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Abstract

Development of Alzheimer’s disease (AD) has been linked to the de-regulation of estrogen and 

gonadotropins such as luteinizing hormone (LH). In this study, we found increases in AD 

pathology in the hippocampi of aged female 3xTg AD mice after ovariectomy that were unable to 

be reduced by estrogen therapy or down-regulation of serum LH levels. Despite the lack of effect 

of these treatments on AD pathology, down-regulation of serum LH but not estrogen improved 

factors associated with neuronal plasticity such as spatial memory, inhibition of glycogen synthase 

kinase-3 beta, expression of beta-catenin, and brain-derived neurotrophic factor transcription. 

Contrasting previous studies in younger mice, estrogen replacement was not able to rescue 

behavioral deficits, reduced glycogen synthase kinase-3 beta inhibition and increased hippocampal 

phosphorylation of tau. Of critical importance, serum LH was negatively correlated with brain LH 

in regions associated with spatial memory, and increases in brain LH correlated with cognitive 

improvement. This paralleled changes in human female AD brains which showed a significant 

reduction in brain LH mRNA compared to healthy age- and PMI-matched controls. Taken 

together, these findings should promote further research into the LH-dependent mechanisms 

associated with AD cognitive deficits as well as the effects of estrogen within the aged brain.
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Current research supports the protective effects of estrogen on neuronal processes associated 

with cognition (Garcia-Segura et al. 2001; Roepke et al. 2011), particularly within the 

hippocampus (Sudo et al. 1997; Yang et al. 2010). However, these benefits seem 
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predominantly confined to a critical period of effectiveness both in rodents (Bimonte and 

Denenberg 1999; Rissanen et al. 1999; Daniel et al. 2006; Bohacek and Daniel 2010) and 

humans (Rapp et al. 2003; Daviglus et al. 2010; Chlebowski et al. 2010, 2013).

An aspect that may partially account for this paradox of hormone effects is the fact that 

estrogen becomes progressively less effective at providing negative feedback onto 

gonadotropin synthesis/release in women (Rossmanith et al. 1994) and in rodents (King et 

al. 1987; Lloyd et al. 1994). Epidemiologically, higher Alzheimer’s disease (AD) risk in 

women (Payami et al. 1996; Gao et al. 1998) is paralleled by higher levels of gonadotropins 

in women compared with men (Chakravarti et al. 1976; Neaves et al. 1984). Furthermore, 

human studies also show that serum luteinizing hormone (LH) levels are higher in AD 

patients compared to controls (Short et al. 2001) and in non-AD patients with cognitive 

deficits (Rodrigues et al. 2008).

Rodent studies also support a role for gonadotropins such as LH in cognition and AD. For 

example, blocking serum LH synthesis improves cognition in intact AD-Tg2576 female 

mice (Casadesus et al. 2006) and memory loss can be prevented in a neurotoxin-induced AD 

rat model (Ziegler and Thornton 2010). Cognitive benefits through the reduction in 

gonadectomy-induced rises in serum LH are also observed in male rats (McConnell et al. 

2012) and female mice (Bryan et al. 2010). Furthermore, peripheral administration of human 

chorionic gonadotropin (hCG), which shares the same receptor as LH, leads to cognitive 

deficits in rats (Berry et al. 2008). Collectively, these findings support a role of LH in 

cognitive processes and AD pathogenesis, however, the mechanisms of action remain 

unclear.

To this end, while lowering peripheral LH provides cognitive benefits, it is yet to be defined 

how choriogonadotropin/luteinizing hormone receptor (CG/LHR) signaling affects cognition 

given the extensive expression of the receptor in the hippocampus (Lei et al. 1993; Lukacs 

et al. 1995), midbrain, and cortex (Apaja et al. 2004). In addition, it remains to be clarified if 

the cognitive improvements associated with peripheral gonadotropin down-regulation are a 

direct result of reductions in neuronal CG/LHR signaling cascades that are intimately 

involved in learning and memory (Salvador et al. 2002) and neuroplasticity (Roy et al. 

2009). Therefore, the aim of this study was to determine the influence of peripheral 

gonadotropin down-regulation on learning and memory and AD pathology processes 

relative to estrogen depletion/replacement within advanced stages of AD and to extricate the 

involvement of the CG/LHR in these aspects.

