Cognitive Effects of Nicotine

Amir H. Rezvani and Edward D. Levin

Nicotine and other nicotinic agonists have been found to
improve performance on attention and memory tasks.
Clinical studies using nicotine skin patches have demon-
strated the efficacy of nicotine in treating cognitive im-
pairments associated with Alzheimer’s disease, schizo-
phrenia, and attention-deficit/hyperactivity  disorder.
Experimental animal studies have demonstrated the per-
sistence of nicotine-induced working memory improve-
ment with chronic exposure, in addition to the efficacy of
a variety of nicotinic agonists. Mechanistic studies have
found that o7 and a4B2 nicotinic receptors in the hip-
pocampus are critical for nicotinic involvement in cogni-
tive function. Clinical and experimental animal studies
provide mutually supporting information for the develop-
ment of novel nicotinic therapies for cognitive dysfunction.
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Introduction

Nicotinic cholinergic systems in the brain have been
implicated in several aspects of some important
mental diseases such as Alzheimer’s disease (AD), atten-
tion-deficit/hyperactivity disorder (ADHD), and schizo-
phrenia. Both clinical experiments and animal studies
support the role of central nicotinic systems in learning,
memory, and cognition. Nicotine is the prototypic nico-
tinic acetylcholine receptor (nAChR) agonist, which may
enhance cognition by direct effects on attention and by
interacting with the presynaptic nAChR to facilitate the
release of ACh, glutamate, dopamine, norepinephrine,
serotonin, and y-aminobutryic acid, the neurotransmitters
that have been implicated in learning and memory (Sam-
uels and Davis 1998; Wonnacott 1997). In a variety of
experiments, nicotine has been shown to enhance attention
and improve learning (Levin and Simon 1998). Nicotine
and nicotinic agents also have been shown to possess
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neuroprotective effects, which are probably mediated by
stimulation of the a7 nicotinic receptors. Recently, it has
been shown that nicotine may act to inhibit the deposition
of B-amyloid in vitro (Salomon et al 1996). Nicotine can
be administered to patients with cognitive dysfunction via
skin patch or injection to assess efficacy, as a proof of
principle, for possible treatments to improve cognitive
performance. We have used this strategy to demonstrate
the efficacy of nicotine treatment in several different
populations including normal nonsmoking adults, patients
with AD, schizophrenic patients, and adults with ADHD.
Animal models can also be used to determine the efficacy
of nicotinic treatment for improving cognitive functions.
Importantly, mechanisms of nicotinic action can be deter-
mined with animal models using selective nicotinic li-
gands, local infusion, and lesions. Finally, experimental
animal models are important for the initial assessment of
efficacy of novel nicotinic drugs. Parallel clinical and
experimental animal studies provide mutually important
information for the development of nicotinic treatments
for cognitive dysfunction.

Clinical Studies

The clearest effect of nicotine improving cognition in
humans is with attentional processes. In a series of studies,
we have examined the effects of nicotine skin patch
treatment on attentional performance, as indexed by a
computerized continuous performance task (CPT) assess-
ing attentional performance.

Normal Adult Nonsmokers

Baseline effects of nicotine on attentional function can be
studied in normal, nonsmoking adults. This type of study
avoids the problem of smokers experiencing withdrawal
from nicotine, since withdrawal from nicotine in deprived
smokers causes attentional impairments (Hatsukami et al
1989), which may cloud the interpretation of the nicotine
effects on attention. Warburton and colleagues have found
cognitive improvements with nicotine administration in
smokers in the absence of withdrawal effects (Warburton
and Arnall 1994; Warburton and Mancuso 1998). How-
ever, there is still a question concerning whether nicotine
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can improve attentiveness in normal nonsmokers who
have no pre-existing attentional impairment. Thus, it
seems that the best way to determine the effects of nicotine
without the potential effect of smoking withdrawal is to
conduct studies in normal adult nonsmokers. In addition,
normal nonsmoking adults provide an important group for
understanding nicotine effects on normal cognitive perfor-
mance, relative to effects in reversing impaired perfor-
mance as discussed below.

