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and Hypothalamic Plasticity in a Mouse Model of
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Hypertension susceptibility in women increases at the transition to menopause, termed perimenopause, a state characterized by erratic
estrogen fluctuation and extended hormone cycles. Elucidating the role of estrogen signaling in the emergence of hypertension during
perimenopause has been hindered by animal models that are confounded by abrupt estrogen cessation or effects of aging. In the pres-
ent study, accelerated ovarian failure (AOF) in estrogen receptor b (ERb) reporter mice was induced by 4-vinylcyclohexene diepoxide
in young mice to model early-stage ovarian failure (peri-AOF) characteristic of peri-menopause. It was found that administering ERb
agonists suppressed elevated blood pressure in a model of neurogenic hypertension induced by angiotensin II (AngII) in peri-AOF,
but not in age-matched male mice. It was also found that ERb agonist administration in peri-AOF females, but not males, suppressed
the heightened NMDAR signaling and reactive oxygen production in ERb neurons in the hypothalamic paraventricular nucleus
(PVN), a critical neural regulator of blood pressure. It was further shown that deleting ERb in the PVN of gonadally intact females
produced a phenotype marked by a sensitivity to AngII hypertension. These results suggest that ERb signaling in the PVN plays an
important role in blood pressure regulation in female mice and contributes to hypertension susceptibility in females at an early stage
of ovarian failure comparable to human perimenopause.
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Significance Statement

In women, altered gonadal hormone signaling is implicated in the increased hypertension incidence associated with perimenopause.
However, the role of estrogen signaling in perimenopausal hypertension is not well understood. We demonstrate that cyclic estro-
gen receptor b (ERb ) agonist administration reverses hypertension susceptibility in a chemical model of perimenopause. We also
show that the reduced hypertension in this model is associated with a suppression of NMDAR signaling in ERb -expressing hypo-
thalamic paraventricular nucleus neurons in AngII treated-mice. Finally, deleting paraventricular nucleus ERb in intact female
mice produced a phenotype characterized by sensitivity to AngII hypertension. These results provide preclinical evidence supporting
a therapeutic window of opportunity for management of hypertension by ERb agonists as women transition through menopause.

Introduction
Hypertension is a major modifiable risk factor for cerebral, cardi-
ovascular, and other diseases (Sylvester and Brooks, 2019).
Significantly, there is a marked sexual dimorphism in both the
incidence and health impacts of hypertension. For example, hy-
pertensive women show more severe pathophysiological out-
comes compared with hypertensive men (Wenger, 2020).
Additionally, the risk of hypertension in women varies at distinct
life phases (Wenger et al., 2018). In particular, the onset of men-
opause is a critical period that is associated with increasing
hypertension risk that may be uniquely sensitive to therapeutic
intervention by gonadal hormone replacement. Indeed, in recent
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years, medical organizations, such as the Endocrine Society
(Stuenkel et al., 2015) and the North American Menopause
Society (2017), have begun recommending the benefits of hor-
mone replacement therapy to reduce the symptoms of meno-
pause specifically in women under the age of 60 or ,10 years
postmenopause who also have a moderate risk or less of cardio-
vascular disease. Despite the increasing recognition of perimeno-
pause as a therapeutic window of opportunity (Pinkerton and
Stovall, 2010; Hodis and Mack, 2011), the mechanisms subserv-
ing the emerging hypertension risk at this menopausal stage are
unknown.

Changes in ovarian hormones, including irregular cycles and
erratically fluctuating estrogen levels (Harsh et al., 2007; Nejat
and Chervenak, 2010) arising at the perimenopausal stage, have
been associated with an increase in blood pressure and sympa-
thetic tone (Rosano et al., 2007). However, the mechanisms by
which alterations in estrogen contribute to hypertension are not
well understood. Unfortunately, conventional animal models
relying on ovariectomy or aging do not adequately capture the
gradual patterns of ovarian hormone changes seen in human
perimenopause, complicating the experimental study of estrogen
and hypertension in females during ovarian decline. In particu-
lar, ovariectomy resembles surgical menopause and results in the
abrupt depletion of estrogen as well as other ovarian hormones
(Van Kempen et al., 2011; Marques-Lopes et al., 2018).
Moreover, although the natural aging model of menopause
results in acyclicity seen in postmenopause, the estrogen levels
are not completely depleted; and it is difficult to disentangle
aging from hormonal effects (Marques-Lopes et al., 2018). The
model of accelerated ovarian failure (AOF) in rodents using
administration of 4-vinylcyclohexene diepoxide (VCD) uniquely
recapitulates erratic estrogen fluctuations and extended hormone
cycles seen in human menopause and better mimics the perime-
nopause stage, which we term “peri-AOF,” in rodent species
(Van Kempen et al., 2011, 2014; Brooks et al., 2016; Marques-
Lopes et al., 2018). Using this model, we have shown that the sus-
ceptibility to slow-pressor angiotensin II (AngII)-induced hyper-
tension in mice begins at peri-AOF and extends into post-AOF
(Marques-Lopes et al., 2017).

