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Impairments in attention are a major component of the cognitive symptoms of neuropsychiatric and neurodegenerative disorders. Using
an operant sustained attention task (SAT), including a distractor condition (dSAT), we assessed the putative pro-attentional effects of the
selective a4 f2* nicotinic acetylcholine receptor (nAChR) agonist S 38232 in comparison with the non-selective agonist nicotine. Neither
drug benefited SAT performance. However, in interaction with the increased task demands implemented by distractor presentation, the
selective agonist, but not nicotine, enhanced the detection of signals during the post-distractor recovery period. This effect is consistent
with the hypothesis that second-long increases in cholinergic activity (‘transients’) mediate the detection of cues and that nAChR agonists
augment such transients. Electrochemical recordings of prefrontal cholinergic transients evoked by S 38232 and nicotine indicated that
the a4 2* nAChR agonist evoked cholinergic transients that were characterized by a faster rise time and more rapid decay than those
evoked by nicotine. Blockade of the o7 nAChR ‘sharpens’ nicotine-evoked transients; therefore, we determined the effects of co-
administration of nicotine and the a7 nAChR antagonist methyllycaconitine on dSAT performance. Compared with vehicle and nicotine
alone, this combined treatment significantly enhanced the detection of signals. These results indicate that compared with nicotine, a42*
nAChR agonists significantly enhance attentional performance and that the dSAT represents a useful behavioral screening tool. The
combined behavioral and electrochemical evidence supports the hypothesis that nAChR agonist-evoked cholinergic transients, which are

INTRODUCTION

Efforts to discover and develop treatments for the cognitive
symptoms of neuropsychiatric and neurodegenerative dis-
orders have been hampered by the absence of effective
‘benchmark’ drugs and preclinical screening and character-
ization procedures that reliably predict clinical efficacy
of putative cognition enhancers. Furthermore, theories
that would define promising neuropsychopharmacological
target mechanisms for the development of cognition
enhancers have remained rare (eg Hagan and Jones, 2005;
Sarter, 2006).

Attentional functions and capacities are key variables of
cognitive performance (Sarter et al, 2005, 2006), and as such
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characterized by rapid rise time and fast decay, predict robust drug-induced enhancement of attentional performance.
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have been extensively targeted for drug-induced cognition
enhancement. Cholinergic activity is necessary for the
performance of attention tasks (eg McGaughy et al, 1996;
for review see Sarter et al, 2005, 2006). The development of
enzyme-coated microelectrodes allowing for the ampero-
metric monitoring of real-time acetylcholine (ACh) release
has revealed that brief (on the scale of seconds) increases in
cholinergic activity (henceforth termed ‘transients’) mediate
the detection of cues in attentional contexts (Parikh et al,
2007). This finding explains the exclusive impairment in the
ability to report the presence of a signal observed after
cholinergic lesions, whereas non-signal trial-response accu-
racy remains completely spared (McGaughy et al, 1996).
Agonists at nicotinic acetylcholine receptors (nAChRs),
particularly the non-selective agonist nicotine, have been
extensively shown to benefit attention in healthy human
beings, patient groups, as well as in intact animals and
animal models (eg Newhouse et al, 2004; Sahakian et al,
1989; Levin et al, 1998; Hahn et al, 2003; Sarter, 2010).
However, the magnitude of the effects of nicotine was often
relatively small and depended on individual task demands
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and parameters, treatment regimen, and subjects’ prior
exposure to nicotine (Manusco et al, 1999; Mirza and
Stolerman, 1998; Rusted et al, 2000; Mirza and Bright, 2001;
Hahn et al, 2002; Bizarro and Stolerman, 2003). Moreover,
effects were restricted to secondary measures of perfor-
mance (Blondel et al, 2000), did not reach significance
(Turchi et al, 1995), or even indicated impaired perfor-
mance (Bushnell et al, 1997). In recent years, agonists
or positive allosteric modulators of nAChR subtypes have
been developed based in part on the expectation that
such compounds exhibit greater pro-attentional efficacy
when compared with nicotine (eg Prendergast et al, 1998;
McGaughy et al, 1999; Potter et al, 1999; Wilens et al, 1999,
2006; Grottick and Higgins, 2000; Lippiello et al, 2006;
Dunbar et al, 2007; Wilens and Decker, 2007).

Local administration of 24f2* nAChR agonists evokes
abrupt increases in cholinergic activity within the cortex
that mirror, specifically in terms of rise time, amplitude,
and decay rate, the ‘sharp’ transients observed in task-
performing animals (Parikh et al, 2008). In contrast,
nicotine generates long-lasting release events (up to and
over 1min) that are partly mediated through stimulation
of the «7 nAChR (Parikh et al, 2008, 2010). On the basis of
these and additional results, we hypothesized that o4f2*
nAChR agonists more robustly enhance attentional perfor-
mance than nicotine, as the long release event evoked
by nicotine may limit its ability to enhance trial-based
performance in tasks involving cholinergically mediated
cognitive operations occurring on much shorter timescales
(Sarter et al, 2009a).

