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The a7 nicotinic acetylcholine receptor (nAChR) is highly expressed in different regions of the brain and
is associated with cognitive function as well as anxiety. Agonists and positive allosteric modulators
(PAMs) of the a7 subtype of nAChRs have been shown to improve cognition. Previously nicotine, which
activates both o7 and non-a7 subtypes of nAChRs, has been shown to have an anxiogenic effect in
behavioral tests. In this study, we compared the effects of the a7-selective agonist (PNU-282987) and
PAM (PNU-120596) in a variety of behavioral tests in Sprague Dawley rats to look at their effects on
learning and memory as well as anxiety. We found that neither PNU-282987 nor PNU-120596 improved
spatial-learning or episodic memory by themselves. However when cognitive impairment was induced
in the rats with scopolamine (1 mg/kg), both PNU-120596 and PNU-282987 were able to reverse this
memory impairment and restore it back to normal levels. While PNU-120596 reversed the scopolamine-
induced cognitive impairment, it did not have any adverse effect on anxiety. PNU-282987 on the other
hand displayed an increase in anxiety-like behavior at a higher dose (10 mg/kg) that was significantly
reduced by the serotonin 5-HT;, receptor antagonist WAY-100135. However the o7 receptor antagonist
methyllycaconitine was unable to reverse these anxiety-like effects seen with PNU-282987. These results
suggest that 7 nAChR PAMs are pharmacologically advantageous over agonists, and should be con-
sidered for further development as therapeutic drugs targeting the o7 receptors.
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1. Introduction et al, 1992; Gopalakrishnan et al, 1996; Lindstrom, 1996;
Lindstrom et al., 1996; Liu et al., 2009; Nashmi and Lester, 2006;

Nicotinic acetylcholine receptors (nAChRs) are cationic- Whiting et al., 1987), and are present at both presynaptic (Alkondon

conducting ion channels belonging to the cys-loop ligand-gated
ion channel superfamily (Brams et al., 2011; Gay and Yakel, 2007;
German et al.,, 2011; Pandya and Yakel, 2011b; Yakel and Shao,
2004). The neuronal nAChRs are either homomeric or hetero-
meric pentamers with combinations of o (2¢2—«10) and B (2—p4)
subunits, which have different pharmacological and biophysical
properties (Arias, 2006; Gotti et al., 2007). The nAChRs are involved
both in physiological functions (including cognition, reward, motor
activity and analgesia) and in pathological conditions such as Alz-
heimer’s disease, Parkinson’s disease, some forms of epilepsy,
depression, autism and schizophrenia (Gotti and Clementi, 2004;
Pandya and Yakel, 2011b; Williams et al., 2011b). The 7 nAChR
subtype is one of the most abundant nAChRs in the brain (Flores

* Corresponding author. Tel.: +1 919 541 1407; fax: +1 919 316 4653.
E-mail addresses: pandyaaa@niehs.nih.gov (A.A. Pandya), yakel@niehs.nih.gov
(J.L. Yakel).

0028-3908/$ — see front matter Published by Elsevier Ltd.
http://dx.doi.org/10.1016/j.neuropharm.2013.01.004

et al,, 1997; Chang et al., 2011; McGehee et al., 1995; Mok and Kew,
2006; Radcliffe and Dani, 1998) and postsynaptic sites (Gu and
Yakel, 2011; Parri et al., 2011), as well as non synaptic locations
(Horiguchi et al., 2009; Koval et al., 2011).

Nicotine, an agonist for all nAChRs, is known to have pro-
cognitive effects in both animals as well as humans (Levin et al.,
2006; Newhouse et al, 2004; Sacco et al, 2004). The a7
receptor-selective agonists have been found to have a positive
effect in a wide range of animal models for cognition (Boess et al.,
2007; Feuerbach et al.,, 2009; Hauser et al., 2009; Meyer et al.,
1997; Roncarati et al.,, 2009; Van Kampen et al., 2004; Wishka
et al, 2006; Young et al., 2009). Some of the pro-cognitive ef-
fects of nicotine are due to its action on a7 receptors (Levin et al.,
2006; Thomsen et al., 2010). PNU-282987 is a selective agonist for
a7 receptors that restores auditory gating deficits (Hajos et al,,
2005) and impaired sensory gating in rats (Bodnar et al., 2005).
In a radial arm maze test, PNU-282987 improved memory per-
formance when injected directly into the frontal cortex (Chan
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et al,, 2007), and PNU-282987 ameliorates scopolamine-induced
behavioral changes in a modified continuous Y-maze task in
mice (Redrobe et al., 2009). Another study found that a higher
dose of PNU-282987 (5 mg/kg) diminished motor activity in the
open-field following 5 and 12 days of administration (acute and
sub-chronic, respectively) in mice (Vicens et al, 2011). PNU-
282987 administered acutely had no effects on acquisition in the
Morris water maze, however chronic administration over a period
of 5 days showed beneficial effects on retention in the same test
(Vicens et al., 2011). In another study which used a novel object
recognition test, PNU-282987 reversed phencyclidine (PCP)-
induced deficits of two cognitive paradigms relevant to schizo-
phrenia (McLean et al., 2011a).

