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         Neuroprotective and Neurotoxic Eff ects of Nicotine    

protective function during adulthood and senes-
cence preventing, according to some authors, the 
onset of degenerative neurological disorders such 
as Alzheimer ’ s dementia and Parkinson ’ s syn-
drome or ameliorating symptoms of these dis-
eases. 
 In cell culture experiments it has been demon-
strated that nicotine has neurotrophic properties 
and nicotinic acetylcholine receptors (nAChRs) 
play important roles in the control of neurode-
velopment and maturation of the CNS already 
before birth  [19,   53,   76,   77] . 
 On the other hand there are reports of neurotoxic 
properties of nicotine (e.   g., learning problems, 
behavioural anomalies or higher incidence of 
attention defi cit hyperactivity disorder and nico-
tine addiction in adolescence) after exposure 
during neurodevelopment. 
 In animal models, the exposition of developing 
neurons to nicotine leads to a decrease of the 
DNA quantity and higher concentrations of apop-
totic markers, results, according some authors, in 
altered synaptic organisation and aberrant syn-
aptic plasticity and causes a remarkable loss of 
neurons in the midbrain and cortex. 

 Introduction 
  &  
 Tobacco is the most abused legal drug in indus-
trialized countries and the incidence of nicotine 
addiction has been found to be much higher in 
persons aff ected from psychiatric disorders, in 
particular schizophrenia, compared to healthy 
people. The pathophysiological mechanisms 
underlying nicotine addiction have not yet been 
fully elucidated. A central role is surely played by 
the brain reward system  [43] . Also the reasons 
for the high incidence of tobacco consumption in 
schizophrenic persons is not well known. 
Recently, an infl uence of cholinergic transmis-
sion on cognitive symptoms of schizophrenia has 
been postulated  [98] . 
 In contrast to the well known negative conse-
quences of tobacco consumption, there is general 
agreement that nicotine may have also benefi cial 
eff ects in the CNS. Nicotine positively infl uences 
diff erent aspects of cognition including learning, 
memory, and attention. Also, it improves mood, 
stress regulation, and anxiety. 
 By improving cognition, in particular attention, 
learning and memory, nicotine has also a neuro-
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  Abstract 
  &  
 The interest in the action of nicotine in the central 
nervous system (CNS) has signifi cantly increased 
during the past 15 years. This is due in part to the 
growing importance of nicotine addiction and its 
consequences in terms of life quality and costs 
for public health systems in industrialized coun-
tries and, on the other hand, to the signifi cantly 
higher prevalence of tobacco consumption in 
patients with psychiatric disorders. The actual 
data indicate opposite eff ects of nicotine in the 
CNS. Nicotine seems to have, at the same time, 
positive, neuroprotective as well as negative, 

neurotoxic eff ects. This suggests that nicotine ’ s 
action is complex, probably involving diff erent 
neuronal circuits infl uencing each other through 
complicated interactions. In the present review 
we summarize the most important results of 
experiments about nicotinic neuroprotection 
and neurotoxicity in humans and animals. Ini-
tially, we illustrate well known modifi cations 
of cholinergic transmission during physiological 
(normal aging) and pathological neurodegenera-
tion. In the second part of the paper we describe 
neuroprotective and neurotoxic eff ects of nico-
tine also mentioning the underlying molecular 
mechanisms.        
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 The discussion about neuroprotection vs. neurotoxicity seems to 
be complex and to involve regulation mechanisms of nAChRs as 
well as interactions between nicotine and other neurotransmit-
ters in the CNS.   

 Cholinergic Transmission, Nicotine and nAChRs 
  &   
 In normal aging 
 The most cholinergic markers seem, in general, to be unaff ected 
or only slightly altered in both human subjects and rodents dur-
ing normal aging  [7,   30,   39,   171,   204] , although stimulation-
induced ACh-release is consistently impaired in the aged brain 
 [30] .  

 Human studies 
 In some brain areas a decrease in nicotinic binding seems to be 
evident  [88,   109] . In the entorhinal cortex and the presubiculum, 
for instance, a loss of high-affi  nity nicotine binding has been 
found in healthy persons after the fourth decade. Additionally, a 
slight decrease in  α -bungarotoxin (an  α 7-nAChR agonist) bind-
ing in the entorhinal cortex already after the second decade has 
been observed. In the hippocampus only little or no decrease in 
high-affi  nity nicotine binding has been reported  [28] . The 
nAChRs-subunits mostly involved in these alterations seem to be 
 α 7,  α 3,  α 4 and  β 2. Although no clear age-related variation in  α -
bungarotoxin binding has been found  [28] ,  α 7-subunit mRNA 
seems to be signifi cantly decreased with age in the frontal cor-
tex  [189] . Some authors pointed at a signifi cantly decreased  β 2-
subunit mRNA in the cortex and hippocampus in aged persons, 
while in subjects with status lacunaris both  α 4- and  β 2-subunit 
mRNA were lower than in controls  [183,   184] .  α 3-subunit mRNA 
was found to be reduced in the entorhinal cortex of subjects 
between 70 and 90 years age  [179] . Other authors described a 
progressive decrease in binding ligands selective for  hetero -pen-
tameric nAChRs (being larger in some neocortical and hippo-
campal areas and less marked or absent in other brain regions, 
such as the thalamus) but no signifi cant changes in  α -bungaro-
toxin (a marker of  homo -pentameric nAChRs) binding in human 
brains  [55,   126] .   

 Animal studies 
 In rats, neurochemical studies of nicotinic function in aged brain 
suggested an impairment following normal aging with a 
decreased sensitivity to nicotine, a greatly reduced maximal 
eff ect of nicotine on the ability to increase cortical cerebral blood 
fl ow  [187] , and a decreased nicotine-elicited dopamine release 
in the striatum both  in vivo  and  in vitro   [117,   155] , whereas ACh 
release after stimulation with the nicotinic agonist methyl-carb-
amylcholine is reduced in frontal cortical and hippocampal slices 
 [5] . A reduction of  α 4- and  β 2-encoding mRNAs and a decrease 
of  α 4 protein in several brain regions were found during normal 
aging in rodents. The mRNA for  α 3- and  α 6-subunits was slight 
decreased in the substantia nigra,  α 5-subunit mRNA seemed, on 
the contrary, not to be aff ected  [15,   39,   145] . A more recent study 
described a strain-specifi c variability in the expression of  α 7- 
and  β 4-mRNA  [42] .    

 In pathological neurodegeneration 
 Most studies about the role of cholinergic transmission and nico-
tine in degenerating brains have been conducted, however, in 
people with neurodegenerative diseases, aiming at a possible 

therapeutic application of nicotine in the treatment of demen-
tia. 
 Interestingly, a loss of nicotine binding sites has been reported in 
Alzheimer ’ s dementia (AD), Parkinson ’ s disease (PD) and Lewy 
body dementia (LBD), as well as in the progressive supranuclear 
palsy and Down ’ s syndrome  [126] , thus refl ecting the fi ndings in 
normal aging. The brain regions involved seem to be diff erent, 
depending on the specifi c underlying disorder  [202] . A common 
peculiarity of all these disorders is that the loss of nAChRs can be 
more pronounced than the loss of neurons. Therefore, some 
authors supposed that the diminution in the quantity of nAChRs 
could be a fi rst step which precedes neuronal death (127).  

 Alzheimer ’ s dementia 
 The decrease of high-affi  nity nicotine binding sites in brains of 
patients with AD has been found in post-mortem studies as well 
as in PET scans  [68,   110,   111,   151]  and in animal models of AD 
 [147] . However, no change in  α -bungarotoxin binding sites has 
been observed in the cortex of AD patients, suggesting that  α 7-
subunit containing nAChRs are preserved  [176] . In patients with 
LBD, on the contrary, a decrease of  α -bungarotoxin binding in 
comparison to AD patients and aged-matched controls has been 
described in the frontal cortex, supporting the hypothesis of a 
diff erent impairment of nAChRs isotypes in diff erent forms of 
senile dementia  [139] . Other studies in humans with AD showed 
a loss of binding sites also for other nicotinic agonists, such as 
acetylcholine in the presence of atropine, methyl-carbamylcho-
line, cytosine epibatidine and ABT418  [45,   68,   196] .   

 Parkinson ’ s disease 
 Cholinergic defi cits have also been observed in the basal fore-
brain and cortex of patients with Parkinson ’ s disease, particu-
larly those with dementia. The extent of nAChR loss seemed to 
be related to the progredience of the cognitive impairment 
 [136] .   

 nAChRs 
 In order to explain the loss of nicotine binding, the quantity of 
mRNA encoding for specifi c nAChR subunits and the related pro-
tein expression have been measured. Whereas no signifi cant 
changes in  α 3   nAChR  mRNA  levels were found, in one study  [179]  
decreases in  α 3-,  α 4- and  α 7-subunit  protein  levels were 
observed in some brain regions of AD aff ected persons  [48] . 
 A further question is to determine the normal subcellular locali-
zation of nAChR subtypes that are lost in patients with AD. 
 In addition to being localized to cell bodies of cortical neurons, 
animal studies have demonstrated that nAChRs are present on 
terminals of neurons projecting from many other brain regions 
 [44] . Based on rat studies showing that neuronal bungarotoxin 
partially inhibits acetylcholine release from cortical synapto-
somes, the decrease in neuronal bungarotoxin binding ( β 2 /  α ? 
nAChRs) and the preservation of  α -bungarotoxin binding 
( α 7   nAChRs) in the cortex of patients with AD might suggest that 
nAChRs located on cholinergic aff erents from the basal forebrain 
are lost selectively in AD  [176] .     

 Neurotoxicity 
  &   
 Developing neurons 
 Several studies have shown that nicotine can be neurotoxic, par-
ticularly for developing neurons when exposed through mater-
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nal smoking, environmental sidestream smoke or use of nicotine 
replacement therapy  [23,   53,   59 – 61,   73,   102,   124,   159,   186,   197] . 
 After nicotine administration with an osmotic minipump during 
the pregnancy, a decrease of dopamine metabolism in the fron-
tal cortex and a reduced serotonin metabolism in the medulla, 
pons, midbrain, frontal regions, and cerebellum were seen in 
rats  [103] . In the same animal model, the activity of the enzyme 
acetylcholintransferase was strongly decreased in embryonic 
brains  [107] . Nicotine exposure via placental transfer increases 
oxidative stress in rats as manifested by an increase in malondi-
aldehyde level  [48] . Some authors measured a decreased DNA 
quantity in brain cells of the rat fetus, an irreversible neuronal 
damage through an increase of c-fos activity after over-expres-
sion of the proto-oncogene c-fos after nicotinic stimulation and 
an up-regulation of nAChRs after fetal nicotine exposure  [165 –
 170] . Cytoplasmatic vacuoles, wider intercellular spaces and 
increasing pycnotic, apoptotic and mitotic cells as a sign of cyto-
toxicity have been found in embryonic neuroepithelial cultures 
from rats after nicotine incubation  [148 – 150] . Developmental 
exposure to nicotine increases nicotine binding (particularly in 
 α 4 β 2 and  α 7   nAChRs), acts on the regulation of transmitter 
release and gene expression, and alters GABAergic signalling. 
The latter plays a central role in the modulation of neuronal pre-
cursor proliferation and migration and, at later stages, dendritic 
structure, neurite outgrowth, cell survival, and synapse forma-
tion and maturation. An altered GABAergic signalling could 
result in altered synaptic organization and aberrant synaptic 
plasticity. These detrimental eff ects may contribute to some of 
the clinically characterized defi cits that result from maternal 
smoking, such as sudden infant death syndrome and auditory 
cognitive dysfunction in animal models  [14,   35,   37,   53,   134]  as 
well as in humans  [34,   74] . 
 Not only prenatal neurotoxic eff ects lead to damage of develop-
ing neurons. Also in the case of nicotine exposure shortly after 
birth, a decrease of DNA synthesis with reduced cell replication 
and diff erentiation has been described. Furthermore, a higher 
concentration of apoptosis marker and a decrease of nAChR have 
been measured  [84,   92,   170] . The ratio between high- and low-
affi  nity binding sites in the cortex seems to be altered after post-
natal (17 days after birth) nicotine administration in rats. 
High- and low-affi  nity binding sites are initially equable, after 4 
months the low-affi  nity binding sites are, however, signifi cantly 
decreased  [113] . 
 In adolescent rodent, nicotine administration leads to a reduc-
tion of DNA as a trait of cell death as well as to an increase of the 
apoptotic marker p53  [186] . Abreu-Villaca found, moreover, a 
remarkable loss of neurons in the midbrain and cortex  [1,   2] . 
Acute nicotine induces the expression of the dendritically tar-
geted, corticolimbic dendrin in the prefrontal cortex of adole-
scent rats. Nicotine treatment in parallel enhances dendrin 
immunoreactivity. As dendrin is an important component of 
cytoskeletal modifi cations at the synapse, these results suggest 
that nicotine infl uences unique plasticity-related changes in the 
adolescent forebrain that diff er from those in the adult  [154] .   

