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ARTICLE INFO ABSTRACT

Keywords: Excess copper exposure is a risk factor of neurodegeneration related to Alzheimer's disease (AD). Evidence
Bis-(—)-nor-meptazinol-oxalamide indicates that, besides promoting amyloid B aggregation, activation of neuroinflammation and oxido-nitrosative
Hybrid stress (two key pathophysiological processes of AD) may also play important roles in Cu(Il)-induced neuronal
Copper

injury. Therefore, the copper-chelating strategy has gained attention in search for new anti-AD drugs. We pre-

o viously reported a novel multifunctional compound N? ,Nz-bis(S—(S)-meptaZinol-propyl) oxalamide (ZLA), a bis-
Neuronal injury . . . . . o1 . X S
Neuroinflammation (—)-nor-meptazinol-oxalamide hybrid with properties of dual binding site acetylcholinesterase (AChE) inhibi-
Oxido-Nitrosative stress tion and Cu(II)/Zn(II) chelation. The present study was aimed to explore its effect on cognitive deficits caused by
intrahippocampal injection of Cu(II) in mice. Results showed that ZLA (2, 5mg/kg; i.p.) treatment significantly
ameliorated the Cu(II)-induced impairment of hippocampus-dependent learning and memory, whereas rivas-
tigmine, an AChE inhibitor showing a similar potency of enzyme inhibition to ZLA, had no obvious effect.
Immunohistochemical and Western blot analyses revealed that ZLA attenuated the decrease in hippocampal
expression of microtubule-associated protein 2 (MAP2, a dendritic marker) in Cu(II)-challenged mice. Further
analysis showed that ZLA suppressed the Cu(ll)-evoked microglial activation. Moreover, it inhibited the Cu(I)-
evoked production of pro-inflammatory cytokines such as tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6)
and IL-1P and expression of inducible nitric oxide synthase in the hippocampus. The Cu(II)-induced oxidative
and nitrosative stress in the hippocampus was also attenuated after ZLA treatment. Collectively, these results
suggest that ZLA ameliorates the Cu(Il)-caused cognitive deficits. Inhibition of neuroinflammation and oxido-
nitrosative stress, and thus ameliorating neuronal injury, may be the potential mechanism for the anti-amnesic

Cognitive deficit

effect of ZLA.
1. Introduction hyperphosphorylation of tau protein, chronic neuroinflammation, oxi-
dative and nitrosative stress, and synaptic loss [1-3]. Currently, FDA-
Alzheimer's disease (AD), characterized by a progressive cognitive approved drugs for AD therapy, including acetylcholinesterase in-
decline, is one of the most devastating neurodegenerative disorders hibitors (AChEIs) and the N-methyl-p-aspartic acid (NMDA) receptor
among the elderly people. The pathogenesis of AD involves multiple antagonist memantine, cannot overtly modify the pathophysiological
factors including formation of neurotoxic amyloid B (AB) aggregates, processes although benefit in improving cognitive and behavioral
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symptoms.

Evidence suggests that copper exposure is a risk factor of mild
cognitive impairment (MCI) and AD [4]. Chronic Cu(II) exposure causes
elevated free copper content in the hippocampus (a region that is cru-
cial for memory encoding and is profoundly affected by AD [5]), with
concomitant loss of hippocampal synaptic proteins and spatial memory
impairment [6]. Clinical data shows that copper concentration is ele-
vated in serum and cerebrospinal fluid of patients with AD [7,8].
Moreover, James et al. [9] identified elevated levels of exchangeable
(as opposed to tightly bound) Cu(II) in postmortem cortical tissues from
AD patients and in cerebral tissues of transgenic AD mice. The normal
extracellular copper concentration in brain is 0.2-1.7 uM [10]. The free
copper concentration in the synaptic cleft can reach to 15uM upon
activation of synaptic NMDA receptors in the hippocampal neurons of
healthy brain; in the hippocampus of Alzheimer’s brain it overtly rises
due to reduced metal reuptake [11]. In AD brain the copper con-
centration can reach to 390 uM in senile plaques [12]. Besides pro-
moting Af} aggregation and tau hyperphosphorylation [10,13-15], Cu
(ID) at subneurotoxic doses can promote microglial secretion of pro-
inflammatory mediators such as TNF-a and nitric oxide and thus cause
microglia-mediated neuronal death [16]. Therefore, Cu(I) may directly
trigger neuroinflammation, which plays a major role in the etiopatho-
genesis of AD [2,3]. In addition, evidence shows that oxidative stress is
the earliest event in AD and is a feature of MCI [17,18]. As a redox-
active metal ion, Cu(Il) can promote free radical formation via Fenton
reaction in AD brain [19]. It is reported that the elevation of Cu(II)
levels in postmortem brain tissues from AD patients are correlated with
tissue oxidative damage [9]. The in vitro studies reveal that Cu(II) ac-
tivates oxidative and nitrosative stress pathways in microglia, neurons
and astrocytes [16,20]. Therefore, Cu(II) may act as an important
trigger in AD pathology. In recent years copper-chelating strategy has
gained increasing attention for its potential role in AD treatment via
inhibiting the deleterious effect of Cu(Il) [21-23]. The Cu(II)/Zn(II)
chelators such as PBT2 have been studied in clinical trials, with en-
couraging results in some AD patients [24,25].

