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Abstract. In the novel object recognition task, ZSET1446 (also coded as ST101) enhanced
object recognition memory in mice and ameliorated cognitive impairment caused by scopolamine
in rats. The enhancement induced by ZSET1446 in mice was abolished by injection of mecha-
mylamine, a nonselective antagonist of nicotinic acetylcholine (ACh) receptors, or dihydro-f-
erythroidine, a selective antagonist against the a4 subunit of nicotinic ACh receptors. These
results suggest that the procognitive effect of ZSET146 is probably mediated by stimulation of
nicotinic receptors. Memantine was also effective in these tests and concomitant administration
of subeffective doses of ZSET1446 and memantine significantly ameliorated the cognitive
performance in the novel object recognition task in both mice and rats. Moreover, oral administra-
tion of ZSET1446 or memantine increased the extracellular level of ACh in the hippocampus as
compared with the control. Further, concomitant administration of subeffective doses of ZSET1446
and memantine significantly increased the extracellular level of ACh as compared with the group
of ZSET1446 or memantine alone. These results suggest that these two compounds have a
synergistic effect on the cognitive function possibly by synergistic increase in the extracellular
level of ACh in the hippocampus, and that the combination therapy of these compounds might

be effective in clinical settings.
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Introduction

A wide variety of pathological changes are involved in
Alzheimer’s disease (AD) (1). AD is related to the in-
crease in amyloid S (Ap) level and hyperphosphorylated
tau, along with loss of neurons and synapses (2). There-
fore, it is likely that the dysfunction of AD brain does not
arise from a single cause but from multiple causes.
However, the most widely used strategy for development
of anti-dementia drugs is to target a single molecule.
Unfortunately, drugs for AD that were developed through
this strategy have almost all failed in clinical trial at the
present moment, perhaps because one target is not suf-
ficient or because such targets are also critical for normal
brain function so that their inactivation results in severe
toxicities. Thus, the principled approach is thought to
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aim at multiple targets by a single drug or combination
of drugs with different mechanisms of action.

The acetylcholinesterase inhibitors (AChEIs) includ-
ing galantamine and rivastigmine (both approved for
use in mild to moderate AD) and donepezil (approved for
use in mild to severe AD), and the non-competitive N-
methyl-p-aspartate (NMDA)-receptor antagonist me-
mantine (approved for use in moderate to severe AD) are
currently used for the treatment of AD (3). Availability
of the AD drugs with different mechanisms of action
introduces the prospect of prescribing drug combinations
to amplify their therapeutic efficacy (4). In severely
demented patients with AD, who received a stable dose
of donepezil, the addition of memantine has resulted in
significantly better outcomes than placebo (5). However,
at this time, a drug combination other than that of AChEIs
and an NMDA -receptor antagonist is unavailable to treat
AD. In addition, it has been reported that co-administra-
tion of memantine and donepezil potentiates the neuro-
toxic reaction of memantine, which becomes lethal to
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neurons and disseminated throughout many brain regions
in the rat (6). Therefore, combination therapy of multiple
drugs with different modes of action is theoretically use-
ful for treatment of AD, but is still at a tentative stage at
the present time.

ZSET1446 (also coded as ST101), spiro[imidazo-[1,2-
alpyridine-3,2-indan]-2(3H)-one, has been reported to
exert ameliorating effects on cognitive impairments in
various animal models pharmacologically, operatively,
and spontaneously induced by the following: scopol-
amine or dizocilpine (7), a single intracerebroventricular
injection of Af»s.3s or nucleus basalis magnocellularis
lesions by ibotenic acid (8), Af140 (9), methamphetamine
(10), and olfactory bulbectomy (11, 12) and in senes-
cence-accelerated mice (SAMP8) (13). Further, it has
been reported that ZSET1446 induces cleavage of APP
protein at a novel site, generating a 17-kDa C-terminal
fragment, and robustly reduces brain A in 3xTg AD
mice and non-human primate (14). This Ap-reducing
effect of ZSET1446 may be involved, in at least some
models, with the mechanism not completely elucidated.