 Molecular mechanisms 
 In developing neurons nicotine-mediated neurotoxicity may be 
due to an increased calcium load in immature cells, because 
transfection of undiff erentiated hippocampal cells with calbin-
din D28K (a calcium-buff ering protein not yet expressed in pro-
genitor cells) protects against the cytotoxic eff ects of activating 
 α 7-type nAChRs  [13] . High doses of nicotine (more than 2 – 3   mg /

 day) are either ineff ective or toxic also in developed neurons, 
suggesting that too much infl ux through nAChRs might exacer-
bate calcium overload in adult cells as well. For example, high 
dose nicotine (    ≥    5   mg / kg / day) results in degeneration of the 
cholinergic habenulo-interpeduncular pathway of the adult rat 
 [21] . 
 A few studies described the possibility that nicotine could act as 
toxin inducing oxidative stress by depleting glutathione 
 [198,   199] . 
 Some authors reported that while nicotine treatment  in vivo  
counteracts neuronal death due to excitotoxic lesion of the cer-
ebral cortex in the early postnatal period, the partial  α 7-type 
nAChR agonist GTS-21 increases neuronal death due to this 
lesion. Pro-apoptotic eff ects of  α 7   nAChR stimulation have been 
observed in several populations of developing neurons, includ-
ing spinal and cranial nerve motoneurons  [57,   141,   206]  and hip-
pocampal progenitor cells both  in vitro   [13]  and  in vivo   [3] . A 
role of  α 7   nAChRs in nicotine-induced neurotoxicity has also 
been postulated in studies with knock-out mice lacking this 
subunit. These animals do not show developmental neurotoxic-
ity to nicotine and knock-in of a hyperactive  α 7 subunit resulted 
in wide-spread neuronal death  [121] . The activation of  α 7 sub-
units is also related to an increase of apoptotic markers in devel-
oping neurons and adult hippocampal progenitor cells.    

 Neuroprotection 
  &  
 Compounds interacting with nAChRs of developed neurons are 
reported to exert neuroprotective actions  in vivo  and  in vitro  and 
treatment with nAChR agonists elicits long-lasting neurotrophic 
eff ects, e.   g., improvement of cognitive performance in a variety 
of behavioural tests in rats, monkeys and humans  [100] .  

 Nicotine and Alzheimer ’ s disease 
 One of the fi rst and major indicators for the neuroprotective 
eff ect of nicotine were statistically signifi cant lower rates of 
dementia in smokers. So, many authors have focused their inter-
est on the study of nicotinic eff ects in neurodegenerative dis-
eases. 
 A well known trait of Alzheimer ’ s dementia is the aggregation 
and precipitation of amyloid precursor proteins (APP) in the CNS 
in the form of plaques. Senile plaques are formed by an amyloid 
core, mainly composed of  ß -amyloid (A ß , the amyloidogenic 
fragment of the APP), encircled by degenerating neuritis and 
reactive astro- and microgliosis.  α 7-containing nAChRs are 
present in the plaques and can be co-immunoprecipitated with 
the amyloidogenic APP fragment A ß (1 – 42), suggesting a tight 
association  α 7-A ß (1 – 42)  [194] . APP exists in an  α -helix confor-
mation (APP α ), which does not aggregate, and a  β -sheet variant 
(A ß ), which, on the contrary, tends to aggregate and precipitate, 
thus forming the typical senile plaques and fi brils found in AD 
patients  [153] . Nicotine prevents the conversion of APP α  to APP β  
and modulates  [50]  and lowers  [190]  the secretion of APP β . A 
recent paper underlined the central role of the  α 4 β 2 and 
 α 7   nAChRs in enhancing the release of neuroprotective APP α  
and lowering A ß  production  [99] . The described neuroprotec-
tive eff ects of nicotine have been observed particularly in the 
hippocampus, entorhinal cortex and neocortex  [126] . 
 Nicotine has an additional protective eff ect against A ß , also 
decreasing its toxic action once the senile plaques have already 
developed  [71,   72,   83,   201,   203] . Furthermore, nicotine seems to 
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antagonize A β -induced cognitive defi cits in delayed alternation, 
passive avoidance and Morris maze learning in mice  [91] . Nico-
tine can act directly by binding to A ß , inhibiting the formation of 
new fi brils (119) or, fi nally, disrupting already formed ones 
 [120] . In addition, nicotine eff ectively inhibits apoptosis caused 
by A ß  in hippocampal cultures. 
 The described fi ndings relating nicotine-induced neuroprotec-
tion against A ß  have been reported both in patients with AD as 
well as in healthy elderly persons  [27] , particularly in the hip-
pocampus  [201]  and cortical neurons  [160] . 
 The exact subcellular mechanisms of nicotinic neuroprotection 
are, however, not yet fully elucidated. In an  in vivo  study of rats, 
self-administering nicotine showed an increase of transthyretin 
levels  [126]  in the brainstem and hippocampus. Transthyretin 
binds to A β  protein and prevents its aggregation  [78] . In more 
recent papers the abnormal interactions of A ß  with metal ions 
such as copper and zinc in the process of A ß  deposition in AD 
brains were pointed out. A signifi cant reduction in the metal 
contents of copper and zinc in senile plaques and neuropil has 
been observed in APPV717I transgenic mice and SH-SY5Y cells 
over-expressing the Swedish mutant form of human APP after 
nicotine treatment. The Swedish mutation is typical for leading 
to the development of brain A ß  deposits  [110] . The densities of 
copper and zinc distributions in a subfi eld of the hippocampus 
CA1 region were also reduced after treatment with nicotine. In 
sum, nicotine decreases the intracellular copper concentration 
and attenuates A ß -mediated neurotoxicity. This eff ect seems to 
be independent of nAChRs binding  [82,   203,   205] . 
 The marked reduction in the accumulation of A ß  in the cortex 
and hippocampus of mice carrying the Swedish mutation of 
human APP after chronic nicotine administration happens 
through inhibition of the activation of MAP kinases (MAPKs), 
thus preventing the activation of the transcription factor NF- κ B 
and the proto-oncogene c-myc. As a result, the activity of iNOS 
(inducible nitric oxide synthase) and the production of NO (nitric 
oxide) are down-regulated. In this cell line nicotine also inhib-
ited apoptosis and cell cycle progression  [82,   203] . Measure-
ments of cellular oxidation and intracellular free Ca     +        +      showed 
that nicotine suppresses the A ß -induced accumulation of free 
radicals and increase of intracellular free Ca     +        +       [205] . 
 The protective eff ects of nicotine against A ß  are suppressed, in 
primary cultures of cortical neurons, by a  α 7-nAChR-antagonist, 
a phosphatidylinositol 3-kinase (PI3   K) inhibitor or an Src inhibi-
tor  [70] , suggesting that binding to  α 7-nAChRs may activate 
intracellular signalling pathways mediated by the PI3   K cascade 
which act neuroprotectively. The neuroprotective eff ect of  α 7-
nAChR stimulation is mediated by the Janus kinase 2 (JAK2) 
 [157] . The block of  α 7   nAChRs leads then to increased internali-
zation and accumulation of A ß (1 – 42)  [104] . A relationship 
between nAChRs and A ß  has also been seen studying the eff ects 
of A ß  on nAChRs. Although some authors found a reactive up-
regulation of  α 7-nAChR following an increase of A ß  in the mouse 
hippocampus  [32] , the application of A ß  seems, in general, to 
block diff erent subtypes of nAChRs on rat hippocampal neurons 
in culture  [81,   128] , to reduce the number of binding sites for 
nicotinic agonists (epibatidine and  α -bungarotoxin) and to 
decrease both mRNA and protein quantity of the nAChRs subu-
nits  α 3,  α 7 and  β 2  [46] . 
 Not only nAChRs but also the muscarinic acetylcholine receptors 
M1 and M3 augment, via the activation of protein kinase C (PKC), 
the production of non-amyloidogenic fragments of APP and 
inhibit A β  production  [202] . Conversely, a defi cit in muscarinic 

receptors may lead to an increased formation of A ß  and amyloid 
deposition  [143] . Hence, it is probably that cholinergic transmis-
sion infl uences APP metabolism via both muscarinic and nico-
tinic receptors. 
 In contrast to the described AD-preventing benefi ts by reducing 
the accumulation of amyloid plaques, nicotine promotes also the 
development of the neurofi brillary tangles induced in patients 
with AD by aberrant tau phosphorylation  [188] . In transgenic 
mice with a copy of the Swedish mutation of the APP and a 
human tau transgene (tau P301L ) chronic oral administration of 
nicotine led to an increase of aggregation and phosphorylation 
of tau  [115] . 
 Thus, the eff ects of nicotinic stimulation seem not to be only 
protective against onset and progression of AD.   

 Nicotine and Parkinson ’ s disease 
 Both acute and chronic nicotine treatment  in vivo  can protect 
the nigrostriatal system from lesions by the selective neurotoxin 
MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine), meth-
amphetamine, 6-hydroxydopamine (6-OHDA) or rotenone  [26,   6
2,   85,   123,   152,   178] . These agents are commonly used to produce 
experimental parkinsonism. 
 Nicotine has shown a protective, antitoxic eff ect against MPTP 
 [17,   65,   163] . The underlying neuroprotective mechanisms are 
probably due either to an inhibition of apoptosis or an increase 
in the expression of neurotrophic factors  [90,   144] . Chronic infu-
sion of high-dose nicotine seems, however, to increase MPTP-
mediated toxicity  [8,   51,   62] . 
 MPTP is a precursor of  N -methyl-4-phenylpyridine (MPP     +     ). By 
using isolated brain mitochondria, some authors found recently 
that nicotine inhibited MPP     +     - and calcium-induced mitochon-
dria high-amplitude swelling as well as cytochrome C release 
from intact mitochondria. The intra-mitochondria redox state 
was also maintained by nicotine, which could be attributed to an 
attenuation of mitochondria permeability transition. Further 
investigations revealed that nicotine did not prevent MPP     +     - or 
calcium-induced mitochondria membrane potential loss, but 
instead decreased the electron leak at the site of respiratory 
chain complex I. The nicotine-mediated neuroprotective eff ect 
has been suggested to be independent on nAChRs-activation 
 [205] . 
 Nicotine pre-treatment attenuated the methamphetamine-
induced neurodegeneration in wild-type mice, but not  α 4   nAChR 
knockout mice, indicating that  α 4 stimulation may be crucial for 
nicotine-mediated neuroprotection  [125] . 
 Subcutaneous administration of nicotine was also neuroprotec-
tive in rotenone-induced Parkinson ’ s disease models reducing 
dopaminergic neuronal cell loss in the substantia nigra of treated 
mice  [178] . 
 Exposure to pesticides is considered a positive risk factor for Par-
kinson ’ s disease. Nicotine treatment partially protects against 
the pesticide paraquat, which induces declines in nigrostriatal 
dopaminergic neurons via  α 6 β 2   nAChRs  [69] . 
 Nicotinic neuroprotection in Parkinson ’ s disease has been pos-
tulated, moreover, through the prevention of alpha-synuclein 
fi bril formation. The aggregated form of this small presynaptic 
protein, that is abundantly distributed in the brain and whose 
function is unknown, is a pathological hallmark of several neu-
rodegenerative diseases, including Parkinson ’ s disease. Nicotine 
inhibits alpha-synuclein fi brillation and stabilizes soluble oligo-
meric forms  [56] .   
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 Nicotine-induced neuroprotection against 
excitotoxicity, ischemia and mechanical lesions 
 Nicotine is also eff ective in protecting cortical neurons from cell 
death  in vivo  as a result of excitotoxic, ischemic or mechanical 
lesions  [18,   118,   159] . 
 For instance, nicotine and nicotinic agonists decrease glutamate-, 
kainic acid-, NMDA- ( N -methyl- d -aspartate), and quinolinic 
acid-induced neuronal death in cortical and hippocampal neu-
rons in culture  [4,   17,   22,   33,   67,   87,   118,   132,   133,   156,   193] . 
 Nicotine-mediated eff ects against glutamate-induced neurotox-
icity have been found in PC12 cells and are probably due to an 
increased buff ering action on Ca     +        +      and modulation of apoptotic 
processes by inhibiting NO formation  [177,   205] . 
 It has been demonstrated that nicotine given acutely also blocks 
neurotoxicity by kainic acid, a glutamate analogue neurotoxin 
inducing motoric seizures, excessive salivation and whole body 
tremors  [161,   162] . 
 Nicotine also prevents NMDA receptor activation, which is 
involved in the neurotoxic eff ects of kainic acid. 
  In vitro  models of alcohol-induced neurodegeneration have been 
employed to demonstrate neuroprotective actions of icotinic 
agonists. Nicotine might act by stabilizing mitochondrial func-
tion, attenuating cytochrome c release, and reducing apoptotic 
cell death  [79,   180 – 182] . 
 Moreover, nicotine can act directly on the metabolism of toxins 
suppressing, for example, their production or accelerating their 
elimination by involving enzymes like monoamine oxidase 
 [114,   135,   174] . Some studies suggest that nicotine could act 
neuroprotective as an antioxidant due to its free radical chain-
breaking properties and / or preventing the initiation of free radi-
cal generation  [47] , decreasing the levels of reactive oxygen 
species by inhibiting complex I of the electron transport chain 
 [24,   25]  or functioning as a scavenger of hydrogen peroxide and 
blocking the Fenton reaction through binding to Fe     +        +      [80]. 
The scavenging eff ect of nicotine on hydroxyl radicals and super-
oxide free radicals has been found to be higher than that of vita-
min C  [205] . An additional nicotine property is the infl uence of 
the enzymes of cytochrome P450 (CYP) family. Via inducing 
CYP2E1, CYP2B6 or CYP2B1 nicotine could accelerate the catab-
olism of several toxins, thus indirectly acting neuroprotectively 
 [58,   95,   96,   108] . 
 A further series of neuroprotective eff ects of nicotine has been 
detected in neurons after ischemia  [36,   106] . Although one study 
showed increased neuronal loss due to middle cerebral artery 
occlusion following chronic administration of nicotine through 
an osmotic minipump  [195] , nicotinic stimulation protects neu-
rons from apoptosis induced by an acute ischemia. This eff ect 
seems to be mediated in particular by  α 7- and  β 2-subunit con-
taining nAChRs  [36,   54] . Nicotine may also exert a trophic func-
tion in the survival of susceptible neurons during transient 
incidences of hypoxia / ischemia  [142] . 
 Finally, nicotinic agonists can,  in vivo , rescue dopaminergic cell 
bodies the in substantia nigra  [64]  and nerve terminals in the 
striatum  [41]  and nucleus basalis from mechanical lesion, atten-
uates iNOS expression in spinal cord injury acting neuroprotec-
tively  [75] , restore glucose utilization in lesioned areas  [122,   146] , 
counteract lesion-induced dopamine receptor up-regulation 
 [63]  and increase dopamine turnover rate  [94,   105,   164,   172] .   