Estrogen signaling in the hypothalamic paraventricular nu-
cleus (PVN), a key neural component of cardiovascular regula-
tory circuitry, has been shown to contribute to blood pressure
regulation (for review, see Van Kempen et al., 2016). Estrogen re-
ceptor b (ERb ) is a predominant estrogen receptor in the PVN
(Van Kempen et al., 2016; Contoreggi et al., 2021). In addition to
its established transcriptional effects, estrogen acting at ERb is
known to modulate fast NMDAR-mediated excitatory signaling
(Sellers et al., 2015). This is significant given the important role
of NMDAR plasticity in the hypothalamus during AngII-
induced hypertension in males (Glass et al., 2015; Reckelhoff et
al., 2019; Woods et al., 2021). Estrogen is also known to modu-
late levels of reactive oxygen species (ROS), which are elevated
during menopause (Zitnõanová et al., 2011) and are also impli-
cated in hypertension-associated increases in NMDAR signaling
in the PVN (Wang et al., 2013). However, little is known about
the role of ERb in NMDAR activation and ROS production in
the PVN in peri-AOF hypertension. Here we examine the effect
of ERb agonist administration on slow-pressor AngII-induced
hypertension in peri-AOF females compared with age-matched
males. We also assess the role of ERb in NMDAR signaling and
blood pressure using high-resolution electron microscopy (EM),
whole-cell patch-clamping, in situ microfluorography, spatial-
temporal gene deletion, and blood pressure measurement.

Materials and Methods
All 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 Institutes of Health’s Guide for the
care and use of laboratory animals.

Animals
Three strains of adult mice were used: (1) WT C57BL/6J mice; (2) bacte-
rial artificial chromosome ERb -EGFP reporter mice (Milner et al.,
2010) originally obtained from Rockefeller University; and (3) floxed
ERb (fERb ) mice (Burns et al., 2012; Binder et al., 2013) (all bred in
house). ERb -EGFP reporter mice were bred on an FVB/N background,
backcrossed with WT C57BL/6 mice for 6 generations, and then crossed
with each other until a homozygotic phenotype was achieved. The GFP
genotype was verified using a real-time PCR genotyping service
(Transnetyx). The fidelity of the ERb -EGFP mice has been previously
established (Milner et al., 2010). In the fERb mice, loxP sites flank exon
3 sequences of the ERb gene that code for the essential first zinc finger
of the DNA-binding domain critical for the function of steroid receptors
(Burns et al., 2012; Binder et al., 2013). After Cre recombinase-mediated
cleavage of loxP sites, cells are incapable of synthesizing normal ERb
(Burns et al., 2012; Binder et al., 2013). Mice were housed in groups of 3
or 4 per cage with a 12 h light/12 h dark cycle and ad libitum access to
food and water.

For most studies, the female and male mice from each strain were lit-
termates; otherwise, the mice were age-matched from the same colony.
Female and male mice were randomly assigned to experimental groups.
To minimize stress, the mice in each cohort were handled by the same
experimenters and at the same time of day throughout the study.

At the termination of experiments, estrous phases were determined
using vaginal smear cytology (Turner and Bagnara, 1971) after the mice
were anesthetized. The estrous cycle was classified into three primary
phases: (1) proestrus (high estrogen levels; 0.5-1 d long), (2) estrus (declin-
ing estrogen levels and increasing progesterone levels; 2-2.5 d long), and
(3) diestrus (low estrogen and progesterone levels; 2-2.5 d long).

AOF model of perimenopause
AOF was induced in female mice using the VCD mouse model (Van
Kempen et al., 2011, 2014). Previous studies have shown that AOF using
VCD in mice successfully recapitulates the gradual time course of hor-
monal changes seen from perimenopause to postmenopause phases in
humans (for review, see Van Kempen et al., 2011; Marques-Lopes et al.,
2018). An advantage of the AOF model is that it can separate hormonal
effects from aging effects (Van Kempen et al., 2011; Brooks et al., 2016;
Marques-Lopes et al., 2018). Low-dose injections of VCD selectively
eliminate the primary follicles of the ovary and do not negatively affect
peripheral tissues, organ weights, and liver and kidney function (Haas et
al., 2007; Sahambi et al., 2008; Wright et al., 2008; Brooks et al., 2016).
VCD does not increase inflammation markers in the brain, including
the PVN (Van Kempen et al., 2014).

To induce AOF, gonadally intact 50- to 55-postnatal-day-old female
mice were injected with VCD (130mg/kg in sesame oil, i.p.; catalog
#S453005, Millipore Sigma) in sesame oil (catalog #8008-74-0, Millipore
Sigma) for 5 sequential days per week for 3weeks (Van Kempen et al.,
2011; Marques-Lopes et al., 2017). A schematic timeline for the VCD
injection procedure is provided in Figure 1A. The time point corre-
sponding to the peri-AOF stage following VCD injections was deter-
mined previously (Lohff et al., 2005; Haas et al., 2007; Van Kempen et
al., 2014). At the peri-AOF phase (58 d after first VCD injection) used in
this study, the mice are ;3.5months old and have irregular and
extended estrous cycles paralleled by elevated plasma follicle stimulating
hormone (Mayer et al., 2004; Lohff et al., 2005; Harsh et al., 2007). At
peri-AOF, ;50% of the mice have a normal cyclicity (Van Kempen et
al., 2014).

Slow-pressor AngII induction
Prior studies have established that a sex-specific susceptibility to hyper-
tension is recapitulated in mice following systemic administration of low
doses of AngII. This “slow pressor” AngII infusion induces an increase
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in sympathetic tone and blood pressure in young male mice, but not
young female mice (Xue et al., 2005; Girouard et al., 2009; Tiwari et al.,
2009; Marques-Lopes et al., 2014, 2015, 2017; Van Kempen et al., 2015).
However, slow pressor AngII induces hypertension in ovariectomized
females (Xue et al., 2013; Hay et al., 2014), aged females (Tiwari et al.,
2009; Marques-Lopes et al., 2014), and peri- and post-AOF female mice
(Marques-Lopes et al., 2017; Ovalles et al., 2019).

