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Abstract: In the present study we set up a model of slow progression of neuronal injury by exposing 
organotypic hippocampal cultures to a low concentration of Amyloid β (25-35) peptide (Aβ, 2 µM) to 
analyze the time-related effects of 17-β estradiol (17β-E2, 10 nM). Neuronal death occurs after 7 d 
and is prevented by addition of 17β-E2 24 h prior to, together with or 48 h after exposure to Aβ. This 
effect is mimicked by selective ERα agonist PPT (100 nM). Treatment with Aβ leads to early and 
transient (16-72 h) increase of pre- and post-synaptic proteins synaptophysin and PSD95, followed by 
a decrease coincident with neuronal death (7d), all prevented by 17β-E2. At 72 h of Aβ exposure, synaptic activity is in-
creased, as by higher levels of glutamate and increased loading and unloading of FM 1-43-labeled synaptic vesicles. All 
these effects are also prevented by 17β-E2. These data point out beneficial effects of estrogen on early Aβ-induced synap-
tic disruption. 
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1. INTRODUCTION 

Estrogens play a central role in the development and ho-
meostasis of the central nervous system (CNS), with neu-
rotrophic, neurogenic and neurodifferentiative action. In ad-
dition, estrogens have well-documented neuroprotective ef-
fects in a number of pathological conditions such as Alz-
heimer’s Disease (AD), autoimmune inflammation, trau-
matic injury and ischemia [1-6].  

Estrogens activate specific receptors (ERs) on both neu-
ronal and glial cells throughout the CNS. Two main subtypes 
have been identified, ERα and ERβ, each existing as alterna-
tive splice variants [7, 8]. At least another isoform (ERX), 
selectively localized at the cell membrane, is known to trig-
ger signaling cascades at the cell surface [9]. All three 
known receptors as well as non-receptor mediated mecha-
nisms have been differentially involved in estrogen neuro-
protection [10]. 

AD is a progressive neurodegenerative disease affecting 
over 25 million worldwide. The key molecular factor in the 
etiology of the disease appears to be the misfolding and ab-
normal aggregation of an otherwise soluble neuronal protein, 
the β amyloid peptide. Aβ self-associates to form different 
size oligomers, which progressively assemble into fibrils that 
in turn form extracellular deposits in the brain [11, 12]. The 
oligomeric state has been shown to be the most neurotoxic, 
acting through several molecular mediators that trigger mul- 
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tiple effects on different pathways. Such complex patterns of 
synaptic dysfunction and network disorganization slowly 
lead to clinically relevant cognitive manifestations [13]. 

AD is among neurodegenerative pathologies for which 
evidence of a positive action of estrogen has been provided 
[14]. Despite strong support from in vivo, in vitro and epi-
demiological studies, the therapeutic potential of estrogens in 
AD is still controversial due to the observation that delayed 
estrogen exposure may result ineffective or even detrimental, 
highlighting the significance of the timeliness of exposure to 
estrogens in AD therapy [2, 15-17]. On these bases, we 
undertook this study to shed light on the mechanisms 
through which estrogens affect slow maturation of Aβ –
induced neuronal damage in the hippocampus. To this 
purpose, we used organotypic hippocampal slice cultures 
(OHC), largely utilized in neurodegeneration, neuro-
protection and neurorepair studies, that provide integrity of 
cytoarchitecture and connective organization of the tissue of 
origin and more closely resemble the functional characteris-
tics of the hippocampal formation in vivo [18]. 

2. MATERIALS AND METHODS 

2.1. Drugs 

Aβ(25-35) (Bachem, Feinchemikalien AG, Bubendorf, 
Switzerland) was reconstituted in sterile deionized water at a 
concentration of 2 mM and stored in aliquots at -20°C. 

Aβ(1-42) peptide (Innovagen, Lund, Sweden) was solu-
bilized in DMSO as a 5 mM stock, then diluted to 100 µM in 
culture medium. For experiments, 100 µM Aβ(1-42) was 
aggregated into oligomers by overnight incubation at 4°C 
followed by a freeze-thaw cycle.  
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17β-E2 (Sigma-Aldrich Co, Milan, Italy), 1,3,5-tris(4-
hydroxyphenyl)-4-propyl-1H- 20 pyrazole and diarylpropi-
onitrile (PPT and DPN; Tocris Cookson Ltd, North Point, 
UK) were dissolved in ethanol to a concentration of 10 mM. 
Subsequent dilutions were made in aqueous solution so that 
the amount of vehicle was always less than 0.01%. 

