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Abstract Alzheimer’s disease (AD) is the most prevalent
type of dementia in elderly people. There are decreased
melatonin levels in the serum of AD patients, and melatonin
supplements are able to reverse AD pathology and memory
deficits in many animal experiments and clinical trials.
However, the underlying mechanism regarding how mela-
tonin rescues the AD-like memory/synaptic disorder
remains unknown. Here, we use the Morris water maze,
step-down inhibitory avoidance task, in vivo long-term po-
tentiation recording, and Golgi staining and report that in-
traperitoneal injection of melatonin (1 mg/kg/day) for
14 days in rats effectively reverses the memory and synaptic
impairment in scopolamine-induced amnesia, a well-
recognized dementia animal model. Using real-time poly-
merase chain reaction and western blotting experiments, we
further determined that melatonin rescues the EPACs/miR-
124/Egr1 signal pathway, which is important in learning and
memory, as reported recently. Our studies provide a novel

underlying epigenetic mechanism for melatonin to attenuate
the synaptic disorder and could benefit drug discovery in
neurodegenerative diseases.
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Introduction

Melatonin is the major hormone secreted by the pineal gland
and is crucial for the regulation of the circadian rhythm. It
plays an important role in antioxidative impairments, pro-
tection of nuclear and mitochondrial DNA, interactions with
the immune system, and other biological functions [1].
Melatonin is important in synaptic plasticity and learning/
memory [2]. Melatonin decreases in the elderly people,
particularly in patients with Alzheimer’s disease (AD). AD
is one of the most common neurodegenerative diseases,
characterized by progressive memory decline [3]. Inhibition
of melatonin biosynthesis induces AD-like spatial memory
deficits and pathological changes in rats, and supplementa-
tion with exogenous melatonin reverses these changes [2].
Melatonin administration increases dendrite maturation and
complexity in new neurons [4] and stimulates dendritogen-
esis in hippocampal organotypic cultures [5]. Melatonin also
preserves dendritic spines in hippocampal CA1 pyramidal
neurons upon exposure to global cerebral ischemia [6] and
preserves basilar dendritic outgrowth of pyramidal cortical
cells exposed to toluene vapors [7]. In addition, supplemen-
tal melatonin alleviates the memory deficits induced by
streptozotocin, calyculin A, and Aβ [8–10]. Thus, melato-
nin might be useful for the treatment of neuropsychological
diseases.
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Memory deficits are the major clinical syndrome of AD,
which is accompanied by neuronal degeneration in the brain,
particularly in the cholinergic system. Scopolamine is a non-
selective muscarinic receptor antagonist and impairs learning
and memory by blocking cholinergic signaling. It has been
used as a pharmacological tool to model AD-related cognitive
decline by addressing the aspect of cholinergic system dys-
function. Scopolamine-treated rats display reduced alternation
and exploratory behavior, and impaired spatial learning/mem-
ory. Many drugs that are used for dementia therapy have been
screened using this model. Although it has been reported that
melatonin can arrest cholinergic activity and reverse the am-
nesia induced by scopolamine [11], direct evidence for a role
of melatonin in synaptic disorders and its underlying mecha-
nism are still missing.

MicroRNA (miRNA) is a short ribonucleic acid molecule
that is nonencoding RNA but is widely distributed in eu-
karyotic cells. miRNA plays an important role in the normal
function of synapses, and dysfunctional miRNA is associ-
ated with synaptic disorders [12]. In a whole genome ex-
pression screen, there are many miRNAs identified that
could be regulated by melatonin in cancer [13]. Most of
these have been reported to be crucial for synaptic plasticity,
but a direct link of melatonin on miRNA expression in the
brain has not been shown.

Here, we demonstrate that melatonin can attenuate
scopolamine-induced synaptic disorder in rats. We also
found that melatonin can activate the EPACs/miR-124/
Egr1 signaling pathway and rescue the expression of syn-
aptic proteins and the impairment of dendritic spines.