A schematic timeline of the implantation and systolic blood pressure
(SBP) readings is provided in Figure 1B. Mice were acclimated to the
room and instrumentation for 1week before baseline SBP readings (see
below) before implantation of mini-pumps. Under isoflurane anesthesia,
osmotic mini-pumps (Alzet, Durect) containing vehicle (saline1 0.1%
BSA, catalog #A7030, Millipore Sigma), which is referred to as saline
(Sal) or AngII (600ng · kg�1 · min�1; catalog #A9525, Millipore Sigma)
dissolved in vehicle were implanted subcutaneously. Mini-pumps were
implanted in females 58d after the first VCD injection (peri-AOF) and
in age-matched males (;3.5months old). SBP was measured before
(baseline), and 5, 7, 9, and 13d after mini-pump implantation in awake
mice by tail-cuff plethysmography (model MC4000; Hatteras
Instruments), as described previously (Coleman et al., 2010). Tail-cuff
plethysmography is a reliable method for comparing SBP between
groups (Capone et al., 2010; Coleman et al., 2010; Wang et al., 2013;
Marques-Lopes et al., 2014, 2015); the limitations of this method to mea-
sure blood pressure have been discussed previously (Marques-Lopes et
al., 2014). As electron microscopic methods require aortic arch perfusion
fixation (Milner et al., 2011), tail-cuff plethysmography is necessary as it
is noninvasive and does not compromise the carotid artery, unlike tele-
metric blood pressure recording in mice (Butz and Davisson, 2001).
Moreover, tail-cuff methodology does not necessitate single-housing,
which can increase stress (N. Liu et al., 2020). Prior studies showing ele-
vations in SBP following slow pressor AngII using tail-cuff plethysmog-
raphy are consistent with those using telemetry (Capone et al., 2011;
Glass et al., 2015). To control for handling effects, mice were killed 1 d
after the final SBP measurements (i.e., 14 d after pump implantation)
(Coleman et al., 2013; Wang et al., 2013; Marques-Lopes et al, 2014,
2015).

ERb agonist selection and cyclic replacement regimen
As three classes of ERb agonists have been identified (Leitman et al.,
2010), one compound from each class was subcutaneously administered

in this investigation. Diarylpropionitrile (DPN) is an ERb “binder/acti-
vator” that binds ERb with high affinity and is a more potent activator
of ERb than ERa. ERB-041 (prinaberel) is a “binder” as it has a. 200-
fold selectivity for ERb than ERa (Harris et al., 2003). Liquiritigenin
(LQG), a major active compound of MF101 (Kupfer et al., 2008), is an
“activator”; although it binds ERb and ERa similarly, it only activates
ERb (Cvoro et al., 2007; Mersereau et al., 2008).

For each respective agonist, we selected the lowest dose previously
shown to produce a physiological response. For DPN (catalog #1494,
Tocris Bioscience), 1mg/kg was used as this dose increases spine lengths,
synaptic proteins, and glutamate receptors in the hippocampus of mice
and rats (Waters et al., 2009; Phan et al., 2011) and reduces anxiety
behaviors in mice (Oyola et al., 2012). For ERB-041 (catalog #4276,
Tocris Bioscience), 1mg/kg was chosen as this dose has a beneficial
effect in rat models of inflammatory bowel disease and arthritis (Harris
et al., 2003). For LQG (catalog #3819, Tocris Bioscience), 10mg/kg was
chosen as this dose attenuates learning and memory deficits in trans-
genic mouse models of Alzheimer’s disease (R. T. Liu et al., 2011).

A schematic timeline of the ERb regimen, coinciding with AngII
induction and SBP readings is provided in Figure 1B. A cyclical agonist
administration regimen was chosen as it replicates the pulsatile nature of
estrogen levels that is more physiologically relevant than daily hormone
exposure (Morrison et al., 2006). Mice were “primed” with a daily dose
of an agonist 2 d before mini-pump implantation and then injected with
agonist every 2-3 d for a total of 10 injections.

Antibodies
ERb . A rabbit antibody to ERb (Z8P; discontinued; Zymed

Laboratories) was used to quantify ERb -labeled nuclei in the PVN of
fERb mice. The specificity of this antibody was previously shown by (1)
dual-labeling with mRNA using ISH, (2) preadsorption control, and (3)
absence of labeling in brain sections from ERb KO mice (Shughrue and
Merchenthaler, 2001).

GFP. To label the gene product of EGFP-expressing transgenic mice,
a chicken polyclonal anti-GFP antibody (GFP-1020; RRID:AB_
10000240; Aves Lab) was used. This antibody was generated against
recombinant GFP, and specificity has been demonstrated by positive
labeling via immunohistochemistry and Western blot in transgenic mice
expressing EGFP (see data sheet for EGFP-1020; www.aveslab.com).
Additionally, the absence of labeling has been shown in brain sections
from mice not expressing EGFP (Volkmann et al., 2010; Milner et al.,
2011).

