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Abstract

Ž .Objective: This study tested the hypothesis that overproduction of endogenous nitric oxide NO during endotoxemia may modulate
coronary autoregulation and myocardial reactive hyperemia. Methods: Hearts of endotoxin-pretreated rats and controls were isolated and
arranged for perfusion in a Langendorff preparation. Autoregulation was studied by examining flow–pressure relations during stepwise

v Ž .changes in perfusion pressure. The contribution of nitric oxide was examined by perfusion with N -nitro-L-arginine NNLA , an inhibitor
Ž .of nitric oxide synthesis and methylene blue MB , an inhibitor of soluble guanylate-cyclase. Results: Endotoxin-treated hearts showed

massive coronary vasodilatation and autoregulatory function was impaired at perfusion pressures from 20 to 60 mmHg. Both NNLA and
MB reduced coronary flow, improved autoregulation and eliminated differences in coronary flow and autoregulation between the control
and endotoxin-treated group. Vasoconstriction with vasopressin, a direct smooth muscle constrictor, could not eliminate differences in
autoregulation between groups. Reactive hyperemia following coronary occlusion in endotoxin-treated hearts showed decreased duration,
flow repayment and repayment ratio. In the presence of NNLA or MB, however, no significant differences in reactive hyperemic flow
patterns were present. Conclusions: These observations suggest that massive coronary vasodilatation due to increased myocardial NO
synthesis can result in autoregulatory dysfunction and altered myocardial reactive hyperemia during endotoxemia. q 1997 Elsevier
Science B.V.
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1. Introduction

Coronary autoregulation is the ability of the coronary
vasculature to maintain blood flow relatively constant dur-

w xing changes in perfusion pressure 1,2 . Among the physio-
logical mechanisms that are known to influence autoregu-

Žlation are metabolic factors i.e., oxygen tension andror
.tissue metabolites and the so-called ‘myogenic response’,

which mediates constriction in response to increased trans-
w xmural pressure 3 . By increasing vascular tone in response

to increasing perfusion pressure, the myogenic auto-
regulatory response may be an important mechanism in
keeping capillary hydrostatic pressure relatively constant

w xand preventing excess flow to the microcirculation 4,5 .
Ž .Nitric oxide NO is a major endothelium derived relax-

Ž .ing factor EDRF , formed from the precursor amino acid,

) Ž . Ž .Corresponding author. Tel.: q31 10 4639222; fax: q31 10
4635307.

L-arginine, and stimulates the enzyme soluble guanylate-
Ž .cyclase GC in the smooth muscle cell which converts

w xGTP to cGMP resulting in vascular relaxation 6 . In the
coronary vessels NO plays an important role in the regula-
tion of vascular tone and myocardial blood flow both in

w xvivo and in the isolated heart preparation 7,8 . The in-
creased release of NO is suggested to be responsible for
the vascular relaxation and hypotension seen in states of

w xsepsis and endotoxemia 6 . Recently it was found that
endothelium-derived NO can counteract coronary autoreg-
ulation by opposing myogenic tone and that inhibition of
NO synthesis results in improved coronary autoregulation

w xin the isolated guinea pig heart and rabbit heart 9,10 .
Furthermore, NO plays a role in myocardial reactive hy-

w xperemia 11,12 —i.e., the increase in flow following a
period of coronary arterial occlusion.

Time for primary review 34 days.

0008-6363r97r$17.00 q 1997 Elsevier Science B.V. All rights reserved.
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During sepsis and endotoxemia the coronary circulation
is often characterized by inappropriately high coronary
flow rates secondary to coronary vasodilatation with un-

w xcoupling of flow from metabolic demand 13,14 . This
massive coronary dilatation may depend on accelerated

w xcardiac production of NO 15,16 . We recently showed that
inhibition of this increased NO synthesis can result in focal

w xmyocardial ischemia 17 . Since the basal release of NO
w xcan attenuate coronary autoregulation 9,10 , it is feasible

to hypothesize that increased synthesis of NO, as in sepsis
and endotoxemia, can interfere with the physiological pro-
cess of flow regulation leading to dysfunction of coronary
autoregulation and altered reactive hyperemic response.

