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Abstract

Hypertension in male and aging female rodents is associated with glutamate-dependent plasticity 

in the hypothalamus, but existing models have failed to capture distinct transitional menopausal 

phases that could have a significant impact on the synaptic plasticity and emergent hypertension. 

In rodents, accelerated ovarian failure (AOF) induced by systemic injection of 4-vinylcyclohexane 

diepoxide mimics the estrogen fluctuations seen in human menopause including the 

perimenopause transition (peri-AOF) and postmenopause (post-AOF). Thus, we used the mouse 

AOF model to determine the impact of slow-pressor angiotensin II (AngII) administration on 

blood pressure and on the subcellular distribution of obligatory N-methyl-D-aspartate (NMDA) 

receptor GluN1 subunits in the paraventricular hypothalamic nucleus (PVN), a key estrogen-

responsive cardiovascular regulatory area. Estrogen-sensitive neuronal profiles were identified in 

mice expressing enhanced green fluorescent protein under the promoter for estrogen receptor (ER) 

β, a major ER in the PVN. Slow-pressor AngII increased arterial blood pressure in mice at peri- 

and post-AOF time points. In control oil-injected (nonhypertensive) mice, AngII decreased the 

total number of GluN1 in ERβ-containing PVN dendrites. In contrast, AngII resulted in a 

reapportionment of GluN1 from the cytoplasm to the plasma membrane of ERβ-containing PVN 

dendrites in peri-AOF mice. Moreover, in post-AOF mice, AngII increased total GluN1, dendritic 

size and radical production in ERβ-containing neurons. These results indicate that unique patterns 

of hypothalamic glutamate receptor plasticity and dendritic structure accompany the elevated 

blood pressure in peri- and post-AOF time points. Our findings suggest the possibility that distinct 
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neurobiological processes are associated with the increased blood pressure during perimenopausal 

and postmenopausal periods.
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Introduction

The prevalence of hypertension is greater in men than in young women, but this relationship 

is reversed as women progress into menopause [1, 2]. The transitional phase preceding and 

extending through menopause (i.e. perimenopause; ages 45–54 years) is thought to be a 

critical period for the brain plasticity that fosters the development of hypertension in older 

females [3]. The perimenopausal phase is accompanied by irregular menstrual cycles and 

erratically fluctuating estrogen levels [4, 5] and by increased sympathetic tone [6] . A sex-

dependent susceptibility to hypertension is recapitulated in rodents following systemic 

administration of low doses of angiotensin II (AngII). In young male mice, but not cycling 

young female mice, systemic low-dose AngII infusion results in a slowly developing (i.e. 

slow-pressor) increase in sympathetic tone and blood pressure [7–12]. However, slow-

pressor AngII infusion induces hypertension in ovariectomized mice that model surgical 

menopause [12, 13] and in aged rodents [8, 10, 14] that model the acyclicity [15] seen in 

postmenopause. Unfortunately, neither of these approaches has been able to elucidate 

potential mechanisms related to ovarian hormone irregularity and decline that contribute to 

perimenopausal hypertension. We addressed this gap in knowledge by using a mouse model 

of accelerated ovarian failure (AOF) that uniquely recapitulates hormonal changes seen in 

human menopause including the menopause transition while controlling for the effects of 

aging [16, 17].

The emergence of hypertension in males, as well as in aging models of menopause, has been 

associated with glutamate-dependent plasticity in the hypothalamus [8, 9, 18–20]. The 

hypothalamic paraventricular nucleus (PVN) receives a prominent glutamate input from the 

AngII-sensitive subfornical organ, and this circuit is crucial for the sympathoexcitation 

underlying slow-pressor AngII-induced hypertension [21–23]. In males, upregulation of 

postsynaptic N-methyl-D-aspartate (NMDA) receptor function in PVN neurons that project 

to the spinal cord may play a pivotal role in the enhanced excitatory drive seen in 

hypertension models [24–26]. Activated NMDA receptors can stimulate nicotinamide 

adenine dinucleotide phosphate (NADPH) oxidase activity, generating reactive oxygen 

species (ROS), leading to the activation of voltage-gated L-type Ca 2+ currents [7, 27, 28] . 

AngII-induced hypertension enhances ROS production, which is linked to augmentation of 

the obligatory NMDA GluN1 receptor subunit on the plasmalemmal surface of PVN neurons 

[8, 9, 18, 29–31]. Importantly, spatiotemporal deletion of the NMDA GluN1 subunit in the 

PVN dampens local ROS production and attenuates AngII-induced hypertension in males 

[18]. Although it is presumed that NMDA receptor activation increases ROS in the PVN in 

hypertensive females, the ability of estrogen to influence NMDA receptor activation in other 

brain areas [32] does not preclude different outcomes.
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In young females, normal estrogen production and estrous cycling may play a key role in 

attenuating AngII-induced hypertension [12, 13] . Posttranscriptional gene silencing studies 

have revealed that these protective effects of estrogen on hypertension and ROS production 

critically involve estrogen receptor (ER) β, but not ERα, in the PVN [33] . In the PVN, 

estradiol activation of ERβ tempers the glutamate-induced increase in blood pressure [34]. 

Moreover, our recent electron microscopy studies [8, 9, 20] revealed that alterations in the 

subcellular distributions of GluN1 in ERβ-containing PVN neurons reflect the hypertensive 

responses of male and female mice following slow-pressor AngII. In particular, the density 

of GluN1 is elevated in hypertensive male and aged female mice but decreased in 

nonhypertensive young females. However, estrogen levels of aged mice are not completely 

depleted [35], and it is difficult to disentangle the effects of aging from hormonal effects. 

Thus, findings in aged mice may not accurately reflect subcellular changes in GluN1 

trafficking following AngII-induced hypertension at time points that model the peri-

menopause transition or postmenopause in humans.

In the present study, we used the recently established mouse model of AOF first to determine 

whether mice at the ‘perimenopausal’ time point are susceptible to slow-pressor AngII-

induced hypertension. Second, we sought to determine whether the hypertensive responses 

of AOF mice at ‘peri-’ and ‘post-menopausal’ time points are reflected by changes in the 

density and/or trafficking of the GluN1 subunit in ERβ-expressing dendrites. Third, we 

examined whether slow-pressor AngII in AOF mice at a ‘postmenopausal’ time point leads 

to changes in NMDA-evoked ROS production in ERβ-expressing neurons. These results 

were first presented as an abstract at the Society for Neuroscience Annual Meeting [36].

Methods

Animals

Experimental procedures were approved by the Institutional Animal Care and Use 

Committee of Weill Cornell Medicine and were in accordance with the 2011 Eighth Edition 

of the National Institute of Health Guide for the Care and Use of Laboratory Animals. 

Studies were conducted in bacterial artificial chromosome ERβ-enhanced green fluorescent 

protein (ERβ-EGFP) mice on a C57BL/6 background [37] . Briefly, ERβ-EGFP mice were 

originally developed by the GENSAT project (www.gensat.org) at the Rockefeller 

University [38] . Hemizygote bacterial artificial chromosome-based ERβ transgenic mice 

were originally bred on an FVB/N background and were backcrossed with wild-type 

C57BL/6 mice for 6 generations. Three to four mice were housed per cage with 12-hour 

light/12-hour dark cycles with ad libitum access to food and water. The GFP genotype was 

verified using hot-start PCR reagent kits (Qiagen, Valencia, Calif., USA) and a Flash gel 

system (Lonza, Rockland, Maine, USA).

AOF Induction and Estrous Cycle Determination

Previous studies demonstrate that the mouse model of AOF uniquely recapitulates hormonal 

changes seen in human menopause [16, 17, 39, 40]. Injections of low doses of 4-

vinylcyclohexene diepoxide (VCD) selectively eliminate primary follicles in the ovary and, 

following ovarian failure, result in undetectable levels of estradiol [39, 40]. Several studies 
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have confirmed that VCD administration does not negatively affect peripheral tissues, 

including organ weights and liver and kidney function [41–44]. Recently, we have shown 

that VCD does not have any direct effects on the brain areas inside (e.g. PVN, hippocampus) 

and outside (e.g. sub-fornical organ, area postrema) the blood-brain barrier [17].

