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stress affects BDNF level in the hippocampus, hypothalamus and
pituitary, and BDNF may play a “protective” role during stress via
regulation of HPA axis [12-14]. In fact, direct infusion of BDNF
into midbrain or hippocampus can reduce the immobility time in
depression-like rats [11,17].

BDNF induces cell survival, proliferation and differentiation via
activation of the signaling pathway downstream of TrkB [6,7,45].
We examined the phosphorylation of Akt, p44/42 MAPK, S6K and
S6, which act downstream of the BDNF/TrkB signaling pathway.
We found that phosphorylation levels of these factors were higher
in the Leu-Ile-treated group than in those of the vehicle-treated
group under conditions of repeated FST (Fig. 2). These results sug-
gest that Leu-Ile activates the Akt/mTOR pathway downstream of
BDNF. Moreover, treatment with the mTOR inhibitor, rapamycin,
reduced BDNF induction by Leu-Ile (Fig. 3B). These results suggest
that activation of the Akt/mTOR pathway is necessary for BDNF
induction by Leu-Ile. Akt activation increases the phosphorylation
of CREB followed by BDNF induction. mTOR signaling pathway may
support the Akt activation via phosphorylation of Ser473 of Akt
[46].

FST is used as means for testing the antidepressant-like effects
of new therapeutic tools or medicines [25,26]. The shortening of
length of immobility time during swimming for 6 min is an indi-
cator of the antidepression-like effect. In the present study, daily
repeated FST for 2 weeks prolonged immobility time (Fig. 4C).
Interestingly, repeated Leu-Ile administration reduced the prolon-
gation of immobility time after 2 weeks (Fig. 4C). Since repeated
Leu-Ile did not affect spontaneous motor activity in non-FST mice
(Supplement data 1), the Leu-Ile-mediated reduction in immobility
time was not due to an increase of spontaneous motor activity.

Typical or classical antidepressants, for example tricyclics and
serotonin reuptake inhibitors (SSRI), reduce the immobility time of
FST with one shot treatment, because these drugs show the effect
by inhibition of the monoamine re-uptake and increase concen-
tration of serotonin or noradrenaline. The SSRI also increase the
BDNF induction by repeated administration and the BDNF induc-
tion is important for the anti-depressant effects [18,19,47]. The SSRI
also increase cell proliferation in dentate gyrus with long repeated
treatment in rat [31,48,49]. Moreover, both of SSRI [27] and Leu-Ile
ameliorate the cell proliferation in the hippocampus of repeated
FST treatment mice (Fig. 7). These results suggested that Leu-Ile has
an anti-depressant like effect as same as typical anti-depressants.
Then the investigation of Leu-Ile needs 2 weeks for the effects of
anti-depressant.

To confirm the requirement of BDNF for the antidepressant-like
effect of Leu-Ile, we used BDNF(+/—) mice. These mice have half
the level of hippocampal BDNF mRNA compared to BDNF(+/+) mice
(Fig. 4B). BDNF(+/—) mice received the same treatment and behav-
ioral test as BDNF(+/+) mice (Fig. 4A). In the FST, the immobility
time following repeated Leu-Ile-treatment in BDNF(+/—) mice was
not different from that of vehicle-treated mice (Fig. 4D). Further-
more, BDNF mRNA levels in the hippocampus of Leu-lle-treated
BDNF(+/—) mice were the same as those of vehicle-treated mice
(Fig. 4B). In the case of the imipramine-treated BDNF(+/-) mice,
the immobility time was not significantly different from that of the
vehicle-treated (BDNF(+/+) or BDNF(+/~)) mice [50]. These results
suggest that the antidepressant-like effect of Leu-Ile depends on
BDNF expression.

Since p.o. administration is more convenient than s.c. in the
clinical context, we also evaluated the effect of Leu-Ile (p.o.). The
optimal dose of Leu-lle for p.o. administration was 750 pmol/kg
(Fig. 5B). The dose-response relationship for Leu-Ile showed a
bell shaped pattern (Fig. 5B). This pattern is supported by our
previous data that Leu-lle induced glial cell line-derived neu-
rotrophic factor and tumor necrosis factor-a with a bell-shaped
dose-response relationship [24]. Since orally administrated Leu-Ile

(750 pmol/kg) also reduced the prolongation of immobility time
induced by repeated FST (Fig. 6B), Leu-lle is suggested to be an
antidepressant tool for oral administration.

Meta-analysis of volumetric studies has demonstrated that hip-
pocampal volume is decreased in depressed patients [1]. Moreover,
blocking hippocampal neurogenesis is sufficient to increase HPA
axis activity, which highly related with depressive disorder [4].
The mechanism of reduction of hippocampal volume is not clear.
However, neuronal degeneration and inhibition of cell proliferation
in the dentate gyrus are considered to be contributory factors in
this reduction, because this area is a site of major cell proliferation
in the adult hippocampus. The adult mammalian brain, especially
the dentate gyrus of the hippocampus, contains neural stem cells
which provide new neurons [51]. Chronic stress causes shortening
and debranching of dendrites in the CA3 region of the hippocam-
pus and suppresses neurogenesis in the dentate gyrus [52]. BDNF
has important roles in the neurogenesis [8,9,53,54], and also in the
reduction of the depression-like behavior [41}]. It is not clear how
effect of BDNF is on the recovery of cell proliferation in the dentate
gyrus, since in vivo study, BDNF-knock down in the dentate gyrus by
RNA interference and lentiviral vectors does not have effect on the
cell proliferation but reduced neuronal differentiation [9]. Although
repeated FST for 3 weeks reduces cell proliferation in the dentate
gyrus of mice, antidepressant drugs reverse this reduction [27]. We
therefore examined the effect of Leu-lle on cell proliferation in the
dentate gyrus, using BrdU labeling of proliferating cells. Repeated
FST for 2 weeks reduced numbers of BrdU positive cells in the den-
tate gyrus (Fig. 7B, D and F). Leu-Ile administration after daily FST
recovered BrdU positive cell numbers in mice undergoing repeated
FST (Fig. 7D-F), but had no such effect in mice not undergoing FST.
It is interesting that Leu-Ile affected only brains damaged by FST.
Leu-Ile administration also did not affect BDNF mRNA levels in mice
that did not undergo FST (data not shown). [t is likely that Leu-lle is
an enhancer rather than an initiator of the cellular protective sys-
tem in the damaged brain. Leu-Ile may enhance expression of BDNF
induced by another trigger under stressful conditions. For example,
stress is one of the triggers of BDNF induction in the hippocam-
pus, hypothalamus and pituitary, and BDNF may play a “protective”
role during stress via regulation of HPA axis [12-14,55,56]. In the
present data, Leu-Ile may support the regulation of HPA axis during
stress via increase of BDNF mRNA level in the hippocampus.

There is a question as to whether Leu-lle enters the brain and
produces an antidepressant-like effect. It is likely that Leu-lle itself
affects the brain directly, since i.c.v.-injection of Leu-lle increases
BDNF in mouse striatum [23]. Moreover, repeated administration
of a mixture of Leu and Ile did not affect the prolongation of immo-
bility time induced by repeated FST (Fig. &B). It has not yet been
possible to detect Leu-Ile in the brain, but the existence of a dipep-
tide transporter in the brain suggests the possibility of dipeptide
uptake [57].

Our present results indicate that Leu-lIle is a therapeutic tool,
acting via BDNF induction, for depression. Moreover, Leu-Ile may
safe to use for long-term treatment for depression, since this dipep-
tide is present in foods [58]. Furthermore, Leu-Ile does not have
an immunosuppressive effect, although its structure resembles a
partial structure of FK506. On the other hand, BDNF is a key con-
tributory factor not only in depression, but also other psychoses,
since the BDNF Val66Met allele is implicated in a variety of psychi-
atric diseases [59,60]. Therefore, BDNF inducers, including Leu-Ile,
could be useful therapeutic tools for various psychiatric disorders.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbr.2011.02.003.
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ARTICLE INFO ABSTRACT

Article history: The cholinesterase inhibitor, rivastigmine, ameliorates cognitive dysfunction and is approved for the
RECE§Ved 20 June 2011 treatment of Alzheimer's disease (AD). Rivastigmine is a dual inhibitor of acetylcholinesterase (AChE)
Received in revised form 15 July 2011 and butyrylcholinesterase (BuChE); however, the impact of BuChE inhibition on cognitive dysfunction
Accepted 18 July 2011

remains to be determined. We compared the effects of a selective BuChE inhibitor, N1-phenethyl-
norcymserine (PEC), rivastigmine and donepezil (an AChE-selective inhibitor) on cognitive dysfunction
induced by amyloid-f peptide (AB1-40) in mice. Five-week-old imprinting control region (ICR) mice were