Materials and Methods

Reagents

The primary antibodies employed in this study and their
properties are listed in Table 1. Scopolamine and melatonin
were purchased from Sigma Chemical Co. (St. Louis, MO,
USA).

Animals and Drug Administration

Male Sprague Dawley rats (grade II, male, 200–250 g,
4 months old) were supplied by the Experimental Animal
Center of Tongji Medical College. All animal experiments
were performed according to the “Policies on the Use of
Animals and Humans in Neuroscience Research.” All rats
were housed in an air-conditioned room (22 ±2 °C, 12 h
light and 12 h dark; lights on at 06:00 am) with free access
to food and water.

Scopolamine (sco) and melatonin (mel) were dissolved in
3 % dimethylsulfoxide before injection. Forty rats were

randomly divided into four groups (con, sco, s+m, and
mel; n010 for each group). The rats were treated with
scopolamine (1 mg/kg/day) or saline in the same volume
with or without a simultaneous supplement of melatonin
(1 mg/kg/day) for 14 consecutive days through intraperito-
neal injection. The scopolamine injection was carried out
30 min before behavior training, and the melatonin injection
was carried out at 6:00 pm. Animals were sacrificed 24 h
after the final injection.

Morris Water Maze Test

Morris water maze test was used to measure the spatial learn-
ing and memory ability of rats [14, 15]. Briefly, the rats were
trained for six consecutive days to find a transparent platform
hidden 1 cm under water through using a stationary array of
cues outside the pool. A digital tracking device connected to a
computer was used to record the swimming pathway and
escape latency. On the seventh day, the swimming pathway
and escape latency of rats to reach the hidden platform were
examined. On the ninth day, the percent time spent in the
target quadrant and the number of platform quadrant crosses
were tested with removed platform.

Step-Down Inhibitory Avoidance Task

A 30×30×30-cm electronic avoidance-response chamber
consists of Plexiglas on its three sides and black plastic on
the fourth side. A series of parallel stainless steel bars
(0.5 cm in diameter, spacing 1 cm apart) were equipped at
the bottom of the chamber. An insulated platform, 5 cm high
and 5 cm in diameter, was placed at a corner to provide a
shelter for the rats. Before tests, the rats were trained three
times from 2:00 pm to 5:00 pm. During training sessions,
the rats were placed on the platform and would receive a
0.5-s, 1-Hz, 36-V DC electronic foot shock immediately
after stepping down. The rats were then tested twice, 2 and
24 h after the training. In test sessions, step-down latencies
and errors (placing their all four paws onto the grid) within
3 min were used as measurements of retention.

Golgi Staining

The rats were anesthetized by chloral hydrate and perfused
with 400 mL normal saline containing 0.5 % sodium nitrite,
followed by 400 mL 4 % formaldehyde solution. The brains
were further perfused with 400 mL dying solution made of
5 % chloral hydrate, 5 % potassium dichromate, and 4 %
formaldehyde. The brains were then incubated in dying
solution for 3 days in the dark and transferred to silver
solution containing 1 % silver nitrate for 3 days in the dark;
30-μm brain sections of hippocampal tissue were cut using a
vibrate microtome (Leica, Wetzlar, Germany).
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Western Blotting

Hippocampi removed from brain were homogenized in a
buffer containing Tris–Cl (pH 7.6) 10 mmol/L, Na3VO4

1 mmol/L, NaF 50 mmol/L, benzamidine 1 mmol/L, edetic
acid 1 mmol/L, and PMSF 1 mmol/L. Three volumes of the
homogenized tissue were added to one volume of an extract-
ing buffer containing Tris–Cl (pH 7.6) 200 mmol/L, 8 %
sodium dodecyl sulfate (SDS), and 40 % glycerol, and
extracts were boiled in a water bath for 10 min. The lysates
were sonicated briefly and centrifuged at 12,000×g for 5 min.
Protein concentration of the supernatants was measured by the
bicinchoninic acid Protein Assay Kit (Pierce, Rockford, IL,
USA). The proteins were separated by SDS–polyacrylamide
gel electrophoresis (10 % gel) and transferred to a nitrocellu-
lose membrane. After blocking in 3 % nonfat milk for 1 h at
25 °C, the membranes were incubated with primary antibodies
at 4 °C overnight. The blots were then incubated with anti-
mouse or anti-rabbit IgG conjugated to IRDye™ (800CW) for
1 h at 25 °C and visualized with the Odyssey Infrared Imaging
System (LI-COR Biosciences, Lincoln, NE, USA).