A schematic of the timeline of the experiments is shown in online supplementary figure 1 

(for all online suppl. material, see www.karger.com/doi/10.1159/000446073). To induce 

AOF, gonadally intact 50- to 55-postnatal-day-old female mice (n = 78) were injected with 

VCD (130 mg/kg i.p.) in vehicle (sesame oil) for 5 sequential days per week for 3 weeks as 

described previously [17] . Control mice were injected with oil (vehicle) only. Littermates 

were randomly selected for oil or VCD injection. The estrous cycle stage was assessed using 

vaginal smear cytology [45]. Estrous cycle assessment was performed 8–10 days prior to 

osmotic minipump insertion.

Time points following VCD injections in mice corresponding to pre-, peri-, and 

postmenopausal stages in humans have been previously determined [17, 39, 40]. At the pre-

AOF time point (23 days following initiation of VCD injections; 2.7 months old), mice have 

regular 4- to 5-day-long estrous cycles, which consist of 3 primary phases: proestrus (high 

estrogen levels; 0.5–1 day), estrus (declining estrogen levels; 2–2.5 days) and diestrus (low 

estrogen and progesterone levels; 2–2.5 days) [17]. At the peri-AOF time point (58 days 

following initiation of VCD injections and corresponding to ‘perimenopause’; 4 months 

old), mice have irregular and extended estrous cycles and increased plasma follicle-

stimulating hormone similar to the human perimenopause [4, 39, 40]. At the peri-AOF time 

point, only 50% of the mice have a normal cyclicity [17]. The gradual hormonal changes 

seen in the AOF mice across the menopause transition are similar to those observed in 

humans and contrast with those seen following ovariectomy in which estrogen levels are 

undetectable [16]. At the post-AOF time point (129 days following initiation of VCD 

injections and corresponding to ‘postmenopause’; 6.5 months old), mice show an acyclic, 

anestrous status, in which persistent estrus is observed and ovulation has ceased [17]. At the 

post-AOF time point, the VCD-injected mice have undetectable serum levels of estrogen, 

decreased levels of progesterone as well as elevated serum levels of luteinizing hormone, 

follicle-stimulating hormone and androstenedione (reviewed in Van Kempen et al. [16]).

Slow-Pressor AngII Administration

To minimize stress, the mice were handled by the same experimenter (J.M.-L.) and at the 

same time of day throughout the study. Under isoflurane anesthesia, osmotic minipumps 

(Alzet, Durect Corporation, Cupertino, Calif., USA) containing vehicle (saline + 0.1% 

bovine serum albumin) or AngII (600 ng · kg−1 · min−1) were implanted subcutaneously in 

pre-AOF (oil/saline: n = 7; VCD/saline: n = 5; oil/AngII: n = 6; VCD/AngII: n = 7), peri-

AOF (oil/saline: n = 6; VCD/saline: n = 4; oil/AngII: n = 4; VCD/AngII: n = 5) and post-

AOF mice (oil/saline: n = 6; VCD/saline: n = 9; oil/AngII: n = 9; VCD/AngII: n = 7). 

Systolic blood pressure (SBP) was measured before (baseline), and 2, 5, 9, and 13 days after 

minipump implantation in awake mice by tail cuff plethysmography (Model MC4000; 

Hatteras Instruments, Cary, N.C., USA), as described previously [46]. Tail cuff 

plethysmography is a reliable measurement for comparing SBP between groups [8, 9, 29, 
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31, 46, 47]. The limitations of tail cuff plethysmography to measure blood pressure have 

been discussed previously [8]. Tail cuff plethysmography is particularly suited to assess the 

brain perfusion required for electron microscopy-level tissue fixation [48], because it is 

noninvasive and does not sacrifice the carotid artery, unlike telemetric blood pressure 

recording in mice [49]. To control for handling effects, mice were euthanized 1 day after the 

final SBP measurements (i.e. 14 days after pump implantation) [8, 9, 29, 31].

Immunocytochemical Procedures

Antibody Characterization—For labeling of EGFP, a chicken polyclonal anti-GFP 

antibody (GFP-1020; RRID: AB_10000240; Aves Lab Inc., San Diego, Calif., USA) was 

used. The GFP antibody was generated against recombinant GFP and recognizes the gene 

product of EGFP-expressing transgenic mice [50]. The specificity of this antibody has been 

demonstrated by immunohistochemistry and Western blot using transgenic mice that express 

GFP, resulting in one major band at 27 kD (see data sheet for EGFP-1020 at 

www.aveslab.com). Moreover, absence of labeling has been shown in brain sections from 

mice not expressing EGFP [48, 51]. The labeling of EGFP in ERβ-EGFP-expressing mice 

closely corresponds to that reported for ERβ protein and mRNA [37] . The specificity of the 

anti-ERβ antisera (Z8P; RRID: AB_87720; Zymed Laboratories, San Francisco, Calif., 

USA) used to validate the fidelity of the ERβ-EGFP-expressing mice in the study of Milner 

et al. [37] has been shown by (1) dual labeling with mRNA using in situ hybridization, (2) 

preadsorption control, and (3) absence of labeling in brain sections from ERβ knockout mice 

[52, 53]. This is important as the majority of commercially available antibodies to ERβ lack 

specificity [54].

To identify GluN1 (the NMDA receptor 1 protein encoded by the Grin1 gene), a monoclonal 

mouse anti-GluN1 antibody (clone 54.1; RRID: AB_86917; BD Biosciences, San Diego, 

Calif., USA) was used. Reduced labeling for this antiserum has been shown following 

rAAV-Cre administration into the brain of floxed GluN1 mice [55, 56]. Specificity of the 

GluN1 antibody was characterized via immunoprecipitation and immunohistochemistry 

[57–59]. Western blot analysis of rat synaptic membranes and monkey hippocampal 

homogenates probed with the GluN1 antibody resulted in one major band at 116 kD. HEK 

293 cells transfected with cDNA encoding GluN1 displayed similar results, whereas non-

transfected cells resulted in no bands [58].

Tissue Preparation—The brains of mice from the peri-AOF (~4.5 months old) and post-

AOF (~6.5 months old) time points were prepared for electron-microscopic studies [48]. For 

this, mice were deeply anesthetized with sodium pentobarbital (150 mg/kg, i.p.) and fixed by 

aortic arch perfusion sequentially with 3–5 ml saline (0.9%) containing 2% heparin followed 

by 30 ml of 3.75% acrolein and 2% paraformaldehyde in 0.1 M phosphate buffer (PB) [48]. 

After the perfusion, brains were removed and postfixed for 30 min in 2% acrolein and 2% 

paraformaldehyde in PB at room temperature. Brains were then cut into 5-mm coronal 

blocks using a brain mold (Activational Systems Inc., Warren, Mich., USA) and sectioned 

(40 μm thick) on a VT1000X vibratome (Leica Microsystems, Buffalo Grove, Ill., USA). 

Brain sections were stored at –20°C in cryoprotectant (30% sucrose, 30% ethylene glycol in 

PB) until immunocytochemical processing.
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To ensure identical labeling conditions between experimental groups for quantitative 

immunocytochemistry [60] , 2 sections per animal (3 animals per group) encompassing the 

region of the PVN (0.70–0.94 mm caudal to bregma; fig. 2a [61]) were marked with 

identifying punches, pooled into single containers and then processed together through all 

immunocytochemical procedures.

Dual-Label Electron-Microscopic Immunocytochemistry

Tissue sections were processed using a pre-embedding dual immunolabeling protocol, as 

described previously [48]. The tissue was treated with 1% sodium borohydride in PB for 30 

min to neutralize reactive aldehydes and rinsed thoroughly in PB. The free-floating sections 

were then immersed in 0.5% bovine serum albumin in 0.1 M Tris-buffered saline for 30 min. 