Available online 27 July 2011

ﬁz‘;vy‘;ﬁ‘gﬁnesterase injected intracerebroventricularly (i.c.v.) with either Af14 or the control peptide AB4o-1 on Day 0, and
Butyrylcholinesterase their recognition memory was analyzed by a novel object recognition test. Treatment with donepezil
Amyloid-B (1.0 mg/kg), rivastigmine (0.03, 0.1, 0.3 mg/kg) or PEC (1.0, 3.0 mg/kg) 20 min prior to, or immediately

after the acquisition session (Day 4) ameliorated the Af1-4 induced memory impairment, indicating a
beneficial effect on memory acquisition and consolidation. In contrast, none of the investigated drugs
proved effective when administrated before the retention session (Day 5). Repeated daily administra-
tion of donepezil, rivastigmine or PEC, on Days 0-3 inclusively, ameliorated the cognitive dysfunction in
AP1-40 challenged mice. Consistent with the reversal of memory impairments, donepezil, rivastigmine or
PEC treatment significantly reduced Af31-40 induced tyrosine nitration of hippocampal proteins, a marker
of oxidative damage. These results indicate that BuChE inhibition, as well as AChE inhibition, is a viable
therapeutic strategy for cognitive dysfunction in AD.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Alzheimer's disease (AD) is the leading cause of dementia in the
elderly population and is characterized by progressive cognitive
decline and neuropsychiatric disturbances. Accumulation of extra-
cellular amyloid-beta (AB) and the formation of AR plaques and
intracellular neurofibrillary tangles in the brain are pathological

Abbreviations: ACh, acetylcholine; AChE, acetylcholinesterase; APP, amyloid
protein precursér; ANOVA, analysis of variance; AB, amyloid beta; AD, Alzheimer’s
disease; BuCh, butyrylcholine; BuChE, butyrylcholinesterase; ChEls, cholinesterase
inhibitors; ERK, extracellular signal-regulated kinase; i.c.v., intracerebroventricu-
lar; i.p., intraperitoneal; NO, nitric oxide; iNOS, inducible nitric oxide synthase; PEC,
N1-phenethyl-norcymserine.

* Corresponding author. Tel.: +81 52 744 2674; fax: +81 52 744 2876.

E-mail address: kyamada@med.nagoya-u.ac.jp (K. Yamada).

0166-4328/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/3.bbr.2011.07.035

hallmarksof AD [1]. Aberrant proteolytic processing of amyloid pre-
cursor protein (APP) [2-4] results in the formation of AB oligomers
and diffusible ligands that may damage synapses, impair mem-
ory, and ultimately induce neuronal dysfunction and neurotoxicity
[5-8]. Since the major form of AB contains 40 amino acids (AB1_40)
[2-4}, we and others have generated partial models of AD in rodents
by intracerebroventricular (i.c.v.) injection of AB;_49 to induce clini-
cal signs reminiscent of AD, including learning and memory deficits
and impairment of the cholinergic system [9,10}].

The deficit of presynaptic markers is indication of a neuronal
degeneration which is the real cause of the profound depletion
of acetylcholine (ACh) within the hippocampus, basal forebrain
and cortical areas [1-4]. Since changes in cholinergic regulation
are a contributing factor to the cognitive dysfunction observed in
AD patients, the selective acetylcholinesterase (AChE) inhibitor,
donepezil, is widely utilized for symptomatic treatment of patients
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[11]. The cholinesterase inhibitor rivastigmine also ameliorates
cognitive dysfunction and is similarly used in the treatment of
AD. Unlike donepezil, rivastigmine is a dual inhibitor of AChE and
butyrylcholinesterase (BuChE) [12-14]. However, the functional
relevance of BuChE inhibition in cognitive dysfunction remains
largely unknown.

AChE is principally associated with neurons and axons, while
BuCheE is primarily expressed and secreted by glial cells within the
brain [15]. Yet studies by Darvesh et al. [16,17] indicate that spe-
cific neurons use BuChE rather than AChE to cleave presynaptic
ACh. Indeed, some 10-15% of cholinergic neurons in the human
hippocampus and amygdala express BuChE in their cell bodies and
proximal dendrites, in lieu of AChE [16,17]. In the healthy human
brain, AChE and BuChE are found in the ratio of 4:1. However, in the
brains of AD patients AChE activity can decline by up to 45% during
disease progression, reflecting the disappearance of neurons and
axons to which it is associated, while BuChE activity can be elevated
by up to 2-fold [17], thereby altering this ratio considerably.

Highly selective, reversible, central nervous system (CNS)-
penetrable BuChE inhibitors, e.g., N1-phenethyl-norcymserine
(PEC) and its analogues, have recently been developed and are
permitting elucidation of the physiological role of brain BuChE.
Selective BuChE inhibition has been shown to elevate cortical extra-
cellular ACh levels in rats in a manner similar to that achieved by
selective AChE inhibition using donepezil or by dual AChE/BuChE
inhibition using rivastigmine [18]. In addition to elevating brain
ACh, PEC has been shown to augment long-term potentiation (LTP;
a molecular correlate of learning), improve cognitive performance
in aged healthy rats, and lower brain levels of AB1.49 and AB1_4;
in transgenic mice overexpressing human A [19]. However, the
effect of selective BuChE inhibition on AB-induced cognitive dys-
function remains unclear.

AP is widely recognized to mediate oxidative stress in the brain,
particularly in AD [20,21]. An increase in protein nitration, a marker
of widespread oxidative damage, is correlated with the severity
of cognitive dysfunction in humans as well as animals [22-27].
We have previously demonstrated that continuous i.c.v. infusion
of AB1_go stimulates a time-dependent expression of inducible
nitric oxide synthase (iNOS) and an overproduction of nitric oxide
(NO) within the rat hippocampus [28]. In addition, tyrosine nitra-
tion contributes to AB-induced, and oxidative damage-mediated,
cognitive dysfunction in rats and mice [29-32]. Recently, we have
also demonstrated that tyrosine nitration of hippocampal proteins,
specifically neurofilament light chain, correlates with the severity
of cognitive impairments in mice [29,31].

In the present study we compared the effects of rivastigmine
and PEC with those of donepezil on cognitive dysfunction in AB-
injected mice using a novel object recognition test, and investigated
any correlation with oxidative damage via tyrosine nitration of hip-
pocampal proteins.

2. Materials and methods
2.1, Animals

Male, 5-week-old imprinting control region (ICR) mice were used through-
out the study (Nihon SLC Co., Shizuoka, Japan). They were housed in a controlled
environment (23 £ 1°C, 50 & 5% humidity), maintained on a 9:00 a.m. to 9:00 p.m.
light cycle and allowed access to food and water ad libitum. All experiments were
performed.in accordance with the Guidelines for Animal Experiments of Nagoya Uni-
versity Graduate School of Medicine. All animal procedures and care conformed to
the Guidelines for Proper Conduct of Animal Experiments (Science Council of Japan,
2006).

2.2, Treatment and experimental design

AB1-4p (obtained from Bachem, Bubendorf, Switzerland) was dissolved in saline
to a stock concentration of 1.0 mg/ml and stored at —20°C before use. The reverse
peptide, AB4o-1 {Bachem)was utilized as a control and prepared in the same way. The

dissolved stock solutions of AB1-40 and AR4o.1 peptides were incubated at 37°C for
4days, to allow aggregation prior to administration {31). Incubated AB.40, or ABg_
was administered by i.c.v. injection as described previously {29,31,33,34]. Briefly, a
microsyringe with a 28-gauge stainless-steel needle 3.0 mm long was used for all
experiments. Mice were anesthetized lightly with ether, and the needle was inserted
unilaterally 1mm to the right of the midline point, at an equal distance between
the eyes and the ears and perpendicular to the plane of the skull. Thereafter, an
i.c.v. injection of 5 .l peptide (5 wg) or vehicle was delivered gradually over 3 min.
Mice recovered rapidly and within 1 min post-injection exhibited normal behavior.
The administration site was confirmed in preliminary experiments and neither the
insertion of the needle, nor the volume of injection, significantly influenced survival,
behavioral response or cognitive function.

Donepezil (Aricept™; Eisai, Tokyo, Japan) and rivastigmine (Exelon®, Novartis
Pharma AG, Basel, Switzerland) were dissolved in saline. PEC (kindly supplied by
Dr. Nigel H. Greig, synthesized to >39.9% chiral and chemical purity [35] to provide
a characterized compound with an ICsp value for BuChE: 5nM and AChE: <30 wM)
was dissolved in saline containing 0.05% ethanol and 0.15% Tween 80. Donepezil
(0.3, 1.0 mgfkg), rivastigmine (0.03, 0.3, 1.0 mg/kg) and PEC (1.0, 3.0 mg/kg) were
administered via the intraperitoneal (ip.) route at various time points before and
during the different phases of the novel object recognition test (described in Section
2.4).

2.3. Locomotor activity

Locomotor activity was measured using an infrared detector (Neuroscience
Company, Tokyo, Japan) in a plastic box (32 x 22 x 15 cm), as described previously
[36). Mice were injected with donepezil (0.3, 1.0 mg/kg), rivastigmine (0.03, 0.3,
1.0mg/kg) or PEC (1.0, 3.0mg/kg) and the locomotor activity was measured for
60 min.

