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Nicotine-induced Attentional Enhancement in
Rats: Effects of Chronic Exposure to Nicotine

B. Hahn, and I.P. Stolerman

Consistent with human literature, previous studies identified
attention-enhancing effects of nicotine in rats, using a
5-choice task. The present study addressed the influence of
repeated exposure to nicotine on these effects. Over six weeks,
the effects of nicotine (0.0, 0.05 and 0.2 mg/kg) given ten min
before sessions were tested each week. In addition, rats were
injected daily two hours after sessions. In the first week, when
these post-session injections were of saline for all rats, pre-
session nicotine had profound rate-disruptive effects at the
larger dose. In weeks 2—6, when half the rats received post-
session injections of saline and the other half of nicotine (0.4
mg/kg), the disruptive effects of pre-session nicotine had
disappeared and it enhanced attentional performance on all
response indices. These effects did not differ significantly

between post-session treatment groups or weeks, although
they appeared less pronounced in the last two weeks. When
tested under modified task parameters in weeks 9 and 10,
nicotine (0.1 mg/kg) robustly enhanced performance in both
groups despite continuing daily post-session administration
of nicotine or saline. These studies provide evidence that,
following tolerance to initial disruptive effects, the nicotine-
induced attentional enhancement is stable across lengthy
periods of chronic exposure. This is important for potential
therapeutic applications of the drug and indicates that these
effects can be a continuous motive for smoking behavior.
[Neuropsychopharmacology 27:712-722, 2002]
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Among the beneficial effects of nicotine on human cogni-
tive performance, the most consistent findings have been
on attention (Stolerman et al. 1995). Such effects have
been reported in non-deprived smokers and non-smok-
ers, suggesting that they were not just due to a mere alle-
viation of withdrawal-induced deficits (Wesnes and
Warburton 1984; Foulds et al. 1996; Levin et al. 1998). A
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range of therapeutic applications of nicotine may de-
velop from this ability to improve attentional functions.
Acutely administered nicotine has been shown to reduce
performance deficits of patients with Alzheimer’s dis-
ease in a task of sustained attention (Sahakian et al. 1989;
Jones et al. 1992). There is also some indication that nico-
tine may be beneficial in attention-deficit/hyperactivity
disorder and schizophrenia (Levin et al. 1996a, b).

A prerequisite for a chronic therapeutic use of nico-
tinic compounds as cognitive enhancers is that tolerance
does not develop to the effects with repeated adminis-
tration. When administered to Alzheimer’s disease pa-
tients over four weeks via transdermal patches, nicotine
reduced omission errors in the continuous performance
task of attention over the entire course of the treatment
(White and Levin 1999). These results are encouraging,
but further systematic studies of how nicotine-induced
attentional improvements develop with chronic admin-
istration are lacking. This may be due to ethical con-
straints in chronically exposing non-smokers to nicotine
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and the difficulty in interpreting such improvements in
smokers. But knowing more about the persistence of
nicotine-induced attentional benefits in smokers would
also indicate if such effects could contribute to the
maintenance of smoking behavior after long periods of
drug use.

The effects of nicotine have been examined in several
paradigms for assessing attention in rodents. The 5-choice
serial reaction time task (5-CSRTT) requires rats to con-
tinuously monitor an array of five holes for the occur-
rence of brief flashes of light presented randomly in one
of the locations. In this paradigm, consistent attentional
improvements with systemic nicotine have been re-
ported in unlesioned rats (Mirza and Stolerman 1998;
Hahn et al. 2002). These improvements were obtained re-
peatedly in the same subjects, in contrast to earlier find-
ings by Blondel et al. (1999) where increases in response
accuracy disappeared after the first administration of
nicotine. Results from another study (Grottick and Hig-
gins 2000) using the 5-CSRTT indicated that the effect
was even greater after nicotine pre-exposure (daily injec-
tions of 0.2 mg/kg for 20 days or longer).