The tissue was then incubated at room temperature in a solution of anti-GluN1 (1: 50) 

antiserum in 0.1 M Tris-buffered saline with 0.1% bovine serum albumin for 48 h. Anti-GFP 

(1: 2,500) antiserum was added to the primary antibody diluent at 24 h, and the tissue was 

moved to 4°C.

For immunoperoxidase detection of GFP, sections were placed for 30 min in goat anti-

chicken IgG (1: 400; Jackson Immunoresearch Inc., West Grove, Pa., USA), followed by a 

30-min incubation in avidin-biotin complex (Vector Laboratories, Burlingame, Calif., USA). 

After rinsing in Tris-buffered saline, the bound peroxidase was visualized by reaction of the 

sections for 6 min in 3,3′-diaminobenzidine (Sigma-Aldrich Chemical Co., Milwaukee, 

Mich., USA) and hydrogen peroxide.

For immunogold detection of GluN1, the diaminobenzidine-reacted sections were rinsed and 

incubated overnight in a 1: 50 dilution of donkey anti-mouse IgG with bound 1-nm colloidal 

gold [Electron Microscopy Sciences (EMS), Fort Washington, Pa., USA]. The tissue was 

placed in a solution of 2% glutaraldehyde in 0.01 M phosphate-buffered saline (pH 7.4) and 

then rinsed in phosphate-buffered saline followed by 0.2 M sodium citrate buffer (pH 7.4). 

Bound gold particles were enhanced using a Silver IntenSEM kit (RPN491; GE Healthcare, 

Waukeska, Wisc., USA) for 7 min.

Tissue sections were postfixed in 2% osmium tetroxide for 1 h, dehydrated through a series 

of graded ethanols and propylene oxide, and flat-embedded in Embed-812 (EMS) between 

two sheets of Aclar plastic. Ultrathin sections (70 nm thickness) from the PVN (see fig. 2a 

for schematic) were cut with a diamond knife (EMS) using a Leica EM UC6 ultratome. The 

sections were collected on 400-mesh thin-bar copper grids (EMS) and counter-stained with 

uranyl acetate and lead citrate.

Ultrastructural Data Analyses

A person blind to the experimental conditions performed the data collection and analysis. 

Sections were examined using a Tecnai transmission electron microscope. Images were 

collected at a magnification of ×18,500. Profiles containing GluN1 with GFP 

immunoreactivity were classified as neuronal (soma, dendrites, axons, terminals) or glial 

based on criteria described by Peters et al. [62] . Dendritic profiles contained regular 

microtubular arrays and were usually postsynaptic to axon terminal profiles.
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An equal amount of tissue from each treatment group (9,596 μm 2 /group) was sampled for 

electron-microscopic analysis as described previously [48] . In each block, 50 dual-labeled 

dendritic profiles were randomly selected from the tissue-plastic interface and photographed. 

Usually, 1 thin section per block was sufficient to obtain the required number of dendritic 

profiles. Occasionally, 2 sections per block were analyzed. In this case, the profiles were 

taken from nonoverlapping regions of the block. Immunoperoxidase labeling for GFP was 

distinguished as a precipitous electron-dense reaction product. Silver-intensified 

immunogold (SIG) labeling for GluN1 appeared as black electron-dense particles. To avoid 

false-negative labeling of smaller structures, they were considered as dual-labeled if they 

contained electron-dense reaction product and at least 1 gold particle. Criteria for field 

selection included good morphological preservation, the presence of immunolabeling in the 

field, and proximity to the plastic-tissue interface (i.e. the surface of the tissue) to avoid 

problems due to differences in antibody penetration [48].

The subcellular distribution and density of GluN1-SIG particles in ERβ-EGFP-labeled 

dendrites was determined as previously described [29] . For this, Microcomputer Imaging 

Device software (Imaging Research Inc., Ont., Canada) was used to determine cross-

sectional diameter, perimeter (i.e. plasmalemma), surface area, form factor, and major and 

minor axis lengths of each immunolabeled dendrite. Dendrites with an oblong or irregular 

shape (form factor value <0.5) were excluded from the data set. The parameters used for 

statistical comparisons were as follows: (1) the number of plasmalemmal GluN1-SIG 

particles on the dendrite/unit plasma membrane perimeter (μm), (2) the number of near-

plasmalemmal GluN1-SIG particles that were located within 70 nm of, but not touching, the 

plasma membrane/unit plasma membrane perimeter (μm), (3) the number of cytoplasmic 

GluN1-SIG particles/dendritic cross-sectional area (μm 2), and (4) the total number of 

GluN1-SIG particles (sum of plasmalemmal, near-plasmalemmal and cytoplasmic) in a 

dendritic profile/unit cross-sectional area (μm 2). The partitioning ratio is the proportion of 

GluN1-SIG particles in a particular subcellular compartment (e.g. plasma membrane or 

cytoplasm) divided by the total number of GluN1-SIG particles. Dendrites were further 

divided into small (≤ 1.0 μm) and large (>1.0 μm) based on average diameter, which 

correspond to distal and proximal to the cell body [62]. Dendritic area and average diameter 

were also compared across all groups.

ROS Detection

ROS production was determined using dihydroethidium (DHE; Life Technologies). 

Superoxide oxidizes the cell-permanent DHE to 2-hydroxyethidium and other oxidation 

products [63, 64], which interact with DNA and are detectable using an ethidium bromide 

(ETH) filter (Chroma Technology, Rockingham, Vt., USA) on a Nikon Eclipse C-CU 

microscope. ROS production was measured in dissociated PVN cells from oil- or VCD-

injected female mice at the post-AOF time point after 14 days of vehicle or AngII infusion 

(n = 13–19 cells/group, from 4–5 mice each), as described previously [29] . Dissociation and 

identification of ERβ-EGFP PVN cells was performed as described previously [9]. Methods 

for ROS detection in dissociated cells using DHE have been previously described [7]. 

Briefly, isolated PVN cells were incubated in DHE (2 μM) containing lactate-artificial 

cerebrospinal fluid for 30 min. Time-resolved fluorescence using IPLab software 
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(Scanalytics, Fairfax, Va., USA) was measured at 1-min intervals with an exposure time of 

150 ms for 40 min using a Nikon Diaphot 300 inverted microscope equipped with a CCD 

digital camera (Princeton Instruments, Trenton, N.J., USA). Bath application of 100 μM 

NMDA was performed after a stable baseline measurement for 10 min. NMDA is known to 

induce NOX2-dependent free radical production in the brain [7] . The increase in ROS 

signal induced by NMDA was expressed as the ratio of Ft/Fo, where Ft is fluorescence after 

application of NMDA, and Fo is the baseline fluorescence in the same cell [7, 9, 31]. For 

analysis of NMDA-induced ROS signals, the baseline background intensity was subtracted 

from the detected ETH signals in targeted cells.

Statistical Analysis

Two-way ANOVA was used to compare SBP values, SIG particle density and ROS 

production. Significant interactions were further analyzed with Tukey’s HSD post hoc test. 

Data were expressed as means ± SEM. Values were considered statistically significant when 

p < 0.05.

Figure Preparation

Images were adjusted for brightness, contrast and sharpness in Adobe Photoshop 9.0. These 

changes did not alter the original content of the raw image. Graphs were generated in Prism 

5 (GraphPad Software, La Jolla, Calif., USA). Final figures were made in PowerPoint 2010.

Results

Estrous Cycle Assessment of AOF Mice

For mice used in the electron-microscopic studies, the estrous cycle was assessed using 

vaginal smear cytology 8–10 days prior to implanting osmotic minipumps (online suppl. 

table 1). Consistent with previous studies [17], oil-injected mice from all time points and 

VCD-injected mice from the pre-AOF time point exhibited 4- to 5-day-long estrous cycles. 

In contrast, the estrous cycles from the peri-AOF VCD-injected mice were irregular and 

often lacked the proestrous (high-estrogen) phase of the cycle. Moreover, all but 1 of the 

post-AOF VCD-injected mice were acyclic. The 1 post-AOF VCD mouse that was not 

acyclic had an irregular estrous cycle.