In this study, we investigated coronary myogenic auto-
regulatory function in response to step-wise changes in
perfusion pressure and myocardial reactive hyperemia after
a stop of coronary flow in isolated hearts of normal and
endotoxin-treated rats. To investigate the role of NO, we

v Ž .used the L-arginine analogue N -nitro-L-arginine NNLA
w x Ž .18 , to inhibit NO synthesis and methylene blue MB
w x19 , to inhibit soluble guanylate-cyclase. To see if the
effect of direct vasoconstriction was different from the
effect of inhibition of NO synthesis, we used vasopressin,
a direct smooth muscle constrictor that acts independently

w xof the L-argininerNOrcGMP pathway 20 .

2. Methods

2.1. Experimental set-up

This investigation conforms with the Guide for the
Care and Use of Laboratory Animals published by the US
National Institutes of Health. The protocol was approved
by the animal ethics board of our university. Male Wistar

Ž .rats 300–360 g received either a sublethal dose of 0.7
Žmgrkg body wt Escherichia coli endotoxin LPS,

.0127:B8, Sigma Chemical Co. or saline by intraperitoneal
injection 12 h before the initiation of the experiments. In
vivo measurements of hemodynamic parameters and

w xplasma metabolites have been previously presented 17 .
Endotoxin-treated animals showed elevated rectal tempera-
ture, decreased mean arterial blood pressure, increased
heart rate, and increased plasma levels of lactate. Serum

Ž y y.nitrateqnitrite NO qNO , the stable end-products of2 3

NO production, were elevated in endotoxin-treated animals
as a sign of increased systemic release of NO. Rats were

Ž .anesthetized with ether, heparinized 0.5 ml, 100 IU ; the
hearts were removed, immediately cooled in ice-cold per-
fusion medium, and rapidly arranged for constant pressure
perfusion at 378C according to Langendorff. The perfusion

Ž .medium consisted of mmolrl NaCl 128, KCl 4.7, MgCl2

1, NaH PO 0.4, NaHCO 20.3, CaCl 1.3, glucose 5.0,2 4 3 2

pyruvate 2.0, and was oxygenated with 95%O r5%CO .2 2

All hearts were continuously paced at 5 Hz. To minimize
the metabolic component of coronary autoregulation, the
left ventricle was drained by a cannula in the apex so that

Žno external work was performed. Flow rates expressed as
.milliliters per minute per gram of ventricular wet weight

Žwere measured by an electromagnetic flow probe Skalar-
.Medical in the aortic perfusion line. For the determination

of effluent oxygen pressure the right pulmonary artery was
cannulated and a constant fraction of the coronary effluent

Žwas led along a Clark-type electrode YSI Biological
Oxygen Monitor, model 5300, Yellow Springs Instru-

.ments . The coronary influent was similarly monitored for
oxygen pressure via a side arm of the aortic cannula.

ŽOxygen consumption in micromoles per minute per gram
.of ventricular wet weight was calculated from the product

of influent–effluent oxygen concentration difference and
coronary flow.

2.2. Autoregulatory function protocol

Autoregulatory function was investigated by studying
adjustments in coronary flow in response to step-wise

w xchanges in perfusion pressure 21 . Following stabilization
at 60 mmHg perfusion pressure, perfusion pressure was
first lowered to 20 mmHg and subsequently increased by
step-wise changes in perfusion pressure of 10 mmHg at
3-min intervals to a maximum of 100 mmHg. At the end
of this series of pressure changes, perfusion pressure was
set at the initial value of 60 mmHg. When the flow was
stable, the perfusion medium was switched to one contain-
ing 100 mmolrl NNLA or 5 mmolrl MB. After a 30-min
interval to reach a new steady state, the step-wise changes
in perfusion pressure were repeated. Hearts were perfused
for a total of 130 minutes. MB was used in a concentration

Ž .of 5 mmolrl since higher concentrations )20 mmolrl
caused a paradoxical increase in coronary flow in control

w xhearts, probably by non-specific toxic effects 22 .
In 5 hearts of the control and endotoxin-treated group, a