We previously designed and synthesized two derivatives of bis-
(—)-nor-meptazinol (bis-Mep), a potent dual binding site AChEI
[26-28], in an effort to identify novel drug candidates for AD by in-
troducing metal-chelating pharmacophores into the middle chain of bis-
Mep. Among them, N1,NZ-bis(3-(S)-meptazinol-propyl) oxalamide
(ZLA, Fig.1), a bis-Mep-oxalamide hybrid, showed a potent dual
binding AChE inhibition activity, a moderate Cu(II)/Zn(II)-chelating
property and a favorable blood brain barrier penetrating property [29].
In the present study, we examined whether ZLA treatment would
ameliorate cognitive dysfunction caused by intrahippocampal injection
of Cu(Il) in mice. Furthermore, we assessed the alteration of microglial
functional status, cytokine levels, and oxido-nitrosative stress para-
meters to probe the possible underlying mechanisms.

2. Materials and methods
2.1. Animals

Adult male Kunming mice (25-30 g) were purchased from Shanghai
Laboratory Animal Center, Chinese Academy of Science (Shanghai,
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Fig. 1. Chemical structure of ZLA.
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China). They were maintained under standard conditions with a 12 h:
12 h light-dark cycle, a temperature and humidity controlled environ-
ment and ad libitum access to food and water. All experimental proto-
cols met the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by Shanghai Jiao Tong
University School of Medicine.

2.2. Reagents

ZLA was synthesized in our laboratory. Copper(II) chloride, acet-
ylthiocholine, 5,5’-dithiobis-(2-nitrobenzoic) acid (DTNB) and rivas-
tigmine were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Other reagents were analytical grade and obtained from commercial
sources. Copper(II) chloride was dissolved in ultrapure water to get a
Cu(II) stock solution (100 mM) and was diluted with normal saline to
get the working solutions. ZLA and rivastigmine were dissolved in di-
methyl sulfoxide (DMSO) and normal saline respectively to get a stock
solution (10 mg/ml). Fresh working solutions were prepared daily with
normal saline. The final concentration of DMSO in ZLA working solu-
tions were < 10%.

2.3. Intrahippocampal injection of Cu(II)

Mice were anaesthetized with intraperitoneal (i.p.) injection of
pentobarbital sodium (50 mg/kg) and fixed in a stereotaxic instrument
(ASI Instruments, Inc., USA). A bilateral injection of Cu(II) (0.1, 0.25, or
0.5nmol, 2.5pL/side) into the hippocampus (-2.0 mm posterior to
bregma, + 1.8 mm lateral to midline, -2.0 mm ventral to skull surface)
was performed using a 10 uL Hamilton at a rate of 1 pL/min. The needle
was left in place for an additional 5min at the end of injection. The
control mice received injection of normal saline.

2.4. Experimental design

As demonstrated in Table 1, in the first behavioral experiment an-
imals were divided into 4 groups and subjected to intrahippocampal
injection of saline or Cu(Il) on day 1. Cognitive function was assessed
by performing Morris water maze (MWM) test 4 days later. In the
second behavioral experiment, animals were divided into 6 groups and
subjected to various treatments on days 1-4. MWM or open field test
was performed on day 5. Different animal groups were used for MWM
or open field test and biochemical evaluation to avoid the mutual in-
fluence of various behavioral tests and possible influence of behavioral
experiments on biochemical measurements. A schematic diagram
showing the experimental timeline and study plan was shown in Fig. 2.

2.5. Immunohistochemistry (IHC)

Mice were given a lethal dose of pentobarbital sodium 4 days after
hippocampal saline or Cu(Il) injection. After transcardial perfusion with
fixative containing 4% paraformaldehyde, brain tissues were removed,
fixed in 10% formalin for 24 h, and then were paraffin-embedded and
sectioned (4 um). After epitope retrieval treatment (at 98 °C for 15 min
in 0.01 M citrate buffer solution, pH 6.0), sections were incubated with
rat anti-CD45 (1:50; BD Biosciences Pharmingen, San Jose, CA, USA) or
rabbit anti-microtubule-associated protein 2 (MAP2; 1:50; Cell
Signaling Technology, Danvers, MA, USA) antibody overnight at 4 °C.
They were then incubated with goat anti-rat or rabbit horseradish
peroxidase (HRP)-conjugated secondary antibody (Invitrogen,
Carlsbad, CA, USA) for 30 min at room temperature. After being stained
with diaminobenzidine the sections were counterstained with hema-
toxylin before mounted onto pre-coated glass slides. The images were
captured under a Leica DFC 320 digital camera (Leica, Wetzlar,
Germany).



