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A B S T R A C T

Amyloid β protein (Aβ) is closely related to the progression of Alzheimer's disease because senile plaques
consisting of Aβ cause synaptic depression and synaptic abnormalities. In the central nervous system, astrocytes
are a major glial cell type that contribute to the modulation of synaptic transmission and synaptogenesis. In this
study, we examined whether astrocytes exposed to Aβ fragment 25-35 (Aβ25-35) affect synaptic transmission. We
show that synaptic transmission by hippocampal neurons was inhibited by astrocytes exposed to Aβ25-35. The
Aβ25-35-exposed astrocytes lowered excitatory postsynaptic release and the size of the readily releasable synaptic
pool. The number of excitatory synapses was also reduced. However, the number of excitatory synapses was
unchanged unless there was direct contact between Aβ25-35-exposed astrocytes and hippocampal neurons. These
data indicate that direct contact between Aβ25-35-exposed astrocytes and neurons is critical for inhibiting sy-
naptic transmission in the progression of Alzheimer’s disease.

Introduction

Alzheimer’s disease (AD) is a chronic and progressive neurodegen-
erative disease that involves memory impairment and behavioral dis-
orders. AD pathology is characterized by two main features: senile
plaques associated with aggregated amyloid β (Aβ) and neurofibrillary
tangles consisting of hyperphosphorylated tau (Scheltens et al., 2016).
These abnormalities lead to neuronal dysfunction and neuronal death.
Aβ is thought to play a central role in AD (Hardy and Selkoe, 2002) and
deposition of Aβ fibrils occurs in the early stages of the disease (Roth
et al., 1966; Pike et al., 1994; Rama Rao and Kielian, 2015). Aβ is
thought to contribute to AD pathogenesis by causing synaptic dys-
function and synaptic loss (Koffie et al., 2011; Hefti et al., 2013; Tu
et al., 2014; Viola and Klein, 2015). In addition, Aβ affects not only
neurons but also astrocytes, causing abnormalities in calcium signaling
and glutamate release (Talantova et al., 2013; Lee et al., 2014).

Astrocytes are a major type of glial cell in the brain and play im-
portant roles in synapse formation and in modulation of synaptic
function (Chung et al., 2015; Durkee and Araque, 2019; García-Cáceres
et al., 2019). In the absence of astrocytes, the number of synapses de-
creases and synaptic transmission weakens (Hama et al., 2004). Thus,

astrocytes and synapses are intimately involved in construction of an
information network in the brain. Astrocyte dysfunction has been im-
plicated in the development of several neurodegenerative diseases, in-
cluding autism spectrum disorder (ASD), amyotrophic lateral sclerosis
(ALS) and Rett syndrome (Laurence and Fatemi, 2005; Fatemi et al.,
2008; Sloan and Barres, 2014). Astrocytes are therefore also speculated
to be involved in the pathogenesis of AD (Gómez-Gonzalo et al., 2017).

In our previous study, we chronically exposed cultured cortical as-
trocytes to Aβ peptide fragment 1–40 (Aβ1–40), and then co-cultured
these Aβ-exposed astrocytes with hippocampal naïve neurons (Kawano
et al., 2017). This timing strategy ensured that only astrocytes were
exposed to Aβ1–40, which is impossible in vivo. Using this neuronal
culture system, we found that Aβ1–40-exposed astrocytes led to reduced
glutamatergic synaptic transmission at the individual level. Meanwhile,
in this study, we used another Aβ peptide fragment, Aβ25-35, which is a
synthetic peptide of 11 amino acids that corresponds to a Aβ fragment
and also forms a β-sheet structure (Pike et al., 1995). This fragment had
similar effects on neuronal death and axonal atrophy as a fragment of
full-length Aβ peptide (Kaminsky et al., 2010). Therefore, the goal of
this study was to assess whether astrocytes exposed to Aβ25-35 affect
synaptic transmission. Synaptic transmission among naïve hippocampal
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neurons was measured in co-cultures with Aβ25-35-exposed astrocytes.
We show that direct contact between Aβ25-35-exposed astrocytes and
neurons is critical for aberrant synaptic transmission and synaptogen-
esis.

Experimental procedures

Animals

All procedures on animals were performed in strict accordance with
the rules of the Experimental Animal Care and Welfare Committee of
Fukuoka University, following approval of the experimental protocol
(Permit Numbers: 1602907 and 1712128). Timed-pregnant Jcl:ICR
mice (Catalogue ID: Jcl:ICR, CLEA Japan, Inc., Tokyo, Japan) were
purchased at gestational day 15 from Kyudo (Tosu, Japan). Fifteen to
seventeen-week-old pregnant Jcl:ICR mice were used. The body weight
of pregnant mice was not recorded. Pregnant mice were housed in-
dividually in plastic cages in temperature-controlled rooms (23 ± 2 °C)
at our animal facility with a 12-h light-dark cycle. Food (CLEA Rodent
Diet, CE-2, CLEA Japan, Inc.) and water were provided ad libitum.