Methods

Animals and housing

Twenty-three female 18-month-old triple-transgenic mice (Oddo et al. 2003a,b) were 

purchased from Jackson Laboratory (Bar Harbor, ME, USA), 8 wild-type animals were used 

to determine the magnitude of effect of transgenes and our treatments. Animals were group-

housed (3/cage), provided ad libitum access to food and water, and maintained on a 12 h 

light/dark cycle. All protocols were approved by The Institutional Animal Care and Use 

Committee of Case Western Reserve University.
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Ovariectomy and treatment

All subjects underwent either an ovariectomy (OVX) or sham-surgery (SHAM; n = 6) as 

described in Bryan et al. (2010). Treatment groups were chosen randomly and received 

physiological saline (OVX+SAL; n = 6) (0.9%), leuprolide acetate (OVX+LA; n = 6) (3.6 

μg/day) or 17β-estradiol (OVX+E2; n = 5) (1.1 ng/day) in Alzet pumps (Pump 1004, Durect 

Corporation, Cupertino, CA, USA) implanted once a month for 3 months. It has been 

previously shown that a slow-release formulation of LA significantly reduces LH levels and 

improves cognitive function in Tg2576 mice (Casadesus et al. 2006) as well as female wild-

type mice (Bryan et al. 2010), and the estrogen dosage was selected from previous literature 

that showed cognitive improvement in OVX rats (Takuma et al. 2007). All animals were 

weighed prior to initial capsule implant and before each capsule replacement for the 3-

month-treatment duration as an analysis of health.

Behavioral testing

The Morris Water Maze was used to measure hippocampal-dependent spatial learning and 

memory following previous protocol (Fugger et al. 1998). After 3 months of treatment, all 

animals were trained within a black circular tub (diameter = 120 cm) that was filled daily 

with water at 23°C and colored white with non-toxic paint. Within the experimental room, 

distal visual cues were available on each wall as reference points. In each trial, latency to the 

platform (0.5 cm submerged; diameter = 10.5 cm) was recorded with a time limit of 60 s. 

The platform remained in the NW quadrant for each mouse, and the starting location was 

moved between four equidistant points around the maze to control for location bias. After 

four consecutive trials, the mouse was placed in a clean, warm, bedded cage and rested for 

30 min until the second round of four training trials. Each mouse had eight trials per day for 

four training days followed by a probe trial on the fourth day. For the 60 s probe trial, the 

platform was removed and the mouse entered the maze opposite the platform quadrant and 

percent time spent in the platform quadrant was recorded. Behavior was analyzed with a 

digital video recorder and computer using Ethovision tracking software (Noldus Information 

Technology, Wageninegen, Netherlands).

Tissue and blood processing

Blood was drawn from all mice by terminal cardiac puncture under anesthesia (2.5% 

Avertin; intraperitoneal injection). The samples were measured by sandwich-ELISA RIA 

analysis to determine serum levels of LH (Ligand Assay and Analysis Core; University of 

Virginia) and E2 (University of Colorado State). Following blood collection, each subject 

was promptly killed by cervical dislocation and the uterine and fallopian tubes were 

removed, weighed, and inspected for successful ovariectomy. The brain was harvested and 

divided by a mid-sagittal section. The hippocampus and cortex was sectioned and frozen 

from one hemisphere and the other hemisphere was post-fixed in 4% paraformaldehyde and 

embedded in paraffin for immunohistochemistry.

Cell culture

Primary cortical neuron cultures were grown from Sprague–Dawley rat brains at embryonic 

day 18 as previously described (Lee et al. 2009). Briefly, cultures were run twice in 
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duplicate in six well-plates coated with Poly-D-Lysine/Laminin (BD Biosciences, San Jose, 

CA, USA) in neurobasal medium supplemented with 2% B27/0.5 mM glutamine 

(Invitrogen, Carlsbad, CA, USA). Cultures were maintained at 37°C in a humidified, 5% 

CO2 atmosphere and treated in parallel with hCG (Sigma, St. Louis, MO, USA) for 2 or 6 h 

with concentrations of 10, 30, 100, 200, and 400 ng. After treatment, cells were lysed (Lee 

et al. 2009) for immunoblotting.

Western blotting

Frozen samples of hippocampus were homogenized and total protein concentration was 

quantified (Pierce Biotechnology Inc., Rockford, IL, USA) from tissue and cell culture 

extract. 20 μg of protein allotted from each supernatant was separated using sodium dodecyl 

sulfate–polyacrylamide gel electrophoresis, transferred to polyvinylidene difluoride 

membrane (Millipore, Billerica, MA, USA), blocked for 1 h at 21°C with 10% non-fat dry 

milk in tris-buffered saline and tween-20 (TBS-T), and incubated in primary antibodies 

diluted in TBS-T overnight at 4°C: actin (1 : 100 000; Millipore), beta-catenin (1 : 1000; BD 

Biosciences), pGSK3βser9 (1 : 1000; Cell Signaling Technology, Beverly, MA, USA), 

glycogen synthase kinase-3 beta (GSK3β) (1 : 1000; Millipore), glyceraldehyde 3-phosphate 

dehydrogenase (1 : 100 000; Sigma), CG/LHR (1 : 1000; Santa Cruz, Dallas, TX, USA). 