 nAChRs-dependent and -independent neuroprotection 
 The neurotoxic and neuroprotective eff ects of nicotine and nico-
tinic agonists may be induced independently on stimulation of 

nAChRs or through binding to these receptors. In the latter case, 
activation of nAChRs may lead either directly to a neuroprotec-
tive eff ect or, alternatively, induce release of other neurotrans-
mitters or neurotrophic factors, thus acting indirectly as an 
anti-apoptotic or anti-toxic agent. 
 Nicotine is a lipophilic substance that may enter neurons also 
without interacting with nAChRs. Some authors reported on 
neuroprotective eff ects of nicotine also after nAChRs blockade 
by nicotinic antagonists, thus suggesting that nicotine enters 
cells through the cytoplasmic membrane and directly activates 
intracellular second messenger cascades via nAChRs-independ-
ent signalling pathways  [120] . 
 The most neuroprotective eff ects of nicotinic agents are, how-
ever, mediated by nAChRs. nAChR binding may result either in 
direct entry of calcium in the cell from the extracellular com-
partment or in cell membrane depolarization, the latter leading 
to calcium entry through voltage-gated Ca     +        +      channels or from 
intracellular stores. The activation of nAChRs may also decrease 
the levels and / or the activity of pro-apoptotic factors (e.   g., cas-
pases, jnk-kinase and cytochrome c) and / or enhance the func-
tion of anti-apoptotic agents such as Bcl-2  [129] . The increased 
production of the survival factor Bcl-2 is induced through the  α 7 
nAChR-JAK2 pro-survival cascade and the transcriptional activa-
tion of NF- κ B, AP-1, STAT1, STAT3 and STAT5. The increased pro-
duction of Bcl-2 appears to fully counteract the A ß (1 – 42)-induced 
apoptosis of PC12 cells by blocking A ß (1 – 42)-induced mito-
chondrial release of cytosolic cytochrome c  [88,   173] . 
 Regarding the question as to whether particular nAChRs sub-
types are involved in the nAChRs-mediated neuroprotective 
action of nicotinic agonists, the most studies indicated a central 
role of  α 7-subtypes  [22,   29,   33,   36,   66,   67,   71,   146,   159]  and, in 
some brain areas,  α 4 β 2. In a study investigating the eff ects of 
nicotine against 1-methyl-4-phenylpyridinium-induced toxicity 
in dopaminergic ventral mesencephalic cultures the partial pro-
tective eff ects of nicotine on nigral dopaminergic neurons 
seemed to occur through an interaction at non- α 7-containing 
receptors  [65] .  α 4 β 2-nAChRs seem to play a major role in corti-
cal and striatal regions  [73,   152] , whereas nicotine-induced neu-
roprotection in the hippocampus and spinal cord may be 
mediated rather by the  α 7-subtype  [29,   93] . 
 The role of high affi  nity nAChRs seems to be essential not only in 
neuroprotection from toxic insults but also in normal aging for 
neuronal health. Animal experiments with knock-out mice have 
demonstrated that subjects lacking nAChR subunits (in particu-
lar  β 2) showed neocortical hypotrophy, loss of pyramidal neu-
rons in the CA3 fi eld in the hippocampus, and astro- and 
microgliosis in the neocortex and CA1-3 hippocampal fi elds 
 [20,   131,   202,   207,   208] .   

 Eff ects of nicotine and nicotinic agonists on 
neurotrophic factors and immune response 
 Through activation and release of neurotrophic factors and / or 
augmentation of their signalling as well as through modulation 
of the immune response nicotine may act indirectly as a neuro-
trophic agent. 
 Nicotinic stimulation of  α 4 β 2   nAChRs induces an increased 
release of fi broblast growth factor (FGF-2) in the striatum and 
enhances its concentration in several other brain regions such as 
the neocortex, hippocampus and substantia nigra of rats 
 [9 – 12,   85,   86] . Nicotinic stimulation via local injection of nico-
tine in the hippocampus has been shown to up-regulate NGF 
and its receptor trkB, thus preventing cell death  [40,   138] . NGF, 
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on the other hand, increases the mRNA level of PACAP (pituitary 
adenylate cyclase-activating polypeptide), another neurotrophic 
factor in CNS  [185] . A depletion of nerve growth factor (NGF) 
induces, on the contrary, apoptosis. 
 Recently, attention has been focused on infl ammatory and 
immunological eff ects of nicotine in CNS. 
 Actual results show that nicotine plays a role in the control of 
neuroinfl ammatory reactivity in astrocytes and indicate a con-
nection between a dysfunction of nicotine Ca     +        +      signalling in 
infl ammatory reactive astrocytes and up-regulation of IL-1beta 
and the rearrangements of actin fi laments in the cells  [31] . 
 A recent paper demonstrated that nicotine exposure selectively 
reduces numbers of CD11c(    +    ) dendritic and CD11b(    +    ) infi ltrat-
ing monocytes and resident microglial cells in the CNS and 
down-regulates the expression of MHC class II, CD80 and CD 
86   molecules on these cells. These results underscore the roles of 
nAChRs and nicotinic cholinergic signalling in infl ammatory and 
immune responses  [158] . Infl ammatory and immunological 
pathways are involved in the protective action of nicotine on 
neural cells after intracerebral hemorrhage. Particularly the 
thrombin-induced pathological changes in cortico-striatal slice 
cultures are partially prevented by long-term treatment with 
nicotine. Nicotine acts neuroprotectively as well in reducing 
thrombin-induced neuron loss in the cortical region and tissue 
shrinkage in the striatal region, as well as in suppressing cyto-
toxic properties of activated microglia  [116] .   

 Role of intracellular Ca     +        +      in nicotinic-induced 
neuroprotection 
 Once a nicotinic agonist has bound to an nAChR, a series of intra-
cellular molecular cascades is activated. This leads, as fi nal 
result, to an increase in cytoplasmic calcium levels. This cation 
can enter the cell through the activated nAChRs, which are 
mostly calcium channels (particularly  α 7-subtypes seem to have 
a high calcium conductance)  [101,   137,   191]  or via intracellular 
activation of voltage-gated calcium channels. A third mechanism 
is the nAChRs-induced release of calcium ions from intracellular 
stores (e.   g., endoplasmic reticulum) in the cytosol 
 [29,   93,   140,   175] . In any case, higher intracellular calcium con-
centrations have been measured in many studies after nicotine 
stimulation  [6,   33,   38,   67,   175] . 
 The dynamics of the intracellular calcium concentration seems, 
however, to be more complex. The cited studies present just 
some possibilities as to how intracellular calcium concentration 
can be increased by nicotine. A more complete analysis of the 
whole signalling cascades following nicotinic stimulation also 
considering nicotine ’ s long-term eff ects, is necessary to better 
understand the calcium eff ects in target cells. High calcium lev-
els are neurotoxic and lead to neurons ’  death. Neurons must, 
therefore, prevent excessively high intracellular calcium concen-
trations. The binding of nicotinic agonists to nAChRs causes, at 
least in the hippocampus, only a modest increase of intracellular 
calcium via the mechanisms described above. In order to main-
tain the calcium quantity in the  “ neuroprotective ”  range and 
avoid toxic calcium levels, a series of control mechanisms is in 
parallel activated. For instance, calcium buff ering and expres-
sion of calcium-binding proteins are enhanced and reduce cal-
cium levels in the cytosol. 
 It has been demonstrated that in hippocampal and cerebellar 
neurons nicotine does not regulate calcium entry through the 
classical stimulation of glutamate  [29,   97] , but decreases infl ux 
through L-type calcium channels in cortical neurons  [175]  and 

increases expression of the calcium-binding protein calbindin in 
the hippocampus  [132,   192] . 
 In sum, neurons stimulated with nicotine have, apparently, effi  -
cient regulation mechanisms which ensure optimal intracellular 
calcium levels for neuroprotection. High doses of nicotine may 
overstretch the regulatory possibilities of these systems and 
cause neuronal death. 
 The balance between protective low intracellular calcium con-
centration and toxic eff ects of large calcium signals could explain 
the diff erent eff ects of low and high nicotine doses  [129] .    

 Neuroprotection or Neurotoxicity? 
  &  
 There is evidence that nicotine administration does not result 
always in neuroprotection. There is an amount of variables 
which determine the fi nal (neurotrophic or neurotoxic) molecu-
lar eff ect in the target neurons. One of these factors may be the 
regimen of nicotine administration. It has been suggested that 
continuous treatment with nicotine is more likely to be neuro-
toxic for dopaminergic cells in the substantia nigra, whereas 
chronic intermittent treatment, which is more similar to nico-
tine intake from smoking, is more likely to be neuroprotective 
 [8,   62] . Furthermore, continuous infusion of nicotine has been 
shown to decrease levels of FGF-2 in VTA  [16] , thus acting as a 
cytotoxic agent, whereas chronic intermittent nicotine injection 
increases levels of FGF-2 in the striatum and prevents neuronal 
death  [9,   86] . 
 In addition, the time course and route of administration of nico-
tine, as well as the nAChR subtypes expressed, may be critical in 
determining whether neuroprotection or neurotoxicity will 
occur in a particular cell population after nicotinic stimulation 
 [129] . 
 A still unsolved question is the apparently contradictory involve-
ment of  α 7-nAChRs in nicotine-mediated neuroprotection and, 
at the same time, in excitotoxic cell death (see above). A possible 
interpretation of this fi nding is that  α 7-nAChRs-mediated neu-
ronal eff ects are dose-dependent and follow an inverted U-
shaped dose-response curve, with higher doses of nicotine 
resulting in either no eff ect or neurotoxicity and lower concen-
trations causing protection against cell loss  [130] . 
 Another unclear aspect is the neuroprotective action of nAChR 
antagonists. Although this matter has received little attention, 
numerous studies have shown that NMDA receptor blockers, 
such as MK-801, are neuroprotective against a wide variety of 
neurotoxic insults. Furthermore, the nAChR antagonist methyl-
lycaconatine (a selective  α 7 blocker) shows neuroprotective 
properties in neonatal neurotoxicity  [52,   73] .   