Astrocyte culture

Cortical astrocyte cultures were prepared as reported previously
(Bekkers and Stevens, 1991; Kawano et al., 2017). Cerebral cortices of
newborn ICR mice were separated from the brain in ice-cold Hank's
balanced saline solution (FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan) and dissociated with 0.05% trypsin-EDTA (FUJIFILM
Wako Pure Chemical Corporation). Cells were then plated in 75 cm2

culture flasks (Corning Inc., Corning, NY, USA) in plating medium
composed of Dulbecco's Modified Eagle’s Medium with GlutaMAX™ and
pyruvate (DMEM, Invitrogen, Carlsbad, CA, USA), supplemented with
10% fetal bovine serum (FBS, Invitrogen) and 0.1% MITO+Serum
Extender (BD Biosciences, San Jose, CA, USA). The next day, culture
flasks were gently rinsed once with fresh plating medium to remove
non-adherent cells. When the culture reached confluence after two
weeks, the microglia and other small cells were discarded by tapping
the culture flask several times. Adherent cells were then resuspended
and replated at a density of 6000 cells/cm2 for mass and microisland
cultures.

For the mass culture of astrocytes, 6-well plates (TPP, Switzerland)
were uniformly coated with a 1:1 mixture of rat‐tail collagen (final
concentration 1.0mg/mL, BD Biosciences) and poly-D-lysine (final
concentration 0.5mg/mL, Sigma-Aldrich, St. Louis, MO, USA). For
microisland cultures, 300-μm square islands of collagen/poly-D-lysine
mixture were stamped onto glass coverslips (thickness No. 1;
Matsunami, Osaka, Japan) coated with 0.5% agarose.

Autaptic and sandwich neuron cultures

Hippocampi were separated from the brains of newborn ICR mice
and neurons were enzymatically dissociated in DMEM containing pa-
pain (2 U/mL, Worthington, Columbus, OH, USA), for 60min at 37 °C.
Before plating neurons, the conditioned medium of the microisland and
mass astrocyte cultures was replaced with Neurobasal-A medium
(Thermo Fisher Scientific, Waltham, MA, USA) containing 2% B27
supplement (Thermo Fisher Scientific, Waltham, MA, USA) and 1%
GlutaMAX‐I supplement (Invitrogen). For autaptic neuron culture, cells
were plated at a density of 1500 cells/cm2 onto the astrocyte micro-
islands. For sandwich neuron culture, cells were plated at a density of
1500 cells/cm2 onto glass coverslips stamped in the same way as for the
microisland astrocytes. The glass coverslips also had four dots of par-
affin wax on the stamped side to enable suspension of the coverslip
above the cultured astrocytes. The coverslips were flipped over onto
mass astrocyte cultures after one day.

Aβ preparation and treatment

A stock solution of Aβ25-35 was prepared by dissolving Aβ25-35
(Sigma-Aldrich) in sterile water at a concentration of 2mM and in-
cubating at 37 °C for 4 days. Astrocytes were exposed to Aβ25-35 for 72 h
prior to plating with neurons. After 72 h of Aβ25-35 treatment, cells were
rinsed three times with astrocyte plating medium to remove Aβ25-35
from the astrocyte culture. To assess the effect of Aβ25-35 on astrocytes,
the number of astrocytes was counted by staining with NucBlue™ Live
ReadyProbes™ Reagent (Thermo Fisher Scientific, Waltham, MA, USA).

Immunocytochemistry

Hippocampal neurons cultured for 14 days were fixed with 4%
paraformaldehyde in phosphate-buffered saline (PBS) for 20min at
room temperature, and then blocked and permeabilized with PBS
containing 5% normal goat serum and 0.1% Triton X-100 for 30min.
Samples were then incubated overnight at 4 °C with the following pri-
mary antibodies: anti-microtubule-associated protein 2 (MAP2, guinea-
pig polyclonal, antiserum, Synaptic Systems, 1:1000 dilution) and anti-
vesicular glutamate transporter 1 (VGLUT1, rabbit polyclonal, affinity
purified, Synaptic Systems, 1:2000 dilution). Autaptic neurons were
incubated with appropriate species-specific fluorochrome-conjugated
goat secondary antibodies (Alexa Fluor 488 for MAP2, and Alexa Fluor
594 for VGLUT1, 1:400 dilutions, Invitrogen) for 1 h at room tem-
perature. Double immunocytochemical staining was performed using a
combination of MAP2 and VGLUT1 antibodies. Autaptic neurons were
visualized by counterstaining with DAPI contained in the mounting
medium (ProLongH Gold antifade mounting reagent, Invitrogen).

Solutions

The standard extracellular solution for patch-clamp experiments
was (in mM) NaCl 140, KCl 2.4, HEPES 10, glucose 10, CaCl2 2, MgCl2
1, pH 7.4, with an adjusted osmotic pressure of 315–320mOsm. Patch
pipettes were filled with an intracellular solution composed of (in mM)
K-gluconate 146.3, MgCl2 0.6, ATP-Na2 4, GTP-Na2 0.3, creatine
phosphokinase 50 U/ml, phosphocreatine 12, EGTA 1, HEPES 17.8, pH
7.4. Hypertonic solutions for determining the size of the readily re-
leasable pool of synaptic vesicles (RRP) were prepared by adding 0.5M
sucrose to the standard extracellular solution. The extracellular solu-
tions were applied using a fast-flow application system (SF-77B, Warner
Instruments, Hamden, CT, USA). Each flow pipe had a large diameter
(430 μm), ensuring that the solution was applied to all parts of an au-
taptic neuron on an astrocytic microisland (300×300 μm squares).
This experimental configuration is necessary when the application of
sucrose or tetrodotoxin induces synaptic responses from all nerve
terminals of the single neuron being recorded. All chemicals were
purchased from Sigma-Aldrich except where otherwise specified.