There is considerable evidence to suggest that nicotine can also
modulate anxiety in a dose-dependent manner. In a social inter-
action test for anxiety, (—)-nicotine has been shown to have an
anxiolytic effect at lower doses and an anxiogenic effect at high
doses (File et al., 1998). A similar low dose (0.1 mg/kg) of nicotine
has different effects at different times after injection, with an
anxiogenic effect being observed at 5 min, followed by an anxiolytic
effect at 30 min, and a later anxiogenic effect at 60 min (Irvine et al.,
1999). In the elevated plus-maze test for anxiety, no effects of
(—)-nicotine at lower doses (e.g. <0.1 mg/kg) were found, however
an anxiogenic effect at higher doses (0.5 and 1 mg/kg) was seen
(Ouagazzal et al., 1999a). An anxiogenic effect of nicotine at high
doses was observed in the social interaction test of anxiety, when
administered directly to the dorsal hippocampus (File et al., 1998).
Nicotine, when injected into the lateral septum, had an anxiogenic
effects in both the social interaction and the elevated plus-maze
tests (Ouagazzal et al., 1999b), which was antagonized by con-
comitant administration of WAY-100635, a 5-HT, receptor inhib-
itor (Cheeta et al., 2000). Additionally, neuronal nAChR antagonists
have been demonstrated to reduce anxiety-like behavior in mice
(Roni and Rahman, 2011).

In addition to the orthosteric site ligands, selective allosteric
ligands have been discovered for the a7 receptors. (Bertrand and
Gopalakrishnan, 2007; Hurst et al., 2005; Thomsen et al., 2010).
These ligands that increase the function of a7 receptors by acting
outside of the orthosteric ACh site, are known as positive allosteric
modulators (PAMs) (Bertrand and Gopalakrishnan, 2007). While
these compounds do not activate the receptor by themselves, they
do alter the ability of the orthosteric ligand to affect channel gating
(Bertrand and Gopalakrishnan, 2007; Kim et al., 2007; Pandya
and Yakel, 2011a, 2011b; Williams et al., 2011a). The behavioral
effects of a few a7 receptor PAMs have been studied in rodents
(Dunlop et al., 2009; Ng et al., 2007; Timmermann et al., 2007).
PNU-120596 is an o7 receptor-selective PAM which ameliorates
amphetamine-induced auditory gating deficits (Hurst et al., 2005),
and MK-801 (a glutamate receptor antagonist) -induced impair-
ments in pre-pulse inhibition in rats (Dunlop et al., 2009). In an
attentional set-shifting task, PNU-120596 significantly improved
performance of phencyclidine-treated rats, demonstrating that this
drug improves cognitive dysfunction in an animal model relevant
to schizophrenia (McLean et al., 2011b). However in another
behavioral test for cognation, PNU-120596 failed to produce any
memory-enhancing effects with either chronic or acute doses
(Thomsen et al., 2011).

In this behavioral study, we initially compared the selective o7
agonist PNU-282987 and PAM PNU-120596 for their ability to
improve episodic and spatial-learning memory. Furthermore since
nicotine (acting through o7 receptors) has been shown to have
anxiety-inducing effects (especially at high doses), we wanted to
test whether PNU-282987 and PNU-120596 could also induce
anxiety. Our results show that a7 agonists at high doses may have
an anxiogenic effect that is not observed with a7 PAMs.