In a different attention task, requiring rats to detect
brief spatially invariant but temporally irregular visual
stimuli, chronic injections of nicotine (0.1 mg/kg three
times per day) improved performance by reducing in-
appropriate responding in the intertrial interval, with
no sign of tolerance even after four weeks of adminis-
tration. Tolerance developed only to the increase in
omission errors observed upon first exposure to nico-
tine (Nelsen and Goldstein 1972, 1973). Similarly, toler-
ance did not develop to nicotine-induced improve-
ments in working memory performance in several
experiments when rats were chronically infused with
nicotine (12 or 5 mg/kg per day) over three to four
weeks (Levin and Simon 1998).

In contrast, tolerance was seen to both the anxiogenic
and anxiolytic effects of nicotine after daily injections of
nicotine (0.1 mg/kg) over 7 to 14 days (Irvine et al.
1999, 2001), and both tolerance and sensitization occur
to its effects on spontaneous locomotor activity in rats.
In the latter paradigm, tolerance develops rapidly to the
initial nicotine-induced motor depression, thus reveal-
ing its motor stimulant effect. The magnitude of the
stimulant effect then increases progressively with fur-
ther daily injections of 0.4 mg/kg of nicotine (e.g.
Clarke and Kumar 1983) and even with injections as in-
frequent as once weekly (Miller et al. 2001). Thus, be-
havioral effects of nicotine can display both tolerance
and sensitization with chronic exposure, depending on
the behavioral measure. This may be related to the fact
that brain regions and nicotinic receptor subtypes differ
with regard to the rate and extent to which neuroadap-
tations such as receptor upregulation or desensitization
develop (e.g. Marks et al. 1983, 1993; Sanderson et al.
1993; Olale et al. 1997; Wang et al. 1998).
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Neurochemically, there are reports that sensitization to
the locomotor stimulant effect of nicotine is accompanied
by an increased dopamine response in the nucleus ac-
cumbens core (Cadoni and Di Chiara 2000) and other
dopaminergic projection areas (Marshall et al. 1997).
Also, an increase in the density of nicotinic receptors has
been reported to coincide with this sensitization process
(Ksir et al. 1985, 1987), although the upregulation has also
been proposed as an indicator of receptor desensitization
and thus a basis for chronic tolerance (Schwartz and
Kellar 1985). Some evidence supports this latter hypothe-
sis, for example in mice, tolerance in several behavioral
measures and decreases in nicotinic receptor function in
some brain regions accompanied increased nicotine bind-
ing after chronic nicotine infusion (Marks et al. 1985,
1993). The regime of chronic exposure, i.e. continuous in-
fusion vs. intermittent injections, appears to influence ad-
aptations to behavioral and neuronal responses to nico-
tine and adds to their complexity (Benwell et al. 1995).

The present study investigated the influence of re-
peated exposure to nicotine on its effects on attentional
performance in the 5-CSRTT. Over two months, the ef-
fects of a small and a moderate dose of nicotine were
tested weekly against a background of daily post-ses-
sion injections of either saline or a relatively large dose
of nicotine shown to cause neuroadaptations and loco-
motor sensitization (Clarke and Kumar 1983; Ksir et al.
1985; Benwell and Balfour 1992).

METHODS
Subjects

Twenty-four male hooded Lister rats (Harlan Olac,
Bicester, UK) weighing 250-300 g at the beginning of
training were housed individually in a temperature (20 =
1°C) and humidity (50 = 10%) controlled environment,
on a 12 h light-dark cycle with lights on at 7 A.m. Rats
had free access to water and were placed on a food-
restricted diet to maintain them at 85% of their free-
feeding weights. The treatment of animals complied
with international guidelines, British Law, and the
Code of Practice of the Institute of Psychiatry.

Apparatus

Aluminum operant chambers measuring 26 X 26 X 26
cm (Paul Fray Ltd., Cambridge, UK) were housed in
sound-insulated and ventilated enclosures. The curved
rear wall of each chamber contained five 2.5 cm square
holes, 5 cm deep and 5 cm above floor level. At the en-
trance of each hole a photocell monitored interruptions
of a beam of infrared light, and at the rear there was a
green light-emitting diode. A food tray, the entrance to
which was covered by a hinged flap, was located in the
opposite wall, equidistant from each aperture. Illumi-
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nation of each chamber was provided by a houselight
situated in its roof. The apparatus and data collection
were controlled by software running under RISC OS on
an Acorn computer in an adjoining room.

