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Abstract

Because STX is a selective ligand for membrane estrogen receptors, it may be able to confer the 

beneficial effects of estrogen without eliciting the deleterious side effects associated with 

activation of the nuclear estrogen receptors. This study evaluates the neuroprotective properties of 

STX in the context of amyloid-β (Aβ) exposure.

MC65 and SH-SY5Y neuroblastoma cell lines, as well as primary hippocampal neurons from wild 

type (WT) and Tg2576 mice, were used to investigate the ability of STX to attenuate cell death, 

mitochondrial dysfunction, dendritic simplification, and synaptic loss induced by Aβ. STX 

prevented Aβ-induced cell death in both neuroblastoma cell lines; it also normalized the decrease 

in ATP and mitochondrial gene expression caused by Aβ in these cells. Notably, STX also 

increased ATP content and mitochondrial gene expression in control neuroblastoma cells (in the 

absence of Aβ). Likewise in primary neurons, STX increased ATP levels and mitochondrial gene 

expression in both genotypes. In addition, STX treatment enhanced dendritic arborization and 

spine densities in WT neurons and prevented the diminished outgrowth of dendrites caused by Aβ 

exposure in Tg2576 neurons.

These data suggest that STX can act as an effective neuroprotective agent in the context of Aβ 

toxicity, improving mitochondrial function as well as dendritic growth and synaptic differentiation. 

In addition, since STX also improved these endpoints in the absence of Aβ, this compound may 

have broader therapeutic value beyond Alzheimer’s disease.
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 INTRODUCTION

The neuroprotective and cognitive-enhancing effects of natural and synthetic estrogens have 

been widely demonstrated in humans [1–4], as well as in numerous experimental model 

systems [5–10]. However, the increased risk of thrombosis and hormone-sensitive cancers 

associated with treatments using the natural estrogen 17β-estradiol (E2) in post-menopausal 

women has limited the development of estrogen-related compounds for treating 

neurodegenerative diseases. The recent identification of new selective estrogen receptor 

modulators (SERMs) may offer a solution to this problem. The diphenylacrylamide 

compound STX is one example of a SERM that exhibits the neuroprotective effects of 

estrogen without inducing oncogenic and thrombotic side effects [11, 12]. Unlike E2 and its 

functional analogs, STX does not bind nuclear estrogen receptors (ER-α and ER-β), which 

regulate transcriptional responses to E2. Instead, STX binds the G protein-coupled estrogen 

receptor GqMER, which is located in the plasma membrane [9]. This uncoupling of nuclear 

and membrane ER activation suggests that STX could provide a novel therapeutic option for 

treating patients afflicted with neurodegenerative disease and age-related dementias.

Alzheimer’s disease (AD) is the most common form of dementia world-wide [13], and the 

risk of AD is associated with age-related loss of sex steroid hormones in both men and 

women [14, 15]. In AD patients, the accumulation of extracellular amyloid-β (Aβ) plaques 

and intracellular neurofibrillary tangles are accompanied by neuronal loss, synaptic 

dysfunction, and severe cognitive impairment [16–19]. Mitochondrial dysfunction is thought 

to contribute to these deleterious physiological changes [20]: deficits in proteins associated 

with the electron transport chain (ETC) [21], decreased ATP production, and general 

impairment of mitochondrial activity have all been observed in the brains of AD patients, as 

well as in many in vitro and in vivo models of amyloid pathology [22–27].

Several estrogen-dependent signaling pathways converge on mitochondria to modulate 

cellular respiration and ATP production [28–30]. E2 has been shown to enhance brain 

mitochondrial function [31], increase mitochondrial respiratory capacity [32], and induce the 

expression of mitochondrial proteins [29, 32]. E2 has likewise been shown to protect against 

Aβ-induced cell death in vitro [33–35] and in vivo [36, 37], and to attenuate bioenergetic 

deficits induced by Aβ in both neuroblastoma cells [38] and mouse models of AD [39, 40].

Despite the growing literature describing the beneficial action of estradiol on brain 

mitochondrial function in the context of AD, comparatively little is known about the ability 

of SERMs (acting via extranuclear ERs) to recapitulate these neuroprotective effects. We 

have now addressed this issue by examining the neuroprotective effects of STX on cell 

viability, mitochondrial function, and neuronal morphology in several in vitro models of Aβ 

toxicity.

