NO inhibitors in resuscitation following 
hemorrhage still remains unclear. 

The role of ET in the regulation of cardiovascular system has been suggested (Gulati, 1995; 

Gulati el al., 1995; Shamm and Gulati, 1995; Stojilkovic and Catt, 1992; Hay el al., 1993). 

Though ET mechanisms have been shown to participate in the pathogenesis of several 
cardiovascular disorders including myocardial ischemia, congestive heart t1ilure, hypertension 
and in a variety of shock syndromes, its role in hemorrhagic shock is not clear. It was 
demonstrated that the elevation in plasma endothelin levels occurs during central hypovolemia 
in humans (Matzen el al., 1992). The elevation of plasma ET-I concentration has been reported 

following hemorrhage in rats (Vemulapalli el al., 1994; Zimmemmn el al., 1994) and dogs 

(Chang el al" 1993). In a normal situation the circulating ET-1level is low and it is released 
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more toward the abluminal side of the endothelial cells (Gulali, 1995). ET-I and ET-3 can 

release NO in rat and rabbit isolated perfused preparations (Warner e/ al., 1989). It has been 

suggested that this release might be through ET receptors. 

1.7 Aims ofthe present study 

The following were the aims of the present study: 

I. To study the cardiovascular effects ofDCLHb, a haemoglobin based blood substitute. 

2. To compare the cardiovascular effects of DCLHb with known pressor agents and with 

urunodified haemoglobin solution. 

3. To detemline whether adrenergic mechanism is involved in the cardiovascular effects of 

DCLHb. 

4. To determine whether nitric oxide mechanism is involved in the cardiovascular effects 

ofDCLHb. 

5. To detcmline whether endothelin mechanism is involved in the cardiovascular effects of 

DCLHb. 

6. To determine the efficacy ofDCLHb in an animal model of severe hemorrhage. 

7. To determine the phannacological mechanism involved in the resuscitative effect of 

DCLHb in hemorrhaged rats. 
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haemoglobin 



Chapler 2 

Regional circulatory and systemic hemodynamic effects of diaspirin crossMlinked 
haemoglobin in the rat 

SUlllmary 

Diaspirin cross-linked haemoglobin (DCLHbThl
) (Baxter Healthcare Corporation) is a 

promising resuscitative fluid. The effect of DCLHb (400 mgikg, iv), on regional circulation and 

systemic hemodynamics was studied in male Sprague-Dawley rats using a radioactive 

microsphere technique. Systemic hemodynamics, distribution of cardiac output, regional blood 
flow and vascular resistance were detennined before (baseline) and 15,30 and 60 min after the 

administration of DCLHb. Infusion of an equal volume of saline did not produce any significant 
change in systemic hemodynamics or regional circulation. DCLHb produced an increase (79%) 

in the mcan blood pressure which lasted for more than 60 min. Heart rate, cardiac output and 
stroke volume were not significantly affected, while total peripheral resistance was increased 
afier the administration ofDCLHb. DCLHb produced significant increases in blood flow to the 

heart, gastrointestinal tract (GlT), portal system and skin. The blood flow to kidney, brain and 

musculoskeletal system was not significantly affected by DCLHb. The vascular resistance was 

not altered in the heart, brain, GIT, portal system, kidney or skin, but there was a marked increase 
in the vascular resistance in the musculoskeletal system. There was a significant increase in the 
percentage of cardiac output to visceral organs )ike heart, GIT and portal system, while a marked 
decrease in the percent cardiac output to musculoskeletal system was observed with DCLHb. 
It is concluded that the blood flow to most ofthe organs is either increased or is not affected by 

DCLHb. 

2.1 Introduction 

There has been tremendous progress in the development of haemoglobin solutions as 
resuscitative solutions. Several investigators have stressed a number of advantages of 
haemoglobin solutions over other resuscitation solutions (Bonhard, J 975; Kaplan and Murphy, 
1975; Moss el al., 1976; DeVenuto and Zegna, 1978). Diaspirin cross-linked haemoglobin 

(DCLHb) is a blood substitute derived from the human erythrocytes. DCLHb is produced by 

cross-linking molecular haemoglobin between the a-subunits by means of a reaction with the 
diaspirin compound, bis (3,5-dibromosalicyl) fumarate (Chatterjee el al., 1986). The cross

linking of the a subunits affords the haemoglobin a favorable oxygen dissociation curve (Snyder 

el al., 1987; Vandegriff el al., 1989). The manufacturing process also includes heat 

pasteurization of the solution (Estep el al., 1989b; Estep el al., 1 989a). DCLHb has been found 

to be biochemically stable and possesses excellent oxygen carrying capacity (Chatterjee el al., 

1986). 
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Cardiovascular effects of DCLHb Chapter 2 

DCLHb has been found to be an effective resuscitative fluid following hemorrhage 

(Przybelski ef al., 1990). It has been demonstrated in swine that after partial or complete 

exchange transfusion with DCLHb, cardiac and renal functions are not affected significantly 

(Hess ef al., 1989). DCLHb (10 mllkg of 14%) was as efficacious as nearly twice the volume 

of whole blood in the restoration of cardiovascular and tissue oxygenation parameters (przybelski 

el al., 1991) in a rodent hemorrhage model. DCLHb has also been found to decrease the extent 

of focal cerebral ischemia induced by 10 min of middle cerebral artery occlusion (Cole ef al., 

1992) in rats. 

In normal adult rats DCLHb has been found to increase the mean arterial blood pressure 

(Hamilton el al., 1992), while several other haemoglobin solutions have been reported to produce 

a rapid and sustained increase in mean arterial pressure (Messmer el al., 1977; Jesch el al., 1982; 

Rabinovici ef al., 1989). Whereas purified stroma-free haemoglobin solutions have been 

reported to produce vasoconstrictor activity in a variety of experimental models (\Vellum cf al., 

1980; Vogel ef al., 1986; Gilroy el al., 1988). Yamakawa et al. reported that stroma-free 

haemoglobin solution produced marked vasodilatation of coronary blood vessels, when 

administered to the rat (Yamakawa el al., 1990). However, the effect ofDCLHb on the regional 

blood circulation has not been studied. The present study was conducted to determine the effect 

ofDCLHb on regional blood flow and systemic hemodynamics in the rat. 

2.2 Materials and Methods 

Male Sprague-Dawley rats (Sasco-King Animal Co. Oregon, \VI) weighing 300-350 g were 

anesthetized with urethane (1.5 glkg, intraperitoneally). The left femoral vein was cannulated 
(PE 50 tubing) for dmg administration. The left femoral artery was cannulated (PE 50 tubing) 

and cOlU1ccted to a Gould P23 ID pressure transducer for recording the blood pressure on a Grass 
P7D polygraph through a 7PI preamplifier. The heart rate was recorded through a 7P4B Grass 

tachograph, triggered from blood pressure signals. In order to keep the blood pO" pCO, and pH 

constant and to avoid the effect of respiration on blood pressure and heart rate, animals were kept 
on constant rate artificial respiration by an endotracheal c3rll1uia connected to a Harvard Rodent 
Ventilator Model 683. The carotid artery of the right side was exposed and a PE 50 calmula 

guided through the common carotid artery to the left ventricle. The femoral artery of the right 

side was cannulated and the cannula guided to the abdominal aorta and cOIUlected to a 
withdrawal pump (Harvard Model 22). 

At each measurement, a suspension of approximately 200,000 microspheres (15 ± I Jlm 

diameter) labeled with "Sc (Scandium), '''Sn (Tin), '''Ce (Cerium) or 'OJRu (Ruthenium) (New 

England Nuclear Corporation, Boston, MA) in 0.2 ml saline were injected into the left ventricle 
after thoroughly mixing and flushed with 0.4 ml saline over a 15 sec period. In order to calculate 
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the blood flow, arterial blood was withdrawn at a rate of 0.5 ml/min through the catheter inserted 

in the abdominal aorta via the right femoral artery. Blood was withdrawn for 90 sec starting 

about 5-10 sec before the microsphere injection. At the end of the experiment the auimals were 

sacrificed with an overdose of pentobarbital sodium and all tissues and organs were dissected out, 
weighed and placed in vials. The following tissues were studied: brain, kidneys, heart, 

gastrointestinal tract (stomach, small intestine, caecum, large intestine, mesentry and pancreas), 
liver, spleen, skin and the rest of the body consisting of muscles and bones. TIle radioactivity in 
the microspheres injected, the blood samples aud the tissue samples were counted in a Packard 

Minaxi Auto-Ganuna 5000 series gamma counter with preset windows discriminating the isotope 
energies. The following parameters were calculated: (I) cardiac output (2) stroke volume (3) 

total peripheral resistance (4) regional blood flow aud (5) regional vascular resistance. The data 

was calculated using the computer programs (Saxena e/ al., 1980). Infusion of saline did not 

affect the systemic hemodynamics or regional circulation. The effect ofDCLHb (400 mg/kg, iv) 

on systemic hemodynamics and regional circulation was studied. The dose of DCLHb was 

selected on the basis of the earlier studies conducted in several laboratories (Hamilton el al .. 
1992; Gulati and Rebello, 1994). 

All data are presented as the mean values ± I SEM. Data were analyzed by analysis of 

variance followed by Duncan's or Scheffe's S test. A level of P < 0.05 was considered 

significant. 

2.3 Results 

Effect ofDCLHb on the systemic hemodynamics 

DCLHb (400 mg/kg, Lv.) produced a significant (F(3, 20) ~ 11.28; P ~ 0.008) increase in the 

mean arterial blood pressure 15, 30 and 60 min after administration. The heart rate, cardiac 

output and stroke volume were not affected after DCLHb administration. DCLHb significantly 

increased the total peripheral resistance at 15 and 60 min [F (3,20) ~ 2.72; P ~ 0.04] (Table I). 

Effect of DCLHb on the regional blood flow 
DCLHb (400 mg/kg, iv) significantly increased [F (3,20) ~ 4.09; p ~ 0.026] the blood flow 

to the heart, at 15, 30 aud 60 min after infusion (Fig. I). Blood flow was significantly increased 

to the GlT [F (3,20) ~ 3.62; p ~ 0.022] and portal system [F (3,20) ~ 3.54; p ~ 0.03]15 and 30 

min after DCLHb infusion and skin [F (3,20) ~ 2.71; p ~ 0.03]30 min after the administration 

of DCLHb (Fig. 2). Blood flow to the brain, kidney and musculoskeletal systein was not 

significantly affected by DCLHb (Fig. 2). 
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Effect of DCLHb on the regional vascular resistance 

DCLHb did not affect the vascular resistance in the heart (Fig. I) brain, GIT, portal system, 

kidney and skin (Fig. 3). The vascular resistance was found to be significantly increased in the 

musculoskeletal system [F (3,20) = 5.57; P = 0.01) at 15,30 and 60 min afler the administration 

ofDCLHb (Fig. 3). 

Effect of DCLHb on the distribution of cardiac output 

The percent cardiac output was significantly increased to the heart [F (3,20) = 10.44; P = 
0.01) at 15,30 and 60 min after DCLHb infusion and the portal system [F (3,20) = 4.05; P = 
0.02) and GIT [F (3,20) = 2.72; P = 0.04]1.5 min after infusion. On the other hand, the percent 

cardiac output to the musculoskeletal system was found to be significantly decreased [F (3,20) 

= 5.39; P = 0.01)15, 30 and 60 min after DCLHb administration. The percent cardiac output to 

the brain, kidney and skin was not altered by DCLHb administration (Fig. 4). 

Table I: Effect of DCLHb (400 mgikg, iv) on the systemic hemodynamics in rats. 

Parameter Baseline 15 min 30min 60 min 

Heart rate (beats/min) 386 ± 10 397 ± 10 398.3±11 395 ± 10 

Mean B.P.(mmHg) 84± 6 150 ± 9' 144± II' 125 ± 9' 

Cardiac output (ml/min) 82± 10 107 ± 7 119 ± 20 86±6 

Stroke Volume (m\) 0.2 ± 0.02 0.3 ±0.02 0.3 ±0.06 0.2± 0.02 

TPR (MBP/CO) 1002 ± 82 1493 ± 149' 1347±207 1570 ± 110' 

*p < 0.05 as compared to control; N = 6. 
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Fig. I The effect of DCLHb (400 mgikg, Lv.) on the blood flow to the'heart (mIlminlIOO g 

tissue) and vascular resistance (mmHg/mIlminilOO g tissue) before (0) and at 15 min, 30 

min and 60 min after its administration to the rats. Asterisks indicate significant 

difference as compared to control. 
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2.4 Discussion 

Stroma~free haemoglobin solutions have been reported to produce a pressor effect 
(Przybelski el al., 1991; Messmer el al" 1977; Jesch el al., 1982; Rabinovici el al., 1989; Kida 

el al., 1991). DCLHb has also been demonstrated to produce a pressor response in rats 

(Hamilton el al., 1992; Kida el al" 1991). In the present study DCLHb was found to produce a 

marked increase in the mean arterial pressure and total peripheral resistance in rats. Cardiac 
output, stroke volume and heart rate were not altered. The blood flow to the heart, GIT, portal 

system and skin increased while it was not altered in brain, kidney or the musculoskeletal system. 
The vascular resistance was not affected in most of the organs except in the musculoskeletal 
system in which a marked increase was observed. It appears that the blood flow to most of the 
visceral organs is increased, probably due to the redistribution of blood from the musculoskeletal 

system. This was confinned by detennining the percent cardiac output to various organs systems. 
It was found that the percent cardiac output to heart, GIT and portal system is increased while 

it is significantly decreased to the musculoskeletal system. Since the major portion (55%) of the 

cardiac output goes to the musculoskeletal system, a small decrease in percent cardiac output to 
the musculoskeletal system could lead to a significant increase in the blood flow to other organs. 
It is concluded that DCLHb increases the blood flow to several visceral organs due to the 

redistribution of blood flow from the musculoskeletal system. 

Haemoglobin solutions or red celllysates have been shown to possess vasoconstrictor 
actions on various types of arteries in different animals (Gilroy et al., 1988; Yamakawa et al., 

1990; Biro, 1982). However, it is not clear whether it is the haemoglobin molecule or some other 
associated factors responsible for the vasoconstrictor effect. The vasoconstriction induced by 
haemoglobin has been attributed to the haemoglobin molecule or a very closely associated 
contaminant (Vogel ef al., 1986; Gilroy el al., 1988). 

Studies have demonstrated that chemical modifications of haemoglobin by conversion 

to met-haemoglobin (Vogel el al., 1986) or by glutaraldehyde cross-linking (Vogel ef al., 1986; 

Vogel el al" 1988) can significantly reduce the constrictor activity of haemoglobin. The 

vasoconstrictor activity is reduced in haemoglobin solutions purified by affinity chromatography 
or preparative HPLC (Vogel ef al., 1987) but not by membrane dialysis or ultrafiltration (Vogel 

et al., 1986). Removal of stromal fraction has been demonstrated to diminish vasoconstrictor 
action in isolated rabbit heart (Biessels el al., 1992). MacDonald et at. found that cross-linked 

haemoglobin solution has less vasoconstrictor activity as compared with uIUllodified 
haemoglobin on coronary blood vessels (Macdonald el al., 1990). Lieberthal et at. also found 

that cross-linked haemoglobin solution did not while unmodified haemoglobin solution 
significantly increased the perfusion pressure and the resistance of the coronary blood vessels 
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(Lieberthal el at., 1989). These studies suggested that besides chemical modification, the stromal 
fraction could be contributing towards vasoconstrictor activity. 

DCLHb is a chemically modified (intramolecular cross-linking of" subunits) and highly 
purified (including heat pasteurization) haemoglobin solution. The present study using an in vivo 
model shows that the blood flow to most of the organs is either increased or is not affected by 
administration ofDCLHb. 
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Chapter 3 

Effect of stroma-free haemoglobin and diaspirin cross-linked haemoglobin on the regional 

circulation and systemic hemodynamics 

Summary 

The effects of uumodified stroma-free haemoglobin (SFHb) and diaspirin cross-linked 

haemoglobin (DCLHb) on the regional blood circulation and systemic hemodynamics were 

studied in rats using a radioactive microsphere technique. SFHb and DCLHb increased mean 
arterial blood pressure without affecting heart rate. SFHb produced a 24.9 % decrease in the 

cardiac output while DCLHb produced an 44.8 % increase in the cardiac output. Stroke volume 

was decreased (-27.3 %) by SFHb and increased (+36.4 %) by DCLHb. Total peripheral 

resistance increased with both SFHb and DCLHb. DCLHb increased blood flow to the heart, 

spleen, stomach, small intestine and skin, and had no effect on blood flow to the brain, kidneys, 

liver, mesentery, pancreas, caectun, large intestine and musculo-skeletal system. In contrast, in 
animals infused with SFHb, blood flow decreased to the kidneys, liver and spleen, increased to 

the heart, small intestine and skin, and had no effect to the brain, caecum, large intestine and 
musculo-skeletal system. DCLHb had no effect on vascular resistance in any organ except for 
an increase in the musculo-skeletal system. In contrast, SFHb increased vascular resistance in 
the kidneys, liver, spleen, skin, mesentery and pancreas, and had no effect on vascular resistance 
in the musculo-skeletal system, brain. heart, stomach, small intestine, caecum and large intestine. 
SFHb had no effect on distribution of cardiac output to the brain, gastrointestinal tract (GlT), 

kidneys, skin, musculo-skeletal and portal system, while DCLHb significantly decreased the 

percent cardiac output to the musculo-skeletal system. DCLHb did not affect the distribution of 

cardiac output to the brain, GlT, kidneys, skin and portal system. SFHb and DCLHb increased 

the percent cardiac output to the heart. It is concluded that similar concentrations and doses of 
DCLHb and SFHb produce different effects on the regional blood circulation and systemic 

hemodynamics. 

3.1 Introduction 

The use of modified haemoglobin solutions as blood substitutes has been extensively 
investigated and haemoglobin solutions are being developed as promising resuscitative solutions. 
Diaspirin cross-linked haemoglobin (DCLHb) is a blood substitute derived from the human 

erythrocytes. It is prepared by cross-linking molecular haemoglobin between the a-subunits by 

means of a reaction with .the diaspirin compound, bis(3,5-dibromosalicyl) fumarate (Chatterjee 

el ai., 1986). The purification process also includes heat pasteurization of the solution (Estep el 

al., 1989b; Estep et al., 1989a) to inactivate any contaminating vimses and precipitate undesired 
proteins. DCLHb has been found to be effective in the resuscitation of rats following 
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hemorrhagic shock (Przybelski el al., 1990), even at volumes one-half that of whole blood 

(Przybelski el al., 1991). DCLHb, after partial or complete exchange transfusion in swine, was 

found to maintain cardiac and renal functions (Hess el al., 1989). 
Haemoglobin solutions have been reported to produce a rapid and sustained increase in mean 

arterial pressure (Messmer el al., 1977; Jesch el al., 1982; Rabinovici el al., 1989). DCLHb has 

been shown to produce a dose·dependent increase in blood pressure which was self-limiting and 
a dose of 400 mglkg resulted in a near maximal pressor response (Hanlilton el al., 1992). Studies 

have reported that haemoglobin solutions produce vasoconstrictor activity which could be due 
to the activity of haemoglobin molecule itself or due to the presence of other factors in the 

haemoglobin solution (Gilroy el al., 1988). Purified SFHb solutions produce vasoconstrictor 

activity in a variety of experimental models (Gilroy el al., 1988; Vogel el al., 1986). 

Haemoglobin has been found to be a vasoconstrictor for the cerebral blood vessels both ill vivo 

(Sonobe and Suzuki, 1978; Kajikawa el al., 1979) and ill vilro (\Vellum el al., 1980). A coronary 

vasoconstrictor effect of human SFHb was identified using an isolated rabbit heart preparation 

(Vogel el al., 1986). In contrast, other studies have been reported that demonstrate a vasodilator 

effect of haemoglobin solutions. For example, when SFHb was administered to the rat tllCre was 

a vasodilation of coronary blood vessels, which was not observed with a pyridoxalated 

haemoglobin polyoxyethylene cOluugate (Yamakawa el al., 1990). Myocardial blood flow, 

determined by using radioactive microspheres, was increased by SFHb solution in dogs (Biro, 
1982). In rabbit hearts an increase in the coronary perfilSion pressure was observed with HPLC 

purified haemoglobin and by unmodified SFHb solution, while a diaspirinated haemoglobin 

solution produced a minimal effect on coronary perfusion pressure (Lieberthal el al., 1989). 

Recently, it has been reported that unmodified human SFHb solution produces an increase in the 

blood flow to the heart, brain, liver, gut and kidneys of dog (Ning el al., 1992). 

It seems likely that haemoglobin solutions have different actions in various vascular beds, 
i.e. producing vasoconstriction in some beds while producing vasodilatation in others. It also 
seems that different haemoglobin preparations produce different effects, and the model chosen, 
i.e. ill vivo vs ill vitro, could affect the results. The present study was conducted with the aim of 
determining the effect of SHlb on the regional circulation and systemic hemodynamics in rats 

using an in vivo model since most of the above studies were conducted on isolated tissues or 
organs. Another aim of the study was to compare the effect of unmodified SFHb solution with 

a modified and chemically stabilized haemoglobin solution, DCLHb, on the regional circulation 

and systemic hemodynamics. 
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3.2 Materials and Methods 

Drugs 

Diaspirin cross-linked haemoglobin (DCLHb) was prepared (Azari el al., 1993) and provided 

by Baxter Healthcare Corp., Round Lake, IL. Stroma-free haemoglobin (SFHb) was prepared 

at Baxter Healthcare Corp., Round Lake, IL by a method similar to that described earlier (Zager 

and Gamelin, 1989). Briefly, outdated human RBCs were separated by centrifugation and lysed 

by adding 2 vol of distilled water per I vol ofRBCs followed by two freeze thawing procedures, 

The lysed cells were centrifuged for 15 min at 26,000 g. The supernatant containing SFHb was 

collected and used for subsequent testing, The physicochemical properties of SFHb and DCLHb 

are shown in table 1. 

Animals and surgical preparations 

Male Sprague-Dawley rats (Sasco-King Animal Co. Oregon, WI) weighing 340-390 g were 

used in the study. Rats were anesthetized with urethane (I.5 gikg, intraperitoneally). The left 

femoral vein Was carmulated (PE 50 tubing) for drug administration. The left femoral artery was 

cannulated (PE 50 tubing) and connected to a Gould P23 ID pressure transducer for recording 

the blood pressure on a Grass P7D polygraph through a 7PI preamplifier. The heart rate was 

recorded through a 7P4B Grass tachograph, triggered from blood pressure signals, In order to 

keep the blood pO" pCO, and pH constant, and to avoid the effect of respiration on blood 

pressure and heart ratc, animals were kept on constant rate artificial respiration by inserting an 
endotracheal cannula connected to a Harvard Rodent Ventilator Model 683. The right carotid 

artery was exposed and a PE 50 cannula guided through the common carotid artery to the left 

ventricle. The presence of the cannula in the left ventricle Was confirmed by recording the 

pressure on the Grass polygraph using the Statham P 23 DC pressure transducer. When the 

cannula reached the ventricle the diastolic pressure dropped to zero. The right femoral artery was 
also cannulated and the catheter was connected to a withdrawal pump (Harvard Model 22). 

Determination of systemic hemodynamics and regional circulation 

At each measurement, a suspension of approximately 200,000 microspheres (15 ± 1 ~lm 
diameter) labeled with "Sc (Scandium), "'Sn (Tin), "'Ce (Cerium), or 'OlRu (Ruthenium) (New 

England Nuclear Corporation, Boston, MA) and thoroughly mixed with 0.2 ml saline were 

injected into the left ventricle. The catheter was flushed with 0.4 ml saline over a 15 sec period. 

In order to calculate the blood flow, arterial blood was withdrawn at a rate of 0.5 mllmin through 

the right femoral artery. Blood was withdrawn for 90 sec starting about 5-10 sec before the 

microsphere injection. At the end of the experiment the animals were sacrificed with an 
overdose of pentobarbital soditm1 and all the tissues and organs were dissected out, weighed and 
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placed in vials. The following tissues were studied: hmgs, heart, liver, stomach, small intestine, 
caecum, large intestine, mesentery and pancreas, spleen, left kidney, right kidney, left cerebral 
hemisphere, right cerebral hemisphere, midbrain, cerebellum, brain stem, skin and rest of the 
body consisting of muscles and bones. The radioactivity in the standards, the blood samples, and 

the tissue samples, were counted in a Packard Minaxi Auto-Gamma 5000 series gamma counter 
with preset windows discriminating the isotope energies. The following parameters were 
calculated: (1) cardiac output, (2) stroke volume, (3) total peripheral resistance, (4) regional 

blood flow and (5) regional vascular resistance. The data were calculated using the programs 

described earlier (Saxena ef al., 1980). Infusion of an equal volume of saline (4 ml/kg, iv) did 

not affect the systemic hemodynamics and regional circulation. The effects ofSFHb (400 mglkg, 

Lv.) and DCLHb (400 mglkg, Lv.) on the systemic hemodynamics and regional circulation were 

studied. The doses were selected on the basis of studies conducted previously (Hamilton ef al., 

1992; Gulati and Rebello, 1994; Sharma and Gulati, 1994) which demonstrated that the infusion 

of this dose ofDCLHb resulted in a near maximal pressor response. 

Statistics 

All data are presented as the mean values ± I SEM. Mean blood pressure (BP; mmHg) was 

calculated using the formula [(Systolic BP - Diastolic BP) / 3] + Diastolic BP. Heart rate was 

recorded as beats/min. Data were analyzed by analysis of variance followed by Duncan's test. 

A level of P < 0.05 was considered significant. 

3.3 Results 

Effect of SFHb and DCLHb on systemic hemodynamics 

SFHb produced a significant (F(3,16) ~ 3.73; P ~ 0.02) increase in mean arterial blood 

pressure 15 and 30 min after infusion. DCLHb, on the other hand, produced a more marked and 

prolonged increase (F (3,24) = 16.26; P ~ 0.0001) in blood pressure at 15, 30 and 60 min after 

infusion. Neither SFHb nor DCLHb produced a significant effect on heart rate. SFHb produced 

a slight decrease in the cardiac output (-23.2 %) which was not statistically significant, while 

DCLHb produced a significant (45.3 %) increase in the cardiac output. Stroke volume was 

slightly decreased by the infusion ofSFHb (-27.3 %), while DCLHb produced a 36.4 % increase 

in the slroke volume. Both SFHb and DCLHb significantly increased the tolal peripheral 

resistance (table 2). 
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Table I Physicochemical properties of unmodified (SFHb) and modified (DCLHb) 

haemoglobin solutions. 

SFHb DCLHb 

Total haemoglobin (gldl) lOA gldl 10.0 gldl 

Pyrogenicity (LAL) EUlml <0.06 < 0.125 

Methaemoglobin % 12.8% 4.1 % 

Sodium (mEq/l) 114 141 

Chloride (mEq/l) 137 112 

Sterility Sterile Sterile 

Phospholipids >50 ppm 0.2 ppm 

Cross-linking ------- 99.9% 

p50 ------- 31 mmHg 

Effect of SFHb and DCLHb on the regional brain circulation 

The blood flow to the cerebral hemispheres, diencephalon, cerebellum and brain stem was 
not altered by inftlSion of DCLHb or SFHb, although there was a tendency towards an increase 

in the regional brain blood flow by SFHb but not by DCLHb (fig. 1). The vascular resistance was 

not altered in any region of the brain (fig. 1). 
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Effect of SFHb and DCLHb on the coronary circulation 

SFHb produced a significant (F (3,16) ~ 5.08; P ~ 0.02) increase in the blood flow to the 

heart 15 and 30 min after infusion. DCLHb also produced a significant (F (3,24) ~ 3.51; P ~ 

0.03) increase in the blood flow 15, 30 and 60 min after infusion (fig. 2). 11le vascular resistance 

in the heart did not change significantly following infusion of either DCLHb or SFHb (fig. 2). 

Effect of SFHb and DCLHb on the renal circulation 

DCLHb did not affect blood flow or vascular resistance in left or right kidney after inftlsion 

(fig. 3). SFHb, on the other hand, produced a significant decrease in blood flow to the left (F 

(3,16) ~ 2.89; P ~ 0.03) and right (F (3,16) ~ 6.61; P ~ 0.004) kidneys at 60 min. The vascular 

resistance was also significantly (F (3, 16) ~ 8.18; P ~ 0.002) increased by SFHb 30 and 60 min 

after infusion (fig. 3). 

Effect of SFHb and DCLHb on the portal circulation 
SFHb significantly decreased blood flow to the liver (F (3,16) ~ 2.36; P ~ 0.03) and 

spleen (F (3,16) ~ 3.41; P ~ 0.04) 60 min after infusion (fig. 4). After infusion ofSFHb, vascular 

resistance was found to be significantly (F (3,16) ~ 2.93; P ~ 0.03) increased 30 min after 

administration in the liver and 30 and 60 min after administration in the spleen (F (3,16) ~ 4.68; 

p ~ 0.02). DCLHb, on the other hand, did not affect the blood flow or vascular resistance in the 

liver, but significantly (F (3,24) ~ 2.89; P ~ 0.03) increased the blood flow to the spleen IS min 

after infusion. The blood flow to the spleen returned to nonmal by 60 min after infusion. The 

vascular resistance was not affected following the infusion ofDCLHb in the liver and the spleen 

(fig. 4). The blood flow and vascular resistance in the mesentery and pancreas were not affected 

by infusion of either SFHb or DCLHb. 
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Fig. 1 The effect ofDCLHb (400 mg/kg, Lv.; N~7) and SFHb (400 mg/kg, Lv.; N~5) on blood 

flow and vascular resistance in various regions of the brain (C HEM = cerebral 

hemispheres; DlENC ~ diencephalon; CBLM ~ cerebellum; B STEM ~ brain stem). The 

measurements \"ere made before (baseline; solid bars), and 15 min (hatched bars), 30 min 
(cross hatched bars) and 60 min (dotted bars) after the administration of either DCLHb 

or SFHb to rats. 
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Fig.2 The effect ofDCLHb (400 mg/kg, Lv.; N~7) and SFHb (400 mg/kg, Lv.; N~5) on blood 

flow and vascular resistance in the heart. The measurements were made before (baseline; 
solid bars), and 15 min (hatched bars), 30 min (cross hatched bars) and 60 min (dotted 

bars) after the administration of either DCLHb or SFHb to rats. Asterisks indicate 

significant difference as compared to baseline. 
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Fig.3 The effect ofDCLHb (400 mg/kg, Lv.; N~7) and SFHb (400 mg/kg, Lv.; N~5) on blood 

flow and vascular resistance in the left and right kidneys. The measurements were made 
before (bascline; solid bars), and 15 min (halched bars), 30 min (cross hatched bars) and 

60 min (dotted bars) after Ihe administration of either DCLHb or SFHb 10 rats. ASlerisks 

indicate significant difference as compared to baseline. 
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Fig.4 The effect ofDCLHb (400 mgikg, Lv.; N~7) and SFHb (400 mgikg, Lv.; N~5) on blood 

flow and vascular resistance in the liver} spleen, mesentery and pancreas. The 

measurements were made before (baseline; solid bars), and 15 min (hatched bars), 30 min 

(cross hatched bars) and 60 min (dotted bars) after the administration of either DCLHb 

or SFHb to rats. Asterisks indicate significant difference as compared to baseline. 
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Fig.5 The effect ofDCLHb (400 mg/kg, i.v.; N~7) and SFHb (400 mgikg, i.v.; N~5) on blood 

flow and vascular resistance in the stomach, small intestine (81), caecum and large 

intestine (LI). The measurements were made before (baseline; solid b~lrs), and 15 min 
(halched bars), 30 min (cross hatched bars) and 60 min (dotted bars) after the 

administration of either DCLHb or SFHb to rats. Asterisks indicate significant difference 
as compared to baseline. 
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Fig.6 The effect ofDCLHb (400 mgikg, Lv.; N~7) and SFHb (400 mgikg, Lv.; N~5) on blood 

flow and vascular resistance in the skin and musculo-skeletal system. The measurements 
were made before (baseline; solid bars), and 15 min (hatched bars), 30 min (cross hatched 

bars) and 60 min (dotted bars) after the administration of either DCLHb or SHIb to rats. 

Asterisks indicate significant difference as compared to baseline. 
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Fig> 7 The effect ofDCLHb (400 mglkg, Lv.; N~7) and SFHb (400 mglkg, Lv.; N~5) on the 

percent distribution of cardiac output to the brain, heart, gastrointestinal tract, portal 
system, kidneys, skin and musculo-skeletal system. The measurements were made before 
(baseline; solid bars), and 15 min (hatched bars), 30 min (cross hatched bars) and 60 min 

(dotted bars) after the administration of either DCLHb or SFHb to rats. Asterisks indicate 

significant difference as compared to baseline. 
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Table 2 Effect of intravenous infusion ofSFHb (400 mglkg) and DCLHb (400 mglkg) on 

systemic hemodynamics parameters. 

Parameter Baseline 15 min 30min 60 min 

Heart rate (beats/min) 

SFHb 318 ± 29 380 ± 19 380 ± 18 340 ± 36 

DCLHb 377 ± 13 400±9 402 ± 10 396± 8 

Blood pressure (mml-Ig) 

SFHb 84.5 ± 5.2 123.0 ± 9.7' 118.3 ± 10.4' 99.8 ± 10.4 

DCLHb 82.1 ± 5.6 150.5 ± 7.3' 143.2 ± 9.5' 124.0 ± 7.6* 

Cardiac output (ml/min) 

SFHb 87.6 ± 11.4 96.0 ± 7.7 87.7 ± 16.0 65.8 ± 6.4 

DCLHb 82.6± 8.0 111.5 ± 7.4 119.6 ± 16.5' 90.4±7.1 

Stroke volume (ml) 

SFHb 0.30 ± 0.07 0.33 ± 0.08 0.29± 0.06 0.21 ± 0.4 

DCLHb 0.22 ± 0.02 0.28 ± 0.02 0.30±0.05 0.23 ± 0.02 

Total peripheral resistance (mmHg/Vmin) 

SFHb 1035 ± 149 1271 ± 137 1282 ± 229 1574 ± 203* 

DCLHb 1028±79 1399 ± 137 1315 ± 178 1419± 129* 

'Indicates significant (P < 0.05) difference as compared to control. 

Effect of SFHb and DCLHb on the GIT circulation 

Although, not statistically significant, SFHb increased (82 ± 35 %) blood flow to the 

stomach IS min after infusion. DCLHb significantly (F (3,24) ~ 5.41; P ~ 0.005) increased blood 

flow to the stomach 15 and 30 min after infusion. The vascular resistance in the stomach was 
not affected by SFHb or DCLHb (fig. 5). In the small intestine blood flow was significantly 

increased following the infusion of either SHIb (F (3,16) ~ 5.65; P ~ 0.009) or DCLHb (F (3,24) 

= 2.43; P = 0.05) and returned to normal 60 min after administration. The vascular resistance 
in the small iutestine was not affected by SFHb or DCLHb. The blood flow and vascular 

resistance in the caecum and large intestine were not altered by SHIb or DCLHb (fig. 5). 

Effect of SFHb and DCLHb on the blood circulation to skin and musculo-skeletal system 

SFHb significantly (F (3,16) ~ 3.29; P ~ 0.04) increased blood flow to the skin IS min 

after infusion and DCLHb significantly (F (3,24) ~ 2.79; P ~ 0.002) increased blood flow to the 

skin 30 min after infusion, The vascular resistance in the skin was not affected by the 
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administration of DCLHb or SFHb. The blood flow to the musculoskeletal system was not 

altered following the infusion of either SFHb or DCLHb. The vascular resistance in the 

musculoskeletal system was not affected by SFHb, but was significantly (F (3,24) ~ 6.13; P ~ 

0.005) increased at 15, 30 and 60 min after the administration of DCLHb (fig. 6). 

Effect of SFHb and DCLHb on the regional distribution of cardiac output 

The distribution of cardiac output was not affected in the brain, gastrointestinal tract, 
kidneys and skin following the infusion of either SFHb or DCLHb (fig. 7). Infusion of both 

SFHb (F (3, 16) ~ 3.06; P ~ 0.03) and DCLHb (F (3,24) ~ 2.94; P ~ 0.05) significantly increased 

the percent cardiac output to heart. In the musculo-skeletal system the percent cardiac output was 

not affected by the infusion ofSFHb, but a significant decrease in the percent cardiac output was 

observed with the infusion ofDCLHb (F (3,24) ~ 5.72; P ~ 0.004) 15,30 and 60 min (fig. 7) after 

infusion. 

3.4 Discussion 

DCLHb infusion has been shown to be associated with an increase in the mean arterial 
pressure similar to that demonstrated with other haemoglobin solutions (Hamilton ef al., 1992; 

Sharma and Gulati, 1994; Schultz ef al., 1993). It is not known whether the pressor effect is 

associated with changes in regional blood circulation. The present study was an attempt to 
determine the effect of purified, modified and stabilized haemoglobin solution, DCLHb, on the 

regional circulation and compare it with an unmodified SFHb solution. It was found that there 
were clear differences in the regional circulatory and systemic hemodynamic effects ofDCLHb 
and SFHb. Since the effect of SFHb and DCLHb on blood pressure, stroke volume and cardiac 

output were different, it was of interest to study the differences in the regional blood circulation 
due to the infusion ofSFHb and DCLHb. The results of the present study indicate that DCLHb 

either increased the blood flow to several organs or did not affect blood flow. On the other hand, 

SFHb produced a significant decrease in blood flow to the kidneys, liver and spleen while 

DCLHb did not. The differences in the eftect of unmodified (SFHb) and modified (DCLHb) 

haemoglobin solutions on the regional blood flow have been clearly demonstrated. The 
differences in the cardiovascular effects of SFHb and DCLHb solutions can be attributed to 

several possibilities. It could be due to (I) significantly high amounts of phospholipids (Feola 

ef al., 1988) present in SFHb as compared to DCLHb (table I), (2) increased ability of SFHb to 

initiate an inflanllllatory reaction as compared to DCLHb (8urhop ef al., 1992), (3) increased 

ability ofSFHb to release endogenous vasoconstrictor substances (eg. endothelin) as compared 
to DCLHb, (4) increased ability of SFHb to block endogenous vasodilator substances (eg. 

EDRF/nitric oxide) andlor (5) a combination of the above factors. 
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Unmodified SFHb has been reported to produce a transient increase in blood pressure and 

increase in blood flow to brain, heart and GlT (Ning ef al" 1992). Similar results were obtained 

in the present study. Ning et al. also observed that SFHb increased blood flow to the liver and 

kidneys (Ning ef al., 1992), while we found that blood flow was decreased in the liver and 

kidneys. Both studies used radioactive microsphercs to detennine regional blood flow, however, 
we used rats and the SFHb was administered as a volume load, while Ning et al. used dogs and 
the haemoglobin was administered in an exchange transfusion procedure (Ning ef al., 1992). The 

differences in the two studies could be attributed to species and administration of SFHb. 

Although earlier studies using isolated tissues and in vitro techniques had shown that SFHb 

produces coronary vasoconstriction (Vogel et al., 1986), the present study using an in vivo 

technique, showed no evidence of coronary vasoconstriction. Similarly, in vitro studies have 
shown that haemoglobin is a vasoconstrictor for the cerebral blood vessels (Sonobe and Suzuki, 

1978; Kajikawa ef al., 1979; \Vellum ef al., 1980), but the present study showed no evidence of 

vasoconstriction of cerebral blood vessels. These differences may be attributed to the fact that 
in the in vitro situation the haemoglobin is acting on both luminal and abluminal sides of the 
cerebral blood vessels, while in the in vivo situation, where intravenous infusion is performed, 
haemoglobin may not act on the abluminal side, but rather is acting primarily on the lwninal side 
of the cerebral blood vessels. If cardiovascular actions of haemoglobin are mediated through 

endogenot~s vasoactive substances, their presence in the in vivo situation and absence in the in 

vitro situation could be responsible for the differences in the vascular reactions of haemoglobin. 

DCLHb did not decrease the blood flow to any organ including the kidneys, liver and 

spleen, whereas SHIb decreased the blood flow to these organs. It appears that modification of 

haemoglobin in the fonn ofDCLHb may alter the vascular activity of haemoglobin. The vascular 

resistance which is primarily dependent upon the diameter of the blood vessel was increased in 
several organs by SFHb. On the other hand, DCLHb did not affect the vascular resistance in any 
major organ systems, except in the musculo~skeletal system in which DCLHb produced a 
significant increase. It appears that SFHb increased the blood pressure as a result of 
vasoconstriction in organs like the liver, spleen, kidneys, skin, mesentery and pancreas, while 
DCLHb increased the blood pressure due to vasoconstriction of blood vessels in the musculo~ 
skeletal system. Differences in the ability of SFHb and DCLHb to initiate an inflammatory 

reaction have been demonstrated (Burhop ef al .• 1992). Plasma concentrations of C3a and 

thromboxane B2 were significantly increased with infusion of SFHb, while DCLHb infusion did 
not elicit any increase in C3a or thromboxane B2 in sheep (Burhop et al. J 1992). It has been 
suggested that the presence of excess amounts of aminophospholipids in SFHb solution could 
be responsible for the inflammatory reaction (Feola ef al" 1988). 
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In conclusion, the present study provides evidence that the blood vessels in different 
organs do not show a similar response to different haemoglobin solutions. In addition, modified 
haemoglobin solutions affect the blood vessels in various organs differently than llIllilOdified 

SFHb. It is not known whether the vascular actions ofSFHb or DCLHb arc (I) due to their direct 

action on the blood vessels, (2) are mediated through endogenous vasoactive substances like 

nitric oxide, endothelin, catecholamines, angiotensin etc and/or (3) due to the presence of excess 
amounts of phospholipids in SFHb. Studies are in progress to determine the role of other 

vasoactive substances in the regional circulatory effects ofDCLHb. 
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Chapfer4 

Effect of diaspirin crosslinked haemoglobin and norepinephrine on systemic 

hemodynamics and regional circulation in rats 

Summary 

Diaspirin crosslinked haemoglobin (DCLHbThI
) (400 mgikg, Lv.) produced a pressor effect 

which was equal to that produced by norepinephrine (NE) (25 flgikglmin Lv. infusion). Total 

peripheral resistance was increased by DCLHb and more significantly by NE. Heart rate was not 

affected by DCLHb but was significantly increased by NE. The cardiac output and stroke 

volume were insignificantly increased by DCLHb but were significantly decreased by NE. 

DCLHb and NE produced a significant increase in blood flow to the heart. The vascular 

resistance in the heart was not affected by DCLHb but was decreased by NE. DCLHb did not 

affect the renal and brain circulation but NE in kidneys decreased the blood flow and increased 

the vascular resistance, while in brain increased the blood flow and decreased the vascular 
resistance. DCLHb increased the blood flow to the stomach and small intestine. The vascular 

resistance was not affected by DCLHb in the gastrointestinal tract. NE did not affect the blood 

circulation in the gastrointestinal tract. TIle blood flow to spleen was increased by DCLHb and 
there was no change in the vascular resistance. NE insignificantly decreased the blood flow to 
splcen and significantly increased the vascular resistance. The blood circulation to the mcsentry 
and pancreas was not affected by DCLHb, while NE increased the blood flow without affecting 

the vascular resistance. DCLHb produced a significant increase in the blood flow to the skin 

without affecting the vascular resistance, while NE did not affect the blood flow but increased 

the vascular resistance. DCLHb did not affect the blood flow to musculo·skeletal system but 

increased the vascular resistance. while NE decreased the blood flow and increased the vascular 

resistance. In summary, although the pressor effect ofDCLHb and NE at the doses studied is 

equal, DCLHb did not decrease the blood flow to any organ, whereas NE produced significant 

decreases in blood flow to several organs. It is concluded that the blood flow to most of the 

organs is either increased or not affected by DCLHb. 

4.1 Introduction 

Haemoglobin solutions are being developed as promising resuscitative solutions. 

Investigators have stressed several advantages of haemoglobin solutions as compared to other 

resuscitating solutions (Bonhard, 1975; Kaplan and Murphy, 1975; Moss ef al .• 1976; DeYenuto 

and Zegna, 1978). The effect of haemoglobin solutions on the vascular activity has been of 

interest for decades. The first investigation was performed by Brodie. who found that 

intravqnous administration of hemolysate into cats produces hypotension and bradycardia 

(Brodie, 1990). Subsequently, using a more purified haemoglobin saline solution, it was found 
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that in cats the initial hypotension was followed by an increase in blood pressure (Amberson ef 

al., 1934) which could be due to the presence of a pressor substance (Amberson ef al., 1949). 

Several studies have been performed demonstrating cardiovascular actions of stroma free 
haemoglobin solutions. Purified stroma free haemoglobin solutions have been reported to 
produce vasoconstrictor activity in a variety of experimental models (\Vellum et al., 1980; Vogel 
ef al., 1986; Gilroy ef al., 1988). Haemoglobin has been shown to be a vasoconstrictor for 

cerebral arteries (Sonobe and Suzuki, 1978; Kajikawa ef al., 1979). Yamakawa et al. reported 

that stroma free haemoglobin solution administration produced a marked vasodilatation of 
coronary blood vessels in the rat (Yamakawa ef al., 1990). Unmodified human stroma-free 

haemoglobin was found to produce an increase in the blood flow to the heart, brain, liver, gut and 
kidneys of dog (Ning ef al., 1992). It has not been clear whether it is the haemoglobin molecule 

per se or some unknown contaminant which is responsible for either vasoconstriction or 
vasodilation. 

Diaspirin crosslinked haemoglobin (DCLHb) is a blood substitute derived from the 

haemoglobin of outdated erythrocytes by crosslinking the haemoglobin between the a-subunits 

by reaction with the diaspirin compound, bis (3,5-dibromosalicyl) fumarate (Chatterjee ef al., 

1986). The purification process includes heat pasteurization ofihe solution, as described earlier 
(Estep ef al., 1989b; Estep ef al., 1989a). DCLHb has been found to be biochemically stable and 

possesses excellent oxygen carrying capacity (Chatterjee ef al., 1986). The cross-linking of the 

a subunits results in a haemoglobin with a f.'lVorable oxygen dissociation curve (Snyder el ai" 

1987; Yandegriff ef al., 1989). It has been demonstrated in swine that after partial or complete 

cxchange transfusion with DCLHb, cardiac and renal functions were not affected significantly 
(Hess ef al., 1989). DCLHb Ims been found to be a promising resuscitative fluid following 

hcmorrhagc (Przybclski ef al., 1990). DCLHb (10 mllkg of 14%) was as efficacious as nearly 

twice the volume of wholc blood in the restoration of cardiovascular and tissue oxygenation 
parametcrs (przybelski ef al., 1991). DCLHb has also becn found to decrease thc extent of focal 

cerebral ischemia induced by 10 min of middle cerebral artery occlusion in rats (Cole et al., 

1992). 

DCLI-Ib increases the mean arterial pressure when administered to hemorrhagic (Przybelski 
ef al., 1991) or nonnal rats (Hamilton ef al., 1992). Othcr haemoglobin solutions have also been 

reported to produce a rapid and sustained increase in mean artcrial pressure (Messmer el ai" 

1977; Jesch ef al., 1982; Rabinovici ef al., 1989). It is not known whether DCLHb affects the 

regional blood flow to various organs. Norepinephrine (NE), an extensively. studied pressor 
agent, is known to produce significant effect on the blood circulation in several organs. It could 
be possible that DCLHb which increases the blood pressurc might bc affecting the regional blood 

circulation. The present study was conducted to determine the effect of DCLHb on regional 
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circulation and to compare its effect with NE. The dose ofNE was selected so that its pressor 

effect was similar to DCLHb. 

4.2 Materials and Methods 

Male Spraguc-Dawley rats (Sasco-King Animal Co. Oregon, \VJ) weighing 300-350 g were 

used in the study. Rats were anesthetized with urethane (1.5 glkg, intraperitoneally). The left 

femoral vein was cannulated (PE 50 tubing) for dntg administration. The left femoral artery was 

cannulated (PE 50 tubing) and connected to a Gould P23 ID pressure transducer for recording 

the blood pressure on a Grass P7D polygraph through a 7PI preamplifier. The heart rate was 

recorded through a 7P4B Grass tachograph, triggered from blood pressure. In order to keep the 

blood pO" pCO, and pH constant and to avoid the effect of respiration on blood pressure and 

heart rate, animals were kept on constant rate artificial respiration by inserting an endotracheal 
cannula connected to a Harvard Rodent Ventilator Model 683. The carotid artery ofthe right side 

was exposed and a PE 50 cannula guided through the common carotid artery to the left ventricle. 

The presence of the cannula in the left ventricle was confinned by recording the pressure on the 
Grass polygraph using the Statham P 23 DC pressure transducer. When the cannula reached the 

left ventricle, the diastolic pressure dropped to zero. The femoral artery ofthe right side was also 

call1lUlated and connected to a withdrawal pump (Harvard Model 22). 

At each measurement, a thoroughly mixed suspension of approximately 200,000 

microspheres (15 ± I flm diameter) labeled with "Sc (Scandium), I "Sn (Tin), HICe (Cerium) or 

IOJRu (Ruthenium) (New England Nuclear Corporation, Boston, MA) in 0.2 ml saline was 

injected into the left ventricle and flushed with 0.4 ml saline over a IS sec period. In order to 

calculate the blood flow, arterial blood was withdrawn at a rate of 0.5 ml/min through the right 

femoral artery. Blood was withdrawn for 90 sec starting about 5-10 sec before the microspherc 
injection. At the end of the experiment the animals were sacrificed with an overdose of 

pentobarbital sodium and all tissue and organs were dissected out, weighed and placed in vials 
containing 10% formalin. The following tissues were studied: lungs, heart, liver, stomach, small 
intestine, caecum, large intestine, mesentry and pancreas, spleen, left kidney, right kidney, left 
cerebral hemisphere, right cerebral hemisphere, midbrain, cerebellum, brain stem, skin and rest 
of the body consisting of muscles and bones. The radioactivity in the standards, the blood 
samples and the tissue samples were counted in a Packard Minaxi Auto-Gamma 5000 series 
gamma counter with preset windows discriminating the isotope energies. The following 
parameters were calculated: (I) cardiac output (2) stroke volume (3) total peripheral resistance 

(4) regional blood flow and (5) regional vascular resistance. These parameters were calculated 

using the progranlS described earlier (Saxena ef al., 1980). Infusion of saline did not affect the 

systemic hemodynamics and regional circulation significantly. The effect of DCLHb (400 
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mgikg, Lv.) and NE (25 flgikg/min Lv. infusion for 60 min) on systemic hemodynamics and 

regional circulation was studied. The doses used in tissue blood flow studies were selected so 
that a similar pressor response was produced by DCLHb and NE. 

Drugs and solutions 

DCLHb (10 % solution was infhsed in the volume of 4 mllkg) was prepared and provided 

by Baxter Healthcare Corp., Round Lake, IL. NE was purchased from Sigma Chemical Co., St. 

Louis, MO and administered in the volume of 4 mllkg. 

Statistics 

All data are presented as the mean values ± I SEM. Mean blood pressure (BP; mmHg) was 

calculated using the formula [(Systolic BP - Diastolic BP) 13] + Diastolic BP. Heart rate was 

recorded as beats/min. Data were analyzed by analysis of variance followed by Duncan's test. 

A level of P < 0.05 was considered significant. 

4.3 Results 

Effect of saline, DCLHb and NE 011 systemic hemodynamics of rats 
DCLHb (400 mgikg, Lv.) produced an increase (F(3,20) ~ 11.28; P ~ 0.0001) in blood 

pressure similar to that caused by NE (25 ]Iglkglmin Lv. infusion) (F(3,40 ~1O.80; P ~ 0.0001) 

(Table I). The total peripheral resistance (TPR) increased significantly (F(3,20) ~ 2.72; P ~ 

0.0407), only 60 min after the administration of DCLHb. NE significantly increased the TPR 

(F(3,40) ~ 5.82; P ~ 0.0021) as compared to DCLHb. DCLHb did not affect the heart rate. NE 

significantly increased (F(3,40) ~ 5.49; P ~ 0.0031) the heart rate 15, 30 and 60 min of infusion. 

The cardiac output and stroke volume were insignificantly increased with DCLHb. However, 
NE produced a significant decrease in cardiac output at 60 min (F(3,40) ~ 2.84; P ~ 0.004) and 

stroke volume at 15,30 and 60 min (F(3,40) ~ 5.19; P ~ 0.004) of infusion (Table I). The 

infusion of an equal volume of saline did not produce any significant effect on the blood 

pressure, heart rate, TPR, cardiac output and stroke volume (Table I). 

Effect ofsalinc, DCLHb and NE on the coronary blood circulation 
DCLHb produced a significant increase (F(3,20) ~ 4.06; P ~ 0.02) in the blood flow to the 

heart (Fig. I). The vascular resistance decreased, but not significantly, with DCLHb 

administration. NE produced a significant increase (F(3,40~ 13.00; P < 0.0001) in the blood 

flow to the heart along with a significant decrease (F(3,40) ~ 4.24; P ~ 0.01) in the vascular 

resistance. Saline, when administered in equal volume, did not affect the blood flow or vascular 

resistance in the heart (Fig. I). 
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Effect of saline, DCLHb and NE on the renal blood circulation 

Blood flow and vascular resistance in the left and right kidneys were not affected by DCLHb 

(Fig. 2). On the other hand, NE produced a significant decrease in the blood flow to both left 

(F(3,40) = 3.39; P = 0.02) and right (F(3,40) = 3.96; P = 0.01) kidneys at 15,30 and 60 min of 

infusion. The vascular resistance increased following NE administration to a statistically 

significant degree (F(3,40) = 2.57; P = 0.016) at 60 min of infusion (Fig. 2). Saline did not 

produce any change in either renal blood flow or in the vascular resistance (Fig. 2). 

Effect of saline, DCLHb and NE on thc brain blood circulation 

DCLHb and saline did not affect the blood flow and vascular resistance in either cerebral 

hemisphere, the diencephalon, cerebellum or brain stem. NE infusion produced a significant 
increase (F(3,40) = 4.88; P = 0.0055) in the blood flow to the cerebral hemispheres, diencephalon 

(F(3,40) = 3.25; P = 0.03), cerebellum (F(3,40) = 4.06; P = 0.013) and brain stem (F(3,40) = 

4.14; P = 0.012) at 15, 30 and 60 min of infusion (Fig. 3). The vascular resistance decreased 

significantly (F(3,40) = 4.57; P = 0.008) in the cerebral hemispheres at 15, 30 and 60 min, 

cerebellum (F(3,40) = 2.02; P = 0.0417) at 30 min, and brain stem (F(3,40) = 3.14; P = 0.036) 

at 15,30 and 60 min of infusion. The decrease in vascular resistance in the diencephalon was 

not statistically significant (Fig. 3). 

Effect of saline, DCLlIb and NE on the gastrointestinal tract (GIT) blood circulation 

DCLlIb produced a significant increase (F(3,20) = 4.32; P = 0,0] 6) in the blood flow to the 

stomach at 15 and 30 min and small intestine (F(3,20) = 2.45; P = 0.01) at 30 min of infusion. 

The blood flow to the caecum and large intestine was not affected by DCLlIb (Fig. 4). The 

vascular resistance was not changed in stomach, small intestine, caecum or large intestine. NE 

and saline did not affect the blood flow or the vascular resistance in any region of the G1T (Fig. 

4). 

Effect of salinc, DCLlIb and NE on the portal blood circulation 

DCLHb did not produce a significant effect on the blood flow or vascular resistance in liver, 

mesentry and pancreas. However, DCLHb produced a marked increase (F(3,20) = 2.89; P = 
0.035) in the blood flow to the spleen at 15 min of infusion. The vascular resistance was not 
affected in the spleen (Fig. 5). On the other hand, NE did not affect the blood flow or vascular 

resistance in liver and spleen. However, a significant increase (F(3,40) = 2.65; P = 0.019) in the 

blood flow occurred in the mesentry and pancreas at 15 min of NE infusion. The vascular 

resistance was not altered. Saline did not produce any significant effect on the blood circulation 

in the liver, spleen, mesentry and pancreas (Fig. 5) .. 
Effcet of saline, DCLHb and NE on the skill and musculo-skelctal blood circulation 

Saline did not affect the blood circulation in the skill or musculo-skeletal system. DCLHb 

produced a significant increase (F(3,20) = 2.70; P < 0.0305) in the blood flow to skin but did not 
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affect the blood flow to musculo-skeletal system. The vascular resistance was not altered in skin, 

but a significant increase (F(3,20) = 5.57; P = 0.001) in the vascular resistance was observed in 

the musculo-skeletal system 15,30 and 60 min following DCLHb administration (Fig. 6). On 

the other hand, NE produced no effect on the skin blood flow, but increased (F(3,40) = 2.25; P 

= 0.04) the vascular resistance in the skin. NE produced a significant decrease (F(3,40) = 8.07; 

P = 0.0003) in the blood flow and an increase (F(3,40) = 7.67; P = 0.0005) in the vascular 

resistance in the musculo-skeletal system (Fig. 6). 

Table 1: Effect of saline (4 mlikg, Lv.; N = 5), DCLHb (400 mgikg, Lv.; N = 6) and NE 
(25 ~gikg/min; Lv. infusion; N = 11) on the systemic hemodynamics of 
anesthetized rats. 

Parameter Baseline 15min 30min 60 min 

Heart rate (beats/min) 
Saline 350 ± 10 334 ± 11 340 ± 17 342 ± 17 
DCLHb 386 ± 10 397 ± 10 398 ± 11 395 ± 10 
NE 399± 7 454 ± 8' 453 ± 9' 435± 16' 

Mean BP (mmHg) 
Saline 82±4 77 ± 5 76± 5 78± 3 
DCLHb 84 ± 6 150 ± 9' 144±11' 125 ±9' 
NE 96±3 143 ± 7' 146 ± 10' 127 ± 7' 

Cardiac output (OIl/min) 
Saline 82 ± 11 84 ± 14 75 ± 11 66± 8 
DCLHb 82 ± 10 107 ±7 119 ± 20 86±6 
NE 81 ± 4 94±7 80 ± 14 42± 5' 

Stroke Volume (011) 
Saline 0.23 ± 0.02 0.24± 0.03 0.21 ± 0.02 0.19±0.01 
DCLHb 0.21 ± 0.02 0.26± 0.02 0.31 ± 0.06 0.22± 0.02 
NE 0.28 ± 0.04 0.21 ± 0.02' 0.17 ± 0.03' 0.15 ± 0.02' 

TPR (mmHg/l/min) 
Saline 1054 ± 123 981 ± 114 1071 ± 126 1265± 186 
DCLHb 1002 ± 87 1452 ± 149 1347 ± 207 1570 ± 110' 
NE 960± 104 1633 ± 154 2388 ± 411' 2287 ± 313' 

*p < 0.05 as compared to control. 

44 



-" v. 

