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Supplemental Materials (Methods and Figures) 
 
Online Methods 

Animals: All mice used in this study were from the C57BL/6J background. Mice were 

evaluated at three ages: young (3-4 months), midlife (12-14 months), and old (20-22 months). 

We generated mice with selective deletion of ERβ in astrocytes. GFAP-Cre:ERβfl/fl  (astrocyte ERβ 

CKO) were generated by crossing the GFAP-Cre line (B6.Cg-Tg(Gfap-Cre)77.6Mvs/2J, JAX) 

with the exon 3 ERβfl/fl line1. NSE-Cre:ERβfl/fl (neuron ERβ CKO) were also generated by 

crossing the rNSEII-Cre line with the exon 3 ERβfl/fl line1. Genotypes were assessed by PCR using 

the following primer sequences (5’-3’): ERβ, CTTCTTAGAGGTACGGATCCC and 

AATCTCTTTGCCTTCCAGAGC; and Cre, GCACTGATTTCGACCAGGTT and 

GCTAACCAGCGTTTTCGTTC. All procedures were done in accordance with the guidelines of the 

National Institutes of Health and the Chancellor's Animal Research Committee of the University 

of California, Los Angeles Office for the Protection of Research Subjects.  

Gonadectomy: Gonadectomy was performed in female mice at 2 months of age. Before 

the procedure, carprofen (1.2 mg/ml per animal) and saline (0.5 ml) were injected 

subcutaneously. Mice were anesthetized by inhalational anesthesia with isoflurane. The fur 

above the lateral dorsal back was removed and the skin was sterilized with betadine and 

alcohol scrubs. Bilateral incisions were made into skin and the ovaries were removed. The 

muscle layer was closed with absorbable suture and the skin layer was closed with wound clips. 

For postoperative care, amoxicillin (50 mg/ml) was added to the water for 5 days for antibiotics 

(0.5 mg/ml water) and another dose of carprofen (0.1 ml) was given within 24 hours of surgery. 

Wound clips were removed 7 days later. 
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Behavioral Testing 

Behavioral tests were performed during the light cycle. All the experimental mice were 

transferred to the behavior testing room at least 30 min before the tests to acclimate to the 

environment. Temperature and humidity of the experimental rooms were kept at 23 ± 2°C and 

55 ± 5%, respectively. The brightness of the experimental room was kept dim. All animals were 

habituated to handling for 1–2 min every day for at least a week prior to experimentation. All 

experimental procedures were in accordance with the Animal Research Committee at the 

University of California, Los Angeles. The experiments were conducted in the UCLA Behavioral 

Testing Core Facility and the investigators who performed experiments and analyses were 

blinded to mouse group.  

Morris Water Maze (MWM): Mice were trained in hidden platform MWM task to 

investigate spatial learning and reference memory 2,3. In the hidden-platform test, the animal 

learns the location of the escape platform in relation to the cues in the periphery of the room, 

the escape platform remains in the same location (in the center of NW, named as Target 

Quadrant (TQ)) for all training trials and is located 1 cm below the level of water made opaque 

with non-toxic white tempera paint. Pool temperature was maintained at 23-25°C by the 

addition of warm water. 

 On the first day of training, mice are placed on the platform for 30 s before the first trial. 

If the mouse jumps from the platform, they are returned to the platform for a cumulative 30 s. 

After 2 min delay, the first day of training sessions begins. Mice undergo 3 training trials a day 

for 5 days. In each training trial, mice are placed in the pool facing to the edge, 5cm from the 

wall in the center of one of the three pool quadrants not containing the escape platform, and 
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the latency to finding the platform is recorded. Each trial ends either when the mouse 

successfully found the platform or after 1 min. At the end of each trial, mice are allowed to 

remain on the platform or placed on the platform for 5s before returning to their home cages.  

On day 5, 2 h after training, the platform is removed for the probe trial. Mice are recorded for 

60 s and assessed for how long they spend in each quadrant searching for the platform. All 

recordings of probe trial are analyzed using TopScan (Clever Sys, Inc., Reston, VA).  

Contextual Fear Conditioning: The fear-conditioning task was carried out in a 

30 × 25 × 25 cm conditioning chamber (Med-Associates, Inc. St. Albans, VT, USA) equipped with 

a Med-associates VideoFreeze near infrared video tracking system, placed inside a sound-

protected box. The floor of each chamber has 18 stainless steel rods (4 mm diameter, 1.5 cm 

apart) connected to a shock scrambler and generator (which, along with internal ventilation 

fans, supplied background noise of 60 dB). The chambers are cleaned with 70% isopropyl 

alcohol and scented with 50% Windex, between trials. This task consisted of two phases: fear 

conditioning (training), testing for contextual fear (a hippocampus-dependent test) 4. On day 1, 

mice are placed into a fear conditioning chamber with a grid floor capable of delivering foot 

shocks. The baseline freezing level and locomotor activities are measured during a 3-min 

exploration period prior to the first unconditional stimulus (US). Animals are exposed to three 