Immunohistochemistry

The rats were anesthetized and sacrificed by overdose of
chloral hydrate and immediately perfused with 400 mL nor-
mal saline, and then with 400 mL 4 % paraformaldehyde
solution. The brains were dissected and postfixed for another
24 h at 4 °C. The fixed brains were sliced coronally at 25 μm
using a vibrate microtome (Leica). For a primary antibody,
three to five consecutive sections from each brain were used.
The sections were further incubated with biotin-labeled sec-
ondary antibodies for 1 h at 37 °C and visualized with 3,3′-
diaminobenzidine (Sigma Chemical Co.) as brown in color.
The images were observed using a microscope (Olympus
BX60, Tokyo, Japan) and quantitatively analyzed by Image-
Pro Plus software (Media Cybernetics, Carlsbad, CA, USA).

Long-Term Potentiation Measurement

The rats were anesthetized using urethane (1.2 g/kg) and
placed on the stereotaxic instrument (Narishige, Tokyo,

Japan). The body temperature of the rats was maintained
at 37 °C in a bath circulator. After the skull was exposed, a
small hole was made at the appropriate coordinates to enable
vertical penetration through the stimulating and recording
electrodes. The stimulating electrode was placed in the area
of perforant path at coordinates of anteroposterior (AP) −6.9
to −7.1 mm, mediolateral (ML) ±4.4 to ±4.6 mm, and
dorsoventral (DV) −3.4 to −3.6 mm according to the rat
brain atlas, and the recording electrode was placed in CA3 at
coordinates of AP −3.4 to −3.6 mm, ML ±3.4 to ±3.6 mm,
and DV −3.2 to −3.4 mm. For each measurement, a stable
baseline (±10 % change) for at least 20 min was required
before high-frequency stimulation (HFS). Long-term poten-
tiation (LTP) was elicited using HFS consisting of four
trains of 50 pulses delivered at 200 Hz with a 2-s intertrain
interval. LTP was analyzed by the measurement of excitato-
ry postsynaptic potential and population spike [16].

Real-Time Quantitative PCR

Total RNA was isolated using TRIzol reagents according to
the instructions (Invitrogen, Carlsbad, CA, USA) and
reverse-transcribed to cDNA using reverse transcription
reagents kit (Takara, Dalian, China). Poly(A) was added to
microRNAs and reverse-transcribed to cDNA using All-in-
One reverse transcription kit (GeneCopoeia, MD, USA).
Fifty nanograms of cDNA was used for real-time PCR.
Primers for EPAC1, EPAC2, RagA, and β-actin were listed
in Table 2. Primer for rno-miR-124 and U6 were purchased
from GeneCopoeia. The PCR cycle was as follows: 95 °C/
30 s, 40 cycles of 95 °C/5 s, 60 °C/30 s, and 72 °C/30 s, and
the melt-curve analysis was performed following each ex-
periment. The amplification and analysis were performed
using a StepOnePlus Real-Time PCR Detection System
(Life Technologies, NY, USA). Samples were compared
using the relative CT method.