X. Tan et al.

Table 1
Behavioral experimental design.
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Dayl

Days 2-4

Experiment 1 (n = 10)

Control group IH injection of saline

Group II IH injection of Cu(II) (0.1 nmol/side)
Group III IH injection of Cu(II) (0.25 nmol/side)
Group IV IH injection of Cu(II) (0.5 nmol/side)

Experiment 2 (n = 10)
Control group

Group II

Group III

Group IV

Group V

Group VI

Vehicle (10% DMSO, i.p.) treatment 30 min before IH injection of saline

Vehicle (i.p.) treatment 30 min before IH injection of Cu(II) (0.5 nmol/side)

ZLA (1 mg/kg, i.p.) treatment 30 min before IH injection of Cu(II) (0.5 nmol/side)
ZLA (2mg/kg, i.p.) treatment 30 min before IH injection of Cu(II) (0.5 nmol/side)
ZLA (5mg/kg, i.p.) treatment 30 min before IH injection of Cu(II) (0.5 nmol/side)
Riva (2mg/kg, i.p.) treatment 30 min before IH injection of Cu(II) (0.5 nmol/side)

Daily vehicle treatment
Daily vehicle treatment
Daily ZLA treatment
Daily ZLA treatment
Daily ZLA treatment
Daily Riva treatment

Note: IH, intrahippocampal; Riva, rivastigmine.
2.6. Western blot

The hippocampal tissues were homogenized in radio-
immunoprecipitation assay (RIPA) buffer (50 mM Tris-HCI [pH 7.4],
150 mM NacCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% so-
dium dodecyl sulfate [SDS]) containing a protease inhibitor cocktail
(Sigma-Aldrich). Equal amount (30 ug) of proteins was loaded on 10%
SDS-PAGE gel and transferred to polyvinylidene fluoride membranes.
Membranes were blocked with 5% non-fat milk in Tris-buffered saline
with Tween 20 (TBST; 50 mM Tris—HCI, 150 mM NacCl, 0.1% Tween 20)
for 1 h at room temperature and then were incubated with a rabbit anti-
inducible nitric oxide synthase (iNOS; 1:1000; Cell Signaling
Technology), MAP2 (1:1000) or p-actin (1:1000; Cell Signaling
Technology) antibody overnight at 4 °C. After being washed with TBST,
membranes were incubated with a HRP-conjugated secondary antibody
(1:5000; Abcam, Cambridge, MA, USA) for 1h. The bands were vi-
sualized using enhanced chemiluminescence (Pierce, Rockford, IL,
USA) and analyzed by ImageJ software.

2.7. MWM test

The hippocampus-dependent spatial learning and memory function
was evaluated as previously described [27]. Briefly, mice were accli-
matized to the experimental environment 2 days before the start of
evaluation procedures. A black circular pool (140 cm diameter) was
placed in the middle of an experimental room containing a few cues,
including wall posters, blue window curtain, and a computer rack. The
pool was filled with water (22 *= 1.0 °C) to a depth of 30 cm. The tank
was divided into 4 equal quadrants, and a black platform (9 cm dia-
meter), which was made invisible to mice and remained in one location
for the entire test, was submerged 1 cm below the water surface at the
center of one quadrant. A video camera was placed above the center of
the pool to capture images of the swimming trace of mice. During the
acquisition testing phase, each mouse was given 4 trials per day for 4
consecutive days, with 30s interval between trials. The starting

position was randomized over days but remained the same order for all
the mice. Each trial lasted either until the mice had found the platform
or for a maximum of 90s. The mice that were unsuccessful within 90 s
were guided to the platform. Animals were allowed to rest on the
platform for 30s. On the 5th day, the platform was removed from the
pool and a probe trial was performed to examine retention of spatial
memory. Each mouse was allowed to search for 90 s. All the traces were
recorded and analyzed with automated tracking software (Morris Water
Maze Video Analysis System, DigBeh-MM, Jiliang Software Technology
Co. Ltd., Shanghai, China).

2.8. Open field test

The open field test was conducted to explore the locomotor activity
and exploratory behavior as described previously [30]. Briefly, each
mouse was individually placed in the center area of an open field
chamber (40 cm X 40 cm X 40 cm) and was allowed to move freely for
5min. The floor and the wall of the chamber were cleaned with 70%
ethanol solution before commencing a new test to eliminate the odor
traces. The movement trace of each mouse was recorded and analyzed
with a video camera connected to a tracking system (Jiliang Software
Technology Co., Ltd.) to obtain the ratios of distance and time in the
center area.

2.9. Biochemical studies

2.9.1. Preparation of hippocampal homogenates

Mice were performed with euthanasia 4 days after hippocampal
saline or Cu(Il) injection and the hippocampus was immediately iso-
lated and homogenized (10% w/v) in 0.1 M phosphate buffer (pH 7.4)
for further analysis.