 Final Considerations about Neuroprotective and 
Neurotoxic Eff ects of Nicotine 
  &  
 In the past 15 years the attention to the action and the roles of 
nicotine in CNS has constantly grown. Beyond the comprehen-
sion of the general physiology of cholinergic transmission and 
nAChRs in the brain, the interest has focused more and more on 
neuroprotection and neurotoxicity induced by nicotine with the 
aim to better understand the physiopathology of neurodegen-
erative diseases and develop new therapeutic approaches to AD 
and PD. Many studies have been conducted to date and some 
principles of the mechanisms underlying nicotinic neuroprotec-
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tion and neurotoxicity are by now quite well known. In general, 
exposure to nicotine during neurodevelopment induces toxic, 
detrimental eff ects while nicotinic stimulation of developed 
neurons acts neurotrophic, anti-apoptotic, and cytoprotective. 
High doses of nicotine are, however, either ineff ective or toxic 
also in adult neurons. Several experiments show nicotine-medi-
ated protection with pre-exposure, rather than co-exposure or 
treatment after the toxic insult. This suggests that nicotine expo-
sure may induce transcription of target molecules (potentially 
these could be calcium binding proteins, trophic factors, or their 
receptors), or alters the biochemical machinery of the target cell 
(potentially through phosphorylation of anti-apoptotic mole-
cules or alteration of other signalling cascades). In the hippo -
campus and cerebellum, nicotine does not aff ect calcium entry 
into neurons, although this may not be the case in other cell 
types. However, the neuroprotective eff ect of nicotine is cal-
cium-dependent also in these areas, suggesting that calcium 
entry is important for downstream signalling events mediated 
by nicotine. The most neuroprotective eff ects have been shown 
to be dependent on the  α 7 and / or  α 4 /  β 2   nAChRs, although other 
receptors subunits may also play a minor role in particular brain 
areas. Some nAChRs (in particular  α 7) seem to have, according to 
the circumstances, neuroprotective as well as neurotoxical 
eff ects. The most actual studies about nicotinic action mecha-
nisms in CNS postulate a central role of the mitochondrial oxida-
tive metabolism and intracellular Ca     +        +      in nicotine-induced 
neuroprotection and neurotoxicity. A new approach to nicotinic 
action in CNS considers the involvement of cholinergic trans-
mission in neuroinfl ammatory and immunological mecha-
nisms. 
 In contrast with the important knowledge already acquired, 
many questions are still unsolved. For instance, the role of 
 α 7   nAChRs stimulation both in neuroprotection and neurotoxi-
city and the eff ects of nAChR antagonists remain unclear. 
 Because of the importance of nicotine in the pathophysiology of 
neurodegenerative diseases and the growing incidence of these 
disorders due to the increasing average age in industrialized 
countries it seems important to intensify research in the fi eld of 
nicotine-induced neuroprotection and neurotoxicity.   

 Acknowledgements 
  &  
 This work has been conducted as an integrated part of the 
National Priority Program SPP1226 of the German Research 
Foundation (Deutsche Forschungsgemeinschaft, DFG):  “ Nico-
tine: Physiological and molecular mechanisms in CNS ” .  http://
www.nicotine-research.com .       

   References  
  1     Abreu-Villa ç a     Y   ,    Seidler     FJ   ,    Slotkin     TA    .   Does prenatal nicotine exposure 

sensitize the brain to nicotine-induced neurotoxicity in adolescence?   
  Neuropsychopharmacology     2004  ;   29  :   1440   –   1450    

  2     Abreu-Villa ç a     Y   ,    Seidler     FJ   ,    Tate     CA       et   al  .   Prenatal nicotine exposure 
alters the response to nicotine administration in adolescence: eff ects 
on cholinergic systems during exposure and withdrawal  .   Neuropsy-
chopharmacology     2004  ;   29  :   879   –   890    

   3     Abrous     DN   ,    Adriani     W   ,    Montaron     M-F       et   al  .   Nicotine self-administra-
tion impairs hippocampal plasticity  .   J Neurosci     2002  ;   22  :   3656   –   3662    

  4     Akaike     A   ,    Tamura     Y   ,    Yokota     T       et   al  .   Nicotine-induced protection of 
cultured cortical neurons against N-methyl- d -aspartate receptor-
mediated glutamate cytotoxicity  .   Brain Res     1994  ;   644  :   181   –   187    

   5     Araujo     DM   ,    Lapchak     PA   ,    Meaney     MJ       et   al  .   Eff ects of aging on nicotinic 
and muscarinic autoreceptor function in the rat brain: relationship 
to presynaptic cholinergic markers and binding sites  .   J Neurosci   
  1990  ;   10  :   3069   –   3078    

  6     Arias     E   ,    Ales     E   ,    Gabilan     NH       et   al  .   Galantamine prevents apoptosis 
induced by beta-amyloid and thapsigargin: involvement of nicotinic 
acetylcholine receptors  .   Neuropharmacology     2004  ;   46  :   103   –   114    

  7     Aubert     I   ,    Araujo     DM   ,    C é cyre     D       et   al  .   Comparative alteration of nico-
tinic and muscarinic binding sites in Alzheimer’s and Parkinson’s 
diseases  .   J Neurochem     1992  ;   58  :   529   –   541    

  8     Behmand     RA   ,    Harik     SI    .   Nicotine enhances 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine neurotoxicity  .   J Neurochem     1992  ;   58  :   776   –   779    

  9     Belluardo     N   ,    Blum     M   ,    Mud ò      G       et   al  .   Acute intermittent nicotine treat-
ment produces regional increases of basic fi broblast growth factor 
messenger RNA and protein in the tel- and diencephalons of the rat  . 
  Neuroscience     1998  ;   83  :   723   –   740    

  10     Belluardo     N   ,    Mud ò      G   ,    Blum     M       et   al  .   The nicotinic acetylcholine recep-
tor agonist (    ±    )-epibatidine increases FGF-2 mRNA and protein levels 
in the rat brain  .   Mol Brain Res     1999  ;   74  :   98   –   110    

  11     Belluardo     N   ,    Mud ò      G   ,    Blum     M       et   al  .   Nicotine-induced FGF-2 mRNA in 
rat brain is preserved during aging  .   Neurobiol Aging     2004  ;   25  :   1333   –
   1342    

  12     Belluardo     N   ,    Mud ò      G   ,    Caniglia     G       et   al  .   The nicotinic acetylcholine 
receptor agonist ABT-594 increases FGF-2 expression in various rat 
brain regions  .   NeuroReport     1999  ;   10  :   3909   –   3913    

    13     Berger     F   ,    Gage     FH   ,    Vijayaraghavan     S    .   Nicotinic receptor-induced 
apoptotic cell death of hippocampal progenitor cells  .   J Neurosci   
  1998  ;   18  :   6871   –   6881    

  14     Berner     J   ,    Ringstedt     T   ,    Brodin     E       et   al  .   Prenatal exposure to nicotine 
aff ects substance p and preprotachykinin-A mRNA levels in newborn 
rat  .   Pediatr Res     2008  ;   64  :   621   –   624    

  15     Birtsch     C   ,    Wevers     A   ,    Traber     J       et   al  .   Expression of alpha 4-1 and alpha 
5 nicotinic cholinoceptor mRNA in the aging rat cerebral cortex  . 
  Neurobiol Aging     1997  ;   18  :   335   –   342    

   16     Blum     M   ,    Wu     G   ,    Mud ò      G       et   al  .   Chronic continuous infusion of (    −    )-
nicotine reduces basic fi broblast growth factor messenger RNA lev-
els in the ventral midbrain of the intact but not of the 
6-hydroxydopamine-lesioned rat  .   Neuroscience     1996  ;   70  :   169   –   177    

  17     Bordia     T   ,    Parameswaran     N   ,    Fan     H       et   al  .   Partial recovery of striatal 
nicotinic receptors in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP)-lesioned monkeys with chronic oral nicotine  .   J Pharmacol 
Exp Ther     2006  ;   319  :   285   –   292    

  18     Borlongan     CV   ,    Shytle     RD   ,    Ross     SD       et   al  .   Nicotine protects against sys-
temic kainic acid-induced excitotoxic eff ects  .   Exp Neurol     1995  ;   136  : 
  261   –   265    

  19     Broide     RS   ,    Leslie     FM    .   The alpha7 nicotinic acetylcholine receptor in 
neuronal plasticity  .   Mol Neurobiol     1999  ;   20  :   1   –   16    

  20     Caldarone     BJ   ,    Duman     CH   ,    Picciotto     MR    .   Fear conditioning and latent 
inhibition in mice lacking the high-affi  nity subclass of nicotinic ace-
tylcholine receptors in the brain  .   Neuropharmacology     2000  ;   39  : 
  2779   –   2784    

   21     Carlson     J   ,    Noguchi     K   ,    Ellison     G    .   Nicotine produces selective degen-
eration in the medial habenula and fasciculus retrofl exus  .   Brain Res   
  2001  ;   906  :   127   –   134    

  22     Carlson     NG   ,    Bacchi     A   ,    Rogers     SW       et   al  .   Nicotine blocks TNF-alpha-
mediated neuroprotection to NMDA by an alpha-bungarotoxin-sen-
sitive pathway  .   J Neurobiol     1998  ;   35  :   29   –   36    

  23     Chen     WJ   ,    King     KA   ,    Lee     RE       et   al  .   Eff ects of nicotine exposure during 
prenatal or perinatal period on cell numbers in adult rat hippocam-
pus and cerebellum: A stereology study  .   Life Sci     2006  ;   79  :   2221   –   2227    

  24     Cormier     A   ,    Morin     C   ,    Zini     R       et   al  .   In vitro eff ects of nicotine on mito-
chondrial respiration and superoxide anion generation  .   Brain Res   
  2001  ;   900  :   72   –   79    

  25     Cormier     A   ,    Morin     C   ,    Zini     R       et   al  .   Nicotine protects rat brain mitochon-
dria against experimental injuries  .   Neuropharm     2003  ;   44  :   642   –   652    

  26     Costa     G   ,    Abin-Carriquiry     JA   ,    Dajas     F    .   Nicotine prevents striatal 
dopamine loss produced by 6-hydroxydopamine lesion in the sub-
stantia nigra  .   Brain Res     2001  ;   888  :   336   –   342    

   27     Court     JA   ,    Johnson     M   ,    Religa     D       et   al  .   Attenuation of A ß  deposition in 
the entorhinal cortex of normal elderly individuals associated with 
tobacco smoking  .   Neuropathol Applied Neurobiol     2005  ;   31  :   522   –   535    

    28     Court     JA   ,    Lloyd     S   ,    Johnson     M       et   al  .   Nicotinic and muscarinic cholin-
ergic receptor binding in the human hippocampal formation during 
development and aging  .   Dev Brain Res     1997  ;   101  :   93   –   105    

  29     Dajas-Bailador     FA   ,    Lima     PA   ,    Wonnacott     S    .   The alpha7 nicotinic ace-
tylcholine receptor subtype mediates nicotine protection against 
NMDA excitotoxicity in primary hippocampal cultures through a 
Ca ++  dependent mechanism  .   Neuropharmacology     2000  ;   39  :   2799   –
   2807    

D
ow

nl
oa

de
d 

by
: N

at
io

na
l L

ib
ra

ry
 o

f M
ed

ic
in

e.
 C

op
yr

ig
ht

ed
 m

at
er

ia
l.



Review262

 Ferrea S, Winterer G. Neuroprotective and Neurotoxic Eff ects    …    Pharmacopsychiatry 2009;   42: 255 – 265 

   30     Decker     MW    .   The eff ects of aging on hippocampal and cortical projec-
tions of the forebrain cholinergic system  .   Brain Res     1987  ;   434  : 
  423   –   438    

   31     Delbro     D   ,    Westerlund     A   ,    Bj ö rklund     U       et   al  .   In infl ammatory reactive 
astrocytes co-cultured with brain endothelial cells nicotine-evoked 
Ca(2+) transients are attenuated due to interleukin-1beta release 
and rearrangement of actin fi laments  .   Neuroscience     2009  ,   Ahead of 
print.    