Behavioral Procedure

The training procedure was similar to that described by
Mirza and Stolerman (1998). In the final form of the task,
light stimuli of 1 s duration were presented randomly in
one of the holes after an intertrial interval (ITT) of 5 s. If
the subject nose-poked into the hole while it was illumi-
nated or within 5 s after the light had terminated (limited
hold), a 45 mg food pellet was delivered into the food
tray in the opposite wall of the chamber, and a correct re-
sponse was registered. A response into any other hole
was recorded as an incorrect response and resulted in a
time-out of 2 s duration, during which the house light
was extinguished. A failure to respond before the end of
the limited hold was registered as an omission error. A
new trial began with the initiation of an ITI immediately
following a correct response, or after time-outs or limited
holds in cases of incorrect responses or omission errors.
Responses during intertrial intervals had no program-
med consequences and were recorded as anticipatory re-
sponses. All training and test sessions lasted 30 min. Rats
were trained for four months and experiments started
when stable performance of less than 20% omissions and
more than 70% correct responses on these task parame-
ters was acquired.

The current version of the 5-CSRTT differed from the
original version as described by Carli et al. (1983) in
several aspects. Omission errors and anticipatory re-
sponses were not punished, trials were initiated auto-
matically, not by a panel push by the subject, and the
session length was independent of the number of trials
completed. The significance of these changes is dis-
cussed in Hahn et al. (2002).

Task performance was reflected in the following be-
havioral measures:

Percentage of correct responses (accuracy) = 100 X (correct
responses / (correct + incorrect responses)).

Percentage of omission errors (omissions) = 100 X (omis-
sion errors / stimuli presented).

Latency of correct responses = the mean time between
stimulus onset and a nose-poke in the correct hole.

Anticipatory response rate = (total number of responses
in ITIs / number of trials) / ITI-length (sec). This yields
the number of responses emitted per second, averaged
across trials.

Experimental Design

Experiment 1. Over six weeks, all rats were tested
three times per week, every Tuesday, Thursday and
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Saturday, and trained on preceding days. In all training
sessions, the ITI was 5 s and the stimulus duration 1 s.
In test sessions, the ITI was set to 15 s and the stimulus
duration was reduced to 0.5 s in order to increase atten-
tional demands and to prevent ceiling effects. Each
week, each rat was tested with two doses of nicotine
(0.05 and 0.2 mg/kg) and saline in a sequence that was
randomized for individual subjects.

Prior to tests, rats were randomly allocated to two
groups (n = 12 each). In week 1 of testing, all rats re-
ceived injections of saline about 2 h after each training
or test session. In weeks 2 to 6 but commencing on Sat-
urday of week 1, one group (“chronic saline group”)
still received daily post-session saline injections, while
the other group (“chronic nicotine group”) was injected
with 0.4 mg/kg of nicotine instead. These injections
were also given on Sundays, when animals were not
trained. Table 1 provides an overview over all drug
treatments given during Experiment 1.

In the two weeks following this experiment, rats un-
derwent only training sessions. The chronic injection re-
gime of saline or nicotine (0.4 mg/kg) was continued dur-
ing this time, but no pre-session injections were given.

Experiment 2. Over a further two weeks (i.e. weeks 9
and 10 since the beginning of tests), during which the
chronic injection regimes were continued, the animals
were tested on Tuesdays and Fridays with training ses-
sions on other weekdays. In these test sessions, the ITI
and stimulus duration were the same as in training ses-
sions, but in two of the four tests a light distractor was
presented, which consisted of the house light coming
on for 0.5 s with a frequency of 1 Hz throughout the ses-
sion. Pre-session injections of nicotine (0.1 mg/kg) and
saline were tested both with and without the light dis-
tractor. Only one dose of nicotine was tested because it
was feared that habituation to the distractor might limit
the number of drug tests that could be performed. In
each separate week of Experiment 2, all rats had one
test with and one test without the distractor. The order
in which a rat received these treatments within in a
week was randomly chosen. In the first week (i.e. week
9), five rats from the chronic saline group and 7 rats
from the chronic nicotine group were injected with 0.1
mg/kg of nicotine on both tests and the other 12 rats
with saline. In the second week (week 10), the drug
treatments were reversed for all rats.

