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Abstract
Alzheimer disease is characterized by accumulation of ␤-amyloid (A␤) and cognitive dysfunctions linked to early loss of
cholinergic neurons. As estrogen-based hormone replacement therapy has beneficial effects on cognition of demented patients, and it may prevent memory impairments, we
investigated the effect of estrogen-pretreatment on A␤-induced cholinergic neurodegeneration in the nucleus basalis
magnocellularis (NBM). We tested which A␤ species induces
the more pronounced cholinotoxic effect in vivo. We injected different A␤ assemblies in the NBM of mice, and measured cholinergic cell and cortical fiber loss. Spherical A␤
oligomers had the most toxic effect. Pretreatment of ovariectomized mice with estrogen before A␤ injection decreased cholinergic neuron loss and partly prevented fiber
degeneration. By using proteomics, we searched for proteins involved in estrogen-mediated protection and in A␤
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toxicity 24 h following injection. The change in expression
of, e.g., DJ-1, NADH ubiquinone oxidoreductase, ATP synthase, phosphatidylethanolamine-binding protein 1, protein phosphatase 2A and dimethylarginine dimethylaminohydrolase 1 support our hypothesis that A␤ induces mitochondrial dysfunction, decreases MAPK signaling, and
increases NOS activation in NBM. On the other hand, altered
expression of, e.g., MAP kinase kinase 1 and 2, protein phosphatase 1 and 2A by A␤ might increase MAPK suppression
and NOS signaling in the cortical target area. Estrogen pretreatment reversed most of the changes in the proteome in
both areas. Our experiments suggest that regulation of the
MAPK pathway, mitochondrial pH and NO production may
all contribute to A␤ toxicity, and their regulation can be prevented partly by estrogen pretreatment.
Copyright © 2010 S. Karger AG, Basel

