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Abstract

Impaired attentional processing is prevalent in numerous neuropsychiatric disorders and may
negatively impact other cognitive and functional domains. Nicotine — a nonspecific nicotinic
acetylcholine receptor (nAChR) agonist — improves vigilance in healthy subjects and
schizophrenia patients as measured by continuous performance tests (CPTs), but the nAChR
mediating this effect remains unclear. Here we examine the effects of: a) nicotine; b) the selective
a7 nAChR agonist PNU 282987; and c) the selective a4f2 nAChR agonist ABT-418 alone and in
combination with scopolamine-induced disruption of mouse 5-choice (5C-)CPT performance.
This task requires the inhibition of responses to non-target stimuli as well as active responses to
target stimuli, consistent with human CPTs.

C57BL/6N mice were trained to perform the 5C-CPT. Drug effects were examined in extended
session and variable stimulus-duration challenges of performance. Acute drug effects on
scopolamine-induced disruption in performance were also investigated.

Nicotine and ABT-418 subtly but significantly improved performance of normal mice and
attenuated scopolamine-induced disruptions in the 5C-CPT. PNU 282-987 had no effects on
performance.

The similarity of nicotine and ABT-418 effects provides support for an a4p2 nAChR mechanism
of action for nicotine-induced improvement in attention/vigilance. Moreover, the data provide
pharmacological predictive validation for the 5C-CPT because nicotine improved and
scopolamine disrupted normal performance of the task, consistent with healthy humans in the
CPT. Future studies using more selective agonists may result in more robust improvements in
performance.
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1. Introduction

Patients suffering from numerous neuropsychiatric disorders exhibit impaired attentional
functioning. These disorders include schizophrenia, bipolar disorder, Alzheimer's disease,
and attention deficit hyperactivity disorder. While the precise mechanisms of attentional
dysfunction in each of these disorders have not been elucidated clearly, there is evidence
linking cholinergic mechanisms to attentional functioning [1, 2].

Acetylcholine (ACh) acts on both muscarinic ACh receptors (mMAChRs) and nAChRs.
nAChRs have been linked with schizophrenia due to high smoking rates in patients
compared to the general population, suggesting that patients may be self-medicating with
nicotine [3-5]. Moreover, there is evidence implicating the a7 nAChR as a susceptibility
gene for schizophrenia [6] with reduced protein levels in post-mortem brains of patients with
schizophrenia linked to the degree of cognitive dysfunction [7]. mAChRs have also been
implicated in the pathology of schizophrenia, where patients have lower levels of M1/M4
mMAChRs [8, 9], with specific evidence for reduced expression of M1 mAChR (see [2]).
Positron emission tomography studies in medication-free patients confirm reduced mAChR
levels in the cortex, basal ganglia, and thalamus [10]. It may be that patients with reduced
MACHR levels form a relatively homogenous subgroup of schizophrenia [11].

The concomitant cholinergic abnormalities and cognitive disruptions observed in
schizophrenia have prompted suggestions that cholinergic agonists may improve cognition
in schizophrenia [12, 13]. For example, nicotine-induced improvement in vigilance has been
observed using the continuous performance test (CPT) in both healthy volunteers [14-16]
and patients with schizophrenia [17], which may exert downstream beneficial effects on
other cognitive domains [18]. The negative effects of nicotine, such as nausea and addiction,
make it an undesirable therapeutic however [19, 20]. Thus, more selective NAChR agonists
have been developed, such as ABT-418 for a4p2 nAChRs [21, 22], and PNU 282987
(PNU) for a7 nAChRs [23-25]. The efficacy of these selective agonists at improving
cognition similarly to nicotine warrants testing.

In mice, the mAChR antagonist scopolamine impairs several cognitive domains with
relevance to schizophrenia [25-29]. Opposite to nicotine, scopolamine disrupts vigilance in
healthy humans as measured by the CPT [30]. While scopolamine disrupts [28, 29, 31] and
nicotine improves [31, 32] sustained attention in the 5-choice serial reaction-time task
(5CSRTT), this task requires only responses to target stimuli [33, 34]. In contrast, human
CPTs also include non-targets to which subjects must inhibit responding [35]. Non-target
trials in human CPTs activate distinct brain regions from target trials [36, 37], the
combination of which contributes to the characteristic impaired attention in neuropsychiatric
patients such as schizophrenia [37, 38]. Hence, we modified the 5CSRTT to include non-
target trials, calling it the 5-choice (5C-)CPT, and demonstrated that rodents can perform the
task, that it is sensitive to inbred strain differences, and that performance on the task has
similarities to human CPTs [39]. The 5C-CPT has been supported for further development
as a cross-species test of top-down control of attention by the NIH-funded CNTRICS
initiative [40].

While we have demonstrated that dopamine D4 receptor activation can improve rat 5C-CPT
[41], PCP-withdrawal can impair rat 5C-CPT [42], and genetic reduction of dopamine D4
receptor expression increases non-target responses with affecting target responses [43], we
have yet to examine the effects of cholinergic manipulations on mouse 5C-CPT
performance. Here, we examined what effects nicotine, the selective a7 nAChR agonist
PNU, and the selective a4p2 nAChR agonist ABT-418 would have on mouse 5C-CPT
performance alone and in combination with scopolamine. We hypothesized that these
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agonists would improve normal performance and exhibit modest attenuation of
scopolamine-induced vigilance deficits, consistent with nicotine-induced improvements in
patients with schizophrenia.