Recently, Moriguchi et al. (15) has revealed that
mibefradil, a Ca,3.1 (T-type calcium channel) inhibitor,
completely blocks ZSET1446-induced enhancement of
long-term potentiation in the cortex and that ZSET1446
stimulates the voltage-gated Ca®* current in T-type
calcium channel over-expressed neuro2A cells. In
addition, acetyhlcholine (ACh) release enhancement
by ZSET1446 is abolished by mibefradil in the hippo-
campus (16). These results suggest that stimulation of
T-type calcium channel is important for the ZSET1446-
induced enhancement of the cognitive function and ACh
release. The above-mentioned findings suggest that the
mechanism of ZSET1446 is quite different from those
of AChEIs and memantine.

We have previously reported that co-administration of
subthreshold doses of ZSET1446 and donepezil caused
increase in the extracellular ACh level in the hippo-
campus and ameliorated cognitive impairment induced
by scopolamine in the passive avoidance task, as a con-
sequence of ACh release (ZSET1446) and inhibition of
ACh degeneration (donepezil) (17). In the present study,
combination effects of ZSET1446 and memantine, which
has the different mode of action to donepezil, were
examined on cognitive function in the novel object
recognition test and on the extracellular level of ACh in
the hippocampus.

Materials and Methods
Animals

Male mice of the ICR strain (Charles River Laboratories
Japan, Inc., Yokohama) at the age of 8 weeks were used

in the experiment of a novel object recognition task as a
memory-impaired model because our previous studies
indicated that these mice had poor long-term memory in
this task, whereas rats showed good memory (data not
shown). Male rats of the Wistar strain (Charles River
Laboratories Japan, Inc.) at the age of 8 weeks were used
in the experiments of novel object recognition task for
cognitive impairment caused by scopolamine and of
microdialysis. They were housed in a cage in a group of
4 mice and a group of 2 or 3 rats, in a room maintained
at around 22°C with a 12-h light/dark cycle. Food and
water were available ad libitum. All animal care and
treatments were conducted in accordance with the
Guideline for the Care and Use of Laboratory Animals
established at the Central Research Laboratory, Zenyaku
Kogyo Co., Ltd.

Drugs

ZSET1446 was synthesized in our Department of
Organic Synthesis of Zenyaku Kogyo Co., Ltd. Meman-
tine hydrocloride was purchased from Tocris Bioscience
(Bristol, UK). These drugs were suspended in 1%
carboxymethyl cellulose (CMC) and orally administered
in a volume of 10 mL/kg for mice and 1 mL/kg for
rats. For the co-administration studies of ZSET 1446 and
memantine, both drug suspensions were mixed together
and this mixed suspension was prepared immediately
before use. Mechamylamine hydrochloride (a nonselec-
tive antagonist of nicotinic ACh receptors), dihydro-f-
erythroidine hydrobromide (DHJE, a selective antagonist
against the o4 subunit of nicotinic ACh receptors), and
scopolamine hydrobromide were purchased from Sigma-
Aldrich (St. Louis, MO, USA). These drugs were dis-
solved in saline and intraperitoneally administered in a
volume of 10 mL/kg for mice and 1 mL/kg for rats.