2.2. Preparation of Rat Organotypic Hippocampal Slice 
Cultures  

OHC obtained from P7 Sprague-Dawley rats were cul-
tured with the interface method as previously described [19], 
with slight modifications. Briefly, each hippocampus was 
isolated and cut into 350 µm-thick transversal sections with a 
McIlwain tissue chopper. Intact slices were selected and in-
cubated for 20 minutes at 4°C in Hank’s Balanced Salt Solu-
tion (Invitrogen, Milan, Italy) supplemented with 0.5% glu-
cose (Sigma) and 1.5% Fungizone (Invitrogen). Slices were 
then transferred onto Millicell-CM culture inserts (Millipore 
Merck KGaA Darmstadt, Germany; 4 slices/insert) placed on 
top of 1 ml of Eagle’s minimal essential medium (MEM) 
containing 25% HBSS, 25% horse serum (HS), 1 mM glu-
tamine, 1.5% Fungizone (all from Invitrogen) and 0.5% glu-
cose (Sigma). For experiments in serum-free conditions, HS 
was substituted with an equivalent volume of MEM. Cul-
tures were incubated at 37°C and 5% CO2 in a humidified 
atmosphere and subjected to medium change twice a week. 
Slices were used for experiments after 14 days of maturation 
in vitro. All animal experimental procedures were carried out 
in accordance with the directives of the Italian and European 
Union regulations for the care and use of experimental ani-
mals (DL116/92) and were approved by the Italian Ministry 
of Health. 

2.3. Assessment of Cell Death by Propidium Iodide Stain-
ing 

The extent of cell death was determined by staining of 
slices with propidium iodide (PI), a fluorescent DNA inter-
calating agent able to penetrate only in cells with a disrupted 
membrane. Slices were incubated at 37°C with 2.5 µg/ml PI 
for 25 minutes and washed with PBS. Images of whole slices 
were captured with an epifluorescent microscope with a 5X 
objective (Zeiss) connected to a digital camera. Fluorescence 
intensity was determined with the aid of the image process-
ing software “Image J” developed by NIH and in public do-
main. 

2.4. Western Blot Analysis 

Four to eight slices per condition were pooled and trans-
ferred into a 1.5 ml-tube containing RIPA-lysis buffer 
(Sigma) supplemented with a protease- and phosphatase-
inhibitor cocktail mix (Sigma). Full lysis was obtained by 
sonication of the samples. Based on the marker of interest, 
10 to 50 µg of protein extract were separated by SDS-PAGE 
and transferred to nitrocellulose membranes (Hybond ECL, 
Amersham Biosciences Europe GmbH, Milan, Italy) using a 
Transblot semidry transfer cell. Membranes were blocked in 
Odyssey blocking buffer (LI-COR Biotechnology GmbH, 
Bad Homburg, Germany) diluted 1:1 with PBS containing 
0.1% Tween-20, and probed with the following antibodies: 
mouse anti-β-actin (1:1000; Sigma), mouse anti-α-tubulin 

(1:10000; Sigma), mouse anti-ERα (1:500; Millipore), rabbit 
anti-ERβ (1:200; Santa Cruz Biotechnologies, Santa Cruz, 
CA, USA), mouse anti- SYP (1:10000; S. Cruz), rabbit anti- 
PSD-95 (1:1000; Cell Signaling Danvers, MA, USA), mouse 
anti-GFAP (1:10000; Cell Signaling), rabbit anti-Iba1 
(1:700; Biocare Medical, Concord, CA, USA) and 
IRDye®680 or IRDye®800-conjugated secondary antibodies 
(LI-COR). Detection of specific bands was carried out using 
the Licor Odyssey® Infrared Imaging System (LI-COR). 
Band intensity was analyzed using the Image J software. 

