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Abstract
Alzheimer’s disease (AD) is characterized by progressive synaptic dysfunction, deterioration of neuronal transmission, and 
consequently neuronal death. Although there is no treatment for AD, exposure to enriched environment (EE) in mice, as 
well as physical and mental activity in human subjects have been shown to have a protective effect by slowing the disease’s 
progression and reducing AD-like cognitive impairment. However, the molecular mechanism of this mitigating effect is 
still not understood. One of the mechanisms that has recently been shown to be involved in neuronal degeneration is  
microRNAs (miRNAs) regulation, which act as a post-transcriptional regulators of gene expression. miR-128 has been shown 
to be significantly altered in individuals with AD and in mice following exposure to EE. Here, we focused on elucidating 
the possible role of miR-128 in AD pathology and found that miR-128 regulates the expression of two proteins essential 
for synaptic transmission, SNAP-25, and synaptotagmin1 (Syt1). Clinically relevant, in 5xFAD mouse model for AD, this 
miRNA’s expression was found as downregulated, resembling the alteration found in the hippocampi of individuals with 
AD. Interestingly, exposing WT mice to EE also resulted in downregulation of miR-128 expression levels, although EE and 
AD conditions demonstrate opposing effects on neuronal functioning and synaptic plasticity. We also found that miR-128 
expression downregulation in primary hippocampal cultures from 5xFAD mice results in increased neuronal network activ-
ity and neuronal excitability. Altogether, our findings place miR-128 as a synaptic player that may contribute to synaptic 
functioning and plasticity through regulation of synaptic protein expression and function.
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Introduction

Alzheimer’s disease (AD) is the most common form of 
dementia in the elderly and is characterized by progressive 
cognitive deterioration. AD patients suffer from the impaired 
ability to form and retrieve memories, deficits in the retrieval 
of semantic and episodic memories, spatial orientation, and 

difficulties in language and interpersonal communication 
(Irvine et al. 2012; Mayeux and Stern 2012). AD pathology 
is associated with Aβ plaques, tau tangle formation, and cell 
death in the brain (Terry 2006; Selkoe 2008). These devas-
tating processes are associated with loss of synapses (Selkoe 
2008), alterations in synaptic plasticity, and neuronal death 
that occur in several brain areas including the hippocampus 
and entorhinal cortex, which are the first to be affected in 
AD (Masliah et al. 2006; Terry 2006). Furthermore, there is 
a variety of studies that describe reduced synaptic transmis-
sion and decreased synaptic plasticity that worsen with pro-
gression of AD pathology (Trinchese et al. 2004; Shankar 
et al. 2009; Marchetti and Marie 2011; Menkes-Caspi et al. 
2015).

While neurodegenerative diseases interrupt normal neu-
ronal functioning and deteriorate cognition, enriched envi-
ronment (EE) has an opposite effect on synaptic plasticity, 
neuronal transmission, neuronal viability, and cognitive 
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condition. In humans, individuals who continue to be involved 
in intellectually stimulating activities maintain higher and pro-
longed intellectual abilities (Schaie 1993; Eskes et al. 2010), 
while those with good physical fitness showed improved 
memory in old age (Chodzko-Zajko et al. 1992).

The effect of EE on AD progression and pathology has 
been tested in various transgenic mice models of AD and 
in many cases has been found to have a positive effect on 
cellular and molecular aspects of the pathology and also 
on cognition represented by a variety of behavioral tests 
(Wolf et al. 2006; Costa et al. 2007; Cracchiolo et al. 2007; 
Beauquis et al. 2013; Balthazar et al. 2018).

Studies of the effect of exposure to EE in rodents revealed 
changes in expression of many genes that can be linked to neu-
ronal structure, synaptic plasticity, and transmission (Rampon 
et al. 2000; Frick and Fernandez 2003; Dandi et al. 2018). 
For example, substantial changes in the expression levels of 
synaptic proteins, such as the pre-synaptic vesicle protein 
synaptophysin and postsynaptic density-95 protein (PSD-95) 
following EE in mice, were presented (Nithianantharajah et al. 
2004; Lambert et al. 2005; Liu et al. 2012; Barak et al. 2013; 
Dandi et al. 2018).

The regulation of these changes at the molecular level 
and the interplay between these changes and microR-
NAs′ (miRNAs) regulation have received less consideration. 
As detailed below, miRNAs act as master regulators of sev-
eral pathways and have been shown to play a role in several 
neurodegenerative diseases. In a previous study (Barak et al. 
2013), we studied the impact of EE on miRNAs expression 
in the context of AD pathology. In that study, we performed 
a comparison between miRNAs that are deregulated in a 
3xTg-AD mouse model and those that are altered in mice 
that were exposed to EE. We found 22 miRNAs inversely 
regulated in these two groups and suggested that these miR-
NAs might be involved in the mitigating effect that EE has 
on AD pathology (Barak et al. 2013).

miRNAs are small non-coding RNAs averaging 22 
nucleotides in length, which play a role in a central post-
transcriptional regulatory mechanism for gene expression. 
These RNAs bind the 3′ untranslated region (3′UTR) of 
mRNA transcripts and facilitate its degradation or inhibit 
its translation (Bartel 2004; Bushati and Cohen 2008; 
Shomron et al. 2009; Shomron and Levy 2009). miRNAs 
are prominent regulators of genes expressed in the brain 
and are involved in nervous system development, physiol-
ogy, and disease (Bushati and Cohen 2008). Accumulating 
evidence indicates that miRNAs play a critical role in the 
regulation of synaptic activity and plasticity by transla-
tional regulation of pre-existing mRNAs in the synapses 
(Schaefer et al. 2007; Kim et al. 2007; Davis et al. 2008). 
Furthermore, it has been found that miRNAs also appear 
to have a fundamental role in various central nervous 

system (CNS) physio-pathological conditions (Wang et al. 
2011; Mouillet-Richard et al. 2012; McNeill et al. 2012; 
Hu et al. 2017).

miRNAs might contribute to AD’s pathogenesis by 
altering the expression of proteins that influence synaptic 
plasticity and neuronal transmission or affect cell survival. 
Several miRNAs that are linked to synaptic plasticity and/
or cell survival have been detected as deregulated with 
the progression of AD in human brains and mouse mod-
els (Zovoilis et al. 2011; Wong et al. 2013; Improta-Caria 
et al. 2020; Vergallo et al. 2021). The Lau et al. (2013) 
study built a miRNA profile on a large cohort of AD 
human brains and control group samples. One of the prom-
inent miRNAs in this study is miR-128, the second most 
significantly deregulated miRNA in human AD patients’ 
hippocampus. This miRNA was also found in our previ-
ous study as being significantly downregulated following 
exposure of C57BL/6 J mice to EE (Barak et al. 2013).

miR-128 is one of the most abundant and highly enriched 
miRNAs in the adult human and mouse brain (Shao et al. 
2010; He et al. 2012). Moreover, expression of miR-128 
is the highest in the human brain among the other tissues 
(Ludwig et al. 2016). miR-128 expression across all brain 
regions suggests that this miRNA has an important role in 
processes that are common to many neuronal cell types 
(Ludwig et al. 2016). Several indications connect miR-128 
to neuronal functioning and plasticity. For instance, miR-128 
downregulation has been shown to increase cultured cortical 
network excitability (McSweeney et al. 2016). Moreover, 
miR-128 has been shown to be involved in regulating motor 
activity through the regulation of neuronal excitability, and 
that deficiency of miR-128 in mice resulted in fatal seizures 
(Tan et al. 2013). Another work presented that miR-128 is 
essential for fear extinction learning by regulating several 
genes related to neural plasticity (Lin et al. 2011).