Introduction

Alzheimer disease (AD) is the most prevalent age-related neurodegenerative disease, and the most common
form of dementia [1]. Besides the accumulation of ␤-amEva M. Szego
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yloid (A␤) peptide, neurofibrillary tangles and synaptic
loss [2], another characteristic of AD is the early degeneration of the basal forebrain cholinergic system (BFC) [3,
4]. Neurons of BFC express the receptor ␣7 nicotinic acetylcholine receptor, which binds A␤ selectively and with
high affinity, making cholinergic neurons vulnerable in
AD or protecting against A␤ [5–7].
AD is known to be gender dependent and age-related
loss of estrogen (17␤-estradiol, E2) probably increases the
risk of AD [8]. E2-based hormone replacement therapy
(ERT) decreased the risk of AD and cognitive dysfunctions in some clinical studies, suggesting a protective role
of E2 [9–12]. Supporting these findings, E2 was found to
be neuroprotective in in vitro and in vivo experimental
AD models [13–16]. It is known that E2 destabilizes A␤
fibrils in vitro [17] and decreases A␤ load in transgenic
mice [18]. In addition, E2 reduces A␤-induced Ca2+ overload [19] and p38 mitogen-activated protein kinase
(p38MAPK) activation [20] in vitro. E2 is able to optimize
brain metabolism, achieving optimal energy consumption during different mental functions [21–23]. Moreover,
E2 treatment improves cognitive performance partly via
interaction with the basal forebrain cholinergic system
[24, 25]. However, despite the beneficial effects of E2
found in animal studies or reported from human trials,
some studies demonstrated that ERT has no effect on
cognitive performance and on severity of dementia in female patients [26, 27], meaning that ERT is still controversial for the treatment of dementia.
Both A␤ and E2 generate widespread changes in the
brain by controlling gene expression among others [22,
28–31], inducing cell death or preparing cells for toxicity
and altering cellular reactions to A␤. In our present study,
by searching for possible target proteins, we aimed to find
the mechanisms and raise a hypothesis underlying A␤
toxicity on cholinergic neurons and the possible neuroprotective effects of E2 in vivo. Hence, we first determined the
neurotoxic potential of differently aggregated A␤1–42 solutions on the mouse nucleus basalis magnocellularis-substantia innominata (NBM-SI) cholinergic neurons in vivo.
We measured cholinergic cell loss in the NBM-SI, and cholinergic fiber density in the projection area (somatosensory cortex, SSCTX, layer V). After selection of the most
potent A␤ solution, in the second part of our experiments,
we investigated the effect of E2 pretreatment on A␤ cholinotoxic effects. In addition, we performed a proteomic investigation to find the proteins influenced by A␤ and A␤
after E2 pretreatment. In this study, we present the possible mechanisms explaining A␤ toxicity and the protective
effects of E2 against A␤ on NBM-SI cholinergic neurons.
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Methods
Animals
Animal breeding and experiments were performed based on
the rules of the Local Animal Care Committee at the Eötvös
Loránd University, in accordance with the European Union conforming to the Hungarian Act of Animal Care and Experimentation. Female wild-type C57BL6/J mice were maintained under a
12-hour light/dark cycle at 20 ° C, and were supplied with water
and food ad libitum.
In vitro Characterization of A␤ Solutions: Atomic Force
Microscopy and Thioflavin T Measurements
A␤1–42 (a gift from Márta Zarándi [32]) peptide was dissolved
in 100% hexafluoro-isopropanol (HFIP) for 6 h to prepare a
monomer solution [33]. The monomer solution was centrifuged
at 15,000 g (10 min), and the supernatant was lyophilized and kept
at –80 ° C until use. The morphology and size of the A␤ aggregates
in vitro was determined using atomic force microscopy (AFM).
A␤ samples at 600  M concentration in glucose-free artificial cerebrospinal fluid (ACSF, in mM: 144 NaCl; 3 KCl; 1 MgCl2;
2 CaCl2; pH 7.3) were incubated for 0, 12, 24 and 48 h at room
temperature. As the samples with 24 and 48 h incubation time did
not adhere sufficiently to the mica surface (Electron Microscopy
Sciences, Hatfield, Pa., USA), they were diluted in deionized water
(15- to 30-fold) and the solutions were then incubated on the mica
surface for 2 min and replaced with water. These solutions were
measured in water instead of ACSF. Images were obtained under
similar conditions with an MFP3D AFM instrument (Asylum Research, Santa Barbara, Calif., USA), operating in a noncontact
mode, using the Olympus BioLever silicon nitride cantilever
(Olympus Co., Japan); typical resonance frequency: ⬃9 kHz.
Drive amplitude and contact force were kept to a minimum. Areas
were scanned at 0.5–1 Hz rate. Images were evaluated by measuring the height of 100–200 individual aggregates above the mica
surface using MFP-3D software (Asylum Research). Objects
clearly associated from a large number of aggregates were taken
as sample preparation artefacts and were excluded from the measurements. It is important to note that AFM measurements may
underestimate the diameter of A␤ structures because of sample
compression by the AFM probe [34]. However, the technique is
excellent to follow the progress of aggregation and the change in
morphology.
For thioflavin T (ThT) fluorescence measurements, 1-l aliquots were taken from the samples and mixed with 1.0 ml of 5  M
ThT (Sigma) in 50 mM glycine-NaOH buffer at pH 8.5 [35]. ThT
fluorescence was monitored immediately at 485 nm with excitation at 445 nm in a cell thermostatted to 25 ° C using a SPEX FluoroMax instrument (Jobin-Yvon, Longjumeau Cedex, France). Excitation and emission bandwidths were set to 5 nm. Data are from
5 measurements/time point.
Preparation of Tissue Sections for Toxicity Measurements of
A␤ Assemblies
To prepare different A␤ aggregates suitable for in vivo experiments, the lyophilized samples were dissolved in ACSF at a concentration of 600  M and kept at room temperature for 0, 12, 24
or 48 h prior to administration. The concentration of the A␤ solution was determined in a preliminary experiment, and we selected the lowest concentration to achieve a minimum of 25% cholin-
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ergic cell death (data not shown). In order to eliminate the possible interference of endogenous estrogen with A␤ toxicity, adult
female 45- to 60-day-old mice were bilaterally ovariectomized
(OVX) under deep anesthesia using Avertin (2% 2,2,2-tribromoethanol, 1,2% amyl-hydrate; 8% ethanol in physiological saline;
Sigma, USA). In the first set of experiments, we aimed to determine the cholinotoxic effect of different A␤ assemblies. A␤ was
incubated in ACSF for 0, 12, 24 or 48 h at room temperature prior
to injecting. On post-OVX day 14, 2 ! 1 l 600  M A␤ solution
or ACSF was injected slowly into the NBM-SI using fused silica
capillary (coordinates: L –2/+2, AP –0,65, DV –4,1/–4,3) [36].
During stereotactic surgery, mice were in deep anesthesia (1.5%
halothane in air, 1.8 liters/min flow rate). ACSF was injected randomly into one side, and A␤ solution into the other side of the
brain; therefore, the same animal served as its own control
(ACSF-injected site, n = 5/group). On post-OVX day 29, mice were
anesthetized by a lethal dose of Avertin, and transcardially perfused with 4% paraformaldehyde (Merck, Germany), pH 7.6 in
phosphate-buffered saline solution. Brains were removed, postfixed for 2 h at 4 ° C and cryoprotected in Tris-phosphate-buffered
solution (TBS), pH 7.6, containing 30% sucrose overnight at 4 ° C.
30-m coronal sections were cut on a freezing microtome and
four sets of sections were collected in TBS.
Determination of the Effect of E2 on A␤ Toxicity in vivo
To study the effects of E2 pretreatment on the A␤-exerted cholinotoxicity, the following procedures were used. 45- to 60-dayold mice were bilaterally ovariectomized (see above section). On
post-OVX day 14, animals received a subcutaneous injection of
1 g of 17␤-estradiol (E2; in 0.1 ml ethyl-oleate vehicle, Sigma) or
the same volume of vehicle (EO). Twenty-four hours after the EO/
E2 treatment, the previously prepared A␤ solution (2 ! 1 l, 600
 M in ACSF, 24-hour incubation at room temperature) or ACSF
was injected slowly into the NBM-SI (see the previous section).
Altogether, 12 mice were treated with EO and A␤ and 12 mice
with E2 and A␤. Six EO-A␤-injected and 6 E2-A␤-injected mice
were used for differential two-dimensional gel electrophoresis
(DIGE) experiments (n = 6). These mice were sacrificed 24 h after
the A␤-injection (post-OVX day 16) by cervical dislocation,
brains were rapidly removed (!40 s) and frozen in dry ice. Serial
100-m coronal cryosections were cut at –10 ° C and tissue samples corresponding to the SSCTX and the NBM-SI were dissected
using the ‘punch technique’ [37] according to a microdissection
map [38]. Samples were stored at –80 ° C until use. Six EO-A␤-,
and six E2-A␤-injected mice were used for the regeneration study
(n = 6). These mice were sacrificed on post-OVX day 30, perfused,
and their brains treated as described above.
Protein Isolation, Differential Two-Dimensional Gel
Electrophoresis and In-Gel Digestion
Eight different sets of tissue samples were collected for proteomic studies: four from EO-treated mice (SSCTX and NBM-SI
from the ACSF-injected side and SSCTX and NBM-SI from the
A␤-injected site), pieces of tissue from 6 different animals, therefore 6 pieces/area/treatment group, and the same areas from the
E2-treated animals (6 mice). Tissue samples were homogenized as
we reported earlier [23]. The pH of the supernatant corresponding
to cytosolic and membrane fractions was adjusted to 8.0. Five microgram of each protein sample was labeled with Cy5 saturation
dye CyDye DIGE Fluor-Labeling Kit for Scarce Samples (4 nmol/
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5 g protein, GE Healthcare, Uppsala, Sweden) according to the
manufacturer’s instructions. The reference sample (internal standard, equal amounts: 5 g of protein from all E2- and all EOtreated samples from the same region) was labeled with Cy3 and
the two differently marked samples (5 g of Cy5-labeled sample
and 5 g Cy3-labeled reference) were multiplexed to be resolved
in the same gel. Labelled proteins were separated and visualized
as described previously (DryStrip pH: 4–7, 10% acrylamide gel)
[23]. Differential protein analysis was performed using DeCyder
software package 6.0, DIA and BVA modules (GE Healthcare). For
the identification of proteins in spots of interest, preparative 2D
electrophoresis was performed separately using 800 g of proteins per gel [23].
LC-MS Analysis and Protein Identification and Extended
Literature Search
LC-MS analysis was performed by an Agilent HPLC-Chip/MS
system consisting of 1100 Series HPLC system and a 6330 LC/
MSD XCT Plus ion trap mass spectrometer. The LC system was
operated in a sample enrichment/desalting mode using a ProtIDChip-43 (II Chip-Column) (column material: ZORBAX 300 SBC18 5 m, trap column volume: 40 nl, analytical column: 43 !
ID 0.075 mm). The HPLC solvents were the following: solvent A:
0.1% formic acid in water and solvent B: 0.1% formic acid in acetonitrile. Two microliter of sample was enriched with solvent A at
a flow rate of 4 l/min for 2 min using a capillary pump then followed by gradient elution of tryptic peptides at a flow rate of 300
nl/min using a nano pump. The gradient was 5% B/min increase
of concentration B from 5 to 45% under 10 min followed by a gradient column-wash from 60 to 90% solvent B in 2 min. The mass
spectrometer was operated in the autoMSMS mode, the resolution was less than 0.5 u (FWHM) and the scan speed was 8,100
u/s. The survey scan range was 300–1,600 m/z and 4 ions were
selected for CID. MSMS scan range was set to 100–1800 m/z at
26,000 u/s at a resolution of less than 0.6 u (FWHM). All acquired
MSMS data were processed and subjected to database search by
Agilent Spectrum Mill MS Proteomics Workbench Ver. A.03.02
against NCBInr (11/16/2009 database). Database search parameters were set to 1.5 Da for precursor ion mass tolerance, 0.6 Da for
fragment ion mass tolerance. Constant modification of Cys was
specified as carbamidomethylation, variable modifications were
set to methionine oxidation, deaminated glutamine, acetylation
of protein N-terminal and oxidation of tryptophan. For protein
assignment the minimum score was set to 20 for proteins and
peptide hits were accepted above score of 9, 10, 11 and 12 according to their charge state of 1+, 2+, 3+ and 4+, respectively [39]. To
make a functional interpretation of our data, a systematic literature survey was conducted [23].
Immunohistochemistry and Acetylcholinesterase
Histochemistry
To detect cholinergic neurons, free-floating, peroxidase-based
immunohistochemistry was performed in the same manner we
reported previously with only a slight modification [40]. We used
anticholine acetyl-transferase (anti-ChAT antibody (1: 2000),
Santa Cruz Biotechnology, Calif., USA) for 48 h at 4 ° C. For fluorescent labeling of calbindin (1: 3,000, Swant, Switzerland) and
ChAT (1:1,000), we used florescent dye-conjugated secondary antibodies (1:1,000, AlexaFluor-488 for ChAT and AlexaFluor-555
for calbindin; Invitrogen, Calif., USA). Visualization of acetyl-
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cholinesterase fibers was done according to the method of Hedreen et al. [41].
Data Analysis and Statistics
Number of ChAT-ir cells were counted by an Olympus BX51
microscope (Olympus Optical, Hamburg, Germany) using !40
objectives. Every fourth section was stained and ChAT-ir neurons
of the NBM-SI were counted from both sides (ACSF- or A␤-injected sides from four sections) by an investigator blind to the
experimental groupings; finally, the number of neurons/m3 and
the percentage change was determined. Data are expressed as
mean 8 SEM. ANOVA was carried out to examine the effects of
EO/E2 and ACSF/A␤ treatment (R software packages, version
2.8.0, R Development Core Team 2008, Vienna, Austria).
Acetylcholinesterase (AChE) fiber density was determined in
the SSCTX, layer V. As the cholinergic neurons of the NBM project almost exclusively unilaterally to the SSCTX, it allowed us to
determine the differences between ACSF- and A␤-injected sides
in the same animal. Every fourth section was stained and six sections were analyzed per animal. Six images were taken of every
slice using a !100 objective (Olympus BX51) and the area covered
by AChE fibers was measured ten times from the same image following background subtraction and binarization. Therefore, six
sections/animal, six images/section and 10 measurements/image
resulted in a hierarchical nested design. The effect of A␤ on fiber density was expressed as a percentage change relative to the
ACSF-injected side. A generalized linear mixed model was applied, the dependent variable was the fiber density, and the independent variables were the EO or E2 treatment and ACSF or A␤
injection. The identification of animals, sections and images were
set as random factors (R software).
For the DIGE experiments, ANOVAs were calculated by the
DeCyder software Biological Variance Analysis (BVA module).
The internal standard was a pool of equal amounts of all samples
(from all SSCTX or all NBM-SI within the experiment); it was
representative of every protein present and was the same across
all gels from the same region. The standard provided an average
image against which all other gel images were normalized, removing much of the experimental variation and reducing gel-to-gel
variation.