2. Methods

Male C57BL/6N mice (20-30 g) were obtained from Jackson laboratories at approximately
3 months of age. Mice were housed separately in groups of maximum 4/cage and maintained
at 85% of free-feeding weight, with water available ad /ibitum, and housed in a vivarium on
a reversed day-night cycle (lights off at 0800, on at 2000 h). Mice were brought to the
laboratory 30 min before testing between 0900 and 1800 h. All behavioral testing
procedures were approved by the UCSD Institutional Animal Care and Use Committee. All
mice were maintained in an animal facility that meets all federal and state requirements for
animal care and was approved by the Association for the Assessment and Accreditation of
Laboratory Animal Care International.

2.1. Apparatus

Training and testing took place in four 5-hole operant chambers (25x25% 25 cm, Med
Associates Inc., St. Albans, VT). Each chamber consisted of an array of five square holes
(2.5%2.5x2.5 cm) arranged horizontally on a curved wall 2.5 cm above the grid floor
opposite a food delivery magazine (Lafayette Instruments, Lafayette, IN) at floor level and a
house-light near the ceiling. The chamber was located in a sound-attenuating box, ventilated
by a fan that also provided a low level of background noise. An infra-red camera installed in
each chamber enabled the monitoring of performance during training and testing. Mice were
trained to respond with a nose-poke to an illuminated LED recessed into the holes.
Responses were detected by infrared beams mounted vertically located 3 mm from the
opening of the hole. Liquid reinforcement in the form of strawberry milkshake (Nesquik®
plus non-fat milk, 30 w.I) was delivered by peristaltic pump (Lafayette Instruments,
Lafayette, IN) to a well located in the magazine opposite the 5-hole wall. Magazine entries
were monitored using an infrared beam mounted horizontally, 5 mm from the floor and
recessed 6 mm into the magazine. The control of stimuli and recording of responses were
managed by a SmartCtrl Package 8-In/16-Out with additional interfacing by MED-PC for
Windows (Med Associates Inc., St. Albans, VT) using custom programming [39].

2.2. 5C-CPT Training

Mice were initially trained to associate the illumination of the magazine light with reward
delivery. Once the magazine/reward association was acquired, mice were trained in the 5-
CSR task daily, five days per week as described previously [32]. Each session lasted 30 min
or 120 trials, whichever was completed first. Each trial was initiated by the mouse nose-
poking, then removing its nose from the magazine. After a 5 sec ITI, a light stimulus
appeared in one of the 5 apertures located opposite the magazine. A nose-poke in the lit
aperture during the stimulus duration (SD) plus a 2 s limited-hold period resulted in a
correct (Hit) response being registered and a reward being delivered in the magazine. A
nose-poke in any other aperture over this period was registered as an incorrect response and
resulted in a 4 s time-out. Failure to respond in any aperture during the SD + limited hold
was registered as an omission (omission + incorrect = Miss) and also resulted in a time-out
(TO). Response in any aperture during the ITI registered a prematur e response and
triggered a TO. The next trial began when the mouse entered, then exited the magazine. The
SD started at 20 s and was reduced to 10, 8, and 4 s after the attainment of each criterion (a
mean correct latency less than half the current SD for two consecutive days) across sessions.
At this point, mice were transferred to a variable ITI (3-7 s). Once performance stabilized
(approximately 3 days), the mice were then transferred to the 5C-CPT (Fig. 1). For the 5C-
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CPT, 100 trials were target trials, identical to trials described in the 5CSR task where a cue
stimulus appeared in any 1 of the 5 apertures, and 20 trials were non-target trials, unique to
the 5C-CPT, in which all 5 apertures were illuminated and the mouse was required to inhibit
from responding. Training took approximately 45 training sessions from 5-CSR task to
criterion in the 5C-CPT. Consistent with human CPTs [35], successful inhibition of a
response to a non-target stimulus resulted in a correct reection (CR) being recorded and
reward delivered. Responding to a non-target stimulus however, resulted in a falsealarm
(FA) being registered and a TO occurring. These non-target stimuli were interspersed
pseudo-randomly within the 100 target trials (maximum of 3 sequential non-target trials).
False alarm latency was also recorded.

For all three tasks, the mean correct latency (M CL) was calculated along with the
following parameters:

L. omissions correct
% Omissions= (—) 0] Accuracy= ( - )
TotalT rials ’ correct+incorrect
Hit FA
P[HR]=——— P[FAl=———
Hit+Miss FA+CR

Based upon these basic parameters, signal detection indices [44, 45] were then calculated to
assess both d' and responsivity index bias (RI). The d' was calculated using the following
formula:

d’=z(P[HR]) — z(P[FA])

d' provides a parametric assessment of distance between signal and noise responses [44, 45].
The non-parametric response bias measure RI [46] was chosen to provide a measure of the
“tendency to respond” [46-48]. Both d' and RI are appropriate for use with single choice
procedures (respond or not [47]).

_ P[HRI+P[FA] -1
" 1—(P[FA] - P[HR]?*

2.3. Experimental design

Agonists were administered subchronically, consistent with previous studies of nicotine-
induced 5CSRTT improvement in mice [31, 32] and to avoid its initial motor-inhibiting
effects as reported in rats [49]. The initial nicotine study (1a) was conducted as a within-
subjects design over four weeks, while experiments 1b and 1c were between-subjects
designs consistent with previous studies of nicotine-induced 5CSR task improvement in
mice using these two designs [31, 32]. Repeated testing of the same mice were conducted
consistent with previous nicotine studies in mice [31] and rats [50, 51], and in line with the
policy of re-using subjects where possible. Prior to drug treatment, mice were administered
vehicle for 3 consecutive training sessions to acclimate them to being injected. During drug
treatment, mice were tested in an extended session (250 trials or 60 min, whichever was
attained first) variable stimulus duration (vSD; 0.75, 1.25, or 2 s) challenge. This challenge
was chosen based upon previous studies identifying separable genotype effects of the a7
NAChHR in the 5-CSR task [52] and the dopamine Dy receptor in the 5C-CPT [43]. Mice
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were given a two-week washout between studies with regular training sessions Monday-
Friday. During the two-week washout stability of performance was established and
experimental cohorts were counter-balanced prior to testing based on d, RI, MCL, testing
run, and previous drug exposure.