The final estrous phase was collected on the day of euthanasia (i.e. 14 days after 

implantation of the osmotic minipumps). Final estrous phases for peri- and post-AOF mice 

used in the electron microscopy studies are provided in online supplementary table 2. Oil-

injected mice from the peri- and post-AOF time points exhibited estrous phases from all 

points of the cycle. In contrast, no VCD-injected mice from the peri- or post-AOF time point 

had a final proestrous phase. Peri-AOF VCD mice had equal proportions of estrous and 

metestrous/diestrous phases in the saline- and AngII-infused groups. All but 1 of the post-

AOF VCD mice were in metestrus/diestrus on the day of euthanasia; the remaining post-

AOF VCD mouse was in estrus.

The estrous cycle was also assessed using vaginal smear cytology prior to minipump 

implantation and at the termination of the study for most of the mice used in the other 
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portions of the study (online suppl. table 2). In these mice, the pattern of estrous cycle stages 

for the various time points (pre-, peri- and post-AOF) and treatments (oil vs. VCD) was 

similar to those seen in the mice used for the electron microscopy studies.

Slow-Pressor AngII Increases SBP in Peri- and Post-AOF Female Mice

There were no significant differences in blood pressure prior to osmotic minipump 

implantation (i.e. baseline) or on days 2, 5, and 9 after implantation in mice injected with 

vehicle (oil) or VCD (online suppl. table 3). On day 13 after minipump implantation, there 

were significant main effects of AOF time point [F(3, 69) = 3.98, p < 0.05] and saline/AngII 

administration [F(1, 69) = 15.63, p < 0.001], as well as a significant time point × An-gII 

administration interaction [F(3, 36) = 4.18, p = 0.01] on blood pressure. Consistently with 

previous studies [7–9, 12, 65], slow-pressor AngII administration failed to increase blood 

pressure in oil-injected mice or in pre-AOF VCD mice (fig. 1). However, post hoc analysis 

revealed that AngII induced a significant increase in blood pressure both at the peri- (p < 

0.001) and post-AOF (p < 0.001) time points in the VCD mice (fig. 1). The elevation in 

blood pressure at both of these menopausal stages was comparable to that observed in male 

mice [8, 18, 29, 66].

Distribution of ERβ-EGFP-Labeled Cells in the PVN

In all groups, the topographic distribution of ERβ-EGFP-labeled neurons in the PVN as well 

as the subcellular localization of GluN1-SIG particles in ERβ-EGFP dendrites was similar. 

Consistently with previous light-microscopic observations [8, 37], a dense cluster of ERβ-

EGFP-containing cells was observed in the PVN (fig. 2a, b). At higher magnification, thick, 

dendrite-like processes of ERβ-EGFP neurons were visualized (fig. 2b, inset).

By electron microscopy, GluN1-SIG particles were easily identifiable in the cytoplasm, near 

the plasmalemma, and on the plasma membrane of ERβ-EGFP-containing dendrites (fig. 

2c). Within the cytoplasm, GluN1-SIG particles were often adjacent to endomembranes (fig. 

2c). GluN1-SIG particles were also observed in ERβ-EGFP-labeled terminals and somata, 

and in non-ERβ-containing dendrites, terminals, and glia (not shown). Numerous terminals, 

some of which formed asymmetric synapses, contacted ERβ-EGFP-containing dendrites. 

Samples for electron-microscopic analysis were selected from PVN regions containing ERβ-

EGFP-labeled neurons as identified in plastic embedding material by light microscopy.

Electron-Microscopic Analysis of the Distribution of GluN1 in PVN ERβ-EGFP in Dendrites

Since slow-pressor AngII increased blood pressure in the peri- and post-AOF VCD-injected 

mice, the electron-microscopic analysis was limited to these two time points. We assessed 

the distribution of GluN1-SIG particles in ERβ-EGFP-containing dendrites of PVN neurons 

in oil- and VCD-injected mice following either saline or slow-pressor AngII infusion. The 

initial statistical analysis showed no significant differences in either the densities or 

partitioning ratios of GluN1-SIG particles in oil-injected (control) mice from peri- and post-

AOF time points following either saline or AngII infusions. Thus, control groups from the 

two time points were pooled into one saline and one AngII control group.
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Both time point (control, peri- and post-AOF) and treatment (oil, AngII) influenced the 

subcellular distribution of GluN1-SIG particles in ERβ-EGFP-containing dendrites. Two-

way ANOVA of cytoplasmic GluN1-SIG density in ERβ-EGFP-containing dendrites showed 

a main effect of AOF time point [F(2, 853) = 9.61, p < 0.001] and saline/AngII 

administration [F(1, 853) = 8.51, p < 0.01]. Similarly, analysis of the total GluN1-SIG 

density in ERβ-EGFP-containing dendrites revealed a main effect of AOF time point [F(2, 

1,077) = 9.89, p < 0.001] and saline/AngII administration [F(1, 1,077) = 8.25, p < 0.01], and 

a significant AOF time point × AngII administration interaction [F(2, 1,077) = 10.60, p < 

0.001]. The post hoc results for saline-administered (i.e. baseline) and AngII-administered 

mice will be presented separately below. Representative micrographs from each group 

(control, peri- and post-AOF) and treatment are shown in figure 3.

In Saline-Infused Mice, the Baseline Densities of GluN1 Distributions Varied 
with AOF Time Point—Baseline levels of the distribution of GluN1-SIG particles in ERβ-

EGFP-containing dendrites at different AOF time points were compared in saline-infused 

mice from different AOF time points. The density of GluN1-SIG particles in the cytoplasm 

of ERβ-EGFP dendrites in post-AOF VCD-injected mice was significantly less than in oil-

injected (control) mice (p < 0.05) and peri-AOF VCD-injected mice (p < 0.05; fig. 3a, c, e, 

4a). Similarly, the total density of GluN1 in ERβ-EGFP dendrites in post-AOF VCD-

injected saline-infused mice was significantly less than in oil-injected (control) mice (p < 

0.001) and peri-AOF VCD-injected mice (p < 0.01) infused with saline (fig. 4b).

Following Slow-Pressor AngII, GluN1 Density in ERβ-EGFP Dendrites Varies 
with AOF Time Point—Following slow-pressor AngII, redistribution of GluN1-SIG 

particles within ERβ-EGFP-containing dendrites varied depending on group (oil vs. VCD), 

time point after VCD injections (peri- or post-AOF) and hypertensive response. In the peri-

AOF VCD-injected mice, the cytoplasmic density of GluN1-SIG particles in ERβ-EGFP 

dendrites was significantly decreased (p < 0.01) following slow-pressor AngII (fig. 3c, d, 

4a). However, no differences in cytoplasmic labeling were observed in oil-injected controls 

and in post-AOF VCD (hypertensive) females (fig. 4a) following slow-pressor AngII. Slow-

pressor AngII significantly reduced the total density of GluN1-SIG particles in ERβ-EGFP 

dendrites in both oil-injected controls and peri-AOF VCD-injected mice (p < 0.001; fig. 3a–

d, 4b). Conversely, slow-pressor AngII significantly increased (p < .05) the total density of 

GluN1-SIG particles in ERβ-EGFP dendrites from post-AOF VCD-injected mice (fig. 3e, f, 

4b).

The functional specialization of distal and proximal dendritic compartments contributes to 

both signal conduction and synaptic plasticity [67, 68]. Thus, we further analyzed GluN1-

SIG density in small and large ERβ-EGFP dendrites, which correspond to distal and 

proximal dendrites, respectively [62]. Two-way ANOVA showed a main effect of saline/

AngII administration on the density of GluN1-SIG particles in the cytoplasm [F(1, 685) = 

14.60, p < 0.001] in small (≤ 0.1 μm in diameter) ERβ-EGFP dendrites. Following slow-

pressor AngII, peri- and post-AOF VCD mice had reduced densities of cytoplasmic (p < 

0.01; fig. 4c) GluN1-SIG particles in small ERβ-EGFP dendritic profiles compared to 

saline-injected VCD mice.
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Two-way ANOVA showed a main effect of AOF time point [F(2, 1,077) = 9.89, p < 0.001] 

and AngII administration [F(1, 1,077) = 8.25, p < 0.01], and a significant interaction 

between AOF time point and AngII administration [F(2, 1,077) = 10.60, p < 0.001] in the 

total GluN1 density in small ERβ-EGFP dendrites. The density of total GluN1-SIG particles 

in small ERβ-EGFP dendritic profiles was significantly reduced (p < 0.01) in peri-AOF 

VCD mice and in oil-injected (control) mice infused with AngII compared to peri-AOF mice 

infused with saline (fig. 4d).