2.9.2. ACKE activity assay
AChE activity was determined by a modified Ellman’s method.
Briefly, the hippocampal homogenates were centrifuged at 4000 g for

Hippocampus collection:

IHC, Western blot

Cytokines, MDA, GSH and nitrite level

Hippocampal Morris water maze test
Cu(ll) injection Open field test
| | l | | | | '
Days | |
e 1 1 1 1 | | 1
1 2 3 4 5 6 7 8 9

"ZLA (1, 2, 5 mglkg, i.p.) treatment on
day 1 (30 min prior to hippocampal
Cu(ll) injection) and on days 2-4

Fig. 2. A schematic diagram showing the experimental timeline and study plan.
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10min at 4°C. The supernatant was mixed with 0.05M phosphate
buffer solution (pH 7.2) containing 0.25 mM DTNB. Then 1 mM acet-
ylthiocholine was added and the change in absorbance at 412 nm was
recorded for a period of 5min at intervals of 1 min using a Varioskan
Flash multimode reader (Thermo, Waltham, MA, USA). Protein content
in the supernatant was measured by BCA method. AChE activity was
expressed as pmol/min/mg of protein.

2.9.3. Cytokine detection

Quantitative determination of hippocampal TNF-a, IL-6, and IL-1f
levels were determined using ELISA kits (Pierce) according to the
manufacturer's protocol. Cytokine levels were expressed as pg/mg of
protein.

2.9.4. Oxidative stress parameter estimation

Lipid peroxidation and reduced glutathione (GSH) were detected to
assess the oxidative stress status in the hippocampus. The content of
malondialdehyde (MDA) was determined as previously described [31].
Absorbance for the thiobarbituric acid reactive substances (TBARS)
level estimation was measured at 532 nm. GSH level was determined by
the method of Beutler et al. [32]. The estimation of MDA and GSH were
expressed as M/g of wet tissue.

2.9.5. Nitrosative stress parameter estimation

Hippocampal nitrite estimation, an indirect measurement of nitric
oxide content in the biological samples, was performed as described by
Green et al. [33]. Griess reagent (Sigma-Aldrich) and supernatant of
homogenates were mixed in a ratio of 1:1 and incubated for 10 min at
room temperature. Then the absorbance was measured at 560 nm in a
microplate reader. Nitrite content was determined from a standard ni-
trite curve generated by using sodium nitrite as a standard substance.
Results were expressed as UM/g of wet tissue.

2.10. Statistical analysis

+

Data are expressed as mean + SEM. Statistical analysis was per-
formed using one-way or two-way analysis of variance (ANOVA) fol-
lowed by Bonferroni post-test comparison. P < 0.05 was considered as
statistically significant.

3. Results

3.1. ZLA improves the learning and memory deficits caused by
intrahippocampal injection of Cu(I)

We first examined the effect of various concentrations of Cu(II) on
spatial learning and memory ability (evaluated by MWM test) of mice.
Two-way ANOVA analysis in Fig. 3A revealed significant effects for Cu
(II) treatment [F(3, 144) = 13.62, P < 0.0001] and days of acquisi-
tion training [F(3, 144) = 12.10, P < 0.0001] on escape latency (i.e.
time spent in finding the platform). The representative swimming traces
for different groups on day 4 were shown in Fig. 3B. In the probe trial
on day 5, the percentage of distance travelled and the percentage of
time spent in the target quadrant were detected to evaluate the spatial
memory retention. One-way ANOVA analysis showed that these indexes
were significantly different among the experimental groups [F(3,
39) = 4.84, P = 0.0063; Fig. 3C and F (3, 39) = 4.76, P = 0.0068;
Fig. 3D]. The swimming speed on day 5 did not differ among all groups
[F(3, 39) = 0.13, P = 0.94; Fig. 3E], indicating that the locomotor
ability of mice was not affected. In contrast to mice receiving in-
trahippocampal injection of Cu(II) at doses of 0.1 and 0.25nmol per
side, mice receiving injection of Cu(II) at 0.5nmol per side showed
longer escape latency on days 3 and 4 (P < 0.05 vs. control, Fig. 3A).
Moreover, they showed smaller percentage of distance travelled (P <
0.05 vs. control; Fig. 3C) and smaller percentage of time spent (P <
0.05 vs. control; Fig. 3D) in the target quadrant on day 5. Therefore, we
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adopted this dose of Cu(Il) in the following experiments. The results of
open field test showed that the ratios of the distance [P = 0.89; Student
t test] and time [P = 0.97; Student t test] in the center area in mice
receiving intrahippocampal injection of saline were not different from
those in naive mice (Supplemental Fig. S1). Thus, the operation of in-
trahippocampal injection might not affect the locomotor activity of
mice.