Statistical Analysis

All results were expressed as means ± SE and were analyzed
using SPSS 16.0 statistical software (SPSS, Chicago, IL,
USA) by one-way ANOVA followed by a least significant

Table 1 Summary of commer-
cial antibodies used

mAb monoclonal, pAb polyclon-
al, WB western blot, IHC
immunohistochemistry

Name Catalog no. Source mAb/pAb Dilution

PSD95 #2507 Cell Signaling pAb 1:1,000 for WB

Synaptophysin s-5768 Sigma mAb 1:200 for IHC

EPAC1 #4155 Cell Signaling mAb 1:1,000 for WB

EPAC2 #4156 Cell Signaling mAb 1:1,000 for WB

Egr1 MA5-15008 Piece pAb 1:500 for WB

β-Actin ab6276 Abcam mAb 1:1,000 for WB
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difference post hoc test. A level of P<0.05 was accepted as
statistically significant.

Results

Melatonin Arrests Scopolamine-Induced Memory Deficits

To explore whether melatonin could reverse scopolamine-
induced spatial memory impairments, we used the Morris
water maze. We first evaluated learning ability by training
the rats with a hidden platform. We found that scopolamine-
treated rats display a prolonged latency to find the platform
and melatonin supplements shorten the latency (Fig. 1b, c).
On the seventh day, the scopolamine-treated rats took a
tortuous swimming path to the platform but rats given a
melatonin supplement took a linear path to the platform
(Fig. 1a). We removed the platform on the ninth day and
allowed the rats to swim freely. We observed fewer crossing
times and less time spent in the target quadrant in the
scopolamine-treated rats (Fig. 1d, e), indicating that scopol-
amine induced severe memory deficits, as previously
reported. However, simultaneous melatonin supplement ef-
fectively restored the memory deficits (Fig. 1d, e).

We also used the step-down inhibitory avoidance task to
examine whether melatonin could reverse the scopolamine-
induced fear-motivated memory impairment. We found that
scopolamine injection dramatically decreased the step-down
latency and increased the number of errors at 2 and 24 h
after training, suggesting severe deficits in both short-term
memory and long-term memory. In addition, we found that
supplemental melatonin arrests the latency and reduces the
number of errors, indicating a recovery of memory capacity
in these rats (Fig. 1f, g). These data strongly suggested that
melatonin supplementation could restore the memory defi-
cits induced by scopolamine.

Melatonin Attenuates Scopolamine-Induced Synaptic
Disorder

Synaptic plasticity is the basis of learning and memory. There-
fore, we examined synaptic transmission using LTP recordings
as described previously [16]. We found that in scopolamine-
treated rats, the amplitude and slope of field excitatory post-
synaptic potential (fEPSP) increased approximately 1.2- and

1.3-fold, respectively; this wasmuch lower than the increase in
vehicle-treated rats. Concomitant supplement of melatonin
restored the amplitude and slope of fEPSP (Fig. 2). These data
suggested that melatonin could effectively reverse the synaptic
transmission deficits induced by scopolamine.

We also examined alteration of dendritic spines, the most
important postsynaptic compartment that is crucial for syn-
aptic strength [17]. Using a well-established Golgi staining
method, we found that scopolamine injection decreased the
density of spines and the percentage of mushroom-type
spines in CA1 neurons but melatonin supplementation re-
covered the dendritic spine deficits (Fig. 3a–c). These data
suggested that melatonin may attenuate the spine impair-
ment induced by scopolamine.

Normal synaptic function relies on the stable expression
of synaptic proteins, such as PSD95, in the postsynapse and
synaptophysin in the presynapse. Therefore, we evaluated
the expression of PSD95 and synaptophysin by using west-
ern blotting and immunohistochemistry. We found that sco-
polamine dramatically suppresses PSD95 expression and
synaptophysin staining in the hippocampus, and melatonin
completely reverses these effects (Fig. 3d, e). These data
suggested that melatonin supplementation could reverse
scopolamine-induced synaptic disorder.