Results

In vitro Characterization of A␤(1–42) Aggregate Size
and Morphology
Samples with 0 h incubation time mainly contained
particles exhibiting a height not exceeding 1 nm (approximately 73%; fig. 1a, b). This size range possibly corresponds to the monomer state of A␤, while particles larger
than 1 nm could be assigned to the aggregated forms of
A␤ peptide [33]. The percentage of the small particles significantly decreased with incubation time to approximately 50, 25 and 5% after 12, 24 and 48 h, respectively
(fig. 1a, b). We observed a greater portion of large particles after longer incubation times. After 12 h incubation,
4
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the ratio of particles with 1–2 nm height increased, a form
corresponding to small oligomers [33]. Aggregates formed
in the 2–4 nm range appeared after longer incubation
times (24 and 48 h) with a maximum occurrence at 2.3–
2.5 nm (fig. 1a, b). We observed a change in the morphology of the aggregates paralleling their increased size.
Spherical aggregates appeared in the 24-hour samples
(fig. 1b), while after 48 h, besides spherical oligomers,
short, fibrillar structures were formed with 50–200 nm
length and average height of 2.5–3 nm (fig. 1b). The latter
species of aggregates could not have been mature amyloid
fibrils because of their shortness and small diameter.
Rather, these were protofibrils formed from oligomers.
Thioflavin T is a fluorescent dye that binds to protein
aggregates, especially to amyloid fibrils, while it does not
bind to monomers. Upon binding, it shows high fluorescence intensity. 0-hour samples exhibited low ThT fluorescence intensity reflecting the high monomer content
in the solution (fig. 1c). 12-, 24- and 48-hour samples exhibited an increasing ThT fluorescence intensity with
time indicating the progress of the aggregation process
and an increase in the amyloid-like structure content
(fig. 1c).
Determination of the Cholinotoxic Potential of
Different A␤ Forms
Injection of the 0-hour solution had no effect on the
number of cholinergic cells in the NBM-SI (fig. 2a) and
failed to induce cholinergic fiber loss in the SSCTX
(fig. 2b). In contrast, the cholinotoxic potential of the different A␤ solutions increased with pre-incubation time
(loss of neurons = counted control site-counted lesioned
site; 12-hour solution: approximately 15% cell loss, p =
0.033; 24-hour solution: approximately 25% cell loss, p =
0.002; 48-hour solution: approximately 26% cell loss, p =
0.002) although the 48-hour sample had the same effect
as the 24-hour sample (p = 0.679; fig. 2a). Similarly, fiber

Fig. 1. In vitro characterization of size distribution and morphology of A␤ 1–42 aggregates. a Representative AFM images of A␤

samples after incubation for 0, 12, 24 and 48 h, respectively. Scale
bars represent 200 nm. Color codes for height traces are presented. b Height distributions of A␤ samples (AFM measurements)
after different incubation times at room temperature. Columns
represent the percentage of individual aggregates of a certain
height 0.2 nm interval. Large objects 1 6 nm were excluded from
calculation. c Changes in the intensity of thioflavin T fluorescence show increasing aggregation of A␤1–42 with time. ThT
binds protein aggregates, but not monomers. Data are from 5
measurements/time point.
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Fig. 2. Effects of incubation time of A␤ solution and E2 pretreatment on unilateral NBM lesions induced by A␤. a, b The toxic
effect of the 600  M A␤ solution increases with preincubation
time. Quantitative analysis of cholinergic cell number ChAT-ir (a)
and area fraction covered by cholinergic AChE-positive fibers (b)
revealed an increasing toxic effect of A␤ solution with increasing
incubation time. AChE fiber density was measured in the layer V
of the SSCTX, and fiber loss is presented as a relative percentage
of the ACSF-injected contralateral side. Maximum neuron and

fiber loss was found after 24 or 48 h incubation time of A␤. c 24 h
E2 pretreatment did not increase cholinergic cell numbers, as we
found comparing the contralateral ACSF-injected sides of EOtreated mice (open bars) and E2-treated mice (diagonal bars). E2
decreased the vulnerability of cholinergic cells to A␤ lesion compared to EO pretreatment ipsilateral sides. d E2 pretreatment significantly decreased A␤-induced AChE fiber loss in the SSCTX.
Different letters show significant differences, p ! 0.05. Data are
expressed as mean 8 SEM, n = 5 (a, b) or n = 6 (c, d).