2.4. Novel object recognition test

Novel object recognition analysis was performed on Days 3-5 after the i.c.v.
injection of AB;-40 (Day 0) [29,37]. This method has bieen previously used as a mea-
sure of cognitive dysfunction in mouse models of natural aging and AD [38]. A plastic
chamber (35 x 35 x 35 cm) was used in low light conditions during the light phase
of the light/dark cycle. The procedure consisted of three different phases: a habitua-
tion phase, an acquisition phase and a retention phase. On Day 3 (habituation phase),
mice were individually subjected to a single familiarization session of 10 min, dur-
ing which time they were introduced into the empty arena to become familiar with
the apparatus. On Day 4 (acquisition phase), the animals were subjected to a sin-
gle 10 min session, during which two floor-fixed objects (A and B) were placed in a
symmetric position from the center of the arena, 15 cm apart from one another and
8cm from the nearest wall. Mice were allowed to extplore the objects in the open
field. On Day 5 (retention phase), mice were allowed to explore the open field in the
presence of two objects: the familiar object A and a novel object C, each of a differ-
ent shape and color but of similar size (A and C). A recognition index, calculated for
each mouse, was expressed as the ratio (TC x 100)/(TA+TC), where TA and TC are
the times spent during the retention phase on object A and object C.

The time spent exploring individual object (nose pointing toward the object at a
distance <1 cm)was recorded by a blinded investigator. Drug and vehicle treatments
were administrated once i.p., either 20 min before the acquisition phase, immedi-
ately after the acquisition phase, or 20 min before the retention phase. Alternatively,
the drugs were administered once a day for 4 days (Day 0-3 inclusively) after i.c.v.
injection of APi-40 and then the mice were subjected to novel object recognition
analysis on Days 3-5 as before.

2.5. Sample preparation for Western blot analysis

Removed hippocampus were placed on an ice-cold glass plate and immedi-
ately frozen and stored at —80°C. Hippocampal protein extracts were obtained by
homogenization in ice-cold radioimmunoprecipitation assay (RIPA) lysis buffer con-
taining 20 mM Tris—-HCl (pH 7.6), 150 mM sodium chloride, 2 mM EDTA-2Na, 50 mM
sodium fluoride, 1 mM sodium vanadate, 1% (v/v) Nonidet P-40, 1% (w/v) sodium
deoxycholate, 0.1% (w/v) sodium dodecy! sulfate (SDS). The RIPA buffer was supple-
mented with complete protease inhibitor cocktail tablets (Roche Applied Science,
Mannheim, Germany). Homogenates were centrifuged at 13,000 x g for 20 min to
obtain the desired supernatant of the extracts.

2.6. Western blot analysis

Following protein content analysis by Lowry method, equal amounts (20 .g) of
protein sample were resolved by 10% SDS-polyacrylamide gel electrophoresis and
transferred to a polyvinylidene difluoride membrane (Millipore, MA, USA) for 1h
with 15V. Membranes were incubated in 3% (w/v) skimmed milk in phosphate-
buffered saline containing 0.05% (v/v) Tween 20 for 2 h at room temperature, and
probed with anti-nitrotyrosine mouse monoclonal 1A6 antibody (1:1000 diluted
in 3% (wfv) skimmed milk, Millipore, catalog number 05-233) for overnight at 4°C
and anti-f-actin goat polycional antibody (1:1000 diluted in 3% (w/v) skimmed
milk) for 1 h at room temperature (Santa Cruz Biotechnology Inc., Santa Cruz, CA,
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USA). Immunoreactive complexes on the membrane were detected using Enhanced
Chemiluminescence Plus Western Blotting Detection Reagents (GE Healthcare
Japan, Tokyo, Japan) and analyzed by Atto Light-Capture system (Atto, Tokyo, Japan).
Exposure time was 3 min.

2.7. Statistical analysis

All results are expressed as mean + standard error (SE) values. Statistical signif-
icance was determined with a one-way analysis of variance (ANOVA) followed by
the Bonferroni's multiple comparisons test, with p <0.05 as the threshold to define
a significant level of difference.

3. Results

3.1. Effects of donepezil, rivastigmine and PEC on baseline
locomotor activity

Donepezil (0.3, 1.0 mg/kg), PEC (1.0, 3.0 mg/kg) and rivastigmine
(0.03 mg/kg) had no significant effect on baseline locomotor activ-
ity. At higher doses (0.3 and 1.0 mg/kg) rivastigmine significantly
decreased locomotor activity in a dose-dependent manner (p < 0.05,
p<0.001 vs. control mice, respectively, Fig. 1).

3.2. Effects of a single administration of donepezil, rivastigmine
and PEC on cognitive dysfunction induced by AB1.40 in mice

Mice were challenged with AB;_4¢ by i.c.v. injection and their
cognitive ability was examined using a novel object recogni-
tion paradigm. First, the effect of cholinesterase inhibitors (ChEIs)
on memory acquisition was investigated. Donepezil (1.0 mg/kg),
rivastigmine (0.03, 0.1, 0.3 mg/kg) or PEC (1.0, 3.0mg/kg) was
administered i.p. 20 min before the acquisition phase on Day 4
(Fig. 2A). The time exploring the two objects during the acquisi-
tion session (Day 4) was unaffected by AB1_40, AB4o-1, donepezil
or PEC treatment (Table 1). Rivastigmine (0.03 and 0.1 mg/kg)
similarly had no effect, but the drug at a dose of 0.3 mg/kg sig-
nificantly reduced interaction time with the two objects compared
with saline-treated Af3;_49 controls (p <0.001, Table 1). During the
retention phase of the task (Day 5), mice challenged with AB1.40
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Fig. 1. Effects of donepezil, rivastigmine and PEC on baseline locomotor activity in
mice, Mice were injected i.p. with donepezil (0.3, 1.0 mg/kg), rivastigmine (0.03, 0.1,
0.3 mg/kg) or PEC (1.0, 3.0 mg/kg) and the baseline locomotor activity was measured
over 60 min, in the absence of A peptide injection. Control mice were injected (i.p.)
with saline, Values indicate the mean + SE (n=5). F{7,32)=5.736, p<0.001; ‘p<0.05
and "p<0.001 vs. control.

proved unable to discriminate between the unfamiliar and familiar
objects, and displayed a significantly decreased recognition index
compared with those challenged with the control reverse pep-
tide, AB4o-1 (p<0.001, Fig. 2B and C). Treatment with donepezil,
rivastigmine or PEC 20 min before acquisition fully ameliorated the
APB1.40-induced impairment of memory recognition (p <0.001 for
all drugs at all doses vs. saline-treated AB.40 controls, Fig. 2B and
Q).

The effect of ChEls on memory consolidation was then inves-
tigated. When donepezil, rivastigmine or PEC was administered
immediately after the acquisition session on Day 4 (Fig. 3A), they
significantly ameliorated the Af;_4p induced cognitive dysfunction
compared with the saline-injected ABy.49 control mice (p<0.001
for all drugs at all doses vs. saline-treated AB1_40 controls, except
for rivastigmine 0.3 mg/kg where p <0.05, Fig. 3B and C).
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Fig. 2. Effects of donepezil, rivastigmine and PEC on memory acquisition in AB;-4o-injected mice. Mice were injected with AB,_40 on Day 0, and subjected to the novel object
" recognition task on Days 4-5 (A). Donepezil (1.0 mg/kg), rivastigmine (0.03, 0.1, 0.3 mg/kg) or PEC(1.0, 3.0 mg/kg) were administered i.p. 20 min before the acquisition session
on Day 4 (B and C). Values indicate the mean = SE (n=8 for B, n=8 for C). F(5,42)=18.4, p<0.001 (B); K4,35)=28.32, p<0.001 (C); ""p<0.001 vs. AB4o_; control; **#p<0,001

vs. vehicle-treated AP_49 control.
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Fig. 3. Effect of donepezil, rivastigmine and PEC on memory consolidation in AB1_4o-injected mice. Mice were injected with Af3;-40 on Day 0 and subjected to the novel object
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Finally the effect of ChEls on memory retrieval was investigated.
When donepezil, rivastigmine or PEC was administered 20 min
before the retention session on Day 5 (Fig. 4A), none of the drugs
improved the cognitive dysfunction induced by AB1_4¢ (Fig. 4B and
(), in contrast to the previous dosing regimens

3.3. Amelioration of an AB;_49-induced cognitive dysfunction by
repeated daily administration of donepezil, rivastigmine or PEC

Subsequently, we evaluated the effects of repeated daily treat-
ment of donepezil (1.0 mg/kg), rivastigmine (0.03 mg/kg) or PEC
{1.0mg/kg) on memory impairment induced by AB1-4¢. No inter-
group differences were evident with regard to the overall object
exploration time during the acquisition session (data not shown).
During the retention phase (Day 5), mice challenged with AB_49
and administered saline proved unable to discriminate between

Table 1
Effects of donepezil, rivastigmine and PEC on the combined exploration time of two
objects during the acquisition session in the novel object recognition test.

