21807 1 ”
§ 160 * .
k-] . —_
= 140 S0
1207 ©
= 100 g6or
é sob I 857 ]
w o L
~ 60 G 40
g 2
= 301
¥ 40 g
& L
&% 20 520
a o — . S 10
METH - + - + o+ + Mo L
Gal 0 0 0 0 3 3 (mg/kg) (B)
SCH 0 0 0 0 0 0.02 (mg/kg) §60 -
Baseline Exposure - |
pERK1 g%
pERK2 S40
Q
w30 [
[&]
. I 220§
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learning-associated ERKI phosphorylation is mediated by D1 w10
receptors. METH (1 mg/kg, s.c) was injected for 7 days. Lo
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Galantamine (3 mg/kg, p.o.) and SCH 23390 (0.02 mg/kg, PD 0 0O 2 0 0 2 (ug/side)
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blotting. The phosphorylation ratio was calculated as ERK
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compared with (METH + galantamine/vehicle)-treated group
(Bonferroni test). C:Values indicate the mean = SE (n =
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ARTICLE INFO ABSTRACT

Selegiline, an irreversible inhibitor of monoamine oxidase B used in the treatment of Parkinson’s dis-
ease, has been demonstrated to have a potential cognition-improving effect in patients with Alzheimer's
disease (AD) undergoing treatment with an acetylcholinesterase inhibitor donepezil. To confirm such
clinical events, we investigated whether co-administration of donepezil with selegiline had a synergistic
cognition-improving effect in an animal model of AD. Intracerebroventricular injection of amyloid beta
protein fragment 25-35 [AB(zs-35)] induced impairment of learning and memory in a Y-maze, novel object
recognition and contextual fear conditioning tests. Either donepezil or selegiline alone improved the cog-
nitive impairments in the Y-maze and conditioned fear learning tasks in AB(2s.35)-injected mice, whereas
donepezil, but not selegiline, failed to improve the impairment in a novel object recognition task. Co-
administration of donepezil with selegiline, at doses that do not exert efficacy individually, significantly
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Donepezil improved the deficits in all three tests, indicating a synergistic cognition-improving effect. These allevi-
Dopaminergic systems ating effects were antagonized by pretreatment with a muscarinic receptor antagonist scopolamine and
Selegiline a dopamine receptor antagonist haloperidol. These results suggest that selegiline potentiates the effect

of donepezil on the cognitive impairment, and that the synergistic effect may be mediated through both

the cholinergic and dopaminergic systems.

.© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Alzheimer's disease (AD), the most common neurodegenera-
tive disorder in humans, is characterized by the deterioration of
cognitive and mental functions, including learning and memory.
The formation of extracellular deposits of amyloid beta peptide
(AB), leading to the formation of neuritic plaques and neurofib-
rillary tangles in the cortex and hippocampus, is a prominent
pathological feature of AD [32]. AB, a spontaneously aggre-
gating peptide of 39-43 amino acids, is the primary protein
component of senile plagues, the pathological hallmark of AD
in the brain [29]. In particular, AR fragment 25-35 [AB(2s-35)]
seems to be responsible for toxic and oxidative events lead-
ing to brain damage, such as oxidative stress-mediated changes

* Corresponding author at: Department of Chemical Pharmacology, Graduate
School of Pharmaceutical Sciences, Meijo University, 150 Yagotoyama, Tenpaku-ku,
Nagoya, Aichi 468-8503, Japan. Tel.: +81 52 839 2735, fax: +81 52 8392738,
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0166-4328/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
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in hippocampal long-term potentiation [37], and protein oxi-
dation in fibroblasts derived from AD patients [4]. In animal
experiments, it has been reported that intrahippocampal or intrac-
erebroventricular (i.c.v.) injections of AB(z5.35) induce histological
and biochemical changes, learning deficits [20,21,25] and dys-
function of the cholinergic system, which play an important
role in the cognitive deficits associated with aging and neurode-
generative diseases {12,36]. Thus, AB(ys_3s)-injected animals are
useful models for understanding the pathogenesis and progres-
sion of AD, and for evaluating new therapeutic agents for AD
[12,20].

Cholinergic neurons degenerate in patients with AD and
Alzheimer's type senile dementia, and the degree of degeneration
correlates well with functional loss in these disorders [26}]. Based on
acholinergic hypothesis, many attempts have been made to reverse
cognitive deficits by increasing brain cholinergic activity through
the cholinomimetic use of acetylcholinesterase inhibitors (AchEIs),
acetylcholine precursors and cholinergic receptor agonists. In fact,
an AchEl donepezil, has been approved for treatment of cognitive
impairment in AD. However, acetylcholine-enhancing drugs can
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compensate for only part of the neuronal dysfunction in AD, and
the enhancement of cognition by AchEls is only transient [13].