 METHODS

 STX preparation

STX was produced by AAPharmaSyn, LLC (Ann Arbor, MI) under contract with the 

authors of the synthetic protocol for STX, published in Tobias et al. [41]. Stock solutions of 
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STX (2 mM) were prepared in 100% anhydrous dimethyl sulfoxide (DMSO), which was 

then diluted to working concentrations in culture medium, as described below.

 MC65 Cell culture

MC65 cells were cultured in MEMα supplemented with 10% fetal bovine serum (FBS; 

GIBCO/Life Technologies), 2 mM L-glutamine (Sigma-Aldrich), and 0.1% tetracycline 

(Sigma-Aldrich). For each experiment, cells were trypsinized and resuspended in Opti-MEM 

without phenol red (GIBCO/Life Technologies), then treated with STX or matched DMSO 

concentrations in the presence and absence of tetracycline. All endpoints were compared to 

those obtained with tetracycline-treated cells, either with or without the addition of STX. For 

assays of viability, cells were plated at 10,000 cells/well in 96 well plates and assessed after 

72 hr of continuous treatment. For assays of gene expression and ATP determination, cells 

were plated at 60,000 cells/well in 12 well plates and were harvested after 48 hr of 

continuous treatment.

 SH-SY5Y Cell Culture

SH-SY5Y neuroblastoma cells were cultured in DMEM/F12 medium (GIBCO/Life 

Technologies) supplemented with 10% FBS and 1% penicillin-streptomycin (Sigma-

Aldrich). For assays of gene expression and ATP production, cells were plated at 200,000 

cells/well in 12-well plates. For assays of cell viability, cells were plated at 15,000 cells/well 

in 96 well plates. Three days after plating, cells were washed with phosphate-buffered saline 

(PBS) and switched to serum-free DMEM/F12 medium containing 1% N-2 growth 

supplement (GIBCO/Life Technologies) plus STX (100 nM). The following day, the cells 

were treated with 50 µM Aβ25–35 (American Peptide Company), a fragment that has been 

shown to recapitulate the toxic effects of full-length Aβin vitro [42, 43]. Aβ25–35 solutions 

were incubated at 37° C for 72 hr, prior to addition to the cell cultures. All endpoints were 

assessed after 48 hr of treatment.

 Culture of primary hippocampal neurons

Embryonic Tg2576 mice and their wild type (WT) littermates were used to generate primary 

neuronal cultures. The Tg2576 line expresses the human APPswe double mutation (K670N-

M671L) under the control of the hamster prion promoter [44, 45], resulting in an 

accumulation of Aβ1–42 in the brain and the development of age-dependent Aβ plaques. 

Previous studies have shown that after several weeks in culture, primary neurons isolated 

from these animals display metabolic alterations [46] and a dystrophic phenotype that 

includes impaired dendritic arborization and loss of synaptic spines [19],similar to what is 

observed in the brains of adult Tg2576 animals [22, 47].

Breeding pairs of Tg2576 mice were raised in an in-house facility at the OHSU. Mice were 

maintained in a climate-controlled environment with a 12-hr light/12-hr dark cycle and fed 

Pico Lab Rodent Diet 5LOD (LabDiets, St. Louis, MO). Diet and water were supplied ad 
libitum. Litters were weaned and group-housed (4–6/cage) until commencement of 

breeding. All procedures were conducted in accordance with the NIH Guidelines for the 

Care and Use of Laboratory Animals and were approved by the institutional Animal Care 

and Use Committee of OHSU.
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Hippocampal neurons were isolated from embryonic mice, based on the methods of Kaech 

and Banker [48]. Briefly, embryos were harvested at 18 days of gestation from anesthetized 

females. Hippocampi were dissected, gently minced, and trypsinized to generate suspensions 

of dispersed neurons, which were then plated in MEM medium (GIBCO /Life 

Technologies), 5% FBS (Atlanta Biologicals), and 0.6% glucose (Sigma-Aldrich). After 4 

hr, the medium was removed and replaced with Neurobasal Medium supplemented with 1× 

GlutaMAX (GIBCO/Life Technologies) and 1× GS21 (MTI-GlobalStem). The animals were 

genotyped by PCR using DNA extracted from tail samples taken after dissection of the 

hippocampi. For analyses of gene expression and ATP levels, dissociated hippocampal cells 

were plated at 200,000 per well in 12-well plates that had been pre-coated with 1 mg/mL 

poly-L-lysine. After 7 days in vitro (DIV), cells were treated with STX (100 nM) and 

harvested 48 hr later for analysis.