Drug Dose (mg/kg) Time (s)
Treatment group A
ABap-1 Saline - 396+ 14
AB1_49 Saline - 422 + 1.4
ABr-go Donepezil 1.0 420+ 13
AB1-40 Rivastigmine 0.03 41.0+ 09
AB1-40 Rivastigmine 0.1 392+ 14
AB1-0 Rivastigmine 0.3 19.0 % 2.7°*
Treatment group B
Aqu-] Saline - 560 £ 4.1
AB[_qq . Saline - 570 £ 6.1
ABigo Donepezil 1.0 50.3 & 4.2
AB1-40 PEC 1.0 55.5 + 3.8
ABi a0 PEC 3.0 659 + 3.6

Mice were injected with APi.4 on Day 0, and were subjected to the novel
object recognition test on Day 3-5. Donepezil (1.0 mg/kg), rivastigmine (0.03, 0.1,
0.3 mg/kg) and saline (A) or donepezil (1.0 mg/kg), PEC (1.0, 3.0 mg/kg) or saline (B)
were administered i.p. 20 min before the acquisition session on Day 4. Values indi-
catethe mean=+SE (n=8 for A,n=5 for B). F(5,42)=31.67,p <0.001 (A); {4,20)=1.98,
p=0.137 (B); " 'p<0.001 vs. saline-treated AB.4o.

unfamiliar and familiar objects, and displayed a significantly
decreased recognition index in comparison with the reverse-
peptide controls (p <0.001 and p<0.01 for treatment groups A and
B, respectively, Fig. 5A-C). Repeated treatment with donepezil,
rivastigmine and PEC significantly enhanced new object dis-
crimination in ABj_go-injected mice (p<0.001 for all drugs vs.
saline-treated ABq-40 controls, Fig. 5B and C), fully ameliorating
the impairment.

3.4. Tyrosine nitration of proteins induced by AB1-49 in the
hippocampus of mice

We have previously demonstrated that memory impairment
induced by AB1.40 in mice is associated with an increase in oxida-
tive stress and tyrosine nitration of hippocampal proteins {31].
Accordingly, we evaluated the effects of repeated daily treatments
of donepezil, rivastigmine and PEC on tyrosine nitration of hip-
pocampal proteins. Injection of Afy_40 icv. induced extensive
tyrosine nitration compared with AP 9.1, which was detected as
a single band of approximately 70 kDa (p < 0.05 vs. AB4¢.1 control,
Fig. 6). Repeated 4-day treatments with donepezil, rivastigmine
and PEC fully reduced the elevated tyrosine nitration generated
by AB1-40 (p<0.05 for all drugs vs. saline-treated AP1-40 controls,
Fig. 6). By contrast, acute treatment with donepezil, rivastigmine or
PEC failed to change the levels of tyrosine nitration of hippocampal
proteins (data not shown).

4. Discussion

In the current study, the independent roles of BuChE and AChE
in the cholinergic amelioration of Alzheimer-associated cogni-
tive impairment were evaluated, using a novel object recognition
paradigm. This behavioral test is considered to involve visual learn-
ing and recognition processing, which are particularly affected
during AD [39,40]. Aggregated AB,.40 oligomers have been pre-
viously shown to impair LTP and synapse formation and induce
neuronal dysfunction using in vitro and in vivo model systems [5-8].
Following i.c.v. injection of aggregated AB,.40 into the brains of
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Fig. 4. Effect of donepezil, rivastigmine and PEC on memory retrieval in AB;.4-injected mice. Mice were injected with AB,.4 on Day 0 and subjected to the novel object
recognition task on Day 4-5 (A). Donepezil (1.0 mg/kg), rivastigmine (0.03, 0.1, 0.3 mg/kg) or PEC (1.0, 3.0 mg/kg) were administered i.p. 20 min before the retention session
on Day 5 (B and C). Values indicate the mean + SE (n=6 for B, n=4 for C). F(5,30)=11.76, p <0.001 (B); F(4,11)=24.56, p<0.001 (C); ""p<0.001 vs. AB4o_; control.

mice in our model of AD, a clear and consistent deficit in recogni-
tion index was apparent when measured 4 days later, in accordance
with prior studies [9,10,41]. We demonstrate for the first time that
a selective BuChE inhibitor, PEC, completely reversed the cogni-
tive impairment induced by AB1_40, in @ way comparable to that
achieved by either selective AChE inhibition (donepezil) or by dual
inhibition of AChE and BuChE (rivastigmine). A single treatment
with donepezil, rivastigmine or PEC reversed the impairment of
recognition memory when mice were treated 20 min before, or
immediately after, the acquisition session. However, when these

1
]

same drugs were administrated 20 min before the retention phase,
they had no impact on memory impairment in AB{_so-challenged
mice. Wise et al. [42] examined the effect of donepezil on spatial
memory by radial-arm maze task and demonstrated that donepezil
(0.3 and 1.0 mg/kg) improved spatial memory when administered
20min before the acquisition session. Alternatively, when given
immediately after the acquisition phase or 30 min prior to the
retention test, donepezil failed to affect spatial memory [43]. These
results together with our present findings suggest that both AChE
and BuChE inhibitors, separately (i.e., donepezil and PEC) or in
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Fig. 5. Effect of repeated treatment with donepezil, rivastigmine and PEC on cognitive dysfunction in AB;-40-injected mice. Donepezil (1.0 mg/kg), rivastigmine (0.3 mg/kg)
and PEC (1.0 mg/kg) were repeatedly administered ip. once a day for 4 days, starting immediately after the i.c.v. injection of AB;_4 on Day 0. The mice were subjected to
the novel object recognition task on Day 4-5. Values indicate the mean£S.E. (n=8 for B, n=10 for C). F(3,29)=42.28, p<0.001 (B); f(3,40)=9.42, p<0.001 (C); “"p<0.01 and

“*p<0.001 vs. ABso-1 control; ##p <0.001 vs. vehicle-treated AB;_40 control.
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combination (i.e., rivastigmine), have beneficial effects on mem-
ory impairment induced by ABi-40, likely through an action on
memory acquisition and/or consolidation, but not via the process
of memory retrieval. Moreover, it has been reported that PEC at
the dose of 5 mg/kg induced an increase in cortical extracellular
ACh levels with a moderate BuChE inhibition [18]. Greig et al. [19]
have also demonstrated that the extracellular ACh level in rat pari-
etal cortex slightly but significantly increase after PEC (1.25 mg/kg)
treatment. Since the doses of PEC (1.0, 3.0mg/kg) used in this
experiment have been previously shown to have no effect on AChE
activity [18,19), ameliorative effect of PEC on AB-induced cog-
nitive impairment may be associated with transient increase in
extracellular level of ACh through BChE inhibition. Interestingly,
it has been noted by Wise et al. [42] that the combination of two
effective drugs with separate mechanisms at subthreshold doses
can provide synergistic action. Since rivastigmine inhibits both of
AChE and BuChE, the effective dose of rivastigmine (0.03 mg/kg)
that ameliorated memory impairment in our study proved lower
than that of donepezil (1.0 mg/kg) and PEC (1.0 mg/kg). It remain
unclear if the effective dose of rivastigmine increase ACh level in
the brain although approximately 2-3 fold increases in cortical
extracellular ACh level has been detected followed the adminis-
tration of the drug at the dose of 0.6 mg/kg [18]. Furthermore,
whether or not such a benefit of dual cholinesterase inhibitor vs.
a selective one would translate into any clinically relevant differ-
ence remains unknown. These points should be addressed in future
studies.

Similarly, repeated daily treatment with donepezil, rivastigmine
or PEC for 4 days, fully reversed the memory impairment induced
by AB1.40. The mechanism(s) underpinning this action remain to
be elucidated but are likely different from that associated with the
cognitivé improvement evident after acute treatment. The repeated
drug treatments ended 24 h before the acquisition phase, at a time
when the cholinergic actions of all the assessed drugs are pre-
dicted to be minimal. In contrast, the single acute administration
of the same drugs closer to the time of the acquisition phase, pro-
duced elevated brain ACh levels during acquisition [ 18]. A potential
mechanism underlying the behavioral improvements provided by
repeated administration of AChE and BuChE inhibitors may derive
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from protection against the AB_4q challenge that induces behav-
ioral deficit.

During the early stages of AD pathology, peroxynitrite-mediated
damage is associated with progressive cognitive impairment
[22,43-45]. It has been reported that injection of preaggregated
AB1.4> peptide into the nucleus basalis magnocellularis of rats
resultsin an increase in the level of INOS immunoreactivity through
cyclooxygenase-2 induction [46]. Recent proteomic studies have
identified several protein targets of oxidative modification in rat
brain injected with ABy.4; into the nucleus basalis magnocellu-
laris [47]. AR upregulates iNOS, mediating peroxynitrite protein
damage via hyperphosphorylation of extracellular signal-regulated
kinase (ERK), while the selective inhibition of ERK or iNOS abolishes
AB-induced neurotoxicity [48,49] and memory impairment [50].