loss increased in the SSCTX parallel with the increasing
incubation time of the A␤ solutions (fiber loss = measured control SSCTX-measured lesioned SSCTX; 12hour solution: approximately 14% fiber loss, p = 0.014;
24-hour solution: approximately 23% fiber loss, p = 0.002;
48-hour solution: approximately 26% fiber loss, p =
0.0002; fig. 2b) and the 24- and 48-hour A␤ solutions in-

duced equal cholinergic fiber loss (p = 0.153). Comparing
the size, morphology (fig. 1) and in vivo effect of the different A␤ solutions the observed toxicity (fig. 2a, b) could
not be related to monomers in our model. Moreover, the
similar toxic effect of 24- and 48-hour samples suggests
that the most effective components are not mature aggregates, since thioflavin T binding (hence aggregation) in-
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creased with time (fig. 1c). Our data also indicate that
toxic species are not protofibrils since these particles are
missing from the 12- and 24-hour samples (fig. 1a, b).
Based on our in vivo and in vitro experiments, we suggest
that the most toxic species are not the protofibrils, but
rather the spherical oligomer forms in the size range of
1–3 nm.
Pretreatment with 17␤-Estradiol Has a Protective
Effect against A␤
We selected the 24-hour incubation time for the further experiments, as this A␤ solution (and the 48-hour
solution) had the more pronounced cholinotoxic effect.
Pre-treatment with EO vehicle had no effect on the A␤
toxicity (cell loss after A␤: approximately 23%, p = 0.001;
fiber loss: approximately 25%, p = 0.0009, compared to
the ACSF-injected site; fig. 2c, d). E2 significantly decreased the cytotoxic effect of A␤ compared to EO treatment (approximately 15 vs. 23% cell loss, p = 0.026), although it did not eliminate the toxic effect (p = 0.003,
comparison of E2- and ACSF-treated sides). Parallel with
decreased neuron loss, E2 pretreatment reduced A␤-induced cholinergic fiber loss in the SSCTX (approximately 12 vs. 25% fiber loss, p = 0.00006, fig. 2d), but it could
not eliminate the A␤ toxicity (p = 0.002, comparison of
E2-ACSF and E2-A␤). The similar change in the A␤-induced cell and fiber loss after E2 pretreatment suggests
that E2 had no regenerative effect, rather a neuroprotective capacity.
Identification of Differentially Expressed Proteins
after A␤ or E2-A␤ Treatment
In this experiment, we aimed to find proteins and possible early pathways influenced by A␤ or A␤+E2 treatment, right after A␤ injection. Usually, changes in the
expression of structural proteins occur in successive
steps, but as a delayed response. Therefore, we analyzed
protein expression pattern 24 h after A␤ injection using
differential two-dimensional gel electrophoresis (DIGE)
and mass spectrometry.
Altogether 1,440 spots were present on the master gel
from samples of the SSCTX, and 1,723 from the NBM-SI
as we determined using DeCyder software. Forty-eight
hours after E2 and 24 h after A␤ treatment, the majority
of protein spots showed only small changes between
groups. However, a two-way ANOVA across all the gels
showed a significant difference in the intensity of 127
spots in the NBM-SI and 95 in the SSCTX. We could
identify 56 proteins from the 127 spots of the NBM-SI
samples and 35 proteins from 95 spots of the SSCTX.
E2 Reduces A␤-Induced Neuron Loss in
the NBM

Representative 2-D gel maps and 3D reconstruction of
protein spots are shown in figure 3. Identified proteins,
showing significant differences, are listed in tables 1 and
2. We used the EO vs. E2 and ACSF vs. A␤ samples as independent variables in the analysis and could thereby
make four reasonable comparisons between groups: (1)
EO-ACSF vs. EO-A␤, (2) E2-ACSF vs. E2-A␤, (3) ACSF
vs. A␤, and (4) EO-A␤ vs. E2-A␤. Hereafter, we concentrate on the comparison of animals treated with (1) EOA␤ vs. EO-ACSF, as this comparison gives us information about the mechanism of A␤ toxicity (injected into
the NBM-SI) and (4) EO-A␤ vs. E2-A␤, as this later analysis may provide evidence about the protective effects of
E2 against A␤. Regarding just these comparisons, we
could identify 42 protein changes in the NBM-SI (table 1),
and 27 changes in the SSCTX (table 2). We clustered the
identified proteins into seven functional groups, namely
‘antioxidant defence’, ‘cytoskeleton’, ‘metabolism’, ‘protein turnover and stability’, ‘signaling’, ‘synaptic processes’ and ‘unknown’.
We could identify proteins from the NBM involved in
the regulation of the redox homoeostasis (table 1): expression of protein disulfide isomerase associated 3 and dimethylarginine dimethylaminohydrolase 2 decreased,
while level of DJ-1 protein increased after A␤ injection,
suggesting a decreased antioxidant level. In contrast, 24hour E2 pretreatment reversed these changes, and increased the expression of two further proteins (inner
membrane protein and glutathione S-transferase). A␤ induced changes in the expression of cytoskeletal proteins
(dihydropyrimidinase-like 2, fascin and ␥-actin), while
E2 prevented or reversed these changes. Changes in the
proteins involved in general cellular metabolism were
also observed, and A␤-induced changes were prevented
or reversed by E2 pretreatment. Interestingly, A␤ decreased expression of otubain-1 and protesome 26S subunit, proteins involved in protein degradation, while E2
pretreatment prevented these changes. Proteins involved
in intracellular signaling (e.g. protein phosphatase 2A) or
Ca2+ buffering (calbindin) were also identified as targets
of A␤ or E2.
Proteins involved in antioxidant defense were identified from SSCTX samples (table 2) after A␤ injection. Expression of dimethylarginine dimethylaminohydrolase 1
and sepiapterin reductase increased, while protein disulfide isomerase associated 3 decreased after A␤ injection.
E2 pretreatement reversed these changes. Expression of
some cytoskeletal proteins like dihydropyrimidinaselike 2 and septin 8 decreased, while ␥-actin increased after A␤-injection. E2 pretreatment before A␤ injection
Neuroendocrinology
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Fig. 3. Representative 2D gel images from the NBM-SI (a, c, d) and SSCTX (b, e, f). a, b Pseudo-colored 2D maps

of NMB-SI and SSCTX, respectively. The internal standard pooled from all of the samples from the same anatomical area was labeled with Cy3 green, samples from the treatment group A␤-EO were labeled with Cy5 red.
c–f 3D reconstruction of protein spots marked in (a) or (b) gel maps. Graphs represent the abundance of the
spot relative to the internal standard.