In all groups, large dual-labeled dendrites (>1 μm in diameter) comprised 17.5 ± 1.8% (n = 

8) of the total dendritic profiles. Two-way ANOVA showed a main effect of AngII [F(2, 204) 

= 5.049, p < 0.05) and a significant interaction between AOF time point and AngII 

administration [F(2, 204) = 4.285, p < 0.05) in the cytoplasmic density of GluN1 in ERβ-

EGFP dendrites. However, post hoc analysis showed no significant differences between 

groups ( fig. 4e). Two-way ANOVA also showed a main effect of AngII [F(2, 219) = 4.177, 

p < 0.05] and a significant interaction between AOF time point and AngII administration 

[F(2, 219) = 5.081, p < 0.05] in the total density of GluN1 in ERβ-EGFP dendrites. The 

density of total GluN1 in ERβ-EGFP dendrites was significantly less (p < 0.05) in the oil-

injected (control) mice only (fig. 4f).

Following Slow-Pressor AngII, the GluN1 Plasma Membrane Partitioning Ratio 
in ERβ-EGFP Dendrites Varies with Induction of Hypertension and AOF Time 
Point—Two-way ANOVA showed a main effect of saline/An-gII administration [F(1, 910) 

= 6.60, p < 0.05] and a significant interaction of AOF time point × AngII administration 

[F(2, 1,077) = 5.83, p < 0.01] in the partitioning ratio in the near-plasmalemmal + 

plasmalemmal compartments in ERβ-EGFP dendrites. The proportion of plasma membrane-

associated (i.e. plasma membrane + near-plasma membrane) GluN1-SIG particles on ERβ-

EGFP dendrites was significantly higher (p < 0.01) in peri-AOF VCD-injected mice 

following AngII compared to those that were infused with saline. No significant changes in 

the plasma membrane partitioning ratio of GluN1 were seen in either the oil-injected 

(control) or the post-AOF VCD mice following AngII infusion (fig. 5a).

The cytoplasmic partitioning ratio of GluN1-SIG particles in ERβ-EGFP dendrites was 

altered in different groups than that seen with the plasma membrane partitioning ratio. Two-

way ANOVA of the cytoplasmic GluN1-SIG partitioning ratio in ERβ-EGFP dendrites 

revealed a main effect of AOF time point [F(2, 933) = 6.60, p < 0.01] and a significant AOF 

time point × AngII administration interaction [F(2, 933) = 9.66, p < 0.001]. Slow-pressor 

AngII did not alter the cytoplasmic partitioning ratio of GluN1 in ERβ-EGFP dendrites from 

peri-AOF VCD-injected mice (fig. 5b). however, the proportion of cytoplasmic GluN1 in 

ERβ-EGFP dendrites was significantly increased (p < 0.05) in oil-injected (control) mice 

infused with AngII compared to those infused with saline. Moreover, the proportion of 

cytoplasmic GluN1 in ERβ-EGFP dendrites was significantly decreased (p < 0.05) in the 

post-AOF VCD-injected mice infused with AngII compared to those infused with saline (fig. 

5b). Also, the partitioning ratio of cytoplasmic to total GluN1-SIG particles in ERβ-EGFP-

containing dendrites was significantly less (p < 0.001) in post-AOF VCD mice infused with 

AngII compared to oil-injected mice infused with AngII (fig. 5b).
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AngII Affects the Morphology of GluN1-ERβ-EGFP Dendrites in Post-AOF Mice
—The morphological measurements (i.e. area and diameter) were compared in dendrites 

dually labeled for GluN1 and ERβ-EGFP in the different groups (control, peri- and post-

AOF) and treatments (saline, AngII). Two-way ANOVA showed main effects of AOF time 

point [F(2, 1,133) = 4.05, p < 0.05] and saline/AngII administration [F(1, 1,133) = 9.71, p < 

0.01], as well as a significant interaction of AOF time point × AngII administration [F(2, 

1,133) = 7.65, p < 0.01] with respect to the area of dual-labeled dendritic profiles. Post hoc 

analysis showed that the area (p < 0.01; fig. 6a) of GluN1/ERβ-EGFP-containing dendritic 

profiles was significantly greater in post-AOF VCD mice that were infused with AngII 

compared to those infused with saline. Similarly, two-way ANOVA showed a main effect of 

saline/AngII administration [F(1, 1,133) = 6.93, p < 0.01] and a significant AOF time point 

× AngII interaction [F(2, 1,133) = 3.93, p < 0.05] with respect to the diameter of dually 

labeled dendrites. Post hoc analysis showed that average diameters (p < 0.01; fig. 6b) of 

GluN1/ERβ-EGFP-containing dendritic profiles were significantly greater in post-AOF 

VCD mice that were infused with AngII compared to those infused with saline. No 

differences in the area or diameter of dual-labeled dendrites were observed in peri-AOF mice 

or in oil-injected control mice following AngII (fig. 6a, b).

Following Slow-Pressor AngII, ROS Production Is Increased in ERβ-EGFP PVN Cells in 
Post-AOF Females

NADPH oxidase-generated ROS are thought to play a critical role in AngII-induced 

hypertension and are also associated with increased NMDA receptor activity in male mice 

[9, 18, 29, 69]. To determine whether ROS are elevated following slow-pressor AngII 

hypertension, females from the pre- and post-AOF time points were selected for analysis. 

For this experiment, ROS production was analyzed in dissociated ERβ-EGFP PVN cells 

from VCD-injected mice and oil-injected mice that were infused with either saline or AngII. 

ROS levels were measured in ERβ-EGFP cells at baseline (i.e. in the presence of vehicle in 

the bath) and after NMDA application (fig. 7a).

In the pre-AOF mice, there were no significant group (oil vs. VCD) or treatment (saline vs. 

AngII) differences in ROS production in ERβ-EGFP cells at baseline or following NMDA 

(100 μm) application (not shown). In contrast, two-way ANOVA showed a main effect of 

saline/AngII [F(3, 121) = 14.23, p < 0.001] and NMDA administration [F(3, 121) = 8.45, p = 

0.0034] on ROS production in ERβ-EGFP cells from the post-AOF time point. In oil-

injected (control) mice, ROS production in ERβ-EGFP PVN cells was not significantly 

different at baseline or following NMDA (100 μm) application following either saline or 

AngII infusion (fig. 7b). However, slow-pressor AngII significantly (p < 0.05) increased 

baseline levels of ROS in ERβ-EGFP PVN cells from post-AOF VCD-injected mice 

compared to their saline-infused controls (fig. 7b). Moreover, application of NMDA to ERβ-

EGFP cells from AngII-infused VCD mice significantly elevated ROS production (p < 

0.001) compared to saline-infused mice (fig. 7b).
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Discussion

Our study provides the first evidence that susceptibility to slow-pressor AngII hypertension 

and NMDA receptor plasticity emerge at a point in ovarian decline that mimics 

perimenopause in a mouse model of AOF. Quantitative electron microscopy immunogold-

silver labeling revealed that, in the absence of AngII, saline-infused control (oil-injected) 

and peri-AOF VCD females have greater densities of GluN1 in PVN ERβ-containing 

dendrites than post-AOF VCD females. Following slow-pressor AngII infusion, the 

induction of hypertension is accompanied by AOF time point-dependent changes in GluN1 

subcellular distribution in ERβ-EGFP PVN dendrites, which are not seen in control 

nonhypertensive mice that show a decrease in total GluN1 expression in these dendrites. In 

hypertensive peri-AOF mice, GluN1-SIG particles were more prevalent on and near the 

plasma membrane and less abundant in the cytoplasm of ERβ-containing dendrites. In 

hypertensive post-AOF mice, total GluN1, dendritic size as well as radical production 

increased in ERβ-containing neurons. The results summarized in figure 8 identify 

‘perimenopause’ as a critical period for the induction of changes in NMDA receptor 

distributions in estrogen-sensitive neurocardiovascular regulatory systems involved in AngII 

hypertension.