More specifically, our previous studies indicate an involvement
of tyrosine nitration of hippocampal proteins, especially neurofil-
ament light chain, by AP peptides [29-31], which was associated
with memory impairment in AB-challenged mice [31]. We subse-
quently investigated whether treatment with ChEls could alter this
observed nitration of hippocampal proteins. Repeated daily treat-
ment with donepezil, rivastigmine and PEC prevented the increase
in tyrosine nitration of proteins in the hippocampus while ame-
liorating AB-40-induced memory impairment. In contrast, single
administration of the same agents failed to affect the tyrosine
nitration of hippocampal proteins in similarly challenged mice,
implicating the involvement of cholinergically-mediated neuro-
protective actions with repeated administration. ACh has known
anti-inflammatory actions; therefore it is possible that increased
expression of AChE and BuChE reduces ACh levels, triggering a pro-
cess of inflammation, characteristic of AD [51,52]. The restoration
of such balance by AChE and/or BuChE inhibition may have the
potential to mitigate pro-inflammatory signaling cascades. Hwang
et al. [53] suggested that donepezil may attenuate microglial pro-
duction of NO and tumor necrosis factor-o (TNF-a) and suppress
iNOS, interleukin-1-B, and TNF-a gene expression. Together with
results in the current study, these findings suggest that inflam-
matory responses, including tyrosine nitration of proteins, may be
reduced by chronic therapeutic treatment with AChE and/or BuChE
inhibitors.
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5. Conclusions

In the current study, we demonstrated that both selective
BuChE inhibition mediated by PEC, and selective AChE inhibition
mediated by donepezil, provide beneficial effects on the cognitive
dysfunction apparent in AB1-40-challenged mice. Furthermore, the
dual AChE/BuChE inhibitor rivastigmine also demonstrated bene-
ficial effects on memory acquisition and consolidation. This may
involve direct classical cholinergic augmentation, together with
a cholinergically-mediated protective action, potentially via the
reduction of inflammation.

These data support further investigation of dual AChE/BuChE
inhibition in preclinical and clinical studies to maximize therapeu-
tic efficacy, and the evaluation of selective BuChE inhibition as a
new therapeutic strategy for cognitive dysfunction in AD.
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Intraccular administration of neurotrophic factors has been shown to delay irreversible degeneration of
retinal ganglion cells (RGCs). It would be beneficial for the treatment of optic nerve (ON) injury if such
neurotrophic factors could be delivered in a less-invasive manner. The dipeptide leucine—isoleucine (Leu—Ile)
appears to induce the production of neurotrophic factors, including brain-derived neurotrophic factor (BDNF)
and glial cell line-derived neurotrophic factor (GDNF), in the brain, We therefore administered Leu—Ile via
periocular depot injection in rats and investigated the dipeptide’s ability to induce BDNF and GDNF in the
retina and to delay RGC loss in an ON injury model. Poloxamer—alginate hydrogels containing Leu—lle were
injected into the subconjunctival space of intact or ON-injured rats. BDNF and GDNF levels in the retina were
determined by an enzyme immunoassay. Survival of RGCs was assessed in retinal flatmounts. Activation of
extracellular signal-regulated kinases (ERK) and cAMP response element binding protein (CREB) in the retina
was examined by Western blotting. At 2 h after injection of fluorescein isothiocyanate-conjugated Leu—Ile,
the fluorescence intensities in the retina were 4.3-fold higher than those in the saline control. Treatment with
Leu—Ile significantly increased the retinal levels of BDNF at 6 h and GDNF at 6—72 h after injection. Treatment
with Leu—lle significantly increased RGC survival to 14 days after ON injury and enhanced the activation of
ERK at 72 h and CREB at 48 h after injection in the ON-injured retina. These results suggest that periocular
delivery of Leu—Ille induces BDNF and GDNF production in the retina, which may eventually enhance RGC
survival after ON injury.
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1. Introduction after axotomy and ON crush in cats and rodents (Koeberle and Ball,

1998; Parrilla-Reverter et al., 2009; Dahlmann-Noor et al., 2010).

Damage to the optic nerve (ON) results in retrograde degener-
ation of retinal ganglion cells (RGCs), which may lead to visual loss.
Unfortunately, there is no established treatment modality to
preserve the RGCs and axons in optic neuropathies such as glau-
coma. One of the mechanisms proposed to explain this RGC loss is
areduction in the levels of neurotrophic factors that those neurons
receive from the brain via retrograde axonal transport {Dahlmann-
Noor et al., 2010; Weber et al., 2010). Among these factors, exoge-
nous brain-derived growth factor (BDNF) and glial cell line-derived
neurotrophic factor (GDNF) have been shown to delay RGC loss

* Corresponding author. Tel.: +-81 533 66 3030; fax: +81 533 66 3185.
E-mail address: masayoshi_nakatani@nidek.co.jp (M. Nakatani).
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Moreover, combined treatment with BDNF and GDNF promotes
better survival of RGCs than does either factor used individually
(Yan et al., 1999; Koeberle and Ball, 2002). However, the task of
adequately delivering these macromolecules to the retina is chal-
lenging due to limited access to the retina and blood—ocular
barriers. Systemic administration might deliver these factors to the
retina, but this also carries a higher risk of untoward side effects.
Intravitreal administration is an effective means of delivering
therapeutic levels of these factors quickly with minimal systemic
side effects, but it is an invasive procedure with complications such
as cataract formation, vitreous hemorrhage, and endophthalmitis.
Moreover, any RGC survival promoting effect after direct injection
of neurotrophic factors into the eye is transient. Although peri-
ocular injection is a clinically well-tolerated and less-invasive
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method than the intravitreal approach, it would be difficult for
macromolecules to reach the retina and exhibit their survival
promoting effects if administered in this manner.

We have reported that leucine—isoleucine (Leu—Ile), a hydro-
phobic dipeptide, induces BDNF and GDNF synthesis both in the
striatum and in cultured mesencephalic neurons (Nitta et al., 2004).
Leu—Ile also protects the brain from damage caused by adminis-
tration of 6-hydroxydopamine and methamphetamine (Nitta et al.,
2004; Niwa et al., 2007). In addition, Leu—Ile is known to increase
GDNF expression through the Akt/cAMP response element binding
protein (CREB), which is activated by the heat shock protein 90/Akt
signaling pathway (Cen et al., 2006). Leu—Ile may thus be an
effective small molecule for treating optic neuropathies. It is
necessary, however, to ensure safe and adequate delivery to the
target tissues to enable this dipeptide to be used as a therapeutic
agent.

Poloxamer 407, a copolymer of ethylene oxide and propylene
oxide blocks, exhibits in situ gelling behavior owing to its thermo-
reversible properties. The formulation has led to prolonged release
profiles for many drug applications (Dumortier et al., 2006) as well
as to the reduction of peptide degradation in tissues (Wenzel et al.,
2002). In ocular applications, Poloxamer 407 is well-tolerated in
periocular injection (Vehanen et al., 2007).

In the present study, we attempted to induce BDNF and GDNF in
the retina by periocular injection of Leu—Ile by using a poloxamer-
based solution as the vehicle, and investigated their effects on
degeneration of RGCs after ON crush injury in rats.

2. Materials and methods
2.1. Preparation of in situ hydrogel containing Leu—Ile

Poloxamer 407 and sodium alginate were obtained from
Sigma—Aldrich Japan (Tokyo, Japan). Poloxamer was added to cold
0.2% sodium alginate under continuous stirring until a homogenous
solution was obtained (Vehanen et al,, 2007; Lin et al., 2004). The
final concentration of poloxamer was 20%. The polymer solution
was autoclaved at 121 °C for 15 min. Leu—Ile or fluorescein iso-
thiocyanate (FITC) conjugated Leu—lle (FITC—Leu—Ile), prepared by
American Peptide Company, Inc. (Sunnyvale, CA, USA), was dis-
solved in the poloxamer—alginate solution. The solutions were
adjusted to a pH in the range of 6.8—7.4 with NaOH.

2.2. Animals

Wistar rats (Japan SLC, Shizuoka, Japan) were used in accor-
dance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research in protocols approved and moni-
tored by the Institutional Animal Care and Use Committee of Nidek
Co., Ltd. The animals were housed in a 12-h light and 12-h dark
cycle and given standard chow and water-ad libitum.

2.3. Periocular injections in rats

Male Wistar rats (8 weeks old, 240—275 g body weight) were
anesthetized with a combination of ketamine (80 mg/kg) and
xylazine (7, mg/kg) by intraperitoneal injection. One of the
following solutions was injected into the temporal subconjunctival
space using a 25-gauge needle with a glass syringe: 40 yL of the
poloxamer—alginate solution, 0.9% saline containing FITC—Leu—Ile
(0.17 pmol), or the poloxamer solution containing 0.8, 8.0, or
80 mM Leu—Ile (0.03, 0.33, and 3.3 umol, respectively). The
concentrations of Leu—Ile were chosen based on a preliminary
study in which intravitreal injection of 0.03 pmol Leu—Ile remark-
ably increased both BDNF and GDNF levels in the retina (15.7-fold

and 6.3-fold increase compared with saline vehicle injection,
respectively). Each eye received one injection. The solution was
kept on an ice block before injection to ensure that it was in liquid
form. The animals were euthanized at the indicated times after
injection by cutting the abdominal aorta under diethyl ether
anesthesia, and the eyes were enucleated.