In an attempt to determine the effect of transdermal
nicotine on attention, adult nonsmoking subjects without
ADHD symptoms were administered either placebos or
7-mg/day nicotine patches (NicoDerm, SmithKline
Beecham, Philadelphia) for 4.5 hours during a morning
session (Levin et al 1996b, 2000). This dose was chosen to
minimize the side effects of nausea and dizziness in the
nonsmokers. Measures of treatment effect included the
Profile of Mood State, Conners’ computerized CPT (Con-
ners et al 1996) of attentiveness, and a computerized
interval timing task. In the Conners’ CPT, the errors of
omission (to skip to respond) demonstrate that variability
of response times is sensitive to sustained attention and is
increased by attentional lapses. Errors of commission
(responding when you should refrain) are sensitive to
impulsivity (i.e., the degree of behavioral inhibition). Our
results showed that administration of 7 mg/day via a
transdermal nicotine patch significantly reduced the num-
ber of errors of omission on the CPT task (Figure 1A). In
this study there was no nicotine-induced increase in errors
of commission, providing evidence that the nicotine-
induced decrease in errors of omission was not merely due
to a shift in response strategy to increased response rate
(Levin et al 1998b). It was also found that nicotine patch
treatment significantly decreased response time variability
(Figure 1B) and increased the composite attention mea-
sure. However, there was no significant effect of nicotine
patch on reaction time on the CPT.

Overall, this study showed that nicotine given via a
transdermal patch could significantly improve attention in
nonsmoking subjects who had no pre-existing attentional
problems. These findings are in agreement with other
clinical studies demonstrating nicotine-induced attentional
improvements in a variety of mental cognitive disorders
such as AD (Sahakian and Jones 1991), ADHD (Conners
et al 1996; Levin et al 1996b, 1996e), and schizophrenia
(Levin et al 1996e). Nicotine-induced memory improve-
ments are also seen in unaffected adults (Rusted et al
1995; Williams 1980). This effect has recently been shown
to be specific to tasks with explicit effortful memory
demands (Rusted et al 1998). Memory consolidation in
particular has been shown to improve with nicotine ad-
ministration (Colrain et al 1992).
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Figure 1. Comparison of the effects of nicotine administration
on errors of omission and hit reaction time (RT) variability in
normal young adults and Alzheimer disease patients. Continuous
performance task mean errors of omission and hit RT variability
were averaged over all nicotine and placebo sessions (*p < .05
when compared with control; **p < .025 when compared with
control). Errors of omission are significantly higher in AD
patients (73 vs. 1.4). Nicotine administration by patch signifi-
cantly reduced errors of omission in both normal subjects and
AD patients (A). Hit RT variability is also greater in AD patients
(49 vs. 7.2). Again, nicotine administration by patch significantly
reduced RT variability in both normal subjects and AD patients

(B).

Alzheimer’s Disease

More than 4 million Americans suffer from AD, which has
been described as a disease of cholinergic innervation and
is characterized by marked degeneration in cortical nico-
tinic cholinergic receptor binding relative to age-matched
control subjects (Coyle et al 1983). Unfortunately, current
treatment options are limited to the use of acetylcholines-
terase (AChE) inhibitors, including tacrine and donepezil,
which indirectly provide stimulation of cholinergic neu-
rons in the central nervous system (Standaert and Young
1996), and possibly some antioxidants (Samuels and Davis
1998). However, there is evidence that direct stimulation
of nicotinic receptors in the brain may also provide
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improvement in people with AD. A loss of nicotinic
binding sites, especially in the cortex and hippocampus,
has been reported in patients with AD (Giacobini et al
1988; Kellar and Wonnacott 1990; Newhouse et al 1997;
Nordberg 1993, 1995; Nordberg et al 1988; Perry et al
1987; Quirion et al 1986; Rinne et al 1991; Schroder et al
1995; Shimohama et al 1986; Sugaya et al 1990). Nicotine
administration via injection or skin patches has been
shown to significantly improve attention (Jones et al 1992;
Sahakian and Jones 1991; White and Levin 1999), learn-
ing (White and Levin 1999), and memory (Newhouse et al
1988; Parks et al 1996) in patients with AD (for a review,
see Newhouse et al 1997). Wilson and coworkers (Wilson
et al 1995) have shown that nicotine administered via
nicotine skin patches significantly improves learning in
AD patients.