Ž .supramaximum dose of nitroprusside 10 mmolrl , a ni-
trovasodilator that acts as an exogenous NO donor, was
tested to obtain maximum vasodilatation. To see if the
effect of direct vasoconstriction was different from the
effect of inhibiting the release of the endogenous vasodila-
tor NO, we repeated the protocol of pressure steps switch-
ing to vasopressin, a direct smooth muscle constrictor that
acts independently of the L-argininerNOrcGMP pathway
w x20 , in a concentration of 1 nmolrl that caused approxi-
mately the same reduction in flow as NNLA did in 4
hearts of the control and endotoxin-treated group. In 4
separate hearts of the control group the effect of increasing
flow similar to endotoxin-treated hearts with nitroprusside
Ž .0.1 mmolrl was tested. NNLA, MB, vasopressin and
nitroprusside were diluted in the perfusate in their final
concentration.

2.3. Hyperemic flow response

Myocardial reactive hyperemia is the increase in coro-
nary flow following a period of coronary artery occlusion
w x23,24 . Reactive hyperemic flow response was investi-
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gated after a stop of coronary flow for 90 s in hearts of
Žcontrol and endotoxin-treated animals ns8 in both

.groups . To study the contribution of NO in reactive
hyperemic response, the flow stop was repeated after the
perfusion medium was switched to one containing 100
mmolrl NNLA or 5 mmolrl MB in 4 hearts each. In 4
separate hearts of the control group the effect of increasing
flow similar to endotoxin-treated hearts on reactive hyper-

Žemic flow response was tested with nitroprusside 0.1
.mmolrl . In 4 separate hearts of the endotoxin-treated

group the effect of reducing flow similar to NNLA with
vasopressin was tested.

2.4. Definitions and calculations

Autoregulatory function was quantified by an index
Ž . w xArI first described by Norris et al. 21 which compares
the observed change in vascular conductance for a given
change in pressure in relation to the calculated change in
conductance assuming that flow remained constant:

ArIs1y D FrF r D PrPŽ . Ž .i i

where F is flow at pressure P, F and P are initial flowi i

and pressure, respectively, D FsF yF and D PsP yP.i i

If conductance is unchanged or increases when pressure is
Ž .increased passive vascular bed , then ArIF0 and there is

no autoregulation. If conductance decreases when pressure

increases, then ArI)0 with a maximum value for ArI of
1.0, where coronary flow remains constant irrespective of

w xpressure changes indicating perfect autoregulation 1 .
Quantitative analyses of features characterizing the my-
ocardial reactive hyperemic flow response were performed
according to the criteria described by Coffman and Gregg
w x Ž . Ž .23 where flow debt ml s control flow rate mlrs =

Ž . Ž .occlusion time s ; flow repayment ml s total flow
Ž .volume during reactive hyperemia ml – control flow rate

Ž . Ž .mlrs = duration of reactive hyperemia s ; flow repay-
ment ratio s flow repayment r flow debt.

2.5. Statistics

All values are expressed as mean"s.e.m. Student’s
t-test for group comparisons or paired t-test where appro-
priate were used to statistically compare values. Linear
regression analysis was performed to determine the rela-
tion between myocardial oxygen consumption and coro-
nary flow. P-0.05 was taken as statistically significant.
NS is used to denote ‘not significant’.

2.6. Chemicals

NNLA, MB, vasopressin and nitroprusside were ob-
tained from Sigma. All the other chemicals were obtained
from Merck.

Ž . Ž .Fig. 1. Representative tracings of coronary flow 4 lower tracings in response to step-wise changes in perfusion pressure upper tracings of an isolated
Ž . vcontrol heart and endotoxin-treated LPS heart before and after inhibition of the L-argininerNOrcGMP pathway with 100 mmolrl N -nitro-L-arginine

Ž . Ž . Ž .NNLA or 5 mmolrl methylene blue MB and direct vasoconstriction with 1 nmolrl vasopressin VP . Note that endotoxin-treated hearts showed
increased pressure-induced flow changes as compared to control which could be prevented by treatment with NNLA or MB, whereas vasopressin was less
effective.
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3. Results

3.1. Effect of endotoxemia on coronary flow, oxygen con-
sumption and autoregulatory function at Õarying perfusion
pressure

Fig. 1 shows representative tracings of coronary flow
responses to step-wise changes in perfusion pressure. Dur-
ing the different perfusion pressures ranging from 20 to