   32     Dineley     KT   ,    Westerman     M   ,    Bui     D       et   al  .   Beta-amyloid activates the 
mitogen-activated protein kinase cascade via hippocampal alpha7 
nicotinic acetylcholine receptors: In vitro and in vivo mechanisms 
related to Alzheimer’s disease  .   J Neurosci     2001  ;   21  :   4125   –   4133    

  33     Donnelly-Roberts     DL   ,    Xue     IC   ,    Arneric     SP       et   al  .   In vitro neuroprotective 
properties of the novel cholinergic channel activator (ChCA), ABT-
418  .   Brain Res     1996  ;   719  :   36   –   44    

  34     Duncan     JR   ,    Randall     LL   ,    Belliveau     RA       et   al  .   The eff ect of maternal smok-
ing an drinking during pregnancy upon (3)H-nicotine receptor 
brainstem binding in infants dying of the sudden infant death syn-
drome: initial observations in a high risk population  .   Brain Pathol   
  2008  ;   18  :   21   –   31    

  35     Dwyer     JB   ,    Broide     RS   ,    Leslie     FM    .   Nicotine and brain development  .   Birt 
Defects Res C Embryo Today     2008  ;   84  :   30   –   44    

  36     Egea     J   ,    Rosa     AO   ,    Sobrado     M       et   al  .   Neuroprotection aff orded by nicotine 
against oxygen and glucose deprivation in hippocampal slices is lost 
in alpha7 nicotinic receptor knockout mice  .   Neuroscience     2007  ;   145  : 
  866   –   872    

  37     Eugen í n     J   ,    Ot á rola     M   ,    Bravo     E       et   al  .   Prenatal to early postnatal nicotine 
exposure impairs central chemoreception and modifi es breathing 
pattern in mouse neonates: a probable link to sudden infant death 
syndrome  .   J Neurosci     2008  ;   28  :   13907   –   13917    

  38     Ferchmin     PA   ,    Hao     J   ,    Perez     D       et   al  .   Tobacco cembranoids protect the 
function of acute hippocampal slices against NMDA by a mechanism 
mediated by alpha4beta2 nicotinic receptors  .   J Neurosci Res     2005  ; 
  82  :   631   –   641    

  39     Ferrari     R   ,    Frasoldati     A   ,    Leo     G       et   al  .   Changes in nicotinic acetylcholine 
receptor subunit mRNAs and nicotinic binding in spontaneously 
hypertensive stroke prone rats  .   Neurosci Lett     1999  ;   277  :   169   –   172    

  40     French     SJ   ,    Humby     T   ,    Horner     CH       et   al  .   Hippocampal neurotrophin and 
trk receptor mRNA levels are altered by local administration of 
nicotine, carbachol, and pilocarpine  .   Mol Brain Res     1999  ;   67  :   124   –
   136    

   41     Fuxe     K   ,    Janson     AM   ,    Jansson     A       et   al  .   Chronic nicotine treatment 
increases dopamine levels and reduces dopamine utilization in sub-
stantia nigra and in surviving forebrain dopamine nerve terminal 
system after a partial di-mesencephalic hemitransection  .   Naunyn-
Schm Arch Pharmacol     1990  ;   341  :   171   –   181    

   42     Gahring     LC   ,    Persiyanov     K   ,    Rogers     SW    .   Mouse strain-specifi c changes 
in nicotinic receptor expression with age  .   Neurobiol Aging     2005  ;   26  : 
  973   –   980    

   43     Gallinat     J   ,    Schubert     F    .   Regional cerebral glutamate concentrations and 
chronic tobacco consumption  .   Pharmacopsychiatry     2007  ;   40  :   64   –
   67    

   44     Gioanni     Y   ,    Rougeot     C   ,    Clarke     PBS       et   al  .   Nicotinic receptors in the rat 
prefrontal cortex: increase in glutamate release and facilitation of 
mediodorsal thalamo-cortical transmission  .   Eur J Neurosci     1999  ;   11  : 
  18   –   30    

  45     Gotti     C   ,    Fornasari     D   ,    Clementi     F    .   Human neuronal nicotinic receptors  . 
  Prog Neurobiol     1997  ;   53  :   199   –   237    

   46     Guan     ZZ   ,    Miao     H   ,    Tian     JY       et   al  .   Suppressed expression of nicotinic 
acetylcholine receptors by nanomolar beta-amyloid peptides in PC12 
cells  .   J Neural Trans     2001  ;   108  :   1417   –   1433    

   47     Guan     ZZ   ,    Yu     WF   ,    Nordberg     A    .   Dual eff ects of nicotine on oxidative 
stress and neuroprotection in PC12 cells  .   Neurochem Int     2003  ;   43  : 
  243   –   249    

    48     Guan     ZZ   ,    Zhang     X   ,    Ravid     R       et   al  .   Decreased protein levels of nicotinic 
receptor subunits in the hippocampus and temporal cortex of 
patients with Alzheimer’s disease  .   J Neurochem     2000  ;   74  :   237   –   243    

  49     Gunes     T   ,    Koklu     E   ,    Gunes     I       et   al  .   Infl uence of maternal nicotine expo-
sure on neonatal rat oxidant-antioxidant system and eff ect of ascor-
bic acid supplementation  .   Hum Exp Toxicol     2008  ;   27  :   781   –   786    

   50     Gutala     R   ,    Wang     J   ,    Hwang     YY       et   al  .   Nicotine modulates expression of 
amyloid precursor protein and amyloid precursor-like protein 2 in 
mouse brain and in SH-SY5Y neuroblastoma cells  .   Brain Res     2006  ; 
  1093  :   12   –   19    

  51     Hadjiconstantinou     M   ,    Hubble     JP   ,    Wemlinger     TA       et   al  .   Enhanced MPTP 
neurotoxicity after treatment with isofl urophate or cholinergic ago-
nists  .   J Pharmacol Exp Therap     1994  ;   270  :   639   –   644    

  52     Heading     CE    .   Conus peptides and neuroprotection  .   Curr Opin Invest 
Drugs     2002  ;   3  :   915   –   920    

  53     Heath     CJ   ,    Picciotto     MR    .   Nicotine-induced plasticity during develop-
ment: modulation of the cholinergic system and long-term conse-
quences for circuits involved in attention and sensory processing  . 
  Neuropharmacology     2009  ;   56     (Suppl 1)  :   254   –   262    

  54     Hejmadi     MV   ,    Bailador     F   ,    Barns     SM       et   al  .   Neuroprotection by nicotine 
against hypoxia-induced apoptosis in cortical cultures involves acti-
vation of multiple nicotinic acetylcholine receptor subtypes  .   Mol Cell 
Neurosci     2003  ;   24  :   779   –   786    

  55     Hellstr ö m-Lindahl     E   ,    Court     JA    .   Nicotinic acetylcholine receptors dur-
ing prenatal development and brain pathology in human aging  . 
  Behav Brain Res     2000  ;   113  :   159   –   168    

   56     Hong     DP   ,    Fink     AL   ,    Uversky     VN    .   Smoking and Parkinson’s disease: Does 
nicotine aff ect alpha-synuclein fi brillation?     Biochim Biophys Acta   
  2009  ;   1794  :   282   –   290    

  57     Hory-Lee     F   ,    Frank     E    .   The nicotinic blocking agents d-tubocurare and 
alpha-bungarotoxin save motoneurons from naturally occurring 
death in the absence of neuromuscular blockade  .   J Neurosci     1995  ; 
  15  :   6453   –   6460    

  58     Howard     LA   ,    Ahliwalia     JS   ,    Lin     SK       et   al  .   Brain CYP2E1 is induced by 
nicotine and ethanol in rat and is higher in smokers and alcoholics  . 
  Br J Pharmacol     2003  ;   138  :   1376   –   1386    

  59     Huang     LZ   ,    Abbott     LC   ,    Winzer-Serhan     UH    .   Eff ects of chronic neonatal 
nicotine exposure on nicotinic acetylcholine receptor binding, cell 
death and morphology inn hippocampus and cerebellum  .   Neuro-
science     2007  ;   146  :   1854   –   1868    

  60     Huang     LZ   ,    Winzer-Serhan     UH    .   Nicotine regulates mRNA expression 
of feeding peptides in the arcuate nucleus in neonatal pups  .   Dev 
Neurobiol     2007  ;   67  :   363   –   377    

  61     Jacobsen     LK   ,    Krystal     JH   ,    Menci     WE       et   al  .   Eff ects of smoking and smok-
ing abstinence on cognition in adolescent tobacco smokers  .   Biol 
Psychiatry     2005  ;   57  :   56   –   66    

  62     Janson     AM   ,    Fuxe     K   ,    Goldstein     M    .   Diff erential eff ects of acute and 
chronic nicotine treatment on MPTP-(1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine) induced degeneration of nigrostriatal dopamine 
neurons in the black mouse  .   Clin Invest     1992  ;   70  :   232   –   238    

   63     Janson     AM   ,    Hedlund     PB   ,    Fuxe     K       et   al  .   Chronic nicotine treatment 
counteracts dopamine D2 receptor upregulation induced by a partial 
meso-diencephalic hemitransection in the rat  .   Brain Res     1994  ;   655  : 
  25   –   32    

   64     Janson     AM   ,    Moller     A    .   Chronic nicotine treatment counteracts nigral 
cell loss induced by a partial mesodiencephalic hemitransection: an 
analysis of the total number and mean volume of neurons and glia 
in substantia nigra of the male rat  .   Neuroscience     1993  ;   57  :   931   –   941    

   65     Jeyarasasingam     G   ,    Tompkins     L   ,    Quik     M    .   Stimulation of non-alpha 7 
nicotinic receptors partially protects dopaminergic neurons from 1-
methyl-4-phenylpyridinium-induced toxicity in culture  .   Neuro-
science     2002  ;   109  :   275   –   285    

  66     Jonnala     RR   ,    Buccafusco     JJ    .   Relationship between the increased cell 
surface alpha7 nicotinic receptor expression and neuroprotection 
induced by several nicotinic receptor agonists  .   J Neurosci Res     2001  ; 
  66  :   565   –   572    

  67     Kaneko     S   ,    Maeda     T   ,    Kume     T       et   al  .   Nicotine protects cultured cortical 
neurons against glutamate-induced cytotoxicity via alpha7-neuro-
nal receptors and neuronal  .   CNS receptors     1997  ;   765  :   135   –   140    

  68     Kasa     P   ,    Rakonczay     Z   ,    Gulya     K    .   The cholinergic system in Alzheimer’s 
disease  .   Prog Neurobiol     1997  ;   52  :   511   –   535    

   69     Khwaja     M   ,    McCormack     A   ,    McIntosh     JM       et   al  .   Nicotine partially pro-
tects against paraquat-induced nigrostriatal damage in mice; link to 
alpha6beta2* nAChRs  .   J Neurochem     2007  ;   100  :   180   –   190    

   70     Kihara     T   ,    Shimohama     S   ,    Sawada     H       et   al  .   Alpha 7 nicotinic receptors 
transduces signals to phosphatidylinositol 3-kinase to block A ß -
amyloid-induced neurotoxicity  .   J Biol Chem     2001  ;   276  :   13541   –   13546    

  71     Kihara     T   ,    Shimohama     S   ,    Sawada     H       et   al  .   Nicotinic receptor stimula-
tion protects neurons against beta-amyloid toxicity  .   Ann Neurol   
  1997  ;   42  :   159   –   163    

  72     Kihara     T   ,    Shimohama     S   ,    Urushitani     M       et   al  .   Stimulation of alpha-4-
beta-2 nicotinic acetylcholine receptors inhibits beta-amyloid toxic-
ity  .   Brain Res     1998  ;   792  :   331   –   334    

  73     Laudenbach     V   ,    Medja     F   ,    Zoli     M       et   al  .   Selective activation of central 
subtypes of the nicotinic acetylcholine receptor has opposite eff ects 
on neonatal excitotoxic brain injuries  .   FASEB J     2002  ;   16  :   423   –   425    

  74     Lavezzi     AM   ,    Mauri     M   ,    Mecchia     D       et   al  .   Developmental alterations of 
the prefrontal cerebral cortex in sudden unexplained perinatal and 
infant deaths  .   J Perinat Med     2009  ,   Ahead of print    

D
ow

nl
oa

de
d 

by
: N

at
io

na
l L

ib
ra

ry
 o

f M
ed

ic
in

e.
 C

op
yr

ig
ht

ed
 m

at
er

ia
l.