We next examined the effect of ZLA on Cu(I)-induced cognitive
deficits. Two-way ANOVA analysis in Fig. 4A demonstrated that escape
latency was significantly different among the experimental groups [F(5,
216) = 14.10, P < 0.0001] and days of acquisition training [F(5, 216)
= 11.75,P < 0.0001]. In mice receiving hippocampal Cu(Il) injection
and 4-day systemic ZLA (at 2 or 5 mg/kg) treatment, a significantly
reduced latency was observed on day 4 (P < 0.05 vs. Cu(Il)-treated
group; Fig. 4A). The representative swimming traces for different
groups on day 4 were shown in Fig. 4B. One-way ANOVA analysis
showed that in the probe trial the percentage of distance travelled [F(5,
59) = 4.74, P = 0.0012; Fig. 4C] and the percentage of time spent [F
(5, 59) = 5.10, P = 0.0007; Fig. 4D] in the target quadrant were sig-
nificantly different among the experimental groups. Mice receiving
hippocampal Cu(Il) injection and 4-day systemic ZLA (at 2 or 5 mg/kg)
treatment exhibited significantly greater percentage of distance tra-
velled (P < 0.05; Fig. 4C) and percentage of time spent (P < 0.05;
Fig. 4D) in the target quadrant compared with mice receiving Cu(Il)
alone. However, rivastigmine, an AChE inhibitor showing a similar
potency of enzyme inhibition to ZLA [29], had no effect on Cu(ID)-in-
duced elevation of escape latency (P > 0.05) and decrease in per-
centage of distance travelled (P > 0.05) and percentage of time spent
(P > 0.05) in the target quadrant (Fig. 4A-D). ZLA, rivastigmine and
vehicle of ZLA (10% DMSO) alone had no effect on escape latency [F(5,
120) = 1.36, P = 0.68; Supplemental Fig. S2A] and percentage of
distance travelled [F(5, 35) = 0.83, P = 0.54; Supplemental Fig. S2B]
and percentage of time spent [F(5, 35) = 0.28, P = 0.92; Supplemental
Fig. S2C] in the target quadrant. The swimming speed on day 5 did not
differ among all groups [F(5, 59) = 0.23, P = 0.94; Fig. 4E]. Moreover,
one-way ANOVA analysis of the results of open field test showed that
the ratios of the distance [F(5, 35) = 0.07, P = 0.99] and time [F(5,
35) = 0.06, P = 0.99] in the center were not different among the
experimental groups (Supplemental Fig. S3). These data indicate that
the observed improvement in learning and memory was not due to the
difference in locomotor ability.

3.2. Hippocampal AChE activity

One-way ANOVA analysis showed that hippocampal AChE activity
was not significantly different among the experimental groups [F(6,
55) = 0.21, P = 0.97]. Intrahippocampal injection of Cu(Il) did not
evoke an alteration in AChE activity as compared with control group.
ACHhE activity in the hippocampus of mice receiving hippocampal Cu(II)
injection plus systemic ZLA or rivastigmine treatment was not different
from that of Cu(II)-treated group (Fig. 5).

3.3. ZLA attenuates Cu(Il)-induced dendritic damage in the hippocampus

The dendritic marker MAP2 is essential for the function of the so-
matodendritic compartment of neurons [34]. IHC analysis revealed a
dense MAP2-immunoreactivity in the CA1 region of the hippocampus in
control mice receiving intrahippocampal injection of saline. By con-
trast, MAP2 staining showed diffuse loss in the CA1l region of the hip-
pocampus in mice receiving intrahippocampal injection of Cu(II)
(Fig. 6A, B). In mice subjected to hippocampal Cu(Il) injection plus 4-
day systemic ZLA (at 2 or 5 mg/kg) treatment, MAP2-immunoreactivity
was denser than in mice receiving Cu(Ill) alone (Fig. 6C, D). Con-
sistently, one-way ANOVA analysis of Western blot results revealed that
hippocampal protein levels of MAP2 differ significantly among the
experimental groups [F(2, 11) = 15.27, P = 0.0013]. Hippocampal Cu
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Fig. 3. Intrahippocampal injection of Cu(Il) induces learning and memory deficits in mice. (A) Escape latency during the acquisition testing phase (days 1-4). (B)
Representative swimming traces on day 4 for different groups. Percentage of swimming distance travelled (C) and percentage of time spent (D) in the target quadrant
during the probe trial (day 5). (E) Swimming velocity on day 5. Data are expressed as mean = SEM (n = 10). *P < 0.05 vs. control.

(II) injection caused a significantly decrease (by 42.25%) in MAP2 level
compared with saline injection (P < 0.05). This effect was attenuated
by ZLA treatment (P < 0.05 vs. Cu(Il)-treated group) (Fig. 6E, F)

3.4. ZLA inhibits Cu(ID)-induced microglial activation in the hippocampus

We next examined the effect of ZLA on Cu(II)-induced microglial
activation with an antibody to CD45, a marker of microglial activation
[35]. In contrast to saline treatment, a robust microglial activation
(indicated by increased CD45-immunoreactivity) in the CAl region of
mouse hippocampus was observed 4 days after intrahippocampal in-
jection of Cu(Il) (Fig. 7A,B,E). ZLA (at 2 or 5mg/kg; i.p.) repressed the
elevation of CD45-immunoreactivity in the hippocampus of Cu(I)-
treated mice, with a staining intensity similar to that observed in con-
trol mice (Fig. 7C-E).