The first aim of this study was to compare the effects of
S 38232, a selective, full agonist at #42* nAChRs (Lagostena
et al, 2010), with the effects of the non-selective agonist
nicotine on the performance of rats in the distractor version
of the sustained attention task (dSAT). This task was
originally developed for research in animals and has been
cross-validated for research in human beings (Demeter
et al, 2008; Nuechterlein et al, 2009; see Supplementary
Figure S1). Post-distractor performance recovery is thought
to be mediated, top down, through activation of prefrontal
networks (Weissman et al, 2004; Johnston et al, 2007). As
high demands on cognitive performance are a major
determinant of showing attentional benefits of nicotine in
healthy subjects (Newhouse et al, 2004), dSAT performance
was expected to reveal such effects. The second aim of this
study was to determine the characteristics of cholinergic
transients evoked by S 38232 and nicotine. Third, we tested
the hypothesis that co-administration of nicotine and the «7
nAChR antagonist methyllycaconitine (MLA) results in
greater pro-attentional effects than nicotine administered
alone, owing to the ‘sharpening’ of nicotine-evoked
transients by o7 nAChR blockade.

MATERIALS AND METHODS
Subjects

For the behavioral experiments, subjects were male Wistar
rats (Harlan, IN) ~200-300g at the onset of training.
Animals were kept on a 14:10 light/dark cycle in a
temperature and humidity-controlled vivarium. Water was
available only as a reward during testing and for 30 min on
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the completion of a training/testing session. Food was
available ad libitum. All training and testing took place
during the light cycle. Subjects used for electrochemical
studies were adult male Fisher/Brown Norway hybrid rats
(FBNF1; Harlan, IN) ~200-250g at the beginning of the
experiments. Food and water was available ad libitum.
All animals were maintained in accordance with the NIH
guide for the Care and Use of Animals, and experiments
were conducted in accordance with protocols approved
by the University of Michigan Committee on Use and Care
of Animals.

SAT Acquisition and Performance Criteria

The SAT (Figure S1 in Supplementary data; see also Kozak
et al, 2006, 2007) is comprised of a series of randomly
presented signal (500-25 ms illumination of a central panel
light) and non-signal events. After a signal or non-signal
event, two retractable levers are extended into the operant
chamber, prompting animals to report the presence or
absence of a signal. The task generates four measures of
performance (Supplementary Figure S1): hits (H) and
misses (M) are correct and incorrect responses on signal
trials, respectively; correct rejections (CR) and false alarms
(FA) are correct and incorrect responses on non-signal
trials, respectively. A houselight is left on throughout the
task. Final performance criterion was defined as >70% hits
to 500ms signals and >70% CR for three consecutive
sessions. After reaching the criterion level, animals
continued daily practice sessions and were habituated for
1 week to systemic injections (i.p.) of saline.

Assessment of Performance During the dSAT

As illustrated in Supplementary Figure S1, in the dSAT, the
first 8-min block of trials (block 1) was identical to the SAT
described above. This block was followed by a 16-min block
(block 2) with the distractor (chamber houselight flashing
on/off at 0.5Hz) turned on. After distractor termination,
performance recovery was determined during a final 16-min
block of the regular SAT (block 3). Animals practiced the
dSAT a minimum of two times before the effects of S 38232
and nicotine on performance were tested. Individual
distractor test sessions were separated by a minimum of 2
days of SAT practice sessions, with performance at or above
the criterion level. Our evidence indicates that repeated
exposure to the distractor does not significantly alter the
efficacy of the distractor, including the rate of post-
distractor performance recovery.

Measures of SAT and dSAT Performance

Data from both SAT and dSAT test sessions were grouped
into three blocks of trials for analysis: the first 8 min of task
performance (block 1), the second 16 min of task perfor-
mance (block 2), and the final 16 min of task performance
(block 3). For each session, the total number H and M by
signal duration, CR, FA, and omissions were recorded.
Using these values, the relative number of hits (h=H/(H +
M)), CR (cr =CR/(FA + CR)), misses (1—h), and FA (1-cr)
were determined. Scores were calculated for each block of



trials, signal duration, as well as averaged across signal
durations.