Melatonin Activates the EPACs/miR-124/Egr1 Pathway
to Rescue Scopolamine-Induced Memory Deficits

In a genomic array analysis in the scopolamine-injected hip-
pocampus, the mRNA levels of Ras-like GTPase superfamily
proteins, including cAMP-regulated guanine nucleotide ex-
change factor I (also known as EPAC1) and Ras-related GTP-
binding protein (RagA), changed significantly [18]. Because
signals mediated by these proteins are crucial for memory
formation and synaptic plasticity, it suggested the possible
involvement of these proteins in scopolamine-induced mem-
ory deficits. Melatonin also affects the expression of cAMP-
related proteins [19]; therefore, we proposed that melatonin
might activate cAMP-related proteins and rescue the memory/
synaptic disorder induced by scopolamine.

To test this hypothesis, we first employed real-time PCR
to examine the mRNA levels of EPACs (EPAC1 and
EPAC2) and RagA, which were altered in the previous
reports [18]. We found that EPAC1 and EPAC2 decreased
to ~0.61- and ~0.28-fold, respectively, in scopolamine-

Table 2 Summary of primers
used Name Forward Reverse

EPAC1 5′-TGGTGCTGAAGAGAATGCAC-3′ 5′-TCCAGGCTCACTCTGAAGTC-3′

EPAC2 5′-ACCATCCGAGTGCCTGTAGCC-3′ 5′-GCAGGCAAACAGGCGTCCA-3′

RagA 5′-GTCCAGCATCGTCTATCAG-3′ 5′-GAACAGCAGAACTTCATCAG-3′

β-Actin 5′-GGAGATTACTGCCCTGGCTCCT-3′ 5′-GACTCATCGTACTCCTGCTTGCT-3′
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treated rats compared to vehicle-treated rats. After melato-
nin supplementation, EPAC1 and EPAC2 recovered to
~0.86- and ~0.92-fold, respectively. Interestingly, melatonin
alone did not affect the EPAC1 and EPAC2 mRNA levels.
We also found similar alterations in EPAC protein expres-
sion by using immunoblot analyses (Fig. 4c, d). In addition,
RagA mRNA decreased to ~0.72-fold after scopolamine
was administered but there was no rescue with the addition
of melatonin. These data suggested that EPACs, but not
RagA, might be involved in the memory prevention effects
of melatonin.

In our recent report, we identified that aberrant reg-
ulation of miR-124 and Egr1 translation mediates the
learning and memory deficits that result from a lack of

EPACs [20]. We further explored whether this signaling
pathway is involved in the effects of melatonin on
scopolamine-induced memory deficits. Using real-time
PCR, we found that miR-124 levels increased signifi-
cantly in scopolamine-treated rats and supplemental mel-
atonin completely suppressed the increase (Fig. 4b). In
further experiments, we confirmed that the substrate of
miR-124, Egr1 (an immediate early gene), decreased
dramatically after scopolamine treatment. Again, supple-
mental melatonin successfully restored the downregu-
lated Egr1 protein level (Fig. 4c, d). Thus, our results
strongly suggest that melatonin attenuates scopolamine-
induced memory/synaptic disorder by rescuing the
EPACs/miR-124/Egr1 pathway.

Fig. 1 Melatonin arrests
scopolamine-induced memory
deficits. a The path to find the
platform on the seventh day in
Morris water maze. b The es-
cape latency to find the hidden
platform from the first day to
the sixth day. c The escape la-
tency to find the hidden plat-
form on the seventh day. d The
time spent in the target quadrant
on the ninth day. e The number
to cross the target quadrant on
the ninth day. f The step-down
latency to land on the bottom of
the chamber, 2 and 24 h after
training, respectively. g The
number to land on the bottom of
the chamber, 2 and 24 h after
training, respectively. con con-
trol group, sco scopolamine-
treated group, s+m scopol-
amine plus melatonin-treated
group, mel melatonin-treated
group. *P<0.05, **P<0.01,
compared with con; #P<0.05,
##P<0.01, compared with sco
group
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Discussion

Understanding the mechanisms that underlie memory defi-
cits will benefit drug discovery for many neurological dis-
eases. Scopolamine-induced memory impairment is a well-
established, short duration amnesia model that represents
dementia and can be used for drug screening [21]. Many
studies including two microarray analyses have been under-
taken to determine the signaling pathways mediating mem-
ory dysfunction after scopolamine treatment [18, 22]. On
the basis of these data, many important molecules have been
suggested to be affected by scopolamine in the hippocam-
pus, including some cAMP-related proteins such as EPACs,

RagA, as well as the immediate response gene Egr1. Here,
we report that scopolamine decreased the level of EPACs
and suppressed Egr1 expression, which in turn caused mem-
ory impairment.