3.5. ZLA inhibits Cu(ID)-induced pro-inflammatory cytokine production and
iNOS expression in the hippocampus

One-way ANOVA analysis showed that 4 days after in-
trahippacampal injection of Cu(Il), the hippocampal levels of TNF-a, IL-
6 and IL-1f were significantly different among the experimental groups
[TNF-o:: F(5, 47) = 9.56, P < 0.0001; IL-6: F(5, 47) = 9.07, P <
0.0001; IL-1p3: F(5, 47) = 8.53, P < 0.0001]. Cu(Il) induced an in-
crease in hippocampal levels of TNF-a, IL-6 and IL-13 (P < 0.01 vs.
control group). Four-day systemic ZLA (at 2 or 5mg/kg) treatment
repressed the increase of cytokine levels in Cu(I)-treated mice (P <
0.05 at 2 mg/kg and P < 0.01 at 5 mg/kg vs. Cu(ll)-treated group)
(Fig. 8A-C). Moreover, one-way ANOVA analysis of Western blot results
revealed that hippocampal levels of iNOS were significantly different
among the experimental groups [F(3, 15) = 10.34, P = 0.0012]. The
levels of iNOS in the hippocampus of Cu(Il)-treated mice were overtly
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upregulated compared with those of control group (by 63.39%; P <
0.05). This effect was inhibited by 4-day systemic treatment with ZLA at
doses of 2 and 5 mg/kg (P < 0.05 vs. Cu(Il)-treated group) (Fig. 8D,
E).

3.6. ZLA ameliorates Cu(Il)-induced oxido-nitrosative stress in the
hippocampus

We next evaluated the oxido-nitrosative status in mouse hippo-
campus. One-way ANOVA analysis revealed a significant difference in
hippocampal levels of MDA [F(5, 47) = 6.83, P < 0.0001], GSH [F(5,
47) = 6.65, P < 0.0001] and nitrite [F(5, 47) = 5.44, P = 0.0006]
among the experimental groups. MDA and nitrite levels were sig-
nificantly increased (P < 0.01 vs. control group) while GSH level was
significantly reduced (P < 0.01 vs. control group) in the hippocampus
of mice subjected to hippocampal Cu(Il) injection. These effects were
inhibited by 4-day systemic ZLA (at 2 or 5 mg/kg) treatment (P < 0.05
at 2 mg/kg and P < 0.01 at 5 mg/kg vs. Cu(Il)-treated group) (Fig. 9).

3.7. The safety of ZLA

No obvious adverse reactions, such as salivation and trembling,
were observed in mice receiving i.p. injection of ZLA at doses of 1, 2, or
5mg/kg, even at the dose of 100 mg/kg (data not shown). However,
rivastigmine (the reported LD50 in male mice is approximately 6 mg/kg
[36]) caused obvious trembling, fasciculation and decreased locomotor
activity at 5mg/kg and death of all tested mice at 100 mg/kg.

4. Discussion

AD involves a variety of neurobiological etiologies, among which
neuroinflammation and oxido-nitrosative stress play essential roles
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target quadrant during the probe trial (day 5). (E) Swimming velocity on day 5. ZLA (1, 2, or 5 mg/kg, i.p.) or rivastigmine (2 mg/kg, i.p.) was administered 30 min
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Fig. 5. Effect of Cu(Il) exposure and ZLA or rivastigmine treatment on AChE
activity in mouse hippocampus. ZLA (2, 5mg/kg, i.p.) or rivastigmine (2 mg/
kg, i.p.) was administered 30 min before intrahippocampal injection of saline or
Cu(II) and was daily administered for the following 3 days. Data are expressed
as mean = SEM (n = 8).

[2,3]. This multifactorial nature suggests that compounds capable of
hitting several molecule targets involved in AD pathogenesis may yield
disease-modifying effects. In recent years, a variety of multi-targeted
agents have been developed and evaluated for their potential in AD
therapy [37,38]. Accumulating evidence suggests that copper im-
balance also contributes to AD pathogenesis via promoting AP ag-
gregation and tau hyperphosphorylation [10,13-15,39]. Moreover, in
vitro and in vivo studies indicate that Cu(II) might elicit neurotoxicity
via promoting neuroinflammation and oxido-nitrosative stress pathway
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[16,20,40]. Therefore, development of biocompatible metal-chelating
agents may offer a potential therapeutic solution to target mislocalized
Cu(ID) [11]. In this study, we demonstrate that ZLA, a multifunctional
compound with properties of dual binding site AChE inhibition and Cu
(ID chelation [29], exerts protective effects against cognitive impair-
ment caused by intrahippocampal injection of Cu(Il). The underlying
mechanism may involve attenuation of neuroinflammation and oxido-
nitrosative stress.

