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Nasic, Janlert, & Stegmayr, 2003 ;  Burns, 2003 ;  Hawkins, Brown, 
& Davis, 2002 ;  Higa & Davanipour, 1991 ). Although the precise 
components of cigarette smoke and smokeless tobacco that con-
tribute to the pathogenesis of vascular damage remains uncer-
tain, several lines of evidence suggest that nicotine may play an 
important role. Investigators have shown that nicotine produces 
toxic effects on the endothelium ( Hladovec, 1978 ;  Lakier, 1992 ) 
and exposure (acute and chronic) to nicotine impairs nitric ox-
ide synthase (NOS) – dependent dilation of large ( Pellaton, Kubli, 
Feihl, & Waeber, 2002 ;  Puranik & Celermajer, 2003 ) and small 
( Ijzerman, Serne, van Weissenbruch, de Jongh, & Stehouwer, 
2003 ;  Mayhan & Sharpe, 1999 ) peripheral blood vessels. In addi-
tion, we have shown that acute and chronic exposure to nicotine 
impairs NOS-dependent reactivity of pial arterioles located on 
the parietal cortex of rats ( Fang, Sun, Arrick, & Mayhan, 2006 ; 
 Fang, Sun, & Mayhan, 2003 ,  2004 ;  Mayhan & Patel, 1997 ). Fur-
ther, we have shown that impaired NOS-dependent responses of 
peripheral ( Mayhan & Sharpe, 1998b ) and cerebral (pial;  Fang 
et al., 2003 ,  2006 ) arterioles during exposure to nicotine are 
related to the production of superoxide anion. Thus, oxidative 
stress appears to be an important contributor to nicotine-
induced alterations in endothelial/vascular function. 

 Researchers have found important regional differences in 
responses of cerebral blood vessels to agonists that stimulate the 
synthesis/release of nitric oxide and regional differences regard-
ing mechanisms that contribute to impaired responses of cere-
bral vessels during disease states. For example, mechanisms that 
contribute to impaired responses of cerebral arterioles during 
chronic hypertension appear to differ from those contributing 
to impaired responses of the basilar artery during chronic 
hypertension ( Mayhan, 1990 ;  Mayhan, Faraci, & Heistad, 1988 ). 
We are not aware of any studies that have examined the region-
al effects of nicotine on the cerebral microcirculation. Thus, the 
fi rst goal of this study was to examine the acute infl uence of 
nicotine on reactivity of the basilar artery. Given that oxidative 
stress is an important contributor to vascular dysfunction in a 

                          Abstract 
   Introduction:  Our goals were to determine whether acute ex-
posure to nicotine alters nitric oxide synthase (NOS) – depen-
dent responses of the basilar artery and to identify a potential 
role for activation of NAD(P)H oxidase in nicotine-induced 
impairment in NOS-dependent responses of the basilar artery. 

  Methods:  We measured in vivo diameter of the basilar artery in 
response to NOS-dependent (acetylcholine) and NOS-independent 
(nitroglycerin) agonists before and during an acute infusion of 
nicotine (2  m g/kg/min intravenously for 30 min followed by a 
maintenance dose of 0.35  m g/kg/min). In addition, we measured 
superoxide anion production (lucigenin chemiluminescence) 
by the basilar artery in response to nicotine in the absence or 
presence of apocynin. 

  Results:  We found that NOS-dependent, but not NOS-
independent, vasodilation was impaired during infusion of nico-
tine. In addition, treatment of the basilar artery with apocynin 
(100  m M, 30 min prior to infusion of nicotine) prevented nicotine-
induced impairment in NOS-dependent vasodilation. Further, the 
production of superoxide anion was increased in the basilar artery 
by nicotine, and this increase could be inhibited by apocynin. 

  Discussion:  Our fi ndings suggest that acute exposure to nico-
tine impairs NOS-dependent dilation of the basilar artery by a 
mechanism that appears to be related to the release of superox-
ide anion. A possible source of superoxide may be via the activa-
tion of NAD(P)H oxidase. 