Drugs

Nicotine bitartrate (BDH, Poole, GB) was dissolved in
isotonic saline, and the pH was adjusted to 7 with
NaOH solution. Doses are expressed as those of the
base. All injections were given subcutaneously into the
flank at a volume of 1 ml/kg. Injections were given 10
min before test sessions and daily chronic injections
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Table 1. Overview of All Drug Treatments Given in Experiment 1

Week 1

Weeks 2-6

Acute injections
(10 min pre-session)

Chronic injections
(2 h post-session)

Acute injections
(10 min pre-session)

Chronic injections
(2 h post-session)

Training-sessions —
(Mon, Wed, Fri)

Test-sessions

(Tue, Thurs, Sat)  nicotine

Chronic saline group: Saline —
Chronic nicotine group: Saline

0,0.05, or 0.2 mg/kg of Chronic saline group: Saline
Chronic nicotine group: Saline

Chronic saline group: Saline
Chronic nicotine group:
0.4 mg/kg of nicotine
0,0.05, or 0.2 mg/kg of Chronic saline group: Saline
nicotine Chronic nicotine group:
0.4 mg/kg of nicotine

circa 2 h after the termination of tests or training ses-
sions and on Sundays.

Data Analysis

As in previous work (Mirza and Stolerman 1998; Hahn et
al. 2002), percentage data were arcsine transformed, la-
tency data were log transformed, and anticipatory re-
sponse data were subjected to square root transforma-
tion. The purpose was to maximize normal distribution
and homogeneity of variances for statistical analyses. In
the figures, results are presented as raw values. Data
from Experiment 1 were analyzed by 2-factor and 3-fac-
tor ANOVA for repeated measures followed by Dun-
net’s tests. The factors were Group (chronically saline-
vs. nicotine-treated rats), Drug (doses of nicotine given
acutely before sessions) and Week (of testing). Data from
Experiment 2 were analyzed by 4-factor ANOVA based
on a linear mixed model. In this model the factors Group
(chronically saline- vs. nicotine-treated rats), Drug order
(saline in week 1 followed by 0.1 mg/kg of nicotine in
week 2 given before sessions vs. drug injections in the re-
verse order), Week (i.e. first vs. second exposure to the
distractor) and Distractor (houselight steady or coming
on and off) were represented by fixed effects. The corre-
lation structure between the repeated measures was ac-
counted for by random effects for rats and for weeks
within rats. This analysis provides tests for main effects
of factors Group, Drug (saline vs. 0.1 mg/kg of nicotine),
Week, and Distractor and their interaction effects. Paired
t-tests were performed to compare performance between
saline and nicotine states.

The analyses for Experiment 1 were carried out us-
ing Unistat 5.0 (Unistat Ltd., London) and the analyses
for Experiment 2 using Genstat 5.

RESULTS
Experiment 1

Figure 1 suggests that in the first week of testing, when
both groups received post-session injections of saline,

neither baseline performance nor the effects of nicotine
differed substantially between groups. Accordingly,
neither the main effect of Group (F;, < 0.63, NS) nor
the Group X Drug interaction (F, 4 < 0.75, NS) was sig-
nificant for any of the four measures in 2-way ANOVA
with Group as between- and Drug as within-subject
factors performed on data from week 1. Significant
main effects of Drug were obtained on omission errors
(Fp 44 = 16.8, p < .001) and anticipatory responding (F, 4 =
13.2, p = .001), which were due to increases in omis-
sions and decreases of anticipatory responding pro-
duced by the 0.2 mg/kg dose of nicotine.

