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Abstract
The development of novel therapeutic agents for disorders of cognition such as Alzheimer’s
disease (AD) is of paramount importance given the ever-increasing elderly population, however;
there is also considerable interest in any strategy that might enhance the clinical efficacy of
currently available treatments. The purpose of this study was to evaluate an adjunctive treatment
strategy to memory enhancement, namely combining the commonly prescribed
acetylcholinesterase inhibitor (AChEI) donepezil, with a positive allosteric modulator (PAM) of
α7 nicotinic-acetylcholine receptors (α7-nAChRs), PNU-120596. The treatment strategy was
evaluated in a (non-spatial) spontaneous novel object recognition (NOR) task in young rats; a
water maze spatial learning and recall procedure in aged, cognitively-impaired rats, and a delayed
match to sample (working/short term memory) task in aged rhesus monkeys. In all three
experiments a similar drug response was observed, namely that donepezil administered alone
improved task performance in a dose-dependent manner; that PNU-120596 administered alone
was without significant effect, but that the combination of PNU-120596 with a subthreshold dose
of donepezil was effective. The positive effect of the drug combination appeared to be α7-nAChR
mediated given that it was blocked in the NOR task by the selective α7-nAChR antagonist
methyllycaconitine (MLA). Collectively, these data indicate that PNU-120596 increases the
effective dose range of donepezil in learning/memory-related tasks in young and age-impaired
animal models. The results suggest that α7-nAChR-selective PAMs like PNU-120596 have
potential as adjunctive treatments with acetylcholinesterase inhibitors (e.g., donepezil) for age-
related illnesses such as AD as well memory disorders not necessarily associated with advanced
age.
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1. Introduction
The aging of the world’s population (World Health Organization 2012) is expected to result
in a dramatic rise in the incidence of neurodegenerative illnesses such as Alzheimer’s
disease over the next several decades (CDC, 2007; Kinsella et al., 2009). Accordingly, the
risk of developing AD now represents one of the greatest fears of older adults (Riordan et
al., 2011), a concern that appears well justified given the profound cognitive deficits and the
relentless progression of the illness toward functional incapacity and death. For nearly two
decades the primary therapeutic strategy for treating the cognitive dysfunction in AD has
been one of a cholinergic replacement strategy. This approach is based on more than 35
years of basic and clinical research which indicates that cholinergic neurons in the forebrain
support information processing and cognition, that they become compromised with age (and
especially in the setting of AD), and that the cholinergic deficits generally correlate well
with the degree of cognitive decline (reviewed, Bartus, 2000; Terry and Buccafusco, 2003).
The pathophysiologic results of the early studies which primarily relied on histologic
examination of post mortem tissues, enzymes assays, etc. are now supported by modern
imaging techniques in living AD patients (e.g., positron emission tomography for
measurements of acetylcholinesterase, magnetic resonance imaging of cholinergic structures
in the brain such as the nucleus basalis of Meynert, see Sabbagh and Cummings, 2011 for
review).

While a number of cholinergic-based approaches (e.g., muscarinic agonists, nicotinic
agonists) have been pursued for the treatment of AD, to date, only the clinical data derived
from studies with acetylcholinestease inhibitors (AChEIs) have convinced regulatory
agencies (e.g., the United States Food and Drug Administration, FDA) that their efficacy/
side effect ratio warranted approval for use in human patients. The original FDA approvals
of the currently prescribed AChEIs in the United States, donepezil, rivastigmine, and
galantamine were based on several large clinical studies in patients diagnosed with mild to
moderate AD (Boada-Rovira et al., 2004; Mintzer and Kershaw, 2003; Raskind et al., 2000;
Winblad et al., 2001). Additional neuropsychiatric/behavioral evaluations and measures of
daily functioning have typically indicated that AD patients administered a AChEI performed
better than those administered a placebo (Burns et al., 1999, Birks et al., 2000, Lanctôt et al.,
2003, Thompson et al., 2004, Birks, 2006, Takeda et al., 2006 and Hansen et al., 2008). The
extent of the improvement was generally modest and not sustained over time, however, and
some have questioned the clinical significance of the aforementioned study results
(Giacobini, 2000; Birks, 2006; Hansen et al., 2008).

An additional limitation of AChEIs in AD is the variety of dose-limiting side effects that
may prevent the administration of doses that are high enough for optimal effects on
cognition. While both nicotinic and muscarinic acetylcholine receptors (nAChRs and
mAChRs, respectively) are considered important therapeutic targets for improving cognition
in AD, doses of AChEIs high enough to significantly improve nAChR signaling (via the
increase in synaptic acetylcholine levels) are accompanied by adverse reactions (e.g.,
nausea, vomiting, and diarrhea) that likely result from muscarinic overstimulation (see
Maelicke and Albuquerque, 2000). Accordingly, an alternative (nAChR-based) treatment
strategy that would theoretically be less prone to adverse reactions would be to selectively
activate or “sensitize” nAChRs to acetylcholine. The later approach to drug development via
compounds now known as nicotinic “positive allosteric modulators” (PAMs) is currently
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being pursued in multiple laboratories. These compounds interact with nAChRs via binding
sites that are distinct from those for acetylcholine and traditional nAChR agonists (i.e.,
orthosteric sites). Interestingly, among the AChEIs that are prescribed clinically,
galantamine has also been described as a PAM of α7 homomeric and α4β2 heteromeric
nAChRs (Harvey, 1995; Maelicke and Albuquerque, 2000; Samochocki et al, 2003.
However, the effects of galantamine as a nicotinic PAM are relatively modest compared to
the more recently developed PAMs (Bertrand and Gopalakrishnan, 2007) and further it is
unclear if the PAM activity of galantamine confers any advantages over the other currently
prescribed AChEIs (e.g., donepezil), that do not possess this activity (see Hernandez et al.,
2006)

The purpose of the study described here was to evaluate an adjunctive treatment strategy to
memory enhancement, namely combining the most commonly prescribed AChEI in the US,
donepezil, with a PAM of α7-nAChRs, PNU-120596, to determine if the PAM might
improve the effective dose range of donepezil. The treatment strategy was evaluated in
young and aged rats (classified as cognitively impaired, see below) as well as aged non-
human primates for effects on memory-related task performance.

