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*Original Article-

A novel derivative of xanomeline improved memory function in aged mice

Yi-Hui CUT*, Wen ST*, Liang YIN, Shu-Ming AN, Jing JIN, Shi-Ning DENG, Xiao-Hua CAO

Shanghai Institute of Brain Functional Genomics, the Key Laboratories of Ministry of Education of China and Shanghai
Municipality, East China Normal University, Shanghai 200062, China

Abstract: Objective To characterize the function of a new xanomeline-derived M1 agonist, 3-[3-(3-florophenyl-2-propyn-1-
ylthio)-1,2,5-thiadiazol-4-yl]-1,2,5,6- tetrahydro-1-methylpyridine Oxalate (EUK1001), the acute toxicity and the effects on
To examine the median lethal dose (LD50) of

EUK1001, a wide dose range of EUK 1001 was administered by p.o. and i.p. in aged mice. Furthermore, novel object recognition

synaptic plasticity and cognition of EUK1001 were evaluated. Methods

task and in vitro electrophysiological technique were utilized to investigate the effects of EUK1001 on recognition memory
and hippocampal synaptic plasticity in aged mice. Results EUK1001 exhibited lower toxicity than xanomeline, and improved
the performance of aged mice in the novel object recognition test. In addition, bath application of 1 pmol/L EUK1001 directly
induced long-term potentiation in the hippocampus slices. Conclusion We conclude that EUK1001 can improve the age-

related cognitive deficits.
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The cholinergic approach to treatment of AD involves ) o ]
. . ) ) L compounds. The first generation of muscarinic agonists, such
compensating cholinergic deficiency by pharmacological in- ) ) ) )
. . . . L. . as arecoline, pilocarpine, bethanechol and oxotremorine,
tervention to increase cholinergic transmission. Inhibitors of . ) o .
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be an effective attempt to correct cholinergic deficiency in . o
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some AD casesPl. But this approach is restricted due to the ) ) ) o
. . . . being designed. Among them, xanomeline showed distin-
progressive loss of cholinergic neurons!. It has been re- . o o )
) . guished potential in treatment of AD. Binding studies dem-
ported that there are no changes in the number of muscarinic ) i
onstrated that this compound was a subtype of selective M1

agonists with high affinity and remarkable potency in the
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interaction with M1 receptors®. In vitro investigation also

showed its notable efficacy in AD-like pathology!'"!. In phase
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IT of clinical trials in AD patients, xanomeline significantly
improved several measures of cognitive function, however,
unwanted side effects were observed!'!l. Therefore, the clini-

cal utility of this compound was limited.
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In order to obtain compounds that can exhibit greater
potency and lower toxicity, a series of modifications on the
basic structure of xanomeline was performed. Based on our
preliminary in vitro test, a novel derivative of xanomeline, 3-
[3-(3-florophenyl-2-propyn-1-ylthio)-1,2,5-thiadiazol-4-yl]-1,
2,5,6-tetrahydro- 1- methylpyridine Oxalate (EUK1001), was
chosen for further study to evaluate its toxicity property as
well as its effects on memory and hippocampal synaptic plas-

ticity in aged mice.
2 Material and methods

2.1 Compounds EUK 1001 and xanomeline were synthesized
in the laboratory of Dr Xiao-Ping LEI at College of Medicine,
Peking University. All other chemicals were purchased from
Sigma Chemical Co. (St. Louis, USA).

2.2 Animal care Eight weeks old Imprinting Control Region
(ICR) mice (n = 190), weighing (20 + 4) g, were used in the
toxicity studies, while 15-18 months old male C57 BL/6J mice
(n = 36), weighing about 30 g, were used in the behavioral
and electrophysiological studies. All mice were healthy.

All mice were kept in a vivarium at (22 + 3) °C, 40-70%
humidity on a 12-h light/dark cycle, and had free access to
standard chow and water. All animal procedures were ap-
proved by the East China Normal University Committee for
the Care and Use of Laboratory Animals.

2.3 Toxicity studies It was reported the median lethal dose
(LD50) of xanomeline was 100 mg/kg p.o. and 75 mg/kg i.p.['?
To assess the LD50 of EUK 1001, single dose acute toxicity
study was applied. All procedures were designed following
the principle of guidance for industry provided by Center for
Drug Evaluation and Research (CDER). Eight weeks old ICR
mice were observed for 1 week prior to testing, and were
fasted by withholding food for 12 h prior to dosing. Mice
were administered EUK1001 either through p.o. by gavage
with vehicle control and doses (in mg/kg) of 1000, 800, 640,
512,496,396, 360, 345, 320 and 256, or through i.p. injection
with vehicle control and doses (in mg/kg) of 156, 125, 100, 80,
51.2,49.6 and 39.7. Ten mice (5 mice per gender) were in-
cluded in each dose. The initial dose and the subsequent
doses were selected according to the preliminary experiment.
Drugs were dissolved in physiological saline with 2%
tweenum-80. The mice administered only saline with 2%
tweenum-80 were used as control. The volume via both i.p

injection and p.o. administration of drug for each mouse was

0.4 mL.

