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1 | INTRODUCTION

| Xian Huang?® | LingZhang® | FangHan® | Ke-Liang Pang! |

Summary

Background: Environmental enrichment (EE) has been shown to enhance cognitive
function in mouse models of Alzheimer’s disease (AD). Magnesium-L-threonate (MgT)
is a compound with a newly discovered effect to rescue learning and memory function
in aging and AD mice.

Aim: To study the additive therapeutic effect of EE combined with MgT (EM) and the
potential mechanism underlying the effects.

Materials and Methods: APP/PS1 mice were treated with EE, MgT, or combination of
EE and MgT (EM) and compared for restored memory function.

Results: EM was more effective in improving cognition and spatial memory than either
treatment alone in either long-term (12 months, started at 3 months old, which was
before disease manifestation) or short-term (3 months, started at 6 months old, which
was after disease manifestation) treatment. The behavioral improvement has coin-
cided with rescue of synaptic contacts in the hippocampal region of the AD mouse
brain. Immunoblots also showed that EM but neither single treatment rescued the
activity reduction in CaMKII and CREB, two important downstream molecules in the
N-methyl-D-aspartate receptor (NMDAR) pathway.

Conclusion: Environmental enrichment and MgT may synergistically improve recogni-
tion and spatial memory by reducing synaptic loss and restoring the NMDAR signaling
pathway in AD mice, which suggests that combination of EE and MgT may be a novel

therapeutic strategy for AD.

KEYWORDS
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aspartate receptor signaling

intracellular tangles composed of hyperphosphorylated microtubule-
associated protein, tau.>? Hippocampal neurons are primarily affected
due to the vulnerability of pyramidal cell synapses at the early stage

Alzheimer’s disease (AD) is the most common form of dementia and
currently lacks an effective cure. The most prominent symptom of AD
is progressive memory loss. Hypotheses of pathology assume that
AD is caused by deposition of extracellular amyloid-p (Ap) plaques or

The first two authors contributed equally to this work.

of AD, which eventually leads to functional impairment in cognition
and memory.®

Alzheimer's disease can induce dysfunction of various signaling
pathways of the nervous system. Of these pathways, N-methyl-D-
aspartate receptor (NMDAR) signaling has been extensively studied.*
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The NMDAR is an important calcium channel and a glutamate recep-
tor located in the membrane of both somas and dendrites.> NMDAR-
mediated signaling pathways are closely related to the pathology of
AD. Several downstream signaling molecules in this pathway, such as
CREB and CaMKII, are essential for synaptic plasticity and memory
formation.®” Disturbance of intracellular calcium homeostasis and
CaMKII/CREB activation are associated with AD. Reduction in phos-
phorylated CREB has been observed in postmortem brains of patients
with AD® and AD mouse models.” In addition, dysregulation of CaMKII
has been found in dendritic arbors in AD.® On the other hand, spatial
training increases phosphorylation of CaMKIl in the hippocampus and
rescues deficits in contextual memory formation of Tg2576 mice.'©
Bilateral infusion of CREB into dorsal hippocampus CA1 region of
TgCRNDS, one kind of the AD model mice, was sufficient to restore
the hippocampal-dependent spatial memory of these animals.™

Magnesium cation (Mg2+) is vital for many physiological processes.
Mental health depends on normal Mg2+ intake, absorption, and metab-
olism. Hypomagnesium was found in many brain regions of patients
with AD when compared with age-matched controls.*?> Compared
with other Mg?* compounds (eg, Mg?* chloride, Mg?* citrate, and Mg?*
gluconate), dietary intake magnesium-L-threonate (MgT) could signifi-
cantly increase Mg2+ levels in the brain and improves cognitive abilities
of aged animals.'® MgT has also been shown to exert beneficial cogni-
tive effects in genetically targeted mouse models of AD.*4*> Moreover,
elevation of Mg?* in the hippocampus can enhance phosphorylation of
CaMKIl and CREB and activate their downstream pathways.*3