2. Material and Methods
All procedures employed during this study were reviewed and approved by the Georgia
Health Sciences University Institutional Animal Care and Use Committee and are consistent
with AAALAC guidelines. Measures were taken to minimize pain and discomfort in
accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals (NIH Publications No. 80-23) revised 1996. Significant efforts were also made to
minimize the total number of animals used while maintaining statistically valid group
numbers.

2.1 Drugs
All drug doses were calculated based on the weight of the salt, except where noted.
Donepezil hydrochloride was purchased from A&A Pharmachem Inc, Ottawa Ontario
Canada and methyllycaconitine citrate was purchased from Tocris Bioscience, Ellisville
MO. PNU-120596 was synthesized utilizing the reaction of 5-chloro-2,4-
dimethoxyphenylisocyanate and 3-amino-5-methyl isoxazole via an adaptation of the
procedure of Williams et. al., 2011 yielding a white crystalline solid, mp = 219–220°C; lit.
mp =219.5–220.5 °C. The purity and composition of PNU-120596 was further confirmed
with NMR spectroscopy.

2.2 Rodent Behavioral Studies
All rat behavioral experiments were conducted in rooms with ambient lighting of
approximately 25–30 Lux (lumen/m2). Animals were transferred (in their home cages) to the
behavioral testing rooms each morning approximately 30 min before the beginning of
experiments.

2.2.1 Subjects—Experimentally naive, male Sprague-Dawley (young, 3–4 months old)
and Fischer 344 (young, 3–4 months old and aged 24–25 months old) rats were obtained
from Hilltop Lab Animals (Scottdale, PA). Animals were housed 2–3 per cage (45 × 30 × 18
cm polycarbonate cage with corncob bedding) in a vivarium of constant temperature (21–
23°C) and humidity (40–50%) for at least 1 week prior to behavioral testing. Lighting was
maintained on a 12-hr light-dark cycle (7:00 a.m.–7:00 p.m.) and food and water were
available ad libitum.
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2.2.2 Spontaneous Novel Object Recognition—The novel object recognition
memory procedure was adapted from Ennaceur and Delacour (1988). Briefly, male Sprague-
Dawley rats were transported in their home cages from the colony room to a holding room
outside the laboratory and acclimated to laboratory conditions (i.e., tail marking, daily
handling and weighing) for at least 3 days prior to the start of behavioral experimentation.
During experimentation, animals were acclimated for at least 30 min prior to the beginning
of each experimental phase and remained in the holding room for approximately 15 min at
the end of testing before being returned to the colony room.

Habituation- animals were acclimated, weighed and individually placed the training/testing
environment (an opaque plastic chamber, 78.74 cm × 39.37 cm × 31.75 cm with bedding on
the floor) for 10 minutes of chamber exploration.

Training trial- 24 hrs after the habituation session, animals were acclimated, weighed and
injected with the test compound (drug or vehicle) and after an appropriate pretreatment
interval placed in the chamber with its nose facing the center of a long wall and allowed to
explore two identical objects for 15 min. The animal’s behavior was observed and recorded
on videotape via a camera located 69 cm above the chamber.

Test trial- after a retention delay interval of 48 hrs (a delay interval that produced complete
forgetting), animals were returned to the lab, acclimated and then tested for object novelty
(i.e, recognition memory). Two objects, one object similar to training (familiar) and a new
(novel) object were placed in the chamber and the animal was allowed to explore the objects
during a 5 min trial. The experimental objects to be discriminated were a plastic multi-
colored Duplo-Lego block configured tower (12 cm in height, 6 cm in width) paired with a
ceramic conical-shaped green Christmas tree salt/pepper shaker (12 cm in height, 5 cm in
diameter); all objects existed in duplicate. The objects were placed 19.3 cm from the sides of
the two short walls and 19.3 cm from the sides of the long walls of the chamber; distance
between the two objects was approximately 40 cm. The role of familiar and novel object as
well as chamber position of object were randomly assigned across subjects and treatments
and objects were cleaned between sessions with a dilute 50% ETOH solution to eliminate
olfactory cues. Object exploration occurred when the animal directed its nose to the object at
a distance of ≤ 2 cm and/or touching it with its nose; rearing up against the object to
investigate the object was also considered exploration, whereas physically climbing on the
object, using the object to support itself while rearing and investigating the chamber arena or
digging at the base of the object was not considered appropriate object exploratory behavior.
The primary behavioral measure was time (sec) spent exploring both objects separately and
calculated as the difference of exploration time between the novel object and familiar object
during the test trial and defined as the recognition index (RI). For data inclusion, the test
subject had to explore each individual object for a minimum of 4 sec and at least 12 sec with
both objects combined. Animals were tested only once in this behavioral task.

2.2.3 Water-maze—The learning and memory capabilities of the young (3–4 month old)
and aged (24–25 month old) male F344 rats were evaluated using a water maze task as
described previously (Rowe et al., 2007).

Test Apparatus: The maze consisted of a circular pool (160 cm in diameter, 60.9 cm in
depth) filled to within 15 cm of the rim with water (22°C) made opaque by the addition of
nontoxic white latex paint (Createx Colors, East Granby, CT). A retractable pneumatic-
driven circular escape platform (Plexiglas; 15.24 cm in diameter) was located 2 cm below
the water’s surface in a constant position in one of four imaginary quadrants of the pool. The
animal could use only distal visual cues (colored posters, 3-D objects and a blue colored
curtain) from within the testing room to locate the submerged platform. Latencies to locate
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the hidden platform during training, drug test trials, and probe test (see procedures below)
were recorded and analyzed using a computer-based tracking system (San Diego
Instruments, San Diego, CA).

Hidden Platform Task: The animals were given 15 trials over 5 consecutive days (3 trials
per day; 20–30 min inter-trial interval) with the platform submerged. Trial duration was
maximally 120 seconds; if the platform was not located the animal was guided to and had to
remain on the platform for 20 seconds. The circular pool was divided into 8 equally divided
sections which served as animal start positions; the start position associated with the hidden
platform location was not used. Start positions were randomized within and across subjects
over the 5 days of training and 3 days of pharmacological testing. Animals were placed into
the pool facing the side wall.

Probe Trial: On the last training trial, a 30 sec probe test was performed in which the
platform was pneumatically lowered out of reach of the animal. After 30 sec, the platform
was raised to its original position for an additional 30 sec allowing time for the subject to
find the escape platform. Spatial reference memory was assessed by measuring the latency
to first entry into the annulus-40 as well as total dwell time in the annulus-40. The
annulus-40 was defined as a 40 cm diameter target zone centered around the hidden
platform. Additionally, % time in target quadrant, and path length were assessed.