The animals were observed individually every day after
dosing for one week and were recorded with mortality and
clinical signs. Particular attention was paid to symptoms as-
sociated with hyper-activation of peripheral cholinergic
systems, including tremors, lacrimation, salivation and
diarrhea.

2.4 Novel object recognition test Novel object recognition
test was performed as described by Cao X et a/.l'¥! Briefly,
mice were handled individually and habituated to an open
field box (500* 500* 250 mm) for 5 min daily for 3 d. During the
training session, two objects were placed in the center of the
box and each mouse was given 5 min to explore. The time
spent in exploring each object was recorded. Then the mouse
was returned to its home cage. During the retention test, the
trained mouse was again placed in the center of the box,
wherein one of the familiar objects was replaced by a novel
object, and was given 5 min to explore. The ratio of the amount
of time spent in exploring the novel object to the total time
spent in exploring both objects (preference index) was calcu-
lated to evaluate the recognition memory of each mouse.
2.5 Hippocampal slice recording Hippocampal slices were
prepared from the aged C57BL/6J mice according to proce-
dures previously described!"). Briefly, the mice were rapidly
decapitated and brain slices containing the hippocampus
were extracted using a vibratome. The slice preparations were
then incubated in a recovery chamber for at least 1 h at 30 °C
and an additional hour at 25 °C. The chamber was filled with
the oxygenated (95% O, and 5% CQO,) artificial cerebrospinal
fluid (ACSF) in pH 7.4 consisting of (in mmol/L) NaCl 124, KCI
4.4 ,CaCl,2.0,MgSO, 1.0, NaHCO; 25, Na,HPO, 1.0, and glu-
cose 10. Prior to recording, the chamber was heated to 30 °C
and superfused at a rate of 2.5 mL/min with ACSF. A stimulat-
ing electrode was placed in stratum radiatum of CA3 and
stimulation was delivered at 0.033 Hz with a current intensity
set to evoke half maximum field excitatory postsynaptic po-
tential (fEPSP) amplitude. An extracellular recording electrode
filled with sky blue (1-5 MQ tip resistance) was placed in the
stratum radiatum of CA1 region for recording of fEPSPs. Data
were pooled and normalized with respect to the steady
baseline values (Baseline = 100%).

2.6 Statistical analysis Data were expressed as mean+=SEM.
In the toxicity studies, LD50 value was calculated by Bliss

method. The significance of differences in the behavioral
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test was determined by one-way ANOVA, followed by Dunn’s
(Bonferroni) post hoc test for multiple comparisons. A
student’s #-test was applied to determine the effects of drugs
on fEPSPs in the electrophysiological experiment. P < 0.05

was considered statistically significant.

3 Results

3.1 Toxicity of EUK 1001 in mice Single dose acute toxicity
testing for EUK1001 was examined in mice during the first 24 h
after dosing. All mice treated by both p.o. and i.p. with a wide
range of EUK 1001 doses manifested typical cholinergic side
effects, i.e. tremors, lacrimation, salivation, diarrhea and
rearing. The results of p.o. (Table 1) and i.p. (Table 2) acute
toxicity studies were summarized, and LD50 value was calcu-
lated using Bliss method (Fig. 1). The LD50 of EUK 1001 by p.o.
administration was determined to be 307.27 mg/kg (Feiller
correct: 95% confidence limit = 266.63-332.86 mg/kg) (Fig.
1A), while the LD50 of EUK 1001 by i.p. injection was deter-
mined to be 91.094 mg/kg (Feiller correct: 95% confidence
limit=69.177-136.65 mg/kg) (Fig. 1B).

All surviving animals were observed daily for one week

Table 1 Acute toxicity of EUK 1001 (p.o.)

Dosage Log Animal Died Mortality  Probability = Conf.

(mg/kg) Dosage (n) (n) (%) unit limit
496  2.6955 10 10 100 - 7.2842
396  2.5977 10 9 90 6.2817 6.2101
360  2.5563 10 9 90 6.2817 5.7555
345 2.5378 10 7 70 5.524 5.5525
320 2.5051 10 3 30 4.476 5.1936
256 2.4082 10 3 30 4.476 4.1291

Table 2 Acute toxicity of EUK 1001 (i.p.)