The dopaminergic system has been implicated in cognitive pro-
cesses in a variety of brain regions, including the mesolimbic
system, since dopamine modulates transmitter release at cholin-
ergic [11] and glutamatergic [42] synapses in the hippocampus.
Previous study has shown that disturbances in the dopaminergic
system induce learning and memory impairment [9]. Meanwhile,
pathological and clinical evidences reported to date are sugges-
tive of the involvemnent of the doparninergic system in dementia.
For example, there is a correlation between loss of hippocampal
dopamine D, receptors and memory impairment in AD [17]. In
addition, it has been shown that memory impairment induced
by intraperitoneal injection of scopolamine is ameliorated by the
injection of dopamine D, receptor agonists into the ventral hip-
pocampus [8], suggesting that dopaminergic agents could have
therapeutic potential in patients with cholinergic deficits, e.g. those
with AD and dementia with Lewy bodies.

Selegiline, a selective monoamine oxidase B inhibitor (MAO-
BI), is used worldwide for the treatment of Parkinson’s disease
[2]. Previous study has shown that selegiline improves episodic
memory and learning in patients with AD [35], and spatial mem-
ory in aged or a cholinotoxin AF64A-treated rats [18,33]. The
increase in dopaminergic activity consequent to the inhibition
of monoamine oxidase B activity is often considered to be the
neurochemical mechanism involved in the improvement of cog-
nitive performance caused by selegiline in aged rats [3] and
individuals affected by Alzheimer’s type dementia [35). Further-
more, selegiline has also been demonstrated to have potential
cognition-improving efficacy in AD patients treated with the AchEIl
donepezil [33].

To confirm such clinical events, the present study was designed
to test the hypothesis that co-administration of donepezil with
selegiline improves cognitive impairment in an ABzs.35)-injected
animal model of AD, and that the synergistic cognition-improving

effects of selegiline and donepezil are mediated via activation
of the cholinergic and dopaminergic systems. We attempted to
investigate: (1) the effects of single or concurrent administration
of selegiline and donepezil on memory impairment induced by
AB(25_35), and (2) that the cognition-improving effects of selegiline
are antagonized by acetyicholine andjor dopamine antagonists in
AB(25-35y-injected mice.

2. Materials and methods
2.1 Animals

Male ICR mice (5-week-olfd, Nihon SLC, Shizuoka, Japan) were housed in plastic
cages, received food (CE2, Clea Japan, Tokyo, Japan) and water ad libitum, and were
maintained on a 12-h light:12-h dark cycle (lights on at 8.00 a.m.). All experiments
were performed in a blind manner and in accordance with the Guidelines for Animal
Experiments of Nagoya University Graduate School of Medicine (Japan). The proce-
dures involving animals and their care conformed to the institutional guidelines set
out in “Principles of Laboratory Animal Care” (NIH publication No. 85-23, revised
1985).

2.2, Drugs and treatment

Selegiline hydrochloride (FP Pharmaceutical, Osaka, Japan), donepezil
hydrochloride (Eisai, Ibaraki, Japan), scopolamine hydrobromide (Nacalai Tesque,
Kyoto, Japan) and haloperidol (Sigma, St. Louis, MO, USA) were dissolved in saline.
The doses of all drugs are expressed as those of the salt. AB;s_3s) (Bachem, Torrance,
CA, USA) was dissolved in distilled water (vehicle) at a concentration of 1 mg/mL
(0.9375mM) and stored at —20°C.

Mice were intracerebroventricularly injected vehicle or AB(s.35 that had
undergone incubation for 4 days at 37°C, a procedure that permits aggregation.
Vehicle- and ABs5.35)-injected mice were subcutaneously administered selegiline,
donepezil, scopolamine and haloperidol 30, 30, 45 and 60 min before each behav-
ioral test (Y-maze, novel object recognition and contextual fear conditioning tests),
respectively on 3 separate occasions. Three different approaches for drug adminis-
tration were used as shown in Table 1: (1) selegiline and donepezil by themselves
(Fig. 2); (2) co-administration of selegiline and donepezil (Fig. 3)and (3) scopolamine
or haloperidol + co-administration of donepezi! and selegiline, We preliminarily
confirmed that single administrations of donepezil, selegiline, scopolamine and
haloperidol, at doses used in this study, had no effect on cognitive function of the
vehicle-injected mice in all performed tests.