2.4. Fluorescence measurements

The sclera, choroid/retinal pigment epithelium (RPE), and retina
were isolated from the eyeball. The ONs (between the optic chiasm
and the eyeball) were removed from the brain. Each tissue was
homogenized on ice with 500 uL PBS (pH 7.4) using a homogenizer
(HG30; Hitachi Koki, Tokyo, Japan) for the sclera and ON, and an
ultrasonicator (Sonifier250; Branson Japan, Tokyo, Japan) for the
choroid/RPE and retina. The homogenate was allowed to sit on ice
for 2 h, and then centrifuged at 14,000 g for 5 min. Fluorescence
intensities (excitation at 495 nm, emission at 525 nm) of the
supernatants were determined directly using a microplate spec-
trofluorometer (SpectraMax M2e; Molecular Devices Japan, Tokyo,
Japan). Measurements were calibrated by measuring the fluores-
cence of serial dilutions of FITC—Leu—lle standards, with correc-
tions made for tissue autofluorescence using the values for an
untreated eye.

2.5. .Enzyme immunoassay

Levels of BDNF and GDNF protein expression were determined
by enzyme immunoassay (EIA) (Nitta et al., 2004). Homogenate
buffer (0.1 M Tris—HCl, pH 7.4) containing 1 M NaCl, 2% bovine
serum albumin, 2 mM EDTA, and 0.2% sodium nitride was added to
the retinal tissue at a ratio of 1 g wet tissue ta 19 mL of buffer, pulse-
sonicated for 100 s, and centrifuged at 100,000 g for 30 min. The
supernatant was collected and used for the EIA.

2.6. Optic nerve crush injury and periocular injection

The rats were anesthetized with intraperitoneal injection of
sodium pentobarbital (45 mg/kg). An incision was made in the
temporal conjunctiva of the right eye, and the lateral rectus muscle
was detached under an operating microscope. The optic nerve was
exposed and isolated. Care was taken to avoid damaging small vessels
around the optic nerve. Avascular clip (40 g micro-vascular clip; Bear
Medic, Ibaraki, Japan) was then applied to the optic nerve at a distance
of 1-2 mm posterior to the globe for 10 s to cause a crush injury
(Karim et al., 2009). To confirm that retinal vessels retained patency,
the retina was examined under an operating microscope immediately
after the insult. The dissected conjunctiva was pushed back in place,
and the eyelid sutured at the temiporal canthus. At 30 min after the ON
crush, 40 uL of the poloxamer—alginate solution containing 8 or
80 mM Leu—Ile was injected into the nasal subconjunctival space. The
nasal side was selected to minimize leakage of the formed gel depot
from the incision site.

2.7. Quantification of retinal ganglion cell rescue

The survival of RGCs was quantified by FluoroGold (FG; Biotium,
Hayward, CA, USA) retrograde labeling of retinal flatmounts. After
the rats were anesthetized with a mixture of ketamine and xyla-
zine, 4 pL of FG dissolved in distilled water to a concentration of 2%
was injected into the superior colliculus bilaterally at the following
coordinates: 6.0 mm posterior to the bregma, 1.5 mm lateral to the
midline, and 4.0 mm under the skull. This FG-labeling was con~
ducted 3 days before euthanizing the rats in order to avoid over-
counting RGCs by mistaking dye-engulfing macrophages and
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microglia for labeled RGCs (Maeda et al., 2004; Tsai et al.,, 2008). The
eyes were harvested from euthanized animals and fixed with 4%
paraformaldehyde for 2 h. The isolated whole retinas were flat-
mounted vitreous side up on a microscope slide, and examined
under a 400x epifluorescence microscope (E800; Nikon, Tokyo,
Japan) equipped with a filter set (excitation filter: 350—400 nm,
barrier filter: 515 nm). FG-labeled RGCs were counted on a fluo-
rescent digital micrograph in a masked fashion. On the micrograph,
the retina was divided into twelve standard areas, with three areas
(0.336 mm? in total) in each quadrant at 1, 2, and 3 mm from the
optic nerve head. The density of labeled RGCs (cells/mm?) was
calculated for each retina from the average of 12 counts.

2.8. Western blotting e

Western blot analysis of phosphorylated ERK and CREB was
performed with modifications as described by Alkam et al. (2010).
Briefly, the retinal tissues were homogenized in ice-cold extraction
buffer (20 mM Trizma hydrochloride buffer {pH 7.6] containing
150 mM sodium chloride, 2 mM EDTA-2Na, 50 mM sodium fluo-
ride, 10 mM sodium vanadate, 1% Nonidet P-40, 1% sodium deox-
ycholate, 0.1% sodium dodecyl sulfate [SDS], 1 mg/mL pepstatin,
1 mg/mL aprotinin, and 1 mg/mL leupeptin). Equal amounts of
protein, 20 pgflane, were resolved by 10% SDS—polyacrylamide gel
electrophoresis, and then transferred to a polyvinylidene difluoride
membrane (Millipore, Billerica, MA, USA). Membranes were incu-
bated in 3% bovine serum albumin in phosphate-buffered saline
containing 0.05% (v/v) Tween 20 for 2 h at room temperature. They
were then independently incubated at 4 °C overnight with anti-
ERK(1/2) phospho-threonine202/tyrosine204(pERK) rabbit anti-
bady (Cell Signaling Technology, Beverley, MA, USA), anti-ERK(1/2)
rabbit antibody (Cell Signaling Technology), anti-phospho-CREB
rabbit antibody (Cell Signaling Technology), or anti-CREB rabbit
antibody (Cell Signaling Technology). Next, the labeled proteins
were allowed to react with horseradish peroxidase-conjugated
anti-rabbit IgG (Amersham Biosciences, Piscataway, NJ, USA), and
then readied for visualization by chemiluminescence (Western
blotting detection reagents, Amersham Biosciences) according to
the manufacturer's instructions. Quantification was performed
using the image analysis software ImageQuant TL (GE Healthcare

" UK Ltd, Amersham, England).

2.9. Statistical analysis

All data are expressed as mean + SEM. Statistical differences
between two groups were determined with Student’s ¢ test. Statis-
tical differences among three or more groups were determined with
Dunnett’s multiple comparison test. P < 0.05 was regarded as
statistically significant.

3. Results
3.1. Leu—Ile amounts in tissue extractions

To estimate permeability of Leu—Ile into the posterior segments,
poloxamer—alginate or saline containing FITC—Leu—Ile (0.17 pmol)
was injected subconjunctivally in rat eyes. The poloxamer—alginate
solution immediately formed a gel at the injection site. Table 1 shows
the amount of FITC—Leu—Ie in extracts of sclera, choroid/RPE, retina,
and optic nerve. In both the saline and poloxamer—alginate groups,
the values were highest in the sclera and gradiently decreased toward
the choroid/RPE, retina, and optic nerve at 2 h after injection.
Compared with the saline group, the values of the poloxamer—
alginate group were 14.4-fold, 15.0-fold, 4.3-fold, and 15.8-fold higher
in the sclera, choroid/RPE, retina, and optic nerve, respectively.

Table 1
Amount of FITC—Leu—lle in the posterior tissues of the eye after periocular injection
in rats.

Time after Tissue FITC—Leu—Ile (pmol/tissue)

Injection Saline Poloxamer—alginate

2h Sclera 110.56 £ 17.70 1591.55 + 120.29*
Choroid/RPE 10.55 + 1.98 158.27 + 37.66*
Retina 9.67 + 2.65 41.53 + 3.39*
Optic nerve 0.70 £ 0.24 11.05 + 3.89*

6h Sclera 10.16 £ 1.46 8.85 + 1.06
Choroid/RPE 0.62 + 0.18 0.76 £ 0.19
Retina 0.72 £ 0.11 0.91 £0.13
Optic nerve 0.58 + 0.09 120 + 030

Datarepresented as mean = SEM (n =4—6 per group). FITC—Leu—lie was injected into
the subconjunctival space of intact rats. FITC—Leu~Ile, fluorescein isothiocyanate-
conjugated Leu—Ile; RPE, retinal pigment epithelium. *: P < 0.01 vs. saline group.

However, they had decreased to levels comparable with those of the
saline control by 6 h after injection.

3.2. Effect of Leu—Ile to induce production of BDNF
and GDNF in retina

The time-course of BDNF and GDNF levels in the retina was
examined by performing EIA at 6, 24, and 72 h after periocular
injection of 3.3 pmol Leu—Ile into rat eyes. BDNF levels at 6 h were
higher than those in the vehicle (hydrogel)-treated rats (Fig. 1A).
GDNF levels increased 6—72 h after Leu—lle treatment (Fig. 1B).
Dose-response at 6 h revealed that 0.03 and 0.33 pmol Leu—Ille
injection increased GDNF levels, while 3.3 umol Leu—Ile injection
increased both BDNF and GDNF levels compared with vehicle-only
injection. Vehicle injection, however, also increased BDNF and
GDNF levels compared with the saline control (Fig. 1C and D).

3.3. Effects of Leu—Ile to promote RGC survival in ON crush injury

RGC density in intact rat eyes was 2327 + 36/mm? (cells/mm?;
mean + SEM). By 14 days after ON crush, with saline or vehicle
injection, RGC densities had decreased to 1105 * 110/mm? and
1213 + 88/mm?, respectively. The eyes treated with 0.33 pmol Leu—Ile
showed a greater RGC density (1752 + 62/mm?) compared with that
of the saline/vehicle-treated group. Treatment with 3.3 pumol Leu—Ile
also resulted in a higher RGC density (1563 + 114/mm?) compared
with the saline/vehicle treatment (Fig. 2).