Review 263

 Ferrea S, Winterer G. Neuroprotective and Neurotoxic Eff ects    …    Pharmacopsychiatry 2009;   42: 255 – 265 

   75     Lee     MY   ,    Chen     L   ,    Toborek     M    .   Nicotine attenuates iNOS expression and 
contributes to neuroprotection in a compressive model of spinal cord 
injury  .   J Neurosci Res     2008  ;   87  :   937   –   947    

  76     Levin     ED    .   Nicotinic receptor subtypes and cognitive function  .   J Neu-
robiol     2002  ;   53  :   633   –   640    

  77     Levin     ED   ,    Slotkin     TA    .   Developmental neurotoxicity of nicotine     In: 
Slikker W Jr, Chang LW, editors     Handbook of developmental neuro-
toxicology  .   San Diego: Academic press  ;   1998  ;   p587   –   615    

   78     Li     MD   ,    Kane     JK   ,    Matta     SG       et   al  .   Nicotine enhances the biosynthesis 
and secretion of transthyretin from the choroid plexus in rats: impli-
cations for beta-amyloid formation  .   J Neurosci     2000  ;   20  :   1318   –   1323    

  79     Li     Y   ,    Meyer     EM   ,    Walker     DW       et   al  .   Alpha7 nicotinic receptor activation 
inhibits ethanol-induced mitochondrial dysfunction, cytochrome c 
release and neurotoxicity in primary rat hippocampal neuronal cul-
tures  .   J Neurochem     2002  ;   81  :   853   –   858    

  80     Linert     W   ,    Herlinger     E   ,    Jameson     RF       et   al  .   Dopamine, 6-hydroxy-
dopamine, iron, and dioxygen  –  their mutual interactions and pos-
sible implication in the development of Parkinson’s disease  .   Biochim 
Biophys Acta     1996  ;   1316  :   160   –   168    

  81     Liu     Q   ,    Kawai     H   ,    Berg     DK    .   Beta-amyloid peptide blocks the response 
of alpha 7-containing nicotinic receptors on hippocampal neurons  . 
  Proc Natl Acad Sci USA     2001  ;   98  :   4734   –   4739    

  82     Liu     Q   ,    Zhang     J   ,    Zhu     H       et   al  .   Dissecting the signalling pathway of 
nicotine-mediated neuroprotection in a mouse Alzheimer disease 
model  .   FASEB J     2007  ;   21  :   61   –   73    

  83     Liu     Q   ,    Zhao     B    .   Nicotine attenuates beta-amyloid peptide-induced 
neurotoxicity, free radical and calcium accumulation in hippocampal 
neuronal cultures  .   Br J Pharmacol     2004  ;   141  :   746   –   754    

  84     Machaalani     R   ,    Waters     KA   ,    Tinworth     KD    .   Eff ects of postnatal nicotine 
exposure on apoptotic markers in the developing piglet brain  .   Neu-
roscience     2005  ;   132  :   325   –   333    

  85     Maggio     R   ,    Riva     M   ,    Vaglini     F       et   al  .   Nicotine prevents experimental 
parkinsonism in rodents and induces striatal increase of neuro-
trophic factors  .   J Neurochem     1998  ;   71  :   2439   –   2446    

  86     Maggio     R   ,    Riva     M   ,    Vaglini     F       et   al  .   Striatal increase of neurotrophic 
factors as a mechanism of nicotine protection in experimental par-
kinsonism  .   J Neural Transm     1997  ;   104  :   1113   –   1123    

  87     Marin     P   ,    Maus     M   ,    Desagher     S       et   al  .   Nicotine protects cultured striatal 
neurons against N-methyl-D-aspartate receptor-mediated neurotox-
icity  .   NeuroReport     1994  ;   5  :   1977   –   1980    

  88     Marrero     MB   ,    Bencherif     M    .   Convergence of alpha 7 nicotinic acetyl-
choline receptor-activated pathways for anti-apoptosis and anti-
infl ammation: central role for JAK2 activation of STAT3 and 
NF-kappaB  .   Brain Res     2009  ;   1256  :   1   –   7    

  89     Marutle     A   ,    Warpman     U   ,    Bogdanovic     N       et   al  .   Regional distribution of 
subtypes of nicotinic receptors in human brain and eff ect of aging 
studied by (    ±    )-[ 3 H]epibatidine  .   Brain Res     1998  ;   801  :   143   –   149    

  90     Matarredona     ER   ,    Santiago     M   ,    Venero     JL       et   al  .   Group II metabotropic 
glutamate receptor activation protects striatal dopaminergic nerve 
terminals against MPP+-induced neurotoxicity along with brain-
derived neurotrophic factor induction  .   J Neurochem     2001  ;   76  :   351   –
   360    

   91     Maurice     T   ,    Lockhart     BP   ,    Privat     A    .   Amnesia induced in mice by cen-
trally administered beta-amyloid peptides involves cholinergic dys-
function  .   Brain Res     1996  ;   706  :   181   –   193    

  92     McFarland     BJ   ,    Seidler     FJ   ,    Slotkin     TA    .   Inhibition of DNA synthesis in 
neonatal rat brain regions caused by acute nicotine administration  . 
  Brain Res Dev Brain Res     1991  ;   58  :   223   –   229    

  93     Messi     ML   ,    Renganathan     M   ,    Grigorenko     E       et   al  .   Activation of alpha7 
nicotinic acetylcholine receptor promotes survival of spinal cord 
motoneurons  .   FEBS Lett     1997  ;   411  :   32   –   38    

  94     Meyer     EM   ,    King     MA   ,    Meyers     C    .   Neuroprotective eff ects of 2,4-dimeth-
oxybenzylidene anabaseine (DMXB) and tetrahydroaminoacridine 
(THA) in neocortices of nucleus basalis lesions rats  .   Brain Res     1998  ; 
  786  :   252   –   254    

  95     Miksys     S   ,    Hoff mann     E   ,    Tyndale     RF    .   Regional and cellular induction of 
nicotine metabolizing CYP2B1 in rat brain by chronic nicotine treat-
ment  .   Biochem Pharmacol     2000  ;   59  :   1501   –   1511    

  96     Miksys     S   ,    Tyndale     RF    .   Nicotine induces brain CYP enzymes: relevance 
to Parkinson’s disease  .   J Neural Transm Suppl     2006  ;   70  :   177   –   180    

  97     Minana     MD   ,    Montoliu     C   ,    Llansola     M       et   al  .   Nicotine prevents gluta-
mate-induced proteolysis of the microtubule-associated protein 
MAP-2 and glutamate neurotoxicity in primary cultures of cerebel-
lar neurons  .   Neuropharmacology     1998  ;   37  :   847   –   857    

   98     Mobascher     A   ,    Winterer     G    .   The molecular and cellular neurobiology 
of nicotine abuse in schizophrenia  .   Pharmacopsychiatry     2008  ;   41   
  (Suppl)  :   S51   –   S59    

   99     Mousavi     M   ,    Hellstr ö m-Lindahl     E    .   Nicotinic receptor agonists and 
antagonists increase sAPPalpha secretion and decrease A ß  levels in 
vitro  .   Neurochem Int     2008  ,   Ahead of print    

   100     Mud ò      G   ,    Belluardo     N   ,    Fuxe     K    .   Nicotinic receptor agonists as neuro-
protective/neurotrophic drugs. Progress in molecular mechanisms  . 
  J Neural Transm     2007  ;   114  :   135   –   147    

  101     Mulle     C   ,    Choquet     D   ,    Korn     H       et   al  .   Calcium infl ux through nicotinic 
receptor in rat central neurons  –  its relevance to cellular regulation  . 
  Neuron     1992  ;   8  :   135   –   143    

  102     Muneoka     K   ,    Nakatsu     T   ,    Fuji     J       et   al  .   Prenatal administration of nicotine 
results in dopaminergic alterations in the neocortex  .   Neurotoxicol 
Teratol     1999  ;   21  :   603   –   609    

   103     Muneoka     K   ,    Ogawa     T   ,    Kamei     K       et   al  .   Prenatal nicotine exposure 
aff ects the development of the central serotonergic system as well 
as the dopaminergic system in rat off spring: involvement of route 
of drug administration  .   Brain Res Dev Brain Res     1997  ;   102  :   117   –   126    

   104     Nagele     RG   ,    D ’ Andrea     MR   ,    Anderson     WJ       et   al  .   Intracellular accumula-
tion of beta-amyloid (1 – 42) in neurons is facilitated by the alpha7 
nicotinic acetylcholine receptor in Alzheimer’s disease  .   Neuroscience   
  2002  ;   110  :   199   –   211    

  105     Nanri     M   ,    Kasahara     N   ,    Yamamoto     J       et   al  .   GTS-21, a nicotinic agonist, 
protects against neocortical neuronal cell loss induced by the nucleus 
basalis magnocellularis lesion in rats  .   Jpn J Pharmacol     1997  ;   74  : 
  285   –   289    

  106     Nanri     M   ,    Miyake     H   ,    Murakami     Y       et   al  .   GTS-21, a nicotinic agonist, 
attenuates multiple infarctions and cognitive defi cit caused by per-
manent occlusion of bilateral common carotid arteries in rats  .   Jpn 
J Pharmacol     1998  ;   78  :   463   –   469    

   107     Navarro     HA   ,    Seidler     FJ   ,    Schwartz     RD       et   al  .   Prenatal exposure to nico-
tine impairs nervous system development at a dose which does not 
aff ect viability of growth  .   Brain Res Bull     1989  ;   23  :   187   –   192    

  108     Newman     MB   ,    Arendash     GW   ,    Shytle     RD       et   al  .   Nicotine’s oxidative and 
antioxidant properties in CNS  .   Life Sci     2002  ;   71  :   2807   –   2820    

  109     Nordberg     A    .   Neuroreceptor changes in Alzheimer disease  .   Cerebro-
vasc Brain Metab Rev     1992  ;   4  :   303   –   328    

   110     Nordberg     A   ,    Hellstr ö m-Lindahl     E   ,    Lee     M       et   al  .   Chronic nicotine treat-
ment reduces beta-amyloidosis in the brain of a mouse model of 
Alzheimer’s disease (APPsw)  .   J Neurochem     2002  ;   81  :   655   –   658    

  111     Nordberg     A   ,    Lilja     A   ,    Lundqvist     H       et   al  .   Tacrine restores cholinergic 
nicotinic receptors and glucose metabolism in Alzheimer patients as 
visualized by Positron Emission Tomography  .   Neurobiol Aging     1992  ; 
  13  :   747   –   758    

  112     Nordberg     A   ,    Lundqvist     H   ,    Hartvig     P       et   al  .   Imaging of nicotinic and 
muscarinic receptors in Alzheimer’s disease: eff ect of tacrine treat-
ment  .   Dement Geriatr Cogn Disord     1997  ;   8  :   78   –   84    

   113     Nordberg     A   ,    Zhang     XA   ,    Fredriksson     A    .   Neonatal nicotine exposure 
induces permanent changes in brain nicotinic receptors and behav-
iour in adult mice  .   Brain Res Dev Brain Res     1991  ;   63  :   201   –   207    

  114     Obata     T   ,    Aomine     M   ,    Inada     T       et   al  .   Nicotine suppresses 1-methyl-4-
phenylpyridinium ion-induced hydroxyl radical generation in rat 
striatum  .   Neurosci Lett     2002  ;   330  :   122   –   124    

   115     Oddo     S   ,    Caccamo     A   ,    Green     KN       et   al  .   Chronic nicotine administration 
exacerbates tau pathology in a transgenic model of Alzheimer’s dis-
ease  .   Proc Natl Acad Sci USA     2005  ;   102  :   3046   –   3051    

   116     Ohnishi     M   ,    Katsuki     H   ,    Takagi     M       et   al  .   Long-term treatment with 
nicotine suppresses neurotoxicity of, and microglial activation by, 
thrombin in cortico-striatal slice cultures  .   Eur J Pharmacol     2009  ; 
  602  :   288   –   293    

  117     Okamoto     M   ,    Kita     T   ,    Okuda     H       et   al  .   Eff ects of aging on acute toxicity 
of nicotine in rats  .   Pharmacol Toxicol     1994  ;   75  :   1   –   6    

  118     O ’ Neill     AB   ,    Morgan     SJ   ,    Brioni     JD    .   Histological and behavioural protec-
tion by (    −    )-nicotine against quinolinic acid-induced neurodegenera-
tion in the hippocampus  .   Neurobiol Learn Mem     1998  ;   69  :   46   –   64    

  119     Ono     K   ,    Hirohata     M   ,    Yamada     M    .   Anti-fi brillogenic and fi bril-destabiliz-
ing activity of nicotine in vitro: Implications for the prevention and 
therapeutics of Lewy body diseases  .   Exp Neurol     2007  ;   205  :   414   –   424    

    120     Ono     K   ,    Hasegawa     K   ,    Yamada     M       et   al  .   Nicotine breaks down preformed 
Alzheimer’s beta-amyloid fi brils in vitro  .   Biol Psych     2002  ;   52  :   880   –
   886    

   121     Orr-Urtreger     A   ,    Broide     RS   ,    Kasten     MR       et   al  .   Mice homozygous for the 
L250T mutation in the alpha 7 nicotinic acetylcholine receptor show 
increased neuronal apoptosis and die within 1 day of birth  .   J Neu-
rochem     2000  ;   74  :   2154   –   2166    

  122     Owman     C   ,    Fuxe     K   ,    Janson     AM   ,    Kahrstrom     J    .   Studies of protective 
actions of nicotine on neuronal and vascular functions in the brain 
of rats: comparison between sympathetic noradrenergic and meso-
striatal dopaminergic fi ber systems, and the eff ect of a dopamine 
agonist  .   Prog Brain Res     1989  ;   79  :   267   –   276    

D
ow

nl
oa

de
d 

by
: N

at
io

na
l L

ib
ra

ry
 o

f M
ed

ic
in

e.
 C

op
yr

ig
ht

ed
 m

at
er

ia
l.