The effects of nicotine across weeks 2 to 6, when the
nicotine group received daily post-session injections of
nicotine (0.4 mg/kg) and the saline group received the
saline equivalent, are summarized in Figure 2. Nicotine
dose-dependently enhanced accuracy and reduced omis-
sion errors, while the latency of correct responses ap-
peared shortened and anticipatory responding was in-
creased by nicotine. Three-way ANOVA with Group as
between- and Drug and Week as within-subject factors
carried out on data obtained in weeks 2 to 6 confirmed a
highly significant main effect of Drug on each measure
(Fp308 > 8.5, p < .001 in all cases). The main effect of
Group was not significant on any measure (F;,, < 0.46,
NS) and neither did the effects of Drug interact with
Group, although this interaction approached significance
on anticipatory responding (F, 503 = 2.91, p = .056). Possi-
bly due to a lower baseline response-rate, the nicotine-
induced increase in this measure appeared more pro-
nounced in the nicotine-group than in the saline group.

Figure 3 illustrates the effects of nicotine for separate
weeks averaged over both groups, starting at week 2
when chronic treatment with nicotine or saline was
commenced. The apparent trend of overall perfor-
mance levels to improve across weeks was substanti-
ated by significant main effects of Week on accuracy,
omission errors and latency (Fy305) > 2.87, p < .05), as
well as on anticipatory responding (Fy3ps = 7.19, p <
.001). This improvement appeared particularly pro-
nounced under the saline condition, resulting in the im-
pression that the effect of nicotine on performance be-
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came weaker over time. However, the Week X Drug
interaction was not significant on any measure (Fg 355 <
1.13, NS for all variables).

Significant Group X Week interactions were ob-
tained for omission errors (Fy3p3 = 540, p < .001) and
correct response latency (Fy 303 = 3.17, p < .05). As can
be seen from Figure 4, performance in both measures,
averaged over acute treatments, improved rather
steadily across weeks in the saline group, while in the
nicotine group performance appeared to deteriorate
from week 2 to week 4, after which it improved.

None of the 3-way interactions were significant.

Experiment 2

From the first week, when rats were exposed to the
light distractor for the first time, to the second week, an
overall improvement in response accuracy was seen
and the anticipatory response rate decreased slightly
(data not shown). This result was supported by signifi-
cant main effects of Week on these measures only (accu-
racy: Fy 50 = 19.3, p < .001; anticipatory responding: F; 5y =
7.61, p < .05). However, neither Distractor nor Drug in-
teracted with Week on any measure (Distractor X
Week: F; 4 <2.02, NS; Drug X Week: F, ,; < 0.38, NS for
all four variables), indicating that the effects of these

manipulations did not differ between the first and the
second exposure to the distractor.

Figure 5 shows the effects of acutely administered
nicotine (0.1 mg/kg) in the presence and absence of the
light-distractor for rats with a background of either
chronic nicotine or chronic saline exposure. Clear over-
all increases in accuracy and reductions in omission er-
rors and correct response latency can be seen, which
were confirmed by significant main effects of Drug on
these measures (F;,, > 13.6, p < .001 for all three vari-
ables) but not on anticipatory responding (F;, = 1.68,
NS). Neither the main effect of Group (F;,, < 0.27, NS
for all four variables) nor the Group X Drug interaction
(F120 < 2.05, NS for all variables) were significant on
any measure, confirming that the chronic injection re-
gime had no effect on overall performance levels or on
the acute effects of nicotine. None of the other interac-
tions involving Group as a factor were significant.

The light distractor impaired accuracy and produced
slight overall increases in omission errors and response
latency, which was confirmed by significant main effects
of Distractor on these measures (F, 4 > 7.60, p < .001 for
all three variables). On accuracy, nicotine-induced im-
provements appeared to be more prominent in the pres-
ence of the distractor, reversing the distractor-induced
impairments, but the Drug X Distractor interaction did
not reach significance for this measure (F; 4 = 3.17,p =
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.08). No such trends were observed for omission errors
and latency (F; 4 < 0.78, NS for both measures). How-
ever, the Drug X Distractor interaction was significant
for anticipatory responding (F; 4 = 8.19, p < .01), where
nicotine appeared to increase responding only in the ab-
sence of the distractor in the nicotine group. Baseline re-
sponding seemed lower under this condition as com-
pared with the distractor condition in the same group
and overall responding in the saline group, and this
probably underlay the significant main effect of Distrac-
tor on this measure (F, 4; = 4.31, p < .05).