Table 1
Drugs, doses of drugs and numbers of animals in each experiment
Group No. N “Treatment SRR
e L AR e e Drug(mglkg)
Experiment 1 (Fig. 2) : o T : o B
100 o 27-28 “Vehicle
2. k
3 -
4 : “Donepezil (0.1)
5. o+ Selegiline (1.0):
L 6% i Selegiline (3.0).
Group No.

Experiment 2 (Fig.3) -

S G R

Saline ,
Saline- -

' Drug 2 (mgfkg)

Grduﬁ Nd.k\ s

Expefjme‘n; 3(Fig.4)0 00

Donepezil (0.05)
AR i o 2t Donepezil (0.05):
AB - Y72 Donepezil (0.05).

Antagonist (mg/kg)

Scopolamine (0.1

" ’Haloperidol (0.1'0r 0.03)

Selegiline (10)

Three different approaches for drug administration were used: (1) selegiline and donepezil separately (Fig. 2); (2) co-administration of selegiline and donepezil (Fig. 3)and
(3) scopolamine or haloperidol + co-administration of selegiline and donepezil. AB: ABs-33).
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Fig. 1. Behavioral experimental schedule. i.c.v., intracerebroventricular.

2.3. APzs-35)-injected mouse model

f.cv. injections of AB(s-35) were performed as described previously [20].
Briefly, a microsyringe with a 28-gauge stainless-steel needle bended an angle of
90° at the point 3mm far from the tip of the needle was used for i.c.v. injec-
tions. Mice were anesthetized lightly with ether to be free from distress and
stabilized with nose cone until i.c.v. injection had finished, and the needle was
unilaterally inserted by hand 1mm to the right of the midline point, equidis-
tant from each eye, at an equal distance between the eyes and the ears, and
perpendicular to the skull. The skulls of mice were not exposed to perform the
injections to save the time and to be free from stress. The i.c.v. injection of
ABy2s.35) (3 nmol/3.2 pl) or vehicle (3.2 wl) was performed slowly over a period
of 2 min. Mice exhibited normal behavior within 1min after injection. We used
vehicle as control of ABps.3s) in accordance with a previous report {20]. Nei-
ther insertion of the needle nor injection of the vehicle had any influence on
survival, behavioral responses or cognitive function in consistent with a previ-
ous report {20]. The injection site of each mouse was confirmed by injecting
indian ink in preliminary experiments and dissecting the brain after all experi-
ments.

2.4, Behavioral analysis

Previous reports have shown that acute exposure of aged ABs-35) t0 hippocam-
pal cultures induces apoptosis-mediated neuronal toxicity during 6 days incubation,
and cognitive dysfunction in several learning and memory tests in mice [20]. The
behavioral tests started on day 6 after AB(s.35) injection, and were carried out
sequentially according to the experimental schedule shown in Fig. 1. The present
study was conducted in a blind manner.

2.5. Spontaneous aiternation in Y-maze test

The Y-maze task was carried out on day 6 after AB(ys_3s5) injection, as described
in previous reports [20}. The maze was made of black painted wood; each arm was
40cm long, 12cm high, 3cm wide at the bottom and 10cm wide at the top. The
arms converged at an equilateral triangular central area that was 4 cm at its longest
axis. Each mouse was placed at the center of the apparatus, and allowed to move
freely through the maze during an 8 min session. The number of arm entries was
recorded visually. Alternation was defined as successive entry into the three arms,
on overlapping triplet sets. The alternation behavior (%) was calculated as the ratio
of actual alternations to possible aiternations (defined as the number of arm entries
minus two), multiplied by 100.

2.6. Novel object recognition test

The task was carried out on days 7-8 after AB;s-35) injection, according to the
method of {15], with a minor modification. The novel object recognition test pro-
cedure consisted of three sessions: habituation, training and retention. Each mouse
was individually habituated to the box (30cm x 30cm x 35 cm high), with 10 min
of exploration in the absence of objects on days 5 and 6 after the Y-maze test
(habituation session). During the training session on day 7, two novel objects (e.g.
object A and B) were symmetrically fixed to the floor of the box, 8 cm from the
walls, and each animal was allowed to explore in the box for 10min. The objects
were constructed from a golf ball, wooden column and wall socket, which were
different in shape and color but similar in size. The animals were considered to
be exploring the object when the head of the animal was facing the object or the
animal was touching or sniffing the object. The time spent exploring each object
was recorded. After training, mice were immediately returned to their home cages.
During the retention sessions, the animals were placed back into the same box 24 h
(day 8) after the training session, in which one of the familiar objects (e.g. object

A) used during training was replaced by a novel object (object C). The mouse was
then allowed to explore freely for 10 min, and the time spent exploring each object
was recorded. Throughout the experiments, the objects were used ina counterbal-
anced manner in terms of their physical complexity and emotional neutrality. A
preference index, the ratio of the amount of time spent exploring any one of the
two objects (training session) or the novel object (retention session) over the total
time spent exploring both objects, was used to measure cognitive function {A or
BJ(B+A) x 100 (%) in the training session, and B or CJ(B+C) x 100 (%) in the retention
session}.