Ž .100 mmHg, coronary flow Fig. 2a and oxygen consump-
tion were significantly raised in hearts from endotoxin-
treated animals at all perfusion pressures studied. At 60
mmHg perfusion pressure coronary flow was raised 58"

Ž3% from 10.5"0.2 to 16.6"0.5 mlrmin per gram wet
. Žweight and oxygen consumption 23"3% from 4.0"0.1

.to 4.9"0.1 mmolrmin per gram wet weight in hearts
Ž .from endotoxin-treated animals ns16 as compared to

Ž .control ns15 . As shown in Fig. 3, there was a linear
relation between oxygen consumption and coronary flow

Ž 2 .in control ys0.130 xq2.58, r s0.76, P-0.001 and
Ž 2endotoxin-treated hearts ys0.125xq2.74, R s0.78,

.P-0.001 . The endotoxin-treated hearts showed signifi-
cantly reduced autoregulatory function at perfusion pres-

Ž .sures ranging from 20 to 60 mmHg Fig. 4a . At perfusion
pressures of 70 mmHg and higher autoregulatory function
was not significantly different from control hearts. Attain-
ing maximum coronary flow with a supra-maximum dose

Ž .of nitroprusside 10 mmolrl caused a rise of coronary
Ž .flow of 9.4"0.5 mlrmin per gram 89% in control

Ž . Ž .hearts ns5 and 3.5"0.7 mlrmin per gram 21% in
Ž .endotoxin-treated hearts ns5 , which resulted in similar

Ž . Žflow rates Fig. 2c and absence of autoregulation ArI-0
.at all perfusion pressures studied in control and endo-

toxin-treated hearts.

( )3.2. Effect of nitroprusside 0.1 mmolr l on coronary
flow, oxygen consumption and autoregulatory function of
control hearts

The effect of increasing flow in normal hearts similar to
the flow level of endotoxin-treated hearts at 60 mmHg was

Ž . Ž .tested using nitroprusside 0.1 mmolrl ns4 . Normal
hearts with 0.1 mmolrl nitroprusside had increased coro-

Ž .nary flows Fig. 2b . Oxygen consumption increased paral-
Žlel to the increase in flow 4.8"0.1 mmolrmin per gram

.wet weight at 60 mmHg with a linear relation between
Žoxygen consumption and coronary flow ys0.127xq

2 . Ž .2.71, r s0.74, P-0.001 Fig. 3 . Regression lines were
not significantly different between groups with regard to

Ž .slope and intercept Fig. 3 . Normal hearts with nitroprus-
Ž .side 0.1 mmolrl showed decreased ArI at perfusion

Žpressures from 20 to 60 mmHg P-0.05 compared to
. Ž .control similar to endotoxin-treated hearts Fig. 4b .

Fig. 2. Line graphs showing effect of perfusion pressure on coronary flow in control and endotoxin-treated hearts with and without inhibition of the
Ž . Ž . Ž . Ž . Ž . Ž . Ž .L-argininerNOrcGMP pathway. a Coronary flow–pressure relations in ns15 control CTR –v – and ns16 endotoxin-treated LPS –`–

v Ž . Ž . Ž . Ž .hearts. Coronary flow following inhibition of NO synthesis with 100 mmolrl N -nitro-L-arginine NNLA in ns8 control –B– and ns8
Ž . Ž . Ž . Ž .endotoxin-treated –I– hearts. b Coronary flow following 5 mmolrl methylene blue MB , an inhibitor of soluble guanylate-cyclase, in ns4 control

Ž . Ž . Ž . Ž . Ž . Ž . Ž .–%– and ns4 endotoxin-treated –\– hearts and coronary flow in ns4 untreated hearts with 0.1 mmolrl nitroprusside NP –H– . c
Ž . Ž . Ž . Ž .Coronary flow in a ‘passive’ vascular bed following maximum vasodilatation with 10 mmolrl nitroprusside NP in ns5 control –'– and ns5

Ž . Ž . Ž . Ž . Ž .endotoxin-treated –^– hearts and with the direct smooth muscle constrictor, vasopressin VP 1 nmolrl, in ns4 control –l– and ns4
Ž . )endotoxin-treated –e– hearts. Values are mean"s.e.m. P -0.05 for LPS Õ. control.
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Fig. 3. Scatter plot showing the relation of coronary flow and oxygen
Ž .consumption in control hearts CTR, –v – , endotoxin-treated hearts