2.5. Immunofluorescent Staining 

Slices were fixed by submersion in 4% paraformaldehyde 
at 4° overnight, followed by extensive washing in PBS. For 
immunostaining, each slice was detached from the insert 
membrane with the aid of a flexible plastic spatula and trans-
ferred into a 1.5 ml-tube containing PBS. Floating slices 
were blocked/permeabilized with 3% BSA in PBS contain-
ing 0.1% Triton-X100 for 2 h at room temperature (RT), 
then incubated with the primary antibody in 3% BSA in PBS 
containing 0.05% Triton-X100 for 24 h at 4°C and finally 
with fluorochrome-conjugated secondary antibodies for 2 h. 
Antibodies used were: mouse anti-ERα (1:500; Millipore), 
mouse anti-SYP (1:200; S. Cruz); mouse anti-GFAP (1:400; 
Cell Signaling), rabbit anti-Iba1 (1:700; Biocare), Alexa 
Fluor 488 anti-mouse (1:300; Invitrogen), Alexa Fluor 546 
anti-mouse (1:300; Invitrogen). Digital images were cap-
tured with a Zeiss Observer.Z1 microscope equipped with 
the Apotome.2 acquisition system. SYP staining was quanti-
fied by determination of number and mean area of positive 
puncta with CellProfiler Software for automated biological 
image analysis [20]. Analysis was performed on 3 random 
fields of the CA1 area per slice on 63X magnification im-
ages, from at least 4-6 slices for each treatment condition. 
Slices from three different cultures were analyzed. 

2.6. Glutamate Assay  

Medium from OHC exposed to treatments was collected 
into aliquots and kept frozen until use. Levels of glutamate 
in each sample were measured with a commercial colorimet-
ric Glutamate Assay Kit (Sigma), strictly following the 
manufacturer’s instructions. Absorbance was measured at 
450 nm with VarioskanTM Flash Multimode Reader. 

2.7. FM 1-43 Dye Loading and Imaging 

Experiments were carried out according to a previously 
published protocol [21], with slight modifications. OHC 
were washed in a modified Tyrode solution (TS; in mM: 150 
NaCl, 4 KCl, 2 MgCl2, 10 glucose, 10 HEPES, and 2 CaCl2, 
pH 7.4), exposed to 10 µM FM 1-43 dye (Invitrogen) in the 
same buffer for 5 min to label membranes, then stimulated 
with high-potassium (90 mM KCl) TS (HKTS; containing 
equimolar substitution of KCl for NaCl) for 10 min to stimu-
late synaptic vesicle exocytosis. After HKTS removal, slices 
were subjected to a 15 min recovery in the presence of FM 
1-43 (10 µM) to allow complete recycling of synaptic vesi-
cles, then extensively washed with TS to remove excess dye. 
Finally, OHC were stimulated with HKTS for 15 min to al-
low complete unloading of dye-labeled vesicles. All steps 
were carried out in the presence of (2,3-dihydroxy-6-nitro-7-
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sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX, 10 µM) to 
prevent recurrent activity during stimulation. Images were 
captured at the end of wash (coinciding with complete load-
ing) and at the end of unloading using a Zeiss Observer. Z1 
microscope connected to a digital camera. Quantitative 
analysis of fluorescence intensity after loading and unload-
ing in the CA1 area was performed on 10X magnification 
images of the same field with CellProfiler Software for 
automated biological image analysis [20]. The 
bleach/spontaneous release rate was negligible. At least 4-8 
slices for each treatment condition and from three different 
cultures were analyzed. 

2.8. Statistical Analysis 

All experiments were run at least in triplicate and carried 
out 4–6 times. Analysis was performed by Student’s t-test or 
one-way ANOVA followed by Newman–Keuls test for sig-
nificance, with GraphPad Prism Software for Windows 
(GraphPad Software, San Diego, California USA).  