      Introduction 
 Cigarette smoking and the use of smokeless tobacco products 
increase the risk for ischemic and hemorrhagic stroke ( Asplund, 
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variety of disease states, including during exposure to nicotine 
( Fang et al., 2003 ,  2006 ), our second goal was to examine whether 
oxidative stress also contributes to impaired NOS-dependent 
reactivity of the basilar artery during acute exposure to 
nicotine.   

 Methods  
 Preparation of animals 
 Adult male Sprague – Dawley rats (280 – 350 g) were used in these 
studies. All rats were housed in an animal care facility at the 
University of Nebraska Medical Center that is approved by the 
American Association for the Accreditation of Laboratory Ani-
mal Care, and all protocols were reviewed and approved by the 
University of Nebraska Medical Center Institutional Animal 
Care and Use Committee. Rats were anesthetized with thiobut-
abarbital sodium (100 mg/kg body weight, intraperitoneally). 
A tracheotomy was performed, and the animals were mechani-
cally ventilated with room air and supplemental oxygen. A cath-
eter was placed in a femoral vein for infusion of supplemental 
anesthetic (10 – 20 mg/kg, as necessary), for infusion of nicotine 
(2  m g/kg/min for 30 min followed by a maintenance dose of 0.35 
 m g/kg/min for the duration of the experiment), and for infusion 
of saline. This protocol, which we have used previously ( May-
han & Patel, 1997 ;  Mayhan & Sharpe, 1998a ), produces plasma 
levels of nicotine similar to that seen in chronic smokers (10 – 40 
ng/ml;  Benowitz, 1997 ;  Benowitz, Zevin, & Jacob, 1997 ;  Pomer-
leau, 1992 ;  Russell, Jarvis, Iyer, & Feyerabend, 1980 ). A femoral 
artery was cannulated to measure arterial blood pressure. 

 After placement of all catheters, the animal was placed in a 
head holder in a supine position. The larynx and esophagus 
were retracted rostrally and laterally, and the musculature cov-
ering the basioccipital bone was removed. Then, a craniotomy 
was made in the bone at the base of the skull. The dura was in-
cised to expose the basilar artery. We ( Mayhan, 1990 ,  1991 ) and 
others ( Faraci, 1990 ) have used this method to expose the basi-
lar artery. The cranial window was suffused with artifi cial cere-
bral spinal fl uid (37    ±    1 °C) and bubbled continuously to 
maintain gases within normal limits. Blood gases were moni-
tored and maintained within normal limits throughout the ex-
periment. The inner diameter of the basilar artery was measured 
online using a video image-shearing device (Model 908, Instru-
mentation for Physiology and Medicine, San Diego, CA). Diam-
eter of the basilar artery was measured prior to, at 1-min 
intervals for 5 min during application of agonists, and after ap-
plication of agonists was completed. We used the baseline diam-
eter measured immediately before application of the agonist to 
determine the response of the basilar artery to that given agonist 
(percentage change in diameter). Application of vehicle did not 
alter baseline diameter, and diameter of the basilar artery re-
turned to control levels (prior to application of agonists) within 
2 – 3 min after application of agonists was stopped. Agonists 
were applied to the basilar artery in a cumulative manner (low 
concentration followed by high concentration). Application of 
agonists was separated by a period of at least 10 min.   

 Experimental protocol 
 The cranial window was suffused for 30 min before testing re-
sponses to the agonists. In the fi rst group of rats ( n    =   5), we ex-
amined the effects of acute treatment with nicotine on reactivity 

of the basilar artery to an NOS-dependent agonist (acetylcho-
line, 1.0 and 10  m M) and to an NOS-independent agonist 
(nitroglycerin, 0.1 and 1.0  m M). Thus, in this series of studies, 
we fi rst examined responses of the basilar artery to the agonists. 
Then we started an intravenous infusion of nicotine (2  m g/kg/
min for 30 min followed by a maintenance dose of 0.35  m g/kg/
min for the duration of the experiment). We again measured 
responses of the basilar artery to the agonists 30 min after start-
ing the infusion of nicotine. In a second group of rats ( n    =   5), we 
examined whether topical treatment with apocynin (100  m M) 
could infl uence reactivity of the basilar artery during acute infu-
sion of nicotine. In these studies, we fi rst examined responses of 
the basilar artery to the agonists. Then we started a continuous 
suffusion of apocynin over the cranial window. We began the 
acute infusion of nicotine 30 min after starting the suffusion 
with apocynin. We again examined responses of the basilar 
artery to the agonists 30 min after starting the infusion of 
nicotine.   