In a double-blind, placebo-controlled study six patients
with probable AD were exposed to 7, 8, and 7 days of a
placebo, nicotine, and washout, respectively, and their
learning, memory, and behavior were evaluated. Although
the number of subjects was limited to six individuals, the
data showed that sustained transdermal delivery of nico-
tine (22-mg nicotine patch, delivering approximately 0.9
mg nicotine/hour over a 24-hour period) improved perfor-
mance on a nonverbal learning task (repeated acquisition)
during the nicotine condition, which persisted throughout
the washout. Although memory and global cognition were
not significantly affected in this study (Wilson et al 1995),
Newhouse and colleagues (1988) have demonstrated that
nicotine injections improve memory performance in AD
patients. However, Snaedal and colleagues (1996) were
unable to find a significant effect of 4 weeks of transder-
mal nicotine delivery on memory in 18 AD patients,
possibly due to a significant placebo effect, as patients on
both nicotine and the placebo showed improvement in
short-term memory.

To further investigate the therapeutic potential of nico-
tine in AD, we have conducted a study to evaluate the
clinical and neuropsychologic effects of chronic transder-
mal nicotine in AD patients over a 4-week period. The
double-blind, placebo-controlled, crossover study con-
sisted of two 4-week periods separated by a 2-week
washout period. Patients wore the nicotine patch (Nicotrol,
Pharmacia, Peapack, NJ) for 16 hours/day at the following
doses: 5 mg/day during week 1, 10 mg/day during weeks
2 and 3, and 5 mg/day during week 4. A total of eight
patients (three male and five female) with mild to moder-
ate AD symptoms were studied. Nicotine treatment sig-
nificantly improved attention performance as measured by
the CPT. Similar to studies in normal adults, it was found
that nicotine skin patches significantly reduced errors of
omission on the CPT in patients with AD (Figure 1A).
Also, as with the normal nonsmoking adults, no nicotinic
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effect on errors of commission was seen, providing evi-
dence that the nicotine-induced decrease in omission
errors was due not only to a shift in more frequent
responding (White and Levin 1999), but also to a true
increase in response accuracy, suggesting improvement in
attention by nicotine treatment. Performance of the Alz-
heimer’s patients on the CPT varied considerably, but
nicotine treatment consistently caused an improvement in
all patients. Performance accuracy improved from 5% to
80%. In the Alzheimer’s patients nicotine treatment also
significantly decreased the variability of hit response time
(Figure 1B). Importantly, the improvement in the AD
patients persisted for the 4 weeks of nicotine administra-
tion. This finding is similar to the persistence of effect we
have seen in our chronic studies with rats. However, the
nicotine patch did not improve performance on other tests
that measured motor and memory function, which brings
the clinical impact of nicotine treatment in AD into
question (White and Levin 1999). In another study, Wil-
son and colleagues (1995) found a positive effect of
nicotine skin patch administration by persisting for at least
8 days of continued administration. Persistence of treat-
ment efficacy is a necessary part of any treatment for a
chronic disorder such as AD, and the fact that nicotine
exhibits such a long-lasting effect makes it more suitable
for consideration as a potential treatment for AD (Levin
and Rezvani 2000).

Adults with Attention-Deficit/Hyperactivity
Disorder

Attention-deficit/hyperactivity disorder is characterized by
impaired attentiveness, increased impulsivity, and hyper-
activity. It is a relatively common cognitive impairment
classically seen in children and adolescents, but is now
recognized to exist in adults as well. The high prevalence
of smoking among adolescents and adults with ADHD
suggests that patients with ADHD may smoke as a form of
self-medication for their symptoms. Cigarette smoking
and nicotine administration have been shown to improve
attentiveness (Levin 1992). We have found that nicotine
skin patch treatment causes significant reductions (p <
.005) in clinical signs of the severity of attentional deficit,
as measured by the benchmark Clinical Global Impres-
sions Scale (Conners et al 1996; Levin et al 1996b). In a
placebo-controlled, double-blind study six smokers and 11
nonsmoking adults with ADHD symptoms were given
either a placebo patch or a nicotine patch (7 mg/day for
nonsmokers and 21 mg/day for smokers) for 4.5 hours
during a morning session. Active and placebo patches
were given in a counterbalanced order approximately 1
week apart. Nicotine administration, compared with the
placebo, caused a significant improvement on the Clinical
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Global Impressions Scale in both smokers and nonsmok-
ers, suggesting that the effect was not due merely to
withdrawal relief. In the CPT, nicotine skin patch treat-
ment was also found to significantly reduce the variability
of response speed over the different blocks of the test
session (i.e., improvement in attentional consistency). In
ADHD adults, nicotine did not cause significant effects in
either errors of omission or errors of commission, as it did
in normal adults and patients with AD. In accordance with
these findings, in a recent study Wilens and coworkers
(1999) found that the novel nicotinic agonist ABT-418
also effectively improves symptoms of inattention in
adults with ADHD.