Autaptic neuron culture electrophysiology

Autaptic neuronal cultures were used for synaptic recordings.
Recordings were performed on 13–18 days in vitro (DIV) cultures to
ensure that synaptic responses were stable with reliable space
clamping. Synaptic responses were recorded using a patch clamp am-
plifier (MultiClamp 700B, Molecular Devices, Sunnyvale, CA, USA), in
the whole-cell configuration under the voltage-clamp mode, at a
holding potential (Vh) of –70mV, and at room temperature in all cases.
Patch-pipette resistance was 4–5MΩ, and 70–90% of access resistance
was compensated. Autaptic neurons showed synaptic transmission in
response to an action potential elicited by a brief (2 ms) somatic de-
polarization pulse (to 0mV) from the patch pipette. The synaptic re-
sponses were recorded at a sampling rate of 20 kHz and were filtered at
10 kHz. Data were excluded from analysis if a leak current of> 300 pA
was observed. The data were analyzed offline using AxoGraph X 1.2
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software (AxoGraph Scientific, Sydney, Australia). mEPSCs with an
amplitude threshold of 5 pA were detected.

Image acquisition and quantification

Specimens were observed under an inverted microscope (Eclipse-
TiE, Nikon, Japan) with a 40× objective lens (Plan Apoλ, NA 0.95,
Nikon). Sixteen-bit images were acquired using a scientific CMOS
camera (pco.edge 4.2, pco, Germany). Ten images were taken of each
sample and a normalized average intensity picture of the 10 images was
used for analysis. A Gaussian blur filter was applied to remove back-
ground noise (Iwabuchi et al., 2014). VGLUT1 puncta were detected
with a size threshold ≥5 pixel using ImageJ, and the branching den-
drites were analyzed by Sholl analysis (Sholl, 1953) using Plug-in for
ImageJ (Kawano et al., 2012;).

Statistical analysis

Data are expressed as the mean ± SEM. Two groups were com-
pared using Student’s unpaired t-test. Statistical significance was con-
sidered when p < 0.05.

Results

To determine the adequate concentration of Aβ25-35 on astrocytes,
mass cultured astrocytes were treated with Aβ25-35 at different con-
centrations (1, 3, and 10 μM) for 72 h. The number of astrocytes was
counted by staining with NucBlue™ Live ReadyProbes™ Reagent 14
days after treatment with Aβ25-35. As shown in Supplementary Fig. S1,
astrocyte density significantly decreased at 3 and 10 μM compared with
controls (control, 145 ± 13.3; 1 μM, 149 ± 9.58; 3 μM, 113 ± 6.62;
10 μM, 81.6 ± 9.32; Fig. S1A). Next, we observed dotted astrocytes at
14 days after treatment with Aβ25-35. Configuration of the dotted as-
trocyte layer was maintained at 1 μM Aβ25-35, but visibly collapsed at 3
and 10 μM (Fig. S1B). These data indicate that 1 μM concentration of
Aβ25-35 is physiologically suitable to examine the effect of Aβ25-35 on
synaptic transmission without cell death.

Excitatory synaptic transmission is attenuated by Aβ25-35-exposed astrocytes

To assess effects on synaptic transmission in neurons co-cultured
with Aβ25-35-exposed astrocytes, we performed whole-cell patch clamp
recording in autaptic neuron cultures under voltage clamp conditions.
Importantly, neurons were not exposed to Aβ25-35, but the co-cultured
astrocytes were previously exposed to 1 μM Aβ25-35. Therefore, this
configuration makes it possible to evaluate whether Aβ25-35 affects the
influence of astrocytes on neurons.

First we recorded excitatory synaptic transmission in hippocampal
neurons (Fig. 1A). The amplitude of the excitatory postsynaptic current
(EPSC) by action potential stimulation was significantly smaller in
hippocampal neurons co-cultured with Aβ25-35-exposed astrocytes
(control, 8.82 ± 0.79 nA; Aβ, 6.37 ± 0.65 nA; Fig. 1B). The evoked
EPSC was completely blocked by 10 μM CNQX (data not shown) and is,
therefore, mediated by AMPA receptors. Next, we measured sponta-
neous miniature EPSCs in the presence of 1 μM tetrodotoxin, a Na+

channel blocker (Fig. 1C). Although the amplitude of mEPSCs was si-
milar (control, 26.00 ± 1.39 pA; Aβ, 26.11 ± 1.43 pA; Fig. 1D), the
frequency of mEPSCs was significantly decreased in hippocampal
neurons co-cultured with Aβ25-35-exposed astrocytes (control,
8.07 ± 0.80 Hz; Aβ, 5.72 ± 0.69 Hz; Fig. 1E). These data indicate that
postsynaptic AMPA receptors were not affected by Aβ25-35-exposed
astrocytes. Therefore, the decrease in the evoked excitatory synaptic
transmission by action potential stimulation is caused by a presynaptic
action.

The size of the readily releasable pool of synaptic vesicles is decreased by
Aβ25-35-exposed astrocytes