For Sholl analyses of dendritic complexity, we used two different protocols that yielded 

equivalent results. In the first protocol, 150,000 hippocampal neurons were plated in 60 mm 

dishes in 1× MEM with 5% FBS, each dish containing four poly-L-lysine-coated glass 

coverslips with paraffin wax spacers [48]. After 4 hr, the coverslips were flipped into 60 mm 

dishes containing neural stem cell-derived glial cells (provided by Dr. Gary Banker, Jungers 

Center, OHSU) and maintained in 6 ml Neurobasal media with GlutaMAX and GS21 [48]. 

Each dish was fed every week by removing 1 ml of the culture medium and adding 1 ml 

fresh Neurobasal media containing GlutaMAX plus GS21, with the first feed (at 5 DIV) 

containing 6 µM cytosine β-D-arabinofuranoside hydrochloride (AraC; Sigma-Aldrich). The 

first and second feed (5 DIV and 12 DIV respectively) also contained STX (100 nM) or 

DMSO. At 19 DIV, each coverslip was fixed in 4% PFA in PHEM buffer (60 mM PIPES, 25 

mM HEPES, 10 mM EGTA, 2 mM MgCl2, pH 7.4). Coverslips were stained with Anti-

MAP2B (Sigma-Aldrich #M4403; 3.3 µg/ml) and Goat anti-mouse IgG1-Cy3 (Jackson 

ImmunoResearch #115-165-205; 1.5µg/ml). Immunostained neurons were imaged with a 

Zeiss ApoTome2 microscope. In the second protocol, freshly isolated hippocampal neurons 

were electroporated with plasmids encoding enhanced Green Fluorescent Protein (eGFP) 

under the control of the CMV immediate-early enhancer and the chicken β-actin promoter 

[49]. 300,000 electroporated hippocampal neurons were plated with 150,000 non-

electroporated neurons of the same genotype onto poly-L-lysine-coated coverslips, then 

cultured and processed as described above. For both protocols, blinded Sholl analyses were 

performed using the Fiji platform [50] with the plug-in created by Ferreira et al. [51]. At 

least thirty cells were analyzed per treatment condition. Statistical differences between 

treatment groups were calculated using Student’s unpaired t-tests.

For an analysis of dendritic spines, 150,000 hippocampal neurons were electroporated with 

plasmids encoding eGFP (as described above) and plated onto dishes with coverslips 

containing 300,000 cortical neurons of the same genotype (plated 7 days prior to the 

addition of the hippocampal neurons). This strategy promoted robust synapse formation 

while maintaining the electroporated hippocampal neurons at a density that permitted the 

unambiguous visualization of non-intersecting dendritic segments. After 4 hr, coverslips 

were flipped into 60 mm dishes containing stem cell-derived glial cells in 6 ml Neurobasal 

media with GlutaMAX and GS21. Each dish was fed every week with 1 ml Neurobasal 

media plus GlutaMAX and GS21, with the first feed (at 7 DIV) containing AraC and the 
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second feed (at 14 DIV) containing STX (100 nM) or DMSO. Coverslips were then fixed in 

4% PFA in PHEM buffer at 21 DIV and immunostained with anti-GFP (Life Technologies 

#A11122; 2µg/ml), detected with Alexa-488-conjugated goat anti-Rabbit secondary 

antibodies (Life Technologies #A11034; 2 µg/ml). The immunostained neurons were then 

imaged using a Zeiss ApoTome2 microscope and analyzed blind by a separate investigator 

not involved in the image collection. 16–20 images were collected from different neurons in 

each treatment group, and spines were quantified on 50–100 µm segments of dendrite length 

per image using FIJI software.