Nicotine bitartrate, scopolamine hydrobromide, PNU, and ABT-418 were purchased from
Sigma-Aldrich (St Louis, MO). Each drug was dissolved in 0.9% saline, with nicotine
solutions being subsequently neutralized with sodium hydroxide solution. Each drug was
administered at 5 ml/kg, with nicotine administered s.c. at a 10 min pre-injection time, PNU
and ABT-418 administered i.p. at a 10 min pre-injection time, and scopolamine
administered i.p. at a 15 min pre-injection time. Nicotine doses and pre-injection times were
chosen based upon reports that 3—4 day treatment regimens in mice produced positive
effects of nicotine [31, 32] that were not observed using acute doses [31, 32, 53]. The
scopolamine dose and pre-injection times were based on previous reports of scopolamine-
induced disruptions of attention and novelty seeking in mice [25, 31]. PNU doses were
chosen based on PNU-induced reversal of scopolamine-induced novelty preference in mice
[25]. ABT-418 doses were chosen based on ABT-418-induced improvement of place
learning in mice [22].

2.5.1. Experiment 1la: Subchronic nicotine effects on mouse 5C-CPT
performance—C57BL/6N mice (n=16) were trained to a stable level of performance in
the 5C-CPT and matched on baseline performance into 4 cohorts. After acclimation to
injection, each cohort received their allocated dose (vehicle or nicotine 1, 10, or 100 pg/kg)
on Tuesday-Friday 10 min prior to testing in the challenge session. The subsequent week,
mice again received saline on Monday and then their allocated dose Tuesday-Friday using
the same task challenge. This pattern was repeated in weeks 3 and 4.

2.5.2. Experiment 1b: Subchronic PNU 282987 effects on mouse 5C-CPT
performance—A second group of C57BL/6N mice (n=43) were trained to a stable
performance in the 5C-CPT. These mice were matched on baseline performance into 4
cohorts and after acclimation to injection, received PNU (vehicle, 3, 10, or 30 mg/kg; n =
11, 11, 11, and 10 respectively; i.p. 10 min preinjection time) on Tuesday-Friday prior to
testing in the challenge session.

2.5.3. Experiment 1c: Subchronic ABT-418 effects on mouse 5C-CPT
performance—After their two-week washout with standard training sessions, mice from
experiment 1b were again matched into 4 cohorts based on performance and
counterbalanced by previous treatment. After re-acclimation to injections, these mice
received their allocated dose of ABT-418 (vehicle, 12, 40, and 120 pg/kg; i.p. 10 min pre-
injection time) on Tuesday-Friday prior to testing in the challenge session.

2.6.1. Experiment 2a: Acute nicotine and scopolamine effects on mouse 5C-
CPT performance—After their two-week washout with standard training sessions, mice
from experiment 1c were again matched into 5 cohorts based on performance and
counterbalanced by previous treatments. These mice received 1 of 5 drug combinations
(vehicle + vehicle, vehicle + scopolamine 1 mg/kg, scopolamine 1 mg/kg + nicotine 3 pg/
kg, scopolamine 1 mg/kg + nicotine 30 pg/kg, and scopolamine 1 mg/kg + nicotine 300 g/
kg) in a between-subjects design on Friday and tested in the challenge session.

2.6.2. Experiment 2b: Acute PNU 282987 and scopolamine effects on mouse
5C-CPT performance—After their two-week washout with standard training sessions,
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mice from experiment 2a were again matched into 6 cohorts based on performance and
counterbalanced by previous treatments. These mice received 1 of 6 drug combinations
(vehicle + vehicle, vehicle + scopolamine 1 mg/kg, scopolamine 1 mg/kg + nicotine 300 g/
kg, scopolamine 1 mg/kg + PNU 3 mg/kg, scopolamine 1 mg/kg + PNU 10 mg/kg, and
scopolamine 1 mg/kg + PNU 30 mg/kg) in a between-subjects design on Friday and tested in
the challenge session.

2.6.3. Experiment 2c: Acute ABT-418 and scopolamine effects on mouse 5C-
CPT performance—After their two-week washout with standard training sessions, mice
from experiment 2b were again matched into 6 cohorts based on performance and
counterbalanced by previous treatments. These mice received 1 of 6 drug combinations
(vehicle + vehicle, vehicle + scopolamine 1 mg/kg, scopolamine 1 mg/kg + ABT-418 12 g/
kg, scopolamine 1 mg/kg + ABT-418 40 pg/kg, and scopolamine 1 mg/kg + ABT-418 120
pa/kg) in a between-subjects design on Friday and tested in the challenge session.