Visible Platform Test: On day 6, animals not selected to receive additional behavioral
testing were given 4 successive 60 sec trials in which the platform was raised 2.5 cm above
the water’s surface (visual cued condition) to assess any possible visual, motivational or
motor deficits that may have influenced water-maze performance. Animals selected for
pharmacological testing received the visible platform test at the conclusion of testing (day
9). Animals that required >40 sec to reach the visible platform on any trial were excluded
from analysis.

Identification of Age-Impaired Rats: The behavioral status (i.e., the designation as age-
impaired or unimpaired in the water maze) of the aged animals was defined on the basis of
their average escape latencies to find the submerged platform on days 3, 4 and 5 of
acquisition training relative to the mean escape latency of young controls. Rats were defined
as age-impaired (AI) if their average escape latency was ≥ 3 S.D.s from the average latency
of the young controls. Aged rats with escape latencies ≤ 0.5 S.D.s from the young controls
were considered aged-unimpaired (AU), whereas aged animals with escape latencies that
fell between those values were considered aged-other (AO) and were not used for additional
behavioral testing. Animals that were classified as AI were weighed, injected with test
compound (drug or vehicle) and after an appropriate pretreatment interval given additional
water-maze training (3 trials/day for 3 consecutive days). On the third test day, a probe trial
followed the two drug-test trials (as described above). Following the drug treatment
experiment, AI animals were assessed in the visible platform test (as described above).

2.2.4 Drug administration—Donepezil was dissolved in physiological saline (0.9%
NaCl) and administered either orally (po; 2ml/kg) with a 60 min pretreatment interval or
intraperitoneally (ip; 1 ml/kg)) with a 30 min pretreatment interval. Methyllcaconitine was
dissolved in saline and injected ip (1 ml/kg) with a 60 min pretreatment interval. PNU
120596 was dissolved in 10% DMA and 45% β-cyclodextrin and injected ip (2 ml/kg) with
a 30 min pretreatment interval. The doses and pretreatment times for donepezil in rats were
based on previously published studies where brain penetration, AChE inhibition, and brain
acetylcholine levels were assessed (Kosasa et al., 1999; Geerts et al., 2005). For PNU
120596, the doses and pretreatment times were based on Hurst et al., 2005; Ng et al., 2007,
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as well as pharmacokinetic studies performed in rats at Memory Pharmaceuticals, Inc. The
results of these studies indicated the following: PNU 120596 (3 mg/kg, po; 1 mg/kg iv) had
an oral bioavailability of 9% with a plasma t ½ of 90 min (iv dosing). Following oral dosing
of 3 mg/kg, PNU 120596 had a AUC of 147 ng.h/ml; Tmax was 25 min and Cmax was 181
ng/ml. Brain concentrations 1 hr after oral dosing 3 mg/kg was 50.8 ng/g; plasma levels
were 43.1 ng/ml. The brain/plasma ratio was 1.18. In addition, in young animals in the NOR
task the oral (gavage) route of administration was used for translational purposes (see the
NHP section below) while the i.p. route was used in the aged rats in the water maze task.
The latter approach was preferred due to the negative effects stress we have previously
observed with oral gavage used in aged rats.

After drug administration visual inspection was used to monitor for potential cholinergic-
based side effects (e.g., salivation, tremors, flattened body posture and loss of motor
coordination).

2.3 Non-human Primate Studies
2.3.1 Test Subjects—Non-human primate subjects included 4 aged male and 3 aged
female rhesus macaques (Macaca mulatta, see Table 1 for additional details). Each animal
was well trained (>100 individual sessions) in the delayed matching-to-sample (DMTS)
task. The animals were maintained on tap water (unlimited) and standard laboratory monkey
chow (Harlan Teklad Laboratory monkey diet, Madison, WI) supplemented with fruits and
vegetables. Food was removed from cages at about 0630 hours, and replaced after the
completion of testing of all subjects for the day (at about 1630 hours). Additional
nourishment was derived from 300 mg reinforcement food pellets (commercial composition
of standard monkey chow and banana flakes, Noyes Precision food pellets, P.J. Noyes Co.,
Lancaster, NH) obtained during experimental sessions. On weekends animals were fed
without time restrictions. Room temperature and humidity were maintained at 22 ± 0.6°C
and 52 ± 2%, respectively.

Each test subject had previously participated in one or more short-term studies assessing the
effects of reversible drugs on DMTS performance. Prior drug experience produced no
observable untoward effects in the animals, and each subject received at least a 4-week
washout period (with continued weekday DMTS testing) prior to the start of this study.

2.3.2 Delayed Match to Sample (DMTS) Testing—DMTS testing was conducted
using a modification of the procedure we have described previously (Terry et al., 2005;
Terry et al., 2011). Test panels attached to each animal’s home cage presented the task by
using a computer-automated system. A touch-sensitive screen (15 in. AccuTouch LCD
Panelmount TouchMonitor)/pellet dispenser units (Med Associates) mounted in light-weight
aluminum chasses was attached to the home cage. The stimuli included rectangles of various
colors (e.g., red, blue, yellow). A trial was initiated by presentation of a sample square
composed of one of three colors. The sample rectangle remained in view until the monkey
touched within its borders to initiate a pre-programmed delay (retention) interval. Following
the delay interval, the two choice rectangles located below where the sample had been were
presented. One of the two choice colors was presented with the color matching the stimulus,
whereas the other (incorrect) color was presented as one of the two remaining colors. A
correct (matching) choice was reinforced. Non-matching choices were neither reinforced nor
punished. The inter-trial interval was 5 sec and each session consisted of 96 trials. The
presentation of stimulus color, choice colors, and choice position were fully counterbalanced
so as to relegate non-matching strategies to chance levels of accuracy. Three different
presentation sequences were rotated through each daily session to prevent the subjects from

Callahan et al. Page 6

Neuropharmacology. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



memorizing the first several trials. Delay intervals were established during numerous non-
drug or vehicle sessions prior to initiating the study.