Novel object recognition task for mice

This task is based on the behavior of rodents which
prefer a novel object to a familiar object and spend more
time in exploring the novel object (18). The experimental
apparatus consisted of a Plexiglas open-field box [25 cm
(width) x 41 cm (length) x 17 cm (depth), model TP-105;
Toyo Riko Co., Ltd., Tokyo], the floor of which was
covered with sawdust. The apparatus was located in a
sound-attenuated room. The procedure for the novel
object recognition task consisted of three different
sessions: habituation, training, and retention sessions.
Each mouse was individually habituated to the box, with
10 min of exploration in the absence of objects (day 1:
habituation session). ZSET1446 at doses 0f 0.001, 0.003,
0.01, and 0.03 mg/kg and/or memantine at doses of 3 and
10 mg/kg was orally administered 60 min before the
training trial. In the experiment of injection of nicotinic
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receptor antagonists, oral administration of ZSET1446
and i.p. injection of mechamylamine or DHSE at each
dose of 1 mg/kg were given 60 min before the training
trial. During the training session, two different novel
objects were symmetrically fixed to the floor in the box,
and each animal was allowed to explore in the box for
10 min (day 2: training session). These objects were
different in shape and color but similar in size. The mice
were considered to be exploring the object when the
mouse was facing, touching, or sniffing the object. The
time spent for exploring each object was manually
measured by a stopwatch. In the training session, we also
simultaneously measured locomotor activity for a period
of 10 min automatically, using an Animex Auto (MK-
101; Muromachi Kikai Co., Ltd., Tokyo) placed under
the open-field box. After the training trial, mice were
immediately returned to their home cages.

Twenty-four hours after the training session, one of the
familiar objects used during training was replaced by a
novel object and then the animals were allowed to
explore freely for 5 min and the time spent for exploring
each object was recorded (day 3: retention session). A
discrimination index, the ratio of the difference in time
spent for exploring the novel and familiar object to the
total time spent for exploring both objects, was used as a
parameter of cognitive function.

For the effect of ZSET1446, the statistical significance
of differences among groups was calculated by one-way
analysis of variance (ANOVA) followed by post hoc
analysis by Dunnett’s tests. For the results of the experi-
ments for mechamylamine and DHJSE, the statistical
significance of differences was calculated by Student’s
t-test. For the results of the experiments with concomi-
tant administration of ZSET1446 and memantine, the
statistical significance of differences among groups was
calculated by one-way ANOVA in the training session
and by two-way ANOVA followed by post hoc analysis
by Dunnett’s tests in the retention session. The analysis
was conducted using Excell Tokei ver 6.0 (Esumi Co.,
Ltd., Tokyo).

Novel object recognition task for rats

The procedure was the same as that for the task in
mice, unless otherwise described. The experimental
apparatus consisted of a Plexiglas open field box (60 x
50 x 40 cm, custom box; Takara Co., Ltd., Tokyo), the
floor of which was covered with sawdust. ZSET1446 at
doses of 0.001 and 0.01 mg/kg and/or memantine at
doses of 3 and 10 mg/kg was orally administered 60 min
before the training trial. Scopolamine or saline was in-
jected i.p. at dose of 0.5 mg/kg 30 min after the adminis-
tration of testing drugs. After a 10-min training trial, rats
were immediately returned to their home cages. Sixty

min after the training trial, the retention trial was carried
out for 5 min. Locomotor activity was not measured in
this experiment.

For the results of the training session, the statistical
significance of differences among groups was calculated
by one-way ANOVA. For the retention session, the
results were compared between the control group and
the group administered with scopolamine alone using the
Mann-Whitney U-test. When there was a significant
difference, we considered that scopolamine induced
cognitive impairment. For the results of the novel object
recognition task with the cognitive impairment induced
by scopolamine in rats, the statistical significance of
differences among groups treated with scopolamine was
calculated by two-way analysis of variance (ANOVA)
followed by post hoc analysis by Dunnett’s tests.
The analysis was conducted using Excell Tokei ver 6.0
(Esumi Co., Ltd.).

Surgery

Rats were anesthetized with pentobarbital (50 mg/kg,
1.p.) and fixed in a stereotaxic apparatus (David Kopf
Instruments, Tujunga, CA, USA). The skull was exposed
and a stainless-steel guide cannula (AG-8; Eicom, Kyoto)
was implanted into the hippocampus (A, —5.8; L, 4.8; V,
4.0 mm) according to the atlas of Paxinos and Watson
(19). On the day after the operation, microdialysis probes
with 3-mm-long cellulose membrane tubing (A-1-8-03,
Eicom) were inserted into the hippocampus through the
implanted guide cannula.