Drugs, Drug Administration, and Doses

S 38232 (N-{[1-(methylamino)cyclopropyl]methyl}-3-pyri-
dinamine) was obtained from Institut de Recherches
Internationales Servier (Courbevoie, France). The com-
pound is a full agonist at «4$2* nAChRs, with an ECs, of
34x107° M to rat o4f2* nAChRs expressed in Xenopus
laevis oocytes. Furthermore, the compound has a low partial
agonist activity at rat 7 nAChR (ECsy of 1.3 x 10 * M;
Servier, unpublished data; Lagostena et al, 2010). Nicotine
(nicotine hydrogene tartrate; Sigma-Aldrich, St Louis, MO)
and S 38232 were administered to separate groups of
animals. SAT performance was determined after adminis-
tration of S 38232 (n=11; 0.03, 0.30, 1.00, and 3.00 mg/kg)
or nicotine (n=14; 0.02, 0.10, 0.40 mg/kg; base weights).
Both compounds were dissolved in sterile saline. Animals
were given a systemic injection (i.p.) and placed into the
operant chambers for the duration of a pre-task wait period
(15 min for nicotine, 30 min for S 38232). The administra-
tion of doses and vehicle was randomized for each animal.
Successive administrations of drug doses were separated by
a minimum of 2 days/sessions in which the animal’s SAT
performance was at or above criterion level. Vehicle was
administered before all other test sessions. The selection
of doses for dSAT testing was based on the effects on SAT
performance and, therefore, is explained in Results. Finally,
we tested the effects of nicotine (0.1 mg/kg) administered
together with the «7 nAChR antagonist MLA citrate hydrate
(MLA; Sigma-Aldrich; n=19; 1.0 or 5.0 mg/kg; 1 ml/kg for all
injections; 15 min before task onset; see Blondel et al, 2000).
All compounds were dissolved in sterile saline. The pH of
the solutions (7.4-7.6) was adjusted using sodium hydro-
xide solution. These effects were determined in animals that
also received nicotine alone before a dSAT performance test
to allow for within-subjects comparisons.

Electrochemical Recordings of nAChR Agonist-Evoked
Cholinergic Transients In Vivo

Details concerning the preparation and calibration of
choline-sensitive microelectrodes are described in Supple-
mentary data (see also Parikh et al, 2007, 2008). Briefly,
cholinergic transients were measured using ceramic-based
choline-selective microelectrodes and fixed-potential am-
perometry (Quanteon, Nicholasville, KY). Each electrode
was equipped with four platinum recording sites arranged
in side by side pairs. Choline oxidase (CHOase) was cross-
linked with a bovine serum albumin (BSA)/glutaradehyde
solution, and immobilized on the bottom pair of recording
sites. The other pair was coated with the BSA/glutaralde-
hyde solution alone and served to record fluctuations in
the background current. Meta-phenylenediamine was elec-
tropolymerized onto the surface of the recording sites to
block electroactive interferents. Electrodes were calibrated
in vitro (see Table 1 in Supplementary data). Animals were
anesthetized with urethane (1.25-1.5g/kg; i.p.) and placed
in a stereotaxic frame. Body temperature was maintained at
37°C with an isothermal pad. Single barrel glass capillaries
(1.0 x 0.58 mm, 6in.; A-M systems, Carlsborg, WA) were
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pulled using a micropipette puller (Model # 51210,
Stoelting, Wood Dale, IL). Micropipettes (inner tip diameter
~15um) were attached to the microelectrode with the tip
centered between the two pairs of recording sites, ~70 um
from the surface of the electrode. The assembly was
positioned in either the right or left medial prefrontal
cortex (AP: +3.0mm, ML+0.7mm, DV: —3.0mm from
bregma). A Ag/AgCl reference wire was implanted in the
opposite hemisphere, and a fixed potential of +0.7V was
held between the reference and recording -electrodes.
Amperometric recordings were made at 1Hz, and data
was digitized using a FAST-16 recording system (Quanteon
LLC, Nicholasville, KY). Experiments began after stabilization
of baseline current (45-60 min). Drug solutions were pressure
ejected through the micropipettes, and ejection volumes were
monitored through a stereoscope equipped with a reticule.

S 38232 was delivered through intracranial pressure
ejections of 200nl of drug solution (40pmol, n=>5;
200 pmol, n=6, and 2nmol, n=>5). Cholinergic transients
evoked by S 38232 were compared with those evoked by
nicotine (the data on nicotine, including the effect of MLA
on nicotine-evoked transients were taken from Parikh et al,
2008). In addition, the effects of dihydro-f-erythoidine
(DHpE), a relatively selective a42* nAChR antagonist, on
signals evoked by S 38232 were assessed. DHSE (Tocris
Bioscience; Ellisville, MO) was infused (1.6 nmol in 800 nl
over 5s) and was followed 3 min later by a series of three
pressure ejections of S 38232 (2 nmol, n=>5).

Current recordings on CHOase-coated channels were self-
referenced as described in Parikh et al (2008). Transients
evoked by S 38232 or nicotine were compared with respect
to peak amplitudes and signal decay rate (tso; time required
for the signal to decline by 50% of peak amplitude). Data
from three cholinergic signals per drug manipulation and
per animal were averaged and used for statistical analysis.