_ BASELINE 

SALINE 

, 
1 
ii 
1 
; 
g 
i , 

,L 

SALINE 

1 
0.<0 

€ ,.~ 
f 
? 0.:10 

, 
i 0.'0 , 

" 
,.~ 

~ 15MIN t:81\j 30 MIN 

DCLHb 

• • 

DCLHb 

,= 
= 
= -~ 

[2j 60 MIN 

NOREPINEPHRINE 

• 

NOREPINEPHRINE 

rig. J The effect ofsa!ine (4.0 mJlkg. i.v.; N = 5), DCLHb (400 mglkg, i.v.; N= 6) and NE (25 [lglkg, i.v .. ; N= II) on the blood flow 
(ml!min/] 00 g tissue) and vascular resistance (mmHg/mllminlI 00 g tissue) in the heart. *Indicates significant difference as 
compared to baseline. 

(") 

a. 
~. 
g 
;;-
~ 

" ~ 
" ur 
sa, 

r 
"" 0" 
0-s· 
!2.. 
" g" 
~ 

'" s.. 
g 

" "0 
~. 

"0 

5: 
" " 

(") 
::;-
.g 
<;" 
~ 

-" 



..,. 
'"' 

-BASELINE ~ 15 MIN t:88:l 30 MIN [ill 60 MJN 

SALINE 
DCLHb NOREPINEPHRINE 

., 
~, 

'" ] = ; '" m 

III 
,. 

I ., = '" .. , 
! .• •• 

'00 .• 
~ 

,. 
• • .. 

LTKlONEY AT KroNEY L T KIDNEY AT KION~Y LT KIDNEY RT KIDNEY 

SALINE NOREPINEPHRINE OCLHb 

j 
, .• ,. 3.00 

~.W •.• 0 • ~ , .• 

.J • 
> , .• , .• ,. 
~ 
f 

,. ..• .. .• 0 , ..• 0 ' .• 
-~ 

•• 00 

< 
--~ ~ :;;. C,GC _...:;r;;. 

• , ,. 
LT KIDNEY AT KIDNEY LT KIDNty AT KIDNtv LTKrON'l!Y 

Fig.2 The efleet u[s,liine (4.0 mllkg, i.v.; N = 5), DCLHb (400 mg/kg. i.v.; N= 6) and NE (25 f!gikg, i.v .. ; N= 11) on the blood flow 
(mllminll 00 g tissue) and vascular resistance (mmHg/mllminil 00 g tissue) in the left and right kidneys. 'Indicates significant 
difference as compared to baseline. 

(") 

'" a.. o· 
<: 

'" ~ " " ., 
~ 

" :;)) 

" " or 
0 ..., 
if s 
0 

"" S' g: 
" ~ 
0 

[" 
O· 
" ~ 
[ 
" 0 
~ 

~. 
" '0 

" S· 
" 

(") 

.[ 
1i ..,. 



... ..., 

_ BASELINE ~ 15MIN 

SALINE DCLHb 

'" , 
l = ; 
~ 100 

~ 
s 

i 
ol~:·'l~'· 

CH!M OrtHC CIn.M II OTtM CH!!.M 

SALINE OCLHb 

C HtM Or!NC CO!.M II OTtM CHtM 

IS2ZI 30 MIN IZ'J 60 MIN 

NOREPINEPHRINE 

D!tNC CII!.M eSTEM o HtM DtltHO 

NOREPINEPHRINE 

OltNC CII!.M II STtM OHItM !)ItHQ 

OIlI.M D $TEN 

CD!.M 11 \UItM 

() 

a. 
0' 
;i 
~ 

<"> 

" ;; 
~ 

" ;: 
~ 

'" g, 
[f 

15 
"" g: 
s· 
~ 
s:o' 
5: 
" 5-
5 
~. 
;; 
"[ 
;; 

fig.3 The eCfect of sal inc (4.0 mllkg, i.v.; N = 5), DCLHb (400 mglkg, i.v.; N= 6) and NE (25 ~glkg, i.v .. ; N= II) on the blood flow 
(mllminll 00 g tissue) and vascular resistance (mmHg/mllminiIOO g tissue) in the cerebral hemispheres (C HEM), 
diencephalon (D1ENC), cerebellum (CBLM) and brain stem (B STEM). 'Indicates significant difference as compared to 
baseline. I Q 

~ 
<;" 
~ ... 



() 

'" a o· - < 
BASELINE ~ 15 MIN I2Zl E'l] 

., 
30 MIN 60 MIN ~ 

" :: 
SALINE 

OCLHb S" 
~ 

NOREPINEPHRINE " :1M 
,~ ~ -; 

'" 
,. n 

l ,~ 

II 
;; 

Z60 = 0 8 ,~ ..., 
~ zoo 

,. 
"" ,~ 

" , = 3 
g '" , . 6th 0 I_ ,. '" '" ,~ 0-§ • ~ .. 

~\ 
,~ g: 

" " .c·,' .,.-""~ • wa :::. ..' ... - " ~ ----, _nDO-'-' 0 STOMACH .. CAECUM LI STOMA.CH SI CAECUM L 1 tJ:TOMACH " CA~CUM LI' [" 
SALINE O· 

" OCLHb ~ 

NOREPINEPHRINE " J " " 0.. 

" " . 
0 8 

-' 
~ ;; 
" ;, ~. f _a " "0 '- 5: ~ oJ " ___ .I. ~ ~~; _~_J, Ml; 15 , 

• 
STOMACH " CAECUM L 1 STOMACH " CA!!.CUIol LI STOMACH " eA!!.CUJoll LI 

Pig.4 The effect of saline (4.0 ml/kg, i.v.; N = 5), DCLHb (400 mg/kg, i.v.; N= 6) and NE (25I.lg/kg, i.v .. ; N= 11) on the blood flow 
(!TIl/mini! 00 g tissue) and vascular resistance (mmHglmVminllOO g tissue) in the stomach, small intestine (SI), caecum and () 
large intestine (LI). *Indicates significant difference as compared to baseline. ..§ 

11' ~ ~ 00 



..,. 
'" 

-BASELINE ff@j 15 MIN IS8&I 30 MIN EiiKl 60 MIN 

SALINE 
DCLHb 

NOREPINEPHRINE 
,~ 

= 
J = 

,~ = g = 

~ 
,~ 

,~ ,. 
~ 

! 
,. ,. '. § • • • • • @12m e"d' 

LIV!;R SPLEEN MES", PAN LIVEI'! tlP!.!:!:N ME:!) A PAN LIVER nPLfen MEg .. PAN 

SALINE OCLHb 
NOREPINEPHRINE 

':' 10 .. , , 

IIJ 
2 • , 

III I II ill wi :; 
• • 

ik • 
~ ~ l __ J, mm 

~ 
LIVER SPlEEN ME! & PAN LlVfR 8PLftH Mta A PAN eM" ,,.LEEH MItS",""" 

Fig.5 The effect of saline (4.0 mllkg, i.v.; N = 5), DCLHb (400 mglkg, i.v.; N= 6) and NE (25 ~glkg, i.v .. ; N= 11) on the blood flow 
(mllminflOO g tissue) and vascular resistance (mmHglmllminflOO g tissue) in the liver, spleen, mesentry and pancreas. 
*Indicates significant difference as compared to baseline. 

(") 

" a o· 
I~ 
" " ;;-
~ 

" ~ 
~ 
~ 

0 ..., 
if 
3 
0 

00 
0" 

s-
~ 
0 

S-O· 
" ~ 
~ 
" 0 
<l 
'0 
5' 
" '0 

5: 
" " 

g 
.g 
<;" 
~ ..,. 



V> 
o 

_ BASELINE ~ 15MIN E88l 30 MIN fE] 60 MIN 

SAllNE OCLHb 
NOREPINEPliRINI: 

• 
• 

.. 
:~ 

01(11'1 MU9.tlKI!.t. '!ell'! MtJ$-'KCl. ,~" Mtn:llCel. 

tlAllNf 
OCLHb 

~-
NORePINePHRINe; 

J 
€ :oJ 

~ 
~; :0 , 
~ .. 
.~ 

tlKIN MUO.OKEL OKIN MUs..SKEI, .~" "'In .J(r.1. 

Fig. 6 The eflect orsaline (4.0 ml/kg. i.v.; N = 5), DCLHb (400 mgikg, i.v.; N= 6) and NE (25 ~gIkg, i.v.; N= 11) on the blood flow 
(mllminll 00 g ti:;;sue) and vascular rt!sistance (mmHglmllminil 00 g tissue) in the skin and musculo-skeletaI system. *Indicates 
significant difference as compared to baseline. 

[ 
0' 
;i 
i<; 

" 0;-
~ 

'" :;: 
g 
Vi' 
o ..., 

r 
"" g: 
5' 
13 
E:' 
~. 

2-
J 
I 
1; 

n 
::r 

~ 
~ 

.;. 



Cardiovascular effects of hemoglobin solutions and norepinephrine Chapter 4 

4.4 Discussion 

The hemodynamic response to blood replacement with stroma-free haemoglobin differs 

from that observed with other fluids (Vogel ef al., 1986) and has been attributed to improved 

systemic oxygen delivery (Hauser ef al., 1982). However, the vascular response to stroma-free 

haemoglobin is believed to be independent of oxygen affinity (Nees ef al., 1978). Stroma-free 

haemoglobin solutions have been reported to produce a pressor effect (Przybelski ef al., 1991; 

Messmer ef al., 1977; Jeseh ef al., 1982; Rabinovici ef al., 1989; Kida ef al., 1991), which could 

be due to the vasoconstriction of blood vessels in different regions. The present study was 
conducted to detennine whether DCLHb, which produces a pressor response in rats and several 

other species, affects the blood flow to different organs/tissues. 

TIle present study provides additional information on the pressor effect ofDCLHb in rats. 

A dose ofNE (25 pgikg, i.v. infusion) was selected which produced the same degree of pressor 

response as DCLHb (400 mg/kg, i.v.). TPR increased with DCLHb and NE but the increase in 

TPR was more marked with NE. NE increased the heart rate but DCLHb had no effect. Cardiac 

output and stroke volume were insignificantly increased by DCLHb but were markedly decreased 

by NE. It appears that the pressor effect ofNE is primarily due to the increase in TPR resulting 

from vasoconstriction of the blood vessels. On the other hand, the pressor effect of DCLHb 

appears to be due to a combination of an increase in the TPR (41%) and in the cardiac output 

(42%). DCLHb increased the blood flow to heart, stomach, small intestine, spleen and skin, 

while NE increased the blood flow to heart, cerebral hemispheres, diencephalon, cerebellum, 
brain stem, mesentry and pancreas. DCLHb did not decrease the blood flow to an)' organ, but 

NE decreased the blood flow to kidneys and the musculo-skeletal system. These observations 

suggest that regional circulatory effects ofDCLHb and NE are different. It could be possible that 

the cardiovascular effect ofNE are mediated through the a adrenoceptors, while those ofDCLHb 
are mediated through a adrenoceptors andlor other mechanisms. 

The results of the present study clearly demonstrate that the pressor effect of DCLHb 
does 110t indicate a decrease in blood flow to various organs/tissues. Instead, the blood flow was 

found to be increased in several organs. The increase in blood flow by DCLHb appears to be due 

to redistribution of the cardiac output. An increase in the vascular resistance in the musculo

skeletal system by DCLHb appears to be responsible for the redistribution of blood flow from 

the museulo-skeletal system. Since about 54% of the cardiac output in the rat goes to the 

musculo-skelctal system (personal observation) a small decrease in the percent cardiac output 

to the musculo·skeletal systeul will lead to a marked increase in the blood flow to other organs 

receiving smaller percentage of cardiac output. Increase in the blood flow to vital organs by 

DCLHb might be an additional advantage in clinical situations involving resuscitation. 
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The results of the present study are consistent with some of the studies conducted earlier. 

Ultrapurified, polymerized bovine haemoglobin when administered in rats produced a marked 
increase in blood pressure and systemic vascular resistance, while the stroke volume remained 

unchanged (\Vaschke ef al., 1993). DCLHb similarly increased the blood pressure and vascular 

resistance but had no effect on stroke volume. Stroma-free, polymerized and pyridoxylated 

haemoglobin administered to calves produced an increase in blood pressure (Schistek ef al., 

1992) but the blood flow was not measured in this study. Umnodified human stroma-free 

haemoglobin solution when administered to dogs produced a pressor effect, but the cardiac 

output remained unchanged. Blood flow was fOlllld to increase in the heart, brain, liver, gut and 
kidney 30 min after the administration of haemoglobin solution. The glomemlar filtration rate 
decreased and the urine flow was reduced (Ning ef al., 1992). Since the blood flow to the 

kidneys is increased and there is no change in cardiac output, it is difficult to explain the factors 
responsible for the decrease in the glomerular filtration rate. In the present study the cardiac 

output was not significantly altered by DCLHb and the blood flow was increased in the heart and 

GIT, but not in the liver, brain and kidneys. The reasons for these differences could be due to 
(I) the species used, we used rats while they used dogs, (2) the type of haemoglobin, the 

molecular modification of haemoglobin could be responsible for altered hemodynamic responses, 
(3) the method of haemoglobin administration, ours were top loaded and Ning and co· workers 

did isovolumic exchange transfusion, and (4) the purity of haemoglobin solutions. 
The biochemical mechanisms involved in the vascular actions of haemoglobin solution 

have not been studied extensively. In one of the few studies which have been performed, the 
constrictor responses to angiotensin II and 5·HT after exchange transfusion with pyridoxalated 
haemoglobin polyoxycthylene conjugate (PHP) were not found to be altered (Kida ef al., 1991). 

However, the responses to NE were significantly augmented in PHP transfused rats. Kida et al. 
also found that PHP does not affect the vasodilator actions of acetylcholine and nitroglycerine 

(Kida ef al., 1991). We have also found that DCLHb increases the sensitivity of vascular " 

adrenoceptors (Gulati and Rebello, 1994). Prazosin, an 0: adrenoceptor blocker, has been found 
to decrease the pressor effect induced by DCLHb (Bilello ef al" 1994). It appears that the 

cardiovascular actions of DCLHb are at least in part mediated through the 0: adrenoceptors. 
Since the hemodynamic response of DCLHb is different from that ofNE, it appears that DCLHb 

may also be acting through a different mechanism. Phosphoramidon, an inhibitor of pro· 
endothelin conversion to endothelin, attenuated the elevation of blood pressure by DCLHb in rats 

indicating that the pressor effect ofDCLHb might be mediated through endothelin mechanisms 

(Schultz ef aI., 1993). L-arginine, the substrate for NO and nitroglycerine, a NO donor, 

significantly reduced the pressor effect of DCLHb, when infused in rats 15 m-in after the 

administration ofDCLHb (Schultz el al., 1993). These studies clearly indicate that NO system 

52 



Cardiovascular effects of hemoglobin solutions and norepinephrine Chapter 4 

is also involved in the pressor effect ofDCLHb. It could be possible that multiple mechanisms 

are involved in the cardiovascular actions of DCLHb. 

It can be concluded that: (I) The pressor effect of DCLHb is not associated with a 

decrease in blood flow to various organs and, in fact, increases in some vascular beds. (2) 
Although the pressor effect ofNE and DCLHb were similar, NE produced marked hemodynamic 

changes, including a decrease in blood flow to the kidneys, whereas DCLHb did not. (3) The 

increase in blood flow induced by DCLHb to the heart, spleen, GIT and skin appears to be due 

to the redistribution of blood flow. 
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Chapter 5 

Role of adrenergic mechanisms in the pressor effect of diaspirin cross-linked haemoglobin 

Summary 

Diaspirin cross-linked haemoglobin (DCLHb"'; Baxter Healthcare Corp.) is a promising 

haemoglobin based oxygen carrying resuscitative solution. DCLHb (400 mgikg, Lv.) produces 

an immediate increase in blood pressure when administered to conscious or anesthetized rats. 
To detemline the role of the central nervous system (CNS) and the peripheral vascular system 

in the pressor effect of DCLHb, experiments were perfonned in cervical sectioned rats. 

Intravenous administration of DCLHb produced an increase in blood pressure in cervical 

sectioned animals (41.2 ± 2.5 mmHg), which was similar to that observed in nonnal rats. To test 

whether the pressor effect was due to release of catecholamines or other pressor substances from 
the adrenal medulla, DCLHb was administered to bilateral adrenal demedullated rats. It was 

found that DCLHb produced a pressor effect in bilateral adrenal demedullated rats (42.0 ± 6.4 

mmHg) that was similar to nonnal rats. To detennine whether DCLHb alters the responsiveness 

of peripheral vascular adrenoeeptors, the effect of DCLHb pretreatment on the blood pressure 

and heart rate responses of adrenergic agonists was studied. DCLHb significantly potentiated 
(66.7%) the pressor response to norepinephrine (0.5 to 2.0 ~g/kg, Lv.) but did not affect the heart 

rate response to norepinephrine. Phenoxybenzamine completely blocked the DCLHb induced 

potentiation ofthe norepinephrine responses. Phenylephrine produced a dose dependent (5 to 

20 ~g/kg, Lv.) pressor and reflex bradycardic effect. DCLHb significantly potentiated the 

pressor (40.6%) and bradycardic (-22.8%) effect of phenylephrine which were completely 

blocked by prazosin. Clonidine produces a fall in blood pressure by acting on the central a
adrenoceptors, and a rise in blood pressure by stimulating the peripheral vascular a

adrenoceptors. DCLHb produced a marked potentiation of the pressor response to clonidine (75 

flg/kg, Lv.) that masked the central depressor effect. Prazosin pretreatment did not attenuate the 

DCLHb induced potentiation of the pressor effect of clonidine in intact rats. However, 
yohimbine pretreatment completely blocked the DCLHb induced potentiation of the clonidine 

induced pressor response in intact rats. In order to exclude the contribution of a centrally induced 

cardiovascular effect of c1onidine, further studies were carried out in cervical sectioned rats. 
DCLHb markedly potentiated the pressor effect of clonidine (25 ~g/kg, Lv.) in cervical sectioned 

rats. This potentiation could be attenuated by prazosin and yohimbine. Pretreatment with either 
yohimbine (2 mg/kg, Lv.) or prazosin (I mgikg, Lv.) significantly attenuated the DCLHb induced 

pressor effect. The attenuation ofDCLHb induced pressor efiect was more marked with prazosin 

as compared to yohimbine. It is concluded that the pressor effect of DCLHb is not mediated 

through the eNS, however, it appears that in rats both Ct]- and a2-adrenoceptors in the peripheral 

vascular system are sensitized by DCLHb. 
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5.1 Introduction 

Considerable research has been performed to develop and evaluate blood substitutes as 

resuscitative solutions. Resuscitation solutions can be non-oxygen carriers (plasma, dextran and 
albumin) or oxygen carriers (haemoglobin solutions, perfluorochemicals and synthetic chelates). 

Many investigators have stressed several advantages of haemoglobin solutions as compared with 

other resuscitating solutions (Kaplan and Murphy, 1975; Moss ef al., 1976; Bonhard, 1975; 

DeVenuto and Zegna, 1978). Several approaches have been made to reduce the toxicity and 

improve the oxygen delivery of haemoglobin based blood substitutes. Chemical modifications 

like cross-linking, polymerization and conjugation of haemoglobin has been performed. 

Encapsulated haemoglobin and haemoglobin emulsions have also been prepared. A blood 

substitute derived from the haemoglobin of outdated erythrocytes has been developed by cross

linking molecular haemoglobin between the a-subunits by reaction with the diaspirin compound, 
bis (3,5-dibromosalicyl) fumarate (Chatterjee ef al., 1986). The purification process includes 

heat pasteurization of the solution (Estep ef al., 1989a; Estep ef al., 1 989b). DCLHb has been 

found to be biochemically stable and possesses excellent oxygen carrying capacity (Chatterjee 

ef al., 1986). The cross-linking ofthe a subunits affords the haemoglobin a favorable oxygen 

dissociation curve (Snyder ef al., 1987; Vandegriff ef al., 1989). 

It has been demonstrated in swine that after partial or complete exchange transfusion with 
DCLHb, cardiac and renal functions are not affected significantly (Hess ef al., 1989). DCLHb 

was also fmUld to be a promising resuscitative fluid after hemorrhage (Przybelski ef al., 1990). 

Resuscitation with DCLHb (10 mllkg of 14%) was as efficacious as nearly twice the volume of 

whole blood in. the restoration of cardiovascular and tissue oxygenation parameters (Przybelski 

ef al., 1991). DCLHb has been found to decrease the extent of focal cerebral ischemia induced 

by 10 min of middle cerebral artery occlusion in rats (Cole ef a/., 1992). 

Haemoglobin solutions have been reported to produce a rapid and sustained increase in mean 

arterial pressure (Jesch ef al., 1982; Messmer ef al., 1977; Rabinovici ef al., 1989). DCLHb 

increases the mean arterial pressure when administered in hemorrhagic rats (Przybelski el al., 

1991). DCLHb (125-4000 mglkg), when administered intravenously produced a 25-35 % 

increase in mean arterial pressure in rats. The pressor effect was self limiting and was not due 

to volume load or oncotic pressure (Hamilton el al., 1992). The mechanism(s) responsible for 
the increase in blood pressure following DCLHb administration remain to be elucidated. The 

increase in blood pressure by DCLHb could be due to mo.dification in one or more of several 

factors regulating blood pressure, such as endothelium derived relaxing factor (EDRF)/ nitric 

oxide (NO), endothelin, renin-angiotensin, or adrenergic agents. In the present study we have 

determined the role of adrenergic mechanisms in the pressor effect of DCLHb. 
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5.2 Materials and Methods 

Animals 
Male Sprague-Dawley rats (Sasco-King Animal Co. Oregon, WI) weighing 300-350 g were 

housed three to a cage, in a room with controlled temperature (23 ± I °C), humidity (50 ± 10%) 

and artificial light (0600-1800 hr). The animals were given food and water continuously. The 

experiments were begun only after the animals were acclimatized to the environment. 
Drugs 

Clonidine, norepinephrine, phenylephrine. yohimbine and prazosill were purchased from 
Sigma Chemical Co., St. Louis, MO. Phenoxybenzamine was obtained from Smith Kline and 

French Labs., Philadelphia, PA. Diaspirin cross-linked haemoglobin in lactated electrolyte was 

provided by Baxter Healthcare Corporation, Round Lake, IL. All the drugs were prepared in 

normal saline, except yohimbine, which was dissolved in ethanol and diluted with nonllal saline, 
and prazosin, which was dissolved in propylene glycol and diluted with normal saline. TIle drugs 

were prepared fresh at the time of each experiment. 
Determination of blood pressure and heart rate 

Rats were anesthetized with urethane (1.5 g1kg, intraperitoneally). The left femoral vein was 

cannulated (PE 50 tubing) for drug administration. The left femoral artery was cannulated (PE 

50 tubing) and connected to a Gould P23 ID pressure transducer for recording the blood pressure 

on a Grass P7D polygraph through a 7PI preamplifier. The heart rate was recorded through a 

7P4B Grass tachograph, triggered from blood pressure signals. In order to avoid the effect of 

respiration on blood pressure and heart rate, animals were kept on constant rate artificial 
respiration by inserting an endotracheal cannula connected to a Harvard Rodent Ventilator Model 

683. 

Cervical section 

In order to investigate whether the pressor effect of DCLHb is mediated through the CNS 

or through the peripheral vascular system, experiments were perfomled in cervical sectioned rats. 

To accomplish this, the rats were prepared as described above for measurement of blood pressure 

and heart rate. A dorsal midline incision was made and the vertebral muscles were separated and 
retracted to expose the occipital bone and cervical vertebrae. The spinous process and lamina 

of the upper cervical vertebrae were dissected out and removed to expose the spinal cord. The 
spinal cord was sectioned in the rats at the cervical level and a part of the cervical spinal cord was 
removed so that there was absolutely no cOIU1cction with the brain. A period of one hour was 
allowed for stabilization and then the drugs were administered. 

58 



Adrenergic mechanism and pressor effect ofDCLHb Chapter 5 

Bilateral adrenal demedull.tion 

These experiments were perfonned to investigate whether the pressor effect ofDCLHb could 

be due to the release of catecholamines or other pressor substances from the adrenal medulla. 

The bilateral adrenal demedullation was perfonned as described earlier (Borkowski and Quinn, 

1983; Gulati and Bhargava, 1988). Briefly, the animals were anesthetized with sodium 

pentobarbitone (40 mg/kg, i.p.), a single midline incision was made, and the adrenal gland of one 

side was exposed, a small incision was made in the cortex and the medulla was enucleated by 

gently squeezing the gland with the help of a small blnnt forcep. Similarly, the adrenal medulla 

on the other side was removed. The abdomen was closed in layers. Strict aseptic conditions 
were used throughout the surgical procedure. Seven days after surgery the rats were used for 

experiment. Sham treated animals underwent surgery exactly the same way except the adrenal 

medulla was not removed. 
Interaction ofDCLHb with adrenergic agents 

Specific and nonspecific ct l- and ct 2-adrenoceptor agonists and antagonists were used to 

detennine the specificity and the subtypes of ,,-adrenoceptors involved in the pressor effect. 

Norepinephrine, which acts on both a1 and Ct2 aclrenoceptors was administered in (1) untreated 
(control rats), (2) 15 min after the administration of DCLHb (DCLHb treated rats), and (3) 15 

min after the administration of DCLHb and phenoxybenzamine (an (XI and ((2 adrenoceptor 

antagonist) (DCLHB and phenoxybenzamine treated rats). Phenylephrine, a specific ", 

adrenoceptor agonist, was administered in (I) untreated (control rats), (2) 15 min after the 

administration of DCLHb (DCLHb treated rats) and (3) 15 min after the administration of 

DCLHb and prazosin (a specific ", adrenoccptor antagonist) (DCLHb and prazosin treated rats). 

Clonidine, which acts mainly on ((2 adrenoceptors and to a less extent on «I adrenoceptors, was 
administered in (I) untreated (control rats), (2) 15 min after the administration of DCLHb 

(DCLHb treated rats), (3) 15min after the administration ofDCLHb and yohimbine (a specific 

", adrenoceptor antagonist) (DCLHb and yohimbine treated rats) and (4) 15 min after the 

administration of DCLHb and prazosin (a specific ", adrenoceptor antagonist) (DCLHb and 

prazosin treated rats). The effect of clonidine was studied in intact and cervical sectioned rats. 

Statistics 
All data are presented as the mean values ± I SEM. Mean blood pressure (BP; mmHg) was 

calculated using the formula [(Systolic BP - Diastolic BP) /3] + Diastolic BP. Heart rate was 

recorded as beats/min. Data were analyzed by analysis of variance followed by Scheffe's S test. 

A level of P < 0.05 was considered significant. 
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5.3 Results 

Effect of DCLHb in cervical sectioned rats 

In intact control rats, DCLHb (400 mgikg, Lv.) was found to produce an increase in blood 

pressure and an insignificant decrease in heart rate. In cervical sectioned rats, the pressor effect 
ofDCLHb was significantly (F(l,S) ~ 12.42; P ~ 0.006} greater, while the decrease in heart rate 

was similar (F(l,S) ~ 0.01; P ~ 0.922} to the intact control rats (fig. I). The pressor effect of 

DCLHb in cervical sectioned rats, however, lasted only for about 60-90 min compared to ISO 

min in intact control rats. 
Effect of DCLHb in bilateral adrenal demedullated rats 

The pressor effect and the heart rate response to DCLHb (400 mglkg, i.v.) in bilateral adrenal 

demedullated rats was found to be similar to that observed in intact control rats (fig. 2). 

Effect ofDCLHb on norepinephrine induced cardiovascular responses 

The effect ofDCLHb pretreatment on norepinephrine induced cardiovascular responses was 

studied. Injection of norepinephrine (0.5, 1.0 and 2.0 J.lgikg, Lv.) alone produced a dose

dependent pressor effect, while heart rate was decreased. DCLHb pretreatment produced a 

significant (F(2,IS) ~ 64.S7; P < 0.0005} potentiation of the pressor effect of norepinephrine (fig. 

3). In order to determine the specificity of DCLHb-induced potentiation of norepinephrine 

effects, pretreatment was done with phenoxybenzamine (5 mgikg, Lv.). The potentiation of the 

norepinephrine induced pressor effect by DCLHb was completely blocked (F(2,IS) ~ 57.56; P 

< 0.0005} by phenoxybenzamine (fig. 3). Since phenoxybenzamine is a specific a-adrenoceptor 

antagonist, the specificity ofthe potentiated norepinephrine response by DCLHb was established. 

Heart rate responses induced by norepinephrine were not significantly affected by DCLHb 

pretreatment (F(2,18) ~ 2.75; P ~ 2.637} except at the highest dose of norepinephrine, (F(2,IS) 

~ 13.64; P ~ 0.003} which was blocked by phenoxybenzamine (fig. 3). The basal systolic blood 

pressure was 110 ± 6 mmHg before and 146 ± 4 mmHg after DCLHb administration. 

Effect of DCLHb 011 phenylephrine induced cardiovascular responses 

In order to determine the subtypes of a-adrenoceptors involved, the effect of DCLHb 

pretreatment on phenylephrine, a specific a,~adrenoceptor agonist, induced cardiovascular 

responses was studied. Phenylephrine (5, 10 and 20 J.lgikg, Lv.) produced a dose-dependent 

pressor effect with a reflex decrease in heart rate. DCLHb (400 mgikg, Lv.) pretreatment 

significantly (F(2,20) ~ 91.63; P < 0.0005} potentiated the pressor effect of phenylephrine at all 

the doses studied. Significant (F(2,20) ~ 46.6S; P < 0.0005} potentiation of the phenylephrine 

induced decrease in heart rate was also produced by DCLHb (fig. 4). In order to determine the 

specificity, pretreatment was done with a specific ct,-adrenoceptor antagonist, prazosin. The 
potentiation of the pressor response of phenylephrine (5, 10 and 20 J.lgikg, Lv.) by DCLHb was 
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completely blocked by prazosin (I mg/kg, i.v.) (F(2,20) ~ 45.88; P < 0.0005). The potentiation 

of the phenylephrine induced decrease in heart rate by DCLHb was also significantly (F(2,20) 

~ 31.81; P < 0.0005) blocked by prazosin (fig. 4). This clearly indicated that DCLHb potentiated 

the ",-adrenoceptor mediated responses. The basal systolic blood pressure was 127 ± 5 mmHg 

before and 159 ± 7 mmHg after DCLHb administration. 
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Fig. I The effect of DCLHb (400 mg/kg, iv.) on mean arterial blood pressure (mmHg) and 

heart rate (beats/min) in normal (intact) (N~5) and cervical sectioned (N~5) rats. 

*indicates significant difference as compared to normal rats. 
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Fig.2 The effect of DCLHb (400 mglkg, Lv.) on mean arterial blood pressure (mmHg) and 

heart rate (beats/min) in nom)al (intact) (N~5) and bilateral adrenal demedullated (N~5) 

rats. 
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Fig. 3 The effect of DCLHb on the potentiation of norepinephrine (0.5, 1.0 and 2.0 f1gikg, Lv.) 

induced increase in blood pressure and heart rate. Norepinephrine was given (I) alone 
in nannal rats (control) (N~12), (2) 15 min after treatment with DCLHb (400 mgikg, Lv.) 

(N~4) and (3) 15 min after trealment wilh DCLHb (400 mgikg, Lv.) and 

phenoxybenzamine (POB) (5 mgikg, Lv.) (N~5). *indicates significant difference as 

compared to control group; #indicates significant difference as compared to DCLHb 

group. 
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Fig.4 The effect ofDCLHb on the potentiation of phenylephrine (5.0,10.0 and 20.0 llg/kg, i.v.) 

induced increase in blood pressure and heart rate. Phenylephrine was given (l) alone in 

nonnal rats (control) (N~12). (2) 15 min after treatment with DCLHb (400 mg/kg, Lv.) 

(N~8) and (3) 15 min after treatment with DCLHb (400 mg/kg, i.v.) and prazosin (PRZ) 

(I mg/kg, Lv.) (N~4). 'indicates significant difference as compared to control group; 

#indicates significant difference as compared to DCLHb group. 
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Fig. 5 The effecl ofDCLHb on blood pressure and heart rate changes induced by clonidine (75 

~,g/kg, Lv.) in rats. Clanidine was given (I) alone in normal rats (control) (N~4), (2) 15 

min after treatment with DCLHb (400 mg/kg, Lv.) (N~4), (3) 15 min afler treatment with 

DCLHb (400 mgikg, Lv.) and prazosin (PRZ) (I mg/kg, Lv.) (N~5) and (4) 15min after 

treatment with DCLHb (400 mgikg, Lv.) and yohimbine (YMB) (2 mgikg, Lv.) (N~4). 

*indicates significant difference as compared to control group; #indicates significant 

difference as compared to DCLHb group. 
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Fig.6 The effect ofDCLHb on blood pressure and heart rate changes induccd by clonidine (25 

J..lglkg, Lv.) in cervical sectioned rats. Clonidinc was given (1) alone in sectioned rats 
(control) (N~7), (2) 15 min after treatment with DCLHb (400 mgikg, Lv.) (N~), (3) 15 

min after treatment with DCLHb (400 mgikg, Lv.) and prazosin (PRZ) (I mgikg, Lv.) 

(N~6) and (4) 15 min after treatment with DCLHb (400 mgikg, Lv.) and yohimbine 

(YMB) (2 mgikg, Lv.) (N~4). 'indicates significant difference as compared to control 

group; #indicates significant difference as compared to DCLHb group; + indicates 

significant difference as compared to prazosin + DCLHb group. 
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Fig. 7 The effect ofDCLHb on the change ill blood pressure and heart rate in control (untreated) 
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Effcc! of DCLHb on clonidine induced cardiovascular effecfs in normal rafs 

Clonidine is a centrally acting hypotensive agent, but can produce a hypertensive response 

by acting on peripheral vascular a-adrenoceptors. In the present study the effect ofDCLHb on 

c1onidine-induced cardiovascular responses was investigated. Clonidine (75 ~g/kg, Lv.) injection 

alone produced a fall in blood pressure and a decrease in heart rate. DCLHb (400 mgikg, Lv.) 

pretreatment significantly (F(3,16) ~ 35.02; P < 0.0005) blocked the hypotensive effect of 

c1onidine. Instead of a fall in blood pressure, a rise in blood pressure was observed with 

clonidine (75 ~gikg, Lv.) in DCLHb pretreated rats. The decrease in heart rate was also 

attenuated (F(3,13) ~ 9.98; P ~ 0.01) by DCLHb pretreatment (fig. 5). In order to detennine the 

role of subtypes of (twadrenoceptors, animals were pretreated with a specific ct,-adrenoceptor 

antagonist, prazosin, or with a specific ctradrenoceptor antagonist, yohimbine. \Vhen rats were 

pretreated with prazosin (I mgikg, Lv.), the potentiation of the hypertensive effect of c10nidine 

by DCLHb was not affected (P ~ 0.886). However, when rats were pretreated with yohimbine 

(2 mgikg, Lv.), the potentiation of the c1onidine-induced hypertensive effect by DCLHb was 

significantly blocked (P ~ 0.008) (fig. 5). The basal systolic blood pressure was 128 ± 7 mmHg 

before and 148 ± 3 mmHg after DCLHb administration. 

Effect of DCLHb 011 clonidinc induced cardiovascular effects in cervical sectioned rats 

In cervical sectioned rats the central hypotensive effect of clonidine was not observed. Even 
a low dose of c10nidine (25 flg/kg, Lv.) produced some pressor effect, but there was no (F(3, 18) 

~ 1.657; P ~ 0.717) effect on heart rate. DCLHb (400 mgikg, Lv.) pretreatment significantly 

(F(3, 17) ~ 20.832; P ~ 0.001) potentiated the pressor effect of c1onidine, while heart rate was not 

affected (fig. 6). In order to determine the role of subtypes of a-adrenoceptors, animals were 

pretreated with a specific Ctl-adrcnoceptor antagonist, prazosin, or with a specific ct2-adrenoceptor 

antagonist, yohimbine. After prazosin (1 mgtkg, Lv.) pretreatment, the potentiation of the 

pressor effect of clonidine by DCLHb was significantly (F(3,17) ~ 20.832; P ~ 0.001) blocked. 

However, yohimbine (2 mglkg, Lv.) pretreatment not only blocked the potentiation of the pressor 

effect of clonidine by DCLHb (P < 0.0005) but also the pressor effect of c10nidine alone (fig. 6). 

Effect of a adrcnoccptor blockers on DCLHb induced cardiovascular responses 

DCLHb (400 mgikg, Lv.) produced a significant increase in blood pressure, but heart rate 

was not altered. Yohimbine (2 mg/kg, Lv.) pretreatment 15 mins before the administration of 

DCLHb significantly (F(2,13) ~ 7.82; P ~ 0.016) attenuated the pressor effect ofDCLHb in the 

initial stages. Prazosin (I mg/kg, Lv.) pretreatment 15 mins before the administration ofDCLHb 

significantly attenuated (F(2, 13) ~ 7.82; P ~ 0.005) its pressor effect (fig. 7). The attenuation of 

the pressor effect of DCLHb was more significant by prazosin as compared to yohimbine 

(F(2,13) ~ 13.87; P < 0.0005). Heart rate responses were not affected significantly (fig. 7). The 

maximal increase in blood pressure by DCLHb was less in both yohimbine and prazosin 
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pretreated rats as compared to normal rats, due to the hypotensive effects of yohimbine and 

prazosin. The maximal increase in blood pressure by DCLHb in prazosin pretreated rats was not 
more than the basal blood pressure observed before the administration of prazosin. 

5,4 Discussion 

The hemodynamic response to blood replacement with stroma-free haemoglobin differs from 

that observed with other fluids (Vogel el al., 1986) and has been attributed to improved systemic 

oxygen delivery (Hauser el al., 1982). However, the vascular response to stroma-free 

haemoglobin is believed to be independent of oxygen affinity (Nees el al., 1978). Although most 

stroma-free haemoglobin solutions have been reported to produce a pressor effect, (Przybelski 

el al., 1991; Kida el al., 1991; Messmer el al., 1977; Rabinovici el al., 1989) the mechanisms 

responsible for the pressor effect are not known. This is the first study to investigate the role of 

adrenergic mechanisms in the pressor effect ofDCLHb. 

The present studies show that DCLHb produces a pressor effect in rats. When given 

intravenously in cervical sectioned rats, DCLHb produced an increase in blood pressure greater 
than that observed in normal rats. However, the duration of the pressor effect in cervical 

sectioned rats was less than nonnal rats. Since DCLHb produced its pressor effect when the 
influence of the eNS in blood pressure regulation was removed, it is clear that the pressor effect 
of DCLHb was mediated through the peripheral vascular system rather than through the CNS. 

It could be possible that DCLHb releases catccholamines or other pressor substances from 
the adrenal medulla. In order to investigate the role of the adrenal medulla in the pressor effect 

of DCLHb, experiments were performed in bilateral adrenal demedullated rats. DCLHb 

produced a similar pressor effect in bilateral adrenal demedullated rats and normal rats. It is thus 

clear that DCLHb does not produce a pressor response by releasing catecholamines or other 
pressor substances from the adrenal medulla. 

The above studies indicate that DCLHb produces a pressor effect through the peripheral 

vascular system and that the eNS and adrenal medullalY systems are not involved. It is possible 

that DCLHb alters the vascular sensitivity of a-adrenoceptors which, when stimulated, will 
produce vasoconstriction and an increase in blood pressure. In order to test this hypothesis, the 
effects of DCLHb pretreatment on norepinephrine induced blood pressure and heart rate 

responses were studied. DCLHb significantly potentiated the pressor response to norepinephrine 
but it did not affect the heart rate response. Since heart rate responses are mainly mediated 

through the p-adrenoceptors or through reflex action, while the pressor responses are mediated 
through the a-adrenoceptors (Hoffman and Lefkowitz, 1990a), it appears that DCLHb does not 

aftect the p-adrelloceptors but significantly potentiates the a-adrenoceptor mediated responses. 
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The specificity of the potentiation was confirmed by using phenoxybenzamine, a specific a

adrenoceptor antagonist (Hoffman and Lefkowitz, I 990b), which completely blocked the 

DCLHb induced potentiation of norepinephrine responses. Further studies were carried out to 

determine the subtypes of a-adrenoceptors sensitized by DCLHb. Phenylephrine, a specific al -

adrenoceptor agonist (Hoffinan and Lefkowitz, I 990a), produced a dose dependent pressor effect 

and a reflex decrease in heart rate. DCLHb significantly potentiated the pressor and heart rate 

effects of phenylephrine. The potentiation of al-adrenoceptor mediated responses by DCLHb 

was blocked by a specific antagonist, prazosin, acting on the ct1-adrenoceptors (Hoffman and 

Lefkowilz, I 990a). Since phenylephrine acls directly on al-adrenoceplors, it appears thaI 

DCLHb sensitizes the a-adrenoceplors directly ralher Ihan affecting the calecholamine release 

and uptake processes. 

Clonidine, an "radrenoceptor agonist, produces a fall in blood pressure by acting on the 

cenlral a-adrenoceplors (Kobinger, 1978; Schmitt, 1971; Langer, 1981) and a rise in blood 

pressure by slimulating Ihe peripheral vascular a-adrenoceplors (Langer, 1981; Frisk-Holmberg, 

1984). DCLHb produced a marked polentialion oflhe pressor response to clonidine, supporting 

the earlier observations that DCLHb increases the sensitivity of peripheral vascular receptors. 
The pressor response to clonidine was potentiated to the extent that the central hypotensive effect 

of clonidine was nol observed in DCLHb prelreated rals. 

In order 10 delermine Ihe specificity ofthe DCLHb induced polenlialion of the pressor effect 

of clonidinc. specific "1- and ct2-adrenoceptor antagonists were used. Pretreatment with prazosin, 

an "I-adrenoceptor antagonist, did not attenuate the DCLHb-induced potentiation of the pressor 
effect of clonidine in intact rats. However, pretreatment with yohimbine, an a 2-adrenoceptor 
anlagonist (Hoffman and Lefkowilz, I 990b), complelely blocked Ihe DCLHb induced 

potentiation of the clonidine induced pressor response in intact rats. This indicated that DCLHb 

besides a,-adrenoceptors also sensitized ctradrenoceptors. Further studies were performed in 
cervical sectioned rats, where the central hypotensive effect of clonidine was not present. 
DCLHb markedly pOlenlialed the pressor effecl of elonidine in cervical seclioned rals. The 

pOlenlialion of the clonidine induced pressor response by DCLHb could be allenualed by 

prazosin. Yohimbine completely blocked the pressor effect of clonidine in cervical sectioned 
rats. Therefore, it appears that both ct,- and aradrenoceptors in the peripheral vascular system 

are sensitized by DCLHb. 

In order to further continn that pressor effect ofDCLHb is mediated through the "1- and «2-
adrenoceptors, the effect of pretreatment of specific ct adrenoceptor antagonists on the pressor 
response ofDCLHb was studied. DCLHb produced a significanl increase in Ihe blood pressure 

in rats. Yohimbine attenuated the pressor effect of DCLHb in the initial stages. The maximal 
increase in the blood pressure by DCLHb was significantly reduced by yohimbine pretreatment. 
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Prazosin significantly blocked the pressor effect of DCLHb and there was only a minimal 

increase in blood pressure by DCLHb in prazosin pretreated rats. 

It was found that pyridoxalated haemoglobin polyoxyethylene conjugate (PHP) does not 

affect the vasodilator actions of acetylcholine and nitroglycerine (Kida el al .. 1991). The 

constrictor responses to angiotensin II and 5-HT after exchange transfusion with PHP were not 
found to be altered (Kida el al., 1991). However, the responses to norepinephrine were 

significantly augmented in PHP transfused rats (Kida el al., 1991). These findings support our 

observations that DCLHb increases the sensitivity of vascular a adrenoceptors. The mechanisms 

involved in increasing the sensitivity of vascular a adrenoceptors are not known. It could be due 
to altered metabolism. Metabolic signals such as H+ have been shown to alter the sensitivity of 

arteriolar adrenergic constriction (McGillivray-Anderson and Faber, 1991). It could be possible 

that DCLHb sensitizes the" adrenoceptors either directly or through endothelin mechanisms. 

Phosphoramidon, an inhibitor of pro-endothelin conversion to endothelin, attenuated the 

elevation of blood pressure by DCLHb in rats indicating that the pressor effect ofDCLHb might 

be mediated through endothelin mechanisms (Schultz el al., 1993). L-arginine, the substrate for 

NO and nitroglycerine, a NO donor, significantly reduced the pressor effect of DCLHb, when 

infused in rats 15 min after the administration ofDCLHb (Schultz el al., 1993). The potentiation 

of adrenergic responses by a vasoconstrictor peptide, endotheIin has been observed (Gulati and 

Sri mal, 1993). DCLHb could be sensitizing peripheral vascular (J, adrenoceptors through 

endothelin mechanism. 
It can be concluded that: (I) The pressor effect of DCLHb is not likely to be mediated 

through eNS mechanisms, but appears to be mediated through the peripheral vascular system. 
(2) The pressor eftect ofDCLHb is not mediated through the release of catecholamines or other 

pressor substances from the adrenal medulla. (3) DCLHb potentiates the pressor responses to 

norepinephrine, phenylephrine and clonidine possibly due to the increased sensitivity of 
peripheral vascular (J,-adrenoceptors. (4) The pressor effect of DCLHb could be attenuated by 

yohimbine and more significantly by prazosin pretreatment. 
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Prazosin blocl<s the pressor but not the regional circulatory cffects of diaspirin crosslinked 
haemoglobin 

Summary 

Diaspirin crosslinked haemoglobin (DCLHbThI
) (400 mgikg, Lv.) produces an increase in 

blood pressure and blood flow to the heart, spleen, stomach, small intestine, skin, mesentery and 
pancreas when administered to rats. The present study was conducted to detemline (I) whether 

prazosin, an ",·adrenergic antagonist, can block the pressor effect of DCLHb and (2) the effect 

of prazosin pretreatment on regional circulatory changes induced by DCLHb in rats. DCLHb 

(400 mg/kg, Lv.) produced an increase in blood pressure (64%), cardiac output (20%) and total 

peripheral resistance (65%) when administered to control rats. Infusion ofDCLHb in prazosin 

(I mg/kg, Lv.) treated rats did not show any significant pressor effect, but reversed the 

hypotensive effect of prazQsin. Cardiac output and stroke volume were significantly increased 
and total peripheral resistance decreased in prazosin treated rats as compared to control 

(untreated) rats. DCLHb significantly increased blood flow to the heart, gastrointestinal tract, 

portal system (spleen), and skin of control rats. Blood flow to the brain, kidneys, and musculo.~ 
skeletal system was not altered following the infusion of DCLHb in control rats. Infusion of 

DCLHb in prazosin treated rats produced a significant increase in blood flow to the brain, heart, 
kidneys, gastrointestinal tract, portal system, skin and musculoskeletal system. In summary, 
prazosin pretreatment blocked the pressor effect of DCLHb, however, blood flow to the heart, 

brain, gastrointestinal tract, portal system, kidneys, skin and musculoskeletal system was 
increased by DCLHb. It is concluded that blood flow to most of the organs is increased by 

DCLHb but the pressor effect of DCLHb is blocked by prazosin pretreatment. 

6.1 Introduction 

Several investigators have stressed the advantages of haemoglobin solutions as compared 
to other resuscitating solutions (Bonhard, 1975; Kaplan and Murphy, 1975; Moss el al., 1976; 

DeVenuto and Zegna, 1978). Haemoglobin based blood substitutes are therefore being 

developed as promising resuscitative solutions. Diaspirin crosslinked haemoglobin (DCLI-Ib) 
is a blood substitute derived from the haemoglobin of outdated erythrocytes and produced by 

crosslinking molecular haemoglobin between the a-subunits by a reaction with thc diaspirin 
compound, bis (3,5-dibromosalicyl) fumarate (Chatterjee el al., 1986). TI,e purification process 

includes heat pasteurization of the solution, as described earlier (Estcp el al., 1989b; Estep et al., 

1 989a). DCLHb has been found to be biochemically stable and possesses excellent oxygen 

carrying capacity (Chatterjee el al., 1986). The crosslinking of the (f. subunits affords the 

haemoglobin a favorable oxygen dissociation curve (Snyder el al., 1987; Vandegriff el al., 1989). 
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DCLHb has also been found to decrease the extent of focal cerebral ischemia induced by 10 min 

of middle cerebral artery occlusion in rats (Cole ef 01., 1992). Partial or complete exchange 

transfusion with DCLHb did not significantly arfect the cardiac and renal functions in swine 

(Hess ef 01., 1989). DCLHb has been found to be a promising resuscitative fluid following 

hemorrhage (Przybelski ef af., 1990). In hemorrhaged rats DCLHb (10 mllkg of 14 %) was as 

efficacious as whole blood in the restoration of cardiovascular and tissue oxygenation parameters 
(Przybelski ef 01., 1991). 

DCLHb increases the mean arterial pressure when administered to hemorrhaged (przybelski 

ef al., 1991) or normal rats (Hamilton ef al., 1992). The pressor efrect ofDCLHb (125-4000 

mg/kg, iv) was found to be self limiting (Hamilton ef of., 1992). Other haemoglobin solutions 

have also been reported to produce a rapid and sustained increase in mean arterial pressure 
(Messmer ef af., 1977; Jesch ef of., 1982; Rabinovici ef 01., 1989). DCLHb has been shown to 

produce significant changes in regional blood circulation (Sharma ef al., 1994). Although, 

DCLHb has been found to increase the pressor responses to ,,-adrenoceptor agonists (Gulati and 

Rebello, 1994), the regional circulatory effect ofDCLHb was found to be different from that of 

norepinephrine (Shanna and Oulad, 1994). Prazosin, an "I-adrenoceptor antagonist, is an 
effective antihypertensive agent (Weiner, 1980). TIle present study was performed with the aim 

of determining whether prazosin can attenuate the pressor effect of DCLHb without 

compromising the increase in regional blood flow. 

6.2 Materials and Methods 

Determination ofsystcmic hemodynamics and regional circulation 

Male Sprague-Dawley rats (Sasco-King Animal Co. Oregon, WI) weighing 300-350 g were 

used in the study. Rats were anesthetized with urethane (1.5 gikg, intraperitoneally). The left 

femoral vein was cannulated (PE 50 tubing) for dmg administration. The left femoral artery was 

cannulated (PE 50 tubing) and cOllllected to a Gould P23 ID pressure transducer for recording 

the blood pressure on a Grass P7D polygraph through a 7PI preamplifier. The heart rate was 

recorded through a 7P4B Grass tachograph, triggered from blood pressure. In order to keep the 

blood pO" pCO, and pH constant and to avoid the effect of respiration on blood pressure and 

heart rate, animals were kept on constant rate artificial respiration by inserting an endotracheal 
cannula cOlUlected to a Harvard Rodent Ventilator Model 683. The arterial pO, and pCO, were 

kept within 85-120 mmHg and 35-50 mmHg range, respectively. The carotid artery of the right 

side was exposed and a PE 50 cannula 'guided through the common carotid artery to the left 

ventricle. The presence of the call1iula in the left ventricle was confirmed by recording the 
pressure on the Grass polygraph using the Statham P23 DC pressure transducer. When the 
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cannula reached the ventricle the diastolic pressure dropped to zero. The femoral artery of the 

right side was cannulated and connected to a withdrawal pump (Harvard Model 22). 

At each measurement, a suspension of approximately 200,000 microspheres (15 ± I J.lm 

diameter) labeled with "Sc (Scandium), '''Sn (Tin), "'ce (Cerium), 'Nb (Niobium) or IORu 
(Ruthenium) (New England Nuclear Corporation, Boston, MA) in 0.2 ml saline were injected 

into the left ventricle after thoroughly mixing and flushed with 0.4 ml saline over a 15 sec period. 

In order to calculate the blood flow, arterial blood was withdrawn at a rate of 0.5 mllmin tllfough 

the right femoral artery. Blood was withdrawn for 90 sec starting about 5-10 sec before the 

microsphere injection. At the end of the experiment the animals were sacrificed with an 

overdose of pentobarbital sodium and all tissues and organs were dissected out, weighed and 
placed in vials containing 10% formalin. The following tissues Were studied: hmgs, heart, liver, 
stomach, small intestine, caecum, large intestine, mesentery and pancreas, spleen, left kidney, 
right kidney, left cerebral hemisphere, right cerebral hemisphere, midbrain, cerebellum, brain 
stem, skin and the rest of the body consisting of muscles and bones. The radioactivity in 

standards, the blood samples and the tissue samples were counted in a Packard Minaxi Auto
Gamma 5000 series ganuna counter with preset windows discriminating the isotope energies. 
The following parameters were calculated: (I) cardiac output, (2) stroke volume, (3) total 

peripheral resistance, (4) regional blood flow and (5) regional vascular resistance. Results were 

calculated using the programs described earlier (Sa.xena ef al., 1980). Infusion of saline did not 

affect the systemic hemodynamics and regional circulation significantly. The effect of DCLHb 

(400 mg/kg, Lv.) on systemic hemodynamics and regional circulation was studied. DCLHb was 

infused as a 10 % solution in volume of 4 mVkg intravenously. TIle dose ofDCLHb was selected 
on the basis of studies conducted previously (Hamilton ef al., 1992; Shamm ef al., 1994; Gulati 

and Rebello, 1994), which demonstrated that the infusion of this dose ofDCLHb resulted in a 

near maximal pressor response. 
Statistics 

All data are presented as the mean values ± I SEM. Mean blood pressure (BP; mmHg) was 

calculated using the formula [(Systolic BP - Diastolic BP) 13] + Diastolic BP. Heart rate was 

recorded as beats/min. Data were analyzed by analysis of variance followed by DUl1can ls test. 
A level of P < 0.05 was considered significant. 

6.3 Results 

Effect ofprazosin pretreatmcnfon DCLHb induced changes in systemic hemodynamics 

DCLHb (400 mglkg, Lv.) produced an increase (F(3,28) ~ 10.78; P < 0.0001) in blood 

pressure of control rats. This increase in blood pressure was significantly (F(7 ,44) ~ 13.63; P < 
0.0001) attenuated in prazosin treated rats (Figure I). Prazosin (I mglkg, iv) decreased blood 
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pressure from 83.6 mmHg to 64.5 rnmHg. Following administration of DCLHb the maximal 

increase in blood pressure observed was 81.5 mmHg (Figure I). Heart rate was not significantly 

affected by the administration of DCLHb in control or prazosin treated rats (Figure 2). Infusion 

of DCLHb or prazosin alone did not produce a significant change in the cardiac output of control 

rats. However, infusion of DCLHb in prazosin treated rats produced a significant increase in 
cardiac output (F(4,20) ~ 11.03; P ~ 0.0001) 15,30 and 60 min after DCLHb administration 

(Figure 3). DCLHb did affect stroke volume in control rats, while administration of prazosin 

produced no significant effect 011 stroke volume. However, when DCLHb was administered in 
prazosin treated rats, the stroke volume was significantly (F( 4,20) ~ 11.42; P ~ 0.0001) increased 

(Figure 4). The infusion of DCLHb produced a significant (F(3,28) ~ 6.53; P ~ 0.0001) increase 

in total peripheral resistance of control rats 30 and 60 min after administration. Prazosin did not 
produce any significant effect on total peripheral resistance. When DCLHb was administered 

in prazosin treated rats, total peripheral resistance significantly (F(7,44) ~ 11.58; P < 0.0001) 

decreased as compared to control rats (Figure 5). 
Effect ofprazosin pretreatment on DCLHb induced changes in regional blood flow 

Infusion of DCLHb produced a significant (P < 0.05) increase in blood flow to the heart, 

gastrointestinal tract, portal system and skin. Blood flow to the brain, kidneys and musculo~ 
skeletal system was not affected in control rats. The increase in blood flow to most organs 
occurred 15 and 30 min after administration ofDCLHb. Blood flow tended to return to baseline 

by 60 min post-DCLHb administration (Figure 6). Prazosin treatment did not alter the blood 

flow in any region. \Vhen administered to prazosin treated rats, DCLHb produced a significant 
(P < 0.05) increase in blood flow to the heart, brain, gastrointestinal tract, portal system, kidneys, 

skin and musculoskeletal system (Figure 6). 

Blood flow was also detenllined in different brain regions. Infusion ofDCLHb to control 
rats did not affect blood flow to the left and right cerebral hemispheres, diencephalon, cerebellum 

or brain stem. Prazosin per se did not significantly aIter the blood flow to any region of the brain. 
\Vhen administered to prazosin treated rats, DCLHb produced a significant increase in blood 
flow to the left and right cerebral hemispheres, diencephalon, cerebellum and brain stem (Figure 

7). 
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Fig. I The effect of DCLHb (400 mg/kg, Lv.; N~ 8) on the mean arterial blood pressure 

(mmHg) of control (untreated) and prazosin (I mg/kg, Lv.; N~ 5) treated rats. The 

measurements were made before (baseline) and 15 min, 30 min and 60 It:Lin after the 
administration of DCLHb to rats. Prazosin was administered 15 min prior to the 

administration of DCLHb. *Indicates significant difference as compared to baseline 
(control) or prazosin basal values (15 min after prazosin treatment); aindicates significant 

difference as compared to control (untreated rats). 
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6.4 Discussion 

Blood replacement with stroma-free haemoglobin produces marked hemodynamic changes 

which differ from those observed with other fluids (Sharma and Gulati, 1994; Vogel ef al., 1986). 

These hemodynamic effects have been attributed to improved systemic oxygen delivery (Hauser 
ef al., 1982). However, the vascular response to stroma-free haemoglobin is believed to be 

independent of oxygen affinity (Nees ef al., 1978). Stroma-free haemoglobin solutions have been 

reported to produce a pressor effect through unknown mechanisms (Messmer ef al., 1977; Jesch 

ef al., 1982; Rabinovici ef al., 1989; Kida ef al., 1991). DCLHb has been shown to produce an 

increase in blood pressure in conscious and anesthetized rats (Hamilton ef al., 1992; Gulati and 
Rebello, 1994). Phosphoramidon, an inhibitor of pro-endothelin conversion to endothelin, 

attenuated the elevation of blood pressure by DCLHb in rats, indicating that the pressor effect 
ofDCLHb might be mediated through endothelin mechanisms (Schultz ef al., 1993). L-arginine, 

the substrate for NO, and nitroglycerine, a NO donor, significantly reduced the pressor effect of 

DCLHb when infused in rats 15 min after the administration ofDCLHb (Schultz ef al., 1993). 

DCLHb was found to produce an increase in blood pressure in intact and cervical sectioned or 

bilateral adrenal demedullated rats (Gulati and Rebello, 1994). DCLHb administration in rats 

produced an increase in the pressor responses to norepinephrine, phenylephrine and clonidine, 

indicating that DCLHb produces an increase in the pressor effect of adrenergic agonists (Gulati 

and Rebello, 1994). DCLHb has also been found to produce marked regional circulatory 

changeslll (Shamla ef al., 1994). The blood flow to the heart, spleen, gastrointestinal tract and 

skin was found to be significantly increased, while blood flow to other regions was not affected 

(Sharma and Gulati, 1994). 