2.7. Statistical Analyses

3. Results

For experiment 1a, performance was analyzed using a three-factor repeated measures
ANOVA with day, drug, and stimulus duration as within-subjects factors. In experiments
la—c, performance was analyzed using a three-factor repeated measures ANOVA, with day
and stimulus duration as within-subject factors and drug as a between subject factor. The
effects of each drug were compared on day 1 in experiments la—c to determine whether
acute effects of the drugs would be observed. Given that single drugs were used in
experiments la—c, Tukey post hoc analyses were performed on significant main effects. For
experiment 2a—c, performance was analyzed using a two-way repeated measures ANOVA
with drug combination as a between-subjects factor and stimulus duration as a within
subjects factor. Given the number of post-hoc analyses in experiments 2a—c, Bonferroni
analyses were used on significant main effects. To determine the test-retest reliability of
mice in the 5C-CPT, we examined the stability performance of mice from each experiment
on primary and secondary outcome measures using intraclass correlation coefficient
analyses with single factor ANOVAs. Data were analyzed using SPSS 19.0 (Chicago, IL).

3.1.1. Experiment 1a: The effects of subchronic dosing of nicotine (1, 10, and
100 pg/kg) on 5C-CPT performance of C57BL/6N mice—We examined whether
nicotine could improve 5C-CPT performance in normal-performing mice using a subchronic
within-subject design. Nicotine improved overall 5C-CPT performance as measured by
increased d' (F(3,42)=3.2, p<0.05; Fig. 2A), with post hoc analysis revealing improvement at
the 10 pg/kg dose when compared to vehicle (p<0.05). d' improved with longer stimuli
(F(2,28)=204, p<0.0001), which did not interact with nicotine (F<1.5, A'S) or drug or day
(F<1, ns). Bias (RI) was unaffected by nicotine (F(3,42)=2.3, NS, Fig 2B), and while mice
were more likely to respond with longer stimuli (F(2,28)=110, p<0.0001), this effect did not
interact with nicotine dose. Nicotine increased responses to target stimuli (P[HR];
F(3,42)=5.1, p<0.005; Fig. 2C) at 10 pg/kg (p<0.1) while the highest dose lowered P[HR]
compared to vehicle-treated mice (0<0.05). P[HR] increased with longer stimuli
(F(2,28)=480, p<0.0001), but did not interact with nicotine dose, or day (F<1.9, NS).
Responses to non-target stimuli (P[FA]) were unaffected by drug, day by drug, or drug by
stimulus duration (F<1, NS, Fig. 2D). P[FA] also did not vary by stimulus duration
(F(2,28)=2.3, NS). Data for other measures are provided in table 1.1. When day 1 data were
analyzed alone to assess for acute effects of nicotine, no effect of drug was observed for any
measure. No significant effect of dosing order or interaction with order was observed for any
measure (F<1.8, NS).
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3.1.2. Experiment 1b: The effects of subchronic dosing of the a7 nAChR full
agonist PNU 282987 (3, 10, and 30 mg/kg) on 5C-CPT performance of C57BL/
6N mice—We examined whether the full a7 nAChR agonist PNU could mimic the
observed effects of nicotine on mice. PNU did not affect d', bias, target, or non-target
responding (F<1.9, NS, Fig. 3A, B, C, and D respectively). No drug by day interactions
were observed for any of these measures (F<1, AS). With longer stimulus durations, d'
improved (F(2,70)=126, p<0.0001), mice were more responsive (F(2,70)=161, p<0.0001),
and target responses increased (F(2,70)=573, p<0.0001), while non-target responses were
unaffected (F(2,70)=2.1, NS). A stimulus by drug effect was observed for numerous
measures including d (F(2,70)=2.4, p<0.05), target responses (P[HR]; F(6,70)=3.0, p<0.05),
non-target responses (P[FA]; F(6,70)=2.4, p<0.05), and a trend effect on RI (F(6,70)=2.0,
p<0.1). Post hoc analyses revealed only limited effects however, with the only significant
effect being 30 mg/kg PNU-induced increase in P[FA] at the 2 s stimulus duration when
compared to vehicle (p<0.05). Data for other measures are provided in table 1.2. When day
1 data were analyzed alone to assess for acute effects of PNU 282987, no effect of the drug
was observed for any measure.

3.1.3. Experiment 1c: The effects of subchronic dosing of the a4B2 agonist
ABT-418 (12, 40, and 120 pg/kg) on 5C-CPT performance of C57BL/6N mice—
We examined whether the selective full a4p2 nAChR agonist could improve 5C-CPT
performance in mice in a manner consistent with nicotine. Subchronic ABT-418 treatment
did not exert a main effect on performance as measured by d', Rl, P[HR], or P[FA] (all F<1,
NS, Fig. 4A, B, C, and D respectively). A drug by stimulus duration effect was observed for
d' (F(2,54)=2.8, p<0.05; Fig. 4A), whereby 40 and 120 pg/kg improved d' at the 1.25 s
stimulus duration when compared to vehicle (p<0.05), with no other effects observed
(7>0.1). No drug by stimulus duration interaction was observed for RI, P[HR], or P[FA]
(F<1.8, NS). As above, lengthening stimulus durations increased d (F(2,54)=148, p<0.0001),
bias (F(2,54)=133, p<0.0001), and P[HR] (F(2,54)=496, p<0.0001), with a minor effect on
P[FA] (F(2,54)=3.1, p<0.1). No drug by day effect was observed for any of these measures
(F<1.5, NS). Data for other measures are provided in table 1.3. When day 1 data were
analyzed alone to assess for acute effects of ABT-418, no effect was observed for any
measure.