Ž . ŽLPS, –`– , and normal hearts with 0.1 mmolrl nitroprusside CTRq
.NP, –H– . Each point represents a single measurement at a given

Žperfusion pressure ranging from 20 to 100 mmHg 9 measurements per
.separate heart . In all 3 groups there was a linear relation between

Ž .coronary flow and oxygen consumption all P -0.001 . Regression lines
were not significantly different between groups with regard to slope or
intercept.

3.3. Effect of NNLA, MB and Õasopressin on coronary flow
and autoregulation

Switching to perfusion medium containing 100 mmolrl
NNLA reduced coronary flow at all perfusion pressures to

Žsimilar levels in control and endotoxin-treated hearts Fig.
.1 and Fig. 2a . Parallel to the reduction in flow there was a

Ž .reduction in oxygen consumption per gram wet weight to
3.1"0.1 mmolrmin in control hearts and 3.2"0.1
mmolrmin in endotoxin-treated hearts at 60 mmHg perfu-
sion pressure, which is not significantly different between
groups. With NNLA the autoregulation index was in-
creased at all perfusion pressures in both control and

Ž .endotoxin-treated hearts P-0.05 to similar levels in
Ž .both groups Fig. 4c , resulting in a plateau of considerable

autoregulation at perfusion pressures above 40 mmHg
Inhibition of soluble guanylate-cyclase with 5 mmolrl

MB reduced coronary flow at all perfusion pressures to a
Ž .similar level in both groups Fig. 1 and Fig. 2b . Autoregu-

Ž .lation index with MB Fig. 4d was increased at perfusion
pressures from 20 to 40 mmHg and above 70 mmHg in

Ž .control hearts P-0.05 and at all perfusion pressures in
Ž .endotoxin-treated hearts P-0.05 to similar levels at all

perfusion pressures. ArI following MB compared to before
MB was not increased at 50 and 60 mmHg perfusion

Ž .pressure PsNS .
Direct smooth muscle constriction with vasopressin in a

concentration of 1 nmolrl that reduced flow to a similar
Žlevel as NNLA at 60 mmHg perfusion pressure Figs. 1

.and 2c increased ArI at 20 mmHg perfusion pressure and
decreased ArI at perfusion pressures above 40 mmHg in
control and endotoxin-treated hearts. Vasopressin could
not eliminate differences in ArI between control and endo-
toxin-treated hearts in the pressure range between 30 and

Ž . Ž .70 mmHg P-0.05 of LPS versus control Fig. 4e . In
all hearts coronary flow returned to the baseline value,
when at the end of the series of pressure step changes,
perfusion pressure was set at the initial value of 60 mmHg.

3.4. Effect of endotoxemia on reactiÕe hyperemic flow
response

Endotoxemia resulted in a changed pattern of reactive
Ž .hyperemia Fig. 5a . As shown in Table 1, endotoxemia

resulted in 59"7% increased basal flow and flow debt,
66"7% decreased duration of reactive hyperemia, 65"

Table 1
Ž .Basal flow and parameters for reactive hyperemia following 90 s of coronary occlusion in control and endotoxin-treated LPS hearts before and after

v Ž . Ž . Ž . Ž .N -nitro-L-arginine NNLA , methylene blue MB , nitroprusside NP and vasopressin VP

Before q NNLA q MB q NP q VP

Control LPS Control LPS Control LPS Control LPS
Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .ns8 ns8 ns4 ns4 ns4 ns4 ns4 ns4

aŽ .Basal flow mlrminrg 11.5"0.2 18.3"0.4 4.8"0.2 5.0"0.4 6.0"0.3 6.8"0.5 18.5"0.1 5.3"0.3
aŽ .Flow debt mlrg 17.2"0.3 27.5"0.5 7.2"0.2 7.5"0.5 8.9"0.5 10.2"0.5 27.8"0.2 7.9"0.6