DCLHb produced a significant increase in blood pressure and total peripheral resistance of 

control rats. DCLHb also produced an increase in blood flow to the heart, portal system, 

gastrointestinal tract and skin of control rats. These results arc consistent with some of the 

studies conducted earlier. Ultrapurified, polymerized bovine haemoglobin when administered 

to rats produced a marked increase in blood pressure and systemic vascular resistance, while the 

stroke volullle remained unchanged (Waschke ef al., 1993). Stroma-free, polymerized and 

pyridoxylated haemoglobin administered to calves produced an increase in blood pressure 

(Schistek ef al., 1992), but the blood flow was not measured in this study. Unmodified human 

stroma-free haemoglobin solution whcn administered to dogs produced a pressor effect, but the 

cardiac output remained unchanged. Blood flow was found to increase in the heart, brain, liver, 

gut and kidney 30- min after the administration of haemoglobin solution. The glomerular 

filtration rate decreased and the urinc flow was reduced (Ning et al., 1992). Since the blood flow 

to the kidneys is increased and there is no change in cardiac output, it is difficult to explain the 
factors responsible for the decrease in the glomemlar filtration rate. In the present study the 
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cardiac output was not significantly altered by DCLHb and blood flow was increased in the heart 

and GIT, but not in the liver, brain and kidneys. The reasons for these differences could be due 

to the differences in the species, the type of haemoglobin, the molecular modification of 

haemoglobin, the administration of haemoglobin andlor the purity of haemoglobin solutions. 

Since adrenergic mechanisms are involved in the pressor effect of DCLHb (Oulati and 

Rebello, 1994) and in the regulation of blood pressure (Hoffman and Lefkowitz, 1990). DCLHb 

was administered in prazosin pretreated rats to assess the effect of C(,-adrenoceptor antagonist 
(Weiner, 1980). The pressor effect ofDCLHb was significantly attenuated, the cardiac output 

and stroke volume were significantly increased and total peripheral resistance was significantly 
decreased in prazosin treated rats receiving DCLHb as compared to rats infused with DCLHb 
alone. However, DCLHb produced a significant increase in the blood flow to the heart, 

gastrointestinal tract, skin, brain, portal system, kidneys and musculo-skeletal system of prazosin 
treated rats. Thus, the pressor effect of DCLHb was attenuated but the increase in blood flow 

induced by DCLHb was maintained after prazosin pretreatment. The results of the present study 

are supported by earlier observations showing evidence that the pressor effect of DCLHb can be 

reversed by prazosin (Malcolm et al., 1992). However, this is the first study demonstrating that 

the increase in blood flow induced by DCLHb can be maintained while the pressor effect can be 

attenuated by prazQsin pretreatment. 
Postsynaptic vascular ct-adrenoceptors are present in several blood vessels and play an 

important role in the regulation of regional blood flow. In the hear.i, Ci[-adrenoceptors have been 
demonstrated on the large epicardial coronary arteries (lleusch et al .. 1984). Efferent renal nerve 

stimulation in the dog produces vasoconstriction via activation of Ci[-adrenoceptors (Osborn, 
1983). The mesenteric arterial bed has been shown to possess u[-adrenoceptors, since 
vasoconstrictor responses to norepinephrine could be blocked by prazosin but not by yohimbine 
(Nicholes and Hiley, 1985). If Ci[-adrenoceptors are responsible for vasoconstriction in most of 
the vascular beds, DCLHb should produce a decrease in blood flow to most of the organs dne to 

its capability to potentiate the pressor responses of Ci[-adrenoceptor agonists. However, the 
present study shows that DCLHb increascs the blood flow to most of the organs, and that the 

increase in blood flow could not be blocked by an u[-adrenoceptor antagonist, prazosin. It could 
be possible that the major mechanism responsible for the blood flow effects ofDCLHb is not via 

a,-adrenoceptors but through other mechanisms like endothelin or EDRFINO, while the major 

mechanism responsible for the pressor effect is through u[-adrenoceptors. Thus, the pressor 
effect ofDCLHb could be blocked by prazosin pretreatment but regional circulatory effects were 

not affected by Cil-adrenoceptor antagonist, prazosin. 
It can bc concluded that: (I) The pressor effect of DCLHb is associated with an increase in 

blood flow to various organs. (2) The pressor effect ofDCLHb can bc attenuated by prazosin 
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pretreatment. (3) The increase in blood flow induced by DCLHb is maintained in prazosin 

pretreated rats. 
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Yohimbine modulates diaspirin crosslinked haemoglobin induced systemic hemodynamics 
and regional circulatory effects 

Summary 

Diaspirin crosslinked haemoglobin (DCLHbTh'; Baxter Healthcare Corp., Round Lake, IL, 

USA), a haemoglobin-based blood substitute is proposed to be an effective resuscitative solution. 

It produces an immediate, but limited increase in blood pressure when administered to conscious 
or anesthetized rats. This vasoactivity is associated with an increase in blood flow to several 
major organs. It has been shown that a~adrenoceptors in the peripheral vascular system are 
scnsitized by DCLHb in rats. The present study was conducted to determine the effect of 

yohimbine, an (t2-adrenoceptor antagonist on systemic hemodynamics and regional circulatory 
effects of DCLHb. The systemic hemodynamics and regional circulation were measured using 
a radioactivc microsphere teclmique. DCLHb (400 mglkg, iv) produced an increase in blood 

pressure and total peripheral resistance, while heart rate, cardiac output and stroke volume were 
not significantly altered in control rats. In yohimbine (2 mglkg, iv) pretreated animals, DCLHb 

did not produce any change in heart rate, stroke volume, cardiac output and total peripheral 
resistance, but a slight increase in blood pressure was observed compared to baseline values 
obtained after the administration of yohimbine. The increase in blood pressure induced by 
DCLHb was significantly blocked by pretreatment with yohimbine. Yohimbine (2 mglkg, iv) 

per se decreased blood pressure, while other systemic hemodynamics parameters were not 
affected. DCLHb increased blood flow to the heart, gastrointestinal tract (stomach, small 

intestine, caecum and large intestine), portal (spleen, mesentery and pancreas) and skin, while 
blood flow to the brain (cerebral hemispheres, diencephalon, cerebellum and brain stem), liver, 
kidneys and musculo-skeletal system was not affected in control rats. In yohimbine pretreated 
animals, DCLHb produced an increase in blood flow to the heart, brain (cerebellum and brain 
stem), liver, small intestine, caecum, spleen, mesentery and pancreas, kidneys, skin and musculo
skeletal system, while blood flow to the stomach and large intestine was not affected. Yohimbine 
pretreatment significantly attenuated the DCLHb induced increase in blood flow to the large 

intestine, mesentery and pancreas. It is concluded that the cardiovascular actions of DCLHb are 
partially mediated through a2-adrenoceptors. Adrenergic antagonists may be useful in 
attenuating the pressor effect of DCLHb while maintaining the regional perfusion. 

7.1 Introduction 

DCLHb is a blood substitute derived from the haemoglobin of outdated erythrocytes which 

is produced by crosslinking molecular haemoglobin between the a-subunits by a reaction with 
the diaspirin compound, bis (3,S-dibromosalicyl) fumarate (Chatterjee et al., 1986). DCLHb is 
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a highly purified haemoglobin based blood substitute (Estep el at., 1989b; Estep el at., 1989a) 

and has been found to be biochemically stable and possesses excellent oxygen carrying capacity 

(Chatterjee el at., 1986). The purification process includes vims inactivation by heat 

pasteurization (Estep el at., 1989b; Estep el at., 1989a). The crosslinking of the (t subunits 

affords DCLHb a favorable oxygen dissociation curve (Snyder el at., 1987; Vandegriff el at., 

1989). 

It has been demonstrated in swine that after partial or complete exchange transfusion with 
DCLHb, cardiac and renal functions are not adversely affected (Hess el at., 1989), in contrast 

with results obtained previously with stroma free haemoglobin preparations. DCLHb was also 
found to be a promising resuscitative fluid after hemorrhage (Przybelski el at., 1990). 

Resuscitation with DCLHb (10 mllkg of 14%) was as efficacious as nearly twice the volume of 

whole blood in the restoration of cardiovascular and tissue oxygenation parameters in rats 
subjected to a 20 mllkg hemorrhage (Przybelski el at., 1991). DCLHb has been found to 

decrease the extent of focal cerebral ischemia induced by 10 min of middle cerebral artery 

occlusion in rats (Cole el at., 1992). These studies clearly indicated that DCLHb may be of 

immense therapeutic value in clinical situations such as hemorrhagic shock and cerebral 

ischemia. 
The hemodynamic response to blood replacement with unmodified stroma-free haemoglobin 

differs from that observed with other fluids (Vogel el at., 1986), differences which have been 

attributed to improved systemic oxygen delivery (Hauser el at., 1982). Systemic hemodynamic 

alterations have been reported with haemoglobin solutions including a rapid and sllstained 
increase in mean arterial pressure (Messmer et al., 1977; Jesch et al., 1982; Rabinovici et al., 

1989). Several studies (Rabinovici el at., 1989; Hamilton el at., 1992) have recently been 

published demonstrating the cardiovascular actions associated with DCLHb. DCLHb (125·4000 

mglkg), when administered intravenously, produced a 2S M 35 % increase in mean arterial pressure 
in unanesthetized rats. The pressor effect ofDCLHb was self limiting and was not found to be 

due to volume load or oncotic pressure (Hamilton el at., 1992). DCLHb has also been shown to 

produce an increase in blood pressure of urethane anesthetized rats (Gulati and Rebello, 1994; 
Sharma and Oulati, 1994). It has been observed that the pressor effect ofDCLHb is not mediated 

through the central nervous system, but appears to be mediated through the peripheral vascular 
system (Oulati and Rebello, 1994). It was also found that DCLHb potentiates the pressor 

responses of norepinephrine, phenylephrine and clonidine, indicating an increase in the 
sensitivity of peripheral vascular (t-adrenoceptors (Oulati and Rebello, 1994). The pressor effect 

ofDCLHb could be reversed by administering prazosin, an aj-adrenoceptor antagonist (Malcolm' 
el at., 1992). It appears that the pressor effect ofDCLHb is mediated at least in part through (t

adrenoceptors. Besides producing an increase in blood pressure, DCLHb (400 mglkg, Lv.) also 

produced significant alterations in the regional blood circulation of rats (Sharma and Gulati, 
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1994). It is well known that ,,-adrenoceptors are present throughout the vascular system. It 
could therefore be possible that the systemic hemodynamics and regional circulatory effects of 

DCLHb are mediated through ,,·adrenoceptors. The present study was carried out to determine 

the effect of an ",-adrenoceptor antagonist, yohimbine, on DCLHb·induced regional circulatory 

and systemic hemodynamic effects. 

7.2 Materials and Methods 

Animals and surgical preparations 

Male Sprague· Dawley rats (Sasco·King Animal Co. Oregon, WI, USA) weighing 300-350 

g were used in the study according to the protocol approved by the University Animal Care 

Committee. Rats were anesthetized with urethane (1.5 g/kg, intraperitoneally). TIle left femoral 

vein was calUndated (PE 50 tubing) for drug administration. The left femoral artery was 

cannulated (PE 50 tubing) and cOlUlected to a P23 ID (Gould Inc., Tst & Mgmt. Rec. Syst. Div., 

Valley View, OH, USA) pressure transducer for recording the blood pressure on a P7D polygraph 

(Grass Instrument Co., Quincy, MA, USA) through a 7Pl preamplifier. The heart rate was 

recorded through a 7P4B Grass tachograph, triggered from blood pressure signals. In order to 

keep the blood pO" pCO, and pH constant, and to avoid the effect of respiration on 

cardiovascular parameters, animals were kept on constant rate artificial respiration by inserting 
an endotracheal cannula connected to a rodent ventilator (Model 683; Harvard Apparatus, Inc. 

S. Natick, MA, USA). The carotid artery of the right side was exposed and a PE 50 cannula was 

guided through the common carotid artery into the left ventricle. The presence of the cannula 

in the left ventricle was confinned by recording the pressure on the Grass polygraph using the 
Statham P 23 DC pressure transducer. \Vhen the cannula reached the ventricle, the diastolic 
pressure dropped to zero. The femoral artery or the right side was cannulated and connected to 
a withdrawal pump (Model 22; Harvard Apparatus, Inc. S. Natick, MA, USA). 

Determination of systemic hemodynamics and regional circulation 

At each measurement, a thoroughly mixed suspension of approximately 200,000 
microspheres (IS ± I pm diameter) labeled with "Sc (Scandium), '''Sn (Tin), "'Ce (Cerium), 

"Nb (Niobium) or 'OJRu (Ruthenium) (New England Nuclear Corporation, Boston, MA, USA) 

in 0.2 ml saline was injected into the left ventricle and flushed with 0.4 ml saline over a 15 sec 
period. In order to calculate the blood flow, arterial blood was withdrawn at a rate of 0.5 ml/min 
through the right femoral artery. Blood was withdrawn for 90 sec starting about 5-10 sec before 

the micros ph ere injection. At the end of each experiment, animals were sacrificed with an 
overdose of pentobarbital sodium and all the tissues and organs were dissected out, weighed and 
placed in vials. The following tissues were studied: heart, liver, stomach, small intestine, 
caecum, large intestine, mesentery and pancreas, spleen, left kidney, right kidney, cerebral 
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hemispheres, midbrain, cere bell lUll, brain stem, skin, and rest of the body consisting of muscles 
and bones. The radioactivity in the standards, the blood samples and the tissue samples was 

counted in a gamma counter (Minaxi Auto-Gamma 5000 series; Packard Instrument Co. 

Downers Grove, IL, USA) with preset windows discriminating the isotope energies. The 

following parameters were calculated: (I) cardiac output, (2) stroke volume, (3) total peripheral 

resistance, (4) regional blood flow [(withdrawal rate of arterial blood sample x radioactivity in 

tissues)/radioactivity in sampled arterial blood] and (5) regional vascular resistance (mean arterial 

pressure/regional blood flow). The results were calculated using the programs described earlier 

(Saxena el at., 1980). 

Administration of saline or Ringer lactate (4 mllkg, Lv.; N=8) did not affect the systemic 

hemodynamics and regional blood circulation 15, 30 and 60 min after infusion. The effect of 

DCLHb (400 mg/kg, Lv.) in control (untreated) and yohimbine (2 mg/kg) treated rats on systemic 

hemodynamics and regional circulation was studied. In treated rats, DCLHb was administered 
15 min aner the administration of yohimbine. The dose ofDCLHb was selected on the basis of 

studies conducted previously (Hamilton ef at., 1992; Gulati and Rebello, 1994; Sharma and 

Gulati, 1994), which demonstrated that the infusion of this dose of DCLHb resulted in a near 

maximal response. 
Drugs 

Yohimbine was purchascd from Sigma Chemical Co., st. Louis, MO, USA. Diaspirin 

crosslinked haemoglobin in lactated electrolyte was provided by Baxter Healthcare Corporation, 
Round Lake, IL, USA. Yohimbine was dissolved in ethanol and diluted with normal saline and 

was prepared fresh at the time of each experiment. 
Statistics 

All data are presented as the mean value ± I SEM. Mean arterial blood pressure (BP; 

mmHg) was calculated using the formula [(Systolic BP - Diastolic BP) / 3] + Diastolic BP. Heart 

rate was recorded as beats/min. Data were analyzed by analysis of variance followed by 
Duncan's tcst or by paircd t tcst (two tailed). Each group consisted of 6 to 8 animals and the level 

of P < 0.05 was considered significant. 

7.3 Results 

Effect of yohimbine pretreatment 011 DCLllb induced changes in systemic hemodynamics 
DCLHb (400 mgikg, Lv.) produced a significant increase in mean arterial blood pressure 

(F(3,28) = 10.78; P < 0.0001) at 15,30 and 60 min and total peripheral resistance (F(3,28)"= 

6.41; P < 0.00 I) at 30 and 60 min aner its administration to control (untreated) rats (table I). 

Heart rate l cardiac output and stroke volume remained unaltered after the administration of 

DCLHb to control rats. Yohimbine (2 mg/kg, iv) decreased the mean blood pressure, while heart 
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rate, stroke volume, cardiac output and total peripheral resistance were not affected. \Vhen 
administered to yohimbine pretreated rats, DCLHb produced an increase in mean blood pressure 

(F(4,2S) = 8.74, P = 0.001) compared to the baseline obtained following yohimbine treatment. 

However, the pressor effect ofDCLHb was found to be significantly (F(7,62) = 8.74; P < 0.000 I) 

less in yohimbine treated rats compared to control rats. Heart ratc, cardiac output, stroke volume 
and total peripheral resistance were not significantly altered by DCLHb in yohimbine pretreated 

rats as compared to the baseline obtained following yohimbine treatment (table I). 

Effect o/yohimbine pretreatment on DCLHb induced changes in brain circulalion 

DCLHb did not affect blood flow to the cerebral hemispheres, diencephalon, cerebellum or 

brain stem, while vascular resistance was significantly increased in the cerebral hemispheres (P 
< 0.01), diencephalon (P < O.OOS), cerebellum (P < 0.001) and brain stem (P < O.OOS) (fig. I). 

However, in yohimbine treated rats blood flow to the cerebral hemispheres, diencephalon, 
cerebellum and brain stem was significantly (p < 0.01) increased, while vascular resistance was 
not affected by DCLHb (fig. I). The increase in blood flow induced by DCLHb to the 

cerebellum (F(I,12) = 10.96; P = 0.006) and brain stem (F(I,12) = 12.54; P = 0.004) of 

yohimbine treated rats was found to be significantly greater than the blood flow to those tissues 

in control rats. Similarly, the increase in vascular resistance induced by DCLHb was found to 
be significantly blocked by yohimbine pretreatment in the cerebral hemispheres (F(I, 12) = 8.19; 

P = 0.01), diencephalon (F(l,12) = 11.27; P = O.OOS), cerebellum (F(I,12) = 27.70; P = 0.0002) 

and brain stem (F(1,12) = 21.21; P = 0.0006) (fig. I). Basal blood flow was 84 ± 14 

mllminll OOg in cerebral hemispheres, 92 ± 10 mllminll OOg in diencephalon, 85 ± 7 mllminllOOg 

in cerebellum, and 96 ± 9 ml/minll OOg in brain stem. 

Effect o/yohimbine pretreatment on DCLHb induced changes;n corOllwy circulation 
DCLHb significantly increased blood flow to the heart (P < 0.0001) at IS (+83 %), 30 (+73 

%) and 60 (+48 %) min after its administration to control rats, while no significant changes were 
observed in vascular resistance (fig. 2). When administered to yohimbine treated rats, DCLHb 

increased blood flow to the heart (P = 0.02) at IS (+S6 %), 30 (+67 %) and 60 (+78 %) min afier 

its administration. Thus, the increase in blood flow to the heart induced by DCLHb was not 
affected by yohimbine pretreatment. The vascular resistance in the heart was not significantly 
affected by DCLHb administration to yohimbine treated rats when compared with the baseline 
obtained following yohimbine treatment (fig. 2). Basal blood flow was 299 ± 47 ml/minilOOg 

in the heart. 

Effect a/yohimbine pretreatment 011 DCLHb induced changes in renal circulation 
Infusion ofDCLHb did not affect blood flow to the kidneys, while vascular resistance was 

found to be significantly (F(S,36) = S.29; P < 0.001) increased at IS, 30 and 60 min afier its 

administration to control rats (fig. 3). When administered to yohimbine pretreated rats, DCLHb 

induced no change in vascular resistance 15 and 30 min after infusion but an increase was 
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observed at 60 min. Blood flow to the kidneys was significantly (P ~ 0.001) decreased by 

yohimbine treatment. Infusion ofDCLHb produced a significant (P < 0.05) increase in blood 

flow to the kidneys when compared with the baseline obtained following yohimbine treatment 

(fig. 3). Basal blood flow was 327 ± 34 ml/minll00g in the left kidney and 338 ± 38 

mVminilOOg in the right kidney. 

TABLE 1 Effect of intravenous infusion ofDCLHb (400 mglkg) on systemic hemodynamic 

parameters of control and yohimbine (2 mglkg, Lv.) pretreated rats. 

Parameter Baseline 

Heart rate (beats/min) 

Control 357 ± 7 

Yohimbine 403 ± 10 

Blood pressure (mmHg) 

Control 78 ± 4 

Yohimbine 69 ± 3 

Cardiac output (ml/min) 

Control 118 ± 6 

Yohimbine 91 ± 10 

Stroke volume (011) 

Control 0.34 ± 0.01 

Yohimbine 0.22 ± 0.02 

15 min 

374± 7 

403± 10 

119 ± 8' 

92 ± 5*# 

139 ± 10 

128 ± 15 

0.37 ± 0.03 

0.32 ± 0.04 

Total peripheral resistance (mmHg/l/min) 

Control 675 ± 49 882 ± 77 

Yohimbine 807 ± 94 778 ± 103 

30min 

383 ± 7 

407 ± 12 

127 ± 7' 

94 ± 4'# 

127 ± 5 

109 ± II 

0.33 ±0.02 

0.27 ±0.03 

1018±68* 

911±li4 

60min 

393 ± 7 

420±7 

li8 ± 8' 

93 ± 3*# 

108± 8 

106 ± 15 

0.28 ± 0.02 

0.25 ± 0.04 

III9±101* 

976 ± 143 

'Indicates significant (P < 0.05) difference as compared to baseline and 'indicates significant (P 

< 0.05) difference as compared to control group. 
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Fig. 1 The effect of DCLHb (400 mg/kg, i.v.) on the blood flow (percent change) and the vascular resistance (percent change) in 
various regions of the brain (C HEM = cerebral hemispheres; DIENC = diencephalon; CBLM = cerebellum; B STEM = brain 
stem) of control (N=8) and yohimbine (2 mg/kg, i.v.; 15 min before the administration ofDCLHb; N=6; solid bars) treated 
rats. The measurements were made before (baseline), and 15 min (hatched bars), 30 min (cross-hatched bars) and 60 min 
(dotted bars) after the administration ofDCLHb to rats. *Indicates significant difference compared to baseline and +indicates 
significant difference compared to control. 
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Fig.2 The effect ofDCLHb (400 mglkg, i.v.) on the blood flow (percent change) and the vascular resistance (percent change) in the 
heart of control (N=8) and yohimbine (2 mglkg, i.v.; 15 min before the administration of DCLHb; N=6; solid bars) treated rats. 
The measurements were made before (baseline), and 15 min (hatched bars), 30 min (cross-hatched bars) and 60 min (dotted 
b3fS) after the administration ofDCLHb to rats. *Indicates significant difference compared to baseline. 
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Fig.3 The effect of DCLHb (400 mg/kg. i.v.) on the blood flow (percent change) and the vascular resistance (percent change) in the 
kidneys of control (N=8) and yohimbine (2 mglkg, i.v.; 15 min before the administration of DCLHb; N=6; solid bars) treated 
rats. The measurements were made before (baseline), and 15 min (hatched bars), 30 min (cross-hatched bars) and 60 min 
(dottcd bars) after the administration ofDCLHb to rats. "Indicates significant difference compared to baseline and 'indicates 
significant difference compared to control. 
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rig.4 Thc effect ofDCLHb (400 mg/kg, i.v.) on the blood flow (percent change) and the vascular resistance (percent change) in the 
portal system of control (N=8) and yohimbine (2 mg/kg, i.v.; 15 min before the administration of DCLHb; N=6; solid bars) 
treated rats. Thc measurements were made before (baseline), and 15 min (hatched bars), 30 min (cross-hatched bars) and 60 
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Lv.; 15 min before the administration ofDCLHb; N=6; solid bars) treated rats. The measurements were made before 
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Fig.7 The effect of DCLHb (400 mgikg, i.v.) on the distribution of cardiac output (percent 

change) to various organs of control (N~8) and yohimbine (2 mg/kg, i.v.; 15 min before 

the administration of DCLHb; N~6; filled cross-hatched bars) treated rats. The 

measurements were made before (baseline; solid bars), and 15 min (hatched bars), 30 min 

(cross-hatched bars) and 60 min (dotted bars) afier the administration ofDCLHb to rats. 

*Indicates significant difference compared to baseline. 
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Effect o/yohimbille pretreatmellt all DCLHb illduced challges ill portal circulatioll 
DCLHb significantly increased blood flow to the spleen (P < 0.01) 15 min after infusion, 

and the mesentery and pancreas (P < 0.005) 15 and 30 min aner infusion. There was no change 

in blood flow to the liver after DCLHb administration to control rats. Blood flow to the spleen 

decreased (P < 0.005) 60 min after the administration ofDCLHb (fig 4). Vascular resistance was 

found to be increased in the liver (P < 0.005) at 15, 30 and 60 min, spleen (P < 0.00 I) at 30 and 

60 min and pancreas and mesentery (P < 0.05) at 60 min after administration of DCLHb to 

control rats. Administration of yohimbine decreased blood flow to the spleen (P < 0.001). Blood 

flow to the liver and pancreas and mesentery was not affected, while vascular resistance was 
significantly decreased in the pancreas and mesentery (P < 0.005). When administered to 

yohimbine treated animals, DCLHb produced an increase in blood flow to the spleen (P < 0.05), 

liver (P < 0.05), and mesentery and pancreas (P < 0.05), while no significant change in vascular 

resistance was observed in the spleen, liver, or mesentery and pancreas. Blood flow to the 

pancreas and mesentery was significantly (F(l,12) ~ 5.84; P ~ 0.03) decreased in yohimbine 

treated rats as compared to control rats (fig. 4). The increase in vascular resistance induced by 
DCLHb in the liver of control rats was significantly (F(5,36) ~ 4.54; P ~ 0.002) attenuated by 

yohimbine pretreatment. Basal blood flow was 27 ± 3 mllmin/lOOg in liver, 117 ± 10 

mllminll00g in spleen and 25 ± 5 mllminllOOg in mesentry and pancreas. 

Effect of yohimbine pretreatment all DCLHb induced changes in gastrointestinal tract 

circulation 
Infusion ofDCLHb significantly increased blood flow to the stomach (P < 0.01), small 

intestine (P ~ 0.005), caecum (P < 0.05) and large intestine (P ~ 0.01) 15 and 30 min after 

administration to control rats. A significant (P < 0.0 I) increase in vascular resistance was also 
observed in the stomach, small intestine, caecum and large intestine at 60 min after DCLHb 
administration to control rats (fig 5). \Vhen administered to yohimbine treated rats, DCLHb 
produced an increase (P < 0.05) in blood flow to the small intestine, caecum and large intestine, 
while vascular resistance was not affected in most of the regions of gastrointestinal tract except 
the large intestine which showed a significant increase. The DCLHb induced increase in blood 
flow to the large intestine was significantl)' (F(5,36) ~ 6.23; P ~ 0.0003) attenuated by yohimbine 

pretreatment (fig 5). Basal blood flow was 39 ± 4 mliminllOOg in stomach, 143 ± 12 

mliminllOOg in small intestine, 153 ± 23 mliminlIOOg in coecum and 57 ± 8 mliminllOOg in 

large intestine. 
Effect of yohimbine pretreatment all DCLHb induced changes ill skin and museulo-skeletal 

circulation 

DCLHb significantly (P < 0.00 I) increased blood flow to the skin at 15, 30 and 60 min 

after infusion, while blood flow to the musculo-skeletal system remained unaffected after 
DCLHb administration to control rats. Vascular resistance was increased after DCLHb infusion 
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in the skin (P < 0.05) and musculo-skeletal system (P < 0.0001) of control rats (fig. 6). 

Yohimbine did not affect blood flow, but decreased vascular resistance to the skin and musculo
skeletal systcm. When administered to yohimbine treated rats, DCLHb significantly (P < 0.05) 

increased blood flow to the skin and musculo-skeletal system. This increased was associated 
with a decrease in vascular resistance in the skin. The increase in vascular resistance induced by 
DCLHb in the musculo-skeletal system of control rats was significantly (F(5,36) ~ 6.84; P ~ 

0.000 I) blocked by yohimbine pretreatmcnt (fig. 6). Basal blood flow was 5.2 ± 1.0 

ml/minll OOg in skin and 22.2 ± 1.6 mllminll ~Og in musculo-skeletal system. 

Effeci of yohimbine prelrealmenl on DCLHb induced challges in Ihe dislribulion of cardiac 
output 

DCLHb significantly (P < 0.05) increased the percent cardiac output to the 

gastrointestinal tract, skin and portal system, decreased the fraction of cardiac output to the 

musculoskeletal system, and had no effect on the fractional cardiac output to the brain, heart and 
kidneys (fig. 7). Yohimbine treatment significantly decreased the percent cardiac output to thc 

kidneys (F(I,II) ~ 13.96; P < 0.0001). All other regions remained unaffected after yohimbine 

treatment. When administered to yohimbine treated rats, DCLHb produced a significant (P < 
0.05) decrease in the percent cardiac output to the kidneys (fig. 7). 

7.4 Discussion 

The hemodynamic response to blood replacement with stroma-free haemoglobin differs 

from that observed with other fluids (Vogel el 01., 1986) and has been attributed to improved 

systemic oxygen delivery (Hauser el al., 1982). However, the vascular response to stroma~free 
haemoglobin is believed to be independent of oxygen affinity (Nees el 01., 1978). Although most 

stroma~free haemoglobin solutions have been reported to produce a pressor effect (Przybelski et 
01., 1991; Messmer el 01., 1977; Rabinovici el al., 1989; Kida el 01., 1991), the mechanism of this 

effect is not known. DCLHb has been shown to produce an increase in blood pressure in both 
conscious (Hamilton el 01., 1992) and anesthetized rats (Gulati and Rebello, 1994). DCLHb has 

also been found to produce marked regional circulatOl), changes (Sharma and Gulati, 1994). The 

present study provides evidence that a~adrenoceptors are involved in the systemic hemodynamic 
and regional circulatory changes induced by DCLHb. Yohimbine, an a2~adrenoceptor antagonist 
(Weiner, 1980), blocked the DCLHb induced increase in blood pressure and blood flow to the 

gastrointestinal tract. However, yohimbine pretreatment resulted in an increase in blood flow to 
the liver and brain following the administration of DCLHb which was not observed in control 

rats. 
The results of the present study are supported by earlier observations showing evidence 

that the pressor effect of DCLHb can be reversed by prazosin, an al~adrenoceptor antagonist 
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(Malcolm ef al., 1992). The pressor effect of DCLHb was not affected by cervical transection, 

or by bilateral adrenal demedullation, indicating that the pressor effect ofDCLHb is not mediated 

through the central nervous system or through the release of catecholamines from the adrenal 

medulla (Gulati and Rebello, 1994). It appears that the peripheral vascular system is directly 

involved in the cardiovascular actions ofDCLHb. Since a~adrenoceptors have an important role 
in the regulation of blood pressure (Hoffman and Lefkowitz, 1990), the role of adrenergic 

mechanisms in the pressor effect ofDCLHb was studied. DCLHb potentiated the pressor effect 

of norepinephrine, phenylephrine and clonidine (Gulati and Rebello, 1994), indicating that both 

Ct l - and ct2-adrenoceptors arc involved in the pressor effect of DCLHb. These studies indicate 
that DCLHb increases the sensitivity of peripheral vascular a-adrenoceptors. 

Traditionally, ct2-adrenoceptors have been classified as those C(2-adrenoceptors situated 
presynaptically, in contrast with ",-adrenoceptors, which are located postsynaptically. Peripheral 

postsynaptic vascular ctz-adrenoceptors are also now known to exist (Drew and \Vhiting, 1979; 
Van Zwieten and Timmemlans, 1983) and produce significant alterations in systemic 

hemodynamics and regional circulation (Flacke e/ al., 1990; Schmeling e/ al., 1991; Karlson e/ 

al., 1990). The distribution of ",-adrenoceptors varies in different tissues, and the coronary and 

skin blood vessels are known to possess these receptors (Hoffinan and Lefkowitz, 1990). 

Evidence exists for the mediation of cerebral vasoconstriction by postsynaptic «2-adrenoceptors 
(Tsukahara e/ al., 1986; Kanavati ef al., 1986). The present study provides evidence that ",

adrenoceptors are involved in the regional circulatory actions of DCLHb. 
The increase in the sensitivity of a-adrenoceptors observed after DCLHb infusion could 

be either due to a direct action ofDCLHb on these receptors or an indirect effect of interaction 

with other vasoactive mechanisms. Phosphoramidon, an inhibitor of pro-endothelin conversion 
to endothelin, attenuated the pressor effect of DCLHb (Schultz e/ al., 1993). There are studies 

which indicate that peripheral adrenergic receptors are sensitized by endothelin. The interaction 
of endothelin with norepinephrine was studied with regard to the effect on the perfusion pressure 
in rat mesenteric arteries. Endothelin-l at subpressor doses (10- 11 and 10·\0 M) enhanced the 

pressor response to norepinephrine (Tabuchi ef al., 1989). The vasoconstrictor response of 
norepinephrine in the rat isolated perfused tail artery was significantly potentiated by 
subthreshold concentrations of endothelin-l (Reid e/ al., 1991). Endothelin-l, at a concentration 

with no vasoconstrictor activity, enhanced the responses to perivascular stimulation and 
norepinephrine in the rabbit ear artery (Wong Dusting e/ al., 1991). The norepinephrine 

responses have been found to be potentiated by endothelin in human internal mammary and left 
anterior descending coronary arteries (Yang e/ al., 1990). The hypotensive effect is blocked, 

while the pressor effect of clonidine is potentiated, by endothelin-l treatment (Gulati and Srimal, 
1993). It could therefore be possible that DCLHb increases the synthesislrelease of endothelin 

which in turn increases the sensitivity of a-adrenoceptors. On the other hand, if DCLHb 
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increases the sensitivity of a-adrenoceptors which are responsible for the regional circulatory 
effects of DCLHb, then the blood flow to the skin, heart and brain should be reduced and not 

increased following DCLHb administration as observed in the present study. It is therefore clear 

that other vasoactive mechanisms are also involved in regional circulatory effects of DCLHb. 

Cardiovascular effects as a result of stimulation of a-adrenoceptors could be modulated 
by endothelium derived relaxation factor (EDRF). A basal release ofEDRF may nonspecifically 

oppose the effect of stimulation of c<,-adrenoceptors on vascular smooth muscle, probably due 
to functional antagonism (Martin el at., 1986). EDRF inhibits Ule release of norepinephrine from 

adrenergic nerves in rabbit carotid arteries and dog mesenteric arteries (Cohen and \Veisbrod, 
1988; Greenberg el at" 1990). It has also been demonstrated that the DCLHb-induced elevation 

in mean arterial blood pressure is mediated at least in part by the EDRF/nitric oxide system. L
arginine, the substrate for nitric oxide synthesis, and nitroglycerine, a nitric oxide donor, 

significantly reduced the pressor effect of DCLHb (Schultz el at., 1993). It is well known that 
nitric oxide is rapidly inactivated by haemoglobin (Gibaldi, 1993; Moncada and Higgs, 1993). 

Haemoglobin solutions have a direct scavenging action on nitric oxide and it is possible that 
DCLHb indirectly influences the adrenergic systems to produce cardiovascular actions as a 

consequence afthe interaction of haemoglobin with the nitric oxide and/or endothelin pathways, 
It is concluded that (l) DCLHb produces significant systemic hemodynamic and regional 

circulatory changes, (2) the increase in blood flow to the gastrointestinal tract induced by DCLHb 

could be blocked by yohimbine and (3) yohimbine pretreatment led to an increase in blood flow 
to the kidneys, liver and brain after DCLHb infusion. It is possible that the cardiovascular 

actions of DCLHb are mediated in part through the peripheral a2-adrenoceptors, 
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Chapter 8 

Role of nitric oxide mechanism in the cardiovascular effects of diaspirin crosslinked 

haemoglobin in anesthetized rats 

Summary 

The role of nitric oxide (NO) in the cardiovascular actions of diaspirin crosslinked 

haemoglobin (DCLHb) was studied in anesthetized rats. The regional circulatory and systemic 

hemodynamic effects ofDCLHb (400 mglkg iv) were studied using a radioactive microsphere 

technique in control (,mtreated) and L-arginine (NO precursor) pretreated rats. DCLHb produced 

a significant increase in blood pressure (75%), cardiac output (42%), stroke volume (36%) and 

total peripheral resistance (45%) without affecting heart rate, when administered to control rats. 

L-arginine pretreatment significantly attenuated DCLHb-induced systemic hemodynamic effects. 

DCLHb induced increase in blood flow to the skin and spleen was completely and to the heart 

was partially blocked by L~arginine pretreatment suggesting that cardiovascular actions induced 
by DCLHb could be antagonized by NO precursor, L-arginine. NO synthase (NOS) inhibitor, 

L-NAME (NG-nitro-L-arginine methyl ester), produced significant increases in regional vascular 

resistance leading to a decrease in blood flow to all the organs excepting heart, where an increase 

in blood flow and decrease in vascular resistance was observed. DCLHb when administered in 

L-NAME pretreated rats, accentuated the decrease in blood flow to the G1T, spleen, mesentery 

and pancreas, skin and musculoskeletal system. These studies provide evidence that NO 

precursor L-arginine can attenuate the effects ofDCLHb, and DCLHb can potentiate the effect 

of NOS inhibitor, L'NAME. The role of NO in the mechanism of action ofDCLHb was further 

studied by estimating plasma cGMP in control, DCLHb treated, L-NAME treated and L-NAME 

followed by DCLHb treated rats. DCLHb and L-NAME significantly decreased the 

concentration of circulating cGMP in the blood plasma. L-NAME pretreatment potentiated 

DCLHb-indnced decrease in cGMP levels. Since the formation of cGMP is stimulated by NO, 

these studies provide additional evidence for the involvement of NO in the mechanism of action 
of DCLHb. It is concluded that NO plays an important role in the cardiovascular effects of 

DCLHb. 

8.1 Introduction 

Modification of haemoglobin is being extensively carried out with the aim of developing a 

safe and effective blood substitute. A variety of haemoglobin solutions have been developed as 

resuscitative solutions (Chang, 1992). Diaspirin crosslinked haemoglobin (DCLHb) is a blood 

substitute derived from the haemoglobin of the human erythrocytes. DCLHb has been developed 

by crosslinking molecular haemoglobin between the a-subunits by a reaction with the diaspirin 

compound, bis (3,5·dibromosalicyl) fumarate (Chatterjee et al., 1986). The purification process 
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includes heat pasteurization of the solution (Estep ef al., 1989b; Estep ef al., I 989a). DCLHb 

has been found to be biochemically stable and possesses excellent oxygen carrying capacity 

(ChatteIjee ef al., (986). The crosslinking of the " subunits affords the haemoglobin a favorable 

oxygen dissociation curve (Vandegriff ef al., (989). DCLHb has been found to be an effective 

resuscitative fluid following hemorrhage (Przybelski ef al., (990). It has been demonstrated in 

swine that after partial or complete exchange transfusion with DCLHb, cardiac and renal 

functions were not affected sigluficantly (Hess ef al., 1989). DCLHb (10 mlikg of 14%) was as 

efficacious as nearly twice the volume of whole blood in the restoration of cardiovascular and 
tissue oxygenation parameters to hemorrhaged rats (przybelski ef al., (991). DCLHb has also 

been found to decrease the extent of focal cerebral ischemia induced by 10 min of middle 

cerebral artery occlusion in rats (Cole ef al., 1992). 

DCLHb has also been reported to produce a rapid and sustained increase in mean arterial 

pressure (Gulati and Rebello, 1994; Hamilton ef al., 1992). Purified stroma free haemoglobin 

(SFHb) solutions have been reported to produce vasoconstrictor activity in a variety of 

experimental models (Gilroy ef al., 1988; Vogel ef al., 1986). Unmodified human SFHb was 

found to produce an increase in blood flow to the heart, brain, liver, gut and kidneys of dog (Ning 
ef al., 1992). Yamakawa et a!. reported that SFHb solution when administered to rats, produced 

a marked vasodilatation of coronary blood vessels (Yamakawa ef al., 1990). DCLHb has also 

been demonstrated to produce significant increase in blood flow to the heart, gastrointestinal 
tract, spleen and skin and that the pressor effect is not associated with a decrease in blood flow 

to various organs in rats (Sharma and Gulati, 1994). 

Although DCLHb produces significant effect on the cardiovascular system only a few studies 

have been performed to detemline the mechanisms involved. Involvement of adrenergic receptors 
(Gulati and Rebello, 1994), endothelin (En and nitric oxide (NO) system (Schultz ef al., 1993) 

in the pressor effect ofDCLHb has been implicated. No study has been performed to determine 

the mechanism involved in the regional cireulatory effects of DCLHb. The aim of the present 

study was to detemline the role of NO in regional blood circulation and systemic hemodynamic 
effects ofDCLHb. Studies were performed to detennine systemic hemodynamics and regional 
blood circulation in rats, pretreated with (a) L-arginine, a precursor for NO and (b) L-NAME, a 

NO synthase inhibitor. The effect ofDCLHb on blood plasma concentration of cGMP in control 

and L-NAME pretreated rats was also detemlined. 

8.2 Materials and Methods 

Animals and surgical preparations 

Male Sprague-Dawley rats (Sasco-King Animal Co. Oregon, WI) weighing 340-390 g were 

used in the study. Rats were anesthetized with urethane (1.5 gikg, intraperitoneal). The left 
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femoral vein was cannulated (PE 50 tubing) for dmg administration. The left femoral artery was 

camlUlated (PE 50 tubing) and connected to a Gould P23 ID pressure transducer for recording 

the blood pressure on a Grass P7D polygraph through a 7PI preamplifier. The heart rate was 

recorded through a 7P4B Grass tachograph, triggered from blood pressure signals. In order to 

keep the blood pO" pCO, and pH constant, and to avoid the effect of respiration on blood 

pressure and heart rate, animals were kept on constant rate artificial respiration with ambient air 
by inserting an endotracheal cannula connected to a Harvard Rodent Ventilator Model 683. 

Arterial blood pO" pCO, and pH were measured using a pHlblood gas analyzer (ABL330 

Radiometer, Copenhagen, DClUnark). Total haemoglobin was measured using a hemoximeter 
(IL482 Co-oximeter system, Instrumentation Laboratory, Lexington, MA). The carotid artery 

of the right side was exposed and a PE 50 cannula was guided through the connnon carotid artery 

into the left ventricle. The presence of the cannula in the left ventricle was confirmed by 

recording the pressure on the Grass polygraph using the Statham P23 DC pressure transducer. 

\Vhen the cannula reached the ventricle, the diastolic pressure dropped to zero. The femoral 
artery of the right side was c",mulated and connected to a withdrawal pump (Harvard Model 22). 

Determillatioll of systemic hemodYllamics alld regional circulatioll 

At each measurement, a thoroughly mixed suspension of approximately 200,000 

microspheres (IS ± I ftm diameter) labeled with "Sc (Scandium), IIlSn (Tin), H'Ce (Cerium), 

"Nb (Niobium) or 'OJRu (Ruthenium) (New England Nuclear Corporation, Boston, MA) in 0.2 

ml saline were injected into the left ventricle and flushed with 0.4 ml saline over a 15 sec period. 
In order to calculate the blood flow, arterial blood was withdrawn at a rate of 0.5 ml/min through 

the right femoral artery. Blood was withdrawn for 90 sec starting about 5-10 sec before the 

microsphere injection. At the end of the experiment the animals were sacrificed with an 
overdose of pentobarbital sodium and all the tissues and organs were dissected out, weighed and 
placed in vials. The following tissues were studied: lungs, heart, liver, stomach, small intestine, 
caecum, large intestine, mesentery and pancreas, spleen, left kidney. right kidney, left cerebral 
hemisphere, right cerebral hemisphere, midbrain, cerebellum, brain stem, skin and 
musculoskeletal system. The radioactivity in the standards, the blood samples and the tissue 
samples were counted in a Packard Minaxi Auto-Ganmla 5000 series ganuna counter with preset 
windows discriminating the isotope energies. The following parameters were calculated: (l) 
cardiac output [(radioactivity injected x withdrawal rate of arterial blood) / radioactivity in 

sampled arterial blood]. (2) stroke volume [cardiac output / heart rate], (3) total peripheral 

resistance [mean arterial pressure / cardiac output], (4) regional blood flow [(radioactivity in 
tissue x withdrawal rate of arterial blood) / radioactivity in sampled arterial blood] and (5) 

regional vascular resistance [mean blood pressure / regional blood flow]. Infusion of an equal 
volume of saline did not affect the systemic hemodynamics or regional circulation. The effect 
of DCLHb (400 mg/kg iv) on the systemic hemodynamics and regional circulation, both in 
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normal and L-arginine treated rats, was studied. L-arginine (100 mglkg/h) infusion was started 

15 min prior to the administration ofDCLHb and continued throughout the experiment. L-NAME 

(10 mg/kg iv) was administered 15 min prior to the administration of DCLHb. The dose of 

DCLHb was selected on the basis of studies conducted previously (Gulati and Rebello, 1994; 

Hamilton ef al., 1992; Sharma and Gulati, 1994) which demonstrated that infusion of this dose 

ofDCLHb resulted in a near maximal pressor response. 

Determillatioll of cGMP ill tile blood plasma 

The plasma samples were assayed for cGMP as described earlier (Harper and Brooker, 

1975). TI,e blood sanlples were collected from the left femoral artery of rats, treated with either 

vehicle, DCLHb, L-NAME or L-NAME plus DCLHb, in plastic tubes containing EDTA (I 

mg/mt) and aprotinin (500 kJU/ml). The samples were centrifuged at 3,000 x g for 15 min at 

4°C and plasma was separated and assayed for cGMP. Supernatant was extracted 3 times with 

5 rol of water saturated ether and then samples were evaporated to dryness using nitrogen. The 
residue was dissolved in 50 mM sodium acetate buffer (PH 4.75). 

Aliqouts (0.5 ml) were taken from each sample aner ether extraction. Acetylation was done 

directly on each sample at room temperature by first adding 0.01 ml of triethylamine and then 

0.05 ml of acetic anhydride. Acetic anhydride was added to each sample immediately aner the 

addition of triethylamine in order to minimize the time that the sample is exposed to basic 

conditions. Cyclic GMP immunoassay was perfornled in 50 mM sodium acetate buner (PH 4.75) 

using cGMP RlA kit (Advanced Magnetics Inc., Cambridge, MA). The incubation mixture for 

RlA consisted of 100 III of standards or samples, 100 ~,I of tracer and 100 ~'l of anti-serum. The 

tubes were vortcxed and incubated overnight at 4°C. Next day, magnetic goat anti-rabbit IgG 
(500 ~tl) was added and incubated for 20 min at room temperature. The tubes were then placed 

in a magnetic separation unit for 10 min. The supernatant was decanted and radioactivity was 
determined using a Gamma Counter (packard Instmmcnts, Downers Grove, IL; Model Cobra 
5005) and the data was calculated. The concentration of cGMP was expressed as pmoles/ml of 

plasma. 

Drugs 

Diaspirin crosslinked haemoglobin (DCLHb) was prepared and provided by Baxter 

Healthcare Corp., Round Lake, IL. The physico-chemical characteristics of DCLHb were as 
follows: haemoglobin content 10.0 to 10.2 g/dl, methaemoglobin 1.7 to 5.4 g/dt, p50 at 37°C 32 

to 33 nmlHg (defined as the partial pressure of oxygen at which haemoglobin is 50 % saturated), 

osmolality "290 mOsmikg, sodilIDl "140 mEq/l, potassium "5 mEq/t, phospholipid contents 0.2 

ppm, endotoxin <0.125 EU/ml and crosslinking between ct subunits is 99.9 %. L-arginine and 
L-NAME were purchased from Sigma Chemicals Company, St. Louis, MO. and prepared freshly 

on each day of the experiment. 
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Statistics 

All data are presented as the mean values ± I SEM. Mean blood pressure (BP; mmHg) was 

calculated using the fonnula [(Systolic BP - Diastolic BP) I 3] + Diastolic BP. Heart rate was 

recorded as beats/min. At least 7 to 10 animals were used in each group. Data were subjected 
to an analysis of variance followed by a Duncan's test. A level of P < 0.05 was considered 

significant. 

8.3 Results 

Effect o/saline 011 systemic hemodynamics alld regiollal h1oodjlolV 

Saline (4 ml/kg iv) was administered to anesthetized rats (N ~ 10). The baseline blood 

pressure was 83.08 ± 4.21 mmHg. The blood pressure (80.70 ± 5.01 mmHg) did not change 

significantly (P > 0.05) following administration of saline. Similarly, heart rate, cardiac output, 
stroke volume and total peripheral resistance were not altered following saline administration, 
when compared with baseline. The basal blood flow to the brain (85.7 ± 7.15 ml/minilOO g 

tissue), heart (481 ± 63 ml/minilOO g tissue), liver (25.07 ± 2.56 ml/minilOO g tissue), spleen 

(83.54 ± 18.41 mllminilOO g tissue), mesentery and pancreas (21.51 ± 5.02 ml/minilOO g tissue), 

gastrointestinal tract (GIT) (116.83 ± 22 ml/minl100 g tissuc), kidneys (276.08 ± 27.06 

mllmin/100 g tissue), skin (5.22 ± 0.91 ml/minilOO g tissue) and musculoskeletal system (16.70 

± 1.56 ml/minilOO g tissue) was found to be unaltered following saline administration. Saline 

administration did not produce any significant change in regional blood flow to the brain (P > 
0.05), heart (P > 0.05), GIT (P > 0.05), liver (P > 0.05), spleen (P ~ 0.05), mesentery and 

pancreas (P > 0.05), skin (P > 0.05) and musculoskeletal system (P > 0.05), when compared to 

baseline. 

Effect of DCLHb 011 arterial blood gases alld total Itaelllogiobill 

The baseline values of pH, pO, and pCO, were found to be 7.34 ± 0,0\, 105.00 ± 3.57 

mmHg and 31.78 ± 2.04 mmHg, respectively. The pH, pO, and pCO, values were found to be 

7.35 ± 0.03, 103.27 ± 6.34 mmHg and 34.15 ± 2.73 mmHg, respectively at 15 min, 7.37 ± 0.03, 

103.03 ± 3.41 mmHg and 30.27 ± 1.44mmHg, respectively at 30 min and 7.36 ± 0.05, 97.23 ± 

7.09 mmHg and 31.12 ± 1.93 mmHg, respectively at 60 min after the administration ofDCLHb 

(400 mglkg iv). The total haemoglobin was 14.80 ± 0.37 gldl at baseline and 14.70 ± 0.31 gldl 

at 15 min, 13.17 ± 0.57 gldl at 30 min and 14.37 ± 0.56 gldl at 60 min after the administration 

ofDCLHb. Administration of saline or DCLHb did not produce any significant change in these 

values. 
Effect of L-arginine pretreatmellt 011 DCLHb-iJldllced challges ill systemic hemodYllamics 

DCLHb (400 mglkg iv) produced a significant (P ~ 0.012) increase in the blood pressure 

(75%), cardiac output (42%), stroke volume (36%) and total peripheral resistance (45%), while 
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heart rate was not affected when administered to control rats. However, infusion of DCLHb in 
L-arginine pretreated rats did not produce any significant effect on heart rate, blood pressure, 

cardiac output, stroke volume and total peripheral resistance (Table I). L-arginine pretreatment 

significantly blocked DCLHb-induced increase in blood pressure (P ~ 0.02), cardiac output (P 

~ 0.04) and stroke volume (P ~ 0.05) (Table I). L-arginine pel' se did not produce any significant 

effect on the blood pressure, heart rate, stroke volume, cardiac output and total peripheral 

resistance, when compared to baseline values. 
Effect of L-argiltille pretreatmellt 011 DCLHb-illdllced cltallges ill tlte regiollal bloodflow alld 

vascular resistance 
DCLHb produced a significant increase in blood flow to the heart (192%), GIT (60%), 

spleen (105%), mesentery and pancreas (102%), and skin (73%). L-arginine,per se, produced 

an increase in blood flow to the brain, heart and GIT. In L-arginine treated rats, DCLHb 

produced a significant increase in blood flow to the heart (118%), GIT (68%), mesentery and 

pancreas (63%). However, DCLHb produced a significant increase (32%) followed by a decrease 

(-17%) in blood flow to the skin and a decrease in blood flow to the musculoskeletal system of 

LMarginine pretreated rats. L-arginine significantly attenuated DCLHb-induced increase blood 
flow in the heart (P ~ 0.03), spleen (p ~ 0.05), and skin (P ~ 0.03), when compared with control 

rats. DCLHb significantly increased regional vascular resistance in the GIT, liver, spleen, kidneys 

and musculoskeletal system. L-arginine pel' se decreased vascular resistance in the heart. 

DCLHb, in L-arginine-treated rats, produced significant decrease in vascular resistance only in 
the heart. DCLHb showed significant increase in vascular resistance in the liver and 

musculoskeletal system ofL-arginine-treated rats (Figs. I and 2). 
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TABLE I Effect of DCLHb (400 mglkg iv; N = 10) on the systemic hemodynamics of 

control and L-arginine (100 mglkglh iv; N = 10) treated rats. 

Parameter Baseline 

Heart rate (beats/min) 

DCLHb 385 ± 16 

L-arginine + 
DCLHb 377 ± 11 

Blood pressure (mmHg) 

DCLHb 85.0 ± 4.4 

L-arginine + 
DCLHb 80.3 ± 4.7 

Cardiac output (ml/min) 

DCLHb 84.1 ± 5.2 

L-arginine + 
DCLHb 89.9 ± 7.8 

Stroke volume (ml) 

DCLHb 0.22 ± 0.0 I 

L-arginine + 
DCLHb 0.24± 0.02 

15min 

401 ± 12 

376± 9 

129.4 ± 10.3* 

117.3±7.4* 

113.7 ± 5.3* 

108.1 ± 14.4 

0.29 ± 0.01 * 

0.28± 0.03 

Total peripheral resistance (mmHg/l/min) 

DCLHb 908 ± 82 1182 ± 137 

L-arginine + 
DCLHb 964± III 1275 ± 218 

30min 60 min 

405 ± 12 399 ± 12 

370 ± 12 359 ± 14 

119.2 ± 12.3* 108.0 ± 7.0' 

98.3 ± 8.2 84.7 ± 7.4' 

110.9 ± 10.5* 82.2 ± 5.8 

94.8 ± 13.3 64.9 ± 6.54' 

0.28 ± 0.03* 0.23 ± 0.02 

0.25 ± 0.Q3 0.17 ± 0.02' 

1132 ± 154 1319± 112* 

1148±125 1302 ± 177 

*Indicates significant (P < 0.05) difference compared to baseline. +Indicates significant (P < 

0.05) difference compared to control rats. 
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Fig. I The effect of DCLHb (400 mglkg iv) on blood flow and regional vascular resistance 

(percent change from baseline) to the brain, heart, kidneys and gastrointestinal tract (OlT) 

at 15 min, 30 min and 60 min after administration tq control (untreated) and L-arginine 
(100 mglkglh iv infusion starting 15 min before the administration ofDCLHb) treated 

rats, *Indicates significant difference compared to baseline and +indicates significant 
difference compared to control group. 
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Fig, 2 The effect of DCLHb (400 mglkg iv) on blood flow and regional vascular resistance 

(percent change from baseline) to the liver, spleen, mesentery & pancreas (Mes & Pan), 
skin and musculoskeletal (Mus-Skel) syst(;m at 15 min, 30 min and 60 min after 

administration to control (untreated) and L-arginine (100 mg/kglh iv infusion starting 15 
min before the administration ofDCLHb) treated rats. *Indicates significant difference 
compared to baseline and +indicatcs significant difference compared to control group. 
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Fig.3 The effect ofDCLHb (400 mglkg iv) on heart rate (HR), mean blood pressure (MBP), 

cardiac output (CO), stroke volume (SV) and total peripheral resistance (TPR) (percent 

change from baseline) at 15 min, 30 min and 60 min after its administration to control 

and L·NAME (10 mglkg iv 15 min before the administration of DCLHb) treated rats. 

"'Indicates significant difference compared to baseline, # indicates significant difference 

compared to values obtained 15 min after L~NAME and +indicates significant difference 

compared to control group. 
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Fig.4 The effect ofDCLHb (400 mglkg iv) on blood flow and vascular rcsistance (percent 

change from baseline) to the brain, heart, gastrointestinal tract COlT), kidneys, liver, 
spleen, mesentery & pancrcas (Mes & Pan), musculoskeletal (Mus-Skel) system and skin 

at 15 min, 30 min and 60 min after its administration to L-NArvlE (10 mg/kg iv 15 min 
before the administration of DCLHb) treated rats. *Indicates significant difference 

compared to baseline, # indicates significant difference compared to values obtained 15 
min after L-NAME, and +indicates significant difference compared to control group. 
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Fig. 5 Concentration of cGMP in the blood plasma of control, L·NAME and DCLHb treated 

rats. Blood samples were collected 15 min after administration of vehicle (4 mllkg iv, N 
= 6), DCLHb (400 mglkg iv, N = 10), L·NAME (10 mglkg iv, N =7) and L·NAME (10 

mg/kg iv) plus DCLHb (400 mglkg iv) (N = 7) treated rats. 'Indicates significant 

difference compared to control group and +indicates significant difference compared to 

DCLHb group. 
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Effect of L-NAME pretreatmellt 011 DCLHb-illdllced chollges ill systemic hemodYllamics 

L-NAME (10 mglkg iv) per se produced significant increase in blood pressure (51 %) and 

total peripheral resistance (120%), and decrease in cardiac output (-19%) and stroke volume (-

14%). DCLHb, in L-NAME pretreated rats, did not produce any further increase in blood 

pressure. However, DCLHb significantly decreased the cardiac output and stroke volume in L
NAME treated rats, when compared to values obtained after L-NAME pretreatment. The decrease 

in cardiac output (P ~ 0.01) and stroke volume (P ~ 0.044) were found to be significantly more 

marked in L-NAME treated group than control group. TIle increase in total peripheral resistance 
in L-NAME-treated rats was found to be significantly (P ~ 0.04) greater than control group. 

DCLHb did not produce any further increase in the total peripheral resistance in L-NAME 

pretreated animals (Fig. 3). 