Dosage Log  Animal Died Mortality  Probability = Conf.

(mg/kg) Dosage (n) (n) (%) unit limit
156 2.1931 10 9 90 6.2817 5.6388
125 2.0969 10 5 50 5 5.3758
100 2 10 5 50 5 5.1108
80 1.9031 10 4 40 4.7471 4.8458
51.2 1.7039 10 3 30 4.476 43158
49.6  1.6955 10 2 20 4.1585 4.2781
39.7  1.5988 10 2 20 4.1585 4.0137

after drug dosing. During the consecutive 7 d, the body
weight of survived mice showed no significant changes.
Death was observed in each dose both i.p and p.o. in the
following 7 d period.

3.2 Effects of drugs on object recognition memory in aged
mice To evaluate the effects of EUK1001 on age-related
cognition decline, a novel object recognition task was
conducted. Based on the toxicological and pharmacological
data, an atoxic dose (0.5 mg/kg) was chosen. Aged C57 BL/6J
mice were given daily i.p. injections with saline, 0.5 mg/kg
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Fig. 1 Mortality was calculated by a regression equation to a standard
curve to assess the LD50 value in acute toxicity study. A: LD50 of
EUK1001 (p.o.) was calculated by Bliss method (n = 60). Regression
equation is y (Probit) = -22.323 + 10.984 Log x (Dosage). B: LD50
of EUK1001 (i.p.) was calculated by Bliss method (r = 70). Regression
equation is y (Probit) =—-0.35801 + 2.7344 Log x (Dosage).
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xanomeline or 0.5 mg/kg EUK 1001 for 15 d prior to behavioral
testing. Initially, the locomotor activities of all mice were as-
sessed by measuring the distance traveled and the total time
of movement during a 15-min period. There was no signifi-
cant difference in the distance traveled and the total time of
movement among the groups (data not shown).

During training session of novel object recognition, treat-
ment with xanomeline (0.5 mg/kg) or EUK1001 (0.5 mg/kg) did
not significantly (0.5 mg/kg) alter time spent in exploring ob-
jects compared to saline-injected controls [Fig. 2A, F' (2, 24) =
0.98, P > 0.05]. However, post hoc analysis indicated that
aged mice treated with EUK1001 (0.5 mg/kg) or xanomeline
(0.5 mg/kg) had the significantly stronger exploratory prefer-
ence for the novel object than control group in the one-hour
retention test [Fig. 2B, F'(2,24)=7.2, P <0.01]. In one-day
retention test, only those aged mice treated with EUK1001
enhanced the exploratory preference significantly (Fig. 2C,

Bonferroni test, P < 0.05). There was no significant differ-
ence in exploratory preference among three groups during
two-day retention test (Fig. 2D). These data demonstrate that
EUK1001, like xanomeline, can significantly improve cogni-
tive function in aged mice.

3.3 Effect of EUK1001 on hippocampal synaptic plasticity in
aged mice To understand the potential mechanism by which
EUK1001 enhanced memory function of aged mice, we stud-
ied the effects of EUK1001 on plasticity at CA3-CA1 syn-
apses of hippocampal slices in aged mice. The effects of the
muscarinic agonist EUK1001 on fEPSPs of CA3-CA1 were
characterized in submerged slices of mice hippocampus by
extracellular recording method. Superfusion with 1 pmol/L
EUK1001 for 20 min induced a gradual, long lasting increase
in the slope of the fEPSP compared to the baseline slope [Fig. 3,
(153.6 £15.4)%,n=9; P<0.01, vs baseline]. The result dem-
onstrates that EUK1001 can directly induce LTP.

A Training B One-hour retention

_ 100 - 90+

S <

g 75 - % 70 *

e e .- Es0t--p-—__VA_____ NY- - -

¢ 3 N

g 25 v/ £ 30 §

2 7 2 N

Eeac ) /s = 10

C One-day retention D Two-day retention

S 100 - 5"3‘ 90

[+

§ 75 4 § 70 1

5 ) 5

=] =

2 501 B=Spl= == - o= - .