GluN1. To identify GluN1 (the NMDAR 1 protein encoded by the
Grin1 gene), a monoclonal mouse anti-GluN1 antibody (clone 54.1;
RRID:AB_86917; BD Biosciences) was used. Specificity of the GluN1
antibody was demonstrated via immunoprecipitation and affirmative
labeling in immunohistochemistry (Brose et al., 1994; Siegel et al., 1994).
Reduced labeling has been shown following rAAV-Cre administration
into the brain of floxed GluN1 mice (Beckerman and Glass, 2012).
Further specificity was shown via Western blot analysis of rat synaptic
membranes and monkey hippocampal homogenates, resulting in one
major band at 116 kDa. Additionally, HEK 293 cells transfected with
cDNA encoding GluN1 displayed similar band results, whereas non-
transfected cells resulted in no bands (Siegel et al., 1994).

Dual-labeling EM
Section preparation. Using previously described methods (Milner et

al., 2011), four groups of ERb reporter mice were prepared for EM: (1)
AngII/Vehicle (Veh) VCD females; (2) AngII/DPN VCD females; (3)
AngII/Veh males; and (4) AngII/DPN males. Mice were deeply anesthe-
tized with sodium pentobarbital (150mg/kg, i.p.) and their brains fixed
by aortic arch perfusion with 3.75% acrolein (Polysciences) and 2% PFA
(Electron Microscopy Sciences) in 0.1 M PB, pH 7.4, as described previ-
ously (Milner et al., 2011). After the perfusion, brains were removed and
postfixed for 30min in 2% acrolein and 2% PFA in PB at room tempera-
ture. Brains were then cut into 5 mm coronal blocks using a brain mold
(Activational Systems) and coronal sections (40mm thick) through the
PVN were cut on a Vibratome (VT1000X; Leica Microsystems) and then
stored at –20°C in cryoprotectant (30% sucrose, 30% ethylene glycol in

Figure 1. Schematic timelines of AOF induction in female mice and slow-pressor AngII
infusion with coinciding cyclic ERb replacement regimen. A, Female mice were injected
with VCD (130mg/kg, i.p.) for 3 weeks, 5 d per week, starting between postnatal day
(PND50–55). Mice are considered peri-AOF starting 58 d after VCD injection (black box,
;PND 108 or ;3.5 months old). B, Female mice at the peri-AOF time point and aged-
matched males were implanted with osmotic mini-pumps containing AngII (600 ng/kg–1/
min–1) or Sal (saline1 0.1% BSA) for 14 d. SBP was measured with tail-cuff plethysmogra-
phy before (baseline) and 5, 7, 9, and 13 d after mini-pump implantation. The ERb agonist
(Ag) replacement (DPN 1 mg/kg, ERB041 1 mg/kg, or LQG 10mg/kg) regimen was initiated
2 d before the mini-pump insertions and continued every 2-3 d until the mice were killed.

5192 • J. Neurosci., June 16, 2021 • 41(24):5190–5205 Milner et al. · ERb Agonists and Perimenopausal Hypertension

https://scicrunch.org/resolver/AB_10000240
https://scicrunch.org/resolver/AB_10000240
http://www.aveslab.com
https://scicrunch.org/resolver/AB_86917


PB) until immunocytochemical processing. To ensure identical labeling
conditions between experimental groups (Pierce et al., 1999), two sec-
tions per animal encompassing the region of the PVN (0.70-0.94 mm
bregma) (Hof et al., 2000) were marked with identifying punches, pooled
into single containers, and then processed together through all immuno-
cytochemical procedures.

Immunocytochemical procedures and tissue processing for EM. Free-
floating PVN sections were dually labeled for GFP (to identify ERb -
EGFP) and GluN1 using previously described methods (Milner et al.,
2011). Sections were rinsed in PB to remove cryoprotectant followed by
incubation in 1% sodium borohydride in PB for 30min to remove exces-
sive aldehydes. Sections were washed 8-10 times in PB until no gaseous
bubbles were visible and then were rinsed in 0.1 M Tris-buffered saline
(TBS; pH 7.6). Next, sections were incubated sequentially as follows: (1)
0.5% BSA in TBS, 30min; (2) a primary antisera cocktail of chicken anti-
GFP (1:3000) and mouse anti-GluN1 (1:50) in 0.1% BSA for 1 d at room
temperature (;23°C), followed by 2 d in cold (;4°C); (3) 1:400 dilution
of donkey anti-chicken biotinylated IgG (catalog #703-065-155; Jackson
ImmunoResearch Laboratories), 30min; (4) avidin-biotin complex
(Vectastain Elite Kit, Vector Laboratories) at half the manufacturer’s rec-
ommended dilution in TBS, 30min; and (5) DAB (Millipore Sigma) and
H2O2 in TBS for 3min. All incubations were separated by washes of
TBS.

For immunogold labeling of GluN1, forebrain tissue was incubated
in a 1:50 dilution of goat anti-mouse IgG conjugated to 1 nm gold par-
ticles (catalog #25120 Electron Microscopy Sciences) in 0.01% gelatin
and 0.08% BSA in 0.01 M PBS for 24 h at 4°C. Sections then were rinsed
in PBS and postfixed in 2% glutaraldehyde in PBS for 10min. After rins-
ing in PBS, sections were placed in 0.2 M sodium citrate buffer, pH 7.4.
Bound gold particles were enhanced with silver solution (SEKL15 Silver
enhancement kit, product #15718 Ted Pella) for;7 min.