Review264

 Ferrea S, Winterer G. Neuroprotective and Neurotoxic Eff ects    …    Pharmacopsychiatry 2009;   42: 255 – 265 

  123     Parain     K   ,    Marchand     V   ,    Dumery     B       et   al  .   Nicotine, but not cotinine, 
partially protects dopaminergic neurons against MPTP-induced 
degeneration in mice  .   Brain Res     2001  ;   890  :   347   –   350    

  124     Park     MK   ,    Loughlin     SE   ,    Leslie     FM    .   Gestational nicotine-induced changes 
in adolescent neuronal activity  .   Brain Res     2006  ;   1094  :   119   –   126    

   125     Pauly     JR   ,    Charriez     CM   ,    Guseva     MV       et   al  .   Nicotinic receptor modulation 
for neuroprotection and enhancement of functional recovery follow-
ing brain injury or disease  .   Ann N Y Acad Sci     2004  ;   1035  :   316   –   334    

     126     Perry     E   ,    Martin-Ruiz     C   ,    Lee     M       et   al  .   Nicotinic receptor subtypes in 
human brain ageing, Alzheimer and Lewy body diseases  .   Eur J Phar-
macol     2000  ;   393  :   215   –   222    

  127     Perry     EK   ,    Morris     CM   ,    Court     JA       et   al  .   Alteration in nicotine binding 
sites in Parkinson’s disease, Lewy body dementia and Alzheimer’s 
disease: possible index of early neuropathology  .   Neuroscience     1995  ; 
  64  :   385   –   395    

  128     Pettit     DL   ,    Shao     Z   ,    Yakel     JL    .   Beta-amyloid 1-42 peptide directly modu-
lates nicotinic receptors in the rat hippocampal slice  .   J Neurosci   
  2001  ;   21  :   1   –   5    

     129     Picciotto     MR   ,    Zoli     M    .   Neuroprotection via nAChRs: the role of nAChRs 
in neurodegenerative disorders such as Alzheimer’s and Parkinson’s 
disease  .   Front Biosci     2008  ;   13  :   492   –   504    

   130     Picciotto     MR   ,    Zoli     M    .   Nicotinic receptors in aging and dementia  . 
  J Neurobiol     2002  ;   53  :   641   –   655    

  131     Picciotto     MR   ,    Zoli     M   ,    L é na     C       et   al  .   Abnormal avoidance learning in 
mice lacking functional high-affi  nity nicotine receptor in the brain  . 
  Nature     1995  ;   374  :   65   –   67    

  132     Prendergast     MA   ,    Harris     BR   ,    Mayer     S       et   al  .   Chronic nicotine exposure 
reduces N-methyl-D-aspartate receptor-mediated damage in the 
hippocampus without altering calcium accumulation or extrusion: 
evidence of calbindin-D28   K overexpression  .   Neuroscience     2001  ; 
  102  :   75   –   85    

  133     Prendergast     MA   ,    Harris     BR   ,    Mayer     S       et   al  .   Nicotine exposure reduces 
N-methyl-D-aspartate toxicity in the hippocampus: relation to dis-
tribution of the  α 7 nicotinic acetylcholine receptor subunit  .   Med Sci 
Monitor     2001  ;   7  :   1153   –   1160    

  134     Pugh     PC   ,    Berg     DK    .   Neuronal acetylcholine receptors that bind alpha-
bungarotoxin mediate neurite retraction in a calcium-dependent 
manner  .   J Neurosci     1994  ;   14  :   889   –   896    

  135     Quik     M   ,    Di Monte     DA    .   Nicotine administration reduces striatal MPP 
levels in mice  .   Brain Res     2001  ;   917  :   219   –   224    

   136     Quik     M   ,    Jeyarasasingam     G    .   Nicotinic receptors and Parkinson’s dis-
ease  .   Eur J Pharmacol     2000  ;   393  :   223   –   230    

  137     Rathouz     MM   ,    Vijayaraghavan     S   ,    Berg     DK    .   Elevation of intracellular 
calcium levels in neurons by nicotinic acetylcholine receptors  .   Mol 
Neurobiol     1996  ;   12  :   117   –   131    

  138     Ravikumar     R   ,    Fugaccia     I   ,    Scheff      SW       et   al  .   Nicotine attenuates mor-
phological defi cits in a contusion model of spinal cord injury  .   J Neu-
rotrauma     2005  ;   22  :   240   –   251    

   139     Reid     RT   ,    Sabbagh     MN   ,    Corey-Bloom     J       et   al  .   Nicotinic receptor losses 
in dementia with Lewy bodies: comparisons with Alzheimer’s dis-
ease  .   Neurobiol Aging     2000  ;   21  :   741   –   746    

  140     Ren     K   ,    Puig     V   ,    Papke     R       et   al  .   Multiple calcium channels and kinases 
mediate alpha7 nicotinic receptor neuroprotection in PC12 cells  .   J 
Neurochem     2005  ;   94  :   926   –   933    

  141     Renshaw     GM   ,    Dyson     SE    .   Alpha-BTX lowers neuronal metabolism dur-
ing the arrest of motoneurone apoptosis  .   NeuroReport     1995  ;   6  : 
  284   –   288    

   142     Riljak     V   ,    Langmeier     M    .   Nicotine an effi  cient tool of the neurobiologi-
cal research today, the tool of treatment tomorrow?     Prague Med Rep   
  2005  ;   106  :   329   –   348    

   143     Roberson     MR   ,    Harrell     LE    .   Cholinergic activity and amyloid precursor 
protein metabolism  .   Brain Res Brain Res Rev     1997  ;   25  :   50   –   69    

  144     Roceri     M   ,    Molteni     R   ,    Fumagalli     F       et   al  .   Stimulatory role of dopamine 
on fi broblast growth factor-2 expression in rat striatum  .   J Neuro-
chem     2001  ;   76  :   990   –   997    

  145     Rogers     SW   ,    Gahring     LC   ,    Collins     AC       et   al  .   Age-related changes in neu-
ronal nicotinic acetylcholine receptor subunit alpha4 expression are 
modifi ed by long-term nicotine administration  .   J Neurosci     1998  ;   18  : 
  4825   –   4832    

  146     Rosa     AO   ,    Egea     J   ,    Gand í a     L       et   al  .   Neuroprotection by nicotine in hip-
pocampal slices subjected to oxygen-glucose deprivation: involve-
ment of the alpha7nAChR subtype  .   J Mol Neurosci     2006  ;   30  : 
  61   –   62    

   147     Rosato-Siri     M   ,    Cattaneo     A   ,    Cherubini     E    .   Nicotine-induced enhance-
ment of synaptic plasticity at CA3-CA1 synapses requires GABAergic 
interneurons in adult anti-NGF mice  .   J Physiol     2006  ;   576  :   361   –   377    

  148     Roy     TS   ,    Andrews     JE   ,    Seidler     FJ       et   al  .   Nicotine evokes cell death in 
embryonic rat brain during neurulation  .   J Pharmacol Exp Ther     1998  ; 
  287  :   1136   –   1144    

  149     Roy     TS   ,    Sabherwal     U    .   Eff ects of prenatal nicotine exposure on the 
morphogenesis of somatosensory cortex  .   Neurotoxicol Teratol     1994  ; 
  16  :   411   –   421    

  150     Roy     TS   ,    Sabherwal     U    .   Eff ects of gestational nicotine exposure on hip-
pocampal morphology  .   Neurotoxicol Teratol     1998  ;   20  :   465   –   473    

  151     Rusted     JM   ,    Newhouse     PA   ,    Levin     ED    .   Nicotinic treatment for degen-
erative neuropsychiatric disorders such as Alzheimer’s disease and 
Parkinson’s disease  .   Beh Brain Res     2000  ;   113  :   121   –   129    

  152     Ryan     RE   ,    Ross     SA   ,    Drago     J       et   al  .   Dose-related neuroprotective eff ects 
of chronic nicotine in 6-hydroxydopamine treated rats, and loss of 
neuroprotection in alpha4 nicotinic receptor subunit knockout mice  . 
  Br J Pharmacol     2001  ;   132  :   1650   –   1656    

   153     Salomon     AR   ,    Marcinowski     KJ   ,    Friedland     RP       et   al  .   Nicotine inhibits 
amyloid formation by the beta-peptide  .   Biochemistry     1996  ;   35  : 
  13568   –   13578    

   154     Schochet     TL   ,    Bremer     QZ   ,    Brownfi eld     MS       et   al  .   The dendritically tar-
geted protein Dendrin is induced by acute nicotine in cortical regions 
of adolescent rat brain  .   Eur J Neurosci     2008  ;   28  :   1967   –   1979    

  155     Schulz     DW   ,    Kuchel     GA   ,    Zigmond     RE    .   Decline in response to nicotine 
in aged rat striatum: correlation with a decrease in a subpopulation 
of nicotinic receptors  .   J Neurochem     1993  ;   61  :   2225   –   2232    

  156     Semba     J   ,    Miyoshi     R   ,    Kito     S    .   Nicotine protects against the dexametha-
sone potentiation of kainic acid-induced neurotoxicity in cultured 
hippocampal neurons  .   Brain Res     1996  ;   735  :   335   –   338    

   157     Shaw     S   ,    Bencherif     M   ,    Marrero     MB    .   Janus kinase 2, an early target of 
alpha 7 nicotinic acetylcholine receptor-mediated neuroprotection 
against A ß -(1 – 42) amyloid  .   J Biol Chem     2002  ;   277  :   44920   –   44924    

   158     Shi     FD   ,    Piao     WH   ,    Kuo     Yp       et   al  .   Nicotinic attenuation of central nerv-
ous system infl ammation and autoimmunity  .   J Immunol     2009  ;   182  : 
  1730   –   1739    

  159     Shimohama     S   ,    Greenwald     DL   ,    Shafron     DH       et   al  .   Nicotinic alpha 7 
receptors protect against glutamate neurotoxicity and neuronal 
ischemic damage  .   Brain Res     1998  ;   779  :   359   –   363    

   160     Shimohama     S   ,    Kihara     T    .   Nicotinic receptor-mediated protection 
against beta-amyloid neurotoxicity  .   Biol Psychiatry     2001  ;   49  :   233   –
   239    

  161     Shin     EJ   ,    Chae     JS   ,    Jung     ME       et   al  .   Repeated intracerebroventricular infu-
sion of nicotine prevents kainate-induced neurotoxicity by activating 
the alpha7 nicotinic acetylcholine receptor  .   Epilepsy Res     2007  ;   73  : 
  292   –   298    

  162     Shytle     RD   ,    Borlongan     CV   ,    Sanberg     PR    .   Nicotine blocks kainic acid-
induced wet dog shakes in rats  .   Neuropsychopharm     1995  ;   13  :   261   –
   264    

  163     Singh     S   ,    Singh     K   ,    Patel     S       et   al  .   Nicotine and caff eine-mediated modu-
lation in the expression of toxicant responsive genes and vesicular 
monoamino transporter-2 in 1-methyl 4 phenyl-1,2,3,6-tetrahydro-
pyridine-induced Parkinson’s disease phenotype in mouse  .   Brain Res   
  2008  ;   1207  :   193   –   206    

  164     Sjak-Shie     NN   ,    Meyer     EM    .   Eff ects of chronic nicotine and pilocarpine 
administration on neocortical neuronal density and [ 3 H]GABA 
uptake in nucleus basalis lesioned rats  .   Brain Res     1993  ;   624  :   295   –   298    

  165     Slotkin     TA    .   Cholinergic systems in brain development and disruption 
by neurotoxicants: nicotine, environmental tobacco smoke, organo-
phosphates  .   Toxicol Appl Pharmacol     2004  ;   198  :   132   –   151    

  166     Slotkin     TA    .   Fetal nicotine or cocaine exposure: which one is worse?   
  J Pharmacol Exp Ther     1998  ;   285  :   931   –   945    

  167     Slotkin     TA    .   Nicotine and the adolescent brain: insights from an ani-
mal model  .   Neurotoxicol Teratol     2002  ;   24  :   369   –   384    

  168     Slotkin     TA   ,    McCook     EC   ,    Seidler     FJ    .   Cryptic brain cell injury caused by 
fetal nicotine exposure is associated with persistent elevations of 
c-fos protooncogene expression  .   Brain Res     1997  ;   750  :   180   –   188    

  169     Slotkin     TA   ,    Pinkerton     KE   ,    Garofolo     MC       et   al  .   Perinatal exposure to 
environmental tobacco smoke induces adenylyl cyclase and alters 
receptor-mediated cell signalling in brain and hearth of neonatal 
rats  .   Brain Res     2001  ;   898  :   73   –   81    

  170     Slotkin     TA   ,    Pinkerton     KE   ,    Seidler     FJ    .   Perinatal environmental tobacco 
smoke exposure in rhesus monkeys: critical periods and regional 
selectivity for eff ects on brain cell development and lipid peroxida-
tion  .   Environ Health Perspect     2006  ;   114  :   34   –   39    

  171     Smith     TD   ,    Gallagher     M   ,    Leslie     FM    .   Cholinergic binding sites in rat 
brain: analysis by age and cognitive status  .   Neurobiol Aging     1995  ; 
  16  :   161   –   173    

D
ow

nl
oa

de
d 

by
: N

at
io

na
l L

ib
ra

ry
 o

f M
ed

ic
in

e.
 C

op
yr

ig
ht

ed
 m

at
er

ia
l.