Primary antibody binding was detected with horseradish peroxidase-linked secondary 

antibodies diluted in TBS-T for 1 h at 21°C (1 : 5000; Cell Signaling Technology). Western 

blot images were captured using FlourChem M imaging system (ProteinSimple, Santa Clara, 

CA, USA). Quantitative values of optical density were acquired using ImageJ freeware 

(NIH). Protein load for each sample was normalized to actin or glyceraldehyde 3-phosphate 

dehydrogenase.

Immunohistochemistry and immunofluorescence

The paraffin-fixed hemispheres were sliced at 10 microns on a microtome and mounted on 

Superfrost Plus treated slides (Fisher Scientific, Pittsburgh, PA, USA). High-temperature 

antigen retrieval was performed in 10 mM citrate buffer (pH 6.0) for three 5 min increments 

at 50% power in a microwave, avoiding excessive boiling. For amyloid-beta (Aβ) staining, 

the tissue was pre-treated for 15 min in 70% formic acid. Sections were blocked with 3.0% 

hydrogen peroxide in phosphate-buffered saline (PBS) for 1 h at 21°C then in 3.0% normal 

goat serum (NGS; Vector Laboratories, Burlingame, CA, USA) in PBS for 1 h at 21°C. 

Primary antibodies were diluted in 3.0% NGS and the slides were incubated overnight at 

4°C: Aβ (4G8; 1 : 1000; Covance, Princeton, NJ, USA), Tau tangles (AT8; 1 : 1000; 

Thermo Fisher Scientific, Wayne, MI, USA). Slides were washed with PBS and incubated in 

biotinylated goat anti-mouse secondary antibody (Vector Laboratories) for 1 h at 21°C (1 : 

400 in 1.5% NGS). After secondary incubation, ABC reagent (Vector Laboratories) was 

applied for 1 h at 21°C. Slides were then rinsed with water and developed in ImmPACT 

DAB (Vector Laboratories) until optimal staining was reached (1–1.5 min). All slides were 

treated identically and processed in parallel. After development, the tissue was dehydrated in 

ethanol and xylene and mounted using Permount.

Fluorescent staining involved high-temperature antigen retrieval in a pressure cooker with 

decloaker solution (Biocare Medical, CA, USA). After blocking in 3.0% NGS, primary 

Palm et al. Page 4

J Neurochem. Author manuscript; available in PMC 2015 December 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



antibody BetaLH-IC-3 (Courtesy of: A.F. Parlow; National Hormone & Pituitary Program) 

was applied in 3.0% NGS at a 1 : 200 dilution and was incubated overnight at 4°C. 

Secondary antibody goat anti-rabbit DyLight 488 (Jackson ImmunoResearch Laboratories, 

Inc., West Grove, PA, USA) was applied for 1 h at 21°C in 1.5% NGS after washing in 

PBS. Sections were then stained in 0.3% Sudan black to reduce background fluorescence. 

Slides were mounted using Vectashield Hard Set (Vector Laboratories).

All images were captured using Leica DM4000B microscope (Leica Microsystems) and 

quantification was performed with MetaMorph (Molecular Devices, Palo Alto, CA, USA). 

Within MetaMorph, 10 distinct equal sized regions of the CA1 region of the hippocampus 

were superimposed on three non-serial brain sections for each mouse. The region of interest 

pattern was maintained across all quantifications, and the threshold for staining was 

manually set and correlated between two investigators. The percent area stained for all 10 

regions was then averaged.

Real time RT-PCR

Human hippocampus and cortex were matched from the same case and were obtained 

through the Case Western Reserve University Pathology department (mean age: 82 years, 

mean PMI: 5 h). Total RNA was extracted from human and 3xTg-AD mice samples using 

Trizol solution and RNeasy Plus Mini Kits (Qiagen, Valencia, CA, USA). The extracted 

RNA was quantified using Qubit 2.0 Broad Range Assay (Life Technologies, Grand Island, 

NY, USA) and cDNA was generated using High Capacity cDNA Reverse Transcription Kits 

(Life Technologies). Real-time PCR reactions utilized TaqMan master mix and probes (Life 

Technologies). In human tissue, LH (Hs00751207_s1) and follicle-stimulating hormone 

(FSH) (Hs00174919_m1) transcription was normalized to transcription of 18S 

(Hs99999901_s1). Cortical mouse tissue was handled following identical protocol and 

brain-derived neurotrophic factor (BDNF) (Mm04230607_s1) transcription was normalized 

to 18S (Mm03928990_g1). The results were analyzed using relative quantification to 18S 

without amplification efficiency correction.