 Quantitative real time PCR

Total RNA from neuroblastoma cells and cultured hippocampal neurons was extracted using 

Tri-Reagent (Molecular Research Center). RNA was reverse transcribed with the Superscript 

III First Strand Synthesis kit (Invitrogen) to generate cDNA, as per the manufacturer’s 

instructions. Relative gene expression was determined using TaqMan Gene Expression 

Master Mix and commercially available TaqMan primers (Life Technologies) for 

mitochondrially encoded NADH dehydrogenase 1 (Mt-ND1), mitochondrially encoded ATP 

synthase 6 (Mt-ATP6), mitochondrially encoded cytochrome c oxidase 1 (Mt-CO1), 

mitochondrially encoded cytochrome B (Mt-CYB), and glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH). Quantitative polymerase chain reactions (qPCR) was performed 

on a StepOne Plus Machine (Applied Biosystems) and analyzed using the delta-delta Ct 

method.

 Cell number determination

Cell number was determined both by DNA quantification as well as MTS (3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4- sulfophenyl)-2H-tetrazolium) 

assays. For DNA quantification, media was removed from the wells and the plates were 

frozen at −80° C for 24 hr, prior to subsequent analysis. Cell numbers were quantified using 

the CyQUANT Cell Proliferation Assay kit (Thermo Fisher), as per the manufacturer’s 

instructions. The MTS assay was performed using the CellTiter 96 Aqueous Non-

Radioactive Cell Proliferation Assay (Promega), as per the manufacturer’s instructions.

 ATP and protein quantification

ATP was quantified using the ATP determination kit (Life Technologies), as per the 

manufacturer’s instructions. Cells were lysed with 0.1% Triton X 100 in PBS and incubated 

with the reaction solution for 15 min at room temperature, prior to measurement. Values 

were normalized to total protein content, as determined by the BCA method (Thermo 

Fisher). Briefly, this colorimetric assay combines the reduction and chelation of cuprous 

copper (Cu1+) to peptides under alkaline conditions in the presence of sodium potassium 

tartrate. Reduced Cu1+ is then reacted with bicinchoninic acid (BCA) to produce a 

concentration-dependent reaction product detectable in a spectrophotometer at 562 nm. 

Protein concentrations of cell lysates were analyzed in triplicate by comparison to a standard 

curve generated with serial dilutions of BSA (bovine serum albumin; 0.03–2 mg/ml) in a 

microplate reader, as per the manufacturer’s instructions. Protein concentrations were then 

calculated in Excel.
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 Statistics

Statistical significance was determined using Bonferroni post-hoc tests and one-way analysis 

of variance with appropriate t-tests. Significance was defined as p ≤0.05. Analyses were 

performed using Excel or GraphPad Prism 6.

 RESULTS

 STX protects against Aβ-induced cytotoxicity in neuroblastoma models

In previous work, we used two different neuroblastoma models of amyloid toxicity to 

investigate the protective effects of candidate therapeutic compounds. MC65 neuroblastoma 

cells conditionally express APP-C99 under the control of a tetracycline-responsive promoter, 

which in turn is cleaved by endogenous secretases to generate Aβ peptides (predominantly 

Aβ1–40/42) [52–54]. Following tetracycline withdrawal (Tet−), Aβ levels progressively 

accumulate in these cultures, resulting in extensive cell death by 72 hr [52]. Alternatively, 

SH-SY5Y neuroblastoma cells have been used in many studies to test the effects of 

exogenously introduced Aβ (including Aβ25–35 and Aβ1–42), both of which have been shown 

to induce progressive cell death in a concentration-dependent manner [43, 55–57]. 

Accordingly, we used these two cell culture models to investigate the protective effects of 

STX. As shown in Figure 1A, STX treatment protected MC65 cells from Aβ-induced cell 

death in a dose-dependent manner (between 1–100 nM). When analyzed with CyQUANT 

assays of cell proliferation, these dosages had no detectable effect in the absence of Aβ (Tet+ 

condition). The highest dose, 1000 nM, was toxic in both the Tet+ and Tet− conditions. By 

comparison, analyzing replicate sets of MC65 cells using the MTS assay (a measure of 

cellular metabolic activity) revealed that treatment with 100 nM STX significantly improved 

the viability of both control cultures (STX + Tet+) and cultures exposed to toxic Aβ levels 

(STX + Tet−). Accordingly, we used 100 nM STX for our subsequent experiments.