prevented these changes, and increased the expression of
septin 3 protein. A relatively low number of proteins was
identified from the ‘metabolism’ groups, meaning that
A␤ had a lower effect on general cellular homeostasis outside of the injection site. Interestingly, we found A␤-induced upregulation of apolipoprotein A-1, while E2 pretreatment decreased the expression of this protein. Proteins with chaperon activity (e.g. heat shock protein 105
kDa, stress protein 70) were also altered by A␤ or E2!A␤
treatment, moreover, expression of macropain subunit 28
increased after A␤ injection, but decreased with E2–A␤
treatment. In contrast to the findings from the NBM, we
8
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observed increased MEKK1 and decreased protein phosphatase 2A expression, suggesting the activation of ERK
pathways following A␤ injection. Secernin 1, a protein
involved in synaptic processes, decreased, while EH domain containing 3 increased in expression following A␤
injection, and E2 treatment reversed these changes.
Decreased Calbindin Immunoreaction in the NBM-SI
after A␤ Injection
We selected calbindin from the protein list to check
the expression pattern after A␤ injection of EO- and E2treated mice. We found no colocalization of calbindin
Szegő et al.

Table 1. Proteins identified from NBM-SI after A␤ or E2-A␤ treatment
Spot
No.

Protein

Accession
No.

EO-ACSF vs.
EO-A␤

EO-A␤ vs.
E2-A␤

p value

Av. ratio

p value

Av. ratio

MW

PI

%
Seq.

Antioxidant defense
SI0210 inner membrane protein, mitochondrial
SI0482 protein disulfide isomerase associated 3
SI1474 N(G),N(G)-dimethylarginine dimethylaminohydrolase 2
SI1633 DJ-1 protein
SI1669 glutathione S-transferase, alpha 4

70608131
112293264
45476968
74212240
160298217

0.3
0.042
0.048
0.0013
0.37

–1.12
1.1
1.07
–1.07
–1.14

0.044
0.03
0.037
0.039
0.016

1.19
–1.11
–1.07
1.12
1.31

86295.4
56678.7
29646
20025.4
26890.5

7.02 5
5.88 5
5.66 6
6.32 12
6.02 13

Cytoskeleton
SI0254 dihydropyrimidinase-like 2
SI0256 dihydropyrimidinase-like 2
SI0381 dihydropyrimidinase-like 2
SI0633 fascin
SI0886 gamma-actin

40254595
40254595
40254595
497775
74191566

0.03
0.038
0.049
0.021
0.036

1.44
1.4
–1.12
1.28
–1.18

0.12
0.23
0.44
0.041
0.028

–1.27
–1.24
–1.05
–1.33
1.17

62277.9
62277.9
62277.9
54508.3
41811.1

5.95 13
5.95 29
5.95 5
6.44 5
5.29 15

47117271
74223625
27369748
188219757
70794816
74211977

0.017
0.016
0.0082
0.82
0.025
0.037

1.29
–1.88
1.17
–1.06
1.12
–1.42

0.67
0.54
0.37
0.044
0.002
0.85

–1.04
–1.07
–1.14
1.13
–1.13
1.03

79777.3
42753.5
55968.5
58861.8
47141.1
59782.9

5.51 4
5.46 4
8.53 4
7.16 10
6.37 7
9.22 5

74151797
6678674
6678674
254540027
26344914

0.05
0.0092
0.048
0.19
0.0016

1.18
1.1
1.12
1.07
–1.34

0.45
0.11
0.13
0.036
0.4

–1.05
–1.04
–1.06
–1.07
1.07

50797
36572.5
36572.5
40059.5
28212

7.7 11
5.7
5
5.7 23
7.07 7
4.81 30

114326546 0.12
74190684 0.79
74211977 0.87

1.07
1.01
–1.02

0.029
0.046
0.029

–1.11
–1.2
1.41

28832.1 6.68 32
28760.4 5.69 12
59782.9 9.22 5

Protein turnover and stability
SI0169 heat shock protein 1, alpha
SI0720 proteasome (prosome, macropain) 26S subunit, ATPase 2
SI0515 heat shock protein 1 (chaperonin)
SI1350 otubain 1

74147335
33859604
148680184
19527388

0.037
0.0011
0.042
0.043

–1.08
–1.45
1.13
–1.19

0.28
0.03
0.47
0.85

–1.04
1.38
–1.04
1.02

84816.3
52866.9
53095.7
31270.2

4.93 10
5.97 8
5.3 12
4.85 16

Signaling
SI0676 guanosine diphosphate (GDP) dissociation inhibitor 1
SI1313 protein phosphatase 2A, regulatory subunit B (PR 53), isoform CRA_b
SI1467 inositol (myo)-1(or 4)-monophosphatase 1, isoform CRA_b
SI1538 calbindin 2
SI1548 calbindin 2
SI1553 calbindin-28K, isoform CRA_a
SI0564 protein phosphatase 3, catalytic subunit, alpha isoform, isoform CRA_d

74150721
26327445
148673218
34098931
34098931
6753242
148680184

0.18
0.024
0.0066
0.036
0.0057
0.013
0.038

1.1
1.1
1.13
–1.3
–1.17
1.34
–1.36

0.0062
0.0067
0.27
0.34
0.96
0.54
0.11

–1.13
–1.11
1.06
1.09
1.01
–1.06
1.22

57736.9
38513.4
31025.9
31372.8
31372.8
30093.4
62277.9

8.17 7
6.14 7
4.79 4
4.94 11
4.94 18
4.71 24
5.95 6

Synaptic processes
SI0122 Aldh1l1 protein
SI0500 phosphatidylethanolamine binding protein 1
SI0572 glutamate dehydrogenase 1 precursor
SI1307 phosphatidylethanolamine binding protein 1
SI1711 phosphatidylethanolamine binding protein 1

27532959
74222953
6680027
74222953
74222953

0.035
0.049
0.58
0.031
0.71

1.14
1.18
–1.07
1.16
1

0.37
0.28
0.0028
0.13
0.0049

–1.07
–1.11
1.18
–1.08
1.03

98734.7
20889.6
61337.1
20889.6
20889.6

5.69
5.36
8.05
5.36
5.36

Unknown
SI1571 mCG9061, isoform CRA_c
SI1716 RIKEN cDNA 1110067D22, isoform CRA_a