To evaluate presynaptic actions in detail, we investigated the
readily releasable pool of synaptic vesicles (RRP) in autaptic neuron
cultures by measuring responses to 0.5 M sucrose (Rosenmund and
Stevens, 1996; Fig. 2A). Neurons co-cultured with Aβ25-35-exposed as-
trocytes showed a significant decrease in RRP size (control,
2.01 ± 0.27 nC; Aβ, 1.21 ± 0.15 nC; Fig. 2B). We then calculated the
number of synaptic vesicles in the RRP by dividing the RRP charge by
the averaged EPSC charge (Kawano et al., 2012). The number of sy-
naptic vesicles was also significantly decreased in neurons co-cultured
with Aβ25-35-exposed astrocytes (control, 14934.93 ± 1854.36; Aβ,
9309.53 ± 1139.86; Fig. 2C). These results indicate changes in the
release function. Therefore, we computationally estimated the vesicular
release probability (Pvr) from the EPSC area and the sucrose response
in the same recorded neuron. This is because the probability of action
potential-evoked release originates from a portion of the RRP. The Pvr
was hence calculated by dividing the action potential-induced EPSC
charge by the sucrose-induced transient EPSC charge. Accordingly, the
Pvr was unchanged by Aβ25-35-exposed astrocytes (control,
7.05 ± 0.84%; Aβ, 5.92 ± 0.73%; Fig. 2D). Next, we measured the
paired-pulse ratio (PPR) as another way of assessing release probability.
This parameter indicates the sensitivity of the release mechanism to
Ca2+ influx following an action potential (Xu-Friedman and Regehr,
2004). Autaptic cultures generally exhibit short-term plasticity such as
paired-pulse depression (PPD) or paired-pulse facilitation (PPF) at in-
dividual synapses. Further it is likely that short-term plasticity emerges
with subsequent stimulation in autaptic cultures (Pyott and
Rosenmund, 2002). Thus, paired-pulse stimulation with 50ms inter-
vals, namely, 20 Hz stimulation is used to examine release probability
in autaptic cultures. Based on this rationale, PPR was defined as the
ratio of the amplitude of a second evoked EPSC to that of a first evoked
EPSC when two EPSCs are evoked by action potentials separated by a
short interval (50ms). There was clearly no difference in the PPR be-
tween the two groups (control, 1.03 ± 0.03; Aβ, 1.02 ± 0.03;
Fig. 2E). Although we did not observe PPD or PPF with a double-pulse
of 50ms interval (Fig. 2E), this protocol would be supportive for as-
sessing release probability. Thus, the fact that the Pvr and the PPR were
unchanged indicates that the synaptic release mechanism remains un-
changed in neurons co-cultured with Aβ25-35-exposed astrocytes.

The number of excitatory synapses is reduced by contact between Aβ25-35-
exposed astrocytes and neurons

We showed above that the release function was not associated with
the reduction of RRP size; therefore, we speculated that the attenuated
synaptic transmission caused by Aβ25-35-exposed astrocytes may be
caused by a decrease in the number of excitatory synapses. The ex-
citatory synapses in hippocampal neurons possess high numbers of
vesicular glutamate transporter 1 (VGLUT1) (Wojcik et al., 2004).
Therefore, we regarded synaptic puncta labeled by a VGLUT1 antibody
as glutamatergic excitatory synapses. The number of VGLUT1-labeled
puncta was significantly decreased by Aβ25-35-exposed astrocytes
(control, 350.17 ± 32.85; Aβ, 203.91 ± 18.56; Fig. 3B). Sholl ana-
lysis was applied to assess dendritic morphology (Sholl, 1953). Sholl
analysis is a common way to estimate neurite branching by counting
the number of branch intersections in a series of concentric circles (e.g.
at 20 μm intervals) centered at the soma of a single neuron. As shown in
Fig. 3C, the number of dendritic branches declined evenly up to 200 μm
from the soma in neurons co-cultured with and without Aβ25-35-exposed
astrocytes. However, the total number of branch intersections was
significantly decreased in the Aβ25-35-exposed astrocyte cultured neu-
rons compared with the control neurons (control, 181.64 ± 13.50; Aβ,
134.82 ± 7.64; Fig. 3D).

We next considered the relationship between synaptogenesis and
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astrocytes. There appear to be two different factors in the relationship:
diffusible astrocyte-derived factors and direct contact between the as-
trocytes and neurons. Synaptogenesis is promoted by molecules re-
leased from astrocytes (Mauch et al., 2001; Christopherson et al., 2005;
Kucukdereli et al., 2011); however, Aβ reduces the secretion of diffu-
sible factors from astrocytes, such as glial derived neurotrophic factor
(GDNF) and thrombospondins (Tseng et al., 2012). Contact between
astrocytes and neurons promotes synapse formation (Hama et al., 2004;
Garrett and Weiner, 2009); however, it is not clear whether contact
between Aβ25-35-exposed astrocytes and neurons contributes to synapse
formation. Therefore, we focused on astrocyte-neuronal contacts and
assessed synapse number using sandwich cultures, prepared according
to a previous study (Kaech and Banker, 2006). In this technique, hip-
pocampal neurons grow under a coverslip suspended above a layer of

astrocytes. The astrocytes and neurons do not come into direct contact,
and membrane-bound astrocyte-derived factors cannot affect the neu-
rons. Therefore, if the number of synapses does not change under these
experimental conditions, it is likely that membrane-bound astrocyte-
derived factors rather than diffusible astrocyte-derived factors inhibited
synapse formation.