2. Material and methods
2.1. Subjects

Male Sprague-Dawley rats were obtained from Charles River Laboratories
(Saint-Constant, Québec). The animals were acclimatized for a minimum of 7 days
after arrival. All rats used for the behavioral experiments were over 80 days old
and weighed a minimum of 300 g. The rats were housed individually in trans-
parent plastic cages (L45 x B20 x H10 cms) with free access to water. They were
maintained on a reversed 12-h light/dark cycle (lights on at 2100 h and off at
0900 h). The temperature of the room was maintained at 22 +/— 3*C with hu-
midity at 50 +/— 10%. All the training and tests were performed when the rats
were behaviorally active during the dark phase. The rats were examined regularly
by a veterinarian and their weights recorded once every week. All procedures
were approved and performed in compliance with NIEHS/NIH Humane Care and
Use of Animals in Research protocols.

2.2. Drug treatment

The rats were divided into 5 cohorts of 10—12 animals each. Each cohort was
trained and used for one of the five different behavioral tests that were conducted.
PNU-282987, PNU-120596 and WAY-100135 were purchased from Tocris Inc.
(Ellisville, MO, USA). Methyllycaconitine (MLA) was purchased from Sigma-Aldrich
Inc. (St. Louis, MO, USA). Scopolamine was purchased from Calbiochem-Novachem
Corp (La Jolla, CA, USA). All solutions were made fresh in 0.9% sterile saline on the
day of the injection. PNU-282987, scopolamine, MLA and WAY-100135 were dis-
solved in 0.9% saline (sterile), while solutions of PNU-120596 were made in 5%
DMSO + 5% Solutol dissolved in 0.9% saline (sterile). A stock solution of 2 mg/ml was
prepared and the volume of drug solution injected according to the weight of each
individual rat. All drugs were administered via intraperetonial (i.p) injections 40 min
before the behavioral test. The route of administration and time between injection
and the behavioral test was based on the mean plasma concentration for PNU-
282987 (McLean et al., 2011a) and PNU-120596 (McLean et al., 2011b) that were
previously reported. The rats were dosed twice a week. Each rat received vehicle
treatment followed by different doses of agonist, PAM and scopolamine and PAM or
agonist + scopolamine or agonist + MLA. All the tests were done within 5 weeks for
all the behavioral paradigms.

2.3. Behavioral tests

2.3.1. 12-Arm radial maze test

All rats used for this test were maintained on a restricted died. The rats were
offered 80% of their regular food intake adjusted for body weight. The procedure of
conducting this test was similar to that described previously (Timofeeva et al., 2010)
with modification. The radial arm maze consisting of 12 arms was located in a room
with a variety of environmental cues and an experimenter who always sat in the
same position. The maze consisted of a central area 50 cm in diameter and 12 arms
which were 10 cm wide and 75 cm long. The end of each arm was closed to ensure
that the rats returned to the center between arm choices. Nine out of 12 arms were
baited with reward consisting of a piece of Fruity Bites™ Bio-Serv (Frenchtown, N]J,
USA) which were placed at the end of each arm. Each rat had a unique pattern of
baited and unbaited arms that remained constant throughout the training and
testing periods. The rats underwent a minimum of 15 training sessions, in order to
achieve a level of performance so that memory function could be assessed reliably.

The rats were tested in the maze for a period of 10 min. Each test session began
by placing the rat in the center of the maze where they were free to choose any arm
for entry. The rats were then allowed to navigate through the maze where each arm
entered was recorded. The parameters scored during the 10 min test sessions were
similar to those defined previously for a 16—arm radial maze test (Timofeeva et al.,
2010). Working memory, which is memory with changing contents, was differ-
entiated from reference memory, which is memory with constant contents. Working
memory errors were defined as the number of times the rat re-entered the initially
baited arms. Reference memory errors were recorded each time the rat entered an
initially unbaited arm. The session was completed either when the rat had entered
all 9 baited arms, or when 10 min had expired.