 Superoxide anion measurement 
 In another group of rats ( n    =   8), we measured superoxide anion 
production using lucigenin-enhanced chemiluminescence 
( Arrick & Mayhan, 2007 ;  Mayhan, Arrick, Sharpe, Patel, & Sun, 
2006 ). After the rat was exsanguinated, the basilar artery was 
removed and immersed in a modifi ed Krebs –  N -2-hydroxyeth-
ylpiperazine- N  ' -2-ethanesulfonic acid (HEPES) buffer contain-
ing (in mmol/L): 118 NaCl, 4.7 KCl, 1.3 CaCl 2 , 1.2 MgCl 2 , 1.2 
KH 2 PO 4 , 25 NaHCO 3 , 10 HEPES, and 5 glucose (pH 7.4). 
Samples of the basilar artery were placed in polypropylene tubes 
containing 5  m mol/L lucigenin and then read in a Fentomaster 
FB12 (Zytox) luminometer, which reports relative light units 
emitted integrated over 30-s intervals for 5 min. Data were cor-
rected for background activity and normalized to tissue protein 
content. In these studies, we measured superoxide anion pro-
duction under basal conditions, during exposure to nicotine (20 
ng/ml) for 30 min, and during exposure to nicotine in the pres-
ence of apocynin (100  m M).   

 Data analyses 
 Paired Student  t  tests were used to compare functional respons-
es of the basilar artery before and during treatment with nico-
tine and before and during treatment with nicotine in the 
presence of apocynin. Analysis of variance with Student – 
Newman – Keuls test for signifi cance was used to compare the 
dose – response relationship to the agonists (low vs. high dose 
under baseline conditions) and superoxide anion production 
during treatment with nicotine in the absence and presence of 
apocynin. A  p  value of .05 or less was considered to be signifi cant.    

 Results  
 Infl uence of nicotine on reactivity of the 
basilar artery 
 Baseline diameter of the basilar artery prior to the application of 
agonists was 253    ±    21 microns. Application of acetylcholine and 
nitroglycerin produced dose-related dilation of the basilar ar-
tery ( Figure 1 ). Under control conditions, the response of the 
basilar artery to the low dose of the agonist (acetylcholine or 
nitroglycerin) was signifi cantly less than that observed to the 
high dose of the agonist ( p    <   .05). Acute infusion of nicotine did 
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not alter baseline diameter of cerebral arterioles (248    ±    22 mi-
crons before infusion of nicotine vs. 238    ±    21 microns during 
infusion of nicotine;  p    >   .05). However, acute infusion of nico-
tine impaired reactivity of the basilar artery to acetylcholine but 
not to nitroglycerin (see  Figure 1 ).       

 Infl uence of apocynin 
 To determine whether infusion of nicotine impaired responses 
of the basilar artery via an increase in oxidative stress, presum-
ably via activation of NAD(P)H oxidase, we examined the infl u-
ence of apocynin on reactivity of the basilar artery during 
infusion of nicotine. Baseline diameter of the basilar artery prior 
to application of agonists was 224    ±    28 microns. Prior to treat-
ment with apocynin and infusion of nicotine, acetylcholine, and 
nitroglycerin produced dose-related dilation of the basilar ar-
tery ( Figure 2 ). Topical application of apocynin to the basilar 
artery did not affect baseline diameter (227    ±    29 microns before 
application of apocynin vs. 218    ±    30 microns during application 
of apocynin;  p    >   .05). In addition, infusion of nicotine in the 
presence of apocynin did not infl uence baseline diameter of ce-
rebral arterioles (218    ±    30 microns before infusion of nicotine 

vs. 217    ±    28 microns during infusion of nicotine in the presence 
of apocynin;  p    >   .05). In contrast to our fi ndings during infusion 
of nicotine in the absence of apocynin ( Figure 1 ), treatment 
with apocynin prior to infusion of nicotine could prevent nicotine-
induced impairment in reactivity of the basilar artery to acetyl-
choline ( Figure 2 ). However, treatment with apocynin did not 
infl uence reactivity of the basilar artery to nitroglycerin.       