3. RESULTS 

The expression of estrogen receptors (ERs) in OHC was 
evaluated by Western blot analysis (Fig. 1a,c). As shown, 
both ERα and ERβ subtypes are expressed in basal condi-
tions, the former being present as two different molecular 
weight isoforms of 66 kDa and 46 kDa (Fig 1a,c). Treatment 
with 10 µM Aβ(25-35) for 24 h induces a significant in-
crease of both the 66 kDa (153% ± 9 vs. control) and the 46 
kDa (119% ± 4 vs. control) isoforms of ERα but has no ef-
fect on ERβ expression (Fig. 1a). Immunostaining of ERα in 
the same conditions appears to confirm Aβ-induced up-
regulation (Fig. 1b). Similarly, exposure to 2 µM Aβ(25-35) 
for 72 h increases expression of both the 66 kDa (131% ± 5 
vs. control) and 46 kDa (145% ± 6 vs. control) isoforms 
without modifying ERβ expression (Fig. 1c). In these condi-
tions ERα immunostaining is widely distributed and appar-
ently localized to more morphologically reactive cells fol-
lowing Aβ treatment (Fig. 1d). 

Effects of 17β-E2 on neuronal viability following a toxic 
stimulus were tested in OHC exposed to different concentra-
tions of Aβ(25-35). Exposure to 10 µM of Aβ(25-35) leads 
to extensive neuronal death already after 24 h, as assessed by 
PI incorporation assay (Fig. 2a,b). In these conditions, 10 
nM 17β-E2 completely prevents neuronal death both when 
added 24 h prior to or together with Aβ treatment (Fig. 2a,b). 
Use of a lower concentration of Aβ(25-35), i.e. 2 µM, allows 
chronic exposure to the peptide before reaching neuronal 
death, as evaluated by PI incorporation assay. At 16, 48 and 
72 h no PI incorporation is present (not shown) while neu-
ronal death appears after a 7 d treatment with 2 µM Aβ(25-
35) (Fig. 2c,d). In these conditions 10 nM 17β-E2, added 
together with Aβ(25-35), is once again totally protective 
(Fig. 2c,d). In contrast, exposure to 500 nM aggregated 
Aβ(1-42) oligomers does not induce neuronal death up to 14 
days, as assessed by PI staining, (not shown). When OHC 
are exposed to selective ERα and ERβ agonists, PPT (100 
nM) and DPN (1 nM) respectively, different responses ap-
pear. In fact, PPT mimics the neuroprotective effect of 17β-
E2 against Aβ(25-35) (2 µM for 7 d), while DPN only shows 
a partial, non-statistically significant reduction of PI incorpo-
ration (Fig. 2c,d).  

In order to assess whether alteration of synaptic protein 
function is a critical event in Aβ-induced neuronal death, 
time-course analysis of synaptic protein expression was car-
ried out, by Western blot, during exposure to 2 uM Aβ(25-
35) in the presence of 10 nM 17β-E2. The pre-synaptic 
marker SYP and post-synaptic marker PSD-95 were ana-
lyzed at 16 h, 72 h and 7 days of treatment. As shown in Fig. 
3, both SYP and PSD-95 show a similar profile of expres-
sion, with an early increase, compared to control, at 16 h 
(Fig. 3a) or 72 h (Fig. 3b) of treatment, and a decrease at 7 
days (Fig. 3c), coinciding with neuronal death. Both these 
effects yield statistically significant difference from control. 
17β-E2 is able to contrast Aβ(25-35)-induced synaptic pro-
tein variations at all time-points, bringing protein levels back 
to respective control conditions (Fig. 3a,b and c). Similar 
changes in synaptic protein expression were observed when 
OHC were exposed to 500 nM aggregated Aβ(1-42) oli-
gomers for 7 d, a time-point when cell death is not detect-
able. Western blot analysis reveals a significant increase of 
both SYP and PSD95 in OHC exposed to Aβ(1-42), com-
pared to control, an effect that is once again reverted by 10 
nM 17β-E2 exposure (Fig. 3d). In our conditions, treatment 
with 10 nM 17β-E2 does not per se modify synaptic protein 
expression (data not shown). 