Statistical analysis

All data were analyzed with the assistance of SPSS statistical software (SPSS, Inc., Chicago, 

IL, USA). Morris water maze training performance was compared using repeated measures 

ANOVA. Probe trial performance, pathology and in vivo signaling analyses used one-way 

ANOVA with LSD post hoc comparisons. Independent t tests were used to compare average 

expression of LHβ in healthy and AD human brain tissue. Cell culture data were analyzed 

with a one-way ANOVA and Dunnett post hoc tests. Pearson correlations were performed 

on the 3xTg AD mouse data to examine the relationships between cognition, serum and 

brain LH levels, pathology and associated signaling markers. Statistical outliers were 

identified using Grubb’s test at the 0.05 alpha level.

One OVX+SAL animal was removed from all analysis because of low serum LH levels and 

high uterine weight, indicating an incomplete ovariectomy.
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Results

Morris Water Maze

One-way repeated measures ANOVA showed a significant difference between treatment 

groups in Morris Water Maze (MWM) training(F(3,18) = 3.53, p = 0.036; Fig. 1a). OVX

+LAtreatment significantly improved performance in the maze across days in comparison to 

SHAM (p = 0.036), OVX+SAL (p = 0.012), and OVX+E2 (p = 0.018). However, there was 

no significant day*group interaction (p = 0.08) suggesting treatment did not affect speed of 

learning across groups. There were no statistical differences between SHAM, OVX+SAL, 

and OVX+E2 groups between day one and day four, suggesting a floor effect owing to the 

advanced age of the SHAM operated group. Across MWM training we found no differences 

in swimming speed between groups (p = 0.6) indicating that shorter escape latencies were 

not because of locomotor differences.

The ability to retain and utilize spatial information was tested using the probe trial. In this 

regard, there were significant differences between treatment groups (F(3,17) = 3.11, p = 0.05; 

Fig. 1b) and LA-treated animals showed improved retention of the task compared to OVX

+E2 (p = 0.013) and OVX+SAL (p = 0.048) treatments. There were no statistical differences 

in retention between the SHAM, OVX+SAL, and OVX+E2 treatments as they all performed 

near the level of chance (25%).

Efficacy of treatments

Radioimmunoassay (performed by: Ligand Assay and Analysis Core; University of 

Virginia) was used to verify that circulating LH and estrogen were within physiological 

levels and that LA and E2 treatments effectively regulated-targeted gonadotropins. The 

overall ANOVA was significant (F(3,18) = 37.42, p ≤ 0.001; Fig. 1c) and as shown 

previously (Bryan et al. 2010), ovariectomy significantly elevated levels of serum LH in 

comparison to SHAM, OVX+LA, and OVX+E2 (p ≤ 0.001). Furthermore, E2 levels in OVX

+E2 animals were within physiological levels (12–85 pg/mL). These data support that the 

observed effects were not because of confounds associated with abnormal hormone levels.

Treatment effects on the pathological markers of AD – amyloid and tau pathology

A one-way ANOVA of Aβ plaque load (4G8) in 3xTg AD hippocampus indicated 

significant differences between treatments (F(3,19) = 8.50, p = 0.001; Fig. 2a and b). There 

was an ovariectomy-associated increase in Aβ plaques (p = 0.003), but we found no 

significant differences owing to treatment. Furthermore, we found no significant differences 

in oligomeric Aβ levels across all treatments.

A one-way ANOVA of hippocampal PHF-tau (AT8) showed significant differences 

between groups (F(3,19) = 6.23, p ≤ 0.001; Fig. 2a and c). An ovariectomy-associated 

increase (p = 0.039) was unaltered by LA treatment, but was further aggravated by estrogen 

replacement in comparison to the SHAM (p ≤ 0.001) and OVX+SAL control (p = 0.005).
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Modulation of AD and synaptic plasticity signaling cascades

GSK3β can be inhibited by phosphorylation at ser9 (Hur and Zhou 2010) and this aspect is 

associated with activation of neuroprotective signaling cascades (Chen et al. 2006; Hur and 

Zhou 2010). A one-way ANOVA showed a statistical difference between groups (F(3,17) = 

15.56, p ≤ 0.001; Fig. 3a and c). Ovariectomy increased GSK3β inhibition (p = 0.002), that 

was further increased by LA treatment in comparison to the OVX+SAL control (p = 0.023). 

Interestingly, estrogen treatment in the transgenic mice significantly reduced levels of 

GSK3β inhibition compared to OVX+SAL (p = 0.048) and OVX+LA (p ≤ 0.001).

Beta-catenin is stabilized through the inhibition of GSK3β and results in memory 

improvements in mice (Maguschak and Ressler 2008; Toledo and Inestrosa 2010). To this 

end, we found significant differences in beta-catenin expression across treatments (F(3,18) = 

3.97, p = 0.025; Fig. 3b and c). LA treatment significantly increased beta-catenin in 

comparison to SHAM (p = 0.004) and OVX+SAL control (p = 0.036), and estrogen 

replacement increased beta-catenin in comparison to SHAM (p = 0.05). Interestingly, while 

OVX resulted in increases in GSK3b inhibition, these increases did not translate into 

stabilization of beta-catenin.