148706375 0.049
148675893 0.027

1.14
1.14

0.31
0.3

–1.07
1.05

28401.8 8.17 21
19556.5 5.48 6

Names of proteins with altered expression level after A␤ treatment are
shown in blue, proteins changed after E2-A␤ treatment are in black and proteins with altered expression level after both A␤ and E2-A␤ treatments are
in red. Av. ratio: ratios of protein expression levels were calculated using
DeCyder software package, Biological Variance Analysis module, as the fold

change between normalized spot volume of EO-ACSF- and EO-A␤-treated
samples or between EO-A␤- and E2-A␤-treated samples. Values below zero:
decreased protein level after the specific treatment. Av. = Average; MW =
molecular weight; PI = isoelectric point; MW and PI as determined by
Uniprot database; % Seq.: protein sequence coverage.
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Metabolism
SI0212 NADH-ubiquinone oxidoreductase 75-kDa subunit, mitochondrial
SI0433 creatine kinase, brain
SI0625 aldhehyde dehydrogenase family 5, subfamily A1
SI0660 aldehyde dehydrogenase family 7, member A1
SI0665 enolase 2, gamma neuronal
SI0685 ATP synthase, H+ transporting, mitochondrial F1 complex, alpha
subunit,
isoform 1
SI0817 succinate-coenzyme A ligase, ADP-forming, beta subunit
SI1191 lactate dehydrogenase B
SI1194 lactate dehydrogenase B
SI1310 malate dehydrogenase 1, NAD (soluble)
SI1414 tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation
protein,  polypeptide
SI1503 phosphoglycerate mutase 1
SI1643 haloacid dehalogenase-like hydrolase domain containing 2
SI1677 ATP synthase, H+ transporting, mitochondrial F1 complex, alpha
subunit, isoform 1

2
14
10
25
51

9

Table 2. Proteins identified from SSCTX after A␤ or E2-A␤ treatment
Spot No.

Protein

Accession
No.

EO-ACSF vs.
EO-A␤

EO-A␤ vs.
E2-A␤

p value Av.
ratio

p value Av.
ratio

MW

PI

%
Seq.

Antioxidant defense
SCTX0956 dimethylarginine dimethylaminohydrolase 1
SCTX1061 sepiapterin reductase
SCTX0387 protein disulfide isomerase associated 3

38371755 0.026
14714532 0.025
112293264 0.31

1.28
1.13
–1.17

0.11
0.036
0.043

–1.15
–1.16
1.36

31381.2 5.64
27928.3 5.94
56678.7 5.88

5
4
22

Cytoskeleton
SCTX0137
SCTX0181
SCTX0196
SCTX0413
SCTX0706
SCTX0868

40254595
40254595
40254595
148701638
74191566
4106549

0.26
0.029
0.92
0.044
0.049
0.87

–1.16
–1.25
–1.02
–1.12
1.12
1.06

0.036
0.22
0.044
0.42
0.015
0.019

1.31
1.33
–1.16
1.34
–1.33
–1.27

62277.9
62277.9
62277.9
57239.4
41811.1
52791.9

5.95
5.95
5.95
6.87
5.29
7.45

12
26
19
4
18
4

Metabolism
SCTX0096 malate dehydrogenase 1, NAD (soluble), isoform CRA_c
SCTX0871 isocitrate dehydrogenase 3 (NAD+) alpha, isoform CRA_c
SCTX0986 apolipoprotein A-I

254540027 0.96
148693873 0.047
74203337 0.044

1
–1.2
1.15

0.039
0.73
0.014

1.27
1.04
–1.42

40059.5 7.07
40550
6.12
30684.8 5.65

10
3
4

Protein turnover and stability
SCTX0016 ubiquitin-activating enzyme E1 isoform 1
SCTX0021 heat shock protein 105kD
SCTX0117 stress-70 protein, mitochondrial
SCTX0120 stress-70 protein, mitochondrial
SCTX0369 heat shock protein 1 (chaperonin)
SCTX0461 stress-70 protein, mitochondrial
SCTX0581 proteasome (prosome, macropain) 28 subunit, alpha

6678483
74144783
14917005
14917005
183396771
14917005
6755212

0.24
0.039
0.027
0.7
0.073
0.79
0.042

–1.17
–1.21
1.1
1.08
–1.5
1.01
1.25

0.048
0.024
0.004
0.027
0.048
0.036
0.049

1.12
–1.59
–1.68
–1.6
–1.2
–1.15
–1.04

117810
99209
73528.7
69085.2
56775.3
73528.7
28673.1

5.43
5.46
5.91
5.44
5.89
5.91
5.73

6
11
25
30
23
8
5

Signaling
SCTX0007
SCTX0098
SCTX0308
SCTX0630

74218800
74177585
21536256
74150721

0.047
0.91
0.39
0.78

–1.3
1.01
–1.21
1.02

0.047
1.37
0.049
1.9
0.0065 1.83
0.041 –1.23

38513.4
37247.2
21780.6
57736.9

6.14
5.84
4.6
8.17

19
16
17
25

22122615
74226698

0.37
0.047

1.15
1.3

0.048
0.049

–1.57
–1.38

45800.9 6.24
43504.3 6.24

9
3

32172431
13385392

0.056
0.48

–1.1
1.03

0.03
0.049

1.14
–1.1

97644.9 6.59
33189.9 5.3

20
6

10181214 0.046
37359832 0.017
148666340 0.68

1.24
–1.2
1.06

0.049
0.15
0.049

–1.17
1.38
1.32

60869.4 6.04
49110.4 4.82
15600.6 4.83

5
10
10

SCTX0692
SCTX0734

dihydropyrimidinase-like 2
dihydropyrimidinase-like 2
dihydropyrimidinase-like 2
septin 8, isoform CRA_c
gamma-actin
neuronal-specific septin 3

protein phosphatase 2A, regulatory subunit B, delta isoform
protein phosphatase 1, catalytic subunit, beta isoform
protein phosphatase 1, regulatory (inhibitor) subunit 1B
guanosine diphosphate (GDP) dissociation inhibitor 2, isoform
CRA_b
mitogen activated protein kinase kinase 2, isoform CRA_e
mitogen activated protein kinase kinase 1

Synaptic processes
SCTX0054 dynamin-1
SCTX0271 N-ethylmaleimide sensitive fusion protein attachment protein
alpha
SCTX0362 EH-domain containing 3
SCTX0635 secernin 1
SCTX1408 synuclein, alpha, isoform CRA_b
Names of proteins with altered expression level after A␤ treatment are
shown in blue, proteins changed after E2-A␤ treatment are in black, and
proteins with altered expression level after both A␤ and E2-A␤ treatments
are in red. Av. ratio: ratios of protein expression levels were calculated using
DeCyder software package, Biological Variance Analysis module, as the

fold change between normalized spot volume of EO-ACSF- and EO-A␤treated samples or between EO-A␤- and E2-A␤-treated samples. Values
below zero: decreased protein level after the specific treatment. Av. =
Average; MW = molecular weight; PI = isoelectric point; MW and PI as
determined by Uniprot database; % Seq.: protein sequence coverage.