To test whether STX also confers beneficial effects in cells exposed to exogenous amyloid 

peptides, we pre-treated SH-SY5Y cells with 100 nM STX for 24 hr before the addition of 

50 µM Aβ25–35, based on previous evidence that treatment with Aβ25–35 recapitulates the 

toxic effects of full-length Aβ [42, 58, 59]. As shown in Figure 1C, Aβ25–35 treatment 

resulted in a significant reduction in viability (based on CyQUANT assays of proliferation), 

whereas pre-treatment with STX prevented this effect. In control cells (not treated with Aβ), 

STX treatment alone did not alter cell viability. As in our MC65 cell assays, we found that 

STX pre-treatment significantly improved the metabolic activity of control SH-SY5Y 

cultures (as measured with MTS assays), as well as partially rescuing the viability of cells 

treated with Aβ25–35 (Figure 1D). In combination, these results indicate that STX can protect 

cells against the deleterious effects of multiple toxic forms of Aβ, whether they are 

generated endogenously or introduced exogenously.

 STX increases ATP production and induces mitochondrial gene expression in 
neuroblastoma cells

We also used our neuroblastoma cell assays to examine whether STX could protect against 

the reduction in ATP levels caused by Aβ exposure, as an assay of mitochondrial function. 

As shown in Figure 2A, ATP levels were significantly reduced in MC65 cells by 48 hr after 
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tetracycline removal (Tet−), coincident with the accumulation of Aβ in these cultures 

(similar to our previous results; [60]). In contrast, STX treatment attenuated this decrease 

(Figure 2A), while STX treatment also significantly increased ATP production in MC65 

cells that were maintained in the presence of tetracycline (and therefore not expressing Aβ). 

Similarly, treating SH-SY5Y cells with exogenous Aβ caused a decrease in ATP levels that 

was prevented by STX pre-treatment (Figure 2B), while treating control SH-SY5Y cells 

with STX increased intracellular ATP levels (in the absence of Aβ).

We also evaluated whether STX prevented the down-regulation of mitochondrial DNA-

derived genes by Aβ; specifically, we examined the expression of Mt-ND1, Mt-CYB, Mt-

CO1 and Mt-ATP, which encode proteins in complexes I, III, IV and V of the ETC, 

respectively. All four ETC genes were repressed in MC65 cells expressing Aβ (under Tet− 

conditions), whereas STX treatment attenuated this effect (Figure 2C). Consistent with our 

analysis of ATP levels, control MC65 treated with STX (under Tet+ conditions) also 

coordinately increased the expression of all the mitochondrial genes, independent of Aβ 

expression. Likewise in SH-SY5Y cells, Aβ treatment significantly repressed the expression 

of the mitochondrial genes, while STX treatment prevented this decrease (Figure 2D), 

restoring their expression to control levels. Once again, treating control SH-SY5Y cells with 

STX (in the absence of Aβ) also enhanced the basal expression of all four ETC genes to a 

similar degree. In combination, these results provide additional evidence that STX bolsters 

mitochondrial function while protecting against the deleterious effects of Aβ exposure, 

suggesting that this compound might also have beneficial effects in the context of other 

disease-associated insults that affect cellular metabolism and viability.

 STX increases ATP production and mitochondrial gene expression in primary 
hippocampal neurons

Because the metabolism of neuroblastoma cells differs substantially from that of neurons 

[61], we also evaluated the effects of STX on the mitochondrial parameters of primary 

neurons, to confirm that similar mechanistic pathways could be regulated by this compound 

in a more physiologically relevant cellular context. As shown in Figure 2E, STX treatment 

significantly increased ATP content in cultured hippocampal neurons isolated either from 

WT littermate control mice or from Tg2576 mice, which overexpress the human APPswe 

double mutation and accumulate Aβ1–42 [44, 45]. Of note is there was no difference in ATP 

content between the control-treated WT and Tg2576 neurons in this experiment (analyzed 

using neurons at 9 DIV). STX treatment also significantly increased the expression of ETC 

genes in hippocampal neurons from both WT and Tg2576 animals to a similar degree 

(Figure 2F). As observed with our analysis of ATP levels, no differences between the two 

genotypes were detected in the basal expression of any these genes.