Effect ofL-NAME pretreatmellt 011 DCLHb-illdl/ced challges ill the regiollol bloodj/oJV amI 

vascular resistance 

L-NAME pel' se, did not produce any change in regional blood flow, however, an increase 
in vascular resistance was observed in the brain, GIT, liver, mesentery and pancreas, kidney and 
skin. DCLHb when administered to L-NAME treated rats produced a significant increase in 

blood flow to the heart (198%) and decrease in blood flow to the liver (-36%), mesentery and 

pancreas (-47%), kidneys (-48%) and musculoskeletal system (-56%). In L-NAME pretreated 

rats, DCLHb-induced effects on regional blood flow were found to be significantly attenuated 

in the GIT (P ~ 0.04), mesentery and pancreas (P ~ 0.02), kidneys (P ~ 0.04) and musculoskeletal 

system (P ~ 0.004) as compared to control group. DCLHb induced increase in blood flow to the 

heart was not affected by L-NAME pretreatment. L-NAME followed by DCLHb increased 

vascular resistance in the kidneys, spleen, mesentery and pancreas, whereas vascular resistance 
was found to be significantly decreased (-32%) in the heart. DCLHb induced effects on regional 
vascular resistance in L-NMfE pretreated rats, were found to be significantly higher in the GIT 
(P ~ 0.02), liver (P ~ 0.02), mesentery and pancreas (P ~ 0.005), kidneys (P ~ 0.04), skin (P ~ 

0.02), and musculoskeletal system (P ~ 0.01) as compared to control group (Fig. 4). DCLHb 

produces minimal decrease in vascular resistance in the heart, however, the decrease in vascular 
resistance is more marked in L-NAME pretreated rats (Figs. 1 and 4) 
Effect of DCLllb 011 tlte cGMP cOllcelltratioll ill tlte blood plasma 

In control animals, concentration of cGMP in the circulating at1erial blood plasma was 
found to be 7.43 ± 0.76 pmoles/ml (N ~ 6). Both L-NAME and DCLHb per se, produced a 

significant (P < 0.0001 and P < 0.0001, respectively) decrease in cGMP concentration in the 

circulating blood plasma. L-NAME followed by DCLHb administration significantly decreased 

cGMP levels when compared with either DCLHb (P ~ 0.02) or control (P < 0.000 I) group (Fig. 

5). 
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8.4 Discussion 

DCLHb, prepared by aa crosslinking within the haemoglobin tetramer, possess 

biochemical stability and has greater intravascular retention time than unmodified SFHb (Hess 

el al., 1989). It does not require cross-matching or typing prior to administration. DCLHb is 

devoid of white cells and other blood components which are known to release cytotoxic products. 

It does not interfere with coagulation cascade or the reticular endothelial system (Gulati el al., 

1994; Schultz el al., 1993). Infusion of DCLHb was associated with an increase in mean arterial 

pressure (Gulati and Rebello, 1994; Hamilton el al., 1992). The pressor effect ofDCLHb has 

been shown to be self-limiting and was not due to volume load or oncotic pressure (Hamilton e/ 

al., 1992). The results of present study indicate that the pressor effect of DCLHb was 

accompanied by an increase in total peripheral resistance and cardiac output. The increase in 
cardiac output was due to an increase in stroke volume while no significant change in heart rate 
was observed. DCLHb induced increase in cardiac output returned to baseline but total 
peripheral resistance increased significantly at 60 min after the infusion ofDCLHb. Thus, in the 
initial phase the pressor effect of DCLHb was due to increases in both cardiac output and total 
peripheral resistance, while in the later phase the pressor effect is only due to an increase in total 
peripheral resistance. 

Recent studies provide evidence that administration of DCLHb to rats produces 
significant regional circulatory changes (Sharma and Gulati, 1994; Sharma el al., 1994). 

Umnodified SFHb has also been reported to produce a transient increase in blood pressure and 
blood flow to the heart and GlT (Ning el al., 1992). However, significant differences have been 

observed in the regional circulatory effects of stroma-free haemoglobin and DCLHb (Gulati et 

al" 1994). In the present siudy, DCLHb was found to produce an increase in blood flow to the 

heart, GIT, splee~, skin and mesentery and pancreas, while no change occurred in blood flow 
to the brain, kidneys, liver and musculoskeletal system. An increase in vascular resistance was 
observed in the kidneys, GIT, liver and spleen. Musculoskeletal system which receives about 55 
% of the cardiac Ol~tput showed a marked increase in vascular resistance. These observations are 
similar to those reported earlier, where it was found that an increase in blood flow to several 
organs occurs due to an increase in percent distribution of cardiac output to those organs and a 

decrease in the percent distribution of cardiac output to the musculoskeletal system (Sharma and 
Gulati, 1994). 

It is well known that the iron in heme has an avid affinity for NO and that the NO 

released in several pathological situations is immediately inactivated by haemoglobin (Gibaldi, 
1993). Several studies indicate that NO system is involved in the regulation of regional blood 
circulation. Increases in rat cortical blood flow due to stimulation of cerebrovascular 
parasympathetic nerves can be blocked by L~NAME treatment and restored by infusion of L~ 
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arginine (Morita-Tsuzuki ef al., 1993). When administered to goats, L-NAME produced a 

significant decrease in cerebral blood flow and increase in blood pressure which could be 
reversed by L-arginine (Fernandez ef al., 1993). Inhibition of NO synthase activity by either L

NAME or NG-Nitro-L-arginillc produced constriction of small coronary arteries and arterioles 
(Jones ef al., 1993). Sigmon et al. found that systemic inhibition of NO synthesis leads to acute 

hypertension and increased peripheral vascular resistance (Sigmon ef al., 1993). The changes 

in vascular resistance are not evenly distributed to all vascular beds. They demonstrated that the 

NO system is a more important regulator of renal blood flow than of femoral blood flow. Hester 

et al. found that L-NAME attenuated the vasodilation of muscle arterioles in response to 

acetylcholine. The attenuation was more marked in first order and much less in second and third 
order blood vessels (Hester ef al., 1993). Since NO system is an important regulator of regional 

blood circulation, it could be possible that the regional circulatory effects of DCLHb are 

mediated through NO system. Studies were conducted to determine the role of NO in the 

mechanism of action of DCLHb. 

The results of the present study indicate that L-arginine, a precursor of NO, blocks the 

cardiovascular effects DCLHb. The increase in blood pressure, cardiac output, stroke volume 
and total peripheral resistance induced by DCLHb were completely blocked by L-arginine. 

DCLHb induced increase in blood flow to the spleen and skin was completely blocked by L

arginine pretreatment. While the increase in blood flow induced by DCLHb to the heart was 

partially blocked and to GIT and mesentery and pancreas was not blocked by L-arginine 

pretreatment. DCLHb did not produce any significant decrease in blood flow to the 

musculoskeletal system, of normal rats but produced a significant decrease in L-arginine 
pretreated rats. It has been shown that the pressor effect of DCLHb can be reversed either by 

increasing the endogenous pool of NO by administering L-arginine, a substrate for NO synthase, 
or by administering nitroglycerine, an agent that liberated NO (Schultz ef al., 1993). 11,e present 

study also shows that systemic hemodynamic and regional circulatory effects of haemoglobin 
based blood substitutes could be attenuated by increasing the generation of endogenous NO. The 
increased generation tends to compensate for the inactivation of NO by haemoglobin. It is 

interesting to note that systemic hemodynamic effects of DCLHb are completely blocked and 

most of the regional circulatory effects ofDCLHb are also blocked by L-arginine. These studies 

provide evidence that NO system is, at least in part, involved in the cardiovascular effects of 
DCLHb. 

Further studies were conducted using L-NAME, a NO synthase inhibitor. It was found 
L-NAME produced an increase in blood pressure and total peripheral resistance and a decrease 
in cardiac output and stroke volume. \Vhen DCLHb was administered to L-NAME treated rats 
no further increase in blood pressure or total peripheral resistance was observed but further 
decrease in cardiac output and stroke volume was produced. L-NAME did not affect blood flow 
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to various organs but produced a significant increase in vascular resistance in the brain, GIT, 
kidneys, liver, musculoskeletal system and skin. DCLHb when administered to L·NAME treated 

rats produced a significant increase in blood flow to the heart and decrease in blood flow to the 

liver, GIr, kidneys, liver, spleen, mesentery and pancreas, musculoskeletal system and skin. 
DCLHb produced a significant increase in vascular resistance in the GIT, kidneys, liver, spleen, 
mesentery and pancreas, musculoskeletal system and skin. Vascular resistance in the heart was 
significantly decreased by DCLHb in L·NAME rats. These observations suggest that L·NAME 

leads to a decrease in the generation of NO thereby reducing the dilator action of endogenous 

NO, thus producing an increase in vascular resistance and blood pressure. DCLHb due to NO 
scavenging action produces a further increase in regional vascular resistance and a decrease in 
blood flow to various organs. It appears that L·NAME has reduced NO levels to such an extent 

in some organs that not much was available for DCLHb to scavenge upon. Thus, in most of the 
organs no further regional circulatory effects were produced by DCLHb. TIle only organ, where 

DCLHb produced effect was the heart. It appears that either NO mechanisms are extremely 

potent in the heart as compared to other vascular beds or some other mechanism is also involved 

in the increase in blood flow to the heart by DCLHb. 

The physiological and phannacological actions of NO are all mediated by the activation 

of soluble guanylate cyclase and the consequent increase in the concentration of cyclic guanosine 
monophosphate (cGMP) (Moncada and Higgs, 1993). Studies were conducted to determine the 

concentration of cGMP in control, DCLHb, L·NAME and DCLHb plus L·NAME treated rats. 

It was found that both DCLHb and L·NAME significantly decreased the concentration of cGMP 

indicating that L·NAME has reduced the fomlation of NO, while DCLHb has removed the 

available NO leading to decrease in the activity of guanylate cyclase and consequent decrease in 
cGMP. It was interesting to note that when DCLHb was given in L·NAME pretreated rats a 

further decrease in cGMP concentration was observed indicating that although L-NAME 
decreased the formation of NO but whatever NO was available was scavenged by DCLHb. 

Recent studies have shown that haemoglobin solutions may also act through other 
mechanisms. \Vhen administered to rats, DCLHb has been shown to produce a potentiation of 
the blood pressure effects of norepinephrine and phenylephrine (Gulati and Rebello, 1994). The 

pressor effect ofDCLHb was attenuated by phosphoramidon, an endothelin converting enzyme 
inhibitor (Schultz ef al., 1993). It appears that besides NO, other mechanisms are also involved 

in the cardiovascular actions of haemoglobin based blood substitutes. However, this study 
provides clear evidence for the role of NO in systemic hemodynamics and the regional 

circulatory effects of DCLHb. 
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Chapfer 9 

Effect of diaspil'in cl'osslinked and stroma-reduced haemoglobin on mean arterial pressure 

and endothelin-l concentration in rats 

Summary 

The effect of unmodified stroma reduced (SRHb) and modified diaspirin crosslinked 

(DCLHb"") haemoglobin solutions on the mean artcrial pressure and endothelin-I (ET-I) 

concentration in blood plasma and various tissues was studied. Infusion of DCLHb or SRHb 

increased mean arterial blood pressure by 96 % and 39 %, respectively. Heart rate was not 
significantly affected by DCLHb or SRHb. A significant increase (P < 0.003) in tile ET-Ilcvels 

in blood plasma aftcr DCLHb and SRHb infusion was observed. The increase in plasma ET-I 

concentration was significantly more marked with SRHb (141 %) as compared to DCLHb (78 

%) treated rats. The concentration of ET-l in the heart and brain regions was not altered in 
DCLHb and SRHb treated rats as compared to control. However, ET-I concentration was 

significantly increased in the thoracic aorta (lSI %) and renal medulla (272 %) of DCLHb 

treated rats. SRHb treated rats also showed a significant increase in ET -1 concentration in the 
thoracic aorta (141 %) and renal medulla (429 %). The effect ofSRHb on the renal mednlla was 

found to be significantly greater than that ofDCLHb. ET may be one ofthe factors responsible 

for the cardiovascular effects of haemoglobin solutions. 

9.1 Introduction 

Modified haemoglobin solutions are being developed as promising resuscitative solutions 
and offer several advantages as compared to alternatives (Bonbard, 1975; Kaplan and Murphy, 

1975; Moss ef al., 1976; DeVcnuto and Zegna, 1978). The effect of haemoglobin solutions 

on vascular activity has been of interest for decades. Haemoglobin solutions have been 
reported to produce a rapid and sustained increase in mean arterial pressure (Messmer et al., 

1977; Jesch ef al., 1982; Rabinovici el al., 1989). Several studies have been performed 

demonstrating cardiovascular actions of stroma free haemoglobin solutions. Purified stroma 
free haemoglobin solutions have been reported to produce vasoconstrictor activity in a variety 
of experimental models (Gilroy ef al., 1988; Vogel ef al., 1986). Recently, it has been 

reported that an unmodified human stroma-free haemoglobin solution produces an increase in 
the blood flow to the heart, brain, Iivcr, gut and kidneys of the dog (Ning ef al., 1992). 

DCLHb is an oxygen carrying protein prepared by cross-linking human haemoglobin 

between the a-subunits by means of a rcaction with the diaspirin compound, bis(3,S

dibromosalicyl) fumarate (Chatterjee ef al., 1986). The purification process used to produce 

DCLHb includes heat pasteurization of the solution (Estep ef al., 1989b; Estep ef al., 1989a) 

to inactivate any contaminating viruses and precipitate undesired proteins. DCLHb is 
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biochemically stable and possesses excellent oxygen carrying capacity (Chatterjee ef al., 1986). 

DCLHb has also been shown to increase the mean arterial blood pressure (przybelski ef al., 

1990; Gulati and Rebello, 1994) and blood flow to several organs (Gulati and Sharma, 1994; 

Sharma and Gulati, 1994). The cardiovascular effects of DCLHb appear to be mediated 

through the nitric oxide (NO) (Schultz ef al., 1993; Katsuyama ef al., 1994), endothelin (ET) 

(Schultz ef al., 1993) and adrenergic systems (Gulati and Rebello, 1994). Although studies 

have implicated the role of ET, the effect of haemoglobin on ET has not been well studied 

(Schultz ef al., 1993). No study has been performed to determine the effect of haemoglobin 

solutions on the endogenous concentration of ET. The present study was conducted to 

determine the effect of DCLHb and SRHb on blood pressure and the endogenous concentration 

ofET-l in blood plasma and various tissues. 

9.2 Materials and Methods 

Drugs and chemicals 

Diaspirin cross-linked haemoglobin (DCLHb) was prepared and provided by Baxter 

Healthcare Corp., Round Lake, IL. Stroma-reduced haemoglobin (SRHb) was prepared at 

Baxter Healthcare Corp., Round Lake, IL by a method similar to that described earlier (Zager 

and Gamelin, 1989). Briefly, outdated human RBCs were separated by centrifugation and 

lysed by adding 2 vol of distilled water per 1 vol of RBCs followed by two freeze thawing 

procedures. The lysed cells were centrifuged for 15 min at 26,000 g. The supernatant 

containing the SRHb was collected and used for subsequent testing. The physicochemical 

properties of DCLHb were methaemoglobin 4.1 %, sodium 141 mEqll, chloride 112 mEqll 

and phospholipids 0.2 ppm, while those of SRHb were methaemoglobin 12.8 %, sodium 114 

mEqll, chloride 137 mEqll and phospholipids >50 ppm. DCLHb (400 mg/kg; 10 %) and 

SRHb (400 mg/kg; 10 %) were administered in a volume of 4 mllkg of solution through the 

left femoral vein. C"IJTyr"-ET-l (human, porcine) was purchased from DuPont NEN 

Research Products, Wilmington, DE. SEP-Columns (200 mg), rabbit anti-ET-l (porcine, 

human) serum, normal rabbit serum and goat anti-rabbit IgG serum were purchased from 
Peninsula Laboratories Inc., Belmont, CA. The radioimmunoassay buffer consisted of 19 mM 

NaH,PO" 81 mM Na,HPO" 0.05 M NaCI, 0.1 % bovine serum albumin, 0.1 % TritonX-l00 

and 0.01 % NaN,. 

Animals 

Male Sprague-Dawley rats (Sasco-King Animal Co. Oregon, WI), acclimatized to the 

environment, weighing 300-350 g were used in the study. Rats were anesthetized with 

urethane (1.5 g/kg, intraperitoneally). The left femoral vein was cannulated (PE 50 tubing) 
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for dmg administration. The left femoral artery was cannulated (PE 50 tubing) and connected 

to a Gould P23 ID pressure transducer for recording the blood pressure on a Grass P7D 

polygraph through a 7PI preamplifier. The heart rate was recorded through a 7P4B Grass 

tachograph, triggered from the blood pressure. In order to keep the blood po" pCO, and pH 

constant and to avoid the effect of respiration on blood pressure and heart ratc, animals were 
kept on constant rate artificial respiration by inserting an endotracheal cannula connected to 
a Harvard Rodent Ventilator Model 683. 

Collection of samples 

In another group of rats the animals were sacrificed 15 min after administration of saline, 
DCLHb or SRHb. Arterial and venous blood samples were collected in plastic tubes 

containing ethylenediaminetetraacetate (I mg/ml) and aprotinin (500 kIU/mi), centrifuged (15 

min, 4 'C, 1000 x g) and the plasma was collected. Plasma was mixed with an equal volume 

of20% acetic acid and centrifuged (15 min, 4'C, 1000 x g) and the supernatant was collected 

for subsequent assay. Tissue samples were collected in another group of rats which were 

anesthetized and circulating blood was removed following perfusion with saline. Brain regions 
(hypothalamus, pons and medulla, cerebral cortex, pituitary and midbrain), heart, kidneys and 

thoracic aorta were dissected out and weighed. Tissues were homogenized in 10% acetic acid 
(10 ml per gram wet weight) using a Polytron homogenizer (seUing 5 for 20 sec). The 

homogenate was centrifuged at 49,000 x g for 15 min at 4 'C, and the supernatant was 

collected for subsequent assay. 

Determination of ET -1 concentration by radioimmunoassay 
The radioimmunoassay for ET-I was carried out as described earlier (Singh e( al., 1994). 

All reagents were kept in ice and all procedures were performed at 4 'C. The SEP-columns 

were activated by successively washing with 3 ml methanol, 2 ml water and 2 mi of 10% acetic 

acid solution. The samples, collected as described earlier, were slowly applied to the column 

and then allowed to flow through the column at the rate determined by gravity. The columns 

were washed with 2 ml of 10% acetic acid followed by 3 ml of ethyl acetate. ET was eluted 

with 1.5 ml of elution buffer (I : 4; 0.05 M ammonium bicarbonate solution: methanol) into 

polypropylene nlbes. The eluate was evaporated to dryness under a gentle stream of nitrogen 

gas. The recovery was found to be 86% by this method. The radioimmunoassay was 

performed using antibodies specific for ET-I (Peninsula Lab. Inc, Belmont, CAl. This 

antibody has only 7% cross reactivity with ET-2 or ET-3. The incubation mixture for the 

radioimmunoassay consisted of 100 Itl of standards or samples and 1001'1 of rabbit anti-ET-I 

serum. The tubes were vortexed and incubated overnight at4'C. The next day, C"I) ET-I 

(100 ItI) was added and the mixnlre vortexed and incubated for 24 hours. On day 3, goat anti

rabbit IgG serum (100 1'1) and normal rabbit serum (100 1'1) were added to all the nlbes, 
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vortexed and incubated for 2 h at room temperature. Radioimmunoassay buffer (500 1(1) was 

added, the tubes were vortexed and then centrifuged at 1,700 g for 20 min. The supernatant 

was carefully aspirated and the radioactivity in the pellet was detemlined using Packard 

Ganmla Counter (Model Cobra 5005). The concentration of ET-I was detennined from the 

standard plots of % total (B)/total-nonspecific (BJ bindings (BIB,) versus log dose (pg) and 

expressed as pglml in plasma and pglg wet weight in tissues. 

Statistics 

All data are presented as mean values ± SEM. Mean blood pressure (BP; mmHg) was 

calculated using the fonnula [(Systolic BP - Diastolic BP) 13] + Diastolic BP. Heart rate was 

recorded as beats/min. Data were analyzed by analysis of variance followed by Duncan's test 

or Scheffe's S-test. A value of P < 0.05 was considered to be significant. 

9.3 Results 

Effect of DCLHb and SRHb on blood pressure and heart rate 

DCLHb (400 mglkg, Lv.) produced a significant increase (p = 0.0001) in mean arterial 

pressure. SRHb (400 mglkg, Lv.) also produced a significant (P = 0.0215) pressor effect 

(Fig. I). The increase in arterial pressure was immediate and lasted for more than 60 min 

following infusion of both haemoglobin solutions. The pressor effect of DCLHb was 

significantly (P = 0.02) more marked than that produced by SRHb. DCLHb and SRHb did 

not affect the heart rate. The infusion of an equal volume of saline did not produce any 

significant effect on mean arterial pressure or heart rate. 
Effect of DCLHb and SRHb on ET-l concentrations in blood plasma 

Endogenous ET-I like immunoreactivity was found to be similar in both the venous and 

arterial blood plasma samples of control (untreated) rats. Administration of both haemoglobin 

solutions significantly increased the concentration of ET -1 like immunoreactivity in blood 
plasma obtained from either the arterial (p = 0.01) or venous (P = 0.01) side of the 

circulation when compared with saline treated rats. The concentration of ET-l like 
immunoreactivity was found to be significantly greater in SRHb treated rats, in both arterial 
(P = 0.02) and venous (P = 0.04) blood plasma samples as compared to DCLHb treated rats 

(Fig. 2). 

Effect of DCLHb and SRHb on ET-l concentrations in brain regions 

Administration of haemoglobin solutions did not affect the concentration of ET-I like 

immunoreactivity in any of the brain regions (hypothalamus, cerebral cortex, midbrain, pons 
and medulla) studied (Fig. 3). 
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Chapter 9 

Fig. I The effect of saline (4 mlikg, i.v.; N~7), DCLHb (400 mgikg, i.v.; N~6) and SRHb (400 

mgikg, i.v.; N~6) on the mean arterial pressure (mmHg) and heart rate (beats/min) at 0 

min, 2, 5, 10, 15,30 and 60 min after administration to rats. * indicates significant 

difference as compared to control (saline) and # indicates significant difference as 

compared to SRHb treated rats. 
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Endothelin concentration and hemoglobin solutions Chapter 9 

Effect of DCLHb and SRHb on ET-l concentrations in peripheral regions 

Infusion of haemoglobin solutions significantly increased the concentration of ET -I like 

immunoreactivity in the thoracic aorta of DCLHb (p = 0.03) and SRHb (p = 0.04) treated 

rats as compared to control. There was no change in ET -1 concentration in the heart and renal 
cortex, however, there was a significant increase in ET -1 like immunoreactivity in the renal 
medulla of DCLHb (p = 0.0002) and SRHb (p = 0.0001) treated rats as compared to control. 

The concentration ofET-llike immunoreactivity was significantly greater in the renal medulla 

of SRHb treated rats (p = 0.016) as compared to DCLHb treated rats (Fig. 4). 

9.4 Discussion 

Early attempts at preparing haemoglobin based blood substitutes involved hypotonic lysis 

of human red blood cells followed by crude separation of haemoglobin from insoluble red cell 

membranes, but these haemoglobin solutions produced significant toxicity. Elimination of red 

cell stromal contaminants from haemoglobin solution by gentle lysis, centrifugation and 

filtration resulted in haemoglobin preparations that did not produce significant toxicity in dogs 

or primates (Rabiner et al., 1967). Nevertheless the apparently stroma-free haemoglobin 

solutions produced significant adverse effects in human volunteers (Savitsky et aI., 1978) 

which were attributed to the presence of low levels of impurities (Bunn, 1993). Most of the 

previous studies, irrespective of the stromal contents, have described the haemoglobin solutions 

as stroma-free haemoglobin or purified stroma-free haemoglobin or highly purified stroma-free 

haemoglobin. In the present study we have denoted as stroma-reduced haemoglobin (SRHb) 

a haemoglObin preparation in which the stromal contents have been partially removed (Zager 

and Gamelin, 1989) from the soluble haemoglobin. The term stroma-free should ideally mean 

free of any stromal contents. DCLHb is not only a highly purified, but also chemically 

modified haemoglobin preparation. The phospholipid content which is a useful indicator of 

red cell membrane components (Biessels et al., 1992) was found to be more than 50 ppm in 

SRHb, but in the order of 0.2 ppm in DCLHb. 

Haemoglobin based blood substitutes have been reported to produce marked hemodynamic 

changes (Vogel et al., 1986). DCLHb, a promising resuscitative solution (przybelski et al., 

1991; Malcolm et al., 1992) exhibits a pressor effect in the rat (przybelski et al., 1990; Gulati 

and Rebello, 1994) sin,i1ar to that reported for other haemoglobin solutions (Rabinovici et al., 

1989; Waschke et al., 1993; Kida et al., 1991). Intravenous injection of ET-l into animals 

causes an initial decrease in blood pressure which is followed by a prolonged pressor response 
(Inoue et al., 1989) both in anesthetized and chemically denervated rats and in conscious rats 

(Miyauchi et al., 1989; Rohllleiss et al., 1990; King et al., 1990). ET participates in the 
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maintenance of blood flow of peripheral small resistance vessels and has been implicated in the 

regulation of blood circulation (Masaki, 1994). ET acts on its receptors to produce biological 

actions. It is well known that ET receptors have a wide-spread distribution (Gulati and Srimal, 

1992) and that at least two types of ET receptors exist. ETA receptors have high affinity for 

ET-l as compared to ET-3 (Arai ef al., 1990) and ETa receptors have equal affinity for ET-l 

and ET-3 (Saknrai ef al., 1990). ETA receptors are mainly responsible for the vasoconstrictor 

effect of ET-l and ETa receptors have been shown to release NO, and thus, are responsible 

for the vasodilator action of ET-l (de Nucci ef aI., 1988). It is possible that haemoglobin 

solutions release ET-l which could be responsible for their cardiovascular effects. We studied 

the hemodynamic and ET-l immunoreactivity changes induced by umnodified, partially 

purified (SRHb) and modified, purified (DCLHb) haemoglobin solutions in blood plasma, 

brain and peripheral regions. 

High levels of ET -1 like immunoreactivity were observed both in venous and arterial blood 

plasma of DCLHb and SRHb treated rats. This observation suggests that the hemodynamic 

alterations produced by DCLHb and SRHb infusion could be due to increased levels of ET-l 

in the blood circulation. SRHb treated rats exhibited higher levels of plasma ET-l like 

immunoreactivity in comparison to DCLHb treated rats, suggesting that SRHb produces a 

more marked effect on ET generation or release. If plasma ET levels are responsible for the 

cardiovascular effects of haemoglobin solutions, it would be expected that the pressor effect 

of SRHb would be more marked than DCLHb. However, the present study clearly shows that 

the pressor effect of DCLHb is more marked than that of SRHb. It is not known whether the 

excess release of ET-l by SRHb contributes more towards the action of ET-l on ETa receptors 

causing excessive release of NO, thus leading to the reduced pressor effect. 

The differences in the ability of SRHb and DCLHb to initiate an inflammatory reaction 

have been demonstrated (Burhop ef al., 1992). Infusion of SRHb in sheep has been found to 

increase the plasma concentrations of C3a and thromboxane 13" while DCLHb did not elicit 

any increase in C3a and thromboxane 13, (Burhop ef al., 1992). The presence of phospholipids 

in the SRHb solution could be responsible for the differences in observed responses. 

Phosphoramidon, an inhibitor of pro-ET conversion to ET, attenuated the pressor effect of 

DCLHb (Schultz ef al., 1993). It appears that haemoglobin solutions enhance either the 

conversion ofpro-ET to ET or the release ofET. Oxyhaemoglobin has been found to increase 

the production of ET-l by endothelial cells in culture (Ohlstein and Storer, 1992; Cocks ef al., 

1991). Although significant changes in blood plasma ET-l concentration were observed 

following administration of SRHb and DCLHb, only a few tissues showed an alferation in ET-

1 concentration. In brain regions. there was no significant change observed in ET-l like 

immunoreactivity after DCLHb or SRHb infusion, probably because haemoglobin and ET-l 
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do not cross the blood brain barrier. No change in ET-1 concentration was observed in the 

heart and renal cortex. However, in the thoracic aorta and renal medulla, a significant increase 
in ET-1 concentration was produced by DCLHb and SRHb. 

High levels of ET like immunoreactivity have been detected in red blood cells and it was 

found that ET like immunoreactivity coeluted with haemoglobin (Remsen and Lundberg, 

1992). In the present study an extraction procedure was performed using SEP-columns which 

have been shown to reduce the coelution of ET like immunoreactivity with haemoglobin 

(Remsen and Lundberg, 1992). Since ET-1levels were significantly increased in the tissues 

(thoracic aorta and renal medulla) and the interference of haemoglobin solutions in tissue 

homogenate preparation is not possible, therefore the increase in ET-1 concentrations following 

administration of SRHb or DCLHb appear to be due to either increased generation andlor 

release of ET. It is not clear whether the increase in the concentration of ET is likely to 

contribute to the pressor effect of SRHb or DCLHb. Intravenous injection of ET into animals 

Causes an initial decrease in blood pressure which is followed by a prolonged pressor response 

(Inoue et al., 1989) both in anesthetized and chemically denervated rats and conscious rats 

(Miyauchi et al., 1989; Robmeiss et al., 1990; King et aI., 1990). On the other hand, a low 

dose of ET produces hypotension and vasodilatation of isol~ted perfused arteries ill vitro 
(Lippton et al., 1988; Kitazumi et al., 1990). ET-1 produces markedly different effects on 

blood circulation in different regions (Wright and Fozard, 1988; Le Monnier de Gouville et 
al., 1990; Gardiner et al., 1990; Minkes and Kadowitz, 1989). For example, after ET-1 

infusion blood flow decreased in splanchnic areas, while it increased in the skeletal muscles. 
ET -1 can therefore cause either vasodilatation or vasoconstriction depending on the region 
(Inoue et al., 1989; Gardiner et al., 1990). Disruption of the ET-1 gene by homologous 

recombination to generate mice deficient in ET-1 resulted in elevated blood pressure in these 

mice. The response of blood pressure to exogenous ET-1 was not different between ET-1 +1-

heterozygous and ET-1 +1+ wild-type mice indicating that blood pressure elevation in ET-1 

deficient mice is not due to hypersensitivity to ET-1 (Kurihara et al., 1994). Due to conflicting 

reports, the exact role of ET-1 in the regulation of blood pressure is not clear. It is difficult 

to speculate on the exact role of ET-1 in the cardiovascular effects of haemoglobin solutions, 

but it appears that the pharmacological effects of haemoglobin solutions are also influenced by 

the process of preparation and purification of haemoglobin solutions. 
The results of the present study clearly demonstrate that haemoglobin solutions, DCLHb 

and SRHb, lead to an increase in ET -1 like immunoreactivity in blood plasma, thoracic aorta 
and renal medulla. It is speculated that the interaction of haemoglobin solutions with the ET 

system contributes to some of the phannacological actions of haemoglobin solutions. 
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Chapter 10 

Role of cndothelin converting enzyme in the systemic hemodynamics and regional 
circulatory effects of proendothelin-I [1-38) and diaspirin crosslinked haemoglobin in rats 

Summary 

Diaspirin crosslinked haemoglobin (DCLHbThI
; Baxter Healthcare Corp.) is a promising 

haemoglobin based oxygen carrying resuscitative solution. DCLHb (400 mgikg, Lv.) produces 

significant cardiovascular effects when administered to conscious or anesthetized rats along with 
an increase in plasma endothelin-l (ET -1) levels. Present studies were perfonned to detennine 
whether the cardiovascular effects of DCLHb are due to an increase in the conversion of proET-l 
to ET-I by endothelin converting enzyme (ECE). The regional circulatory and systemic 

hemodynamic effects ofproET-1 (20 ~g/kg, Lv.) and DCLHb (400 mg/kg, Lv.) were detennined 

using a radioactive microsphere technique in control and phosphoramidon (endothelin converting 
enzyme inhibitor) pretreated rats. Administration of proET -1 produced an immediate increase 
in mean arterial pressure (52%) and total peripheral resistance (55%), stroke volmne and cardiac 

output were not affected in the initial phase but were decreased subsequently. Heart rate was not 
affected following administration of proET-I. A significant increase in blood flow to the heart 

(39%), brain (46%), kidneys (74%), portal system (40%), and gastrointestinal tract (42%, GlT) 

was also observed following administration ofproET-l. Vascular resistance was found to be 
significantly increased in the mesentery and pancreas (168%) and musculo·skeletal system 

(147%), and decreased in the kidneys (-II %) following administration of proET-1. 

Phosphoramidon (4 mglkg, i.v.) pretreatment attenuated the increase in mean arterial pressure 
and total peripheral resistance induced by proET -1. Phosphorarnidon pretreatment significantly 
attenuated the proET -1 induced increase in blood flow to the heart, brain, kidneys, portal system 
and GIT. The increase in vascular resistance induced by proET-I in the mesentery and pancreas 
and musculo-skeletal system was also attenuated by phosphoramidon. DCLHb increased mean 
arterial pressure (63%) and total peripheral resistance (54%) without affecting heart rate. 

DCLHb increased blood flow to the heart (95%), GlT (45%), portal system (43%) and skin 

(79%) and increased vascular resistance in the musculo-skeletal system (58 %). In 

phosphoramidon treated rats, DCLHb increased mean arterial pressure (99%), heart rate (25%), 

cardiac output (37%), and total peripheral resistance (60%). DCLHb increased blood flow to the 

heart (104%), brain (66%), kidneys (49%), GlT (59%), portal system (63%) and skin (100%) 

when administered to phosphoramidon treated rats. Phosphoramidon did not attenuate any of 
the DCLHb induced cardiovascular effects. It is concluded that proET-1 increases blood flow 

to various organs and phosphoramidoll, an ET converting enzyme inhibitor, could block the 
proET-1 induced increases in regional blood flow. DCLHb induced increase in blood flow to 

several organs could not be blocked by phosphoramidon indicating that the cardiovascular ef)'ects 

ofDCLHb are not due to an increase in the conversion ofproET-1 to ET-I. 
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10.1 Introduction 

Modified haemoglobin based solutions are being developed as potential resuscitative 

solutions and several advantages of these solutions over non-haemoglobin based resuscitative 
solutions have been reported (Kaplan and Murphy, 1975; Moss ef al" 1976). DCLHb is a 

modified haemoglobin solution derived from hlunan erythrocytes. It is prepared by cross-linking 

haemoglobin between the a-subunits, within the haemoglobin tetramer, by means of a reaction 
with the diaspirin compound, bis(3,5-dibromosalicyl) fumarate (Chatterjee ef al., 1986). It is 

purified by heat pasteurization to inactivate any contaminating viruses and precipitate any 
undesirable proteins (Estep ef al., 1989). It possesses biochemical stability and exhibits a greater 

intravascular retention time than unmodified haemoglobin. (Hess ef al., 1989; Estep ef al" 1991) 

It is not degraded in the blood stream nor does it accumulate in the tissues, but it is rapidly 

catabolized in tissues to low molecular weight compounds and eliminated through the urine and 
feces (Estep ef al., 1991) DCLHb does not require cross-matching or typing prior to 

administration, is less viscous than whole blood, and may be better able to carry oxygen through 

narrowed vessels to ischemic tissues due to the smaller size of the haemoglobin molecule 

relative to the erythrocytes. DCLHb is devoid of white cells and other blood components which 

are known to contribute to ischemic tissue injury by releasing cytotoxic products. It does not 
interfere with the coagulation cascade, or the reticular endothelial system. In situations 
simulating clinical settings, DCLHh was found to be effective as a resuscitative fluid following 
hemorrhage in rats, even at volumes one-half that of whole blood (przybelski ef al., 1991). It 
was found that DCLHb maintains cardiac and renal functions after partial or complete exchange 
transfusions in swine (Hess ef al., 1989). 

Earlier studies have shown that DCLHb infusion produces an increase in MAP in 
anaesthetized (Gulati ef al., 1994; Gulati and Rebello, 1994) and conscious (Schultz ef al., 1993) 

rats. This increase in MAP appears to be due to pharmacological properties of DCLHb and is 
not due to volume load or oncotic pressure (Hamiltou ef al., 1992). DCLHb has also been found 

to produce a significant increase in blood flow to several organs such as the heart, GIT, portal 
system and skin. The increase in blood flow to these organs is accompanied by an increase in 
vascular resistance in the musculoskeletal system (Shanna and Gulati, 1994). Studies have been 

carried out to detennine the pathogenesis ofDCLHb induced cardiovasculareffccts. It has been 
established that endothelial cells play an important role in the regulation of vascular tone by 

producing vasoactive substances such as nitric oxidc, which produce relaxation of the blood 
vessels (Vanhoutte el al., 1986). L-arginine, the substrate for nitric oxide synthesis, and 
nitroglycerine, a nitric oxide donor, significantly reduced the DCLHb induced increase in MAP 
when infused 15 min after DCLHb admiuistration (Schultz ef al., 1993). Another vasoactive 

substance produced by endothelial cells is ET-I, a potent vasoconstrictor peptide (Yanagisawa 
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el al., 1988). We have observed that plasma ET-l concentration increases after DCLHb 

administration and the cardiovascular effects of DCLHb could be blocked by pretreatment with 

an ET-l receptor antagonist, BQ-123 (Gulati el al., 1996). It could be possible that DCLHb 

increases the conversion ofproET-1 to ET-I which could be responsible for the cardiovascular 

actions of DCLHb. This hypothesis is supported by the observation that oxyhaemoglobin 

increases the production ofET-l by endothelial cells in culture (Cocks el al., 1991; Ohlstein and 

Storer, 1992). It has also been found that the pressor effect of DCLHb could be attenuated by 

pretreatment with an ECE inhibitor, phosphoramidon (Schultz el al., 1993). No study has yet 

been performed to determine the effect of an ECE inhibitor on DCLHb induced regional 

circulatory changes. Since ET-l is known to act in a paracrine manner (Sharma and Gulati, 

1995) and is a potent regulator of vascular tone, it was thought that studying the role ofECE on 

the regional circulatory effect of DCLHb, rather than on MAP, would be more appropriate. 

The present studies were conducted to determine whether systemic hemodynamic and 
regional circulatory effects ofDCLHb and proET-l could be attenuated by phosphoramidon. 

10.2 Materials and Methods 

Animals and surgical preparations 

Male Sprague-Dawley rats (Sasco-King Animal Co. Oregon, Wis.) weighing 325-350 g were 

used in the study. Rats were anesthetized with urethane (l.5 gikg, Lp.). The left femoral vein 

was carmulated (PE 50 tubing) for drug administration. The left femoral artery was cannulated 

(PE 50 tubing) and connected to a Gould P23 lD pressure transducer for recording the blood 

pressure on a Grass P7D polygraph through a 7PI preamplifier. The heart rate was recorded 

through a 7P4B Grass tachograph, triggered from blood pressure signals. In order to keep the 

blood pO" pCO, and pH constant, and to avoid the effect of respiration on blood pressure and 

heart rate, animals were kept on constant rate artificial respiration by inserting an endotracheal 
cannula connected to a rodent ventilator (model 683, Harvard Apparatus Inc., South Natick, 
Mass.). Arterial blood pO" pCO, and pH were measured using a pHlblood gas analyzer 

(ABL330 Radiometer, Copenhagen, Denmark). TIle carotid artery of the right side was exposed 

and a PE 50 tubing was guided through the common carotid artery into the left ventricle. The 

presence of the crumula in the left ventricle was confinned by recording the pressure on the Grass 
polygraph using the Statham P23 DC pressure transducer (Grass Instrument Co., Quincy, Mass.). 

\Vhen the cannula reached the ventricle, the diastolic pressure dropped to zero. The femoral 
artery of the right side was cannulatedwd connected to a withdrawal pump (Harvard Model 22). 

Total haemoglobin, percent oxyhaemoglobin, carboxyhaemoglobin and methaemoglobin 
were measured using a hemoximeter (IL4&2 Co-oximeter system, Instrumentation Laboratory, 

139 



Endothelin converting enzyme and hemoglobin solutions Chapter 10 

Lexington, Mass, USA). Total oxygen content was calculated as [Hb x 1.39 x %O,Hb] and 

oxygen capacity was calculated as [THb x 1.39 x (%RHb+%O,Hb)]. 

Determination of systemic hemodynamics and regional circulation 

At each measurement, a thoroughly mixed suspension of approximately 100,000 

microspheres (15 ± I flm diameter) labeled with 46SC (Scandium), IIlSn (Tin), 14ICe (Cerium), 

"Nb (Niobium) or IOJRu (Ruthenium) (New England Nuclear Corporation, Boston, Mass.) in 0.2 

ml saline were injected into the left ventricle and flushed with 0.4 ml saline over a 15 sec period. 

In order to calculate the blood flow, arterial blood was withdrawn at a rate of 0.5 mllmin through 

the right femoral artery. Blood was withdrawn for 90 sec starting about 5-10 sec before the 

microsphere injection. At the end of the experiment the animals were sacrificed with an 

overdose of pentobarbital sodhun and aU the tissues and organs were dissected out, weighed and 
placed in vials. TIle following tissues were studied: lungs, heart, liver, stomach, small intestine, 
caecum, large intestine, mesentery and pancreas, spleen, left kidney, right kidney, left cerebral 
hemisphere, right cerebral hemisphere, midbrain, cerebellum, brain stem, skin and the rest of the 
body consisting of muscles and bones. The radioactivity in the standards, the blood samples and 

the tissue samples were counted in a Packard Minaxi Auto-Ganuna 5000 series gamma counter 
(Packard Instrument Co., Downers Grove, III.) with preset windows discriminating the isotope 
energies. The following parameters were calculated: (l) cardiac output, (2) stroke volume, (3) 

total peripheral resistance, (4) regional blood flow and (5) regional vascular resistance. TIle data 

were calculated using the computer programs described earlier (Saxena ef af., 1980). The 

animals were divided into five groups. The effect of DCLHb (400 mgikg, i.v.) on the systemic 

hemodynamics and regional circulation was studied in normal (group I, N~9) and 

phosphoramidon (4mg/kg, i.v.; group 2, N~8) treated rats. The effect ofproET-1 (20 ~g/kg, i.v.) 

was studied in normal (group 3, N~8) and phosphoramidon (4 mg/kg, i.v.; group 4, N~8) treated 

rats. Saline was administered in the fifth group (N~7) and did not produce any significant effect 

on cardiovascular parameters (data not presented). DCLHb, proET-l and saline were 
administered in equal volumes. Phosphoramidon was administered 30 sec prior to either proET-
1 or DCLHb. The dose of DCLHb was selected on the basis of studies conducted previously 

(Gulati and Rebello, 1994; Hanlilton ef af., 1992) which demonstrated that infusion of this dose 

of DCLHb resulted in a ncar maximal pressor response The doses of proET-l and 

phosphoramidon were also selected based on a previous study (Schultz ef af., 1993). 

Statistics 
All data are presented as the mean values ± I SEM. Mean arterial pressure (MAP; mmHg) 

was calculated using the formula [(Systolic BP - Diastolic BP) / 3] + Diastolic BP. Heart rate 

was recorded as beats/min. Data were analyzed by two way analysis of variance followed by 
Duncan's test. A level ofP < 0.05 was considered significant. 
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10.3 Results 

Blood gases were not affected by either saline or DCLHb. The baseline values of pH, pO, 

and pCO, were found to be 7.4 ± 0.08, 146 ± 36 mmHg and 29.8 ± 7.8 mmHg, respectively. 

Following treatment with saline the pH, pO, and pCO, values were found to be 7.4 ± 1.10, 157 

± 7 mmHg and 27.6 ± 3.4 mmHg, respectively. Following treatment with DCLHb the pH, pO, 

and pCO, values were found to be 7.4 ± 0.05, 141 ± 8 mmHg and 28.4 ± 1.6 mmHg, 

respectively. The baseline hemoximeter values were: total haemoglobin ~ 14.3 ± 1.1 g/dl, 

oxyhaemoglobin ~ 95.9 ± 1.2 %, carboxyhaemoglobin ~ 0.9 ± 0.7 %, methaemoglobin ~ 1.2 ± 

0.2 %, deoxyhaemoglobin ~ 2.1 ± 1.4 %, oxygen content ~ 19.0 ± 1.3 vol%, oxygen saturation 

~ 97.9 ± 1.4 % and oxygen capacity ~ 19.5 ± 1.5 vol%. Administration of saline or DCLHb did 

not change these values significantly. 

Effect of phospho rami don on proET-l induced changes in systemic hemodynanlics 
Administration of proET-1 (20 ~gikg, Lv.) produced an immediate increase in MAP 

[F(3,28) ~7.73; P ~ 0.0007] and TPR [F ~ 2.07; p ~ 0.04] which lasted for 60 min in control 

(untreated) rats. No immediate change in CO and SV was observed, but a delayed decrease in 
CO and SV was observed after the administration ofproET-1 to control rats. ProET-1 had no 

effect on HR in control rats (Table I). Phosphoramidon (4 mgikg, Lv.) per se did not produce 

any significant change in systemic hemodynamics in rats (data not shown). In phosphoramidon 

(4 mg/kg, Lv.) pretreated rats, the effect of proET-1 on the increase in MAP and TPR was 

significantly attenuated as compared to control rats. However, the delayed decrease in SV and 
CO induced by proET-1 was not affected by pretreatment with phosphoramidon (Table I). HR 

was found to be significantly increased in phosphoramidon treated as compared to control rats 
(Table I). 
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Table I Effect of proET-I (20 ~g/kg, i.v.) on the percent change in systemic 

hemodynamic parameters of control (vehicle, N = 8) and phosphoramidon (4 

mg/kg, i.v., 30 sec before the administration ofproET-I; N = 8) pretreated rats. 

Parameter Baseline 15 min 30 min 60 min 

---------------.---------------------------------------------------

Percent Change 

Heart rate (beats/min) 

proET-I 372± 30 0.3 ± 5.3 1.5 ± 5.7 4.7 ± 3.4 

Phos. + proET-I 336 ± 18 1I.7±5.2 17.2 ± 5.5' 17.5 ± 3.7'# 

Mean DP (mmHg) 

proET-I 63±4 51.7 ± 5.8' 39.9 ± 7.8' 16.3 ± 7.6 

Phos. + proET-I 65 ± 3 18.6 ± 7.5*# 34.6 ± 6.1' 14.1 ± 3.8' 

Cardiac output (mllmin) 

proET-I 87±6 0.3 ± 6.7 -9.7 ± 4.8 -13.7 ± 5.4' 

Phos. + proET-I 77±4 -0.3 ± 4.6 -0.7 ± 5.7 -16.8 ± 5.6' 

Stroke Volume (ml) 

proET-I 0.25 ± 0.02 0.4 ± 5.6 -9.7 ± 5.9 -16.6 ± 6.6' 

Phos. + proET-1 0.22 ± 0.01 -8.7 ± 7.1 -13.8 ± 6.6 -29.1 ±4.I' 

TPR (mmHgIlImin) 

proET-I 719 ± 58 55.3 ± 10.3* 58.3 ± 12.6' 39.4 ± 13.8' 

Phos. + proET-1 830± 62 16.6 ± 8.8# 39.5 ± 11.4' 40.6 ± 8.8' 

'p < 0.05 as compared to baseline and #p < 0.05 as compared to control (proET-I). 
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Table 2 Effect of DCLHb (400 mg/kg, Lv.) on the percent change in systemic 

hemodynamic parameters of control (vehicle, N = 9) and phosphoramidon (4 

mgikg, Lv., 30 sec before the administration of DCLHb; N = 8) pretreated rats. 

Parameter Baseline 15 min 30min 60 min 

Percent Change 

Heart rate (beats/min) 

DCLHb 397 ± 16 1.3 ± 1.8 1.9 ± 1.7 1.2± 104 

Phos. + DCLHb 324 ± 25 19.0 ± 4.3*# 20.2 ± 5.1*# 24.7 ± 6.7*# 

Mean BP (mmHg) 

DCLHb 74±6 63.1 ±4.1* 53.7 ± 8.0* 35.9± 8.9* 

Phos. + DCLHb 63±3 98.6 ± 8.8*# 81.6 ± 10.9*# 72.0 ± 15.7* 

Cardiac output (ml/min) 

DCLHb 96±6 19.4 ± 5.2 34.5 ± 16.9 -9.8 ± 3.5 

Phos. + DCLHb 87 ± 5 36.7 ± 504' 18.0 ± 11.6 10.8 ± 11.4 

Stroke Volume (ml) 

DCLHb 0.24± 0.01 17.6 ± 4.8 32.8 ± 17.9 -10.8 ± 3.5 

Phos. + DCLHb 0.28 ± 0.03 16.1±6.9 -204 ± 7.5 -11.7 ± 6.2 

TPR (mmHg/l/min) 

DCLHb 803± 92 37.9 ± 8.6' 22.9 ± 11.4* 54.0 ± 6.6* 

Phos. + DCLHb 741 ± 47 46.1 ± 6.1 * 59.8 ± 11.8' 60.4 ± 14.7' 

*p < 0.05 as compared to baseline and #p < 0.05 as compared to control (DCLHb). 
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Fig. I The effect of proET-l (20 Ilgikg, i.v.) and DCLHb (400 mgikg, i.v.) on blood flow 

(mllmin/l 00 g tissue) and vascular resistance (mmHglmllmin/1 00 g tissue) in the cerebral 

hemispheres (C HEM), diencephalon (DIENC), cerebellum (CBLM) and brain stem (B 

STEM) before (baseline; solid bars) and at 15 min (hatched bars), 30 min (cross hatched 

bars) and 60 min (dotted bars) after administration in control (untreated) and 

phosphoramidon (4 mg/kg, i.v.; 30 sec before the administration ofproET-l or DCLHb) 

treated rats. * Indicates significant difference as compared to baseline and # indicates 

significant difference as compared to control group. 
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Fig.2 The effect of proET-l (20 IIgikg, i.v.) and DCLHb (400 mgikg, i.v.) on blood flow 

(mllminllOO g tissue) and vascular resistance (mmHg/rnllmin/lOO g tissue) in the heart 
before (baseline; solid bars) and at 15 min (hatched bars), 30 min (cross hatched bars) 

and 60 min (dotted bars) after administration in control (untreated) and phosphoramidon 

(4 mg/kg, i.v.; 30 sec before the administration ofproET-l or DCLHb) treated rats. * 
Indicates significant difference as compared to baseline and # indicates significant 

difference as compared to control group. 
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Fig.3 The effect of proET-I (20 ftg/kg, Lv.) and DCLHb (400 mg/kg, Lv.) on blood flow 

(mllminll 00 g tissue) and vascular resistance (mmHglmllmitvl 00 g tissue) in the kidneys 

before (baseline; solid bars) and at 15 min (hatched bars), 30 min (cross hatched bars) 

and 60 min (dotted bars) afier administration in control (untreated) and phosphoramidon 

(4 mglkg, Lv.; 30 sec before the administration ofproET-1 or DCLHb) treated rats. * 
Indicates significant difference as compared to baseline and # indicates significant 

difference as compared to control group. 
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Fig.4 The effect of proET-I (20 ~gikg, Lv.) and DCLHb (400 mgikg, Lv.) on blood flow 

(ml/minllOO g tissue) and vascular resistance (mmHg/mllmin/lOO g tissue) in the liver, 

spleen and mesentery and pancreas (MES & PAN) before (baseline; solid bars) and at 15 

min (hatched bars), 30 min (cross hatched bars) and 60 min (dotted bars) after 

administration in control (untreated) and phosphoramidon (4 mglkg. Lv.; 30 sec before 

the administration ofproET-1 or DCLHb) treated rats. * Indicates significant difference 

as compared to baseline and # indicates significant difference as compared to control 

group. 
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Fig.5 The effect of proET-I (20 Ilglkg, Lv.) and DCLHb (400 mglkg, Lv.) on blood flow 

(mllminllOO g tissue) and vascular resistance (mmHglmliminllOO g tissue) in the 

stomach, small intestine CSI), caecum and large intestine (LI) before (baseline; solid bars) 

and at 15 min (hatched bars), 30 min (cross hatched bars) and 60 min (dottcd bars) after 

administration in control (untreated) and phosphoramidon (4 mglkg, Lv.; 30 sec before 

the administration ofproET-l or DCLHb) treated rats. * Indicates significant difference 

as compared to baseline and # indicates significant difference as compared to control 

group. 
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Chapter 10 

Fig.6 The effect of proET-I (20 Ilglkg, Lv.) and DCLHb (400 mglkg, Lv.) on blood flow 

(ml/min/IOO g tissue) and vascular resistance (mmHg/ml/min/IOO g tissue) in the skin 

and musculo-skeletal system (MUS-SKEL) before (baseline; solid bars) and at IS min 

(hatched bars), 30 min (cross hatched bars) and 60 min (dotted bars) after administration 

in control (untreated) and phosphoramidon (4 mglkg, Lv.; 30 sec before the 

administration ofproET-1 or DCLHb) treated rats. * Indicates significant difference as 

compared to baseline and # indicates significant difference as compared to control group. 
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Effect of phosphor amidon on proET-l induced changes in regional blood circulation 

Administration ofproET-1 (20 ~glkg, Lv.) produced a significant increase in blood flow 

to the cerebral hemispheres [F(3,28 = 3.59; P = 0.01], diencephalon [F(3,28) = 2.88; P = 0.01], 

cerebelltull [F(3,28) = 2.71; P = 0.03] and brain stem [F(3,28) = 2.35; P = 0.03], and to the heart 

[F(3,28) = 8.42; p = 0.0003] of control (untreated) rats (Figures I and 2). ProET-I increased 

blood flow to the left [F(3,28) = 8.55; P = 0.0004] and right kidneys [F(3,28) = 8.44; p = 0.0004] 

15 and 30 min after administration to control rats (Figure 3). Administration ofproET-1 also 

increased blood flow to the liver [F(3,28) = 3.91; P = 0.01] and spleen [F(3,28) = 6.4; P = 0.001] 

in control rats (Figure 4). ProET-I increased blood flow to the stomach [F(3,28) = 2.0 I; P = 

0.04], small intestine [F=(3,28) 2.51; p=0.03] and caecum [F=2.15; p = 0.03] after administration 

to control rats (Figure 5). ProET-I significantly decreased blood flow to the musculo-skeletal 

system [F(3,28) = 1.86; p = 0.03] and mesentery and pancreas [F(3,28) = 2.46; P = 0.03] 

following administration to control rats (Figures 4 and 6). 

ProET -1 produced a significant increase in vascular resistance in the musculo-skelctal 
system and mesentery and pancreas [F(3,28) = 2.57; p=0.03] after administration to control rats 

(Figures 4 and 6). A significant decrease in vascular resistance in the left [F(3,28) = 2.09; P = 

0.05] and right kidneys [F(3,28) = 3.33; p = 0.01] was also observed following administration 

ofproET-1 to control rats (Figure 3). 

Phosphoramidon (4 mglkg, Lv.) per se did not produce any significant change in regional 

blood circulation in rats (data not shown). Prctreatment with phosphoramidon (4 mg/kg, i. v.) 

significantly blocked the proET-I-induccd increase in blood flow to the cerebral hemispheres 

[F(l, 14) = 6.07; P = 0.03], diencephalon [F(I, 14) = 6.26; p = 0.02], and cerebellum [F(I, 14) = 

5.87; P = 0.03] (Figurc I). Phosphoramidon significantly attenuated the proET-I-induced 

increase in blood flow to the heart [F(l,14) = 5.61; p = 0.03], and left [F(l,14) = 18.39; P = 

0.0008] and right kidneys [F(l,14) = 21.63; P = 0.0004] (Figures 2 and 3). Pretreatmcnt with 

phosphoramidon significantly attenuated proET -I-induced increase in blood flow to the small 

intestine [F(l,14) = 7.27; P = 0.02] and caecum [F(l,14) = 4.25; p = 0.05] (Figure 5). 

Phosphoramidon pretreatment significantly blocked the proET-l-induced increase in blood flow 
to the liver [F(I,14) = 5.58; P = 0.03] and spleen [F(I,14) = 4.56; p = 0.05] (Figure 4). 

Phosphoramidon pretreatment did not block the decrease in blood flow induced by proET -I to 

the mnsculo-skeletal system (Figure 6). 
The increase in vascular resistance in the musculo-skeletal system [F(3,28) = 5.03; p = 

0.004] induced by proET-I was not blocked by phosphoramidon pretreatment (Figure 6). 

However, phosphoramidon pretreatment significantly attenuated the proET -I-induced decrease' 

in vascularresistance in the left [F(l, 14) = 8.1; p = 0.003] and right kidneys [F(l, 14) = 12.8; p 

= 0.003] (Figure 3). The increase in vascular resistance in mesentery and pancreas was not 
observed in phosphoramidon pretreated rats (Figure 4). 
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Effect of phosphoramidon on DCLHb induced changes in systemic hemodynamics 

DCLHb (400 mgikg, Lv.) produced a significant [F(3,32) = 2.34; P = 0.05) increase in 

MAP (63%) and TPR (54%) following administration in control (untreated) rats. The HR was 

not significantly affected following administration ofDCLHb (Table 2). 

In phosphoramidon (4mg/kg, i.v.) pretreated rats DCLHb produced a significant increase 

in HR(25%), MAP (99%), CO (37%), SV (16%) and TPR (60%). Phosphoramidon pretreatment 

did not block any of the systemic hemodynamic effect produced by DCLHb (Table 2). TI,e effect 

of DCLHb on MAP was accentuated which was accompanied by an increase in HR in 

phosphoramidon pretreated rats. 

Effect of phospho ... midon on DCLHb induced changes in regional blood circulation 

Administration of DCLHb (400 mgikg, Lv.) significantly increased blood flow to the 

heart [F(3,32) = 2.24; P = 0.04) in control rats (Figure 2). The blood flow was also significantly 

increased to the stomach [F(3,32) = 2.24; P = 0.04), small intestine [F(3,32) = 5.29; P = 0.003), 

caecum [F(3,32) = 5.24; P = 0.004), and large intestine [F(3,32) = 3.39; P = 0.04) following 

administration ofDCLHb (Figure 5). DCLHb increased blood flow to the spleen [F(3,32) = 2.20; 

p = 0.05), mesentery and pancreas [F(3,32) = 4.74; p= 0.007), and skin [F(3.32) 2.71; P = 0.04) 

following administration in control rats (Figures 4 and 6). The blood flow to the other regions 

was not significantly affected following administration of DCLHb. 

DCLHb significantly increased vascular resistance in the musculo-skeletal system 
[F(3,32) = 5.10; P = 0.005) and spleen [F(3,28) = 1.63; P = 0.05) when administered to control 

rats (Figures 4 and 6). The vascular resistance in other regions was not significantly affected 
following administration of DCLHb to control rats. 

In phosphoramidon (4 mgikg, Lv.) pretreated rats, DCLHb produced a significant increase 

in blood flow to the cerebral hemispheres [F(3,28) = 2.42; P = 0.03), cerebellmn [F(3,28) = 2.78; 

P = 0.03) and brain stem [F(3,28) = 2.22; P = 0.05) (Figure 1). DCLHb also produced a 

significant increase in blood flow to the left [F(3,28) = 3.45; P = 0.006) and right kidneys 

[F(3,28) = 105; P = 0.009) following administration to phosphoramidon treated rats (Figure 3). 

