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Patients who undergo cardiopulmonary bypass frequently have neuropsy- 
chologic dysfunction. This study was undertaken to determine whether 
altered cerebral perfusion and vascular responses may in part lead to these 
neuropsychologic changes. Pigs were placed on normothermic cardiopul- 
monary bypass for 2 hours. Basal cerebral blood flow and in vivo responses 
to administration by internal carotid artery of neuronally released vasoac- 
tive substances were evaluated before and 5 to 15 minutes after termination 
of cardiopulmonary bypass. Another group of pigs were placed on cardio- 
pulmonary bypass for 2 hours and then perfused off bypass for 1 additional 
hour. In vitro responses of cerebral arterial microvessels (100 to 175 pm) 
from both groups were examined in a pressurized (40 mm Hg) no-flow state 
with videomicroscopy. Vessels from uninstrumented pigs served as control 
preparations for in vitro studies. Cerebrovascular resistance and cerebral 
perfusion were maintained constant during cardiopulmonary bypass and 
after separation from bypass. The internal carotid artery infusion of 
acetylcholine (cholinergic agonist) caused increased internal carotid artery 
blood flow before cardiopulmonary bypass but decreased blood flow after 
cardiopulmonary bypass. After 2 hours of cardiopulmonary bypass, the 
increase in internal carotid artery blood flow induced by isoproterenol (a 
/]-adrenoceptor agonist) was reduced, whereas the response to sodium 
nitroprusside (a guanylate cyclase activator) was unchanged. In vitro 
acetylcholine-induced microvascular vasodilation was converted to a con- 
tractile response and isoproterenol elicited less relaxation after 2 hours of 
cardiopulmonary bypass. One hour of cerebral perfusion after cardiopul- 
monary bypass caused a further reduction in isoproterenol-induced relax- 
ation but had no further effect on the cholinergically mediated response. In 
vitro relaxation responses to sodium nitroprusside and forskolin (an 
adenylate cyclase activator) were similar in all experimental groups, 
suggesting that secondlmessenger mechanisms remain intact after normo- 
thermic cardiopulmonary bypass. In conclusion, basal cerebrovascular 
resistance and internal carotid artery blood flow are maintained if the 
systemic circulation and pressure are supported with fluid administration 
after cardiopulmonary bypass. Agonist-induced vasodilation of cerebral mi- 
crovessels to cholinergic and /3-adrenoceptor stimulation are selectively im- 
paired after normothermic cardiopulmonary bypass, whereas second-messen- 
ger mechanisms remain intact. (J Thorac Cardiovasc Surg 1996;112:450-61) 
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E xtracorporeal circulation has been a critical com- 
ponent in the development of modern cardiovas- 

cular surgery. Unfortunately, patients undergoing 
cardiac operations in which cardiopulmonary bypass 
(CPB) is used frequently showed signs of overt 
neuropsychologic dysfunction or stroke after an 
otherwise uneventful operation. These changes have 
been reported to occur in 11% to 79% of patients 
undergoing cardiac operation, depending on the 
method of examination. 1-4 The rate of overt stroke 
after cardiac operations is approximately 4%. 2 The 
causes of neuropsychologic dysfunction after cardiac 
operations may be related to air or particulate 
embolization, 5 insufficient regional perfusion from 
obstructive cerebral vascular disease, or altered vas- 
cular reactivity leading to vasoconstriction after 
prolonged CPB. The effects of extracorporeal circu- 
lation, hypothermia, and pulsati!e perfusion on 
baseline cerebrovascular flow and autoregulation 
have been examined, 4' 6,7 and most clinical and 
experimental studies have revealed preserved cere- 
bral blood flow. No studies, however, have directly 
examined the effects of extracorporeal circulation 
on modulation of vascular tone in the cerebral 
circulation by neurohumoral  substances. 

Endothelium-derived nitric oxide 8 and other en- 
dothelium-derived vasoactive substances influence 
the regulation of cerebral arteriolar tone. A balance 
exists between factors that tend to constrict the 
arterioles and the release of nitric oxide and other 
endotheliun~t-derived vasodilating substances, which 
tend to maintain these vessels in a relaxed state. 
Akopov, Sercombe, and Seylaz 9 recently reported 
that leukocyte-induced acute endothelial dysfunc- 
tion of the cerebral arteries of rabbits can predis- 
pose them toward acute vasospasm during platelet 
activation. Because platelets and leukocytes are 
activated during CPB, 1° this may create a condition 
predisposing either large or small cerebral arteries 
toward constriction, significantly reducing brain per- 
fusion during and after cardiac operations. In addi- 
tion, the use of exogenous catecholamines to aug- 
ment cardiac function may influence the vasomotor 
state of cerebral vessels and of vessels in other 
vascular beds. 

The primary goal of this study was to determine 
whether cerebral responses to neuronal substances 
were altered after prolonged (2 hours) extracorpo- 
real circulation. To evaluate relaxations mediated by 
/3-adrenoceptors and cholinergic receptors, in vivo 
and in vitro responses to isoproterenol and acetyl- 
choline, respectively, were studied. To examine the 

state of second-messenger mechanisms, the re- 
sponses to adenylate cyclase and guanylate cyclase 
activation were assessed in vitro. 