2.7. Contextual fear conditioning test

The contextual fear conditioning task was carried out on days 9-10 after
AB(2s-35) injection, according to a previous report {7}, with a minor modifica-
tion. For measuring basal levels of freezing response (preconditioning phase),
mice were individually placed in the conditioning cage (25cmx31cmx1lcm
high) for 2 min and the freezing response was continuously measured by exper-
imenter using a stopwatch on day 9. For training (conditioning phase), mice
were placed in the conditioning cage, and then a 15-s tone (85dB) was deliv-
ered as a conditioned stimulus. During the last 5s of the tone stimulus, a foot
shock of 0.8mA was delivered as an unconditioned stimulus through a shock
generator (NeuroScience idea, Osaka, Japan). This procedure was repeated four
times at 15-s intervals. We excluded the animals that did not represent normal
nociceptive response in the conditioning phase from the contextual fear condi-
tioning test. One day after fear conditioning, mice were placed in the conditioning
cage, and the freezing response was continuously measured for 2 min (retention
session). The freezing response was defined as none of the mouse paws mov-
ing.

2.8. Statistical analysis

Results were expressed as means = S.E.M. for n=6-37. A SAS program {ver. 5.0,
SAS Institute, Cary, NC, USA) was used to perform all analyses. Statistical difference
among the experimental groups was tested using Kruskal-Wallis analysis for behav-
joral tests, and Dunnett's test was employed for multiple comparisons. P<0.05 was
considered statistically significant.

3. Results

3.1. Effects of single administration of selegiline or donepezil on
AB25-35)-induced memory impairment

3.1.1. Y-maze task

AB(25-35)-injected mice showed significantly reduced sponta-
neous alternation behavior compared to vehicle-injected mice
{Kruskal-Wallis, H=36.65, d.f.=5, P<0.0001; Dunnett, P<0.0001]
(Fig. 2A), indicating impairment of spatial working memory.
When APs-35)-injected mice were administered donepezil
(0.1 mg/kg) or selegiline (3 mgfkg) alone, the alternation behav-
jor was significantly increased compared to that of vehicle-
treated APzs-3s)-injected mice [Kruskal-Wallis, H= 36.65, d.f.=5,
P<0.0001; Dunnett, P=0.0211 (donepezil), P=0.0316 (selegiline)]
(Fig. 2A). There was no significant difference in the number of arm
entries among any of the groups (Fig. 2B), indicating that all groups
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Fig. 2. Effects of administration of selegiline or donepezil alone on ABs_35)-induced memory impairment. Six, seven and nine days after i.c.v. injection of A25-35), the mice
were subcutaneously administered donepezil (0.05 and 0.1 mg/kg), selegiline (1 and 3 mg/kg) or saline 30 min before each behavioral test. Panels A and B show the result of
alternation behavior (A) and number of entries (B) in the Y-maze test. Panels C and D show the results of the training trial (C) and retention trial (D) in the novel objective
test. Panels E and F show the results of the pre-conditioning phase (E) and retention session (F) in the contextual fear conditioning test. S, saline; V, vehicle (distilled water);
AB; AByzs.35,; Done, donepezil; Sele, selegiline. Values represent means+ S.EM. The number of mice used in each group is shown in the column. ‘P<0.05, ""P<0.001 vs.
saline-treated, vehicle-injected mice. #P<0.05, #*P<0.01 vs. saline-treated, AB(s.35)-injected mice,

of mice had the same levels of motivation, curiosity and motor
function.