ACh measurement

The probes were perfused with Ringer’s solution
(147 mM NaCl, 4.02 mM KCI, and 2.25 mM CaCl,) at
a flow rate of 1.0 uL/min. Dialysates were collected
every 20 min and ACh level was detected by an HPLC
system with electrochemical detection (ECD). ACh was
separated from the dialysates by a column (Eicompac
AC-Gel, 2.0 x 150 mm; Eicom). The enzymatic reactor
contains acetylcholinesterase (AChE) and choline oxi-
dase that catalyzes the formation of hydrogen peroxide
from ACh and choline. The resultant H,O, was detected
by an ECD (ECD-300, Eicom), with a platinum electrode
(WE-PT, Eicom) at 450 mV.

The ACh levels in the perfusate are shown as percent-
ages of individual basal ACh release, which was calcu-
lated from the mean of 4 pre-administration control
values. The statistical significance of differences among
groups was calculated by two-way repeated measure
ANOVA, which was followed by Dunnett’s multiple
comparison tests. The analysis was conducted using
Excell Tokei ver 6.0.
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Effects of oral administration of ZSET 1446 on performance in the novel object recognition task. Each column represents

the mean locomotor activity (A) and total exploratory period (B) in the training trial and the discrimination index in the retention
trial (C). Vertical bars show the S.E.M. The number above or within each column shows the number of mice used. **P <0.01,

compared with the control (Dunnett’s #-test).

Results

Effect of ZSET1446 on mice in the novel object recogni-
tion task

In the training session, there were no significant
differences in locomotor activity counts [F(4, 39) = 0.21,
P>0.05] and total exploring time [F(4, 39)=0.30,
P >0.05] among all groups in each experiment (Fig. 1:
A and B). The retention session was carried out 24 h
after the training session. There was a significant group
effect on the discrimination index in the retention trial
[F(4, 39)=11.14, P<0.01]. Control mice, with the
discrimination index near zero, seemed not to have the
memory of the familiar object at all (Fig. 1C). A single
oral administration of ZSET 1446 at doses of 0.003, 0.01,
and 0.3 (P <0.01), but not 0.001 mg/kg, significantly
increased the discrimination index as compared with that
in the control group (Fig. 1C).

Ameliorative effects of ZSETI446 is abolished by
mechamylamine or DHPE

Mechamylamine and DHAE administered solely or
co-administered with ZSET1446 did not affect loco-
motor activity and an exploratory period in the training
session (Fig. 2: A — D). The increase in the discrimina-

tion index induced by ZSET1446 at a dose of 0.03 mg/kg
was reduced by mechamylamine and DHJE at a dose of
1 mg/kg, and the reduction by DHSE was significant
(Fig. 2: E and F).

Combination effect of ZSET1446 and memantine in the
novel object recognition task for mice

Treatment with ZSET1446 and/or memantine affected
neither locomotor activity [F(5, 47)=0.16, P> 0.05]
nor an exploratory period [F(5, 47) =2.23, P> 0.05] in
the training session (Fig. 3: A and B). Two-way ANOVA
with all of the groups revealed significant effects of
ZSET1446 [F(1, 47)=13.31, P<0.01], memantine
[F(2,47)=14.57, P <0.01], but no significant interaction
between ZSET1446 and memantine [F(2,47)=0.82,
P>0.05] (Fig. 3C). These results suggest that both
ZSET1446 and memantine increase the discrimination
index and the effects of these drugs are additive. Espe-
cially, co-administration of subeffective doses of
ZSET1446 (0.001 mg/kg) and memantine (3 mg/kg)
markedly increased the discrimination index (Fig. 3C).