Materials and methods 

Animal preparation. Yorkshire pigs (20 to 25 kg) of 
both sexes were medicated intramuscularly with ketamine 
(10 mg/kg) and anesthetized intravenously with a-chlora- 
lose and urethane (60 mg/kg and 300 mg/kg initially and 
15 mg/kg and 60 mg/kg every 60 minutes as needed, 
respectively). Pigs were tracheally intubated and mechan- 
ically ventilated. In the control group (n = 6), a frontal- 
parietal craniotomy was performed and the animal was 
given heparin (500 U/kg). A 20 gm portion of brain tissue 
(cortical gray matter) from the middle cerebral artery 
(MCA) distribution was rapidly excised for microvessel 
examination and immediately placed in cold (5 ° to 10 ° C) 
3-(N-morpholino)-propanesulfonic acid (MOPS) buffer 
solution of the following composition: 145.0 mmol/L 
sodium chloride, 4.7 mmol~ potassium chloride, 2.0 
mmol/L calcium chloride, 1.2 mmol/L magnesium sulfate, 
1.2 mmol/L sodium phosphate, 3.0 mmol/L MOPS, 0.02 
mmol/L ethylenediaminetetraacetic acid, and 5.0 mmol/L 
glucose. All animals received humane care in compliance 
with the "Principles of Laboratory Animal Care" formu- 
lated by the National Society for Medical Research and 
the "Guide for the Care and Use of Laboratory Animals" 
prepared by the Institute of Laboratory Animal Resources 
and published by the National Institutes of Health (NIH 
Publication No. 86-23, revised 1985). 

Responses 15 minutes after separation from CPB. In 
seven pigs, after induction of anesthesia and tracheal 
intubation a fluid-filled catheter was introduced into the 
femoral artery and advanced to the aorta for pressure 
monitoring. A femoral vein was cannulated for vascular 
access. The right carotid artery and internal jugular vein 
were exposed through a vertical neck incision for carotid 
artery pressure monitoring, oxygen saturation measure- 
ments, and drug administration. The catheter in the 
internal jugular vein was advanced to the region of the 
venous sinus. In preparation for internal carotid artery 
(ICA) drug administration, a silicone elastomer catheter 
(inner diameter 0.3 mm, outer diameter 0.5 mm) was 
introduced into the common carotid artery and advanced 
into the ICA. The external carotid artery was ligated at its 
origin. ICA blood flow was measured with an ultrasonic 
flow probe (Transonic Systems, Inc., Ithaca, N:Y.), which 
was placed around the ICA just distal to the bifurcation 
(Fig. 1). After a sternotomy was performed, pigs were 
given heparin intravenously (500 U/kg initially and 300 
U/kg each 90 minutes)and cannulated through the distal 
ascending aorta and the right atrium. Activated clotting 
time was measured at regular intervals and was main- 
tained at greater than 400 seconds. Total CPB was insti- 
tuted with a bubble oxygenator (Bentley Bio-2; Baxter 
Healthcare Corp., Irvine, Calif.) and a standard roller 
pump (Cardiovascular Instrument Corp., Wakefield 
Mass.). An arterial filter (Bentley Bio-1025; Baxter) was 
inserted into the circuit distal to the roller pump. Blood 
flow was maintained at from 2.0 to 3.0 L/rain (2.6 to 4.2 
L.  min -1 • m -2) to maintain a mean perfusion pressure of 
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Fig. 1. Schematic of method to measure blood flow re- 
sponses to internal carotid artery infusion of vasoactive 
substances (in vivo). A silicone elastomer catheter (A) was 
placed into the common carotid artery and advanced into 
the proximal internal carotid artery (13) for drug infusion. 
A perivascular Doppler flow probe (C) was used to 
measure internal carotid blood flow under baseline con- 
ditions and during the administration of vasoactive sub- 
stances. Additional catheters (D, E) were placed in the 
internal carotid artery and high in the internal jugular vein 
(F) for pressure monitoring. The external carotid artery 
was ligated at its origin. 

50 to 80 mm Hg. Systemic blood temperature was main- 
tained at 37 ° C. Arterial blood gases were obtained before 
commencement of CPB and at approximately 20-minute 
intervals thereafter. Arterial blood gases were adjusted by 
ventilatory rate, tidal volume, and inspired oxygen fraction 
to maintain oxygen tension at >100 mm Hg, pH between 
7.25 and 7.45, and carbon dioxide tension between 25 and 
45 mm Hg. After 120 minutes of total CPB, all animals 
were separated from extracorporeal circulation by in- 
creasing cardiac filling. Lactated Ringer's solution was 
administered for 5 minutes to maintain mean systemic 
blood pressure at greater than 50 mm Hg. 