3.4. Effects of Leu—Ile on activation of ERK and CREB in
ON-injured retina

To explore Leu—Ile-induced signal transduction in ON-injured
retinas, activation of ERK and CREB were determined by Western
blotting (Figs. 3 and 4). The activation of ERK and CREB was not
altered in intact retinas or in ON-injured retinas with saline-
treatment. Slight enhancement of ERK activation was observed in
ON-injured retinas at 48 and 72 h after vehicle treatment
(compared with normal). Treatment with 3.3 umol Leu—Ile resulted
in greater enhancement of ERK activation in ON-injured retinas at
48 h (compared with normal) and 72 h (compared with normal/
saline/vehicle). Leu—lle treatment also enhanced CREB activation in
ON-injured retinas at 48 h (compared with normal/saline/vehicle).

4. Discussion
To estimate the penetration of Leu—Ile into the eye, we investi-

gated changes in fluorescence in different posterior segments after
periocular injection of poloxamer—alginate hydrogels containing
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Fig. 1. Changes in BDNF (A, C) and GDNF (B, D) levels in rat retina after periocular injection of Leu—lle. (A, B) Time-course of effects for 3.3 umol Leu—Ile. Compared with the vehicle
(hydrogel) group, both BDNF and GDNF levels were elevated at 6 h after treatment, but only GDNF levels remained elevated until 72 h. Data represented as mean + SEM (n = 7—8
per group). **: P < 0.01, *: P < 0.05 vs. vehicle group. (C, D) Dose-response of Leu~Ile effects 6 h after treatment. BDNF levels were elevated with 3.3 pmol Leu—Ile, whereas GDNF
levels were elevated with 0.03, 0.33, and 3.3 umol Leu—}le compared with the saline/vehicle group. Data represented as mean = SEM (n = 6 per group). *: P < 0.01 vs. vehicle group;
#: P < 0.01 vs. saline group.

FITC—Leu—Ile. We observed that the hydrogels remained on the sclera, and fluorescence in the tissues returned to levels comparable
sclera and enhanced Leu—Ile’s permeability into the retina, which to those of the saline control (Table 1). Vehaner et al. (2007) have
was the target tissue in this study, at 2 h after injection. By 6 h after reported that periocular injection of 20% poloxamer solution facil-
injection, however, the hydrogels had become invisible on the itates absorption of small molecules (376 Da) into rat eye more

500+
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" ’ ON Injury l

Fig. 2. Micrographs of flat-mounted retinas with retrograde labeling by FluoroGold and a graph showing RGC-rescue effects of periocular injection of Leu—lle after optic nerve (ON)
injury in rats. (A—E) Representative flat-mounted preparations of central areas of retinas. (A) Normal; (B) saline-treated with ON injury; (C) vehicle-treated with ON injury;
(D) 0.33 pmol Leu—lle-treated with ON injury; (E) 3.3 pmol Leu—Ile-treated with ON injury; (F) Density (in cells per square millimeter) of FluoroGold-labeled RGCs at 14 days after
ON injury. Retinas treated with 0.33 and 3.3 pmol Leu—lle showed higher RGC densities compared with saline/vehicle groups. Data represented as mean + SEM (n = 9-10 per
group). **: P < 0.01, *: P < 0.05 vs. vehicle group; #: P < 0.01 vs. saline group.
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Fig. 4. Western blot analysis of pCREB in rat retinas with optic nerve (ON) injury after
periocular injection of Leu—lle. (A) CREB phosphorylation was elevated in ON-injured
retinas at 48 h after 3.3 pmol Leu—lle treatment compared with salinefvehicle groups.
(B) Densitometric analysis of CREB. The phosphorylation status of CREB is shown as the
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groups.
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effectively than larger molecules (4—-40 kDa). However, the mole-
cules’ release from the poloxamer and absorption into the vitreous
bady only lasted for approximately 3 h. This relatively short-term
interaction was also seen in our study. We used FITC—Leu—Ile
because native Leu—Ile is a living component and is difficult to
quantify in tissues. One possible limitation in our study is that our
results may not precisely reflect the permeability of Leu—Ile into the
eye because the molecular size of FITC~Leu—Ile is three times that of
native Leu—Ile (244 Da). We confirmed in an in vitro experiment,
however, that 80% of Leu—lle is released into PBS from hydrogels
containing 40 mM Leu—Ile within 8 h (data not shown). Our in vivo
data are qualitatively similar to the quick-release profile found
in vitro. Rieke et al. (2010) have reported that good correlation was
obtained between their in vitro and in vivo release experiments
when fluorescently-labeled protein was injected subconjunctivally
using thermosetting hydrogel. We may therefore conjecture that the
use of poloxamer—alginate as the vehicle improves bioavailability of
Leu~Ile in a relatively short period of time. What would be more
desirable, however, is more prolonged and controlled delivery.
Treatment with 3.3 pmol Leu—lle increased BDNF and GDNF
levels in the retina as early as at 6 h (Fig. 1). These results suggest
that Leu—Ile can rapidly penetrate the blood—retinal barrier and
reach target tissues at bioactive levels with this approach. Increased
GDNF levels lasted for at least 3 days after the treatment, but
increased levels of BDNF were not sustained. In addition, only GDNF
levels increased with 0.03 pmol Leu—Ile, which was the lowest dose
tested. The response was not dose-dependent. Cen et al. (2006)
have reported that Leu—Ile binds to heat shock cognate protein
70 (Hsc70) and modulation of Hsc70 by this dipeptide triggers the
transmission of neurotrophic signals, resulting in upregulation of
GDNF expression. In rat retina, Hsc70 is strongly expressed in all
layers, except the outer segments (Dean et al., 1999). Similarly,
binding of Leu—Ille to Hsc70 seems to affect the increase of GDNF in
retina. GDNF induction by Leu—Ile likely involves combinatorial
interactions with multiple transcription factors. Moreover, Leu—Ile
can also bind with other not yet defined proteins (unpublished
data). Therefore, the lack of dose—response relationship may be
attributed to the complicated cellular mechanisms underlying the
GDNF-inducing effect of Leu—Ile. To investigate the effects of
Leu—Ile on RGC survival, we tested two doses of Leu—Ile: 0.33 umol,
which stimulated only GDNF, and 3.3 uymol, which stimulated both
BDNF and GDNF in intact rats. Treatment with Leu—Ile enhanced
RGC survival, although there was no significant difference between
the two dose groups (Fig. 2). These results may imply that the GDNF
stimulated by Leu~Ile is principally involved in RGC-rescue.
Western blotting revealed that Leu—lle had activated the ERK
and CREB signaling pathways in ON-injured retinas by 48 and/or
72 h after treatment. These activations, however, were not observed
at 24 h after treatment, in contrast to the increase in BDNF and GDNF
levels that occurred as early as 6 h after treatment (Figs. 3 and 4). In
a preliminary study, we observed that ON-crushing injury upregu-
lated CREB in the retina at 6 h post injury, which then returned to
the baseline level within 72 h (not significant, data not shown).
Moreover, poloxamer—alginate by itself significantly induced BDNF
and GDNF production, albeit to a relatively small extent (Fig. 1).
These effects might hinder the specific effects of Leu—lle in early
phases. Poloxamer—alginate also significantly increased ERK acti-
vation 48 and 72 h after treatment (Fig. 3). The increases may be
attributed to poloxamer 407, the main component of the hydrogel.
Although the effects of poloxamer 407 (12,600 Da) on neural tissues
are unknown, it has been reported that poloxamer 188 (8400 Da),
another tri-block copolymer of ethylene oxide and propylene oxide,
repairs cell membrane damage after traumatic brain injury and
activates ERK in PC2 cells (a subline-derived from rat pheochro-
mocytoma cell line PC12) (Serbest et al., 2006). It is possible that
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poloxamer 407 or its degradation products act on the retinal cell
membrane to increase BDNF and GDNF production and conse-
quently activate ERK. Several reports have suggested that activation
of ERK and CREB is necessary in the signaling needed to rescue RGCs
in ON-axotomized (Choi et al., 2003) or injured retinas (Biermann
et al., 2010). BDNF is capable of activating both the ERK pathway
(Nakazawa et al., 2002) and CREB, which is induced by ERK (Fujino
et al, 2009), in the retina. Although GDNF signaling in retinal
protection is not fully understood, it has been shown to activate
several ERK pathways in cultured retinal tissues (Hauck et al., 2006).
The results of our Western blotting therefore support the hypothesis
that Leu—Ile exerts an RGC survival promoting effect via the
induction of BDNF and/or GDNF expression. Cen et al. (2006) have
additionally reported that Leu—Ile rapidly stimulates both Akt and
CREB phosphorylation, which in turn induce GDNF in cultured
hippocampal neurons. Therefore, it may be possible that Leu—Ile
delays RGC loss without the induction of neurotrophic factors.
However, we have previously reported that Leu—Ile attenuated the
methamphetamine-induced place preference of mice, while such
attenuation by Leu—lle was not observed in heterozygous knockout
(GDNF(+/-)) mice (Niwa et al,, 2007). Leu—Ile also inhibited the
prolonged immobility time induced by the forced swimming test in
mice, while such a reduction in immobility time was not observed in
heterozygous knockout (BDNF(+/—)) mice (Furukawa-Hibi et al,,
2011). These results suggest that the effects of Leu—Ile depend on
BDNF or GDNF expression. This is one possibility that needs to be
tested in ON-injured models in the future.

