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beta (Aβ) peptides. Aβ peptides self-aggregate and form 
oligomeric species as well as fibrils. Aβ is found in vivo 
primarily as a 39-43 residue long peptides [1]. Among 
them Aβ42 peptide is considered to be the most toxic 
[2,3]. Recently, a growing number of studies have shown 
that soluble oligomeric Aβ (oAβ) is more neurotoxic than 
fibrillar amyloid, especially in synaptic transmission and 
long-term potentiation [2,4-6], which are fundamental to 
learning and memory function in the brain.

Despite intensive research the exact mechanism of 
AD pathology is not known. There are multiple mouse 
models of AD, however, none of these models completely 
recapitulate human pathology. Most AD models express 
the human transgene under the control of the late 
promoter making it impossible to make primary cell 
cultures and study disease in vitro. It is even more difficult 
to study the signaling pathways of oAβ, since in animal 
models, as well as in humans, amyloid beta exists in 
multiple forms starting from monomers and finishing 
with insoluble fibrils. The aim of the current study was to 
investigate the effect of low amyloid levels on the function 
of hippocampal neurons. We were interested in low 
amyloid toxicity conditions since it correlates best with 
the early stages of AD when application of pharmaceutical 
drugs would be most effective. A low amyloid level toxicity 
assay could be useful for fundamental research as well as 
for testing newly developed AD drugs. To achieve this aim 
we have used an in vitro model of amyloid toxicity where 
primary hippocampal cultures were treated with synthetic 
oAβ within the nanomolar range. To our knowledge oAβ 
has been previously applied to cultured neurons at the 
micromolar range [4,7-9], but nanomolar concentrations 
of oAβ were not previously tested. 

2  Material and methods

2.1  Primary hippocampal cultures

The hippocampal cultures from wild type (WT) mice - 
albino outbred mice (Rappolovo farm, Leningradsky 
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difficult to imitate the onset of the disease in experimental 
models. In the current study we analyzed the influence of 
low amyloid level toxicity on the function of hippocampal 
neurons. Our assay is based on use of synthetic oligomeric 
amyloid beta peptides. These peptides were added to 
primary hippocampal cultures at a physiological nanomolar 
range to mimic early AD. Calcium imaging was used to 
evaluate the functionality of the assay. A low amyloid level 
toxicity assay could be useful for fundamental research as 
well as for testing newly developed AD drugs.
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1  Introduction
Alzheimer disease (AD) is a neurodegenerative disorder 
that is primarily characterized by memory loss. AD mainly 
affects such brain regions as the cerebellar cortex and 
the hippocampus. According to the dominant hypothesis 
of AD, sequential cleavage of amyloid precursor protein 
(APP) by β- and γ-secretase constitutes the amyloidogenic 
pathway, which leads to the production of toxic amyloid 
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District, Russia) were established from postnatal day 0–2 
pups and maintained in culture as described previously 
[10]. Hippocampi were dissected from pups in sterile ice 
cold 1XHBSS buffer (pH 7.2), and dissociated in papain 
solution (Worthington 3176) at 37°C for 30 min. To remove 
big undissociated cell aggregates, the hippocampal 
neuron solutions were twice triturated in 1 µg/ml DNAseI 
(Sigma, DN-25). To remove DNAseI, neurons were 
centrifuged at 1500 rpm for 4 min. Supernatants were 
discarded and fresh warm (37°C) growth media was 
added. Growth media consisted of Neurobasal-A (Gibco, 
10888), 1xB27 (Gibco, 17504), 1% heat inactivated FBS 
(Gibco, 16000), and 0.5 mM L-glutamine (Gibco, 25030). 
Hippocampal neuron solutions were plated in 24-well 
plates. Wells contained 12 mm round Menzel cover slip 
(d0-1) precoated with 1% poly-D-lysine (Sigma, p-7886). 
The growth media was changed the day after plating and 
then weekly. In controls, neuronal cultures were treated 
with 100 µl of Neurobasal A (the same amount of media 
was used to prepare Aβ solutions) and incubated at 4°C 
for 24 hours. 

2.2  Amyloid beta (Aβ) peptide treatment

On day 11 cultures were treated with 100 nM oAβ42 or 
oAβ40 or cultured medium (control). Oligomeric form of 
Aβ was prepared from synthetic peptides (Anaspec, USA) 
according to the published protocol [10]. We analyzed 
the quality of our oAβ40 and oAβ42 sample preparations 
by Western blotting with anti-amyloid 6E10 antibody 
(Covance, USA) as well as by atomic force microscopy 
(data not shown). Based on these analyses our samples 
contained the fraction of Aβ primarily in the form of 
oligomers.