Although intensifies surrounding physical and social stimulation of
the nervous system,environmental enrichment (EE) can improve phys-
ical and psychological well-being, refine physiological responses, and
induce synaptic growth in laboratory animals.?®” EE could increase
expression of both presynaptic synaptophysin and postsynaptic PSD-
95 in rodent brains.*®*? In the hippocampus of adult mouse, EE is
also demonstrated to facilitate cell proliferation and neurogenesis of
the dentate gyrus.2’ Moreover, studies using various behavioral tests
have revealed EE-induced spatial memory improvement in mouse
models of AD.2¥23 |n the hippocampus and cortex of rat brains, EE
stimulation can lead to increased levels of brain-derived neurotrophic
factor (BDNF), which is an essential protein for central nervous sys-
tem development and functions.?2° Expression of NMDAR and the
downstream signaling proteins, such as CaMKII, CREB, and ARC, are
induced by EE. 2628

There are no effective cures to AD currently. New insight and
treatment strategies are in urgent need. Therefore, we sought to see
whether combining EE with MgT, both of which have significant ther-
apeutic effects on AD, would yield greater benefit than either used

alone.

2 | MATERIALS AND METHODS

2.1 | Experimental animals

Transgenic heterozygous female mice (APPswe/PSEN1dE9)?’ and
wild-type (WT) female mice were obtained from the Model Animal
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Research Center of Nanjing University. Mice were housed under 2
types of environmental conditions: EE or non-EE conditions. Under
EE conditions, mice were housed at 5-6 animals per large cage
(70 cm x 60 cm x 30 cm) with several running wheels, toys, and
tunnels. Under non-EE conditions, mice were housed individually in
standard cages (30 cm x 12 cm x 12 cm) without enrichment ob-
jects. Animals were housed in a controlled environment (tempera-
ture = 21 + 1°C, humidity = 50 + 10%) under an inverted light cycle
(light off 9:00 am to 9:00 pm). Behavior experiments were performed
under dim red light. All animal experiments were approved by the
Committees on Animal Care of Tsinghua University.

2.2 | MgT treatment

Magnesium-L-threonate (Neurocentria, Inc, CA, USA) was adminis-
tered via drinking water at a dose of 910 mg/kg/d for APP/PS1 mice
(about 75 mg/kg/d elemental Mg2"). This is consistent with the ef-
fective dose described previously.* For MgT-treated mice, drinking
water was switched to MgT-containing water at 3 months of age (to
evaluate long-term therapeutic effects) or 6 months of age (to evalu-
ate short-term therapeutic effects) until the animals were killed. All
mice were provided with standard food containing Mg2* (0.15% el-

emental Mg?").

2.3 | Short-term environmental stimulus

As shown in the previous study,14 for short-term environmental stim-
uli, 18-month-old mice were exposed to a relatively new context be-
fore being killed. Briefly, all animals were transferred to new EE cages
(5-6 animals per cage) with new companion mice 24 hours before
being killed. After 21 hours, toys and running wheels were placed in
the cages. Three hours later, animals were killed. It is important to
note that for each mouse raised under EE conditions, the cages and EE
stimuli were novel, and the companion animals were introduced from
other cages (either housed individually or housed under EE conditions
in another cage).

2.4 | Novel object recognition test

The apparatus consisted of a square box (60 cm x 60 cm x 30 cm)
made of polyvinyl chloride with white walls and floor. Mice were
handled by the experimenter for 5 minutes once a day for 1 week.
One day before the experiment, each mouse received 2 sessions of
habituation to the arena without any object (10 min/session). Four
kinds of objects that were adopted for mice did not show natural
preference among them. Each object has 4 identical copies. In the
sample phase, mice were placed in the center of the box containing
2 identical objects. Each mouse was allowed to explore the box for
5 minutes and then returned to its home cage. After a short-term
(1 hours) or long-term (24 hours) retention interval, the mouse was
placed in the box for 5 minutes and exposed to a copy of former
object in the sample phase and a novel object that the mouse had
never seen before. During the trials, exploration of an object was
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defined as directing the nose to the object at a distance of less than
2 cm and/or touching it with the nose or forepaws. Data will not
be adopted when a mouse spent less than 10 seconds on exploring
objects in 1 test. Recognition ratio was calculated as a percentage
ratio of time of each object over total time. The box and objects
were cleaned with 20% ethanol between trials to avoid olfactory

cues.