These findings resulted in additional inquiry into markers of synaptic plasticity including 

BDNF, an up-stream modulator of GSK3β and beta-catenin (Chen et al. 2013) known to be 

altered in AD (Phillips et al. 1991). Real-time PCR analysis of cortical BDNF transcription 

showed a significant difference between treatment groups (F(3,19) = 5.12, p = 0.01; Fig. 3d). 

OVX significantly decreased BDNF transcription compared to SHAM-operated animals (p 

= 0.049) and this loss was normalized by LA treatment (p = 0.05), but not estrogen 

replacement.

Gonadotropin immunofluorescence and transcription

LH immunofluorescent staining of mid-sagittal sections of 3xTg AD brains was observed 

regionally, and was found to be particularly strong in the superior colliculus with significant 

differences between treatment groups (F(3,13) = 6.67, p = 0.006; Fig. 4a and b). There was a 

substantial loss of LH in the superior colliculus because of ovariectomy (p = 0.035). LA 

treatment rescued this loss to the level of SHAM, exceeding OVX+SAL control (p = 0.002) 

and OVX+E2 (p = 0.005).

Based on the rodent findings, we examined whether LH transcription was present in human 

brain, and if it was different between AD diagnosed patients and non-demented age-matched 

and PMI-matched controls. Independent t tests revealed a significant loss of LH 

transcription in AD compared to controls for both the cortex (t(12) = 2.16, p = 0.05; Fig. 5c) 

and hippocampus (t(11) = 2.29, p = 0.043; Fig. 5c). In addition, we also measured brain 

mRNA FSH levels, another gonadotropin altered by our treatment, and found those to be 

transcribed at extremely low levels compared to LH and unchanged between these two 

groups, lending further credence to the importance of LH and not FSH in cognitive 

processes.
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Correlations

We examined the presence of relationships between our treatments and effects using 

Pearson correlations. Day 4 latency in the MWM was tightly correlated with the MWM 

probe trial performance indicating accuracy between these behavioral measures (r(21) = 

−0.625, p = 0.002). Importantly, MWM probe performance positively correlated GSK3β 

inhibition (r(16) = 0.511, p = 0.043) and beta-catenin expression (r(16) = 0.623, p = 0.01). 

BDNF transcription correlated negatively with MWM day 4 latency (r(22) = −0.419, p = 

0.05) and had a positive correlation toward MWM probe performance (r(21) = 0.572, p = 

0.007). To our surprise, we found that superior colliculus LH levels positively correlated 

with MWM performance (r(17) = 0.574, p = 0.016) and GSK3β inhibition (r(14) = 0.524, p = 

0.05), indicating a possible role of the hormone in neuronal signaling pathways that regulate 

this enzyme. Superior colliculus LH showed strong positive correlation trends with beta-

catenin and BDNF, whereas GSK3β inhibition trended toward a positive correlation with 

beta-catenin expression; however, these relationships were not statistically significant (p = 

0.09–0.12). Importantly, our data also showed a strong negative relationship trend between 

serum LH and superior colliculus LH (p = 0.07) suggesting an inverse relationship between 

brain and pituitary LH synthesis.

GSK3β and beta-catenin modulation by hCG in primary culture

To determine whether CG/LHR activation led to changes in GSKβ inhibition and beta-

catenin stabilization in the CNS, we treated rat cortical primary neurons with hCG which 

shares the CG/LHR with LH but has a longer half-life. First, CG/LHR expression was 

confirmed in vitro and the overall ANOVA analysis showed significant dose and time-

dependent receptor expression changes after the 2 h treatment (F(5,18) = 5.76, p = 0.002) 

but not statistically significant after the 6 h treatment (p = 0.06; Fig. 5a and d). Dunnett post 

hoc comparisons indicated that 100 and 200 ng treatments increased CG/LHR expression 

from control for the both the 2 h (p = 0.02, p = 0.001) and 6 h treatments (p = 0.044, p = 

0.025) but returned to normal at high doses of hCG.

Statistical differences in GSK3β inhibition were observed after both 2 h (F(5,18) = 98.50, p 

≤ 0.001) and 6 h treatments (F(5,18) = 105.70, p ≤ 0.001; Fig. 5b and d). Post hoc analysis 

indicated GSK3β was significantly inhibited by 100 ng and 200 ng of hCG after 2 h (p ≤ 

0.001), and by 10, 30, 100 and 200 ng doses after 6 h of treatment (p ≤ 0.001).