2.3.2. Novel object recognition test

Episodic memory was evaluated by the novel object recognition test which was
conducted in a transparent plexiglas box (L75 x W55 x H40 cm) without bedding.
The test objects were made of plastic. The familiar object was translucent plastic
containers and novel objects were pipette tip boxes. The objects had no natural
significance for the rats. Before being placed in the arena, each object was wiped
with 70% ethanol. The objects were placed 10 cm from the back in opposing corners
of the arena, and the rats were always placed equidistant and facing both the objects.
One day before testing, animals were habituated to the experimental arena with no
objects present for 6 min. On the test day 40 min after the injections, the rats were
placed in the arena for acquisition phase with two identical objects for a period of
3 min. Each rat was allowed to explore the arena and the objects. After a delay of
5 min (inter-trial time) in the home cage, the rat was returned to the same arena and
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presented with two different objects for the retention phase with one familiar object
and one novel object for a period of another 3 min. An area of <1 cm around each
object was defined as a zone of interaction. Exploration time of an object was
defined as directing the nose to the object at a distance of <1 cm or touching the
object with the nose or tongue.

2.3.3. Open field exploration test

Anxiety behavior was measured by the open-field exploration test in a trans-
parent plexiglas box (L75 x W55 x H40 cm). During the test, rats were allowed to
move freely for a period of 5 min. In order to evaluate anxiety-like behavior, central
and peripheral areas of the apparatus were differentiated. An area of L30 x W20 cm
in the center was designated as the center zone. The rat was considered to be in the
center zone when any 2 or all 4 of its paws were in it. Two parameters were counted
during this test; time spent in the center zone and number on rearing (standing up
on hind limbs) during the 5 min period. Only those rats that spent a minimum of 15 s
(5% of total time) in the center zone were included in the test.

2.3.4. Novelty suppressed feeding test

The novelty suppressed feeding test was carried out as described by
Furmaga et al. (2011) with minor modifications. Rats were food deprived for 24 h
before testing. The test was carried out in a transparent plexiglas open field
(L75 x W55 x H40 cm). The food pellets were placed in the center of the plexiglas
field. The test began when the rat was placed in left front corner of the open field,
facing the center. The rats were allowed to be in the field for a period of 10 min.
Latency to feed was measured for each rat, which was defined as the time from when
the rats were placed in the open field until they ate the pellets. Food consumption
during the test was monitored. After the 10 min, the rats were returned to the home
cage where they had access to food ad libitum.

2.3.5. Rotarod test

The rotarod test was carried out on Rotamex-5 (Rotarod apparatus from Co-
lumbus instruments, Columbus, OH, USA). The rotarod was set at a rotating speed of
1 RPM (revolutions per minute) with an incremental acceleration of 1 RPM every 5 s
up to a maximum speed of 40 RPM reached in 195 s. A day before each test, the rats
were trained on the rotarod instruments for 3 training session of 5 min each. During
the test, the motor response in the rats was observed for a period of 5 min after
placing them on the rotating bar. The time required for the rat to fall (latency to fall)
from the rotating bar was recorded during the testing session.

2.4. Statistics

Data from the behavioral tests (except the rotarod test) were analyzed using
Ordinary one-way ANOVA and Dunnett’s multiple comparison post hoc test where
all the variables obtained were compared with vehicle injection (control). Addi-
tionally, two tailed Student’s t-test was also used to measure differences between
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variables for rotarod and other behavioral tests. All statistical differences were
deemed significant at the level of p < 0.05. Statistical analysis was carried out using
GraphPad Prism 6.00 Software (San Diego, CA, USA).

3. Results
3.1. Memory

3.1.1. Actions of a7 ligands on spatial-learning memory

Spatial-learning memory was assessed by the 12-arm radial
maze test. PNU-120596, the o7 PAM, was administered at doses of
1, 3 or 10 mg/kg to the rats in order to assess its effects on spatial-
learning memory (Fig. 1). By itself, PNU-120596 had no effect on the
number of reference (Fig. 1A) or working memory errors (Fig. 1B) at
any of the doses that were tested. Next we tested whether PNU-
120596 had any effect on memory when it was impaired by sco-
polamine. Scopolamine, a muscarinic acetylcholine receptor
antagonist, is known to induce memory impairment in the rats
(Falsafi et al., 2012; Redrobe et al., 2009). Scopolamine (1 mg/kg)
induced significant increases in the number of working (Fs
60 = 4.482, p = 0.0015) and reference memory errors (Fs gp = 5.835,
p =0.0002) in the rats. PNU-120596 (3 mg/kg), which was then co-
administered with scopolamine (1 mg/kg), was able to significantly
reduce the working (p = 0.0004) and reference (p = 0.0004)
memory errors as compared to dosing with scopolamine (1 mg/kg)
alone. The working and reference memory errors in the rats
returned to baseline levels as seen with the dosing of vehicle alone.