 STX attenuates Aβ-induced impairments in dendritic morphology in hippocampal 
neurons

As previously reported, cultured neurons isolated from the brains of Tg2576 mice 

progressively develop neurodegenerative phenotypes (compared to WT control neurons), 

including substantially reduced dendritic complexity and lower spine densities caused by 

their chronic production of Aβ1–42 [19, 62]. Consistent with these reports, we observed that 
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Tg2576 hippocampal neurons exhibited substantially reduced patterns of dendritic 

arborization after 19 days in culture, compared to neurons from WT littermate controls 

(Figure 3A). Sholl analyses revealed that STX treatment restored the dendritic complexity of 

Tg576 neurons to WT levels (Figures 3B–C). We obtained equivalent results when we used 

cultures containing non-electroporated neurons or cultures containing neurons expressing 

eGFP. These results are consistent with previous evidence that inducing the expression of 

eGFP in cultured hippocampal neurons does not significantly alter their overall development 

or survival rates [48]. Using this protocol, we also observed a similar protective effect of 

STX on the elaboration of dendritic spines in neurons expressing eGFP. As shown in Figure 

4A–B, spine densities in Tg2576 neurons were significantly reduced compared to WT 

neurons after 3 weeks in culture, recapitulating previous findings by other investigators [19]. 

In contrast, treatment with STX treatment rescued this deficit (Figure 4B), restoring Tg2576 

spine densities to control levels. In addition, STX also resulted in a significant increase in 

the spine densities of WT neurons, compared to vehicle-control treated neurons. These 

results demonstrate that STX treatments prevented the deleterious effects of Aβ on both 

neuronal metabolism and dendritic morphology.

 DISCUSSION

SERMs are promising therapeutic compounds because of their ability to provide the 

neuroprotective effects of natural estrogen without its negative side effects. STX is one such 

compound that has been shown to confer beneficial neurological effects by binding 

selectively to a G protein-coupled membrane estrogen receptor (GqMER), rather than the 

classical nuclear estrogen receptors [9, 63]. Notably, STX does not induce the deleterious 

oncogenic and thrombotic effects seen with E2 treatments, indicating that it might provide 

an improved strategy for hormone replacement therapy [11, 12]. In this study, we report that 

STX is also an effective neuroprotective compound, mitigating the toxic effects of several 

different forms of Aβ in a variety of different assays.

STX treatment protected against Aβ-induced cell death and mitochondrial dysfunction in 

neuroblastoma cells, and it attenuated Aβ-induced dendritic simplification and spine loss in 

primary hippocampal neurons. In both our MC65 and SH-SY5Y models of Aβ toxicity, STX 

treatment significantly reduced Aβ-induced cell death. It is notable that we obtained similar 

results in the MC65 cells exposed to full-length Aβ peptides (Aβ1–40/42) and SH-SY5Y cells 

exposed to the shorter peptides (Aβ25–35) that have been shown to recapitulate the cytotoxic 

effects of Aβ oligomers [42, 58, 59]. Likewise, the coherence of our observations in both 

neuroblastoma lines and cultured neurons suggests that the protective effects of STX are not 

limited to a particular set of in vitro conditions [64]. In addition, our results are consistent 

with previous reports that STX is neuroprotective in whole-animal models of ischemic 

stroke [9, 63], supporting the hypothesis that this compound might be beneficial in the 

context of a variety of neurodegenerative conditions. However the molecular mechanisms 

underlying this protective effect have yet to be determined. Both STX and E2 can rapidly 

activate multiple signaling pathways independent of altered gene expression, demonstrating 

the involvement of non-nuclear estrogen receptors [65, 66]. In rats, STX-dependent 

stimulation of GqMER results in the activation of both the ERK/MAPK [67] and 

PKCδ/PKA signaling pathways [67, 68]. Alternatively, experiments using neuroblastoma 
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cells haveshown that activation of GqMER can also initiate PI3K signaling [69]. Each of 

these pathways has been shown to contribute to neuroprotective responses in a variety of 

model systems [70–72] and have been linked with E2-dependent neuronal growth responses, 

including dendritic branching and spine elaboration [73–77]. These observations suggest 

that one or more of these signaling pathways might also mediate the protective effects of 

STX in our neuroblastoma and neuronal culture assays (a topic for future investigations).