Dual-labeled sections were postfixed for 1 h in 2% osmium tetroxide
in PB, dehydrated through a series of alcohols and propylene oxide, and
embedded in EMBed 812 (Electron Microscopy Sciences) between two
sheets of Aclar plastic (Milner et al., 2011). Ultrathin sections (;70nm
thick) through the PVN were cut with a diamond knife (Electron
Microscopy Sciences) on a Leica UCT ultratome. Sections were collected
on 400-mesh thin-bar copper grids (T400-Cu, Electron Microscopy
Sciences) and counterstained with Uranyless (catalog #22409, Electron
Microscopy Sciences) and lead citrate (catalog #22410, Electron
Microscopy Sciences).

Data collection and image analysis. Ultrathin forebrain sections con-
taining the PVN were analyzed on a Tecnai Biotwin transmission elec-
tron microscope (FEI, Hillsboro), and images were acquired with a
digital camera system (version 3.2, Advanced Microscopy Techniques).
Images were captured at a magnification of 13,500� and profiles identi-
fied based on standard morphologic criteria (Peters et al., 1991).
Dendrites were usually between 0.5 and 2.0mm in cross-sectional diame-
ter and were postsynaptic to axon terminals which contained numerous
small synaptic vesicles. Immunoperoxidase precipitate within GFP-la-
beled dendrites was diffuse and granular, whereas SIG labeling for
GluN1 appeared as black electron-dense particles (Milner et al., 2011).
Micrographs were collected and analyzed by investigators who were
blind to experimental conditions until after the final data analysis and
statistics were performed.

A total of 50 randomly selected micrographs of dually labeled dendri-
tic profiles for each mouse were taken to ensure unbiased sampling of
different dendritic regions. The location of the micrographs collected
were noted on a low-magnification photograph of the block surface so
that samples were not double counted. Usually, one ultrathin-section per
block yielded the required number of dendrites but sometimes dendritic
images from a nonoverlapping region of a second section were collected.
Three mice per experimental group were analyzed yielding 150 dendrites
per group for the statistical analysis.

Microcomputer Imaging Device software (MCID Imaging Research;
RRID:SCR_014278) was used to determine perimeter (i.e., plasma mem-
brane), cross-sectional area, average diameter, and major and minor axis
lengths for all dendrites. Average diameter measures were used to nor-
malize SIG counts per unit measure of dendrites (see below) and to

classify dendrites as large (diameter. 1.0mm; i.e., proximal) or small
(diameter between 0.4 and 1.0mm; i.e., distal). The location of GluN1-
SIG particles (on plasmalemma, near plasmalemma or within the cyto-
plasm) for each dendritic profile also was noted. Next, the density of
GluN1-SIG particles in dendrites was calculated for the following: (1)
the number of plasma membrane GluN1-SIG particles on the dendrite
perimeter (On PM/mm); (2) the number of near plasma membrane
(,70nm) GluN1-SIG particles per perimeter (Near/mm); (3) the num-
ber of cytoplasmic GluN1-SIG particles per cross-sectional area (Cyto/
mm2); and (4) the total number of GluN1-SIG particles (sum of on PM,
near PM and cytoplasmic) in a dendritic profile/unit area (Total/mm2).

The location of GluN1-SIG particles within dendrites has functional
significance. In response to agonist stimulation, the ratio of plasma-
lemma-to-cytoplasmic SIG labeled receptors shows the expected
decrease (Haberstock-Debic et al., 2003); thus, the presence of plasma
membrane receptors identified by SIGs corresponds to sites of receptor
binding (Boudin et al., 1998). Near plasma membrane receptors com-
prise a pool from which receptors can be added or removed from the
plasma membrane. SIGs in the cytoplasm represent receptors that are
being recycled, stored, and/or transported between the soma or another
cellular compartment, or degraded (Pierce et al., 2009; Fernandez-
Monreal et al., 2012).