2.5 | Barnes maze task

The Barnes maze consisted of a white circular table (92 cm in diam-
eter) with 20 circular holes (5 cm in diameter) around its circumfer-
ence. The circular platform was 150 cm in height from the floor. The
table surface was brightly lit by overhead lighting, and air flow was
provided by a set of fans that forced the mice to find shelter. Under
one of the holes was an escape box that could be reached through
the corresponding hole on the table. The maze was rotated daily, and
the spatial location of the target remained unchanged with respect to
distal visual cues of the room.

At the beginning of a trial, a mouse was placed at the center of
the table in a black plastic can. The can was then raised out of sight
of the mouse. The mouse was then free to explore the maze and find
the hidden escape box. After each trial, the platform and escape box
were cleaned with 20% ethanol. If a mouse did not find the escape
box within 5 minutes, it was gently placed in the escape box by the ex-
perimenter. The test was performed 2 times per day for 6 consecutive

days. The latencies for finding the escape box were recorded.°

2.6 | Immunofluorescence

Synaptophysin immunoreactive presynaptic terminals density was
quantified as described previously.!* In brief, 5 mice in each group
were anesthetized with chloral hydrate through intraperitoneal in-
jection (ip, 250 mg/kg) and perfused with phosphate-buffered saline
(PBS), followed by 4% paraformaldehyde. The dissected brains were
postfixed in 4% paraformaldehyde for 24 hours and then transferred
to 30% sucrose in PBS for another 48 hours. Each right hemisphere
brain was cut into coronal sections (6 pm thick). After 10-12 hours
blocking (5% normal serum in PBS with 0.1% Triton X-100, 4°C), tis-
sue sections were incubated overnight at with the synaptophysin
primary antibody (1:500, Millipore, Billerica, MA, USA. 4°C) in PBS
with 3% goat serum. Then, the brain slices were washed in PBS and
incubated overnight with CF488-conjugated secondary antibody (CF
TMA488-conjugated goat anti-mouse IgG (H+L), 1:200, Biotium Inc.,
CA, USA. 4°C). Finally, sections were mounted with antifade mount-
ing medium (Vectashield, Vector Laboratories). Stained brain sec-
tions were scanned by IX-70, Olympus with a 60 x water immersion
lens (N/A = 1.2, 3 x zoom), and generated an image with dimensions
78.6 um x 78.6 pm. Serial z-sectioning was performed (thickness of
0.6 pm), and the best 3 z-sections (with highest number of puncta)
were collected and merged into a single image. Therefore, the volume
of brain tissue per image was ~78.6 x 78.6 x 1.8 x pm3. Three paral-
lel sections of each mouse were performed scanning. The synapses

number in the outer molecular layer of dentate gyrus (DG-OML)
was estimated using Image-Pro Plus version 6.0 software (Media-
Cybernetics). Special filters to separate fluorescent puncta were ap-

plied and background levels were equalized.

2.7 | Western blotting analysis

Bilateral hippocampal tissues from 18-month-old mice which began
EE and/or MgT treatment at 6 months of age were homogenized in
lysis buffer containing 50 mM Tris-HCI (pH 8.0), 250 mM NacCl, 1%
NP-40, 0.5% deoxycholate, 0.1% SDS, protease inhibitors and phos-
phatase inhibitors (Roche Diagnostics). Equal amounts of protein were
loaded on polyacrylamide gels and then transferred to PVDF mem-
branes (Millipore). Membranes were blocked and then probed with
primary antibodies against CREB (Ser133, 1:1000), pCREB (1:50),
CaMKII (1:1000), pCaMKIl (Thr286, 1:1000), and GAPDH (1:6000)
(all from CST, rabbit host, Danvers, MA, USA) overnight at 4°C. The
membranes were then incubated with HRP-conjugated secondary an-
tibody (ZSGB-BIO, Beijing, China or CST, 1:10 000) at room tempera-
ture for 1 hours. Proteins on the PVDF membranes were visualized
by ECL detection reagent and captured on autoradiography film in a
dark room. The integrated OD was determined using Image-Pro Plus
software. GAPDH signals on the same membrane served as loading
controls. Quantitative analysis was performed by experimenters who