3.2.1. Experiment 2a: To examine whether acute nicotine (3, 30, and 300 pg/
kg) could reverse scopolamine (1 mg/kg)-induced deficits of C57BL/6N mice
in the 5C-CPT—Consistent with previous reports, scopolamine impaired 5C-CPT
performance as measured by d' (F(4,32)=7.7, p<0.0001; Fig. 5A), as well as altering Rl
(F(4,32)=6.2, p<0.001; Fig. 5B), P[HR] (F(4,32)=6.5, p<0.001; Fig. 5C), and P[FA]
(F(4,32)=5.6, p<0.005; Fig. 5D). Post hoc analyses revealed that impaired d compared with
veh+veh was observed for scop+veh, scop+nic_3pg/kg, and scop+nic_30pg/kg (p<0.05) but
not scop+nic_300.g/kg (£>0.05). Moreover, scop+nic_300p.g/kg treated mice exhibited
significantly higher d compared with scop+veh treated mice (p<0.05). For bias, each
treatment group exhibited lowered Rl compared with veh+veh (p<0.05) except scop
+nic_3pg/kg (p>0.05). Target responding (P[HR]) was reduced by scop+nic treatment at
every dose (0<0.05), while the scop+nic groups did not differ from each other (£>0.05).
Non-target responses (P[FA]) was not affected by any treatment group in comparison to veh
+veh or scop+veh groups (£>0.05). Data for other measures are provided in table 2.1.

3.2.2. Experiment 2b: To examine whether acute PNU 282987 (3, 10, and 30
mg/kg) could reverse scopolamine (1 mg/kg)-induced deficits of C57BL/6N
mice in the 5C-CPT—In order to determine whether the a7 nAChR agonist PNU could
reverse disrupted performance in the 5C-CPT, mice pretreated with scopolamine (1 mg/kg)
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were treated with nicotine (300 pg/kg) or PNU (3, 10, and 30 mg/kg) prior to testing in the
5C-CPT. Scopolamine impaired performance as measured by d (F(5,31)=5.5, p<0.005; Fig.
6A). This effect was not attenuated by treatment with PNU at any dose (p<0.05), but was
attenuated by nicotine (£>0.05) compared to veh+veh treated mice. Rl was unaffected by
drug group (F<1.9, NS, Fig. 6B). Scopolamine reduced P[HR] (F(5,31)=4.4, p<0.005; Fig.
6C), even with nicotine or PNU at 30 mg/kg (p<0.05), but this effect was only a trend when
mice were co-administered 3 and 10 mg/kg PNU (p<0.1). Scopolamine did not affect non-
target responses (P[FA]; F<1.0, NS, Fig. 6D). Data for other measures are provided in table
2.2.

3.2.3. Experiment 2c: To examine whether acute ABT-418 (12, 40, and 120 pg/
kg) could reverse scopolamine (1 mg/kg)-induced deficits in C57BL/6N mice
in the 5C-CPT—To examine whether the a4p2 nAChR agonist ABT-418 could reverse
disrupted performance in the 5C-CPT, mice pretreated with scopolamine (1 mg/kg) were
treated with nicotine (300 pg/kg) or ABT-418 (12, 40, and 120 pg/kg) prior to testing in the
5C-CPT. Scopolamine again disrupted performance as measured by d (F(5,31)=3.6,
p<0.005; Fig. 7A), bias (RI; F(5,31)=2.7, p<0.05; Fig. 7B), target responses (P[HR];
F(5,31)=3.3, p<0.05; Fig. 7C), and non-target responses (P[FA]; F(5,31)=2.7, p<0.05; Fig.
7D). Scop+veh, scop+abt_40pLg/kg, and scop+abt_120p.g/kg treatments impaired d (p<0.05)
when compared with veh+veh treated mice. Treatment with scop+nic and scop+abt_12p.g/
kg did not affect d (v>0.1) compared with veh+veh treated mice however. Scopolamine
pretreatment produced a trend toward reducing P[HR] irrespective of treatment dose when
compared to veh+veh treated mice (p<0.1), except in mice treated with ABT-418 at 40 g/
kg (p>0.1). Despite the main effect of drug on RI and P[FA], post hoc analyses did not
reveal any group that differed from veh+veh treated mice, (£>0.1), except for a trend toward
increased responsivity in scop+nic (p<0.1). Data for other measures are provided in table
2.3.

3.3. Test-retest reliability of mice in the 5C-CPT

The test-retest reliability in mice in the 5C-CPT was examined over the course of
experiments 1b—2c using intraclass correlation coefficient analyses. Correlation coefficient
analyses for the primary measure of vigilance (d') were always significant (F(1,85) ranging
from 13.7 — 76.0, ps<0.01) with intraclass correlation coefficients ranging from fair to
substantial (0.553 — 0.882; Fig. 8), in accordance with established guidelines [54]. Thus,
during periods of stable performance, the primary measures of performance remained
consistent with previous baseline levels. When examined over the longer period between
experiments 1b and 2c, a significant correlation of d' was also observed (r=0.78, p<0.005).
Intraclass correlation coefficients of secondary outcome measures also remained strong (e.g.
for bias, correlations ranged from 0.66-0.88, for mean correct latency correlations ranged
from 0.71-0.98, for accuracy correlations ranged from 0.68-0.92).