The o7 agonist PNU-282987, tested at doses of 1 or 10 mg/kg,
also did not show any significant effect on reference (Fig. 2A) or
working (Fig. 2B) memory errors, similar to what was observed
with PNU-120596. We tested whether PNU-282987 had any effect
on spatial learning memory when impaired by scopolamine. PNU-
282987 (3 mg/kg) co-administered with scopolamine (1 mg/kg)
was able to significantly reduce the working (p = 0.023) and ref-
erence (p = 0.0063) memory errors as compared to dosing with
scopolamine (1 mg/kg) alone. The working and reference memory
errors returned to baseline levels as seen with the dosing of vehicle
alone.
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Fig. 1. Effects of PNU-120596 and scopolamine on working (A) and reference (B) memory errors. The data represent mean +/— SEM in 11 rats. * indicates significant difference of

p < 0.05.
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Fig. 2. Effects of PNU-282987 on working (A) and reference (B) memory errors. The data represent mean +/— SEM in 11 rats. * indicates significant difference of p < 0.05.

3.1.2. Actions of a7 ligands on episodic memory

Episodic memory was evaluated by the novel object recog-
nition test. The exploration time of the novel object was measured
during the retention phase of the test (Fig. 3). Similar to its effect
on spatial-learning memory, PNU-120596 (Fig. 3) alone did not
affect episodic memory in the rats when tested at doses of 1, 3 or
10 mg/kg, however scopolamine (1 mg/kg) caused a significant
reduction in the exploration time (Fs, 54 = 2.844, p = 0.0237).
When PNU-120596 (3 mg/kg) was co-administered with scopol-
amine (1 mg/kg), there was a significant increase in exploration
time (p = 0.0063) as compared to the dosing with scopolamine
(1 mg/kg) alone. The exploration time of the novel object by the
rats returned to baseline levels equivalent to that seen with the
dosing of the vehicle alone.

Previously, PNU-282987 had been shown to significantly
improve the PCP-induced deficit in exploration of a novel object in
the novel object recognition test (McLean et al.,, 2011a). In this
study, PNU-282987 (Fig. 4) administered at doses of 1 or 10 mg/kg
to the rats, did not show any significant effect on the exploration
time. Scopolamine (1 mg/kg) caused a significant reduction in the
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Fig. 3. Effects of PNU-120596 on exploration time in novel object recognition test. The
data represent mean +/— SEM in 10 rats. * indicates significant difference of p < 0.05.

exploration time (F4, 45 = 5.478, p = 0.0011) of the novel object by
the rats in the retention phase. Co-administration of PNU-282987
(3 mg/kg) with scopolamine (1 mg/kg) caused a significant
increase in exploration time (p = 0.0007) of the novel object as
compared to the dosing with scopolamine (1 mg/kg) alone. The
exploration time of the novel object by the rats returned to baseline
levels equivalent to that seen with the dosing of the vehicle alone.

The results from the novel object recognition test performed to
assess episodic memory are similar to that obtained from the radial
arm maze test for spatial learning memory. While the o7 PAM PNU-
120596 and agonist PNU-282987 could not improve episodic and
spatial-learning memory by themselves, both were able to reverse
the memory impairment induced by scopolamine.

3.2. Anxiety

3.2.1. Actions of a7 ligands in open field exploration

Open field exploration is a method for studying anxiety-related
behavior in rodents (Prut and Belzung, 2003). Here the amount of
time spent in the center (Fig. 5) and the number of rearings (Fig. 6)
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Fig. 4. Effects of PNU-282987 on exploration time in novel object recognition test. The
data represent mean +/— SEM in 10 rats. * indicates significant difference of p < 0.05.
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Fig. 5. Effects of PNU-120596 and PNU-282987 on time spent in center zone in open
field exploration test. The data represent mean +/— SEM in 10 rats. * indicates sig-
nificant difference of p < 0.05.

was used as a measure of anxiety in Sprague-Dawley rats. PNU-
120596 (1 mg/kg or 10 mg/kg) and PNU-282987 (1 mg/kg) did
not significantly change the amount of time spent in the center
zone or the number of rearings (Figs. 5 and 6). However a higher
dose of PNU-282987 (10 mg/kg) induced anxiety, since a significant
reduction in the number of rearings (Fg, 63 = 4.792, p = 0.0004) and
the time spent in the center zone (Fs 63 = 3.599, p = 0.0039) was
observed at this dose.