In vivo studies• In vivo responses to the administration 
by means of a Harvard infusion pump (Harvard Appara- 
tus, Inc., South Natick, Mass.) of isoproterenol (6, 60 txg 
• kg -1 • ra in- l ) ,  acetylcholine (0.6, 6 mg • kg 1 • min- l ) ,  
and sodium nitroprusside (45, 450 txg" kg -1" min 1) were 
studied before initiation of CPB and 5 minutes after 
discontinuation of CPB. The recordings were first taken 
after the vascular responses had stabilized. Pressure and 
flow signals were recorded on an eight-channel recorder 
(Honeywell-Electronics for Medicine Research, Natick, 
Mass.). Cerebrovascular resistance was calculated accord- 
ing to the following formula: CVR = BF × 80/(ICAP - 
IJVP), where CVR is cerebrovascular resistance in 
dynes • sec -1 • cm 5), BF is unilateral ICA blood flow in 
L/min, ICAP is ICA pressure in mm Hg, and IJVP is 
internal jugular venous pressure in mm Hg. 

In two pigs, vehicle (normal saline solution) was admin- 
istered at the same rate as that used during drug admin- 
istration. The vehicle caused no change in unilateral ICA 
blood flow and had no effects on systemic hemodynamic 
parameters. 

After completion of the in vivo vascular studies (ap- 
proximately 15 minutes), a frontal-parietal craniotomy 
was performed on the left side (the side opposite that on 
which in vivo experiments were performed). Brain tissue 
in the distribution of the MCA was rapidly excised and 
immediately placed in cold MOPS buffer solution (CPB- 
15min group). 

Responses 60 minutes after separation from CPB. To 
determine whether brain perfusion after separation from 
normothermic CPB would affect the altered vascular 
responses caused by extracorporeal circulation, the same 
procedure was followed as in the CPB-15min group, 
except that the administration of lactated Ringer's solu- 
tion was continued for 60 minutes as necessary to support 
the systemic circulation after discontinuation of CPB (n = 
7). Unilateral ICA blood flow, ICA and internal jugular 
vein oxygen contents, and aortic, carotid artery, and 
jugular venous pressures were measured and recorded at 
15-minute intervals. In vivo vascular studies were not 
performed on animals in this experimental group. Mean 
systemic blood pressure was maintained at more than 50 
mm Hg. Sixty minutes after separation of pigs from CPB, 
a frontal-parietal craniotomy was performed and brain 
tissue was rapidly excised and immediately placed in cold 
MOPS buffer solution (CPB-60min group). After harvest 
of brain tissue, animals were killed by exsanguination. 

In vitro cerebral microvessel studies. Cerebral arterial 
microvessels (100 to 175 /~m internal diameter) were 
dissected from the MCA region of the cortical gray matter 
of each brain under a 10× to 60× dissecting microscope 
(Olympus Optical Co. Ltd., Tokyo, Japan). The MCA- 
dependent region on the side opposite that used for in 
vivo experiments was selected to minimized any effects of 
tachyphylaxis. Microvessels were placed in an isolated 
acrylic plastic organ chamber, cannulated with dual glass 
micropipettes measuring 30 to 80 /~m in diameter, and 
secured with 10-0 nylon monofilament suture (Ethieon, 
Somerville, N.J.). MOPS buffer solution aerated with 
room air and warmed to 37 ° C was continuously circulated 
through the organ chamber and a reservoir (total volume 
100 ml) (Fig. 2). The vessels were pressurized to 40 mm 
Hg in a no-flow state by means of a burette manometer 
filled with MOPS buffer solution. With an inverted micro- 
scope (40× to 200×; Olympus) connected to a video 
camera, the vessel image was projected onto a black-and- 
white television monitor (Hitachi Ltd., Tokyo, Japan). An 
electronic dimension analyzer ~1 (Living Systems Instru- 
mentation, Burlington, Vt.) was used to measure internal 
lumen diameter. Measurements were recorded with a 
strip chart recorder (Western Graphtec, Irvine, Calif.). 
Vessels were allowed to equilibrate for 30 minutes in 
MOPS buffer solution before pharmacologic intervention. 

Evaluation of ~-adrenergic and cholinergic responses. 
In all experimental groups, relaxation responses of mi- 
crovessels to isoproterenol, forskolin, acetylcholine, or 
sodium nitroprusside were examined after precontraction 
of vessels by 25% to 50% of the resting baseline diameter 
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Fig. 2. Schematic of in vitro microvessel apparatus. Cerebral microvessels were cannulated and pressur- 
ized in a no-flow state. With an inverted microscope connected to a video camera, the vessel image was 
projected onto a television monitor. An electronic dimension analyzer was used to measure internal lumen 
diameter, which was recorded on an oscillographic strip chart recorder. A, Brain; B, organ chamber; C, 

imaging apparatus. 

with the thromboxane A2 analog U46619. Once the 
steady-state tone was reached, the dose responses to 
isoproterenol (10 -12 - 10 -4 mol/L), forskolin ( 1 0  - 9  - -  