An overall ANOVA indicated beta-catenin expression was altered by hCG treatment after 

the 2 h (F(5,18) = 10.69, p ≤ 0.001) but not after the 6 h of treatment (p = 0.1; Fig. 5c and 

d). Post hoc analysis indicated beta-catenin expression was significantly increased by 100 ng 

and 200 ng treatments after 2 h (p = 0.004, p ≤ 0.001), and only the 100 ng dose differed 

from control after the 6 h treatment (p = 0.021).

Discussion

Our data demonstrate three main and novel findings: (i) down-regulation of serum 

gonadotropins, not estrogen replacement, is able to improve hippocampal spatial memory in 

3xTg AD female mice in advanced stages of disease, (ii) improvements in cognitive 
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function by down-regulation of serum LH are independent of amyloid and tau pathology, 

but appear to be associated with GSK3β and alterations in synaptic plasticity, and (iii) 

changes in locally produced brain LH may drive the effects on cognition and signaling-

associated markers that are observed after down-regulation of serum LH.

Previous findings show that estrogen-associated cognitive improvements observed in this 

3xTg AD mouse strain (Carroll et al. 2007, 2010) appear to be eliminated by 12 months of 

age (Singh et al. 2012). In accordance with these results, our data show that estrogen did not 

provide cognitive benefit in 3xTg AD female mice at 21 months despite the presence of 

physiological levels of estrogen. This lends support to a critical period hypothesis in which 

brain health is necessary to benefit from estrogenic supplementation (Sohrabji 2005). As 

such, while estrogen treatment prior to neurological damage is neuroprotective, pathology-

associated or independent injuries (Brinton 2008; Yao and Brinton 2012) that are present in 

advanced AD stages may lead to an opposite outcome of estrogen replacement (Brinton 

2005).

In addition to the healthy cell bias hypothesis, it is clear from our data that lowering serum 

gonadotropins is beneficial to cognition. These support previous findings of gonadotropin 

inhibition-associated improvements in behavior in amyloid precursor protein 2576 Tg mice 

(Casadesus et al. 2007) as well as in wild-type rodents after ovariectomy (Bryan et al. 2010; 

Ziegler and Thornton 2010). However, this study fails to support previous evidence showing 

reductions in Aβ after LA treatment (Bowen et al. 2004; Casadesus et al. 2006). This 

discrepancy may be methodologically based as animals in previous studies were not 

ovariectomized, or because of a transgene effect as 3xTg AD mice have dual amyloid and 

tau mutations (Oddo et al. 2003b). Future studies should concentrate on understanding the 

relationship between ovariectomy and pathology as well as carefully dissecting the 

contribution of combined tau and amyloid precursor protein mutations on hormone 

processes associated with cognition.

Previous research from our laboratory has shown that down-regulation of serum 

gonadotropins can regulate cascades important for memory formation such as calcium/

calmodulin-dependent protein kinase II and cAMP-response-element-binding protein 

phosphorylation (Bryan et al. 2010). These signaling cascades have been shown to be 

associated with the regulation of BDNF (Chen et al. 2012), that is known to be critically 

involved in neuroplasticity (Bartoletti et al. 2002; Bittner et al. 2010; Blurton-Jones et al. 

2009; Nagahara et al. 2009), protective against Aβ toxicity (Li et al. 2012), and reduced in 

AD (Phillips et al. 1991). Here we show that OVX-associated BDNF transcription 

reductions are normalized when LH, but not E2, is brought to pre-OVX levels, suggesting 

that menopausal alterations in LH levels may modulate transcription of this protein. 

Importantly, the inability of E2 to normalize OVX-associated BDNF transcription 

reductions, despite its ability to down-regulate serum LH via pituitary negative feedback, 

implicates gonadotropin-independent mechanisms associated with the lack of effects of E2 

replacement within an advanced AD context (Brinton 2005). Nevertheless, the fact that our 

SHAM operated animals showed cognitive impairment despite BDNF transcription levels 

being similar to the LA-treated group suggests that other aspects beyond BDNF 

transcription are at play in the observed cognitive improvement. This is supported by the 
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fact that while SHAM operated animals did not show improvements, BDNF transcription 

levels were positively correlated with cognitive function. Therefore, aspects such as 

translational efficiency of the transcript, the maturation of BDNF or changes in levels or 

truncation of tropomyosin related kinase B may influence the outcome with regard to 

cognition and need to be further studied.