and ChAT signals in the ACSF sites (online suppl. fig. 1A,
www.karger.com/doi/10.1159/000321119). Injection of
A␤ in EO-treated mice induced the loss of both ChAT
and calbindin-positive neurons (online suppl. fig. 1B). E2
pretreatment attenuated both ChAT and calbindin-posi-

tive neuron loss from the NBM-SI (loss of calbindin-positive neurons in the NBM-SI of EO-treated mice after A␤
injection: p = 0.0017; in the E2-treated animals: p =
0.0461; but no significant difference between EO- or E2treated, A␤-injected sides: p = 0.2409). Interestingly, we
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observed some calbindin-positive cholinergic neurons in
the E2-A␤-treated mice, but not in E2-ACSF- or EO-A␤treated animals (online suppl. fig. 1C).

Discussion

The present study demonstrates that (1) A␤ solutions
of different composition have different toxic potential on
NBM cholinergic neurons in vivo; (2) pretreatment with
E2 protects cholinergic cells and fibers against A␤ toxicity, and (3) A␤ alone or in combination with E2 pretreatment induces specific changes in the brain proteome of
mice.
Spherical A␤1–42 Oligomers Induce Cholinergic Cell
Death, but E2 Pretreatment Is Protective against A␤
Toxicity
There is no agreement in the literature as to which A␤
form is the most toxic. Oligomers and fibrils are well
known cytotoxins in vivo [42–45], disrupting cholinergic neurotransmission [46]; however, the monomer was
found to be neuroprotective in vitro [47]. In the present
study, A␤ solution containing mainly monomers (0 h)
had no toxic effect on cholinergic neurons (fig. 1, 2). In
contrast, we observed increasing cytotoxicity with increasing ratios of particles with 1–2/2–3 nm height.
Spherical A␤ oligomers (observed at 24 and 48 h) induced
the maximal neuron loss calculated as the difference between the control and lesioned sites. On the other hand,
as the protofibrils were present in the 48-hour solutions
but not in the 24-hour ones, we exclude them as the most
toxic species on cholinergic neurons. It is important to
note that our data do not exclude the possibility that A␤
might affect other neurotransmitter systems. Indeed, injection of A␤ into the NBM induces hypofunction of GABAergic neurons [48] and disturbs the serotonergic innervation of the rat basal forebrain and cerebral cortex
[49, 50]. Moreover, as we found loss of calbindin signal in
the NBM-SI, but not in cholinergic neurons (online suppl.
fig. 1), A␤ indeed regulated also other neurons, such as
glutamatergic or GABAergic cells [51, 52].
Although clinical evidence is still controversial, it is
well accepted that protection by E2 may vary with dose
and timing of the treatment in vivo and in vitro [53]. E2
provides protection even two hours after the insult by
rapid activation of signaling pathways and antioxidant
mechanisms [54, 55]. Furthermore, E2 pretreatment develops cellular tolerance by inducing gene transcription
and protein synthesis [23, 56, 57]. This fine-tuning inE2 Reduces A␤-Induced Neuron Loss in
the NBM

cludes changes in metabolism and synthesis of anti-apoptotic and antioxidant proteins [58]. In the present study,
although a single injection of E2 was not enough to increase the basal number of cholinergic neurons or cortical fiber density [59], it was able to reduce the toxic effect
of A␤ (fig. 2c, d). However, in contrast to in vitro experiments by others [60], in our study E2 could not eliminate
cellular A␤ toxicity or induce further regeneration of cortical projections (fig. 2d). Contrary to our data, in another study [59] a 2-week E2 treatment of rats enhanced cortical cholinergic projections but did not affect the excitotoxicity-induced relative lesion. However, in this study,
prolonged E2 treatment more likely increases regeneration than a single injection 24 h before the A␤ exposure.
Moreover, injection of N-methyl-D-aspartate (NMDA) in
the NBM resulted in approximately 50% loss of cholinergic neurons; while in our study, a more moderate cholinergic cell loss (approximately 25%) was induced using A␤.
In addition, the most likely different toxic mechanisms
induced by A␤ and NMDA can also be responsible for the
different results.
Putative Mechanisms of Neurotoxicity and
Neuroprotection
We hypothesized that A␤ and E2 induce changes in
the proteomes that mediate cell death or protect neurons.
Comparison of proteomes of (1) EO-ACSF vs. EO-A␤,
and (2) EO-A␤ vs. E2-A␤ provides information about the
neurotoxic effect of (1) A␤ and (2) protective mechanisms
of E2 against A␤ toxicity. We analyzed protein changes
in the NBM-SI (cell bodies, injection), and changes in the
SSCTX (projection). Hereafter, the names of proteins
with altered expression are in bold print; see tables 1 and
2. Hypothetical pathways suggested to be influenced by
A␤ or E2-A␤ treatment are depicted in figure 4.
A␤ induced upregulation of NADH ubiquinone oxidoreductase, and downregulation of ATP synthase (table 1; fig. 4a) in the NBM-SI. Increased NADH oxidation
and decreased ATP production utilizing pH gradient
might make mitochondria acidic, deplete ATP and trigger apoptotic signaling [61]. Recently, Rhein et al. [62]
have found decreased mitochondrial electron transport
complex IV activity, a drop in ATP level and upregulation
of complex I proteins in A␤-transgenic mice. These data
are in line with the detected changes in our experiment.
On the other hand, E2 pretreatment prevented the A␤induced regulation of these proteins, preserving mitochondrial integrity. Mitochondrial dysfunction is often
associated with increased production of reactive oxygen
species inducing inactivation of proteins of the respiraNeuroendocrinology
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tory chain, as it was shown in vivo [62]. Moreover, oxidative inactivation of neuronal proteins may lead to the development of AD [63]. In our experiments, A␤ decreased
the level of DJ-1 protein, a chaperon which protects mitochondrial complex I under oxidative stress [64]. Moreover, A␤ increased the expression of dimethylargininase-2, an enzyme that hydrolyses asymmetric dimethylarginine (ADMA) [65]. As ADMA is an endogenous
inhibitor of nitrogen monoxide synthase [66], A␤ could
trigger NO production and induce further oxidative
damage. E2, in turn, increased DJ-1, decreased dimethylargininase-2 and increased glutathione S-transferase expression (fig. 3a). Neurons are particularly susceptible to
NO and peroxynitrite exposure, and the nitrosative stress
may depend on the level of reduced glutathione [67].
Therefore, E2 pretreatment might reduce nitrosative
stress in the NBM.
Signaling pathways associated with raf kinases plays a
role in neuronal survival and death signaling. We found
upregulation of two raf kinase inhibiting proteins following A␤ treatment, namely phosphatidylethanolaminebinding protein 1 or Raf kinase inhibitor protein (RKIP)
and protein phosphatase 2A (PP2A) [68, 69]. The possible
inactivation of ERK1/2, p38 or JNK pathways is in contrast to some studies reporting A␤-induced pathological
activation of raf pathways [70, 71]. Contrary to our work,
A␤ induced rapid ERK1/2 phosphorylation in vitro [71],
or a delayed (48 h) p38MAPK pathway activation in mi-