3.1.2. Novel object recognition test )
During the training session, there were no significant differ-
ences in exploratory preference for two objects (Fig. 2C), and thus

there was no biased exploratory preference in six groups with-
out affecting total spent time in the exploration of objects. In the
retention session, there were no differences in the total exploratory
time among all the groups (data not shown). Exploratory prefer-
ence for the novel object of vehicle-injected mice was significantly
increased in the retention session compared to that in the training
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session (one sample t-test, P=0.0105) or above chance set at 50%
(one sample t-test, P=0.0257). However, a significant difference
between vehicle- and AB(zs.35)-injected mice in the exploratory
preference for the novel object was observed during the reten-
tion session [Kruskal-Wallis, H=11.78, d.f.=5, P=0.0379; Dunnett,
P=0.0251], indicating impairment of visual recognition memory.
The administration of selegiline (3 mg/kg) alone significantly ame-
liorated AB(25_35)-induced impairment of the exploratory behavior
in the retention session, but this effect was not seen with donepezil
{Kruskal-Wiallis, H=11.78, d.f.=5, P=0.0379; Dunnett, P= 0.0069]
(Fig. 2D).

3.1.3. Contextual fear conditioning task

In the preconditioning phase, mice hardly showed a freezing
response. There were no differences in basal levels of freezing
response among all the groups (Fig. 2E). In the retention test,
the vehicle-injected mice showed a marked contextual freez-
ing response 24h after fear conditioning (Fig. 2F), whereas the
AB(25_35)-injected mice presented less freezing responses in the
contextual tests [Kruskal-Wallis, H=17.43, d.f.=5, P=0.0037; Dun-
nett, P=0.0005]. The performance of AP zs-35)-injected mice was
completely restored by treatment with donepezil (0.1 mgfkg) or
selegiline (3 mg/kg) [Kruskal-Wallis, H=1743, d.f.=5, P=0.0037;
Dunnett, P=0.0159 (donepezil), P=0.0053 (selegiline)] (Fig. 2F).
Since the low doses of donepezil (0.05mg/kg) and selegiline
{1 mg/kg) failed to improve A(ys.35)-induced cognitive impair-
ment, their conditions were used in all subsequent experiments.
In the conditioning phase, there was no difference in the levels
of flinching, running and jumping responses or vocalization by a
foot shock among all the groups (data not shown), indicating no
changes in nociceptive response, because we excluded the animals
that did not represent normal nociceptive response in the condi-
tioning phase from the contextual fear conditioning test.

3.2. Effects of co-administration of selegiline and donepezil on
APBy25-35)-induced memory impairment

We investigated whether co-administration of low-dose
selegiline and donepezil attenuated AB(zs-3s)-induced cognitive
impairment.

In the Y-maze test, ABs_35)-induced impairment of alternation
behavior was significantly improved by combined administration
of donepezil (0.05 mg/kg) and selegiline (1 mg/kg) [Kruskal-Wallis,
H=47.36,d.f.=4,P<0.0001; Dunnett, P<0.0001}, at doses that were
not effective individually (Fig. 3A). The number of arm entries was
not changed by any treatments (data not shown).

In the novel object recognition test, there were no significant
differences in exploratory preference for two objects (the train-
ing session), or total exploratory time (the training and retention
sessions), among all the groups (data not shown). The combined
administration of donepezil (0.05 mg/kg) and selegiline (1 mg/kg)
significantly improved AP(zs-35)-induced impairment of visual
recognition memory [Kruskal-Wallis, H=12.25, d.f.=4, P=0.0156;
Dunnett, P=0.0209] (Fig. 3B).

In the contextual fear conditioning test, there were no differ-
ences in basal levels of freezing response among all the groups
(data not shown). The combined administration of donepezil
(0.05mgfkg) and selegiline (1mgfkg) significantly improved
AP(25-35)-induced impairment of the contextual freezing response
[Kruskal-Wallis, H=17.08, d.f.=4, P=0.0019; Dunnett, P=0.008]
(Fig. 3C). In the conditioning phase, there was no difference in the
levels of flinching, running and jumping responses or vocalization
by a foot shock among all the groups (data not shown), indicat-
ing no changes in nociceptive response, because we excluded the
animals that did not represent normal nociceptive response in the
conditioning phase from the contextual fear conditioning test.

3.3. Antagonistic effects of scopolamine and haloperidol against
the synergistic effect of selegiline and donepezil on
APBy25-35)-induced cognitive impairment

To determine whether the improving effect of co-administration
of selegiline and donepezil on AP(,s-35)-induced cognitive impair-
ment is mediated via muscarinic and/or dopamine receptors,
we examined its antagonism by a muscarinic receptor antago-
nist scopolamine and a dopamine receptor antagonist haloperidol.
We preliminarily confirmed that administration of scopolamine
(0.1 mg/kg) and haloperidol (0.1 mg/kg) alone had no effect on the
cognitive impairment in AB(s.35)-injected mice in all behavioral
tests, while in the contextual fear conditioning test, haloperidol
(0.1 mg/kg)-treated, AB,s.35)-injected mice did not represent less
freezing responses compared to vehicle-injected mice during the
retention session (data not shown). Therefore, we evaluated antag-
onistic effect of haloperidol at the dose of 0.03 mg/kg that did not
change freezing responses in AP(2s-35)-injected mice in the contex-
tual fear conditioning test.