Overall, these clinical studies demonstrated that nico-
tine given via a skin patch could significantly improve
symptoms of ADHD. However, the mechanisms for nic-
otine effects in improving the symptoms of ADHD are not
fully understood. Nicotine has effects of potentiating
dopamine release, which has a similar net effect of
increasing dopamine stimulation, as do methylphenidate
and amphetamine, currently used in ADHD treatment.
Nicotine also has a variety of actions on other neuronal
systems including cholinergic, serotonergic, and noradren-
ergic systems, and it is possible that it exerts its action on
cognition by modulating these neuronal systems. Studies
using nicotinic agonists that have different subtype spec-
ificity should help better understanding of nicotine’s
mechanism of action on cognition. Nicotine agonists or
nicotine administered in a less hazardous form than
cigarette smoking, such as a skin patch, may present
therapeutic potentials for ADHD. For better understanding
of the mechanism of action of nicotine and its ultimate
therapeutic values for the treatment of ADHD, more
clinical trials with ADHD are needed.

Schizophrenic Patients

Altered cholinergic systems have been reported and im-
plicated in people afflicted with schizophrenia (Arneric
2000). People with schizophrenia smoke cigarettes at a
very high rate—about 80-90%, as compared with 45—
70% of patients with other psychiatric disorders and 33%
of the general population (Hughes et al 1996). There is
evidence that they may be self-medicating with cigarettes
to attenuate cognitive dysfunction resulting from schizo-
phrenia and antipsychotic medication. Schizophrenic pa-
tients have been shown to have a deficient number of
nicotinic receptors, especially in the hippocampus (Freed-
man et al 1995; Leonard et al 1996), which may be an
underlying factor in their cognitive impairment. Sensory
gating is a hippocampal phenomenon that is impaired in
schizophrenic patients (Adler et al 1993). In individuals
without psychiatric illness, the evoked response to a
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second stimulus in a pair of stimuli is less than the
response to the first one. Schizophrenic patients typically
have a higher ratio for the second response, suggesting a
decreased gating of neuronal responses to auditory stimuli
(Arneric 2000). Cigarette smoking has been shown to
diminish this impairment (Adler et al 1993).

To further our understanding we have studied the effect
of nicotine treatment on cognitive function in schizo-
phrenic patients. The experiment was conducted in a
double-blind fashion to assess the interactions of the
nicotine skin patch and the antipsychotic drug haloperidol
on cognition performance in a group of smoking schizo-
phrenic subjects. The cognitive effects of 0-, 7-, 14-, and
21-mg/day nicotine skin patches were examined with three
different dose levels of haloperidol. Three hours after
administration of the skin patch the patients were given a
computerized cognitive test battery and the Conners’ CPT.
Administration of nicotine via skin patch caused a dose-
related reduction in CPT response speed variability in all
haloperidol-dose groups. Nicotine treatment also attenu-
ated the haloperidol-induced deficits in a delayed match-
ing to sample (DMTS) working memory test (Levin et al
1996¢). Thus, these data demonstrate that nicotine admin-
istration can reduce some of the adverse effects of halo-
peridol and the cognitive impairment of schizophrenia
itself. Although the mechanisms of action of nicotine in
improving cognition in schizophrenia are not well under-
stood, it is likely that nicotine exerts its improving effect
by releasing dopamine (Wonnacott et al 1989). Indeed,
Decina and coworkers (1990) have demonstrated that
schizophrenic patients who smoke have significantly
lower rates of neuroleptic-induced Parkinsonism.

Experimental Animal Studies

Animal models have proved useful not only in the func-
tional testing of novel nicotine compounds, but also in
understanding the mechanisms for nicotine-induced cog-
nitive improvement. Nicotine involvement in learning
processes in rodents has been recognized for several
decades. For the past decade we have studied the involve-
ment of nicotinic systems in memory functions using
animal models. Both acute and chronic nicotine treatments
have been shown to improve working memory function in
rats, using the radial arm maze. This test is a standard and
sensitive measure of working memory performance in an
eight-arm maze. Working memory is defined as memory
with changing contents, as opposed to reference memory,
which is defined as memory with fixed contents (Levin et
al 1996¢). Working memory can be differentiated from
reference memory in the radial arm maze by always
baiting the same arms at the beginning of each session.
Entries into baited arms are considered working memory



262 BIOL PSYCHIATRY
2001;49:258 267

and entries into nonbaited arms are considered reference
memory. Usually a 16-arm radial maze is used for assess-
ing working and reference memory. This technique has
been used to show the relative specificity of nicotine-
induced improvement in working but not reference mem-
ory (Levin et al 1997b). Baiting 12 of the 16 arms presents
a difficult working memory task, while still leaving four
arms that are never baited for the assessment of reference
memory.