 Superoxide anion production 
 Basal production of superoxide anion increased dramatically 
when the basilar artery was exposed to nicotine for 30 min 
( Figure 3 ). In addition, treatment of the basilar artery with 
apocynin signifi cantly decreased nicotine-induced superoxide 
anion production.        

 Discussion 
 The present study resulted in three new fi ndings. First, acute 
treatment with nicotine specifi cally impaired NOS-dependent 
dilation of the basilar artery. This fi nding cannot be explained 
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 Figure 1.        Response of the basilar artery to acetylcholine and nitroglycerin before (open bars) and during infusion of nicotine (closed bars). Values 
are means with  SE s. * p    <   .05 versus response before infusion of nicotine.    

  

 Figure 2.        Response of the basilar artery to acetylcholine and nitroglycerin before (open bars) and during infusion of nicotine in the presence of 
apocynin (cross-hatched bars). Values are means with  SE s.    



273

Nicotine & Tobacco Research, Volume 11, Number 3 (March 2009)

by a nonspecifi c impairment in vasodilation since nitroglycerin 
produced similar dose-related dilation of the basilar artery be-
fore and during treatment with nicotine. Second, exposure of 
the basilar artery to nicotine produced a signifi cant increase in 
superoxide anion production. Third, treatment with apocynin 
could prevent nicotine-induced impairment in NOS-dependent 
dilation of the basilar artery and nicotine-induced increases in 
superoxide anion production. Based on these fi ndings, we sug-
gest that nicotine impairs NOS-dependent dilation of the basi-
lar artery via a mechanism that involves an increase in the 
production of superoxide anion. In addition, we speculate that 
activation of NAD(P)H oxidase by nicotine may contribute to 
the production of superoxide anion.  

 Consideration of methods 
 We used acetylcholine to examine the infl uence of nicotine on 
NOS-dependent dilation of the basilar artery. Many studies us-
ing in vitro methodologies have shown that acetylcholine pro-
duces marked relaxation of the basilar artery in rats ( Benyo, 
Lacza, Hortobagyi, Gorlach, & Wahl, 2000 ;  Lai et al., 1989 ; 
 Soltis & Bohr, 1987 ), rabbits ( Fujiwara, Kassell, Sasaki, Nakago-
mi, & Lehman, 1986 ;  Nakagomi et al., 1988 ;  Wellman & Bevan, 
1995 ), and humans ( Kanamaru, Waga, Fujimoto, Itoh, & Kubo, 
1989 ;  Whalley, Amure, & Lye, 1987 ). In addition, we ( Mayhan, 
1990 ,  1992 ;  Mayhan, Sun, Mayhan, & Patel, 2004 ) and others 
( Benyo et al., 2000 ;  Faraci, 1990 ,  1991 ) have shown that 
acetylcholine-induced relaxation/dilation of the basilar artery 
in rats could be inhibited by enzymatic inhibitors of NOS. In 
contrast, vasodilation in response to nitrovasodilators was not 
altered by inhibition of NOS ( Faraci, 1990 ,  1991 ;  Mayhan, 
1990 ). It is diffi cult to determine the precise role of the various 
isoforms of NOS on dilation of the basilar artery. Most studies 
that have examined a role for NOS in dilation of the basilar ar-
tery in response to acetylcholine have used nonspecifi c inhibi-
tors of NOS ( Faraci, 1990 ,  1991 ;  Mayhan, 1990 ,  1992 ;  Mayhan 
et al., 2004 ). However,  Benyo et al. (2000)  found that inhibition 
of neuronal nitric oxide synthase (nNOS) using 7-nitroindazole 
could signifi cantly inhibit relaxation of the basilar artery in re-

sponse to acetylcholine. In addition, relaxation of the basilar 
artery in response to acetylcholine could be completely abol-
ished by removal of the endothelium ( Benyo et al., 2000 ). Thus, 
Benyo et al. concluded that nNOS must be present in the en-
dothelium of the basilar artery and that activation of nNOS con-
tributes to relaxation of the basilar artery in response to 
acetylcholine. In the present study, we found that nicotine could 
impair acetylcholine-induced dilation of the basilar artery via 
an increase in oxidative stress. Although we did not specifi cally 
examine which isoform of NOS accounts for dilation of the 
basilar artery in response to acetylcholine, the increase in oxida-
tive stress produced by nicotine may infl uence the contribution 
of both nNOS and endothelial nitric oxide synthase (eNOS) in 
dilation of the basilar artery in response to acetylcholine. 