Reduced dendritic arborization, diminished spine numbers, synaptic loss, and neuronal death 

have been widely reported in AD patients and in animal models of this disease [17, 18, 47, 

78–82]. Loss of dendritic complexity and reduced spine densities are also prominent features 

of AD and correlate significantly with cognitive decline [16]. These same morphological 

changes occur in neurons isolated from Tg2576 mice that overexpress human APPswe, a 

mutant form of APP that causes the accumulation of Aβ1–42 and early-onset AD in human 

patients [19]. In this study, we found that STX treatment reversed the deleterious effects of 

Aβ on dendritic arborization and spine density in hippocampal neurons isolated from 

Tg2576 mice. Notably, STX also improved spine densities in cultures of WT neurons. These 

results are consistent with the well-documented beneficial effects of E2 treatment on 

dendritic arborization and spine density [73, 74, 83–85], supporting other evidence that STX 

can confer the neuroprotective responses of natural estrogen in a variety of contexts [9, 63]. 

Whether these effects of STX on neuronal morphology involve the same mechanisms 

underlying its cytoprotective actions remain to be defined.

We also found that STX improved mitochondrial function in two different neuroblastoma 

models of Aβtoxicity. STX treatment attenuated both the decrease in ATP content and 

reduced ETC gene expression caused by Aβ exposure, while increasing these parameters in 

control cultures (not treated with Aβ). In contrast, we found that STX did not significantly 

reduce the more general effects of H2O2 on viability (unpublished data), supporting the 

hypothesis that STX mediates its protective actions on cellular metabolism via one or more 

specific signaling pathways (as summarized above).

We were able to recapitulate many of the same effects on mitochondrial endpoints in 

primary neurons: STX increased ATP content and ETC gene expression in both WT and 

Tg2576 neurons. In contrast to our analyses of neuronal morphology, however, we detected 

no significant differences in baseline ATP levels or mitochondrial function between the 

genotypes. This result is likely due to the fact that the neurons used these assays were only 

grown for 9 days in culture before mitochondrial gene expression and ATP levels were 

measured, whereas other investigators reported that phenotypic changes between the 

genotypes were only detectable after 19 DIV [19]. Previous studies have also shown that E2 

can increase the expression of ETC genes in cultured spinal cord neurons [86] and can 

modulate mitochondrial dynamics and bioenergetics in the brain [87]. Likewise, estrogen 

treatments can reverse deficits in ATP production caused by either Aβ or tau accumulation in 

SH-SY5Y cells [38]. To our knowledge, however, this is the first report that the protective 

effects of STX include enhanced mitochondrial activity, providing additional evidence that 

this compound provides the beneficial actions of natural estrogens without their adverse side 

effects.
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Despite the fact that many of the mitochondrial effects of estrogens appear to be modulated 

by non-nuclear ERs [88, 89], research to date has focused on hormone analogs and other 

compounds that act primarily via the classical nuclear ERs. Future experiments will be 

needed to investigate the specific role of membrane estrogen receptors (including GqMER) 

in transducing the protective effects of STX on mitochondrial function. Although the 

mechanisms underlying these effects have not been fully elucidated, manipulations that 

target PKA signaling have been reported to increase ETC activity in rat hippocampal 

neurons and to reverse the bioenergetic impairment caused by Aβ treatment [90, 91], while 

ERK and PI3K activation have been shown to restore ATP production in a neuronal model of 

mitochondrial injury [92]. As noted above, these same signaling pathways have been 

implicated in regulating STX-responses in other contexts [67–69]. In light of recent evidence 

that mitochondrial abnormalities accompany impairments in dendritic arborization and spine 

density [16], our studies will provide a framework for investigating whether the protective 

effects of STX on neuronal morphology are functionally linked to improved mitochondrial 

activity.