We evaluated dendritic morphology and the number of VGLUT1-
labeled puncta in the sandwich culture preparation. The number of
excitatory synapses was not changed by Aβ25-35-exposed astrocytes
(control, 213.38 ± 24.49; Aβ, 221.00 ± 24.52; Fig. 4B). Additionally,
there was no change in dendrite morphology (Fig. 4C). Statistically, the
number of total branch intersections was not different between groups
(control, 157.44 ± 15.14; Aβ, 164.27 ± 14.69; Fig. 4D). Therefore, it
is possible to maintain synaptogenesis when Aβ25-35-exposed astrocytes

Fig. 1. Aβ25-35-exposed astrocytes decrease
excitatory synaptic transmission. (A)
Representative traces of EPSCs recorded from
autaptic neurons (control and Aβ25-35).
Depolarization artifacts caused by generated
action potential currents have been removed
for clarity. (B) Average amplitude of evoked
EPSCs in autaptic neurons co-cultured with
control astrocytes (n=50 from 12 cultures) or
Aβ25-35-exposed astrocytes (n=49 from 12
cultures), *p < 0.05. (C) Representative traces
of miniature mEPSCs in neurons co‐cultured
with control astrocytes (n= 50 from 12 cul-
tures) or Aβ25-35-exposed astrocytes (n= 49
from 12 cultures). (D) Amplitude of mEPSCs in
autaptic neurons co-cultured with control as-
trocytes (n=50 from 12 cultures) or Aβ25-35-
exposed astrocytes (n=49 from 12 cultures).
(E) Frequency of mEPSCs in autaptic neurons
co-cultured with control astrocytes or Aβ25-35-
exposed astrocytes.
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do not directly contact neurons.

Discussion

It is well known that Aβ causes defective synaptic transmission in
AD (Cullen et al., 1996; Small et al., 2001; Selkoe, 2002). Aβ generally
effects not only neurons but also astrocytes. Astrocytes are required for
synaptogenesis and for functional synaptic transmission. For example,
neurons cultured in vitro without astrocytes barely form synapses and
the number of active synapses is small, indicating abnormal sponta-
neous synaptic activity and synaptic transmission. However, in neurons
co-cultured with abundant astrocytes, the number of synapses increases
dramatically, along with increased frequency and amplitude of

spontaneous postsynaptic currents; i.e. the synaptic transmission is
normal (Pfrieger and Barres, 1997). Therefore, we suggest that dis-
ruption of astrocytes by Aβ-exposure is sufficient to cause impaired
synaptic transmission in AD.

It is experimentally difficult to only expose astrocytes to Aβ in a
mixed cell type culture or tissue; therefore, we co-cultured single hip-
pocampal neurons with astrocytes that had been previously chronically
exposed to Aβ. Excitatory synaptic transmission was significantly re-
duced by Aβ25-35-exposed astrocytes (Fig. 1B). In addition, a decreased
number of excitatory synapses (Fig. 3B) led to a decrease in the fre-
quency of mEPSCs (Fig. 1E) and the RRP size (Fig. 2B). Aβ can cause
AMPA receptor dysfunction (Hsieh et al., 2006); however, there was no
change in the amplitude of mEPSCs in this study (Fig. 1D).

Fig. 2. The readily releasable pool of synaptic
vesicles (RRP) is reduced by Aβ25-35-exposed
astrocytes. (A) Representative traces of the re-
sponse to 0.5M sucrose solution (8 s) in au-
taptic neurons co-cultured with control astro-
cytes or Aβ25-35-exposed astrocytes. (B)
Average RRP size in autaptic neurons co-cul-
tured with control astrocytes (n= 50 from 12
cultures) or Aβ25-35-exposed astrocytes (n= 49
from 12 cultures), *p < 0.05. (C) The number
of synaptic vesicles in the RRP. Data were ob-
tained from the same neurons examined in (B),
*p < 0.05. (D) Vesicular release probability
(Pvr) in autaptic neurons co-cultured with
control astrocytes (n=50 from 12 cultures) or
Aβ25-35-exposed astrocytes (n=49 from 12
cultures). (E) Paired-pulse ratio (EPSC2/EPSC1)
in autaptic neurons co-cultured with control
astrocytes (n=50 from 12 cultures) or Aβ25-
35-exposed astrocytes (n=49 from 12 cul-
tures).

K. Oyabu, et al. IBRO Reports 7 (2019) 34–41

38



Hippocampal neurons co-cultured with astrocytes exposed to a different
Aβ fragment, Aβ1–40, (Kawano et al., 2017) also showed impaired ex-
citatory synaptic transmission, similar to the results in the present
study; therefore, we speculate that Aβ-exposed astrocytes do not affect
the properties of AMPA receptors in neurons.

Direct contact of astrocytes with hippocampal neurons activates
PKC signaling and promotes synaptogenesis and synaptic transmission
(Hama et al., 2004). Furthermore, decreased expression of N-cadherin,
a transmembrane protein, in hippocampal astrocytes suppresses neurite
outgrowth (Kanemaru et al., 2007). In addition, diffusible astrocyte-
derived factors are thought to be important for synaptogenesis. For
example, Tseng et al. (2012) reported that diffusible astrocyte-derived
factors that promote synaptogenesis were decreased by Aβ. Further-
more, depletion of neurolysine 2, an enzyme present in cortical astro-
cytes, inhibits excitatory synapse formation (Stogsdill et al., 2017).
However, our data showed that the number of excitatory synapses was

not decreased in sandwich cultures, in which neurons and astrocytes
were not in direct contact (Fig. 4B). These data indicate that a direct
adhesion factor between neurons and astrocytes is necessary for normal
neuronal morphology and synaptogenesis (Allen and Eroglu, 2017).
Therefore, disruption of this astrocyte-mediated adhesion by exposure
to Aβ25-35 would result in a decrease in synapse number. Further in-
vestigations are required to explore these adhesion factors in detail.