Statistical Methods

Performance was analyzed wusing repeated-measures
ANOVAs with dose of drug, performance block, and signal
duration as within-subjects factors. Mixed model ANOVAs
with the between-subjects factor of group were used to show
that baseline performance did not differ between animals
treated with nicotine or S 38232. One-way ANOVAs with
dose as a between-subjects variable were used to determine
dose-response relationships and to compare evoked
cholinergic transients evoked by the two nAChR agonists.
All post hoc analyses used the least significant differenced
test (LSD). When necessary, main effects and interactions
were further investigated with independent and paired
samples t-tests (o =0.05). Exact p-values were reported as
suggested by Greenwald et al (1996). Furthermore, the results
from repeated-measures ANOVAs indicate uncorrected
degrees of freedom, but Huynh-Feldt-corrected F-values.

RESULTS
Baseline SAT Performance

Baseline SAT performance did not differ between animals
used to test the effects of nicotine and S 38232. As shown in
Figure 1la, the relative number of hits declined with
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Figure | Baseline SAT performance and effects of S 38232 and nicotine on SAT performance: (a) depicts baseline hit rate as a function of signal duration
and (b) shows the correct rejection rate of the three blocks of trials. Baseline performance did not differ between groups that were treated with nicotine or
S 38232, respectively. Administration of the highest dose of nicotine decreased the number of hits to longest signals (c). All doses of nicotine decreased the
correct rejection rate in block | (e). Administration of S 38232 did not affect hits (d). A small decrease in the relative number of correct rejections in block 2
was caused by the highest dose (f). The main effects of signal duration are indicated in (c) and (d). (For this and subsequent figures: *p <0.05, **p <0.01;
#*%p <0.001; based on multiple comparisons conducted on the basis of significant results of ANOVA; see Results.).
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decreasing signal duration (F(2,46) =184.09; p<0.001).
Animals correctly rejected 88.80+ 1.40% (M; SEM) of
non-signal events (Figure 1b). SAT performance did not
vary across the three blocks of trials, and the effects of block
did not interact with group and/or signal duration (all
p>0.25). Finally, animals omitted few trials (0.88 £ 0.26% of
~ 200 trials/session) and the number of omissions did not
differ between the groups (p =0.40).

Neither Nicotine nor S 38232 Enhance SAT Performance

Administration of the non-selective nAChR agonist nicotine
(0.02, 0.1, 0.4mg/kg) did not enhance SAT performance
(dose: F(3,39) =1.31; p=0.28). Rather, as illustrated in
Figure Ic, the highest dose of nicotine produced a small, but
robust decrease in the hit rate to longest signals (dose X
signal: F(6,78) =5.50; p<0.001; see figures for post hoc
comparisons). Furthermore, all three doses of nicotine
resulted in a decrease in the relative number of CR during
block 1. These effects were not seen during subsequent
blocks of trials (dose: F(3,39) =5.63; p=0.013; dose x
block: F(6,78) =6.42; p<0.001; Figure le). Finally, the
highest dose of nicotine also increased the number of
omitted trials (F(3,39) =8.05; p =0.014), from 0.66 + 0.29%
after vehicle to 12.29 £4.07% after the administration of
0.4 mg/kg. Furthermore, the increase in omissions was
highest during the first block of trials (main effect of block:
F(2,26) =4.69; p=0.043; dose by block: F(6,78) =4.51;
p=0.046).

Administration of S 38232 (0.03, 0.3, 1.0, and 3.0 mg/kg)
did not affect the animals’ hit rate (Figure 1d; all main
effects and interactions including dose: all p>0.10).
However, the highest dose of S 38232 resulted in a small
yet significant decrease in the relative number of CR during
the second block of trials (Figure 1f; dose: F(4,40) =0.84;
p=0.49; dose xblock: (F(8,80)=2.31; p=0.03). The
number of omitted trials increased over blocks of trials
(F(2,20) =5.30; p=0.02), from 1.46 £0.66% in block 1 to
2.26£0.65% in block 3; however, this increase was not
affected by the administration of S 38232 (F(8,80) =1.90;
p=0.15).

Taken together, neither the administration of the selective
o42* nAChR agonist nor the non-selective agonist nicotine
benefited the performance of the standard SAT. The
impairments caused by either drug were small and/or
remained limited to a particular block of trials.