The significant change of miR-128 in AD brains and fol-
lowing EE, together with the indications of its involvement 
in neuronal plasticity related functions, brought us to investi-
gate how miR-128 affects synaptic proteins and transmission 
in an AD mouse model.

Materials and Methods

Experimented Animals

All experimental procedures were approved by the Tel Aviv 
University Animal Care Committee (approval 04–17-026), 
in accordance with the regulations and guidelines of Israel 
National Institute of Health and the US NIH Guidelines for 
the Care and Use of Laboratory Animals.
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5xFAD Model

The 5xFAD model is one of the most early-onset and aggres-
sive amyloid mouse models for AD. It expresses five FAD 
mutations: human APP with the Swedish (KM670/671NL), 
Florida (I716V), and London (V717I) mutations, together with 
mutant presenilin 1 (M146L and L286V) mutations under the 
control of the murine Thy-1 promotor (Oakly et al. 2006; Ohno 
et al. 2006).

While the majority of AD transgenic mice form Aβ plaques 
at ages of 6–12 months or later (Eriksen and Janus 2007), 
5xFAD mice start to develop amyloid deposition and gliosis 
at 2 months and reach a very large burden, especially in the 
subiculum and deep cortical layers. Intraneuronal Aβ42 accu-
mulates in the 5xFAD brain starting already at 1.5 months of 
age (before plaques form) and is aggregated within neuron 
soma and neurites (Oakley et al. 2006). Aβ deposition first 
emerges in the subiculum of the hippocampal area and layer 5 
of the cortex and increases rapidly with age, spreading to fill 
wide areas of the hippocampus and cortex in 5xFAD mice by 
the age of 6 months. In contrast to other APP models, where 
there is no observed neuronal loss, 5xFAD mice develop a 
severe Aβ deposition with marked synaptic degeneration and 
neuron loss already by the age of 9 months (Oakley et al. 2006; 
Ohno et al. 2007).

Enriched Environment Paradigm

The EE paradigm we used in this study was self-defined by 
our lab, taking into consideration that the goal of EE is to 
provide animals with opportunities to express their full range 
of species-typical behavioral patterns and a certain degree of 
control over their environment. Our paradigm was designed 
to avoid aggressive competition between animals and to 
avoid super-enrichment and stress (Barak et al. 2013). In our 
enrichment cages, we included running wheels that enable 
exercise which stimulates neurogenesis (Vivar et al. 2012). In 
our research, 7-month-old 5xFAD female mice (n = 5 5xEE 
group and n = 5 5x-control group) and female 7-month-old 
WT littermates (n = 5 wtEE group and n = 4 wt-control group) 
mice were exposed to EE or a regular environment for 42 days 
(8 weeks). The EE cages were equipped with two running 
wheels for spontaneous exercise. Every 10 days, the bedding 
and nesting material, a house, and toys were changed. The 
control group of mice was housed in smaller, regular cages 
without running wheels, toys, or any stimulating objects, with 
5–6 mice per cage, as in the EE group.

RNA Extraction

For the miRNA profiling by TaqMan low-density arrays, the 
total RNA was extracted from the whole hippocampi of mice 
using TRIzol reagent (Invitrogen, USA).

For miRNA levels quantification by qRT-PCR, the total 
RNA was extracted from the whole hippocampi of mice 
using mirVana™ PARIS™ RNA Kit. The final RNA con-
centration and purity were measured using a NanoDrop 
ND-1000 spectrophotometer (NanoDrop Technologies, 
Thermo Scientific, USA).

Quantitative RT‑PCR

For qRT-PCR analysis of mature miR-128, 2.5 µl of 4 ng/
µl total RNA were used for the synthesis of the first-strand 
cDNA using a MultiScribe reverse transcriptase reaction 
with the High Capacity cDNA kit (Applied Biosystems, 
USA) and TaqMan MicroRNA Assay RT primer (Applied 
Biosystems) for each miRNA.

Mixtures containing cDNA, RNase-free water, and 
TaqMan MiRNA Assay Real-Time probe (Applied Biosys-
tems) for each miRNA were loaded on a 96-well plate.

The PCR amplification reaction was carried out using 
Applied Biosystems 7300 Fast Real-Time PCR System 
under the following thermal cycler conditions: 2 min at 
50 °C, 20 s at 95 °C, 40 cycles of (3 s at 95 °C and 30s at 
60 °C).

The expression of tested mature miRNAs was normalized 
to the expression of U6 snRNA, and the relative quantifica-
tion method,  2−∆∆Ct, was used to calculate the expression 
relatively to the mean of the U6 snRNA.

Immunofluorescence Staining

The brain hemispheres were fixed overnight with 4% para-
formaldehyde in 0.1 M phosphate buffer (pH 7.4) and then 
placed in 30% sucrose for 48 h. Thirty micrometer coronal 
sections were prepared by cutting the frozen hemispheres on 
a sliding microtome. The slices were serially collected and 
stored in cryoprotectant (containing glycerin, ethylene gly-
col, and 0.1 M sodium phosphate buffer, pH 7.4) at − 20 °C 
until use. For staining, free-floating coronal sections were 
washed in PBS to remove any remnants of the cryoprotectant 
solution. For better antigen retrieval in Aβ staining, before 
blocking, the slices were incubated for 6 min in 70% for-
mic acid and washed in PBS. Sections were blocked with 
20% normal goat serum (Vector Laboratories, Burlingame, 
CA, USA) with 0.1% Triton X-100 for 2 h at RT. Then, the 
sections were incubated with biotinylated mouse anti-Aβ 
17–24 (4G8, 1:200; Signet Laboratories) for 1 night at 4 °C. 
After rinsing with PBST (PBS with 0.1% Triton X-100), 
the sections were incubated for 1 h at RT in a 1:1000 dilu-
tion in 2% normal goat serum in PBST with anti-mouse 568 
(Alexa Fluor, Invitrogen, Carlsbad, CA, USA) secondary 
antibody. Then, the sections were rinsed again with PBST 
and mounted on a slide sealed with a coverslip. To minimize 
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variability, sections from all animals were stained and 
treated simultaneously.