In our model we treated hippocampal cultures from 
WT mice at DIV11 (DIV – day of in vitro incubation) with 
oAβ40 or oAβ42. We analyzed cells at DIV14 (72 h of 
incubation with oAβ). In order to prove that we obtained 
conditions where oAβ causes toxic effects we used calcium 
imaging with Fluo-3AM.

2.3  Calcium imaging

On day 14 neuronal cultures were stained with calcium 
sensitive dye Fluo-3AM (Invitrogen) in artificial 
cerebrospinal fluid (aCSF) containing 2 mM Ca2+. Staining 
was performed at 37°С for 30 min followed by two steps of 
washing with fresh aCSF, which was pre-warmed to room 
temperature, each washing step took 10-15 min. Calcium 

imaging was done on a confocal microscope (Thorlabs) 
with 488 nm diode laser. Baseline (f0) Ca2+ signals were 
recorded for 3 min then 50 µM glutamate (Glu) was 
added to the neurons and Ca2+ signals (f) were recorded 
for 7 min. In a second experiment, we pre-incubated 
hippocampal neurons treated with oAβ40, oAβ42 or 
control with N-methyl-D-aspartate receptor (NMDAR) 
blocker - magnesium ions (Mg2+) [11,12] (10 mM, 30 min) 
before calcium imaging.

2.4  Statistical analyses

Experiments were performed at least three times. Results 
are presented as means ± SEM. Statistical comparisons 
of results obtained in experiments were performed by 
Student’s t test for two-group comparisons. P values are 
indicated in figure legends as appropriate.

3  Results and discussion
We were able to obtain conditions of low amyloid toxicity 
using synthetic Aβ peptides at primary concentration of 
100 nM, while in others studies Aβ was used in range from 
0.5 to 100 µM [4,7-9]. From the literature it is known that 
Aβ increases susceptibility of neurons to Glu excitotoxicity 
[13]. Using calcium imaging we analyzed the susceptibility 
of cultured neurons to Glu after incubation with amyloid 
beta peptides and we observed that oAβ42 and oAβ40 
significantly increased the susceptibility of neurons to Glu 
excitotoxicity (Fig. 1 a, b).

In next experiments we tried to elucidate whether in 
our experimental conditions ionotropic glutamate receptors 
(particularly NMDAR) are responsible for increased 
susceptibility of oAβ40, oAβ42 to Glu excitotoxicity. NMDA 
receptors are known from the literature to be involved 
in oAβ mediated toxic signaling [14]. In agreement with 
literature, we found that in the presence of NMDAR blocking 
magnesium ions the susceptibility of neurons treated with 
oAβ42, oAβ40 to Glu excitotoxicity was decreased (Fig. 2). 
This result confirms that our in vitro model is functional 
and susceptible for further investigations. This model could 
be used for the investigation of oAβ impact on synapse 
stability as well as for studying the influence of oAβ on 
intracellular Ca2+ signaling.

4  Future directions
In future experiments we are planning to test if application 
of oAβ at concentrations lower than 100 nM has a similar 
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impact on neuronal function. Particularly, dose dependent 
curves of neuronal function (susceptibility to glutamate) 
under different concentrations of oAβ will be produced. 
In these experiments the effect of oAβ42 or oAβ40 will be 
compared to the effect of inverse Aβ42 or Aβ40, which are 
better controls than those used in the current study. To find 
the lowest toxic concentration of oligomeric amyloid beta 
is important since it will enable our models to correlate 
with early pathology of AD.
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Figure 1. Aβ40 and Aβ42 increase the susceptibility of neurons to glutamate (Glu) excitotoxicity: (a) Fluo-3AM fluorescence in live hippo-
campal neurons. Fluorescence is measured in soma. Time courses of Fluo-3AM Ca2+ signals (f/f0) are shown for WT hippocampal neurons 
following the exposure to Aβ40 (100 nM), Aβ42 (100 nM) or control (cultured medium). Individual cell traces (gray) and average traces (red) 
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numbers of analyzed cells from n=4 independent experiments are shown in the brackets above bars. Values are shown as mean ± SE;  
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Figure 2. NMDA receptors participate in Aβ induced susceptibility 
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peak neuronal responses calculated for WT hippocampal neurons 
following the exposure to Aβ40 (100 nM), Aβ42 (100 nM) or control 
(cultured medium) in the presence or absence of Mg2+. The average 
peak neuronal responses in soma are calculated for each group, 
numbers of analyzed cells from n = 3 independent experiments are 
shown in the brackets above bars. c = control, cells treated with 
cultured media. Values are shown as mean ± SE; *p < 0.05,  
**** p < 0.0001 by t-test.
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