As a new alternative cAMP target, EPACs are crucial for
many cAMP actions including insulin secretion, cardiac
contraction, and vascular permeability. EPACs are widely
distributed in the brain, including the hippocampus, and
their role in memory has been recently revealed by genetic
deletion mutant studies or pharmacological regulation [23].
EPAC null mice display severe deficits in synaptic plasticity,
spatial memory, and social interactions. Injection of an
EPAC activator to the hippocampus improves contextual

Fig. 2 Melatonin reverses
scopolamine-induced synaptic
transmission deficits. a The
representative traces of the
evoked potential before (pre,
dashed line) and after (post,
solid line) high-frequency stim-
ulation (HFS). b Normalized
population spike (PS) ampli-
tude. c Normalized excitatory
postsynaptic potential (EPSP)
slope

Fig. 3 Melatonin attenuates scopolamine-induced synaptic disorder.
a–c Golgi staining was used to evaluate the changes of dendritic
spines. Representative photomicrographs (a) were chosen from three
independent experiments, bar01 μm, and the amplified images were
chosen as indicated by black rectangles. Quantification of dendritic

spine density (b) and the ratio of mushroom-type spine (c) were
performed by NIH ImageJ software. d Immunohistochemistry of pre-
synaptic synaptophysin. e Western blot of postsynaptic PSD95 and
quantification of synaptophysin and PSD95. *P<0.05, **P<0.01,
compared with con; #P<0.05, ##P<0.01, compared with sco group
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fear memory retrieval ([24]; Ouyang et al. [25]). EPAC-
mediated signaling enhances the formation of long-term
memory in the hippocampus independent of protein kinase
A [26], suggesting it has a critical role in memory formation.
Using electrophysiological recordings, it has been shown
that EPAC activation enhanced LTP [27] whereas EPAC−/−
neurons exhibit LTP impairments [20]. In another study,
EPACs induced long-term depression in hippocampal CA1
excitatory synapses in a p38MAPK-, Ca2+-, and protein
synthesis-dependent manner [28]. EPACs are also enriched
in the synaptic compartment, indicating a role in synaptic
plasticity. The EPAC activator 8-pCPT-2′-O-Me-cAMP
[ESCA (1)] enhances neurotransmitter release in excitatory
central synapses [29]. In addition, EPAC2 plays an impor-
tant role in synaptic remodeling and spine structure [30].
The well-known downstream effector of EPACs is Rap1
[31]. In our recent publication, we demonstrated that Rap1
acts as the downstream factor of EPACs and physically
restricts miR-124 transcription by inhibiting its upstream
regulatory element [20]. This further extends our under-
standing of EPACs signaling in memory formation and
epigenetic regulation. In HEK-293 cells stably expressing
the M3 muscarinic acetylcholine receptor, EPAC activation
is essential for multiple cellular functions mediated by Ras-
related GTPase R-Ras activation, implying an intrinsic link
of cholinergic function with EPACs physiologically [32]. In
this study, we found that although EPACs and RagA are
downregulated in the scopolamine-treated hippocampus,
only EPACs are restored by melatonin. This result suggests
that loss of function of EPACs plays an important role in
cholinergic system dysfunction-induced memory deficits.