Acute Nicotine and Memory

A variety of studies have shown that acute treatment with
nicotine or nicotinic agonists can improve working mem-
ory function in the radial arm maze in rats (Decker et al
1995; Levin and Simon 1998; Levin and Torry 1995). The
following experiments were conducted to assess the effect
of acute nicotine administration on both working and
reference memory function in adult female rats. After a
standard 18-session training in the 16-arm radial maze,
rats were injected subcutaneously with either saline or a
dose of 0.2 mg/kg nicotine, and 20 min later their
performance was assessed. In six separate studies with a
total of 71 adult female Sprague-Dawley rats, we found
that a single dose of 0.2 mg/kg nicotine injected subcuta-
neously 20 min before testing significantly improved
working memory. The choice accuracy (entries to repeat—
i.e., the number of correct entries into the arms until an
error is made), which indicates the working memory, was
significantly increased following nicotine administration
in rats (Levin et al 1997b).

It also has been found that acute treatment with other
selective nicotinic agonists, such as dimethylaminoethanol
(Levin et al 1995), epibatidine (Levin et al 1996d),
isonicotine, norisonicotine (Levin et al 1999b), AR-R
17779 (Levin et al 1998a), ABT-418 (Decker et al 1994,
Terry et al 1997), or lobeline (Decker et al 1993; Rochford
et al 1996; Terry et al 1996) significantly improves
memory performance (Levin and Simon 1998). Acute
nicotine administration has also been shown to facilitate
retention of avoidance training (Brioni and Arneric 1993;
Zarrindast et al 1996) and enhance Morris water maze
performance in young and aged rats (Socci et al 1995).
Acute nicotine treatment has been shown to reverse
DMTS performance caused by aging and facilitates per-
formance in aged rats exhibiting deficits in spatial working
memory (Cregan et al 1989; Levin and Torry 1996) or
poor passive avoidance performance due to a choline-
deficient diet (Sasaki et al 1991).

Chronic Nicotine and Memory

From a therapeutic point of view, it is crucial for a drug
that is effective in an acute form to remain efficacious with
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repeated administration also. To investigate the efficacy of
chronic administration of nicotine on working memory,
the following experiments were carried out. After a
standard 18-session training on the radial arm maze, rats
were implanted subcutaneously with an osmotic
minipump delivering 5 mg/kg/day nicotine or an equal
volume of saline for 28 consecutive days, or a nicotine
pellet delivering 12 mg/kg/day for 21 consecutive days.
Working memory was assessed during the weeks of
nicotine delivery and up to 2 weeks after the termination
of nicotine delivery. In seven separate studies it was found
that chronic administration of both 5- and 12-mg/kg/day
nicotine significantly and consistently improved memory
performance on the eight-arm radial maze in adult female
rats (Levin et al 1990, 1996a; Levin and Torry 1996).
However, only the higher dose of 12 mg/kg/day induced a
persistent effect, even 2 weeks after the termination of
nicotine delivery.

In a follow-up study using a 16-arm radial maze it was
found that chronic administration of 5 mg/kg/day nicotine
induced facilitation that was specific for working memory
but not reference memory (Levin et al 1996¢). This
selective effect of nicotine in improving working memory
but not reference is consistent with both acute and chronic
nicotine administrations. Chronic treatment with nicotinic
agonists also improves memory performance in other
memory tasks, such as one-way avoidance and the Lashley
IIT maze (Arendash et al 1995b). However, chronic nico-
tine treatment does not appear to be effective in the
T-maze alteration task (Levin et al 1997a). This may be
related to the effect of nicotine proactive interference
(Dunnett and Martel 1990). It has been shown that
memory improvements found with chronic nicotine treat-
ment can be blocked by chronic coadministration of the
nicotine antagonist mecamylamine (Levin et al 1993a) but
not by acute administration (Levin and Rose 1990).