Pre-administration of scopolamine (0.1 mg/kg) or haloperi-
dol (0.1 mg/kg) significantly antagonized the improving effect
of co-administration of selegiline and donepezil on AB(5_3s)-
induced impairment of spontaneous alternation in the Y-maze task
[Kruskal-Wallis, H=23.37, d.f.=4, P<0.0001; Dunnett, P=0.0111
(scopolamine), P=0.0495 (haloperidol)] and novel object recog-
nition test [Kruskal-Wallis, H=16.30, d.f.=4, P=0.0026; Dunnett,
P=0.0027 (scopolamine), P=0.0243 (haloperidol)] (Fig. 4A and B).
In the novel object recognition test, there were no significant
differences in exploratory preference for two objects (the train-
ing session), or total exploratory time (the training and retention
sessions), among all the groups {data not shown). These results indi-
cate that all groups of mice have the same levels of motivation,
curiosity and motor activity.

In the contextual fear conditioning tests, the improving effects
of co-administration of selegiline and donepezil on AB(2s.35)-
induced cognitive impairment were significantly antagonized
by both scopolamine (0.1 mg/kg) and haloperidol (0.03 mg/kg)
{Kruskal-Wallis, H=18.93, d.f.=4, P=0.0008; Dunnett, P=0.0138
(scopolamine), P=0.0069 (haloperidol)] (Fig. 4C). There were no
differences in basal levels of freezing response among all the
groups (data not shown), indicating no changes in motor func-
tion. In the conditioning phase, there was no difference in the
levels of flinching, running and jumping responses or vocalization
by a foot shock among all the groups (data not shown), indi-
cating no changes in nociceptive response, because we excluded
the animals that did not represent normal nociceptive response
in the conditioning phase from the contextual fear conditioning
test.

4. Discussion

A number of studies have demonstrated that acute or con-
tinuous injections of AP into the brain cause neurodegeneration
and impairment of learning and memory [20,40}. AB(25-35) con-
taining the 11-amino acid sequence (25-35) of AB is neurotoxic
in vitro [43] and in vivo [20], and its neurotoxicity may more
likely mimic the oligometric AR which is believed to be a key
factor influencing cognitive function in AD [22]. A single i.cv.
injection of ABzs-3s) induces marked deficiencies in both short-
and long-term memory in mice, and increases deposition and
dissemination of AB in the cortex and hippocampus of mice,
which is consistent with the clinicopathological picture of AD
[20,23]. In the present study, we found that AB(s_ss)-injected
mice showed impairments of spatial working memory in the
Y-rnaze test, visual recognition memory in the novel object recog-
nition test, and associative fear memory in the contextual fear
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Fig. 3. Effects of co-administration of selegiline and donepezil on AB(;s_ss)-induced memory impairment. Six, seven and nine days after i.c.v. injection of AB3s.3s), the mice
were subcutaneously administered donepezil (0.05 mg/kg), selegiline (1 mg/kg) or saline 30 min before each behavioral test. Panels A, B and C show the result of alternation
behavior (A) in the Y-maze test, retention trial (B) in the novel objective test, and retention session (C) in the contextual fear conditioning test, respectively. S, saline; V, vehicle
(distilled water); AB, AB(s-35): Done, donepezil; Sele, selegiline. Values represent means+ S.E.M. The number of mice used in each group is shown in the column. "P<0.05,
"P<0.01,""P<0.001 vs. saline-treated, vehicle-injected mice. *P<0.05, #¥P<0.01, #¥¥P<0.001 vs. saline-treated, ABs.35)-injected mice.

conditioning test, which are known to require the control function
of the hippocampus. AB(zs-3sy-injected mice did not show any
significant differences in motivation and movements, as evidenced
by the number of arm entries in the Y-maze test, exploratory
preference found during the training session, the total amount of
time spent exploring two objects in the novel object recognition
test, and the freezing time during the preconditioning phase in
the contextual fear conditioning test. From these results, it is likely
that impairment of performance in the AB(s.3s)-injected mice is
due to learning and memory deficits associated with hippocampal
functions.