Our study shows that exposure of astrocytes to Aβ25-35 is associated
with abnormal synaptogenesis and synaptic transmission. This indicates
that astrocyte dysfunction resulting from Aβ accumulation is associated
with synaptic abnormalities in AD. Specifically, our data are more di-
rectly related to synapse formation of developing neurons. As discussed
in our previous paper (Kawano et al., 2017), neurons co-cultured with
astrocytes exposed to Aβ fail to mature completely. Considering that
neurons are already mature at a time when astrocytes are exposed to Aβ
during the aging process, it is not yet clear how Aβ-exposed astrocytes

Fig. 3. Excitatory synapse formation is inhibited by Aβ25-35-exposed astrocytes. (A) Representative images of autaptic neurons immunostained for the dendritic
marker, microtubule-associated protein 2 (MAP2) (in green) and the excitatory synapse marker, vesicular glutamate transporter 1 (VGLUT1) (in red). Parts of the
images in the top row (scale bars= 20 μm) are enlarged in the bottom row (scale bars= 10 μm). (B) The number of VGLUT1 puncta in autaptic neurons co-cultured
with control astrocytes (n= 39 from 4 cultures) and Aβ25-35-exposed astrocytes (n= 35 from 4 cultures), ***p < 0.001. (C) Sholl analysis of dendrites. Data were
obtained from the cultures analyzed in (B). (D) The total number of branch intersections. Data were obtained from the cultures analyzed in (B), **p < 0.01.
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affect “mature neurons” in AD brain. Therefore, if possible, further
experiments using aged neurons should be performed under these cir-
cumstances.

In in vitro cultured cortical neurons, neurotoxicity and impairment
of synaptic activity caused by Aβ were reversible (Lee et al., 2013;
Tanokashira et al., 2017). In AD mice, rapid inhibition of transgenic
APP alleviates cognitive dysfunction, and this effect results from a re-
duction of Aβ (Fowler et al., 2014). Furthermore, immunotherapy tar-
geting Aβ reduces Aβ toxicity and ameliorates synaptic dysfunction and
cognitive impairment (Lord et al., 2009; Wisniewski and Goñi, 2015).
Taken together, these studies indicate that a reduction or elimination of
Aβ from astrocytes might be effective in treating neuronal disorders.

In addition to the direct effects of Aβ on neurons in AD pathology,
we propose that there is also an astrocyte-mediated effect of Aβ.
Therefore, treatments that target astrocytes as well as neurons may
contribute to the establishment of a new AD therapy.
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35= exposed astrocytes (n=31 from 4 cultures) (C) Sholl analysis of dendrites. Data were obtained from the specimens analyzed in (B). (D) The total number of
branch intersections. Data were obtained from the cultures analyzed in (B).
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Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.ibror.2019.07.1719.

References

Allen, N.J., Eroglu, C., 2017. Cell biology of astrocyte-synapse interactions. Neuron 96
(3), 697–708.

Bekkers, J.M., Stevens, C.F., 1991. Excitatory and inhibitory autaptic currents in isolated
hippocampal neurons maintained in cell culture. Proc. Natl. Acad. Sci. U. S. A. 88
(17), 7834–7838.

Christopherson, K.S., Ullian, E.M., Stokes, C.C., Mullowney, C.E., Hell, J.W., Agah, A.,
Lawler, J., Mosher, D.F., Bornstein, P., Barres, B.A., 2005. Thrombospondins are
astrocyte-secreted proteins that promote CNS synaptogenesis. Cell 120, 421–433.

Chung, W.S., Allen, N.J., Eroglu, C., 2015. Astrocytes control synapse formation, function,
and elimination. Cold Spring Harb. Perspect. Biol. 7 (9), a020370.

Cullen, W.K., Wu, J., Anwyl, R., Rowan, M.J., 1996. Beta-amyloid produces a delayed
NMDA receptor-dependent reduction in synaptic transmission in rat hippocampus.
NeuroReport 8, 87–92.

Durkee, C.A., Araque, A., 2019. Diversity and specificity of astrocyte–neuron commu-
nication. Neuroscience 396, 73–78.

Fatemi, S.H., Folsom, T.D., Reutiman, T.J., Lee, S., 2008. Expression of astrocytic markers
aquaporin 4 and connexin 43 is altered in brains of subjects with autism. Synapse 62,
501–507.

Fowler, S.W., Chiang, A.C., Savjani, R.R., Larson, M.E., Sherman, M.A., Schuler, D.R.,
Cirrito, J.R., Lesné, S.E., Jankowsky, J.L., 2014. Genetic modulation of soluble Aβ
rescues cognitive and synaptic impairment in a mouse model of Alzheimer’s disease.
J. Neurosci. 34, 7871–7885.

García-Cáceres, C., Balland, E., Prevot, V., Luquet, S., Woods, S.C., Koch, M., Horvath,
T.L., Yi, C.X., et al., 2019. Role of astrocytes, microglia, and tanycytes in brain control
of systemic metabolism. Nat. Neurosci. 22 (1), 7–14.

Garrett, A.M., Weiner, J.A., 2009. Control of CNS synapse development by g-proto-
cadherin-mediated astrocyte-neuron contact. J. Neurosci. 29, 11723–11731.

Gómez-Gonzalo, M., Martin Fernandez, M., Martínez-Murillo, R., Mederos, S., Hernández-
Vivanco, A., Jamison, S., Fernandez, A.P., Serrano, J., et al., 2017. Neuron-astrocyte
signaling is preserved in the aging brain. Glia 65 (4), 569–580.

Hama, H., Hara, C., Yamaguchi, K., Miyawaki, A., 2004. PKC signaling mediates global
enhancement of excitatory synaptogenesis in neurons triggered by local contact with
astrocytes. Neuron 41, 405–415.

Hardy, J., Selkoe, D.J., 2002. The amyloid hypothesis of Alzheimer’s disease: progress and
problems on the road to therapeutics. Science 297, 353–356.