Training sessions: The duration for each delay interval was adjusted for each subject until
three levels of group performance accuracy were approximated: zero delay (85–100% of
trials answered correctly); short delay interval (70–84% correct); and long delay interval
(50–65% correct). The assignment of retention intervals based upon an individual’s baseline
task accuracy is necessary to avoid ceiling effects in the most proficient animals during drug
studies, while also serving to insure that each animal begins testing at relatively the same
level of task difficulty. In addition to session accuracy, two response latencies also were
measured: the “sample latency”, which is the time between presentation of the sample color
and the animal pressing in sample rectangle; and the “choice latency”, which is the time
between presentation of the choice colors and the animal pressing one of the choice
rectangles.

Drug Administration: Once the duration for each delay interval was adjusted and stabilized
so that performances of the monkeys were within the ranges of accuracy described above,
pharmacological studies were initiated. The standard weekly regimen for each drug dose
included, Monday: the administration of vehicle followed by DMTS testing; Tuesday: drug
administration followed by DMTS test session; Wednesday: DMTS testing (in the absence
of drug or vehicle) initiated 24 hours after Tuesday’s dosing; Thursday and Friday: same as
Tuesday and Wednesday. This timing of administration (i.e., the particular day of drug and/
or placebo administration) could be modified in response to some husbandry or housing-
related constraints and adapted to each monkey. Donepezil, PNU-120596 (and the drug
combinations) were administered orally (in a solid chocolate formulation) in an ascending
dose series one hour before DMTS testing according to guidelines specified above. Given
that neither PNU-120596 nor the Donepezil-PNU-120596 combination had previously been
evaluated in aged monkeys, a non-randomized (ascending order) approach to dosing was
conducted due to the potential for adverse reactions especially at the higher doses. The
rationale for the doses selected for donepezil was based on previous behavioral and
functional brain imaging data (dose range 0.05–0.250 mg/kg) in rhesus monkeys (Tsukada
et al., 2004) as well as to approximate the typical (oral) dose range used in human patients
(5–10 mg/day). Thus, for a 70 kg patient this would correspond to a range of 0.07–0.14 mg/
kg. Our dosing approach was designed to cover this range as well as to include lower
(subthreshold) doses. In the absence of available pharmacokinetic data for PNU-120596 in
monkeys, we used the aforementioned studies in rodents as a guide.

In addition to behavioral analysis, each subject was observed just prior to and immediately
after testing to ascertain and record any adverse reactions (e.g., salivation, diarrhea, failure
to eat the normal daily rations or to perform the appetitively-motivated DMTS task).

2.4 Statistical Analyses
For one and two factor comparisons, analysis of variance (with repeated measures when
indicated) was used followed by the Student Newman Keuls or Dunnett’s method (for
comparisons to vehicle controls only) for post hoc analysis (SigmaPlot 11.2). For each
figure presented error values denoted by ± indicates the standard error of the mean.
Differences between means from experimental groups were considered significant at the
p<0.05 level. Trends toward significance were considered at the p<0.10.
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3. Results
3.1 Rodent Behavioral Studies

3.1.1 Object Recognition Memory—Administration of donepezil (0.3–6 mg/kg, po) to
young adult Sprague-Dawely rats prior to object recognition training produced a significant
and dose-dependent increase in object recognition memory when tested at the 48 hr retention
delay interval [F(4,35)=13.39, p<0.0001]. Test doses of 1, 3 and 6 mg/kg of donepezil were
significantly different from control and produced RI times of 11 to 13 sec (Fig. 1A).
Assessment of the total object exploration time (i.e., for both objects) during the 5 min test
session indicated such that all pharmacological test groups spent approximately the same
amount of time exploring the objects [F(4,35)=0.155, p=0.959]. The average object
exploration time across the treatment groups for donepezil was 41.9 ± 4.1 sec (data not
shown). In contrast to donepezil, PNU 120596 (0.1–10 mg/kg, ip) administered prior to
object recognition training failed to significantly enhance object recognition memory when
tested at the 48 hr retention delay interval [F(4,35)=0.055, p=0.994]. RI times following
PNU 120596 ranged from 1.7 to 2.6 sec and were not different from that observed following
vehicle control (1.6 sec; Fig. 1B). Assessment of the total object exploration time during the
5 min test session indicated no significant effects of treatment [F(4,35)=0.473, p=0.755]
with an average object exploration time of 70.2 ± 5.6 sec (data not shown).

In the next series of experiments, we administered a subthreshold dose of donepezil (0.6 mg/
kg, ip) in combination with various test doses of PNU 120596 (0.1–10 mg/kg, ip) and
assessed this drug combination on recognition memory (Fig. 1C). Co-administration of
donepezil with PNU 120596 prior to training resulted in a significant and dose-dependent
enhancement of object recognition memory when tested at the 48 hr delay interval
[F(4,35)=50.06, p<0.0001]. Test doses of 1 and 10 mg/kg of donepezil-PNU 120596 drug
combination were significantly different from control and donepezil alone performance and
produced RI times of 12 to 16 sec. Total object exploration time during the 5 min test
session was not significantly different across the treatment groups [F(4,35)=1.57, p=0.201].
The average object exploration time across the treatment groups was 49.4 ± 2.5 sec (data not
shown).

To assess the pharmacological specificity of α7-nAChRs in mediating the pro-cognitive
effects of the donepezil-PNU 120596 drug combination, we pretreated the test subjects with
the α7-nAChRs antagonist MLA (0.3 and 3 mg/kg, ip) immediately before the donepezil
(0.6 mg/kg, ip) plus PNU 120596 (3 mg/kg, ip) administration (Fig. 1D). The test dose
combination of donepezil (0.6 mg/kg, ip) plus PNU 120596 (3 mg/kg, ip) resulted in a
significant enhancement of recognition memory at the 48 hr delay interval. This test dose
combination produced an RI time of 12 sec. Co-administration of MLA plus the donepezil-
PNU 120596 drug combination resulted in a significant and dose-dependent blockade of
recognition memory enhancement [F(4,32)=25.07, p<0.0001]. The 3 mg/kg dose of MLA
completely antagonized the pro-cognitive effect produced by the donepezil-PNU 120596
drug combination. Total object exploration time during the 5 min test session was not
significantly different across the treatment groups [F(4,32)=1.308, p=0.288]. The average
exploration time across the treatment groups was 38.2 ± 4.3 (data not shown).