10 .5 mol/L), acetylcholine (10 -9 - 10 -4 mol/L), and 
sodium nitroprusside (10 9 _ 10-4 mol/L) were exam- 
ined. In addition, relaxation responses to acetylcholine 
were examined in control vessels pretreated with the nitric 
oxide synthase inhibitor N%nitro-L-arginine (10 -4 mol/ 
L), the muscarinic receptor blocker atropine (10 .6 tool/ 
L), or after mechanical denudation of the endothelium. 
The removal of the endothelial cells was accomplished by 
advancing a human hair (60/xm diameter) into the lumen 
and abrading the surface, followed by the intraluminal 
injection of air bubbles. The vessels denuded of endothe- 
lium showed a normal relaxation response to sodium 
nitroprusside (95 -+ 2%, 10 -4 mol/g) but failed to relax in 
response to adenosine 5'-diphosphate (4% + 6%, 10 -4 
mol/L). Responses to isoproterenol were also examined in 
the presence of the /3-adrenergic receptor blocker pro- 
pranolol (10 .6. mol/L). Antagonists were added at least 15 
minutes before a dose-response intervention. Two or 
three interventions were performed on each vessel, and 
the order of drug administration was random. The dose 
response to each agonist was examined only once per 
vessel to avoid tachyphylaxis. All drugs were applied 
extraluminally. Measurements were obtained 2 to 3 rain- 

utes after the drug was administered, when the response 
had stabilized. The vessels were washed three times with 
MOPS buffer solution and allowed to equilibrate in 
drug-free buffer solution for 10 to 15 minutes between 
experimental interventions. 

Drugs. Isoproterenol, acetylcholine, U46619, adeno- 
sine 5'-diphosphate, N~-nitro-L-arginine, and sodium ni- 
troprusside were obtained from Sigma Chemical Com- 
pany (St. Louis, Mo.). Forskolin, atropine, and 
propranolol were obtained from Research Biomedicals 
International (Natick, Mass.). Forskolin was dissolved in 
dimethyl sulfoxide. U46619 was dissolved in ethanol to 
make a stock solution and was stored at - 2 0  ° C. Other 
drugs were dissolved in ultrapure distilled water for in 
vitro experiments. Drugs for in vivo experiments were 
dissolved in normal saline solution. All solutions were 
prepared on the day of the study. 

Data  analysis. The response of microvessels to each 
agent was examined only once in each animal. Response 
data were pooled for each dose in each experimental 
group and an average was calculated. The relaxation 
responses were expressed as percentage relaxation of the 
U46619-induced precontraction of the vessel diameter. 
All values were expressed as mean + standard error of the 
mean (SEM). Comparisons of in vitro and in vivo dose 
responses of all experimental groups were performed by 
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Fig. 3. Plot of mean aortic blood pressure as a function of 
time. Time of onset of CPB is designated as 0 minutes. 
Values are mean _+ SEM. Asterisks represent p < 0.05 
versus initial prebypass value. 

two-way (group, drug concentration) analysis of variance for 
repeated measures. In addition, comparisons were per- 
formed at each drug concentration with one-way (group) 
analysis of variance. Scheffe's multiple comparison test was 
used post hoc to determine significance between groups. 
Hemodynamic and blood flow data were compared with 
Student's t test (two-tailed, paired). A p value of less than 
0.05 was considered to be significant for all comparisons. 

Results 

In vivo studies 
Effect of CPB on ICA blood flow and vascular 

resistance. Initiation of CPB was associated with a 
marked reduction in mean aortic blood pressure 
(Fig. 3) and a small but significant reduction in 
baseline cerebral blood flow (Fig. 4). Concomitant  
with a reduction in systemic vascular resistance was 
a reduction in cerebral vascular resistance (Fig. 5), 
allowing brain perfusion to be relatively maintained. 
During the 2-hour period of CPB and subsequent 
1-hour period of perfusion after separation from 
CPB, mean aortic pressure was depressed compared 
with that observed before CPB, but it remained 
relatively constant if the systemic hemodynamics 
were supported with fluid administration (Fig. 3). In 
this case, ICA blood flow gradually increased after 
an initial decline (Fig. 4). 

Arterial blood gas analysis revealed an oxygen ten- 
sion of 401 + 26 mm Hg, a carbon dioxide tension of 
42 __+ 3 mm Hg, and a p H  of 7.41 _+ 0.03 before CPB. 
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Fig. 4. Plot of internal carotid artery blood flow (unilat- 
eral) as a function of time. Time of onset of CPB is 
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Fig. 5. Plot of cerebral vascular resistance (unilateral) as 
a function of time. Time of onset of CPB is designated as 
0 minutes. Values are mean _+ SEM. Asterisks represent 
p < 0.05 versus initial prebypass value. 

It revealed an oxygen tension of 216 + 32 mm Hg, a 
carbon dioxide tension of 38 _+ 3 mm Hg, and a p H  of 
7.32 + 0.02 15 minutes after termination of CPB. 
Hematocrit  was 32% ± 2% before CPB and 23% _+ 
2% 15 minutes after termination of CPB. 

In vivo cerebral blood flow responses. Infusion of 
acetylcholine into the ICA before onset of CPB 
increased ICA blood flow (Fig. 6). After  CPB, 
acetylcholine caused a small but significant decrease 
in ICA blood flow, compared with that before CPB. 
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Before CPB, infusion of isoproterenol caused an 
increase in ICA blood flow (Fig. 7). After CPB, the 
same concentration of isoproterenol increased ICA 
blood flow significantly less than it had before CPB, 
indicating a reduced sensitivity after CPB of the 
cerebral circulation to/3-adrenergic stimulation. In- 
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Fig. 8. Change in internal carotid artery blood flow (per- 
centage change from baseline) in response to the intralu- 
minal administration of sodium nitroprusside, before and 
after 2 hours of total CPB and 15 minutes of post-CPB 
perfusion (CPB-15min). Data are mean +_ SEM. 

fusion of sodium nitroprusside into the ICA before 
and after CPB increased ICA flow from baseline 
slightly and similarly (Fig. 8). The intraarterial infu- 
sion of acetylcholine or sodium nitroprusside had no 
effect on systemic pressure or hemodynamics, 
whereas the infusion of isoproterenol caused only a 
slight tachycardia at the highest concentration ad- 
ministered. 