Susceptibility to Slow-Pressor AngII Hypertension Emerges at the Peri-AOF Time Point

The present studies using the AOF model together with studies in ovariectomized and aging 

female mice have reinforced the importance of the regular cycling of ovarian hormones, 

particularly estrogens, in protecting females from hypertension susceptibility. Like young 

adult females with normal estrous cycles [7–9, 12, 20, 65], slow-pressor AngII infusion did 

not elevate blood pressure in control (oil-injected) or pre-AOF VCD-injected females. In 

addition, similarly to ovariectomized mice in which all ovarian hormones, including 

estrogens, are removed [11, 65], we demonstrate that slow-pressor AngII induces 

hypertension in post-AOF mice which have undetectable serum levels of estrogen [for a 

review, see 16]. Our studies also demonstrate in an animal model that susceptibility to slow-

pressor AngII-induced hypertension emerges at a time point that mimics perimenopausal 

hormonal levels. It is important to note that at the peri-AOF time point, the mice have 

irregular estrous cycles with fewer proestrous (elevated plasma estrogen) stages [for a 

review, see 16 ]. Thus, these results suggest that deregulation of estrogen cyclicity rather 

than the absence of estrogen is the major contributor to the emergence of hypertension 

susceptibility. Previous studies [8, 10] showing that slow-pressor AngII induces 

hypertension in aged females, which are acyclic and usually in prolonged estrus, support this 

assertion.

ERβ PVN Neurons Are Important for Central Cardiovascular Regulatory Networks

Our finding that AngII-induced hypertension in peri- and post-AOF mice is accompanied by 

changes in GluN1 distribution and ROS production in ERβ-containing PVN neurons adds to 

the growing body of literature supporting a prominent role for ERβ in cardiovascular 

regulatory networks. In particular, previous studies have shown that knockdown of ERβ, but 

not ERα, mediates protective effects of estrogen against aldosterone/salt-induced 

hypertension in rats [33]. Moreover, our previous studies showed that slow-pressor AngII 
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does not alter GluN1 distribution in non-ERβ-containing PVN neurons in either males or 

females [9, 20].

In rodents, the PVN contains numerous neurons with both nuclear and extranuclear ERβ 
[37, 52, 70, 71]. The ERβ reporter mice used in the present study identify neurons with ERβ 
in either location [37]. Although the rodent PVN harbors ERα-containing neurons, these are 

proportionally much fewer than those containing ERβ [72, 73]. However, studies describing 

the proportions of ERβ- and ERα-containing neurons in human postmortem tissue not only 

depend on age, gender and reproductive menopausal status, but also on whether nuclear or 

cytoplasmic ERβ is measured. Compared to nuclear ERα, lower levels of nuclear ERβ 
immunoreactivity and mRNA are found in the human PVN [74–76] . In contrast, the 

proportion of cells with cytoplasmic ERβ immunoreactivity is greater than cells with 

cytoplasmic ERα immunoreactivity in women but not men [75].

In rodents, ERβ is present in PVN neurons that project to the intermediolateral spinal cord 

and rostral ventrolateral medulla [8, 77, 78]. Thus, ERβ-containing PVN neurons are 

positioned to regulate sympathoexcitation both directly and indirectly [79]. The phenotype 

of ERβ-containing neurons in the PVN is less clear as it appears to be species dependent. In 

mice, ERβ-containing neurons lack arginine vasopressin [37] and angiotensin 1a receptors 

[9]. The finding that ERβ-containing PVN neurons in mice lack arginine vasopressin is 

consistent with some studies in the rat [80, 81] but not with others [71, 82, 83] . However, 

the topographic distribution of ERβ-containing neurons in mice resembles that of 

parvicellular neurons [84] and is consistent with findings in rats showing that many ERβ-

containing PVN neurons colocalize corticotropin-releasing factor [77, 81] . Like ERβ-

containing neurons, previous studies in rats show that corticotropin-releasing factor neurons 

project to the spinal cord [77]. Our results, together with those in the literature, suggest that 

ERβ activation of spinal output neurons in the mouse PVN regulate sympathetic activity 

mainly through the increased release of transmitters co-stored with corticotropin-releasing 

factor and not vasopressin.

Baseline Levels of GluN1 in ERβ PVN Dendrites Vary with AOF Time Point

Our electron-microscopic analysis showed baseline differences in the subcellular distribution 

of GluN1 in ERβ-EGFP PVN dendrites from saline-infused mice, which varied depending 

on AOF time point. Oil-injected (control) females had higher cytoplasmic and total GluN1-

SIG densities in ERβ-containing dendrites compared to post-AOF females. Although these 

results are consistent with previous studies comparing young and aged ‘postmenopausal’ 

female mice [8], they are not identical. In particular, total and near-plasmalemmal GluN1-

SIG densities in ERβ-containing dendrites are reduced in aged compared to young females. 

Several factors could contribute to these differences. The oil-injected mice in this study were 

slightly older than the young mice (4–6 vs. 2–3 months) in our previous study. Unlike the 

young female mice, the oil-injected mice were handled and injected for 3 weeks prior to 

implanting osmotic mini-pumps. Additionally, as mentioned above, the estrogen levels in the 

aged mice are reduced but not depleted as in the AOF postmenopausal mice.

Interestingly, GluN1-SIG densities in ERβ-containing dendrites in peri-AOF females shared 

characteristics with both the control (oil-injected) and post-AOF females: cytoplasmic 
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GluN1-SIG densities were elevated as in young females [8] but total GluN1-SIG densities 

were decreased as in post-AOF females. Cytoplasmic receptors may be stored, in transit to/

from the cell body or other cellular compartments as well as in the process of recycling [85, 

86]. Thus, this finding indicates that more NMDA receptors in ERβ-containing dendrites 

from peri-AOF females may be accessible for mobilization to the plasma membrane in 

response to neuronal activation.

AngII Hypertension in Peri-AOF Mice Is Accompanied by an Increase in Plasmalemmal 
Associated GluN1 in ERβ PVN Dendrites

Slow-pressor AngII administration was associated with reduced total GluN1-SIG particles in 

ERβ-EGFP dendrites in control (oil-injected) nonhypertensive females. This observation 

was consistent with our previous study [8] showing that slow-pressor AngII resulted in 

decreased cytoplasmic and total GluN1 in ERβ-EGFP dendrites in young (2-month-old) 

nonhypertensive females. However, in the peri-AOF females, in which slow-pressor AngII 

resulted in hypertension, a different distributional profile of GluN1 in ERβ-containing 

dendrites emerged. In contrast to oil-injected female mice, the proportion of near-

plasmalemma plus plasmalemma GluN1-SIG particles relative to total GluN1-SIG particles 

increased in peri-AOF mice after AngII. As the presence of plasmalemmal receptors 

corresponds to sites of ligand binding [87, 88], our findings suggest that more GluN1 is 

available for glutamate binding on the ERβ-containing dendrites in the peri-AOF mice. 

Greater activation of ERβ-containing neurons, many of which project to the spinal cord [37, 

77], would be consistent with increased sympathoexcitation seen in hypertension at the peri-

AOF time point.