3′UTR Constructs for the Luciferase Assay

Fragments of SNAP-25, synaptotagmin-1 (Syt-1), and 
Ppp1cc 3′UTRs that include binding sites for miR-128 
were cloned into psiCHECK™-2 plasmid (Promega, USA) 
downstream to the Renilla Luciferase Reporter gene, into 
XhoI–NotI restriction sites. Firefly luciferase reporter, which 
is part of the psiCHECK™-2 plasmid, serves as an internal 
control (under a different promoter). The 3′UTR fragments 
were PCR-amplified from mice tail DNA and XhoI–NotI 
restriction sites were added (restriction sites are in lower 
case italics).

SNAP-25: 3′UTR length is 868 bp — includes 2 binding  
sites for miR-128. The primers that were used for this 
purpose:
SNAP-25-Fwd: CCA ctcgagGAG GGT CAT TGT GTG ACA 
TC.
SNAP-25-Rev: GGT gcggccgcGGA GGG ATT TAA TAT 
ACA TGC.
Syt1: 3′UTR length is 445bp — includes 2 binding sites 
for miR-128. The primers that were used for this purpose:
Syt1-Fwd: CCA ctcgagGCA ACC TCT TAT GTA CAC TAG.
Syt1-Rev: GGT gcggccgcGAA GCA GTG TTA GGT AGC 
AG.
Ppp1cc: 3′UTR length is 483bp — includes 1 binding site 
for miR-128. The primers that were used for this purpose:
Ppp1cc-Fwd: CCA ctcgagGTG ATG TGC TGG TCA GCT 
TG.
Ppp1cc-Rev: GGT gcggccgcCTT CAG ATA GTC TGG 
GCA GGG.

As a control for the specific binding of a selected miRNA 
to its binding sites in relevant 3′UTR, a scrambling of 
miR-128 seed binding sites in the 3′UTR was performed 
by mutagenesis. The mutagenesis was carried out by PCR 
reaction of the plasmid using the enzyme Phusion DNA 
Polymerase (Thermo Scientific, USA) with GC buffer. PCR 
reaction conditions: (1) 98 °C for 2 min, (2) (98 °C for 30 s, 
55 °C for 30 s, 72 °C for 30 s/kb) X18, and (3) 72 °C for 
10 min.

Since SNAP-25 and Syt1 3′UTRs include 2 binding sites 
for miR-128, the scrambling of both binding sites was per-
formed with 2 different mutagenesis primers.

The primers that were used for mutagenesis are (the 
scrambled seed site is in lower case italics):

SNAP-25-miR-128-location1-Fwd: GTA TTG TTC TTG 
TAAA ctcagagCAT TCC ACA GAG CTAC.
SNAP-25-miR-128-location2-Fwd: GAA AAT ATA GAT 
AActcagagGAT AAA TAT CAT TAC. miR-128 seed sites 
in SNAP-25 3′ UTR: ACT GTG A.
Syt1-miR-128-location1-Fwd: GAC TGC TCT GTG 
TAAC ctcagagCTG CCC TGT GTG CTTAG.
Syt1-miR-128-location2-Fwd: CAG CAT CTT GTC AAC 
ctcagagCTA GTC CAC ATT TGTC.
miR-128seed sites in SYT1 3′ UTR: CAC TGT G.

After digesting the methylated source plasmid with DPN1 
(New England Biolabs, UK), the mutated plasmid was 
sequenced to verify that the desired mutagenesis was achieved 
and that no additional unexpected mutations were created.

miR‑128 Overexpression Construct for Luciferase 
Assay

The pre-miRNA of miR-128 was cloned into the 
XhoI–NotI restriction sites of the PLL3.7 lentiviral vector. 
For this purpose, a DNA fragment of ∼110 bp upstream 
and downstream of the pre-miRNA was PCR-amplified 
from mice tail DNA and XhoI and NotI restriction sites 
were added (restriction sites are in lower case italics). The 
primers that were used for this purpose:

miR-128-Fwd: ACG ctcgagCTT GAA AGA AAT GGA 
CCA AG.
miR-128-Rev: GTA gcggccgcGTA TGA AGC CAA GGT 
TGT TAC.

Dual Luciferase Assay

HEK293T cells were seeded in 24-well plates in DMEM, 
supplemented with 10% FBS and 1% Pen-Strep. The cells 
were transfected 24 h after seeding with 485 ng PLL3.7 
containing the pre-miR-128 or an empty vector and 5ng 
psiCHECK™-2 containing the desired 3′UTR with or with-
out site-directed mutations. The transfection was done using 
the JetPEI Transfection Reagent (Polyplus Transfection), 
according to the manufacturer’s protocol.

Firefly and Renilla luciferase activities were measured 
48 h after transfection using the Dual-Luciferase Reporter 
Assay System kit (Promega, USA) and a Veritas microplate 
luminometer (Promega), according to Promega’s protocol. 
The assay was conducted after verification of > 50% trans-
fection efficiency, as was measured by GFP fluorescence.
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Hippocampal Primary Neuronal Culture

The protocols of this experiment were approved by the Insti-
tutional Animal Care and Use Committee of the Tel Aviv 
University. The primary hippocampal neuronal cultures 
were prepared from newborn P0-P2 5xFAD mice. The hip-
pocampal tissue was separated from the cortex, incubated 
for 15 min with papain (100 U, Sigma-Aldrich, St. Louis, 
MO, USA) in  Ca2+/Mg2+-free Hank’s balanced salt solu-
tion (HBSS) (Biological Industries, Israel), and then, it was 
mechanically dissociated. The cells were plated, in a modi-
fied essential medium (MEM) without L-glutamine, with 
essential amino acids (Biological Industries, Israel), 5% 
heat-inactivated fetal calf serum (FCS, Biological Industries, 
Israel) to support glial cell growth, heat-inactivated 5% horse 
serum (Biological Industries, Israel), 2 mM glutamine (Bio-
logical Industries, Israel), 3 mg/ml glucose (Sigma-Aldrich), 
2% B-27 (Gibco), and 0.5% Pen-Strep (100 U/ml penicillin, 
100 μg/ml streptomycin; Biological Industries, Israel).