Ž .Maximal flow mlrminrg 20.7"0.4 20.1"0.4 17.5"0.6 17.3"0.4 18.8"0.2 19.1"0.3 20.5"0.7 17.6"0.4
aŽ .Duration s 119"10 40"4 46"3 50"3 77"4 75"10 29"4 117"12

aŽ .Flow repayment mlrg 11.0"0.8 3.8"0.7 7.4"0.4 8.4"0.6 10.3"0.9 11.1"2.0 3.3"1.0 10.3"0.6
b aRepayment ratio 0.64"0.05 0.14"0.03 1.04"0.04 1.13"0.08 1.14"0.07 1.07"0.18 0.12"0.04 1.32"0.06

Values are means"s.e.m. a P -0.05 of LPS vs. control. b Repayment ratio s flow repaymentrflow debt.
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Fig. 4. Line graphs showing the effect of perfusion pressure on coronary autoregulation. ‘Autoregulation index’ was calculated from the data in the
Ž .pressure–flow relations of control and endotoxin-treated hearts before and after inhibition of the L-argininerNOrcGMP pathway. a Autoregulation index

Ž . Ž . Ž . Ž . Ž . Ž .in control CTR –v – and endotoxin-treated LPS –`– hearts. b Autoregulation index in untreated hearts with 0.1 mmolrl nitroprusside NP
Ž . Ž . v Ž . Ž . Ž . Ž .–H– . c Autoregulation index with 100 mmolrl N -nitro-L-arginine NNLA in control –B– and endotoxin-treated –I– hearts. d Autoregula-

Ž . Ž . Ž . Ž .tion index with 5 mmolrl methylene blue MB in control –%– and endotoxin-treated –\– hearts. e Autoregulation index with 1 nmolrl
Ž . Ž . Ž . )vasopressin VP in control –l– and endotoxin-treated –e– hearts. Values are mean"s.e.m. P -0.05 for LPS vs. control.

7% decreased flow repayment and 80"6% decreased
Ž .repayment ratio all P-0.01 compared to control . Maxi-

mum hyperemic flow was not significantly different from

Ž .control hearts Table 1 . The changed pattern of reactive
hyperemia could be mimicked in untreated hearts by in-
creasing flow equally to endotoxin-treated hearts with 0.1

Fig. 5. Representative tracings of myocardial reactive hyperemic response in control and endotoxin-treated hearts following a 90 s occlusion period and
Ž . Ž . Ž . Ž .effect of inhibition of the L-argininerNOrcGMP pathway. a Reactive hyperemic response in control CTR and endotoxin-treated LPS heart. b

v Ž . Ž .Reactive hyperemic response in control and endotoxin-treated heart with 100 mmolrl N -nitro-L-arginine NNLA . c Reactive hyperemic response in
Ž . Ž .control and endotoxin-treated heart with 5 mmolrl methylene blue MB . d Reactive hyperemic response in normal heart with 0.1 mmolrl nitroprusside

Ž . Ž .CTRqNP and endotoxin-treated heart with 1 nmolrl vasopressin LPSqVP . For quantitative analyses of hyperemic responses see Table 1.
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Ž .mmolrl nitroprusside Fig. 5d . Quantitative analyses of
reactive hyperemic response showed no significant differ-
ences of untreated hearts with 0.1 mmolrl nitroprusside

Ž .versus endotoxin-treated hearts PsNS, Table 1 .

3.5. Effect of NNLA, MB and Õasopressin on reactiÕe
hyperemic response.

Perfusion of the hearts with 100 mmolrl NNLA or 5
mmolrl MB resulted in similar reactive hyperemic flow

Ž .patterns of control and endotoxin-treated hearts Fig. 5b,c .
In the presence of NNLA or MB reductions in basal flows,
flow debt and maximum hyperemic flow were seen in

Ž .control and endotoxin-treated animals P-0.05, Table 1 .
NNLA reduced the duration of reactive hyperemia and
flow repayment in control hearts and increased flow repay-

Žment in control and endotoxin-treated hearts P-0.05,
.Table 1 . NNLA did not change the duration of reactive

Ž .hyperemia in endotoxin-treated hearts PsNS, Table 1 .
MB reduced the duration of reactive hyperemia in control
hearts but increased the duration of reactive hyperemia in

Ž .endotoxin-treated hearts P-0.05, Table 1 . MB in-
Žcreased flow repayment in endotoxin-treated hearts P-