were blinded to the treatment and genotype of each group.

2.8 | Statistics

Paired Student’s t test was used to recognitive index of novel and fa-
miliar objects in NORT. Learning curves in the Barnes maze task were
analyzed using two-way ANOVA followed by Dunnett’s post hoc test
for multiple comparisons. Unpaired Student’s t test was used to ana-
lyze whether STE could enhance CaMKIl and CREB phosphorylation
ratio in each group. One-way ANOVA followed by LSD post hoc test
for individual comparisons was used to analyze synaptophysin im-
munofluorescence result. P < 0.05 was considered statistically signifi-

cant. All data were presented as mean * SD.

3 | RESULT

3.1 | Long-term combination therapy with EE and
MgT (EM) ameliorates memory deficit of AD mice

To investigate whether MgT could enhance effects of EE, APP/PS1
mice were exposed to EE (AE) or combination with EE and MgT (EM)
treatment at 3 months of age. The NORT and Barnes maze were as-
sessed at 15 and 17 months of age, respectively (Figure 1A).

In both short-term and long-term NORT, EM mice exhibited a sig-
nificant preference for the novel object, and this preference was com-
parable to that of WT mice (paired t test P values: WT, P = 0.0008, EM,
P =0.0003 in 1-hours interval test; WT, P = 0.0405, EM, P = 0.0153 in
24-hours interval test, n = 9-10, novel vs familiar object; Figure 1B,C).
In contrast, APP/PS1 transgenic mice (AD) did not spend more time
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FIGURE 1 MgT-enhanced therapeutic effects of EE in preventing memory impairment of AD mice. A, Schematic diagram of the experimental
design. Four groups of mice were used: WT (n = 10), AD (n = 11), AE (n = 10), and EM (n = 9). EE and/or MgT treatment started at the age of

3 mos. B, Short-term (1 h) and C, long-term (24 h) NORT performed when the mice were 15 mos old. Recognition index was calculated as the
percentage of time spent exploring each object. Black bars and gray bars indicate familiar and novel objects, respectively. Paired t tests analysis
of percentage of time spent on novel and familiar object, * P < 0.05, ** P < 0.01, *** P < 0.001. Data are expressed as means + SEM. D, Escape
latencies during training in the Barnes maze performed on the same groups at 17 mos of age for 6 consecutive days. Two-way ANOVA analysis
of effects of various treatments, F(3, 216) = 13.4, P < 0.0001. Multiple comparisons: * denotes significant differences between the EM and AD
groups (*P < 0.05, **P < 0.01, ***P < 0.001), and # denotes significant differences between the WT and AD groups (#P < 0.05, ##P < 0.01). Data

are expressed as means + SEM

exploring the new object in either short- or long-term NORT exper-
iments (paired t test P values: P =0.2327 in 1-hours interval test,
P =0.6224 in 24-hours interval test, n = 10, novel vs familiar object;
Figure 1B, C). EE alone could rescue recognition memory in the short-
term NORT of AD mice, but it had no effect on the long-term paradigm
(paired t test P values: P = 0.0012 in 1-hours interval test, P = 0.2496
in 24-hours interval test, n = 10, novel vs familiar object; Figure 1B,C).
This result indicates that EM is more potent in ameliorating AD-related
recognition memory impairment of AD mice.