The Wnt pathway is also intimately associated with neuroplasticity (Chen et al. 2006, 2013) 

as well as AD (Balaraman et al. 2006; Hooper et al. 2008; Martinez and Perez 2008). To 

this end, our data show that down-regulation of gonadotropins has a powerful effect on 

GSK3β inhibition that goes beyond SHAM operated animals. Importantly, changes in 

GSK3β are correlated with cognitive improvements in our animals suggesting a relationship 

between this pathway and cognition. Interestingly, our results show that GSK3β inhibition 

was also increased by OVX but these animals showed no cognitive improvement. Based on 

this, it is clear that depletion of estrogen increases GSK3β inhibition. Nevertheless, in 

comparison to the OVX control, only the LA-treated group showed enhancements in beta-

catenin expression, a protein regulated by GSKβ inhibition (Boonen et al. 2009) and known 

to be reduced in AD (He and Shen 2009). Furthermore, beta-catenin expression was strongly 

correlated with cognitive function, suggesting that other signaling mechanisms inhibit this 

pathway independently of GSK3β regulation (Topol et al. 2003).

Taken together, these findings indicate that hormonal changes have a profound impact on 

Wnt pathway proteins such as GSK3β and beta-catenin, and that changes in these signaling 

proteins are associated with cognitive changes after menopause. Interestingly, while we 

found GSK3β inhibition to be powerfully up-regulated by OVX and down-regulation of LH, 

we did not detect statistically significant changes in tau phosphorylation, an aspect 

dependent on GSK3β inhibition, but rather we saw large increases in tau pathology in the 

OVX groups. Our data therefore suggests that tau phosphorylation increases after 

ovariectomy are GSK3β inhibition-independent in this AD model. Consequently, while 

down-regulation of LH may have been effective at further inhibiting GSK3β and regulating 

aspects that are beneficial for cognitive function, this treatment as well as estrogen 

replacement were unable to regulate mechanisms associated with tau phosphorylation and 

thus reduce pathology.

In connection with our signaling findings, it is well known that the activation of the LH 

receptor in the gonads drives the inhibition of GSK3β and results in the increased stability of 

beta-catenin (Roy et al. 2009). As such, given the apparent conflict observed between what 

is known with regard to CG/LHR activation and our in vivo data demonstrating activation of 

receptor-dependent cascades despite reduced levels of peripheral LH, we determined 

whether endogenous brain LH existed in human and rodent brain tissue and whether a 

relationship existed between brain LH, serum LH, and cognition in the female 3xTg AD 

mice.

To this end, we found that transcription of LH was significantly lower in the cortex and 

hippocampus tissue of human female AD brains in comparison to healthy controls. 

Similarly, we found that inhibition of serum LH in rodents led to increases in brain LH in 

cognition-associated areas including the cingulate, thalamus, hippocampus, hypothalamus, 
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and superior colliculi: all regions of the brain that have been previously shown to express the 

CG/LHR (Lei et al. 1993; Hämäläinen et al. 1999; Apaja et al. 2004). As a result of the 

sagittal preparation of our paraffin-embedded tissue, and the precise anatomical localization 

of LH in the brain, we were only able to systematically quantify LH expression in the 

superior colliculus, which is relevant given its critical involvement in spatial ability in 

primates (Klier et al. 2003; Takaura et al. 2011), and its importance for rodent MWM 

performance (Jeljeli et al. 1999). Importantly, we found that LH increases in the superior 

colliculus were positively correlated with cognitive performance and negatively correlated 

with serum LH.

Lastly, we sought to confirm whether CG/LHR activation in neurons mimics the signaling 

events which it mediates in gonadal cell lines (Roy et al. 2009), and thus could explain our 

in vivo findings. Our data show that in vitro hCG treatment, which shares the same receptor 

with LH, led to marked increases in GSK3β inhibition and beta-catenin expression as well as 

the up-regulation of the CG/LHR in a dose- and time-dependent manner. Conversely, high 

doses of hCG led to inhibition of signal and receptor expression, an aspect that is known to 

occur in gonadal cells via down-regulation of receptor transcription and increased 

internalization of the receptor (Bockaert et al. 1976; Hunzicker-Dunn et al. 1979; Ascoli et 

al. 2002). Taken together our findings suggest that the CG/LHR receptor is functional in 

neurons and drives cascades similar to those observed in vivo, when ligand levels brain LH 

are high.

Taken together, while the mechanisms underlying the inverse relationship between 

peripheral and central LH remain unclear, our data demonstrates that the cognitive 

improvements observed when peripheral/serum LH is inhibited could be potentially 

mediated via the up-regulation of central LH synthesis and the consequent increased 

activation of the CG/LHR. Future studies should seek to further understand the mechanisms 

underlying CG/LHR activation in the CNS.
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Fig. 1. 
(A) LA treatment in ovariectomized 21-month-old 3xTg Alzheimer’s disease (AD) female 

mice improves learning in the Morris Water Maze. Mean and SE plot escape latency of 

experimental groups across four training days (eight trials per day). Each day of training was 

analyzed separately with a one-way ANOVA to show significant differences within each 

day. (B) Ovariectomized mice treated with LA show increased memory retention in the 