.0.05 but did not change flow repayment in control hearts
Ž .PsNS, Table 1 . Furthermore, MB resulted in increased
flow repayment ratio in both control and endotoxin-treated

Ž .hearts P-0.05, Table 1 .
In the presence of NNLA or MB no significant differ-

ences in basal flow, flow debt, maximal reactive flow,
duration of hyperemia, flow repayment and repayment
ratio were present between control and endotoxin-treated

Ž .hearts PsNS, Table 1 .
In endotoxin-treated hearts, the presence of 1 nmolrl

vasopressin caused a similar reduction in basal flow, flow
debt and maximal reactive flow as was seen with NNLA
Ž .PsNS of NNLA versus vasopressin, Table 1 and in-
creased duration of reactive hyperemic flow, flow repay-

Žment and repayment ratio P-0.05 of NNLA versus
.vasopressin, Table 1 .

4. Discussion

The main finding of this study is that the excessive
myocardial production of NO in isolated hearts from endo-
toxemic rats leads to massive coronary vasodilatation that
results in dysfunction of coronary autoregulation and atten-
uation of myocardial reactive hyperemia. Reduction of
coronary flow by inhibition of the L-argininerNOrcGMP
pathway with NNLA or MB could restore this auto-
regulatory dysfunction, whereas direct smooth muscle con-
striction with vasopressin could not. These findings may
bring some new insights into the pathophysiological pro-
cesses leading to cardiovascular dysfunction in sepsis and
septic shock.

Coronary flow autoregulation has been extensively stud-

ied both in vivo and in vitro in the isolated vessel prepara-
w xtion and isolated perfused heart preparation 1,3 . The

present study used an isolated perfused heart preparation.
In this preparation, which does no external work, oxygen
demand is low so that perfusion at low pressures is toler-
ated without causing severe ischemia. Furthermore, oxy-
gen consumption is kept as constant as possible minimiz-
ing variations in flow through metabolic coronary vaso-
dilatation. Compared to the isolated vessel preparation this
whole-organ preparation has the advantage that it contains
all consecutive vascular segments including larger coro-
nary arteries and small arterioles, since autoregulation of

w xblood flow can be spatially organized 25,26 . However,
some reservations must be made to extrapolate the findings
of the present study to the in vivo situation. The isolated
non-working heart preparation that was used misses the
neurohumoral and metabolic input which are known to

w xinfluence autoregulation in vivo 1 . Furthermore, changes
in NO production may directly influence myocardial con-

w xtractility 27 , which was not measured in the preparation
used. Therefore we cannot rule out that any changes in
autoregulation that have been found during isolated perfu-
sion may have been compensated for in the in vivo situa-
tion.

A hyperdynamic model of endotoxemia was used that
showed increased coronary flow together with increased
myocardial oxygen consumption. Although the origin of
this high oxygen consumption in hearts of endotoxin-treated
animals is still speculative, the increases in oxygen con-
sumption could have directly resulted from increases in

w xcoronary flow, the so-called Gregg phenomenon 28,29 .
This is supported by the finding that isolated hearts showed
a linear increase in oxygen consumption with increases in
coronary flow and increased oxygen consumption follow-

Ž .ing addition of the vasodilator, nitroprusside Fig. 3 .
Parallel with these observations, reduction of coronary
flow by NNLA resulted in decreased oxygen consumption.

w xSimilar findings were made by Pohl et al. 9 in the
isolated rabbit heart where NNLA reduced oxygen con-
sumption during constant pressure perfusion but was with-
out effect during constant flow perfusion, excluding a
direct inhibitory effect of NNLA on myocardial
metabolism.

Coronary autoregulation depends on the balance be-
w xtween competing constricting and dilating influences 1 .