Next, we tested the mice in the Barnes maze to investigate effects
of the above treatments on spatial memory deficits. Overall, WT, AE,
and EM mice found the hidden escape box faster than AD mice (treat-
ment interaction: F(3, 216) = 13.4, P < 0.0001, Figure 1D), especially
on training days 4-6 of WT and EM groups (Multiple comparisons with
AD: WT, P =0.0057, AE, P =0.5017, EM, P = 0.0269, in day 4; WT,

P =0.0005, AE, P = 0.1004, EM, P = 0.0055, in day 5, WT, P = 0.0115,
AE, P =0.3622,EM, P = 0.1639, in day 6). Notably, EM and WT groups
showed better spatial memory than the AE group. These results sug-
gest that spatial memory impairment in AD mice could be restored by
EM treatment and that the preventive effect is more efficient than EE
treatment alone.

3.2 | Long-term combination therapy with EE and
MgT (EM) prevents synaptic loss in AD mice

A main characteristic of AD is progressive synaptic transmission dys-
function that eventually leads to synaptic loss.® Thus, we investigated
whether changes in synapse number were associated with different
treatments. Synaptophysin is a presynaptic marker that is commonly

used to determine the number of synapses. In DG region of AD mouse
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hippocampi, synaptophysin-positive puncta were remarkably reduced.
EE treatment could completely prevent this loss, with puncta at nor-
mal levels (ANOVA effect of treatment, F(3, 16) = 11.74, P = 0.0003;
Multiple comparisons with AD: WT, P =0.0057, AE, P=0.01, EM,
P =0.0001). Interestingly, compared to WT or AE mice, EM mice have
shown higher synaptic densities in the outer molecular layer of den-
tate gyrus (DG-OML), which indicates that MgT has an additive effect
on synaptic restoration in AD mice when coupled with EE(compared
with EM, WT, P = 0.0471, AE, P = 0.0279 Figure 2A, B).

3.3 | Short-term EE-MgT (EM) treatment reverses
learning and memory deficits in AD mice

Having demonstrated that long-term (over 12 months) EM treatment
which began at 3 months of age was the most effective therapy for
AD model mice, we assessed the therapeutic effects of this combina-
tion after the onset of AD for a relatively short term (3 months) in
another group of mice. In this experiment, AD mice received treat-
ments at 6 months of age when memory deficits had already occurred
as reported previously.?! To clarify the effects of each treatment and
their potential synergistic effects, in addition to the AD, WT, AE, and
EM groups defined in the last experiment, we added a group of mice
receiving MgT alone (AM) (Figure 3A).

After 3 months of short-term treatment (compared with the pre-
vious 12-month long-term treatment), we performed the behavioral
experiments. In the short-term interval (1 hours) NORT experiment,
AD mice exhibited clear recognition deficits (novel vs familiar object:
P =0.3825, n = 16 Figure 3B). In contrast, mice from the AM, AE, and
EM groups performed quite similar to WT mice in which they spent

more time exploring the novel object (novel vs familiar object: WT,
P=0.008, n=11; AM, P=0.003, n = 14; AE, P=0.024, n = 13; EM,
P =0.0012, n = 12; Figure 3B). We then increased the difficulty of the
test by extending the forgetting interval to 24 hours. As expected, the
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AM and AE mice did not show a preference for the novel object (novel
vs familiar object: AD, P =0.818, n = 16; AM, P =0.318, n = 14; AE,
P =0.6675, n = 13; Figure 3C), while the AEM mice still spent more
time on the new object as WT mice did (novel vs familiar object: EM,
P =0.0037,n=12; WT, P = 0.0294, n = 11 Figure 3C).

In the Barnes maze test, our results showed that AM, AE, and
EM mice spent less time finding the escape box compared with
AD mice throughout the 6 test days (treatment interaction: F(4,
366) = 18.41, P < 0.0001). It is interesting that EM mice exhibited
a shorter latency to locate the escape box from the first day of the
test, and this latency decreased more rapidly than AE, AM (Multiple
comparisons: AE, P =0.0139, AM, P = 0.0036, in day 1 compared
to EM), which indicates that EM mice may have a greater ability
in learning process. In the last 3 days, the latency of AM and EM
mice became comparable to that of WT mice (Multiple compari-
sons: AM, P =0.9876, EM, P =0.9998, in day 4; AM, P =0.9981,
EM, P =0.9998, in day 5; AE, P = 0.9999, EM, P = 0.9970, in day 6;
compared to WT. Figure 3D).