Immunocytochemical analysis of SYP expression in 
OHC shows a punctuate staining (Fig. 4a). Quantitative 
evaluations of the number and mean area of SYP-positive 
puncta in the CA1 area show a significant increase in both 
the number (140 % ± 10.9 vs. control; Fig. 4b) and mean 
area (133% ± 9 vs. control; Fig. 4c) of puncta following 72 h 
of exposure to 2 µM Aβ(25-35), compared to untreated con-
trol. When 10 nM E2 is added together with Aβ, such effects 
on synaptic vesicle organization are prevented (vesicle num-
ber and mean area = 106% ± 8 and 107.6% ± 6.9 vs. control, 
respectively).  

Effects of 17β-E2 on astrocytic (GFAP) and microglial 
(Iba1) markers upon Aβ(25-35) exposure were analyzed by 
Western blot and immunostaining (Fig. 5). A significant in-
crease of both GFAP (Fig. 5a) and Iba1 (Fig. 5b) is induced 
by a 72 h exposure to 2 µM Aβ, compared to control condi-
tions. Ten nM 17β-E2 has no effect on Aβ-induced GFAP 
increase (Fig. 5a) while it prevents Iba1 up-regulation (Fig. 
5b). Corresponding immunostaining of GFAP and Iba1 are 
shown in Fig. 5c and d, respectively. 

Released glutamate (Glu) levels were measured in the 
culture medium using a commercial Glutamate Assay Kit. 
Glu levels are unchanged after short-term Aβ exposure (2 
µM Aβ(25-35) for 30 min or 6 h; not shown), whereas they 
are significantly increased, compared to control, after 72 h of 
Aβ treatment (Fig. 6a). Such effect is prevented by 10 nM 
17β-E2 (Fig. 6a). At this time point, synaptic vesicle loading 
and unloading were evaluated by labeling with the FM 1-43 
dye. A slight increase of vesicle loading (that however does 
not yield significance) is observed following exposure to 2 
µM Aβ(25-35), as by the higher fluorescence intensity at the 
end of loading step, compared to control (Fig. 6b,d). Of 
note, treatment with 10 nM 17β-E2 not only prevents this 
increase, but significantly reduces also basal vesicle loading 
(Fig. 6b,d). Vesicle unloading is expressed as percent resid-
ual fluorescence vs. respective fluorescence at time 0 (end of 
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Fig. (1). ERs expression in OHC. In a, Western blot analysis of ERα and ERβ in OHC exposed to 10 µM Aβ(25-35) for 24 h, normalized to 
β-actin. In b, representative image of immunostaining of ERα in the same conditions. Scale bar is 30 µm. In c, Western blot analysis of ERα 
and ERβ in OHC exposed to 2 µM Aβ(25-35) for 72 h, normalized to β-actin. In d, representative 20X (top panels) and 63X (bottom pan-
els) magnification images of immunostaining for ERα in control and treatment conditions (2 µM Aβ(25-35) for 72 h). Scale bars are 40 µm 
for 20X captions and 10 µm for 63X captions. Representative blots are shown. Bars are mean ± SEM of at least three independent experi-
ments. *p<0.05 vs. respective control by Student’s t-test for significance. 

 
Fig. (2). Estrogen’s effects on Aβ toxicity in OHC. Cell death was evaluated as mean fluorescence intensity of incorporated PI in OHC 
exposed to different treatments. In a, values for PI incorporation in OHC treated with Aβ(25-35) alone (2 µM for 24 h) or in combination with 
10 nM 17β-E2, added 24 h prior to Aβ and maintained during the following 24 h [preE + Aβ(25-35)], or together with Aβ (Aβ(25-35) + E) 
for 24 h. Representative images of PI incorporation in these conditions, at 5X magnification, are reported in b. In c, PI incorporation follow-
ing exposure to 2 µM Aβ(25-35) alone for 7 d or in co-treatment with 10 nM 17β-E2, 100 nM ERα selective agonist PPT, or 1 nM ERβ selec-
tive agonist DPN. Corresponding captures of PI incorporation are reported in d (5X magnification). Bars are mean ± SEM of at least 
three independent experiments. *p<0.05 vs. other groups and § p<0.05 vs. 2 µM Aβ(25-35) alone by one-way-ANOVA followed by New-
man-Keuls test for significance. 
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Fig. (3). Time course analysis of estrogen effects on synaptic protein expression in Aβ-challenged OHC. Expression of pre- (SYP) and 
post-synaptic (PSD95) proteins as evaluated by Western blot at 16 h (a), 72 h (b) and 7 d (c) of exposure to 2 µM Aβ(25-35) alone or in com-
bination with 10 nM 17β-E2 (E). In d, Western blot of SYP and PSD95 in OHC treated for 7 d with 0.5 µM Aβ(1-42) alone or in combination 
with 10 nM 17β-E2. In all blots α-tubulin was used for normalization. Representative blots are shown. Bars are mean ± SEM of at least three 
independent experiments. *p<0.05 vs. other respective groups, by one-way-ANOVA followed by Newman-Keuls test for significance. 