In AD brain the copper concentration can reach to 390 uM in senile
plaques [12]. Therefore, we injected Cu(Il) to the mouse hippocampus
to mimic this micro-environmental milieu in AD. We observed a dose-
dependently deleterious effect of Cu(Il) on performance of MWM task.
Injection of Cu(Il) at 0.5 nmol per side evoked a significant impairment
of cognitive function. Therefore, this dose of Cu(II) was adopted in the
following experiments. ZLA, when systemically administered at doses of
1, 2 and 5mg/kg, reversed the Cu(II)-caused prolonged escape latency
(in the acquisition test) and decreased percentage of distance travelled
and percentage of time spent in the target quadrant (in the probe trial)
in a dose-dependent manner. These results, similar to the observations
showing that clioquinol, an agent with metal-chelating property, sig-
nificantly improved the memory dysfunction induced by Cu(II)-cho-
lesterol [41], suggest that ZLA ameliorated the Cu(Il)-caused cognitive
impairment. However, different from the results of Mehra et al. [41]
demonstrating that treatment with Cu(II)-cholesterol for 8 weeks re-
sulted in a rise in brain AChE activity, we did not observe an increase in
hippocampal AChE activity after intrahippocampal injection of Cu(II).
This may be due to the shorter duration of Cu(Il) treatment in our
study. Our results, similar to those of Simonato et al. [42] demon-
strating that Cu(I) exposure did not significantly change brain AChE
activity, indicate that behavioral changes after Cu(Il) challenge might
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not be attributed to a modulatory effect on hippocampal enzyme ac-
tivity. Moreover, different from the results of Mehra et al. [41] showing
that an AChEI donepezil improved the performance of MWM task in
mice treated with Cu(II)-cholesterol, we found that rivastigmine did
not attenuate Cu(Il)-caused dementia. These findings indicate that al-
leviation of spatial memory deficits by ZLA may not involve AChE in-
hibition activity. Rather, it could be associated with free copper che-
lation.

The dendritic marker MAP2, the most abundant cytoskeletal protein
in the brain, is involved in microtubule assembly and is particularly
vulnerable to brain injury, with a rapid (about 3h) loss of staining

[43,44]. IHC analysis revealed that MAP2 immunoreactivity exhibited
diffuse loss 4 days after hippocampal Cu(II) injection, an effect that was
rescued by ZLA (at 2 or 5mg/kg) treatment. Similarly, the results of
Western blot analysis showed that Cu(II)-induced decrease in MAP2
protein level was attenuated by ZLA treatment. So we suppose that Cu
(ID)-caused dementia was associated with the dendritic damage and that
prevention of Cu(Il)-induced neuronal dendritic damage in the hippo-
campus may explain, at least in part, the anti-amnesic effect of ZLA.
Microglia-mediated neuroinflammation plays important roles in
neuronal injury in early stages of AD [45,46]. It has been suggested that
Cu(Il) can indirectly (via promoting AR aggregation) and directly
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Fig. 7. ZLA attenuates Cu(I)-induced microglial activation in the hippocampus. Representative photomicrographs of CD45-immunoreactivity (arrows) in the CA1
region of mouse hippocampus 4 days after intrahippocampal injection of saline (A) or Cu(II) (B). (C, D) ZLA (2, 5 mg/kg, i.p.) decreased CD45-immunoreactivity in
the hippocampus of Cu(I)-treated mice. ZLA was administered 30 min before hippocampal Cu(II) injection and was daily administered for the following 3 days. Scale
bar = 100 pm. (E) Quantitative analysis of CD45-positive cells. Data are expressed as mean = SEM (n = 4). ** P < 0.01.
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Fig. 8. ZLA represses Cu(Il)-induced production of pro-inflammatory cytokines and expression of iNOS in mouse hippocampus. Effect of ZLA treatment on hippo-
campal content of TNF-a (A), IL-6 (B), and IL-1f (C) in Cu(I)-challenged mice. ZLA (2, 5 mg/kg, i.p.) was administered 30 min before intrahippocampal injection of
saline or Cu(Il) and was daily administered for the following 3 days. Data are expressed as mean + SEM (n = 8). (D, E) Western blot analysis of iNOS expression in

the hippocampus 4 days after Cu(Il) challenge, with or without ZLA (2 or 5 mg/kg, i.p.) treatment. Data are expressed as mean =+

0.01 vs. control, P < 0.05, P < 0.01 vs. Cu(ll)-treated group.

induce microglia-mediated neuroinflammatory processes in AD
[16,47,48]. In line with our findings in cultured microglial cells [16],
we observed in mice that Cu(Il) evoked overt microglial activation in
the hippocampus 4 days after intrahippocampal injection. Moreover,
the hippocampal content of pro-inflammatory cytokines such as TNF-a,
IL-6, and IL-13 was enhanced. These effects were significantly inhibited
by systemic ZLA (at 2 or 5mg/kg) treatment. The pro-inflammatory
cytokines (such as TNF-a) can induce expression of iNOS, which cata-
lyzes formation of nitric oxide from guanidine nitrogen of r-arginine
[49]. We found a significantly increased hippocampal iNOS expression
in Cu(Il)-challenged mice, an effect that was repressed by ZLA treat-
ment. These results indicate that microglia-mediated neuroin-
flammatory responses may contribute to Cu(Il)-induced neuronal den-
dritic damage and cognitive deficits and that ZLA ameliorates Cu(II)
effects via, at least in part, inhibition of microglia-mediated neuroin-
flammation.