The mechanism of memory impairment in the AB(s.35)-
infused mice is still unknown, However, previous reports [20,38]
have demonstrated that histological examination of Cresyl viclet-
stained brain sections indicates a moderate but significant cell loss
within the frontoparietal cortex and the hippocampal formation
of mice treated with aged AB(zs.35) (9 nmol) and that examination
of Congo red-stained sections in the same animals exhibits the
presence of numerous amyloid deposits throughout these brain
areas. Although we did not perform histochemical experiments in
the AB(25.35)-injected mice in the present study, we consider the

AB(25_35)-injected mice as the animal model of AD in the incipient
stage.

Single administration of donepezil at 3 mg/kg improved mem-
ory impairment induced by AB2s.3s in the Y-maze and contextual
fear conditioning tests (Fig. 2). Our findings were consistent
with previous reports that donepezil significantly improves
alternation deficits in Y-maze and impairment of mernory in step-
through type passive avoidance tests in the Afps_3s;-injected
mice [21} and deficits of spatial learning in a water T-maze,
and contextual and cued memory in fear conditioning tests
in the Tg2576 transgenic mouse, which overexpresses human
amyloid precursor protein linked to AD [5]. Another AchEl,
tacrine, recovers memory impairment induced by ic.v. injec-
tion of ABy5-35) [20]. Therefore, it is suggested that AP(s_3s)
induces hypofunction of the cholinergic system in the hippocam-
pus.

The hippocampal formation plays a central role in learn-
ing and memory in the mammalian brain. The hippocampus
also receives dopaminergic input, particularly from the ven-
tral tegmental area [24]. A functional role of the hippocampal
dopaminergic system has been indicated by behavioral studies
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Fig. 4. Antagonistic effects of scopolamine and haloperidol against the synergistic cognition-improving effect of co-administration of selegiline and donepezil in AB(2s_35)~
injected mice. Six, seven and nine days after i.c.v. injection of ABs.35), the mice were subcutaneously administered donepezil, selegiline or saline 30min before each
behavioral test. The mice were subcutaneously administered scopolamine, haloperidol or saline 45 and 60 min before each behavioral test, respectively. Panels A, B and C
show the result of alternation behavior (A) in the Y-maze test, retention trial (B) in the novel objective test, and retention session (C) in the contextual fear conditioning
test, respectively. S, saline; V, vehicle (distilled water); AB, AB2s-35); Done, donepezil; Sele, selegiline; Sco, scopolamine; Halo, haloperidol. Values represent means + S.E.M.
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demonstrating enhancement of positive reinforcement learn-
ing, visual discrimination, and passive avoidance behavior after
intrahippocampal injections of dopamine receptor agonists, as well
as impairment of spatial navigation after depletion of hippocam-
pal dopamine [19]. Thus, the dopaminergic system is implicated
in cognitive processes in a variety of brain regions, including
the hippocampus. Monoamine oxidase B is localized in vari-
ous regions of the human brain including the hippocampus.
In the present study, single administration of selegiline aiso
improved memory impairment induced by AB(ys-35) in the Y-
maze, novel object recognition and contextual fear conditioning
tests. These effects might be mediated by the increased level of
dopamine in the hippocampus. In several clinical trials, selegi-
line improved episodic memory and learning in patients with AD

[35].

Co-administration of selegiline and donepezil at subthreshold
doses significantly ameliorated memory impairment in AB(zs.-35)-
injected mice in all of the behavioral tests, which was consistent
with the finding that selegiline and tacrine improve performance in
scopolamine +p-chlorophenylalanine-treated rats in a water maze
task [6]. It is considered that the interaction of selegiline and
donepezil is synergistic in nature, because the acting sites are dif-
ferent between both drugs.

In the present study, synergistic effects of co-administration
of selegiline and donepezil on memory impairment induced
by AP(2s-35) Were antagonized by pretreatment with dopamine
receptor antagonist haloperidol, as well as muscarinic recep-
tor antagonist scopolamine. These findings indicate that the
dopaminergic-cholinergic interaction is partly involved in the
synergistic effects of selegiline and donepezil. Pathological abnor-