miRNAs are small noncoding RNAs that act as posttran-
scriptional regulators of gene expression and are important
for synapse development and plasticity [12]. miR-124 is a

brain-enriched miRNA that promotes neuronal differentia-
tion [33]. In EPACs null mutant, miR-124 is upregulated
and silences Egr1 expression. We also found that in
scopolamine-treated rats, EPACs/miR-124/Egr1 signaling
was damaged but it could be retrieved by melatonin. The
role of miRNAs in memory, synapse, and circadian rhythm
has been well elucidated. miR-124 is also abundant in the
pineal gland and targets Mat2a, an enzyme for the Asmt-
catalyzed O-methylation of N-acetylserotonin to form mel-
atonin [34]. A previous report suggested melatonin expo-
sure of a human breast cell line caused alterations of
multiple miRNAs but without miR-124 [13]. We found that
melatonin could downregulate miR-124 level by promoting
EPAC expression, indicating a novel regulatory approach by
this hormone in the nervous system. We propose this dis-
crepancy may due to a different expression profile of miR-
124 in different cell types.

As a free-radical scavenger, melatonin has been sug-
gested to be neuroprotective in the central nervous system.
It reduces reactive oxygen species production induced by
chronical β-amyloid injection in the mice hippocampus
[35], restores mitochondrial dysfunction and neuronal death
induced by toxic PrP (106–126) peptide [36], and attenuates
gray and white matter damage in a mouse model of transient
focal cerebral ischemia [37]. Thus, melatonin has been
recommended in the therapy of multiple neural diseases,
including Alzheimer’s disease and Parkinson’s disease.
These diseases are characterized by memory impairments,
and melatonin supplements benefit memory recovery. For
example, decreased melatonin in the serum and cerebrospi-
nal fluid was found in AD patients and the cognitive func-
tion of these patients was improved after melatonin
supplementation [38, 39]. In this study, we demonstrate that
melatonin restores synaptic plasticity, as well as memory,

Fig. 4 a Melatonin activates
the EPACs/miR-124/Egr1
pathway. Relative quantity of
EPAC1, EPAC2, and RagA by
real-time PCR. b Relative
quantity of miR-124 by real-
time PCR. c, d Protein levels of
EPAC1, EPAC2, and Egr1 be-
tween groups were measured by
western blot (c) and quantitative
analysis (d). *P<0.05, **P<
0.01, compared with con; #P<
0.05, ##P<0.01, compared with
sco group
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which are damaged by scopolamine. We firstly reported that
melatonin supplement rescued spinopathy induced by scopol-
amine, consistent with a pervious study regarding melatonin
in dendrite formation and complexity in the hilus region of
organotypic hippocampal slice cultures [5]. Melatonin also
increased the expression PSD95, a member of the PSD sub-
family of the membrane-associated guanylate kinase proteins
that interact with N-methyl-D-aspartate and 2-amino-3-(3-hy-
droxy-5-methyl-isoxazol-4-yl) propanoic acid receptors to
regulate their membrane localization and neuronal signaling
in the dendritic spine that contains postsynaptic compartment.
Combined with the rescue effect of LTP, we hypothesize that
melatonin administration will be a useful approach to reverse
the synaptic disorder in neurological diseases. It is interesting
that melatonin almost completely restored the levels of
EPAC1, EPAC2, and Egr1, and of PSD 95 and synaptophysin
and the dendritic spines but only partially rescues the disorder
of synaptic plasticity induced by scopolamine. We presume
that other mechanisms that are important to the activity-
dependent synaptic plasticity, such as activity-dependent ves-
icle release in the presynaptic loci or the traffic of glutamate
receptors in the postsynaptic compartment [40, 41], may be
involved in the effect of melatonin, because the expression of
those synaptic proteins represents the normal synaptic struc-
ture, which is the basis for synaptic transmission. A further
separated study will be performed for this issue.

In conclusion, we found that melatonin supplementation
reverses EPACs/miR-124/Egr1 signaling and rescues the syn-
aptic disorder and memory deficit induced by scopolamine.
This will provide a new therapeutic approach for the treatment
of neurological diseases with memory impairments.
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