Hefti, F., Goure, W.F., Jerecic, J., Iverson, K.S., Walicke, P.A., Krafft, G.A., 2013. The case
for soluble Aβ oligomers as a drug target in Alzheimer’s disease. Trends Pharmacol.
Sci. 34, 261–266.

Hsieh, H., Boehm, J., Sato, C., Iwatsubo, T., Tomita, T., Sisodia, S., Malinow, R., 2006.
AMPAR removal underlies Aβ-induced synaptic depression and dendritic spine loss.
Neuron 52, 831–843.

Iwabuchi, S., Kakazu, Y., Koh, J.Y., Harata, N.C., 2014. Evaluation of the effectiveness of
Gaussian filtering in distinguishing punctate synaptic signals from background noise
during image analysis. J. Neurosci. Methods 15, 223 92–113.

Kaech, S., Banker, G., 2006. Culturing hippocampal neurons. Nat. Protoc. 1 (5),
2406–2415.

Kaminsky, Y.G., Marlatt, M.W., Smith, M.A., Kosenko, E.A., 2010. Subcellular and me-
tabolic examination of amyloid-β peptides in Alzheimer disease pathogenesis: evi-
dence for Aβ25-35. Exp. Neurol. 221, 26–37.

Kanemaru, K., Okubo, Y., Hirose, K., Iino, M., 2007. Regulation of neurite growth by
spontaneous Ca2+ oscillations in astrocytes. J. Neurosci. 27 (33), 8957–8966.

Kawano, H., Katsurabayashi, S., Kakazu, Y., Yamashita, Y., Kubo, N., Kubo, M., Okuda,
H., Takasaki, K., et al., 2012. Long-term culture of astrocytes attenuates the readily
releasable pool of synaptic vesicles. PLoS One 7, e48034.

Kawano, H., Oyabu, K., Yamamoto, H., Eto, K., Adaniya, Y., Kubota, K., Watanabe, T.,
Hirano-Iwata, A., et al., 2017. Astrocytes with previous chronic exposure to amyloid
β-peptide fragment 1-40 suppress excitatory synaptic transmission. J. Neurochem.
143 (6), 624–634.

Koffie, R.M., Hyman, B.T., Spires-Jones, T.L., 2011. Alzheimer’s disease: synapses gone
cold. Mol. Neurodegener. 6, 63.

Kucukdereli, H., Allen, N.J., Lee, A.T., Feng, A., Ozlu, M.I., Conatser, L.M., Chakraborty,

C., Workman, G., et al., 2011. Control of excitatory CNS synaptogenesis by astrocyte-
secreted proteins Hevin and SPARC. Proc. Natl. Acad. Sci. U. S. A. 108, 440–449.

Laurence, J.A., Fatemi, S.H., 2005. Glial fibrillary acidic protein is elevated in superior
frontal, parietal and cerebellar cortices of autistic subjects. Cerebellum 4, 206–210.

Lee, S., Zemianek, J., Shea, T.B., 2013. Rapid, reversible impairment of synaptic signaling
in cultured cortical neurons by exogenously-applied amyloid-β. J. Alzheimers Dis. 35,
395–402.

Lee, L., Kosuri, P., Arancio, O., 2014. Picomolar Amyloid-β peptides enhance spontaneous
astrocyte calcium transient. J. Alzheimers Dis. 38 (1), 49–62.

Lord, A., Gumucio, A., Englund, H., Sehlin, D., Sundquist, V.S., Söderberg, L., Möller, C.,
Gellerfors, P., et al., 2009. An amyloid-beta protofibril-selective antibody prevents
amyloid formation in a mouse model of Alzheimer’s disease. Neurobiology 36,
425–434.

Mauch, D.H., Nagler, K., Schumacher, S., Goritz, C., Muller, E.C., Otto, A., Pfrieger, F.W.,
2001. CNS synaptogenesis promoted by glia-derived cholesterol. Science 294,
1354–1357.

Pfrieger, F.W., Barres, B.A., 1997. Synaptic efficacy enhanced by glial cells in vitro.
Science 277, 1684–1687.

Pike, C.J., Cummings, B.J., Monzavi, R., Cotman, C.W., 1994. Beta-amyloid-induced
changes in cultured astrocytes parallel reactive astrocytosis associated with senile
plaques in Alzheimer’s disease. Neuroscience 63, 517–531.

Pike, C.J., Walencewicz-Wasserman, A.J., Kosmoski, J., Cribbs, D.H., Glabe, C.G.,
Cotman, C.W., 1995. Structure-activity analyses of beta-amyloid peptides: contribu-
tions of the beta 25-35 region to aggregation and neurotoxicity. J. Neurochem. 64,
253–265.

Pyott, S.J., Rosenmund, C., 2002. The effects of temperature on vesicular supply and
release in autaptic cultures of rat and mouse hippocampal neurons. J. Physiol. 539
(2), 523–535.

Rama Rao, K.V., Kielian, T., 2015. Neuron-astrocyte interactions in neurodegenerative
diseases: role of neuroinflammation. Clin. Exp. Neuroimmunol. 6, 245–263.

Rosenmund, C., Stevens, C.F., 1996. Definition of the readily releasable pool of vesicles at
hippocampal synapses. Neuron 16, 1197–1207.

Roth, M., Tomlinson, B.E., Blessed, G., 1966. Correlation between scores for dementia and
counts of ‘senile plaques’ in cerebral grey matter of elderly subjects. Nature 209,
109–110.