Phosphoramidon pretreatment did not block any ofthe blood flow changes induced by DCLHb. 

DCLHb significantly increased the vascular resistance in the musculo-skeletal system 
[F(3,28) = 4.4; p = 0.004) when administered to phosphoramidon treated rats (Figure 6). 

Phosphoramidon pretreatment did not block any of the vascular resistance changes induced by 
DCLHb. An increase in vascular resistance was observed in the kidneys following 
administration of DCLHb to phosphoramidon treated rats (Figure 3). 
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10.4 Discussion 

DCLHb was found to produce a significant pressor effect which was due to a significant 

increase in TPR and a small increase in SV and CO. The blood flow to the heart, GIT, portal 

system and skin was fotmd to be increased following administration of DCLHb. Vascular 

resistance was increased significantly in the musculoMskelctal system. These cardiovascular 
effects of DCLHb were similar to those observed earlier (Shanna and Gulati, 1994; Shamm e/ 

al., 1994). The present studies were conducted to determine whether the cardiovascular effects 

ofDCLHb arc due to an increase in the conversion ofproET-l to ET-! as a result of stimulation 
of ECE. Phosphoramidon has been shown to block the conversion of proET-I to ET-I by 

inhibiting the activity of ECE (Matsumura e/ al., 1990a; Matsumura e/ al., 1990b). 

Phosphoramidon has no cardiovascular effects by itself but produces significant attenuation of 
most of the cardiovascular responses to human proET-l[1-38] in conscious Long Evans rats 
(Gardiner e/ al., 1991). Present studies conducted in urethane anesthetized rats clearly 

demonstrate that the cardiovascular effects of proET-1 could be significantly blocked by 

pretreatment with phosphoramidon. However, DCLHb induced cardiovascular effects could not 

be attenuated by pretreatment with phosphoranlidon. 

ProET -1 produced a significant increase in blood pressure in rats similar to that observed 
by others (Haleen e/ al., 1993; Hoffman e/ al., 1994). The increase in blood pressure was due 

to a significant increase in TPR, while CO was not affected by the administration of proET-I. 

PIDET -1 was found to produce a decrease in blood flow and increase in vascular resistance in the 
musculo-skeletal system and mesentery and pancreas. Vascular resistance was not affected in 
the brain, heart, liver, spleen, GIT and skin but was decreased in the kidneys. An increase in 
blood flow was observed in the brain, heart, kidneys, liver, spleen and GIT. Phosphoramidon 
did not block the proET -1 induced increase in vascular resistance and decrease in blood flow to 
the musculo-skeletal system. but the increase in vascular resistance and decrease in blood flow 
in the mesentery and pancreas was attenuated by phosphoramidon pretreatment. 
Phosphoramidon also attenuated the increase in blood flow induced by proET-I in the brain, 

heart, kidneys, liver, spleen and GIT. Thus 1110St of the cardiovascular effects of proET -I were 

significantly attenuated by phosphoramidon. These results are similar to several other studies 
indicating that phosphoramidon attenuated the cardiovascular effects ofproET-l (Le Monnier 
de Gouville and Cavero, 1991). It has also been found that intra-arterial injections of proET-I 

produced a slowly developing increase in hindquarters perfusion pressure in cats which could be 
blocked by phosphoramidon (Tamura e/ al., 1994). Phosphoramidon attenuated a dose

dependent decrease in skin blood flow induced by local administration of proET-I in rats 

(Lawrence and Brain, 1993). However, it has also been found that the degree of inhibition of the 
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regional hemodynamic effects of proET-I by phosphoramidon differs in different vascular beds 

(Gardiner ef al., 1991). 

It has been found that DCLHb. produces an increase in plasma ET-l like 

immunoreactivity, (Gulati ef al., 1995) and it could be possible that some ofthe cardiovascular 

effects ofDCLHb could be due to an increase in circulating ET-I levels. Further studies indicate 

that the cardiovascular effects ofDCLHb could be significantly attenuated by pretreatment with 

BQ-123, a specific ETA receptor antagonist (Gulati ef al., 1996). These studies suggest that 

cardiovascular effects of DCLHb may be mediated through the ET system. However, in the 

present study phosphoranlidon did not block any ofthe cardiovascular effects of DCLHb. These 

results do not agree with a previous study in which it was found that the pressor effect ofDCLHb 

was substantially attenuated by phosphoramidon (5 mgikg, Lv.) pretreatment (Schultz ef al" 

1993). The differences could be attributed to the fact that (1) a lower dose (280 mg/kg, Lv.) of 

DCLHb was used in the previous study while we uscd a higher dose (400 mg/kg, Lv.) ofDCLHb; 

(2) Urethane anesthetized rats were used in the present study while Schultz et al. used conscious 

rats (Schultz ef al., 1993); (3) The baseline MAP was lower in the present study as compared to 

the other study. The rats used by Schultz et al. showed significantly different baseline values of 

MAP in the DCLHb and phosphoramidon + DCLHb groups while the baseline values in our 

group are similar in both the groups (Schultz ef al., 1993). We observed a significantly greater 

pressor effect with DCLHb in phosphoramidon treated rats. The accentuation in the pressor 
effect of DCLHb appears to be due to an increase in cardiac output, which was the result of a 
significant increase in HR but not in SV in phosphoramidon treated rats. It is interesting to note 
that blood flow to the brain and kidneys by DCLHb was increased in phosphoramidon treated 

rats. This could be attributed to the decrease in the conversion of endogenOlis proET-l to ET-I 

by EeE and thus reducing the vascular tone in these vascular beds. Differences in the action of 
phosphoramidon in different vascular beds has been shown earlier (Gardiner el al., 1991). 

It has been reported that phosphoramidon inhibits the conversion of exogenously applied 

proET-l to ET-I more effectively than endogenous production ofET-l in cultured vascular 

smooth muscle cells (Ikegawa ef 01., 1991). Much higher concentration of phosphoramidon were 
required to inhibit the conversion of endogenous proET-l in ECE-l cDNA transfected intact cells 

as compared with the concentrations required for the in vilro inhibition (Xu et al., 1994). In 
another study, a marked difference in the inhibitory potencies of phosphor amidon between the 
release of endogenous ET-I and ET-l generation from exogenously applied proET-l was 

observed (Matsumura el al., 1995) Phosphoramidon suppressed ET-I generation from 

exogenously applied proET-l by 90-95% at 5 x 1O"M concentration, wliereas the release of 

endogenous ET-l was suppressed by only 45% at a higher concentration of 2 x 10"M 

(Matsumura el al., 1995). It could be possible that in the present study the conversion ofproET-l 

to ET-I of exogenously administered proET-l is effectively inhibited as compared to an increase 
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in the endogenous conversion ofproET-1 to ET-I due to stimulation ofECE by DCLHb. We 

performed two experiments using double the dose of phosphoramidon (8 mg/kg, i.v.), and found 

that at even at this higher dose} phosphoramidon did not attenuate the cardiovascular effects of 
DCLHb (data not shown). 

It is concluded from the present study that proET-I produces significant cardiovascular 

effects which could be blocked by pretreatment with ECE inhibitor phosphoramidon. DCLHb, 

which has been shown to increase circulating ET-l like immunoreactivity, also produced 
significant cardiovascular effects which could not be blocked by phosphoramidon. It appears that 

the cardiovascular effects ofDCLHb are not due to enhancement ofET-1 production including 

stimulation ofECE in anesthetized rats. 
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Role of endothelin mechanism in the cardiovascular effects of diaspirin crosslinked and 

stroma reduced haemoglobin 

Summary 

Diaspirin crosslinked haemoglobin (DCLHb""; Baxter Healthcare Corp., Round Lake, IL, 

USA) is a resuscitative solution with excellent oxygen carrying capacity. DCLHb has been found 

to produce an immediate increase in blood pressure and marked regional circulatory changes in 
rats and pigs. The present study was conducted to determine the role of endothelin mechanisms 

in the cardiovascular actions of DCLHb (modified) and (unmodified) stroma reduced 

haemoglobin solutions (SRHb). Infusion ofSRHb (400 mgikg, Lv.) in control rats produced an 

increase in blood pressure (43%) and total peripheral resistance (65%) without any change in 

heart rate, cardiac output and stroke volume. SRHb decreased blood flow to the kidneys and 

liver, increased blood flow to the heart and had no effect on blood flow to the brain, 

gastrointestinal tract, spleen, musculo·skeletal system, skin, mesentery and pancreas. Infusion 
of SRHb in rats treated with BQ-123 (5 mgikglh, L v.) increased the blood pressure similar to 

control rats, but the increase in total peripheral resistance was significantly attenuated. The 

SRHb induced decrease in blood flow to the kidneys and liver was significantly attenuated in 

BQ-123 treated rats as compared to control rats. However, the SRHb induced increase in blood 

flow to the heart of BQ-123 treated rats was similar to control rats. Infusion of DCLHb (400 

mgikg, Lv.) produced an increase in blood pressure (81%), cardiac output (36%), stroke volume 

(30%) and total peripheral resistance (45%) along with an increase in blood flow to the heart, 

spleen, gastrointestinal tract and skin of control rats. The blood flow to the brain, kidney, liver, 

musculoskeletal system, mesentery and pancreas was not altered by DCLHb in control rats. The 

increase in blood pressure, cardiac output, stroke volume and total peripheral resistance by 
DCLHb was significantly blocked in BQ-123 treated rats as compared to control rats. The 

increase in blood flow to the heart, spleen and skin by DCLHb was significantly blocked in BQ-

123 treated rats as compared to control rats. DCLHb produced an increase in the blood flow to 
the brain and a decrease in blood flow to the kidney and musculoskeletal system of BQ-123 

treated rats as compared to control rats. Blood plasma endothelin-l like immunoreactivity was 
found to be significantly increased following treatment with DCLHb or SRHb. It can be 

concluded that the endothelin-A reeeptor antagonist, BQ-123, could attenuate the systemic 

hemodynamic and regional circulatory effects ofDCLHb and SRHb. However, the increase in 
blood flow to the heart induced by SRHb could not be attenuated by BQ-123. 
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11.1 Introduction 

DCLHb, a blood substitute, derived from the haemoglobin of outdated erythrocytes has been 

developed by cross-linking molecular haemoglobin between the «-SUbWlitS by reaction with the 

diaspirin compound, bis (3,5-dibromosalicyl) fumarate (Chatterjee ef al., 1986). The 

purification process associated with the manufacture ofDCLHb includes heat pasteurization of 
the solution (Estep ef al., 1989b; Estep ef al., 1989a). DCLHb has been found to be 

biochemically stable and possesses excellent oxygen carrying capacity (Chatterjee ef al., 1986). 

The cross-linking of the « subunits affords the haemoglobin a favorable oxygen dissociation 

curve (Snyder ef al., 1987; Vandegriff ef al., 1989). 

It has been demonstrated in swine that after partial or complete exchange transfusion with 
DCLHb, cardiac and renal functions are not affected significantly (Hess ef al., 1989). DCLHb 

was also found to be a promising resuscitative fluid after hemorrhage (Przybelski ef al" 1990). 

Resuscitation with DCLHb (10 mllkg of 14%) was as efficacious as nearly twice the volume of 

whole blood in the restoration of cardiovascular and tissue oxygenation parameters (Przybelski 
ef al., 1991). DCLHb has been found to decrease the extent of focal cerebral ischemia induced 

by 10 min of middle cerebral artery occlusion in rats (Cole ef al., 1992). DCLHb increases the 

mean arterial pressure when administered to hemorrhagic rats (przybelski ef al., 1991). DCLHb 

(125·4000 mgfkg), when administered intravenously, produced a 25·35 % increase in mean 
arterial pressure of conscious rats. The pressor effect was self-limiting and was not due to 

volume load or oncotie pressure (Hamilton et 01., 1992). Besides increasing blood pressure, 
DCLHb has been found to increase the blood flow to several organs (Sharma and Gulati, 1994). 

The mechanism(s) responsible for the regional circulatory actions of DCLHb have not been 

completely elucidated. 

Endothelin, a 21 amino-acid peptide isolated from vascular endothelial cel1s, is one of the 

most potent regulators of vascular tone (Yanagisawa et at., 1988). Several studies have 
demonstrated a widespread distribution of specific endothelin receptors (Gulati and Srimal, 
1992). At present, two receptors have been identified, endothelin-A and endothelin-B. The 

endothelin-A receptor is highly selective for endothelin-I and is characterized by the rank order 

of binding affinities: endothelin-I > endothelin-2 > endothelin-3 (Arai ef al., 1990). The 

endothelin-B receptor is non-selective (endothelin-I ~ endothelin-2 ~ endothelin-3) (Sakurai ef 

al., 1990). BQ-123 (cyclo(D-Asp-L-Pro-D-Val-L-Leu-D-Trp)) antagonizes endotheli n-I induced 

contraction of porcine isolated coronary artery strips and has greater affinity for endothelin-A 
receptors in porcine aortic smooth muscle than for endothelin-B receptors in porcine cerebellum 
(Ihara ef al., 1992). Endothelin·1 is believed to primarily act as regulator of regional blood flow 

as a vasoconstrictor of peripheral vessels modulating and balancing the vasodilator action of 
nitric oxide and prostacyclin. All of these vasoactive compounds are produced by endothelial 
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cells (Vane and Botting, 1993). However, the plasma concentration of endothelin-I is too low 

to maintain vascular tone (Fukuda el al., 1988). The endothelin-A receptor antagonist, BQ-123, 

when injected intravenously into rats, did not affect the basal blood pressure (Ihara el al., 1992), 

reinforcing the conclusion that circulating endothelin~ 1 is not a major factor in the maintenance 

of vascular tone. However, several factors have been suggested to stimulate the production of 
endothelin-I in endothelial cells, resulting in the release of this agonist on the basal side of the 

endothelium and action upon the underlying smooth muscles to produce vasoconstriction 
(Wagner el al., 1992). Endothelin-Imight therefore be participating in the maintenance of blood 

flow of peripheral small resistance vessels in a paracrine manner (Masaki, 1994). Interaction of 

DCLHb with both nitric oxide and endothelin have been implicated in mediating the pressor 

response in rats (Schultz el al., 1993). 

In the present study we have investigated the effect of BQ-123, a potent endothelin-A 

receptor antagonist, on the regional circulatory and systemic hemodynamic changes induced by 

an unmodified (SRHb) and by a modified and chemically stabilized haemoglobin solution 

(DCLHb). The effect of stroma reduced and DCLHb solutions on blood plasma endothelin-I like 

immunoreactivity was also detennined. 

11.2 Materials and Methods 

Drugs and Chemicals 

Diaspirin cross-linked haemoglobin was prepared and provided by Baxter Healthcare Corp., 

Round Lake, IL, USA. SRHb was prepared at Baxter Healthcare Corp., Round Lake, IL, USA 

by a method similar to that described earlier (Zager and Gamelin, 1989). Briefly, outdated 
IUllnan RECs were separated by centrifugation and lysed by adding 2 vol of distilled water per 

I vol ofRECs followed by two freeze thawing procedures. The lysed cells were centrifuged for 

15 min at 26,000 g. The supernatant containing SRHb was collected and used for subsequent 
testing. The physicochemical properties of SRHb and DCLHb are shown in Table I. BQ-123 
was purchased from American Peptide Co. Inc., Sunnyvale, CA, USA. P25I]Tyr13-endothelin-l 
(human, porcine) was purchased from DuPont NEN Research Products, \Vilmingtoll, DE, USA. 
SEP-Columns (200 mg), rabbit anti-endothelin-l (porcine, human) serum, normal rabbit serum 
and goat anti-rabbit IgG semm were purchased from Peninsula Laboratories Inc., Belmont, CA, 
USA. Radioimmunoassay buffer consisted of 19 mM NaH,PO" 81 mM Na,HPO" 0.05 M NaCI, 

0.1 % bovine semm albumin, 0.1 % Triton X-IOO and 0.01 % NaN,. 

Animals and surgical preparations 

Male Sprague-Dawley rats (Sasco-King Animal Co. Oregon, WI, USA) weighing 340-390 

g were used in the study according to a protocol approved by the University Animal Care 
Committee. Systemic hemodynamics and regional blood circulation were determined using a 
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radioactive microsphere teclmique (Sharma and Gulati, 1994). Rats were anesthetized with 

urethane (1.5 g/kg, intraperitoneally). The left femoral vein was cannulated (PE 50 tubing) for 

drug administration. The left femoral artery was cannulated (PE 50 tubing) and connected to a 

P23 ID pressure transducer (Gould Inc., Tst and Mgmt. Rec. Syst. Div., Valley View, OH, USA) 

for recording the blood pressure on a P7D polygraph through a 7PI preamplifier (Grass 

Instrument Co., Quincy, MA, USA). The heart rate was recorded through a 7P4B Grass 

tachograph, triggered from the blood pressure signals. In order to keep the blood pO" pCO, and 

pH constant and to avoid the effect of respiration on blood pressure and heart rate, animals were 
kept on constant rate artificial respiration by inserting an endotracheal cannula connected to a 
rodent ventilator (Model 683; Harvard Apparatus, Inc. S. Natick, MA, USA). The carotid artery 

ofthe right side was exposed and a PE 50 catmula was guided through the common carotid artery 

to the left ventricle. TIle presence of the catmula in the left ventricle was confirmed by recording 
the pressure on the Grass polygraph using the Statham P23 DC pressure transducer. When the 

cannula reached the ventricle the diastolic pressure dropped to zero. The femoral artery of the 

right side was calUlUlated and connected to a withdrawal pump (Model 22; Harvard Apparatus, 
Inc. S. Natick, MA, USA). 

Determination of systemic hemodynamics and regional circulation 

At each measurement, a suspension of approximately 200,000 microspheres (15 ± I pm 

diameter) labeled with either "Sc (Scandium), '''Sn (Tin), '''Ce (Cerium), "Nb (Niobium) or 

'''Ru (Ruthenium) (New England Nuclear Corporation, Boston, MA, USA) in 0.2 ml saline were 

injected into the left ventricle after thorough mixing. The line was then flushed with 0.4 ml 

saline over a 15 sec period to ensure delivery of the total dose of microsphcres. In order to 

calculate the blood flow, arterial blood was withdrawn at a rate of 0.5 ml/min through the right 

femoral artery. Blood was withdrawn for 90 sec starting about 5-10 sec before each microspherc 

injection. At the end of the experiment the animals were sacrificed with an overdose of 

pentobarbital sodium and all the tissues and organs were dissected out, weighed and placed in 

vials. The following tissues were studied: lungs, heart, liver, stomach, small intestine, caecum, 
large intestine, mesentery and pancreas, spleen, left kidney, right kidney, cerebral hemispheres, 

diencephalon, cerebellum, brain stem, skin and the rest of the body consisting of muscles and 
bones. The radioactivity in the standards, the blood samples and the tissue samples were counted 
in a gamma counter (Minaxi Auto-Gamma 5000 series; Packard Instrument Co. Downers Grove, 
IL, USA) with preset windows discriminating the isotope energies. The following parameters 
were calculated: (I) cardiac output, (2) stroke volume, (3) total peripheral resistance, (4) regional 

blood flow [(withdrawal rate of arterial blood sample x radioactivity in tissues)lradioactivity in 

sampled arterial blood] and (5) regional vascular resistance (mean arterial pressure/regional 
blood flow). Infusion of saline did not affect the systemic hemodynamics and regional blood 

circulation. Five groups of animals were used: (1) Saline (4 mtlkg) was administered 
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intravenously in nomlal untreated rats (no effect on cardiovascular parameters, data not 
presented), (2) SRHb (400 mg/kg) was administered intravenously in normal untreated rats, (3) 

SRHb (400 mg/kg) was administered intravenously in BQ-123 (5 mglkglh, Lv. infusion for 75 

min) treated rats, (4) DCLHb (400 mglkg) was administered intravenously in nonnal untreated 

rats and (5) DCLHb (400 mglkg) was administered intravenously in BQ-123 (5 mglkg/h, i.v. 

infusion for 75 min) treated rats. In treated rats haemoglobin solutions were administered 15 min 
after starting the infusion ofBQ-123. The infusion ofBQ-123 was continued until the end of 

each experiment. The doses were selected on the basis of studies conducted previously 

(Hamilton el al., 1992; Sharma and Gulati, 1994) which demonstrated that the infusion of this 

dose ofDCLHb resulted in a near maximal pressor response. The dose of BQ-123 was selected 

on the basis of results obtained in our laboratory in which BQ-123 (5 mglkg/h, Lv.) produced 

very significant blockade of endothelin-l induced systemic hemodynamics and regional 
circulatory effects in rats (Shanna and Gulati, 1995). Similar results with BQ-123 have been 

obtained in other laboratories (Douglas el al" 1992; Wong el al., 1994). 

Determination of endothelin-l concentration by radioimmunoassay 
The animals were sacrificed at 15, 30 and 60 min after administration of saline, DCLHb or 

SRHb. Blood samples from the femoral vein were collected in plastic tubes containing 

ethylenediaminetetraacetate (I mg/ml) and aprotinin (500 kIU/ml). Samples were centrifuged 

(15 min, 4°C, 1000 x g) and the plasma was collected. Plasma was mixed with an equal volume 

of 20% acetic acid and centrifuged (15 min, 4°C, 1000 x g) and the supernatant was collected 

for subsequent assay. All reagents were kept ice cold and aU procedures were performed in the 
cold. The SEP~colunms were activated by successively washing with 3 ml methanol, 2 rul water 
and 2 IllI of 10% acetic acid solution. The samples collected as described earlier were slowly 

applied on the column and then allowed to flow through the column at the rate detennined b)' 

gravity. The columns were washed with 2 ml of 10% acetic acid followed by 3 ml of eth),1 

acetate. Endothelin was eluted with 1.5 ml of elution buffer (I : 4; 0.05 M ammonium 

bicarbonate solution: methanol) into polypropylene tubes. The eluate was evaporated to dryness 
under a gentle stream of nitrogen gas. The recovery was found to be 86% by this method. 
Radioimmunoassay was performed llsing antibodies specific for endothelin~ I (peninsula Lab. 
Inc, Belmont, CA, USA). This antibody has only 7% cross reactivity with endothelin-2 or 
endothelin~3. The incubation mixture for radioimmunoassay consisted of 100 ~tl of standards 
or samples and 100 III of rabbit anti~endothelin~ I serum. The tubes were vortexed and incubated 
overnight at 4°C. The next day, ['lSI] endothelin-I (I 00 ~l) was added and the mixture vortexed 

and incubated for 24 hours. On da)' 3, goat anti-rabbit IgG semm (100 ftl) and normal rabbit 

semlll (100 ftl) were added to all the tubes, vortexed and incubated for 2 h at room temperature. 

Radioimmunoassay buffer (500 J.11) was added and the tubes were vortexed and then centrifuged 
at 1,700 g for 20 min. The supernatant was carefully aspirated and the radioactivity in the pellet 
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was detennined using a gamma counter (Model Cobra 5005; Packard Inslrument Co. Downers 

Grove, IL, USA). 111e concenlration of endolhelin-I was delennined from slandard plols of% 

BIB" versus log dose (pg) and expressed as pg/ml in plasma and pg/g weI weighl in lissues. 

Three groups of normal rals received intravenous infusions of: (I) saline (4 mllkg), (2) SRHb 

(400 mglkg), and (3) DCLHb (400 mglkg). 

Statistics 

All dala are presented as mean values ± SEM. Mean blood pressure (BP; mmHg) was 

calculaled using Ihe fonnula [(Syslolic BP - Diaslolic BP) 13] + Diaslolic BP. Heart rale was 

recorded as beats/min. Data were analyzed by analysis of variance followed by Duncan's test and 
by Sludenl's lIes!. Each group consisled of 5 10 6 animals and Ihe level of P < 0.05 was 

considered significant. 

11.3 Results 

Effect ofDCLHb and SRHb on endothelin-l concentrations in blood plasma 

Haemoglobin solulions (DCLHb and SRHb) significantly (P = 0.0001) increased the 

concenlralion of endolhelin-I like immll110reaclivity in blood plasma oblained IS, 30 and 60 min 

after administration in rats. The endogenous concentration of endothelin~ 1 in blood plasma of 
control rals withoul any Irealmenl was found 10 be 6.07 ± 0.59 pg/ml. The concentration of 

endothelin-I aIlS min oflrealment was found to be 6.81 ± 0.67 pg/ml in vehicle Irealed rals, 

17.63 ± 1.22 pg/ml in DCLHb and 24.01 ± 2.64 pg/ml in SRHb trealed rals. AI 30 min of 

Irealmenl Ihe concenlralion of endothelin-I was found 10 be 4.67 ± 0.61 pg/ml, 12.49 ± 0.31 

pg/ml and 9.70 ± 0.23 pg/ml in vehicle, DCLHb and SRHb Irealed rals, respeclively. AI 60 min 

of Ire aIm en I Ihe concenlralion of en dOl helin-I was found 10 be 4.56 ± 0.44 pg/ml, 7.88 ± 0.48 

pg/ml and 10.60± 1.77 pg/ml in vehicle, DCLHb and SRHb Irealed rals, respectively. Plasma 

endo{he1in~llevels were maximum at 15 min and significantly decreased at 30 and 60 min after 
the administration of diaspirin crosslinked and SRHb solutions. The concentration of blood 
plasma endothclinM I like immunoreactivity at 15 min was found to be significantly (P < 0.05) 
greater in SRHb treated rats as compared to DCLHb treated rats. 
Effect of BQ-123 pretreatment on SRHb and DCLHb induced changes in systemic 

hemodynamics 

Infusion of SRHb into control (untreated) rats produced a significant increase in blood 
pressure (P = 0.04) and 10lal peripheral resislance (P = 0.04), while heart rale, cardiac oUlpul and 

slroke volume were nol affecled {'fable 2). When SRHb was adminislered 10 BQ-123 Irealed 

rats, there was also a significant increase in blood pressure, but an increase in total peripheral 
resistance was not observed. The SRHb induced increase in total peripheral resistance was 
significantly (P = 0.03) blocked in BQ-123 Irealed rals as compared to conlrol rats. SRHb 
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produced no change in heart rate, cardiac output and stroke volume in BQ-123 treated rats (Table 

2). Infusion of DCLHb produced a significant increase in blood pressure (P < 0.0001) and total 

peripheral resistance (P = 0.03), while heart rate, cardiac output and stroke volume were not 
affected in control (untreated) rats (Table 3). DCLHb, when administercd to BQ-123 treated rats, 

produced a slight increase in blood pressure, but an increase in total peripheral resistance was not 
observed. DCLHb produced no change in heart rate, cardiac output and stroke volume in BQ-

123 treated rats. The pressor effect and increase in total peripheral resistance induced by DCLHb 

were significantly (P ~ 0.00 I) blocked in BQ-123 treated rats as compared to control rats (Table 

3). 

Effect ofBQ-123 pretreatment on SRHb induced changes in regional circulation 

Infusion of SRHb (400 mg/kg, Lv.) produced no change in blood flow to the brain, 

gastrointestinal tract, spleen, mesentery and pancreas, skin and musculoskeletal system of control 
(untreated) rats. SRHb produced a significant increase in blood flow to the heart (P ~ 0.004) and 

decrease to the kidneys (P ~ 0.05) and liver (P ~ 0.004) of control rats (Figures I and 2). 

However, the blood flow was found to be significantly increased in the gastrointestinal tract (P 

~ 0.008), skin (I' ~ 0.0007) and heart (P ~ 0.003) ofBQ-123 pretreated rats. No change in blood 

flow was observed in the brain, kidneys, liver, spleen, mesentery and pancreas and 

musculoskeletal system of BQ-123 treated rats. BQ-123 pretreatment attenuated the decrease 

in blood flow to the liver and kidneys, did not affect the increase in blood flow to the heart, and 

induced an increase in blood flow to the skin (P ~ 0.0007) and gastrointestinal tract (P ~ 0.04) 

upon infusion of SRHb (Figures I and 2). 

Vascular resistance was significantly increased in the kidneys(P ~ 0.05), liver (P ~ 0.03), 

spleen (P ~ 0.03), mesente!), and pancreas (P ~ 0.03), musculoskeletal system (P ~ 0.03) and skin 

(P = 0.04) of control rats. There was no change in vascular resistance in the brain, heart and 
gastrointestinal tract following infusion of SRHb in control rats. However, the vascular 
resistance was significantly (P ~ 0.002) decreased in the heart of BQ-123 treated rats as 

compared to control rats following infusion of SRHb (Figures I and 2). BQ-123 pretreatment 

attenuated the increase in vascular resistance induced by SRHb in most of the organs but its 
effect in the kidneys, skin and heart was completely blocked (Figures I and 2). 
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TABLE 1. Physicochemical properties of unmodified (SRHb) and modified (DCLHb) 

haemogtobin solutions. 

SRHb DCLHb 

Total haemoglobin (gldl) 10.4 g/dl 10.0 g/dl 

Pyrogenicity (LAL) EU/ml <0.06 < 0.125 

Methaemoglobin % 12.8 % 4.1 % 

Sodium (mEq/l) 114 141 

Chloride (mEq/l) 137 112 

Sterility Sterile Sterile 

Phospholipids >50 ppm 0.2 ppm 

Cross-linking ------- 99.9% 

p50 ------- 31 mmHg 
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TABLE 2. Effect of SRHb (SRHb; 400 mglkg, i.v.) on the systemic hemodynamics of 

control (untreated; N ~ 5) and BQ-123 (5 mglkg/h, i.v.; N ~ 6) treated rats. 

Parameter Baseline 

Heart rate (beats/min) 
SRHb 320± 30 

BQ-123+ 

SRHb 

368 ± 10 

Blood pressure (mmHg) 

SRHb 85.0 ± 5.3 

BQ-123+ 

SRHb 

78.2 ± 6.4 

Cardiac output (ml/min) 

SRHb 95.5 ± 8.9 

BQ-123+ 

SRHb 

99.8 ± 9.1 

Stroke volume (ml) 

SRHb 0.32 ± 0.07 

BQ-123+ 

SRHb 

0.27 ± 0.02 

15 min 

374 ± 16 

383 ± 13 

121.2 ± 8.9* 

121.5 ± 5.6* 

129.6±28.1 

123.6 ± 6.5 

0.34 ± 0.08 

0.32 ± 0.01 

Total peripheral resistance (mmHg/l/min) 

SRHb 920 ± 91 1058 ± 169 

BQ-123+ 

SRHb 

806 ± 74 996 ± 73 

30min 60 min 

374 ± 15 336 ± 34 

385 ± 13 375 ± 21 

116.9 ± 10* 102.3 ± 10.6 

110.4 ± 6.3* 88.3 ± 7.6 

117.1 ±20.9 69.3 ± 5.4 

118.29 ± 9.52 89.4±8.1 

0.32± 0.06 0.22±0.04 

0.39 ± 0.09 0.24 ± 0.02 

1119± 196 1514 ± 187* 

879 ± 147 1016 ± lOr 

'Indicates significant (P < 0.05) difference as compared to baseline. 'Indicates significant (P < 
0.05) difference as compared to control (SRHb) group. The baseline values in BQ-123 treated 

rats are prior to administration ofSRHb (or 15 min following BQ-123 treatment).' 
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TABLE 3. Effect ofDCLHb (DCLHb; 400 mglkg, i.v.) on the systemic hemodynamics of 

control (untreated; N ~ 6) and BQ-123 (5 mglkg/h, i.v.; N ~ 5) treated rats. 

Parameter Baseline 

Heart rate (beats/min) 

DCLHb 373 ± 14 

BQ-123+ 

DCLHb 

360±20 

Blood pressure (mmHg) 

DCLHb 86.5 ± 4.1 

BQ-123+ 

DCLHb 

83.8 ± 3.7 

Cardiac output (mllmin) 
DCLHb 88.1 ± 6.9 

BQ-123+ 

DCLHb 

95.6± 6.0 

Stroke volume (ml) 

DCLHb 0.23 ± 0.02 

BQ-123+ 

DCLHb 

0.27 ± 0.01 

IS min 

399 ± 10 

363 ± 13 

156.8 ± 4.3* 

100.3 ± 7.0*' 

108.2 ± 7.8 

llO.1 ± 6.2 

0.27 ± 0.02 

0.31 ± 0.03 

Total peripheral resistance (mmHglllmin) 
DCLHb 947 ± 79 1489 ± 121* 

BQ-123+ 

DCLHb 

879±22 925 ± 84' 

30min 60min 

400 ± 12 393 ± 9 

369 ± II 370 ± II 

150.1 ± 7.6* 126.8 ± 8.3 

98.2 ± 9.7' 83.0 ± 4.6' 

120.1 ± 19.5 89.9 ± 8.4 

103.8 ± 4.9 77.1 ± 7.7 

0.30 ± 0.05 0.23 ± 0.02 

0.28 ± 0.02 0.21 ± 0.02 

1486±201* 1462 ± 143* 

948 ± 90' Ill7±125 

'Indicates significant (P < 0.05) difference as compared to baseline. 'Indicates significant (P < 
0.05) difference as compared to control (DCLHb) group. The baseline values in BQ-123 treated 

rats are prior to administration ofDCLHb (or 15 min following BQ-123 treatment). 
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Fig. I The effect ofSRHb (400 rug/kg, i.v.) on blood flow (rul/min/IOO g tissue) and vascular 

resistance (mmHg/ml/min/IOO g tissue) in the brain, heart, gastrointestinal tract (GlT), 

left and right kidneys before (baseline; solid bars) and at 15 min (hatched bars), 30 min 

(cross hatched bars) and 60 min (dotted bars) after administration in control (untreated; 

N ~ 6) and DQ·123 (5 mglkglll, i.v. infusion starting 15 min before the administration of 

SRHb (SRHb); N ~ 5; hollow bars) treated rats. 'Indicates significant difference as 

compared to baseline and +indicates significant difference as compared to control (SRHb) 

group. 
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Fig.2 The effect ofSRHb (400 mglkg, Lv.) on blood flow (ml/min/IOO g tissue) and vascular 

resistance (mmHglmllminllOO g tissue) in the liver, spleen, mesentery and pancreas (Mes 

& Pan) musculoskeletal system (Mus-Skel) and skin before (baseline; solid bars) and at 

15 min (hatched bars), 30 min (cross hatched bars) and 60 min (dolted bars) after 

administration in control (untreated; N = 6) and BQ-123 (5 mglkg/h, Lv. infusion starting 

15 min before the administration of SRHb (SRHb); N ~ 5; hollow bars) treated rats. 

*Indicates significant difference as compared to baseline and +indicates significant 

difference as compared to control (SRHb) group. 
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Fig.3 The effect ofDCLHb (400 mg/kg. Lv.) on blood flow (mllminfl 00 g tissue) and vascular 
resistance (mmHg/mllminll 00 g tissue) in the brain, heart, gastrointestinal tract (Orf). 
left and right kidneys before (baseline: solid bars) and at 15 min (hatched bars), 30 min 
(cross hatched bars) and 60 min (dotted bars) after administration in control (untreated; 
N = 6) and BQ-123 (5 mg/kg/h. i. v. infusion starting 15 min before the administration of 
DCLHb (DCLHo); N ~ s: hollow bars) treated rats. 'Indicates significant difference as 
compared to baseline and "indicates significant difference as compared to control 
(DCLHb) group. 

167 



Endothelin and cardiovascular effects of hemoglobin solutions 

.. 
0--" u." " -0-2 
0", 
~o 
Dl~ 
-ern .
c E 
o::r 
.- E 
01_ 

'" 0: 

OCLHb (n ~ 6) 

"Uh " , 
" 
III ," ....•.••. 
III *. 
" ",~, 
I ,?; 

DClHb + 8Q·123 (n" 5) 

~L ~ 

" 
" , 
'" , 
SI -, : , 1$, 

DClHb (n ~ 6) 

OClHb -+ £3Q·123 (n = 5) 

"~'~Ji 
, 

, , 
, , 
I _ :::: I .... 

: !'1 •• : Ill·· .. • 
Liver Spleen 

" 

MGS & Pan 

Chapter II 

"~ " , 
I r 

, ~ 
I 12 ~. -::: 

, , 

Mus-Skel Skin 

Fig.4 The effcct ofDCLHb (400 mg/kg, i.,·.) on blood flow (ml/min/lOO g tissue) and vascular 
resistance (mmHg/ml/minllOO g tissue) in the liver, spleen, mesentery and pancreas (Mes 
& Pan) musculoskelctal system (Mus-Skel) and skin before (baseline; solid bars) and at 
15 min (hatched bars), 30 min (cross hatched bars) and 60 min (dotted bars) after 
administration in control (untreated; N = 6) and BQ-123 (5 mg/kg/h, i.v. infusion starting 
15 min before the administration ofDCU{b (DCLHb); N ~ 5; hollow bars) treated rats. 
*'Indicates significant difterence as compared to baseline and "indicates signitlcant 
difference as compared to control (DCLHb) group. 
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Effect of BQ-123 pretreatment on DCLHb induced changes in regional circulation 

DCLI-Ib (400 mg/kg, Lv.) increased blood flow to the heart, gastrointestinal tract, spleen 

and skin, while blood flow to the brain, kidneys, liver, mesentery and pancreas and 

musculoskeletal system was not altered in control (untreated) rats. In BQ-123 treated rats the 

blood flow increased only in the gastrointestinal tract but was not altered in the brain, heart, liver, 

spleen, mesentery and pancreas and skin, and decreased in the kidneys and musculoskeletal 

system. BQ-123 pretreatment attenuated the increase in blood flow induced by DCLHb to the 

heart, spleen and skin (Figures 3 and 4). 

Infusion ofDCLHb increased vascular resistance in the liver and musculoskeletal system, 

while it was not altered in the brain, heart, gastrointestinal tract, kidneys, spleen, mesentery and 

pancreas and skin of control rats. In BQ~ 123 treated rats the vascular resistance was not altered 

in any region. The increase in vascular resistance induced by DCLHb in the liver and 

musculoskeletal system was attenuated by BQ-123 pretreatment (Figures 3 and 4). 

IIA Discussion 

Haemoglobin based blood substitutes are being developed as promising resuscitative 

solutions. Early attempts at preparing haemoglobin based blood substitutes involved lysis of 

human red cells followed by cmde separation of haemoglobin from insoluble red cell 

membranes. These haemoglobin solutions produced significant toxicity. Molecular 

modifications of haemoglobin have been perfonned with an attempt to improve its efficacy and 

safety. ~1ost of the previous studies, irrespective of the stromal contents, have described the 

haemoglobin solutions as stroma~free haemoglobin or purified stroma free haemoglobin or 

highly purified stroma free haemoglobill. In the present study we have delloted as SRHb a 

haemoglobin preparation in which the stromal contents have been partially removed (Zager and 

Gamelin, 1989) from the soluble haemoglobin. The term stroma-free should ideally mean free 

of any stromal contents. DCLHb is not only a highly purified, but also a chemically modified, 

haemoglobin preparation. The phospholipid content, which is a useful indicator of red cell 
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membrane components (Biessels ef al., 1992), was found to be more than 50 ppm in the SRHb, 

but only 0.2 ppm in the DCLHb. 

Haemoglobin solutions have been reported to produce marked hemodynamic changes 

(Vogel ef al., 1986), which have been attributed to improved systemic oxygen delivery (Hauser 

el al., 1982). However, it is believed that the vascular response to SRHb may be independent 

of oxygen affinity (Nees el al., 1978). DCLHb, a promising resuscitative solution (Przybelski 

el al., 1991) produces a pressor response in the rat (Hamilton el al., 1992; Gulati and Rebello, 

1994) similar to that of other haemoglobin solutions (Jesch el al., 1982; Rabinovici el al., 1989). 

Endothelin, nitric oxide (Schultz el al., 1993) and adrenergic (Gulati and Rebello, 1994) 

mechanisms have been implicated in the pressor effect of DCLHb. Recently, it was 

demonstrated that DCLHb produces an increase in blood flow to several organs such as heart, 

spleen, skin and gastrointestinal tract (Shamm and Gulati, 1994). 11le regional circulatory effects 

of DCLHb were found to be different from that of norepinephrine, a potent a-adrenoceptor 

agonist (Shanrna and Gulati, 1994). Since an endothelin related mechanism has been implicated 

in the pressor effect of DCLHb, and endothelin is involved in the regulation of blood circulation 

(Masaki, 1994), we studied the effect ofa specific endothelin-A receptor antagonist, BQ-123, on 

the regional blood circulatory changes induced by unmodified (SRHb) and modified (DCLHb) 

haemoglobin solutions. Studies have indicated that BQ-123 pel' se does not produce any 

significant effect on the cardiovascular system. Intravenous infusion of BQ-123 did not affect 

systemic hemodynamic parameters and regional blood circulation (Shanna and Gulati, 1995; 

Douglas el al., 1992). 

The regional circulatory and systemic hemodynamic effects of unmodified SRHb were 

different from those of a purified, modified and stabilized haemoglobin solution, DCLHb. BQ-

123, a potent and specific endothelin-A receptor antagonist (Ihara el al., 1992) blocked the 

pressor effect of DCLHb but not that of SRHb. The pressor effect of DCLHb was more 

significantly attenuated by BQ-123 than that ofSRHb. The increase in total peripheral resistance 

both by SRHb and DCLHb were blocked by BQ-123 pretreatment. The increase in blood flow 

to the heart, spleen, gastrointestinal tract and skin induced by DCLHb was blocked by BQ-123 

pretreatment. However, the increase in blood flow to the heart induced by SRHb was not 
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affected by BQ-123 pretreatment. The SRHb induced decrease in blood flow to the kidneys and 

liver was blocked by BQ-123 pretreatment. It is clear from these results that SRHb and DCLHb 

produce significant cardiovascular effects, which are mediated through different mechanisms. 

Since most ofthe cardiovascular effects ofDCLHb and some ofthose ofSRHb are blocked by 

a specific endothelin-A receptor antagonist, BQ-123, it appears that the cardiovascular effects 

. ofDCLHb and ofSRHb may be mediated through the endothelin system. 

It is well known that endothelin receptors have a wide spread distribution and act through 

eudothelin-A and endothelin-B receptors. Endothelin-A receptors are found both in the periphery 

and in the central nervous system (Randall, 1991; Gulati and Srimal, 1992). However, the 

presence of these receptors in the vascular smooth muscles has gained attention and the vascular 

endothelin system appears to be involved in the regulation ofbtood flow. Intravenous injection 

of endothelin into animals causes an initial decrease in blood pressure which is followed by a 

prolonged pressor response both in anesthetized and chemically denervated rats and conscious 

rats (King ef al., 1990; Rohmeiss ef al., 1990). On the other hand, a low dose of endothelin 

produces hypotension and vasodilatation of isolated perfused arteries in vitro (Lippton el al., 

1988; Kitazumi ef al., 1990). Endothelin-l produces markedly differcnt effects on blood 

circulatiou in different regions (Wright and Fozard, 1988; Le Monnier de Gouvillc ef aI., 1990; 

Gardiner ef al., 1990). For example, after endothelin-l infusion, blood flow decreased in 

splanclmic areas. while it increased in the skeletal muscles. Endothelin-l can therefore cause 

cither vasodilatation or vasoconstriction depending on the region (Gardiner ef al., 1990). 

Endothelin can stimulate the release of vasodilators such as prostacycHn and endothelium 

derived relaxing factor (EDRF)/nitric oxide (de Nucci ef al., 1988). EDRF/nitric oxide has been 

reported to inhibit the release/synthesis of endothelin-l (Boulanger and Luscher, 1990). Several 

factors such as thrombin, arg-vasopressin, angiotensin II, oxyhaemoglobin and hypoxia have 

been suggested to stimulate the production of endothelin-l (Miller ef al., 1993), which is released 

on the basal side of the endothelium and acts upon the underlying smooth muscles to produce 

vasoconstriction (Wagner ef al., 1992). DCLHb and SRHb could be releasing endothelin-l, 

which can lead to the changes in systemic hemodynamics and regional circulation. Endothelin-l, 

which has a high affinity for endothelin-A receptors, participates in the maintenance of blood 
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flow of peripheral small resistance vessels (Masaki, 1994). It appears that higher concentrations 

of endothelin~ 1 will lead to vasoconstriction due to direct action on endothelin receptors located 

at the vascular smooth muscles while lower concentrations of endothelin produce vasodilatation 

by releasing prostacyclin and EDRF/nitric oxide. Phosphoramidon, an inhibitor of pro

endothelin conversion to endothelin, attenuated the pressor effect of DCLHb (Schultz ef al., 

1993). L-arginine, the substrate for nitric oxide synthesis, and nitroglycerine, an nitric oxide 

donor, significantly reduced the pressor effect of DCLHb (Schultz ef al., 1993). Based on the 

present findings, DCLHb and SRHb produce different effects on the endothelin system. It could 

be possible that SRHb affects the endothelin system only in the kidney and liver, while DCLHb 

affects the endothelin system in most of the organs. It is possible that DCLHb either releases 

endothelin or increases the sensitivity of vascular endothelin receptors, thereby producing 

cardiovascular effects. 

It was interesting to observe that BQ-123 reversed the SRHb induced decrease in the 

renal blood flow. Both, endothelin-A and endothelin-B receptors are present in the kidneys. It 

is well established that endothelin plays a critical role in the renovascular circulation and BQ-123 

itself produces a decline in the renovascular resistance, but does not affect the renal blood flow 

(Pollock and Opgenorth, 1993). The differences in the ability of stroma-free (reduced) 

haemoglobin and DCLHb to initiate an inflammatory reaction have been demonstrated (Burhop 

ef al., 1992). Infusion of stroma-free (reduced) haemoglobin in sheep has been found to increase 

the plasma concentrations of C3a and thromboxane B2, while DCLHb did not elicit any increase 

in C3a and thromboxane B, (Burhop ef al., 1992). It has been suggested that the presence of 

excessive amounts of aminophospholipids in stroma-free (reduced) haemoglobin solution could 

be responsible for the release ofC3a and thromboxane ll, (Feola ef al., 1988). Complement C5b 

has recently been demonstrated to stimulate the synthesis of endothelin-l in glomendar epithelial 

cells (Cybulsky ef al., 1993). It could be possible that SRHb initiates an inflammatory reaction 

which in tum stimulates the synthesis of endothelin-l in the kidneys leading to decrease in blood 

flow by SRHb. Stroma reduced and DCLHb produced a significant increase in plasma 

endothelin-l concentration. The increase was more marked by SRHb. This favors the 
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hypothesis that SRHb initiates a more potent inflammatory reaction and thus leads to more 

marked increase in the plasma endothelin-l concentration. 

It can be concluded that the endothelin-A receptor antagonist BQ-123 could (1) attenuate 

the pressor effect ofDCLHb more significantly than of SRHb, (2) significantly block the effect 

of DCLHb, but not of SRHb on regional circulation in the heart and (3) block the decrease in 

blood flow to the kidneys and liver induced by SRHb. These observations tend to suggest that 

purification, modification and stabilization of haemoglobin produces significant alterations in 

the cardiovascular effects of haemoglobin which could be mediated through endothelin 

mechanisms. It is concluded that endothelin mechanisms are involved in the cardiovascular 

effects of haemoglobin solutions. 
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haemorrhagic shock 



Chapter 12 

Effect of diaspil'in crosslinked haemoglobin, a haemoglobin-based blood substitute, on the 

regional blood circulation in severely hemorrhaged rats 

Summary 

Diaspirin crosslinked haemoglobin (DCLHbThI), a haemoglobin based blood substitute, has 

been found to improve regional blood circulation and systemic hemodynamics. \Ve have studied 
the cardiovascular effects ofDCLHb (10% w/v solution, doses of20%, 50%, and 100% i.v. of 

shed blood volume, SBV) and Ringer's lactate (300% of SBV) in hemorrhaged rats using a 

radioactive microsphere technique. Hemorrhage was induced in anaesthetized male Sprague 
Dawley rats by bleeding them at a rate of approximately 0.5 to 1 mllmin until a mean arterial 

pressure (MAP) of 35-40 mmHg was achieved. This was maintained for up to 90 min from the 

onset of hemorrhage to reach a base deficit ofless than -121rnnolll. Hemorrhage significantly 

decreased MAP, cardiac output (CO), and stroke volume (SV), and increased total peripheral 

resistance (TPR). Hemorrhage significantly decreased regional blood flow to all the tissues and 

whole body oxygen consumption. Control rats were administered RL (20% ofSBV, Lv.). This 

volume ofRL (vehicle) did not produce any improvements in systemic hemodynamics, regional 
blood flow or oxygen consumption. DCLHb (20%, 50%, and 100% of SBV) produced 

significant improvements in systemic hemodynamics and regional blood flow. DCLHb at 20% 
of SBV improved the oxygen consumption and base deficit from 3.61 ± 0.34 to 4.73 ± 0.47 

mllmin and -13.75 ± 0.79 to -10.97 ± 1.28 mmolll, respectively. At 50% of SBV, DCLHb 

improved the oxygen consumption and base deficit from 3.49 ± 0.37 to 5.40 ± .060 ml/min and 

-13.28 ± 0.84 to -8.30 ± 0.89 mmol/l, respectively. At 100% ofSBV, DCLHb improved the 

oxygen consumption and base deficit from 2.62 ± 0.37 to 5.69 ± 0.80 ml/min and -14.02 ± 2.13 

to -7.50 ± 1.69 mmol/l, respectively. RL (300% o[SBV) when administered at the rate of I 

mI/min for about 40 min, also produced significant improvement in base deficit, oxygen 

consumption, systemic hemodynamics and regional circulatory parameters. It is concluded that 
DCLHb in a dose dependent maimer produced a significant improvement in oxygen 
consumption, systemic hemodynamics, and regional blood circulation of hemorrhaged rats. 

12.1 Introduction 

Prolonged and severe blood loss sufficient to impair oxygen transport leads to hemorrhagic 

shock which is characterized by failure of compensatory mechanisms, resulting in a loss of 
homeostasis and death. Hemorrhage is one of the major causes of morbidity and mortality in \ 
trauma patients (Faist et al., 1998; Cerra, 1989). In those patients who survive the initial 

hemorrhagic episode, there is an increased risk of sepsis, multiple organ failure and late death 
(Ayalaet al., 1992; Baue, 1975; Rush, Jr. 1989; Stephan et al., 1987; Cerra, 1989; Mileski et al., 
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1992). Successful management of hemorrhagic emergencies includes control of ongoing 

hemorrhage and rapid restoration of intravascular volume to restore tissue perfusion (\Vang el 

al., 1994). Transfusion of homologous blood to enhance oxygen delivery may be life saving 

(Hankelin ef al., 1987; Moore ef al., 1992; Shoemaker ef al., 1988; Harringer ef al., 1992) but 

is not without problems such as health risks, limitations of supply and uneconomical costs. 
Homologous blood transfusion may be effective in elective surgeries, but its application in 

hemorrhagic emergencies is often not feasible. Therefore, there is a need for development of 
alternative resuscitative solutions. 

Haemoglobin based blood substitutes have been proposed to be effective in the treatment of 

hemorrhagic shock and offer several advantages over non~haemoglobin based resuscitative 
solutions (Kaplan and Murphy, 1975; Moss ef al., 1976; Chang, 1993). DCLHb is a modified 

haemoglobin solution derived from human erythrocytes. It is prepared by cross~linking 
haemoglobin between the. (l;Msubunits, within the haemoglobin tetramer, by means of a reaction 
with the diaspirin compound, bis(3,5-dibromosalicyl) fumarate (Chatterjee ef al., 1986). It is 

purified by heat pasteurization to inactivate any contaminating viruses and precipitate undesirable 
proteins (Estep ef al., 1989). It possesses biochemical stability and exhibits a greater 

intravascular retention than urunodified haemoglobin (Hess ef al., 1989; Estep ef al., 1991). It 

is slowly degraded in the blood stream and has less accumulation in the tissues, and it is 
catabolized to low molecular weight compounds which are eliminated through the urine and 
feces (Estep ef al., 1991). DCLHb does not require cross-matching or typing prior to 

administration, is less viscous than whole blood, and may be better able to carry oxygen through 
narrowed vessels to ischemic tissues due to the smaller size of the haemoglobin molecule relative 
to the erythrocytes. DCLHb is devoid of white cells and other blood components which are 

known to contribute to ischemic tissue injury by releasing cytotoxic products. DCLHb has been 
found not to elicit any inflanunatory reactions in sheep (Burhop ef al., 1992) and monkeys (Estep 

ef al., 1992). It does not interfere with the coagulation cascade, or the reticular endothelial 

system (Przybelski ef al., 1991 b). 

Studies have shown that DCLHb produces significant increases in mean arterial pressure 
(MAP) in normal anaesthetized (Gulati ef al., 1994; Gulati and Rebello, 1994; Gulati and 

Sharma, 1994) and conscious (Malcolm ef al., 1994; Schultz ef al" 1993a) rats. In humans, 

DCLHb produces a dose-dependent increase in MAP without any significant adverse effects or 
toxicity (Przybelski ef al., 1994). This rise in MAP is due to the pharmacological properties of 

DCLHb solution and not due to volume load or oncotic pressure (Hamilton ef al., 1992; Malcolm 

ef al., 1994). In situations simulating clinical settings, DCLHb at 50% of SBY was found to be 

an effective resuscitative fluid following hemorrhage in rats (Przybelski ef al., 1991 a; Malcolm 

ef al., 1992). This efficacy was comparable to that of autologous blood and superior to that of 

isotonic crystalloid solution Ringer's lactate (RL). DCLHb maintained cardiac and renal 
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functions after partial or complete exchange transfusions (Hess ef al., 1989) and restored MAP, 

cardiac output (CO) and plasma lactate levels (Hess el al., 1993; Hess el al., 1992) after 

hemorrhage in swine. In rats trained to complete a water alley maze and subjected to 

hemorrhagic shock, resuscitation with DCLHb did not produce any significant deterioration in 

their performance (przybelski el al., /990). DCLHb at 25% ofSBV has been found to decrease 

base deficit following hemorrhage in rats (Schultz el al., 1993b). Thus DCLHb is an effective 

resuscitative solution in animal models of hemorrhage. 

Previous studies till now have shown the beneficial effects of various doses ofDCLHb in 

restoring the alterations in base deficits, MAP and heart rate (HR) in hemorrhaged rats. No study 

has yet been perfonned to detennine the effect ofDCLHb on oxygen consumption and regional 

blood circulation in severely hemorrhaged rats. The present study was performed to determine 

the effect of varying doses of DCLHb on oxygen consumption, base deficit, systemic 

hemodynamics and regional blood circulation in severely hemorrhaged rats. 

12.2 Materials and Methods 

Animals and surgical preparations 

Male Sprague-Dawley rats (Sasco-King Animal Co. Oregon, WI, USA) weighing 340-400 

g were used in the study. Rats were anesthetized with urethane (1.5 g/kg, Lp.). TIle left femoral 

vein was call1lUlated (PE 50 tubing) for drug administration. The left femoral artery was 

cannulated (PE 50 tubing) and connected to a Gould P23 ID pressure transducer for recording 

the blood pressure on a Grass P7D polygraph (Grass Instrument Co., Quincy, MA, USA) through 

a 7PI preamplifier. The heart rate was recorded through a 7P4B Grass tachograph, triggered from 

blood pressure signals. The right femoral artery was cannulated to induce controlled hemolThage. 
The carotid artery of the right side was exposed and a PE 50 tubing was guided through the 

common carotid artery into the left ventricle. The presence of the cannula in the left ventricle 
was confirmed by recording the pressure on the Grass polygraph using the Statham P23 DC 

pressure transducer (Grass Instrument Co., Quincy, Mass.). \Vhen the catuUlia reached the 

ventricle, the diastolic pressure dropped to zero. In order to keep the blood pO" pCO, and pH 

constant, and to avoid the effect of respiration on blood pressure and heart rate, animals were 
kept on constant rate artificial respiration by inserting an endotracheal cannula cOIUlected to a 
rodent ventilator (Model 683, Harvard Apparatus inc., South Natick, MA, USA). Arterial blood 

pO" pCO, and pH were measured using a pHiblood gas analyzer (ABL330 Radiometer, 

Copenhagen, Dennlark). 

Determination of systemic hemodynamics and regional circulation 

Systemic hemodynamics and regional blood circulation were detem1ined using the procedure 
described earlier (Gulati el al., 1994; Shanna and Gulati, 1994). At each measurement, a 
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thoroughly mixed suspension of approximately 100,000 microspheres (IS ± I Ilm diameter) 

labeled with "Sc (Scandium), '"Sn (Tin), "'Ce (Cerium), "Nb (Niobium) or 'OJRu (Ruthenium) 

(New England Nuclear Corporation, Boston, MA, USA) in 0.2 ml saline was injected into the 

left ventricle and flushed with 0.4 ml saliue over a 15 sec period. In order to calculate the blood 

flow, arterial blood was withdrawn at a rate of 0.5 mllrnin through the left femoral artery. Blood 

was withdrawn for 90 sec starting about 5-10 sec before the microsphere injection. All the tissues 

and organs were dissected out, weighed and placed in vials. The following tissues were studied: 

heart, brain, gastrointestinal tract (OlT), liver, mesentery and pancreas, kidneys, skin and 
musculoskeletal system. The radioactivity in the standards, the blood samples and the tissue 

samples were counted in a Packard Minaxi AutowGamma 5000 series gamma counter (Packard 
Instrument Co., Downers Grove, IL, USA) with preset windows discriminating the isotope 
energies. The following parameters were calculated: (l) CO [(radioactivity injected x withdrawal 

rate of arterial blood)/radioactivity in sampled arterial blood], (2) SV [cardiac outputlheart rate), 

(3) total peripheral resistance (TPR) [MAP/CO), (4) regional blood flow [(radioactivity in tissue 

x withdrawal rate of arterial blood)/radioactivity iu sampled arterial blood), and (5) regional 

vascular resistance [MAP/regional blood flow). The data were calculated using the computer 

programs described earlier (Saxena ef al .. 1980). 

Induction of hemorrhage 

Hemorrhage was induced by withdrawing blood at the rate of approximately 0.5 to I mllmin 

until a MAP of 35-40 mmHg was reached (Stephan ef al., 1987). This was maintained for 90 

min from the onset of hemorrhage by additional removal of blood to reach a base deficit of 

greater than -12 mmolll (Schultz ef al., 1993b). 

Determination of hcmoximeter values and oxygen consumption 
Total haemoglobin concentration, percent Qxyhaemoglobin, percent reduced haemoglobin, 

and oxygen saturation were measured using a hemoximeter (lL482 Co-oximeter system, 
Instmmentation Laboratory, LexingtonJ MA, USA). The instrument was set for use of rat blood 
and the necessary algorithms were applied for species differences. The blood gases and 
hemoximeter readings were taken at baselineJ end of hemorrhage, and 60 min following 
resuscitation. Oxygen consumption was calculated based on the formula: 

Oxygen consumption ~ CO x lOx Hgb x 1.36 x (SaO,-SvO,) II 00, 

where CO is cardiac outputJ Hgb is total haemoglobinJ 8a02 is percent arterial blood oxygen 
saturated and SvO, is percent venous blood oxygen saturated (Bone, 1982). 