Whole-cell NMDA-induced currents
NMDA-mediated currents were measured in PVN neurons from brain
slices, similar to previous studies (Girouard et al., 2009; Coleman et al.,
2013; Woods et al., 2021). Coronal slices containing the PVN (200mm
thick, cut on Vibratome) were first immersed in lactic aCSF (l-aCSF; pH
7.4) with 95% O2 and 5% CO2 at 32°C for 1 h and then gassed with l-
aCSF in a glass-bottom chamber (2 ml/min) continuously. The l-aCSF
was composed of (in mmol/L): 124 NaCl, 26 NaHCO3, 5 KCl, 1
NaH2PO4, 2 MgSO4, 2 CaCl2, 10 glucose, 4.5 lactic acid, 95% O2 and 5%
CO2. The PVN was identified using the fornix, third ventricle, and optic
chiasm as a guide (Hof et al., 2000). In slices from ERb -reporter mice,
EGFP-labeled neurons were identified using an E600 epifluorescence
microscope (Nikon) with an FITC filter and differential interference
contrast optics as described previously (Girouard et al., 2009; Coleman
et al., 2013). Cells were patch-clamped using an Axopatch 200B amplifier
(Molecular Devices). As NMDAR channels are largely blocked by mag-
nesium (Mg21) ions at resting membrane potentials (Mayer et al., 1984),
slices were superfused with Mg21-free l-aCSF (in mmol/L 121 NaCl, 5
KCl, 1.8 CaCl2, 0.01 glycine, 1 Na-pyruvate, 20 glucose, 26 NaHCO3, 1
NaH2PO4, 4.5 lactic acid, 95% O2 and 5% CO2, pH 7.4) to elicit maximal
NMDAR-mediated spontaneous firing and inward ionic currents before
recordings. Voltage-gated sodium channels and non-NMDAR channels
were blocked with 1mmol/L of TTX (Millipore Sigma) and 5mmol/L of
CNQX (AMPA/kainate receptor antagonist; Millipore Sigma). A GigaV
seal was formed using a patch-pipette tip with a resistance of 5-8 MV
and filled with the K-gluconate pipette solution (in mmol/L: 130 K-glu-
conate; 10 NaCl, 1.6 MgCl2, 1 EGTA, 10 HEPES, 2Mg-ATP, pH 7.3).
The patch membrane was broken, and cell membrane capacitance and
series resistance were read using Membrane Test of Window pClamp
8.2 (Axon Instruments). To induce NMDA-mediated currents, the cells
were superfused with vehicle-containing buffers until a stable baseline
current at the holding potential of –60 mV was reached and then fol-
lowed by perfusion of NMDA (30mmol/L; catalog #M3262, Millipore
Sigma) containing Mg21-free extracellular solution toward the patched
neurons for 30 s (Suh et al., 2010; Coleman et al., 2013). Signals were
low-pass filtered at 2 kHz and acquired at a sampling rate of 5-10 kHz.
Vehicle, the ERb agonist DPN (Tocris Bioscience) at 10 mM (Wang et
al., 2006), or the ERb antagonist 4-[2-phenyl-5,7-bis(trifluoromethyl)
pyrazolo[1,5-a]pyrimidin-3-yl]phenol (PHTPP; catalog #SML 1355
Tocris Bioscience) at 1 mM was applied extracellularly (Compton et al.,
2004).

In situmicrofluorography
Production of ROS in PVN neurons was detected using dihydroethi-
dium (DHE; Invitrogen), a membrane-permeable indicator that fluores-
ces bright red when oxidized to ethidium by superoxide (Zhao et al.,
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2003, 2005). ROS-activated ethidium intercalates with DNA providing
the ability to identify the cellular source of oxidative stress (Wang et al.,
2013). PVN cells from WT and ERb -EGFP reporter mice were dissoci-
ated as previously described (Girouard et al., 2009; Coleman et al., 2013)
and incubated in DHE (2 mM) containing oxygenated l-aCSF for 30min.
Time-resolved fluorescence was measured at 1min intervals with an ex-
posure time of 150ms for 40 min using an ethidium bromide filter
(610nm emit; 270-285 absorption), a CCD digital camera on a Nikon
Diaphot 300 inverted microscope (Princeton Instruments), and IPlab
software (RRID:SCR_002775, Scanalytics). As NMDA is known to
induce nitric oxide-dependent free radical production in the brain
(Girouard et al., 2009), ROS signal was induced by NMDA (100 mM)
bath immersion for 10min. Measured baseline background intensity
was subtracted from the detected ethidium signal in the NMDA-treated
cells. A calculated percent change as “fluorescence after NMDA/baseline
fluorescence” within each neuron was used to determine relative ROS
production (Gingerich and Krukoff, 2006; Girouard et al., 2009;
Marques-Lopes et al., 2015).

NMDA (100 mM) induced ROS production following ERb blockade
also was measured. An additional study on AngII administered to young
female mice was performed using gp91-ds peptide (1 mM, catalog #AS-
63818; Anaspec), the main subunit of NOX2 and one of the 4 units
required to synthesize ROS (Bedard and Krause, 2007), and its
scrambled peptide (1 mM, catalog #AS-63855; Anaspec) to confirm that
the source of the measured superoxide production was from NOX2.

Spatiotemporal deletion of ERb
Targeted deletion of the ERb gene in the PVN was achieved using ste-
reotaxic procedures for intracranial viral vector microinjection as previ-
ously described (Glass et al., 2008, 2015). A specially engineered
nonpathogenic recombinant neurotropic serotype 2 adreno-associated
virus (rAAV; ;4.7 kb) that expresses a fusion protein of Cre and a re-
porter, GFP (rAAV-Cre) was used (South et al., 2003; Woods et al.,
2021). The vector includes a CMV promoter/enhancer, a multiple clon-
ing site for insertion of the GFP-Cre coding sequences, and poly A
sequences (South et al., 2003). The control vector (rAAV-GFP) does not
express Cre.

Under isoflurane anesthesia (4% induction and 2% maintenance),
fERb female and male mice were stereotaxically microinjected with ei-
ther rAAV-Cre or rAAV-GFP (100–150 nl; 1� 1012 viral particles/ml)
into the PVN (0.8 mm posterior, 0.2 mm lateral, and 4.8 mm ventral to
bregma) (Paxinos and Franklin, 2001). SBP measurements were initiated
21d after the vector injection. Thirty days after vector injection, mice
were implanted with osmotic mini-pumps filled with AngII as described
above.

Light microscopic verification of GFP expression and ERb -deletion
following PVN vector microinjection
Following PVN vector microinjection and blood pressure recording,
brains were collected for verification of injection sites (Glass et al., 2015;
Woods et al., 2021) and quantification of ERb -expression in PVN.