3.1.2 Water-maze
Task Acquisition: Aged (24–25 month old) male F344 rats were characterized as either
aged cognitively impaired (AI) or aged cognitively unimpaired (AU) based on their mean
latency to hidden platform performance to young rat performance on training days 3–5 in
the water-maze task (Fig. 2A). ANOVA indicated a significant overall group effect on
acquisition (escape latency), [F(2,223)=269.73, p<0.0001] and a significant platform latency
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by day effect (F(4,892)=223.4, p<0.0001]. ANOVA also indicated a significant platform
latency by day by group interaction [F(8, 892)= 15.88, p<0.0001]. Post hoc comparisons
indicated that the AI rats were significantly impaired at finding the hidden platform on Days
2, 3, 4 and 5 of acquisition training compared to the AU and young rats; AU animals
performed the task as proficiently as the young adults. Of the 250 aged rats screened in the
water maze task for the present study, 121 (48 %) were classified as AI and 42 (17 %) were
classified as AU. The performance of the remaining aged animals (87 rats, 35%) did not fall
clearly into either defined category and were excluded from further study. Swim speeds
(27.1. ± 1.7, 25.3 ± 1.6 and 23.6 ± 1.1 cm/sec) for the young, AU and AI animals,
respectively, were not significantly different [F(2,223)= 1.34, p=0.278] despite the
observation that the young animals swam slightly faster than the aged animals. Performance
during the 30 sec probe trial (Fig. 2B, C and D) indicated that the AI rats took longer to
reach the annulus-40 and spent less time in the annulus-40 area than either the AU or young
animals. Additionally, AI animals spent less overall time in the platform target quadrant than
the AU and young animals. Path length performance was not significantly different across
the 3 cohorts ([F(2,223)=1.22, p=0.297]; data not shown).

Pharmacological Effects: Pharmacological testing occurred in AI rats that were dosed once
a day for 3 consecutive days with water-maze assessment following each drug dosing.
Acquisition latencies across the donepezil and vehicle treatment groups were not
significantly different from each other [F(4,40)= 0.192, p=0.941]. The mean overall escape
latency was 54.9 ± 3.7 sec. Administration of donepezil (0.15–1.2 mg/kg, ip) dose-
dependently reversed the AI rat water-maze performance deficit (Fig. 3). Repeated measures
ANOVA indicated a significant effect of drug treatment [F(4,40)=7.63, p=0.0001] as well as
a significant treatment by day effect [F(2,80)=5.75, p=0.0047]. Test doses of 0.6 and 1.2
mg/kg of donepezil decreased the swim latency to find the hidden platform compared to that
of vehicle treated controls (Fig. 3A). Assessment of spatial recall via a 30 sec probe trial
(Fig. 3B, C and D) showed that donepezil significantly improved AI rat performance on
latency to annulus-40 [F(4,40)=3.23, p=0.021], dwell time in annulus-40 [F(4,40)=3.59,
p=0.013] and % time in target quadrant [F(4,40)=4.68, p=0.003]. Path length [F(4,40)=2.04,
p=0.106] was not significantly different from vehicle control (data not shown).

Pharmacological treatment with PNU 120596 alone (0.3–15 mg/kg, ip) failed to reverse the
AI rat water-maze performance deficit (Fig. 4). Escape latency to the hidden platform across
the three days of PNU 120596 administration (Fig. 4A) were not significantly different from
vehicle control performance [F(3,32)=0.101, p=0.958]. Although, there was a significant
treatment by day interaction [F(2,64)=3.79, p=0.027], this statistical effect was due to the
gradual improvement on acquisition performance over time as post hoc assessments
revealed no statistical treatment effect for the individual test days (days 6 thru 8).
Assessment of spatial recall during the probe trial (Fig. 4B, C and D) indicated that PNU
120596 failed to significantly alter AI rat performance compared to vehicle control on any
of the behavioral measures; latency to annulus-40 [F(3,32)=0.289, p=0.832], dwell time in
annulus-40 [F(3,32)=0.412, p=0.745], % time in target quadrant [F(3,32)=1.64, p=0.198] or
path length [F(3,32)=0.155, p=0.925; data no shown]. Statistical analysis of the acquisition
latencies for the PNU 120596 and vehicle treatment groups were not significantly different
from one another [F(3,32)= 0.768, p=0.521]. The mean overall escape latency was 55.9 ±
3.4 sec.

To assess the pharmacological effect of donepezil combined with PNU 120596 in AI
animals in the water-maze task, we co-administered a subthreshold dose of donepezil (0.3
mg/kg, ip) with various test doses of PNU 120596 (0.3–15 mg/kg, ip). Analysis of the drug
combination across each of the 3 days of testing revealed a significant and dose-dependent
decrease in latency to the hidden platform in AI rats (Fig. 5A), main effect of drug treatment
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[F(4,40)=19.25, p<0.0001], treatment by day interaction [F(2,80)=17.71, p<0.0001].
Assessment of spatial recall during the probe trial (Fig. 5B, C and D) indicated that the
donepezil-PNU 120596 drug combination significantly improved AI rat performance on
latency to annulus-40 [F(4,40)=5.89, p=0.0008], dwell time in annulus-40 [F(4,40)=11.00,
p<0.0001] and % time in target quadrant [F(4,40)=4.33, p=0.005]. Path length
[F(4,40)=1.633, p=0.185] was not significantly altered (data not shown). Acquisition
latencies for the treatment groups were also not significantly different from one another
[F(4,40)= 1.02, p=0.411] and the mean overall acquisition escape latency was 57.7 ± 3.4
sec.

3.2 Non-Human Primate Studies
3.2.1 Delayed Match to Sample Accuracy
Donepezil: Vehicle (peanut butter & Prima-Burger®) was administered on 6–7 occasions
during the donepezil study. The data obtained from these sessions were averaged and used
for comparison with donepezil treatment sessions. As a group (N=7) the mean performance
accuracies in the DMTS task after vehicle administration met the performance criteria set
forth above (see Methods): Zero delay, 90.7%, Short delay 73.7%, and Long delay, 54.1%
trials correct and always followed a significant (p<0.001) delay-dependent decline in
accuracy. As indicated in Fig. 6A oral administration of donepezil was associated with dose-
dependent improvements in DMTS accuracy; main effect of dose [F(6,36)=0.36, p=0.90];
delay [F(2,72)=51.5, p<0.001]; dose × delay interaction [F(12,72)=2.11, p=0.027]. Post hoc
analysis indicated that all but the lowest dose of donepezil (0.003 mg/kg) were associated
with significant (p<0.05) improvement at the long delay intervals compared to vehicle-
associated performance.