The cells were plated on 18-mm glass coverslips pre-treated 
with polyethylenimine (PEI, 1:5000, Sigma-Aldrich) to pro-
mote neuronal adhesion. The plating density of the cells was 
2000–2500 cells/mm2 (~ 6 ×  105 cells per dish) for calcium 
imaging and 2500–3000 cells/mm2 (~  106 cells per dish) for 
western blot analysis. The cultures were maintained at 37 °C 
with 5%  CO2. On the following day and every 3–4 days there-
after, the medium was exchanged with growth medium, which 
was essentially the plating medium but without the FCS.

Western Blotting

Primary neuronal cultures were infected at 7 DIV with a Len-
tivirus carrying sponge construct of miR-128 (miR128-Sp) 
or with control construct that is missing the active miR-128 
sponge sequence. At 21 DIV, the proteins were extracted by 
a solubilization buffer and dissolved in a lysis buffer contain-
ing: 7.5 mM HEPES pH7, 1.5 mM EDTA, 1.5 mM EGTA, 
0.375 mM DTT, protease inhibitor cocktail (P8340; Sigma-
Aldrich), phosphatase inhibitor cocktail (P5726; Sigma-
Aldrich), and 25% of 10% SDS (Amresco Pure, Technology 
Grade). Protein concentrations were determined using the 
Bradford assay (Bio-Rad). The protein extracts (~ 40 μg pro-
tein) were run on an SDS–polyacrylamide (10%) gel and then 
transferred to a nitrocellulose membrane by electroblotting.

The membranes were blocked overnight in 5% (weight/ 
volume) non-fat milk in 0.1% Tween 20 Tris-buffered saline 
(TBS). After the blocking, the membranes were incubated for 
1 h at room temperature with primary antibodies: rabbit anti-
SNAP-25 (1:1000, 111,002, Synaptic Systems), rabbit anti-
synaptotagmin-1 (Syt1, 1:1000, 105,102, Synaptic Systems), 
and mouse anti-clathrin heavy chain (CHC, 1:1000, C1860, 
Sigma-Aldrich).

The membranes were then washed in Tween 20-TBS for 
20 min and incubated at room temperature with specific 
horseradish peroxidase-conjugated secondary antibodies at 
a dilution of 1:15,000 (Jackson ImmunoResearch Labora-
tories) for 60 min. The immunoblot bands were developed 
using an enhanced chemiluminescent substrate (Pierce), 
and their intensities were quantified with ImageQuant TL 
(Amersham). CHC protein levels were used to verify uni-
form loading of the samples across the gel and for quanti-
fication normalization of the examined protein expression 
levels.

Calcium Imaging

Hippocampal primary cultures were infected at 7 DIV with 
a Lentivirus carrying miR128-Sp or a control construct 
that is missing the active miR-128 sponge sequence. Both 
miR128-Sp and control constructs included a GFP express-
ing sequence under human Synapsin promoter (hSyn-
GFP). We also infected the cultures with an AAV virus that 
expresses the CAR-GECO red  Ca+2 sensor, which increases 
its fluorescence upon elevation of intracellular  Ca2+ concen-
tration. The activity of the neuronal network was recorded 
at 21 DIV in an open-air environment. The culture medium 
was replaced by Tyrode’s solution containing 120 mM NaCl, 
2.5 mM KCl, 2 mM  CaCl2, 2 mM  MgCl2, 25 mM HEPES, 
and 30 mM glucose. Prior to the recordings, the cultures 
were incubated for 30 min in Tyrodes for stabilization and 
were kept at 37 °C. The recordings were performed with an 
iMIC inverted microscope fitted with an EMCCD camera 
(Andor DU 888D) and a 20 × air objective (Olympus, 20X 
0.5 NA).

The imaging of GFP expressing neurons was performed 
using a 491 nm wavelength laser to select only the miR128-
Sp or its control expressing neurons for  Ca+2 imaging 
recordings. Using a 561-wavelength laser, we recorded 
spontaneous neuronal activity in the chosen neurons that 
were represented by elevation in fluorescence intensity of the 
CAR-GECO red calcium sensor with the increase in intra-
cellular calcium concentration as a representative for action 
potentials evoked in neurons. The equipment was controlled 
by Live Acquisition Software (TILL Photonics). The data for 
analysis was collected by an “online kinetics” program and 
was analyzed using a self-developed Microsoft Excel macro.

Electrophysiology

Hippocampal primary cultures were infected at 2 DIV with 
a lentivirus carrying miR128-Sp or a control construct 
that is missing the active miR-128 sponge sequence. Both 
the miR-128Sp and the control constructs included a GFP 
expressing sequence under a human synapsin promoter 
(hSyn-GFP). Current clamp recordings were performed at  
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14 DIV utilizing EPC-10 patch-clamp amplifier and Patch-
master software (HEKA Electronics Gmbh, Lambrecht, 
Germany). The extracellular solution consisted of 140 mM 
NaCl, 3 mM KCl, 2 mM  CaCl2, 1 mM  MgCl2, and 10 mM 
HEPES (Sigma-Aldrich), supplemented with 2  mg/ml 
glucose (Sigma-Aldrich), pH 7.4, osmolarity adjusted 
to 300–305  mOsm. The patch pipettes had resistances 
of 3–5 MOhm after filling them with a solution contain-
ing 135 mM KCl, 10 mM HEPES, 5 mM glucose, 1 mM 

 K2ATP, and 1 mM MgATP (Sigma-Aldrich), pH 7.4, osmo-
larity adjusted to 285–290 mOsm. In order to evoke a single 
action potential and assess its parameters, we used 5-ms 
duration square current pulses of varying intensity that were 
injected into the cells. In order to measure the rheobase 
and assess the repetitive firing, long (500 ms) depolariza-
tion current steps of varying intensity (50–500 pA) were 
injected. Signals were filtered at 2 kHz and sampled at 
5 kHz. The data were analyzed with Igor Pro software 
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(Wavemetrics, Lake Oswego, OR, USA) and custom-writ-
ten macros.

Results

miR‑128 Regulates SNAP‑25 and Syt1 Protein 
Expression

We were first interested in defining potential mRNAs that are 
predicted to be regulated by miR-128. Searching the Targets-
can v7.2 tool (http:// www. targe tscan. org), a bioinformatical 
prediction algorithm that defines the genes that may possibly  
be targeted by a specific miRNA, revealed that among the 
various targets, miR-128 is predicted to regulate mRNAs  
that code for two key synaptic proteins: SNAP-25 and Syt1. 
These proteins play an essential role in vesicular release and 
synaptic transmission (Sutton et al. 1998; Washbourne et al. 
2002; Sudhof 2004; Choi, 2010; Mohrmann et al. 2015; 
Wang et al. 2016; Zhou et al. 2017). Since neuronal activ-
ity and synaptic transmission are dramatically impaired in 
AD, we were highly interested in investigating the effect  

of miR-128 on neuronal functions and whether it directly 
regulates the expression of SNAP-25 and Syt1 by binding 
to their mRNAs.