 
Fig. (4). Estrogen’s effects on re-organization of synaptic structure in Aβ-challenged OHC. In a, representative image of a 63X magnifi-
cation field of OHC CA1 area, immunostained for SYP (scale bar is 10 µm). Number (b) and size (c) of SYP+ puncta in OHC exposed to 
Aβ(25-35) alone (2 µM for 72 h) or with 10 nM 17β-E2 (E) are reported, as by automatic software determination. Bars are mean ± SEM of at 
least three independent experiments. *p<0.05 vs. other groups by one-way-ANOVA followed by Newman-Keuls test for significance. 
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Fig. (5). Estrogen’s effects on glial cells in Aβ-challenged OHC. Western blot analysis of GFAP (a) and Iba1 (b) levels in OHC treated for 
72 h with 2 µM Aβ(25-35) alone or in the presence of 10 nM 17β-E2 (E). β-actin and α-tubulin were used for normalization of GFAP and 
Iba1, respectively. In c and d, representative images of immunostaining for GFAP (c; 40X magnification, scale bar 10 µm) and Iba1 (d; 63X 
magnification, scale bar 5 µm) in the same conditions. Representative blots are shown. Bars are mean ± SEM of at least three independent 
experiments. *p<0.05 vs. other groups by one-way-ANOVA followed by Newman-Keuls test for significance. 

loading), set as 100%. Exposure to 2 µM Aβ(25-35) in-
duces a significant decrease of residual fluorescence, com-
pared to control, indicative of enhanced vesicle unloading 
(Fig. 6c,d). This effect is prevented by 10 nM 17β-E2 (Fig. 
6c,d). Fig 6d reports representative images of loading (L) 
and unloading (U) steps for each condition.  

Experiments were then carried out to evaluate if addition 
of 17β-E2 to OHC previously exposed to Aβ could still be 
protective. OHC were exposed to 2 µM Aβ(25-35) for 48 h, 
prior to addition of 10 nM 17β-E2 for further 5 d, still in the 
presence of Aβ. Analysis of cell death by PI staining in these 
conditions reveals that delayed exposure to 17β-E2 or the 
selective ERα agonist PPT maintains the ability to partially 
rescue neurons from Aβ-induced death, compared to un-
treated control conditions (Fig. 7a). Evaluation of SYP and 
PSD95 levels in OHC subjected to a 48 h-pre-treatment with 
2 µM Aβ(25-35) alone, followed by further 24 h exposure to 
Aβ in combination with 10 nM 17β-E2 or 100 nM PPT, was 
carried out by Western blot. In these conditions, neither 17β-
E2 nor PPT prevent Aβ-induced up-regulation of SYP and 
PSD95 compared to control (Fig. 7b).  

4. DISCUSSION 

The activity of estrogen as a neuroprotective agent in 
neurodegenerative conditions, such as AD, has been well 
established over the past years [2, 22-24]. However, a num-
ber of reports suggesting a harmful action of the hormone 
still need to be taken into account [24-28] in order to fully 
appraise the potential of hormone replacement therapies. 