DISCUSSION

The results of the present study showed biphasic effects
of nicotine on attentional performance in the 5-CSRTT
with repeated administration. When tolerance had de-
veloped to the initial drug-induced disruption of per-
formance, nicotine produced clear attentional improve-
ments. These were still seen after eight weeks of testing
and nicotine exposure, regardless of whether animals
had been injected with a large dose of nicotine daily or
only twice weekly with smaller doses.

In the first week of testing, when the animals were
exposed to nicotine for the first time, the largest dose
tested (0.2 mg/kg) produced profound rate-disruptive
effects as reflected in increased omission errors and de-

creased anticipatory responding. The absence of any
decrease in response accuracy by nicotine in this week
indicated that these effects do not reflect attentional im-
pairment but rather non-specific response depression.
Impairments in the 5-CSRTT were previously observed
with 0.4 mg/kg of nicotine but not with 0.2 mg/kg
(Hahn et al. 2002). However, the previous results were
average values derived from a sequence of 15 tests with
different doses of nicotine. The fact that in the present
study these effects had disappeared by the second week
of testing strongly suggests that rapid tolerance to the
disruptive effects of 0.2 mg/kg of nicotine prevented
their detection in the earlier study. In a different para-
digm requiring the detection of light stimuli, an in-
crease in omission errors has been reported upon first
exposure to a dose of nicotine as small as 0.1 mg/kg
(Nelsen and Goldstein 1972). On the following day, af-
ter three more exposures to the same dose, this increase
was no longer seen.

Such rapid tolerance to the response rate-decreasing
effects of nicotine in both signal detection paradigms
would be in accordance with findings for the locomotor
depressant action of nicotine, to which tolerance can de-
velop after only one exposure to a 0.4 mg/kg dose
(Clarke and Kumar 1983). The suggestion that locomo-
tor depression and ataxia may underlie the nicotine-
induced impairments in the 5-CSRTT was made pre-
viously, based on the finding that these disruptions
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disappeared twenty minutes after the administration of
the drug; thus the temporal pattern of both effects
matched (Clarke and Kumar 1983; Hahn et al. 2002).

Furthermore, a link between the initial rate-decreas-
ing effects of nicotine and its unpleasant side effects can
be suggested. A range of studies in animals and hu-
mans suggest also that the aversive effects of nicotine
tolerate out rather rapidly (Stolerman 1999). In experi-
ments on the subjective effects of nicotine in smokers
and non-smokers, acute tolerance (after four adminis-
trations within 2 h via nasal spray) was seen primarily
to the aversive effects of the drug such as “head rush”,
“jittery”, “tension” and “confusion”. Non-smokers gen-
erally showed profoundly larger responses to nicotine
on such measures as compared with smokers, indicat-
ing persistent tolerance to these effects after chronic
drug exposure (Perkins et al. 1994). Similarly, tolerance
was observed to some aversive effects of nicotine in
non-smokers over eight days of repeated nicotine gum
consumption (Heishman and Henningfield 2000).

It is interesting to note that response indices reflect-
ing the disruptive effects of nicotine in week 1 were also
sensitive to manipulations of the subjects” motivational
level by varying levels of food deprivation and pre-ses-
sion access to food (Bizarro and Stolerman 2001). While
aversive drug effects may decrease a subject’s motiva-
tion to display food-rewarded performance, the acute
appetite suppressant effects of nicotine could also ex-

. 4 & kg = gray bars, 0.2 mg/kg =
black bars) for each of weeks
2 to 6 of testing, collapsed over
both chronic treatment groups.
Bars represent the average per-

I I | formance = SEM of 24 rats.
3 4 5 6
Week

plain a decreased motivation to earn food reward. It
was reported previously that suppression of food in-
take by nicotine tolerated out with both continuous in-
fusion (3.4 mg/day) and daily injections (0.33 mg/kg)
of the drug; however in both cases this was seen only
after 10 days of exposure (Levin et al. 1987; Caggiula et
al. 1989). This result is in contrast to the rapid tolerance
that developed to the rate-suppressant effects of nico-
tine in the present study and makes this explanation ap-
pear unlikely.