PNU-120596: In the second phase of the monkey DMTS studies, monkey 7nv was not
reliably performing the DMTS task (i.e., the subject was often not accepting oral
formulations and/or finishing all of the DMTS task trials.) and was removed from the study.
In the remaining six subjects the mean accuracies in the DMTS task after vehicle
administration again met the predetermined performance criteria and followed a significant
(p<0.001) delay-dependent decline in accuracy, (see Fig. 6B). PNU-120596 was not
associated with significant effects on DMTS accuracy; main effect of dose [F(3,15)=1.19,
p=0.35; delay [F(2,30)=180.7, p<0.001]; dose × delay interaction [F(6,30)=0.78, p=0.59].

Donepezil + PNU-120596: In the third phase of the study a subthreshold dose of donepezil
(0.003 mg/kg) was combined with PNU 120596 (N=6). Under vehicle conditions the mean
accuracies in the DMTS task after vehicle administration again met the predetermined
performance criteria and followed a significant (p<0.001) delay-dependent decline in
accuracy (see Fig. 6C). As indicated in Fig. 6C oral administration of two of the drug
combinations was associated with improvements in DMTS accuracy, main effect of dose
[F(3,15=2.01), p=0.15]; delay [F(2,29)=81.9, p<0.001]; dose × delay interaction
[F(6,29)=2.64, p=0.037]. Post hoc analysis indicated that the combination of donepezil
0.003 mg/kg with either PNU 120596 3.0 mg/kg or 10.0 mg/kg was associated with
significant (p<0.03 and p=0.001, respectively) improvements in DMTS accuracy at the long
delay intervals compared to vehicle-associated performance.

3.2.2 Delayed Match to Sample Latencies—Median sample (trial initiator) and choice
(color selection) latencies on trials completed correctly or incorrectly under baseline
(vehicle) conditions and after drug administration were also evaluated. Sample latencies
typically ranged between 1.4 to 1.9 seconds whereas choice latencies typically ranged
between 1.7 and 2.7 seconds. Moreover, choice latencies were (in general) slightly longer
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when an incorrect response was made. None of the DMTS latencies were altered by
donepezil, PNU 120596, or the drug combinations, however.

4. Discussion
While there are a number of areas of research underway for developing novel therapies for
AD there is also great interest in any strategy that might enhance the clinical efficacy of the
currently available agents (see Riordan et al., 2011). As noted in the Introduction, the
purpose of this study was to evaluate the combination of the clinically prescribed AChEI,
donepezil, with a selective PAM of α7-nAChRs as an adjunctive treatment strategy to
memory enhancement. The results can be summarized as follows: 1) in young rats,
donepezil improved the performance of an NOR (recognition memory) task in a dose-
dependent manner, 2) PNU 120596 did not affect NOR performance when administered
alone, however, the combination of PNU 120596 with a subthreshold dose of donepezil was
associated with improved NOR performance, 3) the positive effect of the combination of
PNU 120596 and donepezil on NOR performance in young rats appeared to be α7-nAChR
mediated given that it was blocked by the selective α7-nAChR antagonist MLA. 4) in aged
(learning and memory-impaired) rats, donepezil improved the performance of a water maze
(spatial learning) task in a dose-dependent manner, 5) PNU 120596 did not affect water
maze performance when administered alone in age-impaired rats, however, the combination
of PNU-120596 with a subthreshold dose of donepezil was associated with improved task
performance, 6) in a similar fashion to the rodent behavioral studies, donepezil improved the
performance of a DMTS (working/short term memory) task in aged monkeys in a dose-
dependent manner; PNU 120596 alone did not result in significant effects on DMTS
performance, however, the combination of PNU 120596 with a subthreshold dose of
donepezil did. Collectively, these data indicate that PNU 120596 increases the effective dose
range of donepezil in learning and memory-related tasks in young and age-impaired rodents,
as well as in aged non-human primates.

In the rodent behavioral experiments the tasks that were utilized (NOR and water maze)
were selected for several reasons. NOR (Ennaceur and Delacour 1988) is a rodent model of
(non-spatial) recognition memory, which is assumed to consist of two components, a
recollective (episodic) component and a familiarity component (Squire et al., 2004).
Recognition memory is demonstrated in the NOR task when subjects explore a novel object
more than a familiar one. While debated, there is considerable evidence that the
hippocampus is involved in object recognition memory in both rodents (Myhrer, 1988;
Rampon et al., 2000; Broadbent et al., 2004) and humans (Reed and Squire, 1997; Squire,
1992) and further, object recognition memory has also been observed to be negatively
affected in non-demented, aged individuals as well as in patients with AD (Flicker et al.,
1987, Purdy et al., 2002 and Schiavetto et al., 2002). The water maze (spatial learning and
recall) procedure was employed in this study since it also requires the hippocampus (which
is well documented to be adversely affected in aging and AD), important components of
human learning and memory such as information acquisition and encoding, consolidation,
retention, and retrieval (McNamara and Skelton, 1993; McDonald and White, 1995).
Furthermore, while it is relatively well established that water maze task performance
declines with increasing age in animals (reviewed, Brandeis et al., 1989), the ability to
classify aged learning and memory status (i.e., unimpaired vs. impaired) relative to young
animals provides a preclinical translational model reflective of the human aging process
(Rowe et al., 2007; Quirion et al., 1995). Notably, aged rats classified as cognitively
impaired (when compared to unimpaired subjects) have been shown to possess decreased
hippocampal acetylcholine levels (Rowe et al., 1999; Quirion et al., 1995), impaired
synaptic plasticity (i.e., long-term potentiation; Bach et al., 1999; Tombaugh et al., 2002)
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and alterations in calcium mediated slow afterhyperpolarizations (Landfield and Pitler,
1984; Tombaugh et al., 2005).