In vitro studies: Microvaseular responses 
Vessel characteristics. Cerebral mierovessels aver- 

aged 139 _+ 7 ~m, 144 _+ 6 p,m, and 136 _+ 6 ~m in 
diameter in the control, CPB-15min, and CPB- 
60min groups, respectively. The percentage precon- 
tractions of vessels were 35% _+ 2%, 36% --_ 2%, 
and 37% _+ 3% in the control, CPB-15min, and 
CPB-60min groups, respectively. The concentration 
of U46619 needed to induce this degree of contrac- 
tion was similar among groups (log mol/L U46619 = 
-6 .3  +_ 0.1 [control], -6 .5  _+ 0.1 [CPB-15min], 
-6 .4  _+ 0.1 [CPB-60min]). 

Cholinergic response to acetylcholine. Acetylcho- 
line elicited a dose-dependent relaxation (in vitro) 
of control cerebral microvessels, which was inhibited 
in the presence of N°-nitro-L-arginine or after en- 
dothelial denudation. Atropine, which blocks mus- 
carinic receptors on both microvascular endothe- 
lium and smooth muscle, produced a lesser degree 
of inhibition of acetylcholine-induced relaxation 
than did either NC-nitro-L-arginine or endothelial 
denudation (Fig. 9). Acetylcholine therefore causes 
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relaxation of cerebral microvessels through an en- 
dothelium-dependent, muscarinic receptor-medi- 
ated release of nitric oxide. After CPB, acetylcho- 
line elicited microvascular contraction instead of 
relaxation. One hour of additional perfusion after 
CPB did not alter this pattern of increased contrac- 
tion (Fig. 10). 

~-Adrenergic response to isoproterenol. Isoproter- 
enol caused a potent relaxation of control cerebral 
microvessels (Fig. 11). This relaxation (76% + 4% 
and 93% _+ 2% of U46619-induced contraction at 
0.1 ~mol/L and 10 txmol/L isoproterenol, respec- 
tively) was inhibited in the presence of 1 b~mol/L 
propranolol (7% -+ 4% and 24% + 6% at 0.1 
~mol/L and 10 ~mol/L isopr0terenol, respectively), 
suggesting that the isoproterenol-induced relaxation 
of cerebral microvessels is mediated through a ~-ad- 
renoceptor mechanism. After CPB, this relaxation 
was significantly reduced. In microvessels from pigs 
perfused an additional hour after separation from 
CPB (CPB-60min group), isoproterenol induced 
less relaxation than seen in vessels from the CPB- 
15min group. This suggests that the altered/3-adren- 
ergically mediated relaxation is not resolved soon 

after separation from CPB but is further impaired 
with time. 

Guanylate cyclase and adenylate cyclase activation. 
Sodium nitroprusside, which causes smooth muscle 
vasodilation through an endothelium-independent 
cyclic guanosine monophosphate-mediated mecha- 
nism, relaxed vessels similarly in all experimental 
groups (Fig. 12). This suggests that CPB does not 
cause a significant change in the ability of vascular 
smooth muscle to relax by way of activation of 
guanylate cyclase. 

The adenylate cyclase activator forskolin caused a 
dose-dependent relaxation of cerebral microvessels 
(Fig. 13). The responses were similar in vessels from 
control animals and those from pigs subjected to 120 
minutes of CPB. 

D i s c u s s i o n  

The primary findings of this study are that eholin- 
ergieally mediated endothelium-dependent relax- 
ation and /3-adrenoceptor-mediated endothelium- 
independent relaxation are reduced after 2 hours of 
normothermic extracorporeal circulation. Further- 
more, these altered responses have not returned to 
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Fig. 11. Plot of in vitro responses of precontracted por- 
cine cerebral microvessels to the/3-adrenoceptor agonist 
isoproterenol from control animals (n = 6), animals after 
2 hours of CPB and 15 minutes of perfusion after sepa- 
ration from CPB (CPB-15min, n = 7), and animals after 
CPB and 1 hour of cerebral perfusion after separation 
from CPB (CPB-60min, n = 6). In addition, the response 
of control vessels to isoproterenol in the presence of 
propranolol (1 /xmol/L, PROP, n = 6) was examined. 
Microvessels were pressurized to 40 mm Hg in a no-flow 
state. Drugs were applied extraluminally. Responses are 
expressed as percentage relaxation of the U46619-induced 
vascular contraction. Asterisk represents p < 0.05 vs 
control at 0.1 /xmol/L concentration; daggers represent 
p < 0.01 versus CPB-60min. 