Slow-pressor AngII infusion resulted in a decreased cytoplasmic density of GluN1-SIG 

particles in ERβ-containing dendrites in hypertensive peri-AOF females. This decrease in 

GluN1-SIG density was more robust in small dendrites, which are more numerous than large 

dendrites and generally receive a higher number of excitatory-type inputs [67, 68]. The 

decrease in cytoplasmic GluN1 may reflect an activity-dependent decrease in GluN1 

synthesis or association with the endomembranes located in closer proximity to the 

plasmalemma [89]. In contrast to peri-AOF females, slow-pressor AngII infusion resulted in 

a greater proportion of cytoplasmic GluN1 in ERβ-containing dendrites relative to total 

GluN1 in the nonhypertensive oil-injected mice. This would be consistent with GluN1 

accumulation in association with cytosolic compartments distant from the plasma membrane 

and/or in storage [85, 86]. Moreover, as baseline levels of cytoplasmic and total GluN1 

labeling in peri-AOF and control mice are similar, the dysregulated estrous cycle and/or 

erratically fluctuating estrogen levels seen in peri-AOF mice may disrupt the protection from 

susceptibility to slow-pressor AngII hypertension.

Several lines of evidence suggest that the repositioning of GluN1 to the plasmalemma of 

ERβ-containing PVN dendrites predominantly involves ERβ or related signaling pathways. 

Activation of surface-affiliated ERβ can transduce intracellular signaling cascades linked to 

a number of kinases (e.g. PI3K/Akt/mTOR, PLC, ERK1/2, PKC, and PKA) and 

phosphatases that can regulate plasma membrane NMDA receptor transport to or away from 

the plasma membrane [90–92] . ERβ activation can modulate NMDA receptor signaling in 
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various brain regions [93–95] . In the hippocampus, knockout of ERβ abolishes estradiol-

induced elevations in phosphorylated Akt, a major regulator of synaptic plasticity [96]. Also, 

in young ovariectomized rats, estradiol regulates the synaptic distributions of NMDA 

receptors, ERβ and phosphorylated Akt (reviewed in McEwen et al. [97]). In contrast to 

ERβ, PVN neurons express few nuclear and extranuclear ERα that are also important 

regulators of NMDA receptor synaptic plasticity (reviewed in McEwen et al. [98] ; Milner, 

unpubl. observations). Thus, without ERα to balance out ERβ, even small disruptions in 

ERβ signaling would be expected to alter NMDA receptor-dependent excitability in PVN 

neurons.

AngII Hypertension in Post-AOF Mice Is Largely Independent of GluN1 Surface Trafficking 
in ERβ Dendrites Which Are Larger and Contain More Total GluN1 than Controls

Although slow-pressor AngII induced hypertension in post-AOF females, GluN1-SIG 

particles in ERβ-containing dendrites did not reapportion to the plasma membrane as they 

did in peri-AOF females. Instead, slow-pressor AngII-induced hypertension in the post-AOF 

females occurred together with a small increase in total GluN1 density and a decreased 

cytoplasmic-to-total ratio of GluN1 in the ERβ-containing dendrites. This difference in the 

redistribution pattern of GluN1 may be because at the post-AOF time point the baseline 

levels of plasmalemmal GluN1 are already equivalent to the AngII-induced levels of GluN1 

seen in the peri-AOF mice. Moreover, as estrogen levels had been depleted for over 1 month 

in the post-AOF mice, estrogen-mediated NMDA receptor excitability could have been 

compromised. This assertion is supported by finding that the ability of estradiol to increase 

synaptic ERβ as well as related signaling molecules is much more limited in the aged rat 

hippocampus [99, 100]. Second, long-term depletion of ovarian hormones after ovariectomy 

reduces intrinsic membrane excitability of CA1 pyramidal cells [101]. The limited 

redistribution of GluN1 in dendrites from post-AOF mice following AngII infusion may also 

indicate the involvement of other mechanisms in the induction of AngII hypertension at this 

AOF time point.

Concomitantly with these changes in GluN1 densities, the size of the ERβ-containing 

dendrites increased in the post-AOF mice showing slow-pressor AngII hypertension. This 

increase in dendritic size could reflect disruption in membrane endocytosis or blockage of 

receptor recycling leading to an accumulation in the plasma membrane [102]. However, we 

cannot exclude the alternative possibility that AngII infusion sufficient to produce slow-

pressor hypertension in post-AOF mice may preferentially increase GluN1 retention in large, 

presumably more proximal ERβ dendrites in the PVN. Regardless of the underlying causes, 

the increased dendritic size and differential responsivity of GluN1 in ERβ PVN dendrites to 

AngII infusion in post-AOF mice provide mutually supportive evidence that favors the 

involvement of separate mechanisms in AngII hypertension in peri- and post-menopausal 

periods.

AngII Hypertension in Post-AOF Mice Is Associated with NMDA-Evoked ROS Production in 
ERβ PVN Neurons

Our findings that ROS production is not elevated in ERβ-containing cells from post-AOF 

VCD mice receiving saline or in pre-AOF mice demonstrate that neither the injection 
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procedure nor the AOF time point is sufficient to elevate ROS production in these PVN 

neurons. However, AngII-induced hypertension in post-AOF female mice is accompanied by 

an elevation in baseline and NMDA-stimulated ROS production in ERβ-containing PVN 

neurons compared to saline-infused mice. Thus, like males [9, 29, 31, 69], NADPH oxidase-

mediated ROS production in the PVN is critically involved in AngII-induced hypertension 

and is associated with increased NMDA activity in post-AOF females. The finding that 

estradiol administration to ovariectomized females improves redox balance by reducing 

NADPH oxidase activity and inhibiting ROS production [66, 103] suggests that estrogen is 

importantly involved in the sensitivity of post-AOF females to AngII.

Our recent studies [29, 104] suggest that the sensitivity of PVN neurons to AngII-induced 

NADPH oxidase ROS production may be phenotype specific depending on sex. The Nox2 

isoform of NADPH oxidase requires mobilization of cytoplasmic p47 phox to dock with the 

membrane-bound proteins for superoxide production [105]. In the PVN of hypertensive 

males, baseline ROS production is increased in nonvasopressin neurons accompanied by an 

increase in near-plasmalemmal p47 phox in nonvasopressin dendrites and decreased 

plasmalemmal p47 phox in vasopressin dendrites [29]. In contrast, AngII-induced 

hypertension in post-AOF females increases near-plasmalemmal p47 phox in arginine 

vasopres-sin dendrites [104]. While nonvasopressin PVN neurons comprise mixed 

phenotypes including ERβ [8, 37, 84], these data suggest that the differential response of 

various neuronal populations in males and females may contribute to hypertensive changes.

Functional Considerations

In addition to affecting glutamate-dependent plasticity in the PVN, changes in hormone 

levels at the peri- and post-AOF time points could contribute to the pathology of 

hypertension through alternative mechanisms. These include regulation of superoxide-

generating NADPH oxidase, intracellular calcium and angiotensin receptor signaling [for 

reviews, see 106 and also 104]. Additionally, in male rats experimentally induced 

hypertension can be modulated by nuclear factor-κB in the PVN [107] as well as activity of 

the K +/Cl− cotransporter, a molecule required for inhibitory GABAA receptor signaling 

[108]. Thus, future studies using the AOF model will explore these alternative mechanisms.

Our studies provide new evidence that hypertension susceptibility emerges at the 

‘perimenopause’ using the AOF mouse model that recapitulates hormonal changes seen in 

human menopause [16, 17]. Slow-pressor AngII-induced hypertension in AOF females is 

accompanied by enhanced superoxide production and NMDA-mediated signaling in PVN 

ERβ-containing dendrites similar to that observed previously in males [29, 31]. Moreover, 

AngII-induced hypertension in peri-AOF mice results in a compartmental shift in the 

subcellular distribution of GluN1 toward plasma membranes of PVN ERβ-containing 

dendrites, where GluN1 NMDA receptors would be available for glutamate binding and thus 

enhancing sympathoexcitation. Importantly, within the PVN NMDA receptor, redistribution 

in ERβ-containing dendrites is greatly diminished in hypertensive post-AOF mice. These 

findings are consistent with a growing body of clinical evidence [109, 110] that the 

perimenopausal period is a ‘window of opportunity’ for gonadal steroid replacement therapy 

to modulate hypertension susceptibility.
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Fig. 1. 
Slow-pressor AngII increases blood pressure in peri- and post-AOF mice. Thirteen days 

after minipump implantation, An-gII infusion did not significantly increase (p > 0.05) SBP 

in VCD-injected mice at the pre-AOF time point. However, AngII infusion significantly 

elevated (** p < 0.01) SBP in VCD-injected mice at peri- and post-AOF time points 

compared to their respective age-matched oil-injected controls. No significant differences in 

SBP were found in oil/saline (controls) from the pre-, peri- or post-AOF time points. Thus, 

oil-injected mice are pooled for all AOF time points; n = 4–12 mice/group.
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Fig. 2. 
ERβ-EGFP is expressed in somata and dendrites of PVN neurons including those also 

containing GluN1. a The diagram of a coronal section of the mouse forebrain shows a 

representative rostrocaudal section at the level of the PVN (modified from Siegel et al. 