Combination effect of ZSET1446 and memantine in the
novel object recognition task for rats
Since rats showed good memory in the novel object
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Fig. 2. Injection of mechamylamine or DHSE prevents facilitation of novel object recognition memory induced by ZSET1446.
Each column represents the mean locomotor counts (A and B) and exploratory period (C and D) in the training trial and the
discrimination index in the retention session (E and F). Vertical bars show S.E.M. The number above or within each
column shows the number of mice used. **P < 0.01, compared with treatment of ZSET1446 alone (Student’s -test).

recognition test, scopolamine was administered to rats in
order to induce cognitive impairment (data not shown).
Treatment with ZSET1446 and/or memantine did not
affect the exploratory period in the training session
[F(6,4)=0.61, P> 0.05] (Fig. 4B). Two-way ANOVA
with all of the groups administered with scopolamine
revealed significant effects of ZSET1446 [F(2, 47) =
15.81, P <0.01] and memantine [F(2,47) =4.22, P < 0.05]
and significant interaction between ZSET1446 and
memantine [F(4,47) = 13.21, P <0.01] (Fig. 4A). These
results suggest that both ZSET1446 and memantine
ameliorate the cognitive impairment caused by scopol-
amine and the effects of these drugs are synergistic.

Combination effect of ZSET1446 and memantine in the
extracellular ACh in the hippocampus
Two-way repeated measure ANOVA with all of

the treatment groups revealed significant main effects
of groups [F(4, 324)=50.56, P<0.01], time [F(12,
324)=15.67, P<0.01] and interaction between groups
and time [F(48, 324) = 2.30, P < 0.01]. The extracellular
level of ACh in concomitant administration of ZSET1446
(0.001 mg/kg) and memantine (10 mg/kg) was signifi-
cantly higher than that in memantine at 10 mg/kg as well
as ZSET1446 at 0.001 mg/kg (Fig. 5).

Discussion

In the present study, mice treated with ZSET1446 at
doses 0f 0.003, 0.01, and 0.03 mg/kg, but not 0.001 mg/kg,
were capable of discriminating between a familiar object
and a novel object after an intertrial interval of 24 h,
whereas this discrimination was difficult for the vehicle-
treated control mice. Further, also in rats, ZSET1446 at
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**P <0.01, compared with the control (Dunnett’s multiple comparison test).

the dose of 0.01 mg/kg, but not 0.001 mg/kg, ameliorated
the cognitive impairment caused by scopolamine. On
the other hand, oral administration of memantine at
10 mg/kg, but not 3 mg/kg, ameliorated novel object
recognition memory in both mice and rats. In the training
session, there were no significant differences in total
exploring time and/or locomotor activity counts among
all treated groups. These results suggest that the amelio-
rative effects of ZSET1446 and memantine are not due
to the changes in motor and motivational functions.

It has been reported that oral administration of
memantine at doses of 10, 20, and 30 mg/kg, but not
3 mg/kg, enhances object recognition memory in the
rat (20, 21). In addition, it has been also reported that
memantine enhances spatial learning in the Morris water
maze task (22) and decreases the number of re-entry
errors in a delayed radial-arm maze task (23). These
studies (20 — 23) and the present study in mice revealed
that memantine could enhance cognitive function in the
absence of pharmacological, genetic, or neurological
induction of cognitive impairments.

In the present study, oral administration of memantine
ameliorated the cognitive impairment caused by scopol-
amine in the object recognition task. These results are