Response accuracy, the only measure that is not af-
fected by drug effects on the rate and speed of respond-
ing, and also correct response latency, was not signifi-
cantly enhanced by nicotine in week 1, i.e. on the first
two exposures to nicotine. This is reminiscent of studies
of attentional effects of nicotine in human non-smokers.
Although beneficial effects of nicotine on attentional
and psychomotor performance have been reported in
this population (e.g. Wesnes and Warburton 1984; Foulds
et al. 1996), there are also negative reports and in general
these effects seem more difficult to demonstrate in non-
smoking subjects (Heishman 1998). The present results
conform to the hypothesis that initial disruptive side
effects of nicotine may mask its more subtle cognitive
enhancing action. Thus, drug effects leading to the non-
specific response depression in week 1 may have over-
shadowed or blurred beneficial effects of nicotine on
stimulus detection, probably by introducing additional
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Figure 4. Changes in the percentage of omission errors and correct response latency over weeks 2 to 6 of testing for the
chronic saline group (@) and the chronic nicotine group (O). Each data point represents the average performance of 12 rats
tested with two doses of nicotine and saline, i.e. mean = SEM of 36 observations.

error variability into these measurements, as suggested
by Figure 1. In later tests when these rate-disruptive ef-
fects had disappeared, the attention-enhancing effects
of nicotine could be discerned. Consistent with this pos-
sibility is the finding that improvements in short-term
recognition memory by nicotine became stronger si-
multaneously with the development of acute tolerance
to some of its aversive effects (Perkins et al. 1994). How-
ever, Heishman and Henningfield (2000) did not ob-
serve any tolerance to nicotine-induced impairments in
the accuracy of working memory and attentional per-
formance that paralleled the development of tolerance
to some of its aversive effects.

In weeks 2-6 of testing, when rats underwent the
chronic nicotine and saline injection regimes, pre-ses-
sion injections of nicotine dose-dependently enhanced
response accuracy, reduced omission errors and correct
response latency and increased anticipatory respond-
ing. The same pattern of effects, with the exception of
anticipatory responding, was also observed in weeks 9
and 10 with different test parameters, and it closely re-
sembled that obtained in previous experiments (Hahn
et al. 2002).

Remarkably, in neither of the present two experi-
ments did these effects differ significantly between
treatment groups, although the chronic nicotine group
was likely to have undergone more profound neuroad-
aptive changes than rats that were only intermittently
exposed to lower doses of nicotine. The chronic treat-
ment regimes also did not introduce any differences in
baseline performance between both groups. Only on
anticipatory responding was there a trend toward a dif-
ference between groups; in both experiments, the nico-
tine-induced increase was more pronounced in the
chronic nicotine group, although a lower baseline may
have contributed to this. Anticipatory responses have
no programmed consequences and thus may reflect un-
specific motor stimulant effects of nicotine. These stim-
ulant effects may have undergone sensitization to a

larger extent in the chronic nicotine group than in the
chronic saline group. Similar processes of sensitization
with repeated drug exposure may have occurred in human
smokers who showed greater responses to nicotine than
non-smokers on self-report measures reflecting its stimu-
lating effects (“vigor” and “arousal”) (Perkins et al. 1994).