 NAD(P)H oxidase is a multicomponent enzyme complex 
that includes two membrane-associated subunits (p22phox and 
gp91phox) and at least three cytosolic subunits (p47phox, 
p67phox, and p40phox;  Brandes & Kreuzer, 2005 ;  Chabrashvili 
et al., 2002 ;  Droge, 2001 ). Although NAD(P)H oxidase has been 
studied widely in phagocytic cells, it is also present in vascular 
smooth muscle cells ( Griendling, Minieri, Ollerenshaw, & 
Alexander, 1994 ;  Lassegue et al., 2001 ;  Suh et al., 1999 ) and en-
dothelial cells ( De Keulenaer et al., 1998 ;  Mohazzab, Kaminski, 
& Wolin, 1994 ), including endothelial cells of cerebral vessels 
( Ago et al., 2005 ). Thus, NAD(P)H could be a major source of 
superoxide anion production during disease states. In the pres-
ent study, we applied apocynin to the cranial window to deter-
mine a potential role for activation of NAD(P)H oxidase and 
subsequent formation of superoxide anion by nicotine in im-
paired NOS-dependent reactivity of the basilar artery. Our as-
sumption was that apocynin is a specifi c inhibitor of NAD(P)H 
oxidase because it inhibits the translocation of p47phox. This 
assumption is supported by a number of studies that have used 
apocynin (acute and chronic treatment) to examine the 
effects of oxidative stress, via activation of NAD(P)H oxidase, 
on vascular dysfunction during a variety of disease states 
( Beswick, Dorrance, Leite, & Webb, 2001 ;  Hamilton, Brosnan, 
Al-Benna, Berg, & Dominiczak, 2002    ;  Hamilton, Brosnan, 
McIntyre, Graham, & Dominiczak, 2002    ;  Rey, Li, Carretero, 
Garvin, & Pagano, 2002 ;  Sun et al., 2006 ;  Ungvari et al., 2003 ). 
However, whether apocynin is specifi c for NAD(P)H oxidase or 
is merely acting as an antioxidant is the subject of debate 
( Heumuller et al., 2008 ;  Touyz, 2008 ). In any event, we found 
that apocynin alleviated impaired NOS-dependent reactivity 
of the basilar artery during infusion of nicotine and inhibited 
superoxide anion formation by the basilar artery during expo-
sure to nicotine. The infl uence of apocynin on vascular function 
appears to be specifi c for NOS-dependent agonists because apo-
cynin did not alter responses to nitroglycerin. We cannot pre-
cisely determine whether apocynin is acting as an antioxidant or 
as a specifi c inhibitor of NAD(P)H oxidase, but our fi ndings 
suggest an important role for superoxide anion in impaired re-
sponses of the basilar artery during exposure to nicotine.   

 Consideration of previous studies 
 Active and passive exposure to cigarette smoke impairs NOS-
dependent reactivity of large and small peripheral vessels in ani-
mals ( Mays et al., 1999 ;  Murohara, Kugiyama, Ohgushi, 
Sugiyama, & Yasue, 1994 ;  Rubinstein, Yong, Rennard, & 
Mayhan, 1991 ) and humans ( Celermajer et al., 1996 ;  Sumida 
et al., 1998 ). The cellular mechanism that contributes to 

  