The experiments described in this study demonstrate the neuroprotective action of STX in 

several models of Aβ toxicity and support the potential value of this compound as a novel 

therapeutic agent for treating AD. Interestingly, many of the beneficial effects of STX were 

also observed in control cultures and thus appear to be independent of Aβ exposure. These 

observations suggest that STX might be suitable for treating a variety of conditions that have 

been linked with mitochondrial dysfunction, including other neurodegenerative diseases and 

age-related deficits in cognitive function.
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Figure 1. STX protects against Aβ-induced cell death in neuroblastoma cells
A–B) MC65 neuroblastoma cells treated with STX in the presence and absence of 

Tetracycline (Tet). A). In control conditions (Tet+), STX at concentrations from 1–100 nM 

had no deleterious effect on cell viability (analyzed with the CyQUANT assay). In cultures 

producing toxic levels of Aβ (Tet− conditions), STX protected against Aβ-induced cell death 

in a dose-dependent manner (from 1–100 nM). The highest dose of STX (1000 nM) was 

toxic in both conditions (n = 10–12 per treatment condition). B) Replicate analysis of MC65 

cell viability (using the MTS assay) showed that STX treatment (100 nM) significantly 

improved the percentage of viable cells in control cultures (Tet+) and in cultures producing 

toxic Aβ (Tet−) (n=12–14 per treatment condition). C) In SH-SY5Y cells, treatment with 

Aβ25–35 (50 µM) induced a significant reduction in cell viability (analyzed with the 

CyQUANT assay); simultaneous treatment with STX (100 nM) prevented Aβ-induced cell 

death (n=6–7 per treatment condition). D) Replicate analysis of SH-SY5Y cell viability 

(using the MTS assay) showed that STX treatment (100 nM) significantly improved the 

percentage of viable cells in control cultures and partially rescued the viability of cells 

treated with Aβ25–35 (n = 12–14 per treatment condition). *p<0.05; **p<0.01; ***p<0.001.
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Figure 2. STX protects against Aβ-induced loss of mitochondrial function in neuroblastoma cells 
and hippocampal neurons
A–B): STX improves mitochondrial function in neuroblastoma cells. A). 100 nM STX 

increased ATP production in control MC65 cells (Tet+condition) and attenuated the decrease 

in ATP production caused by the induction of Aβ expression (Tet− condition). B) 100 nM 

STX increased ATP production in control SH-SY5Y cells and attenuated the decrease in 

ATP production caused by treatment with Aβ peptides (n=10–12 per treatment condition). 

C-D): STX (100 nM) also increased ETC gene expression in control cells and attenuated the 

decrease in ETC gene expression caused by Aβ exposure in both MC65 cells (C) and SH-
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SY5Y cells (D) (n = 12–15 per treatment condition). E) STX (100 nM) increased ATP 

production in hippocampal neurons from both WT and Tg2576 animals. F) STX also 

increased the expression of ETC genes in neurons from both genotypes (n = 6 per treatment 

condition). *p<0.05; **p<0.01; ***p<0.001
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Figure 3. STX increases dendritic arborization in hippocampal neurons from WT and Tg2576 
mice
A) Representative images of neurons from each treatment group. B) Sholl analysis of the 

total number of dendritic branches of cultured hippocampal neurons from Tg2576 and WT 

littermate control mice (n = 30 neurons per treatment condition). STX treatment (100 nM) 

induced an increase in dendritic complexity in WT control neurons, and restored the extent 

of dendritic arborization of Tg2576 neurons to control levels. C) STX increased the maximal 

extent of arborization (measured at 80 µm from the cell body) in WT neurons and restored 
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the maximal arborization of Tg2576 neurons to control levels. *p<0.05; ***p<0.001. Scale 

bar in 3A = 25 µm

Gray et al. Page 20

J Alzheimers Dis. Author manuscript; available in PMC 2016 July 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. STX increases dendritic spine densities in hippocampal neurons from WT and Tg2576 
mice
A) Representative images of dendritic spines from each treatment condition; arrowheads 

indicate representative spines included in this analysis. B) STX (100 nM) increased the 

number of dendritic spines in WT hippocampal neurons and restored spine densities of 

Tg2576 neurons to control levels (n = 16–20 dendritic segments per treatment condition). 

*p<0.05; **p<0.01; ***p<0.001. Scale bar in 4A = 5 µm
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