of mild footshock US (US; 0.75 mA, 2 s), with an inter-trial interval of 1 min. After the third US, 

the mice are left in the conditioning chamber for another 60 s and then placed back in their 

home cages. Later (twenty-four hours after conditioning for recent memory, and 1 month after 

conditioning for remote memory) 5, the animals are returned to the same context that they 

were trained in and recorded for 8 minutes for context tests. Freezing is scored automatically 
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by Med Associates VideoFreeze Software. The system compares successive videoframes at 30 

frames a second and sums the total grayscale change in each pixel between frames. If that 

value does not exceed a threshold value for one second the mouse is scored as freezing for that 

time period. The threshold is determined so that the automated system’s output closely 

approximated that of a highly trained observer 6. The measure was expressed as a percentage 

of time spent freezing. 

Y-maze: Mice were trained on the Y-maze to evaluate working memory on a continuous 

spontaneous alternation task.  The apparatus of Y-maze is constructed from clear plexiglass to 

allow for visualization of external spatial information. Mice are placed in one arm of a Y-maze, 

and spontaneous alternation is recorded in a single continuous 5-min trial by 2 -3 live 

observers. Each of the three arms is designated a number 1–3, and entries into the arms are 

recorded (i.e., 1, 2, 3, 2, 1). The observers are blinded to the experimental groups recorded arm 

entries. Spontaneous alternation is calculated as: (number of alternations / (total arm entries-

2)) * 100. The apparatus is cleaned with 50% Windex, between trials.  

Magnetic resonance imaging: All animals were scanned in vivo at the Ahmanson-

Lovelace Brain Mapping Center at UCLA on a 7T Bruker imaging spectrometer with a micro-

imaging gradient insert with a maximum gradient strength of 100 G/cm (Bruker Instruments, 

Billerica, MA). An actively decoupled quadrature surface coil array was used for signal reception 

and a 72-mm birdcage coil was used for transmission. For image acquisition, mice were 

anesthetized with isoflurane and their heads secured with bite and ear bars. Respiration rate 

was monitored and the mice were maintained at 37° C using a circulating water pump. Each 

animal was scanned using a rapid-acquisition with relaxation enhancement (RARE) sequence 
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with the following parameters: TR/TEeff 3500/32 ms, ETL 16, matrix: 256 × 192 × 100, voxel 

dimensions: 100 × 100 × 100 μm3. Total imaging time was 93 minutes. Images were acquired 

and reconstructed using ParaVision 5.1 software. 

Atlas-based morphometry (ABM): All MRI brain images were skull stripped using 

Brainsuite 19b 7(http://brainsuite.org). Images were then processed and examined with 

Statistical Parametric Mapping (SPM) 8 software (Welcome Trust Center for Neuroimaging, 

London, United Kingdom; http://www.fil.ion.ucl.ac.uk/spm) and SPMMouse 

(SPMMouse, http://www.spmmouse.org)8 within MATLAB version 2013a (MathWorks, Natick, 

MA). Images were manually registered to tissue probability maps (TPMs) generated from 60 

C57BL/6J mice 9 using 6-parameter linear transformations. The images were bias corrected and 

segmented into GM, WM, and cerebrospinal fluid (CSF) using the unified segmentation 

algorithm 10. The resulting segments were used to create a Diffeomorphic Anatomical 

Registration using Exponentiated Lie algebra (DARTEL) template 11. Bias-corrected images were 

warped to the DARTEL template, and averaged to create a mean template for visualization. 

Brain region labels were drawn onto the mean template and then inverse warped back to the 

individual images where they were used to measure region volumes. Analysis on atlas-based 

morphometry results was done using R (https://www.r-project.org).  

Histological analysis: Standard histological analysis methods were applied as we 

described previously 1,12-16 with some modifications.  

Tissue Preparation: Mice were deeply anesthetized in isoflurane and perfused 

transcardially with ice-cold 1× PBS for 5 - 7 min, followed by 4% paraformaldehyde for 5 to 7 

min. CNS tissues were dissected and submerged in 4% paraformaldehyde overnight at 4 °C, 

http://www.fil.ion.ucl.ac.uk/spm
http://www.spmmouse.org/
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followed by 30% sucrose for >24 h. Brains were embedded in 7.5% gelatin/15% sucrose 

solution. The gelatin-embedded tissues were submerged in 4% paraformaldehyde overnight at 

4 °C, followed by 30% sucrose for >24 h, and stored at −80 °C after flash frozen by dry ice. The 

40-μm thick free-floating brain sagittal-sections were prepared using a cryostat (Leica 

Biosystems) at −20 °C. Tissues were collected serially and stored in 1x PBS with 0.1% sodium 

azide in 4 °C.  

Immunohistochemistry: Prior to histological staining, 40-m thick brain free-floating 

sections were thoroughly washed with 1X PBS to remove residual sodium azide. In case of anti-

GFAP and anti-PSD95 staining, tissue sections undergo an additional 15 min incubation with 5% 

glacial acetic acid in 100-proof ethanol at room temperature (RT), followed by 1x PBS washing.  