A link between the increase in anticipatory respond-
ing by nicotine and its locomotor stimulant effects
would allow speculations on underlying neurochemical
mechanisms. Nicotine-induced locomotor stimulation
is dependent on dopamine release (Di Chiara 2000),
and sensitization to this effect is accompanied by sensi-
tization to the dopamine releasing action of nicotine
(Benwell and Balfour 1992; Cadoni and Di Chiara 2000;
Marshall et al. 1997). While sensitization to the nicotine-
induced increase in anticipatory responding would be
consistent with an involvement of dopamine neu-
rotransmission, the absence of sensitization to its effects
on other response indices may indicate that different
mechanisms mediate the effects of nicotine on atten-
tional performance.

In contrast to a previous report (Blondel et al. 1999),
tolerance did not develop to the attention-enhancing ef-
fects of nicotine. Not only did these effects remain unaf-
fected in rats that were chronically injected with a large
dose of nicotine, but they also did not significantly
change with weeks of nicotine-exposure. The impression
that the effects of nicotine decreased in magnitude over
the course of Experiment 1 can most probably be attrib-
uted to practice that developed with repeated tests on the
same task parameters, causing shifts in baseline perfor-
mance. When task parameters were changed in Experi-
ment 2, the drug effects were restored in both groups.

It is not clear why improvements in omission errors
and response latency with repeated testing should be
delayed in chronically nicotine-treated subjects, as was
shown by the significant interactions of treatment group
with week of testing. From previous experiments on the
effects of nicotine on learning processes, its chronic ad-
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Figure 5. Effects of pre-session injections of saline (white
bars) and 0.1 mg/kg of nicotine (dark gray bars) under dis-
tractor (Distr) and training (No distr) conditions. Graphs on
the left show data for the chronic saline group and graphs
on the right for the chronic nicotine group. Bars represent
mean = SEM over 12 rats. Significant differences between
saline and nicotine are marked (*p < .05, **p < .01; paired
t-test). Response accuracy and latency are shown on a
smaller scale than in other figures.

ministration would have been expected to facilitate the
adaptation to the new task parameters (Levin 1992). In-
stead, performance appeared to deteriorate from week
2 to 4 in the chronic nicotine group, a trend that could
be due to transient performance deficits in the absence
of nicotine, later overcome by further practice with test-
ing parameters. The hypothesis was not supported by
significant 3-way interactions, but Figure 2, showing
data collapsed over weeks 2-6, indicated a trend to-
ward longer response latencies under saline in the chronic

NEUROPSYCHOPHARMACOLOGY 2002—VOL. 27, NO. 5

nicotine group. However, such deficits not only seemed
to vanish with further tests on the parameters of Exper-
iment 1 but also did not appear when test conditions
were altered in Experiment 2.

The introduction of the light distractor in Experi-
ment 2 overall caused significant impairments in mea-
sures of task performance. However, particularly on
omission errors and response latency, these effects were
rather small, especially when compared with earlier ex-
periments in which distracting bursts of white noise
caused profound disruptions in these measures (Hahn
et al. 2002). The light distractor may have been a rather
subtle manipulation that only slightly augmented the
attentional demands of the task. In the previous study,
the distractor condition greatly facilitated the improve-
ments by nicotine, to an extent that it abolished the dis-
tractor-induced impairments. In the present study, the
effects of nicotine on accuracy and correct response la-
tency were generally larger in Experiment 2 than in Ex-
periment 1. However, a trend toward a facilitation of
the drug effect by the distractor was observed only on
accuracy, the measure that was the most affected by the
light distractor, although the interaction did not reach
significance (p = .08). From the earlier results it was
suggested that nicotine may be particularly potent in
improving mechanisms of selective attention or the dis-
engaging and shifting of attention from one source of
information to another. The present data indicate that
this hypothesis is worthy of further investigation.

In summary, after tolerance had developed to the initial
rate-disruptive effects of nicotine that are possibly related
to ataxia and other noxious side effects upon first expo-
sure, it robustly enhanced attentional performance. Toler-
ance did not develop to these improvements over two
months of chronic or subchronic nicotine exposure. This is
encouraging from the perspective of potential therapeutic
applications of the drug in chronic disease states. The re-
sults also suggest that nicotine-derived attentional benefits
may be a persistent factor motivating smoking behavior.
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