normal after 1 hour of perfusion off CPB. Indeed, 
cerebral microvascular relaxation elicited by the 
/3-adrenergic agonist isoproterenol was reduced sig- 
nificantly more  1 hour after CPB than it was imme- 
diately after separation from CPB. Microvascular 
responses to activators of guanylate cyclase or ade- 
nylate cyclase were unchanged, suggesting that 
CPB-related alterations in vascular relaxation are 
not caused by changes related to second-messenger 
mechanisms. This could be a result of alterations in 
receptor number  or affinity or a consequence of 
uncoupling of receptors to G-protein or second- 
messenger mechanisms. Importantly,  cerebrovascu- 
lar resistance increased after separation from CPB if 
cardiac filling was not maintained. If  cardiac filling 
was maintained with fluid administration, baseline 
ICA blood flow and cerebral vascular resistance 
remained relatively constant both during CPB and 
after separation from CPB. Alterations in auto- 
nomic regulation may, however, have implications 
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Fig. 12. Plot of in vitro responses of precontracted por- 
cine cerebral microvessels to the guanylate cyclase activa- 
tor sodium nitroprusside from control animals (n = 6), 
animals after 2 hours of CPB and 15 minutes of perfusion 
after separation from CPB (CPB-15min, n = 7), and 
animals after CPB and 1 hour of cerebral perfusion after 
separation from CPB (CPB-60min, n = 6). Microvessels 
were pressurized to 40 mm Hg in a no-flow state. Drugs 
were applied extraluminally, Responses are expressed as 
percentage relaxation of the U46619-induced vascular 
contraction. 

for cerebral blood flow regulation after operation 
and during catecholamine infusion to augment car- 
diac performance.  

Several hundred thousand cardiac operations in- 
volving extracorporeal circulation are performed 
each year in the United States, and an equal number  
are performed in the rest of the world. Overt  stroke 
and neuropsychologic disturbances are a disastrous 
but unfortunately not uncommon complication of 
cardiac operations involving CPB. Previous studies 
examined the effects of temperature  on cerebral 
metabolism and blood flow during CPB. Most 7' 12 
reported that cerebral blood flow is maintained 
during CPB. Several studies, however, reported that 
cerebral blood flow decreases with time. 13' 14 This 
may be a result of progressive cerebral vasoconstric- 
tion or possibly of embolic obstruction occurring as 
a consequence of prolonged CPB. The effects of 
extracorporeal circulation on autonomic control of 
the cerebral circulation have not previously been 
examined. 

Previous studies examined the neurobehavioral  
outcomes and cerebral pathophysiology of patients 
after CPB. Townes and colleagues 1 examined neu- 
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Fig. 13. Plot of in vitro responses of precontracted por- 
cine cerebral microvessels to the adenylate cyclase activa- 
tor forskolin from control animals (n = 6), animals after 2 
hours of CpB and 15 minutes of perfusion after separation 
from CPB (CPB-15rnin, n = 7), and animals after CPB 
and 1 hour of cerebral perfusion after separation from 
CPB (CPB,60min, n = 6). Microvessels were pressurized 
to 40 mm Hg in a no-flow state. Drugs were applied 
extraluminally. Responses are expressed as percentage 
relaxation of the U46619-induced vascular contraction. 

ropsychologic outcomes in patients undergoing op- 
erations involving CPB and determined that a sig- 
nificant decline in neuropsychologic variables 
developed between preoperative and postoper~!tiye 
testing in 11% of patients. Results did not correlate 
wi th  the degree of hypothermia or the extent of 
hypotension during the operation. The only predic- 
tor of poor outcome in the study was advancing age. 
McLean and coworkers 2 were able to detect signif- 
icant deterioratio n in psychomotor speed in 48% of 
all patients, with an overt stroke rate of 4%. These 
investigators were unable to demonstrate any bene- 
fit of moderate hypothermia. Newman and col- 
leagues 4 studied the 'effect of aging on cerebral 
autoregulation during CPB. Although they deter- 
mined that advancing age does predispose the pa- 
tient toward impaired cognition after CPB, this 
predisposition could not be explained by impaired 
cerebral aut0regulation. A documented association 
between increased oxygen extraction and a decline 
in cognition, however, suggests that an imbalance in 
the cerebral tissue oxygen supply may occur during 
CPB. The vasomotor state of the cerebral circula- 
tion, and specifically the state of the resistance 
vessels, could cause or contribute to an inadequate 

supply relative to the demand of cerebral blood flow 
and oxygen delivery during and after CPB. In fur- 
ther support of this hypothesis, Rogers and col- 
leagues ~3 found a progressive reduction in cerebral 
blood flow at constant temperature over a period of 
1 hour in patients undergoing hypothermic CPB. 
Furthermore, Prough and colleagues TM found a re- 
duction in cerebral perfusion during stable hypo- 
thermic CPB. These authors suggested that cerebral 
blood flow reductions were unlikely to be caused by 
continuous undetected brain cooling but were more 
probably caused by progressive cerebral vasocon- 
striction or embolic obstruction. 