Resuscitation 
The following resuscitation studies were performed (I) RL 20% of SBV (N~ 12)as vehicle; 

this will be referred to as the vehicle treated group, (2) RL 300% ofSBV (N~IO), (3) DCLHb 

20% ofSBV (N~12), (4) DCLHb 50% ofSBV (N~9), and (5) DCLHb 100% ofSBV (N~9). 

Resuscitative solutions were administered intravenously as bolus injectionsJ except for RL 300% 
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ofSBV which was infused at the rate of I mVmin for about 40 min. The systemic hemodynamic 

and regional circulatory effects were detemlined before the induction of hemorrhage (baseline), 

following 90 min of hemorrhage and 60 and 120 min after resuscitation. 

Drugs 

DCLHb was prepared and provided by Baxter Healthcare Corp., Round Lake, lL, USA (Lot 

No. 94DOIADII-092894V). The physico·chemical characteristics ofDCLHb were as follows: 

Haemoglobin content 10.0 to 10.2 g/dl, methaemoglobin content 1.2 to 1.7 gldl, p50 at 37"C ~ 

32 to mmHg (defined as the partial pressure of oxygen at which haemoglobin is 50% saturated), 

osmolality ~ 290 mOsmikg, sodium ~ 140 mEq/l, potassium ~ 5 mEq/l, phospholipid content 

<0.2 ppm, endotoxin <0.125 EU/ml and crosslinking between a subunits is 99.9%. RL was 

purchased from Baxter Healthcare Corp., Deerfield, lL, USA. 

Statistics 
All data are presented as the mean values ± SEM. MAP (mmHg) was calculated using the 

formula [(Systolic BP - Diastolic BP) / 3] + Diastolic BP. Heart rate was recorded as beats/min. 

Data were analyzed by two way analysis of variance followed by Duncan's test. A level ofP < 
0.05 was considered significant. 

12.3 Results 

Effect of DCLHb on blood gases and hem oximeter values 

Hemorrhage significantly decreased the arterial blood pH and peol • and increased pOl' 
Administration of vehicle to hemorrhaged rats further decreased arterial blood pH and peo2• and 
increased pO,. Administration of RL at 300% of SBV or DCLHb at 20%, 50% and 100% of 

SBV to hemorrhaged rats significantly increased (p ~ 0.02) pH and pCO" and decreased (p ~ 

0.01) pO, Cfable I). Hemorrhage did not produce any alterations in the arterial oxyhaemoglobin, 

reduced haemoglobin and oxygen saturation. These parameters Wefe not significantly affected 
following the administration of vehicle, RL or DCLHb. Induction of hemorrhage produced a 
significant decrease in the arterial total haemoglobin concentration from 15.54 ± 0.13 g% to 
10.91 ± 0.24 g% which was not significantly altered following administration of either vehicle, 
RLorDCLHb. 

Effect ofDCLHb on oxygen consumption 

The basal oxygen consumption in rats was 4.93 ± 0.23 mllmin, however, following 
hemorrhage, the oxygen consumption significantly (p ~ 0.04) decreased to 3.04 ± 0.20 ml/min. 

Resuscitation with vehicle further decreased oxygen consumption. On the other hand, 
resuscitation with RL (300% ofSBV) or DCLHb (20, 50 and 100% ofSBV) significantly (p ~ 

0.004) increased oxygen consumption following hemorrhage. RL (300% of SBV) and DCLHb 
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when administered in the dose of 50% or 100% ofSBV, the oxygen consumption in hemorrhaged 

rats returned to the baseline levels obtained prior to the induction of hemorrhage (Fig. I). 

Effect of DCLHb on base deficit 

The base deficit in normal rats before the induction of hemorrhage was -2.10 ± 0.33 mmoUI. 

Following hemorrhage the base deficit significantly (p = 0.03) decreased to -13.88 ± 0.32 mmoUI. 

Resuscitation with vehicle further decreased base deficit to -20.76 ± lAO mmoill. On the other 

hand, resuscitation with RL (300% ofSBV) or DCLHb (20, 50 and 100% ofSBV) significantly 

(p = 0.0001) increased base deficit following hemorrhage (Fig. 2). 

Effeet ofDCLHb on systemic hemodynamics 

The basal value for the HR was 370 ± 20 beatslmin, MAP was 81.8 ± 1.55 mmHg, CO was 

85.6±2A mUmin, stroke volume (SV) was 0.24± 0.01 ml, and TPR was 1014 ± 19 mmHglUmin 

in normal rats. Induction of hemorrhage significantly (p < 0.05) decreased the MAP by >50%, 

CO by >64%, SV by >61 %, and significantly (p < 0.05) increased TPR by >32%. The HR was 

decrcased but not significantly following hemorrhage. Resuscitation with vehicle did not 

produce any improvement in cardiovascular parameters. A decrease in MAP, CO, SV, and 

increase in TPR was observed following administration of vehicle. A decrease in HR was also 
observed with vehicle at 60 min of resuscitation. Administration ofDCLHb at 20%,50% and 

100% ofSBV to hemorrhaged rats significantly (p = 0.002) increased the HR by >54%, MAP 

by >255%, CO by >296%, and SV by> 160%. Resuscitation with DCLHb at 20% of SBV did 

not significantly alter TPR, while administration ofRL (300% ofSBV) or DCLHb at 50% and 

100% of SBV significantly (p = 0.04) decreased TPR by >42% as compared to vehicle treated 

rats (Table 2). Administration ofRL at 300% ofSBV to hemorrhaged rats significantly (p = 
0.05) increased the HR by 67%, MAP by 68%, CO by 415%, and SV by 200%. The increase in 

MAP, CO, and SV following resuscitation with DCLHb (50 and 100% ofSBV) were more than 

that observed following resuscitation with RL (300% ofSBV) (Table 2). 
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TABLE 1 Effect ofDCLHb in control (RL 20% ofSBV; N=12), RL (300% ofSBV; N=IO) 

and DCLHb 20% (N=12), 50% (N=9), and 100% of SBV (N=9) treated 

hemorrhagic rats in pH, p02' and peo2. 

Parameter Baseline Hemorrhage 60 min Resuscitation 

pH 

RL20% 7042 ± 0.02 7.27 ± 0.02' 7.20 ± 0.03' 

RL300% 7.35 ± 0.01 7.25 ± 0.02' 7.34 ± 0.01' 

DCLHb20% 7.38 ± 0.01 7.27 ± 0.01' 7.31 ± 0.01' 

DCLHb50% 7041 ± 0.01 7.23 ± 0.04* 7.30 ± 0.02' 

DCLHb 100% 7042 ± 0.02 7.28 ± 0.04' 7.34 ± 0.02' 

pO, 

RL20% 12104 ± 7.1 159.1 ± 5.8* 173.0± 4.6' 

RL 300% 130.3 ± 904 162.0± 12.1- 143.2 ± 704' 

DCLHb20% 119.6 ± 6.3 157.7 ± 7.5- 148.0 ± 7.6' 

DCLHb50% 121.1 ± 2.7 139.9 ± 3.5- 102.1 ± 9.2' 

DCLHb 100% 118.7 ± 5.6 145.9 ± 2.2' 106.5 ± 10.1' 

pCO, 

RL20% 40.0 ± 1.6 27.0 ± 1.2- 19.9 ± 0.6-

RL300% 32.2 ± 1.8 2004 ± 2.0' 26.1 ± 2.2' 

DCLHb20% 34.5 ± 1.9 22.5 ± 1.9' 24.8 ± 1.9' 

DCLHb50% 35.5 ± 1.5 26.2 ± 1.9- 34.4 ± 2.7' 

DCLHb 100% 33.1±1.3 20.8 ± 1.9- 29.6± 3.1' 

*Indicates significant (P < 0.05) difference as compared to baseline. #Indicates significant (p < 

0.05) difference as compared to control. 
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TABLE 2 Effect of DCLHb in control (RL 20% ofSBV; N~12), RL (300% ofSBV; N~IO) and 

DCLHb 20% (N~12), 50% (N~9), and 100% ofSBV (N~9) treated hemorrhagic rats in 

systemic hemodynamics. 

Parameter Baseline Hemorrhage 60 min Restlscit. 120 min Resuscit. 

Heart rate (beats/min) 

RL20% 365 ± II 343 ± 15 248 ± 27' 

RL300% 385 ± 7 380±9 415 ± 17' 381±13 

DCLHb20% 382±19 362 ± 23 383 ± 20' 343 ±20 

DCLHb 50% 355 ± II 349 ± 16 401 ± 9" 374 ± 6 

DCLHb 100% 361 ± 20 348 ± 14 414±II" 385 ± 28 

Mean arterial pressure (mmHg) 

RL20% 83.5 ± 4.9 35.8 ± 1.4' 21.8 ± 1.6' 

RL300% 83.5 ± 3.3 37.3 ± 1.2' 58.4 ± 5.7" 42.1 ± 5.2' 

DCLHb20% 84.5 ± 3.9 37.2± 1.4' 77.5±5.I' 51.8±5.3' 

DCLHb 50% 82.7 ± 4.0 36.4 ± 0.7' 104.3±3.8" 76.5 ± 8.5 

DCLHb 100% 75.0± 5.2 37.3 ± 0.7' 104.5 ± 6.7" 92.3±13.4 

Cardiac output (mUntin) 

RL20% 79.9 ± 12.2 24.7±5.1* 12.3±3.I' 

RL300% 92.9 ±7.7 30.2 ± 3.4' 63.3 ± 6.7*' 48.0 ± 5.4* 

DCLHb20% 78.9 ± 4.5 26.8 ± 3.5* 48.7 ± 5.2" 33.2 ± 5.6' 

DCLHb 50% 88.5±5.1 31.6 ± 3.0' 97.4± 11.5' 58.0 ± 9.0' 

DCLHb 100% 87.7 ± 7.2 30.6 ± 5.4' 152.5 ± 46.4' 56.1 ± 8.8 

Stroke volume (ml) 

RL20% 0.22± 0.03 0.07 ± 0.01' 0.05 ± 0.01' 

RL300% 0.23±0.02 0.08 ± 0.01 * 0.15±0.0I" 0.12±0.01* 

DCLHb20% 0.20± 0.01 0.08 ± 0.01 * 0.13 ± 0.01 *' 0.09±0.01* 

DCLHb50% 0.30 ± 0.03 0.10±0.01* 0.25 ± 0.03' 0.15 ± 0.02' 

DCLHb 100% 0.25 ± 0.02 0.09±0.01* 0.37 ± 0.12' 0.15 ± 0.02 

Total peripheral resistance (mmHglIlmin) 

RL20% 1001 ± 82 1538 ± 152' 2127±317' 

RL300% 953 ± 82 1355 ± 125' 1021 ± 120" 925 ± 121 

DCLHb20% 1066 ± 47 1414 ± 74' 1717 ± 124' 1884 ± 210* 

DCLHb50% 992 ± 53 1501 ± 131' 1234±216' 1440± 145* 

DCLHb 100% 1056 ± 99 1444 ± 187' 976±151' 1762 ± 252' 

*Indicates significant (P < 0.05) difference as compared to baseline. bindicates significant (p < 0.05) 

difference as compared to control. 
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Fig. 1 The effect ofDCLHb (20%, 50%, and 100% ofSBV) and RL (300% ofSBV) on 

oxygen consumption in hemorrhaged rats at 60 min after resuscitation. *Indicates 
significant difference as compared to baseline and #indicates significant difference 

as compared to control group. 

184 



Efficacy of DCLHb in hemorrhagic shock Chapter 12 

~ 

::::. 
0 
E 
E 
~ 

."!:: 
() .... 
OJ 

0 
OJ 
C/) 

cu 
ro 

Fig. 2 

~ A. ~ Control -·0 -. Rl300% -. 'V --DClHb 20%- <> -OCLHb 50%- 0 ~ DCLHb 100% 

o 

-5 

-10 

-15 

-20 

-25 
BASELINE HEMORAHAGE RESUSCITATION 

11le effect ofDCLHb (20%. 50%, and 100% ofSBV) and RL (300% ofSBV) on 

base deficit in hemorrhaged rats at 60 min after resuscitation. *Indicates 

significant difference as compared to baseline and #indicates significant difference 

as compared to control group. 
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control (RL 20% of SBV), and DCLHb (20%, 50%, and 100% of SBV) treated rats. 'Indicates significant difference as 
compared to baseline, "indicates significant difference as compared to control group and @indicates significant 
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Effect of DCLHb on regional blood circulation 

The basal blood flow to the brain was 94.14 ± 1.22 ml/minllOO g tissue. Hemorrhage 

significantly (p ~ 0.00 I) decreased regional blood flow and vascular resistance in the brain. 

Resuscitation with vehicle did not produce any change in blood flow or vascular resistance in the 
brain following hemorrhage. Administration ofRL (300% ofSBV) or DCLHb in the doses of 

20%,50% and 100% ofSBV produced an increase in blood flow to the brain 60 min following 

resuscitation in hemorrhaged rats. The increase in blood flow to the brain following RL or 
DCLHb administration was significantly (p ~ 0.0001) more than that observed in vehicle treated 

rats. Vascular resistance was not significantly affected by RL and DCLHb. The increase in 

blood flow to the brain following resuscitation was significantly more in DCLHb (50 and 100% 

of SHY) treated as compared to RL (300% ofSBV) treated rats (Fig. 3). 

In the heart basal blood flow was 562.6 ± 9.58 ml/minllOO g tissue in rats. Induction of 

hemorrhage produced a significant (p ::;: 0.002) decrease in blood flow and vascular resistance in 
the heart. Administration of vehicle produced no change in blood flow and vascular resistance 
in the heart of hemorrhaged rats. Resuscitation with RL (300% ofSBV) or DCLHb (20%, 50% 

and 100% of SBV) produced a significant increase in blood flow 60 min after its administration 
to hemorrhaged rats as compared to vehicle treated rats. The increase in blood flow to the heart 
following administration ofRL or DCLHb to hemorrhaged rats was found to be significantly (p 

< 0.000 I) greater than that observed in vehicle treated rats. No significant change was observed 

in vascular resistance following administration of DCLHb to hemorrhaged rats. The increase in 
blood flow to the heart following resuscitation was significantly more in DCLHb (50 and 100% 

of SBV) treated as compared to RL (300% of SHY) treated rats (Fig. 4). 

In the kidneys the baseline blood flow was 334.3 ± 15.7 ml/minllOO g tissue in rats. 

Hemorrhage significantly (p < 0.000 I) decreased blood flow to the kidneys by >77%, while no 

change in vascular resistance was observed. Administration of vehicle produced no change in 
blood flow while an increase in vascular resistance was observed. Resuscitation with RL (300% 
o[SHV) or DCLHb (20%, 50% and 100% ofSBV) significantly (p < 0.0001) increased blood 

flow to the kidneys as compared to vehicle treated rats. The increase in vascular resistance 
observed in vehicle treated rats was not observed in RL (300% ofSHV) or DCLHb (50 and 100% 

of SBY) treated rats. The increase in blood flow to the kidneys following resuscitation was 
significantly more in DCLHb (50 and 100% ofSBV) treated as compared to RL (300% ofSHV) 

treated rats (Fig. 5). 

The basal blood flow to the liver was 37.2 ± 1.9 ml/minll 00 g tissue and to the mesentery 

& pancreas was 31.9 ± 2.37 ml/min/lOO g tissue. Hemorrhage significantly (p < 0.0001) 

decreased regional blood flow to the liver by >57% and to the mesentery & pancreas by >52%1' 

(Figs. 6 and 7). Administration of vehicle produced no change in blood flow to the liver and 

mesentery & pancreas, while an increase in vascular resistance was absented in the liver (Fig. 
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6). Resuscitation with RL (300% of SBV) or DCLHb (20%, 50% and 100% of SBV) 

significantly (p < 0.0001) increased blood flow to the liver and mesentery & pancreas as 

compared to vehicle treated rats. The increase in vascular resistance observed in the liver of RL 
treated rats was not observed in DCLHb treated rats (Figs. 6 and 7). The increase in blood flow 

to the liver following resuscitation was significantly more in DCLHb (50 and 100% of SBV) 

treated as compared to RL (300% of SBV) treated rats (Fig. 6). 

In the GlT blood flow was 148.8 ± 3.6 mlfminilOO g tissue in rats. Hemorrhage 

significantly (p < 0.000 I) decreased regional blood flow to the GlT by >57%. Resuscitation with 

vehicle did not produce any change in blood flow or vascular resistance in the GIT following 
hemorrhage. Administration ofRL (300% ofSBV) or DCLHb in the doses of20%, 50% and 

100% of SBV produced an increase in blood flow to the GlT 60 min following resuscitation in 

hemorrhaged rats. The increase in blood flow to the GIT following RL or DCLHb administration 

was significantly (p ~ 0.000 I) greater than that observed in vehicle treated rats. The increase in 

vascular resistance observed in the GIT of vehicle treated rats at 60 min was not observed in RL 
or DCLHb treated rats (Fig. 8). 

The basal blood flow to the skin was 5.58 ± 0.24 mlfminilOO g tissue and to the 

musculoskeletal system was 16.82 ± 1.36 mlfminll 00 g tissue. Hemorrhage siguificantly (p < 

0.0001) decreased regional blood flow to the skin by >69% and to the musculoskeletal system 

by >67% (Figs. 9 and 10). Administration of vehicle produced no change in blood flow to the 

skin and musculoskeletal system, while an increase in vascular resistance was observed in the 
skin (Fig. 9). Resuscitation with RL (300% of SBV) or DCLHb (20%, 50% and 100% of SBV) 

significantly (p < 0.0001) increased blood flow to the skin and musculoskeletal system as 

compared to vehicle treated rats. The vascular resistance in the skin and musculoskeletal system 
ofDCLHb treated rats was found to be significantly increased. The increase in blood flow to the 

skin and musculoskeletal system following resuscitation was significantly more in DCLHb (50 
and 100% ofSBV) treated as compared to RL (300% ofSBV) treated rats (Figs. 9 and 10). 

12.4 Discussion 

Successful prehospital management of severe hemorrhagic shock includes identification 

and control of bleeding, and to minimization ofthe time from injury to definitive surgical care 
by rapid restoration of intravascular volume to restore oxygen delivery and prevent multiple 
organ failure. Recovery is dependent upon the restoration of oxygen delivery and subsequent 

oxygen utilization for oxidative phosphorylation by the respiratory enzymes of the mitochondria 
(Moore ef al., 1992; Shoemaker ef al., 1988). A rapid restoration of tissue perfusion and 

oxygenation prevents ischemic tissue damage, multiple organ failure, and improves sun/ivaI 

(Moore ef al., 1992; Shoemaker ef al., 1988). 
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Base deficit is an extremely sensitive indicator of the severity of volume deficit (Davis 

ef al., 1990; Siegel ef al., 1990), metabolic dysfunction (Davis ef al., 1990; Siegel ef al., 1990), 

oxygen debt (Dunham ef al., 1991), and semm lactate levels (Weiskopf and Fairley, 1982) 

following hemorrhagic shock. The hemodynamic end-points of resuscitation like MAP, HR, and 

central venous pressure are often incorrect indicators of adequate perfusion. Oxygen deficit may 

persist following hemorrhagic shock despite resuscitation and normalization of circulatory 
function (Siegel ef al., 1990; Shoemaker ef al., 1982). Thus, the normalization of base deficit 

is a reliable index for the efficacy of resuscitation following hemorrhagic shock (Rutherford ef 

al., 1992; Davis ef al., 1990). The hemorrhagic shock model used in the present study is a well 

established rodent model of manageable fixed pressure hemorrhage without tissue trauma 

(Stephan ef al., 1987). We have utilized this hemorrhagic shock model and standardized the 

degree of shock to a base deficit of less than -12 mmolll (Schultz ef al., 1993b). 

The present study shows that the vehicle was not effective in increasing oxygen 

consumption, and reversing base deficit. These suggest persistent oxygen debt and inadequate 
resuscitation with vehicle. However, when high volume ofRL (300% ofSBV) was administered 
as infusion of 1 ml/min for about 40 min, a significant improvement in oxygen consumption was 

observed. DCLHb (20%, 50%, and 100% of SBV) also produced a significant improvement in 

oxygen consmnption of hemorrhaged rats and restored it to basal values. A consistent finding 

of an increase in arterial blood p02 and a decrease in arterial blood peo2 following hemorrhage 
was observed. This change takes place even in animals kept on positive pressure artificial 
ventilation. It could be possible that due to artificial ventilation a constant supply of oxygen and 
carbon dioxide to the pulmonary alveoli is maintained, but subsequent exchange could be 

responsible for the changes in arterial blood p02 and peo2 observed in hemorrhaged rats. 
Hemorrhage produces a significant decrease in systemic and regional blood circulation which 
will also decrease pulmonary circulation thus allowing more time for the exchange of oxygen and 
carbon dioxide in the lungs leading to an increase in arterial p02 and a decrease in peo2. 

DCLHb at 50% and 100% of SBV reversed base deficit at 60 min after resuscitation, though 
prehemorrhagic levels were not attained. The reversal of hemorrhage induced base deficits in 
the present study are comparable with another study in conscious rats using DCLHb 7% wiv 
solution at 50% and 100% ofSBV (Schultz ef al" I 993b). Howcvcr, thc conscious rats showed 

more positive basal values of base deficit (base excess). The lower basal values of base deficit 

could be due to the anaesthetized state of animals in the present study. Since DCLHb 
significantly increased the oxygen consumption and reversed the base deficit, it appears that 

DCLHb is effective in conditions involving hemorrhagic shock. Resuscitation with DCLHb even 
at 20% and 50% of SBV can restore oxygen delivery and possibly increase tissue perfusion, 
prevent ischemic tissue damage and multiple organ failure following severe hemorrhage. 
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Induction of hemorrhage in urethane anesthetized rats has been shown to produce a 
decrease in MAP, HR and respiratory rate along with a severe decrease in carotid arterial portal 
vein and abdominal caval blood flow (Guarini el ai., 1992). Similar results were obtained in the 

present study. In the present study vehicle was not effective in improving any of the hemorrhage 
induced systemic hemodynamic alterations. On the other hand, RL (300% of SBY) produced 

a significant improvement in systemic hemodynamic parameters of hemorrhaged rats. 

Resuscitation with DCLHb (20%, 50%, and 100% ofSBY) produced a significant pressor effect 

which was accompanied with significant increases in SV and CO. A significant decrease in TPR 
was observed when DCLHb was administered in the doses of 50% and 100% of SBY, but due 

to a marked increase in CO a significant pressor effect was observed in hemorrhaged rats. 

DCLHb (20%, 50% and 100% ofSBY) significantly increased HR in hemorrhaged rats. Similar 

results have been observed in other studies conducted in hemorrhaged rats using DCLHb 7%, 
10%, and 14% wlv solution at 50% and 100% of SBY (Przybelski el ai., 1991 a; Malcolm el ai., 
1992). When DCLHb was compared to RL, the improvement in MAP, CO and SY with DCLHb 

(50 and 100% of SBY) were found to be significantly more marked than RL (300% of SBY). 

Most of the resuscitation studies following hemorrhage have been conducted using 

parameters like survival, MAP, HR, CO and renal functions (Buemi el ai., 1993; Bertolini el ai., 

1989; Maxson el ai., 1993; Zingarelli el ai., 1994). Only a few studies have been conducted to 

determine regional blood circulation during hemorrhage and following resuscitation (\Vang el 

at., 1993; Guarini el ai., 1992). Besides measuring oxygen consumption, base deficit and 

systemic hemodynamics, an extensive measurement of regional blood circulation was also 

performed in the present study. 
Hemorrhage produced a significant decrease in blood flow to all the tissues. The decrease 

in blood flow was less in the brain and heart but was very severe in the kidneys, GIT, portal 

system and musculoskeletal system. Administration of DCLHb produced a significant 

improvement in blood flow to all the tissues in a dose dependent manner. Illis increase in blood 
flow appeared to be due to a significant increase in CO. The increase in blood flow to all the 
tissues was highly significant at 60 min after the administration ofDCLHb, while at 120 min the 

blood flow to various tissues decreased but was still higher in some tissues than that observed 
following hemorrhage. In the present study, vehicle was found to be not effective in restoring 
the blood flow to any tissue. However, when RL was used in extremely high volumes of 300% 
ofSBV a significant improvement in blood flow to almost all the tissues was observed. These 

findings arc similar to that reported earlier where RL was administered as 400% of SBV and 

produced a significant improvement in blood flow to the portal system and kidneys (\Vang el at"~ 

1993). DCLHb, even in very low volumes (20% to 50%of SBY) was fouud to be as effective 

in restoring blood flow to the tissue as extremely high volumes of RL (300 to 400% of SBY). 
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However, an increased mortality has been reported following use of high volume RL during 

resuscitation (Wang el al., 1993). DCLHb, besides improving blood flow can also deliver oxygen 

to the tissues which is not possible with RL. Evidence for the restoration of the decrease in 
oxygen consumption following hemorrhage by DCLHb has been clearly provided in the present 

study. 

Several types of haemoglobin based blood substitutes have been developed and are in 

different phases of clinical trials. Studies have demonstrated the efficacy of haemoglobin based 

blood substitutes in resuscitation following hemorrhage in animals. An uItrapurified, 

polymerized, bovine haemoglobin solution has been shown to improve the cerebral blood flow 

when administered to hemorrhaged rats (Waschke el al., 1994). Stroma free polymerized bovine 

haemoglobin has been found to be effective in restoring the systemic hemodynamic parameters 
in hemorrhaged dogs (Bosman el al., 1992). Another study using polymerized ultrapurified 

bovine haemoglobin has shown that it is effective in restoring the cardiovascular parameters 

following ovarian hemorrhage in a miniature horse (Maxson ef al., 1993). A liposome 

encapsulated haemoglobin preparation consisting of lyophilized powder for use as ninstant 

blood" has also been described (Rabinovici ef al., 1995). Several studies have shown the efficacy 

ofDCLHb in hemorrhaged animals (przybelski ef al., 1991a; Schultz ef al., 1993b; Malcolm ef 

al., 1992). The present study provides extensive evidence that DCLHb produces significant 

cardiovascular effects which might be responsible for its efficacy in hemorrhaged rats. 

It is known that serious hypotension after hemorrhage is due to a decreased sensitivity 
of the cardiovascular system to catecholamines (Flint ef al., 1984; Baker ef al., 1988) and 

irreversible loss of arteriolar tone (Hutchins ef al., 1973). It has been demonstrated that 

hemorrhagic shock is characterized by a hyporesponsiveness to phenylephrine, an a adrenergic 
agonist (Zingarelli ef al., 1994). DCLHb has been found to increase the sensitivity of vascular 

" adrenergic receptors (Gulati and Rebello, 1994; Sharma and Gulati, 1995), whether this 

mechanism is responsible for the efficacy of DCLHb in hemorrhaged rats is not known. DCLHb 

has also been found to increase endothelin (an endogenous vasoconstrictor substance) levels 
(Gulati ef al., 1996; Gulati ef al., 1995) and scavenge nitric oxide (an endogenous vasodilator 

substance) (Shamla ef al., 1995). Therefore, restoration of arteriolar tone could also be achieved 

as a result of removal of nitric oxide and increases in the concentration of endothelin by DCLHb. 

Further studies are needed to prove or disprove this hypothesis. 
It is concluded that DCLHb is an effective haemoglobin based resuscitative solution in 

hemorrhaged rats. DCLHb produced a significant improvement in oxygen consumption, b~se 
deficit, blood pressure, cardiac output, and regional blood circulation when administered to 

hemorrhaged rats. It appears that the dose of DCLHb needed to produce maximal eftcct in 

hemorrhaged rats is only 50% of SBY, thus DCLHb 20-50% of SBY may be an effective 
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resuscitative solution in the treatment of acute hemorrhagic shock. Haemoglobin based blood 

substitutes not only oxygen carrying solutions but produce significant cardiovascular effects and 

arc likely to provide a new armamentarium in the resuscitation of hemorrhagic shock. 
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Chapter 13 

Role of endothelin and nitric oxide in the resuscitative effect of diaspirin crosslinked 

hemoglobin, a hemoglobin based blood substitute, following hemorrhage in the rat 

Summary 

Diaspirin Crosslinked Hemoglobin (DCLHbTh'), a hemoglobin based blood substitute, 

improves regional blood circulation and systemic hemodynamics in Donllal and hemorrhaged 
rats. We have studied the modulation of cardiovascular effects ofDCLHb by a nitric oxide (NO) 

synthase (NOS) inhibitor, Nw-nitro-L-arginine methyl ester (L-NAME) and an endothelin-A 

(ETA) receptor antagonist FR139317, in severely hemorrhaged rats. Hemorrhage was induced 

in male urethane anaesthetized rats by bleeding them at a rate of approximately 0.5 to I mVmin 
,mtiI a mean arterial pressme (MAP) of35-40 mmHg was achieved. This MAP was maintained 

for up to 90 min from the onset of hemorrhage to reach a base deficit of less than -12 mmoVI. 

Hemorrhage significantly decreased oxygen consumption, arterial blood pH, arterial peol and 
increased arterial pOz. Hemorrhage also produced a significant decrease in MAP, cardiac output 
(CO) and stroke volume (SV) and increase in total peripheral resistance (TPR). Hemorrhage 

produced a marked decrease in blood flow to all the tissues and an increase in vascular resistance 
in the kidneys, skin, portal and musculoskeletal system. Plasma ET -1 and cGMP concentrations 
were found to be significantly increased following hemorrhage. Control rats were resuscitated 
with vehicle (Ringer's lactate, RL, 4 mVkg, Lv.). Resuscitation with vehicle did not produce any 
improvement in oxygen consumption, base deficit, systemic hemodynamics or regional blood 
flow of hemorrhaged rats. The vehicle resuscitated rats survived for <70 min following 
hemorrhage. Resuscitation with DCLHb (400 mgikg, Lv. in a 10% w/v solution) significantly 

improved oxygen consumption and base deficit at 60 min following resuscitation. The DCLHb 

resuscitated rats survived for> 120 min following hemorrhage. Resuscitation with DCLHb 
significantly improved MAP, CO, SV, TPR and blood flow to the heart, gastrointestinal tract, 

kidneys, brain, skin, portal and musculoskeletal system of hemorrhaged rats in comparison with 
vehicle treated rats. DCLHb (400 mg/kg, Lv.) significantly increased ET-I and decreased cGMP 
concentrations in the blood plasma as compared to vehicle treated rats. Pretreatment with L
NAME (10 mg/kg, Lv.) or FRI39317 (4 mg/kg, Lv.) significantly attenuated the DCLHb induced 

improvement in time of survival, base deficit, systemic hemodynamics and regional blood 
circulation. It is concluded that DCLHb improves the time of survival, oxygen consumption, 
systemic hemodynamics and regional blood circulation of severely hemorrhaged rats. Since 
inhibition NO fonnation by L-NAME decreased the efficacy of DCLHb, therefore NO removal 

by DCLHb may not be contributing towards the efficacy of DCLHb in hemorrhaged rats. 

However, ET antagonist decreased the efficacy of DCLHb, therefore an increase in plasm.a ET-l 
concentration by DCLHb may be contributing towards the efficacy ofDCLHb in hemorrhaged 
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rats. It is concluded that ET mechanism is more important in the beneficial effect ofDCLHb in 

hemorrhaged rats than NO mechanism. 

13.1 Introduction 

Hemoglobin based blood substitutes are proposed to be effective in the treatment of 

hemorrhagic shock and offer several advantages over non-hemoglobin based resuscitative 
solutions (Bunn, 1993; Chang, 1993; Rabinovici ef al., 1995). Diaspirin crosslinked hemoglobin 

(DCLHbTht) is a modified hemoglobin solution derived from human erythrocytes. It is prepared 

by cross-linking purified human hemoglobin between the a-subunits within the hemoglobin 

tetramer by means of a reaction with the diaspirin compound, bis(3,5-dibromosalicyl) fumarate 

(Chatterjee ef al., 1986). The crosslinked hemoglobin is purified by heat pasteurization to 

inactivate any contaminating vimses and precipitate any lmdesirable proteins (Estep ef al., 1989). 

DCLHb possesses biochemical stability and exhibits a greater intravascular retention time than 

unmodified hemoglobin (Hess ef al., 1989; Estep ef al., 1991). It is not degraded in the blood 

stream nor does it accumulate in the tissues where is catabolized to low molecular weight 
compounds and eliminated through the urine and feces (Estep ef al., 1991). DCLHb does not 

require cross-matching or typing prior to administration, is less viscous than whole blood, and 
may be better able to carry oxygen through narrowed vessels to ischemic tissues due to the 
smaller size of the hemoglobin molecule relative to erythrocytes. DCLHb is devoid of white 

cells and other blood components which are known to contribute to ischemic tissue injury by 
releasing cytotoxic products. It has been found not to elicit any inflammatory reactions in sheep 
(Burhop ef al., 1992) and monkeys (Estep ef al., 1992). It does not interfere with the coagulation 

cascade or the reticuloendothelial system (Przybelski ef al., 199Ib). 

Studies have shown that DCLHb produces significant increases in MAP in nonnal 
anaesthetized (Oulati ef al., 1994; Oulati and Rebello, 1994; Oulati ef al., 1995b; Sharma and 

Oulati, 1994) and conscious (Malcolm ef al., 1994; Schultz ef al., 1993a) rats. In humans, 

DCLHb produces a doseMdependent increase in MAP with no significant adverse effects or 
toxicity (Przybelski ef al., 1994). The increase in MAP is due to a pharmacological property of 

DCLHb and not due to volume load or oncotic pressure (Hamilton ef af., 1992; Malcolm ef al., 

1994). DCLHb also produces a significant increase in blood flow to several organs such as the 

heart, gastrointestinal tract (G1T), portal system and skin. The increase in blood flow to these 

organs is accompanied with an increase in vascular resistance in the musculoskeletal system 
(Oulati ef al., 1994). In situations simulating clinical settings, DCLHb administered at 50-100% 

of shed blood volume was found to be an effective resuscitative fluid following hemorrhage in 
rats (Przybelski ef al., 1991a; Malcolm ef af., 1992; Powell ef al., 1995). The efficacy ofDCLHb 

was comparable to that of autologous blood and superior to that of isotonic crystalloid solution 
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Ringer's lactate (RL). DCLHb maintained cardiac and renal functions after partial or complete 

exchange transfusions (Hess el al., 1989) and restored mean arterial pressure (MAP), cardiac 

output (CO) and plasma lactate levels (Hess el al., 1992; Hess el al., 1993) after hemorrhage in 

swine. In rats trained to complete a water alley maze and subjected to hemorrhagic shock, 

resuscitation with DCLHb did not produce any significant degradation in their performance 

(przybelski el al .. 1990). DCLHb infused at 25% of shed blood volume was fOlUld to reduce the 

base deficit observed following hemorrhage in rats (Schultz el al., 1993b). 

Several studies have been performed to determine the mechanisms of DCLHb induced 

cardiovascular effects. The involvement of adrenergic receptors (Gulati and Rebello, 1994; 

Sharma and Gulati, 1995; Gulati and Sharma, 1994), endothelin (ET) (Gulati el al., 1995b; 

Schultz el al., 1993a; Gulati el al., 1996) and nitric oxide (NO) (Schultz el al., 1993a; Katsuyarna 

el al., 1994; Shamla el al .. 1995) systems in the cardiovascular responses to DCLHb have been 

implicated. Plasma ET-l concentration increases after DCLHb administration (Gulati el al., 

1995b) and the cardiovascular effects ofDCLHb could be blocked by pretreatment with BQ-123, 

an ETA receptor antagonist (Gulati el al., 1996). Plasma cGMP levels in rats are decreased 

following DCLHb administration and the cardiovascular effects of DCLHb could be blocked by 

pretreatment with I-arginine, a NO donor (Sharma el al., 1995). These studies were performed 

in normal animals. No comparable study has been conducted to determine the mechanisms 

involved in the action ofDCLHb in hemorrhaged rats. The experiments described in this paper 

were conducted to determine the role of ET and NO in the cardiovascular actions of DCLHb in 

hemorrhaged rats. Studies were performed to detemline the modulation of cardiovascular effects 
of DCLHb in hemorrhaged rats by L-NAME, a nitric oxide synthase (NOS) inhibitor and 

FR 13 931 7 ((R)2-[(R)-2[(S)-2[[I-hexahydro-lH-azepinyl)]-carbonyl]amino-4-methyl

pentanoyl]amino-3 [3-( I-methyl-l 1-1 -indolyl) jpropinonyljamino-3-(2-pyridyl)propionic acid), a 

specific ETA receptor antagonist. Biochemical studies were also performed to determine the 

effect of hemorrhage and ofDCLHb on plasma ET and cGMP levels. 

13.2 Materials and Methods 

Animals and surgical preparations 

Male Sprague-Dawley rats (Sasco-King Animal Co. Oregon, WI, USA) weighing 330-370 

g were used in the study. Rats were anesthetized with urethane (1.5 g/kg, Lp.). The left femoral 

vein was cannulated (PE 50 tubing) for drug administration. The left femoral artery was 

cannulated (PE 50 tubing) and connected to a Gould P23 lD pressure transducer for recording 

the blood pressure on a Grass P7D polygraph (Grass Instmment Co., Quincy, MA, USA) through 

a 7PI preamplifier, and also for blood withdrawal using a withdrawal pump (Model 22, Harvard 

Apparatus, South Natick, MA, USA). The heart rate was recorded through a 7P4B Grass 
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tachograph (Grass Instrument Co., Quincy, MA, USA) triggered from blood pressure signals. 

The right femoral artery was cannulated to induce controlled hemorrhage. The carotid artery of 

the right side was exposed and a PE 50 tubing was guided through the common carotid artery 

into the left ventricle. The presence of the cannula in the left ventricle was confirmed by 

recording the pressure on the Grass polygraph using the Statham P23 DC pressure transducer 

(Grass Instmment Co., Quincy, MA, USA). When the cannula reached the ventricle, the diastolic 

pressure dropped to zero. In order to keep the blood pO" pCO, and pH constant, and to avoid 

the effect of respiration on blood pressure and heart rate, animals were kept on constant rate 
artificial respiration by inserting an endotracheal cannula connected to a rodent ventilator (Model 
683, Harvard Apparatus Inc., South Natick, MA, USA). Arterial blood pO" pCO, and pH were 

measured using a pHlblood gas analyzer (ABL330 Radiometer, Copenhagen, Denmark). 

Determination of systemic hemodynamics and regional circulation 

Systemic hemodynamics and regional blood circulation were detennined using the procedure 
described earlier (Gulati ef al., 1994; Sharma and Gulati, 1994). At each measurement, a 

thoroughly mixed suspension of approximately 100,000 microspheres (15 ± I ~.m diameter) 

labeled with "Sc (Scandium), "'Sn (Tin), '''Cc (Cerium), "Nb (Niobitun) or 'OJRu (Ruthcnium) 

(New England Nuclear Corporation, Boston, MA, USA) in 0.2 ml saline was injected into the 

left ventricle and ftushed with 0.4 ml saline over a 15 sec period. In order to calculate the blood 

flow, arterial blood was withdrawn at a rate of 0.5 mllmin through the left femoral artery. Blood 

was withdrawn for 90 sec starting about 5-10 sec before the rnicrosphere injection. The animals 
were kept on the respirator and observed until death occurred. The time of death was noted to 
calculate the survival time (min) from the induction of hemorrhage. All the tissues and organs 
were dissected out, weighed and placed in vials. The following tissues were studied: heart, brain. 
gastrointestinal tract (GIT), liver, mesentery and pancreas, kidneys, skin and musculoskeletal 
system. The radioactivity in the standards, the blood samples and the tissue samples were 
counted in a Packard !viinaxi Auto-Gamma 5000 series gamma counter (packard Instrument Co., 
Downers Grove. IL, USA) with preset windows discriminating the isotope energies. The 
following parameters were calculated: (I) cardiac output (CO) [(radioactivity injected x 

withdrawal rate of arterial blood)/radioactivity in sampled arterial blood), (2) stroke volume (SV) 

[CO/heart rate), (3) total peripheral resistance (TPR) [MAP/CO), (4) regional blood flow 

[(radioactivity in tissue x withdrawal rate of arterial blood)/radioactivity in sampled arterial 
blood), and (5) regional vascular resistance [MAP/regional blood flow). The data were 

calculated using the computer programs described earlier (Saxena ef al., 1980). 

Induction of hemorrhage 
Hemorrhage was induced by withdrawing blood at a rate of approximately 0.5 to I ml/min 

until a MAP of35-40 mmHg was reached (Stephan ef al., 1987). This MAP was maintained for 
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90 min from the onset of hemorrhage to reach a base deficit of greater than -12 mmolll (Schultz 

e/ al., 1993b). 

Determination of hemoximeter values and oxygen consumption 

Total hemoglobin concentration, percent oxyhemoglobin, percent reduced hemoglobin, and 
oxygen saturation were measured using a hemoximeter (lL482 Co-oximeter system, 

Instmmentation Laboratory, Lexington, MA, USA). The blood gas and hemoximeter readings 

were taken at baseline, end of hemorrhage, and 60 min following resuscitation. Oxygen 

consumption was calculated based on the formula: 

Oxygen consumption = CO x lOx Hgb x 1.36 x (SaO,-SvO,) 1100 
where CO is cardiac output, Hgb is total hemoglobin, SaO, is percent arterial blood oxygen 

saturated and SvO, is percent venous blood oxygen saturated (Bone, 1982). 

Resuscitation 

The following resuscitation studies were performed (I) vehicle (RL 4 ml/kg, Lv.), (2) 

DCLHb (400 mg/kg, Lv. in a volume of4 ml/kg), (3) L-NAME (10 mg/kg, Lv.) + DCLHb (400 

mg/kg, Lv.), and (4) FRI39317 (4 mg/kg, Lv.) + DCLHb (400 mg/kg, Lv.). Both L-NAME and 

FRI39317 were administered 15 min prior to resuscitation with DCLHb. The systemic 

hemodynamic and regional circulatory effects were determined before the induction of 

hemorrhage (baseline), following 90 min of hemorrhage and 60 and 120 min after resliscitation. 

The dose ofDCLHb was selected on the basis of previous studies showing this dose produces 

a near maximal pressor response and is effective in resuscitation following hemorrhage (Gulati 

and Rebello, 1994; Hamilton e/ al., 1992; Schultz e/ al., 1993b). 

Measurement ofET-l concentration 
Blood samples were collected in plastic tubes containing ethylenediaminetetraacetate 

(EDTA, 1 mg/ml) and aprotinin (500 kIU/ml), centrifuged (15 min, 4"C, 1,000 x g) and the 

plasma collected. Plasma was mixed with an equal volume 0[20% acetic acid, centrifuged (IS 

min, 4°C, 1,000 x g) and the supernatant was collected for subsequent assay. The 

radioimmunoassay for ET-I was perfonned as described earlier (Gulati e/ al., I 995b). All 

reagents were kept on ice and all procedures were performed at 4°C. The SEP-columns were 

activated by successively washing with 3 rul methanol, 2 ml water and 2 Illl of 10% acetic acid 

solution. The samples were slowly applied on the colunlli and then allowed to flow through the 

column at the rate determined by gravity. The columns were washed with 2 ml of 10% acetic 

acid followed by 3 ml of ethyl acetate. ET was eluted with 1.5 ml of elution buffer (I : 4; 0.05 

M ammonium bicarbonate solution: methanol) into polypropylene tubes. The eluate was 

evaporated to dryness under a gentle stream of nitrogen gas. The recovery was found to be 92% 

by this method. The radioimmunoassay was perfonned using antibodies specific for ET -1. This 

antibody has only 7% cross reactivity with ET-2 or ET-3. The incubation mixture for the 

radioimmunoassay consisted of 100 ~l of standards or samples and 100 fll of rabbit anti-ET-I 
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senun. The tubes were vortexed and incubated overnight at 4 'C. TIle next day, e"I] ET-I (100 

fll) was added and the mixture vortexed and incubated for 24 hours. On day 3, goat anti-rabbit 

IgG semm (100 Ill) and normal rabbit semm (100 Ill) were added to all the tubes, vortexed and 

incubated for 2 h at room temperature. Radioimmllloassay buffer (500 fll) was added, the tubes 

were vortexed and then centrifuged at 1,700 g for 20 min. The supernatant was carefully 

aspirated and the radioactivity in the pellet was determined using a Packard Gamma Counter 

(Model Cobra 5005, Packard Instnunents, Downers Grove, IL, USA). The concentration ofET-1 

was determined from the standard plots of % total (B)ltotal-nonspecific (B,) binding (BIB,) 

versus log dose (pg) and expressed as pglml in plasma and pg/g wet weight in tissues. ET-I 

estimations were perfornled in (I) control (lmtreated), (2) hemorrhaged, (3) control (RL 4 mllkg, 

Lv.), and (4) DCLHb (400 mglkg, Lv.) treated rats. 

Measurement of cGMP concentration 

The plasma samples were assayed for cGMP as described earlier (Harper and Brooker, 

1975). Blood was collected in plastic tubes containing EDTA (I mg/ml) and aprotinin (500 

kIU/ml) and ccntrifuged (15 min, 4'C, 1,000 x g) and plasma was separated and assayed for 

cGMP. Water saturated ether (2.5 ml) was mixed with 0.5 ml of plasma and the aqueous layer 

was extracted. The procedure was repeated 3 times and then the combined extracts were 

evaporated to dryness under nitrogen. The residue was dissolved in 50 rnM sodium acetate 

buffer (pH 4.75). Aliquots (0.5 ml) were taken from each sample after ether extraction for 

determination of cOMPo Acetylation was performed directly on each sample at room 

temperature by adding 0.01 ml of triethylamine followed immediately with the addition of 0.5 

ml of acetic anhydride to minimize the time of exposure of the sample to basic conditions. 

Cyclic GMP immunoassay was performed in 50 mM sodium acetate buffer (PH 4.75) using a 

cGMP RIA kit (Advanced Magnetics Inc., Cambridge, USA). The incubation mixture for RIA 

consisted of 100 fll of standard or sample, 100 III of tracer and 100 III of anti serum. The tubes 

were vortexed and incubated overnight at 4 'C. The following day, magnetic goat anti-rabbit IgG 

(500 Ill) was added and incubated for 20 min at room temperature. The tubes were then placed 

in a magnetic separation tmit for 10 min. The supernatant was decanted and the radioactivity was 
dctcnnined using a Gamma counter (Iv1odel Cobra 5005; Packard Instruments, Downers Grove, 
IL, USA) and the data calculated as described in the previous section. The concentration of 
cGMP was expressed as pmoles/ml of plasma. cGMP estimations were perfonned in (I) control 

(untreated), (2) hemorrhaged, (3) control (RL 4 ml!kg, Lv.), and (4) DCLHb (400 mg!kg, Lv.) 

treated rats. 
Drugs 

DCLHb (10% w/v solution; lot ??) was prepared and provided by Baxter Healthcare Corp., 

Round Lake, IL, USA. The physico-chemical characteristics of DCLHb were as follows: 

Hemoglobin content 10.0 to 10.2 gldl, methemoglobin content 0.7 to 1.2 g/dl, p50 at 37'C ~ 32 
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mmHg (defined as the partial pressure of oxygen at which hemoglobin is 50% saturated), 

osmolality ~ 290 mOsmikg, sodium ~ 140 mEq/l, potassium ~ 5 mEq/l, phospholipid contents 

< 0.2 ppm, endotoxin < 0.125 EU/ml and crosslinking between the (t subunits is 99.9%. L

NAME was purchased from Sigma Chemical Co., St. Louis, MO, USA. FR139317 (Fttiisawa 

PhamJaceutical Co.) was provided by Dr. K. Buchan, Glaxo Research Group, England, UK. L

NAME and FR139317 were freshly prepared on each day of the experiment. ["'I)Tyr"-ET-I 

(human, porcine) was purchased from DuPont NEN Research Products, Wilmington, DE. SEP

Columns (200 mg), rabbit anti-ET-l (porcine, human) serum, normal rabbit serum and goat anti

rabbit IgG serum were purchased from Peninsula Laboratories Inc., Belmont, CA. The RIA 
buffer for ET-I consisted of 19 mM NaH,PO" 81 mM Na,HPO" 0.05 M NaCI, 0.1 % bovine 

serum albumin, 0.1 % TritonX-lOO and 0.01 % NaN,. Ringer's lactate was purchased from 

Baxter Healthcare Corp., Deerfield, IL, USA. 

Statistics 

All data are presented as the mean values ± SEM. MAP (mmHg) was calculated using the 

formula [(Systolic BP - Diastolic BP) 13) + Diastolic BP. Heart rate was recorded as beats/min. 

Data were analyzed by two way analysis of variance followed by Duncan's multiple range test. 
A level ofP < 0.05 was considered significant. 

13.3 Results 

Effect on blood gases and hCDloximeter yalues 

Hemorrhage significantly decreased (p ~ 0.01) artcrial blood pH and pCO" and increased 

(p ~ 0.03) pO,. Resuscitation with vehicle (RL, 4 mllkg, i. v.) further decreased arterial blood pH 

and peo2, and increased p02' However, resliscitation with DCLHb significantly increased (p = 
0.01) pH and pCO" and decreased (p ~ 0.002) pO" when compared to vehicle resuscitated rats. 

Pretreatment with L-NAME or FR1393 17 did not alter the DCLHb induced changes in pH, pCO, 

and pO, during resuscitation (Table I). Hemorrhage did not produce any alterations in the 

arterial oxyhemoglobin content, reduced hemoglobin concentration or oxygen saturation value. 
These parameters were not significantly altered by resuscitation with vehicle and DCLHb, L
NAME + DCLHb or FRI39317 + DCLHb. Induction of hemorrhage produced a significant 

decrease in the arterial total hemoglobin content from 15.12 ± 0.34 g% to 11.66 ± 0.63 g% which 

was not affected by resuscitation with vehicle, DCLHb, L-NAME + DCLHb or FRI39317 + 
DCLHb. 

Effect on mortality 

The vehicle (RL, 4 mllkg, i. v.) resuscitated rats showed 100% mortality by 90 min following 

resuscitation. The DCLHb treated rats showed 100% survival for > 120 min following 
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resuscitation. However, when DCLHb was administered to L-NAME or FRI39317 pretreated 

rats a 50% mortality by 120 min was observed following resuscitation. 

Effect on oxygen consumption 

The basal oxygen consumption in normal rats ranged from 4.53 to 4.78 mllmin in various 

groups. Follo"ing hemorrhage the oxygen consumption significantly decreased (p ~ 0.02) and 

ranged from 2.57 to 3.61 mllmin in various groups. Resuscitation with vehicle further decreased 
the oxygen consumption. Resuscitation with DCLHb significantly increased (p ~ 0.002) the 

oxygen consumption to basal levels when compared to control vehicle resuscitated rats (Fig. I). 

Pretreatment with L-NAME or FRI39317 significantly attenuated (p ~ 0.0004) the DCLHb 

induced increase in oxygen consumption (Fig. I). 

Effect on base deficit 

The base deficit in normal rats ranged from -1.18 to -2.78 mmolll in various groups. 

Following hemorrhage the base deficit significantly decreased (p ~ 0.0001) and ranged from-

13.28 to -14.12 mmolll in various groups. Resuscitation with vehicle further decreased base 
deficit, while resuscitation with DCLHb significantly increased (p ~ 0.000 I) base deficit 

compared to vehicle resuscitated rats (Fig. 2). Pretreatment with L-NAME and FRI39317 

significantly attenuated (p ~ 0.0001) the DCLHb induced increase in base deficit (Fig. 2). 

Effect on systemic hemodynamics 

Hemorrhage significantly decreased (p ~ 0.02) MAP, CO and SV, and significantly increased 

(p = 0.04) TPR. The HR was not significantly affected following hemorrhage. A further 

decrease in HR, "MAP, CO and SV, and increase in TPR were observed following resuscitation 
with vehicle. Resuscitation with DCLHb significantly increased (p ~ 0.0 I) HR by >61 %, MAP 

by >237%, CO by >396%, and SV by > 175%, when compared with vehicle resuscitated rats. 

Resuscitation with DCLHb did not affect TPR. Pretreatment with L-NAME significantly 

attenuated the DCLHb induced increase (p ~ 0.02) in MAP, along "ith an insignificant decrease 

in CO and SV. Pretreatment with L-NAME did not aIter HR and TPR. Pretreatment with 

FRI39317 significantly attenuated the DCLHb induced increase in MAP (p ~ 0.0005), and TPR 

(p ~ 0.03). Pretreatment with FR 139317 did not aIter HR, CO and SV in DCLHb resuscitated 

rats (Table 2). 
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TABLE I Effect ofDCLHb (400 mgikg, Lv.; N~8) in control (RL 4 mlikg, Lv.; N~7), L-

NAME (10 mg/kg, Lv.; N~8) and FRI39317 (FR; 4 mg/kg, Lv.; N~6) pretreated 

hemorrhagic rats on pH, pOll and peol. 

Parameter Baseline Hemorrhage 60 min Resuscitation 

pH 

Control 7.38 ± 0.02 7.26 ± 0.02' 7.21 ± 0.03' 

DCLHb 7.41 ±O.OI 7.27 ± 0.01' 7.30 ± 0.01' 

L-NAME + DCLHb 7.42 ± 0.01 7.28 ± 0.03* 7.33 ± 0.02 

FR+DCLHb 7.39 ± 0.02 7.24 ± 0.04' 7.34 ± 0.02 

pO, 

Control 123.4 ± 6.4 146.7 ± 6.8' 187.3 ± 7.6' 

DCLHb 120.6 ± 7.1 158.3 ± 8.1' 141.0 ± 8.6' 

L-NAME + DCLHb 118.1 ± 5.6 153.2 ± 7.3' 147.9 ± 7.5 

FR+DCLHb 124.4 ± 7.8 161.4 ± 7.7' 138.6 ± 8.3 

pCO, 

Control 38.4 ± 2.6 28.0 ± 2.2' 20.9±2.1* 

DCLHb 38.8 ± 2.9 23.4 ± 3.4' 27.8 ± 2.3' 

L-NAME + DCLHb 41.6±1.7 26.9 ± 2.7' 29.9 ± 2.1 

FR+DCLHb 35.5 ± 3.1 22.6 ± 2.9' 31.6±2.7 

*Indicates significant (p < 0.05) difference as compared to baseline. +Indicates significant (p < 

0.05) difference as compared to control. 
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TABLE 2 Effect of DCLHb (400 mg/kg, Lv.; N~8) in control (RL 4 mllkg, Lv.; N~7), L-

NAME (10 mg/kg, Lv.; N~8) and FR139317 (FR; 4 mg/kg, i.v.; N~6) pretreated 

hemorrhagic rats on systemic hemodynamics. 

Parameter Baseline Hemorrhage 60 min Resus. 120 min Resus. 

Heart rate (beats/min) 

Control 385 ± 20 349 ± 18 235±31' 

DCLHb 399 ± 37 361 ± 31 379 ± 29' 354 ± 29 

L-NAME + DCLHb 371 ± 22 346 ± 16 328 ± 23' 255 ± 37' 

FR+DCLHb 402±26 394±22 359 ± 27' 305 ± 35" 

Mean arterial pressure (mmHg) 

Control 91.2 ± 5.6 36.5 ± 2.3* 22.5 ± 1.6' 

DCLHb 87.6 ± 5.4 37.5 ± 2.4' 75.8 ± 6.6' 55.2 ± 6.7 

L-NAME + DCLHb 82.0 ± 6.5 39.9 ± 104* 50.9 ± 6.5"@ 31.9 ± 4.8' 

FR+DCLHb 78.7 ± 4.7 35.8±2.I' 36.2 ± 3.8"@ 3304 ± 4A*' 

Cardiac output (mllmin) 

Control 78.8 ±20.0 17.7 ± 5.0' 8.3 ± 1.4' 

DCLHb 66.9± 5.6 23.3 ± 5.0' 41.2±5.1" 31.4±6.9' 

L-NAME + DCLHb 85.9 ± 8.5 31.1 ± 1.9' 28.2 ± 4.2*' 20.6 ± 6.4*' 

FR+DCLHb 70.4 ± 6.9 27.7 ± 3.3' 42.1 ± 6.3" 39.6± 8.1" 

Stroke volume (ml) 

Control 0.20± 0.05 0.06 ± 0.02' 0.04 ± 0.01* 

DCLHb 0.17±0.01 0.07 ± 0.02' 0.11 ± 0.02" 0.09 ± 0.01' 

L-NAME + DCLHb 0.22±0.02 0.09 ± 0.01' 0.08 ± 0.0 I" 0.08 ± 0.02*' 

FR+DCLHb 0.18 ± 0.01 0.06 ± 0.01 * 0.10 ± 0.03" 0.13 ± 0.02' 

Total pel'ipheral resistance (mmHg/l/min) 

Control 1107± 121 1689 ± 215* 1961 ±214* 

DCLHb I! 64 ± 142 1612 ± 101* 1919 ± 133* 1981±183' 

L-NAME + DCLHb 1039± 129 1481 ± 119* 1921 ± 212* 2061 ± 665' 

FR+DCLHb 1193±98 1736± 181* I! 07 ± 266'@ 1094 ± 227' 

*Indicates significant (p < 0.05) difference as compared to baseline. +Indicates significant (p < 

0.05) difference as compared to control. @Indicates significant (p < 0.05) difference as compared 

to DCLHb treatment. 'Indicates N~4. 'Indicates N~3. 
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Fig. I The effect of vehicle (control, RL 4 mlikg, i.v.), DCLHb (400 mg/kg, i.v.), DCLHb in L
NAME (LN, 10 mgikg, i.v.) pretreated and DCLHb in FR139317 (FR, 4 mg/kg, i.v.) 
pretreated rats on oxygen consumption before and after hemorrhage and at 60 min after 
resuscitation. "'Indicates significant difference compared to baseline, "indicates 
significant difference compared to control group and @indicates significant difference 
compared to DCLHb treated group. 
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Fig.3 The effect of vehicle (control, RL 4mlikg, Lv.), DCLHb (400 mgikg, Lv.), DCLHb in L
NAME (10 mgikg, Lv.) pretreated and DCLHb in FRI39317 (4mg/kg, Lv.) pretreated 
rats on percent change in blood flow and vascular resistance in the brain following 
hemorrhage (solid bars) and 60 min (hatched bars) and 120 min (cross hatched bars) after 
resuscitation. *Indicates significant difference compared to baseline, #jndicates 
significant difference compared to control group and @indicates significant difference 
compared to DCLHb treated group. 

213 



Role ofET and NO in hemorrhagic shock Chapter 13 

_ Hemorrhage Resus 60 min Resus 120 min 

L-NAME Ic:,c\,'1 FR139317 

CONTROL (N=7) 

'" .. 
. " ." 