Thus, the combined treatment produced significant advantages
over MgT or EE monotherapy to rescue cognitive memory and spa-
tial memory in APP/PS1 mice, even when the treatment started when
memory deficits had already occurred and a relatively shorter treat-
ment period was used.

3.4 | The combination therapy (EM) activates the
NMDAR pathway

Environmental enrichment and drug treatment can change the re-
sponse of the central nervous system to external stimuli by adjusting
protein expression levels and modifications.>> The NMDAR sign-
aling pathway has been shown to have a crucial role in cognition.
Environmental stimulation and MgT improved recognition of WT ani-

mals through activation of the NMDAR signaling pathway.14

FIGURE 2 EE-MgT (EM) prevented
synaptic loss in the hippocampi of

AD mice. Mice were sacrificed for
immunofluorescence when they were

22 mos old. A, Representative fluorescence
images of synaptophysin-positive puncta

in the outer molecular layer of the dentate
gyrus (DG). B, Quantitative analysis of
synaptophysin puncta, WT, AD, AE, and
EM, n = 5/group. One-way ANOVA
analysis of effects of various treatments:
F=11.74, P = 0.003; Multiple comparisons:
**P < 0.01, ***P < 0.0001, compared to
AD; # P < 0.05, compared to EM. Data are
expressed as means + SEM. The scale bar
represents 10 um
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FIGURE 3 Short-term EE-MgT (EM) treatment reversed recognition and spatial memory impairment in AD mice. A, Schematic diagram of the
experimental design. EE and/or MgT treatment started at 6 mos of age. Five groups of mice were used: WT (n = 11), AD (n = 16), AM (n = 14),
AE (n = 13), and EM (n = 12). Behavioral testing was performed when the mice were 9 to 10 mos old. B, Short-term (1 h) NORT was performed
when the mice were 9 mos old. C, Same as B, and from the same groups of mice but representing long-term (24 h) NORT performance. Black
bars and gray bars indicate familiar and novel objects, respectively. Recognition index was calculated as percentage of time spent exploring

each object. Paired t tests analysis of percentage of time spent on novel and familiar object, * P < 0.05, ** P < 0.01. D, Latency to find the hidden
escape box during Barnes maze training trials. Two-way ANOVA analysis of the effects of various treatments, F(4, 366) = 18.14, P < 0.0001,*
denotes significant differences between the WT and AD (*P < 0.05, **P < 0.01, ***P < 0.001), and # denotes significant differences between the

EM and AD (#P < 0.05, ##P < 0.01). Data are expressed as means + SEM

To explore further the underlying mechanism of behavioral im-
provement achieved by EM treatment, we compared activities of key
proteins in the NMDAR pathway. To this end, each group of mice was
randomly divided into 2 subgroups at the age of 18 months (Figure 3A).
One subgroup was used to collect baseline phosphorylation levels,
while the other subgroup was exposed to short-term environmental
stimulation (STE) and then analyzed for phosphorylation levels.*

In WT mice, STE significantly elevated phosphorylation levels of
CREB, but it had no effect on CaMKIl phosphorylation (baseline vs
STE, CaMKII, P = 0.4286; CREB, P = 0.0173; Figure 4A). Similar results
were obtained in the AM group (baseline vs STE, CaMKII, P = 0.556;
CREB, P =0.0159; Figure 4C). In AD mice, STE did not enhance
phosphorylation of either CaMKII or CREB (baseline vs STE, CaMKII,
P =0.5368; CREB, P =0.7922; Figure 4B). It is interesting that al-
though EE could reverse memory impairment of AD mice, STE did not