In order to determine whether miR-128 directly binds 
to the 3′UTR of these putative target genes, we performed 
dual-luciferase reporter assay using HEK293T cells. The 
3′UTR fragments of SNAP-25 and Syt1 mRNAs, which both 
contain two miR-128 binding sites with or without these 
sites’ directed mutation (Fig. 1a, b), were cloned upstream 
to a Firefly luciferase reporter. Overexpression of miR-
128 together with the vector expressing luciferase fused to 
SNAP-25 and Syt1 3′UTR led to a reduction of 35% and 
64%, respectively, in luciferase activity (Fig. 1c) compared 
to the constructs where binding of miR-128 to the 3′UTR 
was interrupted due to miR-128 binding site directed muta-
tion. These results show that miR-128 directly binds to the 
mRNAs of SNAP-25 and Syt1 and directly regulates their 
expression.

To further validate the interaction between miR-128 and 
these synaptic proteins, we investigated the impact of miR-
128 downregulation on SNAP-25 and Syt1 proteins expres-
sion levels in neurons. For this purpose, we downregulated 
miR-128 expression in primary neuronal cultures using miR- 
128 sponge (miR128-Sp) construct that was kindly provided 
by Prof. Timothy W. Bready (Queensland Brain Institute, 
Australia) (Lin et al. 2011). We infected primary neuronal 
cultures from 5xFAD mice with lentivirus expressing 
miR128-Sp or with control construct that is missing the 
active sequence of the miR-128 sponge at 7 DIV. The con-
structs also expressed GFP to verify infection efficiency. The 
infection rate of both constructs was around 90% (Fig. 1d). 
At 21 DIV, we extracted the proteins from the cells and 
quantified the expression levels of SNAP-25 and Syt1 using 
western blot analysis. We hypothesized that downregulation 
of miR-128 would result in an increase in the expression 
levels of its targets. As shown in Fig. 1e, both SNAP-25 
and Syt1 proteins levels were increased due to miR-128 
downregulation — findings that are strengthening the role 
of miR-128 in the regulation of the expression of these two 
key proteins in synaptic transmission.

To verify the downregulation capability of the sponge 
construct we have used, we performed a dual luciferase 
reporter assay. To do so, we cloned the 3′UTR fragment of 
Ppp1cc mRNA, which is a verified target of miR-128 (Lin 
et al. 2011), upstream to the Firefly reporter mRNA (Ppp-
Luc) and expressed it alone (with an empty vector) or 
cotransfected it with miR128-OE (overexpression of miR-
128). We hypothesized that cotransfection of miR128-
OE and Ppp-Luc would reduce Firefly luciferase expres-
sion due to binding of the overexpressed miR-128 to the 
Ppp1cc 3′UTR fused to the Firefly reporter mRNA, thus 
reducing the translation of the luciferase protein. Indeed, 
cotransfection of miR128-OE and Ppp-Luc constructs 

Fig. 1  miR-128 directly binds SNAP-25 and Syt1 mRNA and regu-
lates SNAP-25 and Syt1 protein expression. Bioinformatics analysis 
(using Targetscan) of miR-128′ predicted targets revealed two binding 
sites for miR-128 in SNAP-25 and Syt1 mRNAs’ 3′UTR. For verifi-
cation of miR-128’s direct regulation of SNAP-25 and Syt1 mRNAs, 
using luciferase assay, we created constructs that contains intact or 
mutated miR-128 binding sites in a SNAP-25 and b Syt1 3′UTRs. 
The mutations were created by scrambling the nucleotides (shown 
in red) in the seed regions of miR-128’s target sites. c Luciferase 
assay demonstrates SNAP-25 and Syt1 mRNA targeting by miR-128. 
miR-128 reduced the expression of Firefly luciferase fused to 3′UTR 
of SNAP-25 by 35% and Syt1 by 64%, indicating a direct regulation 
of SNAP-25 and Syt1 protein expression by miR-128. d Primary 
whole-brain neuronal cultures of 5xFAD mice were infected with 
miR128-Sp or with the control construct (miR128-Ctr) to investigate 
the effect of this miRNA on SNAP-25 and Syt1 protein expression. 
GFP expression in the infected neurons reveals around 90% infec-
tion rate of both. e Western blot analysis of 5xFAD primary cultures 
14 days after infection revealed that miR-128 affects both SNAP-25 
and Syt1 proteins and their expression levels increased in cultures 
in which miR-128 expression was downregulated (SNAP-25Sp and 
Syt1Sp), in comparison to control cultures that are missing the active 
area of the sponge (SNAP-25Ctr and Syt1Ctr). The quantification 
was done upon normalization to CHC housekeeping gene expres-
sion. f miR-128 sponge (128Sp) functionality verification. Cotrans-
fection of the Ppp1cc-luciferase (Ppp1cc) construct with an empty 
vector resulted in basal luciferase activity representing expression of 
Ppp1cc-luciferase. Overexpression of miR-128 (128OE) cotransfected 
with Ppp1cc-luciferase construct, led to decreased Firefly luciferase 
activity. Cotransfection of miR128-OE together with miR128-Sp and 
Ppp1cc-luciferase construct abolished the effect of miR128-OE on 
luciferase activity, measured as the basal level (empty vector only). 
The results are presented as mean + SEM (n = 3 in a, d; n = 8 in c). 
Statistical significance was assessed by Student’s unpaired t-test in a 
and c, and by one-way ANOVA with Bonferroni multiple compari-
son test in d.*p < 0.05; **p < 0.01; ***p < 0.001. N.S., non-significant 
difference 
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resulted in decreased activity of the firefly luciferase 
compared to the basal luciferase activity that was meas-
ured when we cotransfected Ppp-Luc construct with an 
empty vector. Then we used this system to also assess the 
ability of miR128-Sp to downregulate miR-128 activity. 
Cotransfection of miR128-OE together with miR128-Sp 
and Ppp-Luc construct abolished the effect of miR128-
OE on luciferase activity, resulting in luciferase activ-
ity levels similar to those measured when transfecting 
with empty vector only (Fig. 1f), proving the efficiency 
of miR128-Sp in downregulation of miR-128 expression.

miR‑128 Expression is Being Downreguated 
in 5xFAD Mice with the Progression of AD Pathology

Next, we were interested to study miR-128’s levels in a 
mouse model of AD during different stages of the dis-
ease progression. For this purpose, we chose the 5xFAD 
mouse model, in which the AD phathology is being rap-
idly developed, and amyloid deposits are visible as early 
as at ~ 2 months of age (Oakley et  al. 2006). We first 
examined whether miR-128 expression is being altered 
in 5xFAD mice compared to controls, and whether its 
alteration matches the findings from individuals with AD 
(Lau et al. 2013).