Morris Water Maze probe trial. Bars with SE plot the mean percent time spent in the target 

quadrant. Mice were released opposite the targetquadrant and their activity was recorded for 

60 s. Performance at the level of random chance (25%) is indicated by the dotted line. (C) 

Serum levels of luteinizing hormone (LH) in 3xTg AD female mice at sacrifice. Blood 

samples were taken through terminal cardiac puncture and measured by RIA analysis 

(University of Virginia). Significant differences were found between transgenic groups as 

measured by a one-way ANOVA. Significant difference (p ≤ 0.05) from SHAM (a), from 

OVX+SAL (b), from OVX+LA (c), from OVX+E2 (d).
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Fig. 2. 
(A) Aβ plaque (4G8) and tau tangle (AT8) immunoreactivity in the hippocampi of 21 month 

female 3xTg Alzheimer’s disease (AD) mice. Images were captured at 10× magnification; 

scale bar distance shows 100 μm. (B) Ovariectomy is associated with increased hippocampal 

Aβ plaques that are not reduced by LA treatment or E2 replacement in 21-month 3xTg AD 

mice. Bars with SE show the area fraction of 4G8 staining for Aβ plaques in equivalent 

regions of the hippocampus. (C) Ovariectomy is associated with increased phosphorylated 

tau in the hippocampi of 21 month 3xTg AD mice and tau load is further elevated by E2 

replacement. Bars with SE show the area fraction of AT8 staining for phosphorylated tau in 

equivalent regions of the hippocampus. Significant difference (p ≤ 0.05) from SHAM (a), 

from OVX+SAL (b), from OVX+LA (c), from OVX+E2 (d).
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Fig. 3. 
(A) LA treatment increases phosphorylation of GSK3βser9, and E2 treatment decreases GSK 

inhibition in comparison to OVX controls. Bars with SE show the ratio of (pGSK3βser9/

actin): (totalGSK3β/actin) expressed in 3xTg Alzheimer’s disease (AD) mouse 

hippocampus. (B) LA treatment increases expression of beta-catenin. Bars with SE show 

ratio of beta-catenin/actin expressed in 3xTg hippocampus. (C) Representative western blots 

of 3xTg AD hippocampus. (D) OVX-associated decrease in cortical brain-derived 

neurotrophic factor (BDNF) transcription is rescued by LA treatment. Bars with SE show 

the relative transcription of BDNF to 18S in the cortex of 3xTg mice. Significant difference 

(p ≤ 0.05) from SHAM (a), from OVX+SAL (b), from OVX+LA (c), from OVX+E2 (d).
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Fig. 4. 
(A) LA treatment rescues OVX-associated reductions in luteinizing hormone (LH) levels in 

the superior colliculi of 3xTg Alzheimer’s disease (AD) mice. Bars with SE show randomly 

sampled regions of immunofluorescent LH staining in the superior colliculi of female 21 

month old 3xTg AD mice. Significant difference (p ≤ 0.05) from SHAM (a), from OVX

+SAL (b), from OVX+LA (c), from OVX+E2 (d). (B) Representative samples of LH 

immunofluorescent staining in the superior colliculi of 21 month female 3xTg AD mice, 

specificity control (Neg), and colocalization of LH with a neuronal marker (NeuN). Images 

for LH immunostaining were captured at 20× magnification; scale bar distance shows 50 

μm. Triple labeling with LH, NeuN and DAPI was taken at 40×. (C) Human female AD 

brains show significantly less LH transcription in the hippocampus and cortex. Bars with SE 

show a loss in the relative transcription of LH to 18S in the cortex (CTX) and hippocampus 

(HIPP) of AD-diagnosed female patients (AD) compared to healthy age-matched female 

controls (C) *significant difference from controls, p ≤ 0.05.
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Fig. 5. 
(A) Choriogonadotropin/luteinizing hormone receptor (CG/LHR) is expressed in rat cortical 

primary neurons and its expression is increased by human chorionic gonadotropin (hCG) 

treatment over 2 and 6 h, but is desensitized at high doses. Bars with SE show the ratio of 

(CG/LHR): [glyceraldehyde 3-phosphate dehydrogenase (GAPDH] expression in rat cortical 

culture treated with hCG. (B) GSK3β is inhibited by hCG treatment on rat cortical culture 

over 2 and 6 h. Bars with SE show the ratio of (pGSK3βser9/actin): (totalGSK3β/actin) in rat 

cortical culture treated with hCG. (C) Beta-catenin expression in rat cortical culture is 

increased over 2 and 6 h treatments with hCG. Bars with SE show the ratio of beta-catenin/

GAPDH expression in rat cortical culture treated with hCG *significant difference from 

controls, p ≤ 0.05. (D) Representative western blots of rat cortical culture.
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