Aged non-human primates (NHPs) were selected for the final phase of these studies due to
their unique translational value (see reviews, King et al, 1988; Bantrop, 2001; Sibal and
Samson KJ. 2001; Goodman and Check, 2002; Capitanio and Emborg 2008; Nelson and
Winslow, 2009; Shively and Clarkson, 2009), especially their neurobiological and
behavioral similarities to humans. Within the multiple species of NHPs, the genetic
homology (~95%), brain anatomy, and behavioral repertoire of old world macaques (e.g.,
rhesus monkeys) resemble humans more than that of any other laboratory animal, except
higher apes (Jackson et al., 1969; Rumbaugh 1973; Rice 1987; Magness et al., 2005).
Moreover, as macaques age, like humans, their performance across multiple domains of
cognition (sustained attention, visuospatial learning, working memory, recognition memory,
cognitive flexibility, etc.) declines significantly (see Bachevalier et al., 1991; Buccafusco
and Jackson, 1991; Bartus, 2000; Nagahara et al., 2010; Zeamer et al., 2011). Macaques also
exhibit multiple age-related changes in the brain that are similar to humans including the
deposition of amyloid plaques, the increase in reactive astrocytes and microglia, decreased
neurotransmitters and their receptors, the loss of neocortical neurons, etc. (Walker et al.,
1988; Price and Sisodia, 1994; Summers et al., 1997; Smith et al., 1999; Smith et al., 2004)

The DMTS test (often described as a working/short term memory task) in NHPs allows for
the assessment of mnemonic processes (i.e. discrimination, encoding and retention) that are
vital to human cognition and executive function, such as attention, strategy formation,
reaction time in complex situations, and memory for recent events (see review, Paule et al.,
1998). Moreover, variations in the DMTS procedure have been used in humans to assess the
effects of aging as well as a variety of illnesses on cognitive function including Alzheimer’s
Disease, Lewy Body Dementia, Korsakoff’s Disease, unipolar depression, and alcoholism,
(Oscar-Berman and Bonner, 1985; Irle et al. 1987; Aggleton et al., 1988; Sahgal et al., 1992;
Perryman and Fitten 1993; Elliott et al., 1996)

The findings reported here compliment previous animal studies which have suggested that
selective PAMS of α7-nAChRs have significant potential as therapeutic agents for disorders
of cognition. The α7-nAChR has long been considered a therapeutic target in disorders like
AD and schizophrenia given the deficits in α7-nAChR protein that have been observed in
the brains of patients who suffered from these disorders (Freedman et al., 1995; Burghaus et
al., 2000; Guan et al., 2000). At the time of the preparation of this manuscript the early
results of Phase 2 clinical trials in Alzheimer’s Disease patients administered α7-nAChRs
agonists, EVP-6124, RG3487 (also referred to as MEM3454) or TC 5619 appear promising
(unpublished data presented in oral presentations or in abstract form, see also Wallace and
Porter 2011).

To date a small number of Type I, α7-nAChR-selective PAMs (defined as molecules that
predominately affect the apparent peak current, agonist sensitivity, and Hill coefficient), and
Type II PAMs (compounds that possess the aforementioned properties described for Type I
PAMs, as well as the ability to modify the desensitization profile of agonist responses, see
Bertrand and Gopalakrishnan, 2007) have been evaluated for effects on cognition. For
example, in rats, the Type I (α7-nAChR-selective) PAM, NS1738, attenuated scopolamine-
induced deficits in a water maze task and improved the performance of a social recognition
task to a similar extent as nicotine (Timmermann et al., 2007). The Type I (α7-nAChR-
selective) PAM known as compound 6 improved performance of a radial arm maze task in
rats and normalized sensory-gating deficits in DBA/2 mice (Ng et al., 2007). Likewise,
JNJ-1930942 (described as an α7-nAChR-selective, intermediate PAM since its profile is
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distinct from Type I and Type II PAMS) improved sensory-gating deficits in DBA/2 mice
(Dinklo et al., 2011).

The allosteric nicotinic ligand evaluated in the current study, PNU-120596, is a urea analog
and Type II (α7-nAChR-selective) PAM. The latter property was demonstrated in
electrophysiological studies where PNU-120596 increased the maximal agonist (i.e.,
acetylcholine)-evoked α7-nAChR current and markedly slowed the decay of the current in
the continued presence of agonist (i.e., it suppressed densensitization). Moreover,
PNU-120596 also restored the agonist responses of desensitized receptors. Specifically,
while continuous exposure to the nAChR agonist, nicotine, desensitized α7-nAChRs and
eventually reduced the response to a non-detectable level, PNU-120596 applied during
continued exposure to nicotine restored the current to a peak that was even larger than the
initial peak evoked by the agonist alone (Hurst et al., 2005). In the same study, PNU-120596
improved the auditory gating deficit induced by amphetamine in rats. PNU-120596 has also
been shown to reverse scopolamine-induced deficits in fear conditioning as well as NOR in
rats, effects that were reversed by MLA demonstrating α7-nAChR selectivity (Wallace et
al., 2007). In addition, subthreshold doses of PNU-120596 were shown to enhance the fear
conditioning effects of a low (inactive) dose of nicotine whereas, combining active doses of
PNU 120596 and nicotine retained the pro-cognitive effects (Wallace et al., 2007). More
recently, PNU-120596 was demonstrated to attenuate the deficits induced by sub-chronic
phencyclidine treatment in the extra-dimensional shift (EDS) phase of an attentional set-
shifting task (McLean et al., 2011). The results of these studies, suggest that compounds like
PNU-120596 might have a therapeutic potential in neuropsychiatric disorders like
schizophrenia by improving deficits of information processing and cognitive flexibility.

It is important to note, that in several of the aforementioned behavioral studies, the α7-
nAChR-selective PAM administered alone improved memory-related task function, whereas
in our study, a combination with donepezil was required. The basis of this observation is
unclear; however, there are several factors that could (at least theoretically) contribute to the
difference. For example, in several of the cases where the PAM was effective when
administered alone, the model system used was a pharmacologic impairment-reversal
paradigm (e.g., scopolamine, phencyclidine, MK-801, amphetamine). Each of these
compounds has been shown to increase acetylcholine release in the brain (see Bymaster et
al., 1993; Hasegawa et al., 1996; Arnold et al., 2001 Del Arco et al., 12007). While
speculative, it certainly seems possible that the elevated levels of acetylcholine associated
with these compounds combined with allosteric modulation of the nAChR might contribute
to observed pro-cognitive effect. In addition, it is also quite possible that specific behavioral
tasks (radial arm maze, social recognition, or the anesthetized animal auditory evoked
potential model) might engage cholinergic systems differently than the tasks we employed
and result in higher basal states of acetylcholine allowing α-7 PAMs to activate the α-7
receptor.