Distractor-Induced Impairment and Performance
Recovery

The dSAT baseline (vehicle) performance did not differ
between animals scheduled to be treated with S 38232 or
nicotine (all main effects of group and interactions
involving group: p>0.20). As illustrated in Figure 2a and
b, presentation of the distractor resulted in robust decreases
in both the relative number of hits and CR. Concerning hits,
the effect of block interacted significantly with signal
duration (block: (F(2,46) =23.66; p<0.001; block x signal:
F(4,92) =16.21; p<0.001). Post hoc comparisons (illustrated
in Figure 2a) indicated an acute decrease in hits during the
distractor block and a partial but incomplete recovery of the
hit rate to longest signals during the post-distractor block.
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In contrast, hits to medium duration signals did not recover
and hits to shortest signals were lower during the post-
distractor block than during both preceding blocks of
trials. In contrast, the distractor-induced decrease in CR
recovered completely during block 3 (main effect of block:
(F(2,46) = 73.62; p <0.001; Figure 2b).

Enhancement of dSAT Performance by S 38232

On the basis of the detrimental effect of the highest dose of
S 38233 on SAT performance (see above), and inspection of
(insignificant) effects of dose on all measures of SAT
performance, a dose of 0.3mg/kg was selected for dSAT
testing. In the analysis of effects on dSAT performance,
putative drug effects were expected to interact with the
factor ‘block,” reflecting that drug effects would manifest in
the presence of, or subsequent to, distractor presentation.
Such an interaction was found with respect to hits
(Figure 2c; F(2,20) = 6.86; p =0.006).

As would be expected, based on the effects of this dose of
S 38232 on SAT performance (above), post hoc comparisons
did not indicate an effect of S 38232 on hits obtained from
the pre-distractor block 1. Likewise, S 38232 did not affect
the low number of hits during the presence of the distractor
in block 2. However, S 38232 enhanced the hits rate during
the post-distractor block 3 (F(1,10)=7.09; p=0.024;
Figure 2c).

Nicotine Did Not Affect dSAT Performance

As illustrated in Figure 1lc, the highest dose of nicotine
impaired the detection of longest signals in animals
performing the SAT (above). Therefore, the next highest
dose was selected for dSAT testing (0.1 mg/kg; see also
Hahn et al, 2002). This dose of nicotine did not affect dSAT
performance. We will return to the analysis of this data in
conjunction with the effects of co-administration of this
dose of nicotine and MLA. We will next describe the
electrochemical evidence, as this evidence justifies the co-
administration experiment.

Larger and ‘Sharper’ Cholinergic Transients Evoked by
S 38232 When Compared with Nicotine

We earlier showed that nAChR agonists evoke transient
increases in ACh release in the prefrontal cortex. We also
identified major aspects of the underlying neuronal
mechanisms. This evidence supports the hypothesis that
the greater pro-attentional efficacy of selective o4f2*
nAChR agonists is related to their ability to evoke larger
and ‘sharper’ cholinergic transients than nicotine (Parikh
et al, 2008; Sarter et al, 2009b). Thus, we determined the
cholinergic transients evoked by S 38232 and compared
their amplitudes and decay rates with those evoked by
nicotine (Parikh et al, 2008).

The in vitro electrochemical properties of choline-
sensitive electrodes used in these experiments are described
in Table 1 in Supplementary data. Administration of
S 38232 (40, 200, and 2000 pmol) evoked cholinergic tran-
sients that were characterized by dose-dependent increases
in amplitude (F(2,13)=29.05; p<0.001; post hoc LSDs
indicated that the amplitude after the two higher doses was
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larger than the amplitude evoked by 40 pmol; Figure 3a
and d). Consistent with the classification of S 38232 as a
selective «4$2* nAChR agonist, the amplitude of the
cholinergic transient evoked by S 38232 (2nmol) was
almost completely attenuated by co-administration of
the relatively o4f2*-selective antagonist DHSE (1.6 nmol;
residual amplitude: 1.43 + 0.19 uM; t(5) =5.07; p =0.007).
Compared with the amplitudes of cholinergic transients
evoked by nicotine (40 and 200 pmol, 4 and 20 nmol; Parikh
et al, 2008), S 38232 was significantly more potent than
nicotine in evoking cholinergic transients (Figure 3d).
Comparisons between the amplitudes evoked by the two
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lower doses of S 38232 indicated larger cholinergic signal
amplitudes compared with the amplitudes evoked by
identical doses of nicotine (40 pmol: #(8) =3.94; p =0.004;
200 pmol: #(8) =3.36; p=0.01). The amplitude produced
by the highest dose of S 38232 corresponded with that
evoked by the highest dose of nicotine (20 nmol; p =0.59).
As illustrated in Figure 3d, amplitudes generally reached
a plateau at 5.5-6 uM, indicating that the greater potency
of the selective agonist was not associated with greater
efficacy.