consistent with the previous report that memantine
reverses scopolamine-induced learning deficit in mice in
the water maze task and increases cholinergic signaling
and excitability in the mouse hippocampus (24). Our
results also showed that memantine increased the extra-
cellular ACh in the hippocampus. It has been reported
that the extracellular ACh increases in the ventral
tegmental area and nucleus accumbens after acute sub-
cutaneous injection of memantine (25) and that a single
i.p. injection of memantine significantly increases
extracellular ACh in the hippocampus and cortex due to
increased synaptic release of ACh in the rat (26). These
results suggest that memantine has procognitive activity
via cholinergic stimulation by increased extracellular
ACh in the brain of the rodents. The mechanism of
memantine to enhance hippocampal ACh release is
unknown at present. However, it has been suggested
that changes of hippocampal ACh release following
NMDA-receptor antagonists, such as MK-801, are
mediated by dopaminergic (27), GABA, and/or a2-
adrenergic systems (28). Therefore, it is likely that
memantine enhances ACh release mediated by these
systems. Further studies are necessary to evaluate this
possibility.
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We have previously shown that ZSET1446 increases
ACh levels in the hippocampus (7) and cortex (8). More-
over, the present study confirmed that ZSET1446
increases ACh levels in the hippocampus. It is unclear
whether the cognitive enhancing effect of ZSET1446 is
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due to increase in ACh release in the brain. At least, the
Ap-reducing effects of ZSET1446 (14) is unlikely to
contribute to the cognitive enhancement by ZSET1446 in
the present acute study, because such effects need
long-term treatment. In our previous study, ZSET1446
at doses from 0.003 to 0.01 mg/kg increases ACh level
in the hippocampus of rats (7). It is noteworthy that the
same doses of ZSET1446 showed cognitive enhancing
effect in the object recognition test in the present study
in rats and mice. Further studies are required to elucidate
the effect of ZSET1446 on ACh levels in the mice.

In the present study, procognitive effect of ZSET1446
was prevented by two nicotinic receptor antagonists,
mechamylamine hydrochloride and DHSE, although the
mechamylamine’s antagonism did not reach a significant
level. Shioda et al. (12) has reported similar results that
chronic mecamylamine infusion into the brain prevents
amelioration of ZSET1446 on depressive and memory-
related behavior in olfactory bulbectomized mice. These
results suggest that procognitive effects of ZSET1446
are mediated by nicotinic ACh receptors. Actually, nico-
tinic signaling has an important role in cognitive func-
tion. It has been reported that systemic administration
of nicotine enhances object recognition memory in the
rat (29). Further, nicotine is well known to increase
ACh levels by a stimulation of nicotinic receptors on
cholinergic nerve terminals in the brain (30, 31). There-
fore, procognitive effect of ZSET1446 on novel object
recognition behavior is probably via stimulation of
nicotinic ACh receptor, especially of the a4 subunit
(DHPE’s target). It is likely that those effects are indi-
rectly elicited by this compound, since ZSET1446 has
no binding affinity for the nicotinic acetylcholine recep-
tors (9).

The most important finding in the present study
was that concomitant administration of ZSET1446 and

Fig. 5. Combination effects of ZSET1446
and memantine on the extracellular level of
ACh in the hippocampus of rats. *P <0.05,
**P <0.01, compared with the group of con-

Time (min)

comitant administration with ZSET1446 and
memantine (Dunnett’s multiple comparison
test).
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memantine at subeffective doses for each drug synergisti-
cally ameliorated the cognitive impairment caused by
scopolamine in rats in the novel object recognition task,
enhanced cognitive function for mice, and increased the
extracellular level of ACh in the hippocampus in rats.
The primary mechanism of the pharmacological action
of ZSET1446 is suggested to be the stimulation of ACh
release in the hippocampus and cortex (7, 8) without
inhibitory action on AChE (9). We have also reported
that ZSET1446 has no affinity for NMDA receptors
(9), the target of memantine. These results suggest
the synergistic interaction between ZSET1446 and
memantine through different mechanisms, which might
be beneficial for AD patients. Therefore, it is likely that
the stimulated ACh release by ZSET1446 and memantine
through different mechanisms increases the ACh concen-
tration and/or duration of ACh presence in the synaptic
cleft to a greater extent than that by each drug alone in
the brain.

In conclusion, ZSET1446 and memantine synergisti-
cally enhanced cognitive function in the novel object
recognition task, possibly due to synergistic increase in
the extracellular level of ACh. In our previous study,
ZSET1446 and donepezil produces a synergic effect to
reverse cognitive impairment induced by scopolamine in
the passive avoidance task via synergistic increase in
ACh level in the hippocampus (17). These results sug-
gest that ZSET1446 in combination with the other anti-
dementia drugs is promising as a therapeutic interaction
for the treatment of AD.
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