Oxidative and nitrosative stress, which leads to oxidation and ni-
tration of proteins and lipids as well as adduct formation in DNA, also
plays essential roles in neurodegeneration related to AD [2]. Neuroin-
flammation and oxido-nitrosative stress are closely interacted and re-
inforce each other [2,50]. Evidence shows that the pro-inflammatory
cytokines (such as TNF-a) increase reactive oxygen species (ROS) and
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SEM (n = 4). *P < 0.05, **P <

nitric oxide (via triggering iNOS expression) production, leading to
aggravation of oxido-nitrosative stress [2,49]. Evidence shows that Cu
(II) can promote free radical formation in AD brain [19]. We observed
enhanced levels of MDA (a marker of lipid peroxidation) and nitrite
(reflection of nitric oxide production) and decreased level of GSH in the
hippocampus of Cu(Il)-challenged mice, indicating a higher oxidative
and nitrosative status and a lower antioxidant status. The observations
that ZLA significantly attenuated the increase in MDA and nitrite levels
and the decrease in GSH level in hippocampus of Cu(Il)-challenged
mice indicate that inhibition of Cu(II)-induced oxido-nitrosative stress
may also contribute to the memory-improving effect of ZLA.

Our previous in vitro study revealed that ZLA at a concentration of
100 uM had no obvious effect on the viability of human neuron-like SH-
SY5Y cells [29]. In the present study, we found no obvious adverse
reactions (such as salivation and trembling) in mice receiving i.p. in-
jection of ZLA, even at a dose of 100 mg/kg. By contrast, rivastigmine at
this dose caused animal death. Moreover, the results of MWM test and
open field test demonstrated that ZLA treatment did not affect the
swimming speed and the locomotor activities. These observations
suggest a good safety of ZLA. It should be noted that as a multi-
functional agent with chelating property, it cannot be ruled out that
ZLA could interact with other metabolically active metals in the brain
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Fig. 9. ZLA represses Cu(Il)-induced oxido-nitrosative stress in mouse hippo-
campus. Effect of ZLA treatment on hippocampal content of MDA (A), GSH (B),
and nitrite (C) in Cu(II)-challenged mice. ZLA (2, 5 mg/kg, i.p.) was adminis-
tered 30 min before intrahippocampal injection of saline or Cu(Il) and was daily
administered for the following 3 days. Data are expressed as mean *+ SEM
(n = 8). **P < 0.01 vs. control, P < 0.05, P < 0.01 vs. Cu(Il)-treated

group.

such as iron, zinc, and the most importantly calcium. Accumulating
evidence shows that transition metals such as copper, zinc, and iron
play critical roles in pathogenesis of AD and that multi-functional
agents with chelating property could be effective against AD [9,23].
Therefore, the interactions of ZLA with iron and zinc might be bene-
ficial for AD intervention. ZLA could also interact with calcium, an

Journal of Trace Elements in Medicine and Biology 52 (2019) 199-208

important intracellular second messenger. As we did not observe ob-
vious toxic effect of ZLA even at a dose of 100 mg/kg, this possible
interaction could hardly yield overtly deleterious effect.

Elevated brain free Cu(Il) levels, which could trigger oxidative da-
mage, has been indicated in brain tissues of AD patients and transgenic
APP/PS1 mice [9,19]. As intrahippocampal injection of Cu(Il) si-
multaneously triggered neuroinflammation and oxidative stress, two
key processes that can act in concert to play a major role in the etio-
pathogenesis of AD [2,50], we chose this animal model to test if ZLA
can act as a possible anti-AD agent. We acknowledge that this animal
model has limitations and cannot mimic all the pathophysiological
processes in AD brain. Notably, in addition to the nootropic effect of
ZLA we observed in the animal model subjected to intrahippocampal
injection of Cu(Il), we also found that ZLA (1, 2, 5mg/kg, i.p.) ame-
liorates the dementia induced by i.p. injected scopolamine (a mus-
carinic receptor antagonist that can pass through the blood-brain bar-
rier) in a dose-dependent manner (unpublished data). These data
provide behavioral evidence for the multi-targeted property of ZLA as a
potential anti-AD agent. We will further examine its efficacy in other
AD animal models (such as APP/PS1 transgenic mice) in the future
research.

In summary, this study demonstrates that ZLA effectively improves
the Cu(Il)-induced learning and memory dysfunction. The potential
mechanisms may involve attenuation of neuroinflammation and oxido-
nitrosative stress. Future studies are needed to further examine if ZLA
has potential disease-modifying effect in transgenic animal models of
AD.
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