·100 .," 
DCLHb 1N=8) 

::;- " * ::;-
" w Q) w 

(f) () (f) 
C -H 

~ 
-H ro 
c ~ c 

0 (OJ ." (f) (OJ ." '" '" LL :;; (f) :;; 
Q) 

U '" 
·100 a: .,; ·100 

0 rn rn 
0 c L-NAME + DCLHb (N=8) 

~ c 
(OJ ro (OJ 

.c .c m 0 ::J 0 - " () c '" 
c (f) 

'" ro '" " 0 ~ 
Q; > '" e:- e:-." ." 

* ·100 ·\00 

FR139317 + DCLHb (N=6) 

" " 
, 

." ." 
·100 ·100 

Fig.4 The effect of vehicle (control, RL 4 ml/kg, Lv.), DCLHb (400 mg/kg, Lv.), DCLHb in L
NAME (10 mg/kg, Lv.) pretreated and DCLHb in FRI39317 (4 mglkg, Lv.) pretreated 
rats on percent change in blood flow and vascular resistance in the heart following 
hemorrhage (solid bars) and 60 min (hatched bars) and 120 min (cross hatched bars) after 
resuscitation. *Indicates significant difference compared to baseline, Uindicates 
significant difference compared to control group and @indicatcs significant difference 
compared to DCLHb treated group. 

214 



Role of ET and NO in hemorrhagic shock 

III!II Hemorrhage W.I Resus 60 min 

t~ItI~,~t~1 L -N A M E 

CONTROL (N~7) 

Pi:~7t~1 FR139317 

." 
·too ·500 

DCLHb (N~8) 

::;; " Si" 1500 
W <1> w 
if) 0 if) 1000 ... C ... 

;:: Ol c '" c ~ 

* 0 '" if) '" '" ." '" ll.. ::;; if) ::;; 
ill 

oi U '" 
·100 a: -soo 

0 0> 0> 

0 c L-NAME + DCLHb (N o 8) 
~ c 

'" Ol '" ill .c .c 

" :J " " 0 C 
1500 

C if) 

'" Ol '" 1000 e e 
'" > " a. !!:- '" ." 

·100 

FR139317 + DCLHb (N o 6) 

" 1500 

1000 

'" * ." * 
·100 -$00 

Chapter 13 

Resus 120 min 

+ 
* * 

""'" 

* * 

Fig. 5 The effect ofvehide (control, RL 4 mlikg, Lv.), DCLHb (400 mgikg, Lv.), DCLHb in L
NAME (10 mgikg, Lv.) pretreated and DCLHb in FR139317 (4 mgikg, Lv.) pretreated 
rats on percent change in blood flow and vascular resistance in the kidneys following 
hemorrhage (solid bars) and 60 min (hatched bars) and 120 min (cross hatched bars) afier 
resuscitation. *Indicates significant difference compared to baseline, lIindicates 
significant difference compared to control group and @indicates significant difference 
compared to DCLHb treated group. 

215 



Role ofET and NO in hemorrhagic shock Chapter 13 

_ Hemorrhage Resus 60 min l&1illllii Resus 120 min 

[f'f':m~l L·NAME I:i"<'-.·I FR139317 

CONTROL (N ~ 7) 

·200 
MES & PAN LIVER MES & P .... N 

DCLHb (N~8) 

~ ~ ... 
w (J) w 
(/) 0 (/) 

'" iI 
C tl 
<Il ::: c - c , .. 

0 '" (/) '" * '" '" LL ;;; (/) ::; 
<ll 

"0 ,; a: ,; ·200 

0 0> lIVER MES & PAN '" 
UVER MES' PA~ 

0 C L·NAME + DCLHb (N~8) 
~ c 

'" <Il '" .c 
CO .c 

0 ::J 0 - 0 E '" c (/) 

'" <1> * 0 <Il 0 
~ > :;; 
" ~ ~ 

UVER MES & PArI 

FR139317 + DClHb (N~6) 

" '" ... 
, .. * * -* * ." it, :.:;:~ , 

* * * ·200 @@ 
llVER J.!ES & PAN UVER MES & PAil 

Fig.6 TI,e effect of vehicle (control, RL 4 ml/kg, Lv.), DCLHb (400 mgikg, Lv.), DCLHb in L· 
NAME (10 mgikg, Lv.) pretreated and DCLHb in FRl39317 (4 mgikg, Lv.) pretreated 
rats on percent change in blood flow and vascular resistance in the liver and mesentery 
& pancreas (MES & PAN) following hemorrhage (solid bars) and 60 min (hatched bars) 
and 120 min (cross hatched bars) after resuscitation. *Indicates significant difference 
compared to baseline, #indicates significant difference compared to control group and 
@indicates significant difference compared to DCLHb treated group. 
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Fig,7 The eflect of vehicle (control, Rl4 ml/kg, Lv.), DCLHb (400 mg/kg, Lv.), DCLHb in L
NAME (10 mg/kg, Lv.) pretreated and DCLHb in FRI39317 (4 mg/kg, Lv.) pretreated 
rats on percent change in blood flow and vascular resistance in the gastrointestinal tract 
following hemolThage (solid bars) and 60 min (hatched bars) and 120 min (cross hatched 
bars) after resuscitation. *Indicates significant difference compared to baseline, 
lIindicates significant difference compared to control group and @indicates significant 
difference compared to DCLHb treated group. 
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Effect on regional blood circulation 

Hemorrhage decreased blood flow to the brain by >23% (p < 0.01) and vascular resistance 

in the brain by >21% (p < 0.01). Resuscitation with vehicle further decreased blood flow to the 

brain without altering the vascular resistance. On the other hand, resllscitation with DCLHb 
significantly increased (p ~ 0.0001) blood flow to the brain without altering vascular resistance 

when compared to vehicle resuscitated animals. Pretreatment with L-NAME attenuated (p = 
0.02) the DCLHb induced increase in blood flow to the brain without aitering vascular resistance. 

Pretreatment with FRI39317 also attenuated (p ~ 0.05) the DCLHb induced increase in blood 

flow to the brain without altering vascular resistance (Fig. 3). 
Hemorrhage decreased blood flow to the heart by >43% (p < 0.001) and vascular 

resistance in the heart by >26% (p < 0.01). Resuscitation with vehicle further decreased blood 

flow to the heart without altering vascular resistance. However, resuscitation with DCLHb 
increased (p = 0.0001) blood flow to the heart without altering vascular resistance when 

compared to vchicle resuscitated animals. In L-NAME or FRI39317 pretreated rats, DCLHb did 

not produce an increase in blood flow to the heart. The vascular resistance in the heart was not 

affected in L-NAME treated rats but was decreased in FRI393I 7 treated rats (Fig. 4). 

Hemorrhage decreased blood flow to the kidneys by >70% (p < 0.0001) and increased 

vascular resistance in the kidneys by > 149% (p < 0.000 I). Resuscitation with vehicle further 

decreased blood flow and increased vascular resistance. However, resuscitation with DCLHb 
attenuated the hemorrhage induced decrease (p ~ 0.0002) in blood flow and increase (p ~ 0.0006) 

in vascular resistance as compared to vehicle resuscitated rats. Pretreatment with LwNAME 

significantly attenuated (p ~ 0.004) the effect ofDCLHb on blood flow and vascular resistance 

in the kidneys. Pretreatment with FRI39317 did not alter the effect ofDCLHb on blood flow 

and vascular resistance in the kidneys (Fig. 5). 

Hemorrhage significantly decreased blood flow to the liver by >73% (p < 0.0001) and to 

the mesentery and pancreas by >61 % (p < 0.0001). Hemorrhage increased (p < 0.000 I) vascular 

resistance in the liver by > 132% but vascular resistance in the mesentery and pancreas was not 

significantly affected. Resuscitation with vehicle further decreased blood flow and increased 

vascular resistance in the liver and mesentery and pancreas. Rresuscitation with DCLHb 

attenuated (p ~ 0.0 I) the hemorrhage induced decrease in blood flow in both the liver and 

mesentery and pancreas when compared to vehicle resuscitated rats. Resuscitation with DCLHb 
attenuated (p = 0.02) the hemorrhage induced increase in vascular resistance in the liver without 

affecting vascular resistance in the mesentery and pancreas. Pretreatment with LwNAME or 

FR139317 did not alter the blood flow or vascular resistance in the liver. Pretreatment with L

NAME attenuated (p ~ 0.02) the effect ofDCLHb on blood flow and vascular resistance in the 

mesentery and pancreas, while pretreatment with FRI39317 attenuated (p ~ 0.001) vascular 

resistance in the mesentery and pancreas without affecting blood flow (Fig. 6). 

221 



Role ofET and NO in hemorrhagic shock Chapter 13 

Hemorrhage decreased blood flow to the GIT by > 48% (p < 0.008) and increased 

vascular resistance in the GIT by > 48% (p < 0.008). Resuscitation with vehicle further 

decreased blood flow and increased vascular resistance in the GIT. Resuscitation with DCLHb 

significantly attenuated the hemorrhage induced decrease (p = 0.002) in blood flow to the GIT 

when compared to vehicle resuscitated rats. Resuscitation with DCLHb significantly attenuated 

the hemorrhage induced increase (p = 0.04) in vascular resistance in the GIT. Pretreatment with 

L-NAME significantly attenuated the effect ofDCLHb on blood flow (p = 0.0002) and vascular 

resistance (p = 0.008) in the GIT of hemorrhaged rats. Pretreatment with FRI39317 significantly 

blocked (p = 0.008) the DCLHb induced changes in vascular resistance in the GIT of 

hemorrhaged rats (Fig.7). 

Hemorrhage decreased blood flow in the skin by >62% (p < 0.005) and in the 

musculoskeletal system by >57% (p < 0.005). Hemorrhage increased (p < 0.0001) vascular 

resistance in the skin by >95% and in the musculoskeletal system by >51 %. Resuscitation with 
vehicle further decreased blood flow and increased vascular resistance in both skin and 
musculoskeletal system. Resuscitation with DCLHb attenuated the hemorrhage induced decrease 
in blood flow to the skin (p = 0.0003) and musculoskeletal system (p = 0.0005), without altering 

the vascular resistance compared to vehicle resllscitated rats. Pretreatment with L-NAME 

attenuated the effect ofDCLHb on blood flow and vascular resistance in the skin (p = 0.005) and 

musculoskeletal system (p = 0.007). Pretreatment with FR139317 attenuated (p = 0.04) the effect 

of DCLHb on blood flow and vascular resistance in the musculoskeletal system (Fig. 8). 

Effeet of hemorrhage and DCLHb on blood plasma ET-l concentration 

The basal blood plasma ET-I concentration was 5.35 ± 0.55 pg/ml. However, following 

hemorrhage ET-I concentration increased (p = 0.0001) to 22.9 ± 2.9 pg/ml. Administration of 

vehicle (Ringer's lactate; 4 mllkg, Lv.) did not alter the plasma concentration ofET-1 (6.5 ± 0.61 

pg/ml). However, administration ofDCLHb produced a significant (p = 0.003) increase in ET-I 

concentration (13.4 ± 1.7 pg/ml) (Fig. 9). 

Effect of hemonhagc and DCLHb on blood plasma cGMP concentration 
The basal blood plasma cGMP concentration was 7.25 ± 0.70 pmoles/ml. However, 

following hemorrhage cGMP concentration increased (p = 0.001) to 1l.55 ± 0.74 pmoles/ml. 

Administration of vehicle (Ringer's lactate; 4 rnllkg. Lv.) did not alter the plasma concentration 
ofcGMP (6.60 ± 0.86 pmoles/ml). However, administration ofDCLHb produced a significant 

(p = 0.003) decrease ill cGMP concentration (3.14 ± 0.42 pmoles/ml) (Fig. 10). 

13.4 Discussion 

Identification and control of bleeding and restoration of intravascular volume by 
resuscitation is the mainstay of initial therapy in the hemorrhaged patient. Successful recovery 
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is dependent upon rapid restoration of delivery, perfusion and subsequent utilization of oxygen 
for oxidative phosphorylation by the respiratory enzymes of the mitochondria to prevent tissue 

damage and multiple organ failure and improve survival (Moore ef al., 1992; Shoemaker ef al., 

1988). Transfusion with homologous donor blood is still the conventional treatment for 

hemorrhagic shock (Rabinovici ef al., 1995). Unfortunately, there are several limitations to the 

use of blood such as, transmission of human immunodeficiency virus (Cwmning ef al., 1989) and 

hepatitis (Alter ef al., 1989), storage and delivery problems and limited supply (Rabinovici ef al., 

1995; Bunn, 1993). Though resuscitation with hypervolemic isotonic crystalloid solutions has 

been commonly used to treat hemorrhagic. shock, there is a resurgence in the evaluation of its 
usefblness due to the high volumes necessary for resuscitation and poor survival rate (Vassar and 
Holcroft, 1992). Hypertonic solutions (7-7.5% NaCI) in small volumes, either alone or in 

combination with hyperoncotic colloids, have been effectively used in animal models of 

hemorrhage and in clinical trials (Frey ef al., 1994; Mazzoni ef al., 1994). The need exists for 

developing low volume resuscitative fluids which would overcome the limitations of 

homologous blood transfusion, and in addition, would possess excellent oxygen carrying 

capacity. DCLHb, a hemoglobin based blood substitute, has been found to be an effective 

resuscitative solution in animal models of hemorrhage (przybelski ef al., 1991a; Malcolm ef al., 

1992; Schultz ef al., 1993b). 

In the present study a rodent model of fixed pressure hemorrhage without tissue trauma 
was used (Stephan ef al., 1987). This hemorrhagic model was made more severe by maintaining 

the hypotension for 90 min from the onset of hemorrhage to reach a base deficit of greater than 
-12 mmolll (Schultz ef al., I 993b). In this irreversible situation, the compensatory mechanisms 

fail (decompensatory phase), and there is a tremendous decrease in blood flow to all organs, 
causing hypoperfusion leading to tissue hypoxia and end organ failure (Bond and Johnson, 1985). 

The present study shows that in control rats, vehicle was not effective in improving the time of 
survival, increasing oxygen consumption, or reversing base deficit. This suggests that persistent 
oxygen debt and inadequate resuscitation was achieved with vehicle. On the other hand, DCLHb 
increased the time of survival. DCLHb also attenuated the base deficit 60 min after resuscitation, 
though prehemorrhagic levels were not attained. The reversal of hemorrhage induced base 
deficits in the present study are comparable with another study in conscious rats using a 7% wlv 
solution of DCLHb at 50-100% of shed blood volume (Schultz ef al., 1993b). DCLHb 

significantly increased oxygen consumption and restored it to basal levels. Studies conducted to 
determine systemic hemodynamics showed that the vehicle was ineffective in improving the 
hemorrhage induced decrease in MAP and CO. On the other hand, resuscitation with DCLHb 
produced a significant pressor effect which was due to a significant increase in SV and CO. 
DCLHb significantly increased HR in hemorrhaged rats. Similar results have been observed in 
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other studies conducted in hemorrhaged rats using a 7-14% wlv solution of DCLHb at 50-100% 

of shed blood volume (Malcolm e/ al., 1992; Przybelski e/ al., 199Ia). 

Hemorrhage produced a significant decrease in blood flow to the brain, heart, kidneys, 
liver, mesentery and pancreas, GIT, skin and musculoskeletal system. Administration ofDCLHb 
produced a significant improvement in blood flow to all tissues. Since DCLHb significantly 

decreased the mortality at 120 min, increased the oxygen consumption, attenuated the base 
deficit, and improved systemic hemodynamic parameters and blood flow to all tissues, it appears 
that DCLHb is effective in hemorrhagic shock. Resuscitation with DCLHb can restore oxygen 

delivery and increase tissue perfusion, and therefore could prevent ischemic tissue damage and 
multiple organ failure following severe hemorrhage. 

Studies on the efficacy of DCLHb in hemorrhagic resuscitation have previously noted 
improvements in base deficit (Schultz e/ al., 1994; Hess ef al., 1993), transcutaneous oxygen 

tension (Przybelski e/ al., 199Ia), subcutaneous oxygen tension (powell e/ al., 1995), cardiac and 

renal functions (Hess e/ al., 1989), and CO, SV and plasma lactate levels (Hess e/ al., 1993). To 

our knowledge, no study has been performed to determine the mechanism involved in the 
efficacy ofDCLHb as a resuscitative solution. DCLHb produces marked changes in systemic 

hemodynamics and regional blood circulation (Shanna and Gulati, 1994) through the adrenergic 

(Gulati and Rebello, 1994; Gulati and Sharma, 1994; Sharma and Gulati, 1995), ET (Gulati e/ 

al., 1996; Schultz e/ al., 1993a) and NO (Schultz e/ al., 1993a; Sharma e/ al., 1995; Katsuyama 

e/ al., 1994) systems. It has been shown that DCLHb increases the plasma concentration of ET-I 

(Gulati e/ al., 1996) and is effective in attenuating the vasodilator effect of NO (Schultz ef al., 

1993a; Sharma el al., 1995) when administered to normal rats. It is not known whether an 
increase in ET-I or removal of NO or both arc responsible for the efficacy of DCLHb following 

hemorrhage. \Ve have therefore detemlined the role ofEY and NO systems in the modulation of 
cardiovascular effects of DCLHb following severe hemorrhage in rats. 

NO is bound by hemoglobin and may be converted to nitrate through interaction with the 
heme group (Wenlllllaim e/ al., 1992). NO is released in several pathological situations (Gibaldi, 

1993). The NO system is often found to be involved in the regulation of regional blood 

circulation in normal animals. L~NAME, a NO synthase (NOS) inhibitor, blocked the increases 
in rat cortical blood flow due to stimulation of cerebrovascular parasympathetic system 
(Morita-Tsuzuki e/ al., 1993) and decreased cerebral blood flow in goats (Femandez ef al., 1993). 

Both L~NAME and another NOS inhibitor, N°-Nitro~L~arginine, produced constriction of 

coronary arterioles in dogs (Jones e/ al., 1993). L-NAME decreased renal blood flow and 

increased renal vascular resistance in species ?? (Sigmon-el al., 1993), attenuated the vasodilation 
of muscular arterioles in response to acetylcholine in hamsters (Hester el al., 1993). and 

decreased cerebral blood flow and increased cerehral vascular resistance in dogs (Saito el al., 

1994). Severe hemorrhagic hypotension causes hyporeactivity of the cardiovascular system to 
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catccholamines which is mediated by an increase in NOS activity and release of NO 
(111iemennann el al., 1993). Most of the studies using NOS inhibitors have shown a beneficial 

role of NO in hemorrhage. Resuscitation with L-NAME (10 mg/kg, Lv.) has been found to 

increase MAP in urethane anaesthetized rats hemorrhaged for 20 min (Zingarelli el al., 1992). 

In another study, L-NAME (0.3-30 mgikg, Lv.) increased MAP in urethane anaesthetized 

hemorrhaged rats in a dose-dependent manner (Chyu el al., 1992). L-NAME (44 mg/kg, Lv.) 

pretreatment increased MAP but decreased HR in conscious hemorrhaged rabbits (Koch et al., 

1995). Another NOS inhibitor NG-methyl-L-arginine (30 mgikg, Lv.) has been shown to restore 

MAP in hemorrhaged rats due to an increase in systemic vascular resistance (Klabunde et al., 

1993), while infusion of NG-monomethyl-L-arginine (1.2 mgikg/min) increased MAP in 

hemorrhaged rats partly due to an increase in renal vascular resistance (Lieberthal el al., 1991). 

Endogenous NO mediates most of its actions through cOMP (Thiemerruann, 1994), and 

the hyporeactivity to vasoconstrictors following hemorrhage could be due to an increased 

production of NO and cOMP as a result of enhanced activity of NOS (l1liemerruann el al., 1993). 

It appears that an increase in cOMP levels following severe hemorrhage will lead to loss of 

vascular tone and hyporeactivity of blood vessels to vasoconstrictors and is deleterious to the 
survival of the animal. The present study clearly shows that cGMP concentration is increased 
following hemorrhage, while DCLHb produced a significant decrease in cOMP concentration 

in the blood plasma. It is possible that following hemorrhage an increase in the release of NO 

occurs leading to an increase in cOMP concentration in the blood plasma. DCLHb when 
administered would remove NO and thus decrease the concentration of cOMP, as observed in 
the present study. The removal of NO and decrease in eOMP is likely to contribute toward 

restoring the vascular tone and responsiveness. To test this hypothesis DCLHb was administered 
in rats pretreated with L-NAME. In rats pretreated with L-NAME the DCLHb induced increase 

in base deficit and oxygen consumption was attenuated. Pretreatment with L-NAME also 
attenuated the DCLHb induced increase in MAP and improvement in blood flow to the brain, 
OIT, kidneys, mesentery and pancreas, skin, and musculoskeletal system. Ifremoval ofincreased 
NO formed following heJllOlThage is responsible for the therapeutic effect of DCLHb, L-NAME 

should have potentiated the beneficial effects of DCLHb in hemorrhagic situations. In contrast, 
L-NAME attenuated the beneficial effects ofDCLHb. 

The concentration of blood plasma ET -1 was found to be significantly increased in rats 
following hemorrhage. TI1C elevation of plasma ET-l concentration has bcen reported following 
hemorrhage in rats (Vemulapalli el al., 1994; Zimmerman e/ al., 1994) and dogs (Chang el al., 

1993). In normal rats the circulating ET-I level is low and ET-I is preferentially released toward 

abluminal side of the endothelial cells. Hemorrhage leads to an increase in plasma ET-l 
concentration either due to an increase in the synthesis or release of ET-l as a consequence of 
hemodynamic changes. The elevation ofET-} level could also be due to the activation of stress 
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honnones, the coagulation cascade, or as a result of a decrease of blood flow to the kidneys and 
lungs causing decreased clearance of ET-l. In the present study, hemorrhage produced a 

significant increase in plasma ET-I levels. DCLHb also significantly increased plasma ET-I 

levels, though this increase was significantly less than the hemorrhage induced increase in ET-I 

levels. This is in agreement with another report in which oxyhemoglobin solution was found to 

increase ET-I concentration in cultured bovine pulmonary artery endothelial cells and augmented 

ET production following platelet-mediated stimulation ofET-1 production (Ohlstein and Storer, 

1992). The DCLHb induced increase in MAP, TPR and blood flow to the brain and 

musculoskeletal system was significantly attenuated in FRI39317 pretreated rats. Pretreatment 

with FRI39317 significantly attenuated the DCLHb induced decrease in base deficit, and 

increase in oxygen consumption and survival time. It is therefore possible that an increase in ET-
1 concentration in the blood plasma following hemorrhage is a part of compensatory response 
and FR139317, an ET receptor antagonist, attenuated the beneficial effects of DCLHb. 

Interestingly, neither L-NAME nor FRI39317 altered the DCLHb induced improvement in blood 

flow to the heart. It was recently shown that in normal rats ET receptors in the heart are different 

from those found in other vascular beds (Gulati et al., 1995a). It may be possible that under 

hemorrhagic conditions this distinction is maintained. 
DCLHb has also been found to increase the ET-I concentration (Gulati et al., 1996; 

Gulati et al., 1 995b) and scavenge NO (Sharma et al., 1995) in normal rats. Thercfore, restoration 

of arteriolar tone could be achieved as a result of removal of NO and an increase in the 

concentration of ET by DCLHb. In summary, hemorrhage produced a significant increase in 
plasma concentration of cGMP, but L-NAME pretreatment attenuated the beneficial effects of 

DCLHb in hemorrhaged rats. On the other hand, hemorrhage produced a significant increase in 
plasma ET-I concentration and FRI39317 (an ETA receptor antagonist) attenuated the beneficial 

effects ofDCLHb in hemorrhaged rats. The increase in plasma ETMl concentration following 
hemorrhage appears to be a part of the normal compensatory response. Since inhibition NO 
fomlation by L-NAME decreased the efficacy ofDCLHb, therefore NO removal by DCLHb may 

not be contributing towards the efficacy ofDCLHb in hemorrhaged rats. However, ET antagonist 
decreased the efficacy ofDCLHb, therefore an increase in plasma ET-I concentration by DCLHb 

may be contributing towards the efficacy ofDCLHb in hemorrhagcd rats. It is concluded that ET 

mechanism is more important in the beneficial effects ofDCLHb in hemorrhaged rats than NO 

mechanism. 
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Chapter 14 

General discussion, and implications for future research 

14.1 General discussion 

The following are the major findings as a results of the work presented in this thesis: 

1. The mechanisms involved in the cardiovascular actions of DCLHb have been described for 
the first time in nonnal and hemorrhage rats. It has been shown that purification and 

chemcial modification of hemoglobin alters its cardiovascular actions. Although adrenergic 
mechanisms arc invovled in the cardiovascular actions of hemoglobin solutions but the effect 
of DCLHb on regional blood circulation are extermely different from that produced by 

equiprcssor doses of norepinephrine. 

2. The results of this thesis clearly indicate that DCLHb is not a simple oxygen carrying 

solution but has pharmacological properties. The efficacy of DCLHb iu hemorrhaged 

situation is due to its oxygen carrying abilitites and more importantly due to its ability to 
produce significant effect on the cardiovascular system. 

3. The role of NO and ET in hemorrhagic shock has been elucidated as a result of the present 

studies. It has been shown that removal of NO is important in the treatment of hemorrhagic 

shock. 

4. Present study also demonstrates for the first time that in hemorrhagic shock ET could an 
important mediator which could be used clinically in the management of hemorrhagic shock. 

5. This is the first study which establishes the mechanism of action of DCLHb, a hemoglobin 

based therapeutic agent. 

Diaspirin cross-linked hemoglobin (DCLHbT>') (Baxter Healtheare Corporation) is a 

promising resuscitative fluid. The effect ofDCLHb (400 mg/kg, iv), on regional circulation and 

systemic hemodynamics was studied in male Sprague~Dawley rats using a radioactive 
microsphere technique. Infusion of an equal volume of saline did not produce any significant 
change in systemic hemodynamics or regional circulation. DCLHb produced an increase in the 
mean blood pressure which Iflsted for more than 60 min. Heart rate, cardiac output and stroke 
volume were not significantly affected, while total peripheral resistance was increased after the 
administration of DCLHb. DCLHb produced significant increases in blood flow to the heart, 
gastrointestinal tract COlT), portal system and skin. The blood flow to kidney, brain and 
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musculoskeletal system was not significantly affected by DCLHb. The vascular resistance was 

not altered in the heart, brain, GIT, portal system, kidney or skin, but there was a marked increase 
in the vascular resistance in the musculoskeletal system. 11lere was a significant increase in the 
percentage of cardiac output to visceral organs like heart, G1T and portal system, wlule a marked 

decrease in the percent cardiac output to musculoskeletal system was observed with DCLHb 

(Chapter 2). It is concluded that DCLHb produces a redistribution of cardiac output from the 

musculoskeletal system to the vital organs. 

The effect of DCLHb was compared with unmodified stroma-free hemoglobin (SFHb). 

SFHb and DCLHb increased mean arterial blood pressure without affecting heart rate. SFHb 

produced a 24.9 % decrease in the cardiac output while DCLHb produced an 44.8 % increase in 

the cardiac output. Stroke volume was decreased (-27.3 %) by SFHb and increased (+36.4 %) 

by DCLHb. Total peripheral resistance increased with both SFHb and DCLHb. DCLHb 

increased blood flow to the heart, spleen, stomach, small intestine and skin, and had no effect on 

blood flow to the brain, kidneys, liver, mesentery, pancreas, caecum, large intestine and musculo
skeletal system. In contrast, in animals infused with SFHb, blood flow decreased to the kidneys, 
liver and spleen, increased to the heart, small intestine and skin, and had no effect to the brain, 
caecum, large intestine and musculo-skeletal system. DCLHb had no effect on vascular 
resistance in any organ except for an increase in the musculo-skeletal system. In contrast, SFHb 
increased vascular resistance in the kidneys, liver, spleen, skin, mesentery and pancreas, and had 
no effect on vascular resistance in the musculo-skeletal system, brain, heart, stomach, small 
intestine, caecum and large intestine. SFI-Ib had no effect on distribution of cardiac output to the 
brain, gastrointestinal tract (GIT), kidneys, skin, musculo-skeletal and portal system, while 

DCLHb significantly decreased the percent cardiac output to the musculo-skcletal system. 
DCLHb did 110t affect the distribution of cardiac output to the brain, G1T, kidneys, skin and 

portal system. SFHb and DCLHb increased the percent cardiac output to the heart (Chapter 3). 

It is concluded that similar concentrations and doses of DCLHb and SHlb produce different 

effects on the regional blood circulation and systemic hemodynamics. 

Studies were conducted to compare the cardiovascular effects of DCLHb with that of 

norepinephrine (NE) at equipressor doses. DCLHb (400 mglkg, Lv.) produced a pressor effect 

which was equal to that produced by norepinephrine (NE) (25 flglkg/min Lv. infusion). Total 

peripheral resistance was increased by DCLHb and more significantly by NE. Heart rate was not 
affected by DCLHb but was significantly iIicreased by NE. The cardiac output and stroke 

volume were insignificantly increased by DCLHb but were significantly decreased by NE. 
DCLHb and NE produced a significant increase in blood flow to the heart. The vascular 

resistance in the heart was not affected by DCLHb but was decreased by NE. DCLHb did not 
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affect the renal and brain circulation but NE in kidneys decreased the blood flow and increased 

the vascular resistance, while in brain increased the blood flow and decreased the vascular 
resistance. DCLHb increased the blood flow to the stomach and small intestine. The vascular 

resistance was not affected by DCLHb in the gastrointestinal tract. NE did not affect the blood 

circulation in the gastrointestinal tract. The blood flow to spleen was increased by DCLHb and 

there was no change in the vascular resistance. NE insignificantly decreased the blood flow to 
spleen and significantly increased the vascular resistance. The blood circulation to the mesentry 
and pancreas was not affected by DCLHb, while NE increased the blood flow without affecting 

the vascular resistance. DCLHb produced a significant increase in the blood flow to the skin 

without affecting the vascular resistance, while NE did not affect the blood flow but increased 

the vascular resistance. DCLHb did not affect the blood flow to musculo-skeletal system but 

increased the vascular resistance, while NE decreased the blood flow and increased the vascular 
resistance (Chapter 4). In summary, although the pressor effect ofDCLHb and NE at the doses 

studied is equal, DCLHb did not decrease the blood flow to any organ, whereas NE produced 

significant decreases in blood flow to several organs. It is concluded that the blood flow to most 

of the organs is either increased or not affected by DCLHb. 

To determine the role of the central nervous system (CNS) and the peripheral vascular 

system in the pressor effect ofDCLHb, experiments were performed in cervical sectioned rats. 
Intravenous administration of DCLHb produced an increase in blood pressure in cervical 
sectioned animals, which was similar to that observed in lloruml rats. To test whether the pressor 
effect was due to release of catccholamines or other pressor substances from the adrenal medulla, 
DCLHb was administered to bilateral adrenal demedullated rats. It was found that DCLHb 

produced a pressor effect in bilateral adrenal demedullated rats that was similar to normal rats. 
To dctcrmine whether DCLHb alters the responsiveness of peripheral vascular adrenoceptors, 
the effect of DCLHb pretreatment on the blood pressure and heart rate responses of adrenergic 

agonists was studied. DCLHb significantly potentiated (66.7%) the pressor response to 

norepinephrine (0.5 to 2.0 ftgikg, Lv.) but did not affect the heart rate response to norepinephrine. 

Phcnoxybenzamine complctely blocked the DCLHb induced potentiation of the norepinephrine 
responses. Phenylephrine produced a dose dependent (5 to 20 pgikg, Lv.) pressor and reflex 

bradycardic effect. DCLHb significantly potentiated the pressor (40.6%) and bradycardic 

(-22.8%) effect of phenylephrine which were completely blocked by prazosin. Clonidine 

produces a fall in blood pressure by acting on the central a-adrenoceptors, and a rise in blood 
pressure by stimulating>the peripheral vascular a-adrenoceptors. DCLHb produced a marked 
potentiation of the pressor response to clonidine (75 pgikg, Lv.) that masked the central depressor 

effect. Prazosin pretreatment did not attenuate the DCLHb induced potentiation of the pressor 
effect of clonidine in intact rats. However, yohimbine pretreatment completely blocked the 
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DCLHb induced potentiation of the clonidine induced pressor response in intact rats. In order 
to exclude the contribution of a centrally induced cardiovascular effect of clonidine, further 
studies were carried out in cervical sectioned rats. DCLHb markedly potentiated the pressor 
effect of clonidine (25 f1gikg, Lv.) in cervical sectioned rats. This potentiation could be 

attenuated by prazosin and yohimbine. Pretreatment with either yohimbine (2 mg/kg, Lv.) or 

prazosin (l mg/kg, Lv.) significantly attenuated the DCLHb induced pressor effect. The 

attenuation of DCLHb induced pressor effect was more marked with prazosin as compared to 
yohimbine (Chapter 5). It is concluded that the pressor effect ofDCLHb is not mediated through 

the CNS, however, it appears that in rats both ",- and ",-adrenoceptors in the peripheral 

vascular system are sensitized by DCLHb. 

Studies were conducted to determine the effect of admergic receptor antagonists on the 
cardiovascular effect ofDCLHb. It was fmmd that infusion ofDCLHb in prazosin (l mg/kg, Lv.) 

treated rats did not show any significant pressor effect, but reversed the hypotensive effect of 

prazosin. Cardiac output and stroke volume were significantly increased and total peripheral 
resistance decreased in prazosin treated rats as compared to control (untreated) rats. DCLHb 
significantly increased blood flow to the heart, gastrointestinal tract, portal system (spleen), and 

skin of control rats. Blood flow to the brain, kidneys, and musculo-skeletal system was not 
altered following the infusion of DCLHb in control rats. Infusion ofDCLHb in prazosin treatcd 

rats produced a significant increase in blood flow to the brain, heart, kidneys, gastrointestinal 
tract, portal system, skin and musculoskeletal system. In summary, prazosin pretreatment 
blockcd the pressor effect ofDCLHb, however, blood flow to the heart, brain, gastrointestinal 

tract, portal system, kidneys, skin and musculoskeletal system was increased by DCLHb (Chapter 

6). In yohimbine (2 mg/kg, iv) pretreated animals, DCLHb did not produce any change in heart 

rate, stroke volume, cardiac output and total peripheral resistance, but a slight increase in blood 
pressure was observed compared to baseline values obtained after the administration of 
yohimbine. The increase in blood pressure induced by DCLHb was significantly blocked by 

pretreatment with yohimbine. Yohimbine (2 mglkg, iv) pcr se decreased blood pressure, while 
other systemic hemodynamics parameters were not affected. In yohimbine pretreated 
animals,DCLHb produced an increase in blood flow to the heart, brain (cerebellum and brain 

stem), liver, small intestine, caecum, spleen, mesentery and pancreas, kidneys, skin and 
musculoskeletal system, while blood flow to the stomach and large intestine was not affected. 
Yohimbine pretreatment significantly attenuated the DCLHb induced increase in blood flow to 
the large intestine, mesentery and pancreas (Chapter 7). Adrenergic antagonists may be useful 
in attenuating the pressor effect of DCLHb while maintaining the regional perfusion. 
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The role of nitric oxide (NO) in the cardiovascular actions of diaspirin crosslinked 

hemoglobin (DCLHb) was studied in anesthetized rats. The regional circulatory and systemic 

hemodynamic effects of DCLHb (400 mg/kg iv) were studied using a radioactive microsphere 

technique in control (untreated) and L-arginine (NO precursor) pretreated rats. DCLHb produced 

a significant increase in blood pressure, cardiac output, stroke volume and total peripheral 
resistance without affecting heart rate, when administered to control rats. L-arginine pretreatment 
significantly attenuated DCLHb-induced systemic hemodynamic effects. DCLHb induced 

increase in blood flow to the skin and spleen was completely and to the heart was partially 

blocked by L-arginine pretreatment suggesting that cardiovascular actions induced by DCLHb 

could be antagonized by NO precursor, L-arginine. NO synthase (NOS) inhibitor, L-NAME (NG

nitro-L-arginine methyl ester), produced significant increases in regional vascular resistance 
leading to a decrease in blood flow to all the organs excepting heart, where an increase in blood 
flow and decrease in vascular resistance was observed. DCLHb when administered in L-NAME 
pretreated rats, accentuated the decrease in blood flow to the GIT, spleen, mesentery and 
pancreas, skin and musculoskeletal system. These studies provide evidence that NO precursor 
L-arginine can attenuate the effects of DCLHb, and DCLHb can potentiate the effect of NOS 

inhibitor, L-NAME. The role of NO in the mechanism of action of DCLHb was further studied 

by estimating plasma cGMP in control, DCLHb treated, L-NAME treated and L-NAME followed 

by DCLHb treated rats. DCLHb and L-NAME significantly decreased the concentration of 

circulating cGMP in the blood plasma. L-NAME pretreatment potentiated DCLHb-induced 

decrease in cGMP levels. Since the formation of cGMP is stimulated by NO, these studies 

provide additional evidence for the involvement of NO in the mechanism of action of DCLHb 

(Chapter 8). It is concluded that NO plays an important role in the cardiovascular effects of 

DCLHb. 

The role of endothelin (ET) in the cardiovascular actions of diaspirin crosslinked hemoglobin 

(DCLHb) was also determined. Infusion of DCLHb or SFHb increased mean arterial blood 

pressure and ET-llevels in the blood plasma. The increase in plasma ET-l concentration was 

significantly more marked with SHIb as compared to DCLHb treated rats. 111e concentration of 

ET-l in the heart and brain regions was not altered in DCLHb and SFHb treated rats as compared 

to control. However, ET -1 concentration was significantly increased in the thoracic aorta and 
renal medulla ofDCLHb treated rats. SFHb treated rats also showed a significant increase in ET

I concentration in the thoracic aorta and renal medulla. The effect ofSFHb on the renal medulla 

was found io be significantly greater than that of DCLHb (Chapter 9). Further studies were 

carried out to detemline whether the cardiovascular effects of DCLHb are due to an increase in 
the conversion of proET-l to ET-l by endothelin converting enzyme (ECE). Phosphoramidon 

(4 mg/kg, i. v.) pretreatment attenuated the increase in mean arterial pressure and total peripheral 
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resistance, increase in blood flow to the heart, brain, kidneys, portal system and GIT, and the 

increase in vascular resistance in the mesentery and pancreas and musculoskeletal system 
induced by proET-1. However, in phosphoramidon treated rats, DCLHb increased mean arterial 

pressure, heart rate, cardiac output, and total peripheral resistance. DCLHb increased blood flow 
to the heart, brain, kidneys, OIT, portal system and skin when administered to phosphoramidon 

treated rats (Chapter 10). It is concluded that DCLHb induced systemic and regional circulatory 

effects could not be blocked by phosphoramidon, indicating that the cardiovascular effects of 

DCLHb are not due to an increase in the conversion ofproET-1 to ET-1. The effect ofBQ123, 

an ET receptor antagonist, on the cardiovascular actions of DCLHb was detennined. The 

increase in blood pressure, cardiac output, stroke volume and total peripheral resistance by 
DCLHb was significantly blocked in BQ-123 (5 mglkg/h, Lv.) treated rats as compared to control 

rats. The increase in blood flow to the heart, spleen and skin by DCLHb was significantly 

blocked in BQ-123 treated rats as compared to control rats. DCLHb produced an increase in the 

blood flow to the brain and a decrease in blood flow to the kidney and musculoskeletal system 

of BQ-123 treated rats as compared to control rats (Chapter II). It is concluded that ET 

mechanism is invovled in the cardiovascular actions ofDCLHb. 
We have studied the cardiovascular effects of DCLHb (10% w/v solution, doses of 20%, 

50%, and 100% Lv. of shed blood volume, SBV) and Ringer's lactate (20% ofSBV as vehicle 

and 300% ofSBV as resuscitative solution) in hemorrhaged rats using a radioactive microsphere 
technique. Hemorrhage was induced in anaesthetized male Sprague Dawley rats by bleeding 
them at a rate of approximately 0.5 to I ml/min until a mean arterhi! pressure (MAP) of35-40 

mmHg was achieved. This was maintained for up to 90 min from the onset of hemorrhage to 
reach a base deficit ofless than -12 mmolll. Hemorrhage significantly decreased MAP, cardiac 

output (CO), and stroke volume (SV), and increased total peripheral resistance (TPR). 

Hemorrhage significantly decreased regional blood flow to all the tissues and whole body oxygen 

consumption. Control rats were administered RL (20% of SBV, Lv.). This volume of RL 
(vehicle) did not produce any improvements in systemic hemodynamics, regional blood flow or 
oxygen consumption. DCLHb (20%, 50%, and 100% of SBV) produced significant 

improvements in systemic hemodynamics and regional blood flow. DCLHb at 20% of SBV 
improved the oxygen consumption and base deficit from 3.61 ± 0.34 to 4.73 ± 0.47 mllmin and 

-13.75 ± 0.79 to -10.97 ± 1.28 mmolll, respectively. At 50% ofSBV, DCLHb improved the 

oxygen consumption and base deficit from 3.49 ± 0.37 to 5.40 ± 0.60 ml/min and -13.28 ± 0.84 

to -8.30 ± 0.89 mmolll, respectively. At 100% of SBV, DCLHb improved the oxygen 

consnmption and base deficit from 2.62 ± 0.37 to 5.69 ± 0.80 ml/min and -14.02 ± 2.13 to -7.50 

± 1.69 mmolll, respectively. The mean survival time for RL (20% of SBV, Lv.) treated 

hemorrhaged rats was 63 min, DCLHb significantly increased the survival time (J 52 min in 20%, 
221 min in 50% and 214 min in 100% ofSBV) of hemorrhaged rats. RL (300% ofSBV) when 
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administered at the rate of 1 mllmin for about 40 min, also produced significant improvement 
in base deficit, oxygen consumption, systemic hemodynamics and regional circulatory parameters 
(Chapter 12). It is concluded that DCLHb in a dose dependent manner produced a significant 

improvement in survival time, oxygen consumption, systemic hemodynamics, and regional 
blood circulation of hemorrhaged rats. 
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Fig. I Shows the mechanism of action of DCLHb. It has been found that treatment with L
arginine can block the systemic and regional circulatory effects ofDCLHb; DCLHb did 
not produce any alterations in cardiovascular parameters in L-NAME pretreated rats; and 
DCLHb decreased plasma cGMP levels indicating that NO mechanism is involved in the 
action ofDCLHb. Administration ofDCLHb produces an increase in plasma ET-l levels 
and the systemic and regional circulatory effects ofDCLHb were blocked by pretreatment 
with BQl23 an ET receptor antagonist providing evidence for the involvement ofET 
system. Systemic and regional circulatory effects of DCLHb could also be blocked by 
pretreatment with adrenergic receptor antagonists like prazosin or yohimbine. It is now 
known that ET can regulate both NO and adrenergic systems. 
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Further studies were carried out in hemorrhage rats to determine the efficacy of DCLHb in 

hemorrhaged animals. Perfusion, concentration of moving red blood cells (CMBC) and red blood 

cell velocity were determined by using a laser Doppler flowmeter (perimed, Model Periflux 

400 I), which utilizes the Doppler shift formed by a laser beam against the red blood cells. The 

animals were mechanically ventilated at a constant rate. Hemorrhage was induced by bleeding 

the rats at a rate of 0.5 to I mllmin till a mean arterial pressure of 35-40 mmHg was achieved. 

This was maintained for up to 30 min to reach a base deficit ofless than -12 mmolfl. The arterial 

pH, pO" pCO, and THb were monitored. Hemorrhage significantly decreased blood pressure 

(-53.2 ± 2.9%) and arterial blood pH, pCO,. THb, and increased pO,. A significant decrease in 

the brain perfusion (-20.2 ± 3.27%) was observed following hemorrhage. The decrease in 

perfusion was due to a decrease in CMBC (- 8.2 ± 2.8%) and red cell velocity (- 5.1 ± 6.1 %) in 

the brain. Hemorrhage produced a marked decrease (-73.6 ± 3.39%) in the renal perfusion, 

accompanied with a decrease in CMBC (-35.5 ± 8.9%) and red cell velocity (-57.2 ± 2.3%). 

Resuscitation with the vehicle (lUnger's lactate 4ml/kg, i.v.) did not produce any improvement 

in blood pressure, arterial blood pH, pO" pCO, and THb. A further decrease in the brain 

perfusion (-27.3 ± 2.6%) was observed 30 min following resuscitation with the vehicle. 

Although an increase in CMBC (10.3 ± 0.3%) was observed 30 min following resuscitation with 

the vchicle, a marked decrease in red cell velocity (- 32.7 ± 2.5%) was observed in the brain. 

Renal perfusion was not altered by vehicle. Resuscitation with DCLHb (400 mgikg, i.v.) 

produced an improvement in blood pressure, arterial blood pH, p02' peo2, and perfusion to the 
brain (9.0 ± 0.3%) and kidney (36.5 ± 10.7%). CMBC was not altered by DCLHb in the brain 

(-1.7 ± 4.1 %) or kidney (11.3 ± Il.l %) but an increase in red cell velocity was observed in the 

brain (5.0 ± 4.2%) and kidney (23.2 ± 2.7%) following resuscitation with DCLHb. It is 

concluded that following hemorrhage it is the decrease in CM13C and red cell velocity which arc 

responsible for hypoperf\!sion in the kidney and brain, and that DCLHb improves the perfusion 

mainly due to an increase in red cell velocity. 

Diaspirin crosslinkcd hemoglobin (DCLHbTh'), a hemoglobin-bascd blood substitutc, 

improves regional blood circulation and systemic hemodynamics in normal and hemorrhaged 
rats. \Ve have conducted extensive studies to determine the pharmacological mechanism 
responsible for the efficacy of DCLHb in hemorrhaged rats (Chapter 13). Hemorrhage was 

induced in male urethane anaesthetized rats by bleeding them at a rate of approximately 0.5 to 
I mVmin to a mean arterial pressure of35-40 mmHg, and maintained at tlus pressure until a base 
deficit of less than -12 mmolll was achieved. Plasma cGMP was found to be 0.10 ± 0.01 

pmoleslml at the baselinc and significantly increased following hemorrhage to 0.81 ± 0.17 

pmoleslml at 15 min, 1.43 ± 0.28 pmoles/ml at 30 min and 2.37 ± 0.11 pmoleslml at 60 min of 

hemorrhage. Ringer's lactate (4 mlikg, i.v.) administered as a vehicle produced only a 25% 
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decrease in plasma cGMP concentration 30 min after its administration to hemorrhaged rats and 
they survived for <60 min. DCLHb (400 mglkg, Lv.) on the other hand, produced a significant 

(-60%) decrease in the plasma concentration of cGMP in hemorrhaged rats. Resuscitation with 

DCLHb (100 mglkg, Lv. in a 10% w/v solution) significantly improved oxygen consumption and 

base deficit at 30 min following resuscitation. These rats survived for >200 min. Resuscitation 
with NO synthase (NOS) inhibitor, L-NAME (2 mglkg, Lv. or 10 mglkg, Lv.), did not produce 

any improvement in oxygen consumption or base deficit and these rats survived for <90 min. 
Pretreatment with L-NAME (2 mglkg, Lv.) significantly attenuated the DCLHb-induced 

improvement in survival time «150 min), base deficit, and regional blood flow. Since, DCLHb 

decreases plasma cGMP levels in hemorrhaged rats, and it is not as effective in rats pretreated 
with NOS inhibitor, these data suggest that removal by DCLHb of NO formed following 

hemorrhage contributes toward its efficacy. However, NOS inhibition alone is not effective in 
the resuscitation of hemorrhaged rats, suggesting the involvement of mediators other than NO. 
It was found that DCLHb increases plasma endothelin (En levels and FRI39317 (4 mglkg, Lv.), 

an ETA receptor antagonist, significantly attenuated the DCLHb-induced improvement in time 
of survival, base deficit, systemic hemodynamics and regional blood circulation in hemorrhaged 
rats. DCLHb-induced increases in ET -1 appear to be contributing toward its efficacy in 
hemorrhaged rats. It is concluded that following hemorrhage, an increase in NO and ET-I takes 

place. The removal of NO by DCLHb contributes in decreasing the toxicity due to NO, while 

an increase in ET -1 following hemorrhage appears to be a compensatory response which is 
augmented by DCLHb. 

14.2 Implications for future research 

Hemoglobin based blood substitutes will provide for the first time oxygen carrying 

capabilites in the management of critical care patients. The word hemoglobin based blood 
substitutes is a misnomer and we think the correct word should be hemoglobin based therapeutic 
agent. The reason for this is that following identification of pharmacological properties of 
DCLHb the use ofthis agent is not simply to substiMe blood for oxygen carrying capabilites but 

to develop other innovative applications for this purified and modifed hemoglobin solution. A 
variety of potential applications of DCLHb are currently under investigation. Some of the 
potential indications are (1) restoration of oxygen delivery, even prior to transport to the 
hospitals, in trauma resuscitation to prevent or reversal shock and subsequent end organ failure, 
(2) reduction in the degree of ischemia followiIig stroke or myocardial infarction, (3) 

improvement of tissue perfusion in septic shock, cardiogenic shock, post-surgical shock, (4) 
improving the oxygenation of tumors so that they are more susceptible to radiation and 
chemotherapy, (5) reduction of red cell sickling and improve blood rheology during crisis in 
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sickle cell anemia, (6) perfusion of oxygen hemoglobin solutions into the occluded coronary 

artery through balloon angioplasty catheters, (7) hemodilution in patients undergoing elective 

surgery, and (8) extracorporeal oxygenation like cardiopulmonary bypass and organ perfusion. 
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Fig. 2 Shows the role of endothelin (ET) and nitric oxide (NO) in maintaining the homeostatic 
mechanisms in the wall of blood vessels. ET produces vasoconstriction by inducing 
smooth muscle contraction due to its action on ETA type of receptors located on the 
smooth muscle cells. This is counterbalanced by the action of NO on guanylate cyclase 
and increasing the production of cGMP, which produces relaxation of the smooth 
muscles. The production of NO is also regulated by ET acting on ET, type of 
receptors located on the luminal side of endothelial cells. It is our hypothesis that both 
ET and NO contribute to the pathophysiology of hemorrhagic shock. Following 
severe hemorrhage loss of vascular tone occurs due to an increase in NO and cGMP 
levels and body tries to compensate this by increasing circulating ET levels. Therefore, 
if low doses of ET agonists are administered along with NO radical scavengers or NO 
inhibitors an effective low volume resuscitation can be achieved. 
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14.3 Impact of haemoglobin therapeutic agent on critical care medicine 

Several types of hemoglobin-based blood substitutes have been developed and are in 

different phases of clinical trials. Studies have demonstrated the efficacy of hemoglobin-based 

blood substitutes in resuscitation following hemorrhage in animals. An uItrapurified. 

polymerized, bovine hemoglobin solution has been shown to improve the cerebral blood flow 

when administered to hemorrhaged rats. Stroma free polymerized bovine hemoglobin has been 

found to be effective in restoring the systemic hemodynamic parameters in hemorrhaged dogs. 
Another study using polymerized ultrapurified bovine hemoglobin has shown that it is effective 

in restoring the cardiovascular parameters following ovarian hemorrhage in a miniature horse. 
A liposome encapsulated hemoglobin preparation consisting of lyophilized powder for use as 

lIinstant blood" has also been described. The use of hemoglobin-based therapetuic agents will 
introduce a new approach in critical care medicine of not only improving perfusion but delivering 
oxygen to tissues. 

238 



References 

Agishi, T., Funakoshi, Y., Honda, H., Yamagata, K, Kobayashi, M., and Takahashi, M. (1988) 

(Pyridoxalated hemoglobin)-(Polyoxyethylene) conjugate solution as blood substitute for 

normothermic whole body rinse out. Biomaler. Arlif Cells Arlif Organs 16: 261-270. 

Alter, H.J., Purcell, R.H., Shih, J.W., Melpolder, J.C., Houghton, M., Choo, Q., and Kuo, G. 

(1989) Detection of antibody to hepatitis C virus in prospectively followed transfusion 

recipients with acute and chronic non-A, non-B hepatitis. New. Eng. J. Med. 321: 

1494-1500. 

Amberson, W.R., Jennings, lJ., and Rllode, C.M. (1949) Clinical experience with haemoglobin 

saline solutions. J. Appl. Physiol. 1: 469-489. 

Amberson, W.R., Flexner, l, Steggreda, F.R., and et al (1934) Use of Ringer-locke solutions 

containing haemoglobin as a substitute for nomlal blood in animals. J. Cell. Camp. Physiol. 

5: 359-382. 

Arai, 1-1., Hori, S., Aramori, I., Ohkubo, H., and Nakanishi, S. (1990) Cloning and expression of 

a cDNA encoding an endothelin receptor. Naillre 348: 730-732. 

Ayala, A., Perrin, M.M., Ertel, W., and Chaudry, I.H. (1992) Differential effects of hemorrhage 

011 Kupffer cells: decreased antigen presentation despite increased inflanllllatory cytokine 

(IL-I, IL-6 and TNF) release. Cylokille. 4: 66-75. 

Azari, M., RoIUl, K., and Picken, l (1993) Diaspirin crosslinked hemoglobin (DCLHb™): 

Characterization of the process and the product manufactured under GMP requirements for 
clinical studies. Proceedings Fifth International SymposiulJl on Blood Substitutes, San 

Diego, CA H39 

Baker, C.H., \Vilmoth, F.R., Sutton, E.T., and Price, J.M. (1988) Microvascular responses 011 

intact and adrcnalmedullectomized rats to hemorrhagic shock. Circ. Shock 26: 203-218. 

Bassin, R., Vladick, B.C., Kim, S.I., and Showmaker, \V.C. (1971) Comparison of two 

hemorrhagic shock models with clinical hemorrhage. SlIrg. 69: 722-730. 

Baue, A.E. (1975) Multiple, progressive, or sequential systems failure: a syndrome of the late 

1970s. Arch. SlIrg. 110: 779-781. 

Bertolini, A., Ferrari, \V" and Guarini, S. (1989) The adrenocorticotropic honnone 

(ACTH)-induced reversal of hemorrhagic shock. Resllscitalioll18: 253-267. 

Biessels, P.T., Berbers, G.A., Broeders, a.c., Landsvater, R, Huisman, H.G., Bleeker, \V.K., 

and Bakker, J.C. (1992) Detection of erythrocyte membrane components in 

hemoglobin-based blood substitutes. Clill. Chilli. Acla 212: 113-122. 

239 



References 

Biessels, P.T., Hak, J.B., Bleeker, W.K., van Beek, J.H., and Bakker, J.C. (1992) Effects of 

modified hemoglobin solutions on the isolated rabbit heart. Biomater. Artif Cells 

Immobilization. Bioteclmol. 20: 693-696. 

Bilello, K., Schultz, S., Powell, C., Jamn, J., Cole, F., and Malcolm, D. (1994) Diaspirin 

crosslinked hemoglobin (DCLHb): control of pressor effect with anti-hypertensive agents. 

Artif Cells Blood Substit. Immobil. Biotechnol. 22: 819-825. 

Biro, G.P. (1982) Comparison of acute cardiovascular effects and oxygen-supply following 

haemodillution with dextran, stroma-free haemoglobin solution and fluorocarbon 
suspension. Cardiovascular Research. 16: 194-204. 

Bond, R.F. and Jolmson, G. (1985) Vascular adrenergic interactions during hemorrhagic shock. 

Fed Proc. 44: 281-289. 

Bone, R.C. (1982) Assisted ventilation. In: Oxygel/ tral/sport to human tissues, 345-355. Edited 

by Loeppky, lA. and Riedesel, M.L. New York, Elsevier North Holland, Inc. 

Bonhard, K. (1975) Acute oxygen sypply by infusion of hemoglobin solutions. Fed. Proc. 34: 

1466-1467. 

Borkowski, K.R. and Quinn, P. (1983) TI,e effect of bilateral adrenal demedullation on vascular 

reactivity and blood pressure in spontaneously hypertensive rats. Brit. J. Pharmacal. 80: 

429-437. 

Bosman, RJ., Minten, J., Ln, H.R., Van Aken, H., and Flameng, W. (1992) Free polymerized 

hemoglobin versus hydroxyethyl starch in rcsuscitation of hypovolemic dogs. Anaes. Allalg. 

75: 811-817. 

Boulangcr, C. and Luscher, T.F. (1990) Release of endothelin from the porcine aorta. Inhibition 

by endothelium-derived nitric oxide. J. Clil/. Illvest. 85: 587-590. 

Brodie, T.G. (1990) The inunediate action of an intravenous injection of blood semm. J. Physiol. 

26: 48-49. 

Buemi, M., Allegra, A., Squadrito, F., Buemi, A.L., Lagana, A., Aloisi, C., and Frisina, N. 
(1993) Effects of intravenous administration of recombinant human erythropoietin in rats 

subject to hemorrhagic shock. Nephrol/ 65: 440-443. 

Blum, H.F. (1993) The use of hemoglobin as a blood substitute. Alii. J. Hemotology42: 112-117. 

Burhop, K.E., Farrell, L., Nigro, C., Tan, D., and Estep, T. (1992) Effects of intravenous 

infusions of diaspirin cross-linked hemoglobin (DCLHb) on sheep. Biomater. Artif Cells 

Immobilization. Biotechllol. 20: 581-585. 

Cerra, F.B. (1989) Multiplc organ failure syndrome. In: Multiple orgall/ailure, 1-24. Edited by 

Bihari, DJ. and Cerra, F.B. Fullerton, Soc.Critical Care Med. 

Chang, II., Wu, G.-l, Wang, S.-M., and Hung, C. (1993) Plasma endothelin level changes during 

hemorrhagic shock. J Trauma 35: 825-833. 

240 



References 

Chang, T.M. (1993) Safety studies of modified hemoglobin as an oxygen-carrying blood 

substitute. Hemalo/. Palhol. 7: 49-55. 

Chang, T.M. (1992) Blood substitutes based on modified hemoglobin prepared by encapsulation 

or crosslinking: an overview. Biomaler. Arlif. Cells Immobilizalion. Bioleelmol. 20: 159-179. 

Chang, T.M.S. (1995) Cross-linked hemoglobins being well into clinical trials, increasing 

research efforts are now on a second generation red blood cell substitute based on 

encapsulated hemoglobin. Arl. Cells Blood SlIbs. Immob. Biolech. 23: 257-262. 

Chatterjee, R., Welty, E.V., Walder, R.Y., Pruitt, S.L., Rogers, P.H., Arnone, A., and Walder, 

J.A. (1986) Isolation and characterization of a new hemoglobin derivative cross-linked 

between ,,-chains (lysine 99., - 99.,). J. Bioi. Chem. 261: 9929-9937. 

Chyu, K.-Y., Guth, P.B., and Ross, G. (1992) Effect of N-nitro-L-arginine methyl ester on 

arterial pressure and on vasodilator and vasoconstrictor responses: influence of initial 

vascular tone. EliI'. J. Pharmacol. 212: 159-164. 

Cocks, T.M., Malta, E., King, S.J., Woods, R.L., and Angus, J.A. (1991) Oxyhaemoglobin 

increases thc production of endothelin-I by endothelial cells in culture. EliI'. J. Pharmacol. 