stimulate phosphorylation of either CaMKIl or CREB (baseline vs STE,

CaMKIl, P = 0.329; CREB, P = 0.4286; Figure 4D), which indicates that
other pathways may be involved. It is noteworthy that phosphoryla-
tion levels of CREB and CaMKII in mice treated with EM were signifi-
cantly increased by STE (baseline vs STE, CaMKII, P = 0.0079; CREB,
0.0079; Figure 4E). The above results suggest that although both MgT
and EE can partially improve recognition and memory of AD mice, the
internal mechanism could be diverse. Nonetheless, synergetic effects
of MgT and EE, especially in CaMKII activation, were observed in mice
treated with both MgT and EE.

4 | DISCUSSION

Environmental enrichment has been demonstrated to slow memory
loss associated with AD.*® Human APP and PS1 transgenic mice are

often studied as high-frequency mutations have been found in these
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FIGURE 4 EE-MgT (EM)-enhanced
STE-induced CaMKIl and CREB activation
in the hippocampus of AD mice. A, Left:
Representative Western blots showing
phosphorylation and expression levels

of CaMKIl and CREB in the hippocampi

of WT mice either after home cage basal
conditions (B) or after 24 h of STE (S).
GAPDH expression levels served as loading
controls. Right: Quantitative analysis of
pCaMKIl/CaMKIl and pCREB/CREB ratios.
B, C, D, E, Same A, but representing AD,
AM, AE, and EM mice, respectively.
Two-tailed unpaired t tests, *P < 0.05,

**P < 0.01, baseline vs STE. Mice used
under basal conditions: WT (n = 5), AD
(n=5), AM (n = 6), AE (n = 5), and EM

(n = 5); Mice used in STE: WT (n = 6), AD
(n=6),AM (n = 5), AE (n = 6), and EM

(n = 5). Data are expressed as means + SEM
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2 genes in early-stage or familial patients with AD.3* Using various
behavioral tests, such as a water maze, Barnes maze, and NORT,
EE was proven effective in rescuing brain functions of AD model
animals.2*2%%% |n addition, EE-treated AD11 mice, a mouse model
of sporadic AD, could perform comparably to WT mice in behavio-
ral tests.¢ In our study, without MgT, EE along could rescue memory
deficit of APP/PS1 mice in 1-hours interval test of NORT, whereas did
not show obvious effect when the interval extended to 24 hours. The
results indicate that magnesium can further enhance the beneficial
effects of EE.

Magnesium plays a critical role in the nervous system and the
level was significantly lower in the brains of patients with AD than in
age-matched controls.%” It was found that elevating Mg?* levels in the
brain can improve the memory of both young and aged rats.'® Shortly
thereafter, it was found that MgT significantly improved spatial mem-
ory and recognition in 16-month-old APPswe/PS1 mice.'* Consistent
with former results, we also found that mice fed Mgl demonstrated
better performance in both NORT and Barnes maze tests than un-
treated AD mice.

Paradoxically, magnesium is an NMDAR channel blocker, which
means high Mg2+ level may downregulate NMDAR-dependent sig-
naling, and therefore, induce learning and memory impairment.
Interestingly, it was observed that in physiological condition, slight and
transient elevation of Mg?* concentration (from 0.8 mM as basal to
1.2 mM within 1 hours) in the culture medium of hippocampal neurons
would result in significantly decreased of the amplitudes of NMDA
currents of resting membrane potential. However, when the elevation
of Mg2+ lasted enough long time (neurons were grown under 1.2 mM),
the recorded NMDA currents of resting membrane potential almost
identical to the basal condition. Meanwhile, the amount of NMDA
receptors located in the membrane increased, and the positive mem-
brane potential displayed with much higher amplitude. As a result,
this chronical elevation of Mg2+ enhanced the NMDAR-dependent
signaling.38

Memantine is in a novel class of AD medications that act by block-
ing NMDA receptors.®? Combination of memantine and EE exhibited
higher efficacy than either single treatment in improving the spatial
memory of SAMP8 mice and simultaneously in reducing expression
of APP and formation of NTF in the hippocampus.40 However, me-
mantine is limited in its recommendation for patients who fail other
therapeutic options due to severe side effects, especially before the
onset of this disease.*! In contrast, appropriate elevation of Mg?* in
the brain has not shown any adverse effects,'>** this advantage may
possibly due to both Mg?* and threonate are normally found in the
brain.*?