Previously, it had been shown that the anxiety induced by nic-
otine was blocked by the serotonin 5-HTq, receptor antagonist
WAY-100635 (Cheeta et al., 2000). In order to test if the anxiety
induced by the 10 mg/kg dose of PNU-282987 that we had
observed was due to some involvement of the 5-HT;, receptors,
PNU-282987 was co-administered with WAY-100135 (1 mg/kg).
The co-administration of these two compounds significantly
increased the number of rearings (p = 0.0118) and time spent in the
center zone significantly (p = 0.0023) compared to the treatment
with PNU-282987 (10 mg/kg) alone. Therefore WAY-100135
was able to reverse the anxiety induced by the higher dose of
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Fig. 6. Effects of PNU-120596 and PNU-282987 on number of rearings in open field
exploration test. The data represent mean +/— SEM in 10 rats. * indicates significant
difference of p < 0.05.

PNU-282987. Interestingly, co-administration of MLA (3 mg/kg; the
selective o7 receptor antagonist) with PNU-282987 (10 mg/kg) did
not show a significant increase in either the number of rearings
(p = 0.6297) or in the time spent in the center zone (p = 0.9831)
compared to the treatment with PNU-282987 (10 mg/kg) alone.

3.2.2. Actions of a7 ligands in novelty suppressed feeding test
Latency to feed was used as a measure of anxiety in the novelty
suppressed feeding test (Fig. 7). PNU-120596 (1 mg/kg or 10 mg/kg)
and PNU-282987 (1 mg/kg) had no significant effect on the time it
took for the rats to start feeding. However at a dose of 10 mg/kg,
PNU-282987 induced anxiety in the rats; the time it took for the rats
to start feeding was significantly increased (Fig. 7; Fg, 63 = 10.80,
p < 0.0001). As seen with the open field exploration test above,
administration of WAY-100135 (1 mg/kg) with PNU-282987 (10 mg/
kg) was able to cause significant reduction in the latency to feed
(p < 0.0001) compared to the treatment with PNU-282987 (10 mg/
kg) alone. Co-administration of MLA (3 mg/kg) with PNU-282987
(10 mg/kg) did not cause a significant decrease in the latency to
feed (p = 0.6297) compared to the treatment with PNU-282987
(10 mg/kg). The results from these anxiety tests suggests that
blocking the 5-HT;, receptor was able to reverse the anxiety induced
by thel0 mg/kg dose of PNU-282987, however the a7 receptor
antagonist MLA was not able to prevent these anxiogenic effects.

3.3. Motor coordination

3.3.1. Actions of a7 ligands on motor coordination in rats

Since the 10 mg/kg dose of PNU-282987 was anxiogenic in both
tests, we investigated whether it had any effect on locomotor co-
ordination using the rotarod test; the time taken by the rats to fall
(latency to fall) from the rotating rod was measured (Fig. 8). The
mean latency to fall was similar when the rats were treated
with PNU-282987 (10 mg/kg) or the vehicle (0.9% saline) alone
(p = 0.4652, n = 12), suggesting that the dose of PNU-282987 that
induced anxiety did not produce any effect on motor coordination
in the rats.

4. Discussion

Agonists and positive allosteric modulators (PAMs) selective for
the 27 nAChR have been reported to improve cognitive function in
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Fig. 7. Effects of PNU-120596 and PNU-282987 on latency to feed in novelty sup-
pressed feeding test. The data represent mean +/— SEM in 10 rats. * indicates signif-
icant difference of p < 0.05.
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Fig. 8. Effects of PNU-282987 on motor coordination in rotarod test. The data repre-
sent mean +/— SEM in 12 rats. * indicates significant difference of p < 0.05.