We used qRT-PCR method to examine the changes in 
the expression levels of miR-128 in the hippocampi of 
5xFAD mice along the progression of AD pathology in 3 
different ages, representing different phases in the sever-
ity of AD pathology: 2 months of age (initial AD pathol-
ogy), 8 months of age (severe pathology), and 12 months 
of age (chronic severe AD pathology). Immunohistochem-
ical staining of Aβ plaques in the hippocampi of 5xFAD 
mice presents an increase in plaques burden across the 
selected ages that correlates with the progression of AD 
pathology (Fig. 2a). Interestingly, we found that at the 
initial stages of the disease (2 months of age), there is no 
significant change in the expression levels of miR-128 in 
5xFAD mice compared to their WT littermates (Fig. 2b). 
At 8 months of age, when the pathology is progressive, 
and Aβ plaques are already spread across the hippocampal 
area (Kimura and Ohno 2009), the expression level of 
miR-128 is significantly downregulated in the hippocampi 
of 5xFAD mice compared to WT littermates (Fig. 2a, b). 
These findings resemble the changes reported for this 
miRNA in individuals with AD (Lau et al. 2013) and 
therefore place the 5xFAD mouse as a suitable model for 
investigating miR-128 role in AD pathology. In 12 months 
of age, the difference in miR-128 levels between the 
5xFAD and WT littermates’ hippocampi is diminished 
and becomes insignificant (Fig. 2b).

miR‑128 Expression is Being Downreguated in WT, 
but Not in 5xFAD Mice Exposed to EE

Following our previous finding that EE downregulates 
miR-128 expression in WT mice (Barak et al. 2013), we 
were interested in investigating whether the exposure to an 
EE, which has been shown to increase plasticity in the hip-
pocampus, would have the same effect on 5xFAD mice.

Since we found a significant reduction in miR-128 levels 
in 8-month-old 5xFAD mice compared to controls (Fig. 2b), 
we looked for changes in this miRNA’s expression level fol-
lowing EE, at the same age of mice (8 months old). In this 
experiment, we exposed 7-month-old 5xFAD mice and their 
WT littermates for 42 days to an EE (Barak et al. 2013). We 
had four experimental groups: WT and 5xFAD groups that 
were exposed to EE (labeled as wtEE and 5xEE) and their 
control WT and 5xFAD littermates that were accommodated 
in regular cages (labeled as wtCtr and 5xCtr). At the end 
of the EE period, at the age of ~ 8.5 months, we performed 
qRT-PCR analysis and quantified the hippocampal levels of 
miR-128 in the different experimental groups.

We found that WT mice showed significant downregula-
tion of miR-128 expression levels following EE (Fig. 2c). 
Interestingly, in 5xFAD mice, EE did not significantly affect 
the expression levels of miR-128.

miR‑128 Downregulation Increases Neuronal 
Activity in Hippocampal Primary Cultures Derived 
from 5xFAD Mice

Next, we turned to examine whether downregulation of 
miR-128 indeed affects neuronal connectivity and activity, 
as expected from its regulation of Syt1 and SNAP-25 protein 
level expression in neurons derived from 5xFAD mice. For 
this purpose, we chose to work with 5xFAD hippocampal 
primary neuronal cultures to investigate whether downregu-
lation of miR-128 expression levels would increase neuronal 
network activity in this model.

To address this, we utilized the calcium imaging tech-
nique. We measured the calcium bursting activity as a read-
out of neuronal activity of 5xFAD hippocampal primary cul-
tures infected with lentivirus expressing miR128-Sp (5xSp) 
or a control construct missing the sponge’s active area 
(5xCtr). All the cultures were also infected with AAV virus 
transducing CAR-GECO red, a  Ca2+ sensor that increases 
its fluorescence upon elevation of intracellular  Ca2+ con-
centration (Fig. 3a). The cultures were infected at 7 DIV, 
and the neuronal network activity was recorded at 21 DIV. 
The network activity was synchronous both in 5xSp and in 
5xCtr experimental groups (Fig. 3b, c). The 5xFAD primary 
cultures infected with miR-128 sponge (5xSp) showed sig-
nificantly higher network activity represented by increased 
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synchronous spiking rate: an average of 13.98 (SEM = 4.127; 
n = 5) calcium bursts in 5 min in 5xSp cultures, in com-
parison to an average number of 4.2 (SEM = 0.5132; n = 6) 
calcium bursts in 5 min in 5xCtr cultures (Fig. 3b, c, and d). 
Accordingly, inter-spike interval was significantly lower in 
5xSp cultures (average interval of 0.54 s s ± 0.1759 SEM; 
n = 5) in comparison to the 5xCtr cultures (average inter-
val of 1.725 s ± 0.3467 SEM; n = 6) (Fig. 3e). The higher 
bursting activity may result from elevated levels of the 
synaptic proteins Syt1 and SNAP-25 that enhance synaptic 
transmission.

miR‑128 Downregulation Increases Neuronal 
Excitability

Finally, we performed whole-cell patch-clamp recordings 
to examine whether miR-128 expression levels also impact 
the intrinsic neuronal excitability. The recordings were 

done at 14 DIV from 5xFAD hippocampal primary neu-
rons with reduced miR-128 expression levels (5xSp) com-
pared to 5xFAD control cultures (5xCtr). We measured the 
minimal current required to evoke an action potential by 
step wise increasing the stimulation voltage as an estimate 
for the rheobase. The rheobase test showed that in 5xFAD 
neurons expressing miR128-Sp, lower voltage can elicit 
an action potential suggesting that these cells are more 
excitable than those that are expressing control construct 
(Fig. 4a, b). Also, the number of action potentials evoked 
in a certain current was higher in 5xSp cultures in compari-
son to their control (5xCtr) (Fig. 4c). Last, the rate of the 
falling phase of the action potentials (Fig. 4d) was faster 
in neurons with reduced levels of miR-128 than in control 
neurons. These results suggest that downregulating miR-
128 expression elevates neuronal excitability, which can 
also contribute to the increased neuronal network activity 
demonstrated in Fig. 3.
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Fig. 2  miR-128 is being downregulated following the progression 
of AD pathology in 5xFAD mice and following EE in WT but not 
in 5xFAD mice littermates. a Representative immunohistochemical 
staining for Aβ in the hippocampus of 5xFAD mice presents the dif-
ferences in Aβ plaque loads at 2, 8 and 12  months of age. b qRT-
PCR assay was utilized to quantify expression levels of miR-128 in 
the hippocampal area of 5xFAD mice along the progression of AD 
pathology, compared to age-matched WT littermates. The levels 
of miR-128 were measured in initial (2-months-old), progressive 
(8-months-old) and severe (12-months-old) stages of AD pathology 
in this model. In the initial pathology stage, there is no significant dif-
ference in miR-128 expression level compared to WT. In 8-month-old 
5xFAD mice, miR-128 levels are significantly downregulated com-
pared to WT, and this trend is conserved also in 12 months of age, 