4. Discussion

Cholinergic manipulation of mice performing the 5C-CPT in these studies produced similar
effects to that of humans performing CPTs. Specifically, nicotine subtly improved, while
scopolamine greatly disrupted, attentional CPT performance [14, 30, 55, 56]. Importantly,
we also observed modestly improved vigilance in mice administered the a4p2 nAChR
selective agonist ABT-418. Moreover, both nicotine and ABT-418 attenuated scopolamine-
induced disruption in performance. No effect of the a7 nAChR agonist PNU was observed
in either normal performance or scopolamine-induced disruption in performance.
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These findings demonstrate that nicotine can improve attention/vigilance as measured by the
5C-CPT in mice, consistent with healthy human subjects in the Connors CPT [14]. Because
both tasks utilize target and non-target trials, the distinct brain regions mediating human
CPT performance to these two trial types are likely to be required in the 5C-CPT [36-38].
Thus, by utilizing non-target stimuli in conjunction with target stimuli in the 5C-CPT, it is
clear that the mechanism by which nicotine improved mouse performance was consistent
with humans — increased target responses without affecting non-target responses [14]. While
one could hypothesize that this effect is attributable to nicotine-induced increases in target
responses (reduced omissions) in mice in the 5CSRTT [31, 32], these data are the first to
demonstrate that the nicotine-induced increase in target responses was not accompanied by
an increase in non-target responses, thus confirming the selectivity of responding. Hence,
this result supports the cross-species translational validity of the 5C-CPT in terms of its
pharmacological predictive validity, an important tenet for drug development [57-59].

In previous 5CSRTT studies in mice [31, 32] and rats [50, 51], nicotine improved accuracy,
an effect not observed here presumably because of the concomitant use of non-target
stimuli. Previous reports support a nAChR agonist-induced improvement in attention via
increasing the detection of target stimuli [60, 61]. Increased target detection may result from
increases in transient choline spikes after the detection of a target, utilizing a network
including the prefrontal cortex, mediodorsal nucleus, and basal forebrain [61]. This network
is hypothesized to be mediated in part by a4p2 nAChRs, which could explain why the more
selective a4p2 nAChRs agonist (ABT-418 compared to nicotine) also enhanced the
accuracy of responding in scopolamine-induced disrupted performance in mice, an effect
that was not observed for nicotine. Moreover, the network for target detection likely also
includes mAChRs in the prefrontal cortex, which may mediate scopolamine-induced
disruption in performance in the 5C-CPT [61]. When co-administered with scopolamine, the
primary effect of the attenuating dose of nicotine (300 .g/kg) was actually a reduction of
responses to non-target stimuli. The reason for the altered effective dose and mechanism of
effect remains unclear. The network that subserves non-target responding has yet to be
elucidated, but may include a dopamine D4 mechanism [43]. The present data are consistent
with an interaction between nAChR and mAChRs.

ABT-418-induced improvement in normal and scopolamine-induced disruption of 5C-CPT
performance supports an a4p2 nAChR-mediated mechanism of attentional enhancement.
The effect of ABT-418 was more subtle than nicotine however, with improvements being
observed only at the 1.25 s stimulus duration in the variable stimulus duration challenge and
could relate to the limited potency of ABT-418 for a42 nAChR compared with other high
affinity nAChRs. Despite the lack of sizable effects however, these findings support earlier
preclinical studies of subtle ABT-418-induced improvement in attention only in a poor-
performing strain of rats [62], with no effect in good performers [63]. In the 5CSRTT,
ABT-418 subtly increased accuracy in rats but only in the first 10 min [51]. To observe
clearer effects in the mouse 5C-CPT, perhaps a poorer-performing strain should be used,
such as DBA/2 mice [39]. The use of such a high-performing strain in the present study
could explain the limited effect of nicotine and ABT-418 as well as the lack of dose-
dependent findings. Alternatively, a smaller dose range could be investigated [32].
Importantly, neither nicotine nor ABT-418 affected bias in the task, suggesting that the
improvement in d' with these drugs reflected enhanced vigilance [47, 64].

Unlike the selective a4p2 nAChR agonist, PNU did not improve 5C-CPT performance but
only increased responses to non-target stimuli at the highest dose. The lack of an attention-
enhancing effect of an a7 nAChR agonist is consistent with human CPT [65] and rat
5CSRTT studies [50, 51, 66], although this study is the first to test PNU. Mice with a null
mutation of the a7 nAChR exhibit impaired 5CSRTT performance as measured by reduced
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target responses (increased omissions) [32, 52, 53]. The lack of correspondence between
genetic and pharmacological manipulations of the a7 nAChR on measures of attention
warrants further investigation [67]. To date, the 5C-CPT performance of a7 nAChR null
mutants has not been assessed. With the inclusion of non-target trials, these mice may not
exhibit the same deficit in omissions as observed in the 5CSRTT. Alternatively, nicotine-
and ABT-418-induced improvements in performance were in the pg/kg range, with higher
doses of PNU utilized. It is possible that the optimal dose of PNU was not used. Current
doses were based on reversal of scopolamine-induced effects on novel environment
preference in mice [25] and reversal of subchronic phencyclidine-induced deficits of novel
object recognition and cued reversal learning in rats [68]. While the effects of scopolamine
on performance were somewhat inconsistent between the PNU and the other studies, the fact
that PNU did not improve normal performance may indicate that a7 nAChR have effects in
domains other than attention, such as learning and memory [68—70]. Testing novel and more
selective a7 nAChR compounds with good blood brain barrier permeability, such as
ABT-107 [71, 72] or SSR180711 [73], may also be required given such poor permeability of
other a7 nAChR compounds [74, 75]. Future studies examining wider dose ranges, novel
compounds, and other cognitive domains are warranted [76].