Section preparation. Mice were anesthetized with sodium pentobar-
bital (150mg/kg, i.p.) and perfused through the aorta with ;5 ml 2%
heparin in saline followed by 30 ml 4% PFA in 0.1 M PB. Coronal sec-
tions (40mm thick) through the PVN were cut on a Vibratome
(VT1000X) and then stored at –20°C in cryoprotectant (Milner et al.,
2011) until immunocytochemical processing.

Verification of microinjection sites. PVN sections from rAAV-Cre
and rAAV-GFP-injected mice were mounted on 1% gelatin-coated slides
and coverslipped with DPX (catalog #06522; Millipore Sigma).

Labeling of ERb cells. Sections were marked with identifying
punches, pooled into single containers, and then processed together
through all immunocytochemical procedures. Free-floating sections
were processed for ABC labeling of the rabbit anti-ERb (1:1000
dilution; Zymed) as described in the EM experiments above, except
that a goat anti-rabbit biotinylated IgG (catalog #111-065-144,
Jackson ImmunoResearch Laboratories) was used. Slides were dehy-
drated and coverslipped with DPX.

Nissl staining. PVN sections were mounted on slides and stained
with thionin and coverslipped with DPX.

Analysis. Sections were viewed and photographed with a Nikon
Eclipse 80i microscope and photographed using a Micropublisher 5.0
digital camera (Q-imaging) and IP Lab software (Scanalytics IPLab,
RRID:SCR_002775). In mice receiving a unilateral injection, ERb -la-
beled neurons were counted in one mediocaudal PVN section from both
the ipsilateral and contralateral sides of the injection. The ratio of ERb -
labeled nuclei in the ipsilateral side compared with the contralateral side
of the PVN was determined. Nissl-stained cells were counted in one
mediocaudal PVN section from both the ipsilateral and contralateral
sides of the injection. The ratio of Nissl cells in the ipsilateral side com-
pared with the contralateral side of the PVN was determined. In mice
receiving bilateral injections, ERb -containing neurons were counted on
both sides on the PVN in one mediocaudal section from rAAV-Cre and
control mice.

Figure preparation
Images were adjusted for brightness, contrast, sharpness, and colorblind
friendly palette in Adobe Photoshop 2020 (RRID:SCR_014199). Images
then were imported into Microsoft PowerPoint (version 16.16.18,
200112) where final adjustments to sharpness, brightness, and contrast
were made. These adjustments did not alter the original content of the
raw image and were made to achieve a uniform appearance between
micrographs. Graphs were generated in Prism 8 (GraphPad Prism;
RRID:SCR_002798).

Experimental design and statistical analysis
Measurement of SBP in AngII-infused mice with ERb agonist

replacement. Four groups of mice were prepared: (1) Sal infused VCD
females; (2) AngII-infused VCD females; (3) Sal-infused males; and (4)
AngII infused males (N=15-30/group). Each group received injections
of Veh (sesame oil), DPN, ERB-041, or LQG every 2-3 d throughout the
14 d period of the infusion. Measurement of SBP in each group was
compared by repeated-measures ANOVA followed by Tukey post hoc
tests for multiple comparisons between groups. In this and all other
experiments, data are expressed as mean 6 SEM. All statistical analyses
were conducted on JMP 12 Pro software (JMP, RRID:SCR_014242), and
significance was set to an a of, 0.05. The majority of female mice were
in estrus or diestrus on the day of death. However, since no estrous
cycle-dependent differences were seen in the data, female mice from dif-
ferent estrous stages were pooled in each experiment.

EM analysis of GluN1 distribution in dendrites of ERb -expressing
neurons. Four groups of ERb reporter mice were prepared for KO: (1)
AngII/Veh VCD females; (2) AngII/DPN VCD females; (3) AngII/Veh
males; and (4) AngII/DPN males (N=3/group). Relative changes in the
subcellular distribution of GluN1 in all ERb -containing dendrites as
well as ERb -containing dendrites of different sizes (i.e., small vs large)
in the experimental groups was determined by specifically designed
quantitative dual-labeling EM methods (Milner et al., 2011). For this
analysis, the distribution of GluN1 SIG particles in 50 randomly selected
dendrites per mouse, rather than in the number of dendrites per mouse,
is determined. The number of SIG particles then was calculated per mm
of membrane (on and near plasma membrane) or per mm2 (cytoplasmic
and total) for each dendrite. Inferred in this analysis are corrections for
errors related to spatial location, since dendritic profiles within each sec-
tion are collected from a single plane, as well as differences in dendritic
area. Two-way ANOVA followed by a Tukey post hoc analysis was used
to compare GluN1 SIG particle density in ERb -containing dendrites
between groups.

NMDA currents in PVN neurons. NMDA currents were compared
between Veh (N=3 mice; n=6 slices) and DPN (N=3 mice; n=4 slices)
in slices from VCD-injected females. A Welch-corrected Student’s t test
was used for comparison between groups.

ROS production in PVN neurons. First, ROS production following
NMDA (3, 10, 30, 100, and 300 mM) was analyzed in PVN ERb neurons
from VCD female mice infused with Sal (N=6; n= 60 cells) or AngII
(N= 6; n= 124 cells) and coadministered either Veh (N=3/group; n=63
cells) or DPN (N=3/group; n=185 cells). One-way repeated-measures
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ANOVA followed by a post hoc multiple Bonferroni comparison test
was used to analyze the data. Second, ROS production following NMDA
(3, 10, 30, 100, and 300 mM) was measured in ERb -containing PVN cells
from VCD female reporter mice infused with AngII and coadministered
either Veh or DPN (Ang/Veh; N= 3; n=38 cells; Ang/DPN; N=3;
n= 35 cells). One-way repeated-measures ANOVA followed by a post
hocmultiple Bonferroni comparison test was used to analyze the data.