Timing of estrogen exposure in particular seems to be crucial 
to determine alternatively favorable or harmful effects [2, 16, 
29, 30]. Moved by these considerations, we here aimed to 
dissect the events triggered in response to chronic exposure 
to a toxic stimulus and the mechanisms through which estro-
gens rescue neurons from death in such conditions. We thus 
set up an in vitro model using OHC exposed to a low con-
centration of the β-amyloid peptide. Aβ is the key player in 
AD onset and its neurotoxicity has been linked to synaptic 
dysfunction and network disorganization, that underlie pro-
gressive cognitive decline [13]. In our model, neuronal dam-
age matures slowly, leading to cell death in a reasonably 
wide time span. This allows analysis of early events taking 
place at a time of particular sensitivity to hormonal exposure. 
Preliminary experiments were carried out with either the 
active Aβ fragment 25-35 or the full length aggregated Aβ(1-
42) and yielded comparable results, allowing further experi-
ments to be carried out with Aβ(25-35). Consistent with our 
results, the equivalent effects of the two peptides has been 
shown in a comparative toxicity study using OHC [31]. Our 
interest was focused on the hippocampal formation for it is 
one of the first targets of Aβ toxicity in the AD brain [32] 
and the OHC model was chosen because of its unique pres-
ervation of original hippocampal cytoarchitecture and neu-
ronal circuitry [18, 33-35]. 

Based on the notion that synaptic dysfunction is one of 
the first steps on the road that ultimately leads to neuronal 
degeneration, we analyzed expression of two key pre- and 
post-synaptic markers, SYP and PSD95. Time course analy-
sis reveals, upon Aβ exposure, a rapid and long-lasting in-
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Fig. (6). Estrogen’s effects on modified synaptic activity in Aβ-
challenged OHC. In a, levels of released Glu assayed in culture 
medium with a specific commercial kit. Medium was collected 
from OHC exposed to Aβ(25-35) (2 µM for 72 h) alone or in the 
presence of 10 nM 17β-E2 (E; a). Loading (b) and unloading (c) of 
synaptic vesicles as determined by FM 1-43 dye fluorescence 
measurements in OHC treated with 2 µM Aβ(25-35) alone or with 
10 nM 17β-E2 for 72 h. Loading fluorescence is reported as percent 
variation of treatment vs. control conditions (b), while unloading 
measurements are reported as variation vs. respective time zero (c). 
In d, representative images of cells at the end of loading (L) and 
unloading (U) steps for each treatment condition. Bars are mean ± 
SEM of at least three independent experiments. *p<0.05 vs. other 
groups by one-way-ANOVA followed by Newman-Keuls test for 
significance. 

crease of both SYP and PSD95 proteins preceding the sharp 
decrease coincident with neuronal loss. Such event may be 
interpreted as an attempted neuronal response to synaptic 
failure through increase of synaptic components. The effects 
of Aβ toxicity on synaptic function have been widely stud-
ied, yielding contrasting results based on the brain area ex-
amined and the severity of disease [36]. What has emerged, 
in full agreement with our own results, is that while synaptic 
loss is the final outcome, a transitional increase of at least 
some pre- and post-synaptic proteins, namely synaptophysin 
[37], drebrin [38], alpha-synuclein and PSD95 [ 39, 40], is 
likely to occur at a very early stage of disease. Such synaptic 
alterations, at least in the neocortex, precede the emergence 
of cognitive impairment [36]. This topic is currently highly 
debated, for the real significance of this transient neuronal 
hyperactivity in the pre-symptomatic stages of AD has not 
yet been identified, as extensively discussed [41]. In order to 
establish whether the altered synaptic composition we report 
is linked to altered vesicle/neurotransmitter release, we 
tested both glutamate levels and loading/unloading capabili-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. (7). Effects of delayed addition of 17β-E2 to OHC pre-
exposed to Aβ. OHC were exposed to 2 µM Aβ(25-35) alone for 
either 72 h, or for 48 h followed by co-incubation with 10 nM 17β-
E2 (Aβ(25-35)+post E) or 100 nM PPT (Aβ(25-35)+post PPT) for 
further 24 h. PI incorporation (a) and Western blot analysis of 
PSD95 and SYP levels (b) in these conditions are shown. West-
ern blot bands were normalized to α-tubulin. Representative blots 
are shown. Bars are mean ± SEM of at least three independent ex-
periments. *p<0.05 vs. control by one-way-ANOVA followed by 
Newman-Keuls test for significance. 