While its applicability to a particular disease remains to be understood, scopolamine-
induced disruption of mouse 5C-CPT performance could be regarded as a mouse model of
impaired vigilance. Scopolamine reduced target responses and modestly increased non-
target responding, a pattern of errors consistent with healthy humans administered
scopolamine in the CPT [77]. Beyond the signal detection theory measures of performance
used in human CPT studies, scopolamine also impaired accuracy and increased premature
responses in mice, differences not observed in patients with schizophrenia in the human 5C-
CPT [78]. This generalized deficit in responding induced by scopolamine is also observed
when administered to mice in the 5CSRTT, albeit with some strain differences and no
measure of non-target responding [28, 29, 31]. The lack of scopolamine-induced effects on
latency measures suggests that these effects are not confounded by alterations in activity
levels however. The present data add to these observations by indicating that scopolamine
also modestly increases non-target responses. Thus, by utilizing non-target stimuli in the 5C-
CPT, it is clear that scopolamine administration does not simply reduce responding levels in
rodents, but impairs their ability to respond appropriately.

Co-administration of nicotine attenuated the effects of scopolamine on performance. While a
full nicotine-induced attenuation of the disruptive effects of scopolamine was not evident, it
is important to note that a modest improvement was consistently observed in d' across the
three experiments. The subtlety of effect could be because scopolamine administration
resulted in chance levels of performance. Interestingly, nicotine modestly improves CPT
performance in patients with schizophrenia [17] and ADHD [20] as well as the
aforementioned healthy subjects, all of which perform at above chance levels. Nicotine-
induced attenuation of the disruptive effects of scopolamine was complicated by the fact that
it was observed at 300 pg/kg in scopolamine-treated mice, while improvements in normal
performance were observed at 10 pg/kg. Moreover, differences in response bias further
complicate the interpretation of these data. While it would be simplest to indeed claim that
nicotine attenuated the scopolamine-induced disruption of vigilance and that a larger dose
was required because of the disruptive effects of scopolamine, this remains unclear. Co-
administration of nicotine (300 p.g/kg) with scopolamine treatment proved to be useful as a
positive control however in the further 2 studies, attenuating the effects of scopolamine in all
3 studies. Consistent with their effects on normal mice performing the 5C-CPT, PNU did not
attenuate scopolamine-induced disruption in performance, while ABT-418 exhibited a very
modest attenuation of the effects of scopolamine. While ABT-418 treatment of
scopolamine-induced deficits did not improve performance significantly beyond that of
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scopolamine alone, its co-treatment no longer differed significantly from vehicle treatment
which was in contrast with scopolamine effects alone. Hence, consistent with its effects over
4 days, ABT-418 produced very subtle effects on performance. The effects of treatment on
RI1 were less clear in the PNU and ABT-418 studies. The lack of effects of nicotine or
ABT-418 on bias suggests that their improvement in performance and attenuation of the
disruptive effects of scopolamine were likely to be attentive in nature [47]. Thus, while these
studies are beneficial, they are limited by a lack of a full factorial design whereby treatments
would be administered both alone and in combination with scopolamine. A factorial design
would help to determine whether nicotine and ABT-418 partially blocked the effects of
scopolamine or were beneficial alone. Future studies should use such a factorial design.
Importantly for the drug discovery process [40], the consistent performance of the mice
tested in these studies was always strong. Thus, the psychometric test-retest reliability of
performance in the 5C-CPT provided support that the numerous consistencies observed
between studies - such as various stimulus duration effects or nicotine-induced attenuation
of scopolamine deficits - were reliable and that a single cohort can be tested repeatedly,
consistent with other studies in mice [31], and rats [50, 51].

5. Conclusion

In conclusion, the present studies demonstrate that it is possible to observe nicotine-induced
improvement in the 5C-CPT, consistent with the effects of nicotine on healthy humans in the
CPT [14]. Furthermore, scopolamine impairs vigilance in mice as it does in man [30]. These
data extend similar work in the 5CSRTT [31, 79], since they detail the effects of these drugs
on non-target responding also, similarly to human CPTs. Thus, the patterns of effects of
nicotine and scopolamine in mice in the 5C-CPT were consistent with healthy human
subjects in CPTs, supporting the pharmacological predictive validity of the 5C-CPT. The
availability of the 5CCPT in mice enabled the assessment of more selective NAChR agonists
than nicotine, specifically the a4p2 nAChR agonist ABT-418 and the a7 nAChR agonist
PNU. ABT-418 exhibited modest improvements in vigilance in mice while PNU was
without effect at the doses tested. As well as improving vigilance in normal mice, nicotine
and ABT-418 modestly attenuated scopolamine-induced disruption in vigilance - consistent
with modest nicotine-induced improvements in patients with schizophrenia [17] and ADHD
[20] - while again PNU was without effect. These studies support an a4p2 nAChR-
mechanism of action for nicotine-induced improvement in vigilance. These findings remain
far from conclusive however, and future studies will examine different doses of PNU as well
as more selective a7 and a4p2 nAChR agonists. Furthermore, the availability of this task in
mice will enable the assessment of NAChR knockout mice in the task, whereby it can be
examined whether nicotine-induced improvement in performance can be observed in these
mice.
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Fig. 1.

Schematic of the 5C-CPT: Examples of trial-types and their responses are provided. How
these responses are used for signal detection theory calculations is illustrated. Target trials
are represented by singly lit holes and require a response (trials 1, 2, 3, and 5). When a
response is made to a target stimulus, it is registered as a hit (trials 1, 2, and 5). A failure to
respond to a target is registered as a miss (trial 3). Non-target stimuli are represented by all 5
holes being lit (trials 4 and 120). Inhibiting a response to a non-target is registered as a
correct rejection (trial 4), while responding in any hole during a non-target is registered as a
false alarm (trial 120). The combinations of hits, misses, correct rejections, and false alarms
are analyzed using signal detection theory to identify the capability of the subject to
differentiate their responses from target to non-target stimuli, consistent with human
continuous performance tests. A variable 3 — 7 s interval is spaced between the trials to limit
the subject's ability to use a temporal mediating strategy to predict stimulus onset.
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Fig. 2.