Autoregulatory dysfunction in endotoxin-treated hearts
could therefore have resulted from defective vasoconstric-
tive mechanisms or an overshoot of vasodilator mecha-
nisms. The myogenic response mediates vasoconstriction
in response to increased transmural pressure and is consid-

w xered a major constricting force in the coronary vessels 3 .
Myogenic dilation following a period of occlusion and
myogenic constriction after restoration of flow is one of
the mechanisms contributing to reactive hyperemia in the

w xcoronary vessels 24 . The mechanism responsible for the
myogenic response is still incompletely understood but is
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probably located in the vascular smooth muscle cell itself,
and mediated by an increase in intracellular calcium
through influx via either stretch-activated or voltage-gated

w xion channels 30,31 . Endotoxin could have induced de-
fects in the myogenic response that may have resulted in a
loss of vascular tone, autoregulatory dysfunction and al-
tered reactive hyperemia. However, inhibition of the L-
argininerNOrcGMP pathway with NNLA or MB reduced
basal coronary flow and prevented pressure-induced in-
creases in coronary flow of endotoxin-treated hearts, re-
sulting in similar levels of autoregulation to those in
control hearts with NNLA or MB, whereas with vaso-
pressin, a direct smooth muscle constrictor, differences in
autoregulation between control and endotoxin-treated hearts
remained. Furthermore, in endotoxin-treated hearts in the
presence of NNLA or MB there was only a brief reactive
hyperemic response following occlusion after which coro-
nary flow returned to baseline levels. These results suggest
that myogenic tone was well preserved following inhibi-
tion of the L-argininerNOrcGMP pathway. An overshoot
in NO mediated vasodilating influences, thus counteracting
myogenic vascular tone, is more likely to have caused the
autoregulatory dysfunction and altered reactive hyperemic
response in endotoxin-treated hearts. This view is further
supported by the present finding that vasodilation with the
exogenous NO donor, nitroprusside, in control hearts re-
sulted in autoregulatory dysfunction and altered reactive
hyperemic response similar to that in endotoxin-treated
hearts.

ŽEarlier studies have shown that under normal i.e.,
.non-septic or non-endotoxemic conditions the endogenous

production of NO can attenuate autoregulation by oppos-
w xing myogenic tone in the isolated perfused rabbit ear 32 ,

w x w xguinea pig heart 10 and rabbit heart 9 , and in the canine
w xheart in vivo 33 . The present study is the first to show

that autoregulatory dysfunction may exist in endotoxemia
resulting from excessive production of NO. However, NO
is not the only regulator of vascular tone. Other vasoactive
factors, such as adenosine, prostaglandins, pO and pCO ,2 2

w xare known to influence vascular tone 1,34 . To what
extent one or more of these metabolites may have con-
tributed to vasodilatation and derangements in autoregula-
tion and reactive hyperemia in the endotoxin-treated hearts
is unknown.

Under physiological conditions NO plays an important
w xrole in myocardial reactive hyperemia 11,12 . In the pre-

sent study, inhibition of the L-argininerNOrcGMP path-
way in normal hearts resulted in decreased peak reactive
flow, decreased duration of the hyperemic response and
decreased total reactive hyperemic blood flow, which
demonstrates the contribution of NO to myocardial reac-
tive hyperemia. Although endotoxin-treated hearts showed

Ž .a pattern of reactive hyperemia Fig. 5 , flow repayment
was only one third of that of control hearts. Vasoconstric-
tion through inhibition of the L-argininerNOrcGMP path-
way with NNLA or MB could improve flow repayment in

endotoxin-treated hearts and resulted in similar reactive
hyperemic flow patterns to those in control hearts with
NNLA or MB. However, also vasopressin, a direct smooth
muscle vasoconstrictor, could improve flow repayment and
resulted in a ‘normal’ reactive hyperemia pattern. These
results suggest that an excessive coronary flow secondary
to endogenous NO production minimized flow reserve and
blunted the reactive hyperemic response in endotoxin-
treated hearts.

In conclusion, the massive coronary vasodilatation due
to increased myocardial production of NO during sepsis
and endotoxemia may result in dysfunction of coronary
autoregulation. Increasing vascular tone by inhibition of
the L-argininerNOrcGMP pathway with NNLA or MB
can restore these changes, unlike direct smooth muscle
constriction with vasopressin. These findings may help us
understand some of the pathophysiological processes that
lead to cardiovascular dysfunction during sepsis and endo-
toxemia. Improvement of vascular autoregulation may be
one of the mechanisms by which inhibitors of the L-
argininerNOrcGMP pathway contribute to correction of
the cardiovascular derangements during human septic shock
w x35 .
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