=8 S L L e === = -
] 3

e N > N

g 25. N §=> N

g 2 30

2 N N

g0 2 g 10

O Saline (n=8) EUK1001 0.5 mg/kg (n=10) Xanomeline 0.5 mg/kg (n=9)

*P<0.05, ¥**P<0.01, vs control group

Fig. 2 Effects of xanomeline and EUK1001 on novel object recognition task in aged mice. A: Both xanomeline (0.5 mg/kg) and EUK1001 (0.5 mg/kg) had
no effects on basal exploratory behavior of mice. B: Both xanomeline (0.5 mg/kg) and EUK1001 (0.5 mg/kg) improved object recognition memory
in one-hour retention test in aged mice. C: EUK1001 (0.5 mg/kg) significantly improved object recognition memory while xanomeline (0.5 mg/kg)
dose not show any improvement in one-day retention test in aged mice. D: Neither EUK1001 (0.5 mg/kg) and xanomeline (0.5 mg/kg) showed

significant differences in object recognition memory in two-day retention test in aged mice compared to saline control group. *P < 0.05, **P < 0.01

vs control, one-way ANOVA and post hoc analysis.
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Fig. 3 Effects of EUK1001 on EPSPs of hippocampal CA3-CAl in aged
mice. A: EPSPs were evoked from CA3-CAl of mice hippocampal
slices submerged in normal ACSF without drugs. B: EUK1001 (1
pmol/L) added to hippocampal slices induced enhancement of the
EPSPs slope [(153.6+15.4)%, n =9, P < 0.01 vs baseline, Student’s
t-test].

4 Discussion

In this report we have provided evidence that adminis-
tration of a novel xanomeline derivative, EUK1001, can in-
crease cognitive function and directly induce LTP in hippoc-
ampal slices in aged mice. Previous reports have shown that
MI agonists, such as xanomeline'”, WAY-132983"*, C1979""
and WAL2014"%, could significantly ameliorate memory de-
cline in aged mice and cognition-impaired mice. The useful-
ness of these drugs has been limited, however, by the sig-
nificant side effects caused by hyper-activation of periphe-

12,14-16

ral cholinergic pathways'>'*"* including salivation,

lacrimation, tremors and diarrhea?.

Due to the shortcomings of the clinical value of these
drugs, we set about generating the new derivatives of
xanomeline. Moreover, in acute toxicity studies, we found
that the LD50 of EUK 1001 were 307.27 mg/kg p.o. and 91.09

mg/kg i.p., which were higher than the LD50 of xanomeline

(100 mg/kg p.o. and 75 mg/kg i.p.)!"”, which suggests that
EUK1001 may produce lower toxicity. Our additional study
has shown that EUK1001 had less side effects than
xanomeline (This result will be published in Cell Research)"'”.

Novel object recognition task is a particularly useful
method for assessing memory function in aged mice because
it does not require food or water deprivation and keep the
animals under relatively normal physiological conditions. Our
study has shown that 0.5 mg/kg EUK1001 by i.p. injection on
mice, which did not cause any significant side effect typi-
cally associated with hyper-activation of peripheral cholin-
ergic pathways, improved the recognition memory of aged
mice in one-hour retention test of novel object recognition
task. In particular, compared to xanomeline, EUK1001 exhib-
ited significantly improved effect on recognition memory of
aged mice in one-day retention test.

Novel object recognition task could test hippocampus-

[18

dependent memory function"*. The modulatory effects of
acetylcholine on hippocampal synaptic plasticity have been
documented previously. For example, activation of M1 re-
ceptors in the dentate gyrus of rats could facilitate the induc-
tion of LTP"”. Furthermore, the selective M1 agonist, SDZ
ENS 163, enhanced LTP in area CA1 of hippocampus™”, while
the muscarinic antagonist atropine suppressed associative
LTP™. In order to understand the mechanism of EUK1001-
induced enhancement of memory function in aged mice, ef-
fects of EUK1001 on hippocampal synaptic plasticity were
examined. Perfusion of 1 ymol/L EUK1001 onto hippocampal
slice preparations induced a LTP-like response, which sug-
gests that there is the physiological correlation between en-
hancement of memory function and synaptic plasticity by
EUK1001.

It has been demonstrated that M1 muscarinic receptors
are relatively well preserved in brains of AD patients™ and
therefore M1 receptors are considered to be an attractive
therapeutic target for treatment of the disease. Similar to hu-
man aging and AD, rodents also show the considerable age-
related cognitive decline associated with depreciation of cho-
linergic function™. Thus aged mice provide a suitable sys-
tem for evaluating strategies to supplement cholinergic mal-
function in basal forebrain nuclei®. Taken together, our re-
sults suggest that EUK1001, the new high-affinity M1
agonist, may represent a promising therapeutic agent for the

treatment of AD and age-related memory disorders.
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