The effects of subchronic nicotine (Nic, 1, 10, and 100 pg/kg) on mouse performance of the
5CCPT as measured using signal detection theory. Nicotine enhanced the performance of
mice in the 5CCPT at 10 pg/kg as confirmed by the main effect of this dose on d[?](A).
Mice were more liberal in responding as the stimulus duration lengthened as indicated by
the responsivity index, irrespective of nicotine administration (B). Correct target detection as
measured by the proportion of hit rate also increased with the stimulus duration, and was
reduced by nicotine at 100 pg/kg but tended to increase at 10 pg/kg irrespective of stimulus
duration (C). No effect of nicotine or stimulus duration was observed on the ability of mice
to inhibit from responding to non-target stimuli (D). Data presented as mean + s.e.m, *
denotes p<0.05 compared to vehicle, ! denotes p<0.1 compared to vehicle.
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Fig. 3.

The effects of subchronic administration of the a7 nAChR agonist PNU 282987 (PNU, 2,
10, and 30 mg/kg) on mouse performance of the 5C-CPT as measured using signal detection
theory. PNU 282987 did not affect d[?](A), bias as measured by responsivity index (B), the
probability of responding to a target signal (C), or the probability of responding to a non-
target signal (D). Consistent with earlier data and previous reports however, a main effect of
signal duration was observed for every measure bar false alarms. Data presented as mean +
s.e.m.
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Fig. 4.

The effects of subchronic administration of the a4p2 nAChR agonist ABT-418 (ABT, 12,
40, and 120 pg/kg) on mouse performance of the 5C-CPT as measured using signal
detection theory. ABT-418 at 12 and 40 wg/kg improved vigilance as measured by d[?]at the
1.25 s stimulus duration (A). ABT-418 did not affect bias as measured by responsivity index
(B), the probability of responding to a target signal (C), or the probability of responding to a
non-target signal (D). Consistent with earlier data and previous reports a main effect of
signal duration was observed for every measure bar false alarms. Data presented as mean +
s.e.m. * denotes p<0.05 when compared to vehicle.
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The effects of co-administration of nicotine (Nic, 3, 30, and 300 j.g/kg) and scopolamine (1
mg/kg) on mouse performance of the 5C-CPT as measured using signal detection theory.
Scopolamine impaired vigilance in mice as measured by d[?], an effect that was attenuated
by co-administration of nicotine at 300 pg/kg (A). Scopolamine lowered the responsivity
index of mice, which was attenuated by 3 jg/kg of nicotine (B). Scopolamine lowered the
hit rate of mice irrespective of dose of co-administered nicotine (C), while every dose of
nicotine attenuated the scopolamine-induced increases in responses to non-target signals,
and even lowered such responses below vehicle-treated mice (D). Data presented as mean +
s.e.m., * denotes p<0.05 when compared to vehicle, # denotes p<0.05 when compared with

scopolamine.
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Fig. 6.

The effect of co-administration of PNU 282987 (PNU, 3, 10, and 30 mg/kg) and
scopolamine (1 mg/kg) on mouse performance of the 5C-CPT as measured using signal
detection theory. Scopolamine impaired vigilance in mice as measured by d[?], an effect that
was somewhat attenuated by co-administration of nicotine at 300 pwg/kg — co-administration
of PNU was without effect on scopolamine-induced disruption in performance however (A).
Scopolamine + nicotine and PNU 282987 (3 and 30 mg/kg) lowered the responsivity index
of mice which was not seen in scopolamine treatment alone or in co-administration of
scopolamine and 10 mg/kg of PNU 282987 (B). Scopolamine + all doses of nicotinic
agonists reduced the proportion hit rate that was not observed in mice administered
scopolamine alone (C). Although no treatment affected the proportion of responses to non-
target signals, scopolamine-induced increases with co-administration of nicotine-induced
attenuation was observed as before (D). Data presented as mean + s.e.m., * denotes p<0.05
when compared to vehicle, ! denotes p<0.1 when compared with vehicle.
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Fig. 7.

The effect of co-administration of ABT-418 (ABT, 12, 40, and 120 p.g/kg) and scopolamine
(1 mg/kg) on mouse performance of the 5C-CPT as measured using signal detection theory.
Scopolamine impaired vigilance in mice as measured by d[?], an effect that was attenuated
by co-administration of nicotine at 300 pg/kg and ABT at 12 pg/kg, but not at 40 or 120 g/
kg (A). Scopolamine + nicotine tended to increase responsivity compared to veh+veh alone,
an effect that was not observed in other doses (B). Scopolamine administration reduced the
proportion of hits to target signals that was unaffected by co-administration of nicotine or
ABT-418 at any dose (C). Although no treatment affected the proportion of responses to
non-target signals, scopolamine-induced increased while co-administration of nicotine-
decreased such responses (D). Data presented as mean + s.e.m., * denotes p<0.05 when
compared to vehicle, ! denotes p<0.1 when compared with vehicle.
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Fig. 8.

Intraclass coefficient correlation of performance across test stages. The reliability of
performance of the primary outcome measure (d) was compared across the five experiments
at baseline (T1-T5). The correlation of 5C-CPT performance was always highly significant,
with fair to substantial correlations between each test and from initial baseline (T1) to 13
weeks later (T5). These data support the reliability of 5C-CPT performance over time and
the premise that the same cohort could be tested repeatedly over time.
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