ties of OHC. Our data show a significant increase of gluta-
mate first detectable in the culture medium after 72 h of 
stimulation with Aβ, paired to a significant increase of both 
synaptic vesicle exocytosis and recycling at the same time 
point. Accordingly, Aβ has been reported to increase gluta-
mate levels, an event that triggers a variety of responses un-
favorable to neuronal survival [42] and also impacts synap-
tophysin function leading to increased exocytosis [43]. An 
effect of Aβ on vesicle loading and unloading in pure hippo-
campal neuronal cultures has already been reported [44, 45], 
but due to the cellular model used and probably to the cho-
sen time, a reduction of vesicle trafficking was observed in 
those studies. The correlation we here show between abnor-
malities in synaptic protein expression and glutamatergic 
transmission finds support in the literature. The rise of syn-
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aptic markers has been in fact shown to be paralleled by in-
crease of glutamatergic bouton density in patients with mild 
cognitive impairment [46] and paradoxical increases in hip-
pocampal activation during prodromal AD [47], confirming 
our present observation that both events occur at early 
phases of neurodegeneration. 

Analysis of estrogen receptor expression in our model 
confirms the presence of both ERα and ERβ. Expression of 
both ERs has been reported in different regions of the hippo-
campus, in pyramidal neurons as well as in interneurons, 
with both nuclear and extra-nuclear localization [48-50]. We 
report that Aβ exposure is able to modify expression of ERα, 
leading to its marked up-regulation, whereas no effect is evi-
dent on ERβ expression. Consistent with our results, previ-
ous reports have shown the up-regulation of ERα in different 
areas of the AD brain, such as the nucleus basalis of Meynert 
[51], the vertical limb of the diagonal band of Broca [52] and 
the hippocampus [53]. In addition, our present data show 
that use of the selective agonists for the two receptor sub-
types distinguishes ERα as the main mediator of estrogen 
protective effects against Aβ-induced neuronal death. ERα 
activation has been shown to trigger a variety of protective 
mechanisms against Aβ toxicity, both directly in neurons 
[30, 54-56] and indirectly on the astroglial component of the 
CNS [57]. Such mechanisms include inhibition of Aβ-
induced apoptotic pathways and induction of protective cell 
signaling [56, 58], as well as direct action on Aβ levels by 
increased degradation [59, 60] and decreased synthesis [61]. 
Furthermore, ERα directly interacts with membrane compo-
nents such as glutamate receptors [30], the voltage-
dependent anion channel (VDAC) [62] or insulin growth 
factor receptor [63], all involved at some level in cell re-
sponse to Aβ. We now report that the synaptic derangement 
caused by Aβ in our experiments is completely prevented 
when 17-βE2 is added at physiological concentrations. Inter-
estingly, neuroprotection by estrogen relies also in additional 
effects on other cell types. The increased microglia activa-
tion induced by low concentrations of Aβ is in fact counter-
acted by 17β-E2 treatment, suggesting an important action of 
estrogen in preventing the active role of microglia in Aβ tox-
icity [64, 65]. In contrast the slightly enhanced GFAP ex-
pression induced by Aβ is maintained in the presence of 17β-
E2. This may result in a favorable effect as reactive astro-
cytes are known to mediate neuroprotection by estrogen [57, 
66].  

Notably, even when added up to 48 h after previous ex-
posure to Aβ, estrogen is still neuroprotective. The lack of 
effect on the synaptic alterations that have already pro-
gressed at this time, suggests involvement of alternative 
mechanisms. At any rate, the delay between changes of syn-
aptic protein expression and glutamate increase (16 h vs. 72 
h) are indicative of sequential modification of the synapse 
and alteration of neurotransmission, allowing to speculate 
the intriguing possibility that estrogens exert a dual action. 
This implies distinct effects on synaptic structure and on 
glutamate release/excitotoxicity. Overall these observations 
appear particularly promising for they broaden the time win-
dow to be considered for successful therapeutic intervention 
with estrogens. Hence, in contrast to what generally thought, 
even during progression of neurodegeneration, at early time 

points, the possibility still exists for estrogen to exert a neu-
roprotective effect.  
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