To determine whether CPB at constant tempera- 
ture caused a progressive decline in cerebral blood 
flow, Hindman and coworkers 6 studied a rabbit 
model of extracorporeal circulation. They found a 
significant inverse correlation between cerebral 
blood flow and CPB duration. Eliminating the ear- 
liest time points, however, reduced the correlation 
between reduced cerebral blood flow and time. 
These investigators concluded that the early depen- 
dence of cerebral blood flow and CPB duration was 
most probably a result of undetected brain cooling 
in the early phase of CPB. A subsequent study by 
the same investigators 11 found that brain blood flow 
and metabolism do not decrease at constant brain 
temperature during CPB in rabbits. In that study the 
rabbits were anesthetized with halothane, however, 
which was found by Chen and coworkers 15 to mark- 
edly blunt neurohumoral vascular responses. Fi- 
nally, animals were not separated from extracorpo- 
real circulation. In our experiments, the porcine model 
of extracorporeal circulation used an o~-chloralose- 
based anesthetic. This agent is known to affect cardio- 
vascular responses only minimally. 16 Furthermore. all 
animals were separated from CPB, and in vivo blood 
flow and vessel reactivity studies were performed after 
CPB in addition to in vitro reactivity experiments. The 
clinical applicability and relevance of the model thus 
may be better than those of previous models of 
extracorporeal circulation. 

Possible mechanisms causing cerebrovascular 
dysfunction. Although we did not investigate the 
causes of CPB-related cerebral vasomotor dysfunc- 
tion in this study, several possible mechanisms de- 
serve mention. Complement and neutrophil activa- 
tion have been studied extensively. Stahl, Reenstra, 
and Frendl ~7 reported that activation of the alter- 
nate complement pathway may cause selective en- 
dothelial dysfunction while not altering relaxation 
responses to sodium nitroprusside. Complement 
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activation may attenuate endothelium-dependent 
relaxation responses through one of several mecha- 
nisms. Activation of the alternate complement path- 
way results in the production of C5a, a potent 
chemotactic agent and activator of neutrophils. Ac- 
tivation of the alternate complement cascade during 
and after CPB could therefore impair endothelium- 
dependent relaxation indirectly through the activa- 
tion of neutrophils. The formation of the C5b,6,7,8,9 
complex (complete membrane attack complex) 
could impair cholinergic endothelium-dependent 
relaxation directly through action on the cell mem- 
branes. 17 Furthermore, complement activation has 
been shown to regulate upward P-selectin adhesion 
molecules on endothelial cells) s 

Activated leukocytes may cause parenchymal dys- 
function after tissue ischemia 19 or after CPB. 2° Recent 
work has demonstrated that both inhibition of neutro- 
phil adherence 21' 22 and neutrophil depletion 23' 24 im- 
prove myocardial performance after brief periods of 
ischemia. Pulmonary parenchymal injury has been 
found to be mediated by leukocytes during CPB. 2°' 22 
The mechanism whereby neutrophils cause tissue in- 
jury is multifactorial, but it probably involves the 
generation of oxygen-derived free radicals 19' 26 and the 
release of cytotoxic and proteolytic enzymes 27 after 
initial activation and adherence of neutrophils to en- 
dothelial cells. 28'29 CPB has been associated with 
upward regulation of adhesion molecules, possibly in 
response to inflammatory mediators. This may in- 
crease neutrophi! adherence to endothelial cells and 
transcapillary migration, leading to associated tissue 
injury. Activated neutrophils have been shown to have 
toxic effects on endothelial cells. In the heart and lung, 
inhibition of neutrophil adhesion can reduce myocar- 
dial damage seen after ischemia, a°-22' 22 In the absence 
of interruption of cerebral blood flow, the contribution 
of adhesion and activation of neutrophils to the alter- 
ation of cerebral vascular reactivity has not been 
determined. 

Another cause of altered vascular reactivity may 
be the increased adrenergic stress associated with 
extracorporeal perfusion. Increased levels of circu- 
lating catecholamines may cause the downward reg- 
ulation of adrenoceptor activity. 3°'31 Indeed, ele- 
vated catecholamine levels have been reported during 
CPB.31, 32 The further decrease in the relaxation re- 
sponse to /3-adrenergic stimulation after 1 hour of 
perfusion after CPB compared with that immediately 
after separation from CPB may be caused by contin- 
ued elevation of circulating catecholamine levels as a 
result of persistently low mean systemic pressure. 

The release of cytokines 33 and other inflamma- 
tory mediators may lead to altered vascular respon- 
siveness during and after CPB. Interestingly, a sim- 
ilar pattern of altered endothelium-dependent 
relaxation 34 and uncoupling of/3-adrenoceptor-me- 
diated relaxation from second-messenger mecha- 
nisms 32 occurs in the coronary microcirculation af- 
ter infusion of endotoxin. The release of tumor 
necrosis factor-a (TNF-a) and other cytokines oc- 
curs after either CPB 33 or endotoxemia. 36' 37 The 
altered endothelium-dependent and /3-adrenergic 
responses as a consequence of either extracorporeal 
circulation or endotoxemia may thus occur through 
similar mechanisms. In addition, CPB may alter the 
response of cerebral vessels as a result of changes in 
the stimulated release of prostaglandin substances. 
The contractile responses to endothelium-depen- 
dent vasodilators to serotonin and acetylcholine 
after endotoxemia 3s or CPB, 39 respectively, were 
reduced in the presence of cyclooxygenase inhibi- 
tion. The response of cerebral microvessels after 
CPB observed to acetylcholine may thus be related 
in part to the stimulated release of a contractile 
product of cyclooxygenases such as thromboxane. 