although not statistically significant. c The levels of miR-128 in the 
hippocampal area of 8.5-month-old 5xFAD and their WT littermates 
with and without exposure to EE. miR-128 levels are significantly 
downregulated in 5xCtr mice in comparison to wtCtr littermates. In 
WT mice groups, miR-128 levels are significantly downregulated fol-
lowing exposure to EE, while in 5xFAD there is no significant effect 
of the exposure to EE on the expression levels of miR-128. wt, WT 
mice; 5x, 5xFAD mice; wtCtr, WT mice in regular cages (no EE); 
wtEE, WT mice exposed to EE; 5xCtr, 5xFAD mice in regular cages 
(no EE); 5xEE, 5xFAD mice exposed to EE; N.S. non-significant dif-
ference. Results presented as mean + SEM. Statistical significance 
was assessed by Student’s unpaired t-test in a, and by two-way 
ANOVA with Student’s unpaired multiple comparison t-test in b. 
*p < 0.05; **p < 0.01; n = 4–5
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Discussion

Our research shows that miR-128 is a regulator of two cen-
tral proteins in synaptic transmission machinery: SNAP-25 
and Syt1 (Mohrmann et al. 2013; Ashery et al. 2014; Rizo 
and Xu 2015; Brunger et al. 2019).

Syt1 is a calcium sensor that triggers vesicle fusion as a 
response to calcium influx following an action potential in 
a synapse (Katz and Melidi 1970; Brose et al. 1992; Zhou 
et al. 2017), whereas SNAP-25 has a central role in the 
SNARE complex vesicle-membrane zippering and fusion 
mechanism (Sutton et al. 1998; Washbourne et al. 2002; 
Sudhof 2004).

Here we provide the first biological link that shows that 
miR-128 regulates SNAP-25 and Syt1 mRNAs, and we  
also show that the downregulation of this miRNA increases 
the expression levels of SNAP-25 and Syt1 proteins in neu-
rons in culture, which places miR-128 as a possible func-
tional regulator of synaptic transmission.

Examination of the effect of AD progression on miR-128 
levels in the hippocampus of 5xFAD mice model revealed 
downregulation of miR-128 levels in 8 months of age mice 

compared to control littermates, but not at 2 or 12 months 
of age. Kimura and Ohno (2009) showed in their study that 
under the age of 4 months, there is no reduction in neuronal 
activity in the hippocampus of 5xFAD mice compared to 
WT mice. They also found that impaired synaptic activity 
was recorded starting from the age of 6 months (Oddo et al. 
2006; Kimura and Ohno 2009; Kimura et al. 2010). Com-
bining our results with the findings of Kimura and Ohno 
brings us to assume that at 2 months of age, although there is 
already intraneural Aβ accumulation in mice and initial dep-
osition in the subiculum (Oakley et al. 2006), these accumu-
lations do not lead to detrimental effects on synaptic activity 
yet, and also, there is no effect on miR-128 expression. At 
8 months of age, there is intra and extracellular heavy Aβ 
plaques burden, which already significantly attenuates syn-
aptic activity (Kimura and Ohno 2009). In this pathological 
condition, the expression level of miR-128 is being signifi-
cantly downregulated. Interestingly, at 12 months of age, 
when there is massive synaptic degeneration and significant 
neuronal loss in 5xFAD model (Oakley et al. 2006; Eimer 
and Vassar 2013), the differenses in miR-128 expression 
compared to WT littermates are diminished. We speculate 
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Fig. 3  miR-128 downregulation increases neuronal network activ-
ity in primary hippocampal cultures of 5xFAD mice. 5xFAD hip-
pocampal primary neuronal cultures were infected with miR-128-Sp 
(5xSp) or with a control construct missing the active sponge sequence 
(5xCtr) together with CAR-GECO red as a  Ca2+ sensor. a Repre-
sentative neurons expressing CAR-GECO to monitor calcium burst-
ing as a mean for neuronal activity. b Representative activity of single 
neurons measured as changes in the fluorescence intensity of CAR-

GECO red showed enhanced calcium burst activity following miR-
128 sponge-expression compared to c control (b, c — each color rep-
resent a different neuron). Cultures infected with miR128-Sp showed 
d increased spiking rate and e reduced inter-spike interval com-
pared to control cultures. The results are presented as mean + SEM 
(n = 5–6). Statistical significance was assessed by Student’s unpaired 
t-test. *p < 0.05
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that the role of miR-128 in AD might be abolished in a 
chronic stage of AD when there is a wide scale neuronal 
damage.

Environmental enrichment stimulates neuronal plasticity 
and synaptic transmission, as opposed to the neurodegenera-
tive processes that happen with AD pathology’s progres-
sion. EE was shown in many studies to improve cognition 
(Nilsson et al. 1999; Van Praag 2008; Vivar et al. 2012; 
Mustroph et al. 2012) and is known to partially mitigate AD 
pathology (Jankowsky et al. 2003, 2005; Lazarov et al. 2005; 
Costa et al. 2007; Dong et al., 2007; Laviola et al. 2008; 
Herring et al. 2009). Some of these mitigating effects have 

been recently associated with miRNA regulation (Barak 
et al. 2013; Shen et al. 2019; Wei et al. 2020; Nakano et al. 
2020). Studying the effect of EE on miR-128 expression in 
8-month-old WT and 5xFAD mice revealed that miR-128 
was downregulated in WT but not in 5xFAD mice. The lack 
of changes in miR-128 expression levels in 5xFAD following 
EE is consistent with the findings published by Hüttenrauch 
et al. (2017), suggesting that EE does not improve behav-
ioral performances or AD pathology–related phenotypes in 
12-month-old 5xFAD mice despite prolonged (11 months) 
exposure to EE. This might be due to the high severity of 
this model which can hardly be alleviated by EE. Another 
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Fig. 4  Electrophysiological recordings from 5xFAD primary hip-
pocampal neurons expressing miR128-Sp or its control shows that 
miR-128 downregulation alters intrinsic neuronal excitability. 5xFAD 
hippocampal primary neuronal cultures were infected with miR128-
Sp (5xSp) or with a control construct missing the active sponge 
sequence (5xCtr). a An example of voltage traces in response to 
increasing depolarization in 5xFAD hippocampal neuron infected 
with miR128-Sp. b Neurons infected with miR128-Sp show a trend 

of reduced rheobase levels compared to control cultures, meaning that 
lower current is required to evoke an action potential (p < 0.5). c The 
number of action potentials evoked in a certain current was higher in 
miR128-Sp infected cultures compared to their control. d The rate of 
falling phase of the action potentials in neurons with reduced levels 
of miR-128 (5xSp group) was faster than in control neurons (5xCtr 
group). The results are presented as mean + SEM (n = 6–8). Statistical 
significance was assessed by Student’s unpaired t-test. *p < 0.05

2603Journal of Molecular Neuroscience (2021) 71:2593–2607



1 3

possibility is that EE fails to cause further downregulation 
in the levels of miR-128 due to its already decreased levels 
in the hippocampus of 8-month-old 5xFAD mice.