various animal models (Redrobe et al., 2009; Thomsen et al., 2010).
PNU-120596 (an a7 selective PAM) has been shown to significantly
improve cognitive performance in phencyclidine-treated rats in the
attentional set-shifting task (McLean et al., 2011b), and ameliorates
amphetamine-induced auditory gating deficits (Hurst et al., 2005),
and MK-801 (a glutamate receptor antagonist)- induced impair-
ments in pre-pulse inhibition in rats (Dunlop et al., 2009). Chronic
doses of the a7 receptor agonist PNU-282987 have been shown to
improve both working memory and reference memory in rats
when tested in a radial arm maze (Chan et al., 2007). In addition,
PNU-282987 was able to reverse learning deficits and improve
episodic memory in rats (McLean et al., 2011a). Here we compared
and contrasted the effects of PNU-120596 and PNU-282987 in
a series of behavioral tests to look at their effects on cognition as
well as anxiety. This was done to assess whether the selective
agonist or PAM of the o7 nAChR had any advantage over the other.
In the spatial-learning and the episodic memory test for cognition,
acute administration of either PNU-120596 or PNU-282987 did not
produce any cognitive improvements by itself. This may be due to
a ceiling effect where the adult rats may already be performing at
an optimal level during the testing. However, both PNU-120596
and PNU-282987 in this study were able to restore memory
impairment induced by scopolamine in the behavioral tests used.
The two predominant neuronal subtypes of nAChRs which are
widely expressed in the brain (and in particular the hippocampus)
are the o7 and the (a4),(p2)s3 receptors (Gopalakrishnan et al., 1996;
Lindstrom, 1996; Lindstrom et al., 1996; Liu et al., 2009; Whiting
et al,, 1987). While agonists as well as partial agonists for o432
receptors are known to have antidepressant effects in rodents
(Mineur et al., 2009, 2011; Rollema et al., 2009), the actions of se-
lective o7 receptor agonists or partial agonists on anxiety and
depression have not been well studied. As seen from the results
presented here, the a7 receptor agonist PNU-282987, but not the
PAM PNU-120596, is anxiogenic at the higher dose of 10 mg/kg.
This effect was similar to that seen with nicotine at higher doses
(0.5 and 1 mg/kg) in the elevated plus-maze test (Ouagazzal et al.,
1999a). Previously, it had been argued that the anxiety-inducing
effect of nicotine, due to the activation of a7 receptors, is medi-
ated by an increased release of 5-HT in the dorsal hippocampus
(Tucci et al,, 2003). In our study, the anxiety induced by PNU-
282987 (10 mg/kg) was reversed by co-administration with the
5-HT;, receptor antagonist WAY-100135 (1 mg/kg). Serotonergic
neurons of the dorsal raphe nucleus (DRN) that project to the nu-
cleus accumbens (NAc) show increased firing upon application of
nicotine (Chang et al., 2011), inducing the release of serotonin from

the terminals. This action is presumed to be due to the activation of
nAChRs present on the serotonergic neurons (Chang et al., 2011).
Presynaptic 5-HT1, receptors in the basolateral amygdala as well as
the raphe nucleus and postsynaptic 5-HT1, receptors in the dorsal
hippocampus are known to modulate anxiety in different behav-
ioral tests (File and Gonzalez, 1996; File et al., 1996; Gonzalez et al.,
1996). Therefore the activation of presynaptic a7 receptors by PNU-
282987 (10 mg/kg), present on the serotonergic neurons in the
raphe nucleus that project to the dorsal hippocampus, may cause
the release of 5-HT in this region, thereby activating postsynaptic
5HTq, receptors in the dorsal hippocampus and inducing anxiety.
However we found that MLA, the o7 receptor antagonist, was un-
able to prevent the anxiety induced by PNU-282987. This may
suggest that these anxiogenic effects are not due to the activation of
the a7 receptor, but instead interactions with other receptors or
transporter proteins at higher concentrations in the rats.

While it has been suggested that PNU-282987 (5 mg/kg) di-
minishes motor activity (Vicens et al., 2011), our results do not
show any effect of this drug on motor coordination, negating the
possibility that the anxiety seen with PNU-282987 may be due to
its effects on motor coordination in the rats. Interestingly the a7
receptor PAM (PNU-120596) did not cause anxiety in either dose
that was tested in the rats. This may be due to different mecha-
nisms of action since a7 receptor PAMs are known to increase re-
ceptor function only in the presence of agonists; they cannot
activate the receptors by themselves in contrast to agonists (Hajos
et al,, 2005; Hurst et al., 2005; Pandya and Yakel, 2011b).

5. Conclusions

While a7 receptor agonists have the potential as therapeutic
drugs in many neurological diseases and conditions, they may also
produce unwanted side effects (e.g. anxiety). Therefore PAMs for a7
receptors may be a better alternative at the present time as they
may not produce such side effects, however this has to be explored
further in more detail.
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