Sustained delivery of neurotrophic factors to the retina is an
attractive approach for treating optic neuropathies. Intravitreal
injection of biodegradable GDNF microspheres enabled prolonged
delivery of GDNF in the retina and rescued RGCs in glaucoma and
retinal ischemic models (Jiang et al,, 2007; Kyhn et al, 2009).
Intravitreal injection of viral vectors encoding neurotrophic factors
or of stem cells also results in a prolonged effect on RGC survival in
glaucoma and ON-injured models (Schmeer et al,, 2002; Martin
et al, 2003; Yu et al,, 2006). In comparison with these studies,
utilization of a hydrogel vehicle for periocular injection cannot offer
a sustained delivery of Leu~Ile to the retina; therefore, it may not
exert a prolonged effect on RGC survival. It does, however, appear to
be a safer approach.

In conclusion, our results indicate that periocular injection of
Leu—lle using in situ hydrogels promotes BDNF and GDNF
praduction in the retina and enhances survival of RGCs after ON
injury. Leu—Ile may activate ERK and CREB signaling via the
induction of these neurotrophic factors. Longer-term periocular
delivery of Leu—Ile may be useful for the treatment of RGC
degenerative diseases.
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ARTICLEINFO ABSTRACT

Heparin-binding epidermal growth factor-like growth factor (HB-EGF), & member of epidermal
growth factor (EGF) family, is a potent mitogenic peptide for various types of cells, HB-EGF is
widely expressed in central nervous system, including hippocampus and cerebral cortex, and
is considered to play pivotal roles in the developing and adult nervous system. In this study,
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Keywords: we assessed the role of HB-EGF in learning and memory by testing HB-EGF conditional
CaMKII knock-out mice (KO} in two different learning tasks, and evaluated the long-term potentiation
HB-EGF (LTP) in hippocampus slices from these mice. The HB-EGF KO mice were impaired in spatial

LTP memory in the Morris water maze and in fear leaming in a passive avoidance test. HB-EGF
Memory KO mice also showed an impaired LTP, and reduction in activity of Ca**/calmodulin-dependent
Neurotrophic factor protein kinase II (CaMKIl) and phosphorylated GluR1. We also found that the levels of neuro-
trophic factors, such as nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF),
neurotrophin-3 (NT-3), or glial cell line-derived neurotrophic factor (GDNF), were altered in sev-
eral brain regions in the HB-EGF KO mice. These results confirm the importance of the HB-EGF

in synaptic plasticity and memory formation.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction binds to and activates the EGF receptor (EGF receptor/ErbB1)

(Higashiyama et al., 1991), ErbB4 (Elenius et al., 1997), and has

Heparin-binding epidermal growth factor-like growth factor
(HB-EGF) is a member of the EGF family of growth factors that
includes EGF, transforming growth factor (TGF)-«, amphiregulin,
betacelulin, and neuregulin (Bamard et al,, 1995; Higashiyama
etal., 1991; Watanabe et al., 1994). In the central nervous system,
HB-EGF is widely distributed in neurons and neuroglia through-
out tH& brain, and is especially enriched in the hippocampus,
cerebral cortex, and cerebellum (Mishima et al., 1996). HB-EGF

been implicated in neuronal survival and glial/stem cell prolif-
eration (Farkas and Krieglstein, 2002; Kcrnblum et al., 1999;
Nakagawa et al., 1998). For instance, HB-EGF has been reported
to exert protective effects in rodent models of ischemic brain in-
jury (Jin et al,, 2004) and to enhance neurogenesis in the subven-
tricular zone and hippocamal dentate gyrus (Jin et al., 2003; Jin
et al., 2004). We have also previously reported that ventral fore-
brain specific HB-EGF knockout (KO) mire show aggravated
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brain injury induced by a middle cerebral artery occlusion
(Oyagi et al,, 2011). ’

We have also previously demonstrated that HB-EGF condi-
tional KO mice exhibit several neurobehavioral abnormalities,
including impairments of prepulse inhibition, social interac-
tion, and cognitive function, which were accompanied by aber-
rant cortical spine morphology (Oyagi et al., 2009). These results
indicate that HB-EGF may be one of the important contributors
to neuronal development and higher brain function.

HB-EGF is widely expressed in the central nervous system,
including the hippocampus and cerebral cortex, where it serves
in cognitive functions, however, very few studies have yet ex-
amined the involvement of HB-EGF in synaptic plasticity and
memory formation. In the present study, we assessed the role
of HB-EGF in learning and memory by testing HB-EGF condition-
al KO in two different learning tasks: the Morris water maze and
passive avoidance tests. We also measured long-term potentia-
tion (LTP), activation of various protein kinases in hippocampal
slices, and neurotrophic factor levels in various regions of
HB-EGF KO mice.

2. Results

2.1.  Spatial memory acquisition and retention in the Morris
water maze test

HB-EGF mRNA and immunoreactivity have been localized in
hippocampus (Hayase et al., 1998; Oyagi et al., 2009), which is
one of the most well characterized regions for spatial memory
formation. We first examined spatial memory acquisition and
retention abilities in the Morris water maze test to determine
the involvement of HB-EGF in hippocampus-dependent memo-
1y formation. Both WT and HB-EGF KO mice exhibited similar
escape latencies to the hidden platform with daily training
(Fig. 1B), suggesting that the learning kinetics of reference mem-
ory were similar between each group [genotype; F1,19=1.048,
P>0.05, time; Fi476=32.604, P<0.01, genotypextime; Fs¢=
1.808, P>0.05]. In a probe trial, WT mice spent significantly
more time in the target quadrant than in other quadrants, indi-
cating that they remembered the place where the platform used
to be (Figs. 1 A and C) [WT; F348)=44.557, P<0.0001]. In contrast,
HB-EGF KO mice spent less time than the WT mice in this area
(Fig. 1 C). No significant differences were observed in swim
speed between WT and HB-EGF KO mice [WT; 18.4+0.82 cm/s
(n=13), KO; 17.6£1.47 cm/s (n=8)].

2.2.  Fear memory in passive avoidance test

Next, we conducted a passive avoidance test. Passive avoidance
conditioning was used to determine whether HB-EGF KO mice
exhibited altered abilities in a learning task; in this paradigm,
lasting context-fear association can be imparted with a single
training session (Duvarci et al, 2005). During the training
session, WT and HB-EGF KO mice showed a similar latency in
crossing to the dark side of the chamber (Fig. 2A), whereupon
they received a single foot shock. When animals were tested
at 24 h after conditioning, HB-EGF KO mice exhibited a signifi-
cantly decreased latency to cross to the foot shock-paired dark
side (Fig. 2A).
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Fig. 1 ~ Morris water maze test results for HB-EGF KO mice.
(A) Diagrammatic illustration shows the positions of the
platform and each quadrant. (B) Latency to escape to the
hidden platform in WT (n=13) and HB-EGF KO (n=8) mice in
the training test. (C) Duration in each quadrant of HB-EGF WT
{n=13) and KO (n=8) mice in the probe test. Values are
means:SEM. ' p<0.01 vs. target quadrant. * p<0.05 vs. WT
in target quadrant.

Ectodomain shedding of HB-EGF, regulated by ADAMs, is
critical for its function. Therefore we evaluated the effect of
KB-R7785, which inhibits the activities of ADAMS, on memory
formation in the passive avoidance test. During the training ses-
sion, no significant differences in performance were noted be-
tween each group (Fig. 2B). However, on the day of testing, the
significantly shorter step-through latencies for entering the
dark compartment were seen for the KB-R7785 (100 mg/kg, s.c))
treated mice than for the vehicle-treated mice (Fig. 2B), which
implied that the continuous administration of KB-R7785 could
inhibit memory retention in mice. Administration of the posi-
tive control, scopolamine (3.0 mg/kg, i.p.), resulted in a similar
shortening of the latency to enter the dark compartment when
compared with the behavior of vehicle-treated mice (Fig. 2B).

2.3.  Long-term potentiation (LTP) in hippocampus
CA1 neuron

Because impaired memory implies abnormal hippocampal
plasticity in HB-EGF KO mice, we next analyzed LTP induced
by a high-frequency stimulation (HFS) in hippocampus CA1
neurons using slice preparations. In control slices from WT
mice hippocampus, HFS (100 Hz, 2 trains) of the Schaffer collat-
eral/commissural pathways induced LTP in the hippocampal
CA1 region, which lasted over 60 min (1 min after HFS; 265.7 +
23.1% of baseline, 60 min after HFS; 205.0+34.2% of baseline,
n=5) {Figs. 3A, B, and C). On the other hand, a marked reduction
of LTP was observed in slices from HB-EGF KO mice (1 min after
HFS; 143.4+14.6% of baseline, 60 min after HFS; 130.8+16.2% of
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