Finally, Dauber and coworkers 33 found that periph- 
eral bypass (not involving diversion of cardiac or 
pulmonary perfusion) causes pulmonary and coronary 
vascular dysfunction, as manifested by increased pro- 
tein leakage. Increased circulating levels of TNF-a 
were associated with the increase in vascular perme- 
ability, again suggesting that the increased release of 
cytokines such as TNF-a may mediate the vascular 
effects of prolonged CPB. In a related study, Butler 
and colleagues 4° assessed the systemic inflammatory 
response of patients to CPB. A strong interleukin-6 
elevation was observed after initiation of CPB with 
either membrane or bubble oxygenators. 

Advantages and limitations. In contrast to previ- 
ous studies, which examined the consequences of 
CPB on cerebrovascular function, this report de- 
scribes a clinically applicable model of extracorpo- 
real circulation in which all animals were separated 
from CPB. Furthermore, we examined both in vivo 
and in vitro responses to agonist stimulation. 
Whereas in vivo experiments examining internal 
carotid blood flow or cerebral perfusion are more 
clinically and perhaps physiologically relevant, in 
vitro studies eliminate metabolic and autoregulatory 
influences and other extravascular factors. In addi- 
tion, in vitro studies allow more detailed examina- 
tion of specific vascular mechanisms. Previous stud- 
ies examined alterations in coronary and pulmonary 
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vascular reactivity after CPB and cardioplegic arrest. 
It may be inappropriate to extrapolate these findings 
to the cerebral circulation, however, because pulmo- 
nary vessels are deprived of blood flow during total 
CPB, and coronary vessels are exposed to hy- 
perkalemic cardioplegic solutions that alter mem- 
brane potential and other physiologic properties. 

This study has several limitations. First, although 
most cardiac operations are performed with moder- 
ate hypothermia during CPB, we examined vascular 
reactivity after normothermia to reduce the number 
of experimental variables. This study may, however, 
have direct applicability to normothermic heart op- 
erations. Indeed, normothermic heart operations 
appear to be associated with an increased incidence 
of stroke and neurologic dysfunction after opera- 
tion. 41 Second, we did not examine specific patho- 
logic processes responsible for altered vasomotion. 
These processes may include leukocyte activation 
and adherence, complement activation, and in- 
creased circulating levels of TNF-o~ and other cyto- 
kines. They will be the topic of future investigation. 

Another possible source of error was the use of a 
perivascular Doppler flow probe around the internal 
carotid artery to determine cerebral blood flow. A 
portion of cerebral blood flow arises from the 
vertebral arteries and may cross through the circle 
of Willis and other collateral channels. Further- 
more, blood flow through the internal carotid arter- 
ies may provide perfusion to the midbrain and other 
deeper brain structures. In addition, a small but 
significant amount of ICA blood flow may supply 
extracranial structures. 42 Although this method may 
not precisely measure unilateral blood perfusion to 
the cerebral hemisphere, it is useful to determine in 
vivo responses to the intraluminal infusion of vaso- 
active substances. Alternative methods, such as the 
use of microspheres, were not practical. In this study, a 
close correlation existed between the results of in vitro 
microvascular studies and those of in vivo carotid 
blood flow experiments. We believe that the two 
methods were complementary and support the conclu- 
sion of the study that normothermic extracorporeal 
circulation leads to the altered autonomic regulation 
of the cerebral microcirculation. Another potential 
limitation of the study is that the range of carbon 
dioxide tensions was quite broad. Carbon dioxide 
tension is an important variable in determining cere- 
bral perfusion, and it would have been preferable to 
control it more tightly. Furthermore, hematocrit after 
CPB was significantly less than that before CPB, as is 
the case clinically. This may also have affected vascular 

responses, at least in vivo. Finally, pH in the period 
after CPB was slightly but significantly less than that 
before CPB. It is known that the pH may have a 
significant impact on adrenergic responsiveness. Fur- 
ther study is required to determine the contributions 
of these variables to the alteration of cerebrovascular 
reactivity during CPB. 

Although most patients recover after cardiac op- 
erations with few if any significant neurologic se- 
quelae, many have subtle alterations in mental status 
and fine cognitive function. Although baseline cerebral 
blood flow has been found to be preserved during CPB 
in most clinical and laboratory studies, this investiga- 
tion has determined that responses to substances 
released during autonomic stimulation are markedly 
abnormal. The response of cerebral blood flow to the 
endogenous release of catecholamines or the exoge- 
nous administration of inotropic drugs such as dopa- 
mine and norepinephrine may be affected differently 
depending on the extend of vascular preservation. 
Study of the potential beneficial effects of hypothermia 
and inhibitors of complement and other pathologic 
influences will provide interesting and potentially clin- 
ically relevant information. Whether this altered vaso- 
motor regulation has an impact on the neuropsycho- 
logic outcomes of patients after cardiac operations 
(especially normothermic heart operations) remains to 
be determined. 
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