In conclusion, the results of our studies combined with those described above suggest that
α7-nAChR-selective PAMS like PNU-120596 might have therapeutic potential for the
cognitive deficits associated with age-related illness such as AD as well as neuropsychiatric
illnesses that are not necessarily associated with advanced aged (e.g. schizophrenia). The
later subject (i.e., positive effects of the ACHEI-α7-nAChR PAM combination in young
subjects) may be particularly interesting for future studies given our positive data in young
rats in the NOR task, previous observations where donepezil-(alone) was associated with
improvements in DMTS accuracy in young monkeys (Buccafusco and Terry, 2004), and the
fact that we have not yet evaluated PNU-120596 in young monkeys. Our studies also appear
to support the argument that PNU-120596 might work best as an adjunctive agent combined
with an AChEI, whereas the other studies suggest that nicotinic PAMs might have efficacy
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when administered alone in some conditions. It is also important to note that while our
studies support a role for PNU-120596 combined with an AChEI for age-related cognitive
deficits, we did not evaluate the drug combination in AD animal models (e.g., AD
transgenic mice) specifically, an interesting topic for future studies. Moreover, while we
evaluated subthrehold doses of donepezil combined with PNU-120596, it would be
interesting to determine if the efficacy of higher doses of donepezil could be further
improved when combined with PNU-120596
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• Donepezil improved memory-related task performance in aged rats and
monkeys

• α7-nAChR PAM, PNU-120596 alone did not affect memory task performance

• Combining a subthreshold dose of donepezil with PNU-120596 improved
memory
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Figure 1.
Assessment of recognition memory using the object recognition task in Sprague-Dawley
rats. (A) Donepezil (0.3–6 mg/kg, po) given prior to training enhanced performance when
tested at a 48 hr retention delay interval; (N=8 rats/treatment). (B) PNU 120596 (0.1–10 mg/
kg, ip) given prior to training and tested 48 hrs later failed to enhance performance; (N=8
rats/treatment). (C) Co-administration of donepezil (0.6 mg/kg, ip) plus PNU 120596 (0.1–
10 mg/kg, ip) given prior to training enhanced performance at the 48 hr retention delay
interval; (N=8 rats/treatment). (D) Pretreatment with the α7-nicotinic receptor antagonist
MLA (0.3 & 3 mg/kg, ip) reversed the recognition memory enhancement produced by the
donepezil (0.6 mg/kg, ip)-PNU 120596 (3 mg/kg, ip) drug combination. Bars represent the
mean (± S.E.M.) values for each treatment; (N=6–8 rats/treatment). * = significantly
different (p<0.05) from vehicle response. # = significantly different (p<0.05) from donepezil
response. + = significantly different (p<0.05) from the donepezil-PNU 120596 drug
combination.
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Figure 2.
Assessment of spatial reference memory using the Morris water-maze task in young (6
month old) and aged (24–25 month old) Fischer rats. (A) Acquisition curve across 5 days of
training showing latencies (sec) to the hidden platform by young, aged cognitively
unimpaired (AU) and aged cognitively impaired (AI) rats.(B) Assessment of latency (sec) to
first entry into the annulus-40 area for each subgroup of rats during the 30 sec probe trial.
(C) Total dwell time (sec) in the annulus-40 area for each subgroup of rats during the probe
trial. (D) Percentage (%) of time spent in the target platform quadrant for each group of rats
during the probe trial. Symbols or bars represent the mean (± S.E.M.) values for each
subgroup of rats; (N=63 young rats, 42 AU rats and 121 AI rats). * = significantly different
(p<0.05) from young rat performance. # = significantly different (p<0.05) from AU rat
performance.
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Figure 3.
Effects of donepezil on spatial reference memory in aged cognitively impaired (AI) Fischer
rats. (A) Donepezil (0.15–1.2 mg/kg, ip) given on three days of water-maze testing
decreased the latency (sec) to find the hidden platform compared to control performance.
(B) Latency (sec) to first entry into the annulus-40 area following donepezil administration
during the 30 sec probe trial. (C) Total dwell time (sec) in the annulus-40 area. (D)
Percentage (%) of time spent in the target platform quadrant. Bars represent the mean (±
S.E.M.) values for each treatment group; (N=9 AI rats/treatment). * = significantly different
(p<0.05) from AI rat control performance.
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Figure 4.
Effects of PNU 120596 on spatial reference memory in aged cognitively impaired (AI)
Fischer rats. (A) PNU 120596 (0.3–15 mg/kg, ip) given on three days of water-maze testing
failed to alter latency (sec) to the hidden platform. (B) Latency (sec) to first entry into the
annulus-40 area following PNU 120596 administration during the 30 sec probe trial. (C)
Total dwell time (sec) in the annulus-40 area. (D) Percentage (%) of time spent in the target
platform quadrant. Bars represent the mean (± S.E.M.) values for each treatment group;
(N=9 AI rats/treatment). * = significantly different (p<0.05) from AI rat control
performance.

Callahan et al. Page 24

Neuropharmacology. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Effects of co-administration of donepezil and PNU 120596 on spatial reference memory in
aged cognitively impaired (AI) Fischer rats. (A) Administration of a fixed low dose of
donepezil (0.3 mg/kg, ip) in combination with PNU 120596 (0.3–15 mg/kg, ip) given on
three days of water-maze testing significantly decreased latency (sec) to the hidden platform.
(B) Latency (sec) to first entry into the annulus-40 area following donepezil plus PNU
120596 administration during the 30 sec probe trial. (C) Total dwell time (sec) in the
annulus-40 area. (D) Percentage (%) of time spent in the target platform quadrant. Bars
represent the mean (± S.E.M.) values for each treatment group; (N=9 AI rats/treatment). * =
significantly different (p<0.05) from AI rat control performance; # = significantly different
(p<0.05) from AI rat donepezil performance.
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Figure 6.
(A) Dose-effect relationship for each delay in the Delayed Match to Sample (DMTS) task by
7 aged rhesus monkeys, 1 hr after the oral administration of donepezil. The baseline was
determined from the average of 6–7 vehicle sessions conducted during the study. (B) Dose-
effect relationship for each delay in the DMTS task by 6 aged rhesus monkeys, 1 hr after the
oral administration of PNU 120596. The baseline was determined from the average of 2–3
vehicle sessions conducted during the study. (C) Effect of a subthreshhold dose of donepezil
combined with PNU 120596 (across 3 doses). The baseline was determined from the
average of 3–6 vehicle sessions conducted during the study. Each bar represents the mean
(% correct) ± S.E.M. over 96 trials per session. *p<0.05, ** p<0.01= significant difference
from vehicle response.
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