Chronic nicotine infusion can also reverse working
memory deficits due to lesions of fimbria and medial
basalocortical projection (Levin et al 1993b). However,
chronic nicotine administration does not appear to facili-
tate working memory performance in aged rats, possibly
due to the decrease in functional nicotinic receptors in
aged animals (Arendash et al 1995a, 1995b; Levin and
Torry 1996).

Hippocampal Nicotinic Involvement in Memory
Function

The hippocampus has long been known to be involved in
attention and memory (Jarrard 1995). It has been shown
that hippocampal ACh increases significantly in rats that
have learned a task relative to matched control rats
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(Stancampiano et al 1999). Nicotine facilitates hippocam-
pal synaptic activity (Gray et al 1996) and increases
hippocampal long-term potentiation (Hamid et al 1997).
The hippocampus may also be an important site for
nicotine effects on memory. Cholinergic neurons in the
medial septum and diagonal band send projections via the
fimbria—fornix to innervate the hippocampus, and high
concentrations of nicotinic receptors have been found in
the hippocampus (Martin and Aceto 1981; Schwartz
1986). For example, the a7 type of nicotinic receptor is
found in high concentration in the rat hippocampus
(Clarke et al 1984; Freedman et al 1993), and although
little is currently known about the functional role of
o7-type nicotinic receptors in the hippocampus, they may
be involved in the hippocampal processing of information.
To investigate the role of hippocampal structure in
nicotine effect on memory, two approaches have been
adopted in this laboratory: local infusions of nicotinic
antagonists and lesioning of the hippocampus.

HIPPOCAMPAL LOCAL INFUSIONS. In local infusion
studies we examined the effects of several nicotinic
antagonists infused into the ventral hippocampus on
choice accuracy, using a radial arm maze. In the first study
(Kim and Levin 1996), after standard 18-session training
on the radial arm maze adult female rats (n = 16) were
implanted with bilateral cannulae for acute infusion of the
drug into the ventral hippocampus. One week after recov-
ery from surgery, a dose of mecamylamine (0, 1, 3.3, or 10
pg/side) was infused into the ventral hippocampus. Ten
minutes later memory performance was assessed using a
radial arm maze. Acute ventral hippocampal local infusion
of mecamylamine, a noncompetitive nicotinic antagonist,
caused significant memory deficit by reducing choice
accuracy in the radial arm maze. However, as opposed to
systemic administration, local infusion of mecamylamine
into the ventral hippocampus did not affect response
latency. Consistent with our findings, local infusions of
mecamylamine into the hippocampus were also found to
impair working memory performance, but not reference
memory performance, in rats (Ohno et al 1993).

In follow-up studies, the effects of intrahippocampal
infusion of the selective a4f32 nicotinic antagonist dihy-
dro-B-erythroidine (DHBE) (n = 8) and selective o7
antagonist methyllycaconitine (MLA) (n = 8) in two sets
of rats trained on the eight-arm radial maze were assessed.
Both DHBE and MLA caused significant memory impair-
ments after infusion into the ventral hippocampus (Felix
and Levin 1997). Thus, it seems that both a4B2 and o7
nicotinic receptor subtypes in the hippocampus may be
important for working memory function (Levin and Rez-
vani 2000).
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HIPPOCAMPAL LESIONS. Lesion models have also
provided evidence in support of nicotinic hippocampal
involvement in cognitive function. It has been shown that
nicotine administration reverses attentional and memory
impairments caused by basal forebrain lesions in rats
(Grigoryan et al 1994, 1996; Muir et al 1995) and
marmosets (Ridley et al 1986).