Cholinergic transients evoked by S 38232 were robustly
‘sharper’ than those evoked by nicotine. First, as illustrated
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adopted from Parikh et al, 2008). (a, b) provide examples of individual traces evoked by S 38232 (a) and nicotine (b; arrows indicates the time of drug
administration). These traces exemplify the strikingly ‘sharper’ transients evoked by the a42* nAChR agonist when compared with the slower decay rate of
nicotine-evoked cholinergic transients. The slower decay of nicotine-evoked transients indicates ongoing and only slowly decreasing acetylcholine release;
(b) also illustrates the ‘sharpening’ of nicotine-evoked cholinergic transients by blocking the a7 nAChR with MLA. (c) The time required for transients to
reach peak amplitude (‘rise time’) increased dose dependently for nicotine, but not for S 38232; indeed, the rise time for transients evoked by 2000 pmol of
S 38232 did not differ from rise times of transients evoked by 200 or 40 pmol. Furthermore, by the second highest dose of drug (200 pmol), nicotine-evoked
transients required significantly more time to reach peak amplitude when compared with a42* nAChR agonist-evoked transients. The two individual data
points shown in (c) indicate that blocking the &7 nAChR, by co-administration of MLA, shortened the rise time of nicotine-evoked cholinergic transients.
(d) S 38232 was more potent, but not more efficacious, with respect to the peak amplitudes of cholinergic transients. The two lower doses of S 38232
evoked significantly larger amplitudes than similar doses of nicotine. The two individual data points in (d) indicate that blocking the o7 nAChR did not
robustly reduce the amplitudes of nicotine-evoked transients. As described in Results, blocking a4 $2* nAChR almost completely attenuated the amplitudes
that were evoked by S 38232 (2nmol). (e) Transients evoked by nicotine were relatively slow to return to baseline, requiring 70's after the highest
dose to decrease to 50% of peak current (tsp). In contrast, tsq values of transients evoked by S 38232 were largely flat across doses and remained under 10ss.
Co-administration of MLA accelerated the decay rate of nicotine-evoked cholinergic signals, reducing tso values close to those for transients evoked by the
selective a4f2* nAChR agonist (see individual data points). Taken together, the results shown in (c—e) indicate that S 38232 evokes ‘sharper’ cholinergic
transients than nicotine.

in Figure 3c, dose of S 38232 did not affect the relatively
short rise time of transients evoked by this compound (time
from administration of the compound to peak amplitude;
F(2,15) =0.15; p =0.858; Figure 3c; 5.731+0.28s). In con-
trast, nicotine-evoked signals required robustly more time
to reach peak amplitude, up to almost 30s for the highest
dose (note again that peak amplitudes did not differ
between the highest dose of S 38232 and nicotine; above).
Even at the second dose, 200 pmol, nicotine-evoked signals
were slower to reach peak amplitude (nicotine:
21.75+£7.60s; S 38232: 5.94 + 1.04s; £(8) =2.62; p=10.03).
Second, as illustrated in Figure 3e, ts5o values of
cholinergic signals evoked by S 38232 remained below 10s
even after the highest dose, contrasting with nicotine-

evoked signals that required almost 70s to decline by 50%
from peak values after the highest dose. Dose of S 38232
affected the time required for the amplitude of cholinergic
transients to decrease by 50% from peak levels (ts)
(F(2,15) = 4.14; p =0.041). However, post hoc LSDs revealed
that this effect was due to a relatively small increase in t5,
(about 2s) after the administration of 200 pmol when
compared with the effects of the lower and higher dose
(40 pmol and 2 nmol; Figure 3e). Even at the second dose,
200 pmol, nicotine-evoked signals were significantly slower
to decay (tso; nicotine: 39.75 £ 12.43 s; S 38232: 9.95+0.72 s;
t(8) =2.82; p=0.02). Collectively, these results indicate that
S 38232 evokes cholinergic transients with greater potency
when compared with nicotine, and that cholinergic signals
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evoked by S 38232 differ from those resulting from nicotine
with regard to rise times and decay rates, yielding robustly
‘sharper’ cholinergic transients evoked by S 38232.

Blockade of a7 nAChR ‘Sharpens’ Nicotine-Evoked
Transients

As illustrated in Figure 3b-e, nicotine-evoked cholinergic
transients were characterized by slower rise times and decay
rates when compared with those evoked by the selective
o4f2* nAChR agonist. We earlier observed that blockade
of the «7 nAChR with MLA did not affect the amplitude
of nicotine-evoked cholinergic transients, but partly at-
tenuated the slow rise time and the slow decay rate of
nicotine-evoked transients (Figure 3b-e; these data were
taken from Parikh et al, 2008 and integrated into Figure 3
to provide a justification for the test of the effects of the
co-administration of nicotine and MLA on dSAT perfor-
mance). More recently, we determined the effects of
nicotine in mice lacking the o7 nAChR and again found
that the slow rise time and decay rate of nicotine-evoked
cholinergic signals are partly mediated through the o7
nAChR (Parikh et al, 2010). Thus, with respect to
cholinergic transients, blocking the o7 nAChR converts
nicotine into a more selective «42* nAChR agonist.