Review 265

 Ferrea S, Winterer G. Neuroprotective and Neurotoxic Eff ects    …    Pharmacopsychiatry 2009;   42: 255 – 265 

  172     Socci     DJ   ,    Arendash     GW    .   Chronic nicotine treatment prevents neuronal 
loss in neocortex resulting from nucleus basalis lesions in young 
adult and aged rats  .   Mol Chem Neuropathol     1996  ;   27  :   285   –   305    

  173     Song     YS   ,    Park     HJ   ,    Kim     SY       et   al  .   Protective role of Bcl-2 on beta-amy-
loid-induced cell death of diff erentiated PC12 cells: reduction of NF-
kappaB and p38 MAP kinase activation  .   Neurosci Res     2004  ;   49  : 
  69   –   80    

  174     Soto-Otero     R   ,    Mendez-Alvarez     E   ,    Hermida-Ameijeiras     A       et   al  .   Eff ects 
of (    −    )-nicotine and (    −    )-cotinine on 6-hydroxydopamine-induced 
oxidative stress and neurotoxicity: relevance for Parkinson’s disease  . 
  Biochem Pharmacol     2002  ;   64  :   125   –   135    

   175     Stevens     TR   ,    Krueger     SR   ,    Fitzsimonds     RM       et   al  .   Neuroprotection by 
nicotine in mouse primary cortical cultures involves activation of 
calcineurin and L-type calcium channel inactivation  .   J Neurosci   
  2003  ;   23  :   10093   –   10099    

    176     Sugaya     K   ,    Giacobini     E   ,    Chiappinelli     VA    .   Nicotinic acetylcholine recep-
tor subtypes in human frontal cortex: changes in Alzheimer’s dis-
ease  .   J Neurosci Res     1990  ;   27  :   349   –   359    

  177     Sun     X   ,    Liu     Y   ,    Hu     G       et   al  .   Protective eff ects of nicotine against gluta-
mate-induced neurotoxicity in PC12 cells  .   Cell Mol Biol Lett     2004  ; 
  9  :   409   –   422    

   178     Takeuchi     H   ,    Yanagida     T   ,    Inden     M       et   al  .   Nicotinic receptor stimulation 
protects nigral dopaminergic neurons in rotenone-induced Parkin-
son’s disease models  .   J Neurosci Res     2009  ;   87  :   576   –   585    

    179     Terzano     S   ,    Court     JA   ,    Fornasari     D       et   al  .   Expression of the alpha 3 nico-
tinic receptor subunit mRNA in aging and Alzheimer’s disease  .   Mol 
Brain Res     1998  ;   63  :   72   –   78    

  180     Tizabi     Y   ,    Al-Namaeh     M   ,    Manaye     KF       et   al  .   Protective eff ects of nicotine 
on ethanol-induced toxicity in cultured cerebellar granule cells  .   Neu-
rotox Res     2003  ;   3  :   315   –   321    

  181     Tizabi     Y   ,    Manaye     KF   ,    Smoot     DT       et   al  .   Nicotine inhibits ethanol-
induced toxicity in cultured cerebral cortical cells  .   Neurotox Res   
  2004  ;   6  :   311   –   316    

  182     Tizabi     Y   ,    Manaye     KF   ,    Taylor     RE    .   Nicotine blocks ethanol-induced 
apoptosis in primary cultures of rat cerebral cortical and cerebellar 
granule cells  .   Neurotox Res     2005  ;   7  :   319   –   322    

  183     Tohgi     H   ,    Utsugisawa     K   ,    Yoshimura     M       et   al  .   Age-related changes in 
nicotinic acetylcholine receptor subunits alpha4 and beta2 messen-
ger RNA expression in postmortem human frontal cortex and hip-
pocampus  .   Neurosci Lett     1998  ;   245  :   139   –   142    

  184     Tohgi     H   ,    Utsugisawa     K   ,    Yoshimura     M       et   al  .   Alterations with aging and 
ischemia in nicotinic acetylcholine receptor subunits alpha4 and 
beta2 messenger RNA expression in post-mortem human putamen. 
Implications for susceptibility to parkinsonism  .   Brain Res     1998  ;   791  : 
  186   –   190    

   185     Tominaga     A   ,    Sugawara     H   ,    Inoue     K       et   al  .   Implication of pituitary ade-
nylate cyclase-activating polypeptide (PACAP) for neuroprotection 
of nicotinic acetylcholine receptor signalling in PC12 cells  .   J Mol 
Neurosci     2008  ;   36  :   73   –   78    

   186     Trauth     JA   ,    Seidler     FJ   ,    Slotkin     TA    .   An animal model of adolescent nico-
tine exposure: eff ects on gene expression and macromolecular con-
stituents in rat brain regions  .   Brain Res     2000  ;   867  :   29   –   39    

   187     Uchida     S   ,    Kagitani     F   ,    Nakayama     H       et   al  .   Eff ect of stimulation of nico-
tinic cholinergic receptors on cortical cerebral blood fl ow and 
changes in the eff ects during aging in anesthetized rats  .   Neurosci 
Lett     1997  ;   228  :   203   –   206    

   188     Ulrich     J   ,    Johannson-Locher     G   ,    Seiler     WO       et   al  .   Does smoking protect 
from Alzheimer’s disease? Alzheimer-type changes in 301 unse-
lected brains from patients with known smoking history  .   Acta Neu-
ropathol     1997  ;   94  :   450   –   454    

   189     Utsugisawa     K   ,    Nagane     Y   ,    Tohgi     H       et   al  .   Changes with aging and 
ischemia in nicotinic acetylcholine receptor subunit alpha7 mRNA 
expression in postmortem human frontal cortex and putamen  .   Neu-
rosci Lett     1999  ;   270  :   145   –   148    

   190     Utsuki     T   ,    Shoaib     M   ,    Holloway     HW       et   al  .   Nicotine lowers the secretion 
of the Alzheimer’s amyloid beta-protein precursor that contains 
amyloid beta-peptide in rat  .   J Alzheimers Dis     2002  ;   4  :   405   –   415    

  191     Vernino     S   ,    Amador     M   ,    Luetje     CW       et   al  .   Calcium modulation and high 
calcium permeability of neuronal nicotinic acetylcholine receptors  . 
  Neuron     1992  ;   8  :   127   –   134    

  192     Wang     BW   ,    Liao     WN   ,    Chang     CT       et   al  .   Facilitaion of glutamate release 
by nicotine involves the activation of a Ca 2+ /calmodulin signalling 
pathway in rat prefrontal cortex nerve terminals  .   Synapse     2006  ;   59  : 
  491   –   501    

  193     Wang     HL   ,    Chen     XT   ,    Luo     L       et   al  .   Reparatory eff ects of nicotine on NMDA 
receptor-mediated synaptic plasticity in the hippocampal CA1 region 
of chronically lead-exposed rats  .   Eur J Neurosci     2006  ;   23  :   1111   –   1119    

   194     Wang     HY   ,    Lee     DH   ,    D ’ Andrea     MR       et   al  .   beta-Amyloid (1 – 42) binds to 
alpha7 nicotinic acetylcholine receptor with high affi  nity. Implica-
tions for Alzheimer’s disease  .   J Biol Chem     2000  ;   275  :   5626   –   5632    

   195     Wang     L   ,    Kittaka     M   ,    Sun     N       et   al  .   Chronic nicotine treatment enhances 
focal ischemic brain injury and depletes free pool of brain micro-
vascular tissue plasminogen activator in rats  .   J Cer Blood Flow 
Metabol     1997  ;   17  :   136   –   146    

  196     Warpman     U   ,    Nordberg     A    .   Epibatidine and ABT 418 reveal selective 
losses of alpha 4 beta 2 nicotinic receptors in Alzheimer brains  .   Neu-
roReport     1995  ;   6  :   2419   –   2423    

  197     Wessels     C   ,    Winterer     G    .   Eff ects of nicotine on neurodevelopment (arti-
cle in German)  .   Nervenarzt     2008  ;   79  :   7   –   8     , 10 – 12, 14 – 16    

  198     Yildiz     D   ,    Ercal     N   ,    Armstrong     DW    .   Nicotine enantiomers and oxidative 
stress  .   Toxicology     1998  ;   130  :   155   –   165    

  199     Yildiz     D   ,    Liu     Ys   ,    Ercal     N       et   al  .   Comparison of pure nicotine- and 
smokeless tobacco extract-induced toxicities and oxidative stress  . 
  Arch Environ Contam Toxicol     1999  ;   37  :   434   –   439    

  200     Zamani     MR   ,    Allen     YS    .   Nicotine and its interaction with beta-amyloid 
protein: a short review  .   Biol Psychiatry     2001  ;   49  :   221   –   232    

   201     Zamani     MR   ,    Allen     YS   ,    Owen     GP       et   al  .   Nicotine modulates the neuro-
toxic eff ect of beta-amyloid protein (25 – 35) in hippocampal cul-
tures  .   NeuroReport     1997  ;   8  :   513   –   517    

    202     Zanardi     A   ,    Leo     G   ,    Biagini     G       et   al  .   Nicotine and neurodegeneration in 
ageing  .   Toxicol Lett     2002  ;   127  :   207   –   215    

  203     Zhang     J   ,    Liu     Q   ,    Chen     Q       et   al  .   Nicotine attenuates beta-amyloid-induced 
neurotoxicity by regulating metal homeostasis  .   FASEB J     2006  ;   20  : 
  1212   –   1214    

  204     Zhang     X   ,    Wahlstrom     G   ,    Nordberg     A    .   Infl uence of development and 
aging on nicotinic receptor subtypes in rodent brain  .   Int J Dev Neu-
rosci     1990  ;   8  :   715   –   721    

     205     Zhao     B    .   Natural antioxidants protect neurons in Alzheimer’s disease 
and Parkinson’s disease  .   Neurochem Res     2009  ,   Ahead of print    

  206     Zilles     K   ,    Becker     CM   ,    Schleicher     A    .   Nicotinic ACh receptor blockade and 
spontaneous nerve cell death in various brain regions  .   Bibliotheca 
Anatomica     1982  ;   23  :   40   –   55    

  207     Zoli     M   ,    L é na     C   ,    Picciotto     MR       et   al  .   Identifi cation of four classes of brain 
nicotinic receptors using  β 2-mutant mice  .   J Neurosci     1998  ;   18  : 
  4461   –   4472    

  208     Zoli     M   ,    Picciotto     MR   ,    Ferrari     R       et   al  .   Increased neurodegeneration 
during aging in mice lacking high-affi  nity nicotine receptors  .   EMBO 
J     1999  ;   18  :   1235   –   1244             

D
ow

nl
oa

de
d 

by
: N

at
io

na
l L

ib
ra

ry
 o

f M
ed

ic
in

e.
 C

op
yr

ig
ht

ed
 m

at
er

ia
l.