In lesion studies we conducted a series of experiments
to determine the importance of ventral hippocampal neu-
rons for the chronic nicotine-induced memory improve-
ment. Forty adult female rats were trained on the working
memory task for 18 sessions in an eight-arm radial maze.
After acquisition, they were sorted into four matched
groups—sham lesion/no nicotine (n = 10), sham lesion/
nicotine (n = 10), hippocampal lesion/no nicotine (n = 9),
and hippocampal lesion/nicotine (n = 11)—and received
subcutaneous implants of an osmotic minipump that de-
livered either nicotine at a dose of 5 mg/kg/day or vehicle.
After recovery, rats were tested again on the radial arm
maze three times per week for 4 consecutive weeks. Small
hippocampal lesions were made with ibotenic acid micro-
injected into the ventral hippocampus (Levin et al 1999a).
Consistent with previous findings, these results show that
in the sham-lesioned group chronic nicotine infusion
caused a significant improvement in choice accuracy. In
contrast, small ibotenic acid—induced lesions of the ventral
hippocampus prevented nicotine-induced memory im-
provement in rats. Analysis of the simple main effects of
nicotine in the sham-operated and -lesioned groups
showed a significant nicotine-induced improvement of
working memory in the sham-operated rats but not in the
lesioned group. Interestingly, the lesion-induced blockade
of the nicotine effect was apparent even though the lesion
itself did not significantly impair working memory perfor-
mance (Levin et al 1999a). In a previous study, we found
that the knife-cut lesion of the fimbria—fornix, which
carries cholinergic innervation to the hippocampus, did not
eliminate chronic nicotine-induced memory improvement
(Levin et al 1993b). Thus, it appears that the critical
nicotinic receptors in the hippocampus are not on the
synaptic endings of the ACh septohippocampal projection.

Conclusions

Nicotine is best known as the principal psychoactive
chemical in tobacco. As such, it is an important compo-
nent of tobacco addiction. However, nicotine, like other
drugs, has a spectrum of effects. In addition to its
addiction liability, nicotine is similar to morphine in that it
has effects that may be therapeutically useful. Nicotinic
systems in the brain play an important role in the neural
basis of memory and attention and have been implicated in
mental diseases such as AD and schizophrenia. Clinical
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studies using nicotine skin patches have demonstrated that
nicotine treatment can improve cognitive performance in a
variety of groups: normal nonsmoking adults, AD patients,
schizophrenics, and adults with ADHD. The improvement
is seen principally in terms of improved attentional per-
formance. Importantly, the nicotine-induced memory im-
provement does not diminish with chronic administration
and has been seen to persist after withdrawal. In experi-
mental studies using animal models, working memory
improvements have been demonstrated with acute and
chronic nicotine treatment, as well as treatment with a
variety of other nicotinic agonists. Mechanistic studies
have also revealed the involvement of a7 and a42
nicotinic receptors in the effects on working memory
function in the hippocampus. The clinical studies with
nicotine skin patches have provided encouraging initial
evidence concerning the promise of the nicotinic approach
to cognitive therapeutics, whereas the experimental animal
studies have provided important basic information con-
cerning the critical mechanisms of nicotinic involvement
in cognition and the efficacy of novel nicotinic drugs.
Nicotine, or nicotinic compounds with more selective
effects, may therefore be of some value in treating
cognitive dysfunction associated with AD, ADHD, and
schizophrenia. However, it should be remembered that the
effects of nicotine, like the effects of other cholinergic
treatment approaches in AD, may decrease with disease
progression and the associated decline in cholinergic
neurons (Levin and Torry 1996; Samuels and Davis 1998).
Because AD is a multifactorial disease and several neuro-
nal systems have been implicated in its manifestation,
future therapeutic approaches may include various combi-
nations of cholinergic, adrenergic, and glutaminergic
drugs, antioxidants, and agents that alter amyloid process-
ing (Samuels and Davis 1998).

In addition to nicotine and nicotinic agents, some
relatively new cholinergic agents have shown promise in
improving AD symptoms. For example, galantamine, a
competitive reversible AChE inhibitor that has no effect
on butyrylcholinestrase (Pacheco et al 1995), acts at
allosteric nicotinic sites and enhances its cholinergic
activity (Samuels and Davis 1998). Recently, it has been
shown that galantamine significantly improved cognitive,
functional, and behavioral symptoms of AD relative to a
placebo (Raskind et al 2000; Tariot et al 2000). Like any
drug effect, nicotine actions on cognitive function are
limited, and some studies have not been able to demon-
strate nicotine-induced improvement in cognition (Heish-
man et al 1994).

The novel insights arising from these works are the
consistent improvement in attentional performance seen in
normal nonsmoking adults, adults with ADHD, schizo-
phrenic individuals, and people with AD. The animal data

A.H. Rezvani and E.D. Levin

are complementary, showing that the hippocampus is a
critical target for nicotine’s cognitive effects. However,
the ultimate therapeutic value of nicotine and nicotinic
compounds for the treatment of cognitive dysfunction
needs to be evaluated in larger clinical trials.
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