196: 177-182. 

Cohen, R.A. and Weisbrod, R.M. (1988) Enddothelium inhibits norepinephrine release from 

adrenergic nerves of rabbit carotid artery. Am. J. Physiol. 254: H871-H878. 

Cole, DJ., Shell, R.M., Przybelski, RJ., Drummond, J.C., and Bradley, K. (1992) Focal cerebral 

ischemia in rats: Effects of hemodilution with aMe( cross-linked hemoglobin on eBF. J. 

Ccreb. Blood Flow Melab. 12: 971-976. 

Cumming, P.D., Wallace, PD., Schorr, J.B., and Dodd, R.Y. (1989) Exposure of patients to 

human immunodeficiency vims through transfusion of blood components that tcst antibody 

negative. New. Eng. J. Med. 321: 941-946. 

Cybulsky, A.V., Stewart, D.l., and Cybulsky, M.1. (1993) Glomerular epithelial cells produce 

endothelin-l. J. Am. Soc. Nephrol. 3: 1398-1404. 

Davis, 1. W., Shackford, S.R., and Holbrook, T.L. (1990) Base deficit as a sensitivae indicator 

of compensated shock and tissue oxygcn utilization. SlIrg. Gynecol. Dbslcl 173: 473-476. 

de Nucci, G., Thomas, R., D'Orleans Juste, p" Antunes, E., \Valder, C., \Vamer, T.D., and Vane. 
1.R. (1988) Pressor effects of circulating endothelin are limited by its removal in the 

pulmonary circulation and by the release of prostacyclin and endothelium-derived relaxing 
factor. Proc. Nail. Acad. Sci. U. S. A. 85: 9797-9800. 

DeVenuto, F. and Zegna, A.1. (1978) Plasma oncotic pressure of the rat during and after blood 

exchange with crystalline hcmoglobin solution. SlIrg. Gynccol. Dbslel147: 379-384. 

241 



References 

Douglas, S.A., Elliott, J.D., and Ohlstein, E.H. (1992) Regional vasodilation to endothelin-1 is 

mediated by a non-ETA receptor subtype in the anaesthetized rat: effect of BQ-123 on 

systemic haemodynamic responses. Eur. J. Pharmacal. 221: 315-324. 

Dracker, RA. (1995) The development and use of oxygen-carrying blood substitutes. 

Immullological Illvestigations 24: 403-410. 

Drew, G.M. and Whiting, S.B. (1979) Evidence for two distinct types of postsynaptic alpha 

adrenoceptors in vascular smooth muscle ill vivo. Brit. J. Pharmacal. 67: 207-215. 

Dunham, C.M., Siegel, J.H., \Veireter, L., Fabian, L., Goodarzi, S., Guadalupi, P., Gettings, L., 
Linberg, S.E., and Vary, T.e. (1991) Oxygen debt and metabolic acidemia as quantitative 

predictors of mortality and the severity of the ischemic insult in hemorrhagic shock. Critical 

Care Med 19: 231-243. 

Estep, T.N., Bechtel, M.K" Bush, S,L., Miller, T.J., Szeto, S" and Webb, L.E. (l989a) The 

purification of hemoglobin solutions by heating, In: Progress ill c/illical alld biological 

research, 325-336. Edited by Brewer, G. New York, Alan R, Liss, 

Estep, T,N., Bcchtel, M,K" Miller, T.J., and Bagdasarian, A. (1989b) Vims inactivation in 

hemoglobin solutions by heat. In: Blood substitutes, 129-134. Edited by Chang, T.M.S, and 

Geyer, R.P. New York, Marcel & Dekker. 

Estep, T,N., Gonder, J., Bomstein, I., Young, S., and Johnson, R, (1991) Biological evalulation 

of diaspirin crosslinked hemoglobin solutions. Biomater. Artif. Cells Immobilization 

Biotechnol, 19: 378 

Estep, T.N" Gonder, J" Bornstein, I., and Aono, F, (1992) Immunogenicity of diaspirin 

cross-linked human hemoglobin solutions. Biomater. Artif. Cells Immobilization. Bioteclmol. 

20: 603-609. 

Estep, T.N., Bobka, E.W., Ebeling, AA, Hai, T.T., Nelson, D.J., Pankau, R.J., and Smak, A 

(1989b) Novel aspects of diaspirin cross-linked hemoglobin synthesis and purification, 

Biomater, Artif. Orgalls 17: 636 

Faist, E., Baue, AE., and Dittmer, H, (1998) Multiple organ failure in poly trauma patients, J 

Trauma 23: 775-787. 

Feola, M., Simoni, J., Tran, R., and Canizaro, P.C. (1988) Mechanisms of toxicity of hemoglobin 

solutions. Biomater. Artif. Cells Artif. Orgalls 16: 217-226, 

Fernandez, N., Garcia, J.L., Garcia-Villalon, A.L., Monge, L., Gomez, B., and Dieguez, G. 
(1993) Cerebral blood flow and cerebrovascular reactivity aner inhibition of nitric oxide 

synthesis in conscious goats. Brit, J. Pharmacal. 110: 428-434. 

Flacke, J.W" Flacke, W.E., Bloor, B.C" and et al (1990) Hemodynamic effects of 

dexemedetomidine, an alpharadrenergic agonist, in autonomically denervated dogs. J. 
Cardiovas. Pharmacal 16: 616-623. 

242 



References 

Flint, L.M., Cryer, H.M., Simpson, C.J., and Harris, P.D. (1984) Microcirculatory 

norepinephrine constrictor response in hemorrhagic shock. SurgeJY 96: 240-247. 

Frey, L., Kesel, K., Pruckner, S., Pacheco, A., \Velte, M., and Messmer, K. (1994) Is sodium 
acetate dextran superior to sodium chloride dextran for small volume resuscitation from 
traumatic hemorrhagic shock? Crit. Care Trauma 79: 517-524. 

Frisk-Holmberg, M. (1984) Effect of c10nidine at steady state on blood pressure in spontaneously 

hypertensive rats: Interaction of various alpha-adrenoceptor antagonists. Acta. Physiol. 

Scand 120: 37-42. 

Fukuda, Y., Hirata, Y., Yoshimi, H., Kojima, T., Kobayashi, Y., Yanagisawa, M., and Masaki, 
T. (1988) Endothelin is a potent secretagogue for atrial natriuretic peptide in cultured rat 

atrial myocytes. Biachem. Biaphys. Res. Cammull. 155: 167-172. 

Gardiner, S.M., Compton, A.M., and Belmet!, T. (1990) Regional hemodynamic effects of 

endothelin-2 and sarafotoxin-S6b in conscious rats. Am. J. Physial. 258: R912-7. 

Gardiner, S.M., Compton, A.M., Kemp, PA, and Belmett, T. (1991) The effects of 

phosphoramidon on the regional haemodynamic responses to human proendothelin [1-38] 

in conscious rats. Br. J. Pharmacal. 103: 2009-2015. 

Gibaldi, M. (1993) What is nitric oxide, and why are so many people studying it? J. Clin. 

Pharmacal. 33: 488-496. 

Gilroy, D., Shaw, C., Parry, E., Path, D.R.C., and Odling-Smee, W. (1988) Detection of a 

vasoconstrictor factor in stroma-free hemoglobin solutions. J. Trauma. 28: 1312-1316. 
Greenberg, S.S., Diecke, F.P.J., and Cantor, E. (1990) Inhibition of sympathetic neurotransmitter 

release by modulators of cyclic GMP in canine vascular smooth muscle. EliI'. 1. Pharmacal, 

187: 409-423. 

Guarini, S., Bazzani, C" Tagliavini, S., Bertolini, A., and Ferrari, \V. (1992) Reversal of 

experimental hemorrhagic shock by dimethylphenylpiperazinium (DMPP). &perientia 48: 

663-667. 

Gulati, A and Rebello, S. (1994) Role of adrenergic mechanisms in the pressor effect of 

diaspirin cross-linked hemoglobin. J. Lab. Ciill. Med. 124: 125-133. 

Gulati, A, Sharma, A.C., Robbie, G., and Saxena, P.R. (1995) Endothelin ETA receptor 

antagonist, BQ-123, blocks the vasoconstriction induced by sarafotoxin 6b in the heart but 

not other vascular beds. Gel/. Pharmacal. 26: 183-193. 

Gulati, A. and Srimal, R.C. (1992) Endothelin mechanisms in the central nervous system: A 

target for drug development. Drug Develop. Res. 26: 361-387. 

Gulati, A (1995) Endothelin mechanisms in the heart: Role in pathophysiology. In: Elldofhelill: 

Rale ill healfh alld disease, 193-214. Edited by Gulati, A Amsterdam, Harwood Academic 

Publishers. 

243 



References 

Gulati, A. and Shamm, AC. (1994) Prazosin blocks the pressor but not the regional circulatory 

effects of diaspirin crosslinked hemoglobin. Life Sci. 55: 121-130. 

Gulati, A, Shanna, AC., and Singh, G. (1996) Role of en dot he lin in the cardiovascular effects 
of diaspirin crosslinked and stroma reduced hemoglobin. Crit. Care Med. 24: 137-147. 

Gulati, A, Singh, G., Rebello, S., and Shanna, AC. (1995b) Effect of diaspirin crosslinked and 

stroma-reduced hemoglobin on mean arterial pressure and endot~lelin-l concentration in rats. 
Life Sci. 56: 1433-1442. 

Gulati, A, Shanna, AC., and Burhop, K.E. (1994) Effect of stroma-free hemoglobin and 
diaspirin cross-linked hemoglobin on the regional circulation and systemic hemodynamics. 
Life Sci. 55: 827-837. 

Gulati, A. and Bhargava, H.N. (1988) Cardiovascular responses to k-opioid agonists in intact and 

adrenal demedullated rats. Eur. J Pharmacal. 156: 247-257. 
Gulati, A. and Srimal, R.C. (1993) Endothelin antagonizes the hypotension but potentiates the 

hypertension induced by c1onidine. Ellr. J Pharmacal. 230: 293-300. 

Haleen, S.J., Davis, L.S., LaDouceur, D.M., and Keiser, J.A. (1993) Why big endothelin-Ilacks 
a vasodilator response. J Cardiovasc. Pharmacal. 22 Suppl 8: S271-S273. 

Hamilton, I., Schultz, S.C., Cole, F., 13urhop, K., and Malcolm, D.S. (1992) Characterization of 

diaspirin cross-linked hemoglobin's pressor response. Crit. Care Med. 20: S 1 06 

HaJlkelin, K.B., Sellker, R., and Schwarten, J., U. (1987) Evaluation of prognostic indices based 

on hemodynamic and oxygen transport variables in shock patients with respiratory distress 

syndrome. Crit. Care Med. 15: 1-7. 
Harper, J.F. and Brooker, G. (1975) Fentomole sensitive radioimmunoassay for cyclic AMP and 

cyclic GMP after 2'0 acetylation by acetic anhydride in aqueous solution. J Cyc/. Nllci. Res. 

1: 207-218. 
Harringer, W., Hodakowski, G.T., Svizzero, T., Jacobs, Jr., and Vlahakes, G.J. (1992) Acute 

effects of massive transfusion of a bovine hemoglobin hemoglobin blood substitute in a 

canine model ofhemorhagic shock. EliI'. J Cardio-Thorac. SlIrg. 6: 649-654. 

Hauser, CJ., Kaufinan, c., Franz, R., Shippy, c., Schwartz, S., aJld Shoemaker, W.C. (1982) Use 

of crystalline hemoglobin solutions. Arch. SlIrg. 117: 782-786. 

Hay, D.W., Henry, PJ., and Goldie, R.G. (1993) Endothelin and the respiratory system. Trellds. 

Pharmacal. Sci. 14: 29-32. 
Hemsen, A. and Lundberg, J.M. (1992) Free haemoglobin interferes with detection of endothelin 

peptides. Biochem. Biophys. Res. Commllll. 189: 777-781. 

Henrich, \V.L. (1991) The endothelium - a key regulator of vascular tone. Am. J Med. Sci. 302: 

319-328. 

244 



References 

Hess, J.R., Fadare, S.O., Tolentino, L.S., Bangal, N.R., and Winslow, R.M. (1989) The 

intravascular persistence of crosslinked human hemoglobin. In: Progress ill clinical and 

biological research, 351-357. AnonymousNew York, Alan R. Liss. 

Hess, J.R., Macdonald, V.W., and Winslow, R.M. (1992) Dehydration and shock: an animal 

model of hemorrhage and resuscitation of battlefield injury. Biomater. Artif Cells 

Immobilization. Biotecllllol. 20: 499-502. 

Hess, J.R., Macdonald, V.W., and Brinkley, W.W. (1993) Systemic and pulmonary hypertension 

after resuscitation with cell-free hemoglobin. J. Appl. Physiol. 74: 1769-1778. 

Hester, R.L., Eraslan, A., and Saito, Y. (1993) Differences in EDNO contribution to arteriolar 

diameters at rest and during functional dilation in striated muscles. Am. J. Physiol. 265: 

H146-H151. 

Heusch, G., Deussen, A., Schipke, J., and Thamer, V. (1984) ",- and ",-adrenoceptor-mediated 

vasoconstriction of large and small canine coronary arteries in vivo. J. Cardiovasc. 

Pharmacol. 6: 961-968. 

Hoffman, B.B. and Lefkowitz, RJ. (I 990a) Catecholamines and sympathomimetic drugs. In: The 

pharmacological basis o/therapeutics, 187-220. Edited by Gilman, A.G., Rail, T.W., Nies, 

A.S., and Taylor, P. New York, Pergamon Press. 
Hoffman, B.B. and Lefkowitz, RJ. (1990b) Adrenergic receptor antagonists. In: The 

pharmacological basis o/therapeutics, 221-243. Edited by Gilman, A.G., Rail, T.W., Nies, 

A.S., and Taylor, P. New York, Pergamon Press. 

Hoffman, A., Haramati, A., Dalal, I., Shuranyi, E., and \Vinaver, J. (1994) Diuretic-natriuretic 
actions and pressor effects of big-en dot he lin (1-39) in phosphoramidon-treated rats. Proc. 

Soc. Exp. Bioi. Med 205: 168-173. 

Hutchins, P.M., Goldstone, J., and Wells, R. (1973) Effects of hemorrhagic shock on the 

microvasculature of skeletal muscle. Microvasc. Res. 5: 131-140. 

Ihara, M., Noguchi, K., Saeki, T., Fukuroda. T .• Tsuchida, S., Kimura. S., Fukami, T., Ishikawa, 
K., Nishikibe, M., and Yano, M. (1992) Biological profiles of highly potent novel endothclin 

antagonists selective for the ETA receptor. Life Sci. 50: 247-255. 

Ikegawa, R., Matsumura, Y., Tsukahara, Y., Takaoka, M., and Morimoto, S. (1991) 

Phosphoramidon inhibits the generation of endothelin-I from exogenously applied big 

endothelin-I in cultured vascular endothelial cells and smooth muscle cells. FEBS Lett. 293: 

45-48. 

Inoue, A., Yanagisawa, M., Kimura, S., Kasuya, Y., Miyauchi, T., Goto, K .• and Masaki, T. 
(1989) The human endothelin family: three structurally and pharmacologically distinct 

isopeptides predicted by three separate genes. Proc. Nail. Acad Sci. U. S. A. 86: 2863-2867. 

245 



References 

Iwashita, Y., Yabuki, A., Yamaji, K., Iwasaki, K., Okami, T., Hirati, C., and Kosaka, K. (1988) 
A new resuscitative fluid Ilstabilized hcmoglohinl1 preparation and characteristics. Biomaler. 

Artif, Cells Artif, Organs 16: 271-280. 

Jesch, F.H., Peters, W., Hobbahn, J., Schoenberg, M., and Messmer, K. (1982) 

Oxygen-transporting fluids and oxygen delivery with hemodilution. Critical Care Med 10: 

270-274. 

Jones, C.J.H., Defily, D.V., Patterson, J.L., and Chilian, W.M. (1993) Endothelium-dependent 

relaxation competes with alpha-I-adrenergic and alpha-2-adrenergic constriction in the 

canine epicardial coronary microcirculation. Circ. 87: 1246-1274. 

Kajikawa, H., Ohta, T., Yoshikawa, Y., Funatsll, N., Yamamoto, M., and Someda, K. (1979) 

Cerebral vasospasm and hemoglobins-·c1inical and experimental studies. Nellrol. Med ChiI'. 
(l'okyo) 19: 61-71. 

Kanavati, I.S., Yaksh, T.L., Anderson, R.E., and et al (1986) Effects of clonidine on cerebral 

blood flow and the response to arterial CO,. J. Cereb. Blood Flow Metab. 6: 358-365. 

Kaplan, H.R. and Murphy, V.S. (1975) Hemoglobin solution: a potencial oxygen transporting 

plasma volume expander. Fed Proc. 34: 1461-1465. 

Karlson, B.R., Forsman, M., Roald, O.K., and et al (1990) Effect of dexemedetomidine, a 

selective and potent aipharagonist, on cerebral blood flow and oxygen consumption during 

halothane anesthesia in dogs. Anaes. Analg. 71: 125-129. 

Katsuyama, S.S., Cole, D.l, Drummond, J.e., and Bradley, K. (1994) Nitric oxide mediates the 

hypertensive response to a modified hemoglobin solution (DCLHbThI) in rats. Art. Cells 

Blood Subs. III/Illob. Biotech. 22: 1-7. 

Keipert, P.E. and Chang, T.M.S. (1985) Pyridoxalated polyhemoglobin as a blood substitute for 

resuscitation oflethal hemorrhage in conscious rats. Biomalel'. Artif. Cells Artif. Organs 13: 
I-IS. 

Kida, Y., Iwata, S., Gyoutoku, Y., Aikou, A., Yamakawa, T., and Nishi, K. (1991) Vascular 

responsiveness to various vasoactive substances after exchange transfusion with 
pyridoxalated hemoglobin polyoxyethylene conjugate (PHP) solution in anesthetized rats. 

Artif, Orgalls 15: 5-14. 

King, A.J., Pfeffer, J.M., Pfeffer, M.A., and Brenner, B.M. (1990) Systemic hemodynamic 

effects of endothelin in rats. Alii. J. Physiol. 258: H787-92. 

Kitazumi, K., Shiba, T., Nishiki, K., Fumkawa, Y., Takasaki, C., and Tasaka, K. (1990) 
Vasodilator effects of sarafotoxins and endothelin-l in spontaneously hypertensive rats and 

rat isolated perfused mesentery. Biochell/. Pharlllacol. 40: 1843-1847. 

Klabunde, R.E., Slayton, K.J., and Ritger, R.C. (1993) NG-methyl-L-arginine restores arterial 

pressure in hemorrhaged rats. Circ. Shock 40: 47-52. 

246 



References 

Knaus, W., Draper, E., Wagner, D., and Zimmerman, J.E. (1985) Prognosis in acute organ 

system failure. Alln. SlIrg. 202: 685-693. 

Kobinger, W. (1978) Central a-adrenergic systems as targets for hypotensive drugs. Rev. 
Physiol. Biochem. Pharmacol. 81: 39-100. 

Koch, M.A., Hasser, E.M., and Schadt, J.C. (1995) Influence of nitric oxide on the hemodynamic 

response to hemorrhage in conscious rabbits. Am. 1. Physiol. 268: RI71-RI82. 

Kurihara, Y., Kurihara, H., Suzuki, H., Kodama, T., Maemura, K., Nagai, R, Oda, H., Kuwaki, 
T., Cao, W.H., Kamada, N., and et al (1994) Elevated blood pressure and craniofacial 

abnormalities in mice deficient in endothelin-I. Naillre 368: 703-710. 

Langer, S.Z. (1981) Presynaptic regulation of the release of catecholamines. Pharmaco/. Rev. 32: 

337-362. 

Lawrence, E. and Brain, S.D. (1993) Big endothelin-I and big endothelin-3 are constrictor agents 

in the microvasculature: evidence for the local phosphoramidon-sensitive conversion of big 
endothelin-1. EliI'. 1. Pharmacal. 233: 243-250. 

Le Monnier de Gouvillc, A.C. and Cavero, I. (1991) Differential phamlacological profile of 

endothelin-I and its precursor, big cndothelin. 1. Cardiovasc. Pharmacol. 17 Suppl 7: 

S362-S365. 

Le Monnier de Gouville, A.C., Mondot, S., Lippton, H., Hyman, A., and Cavero, I. (1990) 

Hemodynamic and phannacological evaluation of the vasodilator and vasoconstrictor effects 
of endothelin-I in rats. 1. Pharmacol. Exp. Ther. 252: 300-311. 

Lieberthal, W., McGarry, A.E., Sheils, J., and Valeri, C.R. (1991) Nitric oxide inhibition in rats 

improves blood pressure and renal function during hypovolemic shock. Am. 1. Physiol. 261: 

F868-F872. 

Lieberthal, C.S., Vogel, W.M., Apstein, C.S., and Valeri, C.R. (1989) Studies ofthe mechanism 

of the vasoconstrictor activity of stroma-free hemoglobin in the isolated perfused rat kidney 
and rabbit heart. In: Progress in Clillical and Biological Research; Red Cell: 71h AIIII Arbor 
Conference, v 319,407-422. Edited by Brewer, G. Alan R. Liss, New York. 

Lippton, H., Goff, J., and Hyman, A. (1988) Effects of endothelin in the systemic and renal 

vascular beds in vivo. EliI'. 1. Pharmacal. ISS: 197-199. 

Macdonald, V.W., Winslow, R.M., Marini, M.A., and Klinker, M.T. (1990) Coronary 

vasoconstrictor activity of purified and modified human hemoglobin. Biomater. Artif. Cells 
Arlij Organs 18: 263-282. 

Malcolm, D.S., Kissinger, D., and Garrioch, M. (1992) Diaspirin cross-linked hemoglobin 

solution as a resuscitative fluid following severe hemorrhage in the rat. Biomalel'. AI'/if. Cells 

Immobilization Bioleelmol. 20: 495-497. 

247 



References 

Malcolm, D.S., Hamilton, J., Schultz, S.C., Cole, F., and Burhop, K (1994) Characterization of 

the hemodynamic response to intravenous diaspirin crosslinked hemoglobin solutions in rats. 
Art. Cells Blood Subs. bill/lOb. Biotech. 22: 91-107. 

Martin, W., Furchgott, R.F., Villani, G.M., and et al (1986) Depression of contractile responses 

in rat aorta by spontaneously released endothelium-derived relaxing factor. 1. Pharmacal. 
Exp. Thel'. 237: 529-538. 

Masaki, T. (1994) Endothelin in vascular biology. Anll. N Y. Acad. Sci. 714: 101-108. 

Matsumura, Y., Tsukahara, Y., Kojima, T., Murata, S., Murakami, A., Takada, K., Takaoka, M., 
and Morimoto, S. (J 995) Effects of phosphoramidon on endothelin-I and big endothelin- I 

production in human aortic endothelial cells. Bioi. Phorm. BIIII. 18: 401-406. 

Matsumura, Y., Ikegawa, R., Takaoka, M., and Morimoto, S. (1990b) Conversion of porcine big 

endothelin to endothelin by an extract from the porcine aortic endothelial cells. Biochem. 

Biophys. Res. Commull. 167: 203-210. 

Matsumura, Y., Umekawa, T., Kawamura, H., Takaoka, M., Robinson, P.S., Cook, N.D., and 
Morimoto, S. (J 992) A simple method for measurement of phosphoramidon-sensitive 

endothelin converting enzyme activity. Life Sci. 51: 1603- I 611. 

Matsumura, Y., Hisaki, K., Takaoka, M., and Morimoto, S. (1990a) Phosphoramidon, a 
metalloproteinase inhibitor, suppresses the hypertensive effect of big endothelin-1. EliI'. 1. 

Pharmacol. 185: 103- I 06. 

Matzen, S., Emmeluth, C., Milliken, M.C., and Secher, N.H. (1992) Plasma endothelin-I during 

central hypovolaemia in man. Clill. Physiol. 12: 653-658. 

lvfaxson, A.D., Giger, V., Sweeney, C.R., Tomasic, M., Saik, lE., Donawick, \V.J., and Cothran, 
E.G. (J 993) Use of bovine hemoglobin preparation in the treatment of cyclic ovarian 

hemorrhage in a miniature horse. 1. Am. Vet. Med. Assoc. 203: 1308-1311. 

Mazzoni, M.C., Warnke, K.C., Arfors, K., and Skala, T.C. (J 994) Capillary hemodynamics in 

hemorrhagic shock and reperfusion: in vivo and model analysis. Am. 1. Phys;ol. 267: 

HI928-HI935. 

McGillivray-Anderson, KM. and Faber, J.E. (1991) Effect of reduced blood flow on (£,- and 

«,-adrenoceptor constriction of rat skeletal muscle microvessels. Cire. Res. 69: 165- I 73. 

Messmer, K., Jesch, F.H., Peters, W., and Schoenberg, M. (1977) Oxygen affinity of stroma-free 

hemoglobin and its effect on tissue oxygenation. Bibl. Anat. 15: 375-379. 

Mileski, W.J., Winn, R.K., Harlan, J.M., and Rice, C.L. (1992) Sensitivity to endotoxin in 

rabbits is increased after hemorrhagic shock. 1. Appl. Physiol. 73: 1146-1149. 

Miller, R.C., Pelton, J.T., and Huggins, J.P. (J 993) Endothelins--from receptors to medicine. 

Trends. Pharmacal. Sci. 14: 54-60. 

248 



References 

Miller, I.F., Mayoral, J., Djordjevich, L., and Kashani, A. (1988) Hemodynamic effect of 

exchange transfusion with liposomal-encapsulated hemoglobin. Biomater. Artif. Cells Artif. 
Orgalls 16: 281-288. 

Minkes, R.K. and Kadowitz, PJ. (1989) Influence of endothelin on systemic arterial pressure and 

regional blood flow in the cat. EliI'. 1. Pharmacal. 163: 163-166. 

Miyauchi, T., Ishikawa, T., Tomobe, Y., Yanagisawa, M., Kimura, S., Sugishita, Y., Ito, 1., Goto, 

K., and Masaki, T. (1989) Characteristics of pressor response to endothelin in spontaneously 

hypertensive and Wistar-Kyoto rats. Hypertension 14: 427-434. 

Moncada, S. and Higgs, A. (1993) The L-arginine-nitric oxide pathway. N. Engl. 1. Med. 329: 
2002-2012. 

Moore, F.A., Haenel, J.B., Moore, E.E., and Whitehill, T.A. (1992) Incommensurate oxygen 

consumption in response to maximal oxygen availability predicts postinjury multiple organ 
failure. 1. Trallma. 33: 58-65. 

Morita-Tsuzuki, Y., Hardebo, J.E., and Bouskela, E. (1993) Inhibition of nitric oxide synthesis 

attenuates the cerebral blood flow response to stimulation of postganglionic 

parasympathetic nerves in the rat. 1. Cereb. Blood Flow Metab. 13: 993-997. 

Moss, G.S., DeWoskin, R, and Rosen, R.L. (1976) Transport of oxygen and carbon dioxide by 

hemoglobin-saline solution in the red cell-free primate. Slirg. Gynecol. Obstet 142: 357-362. 

Nees, J.E., Hauser, CJ., Shippy, C., State, D., and Shoemaker, W.C. (1978) Comparison of 

cardiorespiratory effects of crystalline hemogobin, whole blood, albumin, and Ringer's 
lactate in the resusctation of hemorrhagic shock in dogs. Surg. 83: 639-647. 

Nicholes, AJ. and Hiley, C.R. (1985) Identification of adrenoceptors and dopamine receptors 

mediating vascular responses in the superior mesenteric arterial bed of the rat. J. Pharm. 

Pharmacal. 37: 110-115. 

Ning, J., Anderson, PJ., and Biro, G.P. (l992a) Resuscitation of bled dogs with 

pyridoxalated-polymerized hemoglobin solution. Biomater. Ar/if. Cells immobilization 

Bioteellllol. 20: 525-530. 

Ning, J., Peterson, L.M., Anderson, PJ., and Biro, G.P. (1992) Systemic hemodynamic and renal 

effects of unmodified human SFHS in dogs. Biomater. Artif. Cells Immobilization. 

Bioteellllol. 20: 723-727. 

Ohlstein, E.H. and Storer, B.L. (1992) Oxyhemoglobin stimulation of endothelin production in 

cultured endothelial cells. 1. Nellrosllrg. 77: 274-278. 

Osborn, J.L. (1983) Renal adrenoceptor mediation of anti natriuretic and renin secretion 
responses to low frequencey nerve stimulation in the dog. Circ. Res. 53: 298-305. 

Palmer, R.M.J., Ashton, D.S., and Moncada, S. (1988) Vascular endothelial cells synthesize 

nitric oxide from L-arginine. Natllre 333: 664-667. 

249 



Referellces 

Pollock, D.M. and Opgenorth, T.J. (1993) Evidence for endothelin-induced renal 

vasoconstriction independent of ETA receptor activation. Am. J. Physiol. 264: R222-6. 

Powell, C.C., Schultz, S.C., Burris, D.G., Dmcker, W.R., and Malcolm, D.S. (1995) 

Subcutaneous oxygen tension: A useful adjunct in assessment of perfusion status. Grit. Care 

Med 23: 867-773. 

Prough, D.S., Whitney, J.M., Taylor, C.L., Deal, D.D., and DeWitt, D.S. (1991) Small volume 

resuscitation from hemorrhagic shock in dogs: effects on systemic hemodynamics and 

regional blood flow. Crit. Care Med 19: 364-372. 

Przybelski, R.I., Malcolm, D.S., Burris, D.G., and Winslow, R.M. (l99Ia) Cross-linked 

hemoglobin solution as a resuscitative fluid after hemorrhage in the rat. J. Lab. Clill. Med 

117: 143-151. 

Przybelski, R.I., Kant, G.J., Bounds, M.J., Slayter, M.V., and Winslow, R.M. (1990) Rat maze 

performance after resuscitation with cross-linked hemoglobin solution. J. Lab. Clill. Med 

115: 579-588. 

Przybelski, R.I., Sherwood, R., Mega, W., Hauck, W., and Estep, T. (1991 b) Immunomodulatory 

assessment of diaspirin cross-linked hemoglobin (DCLHb) solution. Bioma!er. ANif Cells 

Ar/if Orgalls 19: 469 

Przybelski, R.I., Kisicki, J., Daily, E., Bounds, M., and Mattia-Goldberg, C. (1994) Diaspirin 

cross-linked hemoglobin: phase I clinical safety assessment in nonnal healthy volunteers. 

Critical Care Med 22: A231 

Rabiner, S.F., Helbert, J.R., Lopas, H., and Friedman, L.H. (1967) Evaluation of stroma-free 

hemoglobin for use as a plasma expander. J. Exp. Med 126: 1127-1142. 

Rabinovici, R., Rudolph, A,S., and Feuerstein, O. (1989) Characterization of hemodynamic, 
hematologic and biochemical responses to administration of Iiposome-encapsulated 

hemoglobin in the conscious, freely moving rat. Circ. Shock 29: 115-132. 

Rabinovici, R., Neville, L.F., Rudolph, A.S., and Feuerstein, G. (1995) Haemoglobin-based 

oxygen-carrying resuscitation fluids. Crit. Care Med 23: 801-804. 

Rabinovici, R., Rudolph, A.S., Ligler, F.S., Smith, E.F.3., and Feuerstein, G. (1992) Biological 

responses to exchange transfusion with Iiposomal encapsulated hemoglobin. eire. Shock 37: 

124-133. 

Randall, M.D. (1991) Vascular activities of the endothelins. Pharll/acol. Tizer. so: 73-93. 

Reid, J.J., Vo, P.A., Lieu, A.T., Wong Dusting, H.K., and Rand, M.J. (1991) Modulation of 

norepinephrine-induced vasoconstric~ion by endothelin-l and nitric oxide in rat tail artery. 

J. Cardiol'asc. Pharll/acol. 17 Suppl 7: S272-5. 

250 



References 

Rohmeiss, P., Photiadis, l, Rohmeiss, S., and Unger, T. (1990) Hemodynamic actions of 

intravenous endothelin in rats: comparison with sodium nitroprusside and methoxamine. Am. 

J. Physiol. 258: H337-46. 

Rubanyi, G.M. (1991) Endothelium-derived relaxing and contracting factors. J. Cell Biochem. 

46: 27-36. 

Rush, B.F., Jr. (1989) Irreversibility in hemorrhagic shock is caused by sepsis. Am. Surg. 55: 

204-208. 

Rutherford, EJ., Morris, lA., Reed, G.W., and Hall, K.S. (1992) Base deficit stratifies mortality 

and determines therapy. J. Trauma. 33: 417-423. 

Saito, S., Wilson, D.A., Hanley, D.F., and Traystman, R.l (1994) Nitric oxide synthase does not 

contribute to cerebral autoregulatory phenomena in anaesthetized dogs. J. Aufollom. Nerv. 

Sys. 49 Supp!. S73-S76. 

Sakurai, T., Yanagisawa, M., Takuwa, Y., Miyazaki, H., Kimura, S., Goto, K., and Masaki, T. 
(1990) Cloning of a eDNA encoding a non-isopeptide-selective subtype of the endothelin 

receptor. Nalure 348: 732-735. 

Savitsky, J.P., Doczi, l, Black, l, and Arnold, J.D. (1978) A clinical safety trial of stroma-free 

hemoglobin. Clill. Pharm. Ther. 23: 73-80. 

Saxena, P.R., Schamhardt, Re., Forsyth, R.P., and Loeve, J. (1980) Computer programs for the 

radioactive microsphere technique. Computer Programs Biomed. 12: 63-84. 
Schistek, R., Pohla, G., Samhaber, E., and Unger, F. (1992) Artificial blood and extracorporeal 

circulation (ECC). Biomaler. Arlif. Cells Immobilizalion. Bioleclmol. 20: 731-734. 

Schmeling, \V.T., Karnpine, J.P., Roerig, D.L., and et a1 (1991) The effect of stereo isomers of 
the uradrenergic agonist medetomidine on the systemic and coronary hemodynamics in 
conscious dogs. Allaeslhesiology 75: 499-511. 

Schmitt, H. (1971) Action des alpha-sympathomimetiques sur les structures nerveuses. Aclual 

Pharmacol. 24: 93-113. 

Schultz, S.C., Grady, B., Cole, F., Hamilton, I., Malcolm, D.S., and Burhop, K. (1993) A role 

for endothelill and nitric oxide in the pressor response to diaspirin cross-linked hemoglobin. 
J. Lab. Clill. Med 122: 301-308. 

Schultz, S.C., Hamilton, I., and Malcolm, D.S. (1993b) Use of base deficit to compare 

resuscitation with lactated ringer's solution, haemaccel, whole blood, and diaspirin cross
linked hemoglobin following hemorrhage in rats. J. Trauma. 35: 619-626. 

Schultz, S.C., Powell, C.e., Burris, D.G., Nguyen, H., Jaffin, l, and Malcolm, D.S. (1994) The 

efficacy of diaspirin crosslinked hemoglobin solution resuscitation in a model of 
uncontrolled hemorrhage. J Trauma 37: 408-412. 

251 



References 

Shamla, A.C. and Gulati, A (1994) Effect of diaspirin cross-linked hemoglobin and 

norepinephrine on systemic hemodynamics and regional circulation. J. Lab. Clill. Med 123: 

299-308. 

Sharma, A.C. and Gulati, A. (1995) Role of endothelin in regional vascular system. In: 

Elldothelill: Role ill health alld disease, 215-232. Edited by Gulati, A Amsterdam, Harwood 

Academic Publishers. 

Sharma, AC., Rebello, S., and Gulati, A. (1994) Regional circulatory and systemic 

hemodynamic effects of diaspirin cross-linked hemoglobin in the rat. Artif Cells Blood 

SlIbstit. Immobil. Biotechllol. 22: 593-602. 

Sharma, A.C., Singh, G., and Gulati, A. (1995) Role of nitric oxide mechanism in the 

cardiovascular effects of diaspirin crosslinked haemogobin in anaesthetized rats. Am. J 

Physiol. 269: H1379-HI388. 

Sharma, A.C. and Gulati, A (1995) Yohimbine modulates diaspirin crosslinked 

hemoglobin-induced systemic hemodynamics and regional circulatory effects. Crit. Care 

Med 23: 874-884. 

Shoemaker, W.C., Appel, P.L., Kram, H.B., Waxman, K., and Lee, T.S. (1988) Prospective trial 

of supranonnal values of survivors as therapeutic goals in high-risk surgical patients. Chest 

6: 1776-1786. 

Shoemaker, W.C., Appel, P.L., Bland, R., Hopkins, J.A., and Chang, P. (1982) Clinical trial of 

an algorithm for outcome prediction in acute circulatory failure. Critical Care A1ed 10: 

390-397. 

Shoemaker, W.C., Montgomery, E.S., Kaplan, E., and et al (1973) Physiologic patterns in 

surviving and nonsurviving shock patients. Arch. SIII'g. 106: 630-606. 

Siegel, J.H., Rivkind, A.I., Dalal, S.A., and Goodarzi, S. (1990) Early physiologic predictors of 

injury severity and death in blunt multiple trauma. Arch SlIrg. 125: 498-508. 

Sigmon, D.H., Carretero, O.A., and Beierwaltes, \V.H. (l993) Renal versus femoral 
hemodynamic response to endothelium-derived relaxing factor synthesis inhibition. J Vasco 

Res. 30: 218-223. 

Singh, G., Shamla, AC., Thompson, E.B., and Gulali, A (1994) Renal endothelin mechanism 

in altered thyroid states. Life Sci. 54: 1901-1908. 

Snyder, S.R., Welty, E.V., Williams, L.A., and Walder, J.A. (1987) HbXL99: a hemoglobin 

derivative that is cross-linked between the a subunits is useful as a blood substitute. Fed. 

Proc. 84: 7280-7284. 

Sonobe, M. and Suzuki, J. (1978) Vasospasmogenic substance produced follo",ng subarachnoid 

hemorrhage, and its fate. Acta. Nelll'ochir. 44: 97-106. 

252 



References 

Stephan, R.N., Kupper, T.S., Geha, AS., Baue, A.S., aud Chaudry, I.H. (1987) Hemorrhage 

without tissue trauma produces immunosuppression and enhances susceptibility to sepsis. 
Arch. SlIrg. 122: 62-68. 

Stojilkovic, S.S. and Cat!, KJ. (1992) Neuroendocrine actions of endothelins. Trends. 
Pharmacal. Sci. 13: 385-391. 

Tabuchi, Y., Nakamaru, M., Rakugi, H., Nagauo, M., Mikami, H., and Ogihara, T. (1989) 

Endothelin inhibits presynaptic adrenergic neurotransmission in rat mesenteric artery. 
Biochem. Biophys. Res. Commllll. 161: 803-808. 

Tamura, D. Y., Miukes, RK., Bellan, lA., McMahon, T.J., McNamara, D.B., aud Kadowitz, PJ. 

(1994) Analysis of responses to big endothelin in the hindquarters vascular bed of the cat. 

Can. 1. Cardiol. 8: 954-960. 

Thiemermann, C., Szabo, C., Mitchell, J.A., and Vane, lR. (1993) Vascular hyporeactivity to 

vasoconstrictor agents and hemodynamic decompensation in hemorrhagic shock is mediated 
by nitric oxide. Proc. Natl. Acad. Sci. 90: 267-271. 

Thiemerrnann, C. (1994) The role of the L-arginine: nitric oxide pathway in circulatory shock. 

Adl'. Pharmacal. 28: 45-79. 

Tsukahara, T., Taniguchi, T., Usui, H., and et al (1986) Sympathetic denervation and alpha 

adreneceptors in dog cerebral arteries. Nmmyn. Schmied. Arch. Pharmacal. 334: 436·443. 

Usuba, A, Motoki, R, Suzuki, K., Sakaguchi, K., and Takahashi, A (1992) Study of effect of 

the newly developed artificial blood "Neo Red Cells" on hemodynamics and blood gas 

trausport in canine hemorrhagic shock. Biomater. Artif. Cells Immobilization Bioteelmol. 20: 

531-538. 

Van Zwieten, P.A. aud Timmennaus, P.B. (1983) Cardiovascular alpha 2 receptors. 1. Mol. Cell. 

Cardiol. 15: 717-733. 

Vandegriff, KD., Medina, F., Marini, M.A., and Winslow, R.M. (1989) Equilibrium oxygen 

binding to aa~cross-linked human hemoglobin cross-linked between the a-chains by 
bis(3,5-dibromosalicyl) fumarate. 1. Bioi. Chell!. 264: 17824-17833. 

Vane, lR. and Botting, R.M. (1993) Fonnation by the endothelium of prostacyclin, nitric oxide 

and endothelin. 1. Lipid Mediat. 6: 395-404. 

Vanhoutte, P.M., Rubanyi, G.M., Miller, V.M., and Houston, D.S. (1986) Modulation of 

vascular smooth muscle contraction by the endothelium. Anll. Rev. Physiol. 48: 307-320. 

Vassar, MJ. and Holcroft, J.W. (1992) Use of hypertonic-hyperon co tic fluids for resuscitation 

of trauma patients, 1. Intell. Care. Med. 7: 189-198. 

Vemulapalli, S., Chiu, PJ.S., Griscti, K., Brown, A, Kurowski, S., and Sybertz, EJ. (1994) 

Phosphoramidon docs not inhibit endogenous endothelin-I release stimulated by 

hemorrhage, cytokines and hypoxia in rats. European J01l1'l1al Pharmacology 257: 95-102. 

253 



References 

Vogel, W.M., Dennis, R.C., Cassidy, G., Apstein, C.S., and Valeri, C.R. (1986) Coronary 

constrictor effect of stroma-free hemoglobin solutions. Am. 1. Physiol. 251: H413-H420. 

Vogel, W.M., Hsia, C.J., Briggs, L.L.B., Cassidy, G., Apstein, C.S., and Valeri, C.R. (1987) 

Reduced coronary vasoconstrictor activity of hemoglobin solutions purified by ATP-agarose 

affinity chromatography. Life Sci. 41: 89-93. 

Vogel, W.M., Lieberthal, W., Apstein, C.S., Levinsky, N., and Valeri, C.R. (1988) Effects of 

stroma-free hemoglobin solutions on isolated perfused rabbit hearts and isolated perfused 

rat kidneys. Biomater. Artij Cells Artij Orgalls 16: 227-235. 

\Vagner, O.F:, Christ, G., \Vojta, 1., Vierhapper, H., Parzer, S., Nowotny, P.J., Schneider, B., 

Waldhausl, W., and Binder, B.R. (1992) Polar secretion of endothelin-/ by cultured 

endothelial cells. 1. Bioi. Chem. 267: /6066-16068. 

Wang, P., Ba, Z.F., Lu, M.-C., Ayala, A., Harkema, J.M., and Chaudry, I.H. (1994) 

Measurement of circulating blood volume in vivo after trauma-hemorrhage and 

hemodilution. Am. 1. Physiol. 266: R368-R374. 

Wang, P., Ba, Z.F., Burkhardt, J., and Chaudry, I.H. (1993) Trauma-hemorrhage and 

resuscitation in the mouse: effects on cardiac output and organ blood flow. Am. J. Physioi. 

264: HI166-HI173. 

Wamer, T.D., Mitchell, lA., de Nucci, G., and Vane, lR. (1989) Endothelin-I and endothelin-3 

release EDRF from isolated perfused arterial vessels of the rat and rabbit. 1. Cardiovasc. 

Pharmacal. 13 Suppl 5: S85-8. 

Waschke, K.F., Albrecht, D.M., Van Ackem, K., and Kuschinsky, W. (1994) Autoradiographic 

detemlination of regional cerebral blood flow and metabolism in conscious rats after fluid 

resuscitation from haemorrhage with a haemoglobin-based oxygen carrier. Brit. J. Anaes. 

73: 522-528. 

Waschke, K., Krieter, H., Albrecht, D.M., Van Ackem, K., and Kuschinsky, W. (1993) 

[Modified hemoglobin as a blood substitute in a rat model). Allaesthesist. 42: 90-95. 

\Veiner, N. (1980) Drugs that inhibit adrenergic nerves and block adrenergic receptors. In: The 

pharmacological basis o/therapeutics, Sixth Ed., 176·205. Edited by Goodman, L.S. and 

Gilman, A. New York, tvfacmillan. 
Weiskopf, R.B. and Fairley, H.B. (1982) Anaesthesia for major trauma. SlIrg. Ciin. North Am. 

62: 31-45. 

\Vellum, G.R., Irvine, T.\V., and Zrevas, N.T. (1980) Dose responses of cerebral arteries of the 

dog, rabbit, ~nd man to human hemoglobin in vitro .. J. Nellrosllrg. 53: 486-490. 
\Vennmalm, A., Benthin, G., and Petersson, A.-S. (1992) Dependence of the metabolism of nitric 

oxide (NO) in healthy human whole blood on the oxygenation of its red cell haemoglobin. 

Brit. 1. Pharmacol. 106: 507-508. 

254 



References 

Winslow, RM. (1992) Hemoglobin-based Red Cell Substitutes, First Ed., Baltimore and London, 

The Jolms Hopkins University Press. 

Wong, J., Fineman, J.R., and Heymann, M.A. (1994) The role of endothelin and endothelin 

receptor subtypes in regulation offetal pulmonary vascular tone. Pediatr. Res. 35: 664-670. 
Wong Dusting, H.K., La, M., and Rand, M.J. (1991) Endothelin-l enhances vasoconstrictor 

responses to sympathetic nerve stimulation and noradrenaline in the rabbit ear artery. Clill. 

Exp. Pharmacol. Physiol. 18: 131-136. 

Wright, C.E. and Fozard, J.R. (1988) Regional vasodilation is a prominent feature of the 

haemodynamic response to endothelin in anaesthetized, spontaneously hypertensive rats. 
Eur. J Pharmacol. 155: 201-203. 

Xu, D., Emoto, N., Giaid, A., Slaughter, C., Kaw, S., deWit, D., and Yanagisawa, M. (1994) 

ECE-I: A membrane-bound metalloprotease that catalyzes the proteolytic activation of big 

endothelin-l. Cell 78: 473-485. 

Yamakawa, T., Miyauchi, Y., and Nishi, K. (1990) Effects of pyridoxalated hemoglobin 

polyoxycthylcnc conjugate and stroma~free hemoglobin on cardiac function in isolated heart. 
Artificial Organs. 14: 208-217. 

Yanagisaw3, M., Kurihara, H., Kimura, S., Tomobe, Y., Kobayashi, M" Mitsui, Y., Yazaki, Y., 
Goto, K., and Masaki, T. (1988) A novel potent vasoconstrictor peptide produced by 

vascular endothelial cells. Nature 332: 411-415. 

Yang, Z.H., Richard, Y., von Segesser, L., Bauer, E., Stutz, p" Turina, M., and Luscher, T.F. 
(1990) Threshold concentrations of endothelin~ 1 potentiate contractions to norepinephrine 

and serotonin in human arteries. A new mechanism of vasospasm? Circulation 82: 188-195. 

Zager, R.A. and Gamelin, L.M. (1989) Pathogenetic mechanisms in experimental 

hemoglobinuric acute renal failure. Alii. J Physiol. 256: F446-F455. 

ZimmemJan, R.S., Maymind, M., and Barbee, R.W. (1994) Endothelin blockade lowers total 

peripheral resistance in hemorrhagic shock recovery. Hypertension 23: 205-210. 

ZingarelIi, B., Squadrito, F., Altavilla, D., Calapai, G., Campo, O.M., Calo, M., Saitta, A., and 
Caputi, A.P. (1992) Evidence for a role of nitric oxide in hypovolemic hemorrhagic shock. 
J Cardiovas. Pharmacal 19: 982-986. 

Zingarelli, B., Caputi, A.P., and Di Rosa, M. (1994) Dexamethasone prevents vascular failure 
mediated by nitric oxide in hemorrhagic shock. Shock 2: 210-215. 

Zingarelli, B., Squadrito, F., Altavilla, D., Calapai, G., Campo, G.M., Calo, M., Saitta, A., and 
Caputi, A.P. (1992) Evidence for a role of nitric oxide in hypovolemic hemorrhagic shock. 

J Cardiovas. Pharmacol19: 982-986. 

255 





Summary 

Viral contaminations, recurring shortages, cross-matching, typing, limited shelf life and 
problems in storage arc some of the good reasons for developing new oxygen carriers. The 
hemoglobin tetramer has the property of carrying, delivering and releasing oxygen in a 

cooperative manner, and has the ability to achieve high saturation at ambient oxygen pressures. 
Although the attempts to develop an oxygen-carrying alternative to red blood cells have spanned 

the last 100 years, however, it has proven difficult to develop a clinically useful hemoglobin

based oxygen carrier_ TI,e major problems have been that hemoglobin outside the red blood cell 

has an increased affinity to oxygen and dissociates into dimers and monomers. Attempts have 
made to overcome these limitations by using hemoglobin molecule either as stroma-free 

hemoglobin, modified stroma-free hemoglobin or liposome-encapsulated hemoglobin. Diaspirin 
cross-linked hemoglobin (DCLHb) is a modified hemoglobin solution derived from human 

erythrocytes. DCLHb was one of the first blood substitute put to test in human clinical trials in 

Europe and United States. Three Phase II studies with DCLHb were successfully completed in 

the United States, Belgium and the United Kingdom in 1995, and now a pivotal efficacy trial is 

underway in Europe and the FDA is reviewing the protocol of a planned Phase III trial in United 

States. 

DCLHb presently is in advanced stages of clinical trial, it is therefore important to know its 
mechanism of action. The purpose of the present study was to determine the cardiovascular 
actions ofDCLHb in nonnal and hemorrhaged situations and to investigate the phannacological 
mechanism of action ofDCLHb. 

The present study describes for the first the mechanism of action of DCLHb in normal and 
hemorrhages rats. It was found that purification and chemical modification of hemoglobin alters 
its cardiovascular actions. The cardiovascular actions of DCLHb were found to be attenuated 
by a~adrenergic receptor antagonists, prazosin and yohimbine. Although adrenergic mechanisms 
are involved in the cardiovascular actions of hemoglobin solutions, but the effect of DCLHb on 
regional blood circulation was found to be extremely different from that produced by equipressor 
doses of norepinephrine. The results of this thesis clearly indicate that DCLHb is not a simple 

oxygen carrying solution but has significant pharmacological properties. 
It was found that DCLHb in a dose dependent manner produced significant improvement in 

su~vival time, oxygen consumption, systemic hemodynamics, and regional blood circulation of 
hemorrhaged rats. Using laser Doppler flowmetry, it was found that following hemorrhage it is 
the decrease in concentration of moving red blood cells (CMBC) and red cell velocity which are 

responsible for hypoperfusion in the tissues, and that DCLHb improves the perfusion mainly due 
to an increase in red cell velocity. The efficacy ofDCLHb in hemorrhaged situation has been 
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attributed to its ability to transport oxygen, however, the present study demonstrates that the 

ability ofDCLHb to produce significant alterations in the cardiovascular system also contributes 

toward its efficacy. The role of NO and ET in hemorrhagic shock has been elucidated as a result 

of the present studies. 
Plasma cOMP was found to be significantly increased following hemorrhage. Ringer's 

lactate administered as a vehicle produced only a 25% decrease in plasma cGMP concentration 
after its administration to hemorrhaged rats and they survived for <60 min. DCLHb on the other 

hand, produced a significant decrease in the plasma concentration of cGMP in hemorrhaged rats 

and these rats survived for >200 min. Resuscitation with NO synthase (NOS) inhibitor, L· 

NAME, did not produce any improvement in oxygen consumption or base deficit and these rats 
survived for <90 min. Pretreatment with L·NAME significantly attenuated the DCLHb·induced 

improvement in survival time «150 min), base deficit, and regional blood flow. Since, DCLHb 

decreases plasma cGMP levels in hemorrhaged rats, and it is not as effective in rats pretreated 
with NOS inhibitor, these data suggest that removal by DCLHb of NO formed following 

hemorrhage contributes toward its efficacy. However, NOS inhibition alone is not effective in 
the resuscitation of hemorrhaged rats, suggesting the involvement of mediators other than NO. 
II was found that DCLHb increases plasma ET levels and FR139317, an ETA receptor antagonist, 

significantly attenuated the DCLHb-induced improvement in time of survival, base deficit, 
systemic hemodynamics and regional blood circulation in hemorrhaged rats. DCLHb-induced 
increases in ET -1 appear to be contributing toward its efficacy in hemorrhaged rats. It is 
concluded that following hemorrhage, an increase in NO and ET·l takes place. The removal of 

NO by DCLHb contributes in decreasing the toxicity due to NO, while an increase in ET·l 

following hemorrhage appears to be a compensatory response which is augmented by DCLHb. 
The present study demonstrates for the first time that in hemorrhagic shock, ET release 

contributes toward recovery from shock. ET like compounds could be used clinically in the 

management of hemorrhagic and other types of shock. 
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Samenvatting 

Virale contaminatie, veel voorkomende tekorten, kruistypering, beperkte houdbaarheid en 

problemen met de opslag van hct bloed zijn enkele van de goede redenen om nieuwe 

zuurstofdragende media te ontwikkelen. Het hemoglobine tetrameer heeft eigenschappen om 

zuurstof te binden, af te leveren en los te latco op cell co5peratieve manier, en kan cell hoge 
saturatiegraad bereiken bij omgelegen zuurstofdruk. Ondanks dat er al honderdjaar pogingen 

worden ondemomen om cell zuurstofdragend altematief te vinden voor erythrocyten, is het 
moeilijk gebleken een k1inisch bruikbare zuurstofdrager, die op hemoglobine gebaseerd is, te 

ontwikkelen. De grootste problemen ontstonden doordat hemoglobine buiten de erythrocyt een 

verhoogde affiniteit voor zuurstofvertoont en socl dissocieert in mono- en dimeren. Gepoogd 
is deze bepcrkingcn tc ornzeilen door stroma-vrij hemogiobine, gemodificeerd stroma-vrij 
hemoglobine of hemoglobine ingekapseld in Iiposomen te gebruiken. Diaspirin cross-linked 

hemoglobin (DCLHb) is een gemodificeerde hemoglobine-oplossing verkregen uit menselijke 

erythrocyten. DCLHb is als een van de eerste bloedvervangende middelen getest in patient

gebonden klinische trials in Europa en in de V.S. Drie fase II studies in de V.S., Belgie en het 

Verenigd Koninkrijk zijn succesvol afgesloten in 1995 en voorbereidingen voor een 'pivotal 

efficacy' trial in Europa worden nu getroffen en het protocol van een in de V.S. geplande fase III 

studie wordt door de FDA beoordeeld. 

Orodat DCLHb in cell vergevorderd stadium van klinische trials is, is het van belang het 
werkingsmechanisme tc Ieren kennen. Het doel van de huidige studie was de cardiovasculaire 
effecten van DCLHb in normale en adergelaten toestand vast te stellen en het famJacologische 

mechanisme te onderzoeken. 

De huidige studie beschrijft voor het eerst het werkingsmechanisme van DCLHb in nonnale 
en adergelaten ratten. Gevonden werd dat purificatie en chemische modificatie van hemoglobinc 
de cardiovasculairc cffecten verandcri. De cardiovasculairc cffecten van DCLHb werden 
verminderd door de a-adrenoceptor antagonisten prazosine en yohimbine. Hoewel adrenerge 
mechanismen betrokken zijn bij het cardiovasculairc effect van hemoglobine-oplossingen, bleek 
het effect van DCLHb op de regionale bloedcirculatie zeer verschillend te zijn van dat 

gcproducecrd door equipressor doseringcn van noradrenaline. De resultaten van dit proefschrift 
wijzcn er duidelijk op dat DCLHb ruet cen eenvoudige zuurstofdragende oplossing is, maar over 

belangrijke famnacologische eigenschappen beschikt. 
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DCLHb verbeterde dosis-afhankelijk en significant de overlevingstijd, zuurstof consumptie, 

systemische hell10dynamiek en regionale bloedcirculatie van adergelaten ratten. Met laser 
Doppler flowmetrie werd gevonden dat na aderlating de afgenomen concentratie van bewegende 
erythrocyten en afgenomen snelheid van de erythrocyten verantwoordelijk zijn voor hypoperfusie 

in de weefsels, en dat DCLHb de perfusie met name verbetert door een toename v~n de 
erythrocyten snelheid. De werkzaamheid van DCLHb bij aderlating is voorheen toegeschreven 

aan het zuurstoftransporterend vennogen, maar de huidige studie laat zien dat het vermogen van 
DCLHb om significante veranderingen tot stand te brengen in het cardiovasculaire systeem ook 

een bijdrage levert. De rol van nitriek oxyde (NO) en endothelinen (ET) in hemorrhagische 

shock is verhelderd door deze studies. 

Plasma cGMP was significant verhoogd na aderlating. Toediening van Ringer's lactaat als 

eeo vehikel aan adergelaten ratten resulteerde in een afname van 25% van cGMP en de ratten 
overleefden minder dan 60 minuten. DCLHb, anderzijds, produceerde een significante afname 
van cGMP en de ratten overleefden langer dan 200 minuten. Reanimatie met de NO synthase 

(NOS) remmer, L-NAME, had geen verbetering van de zuurstofconsumptie of base deficiet tot 

gevolg en deze ratten overleefden korter dan 90 minuten. Voorbehandeling met L-NAME deed 

de door DCLHb gei'nduceerde verbetering in overlevingstijd «150 min), het base deficiet en 

regionale bloeddoorstroming significant afnemen. Het fcit dat DCLHb de plasma cGMP 

concentratie vennindert in adergelaten fatten en minder effectief is bij ratten die voorbehar:tdeld 
zijn met een NOS renlffier, doet vennoeden dat wegvangen door DCLHb van het na bloeding 
gevormde NO bijdraagt aan de effectiviteit. Maar NOS inhibitie aileen is niet effectief bij de 

reanimatie van adergelaten ratten. Dit doet de betrokkenheid van meer mediatoren dan NO 
aileen vermoeden. DCLHb deed plasma ET toenemen en FR139317, een ETA receptor 

antagonist, deed de door DCLHb bewerkstelligde verbetering in overlevingstijd, base deficiet, 

systemische hemodynamiek en regionale bloeddoorstroming significant afnemen. De DCLHb 
gernduceerde toename van ETMlJijkt bij tc dragen aan de effectiviteit bij adergelaten ratten. Er 
wordt geconcludeerd dat NO en ET -I na aderlating toenemen. De verwijdering van NO door 

DCLHb vermindert de toxiciteit van NO, terwijl de toename van ET -I na aderlating cell 
compensatoir effect lijkt te zijn, dat wordt versterkt door DCLHb. 

Deze studie toont voor de eerste keer aan dat in hemorrhagische shock, vrijmaking van ET 
bijdraagt aan het hcrstel. ET -achtige vcrbindingen zouden in de kliniek gebmikt kunnen worden 
bij de behandeling van hemorrhagische en andere typen shock. 
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