Scheltens, P., Blennow, K., Breteler, M.M., de Strooper, B., Frisoni, G.B., Salloway, S., Van
der Flier, W.M., 2016. Alzheimer’s disease. Lancet 388, 505–517.

Selkoe, D.J., 2002. Alzheimer’s disease is a synaptic failure. Science 298, 789–791.
Sholl, D.A., 1953. Dendritic organization in the neurons of the visual and motor cortices

of the cat. J. Anat. 87, 387–406.
Sloan, S.A., Barres, B.A., 2014. Mechanisms of astrocyte development and their con-

tributions to neurodevelopmental disorders. Curr. Opin. Neurobiol. 27, 75–81.
Small, D.H., Mok, S.S., Bornstein, J.C., 2001. Alzheimer’s disease and Aβ toxicity: from

top to bottom. Nat. Rev. Neurosci. 2, 595–598.
Stogsdill, J.A., Ramirez, J., Liu, D., Kim, Y.H., Baldwin, K.T., Enustun, E., Ejikeme, T., Ji,

R.R., et al., 2017. Astrocytic neuroligins control astrocyte morphogenesis and sy-
naptogenesis. Nature 551 (7679), 192–197.

Talantova, M., Sanz-Blasco, S., Zhang, X., Xia, P., Akhtar, M.W., Okamoto, S.,
Dziewczapolski, G., Nakamura, T., et al., 2013. Aβ induces astrocytic glutamate re-
lease, extrasynaptic NMDA receptor activation, and synaptic loss. Proc. Natl. Acad.
Sci. U. S. A. 110 (27), 2518–2527.

Tanokashira, D., Mamada, N., Yamamoto, F., Taniguchi, K., Tamaoka, A., Lakshmana,
M.K., Araki, W., 2017. The neurotoxicity of amyloid β-protein oligomers is reversible
in a primary neuron model. Mol. Brain 10, 4.

Tseng, P.T., Lee, Y., Lin, P.Y., 2012. Age-associated decrease in serum glial cell line-
derived neurotrophic factor levels in patients with major depressive disorder. Prog.
Neuropsychopharmacol. Biol. Psychiatry 40, 334–339.

Tu, S., Okamoto, S., Lipton, S.A., Xu, H., 2014. Oligomeric Aβ-induced synaptic dys-
function in Alzheimer’s disease. Mol. Neurodegener. 9, 48.

Viola, K.L., Klein, W.L., 2015. Amyloid β oligomers in Alzheimer’s disease pathogenesis,
treatment, and diagnosis. Acta Neuropathol. 129, 183–206.

Wisniewski, T., Goñi, F., 2015. Immunotherapeutic approaches for Alzheimer’s disease.
Neuron 85, 1162–1176.

Wojcik, S.M., Rhee, J.S., Herzog, E., Sigler, A., Jahn, R., Takamori, S., Brose, N.,
Rosenmund, C., 2004. An essential role for vesicular glutamate transporter 1
(VGLUT1) in postnatal development and control of quantal size. Proc. Natl. Acad. Sci.
U. S. A. 101, 7158–7163.

Xu-Friedman, M.A., Regehr, W.G., 2004. Structural contributions to short-term synaptic
plasticity. Physiol. Rev. 84, 69–85.

K. Oyabu, et al. IBRO Reports 7 (2019) 34–41

41

https://doi.org/10.1016/j.ibror.2019.07.1719
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0005
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0005
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0010
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0010
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0010
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0015
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0015
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0015
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0020
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0020
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0025
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0025
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0025
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0030
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0030
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0035
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0035
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0035
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0040
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0040
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0040
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0040
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0045
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0045
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0045
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0050
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0050
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0055
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0055
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0055
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0060
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0060
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0060
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0065
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0065
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0070
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0070
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0070
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0075
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0075
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0075
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0080
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0080
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0080
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0085
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0085
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0090
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0090
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0090
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0095
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0095
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0100
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0100
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0100
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0105
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0105
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0105
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0105
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0110
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0110
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0115
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0115
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0115
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0120
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0120
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0125
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0125
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0125
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0130
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0130
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0135
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0135
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0135
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0135
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0140
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0140
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0140
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0145
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0145
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0150
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0150
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0150
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0155
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0155
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0155
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0155
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0160
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0160
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0160
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0165
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0165
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0170
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0170
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0175
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0175
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0175
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0180
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0180
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0185
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0190
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0190
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0195
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0195
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0200
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0200
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0205
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0205
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0205
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0210
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0210
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0210
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0210
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0215
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0215
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0215
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0220
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0220
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0220
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0225
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0225
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0230
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0230
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0235
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0235
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0240
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0240
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0240
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0240
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0245
http://refhub.elsevier.com/S2451-8301(19)31771-6/sbref0245

	Hippocampal neurons in direct contact with astrocytes exposed to amyloid β25-35 exhibit reduced excitatory synaptic transmission
	Introduction
	Experimental procedures
	Animals
	Astrocyte culture
	Autaptic and sandwich neuron cultures
	Aβ preparation and treatment
	Immunocytochemistry
	Solutions
	Autaptic neuron culture electrophysiology
	Image acquisition and quantification
	Statistical analysis

	Results
	Excitatory synaptic transmission is attenuated by Aβ25-35-exposed astrocytes
	The size of the readily releasable pool of synaptic vesicles is decreased by Aβ25-35-exposed astrocytes
	The number of excitatory synapses is reduced by contact between Aβ25-35-exposed astrocytes and neurons

	Discussion
	Conflict of interest
	Ethical statement
	Acknowledgments
	Supplementary data
	References