 Figure 3.        Superoxide anion production (relative light units) from the 
basilar artery under basal conditions (open bars), during treatment with 
nicotine (20 ng/ml for 30 min; closed bars), and during treatment with 
nicotine in the presence of apocynin (100  m M; cross-hatched bars). 
Values are means with  SE s. * p    <   .05 versus response under basal condi-
tions; ** p    <   .05 versus during treatment with nicotine.    
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impaired vascular function during exposure to cigarette smoke 
appears to involve oxygen-derived free radicals (Mays  et al., 1999 ; 
 Murohara et al., 1994 ;  Ota et al., 1997 ). Although cigarette smoke 
contains many toxic substances, we ( Mayhan & Sharpe, 1998b , 
 1999 ) and others ( Chalon, Moreno, Benowitz, Hoffman, & 
Blaschke, 2000 ;  Miller et al., 2000 ;  Sabha et al., 2000 ) have sug-
gested that nicotine may be an important candidate contributing 
to vascular dysfunction. Exposure of humans ( Chalon et al., 
2000 ;  Sabha et al., 2000 ) and animals ( Mayhan & Sharpe, 1998b , 
 1999 ;  Miller et al., 2000 ) to nicotine impairs NOS-dependent re-
activity of large and small peripheral vessels. In addition, acute 
and chronic treatment of rats with nicotine, at concentrations 
found in smokers and users of tobacco products ( Benowitz et al., 
1997 ;  Sarabi & Lind, 2000 ), selectively impairs NOS-dependent 
(eNOS and nNOS) responses of cerebral (pial) arterioles via an 
increase in superoxide anion production ( Arrick & Mayhan, 
2007 ;  Fang et al., 2003 ,  2006 ). The fi ndings of the present study 
agree with those of our previous studies ( Arrick & Mayhan, 2007 ; 
 Fang et al., 2003 ,  2006 ). The present study also extends our 
previous fi ndings by examining important regional infl uences of 
nicotine on cerebrovascular function and by examining the 
mechanism for the effects of nicotine on the basilar artery. We 
found that acute nicotine infusion impairs NOS-dependent reac-
tivity of the basilar artery and that this impairment could be re-
versed by acute treatment with apocynin. In addition, we found 
that exposure of the basilar artery to nicotine increased superox-
ide anion production that could be inhibited by apocynin. 

 If we speculate that activation of NAD(P)H oxidase is im-
portant based on our fi ndings using apocynin, then the precise 
cellular pathway by which nicotine may increase NAD(P)H oxi-
dase activity remains uncertain. One possibility is that angio-
tensin II plays a critical role. Acute and chronic cigarette 
smoking have been shown to increase the conversion of angio-
tensin I to angiotensin II in rats ( Yu, Jin, & Wang, 1992 ). Angio-
tensin II has been shown to increase the activity of NAD(P)H 
oxidase, vascular p47phox expression, and production of 
oxygen radicals by vascular cells ( Fukui et al., 1997 ;  Griendling 
et al., 1994 ;  Griendling, Sorescu, & Ushio-Fukai, 2000 ; 
 Landmesser et al., 2002 ;  Rajagopalan et al., 1996 ). In addition, 
treatment of chronic smokers with an angiotensin-converting 
enzyme inhibitor (lisinopril) can improve impaired endothelial 
function ( Butler, Morris, & Struthers, 2001 ). Thus, it is conceiv-
able that an increased generation of angiotensin II during infu-
sion of nicotine may contribute to cerebrovascular dysfunction. 
Future studies will be required to precisely determine the role of 
NAD(P)H oxidase in impaired NOS-dependent responses of 
the basilar artery during infusion of nicotine. 

 In summary, we examined the acute effects of nicotine on 
NOS-dependent reactivity of the basilar artery. We found that 
acute infusion of nicotine in rats signifi cantly impaired NOS-
dependent, but not NOS-independent, reactivity of the basilar 
artery. In addition, we found that inhibition of superoxide anion 
formation by treatment with apocynin could prevent impaired 
NOS-dependent reactivity of the basilar artery during infusion 
of nicotine. Further, exposure of the basilar artery to nicotine 
dramatically increased superoxide anion formation, and this in-
crease in superoxide anion formation could be inhibited by apo-
cynin. We suggest that impaired NOS-dependent responses of 
the basilar artery during infusion of nicotine are related to the 
production of superoxide anion. We speculate that activation of 

NAD(P)H oxidase could presumably be involved in the forma-
tion of superoxide anion during exposure to nicotine. Our fi nd-
ings may have important implications for the pathogenesis of 
cerebrovascular abnormalities, including ischemic stroke, ob-
served in smokers and users of tobacco products.    
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