Co-administration of Nicotine and MLA Enhances dSAT
Performance

Compared with the administration of saline or nicotine
alone (0.1 mg/kg), co-administration of this dose of nicotine
and MLA (1.0 mg/kg) enhanced the relative number of hits
during dSAT performance. As indicated in Materials and
methods, we also tested a higher dose of MLA (5.0 mg/kg);
however, co-administration of nicotine and the higher
dose of MLA impaired performance, likely reflecting non-
selective antagonist effects of MLA (see Discussion in
Lopez-Hernandez et al, 2009). Therefore, these data are not
described.

Compared with vehicle and nicotine administered alone,
the co-administration of nicotine and MLA enhanced the
hit rate across all three blocks of trials of dSAT performance
(main effect of treatment: F(2,16) =5.46; p=0.016; see
Figure 2e). Figure 2d shows effects over blocks to allow
comparisons between the effects of S 38232 and the
co-administration treatment. Although this figure suggests
that the co-treatment increased hits particularly robustly
during the post-distractor block, the effects of treatment
did not interact with block (p =0.18).

DISCUSSION

The results of the experiments described above indicate that
administration of a selective #42* nAChR agonist, but not
nicotine, facilitates attentional performance under taxing
conditions. Compared with nicotine, the selective o4f2*
nAChR agonist evoked ‘sharper’ cholinergic transients,
which mirrored the transients that mediate cue detection
in performing animals. This finding is consistent with the
hypothesis that such selective agonists are able to amplify
without broadening such transients, and thereby benefit the
detection of signals in attention tasks. The more slowly
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rising and decaying transients evoked by nicotine are
‘sharpened’ by blocking the o7 nAChR; accordingly, we
found that co-administration of nicotine with MLA robustly
increased the hit rate of dSAT-performing animals. The
discussion below will focus on (a) the lack of beneficial
effects of nicotine, (b) the cognitive and neuronal mechan-
isms underlying the attentional effects of the selective 0a4/2*
nAChR agonist, (c) the prediction of attentional enhance-
ment based on the characteristics of nAChR agonist-evoked
cholinergic transients, and (d) the implication of these
findings for strategies focusing on the treatment of the
cognitive impairments associated with a range of disorders.

As noted in the Introduction, the demonstration of beneficial
attentional effects of nicotine in healthy, non-smoking
human beings and intact animals has been less than
straightforward. Here, as well as in earlier studies, we failed
to show beneficial effects of nicotine on SAT performance
(Turchi et al, 1995). In addition, and in agreement with
the results described above, Bushnell et al (1997) reported
a decrease in hits after their highest dose of nicotine
(0.26 mg/kg; base weight) using a SAT task similar to
the one used in this study. As already mentioned, the
demonstration of beneficial effects of nicotine on the
performance of the five-choice serial reaction time task
(5CSRTT) depends on specific parameters, and effects
on response accuracy were not consistently reported
(references in Introduction). Thus, in the absence of
additional demands on attentional control, acute enhance-
ment of attentional performance by nicotine has been
difficult to show in intact animals. However, the collective
evidence suggests that 5CSRTT performance may be more
readily enhanced than SAT performance (references in
Introduction; see also Stolerman et al, 2000). The two tasks
differ primarily in that the 5CSRTT does not involve
non-signal trials, or the randomized presentation of signal
and non-signal trials within a test session. Furthermore,
SAT-performing animals remain positioned in front of the
intelligence panel throughout the session, operating the
left and right lever most of the time using left and right
forepaws and relatively rarely engage in competitive
behaviors. Thus, multiple cognitive and behavioral mechan-
isms may be speculated to account for the task-based
difference in the efficacy of nicotine.

Given that the available evidence suggests that beneficial
attentional effects of nicotine can be more readily shown in
interaction with increased demands on attentional control
(references in Introduction; Hahn et al, 2002), the failure
of nicotine to benefit dSAT performance was unexpected.
As indicated in Figure 2d, after the administration of
nicotine, there was a descriptive trend for an increase in
hits in the post-distractor period; however, statistical power
estimates indicate that for this effect to reach significance
data from over 100 animals would be needed. Were it
not for the robust effects of S 38232 and nicotine/MLA
co-treatment, we would need to conclude that the dSAT
does not adequately tax attentional control. However, given
the effects of these two treatments, the limited efficacy of
nicotine is more likely related to its non-selective pharma-
cological and associated electrochemical profile (below).

In contrast to nicotine, the selective #42* nAChR agonist
robustly enhanced post-distractor dSAT performance.
Although the evidence from studies in human beings,



including patients, and animal experiments remains limited,
such ligands seem to produce more reliable and perhaps
more robust enhancement of attentional performance than
nicotine (McGaughy et al, 1999; Wilens et al, 1999, 2006;
Grottick and Higgins, 2000; Dunbar et al, 2007; Wilens and
Decker, 2007).