In the case of anti-Iba1 and anti-MHCII staining, tissues were incubated with 50% methanol/PBS 

(1:1) at RT, followed by 1xPBS washing. After heat antigen retrieval with boiled 10mM Citric 

Acid – 0.05% Tween 20, pH6.0, all tissue sections were permeabilized with 0.3% Triton-X and 

2% normal goat serum in 1X PBS for 10 min on ice and blocked with 10% normal goat serum in 

1X PBST for 1 hr. Tissues were then incubated with primary antibodies in 1xPBST-2% normal 

goat serum overnight at 4 °C. The next day, tissues were washed and incubated with secondary 

antibodies in 1xPBST-2% normal goat serum for 2 hours at RT. Sections were mounted on 

slides, allowed to dry, and cover slipped in fluoromount G (Southern Biotech) for confocal 

microscopy. The following primary antibodies were used: Rat anti-GFAP (at 1:500, Thermo 

Fisher, cat# 13-0300), Guinea pig anti-PSD95 (at 1:1000, Synaptic Systems, cat#124-014), Rabbit 

anti-Iba1 (at 1:1000, Wako Chemicals USA Inc. cat# 019-19741), Rat anti-MHCII (at 1:500, 

Biolegend, cat#107602). The following secondary antibodies were used at 1:500 dilution for 
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staining the tissues: Goat anti-rabbit- Alexa Fluor Plus 647 (cat#A32733, Thermo Fisher), goat 

anti-Guinea Pig - DyLight 550 (cat# SA5-10095, Thermo Fisher), goat anti-rat- Alexa Fluor488 

(Cat# 112-545-167, Jackson Immuno), and goat anti-rat-Cy3 (cat#112-165-167, Jackson 

Immuno).  

Confocal Microscopy and Image Analysis: Stained sections were examined and imaged 

using Olympus BX61 DSU fluorescence microscope with a Hamamatsu Orca ER CCD camera. 

Images were taken in stacks. All images were taken and processed using the integrated software 

program Olympus cellSens Software Version 2. ImageJ (NIH) was used to perform integration and 

analysis of images. 

Statistical analysis: Mice were randomly assigned to experimental time points or groups. 

Investigators were blinded to group allocation during data collection and analysis. Points 

represent individual animals. For all box-and-whisker plots, the center represents the median, 

the boxes represent the interquartile range and the whiskers represent the highest and lowest 

value excluding outliers. Prism 9 (GraphPad) was used for all behavioral tests and histological 

data analysis. The statistical difference between groups was determined using two-tailed 

unpaired t-test, one-way ANOVA or two-way ANOVA followed by Tukey’s multiple comparison 

test. The statistical methods, exact n values, significant and nonsignificant P values and degrees 

of freedom are described in the supplemental table. Significance was reported as * p < 0.05; ** 

p < 0.01; *** p < 0.001; **** p < 0.0001. 

All statistical analysis for MRI data was conducted using R (https://www.r-project.org). 

MRI data was first analyzed using a two-way ANOVA and then was followed up with two-tailed 

t-test. Regression analyses are reported as Pearson correlation coefficients. 
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Supplemental Figure 1. Selective deletion of ERα in astrocytes does not impair recent 

contextual fear memory in females at midlife. Mice with ERα deleted in astrocytes showed no 

difference as compared to wild type (WT) in % total freezing time during contextual fear 

memory testing at 24 hours. 
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Supplemental Figure 2. Cognitive deficits are not present in mice with selective deletion of 

ER from astrocytes in mice at a young age. a) WT and conditional knockouts of ER in 

astrocytes (astrocyte ER CKO) were evaluated at young age (3-4 months) for spatial reference 

memory. Astrocyte ER CKO showed intact spatial reference memory at young age. Blue line 

indicates the null hypothesis (25% in TQ). b) Both WT and astrocyte ER CKO showed 
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preference for the TQ over the OQ at young age. c) Recent contextual fear memory test showed 

no difference in % total freezing time in young females with ER deleted in astrocytes, 

compared to WT littermates. Structure volumes, assessed by MRI, expressed as a percentage of 

intercranial volume (ICV) for d) whole hippocampus e) dorsal hippocampus, and f) ventral 

hippocampus. There was no difference in hippocampal volumes when comparing astrocyte ER 

CKO with WT. *** p < 0.001; **** p < 0.0001   

 

 

 

 

 

 

 

 

 

 



 11 

 

Supplemental Figure 3. Selective deletion of ERβ in astrocytes impairs remote contextual fear 

memory in females at midlife. (a) 1-month contextual fear memory testing showed a trend for 

decrease in % total freezing time in GDX females at midlife compared to sham females at 

midlife (p=0.0767). (b) ER deletion in astrocytes induced a significant decrease in % total 

freezing time in 1-month contextual fear memory testing as compared to WT littermates (p = 

0.0155). In contrast, remote contextual fear memory was intact in females with ER deleted in 

neurons (p = 0.595). * p < 0.05 
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