Interestingly, the direction of the alteration in miR-128 
expression in WT mice following EE is the same as in 
5xFAD 8-month-old mice and in individuals with AD (Lau 
et al. 2013). Combining these findings with our revelation 
that miR-128 regulates SNAP-25 and Syt1 proteins expres-
sion, known to be essential for synaptic transmission, we 
proposed that miR-128 downregulation in AD might play a 
compensatory role in the molecular mechanism that leads to 
increased synaptic transmission and cognitive enhancement. 
We speculate that miR-128 downregulation in AD may be 
related to compensatory mechanisms activated in AD which 
are similar to mechanisms of cognitive enhancement fol-
lowing EE.

Neuronal compensation is a mechanism that is assumed 
to be accountable for functional reservation or mitiga-
tion of cognitive or motor dysfunction due to the neuronal 
deterioration as a result of pathology progression (Barulli 
and Stern 2013; Scheller et al. 2014; Gregory et al. 2017). 
Compensation may be represented by increased activation 
of existing networks (Barulli and Stern 2013) or by recruit-
ment of regions unrelated to a certain task that enable the 
performance of a function (Stern 2006). The enhancement 
in neuronal activity that we detected in this study might rep-
resent one of these mechanisms.

One of the factors that are strongly related to cognitive 
deterioration in AD is impaired synaptic transmission due 
to reduced levels of synaptic proteins and synaptic loss 
(Yao et al. 2003; Murphy et al. 2003; Kennedy et al. 2005). 
Among the revealed downregulated synaptic transmis-
sion–related proteins are pre-synaptic membrane proteins 
such as SNAP-25 and syntaxin (Sze et al. 1997, 2000) that 
are involved in vesicle docking and fusion and pre-synaptic 
vesicle proteins such as Syt1 and synaptophysin (Counts 
et al. 2006; Sze et al. 1997) that are essential for vesicular 
fusion and exocytosis. The downregulation of these proteins 
can lead to synaptic dysfunction and degeneration. Interest-
ingly, several studies showed that as part of a compensatory 
mechanism, there is a significant increase in the size and 
the number of the contacts of the remaining synapses in 
neocortical and hippocampal regions of AD patients as the 
number of the synapses declines in a given region, as an 
attempt to increase the functioning efficiency of the remain-
ing synapses (Scheff et al. 1990, 2006; DeKosky and Scheff 
1990; Bertoni-Freddari et al. 1990).

Considering the proposed assumption of compensation, it 
is possible that miR-128 levels in the hippocampus of 5xFAD 
mice, at the age of 8 months, are significantly downregulated 
as part of a compensatory mechanism, allowing the upregu-
lation of proteins that are essential for synaptic transmission 
(SNAP-25 and Syt1) to boost the neuronal functioning and 

recompense the reduction in synaptic activity. At 12 months 
of age, there is wide-scale neuronal damage in 5xFAD mice 
accompanied by neuronal death, and therefore at this patho-
logical stage, possibly, the compensatory mechanisms are not 
effective, and this can be the reason for less significant down-
regulation of miR-128 in this age. However, to establish the 
compensatory role of miR-128 in AD, further experiments 
are required.

Interestingly, although Lau et al. (2013) also demonstrated 
a downregulation of miR-128 expression in the hippocampal 
area of individuals with AD, no significant alteration in miR-
128 expression was found in the pre-frontal cortex of human 
subjects with AD pathology. In future work, it will be of  
high interest to investigate if miR-128 expression is being 
affected in other brain areas in AD and following EE.

The interaction of SNAP-25 with Syt1 proteins controls 
synaptic vesicular docking, priming, and fusion and is the key 
player in calcium triggered synchronous synaptic exocytosis 
(Geppert et al. 1994; Sørensen et al. 2002; Mohrmann et al. 
2013). Also, Mohrmann et al. (2013) showed that the combi-
nation of these two proteins governs the vesicles releasable 
pool. These facts, combined with our findings showing that 
downregulation of miR-128 results in increased expression of 
SNAP-25 and Syt1 proteins, correlate with our measurements 
of increased neuronal activity in 5xFAD primary hippocampal 
cultures as a response to miR-128 downregulation.

These results are in line with the research performed  
in mice cortical primary neurons and used microelec- 
trode array (MEA) to evaluate the effect of miR-128  
inhibition on neuronal network activity (McSweeney et al. 
2016). This study showed that reduction of miR-128 levels 
in neurons causes a significant elevation in neuronal activity.

Additionally, increased neuronal excitability may also 
contribute to an increased neuronal activity following miR-
128 downregulation in hippocampal neurons. Whole-cell 
patch-clamp recordings from 5xFAD hippocampal primary 
neurons revealed that indeed, neurons with downregulated 
levels of miR-128 presented higher excitability in compari-
son to control neurons and also presented changes in the 
shape of the action potential. These findings suggest that 
in addition to the effect of increased levels of SNAP-25 
and Syt1 on neuronal activity following the reduction of 
miR-128, there might be an additional effect of this miRNA 
on neuronal excitability through regulation of sodium and 
potassium voltage-gated ion channels that regulate the fre-
quency and shape of the action potential.

Conclusions

For the first time to date, we established a functional connec-
tion between miR-128 and two central proteins in synaptic 
transmission machinery: SNAP-25 and Syt1. We showed 
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that the downregulation of this miRNA increases synaptic 
excitability and neuronal network activity in 5xFAD neu-
ronal cultures. We found that miR-128 is downregulated 
both following AD pathology and also following exposure 
of mice to an enriched environment. Taking all the findings 
together, we propose that miR-128 may possibly play a com-
pensatory role in synapses that are deregulated with the pro-
gression of AD pathology. Altogether, the study presented 
here places the miR-128 as a synaptic player and opens a 
new direction for further research of the role of miR-128 
in AD.
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