The detection of signals requires transient increases in
cholinergic activity in the prefrontal cortex (Parikh et al,
2007). Ideally, the effects of nicotine and o4[f2*-selective
nAChR agonists on such transients recorded in performing
animals would be expected to reveal the basis for their
differential efficacy. Unfortunately, such studies remain
technically extremely challenging and, therefore, the present
evidence requires extrapolation from the characteristics of
nAChR agonist-evoked transients recorded in anesthetized
animals to modulation of detection-mediating transients.
However, the little data that is available suggests that such
an extrapolation may be feasible and informative (Sarter
et al, 2009a).

Our collective electrochemical evidence supports a model
indicating that during cue detection, cholinergic transients
are a product of local prefrontal glutamatergic-cholinergic
interactions (Parikh et al, 2008, 2010). The initial ACh
release is augmented by cholinergic stimulation of a4f2*
nAChRs that are situated on the terminals of thalamic
glutamatergic inputs, and the subsequent stimulation of
ionotropic glutamate receptors. The parsimonious model
posits that glutamate receptors can be located on choliner-
gic terminals (Sarter et al, 2009a), and predicts, as indicated
by the current data (Figure 3), that «42* nAChR agonists
potently evoke cholinergic transients. Our prior data also
suggest that the amplitude of cholinergic transients evoked
by nicotine is controlled by the effects of nicotine at 042*
nAChRs. In contrast, the slow rise time and decay rate of
nicotine-evoked cholinergic transients, indicative of slowly
increasing, more lasting, and more slowly diminishing ACh
release, are due in part to stimulation of o7 nAChRs. The
rise time and decay rates of transients evoked by S 38232-
evoked transients suggest that the low affinity of this
compound for o7 nAChR (see Materials and methods)
remains irrelevant in vivo.

The enhancement of attentional performance by $38232 is
consistent with the hypothesis that such compounds are
able to augment, without widening, cholinergic transients,
thereby enhancing the efficacy and rate of successful cue
detection. It is less clear whether the lower rise time,
the slower decay rate of nicotine-evoked transients, or both
limit the efficacy of the non-selective nAChR agonist. If the
early increase in cholinergic activity, before initiation of
behavior, is what truly fosters cue detection (Parikh et al,
2007), then such slow rise times would not be predicted
to benefit detection performance. Alternatively, the slow
temporal dynamics of nicotine-evoked increases in choli-
nergic neurotransmission may be insufficient to effectively
enhance discrete behavioral or cognitive operations.

Although the above discussion remains necessarily
speculative, the finding that the co-administration of
nicotine with MLA ‘sharpens’ nicotine-evoked cholinergic
transients and enhances the hit rate in dSAT-performing
animals considerably substantiates the suggestion that the
cholinergic signature of nAChR agonists predicts atten-
tional performance effects. Inspection of the data indicates
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that S 38232 and the nicotine/MLA co-treatment resulted
in similar hit rates during the recovery period after the
distractor block (55-60% hits; Figure 2c¢ and d). Taken
together, these findings are consistent with the hypothesis
that stimulation of «42* nAChRs is sufficient for enhan-
cing attentional performance. These results and associated
hypotheses suggest that it is less likely that stimulation
of prefrontal o7 nAChRs benefits the detection of cues in
attentional contexts (eg Grottick and Higgins, 2000;
Grottick et al, 2003; Hahn et al, 2003; Paolone et al, 2009).

The present evidence indicates the usefulness of the
behavioral and electrochemical research approaches for
finding and developing compounds designed to enhance
attentional performance. First, the dSAT seems sufficiently
taxing to reveal the beneficial effects of selective nAChR
agonists. The focus on dSAT performance over performance
of the SAT is of clinical relevance, as in many groups of
patients with neuropsychiatric and neurodegenerative dis-
orders or brain injury, attentional impairments are a
function of the demands on effort and top-down control
(eg Stulemeijer et al, 2007; Nuechterlein et al, 2009; Sarter
et al, 2009b). Such demands further activate prefrontal
circuitry, in part because of greater demands on cholinergic
activity (Kozak et al, 2006). Second, the current evidence
indicates that the characterization of the features of
cholinergic transients, evoked by local administration
and in anesthetized animals, may serve as an informative
neuropharmacological screening procedure for putative
cognition enhancers. Although it will be necessary to
further show that the effects on amplitudes and decay rates
of such transients in anesthetized animals predict the
modulation of such transients in performing animals, the
present results substantiate the hypothesis that compounds,
which are able to evoke ‘sharp,” transient increases in ACh
release enhance attentional performance.
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