[58] ). CTX = Cerebral cortex; AHN = anterior hypothalamic nucleus; VMH = ventromedial 

hypothalamus; CA = cornu ammonis. b A light-microscopic image of the PVN shows ERβ-

EGFP immunoperoxidase labeling in many neuronal somata and putative dendritic processes 

(example indicated by an arrow in the higher magnification inset). 3V = Third ventricle. Bar 

= 0.5 mm; inset bar = 25 μm. c A representative electron micrograph shows GluN1-SIG 

particles in an ERβ-EGFP immunoperoxidase-labeled PVN dendrite. A diffuse 

immunoperoxidase reaction product for ERβ-EGFP is seen as an electron-dense precipitate 

throughout the cytoplasm of the dendritic profile. GluN1-SIG particles (black dots) are in 

contact with the plasma membrane (chevron), near (within 70 nm), but not touching the 

surface membrane (arrowhead) and in the more central cytoplasm (thick arrows). 

Cytoplasmic GluN1-SIG particles were often adjacent to endomembranes (arrow). Bar = 

500 nm.
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Fig. 3. 
Representative micrographs of GluN1-SIG localization in ERβ-EGFP dendrites of peri- and 

post-AOF mice following slow-pressor AngII infusion. Representative electron micrographs 

of dual-labeled GluN1/ERβ-EGFP dendrites from oil-injected, saline-infused (a), oil-

injected, AngII-infused (b), VCD, saline-infused peri-AOF (c), VCD, AngII-infused peri-

AOF (d), VCD, saline-infused post-AOF (e ), and VCD, AngII-infused post-AOF (f) female 

mice. Examples of plasmalemmal (chevron), near-plasma-lemmal (arrowhead) and 

cytoplasmic (large arrow) GluN1-SIG particles are shown. GluN1-SIG particles were 

sometimes adjacent to membranous structures (small arrow), especially in oil-injected mice 

(a, b ) and in saline-injected peri- and post-AOF VCD mice (c, e). Bars = 500 nm.
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Fig. 4. 
Slow-pressor AngII infusion differentially affects GluN1 density in ERβ-EGFP dendrites 

depending on AOF time point. a There is a significant decrease in the cytoplasmic density of 

GluN1-SIG particles in peri-AOF VCD mice following AngII infusion compared to peri-

AOF VCD mice receiving saline. b The density of total GluN1-SIG particles in peri-AOF 

VCD mice given AngII compared to their peri-AOF VCD controls receiving saline is 

significantly reduced. In contrast, the density of total GluN1 particles in post-AOF VCD 

mice given AngII compared to their post-AOF VCD controls receiving saline is significantly 

increased. Oil-injected mice receiving AngII show a decrease in total GluN1 compared to 

those receiving oil and saline. c In small (<0.1 μm in diameter) ERβ-EGFP dendrites, AngII 

infusion results in a decrease in the cytoplasmic density of GluN1-SIG particles in peri- and 

post-AOF VCD mice. d In small ERβ-EGFP dendrites, the total number of GluN1-SIG 

particles is less in peri- and post-AOF VCD mice compared to oil-injected mice. Following 

AngII infusion, the density of the total number of GluN1-SIG particles decreases in oil-

injected and peri-AOF VCD mice. e In large (>0.1 μm in diameter) ERβ-EGFP dendrites, 

the total number of GluN1-SIG particles in the cytoplasm of ERβ-EGFP dendrites in post-

AOF VCD mice is significantly less compared to oil-injected and peri-AOF VCD mice. f 
Following AngII, the total number of GluN1-SIG particles in ERβ-EGFP dendrites 

significantly decreases in oil-injected mice. * p < 0.05; ** p < 0.01; ***p < 0.001; ap < 0.05 

compared to saline + oil and saline + VCD peri-AOF; bp = 0.001 compared to saline + oil 
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and p < 0.01 compared to saline peri-AOF VCD; cp = 0.01 compared to saline + oil and 

saline peri-AOF VCD.
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Fig. 5. 
The AOF time point is a determinant of the differential effects of AngII infusion on the 

partitioning ratio of GluN1 in plasmalemmal (PL) and cytoplasmic compartments of ERβ-

EGFP-containing dendrites. a Following AngII infusion, peri-AOF VCD mice have a greater 

proportion of GluN1-SIG particles in the plasmalemmal + near-plasmalemmal 

compartments of these dendrites. b Following AngII infusion, post-AOF VCD mice have a 

lower ratio of GluN1-SIG particles in the cytoplasm of ERβ-EGFP dendrites compared to 

their matched control. Oil-injected mice given AngII have a greater ratio of GluN1-SIG 

particles in the cytoplasm of ERβ-EGFP dendrites compared to mice receiving oil and 

saline. *p < 0.05; **p < 0.01; ap < 0.001, post-AOF VCD compared to oil.
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Fig. 6. 
AngII infusion alters the size of ERβ-EGFP dendrites depending on AOF time point. a 
AngII infusion increases the area of ERβ-EGFP dendrites in post-AOF VCD mice. b AngII 

infusion increases the minimum diameter of ERβ-EGFP dendrites in post-AOF VCD mice. 

***p < 0.001, post-AOF VCD compared to oil.
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Fig. 7. 
AngII increases ROS production in isolated ERβ-EGFP-containing PVN neurons in post-

AOF mice. a Representative images of ERβ-EGFP PVN neurons from an AngII-infused 

post-AOF female mouse: bright field (BF), EGFP (green) and ROS-dependent fluorescence 

(red) before (Veh = vehicle) and after the application of NMDA. b At baseline, ROS 

production was significantly greater in AngII-infused VCD mice compared to saline-infused 

VCD mice (ap = 0.039). Application of NMDA (100 μM) significantly elevated ROS 

production in AngII-infused VCD mice compared to the saline-infused AngII mice (**p < 

0.001); n = 4–6 mice/group. O = Oil; S = saline; A = AngII; V = VCD.
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Fig. 8. 
Schematic diagram summarizing AngII-induced effects on the subcellular distribution of 

GluN1 in ERβ-EGFP dendrites in the PVN. Slow-pressor AngII elevates SBP in peri- and 

post-AOF females but not control (oil-injected) females. At the pre-AOF time point, mice 

have regular estrous cycles. At the peri-AOF time point, estrous cycles are irregular, and at 

the post-AOF time point, the mice are acyclic. Baseline: oil recipient (non-AOF) and peri-

AOF VCD females have a greater density of cytoplasmic GluN1-SIG particles in ERβ-

EGFP dendrites (circles) of the PVN than VCD females at the post-AOF time point. Slow-

pressor AngII: in oil recipient (nonhypertensive) females, infusion of AngII does not alter 

the distribution of GluN1-SIG particles in ERβ-EGFP dendrites. In contrast, AngII infusion 
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in peri-AOF VCD mice reap-portions the GluN1-SIG particles from the cytoplasm to the 

plasma membrane and near the plasma membrane of ERβ-EGFP dendrites concomitantly 

with the induction of hypertension. In the post-AOF VCD females, slow-pressor AngII does 

not redistribute GluN1-SIG particles in ERβ-EGFP dendrites but does increase the size of 

ERβ-EGFP dendrites and ROS production in ERβ-EGFP neurons.
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