Synaptic loss is the pathological hallmark of cognitive dysfunc-
tion in AD. Among all cortical areas analyzed, the hippocampus ap-
pears to be the most severely affected region due to loss of synaptic
proteins.*® Synaptophysin is a calcium-binding protein located in
vesicle membranes of presynaptic neurons.** Previous studies have
shown a positive correlation between the number of synaptophysin
puncta and synaptic density.*> Thus, this protein is often used as a
marker for the number of synapses. In our experiment, synaptophysin
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immunoreactivity in AD mice decreased about 35% in the DG region
of the hippocampus compared with WT controls. Consistent with
previous studies, EE treatment alone could prevent synaptic loss
in the DG region. It is even more remarkable that the number of
synaptophysin-positive puncta of mice treated with EM was greater
than that of WT or AE mice. This result indicates that in addition to al-
leviating AD-induced synaptic loss, treatment combining EE and MgT
may contribute to a delay in brain aging.

CaMKIl and CREB are important downstream molecules in the
NMDAR signaling pathway which involved in memory formation and
long-term potentiation (LTP).*”*® Both of these 2 molecules are di-
rectly linked to AD.*>*C Therefore, we examined whether activation
of CaMKIl and CREB could be affected by STE, which is a paradigm to
evoke physiological neuronal input.** STE could induce a much higher
level of CaMKIl phosphorylation than basal controls in mice treated
with EM. In contrast, even though mice from the WT and AM groups
showed superior performance in recognition and memory than AD
mice, the ratio of p-CaMKII/CaMKII did not change. This suggests that
CaMKll activity may not be involved in the mechanism of MgT-induced
memory restoration.

CREB phosphorylation is a crucial step in initiation of learning
and memory-related gene transcription. Phosphorylation of CREB
increased significantly in the hippocampi of WT mice exposed to EE
but not in APPswe/PS1 mice.*® Unsurprisingly, our WT mice showed
greater CREB activation after STE stimulation, whereas AD mice re-
main less sensitive. In our experiment, STE significantly induced
activation of CREB but not CaMKIl in the hippocampi of WT- and EE-
treated mice. This result may explain that compared with CREB, acti-
vation of CaMKIl is more vulnerable to brain changes associated with
aging, and exposure to EE alone could not rescue its activity in aged
AD mice. However, EM significantly increased the activity of CaMKII,
which suggests that EE and MgT function synergistically in NMDAR
signaling and neuronal circuits.

Our results have shown that 3 months of EE treatment may re-
store performance of AD mice in the NORT and Barnes maze test
without affecting CaMKIl or CREB phosphorylation levels. In fact,
a series of studies using multiple methods have suggested that
rescuing memory function is related to modulation of expression
or activity of CaMKIl and/or CREB.?7°%-52 However, in addition to
NMDAR signaling, several other pathways and molecules participate
in EE-induced biochemical changes. Hence, it is possible that mem-
ory improved by EE may exploit other pathways such as enhanc-
ing BDNF-TrkB signaling,®® reducing expression and penetration of
proinflammatory molecules,>* or enhancing mitochondrial functions
for better energy supply.55 Therefore, more research is required to
elucidate the precise mechanism underlying EE-dependent cognitive
improvement.

In conclusion, the present study suggests that Mgl can amplify
therapeutic effects of EE treatment in preventing and reversing neu-
ronal deficits in AD mice. In addition, compared with EE or MgT alone,
EM can facilitate phosphorylation of CaMKIl and CREB after STE.
Thus, our data suggest that combination of EE and MgT may be a novel
therapeutic strategy for AD.
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