H. Tsunekawa et al. / Behavioural Brain Research 190 (2008) 224-232 231

malities in monoarninergic innervations in the forebrain of AD
patients are known to exist in addition to abnormal choliner-
gic innervations. Previous studies have reported that: (1) the
forebrain dopaminergic and cholinergic systems in humans are
related to cognitive function [27]; (2) increases in hippocam-
pal levels of dopamine and acetylcholine are associated with the
learning process [41]; and (3) dopamine modulates acetylcholine
release at cholinergic [11] and glutamatergic [42] synapses in
the hippocampus. Selegiline can enhance dopaminergic neuro-
transmission due to its monoamine oxidase B inhibitory action.
Shimazu et al. [30] have shown that selegiline increases acetyl-
choline release in the frontal cortex, and that such an effect
is mimicked by dopamine D1 receptor agonists and blocked by
dopamine D1 receptor antagonists. Thus, it is possible that selegi-
line enhances the level of dopamine in the hippocampus, followed
by increasing the level of acetylcholine in the hippocampus, and
remission of memory impairment. It is unlikely that the syn-
ergistic effects of co-administration of selegiline and donepezil
or tacrine on memory impairment are due to pharmacokinetic
mechanisms related to metabolism by cytochrome P450 (CYP),
because donepezil, tacrine and selegiline are mainly metabo-
lized through CYP2D6/3A4, CYP1A2 and CYP2B6, respectively
[14,28].

It is reported that donepezil interacts with the sigma 1 recep-
tor [16] and its anti-amnesic effects against Afys_35)-induced
toxicity involve its sigma 1 agonistic .property as well as cholin-
ergic agonistic property [21]. Furthermore, haloperidol, used as
dopamine receptor antagonist in this study, also has affinity for
sigma 1 receptor. Therefore, it is possible that sigma 1 receptor is
involved in the synergistic effects of co-administration of selegiline
and donepezil in AB(25_35)-injected mice and further investigation
would be needed into this point.

Oxidative stress plays an important role in AD, and is induced
by several processes related to AR, including toxic inflammatory
responses [39]. One major index of oxidative stress is the level
of glutathione (GSH). The GSH system is responsible for remov-~
ing hydrogen peroxide from mitochondria and the cytosol, and
therefore, constitutes an important protective mechanism for min-
imizing oxidative damage during energy metabolism. Reduction
in GSH levels has been observed in specific regions of the cen-
tral nervous system affected by AD [10]. Furthermore, ABz5_35)
used in the present study are known to deplete endogenous GSH
levels in neurons and astrocytes in a calcium-dependent manner
[1}. In our preliminary experiment, we found that i.c.v. injection
of APs.35y caused a reduction in GSH levels in the frontal cor-
tex and hippocampus in mice, and co-administration of selegiline
and donepezil tended to alleviate the AB(s_35)-induced reduc-
tion in GSH level in the frontal cortex (data not shown). Selegiline
has been reported to produce a significant increase in GSH levels
and activities of superoxide dismutase (SOD) 1 and SOD2 in mes-
encephalic slice cultures [34]. Donepezil has been also reported
to attenuate AP(zs-3s5)-induced toxicity in PC12 cells [31]. There-
fore, neuroprotective action through antioxidant effects induced
by co-administration of selegiline and donepezil may be involved
in amelioration of cognitive deficits.

In conclusion, selegiline, as well as donepezil, improved mem-
ory impairment in AB,s_3s)-injected mice. Co-administration of
selegiline and donepezil, at doses that do not exert efficacy indi-
vidually, ameliorated memory impairment induced by AB(2s.35y In
a battery of learning and memory behavioral tests. These results
suggest that selegiline can synergistically potentiate the improv-
ing effects of donepezil on the memory and cognitive deficits,
and that the synergistic effects may be partly mediated through
both the cholinergic and dopaminergic systems. Thus, selegiline
may be a new drug for therapy of AD, in combination with
AchEls.
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Avticle history: T identify genetic risk factors involved in relapse to the abuse of drugs in humans, it is essential for
Recef"e‘l _24 Jm.“m'y 2008 researchers to develop a reliable mouse model of relapse by extending well-established extinction-
Received in revised form 14 August 2008 reinstatement procedures in rats. Because of technical difficulties such as the relatively short duration
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Available online 22 August 2008 of catheter patency in mice, few reports are available on the characterization of extinction-reinstatement

behavior in wild-type and genetically engineered mutant mice. In this review, efforts are made to
describe practical considerations during the establishment of extinction-reinstatement procedure in
mice, including drug-primed, cue-induced, and stress- triggered reinstatement of previously extinguished
drug-seeking behavior. Next, attention will be given to some characteristics of extinction-reinstatement
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Bxtinction behaviorin mice. The presentreview might provide a new impetusin the exploration of genetic risk factors

Reinstatement involved in relapse to drug dependence/addiction in humans using extinction-1einstatement procedures
Drug-seeking in widely available mutant mice.

Mutant mice © 2008 Elsevier BV. All rights reserved.
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