Fig. 4. Schematic illustration of pathways supposed to be regulated by A␤ and/or E2 treatment. a We assume that A␤ injection

in the NBM-SI increases mitochondrial acidity NADH-dehydrogenase, ATP synthase and decreases DJ-1 expression. A␤ might
inhibit MAPK signaling PP2A, PDEBP-1. E2 prevented the regulation of these proteins. b A␤ injection in the NMB induced decreased MAPK pathway inhibition PP2A, MEK1 and increased
NOS activation sepiapterin reductase, dimethylargininase-2.
However, 24 h E2 pretreatment rather led to decreased MAPK
signaling PP2A, PP1, RhoGDI MEK1, MEK2 and inhibited NOS
activation after A␤ treatment. Names of proteins with altered expression are in bold, and protein regulation by A␤ is indicated
with a blue arrow and by E2 with a red arrow. Continuous/dashed
arrows indicate direct/indirect regulation, respectively. UPS =
Ubiquitin-proteasome system; Hsp = heat shock protein; PDIA =
protein disulfide isomerase associated; ubi = ubiquitin; GST =
glutathione S-transferase; NOS = nitrogen oxide synthase;
ADMA = asymmetric dimethylarginine; PEBP-1 = phosphatidylethanolamine binding protein 1; PP = protein phosphatase;
RhoGDP DI = Rho-GDP dissociation inhibitor; MAPK = mitogen-activated protein kinase; BH4 = tetrahydrobiopterin; MEK =
MAP kinase kinase 1.

E2 Reduces A␤-Induced Neuron Loss in
the NBM

croglia cells in vivo [70], suggesting that ERK pathways
mediate rather death than survival signaling following
A␤ exposure. The possible differences observed in our
studies can be due to the different exposure time, timing
of measurements after A␤ application, A␤ concentration,
species and the different signals measured (phosphorylation vs. inhibitor expression). Furthermore, we could not
detect delayed, increased phosphorylation of p42/44 or
p38MAPKs 2 weeks after A␤ injection in the NBM (data
not shown). On the other hand, our results and findings
from other groups might indicate that A␤-induced signaling pathway activation can also be time dependent;
probably A␤ induced a rapid or delayed activation of
these signaling pathways in our study, before or beyond
our DIGE experiment (less or more than 24 h). Supporting this latter hypothesis, we found decreased calbindin
(CB) expression after A␤ injection. By lowering intracellular Ca2+ buffer capacity and increasing Ca2+ concentration, decreased calbindin expression could lead to increased MAPK activation in a later time point, and, ultimately, cell death [72, 73]. However, we found no
colocalization of CB and ChAT signals in the NBM-SI;
therefore, A␤ seems to regulate CB expression in other
types of neurons or in glia cells. As significant proportions of the CB-positive cells are likely the cortically projecting, possibly glutamatergic NBM neurons [52], increased intracellular Ca2+ concentration due to the loss of
CB might induce excitotoxicity in the cortex, and contribute to cholinergic fiber loss and fiber-loss-induced
dying back mechanism (fig. 3a). On the other hand, E2
prevented RKIP upregulation and calbindin downregulation and further decreased PP2A expression, decreasing MAPK pathway inhibition. E2 also attenuated calbindin-positive cell loss from the NBM-SI (online suppl.
fig. 1). Previously, we demonstrated that rapid action of
E2 in vivo involves MAPK signaling in the NBM-SI in
vivo [40], and a link has been shown to exist between the
neuroprotective effect of E2 and MAPK activation [57].
Altogether, A␤ alters respiration, metabolism and signaling systems of NBM-SI neurons, and these additive effects might all converge on death pathways [74], but can
be reduced by E2 pretreatment.
Interestingly, injection of A␤ into the NBM-SI induced protein changes also in the cortical projection area.
We found upregulation of sepiapterin reductase, an enzyme essential for tetrahydrobiopterin (cofactor for all
NOS isoforms), and dimethylarginine dimethylaminohydrolase 1, a protein that increases NO production
(fig. 3b). However, E2 prevented A␤-dependent upregulation of both enzymes in the SSCTX.
Neuroendocrinology
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A␤ induced the upregulation of MAP kinase kinase 1
(MEK1) in the SSCTX and in this way – contrary to the
findings in the NBM – A␤ may activate ERK1/2, p38 or
JNK pathways. Although MEK-activated pathways are
often associated with survival and neuroprotection even
in in vivo models [75], A␤ also activates the MAPK cascade [76] inducing pathologic phosphorylation of cytoskeletal proteins. We injected the A␤ in the NBM, and we
found ERK pathway upregulation just in the projection
area, but not in the NBM. These results suggest that A␤induced signaling pathway activation is probably regulated with different timing in the two areas. A␤ might
induce first a rapid activation in the site of injection
(NBM, as suggested in Young et al. [71]), then decrease
signaling in the NMB but increase signaling in the projection area, SSCTX (24 h). In addition, inhibition or permanent activation of the same pathway might induce the
same response [77, 78]. However, E2 prevented the change
in MEK1 expression, and decreased MEK2 level. Moreover, E2 almost doubled the expression of protein phosphatase 1 (PP1) and PP2A, proteins responsible among
others for inactivation of some MAPK targets. Similar to
our data from the cortex, Valles et al. [20] found that A␤
induced upregulation of the p38MAPK pathway, whereas
this activation was prevented by E2 pretreatment. In addition, E2 was shown to induce phosphatases to exert a
neuroprotective effect in vitro [79]. Therefore, under
these conditions, E2 was able to reverse the proposed A␤induced kinase overactivation in the SSCTX (fig. 3b), and
probably partly via prevention of cortical fibers and inhibiting ‘dying back’ process, E2 protected cholinergic
cell bodies in the NBM-SI.
It is well known that BFC neurons play an important
role in learning and memory formation and that E2 depletion is associated with the cognitive decline observed
in AD [24]. In the present study, we demonstrated that E2
is able to reduce A␤-induced damage in the NBM-SI. We

found several cellular processes including regulation of
mitochondrial enzymes and signaling pathways that
could explain extracellular A␤ toxicity and E2 protection. Collectively, our results demonstrate that in respect
to A␤, multiple factors converge upon pathways of both
A␤-mediated cholinergic neurodegeneration and E2-mediated protection.
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