NMDA currents in PVN neurons after ERb blockade. NMDA cur-
rents were measured from ERb PVN neurons in PVN slices from nor-
mal female ERb -GFP reporter mice in the absence (N=3; n=39) and
presence (N=5; n= 44 cells) of PHTPP, a full ERb antagonist with a 36-
fold selectivity for ERb over ERa (Compton et al., 2004). A Student’s t
test was used to compare groups.

ROS production in PVN neurons following ERb blockade. ROS pro-
duction following NMDA (3, 10, 30, 100, and 300 mM) was measured
from isolated ERb -EGFP PVN neurons from normal female ERb -GFP
reporter mice in the absence (N=3; n=39) and presence (N= 5; n= 44
cells) of PHTPP. ROS production following NMDA also was measured
in isolated ERb -EGFP PVN neurons from male ERb -GFP reporter
mice in the absence (N=3; n=44) and presence (N= 3; n=49 cells) of
PHTPP. Repeated-measures ANOVA followed by a post hoc multiple
Bonferroni comparison test was used to analyze the data.

NMDA (100 mM)-induced ROS production was measured from
AngII-administered female young mice following PHTPP (N= 3 per
group; n= 14 cells) and using gp91-ds peptide and its scrambled peptide
(N= 2 per group, n=14 cells). One-way repeated-measures ANOVA
was performed followed by post hoc Tukey.

SBP following PVN ERb deletion. First, SBP was measured in fERb
mice that had received unilateral injections of either rAAV-Cre (female
N=4; male N= 5) or rAAV-GFP (female N=3; male N=3) A Two-way
ANOVA following post hoc Tukey was used to compare SBP between
males and females before and after vector injections. Second, SBP was
measured in fERb mice that had received unilateral injections of either
rAAV-Cre (female N=6; male N=5) or rAAV-GFP (female N= 5; male
N=3) and implanted with osmotic mini-pumps containing AngII.
Third, SBP was measured in fERb mice that received a bilateral injec-
tion of rAAV-Cre (female N=4; male N= 3) or rAAV-GFP (female
N=5; male N= 3) and implanted with osmotic mini-pumps containing
AngII. A Two-way repeated-measures ANOVA followed by post hoc
Bonferroni was used to compare the SBP over three time points in ani-
mals implanted with osmotic mini-pumps.

The number of ERb -labeled nuclei was counted in fERb mice that
had received unilateral injections of either rAAV-Cre or rAAV-GFP.
Two-way ANOVA followed by a Tukey post hoc analysis was used to
compare the ratio of ERb -labeled nuclei on the ipsilateral versus contra-
lateral PVN between groups. Nissl cell density ratios between rAAV-Cre
and rAAV GFP were also analyzed in unilaterally injected mice using
two-way ANOVA to confirm no vector effects on non-ERb -labeled
densities. Separate groups of female and male mice that received bilateral
microinjections of vectors were analyzed using a Student’s t test to com-
pare vector effects on the total ERb -labeled nuclei.

Results
Cyclic administration of ERb agonists attenuates AngII
hypertension in peri-AOF mice
To investigate the effect of ERb agonist administration on AngII
hypertension in peri-AOF mice, female WT and ERb reporter
mice were injected with VCD (Fig. 1A) to induce AOF. Before
hypertensive treatment, SBP was recorded in peri-AOF females
and then mice were implanted with osmotic mini-pumps con-
taining BSA in saline alone (Sal) or with AngII. Blood pressure
was then measured at 7 and 13d after pump implantation. Mice
were also coadministered vehicle (Veh) or an ERb agonist every
2-3 d (Fig. 1B). Aged-matched male WT mice were similarly
tested for blood pressure, implanted with mini-pumps, and
injected with ERb agonists.

When infused with Sal and injected with Veh (Sal/Veh), SBP
did not increase from days 0 to 13 in VCD females and males
(Fig. 2A). However, repeated-measures ANOVA showed SBP
was significantly elevated following AngII infusion and Veh
injection (Ang/Veh) in VCD females (F(1.72,11.98) = 52.10;
p, 0.0001) and males (F(1.32,5.29) = 12.09; p=0.012), consistent
with earlier studies (Van Kempen et al., 2015; Marques-Lopes et
al., 2017). VCD-treated Ang/Veh females showed a significant
increase in SBP at 7 d (p= 0.0055) and 13 d (p=0.0001) com-
pared with 0 d, as well as 13 d compared with 7 d (p=0.0006). In

Figure 2. SBP in VCD injected female mice and age-matched male mice infused with
slow-pressor AngII and coadministered vehicle or one of three ERb agonists. A, VCD female
and age-matched male mice given AngII and coadministered vehicle (saline) show an
increase in SBP (purple bars and black bars, respectively). B–D, After coadministration of
DPN, EB-041, or LQG, VCD female mice do not show increased SBP (purple bars). In contrast,
males remained hypertensive. Vehicle: F Sal (N= 6), F Ang (N= 8), M Sal (N= 6), M Ang
(N= 8). DPN: F Sal (N= 6), F Ang (N= 9), M Sal (N= 5), M Ang (N= 6). ERB041: F Sal
(N= 5), F Ang (N= 6), M Sal (N= 5), M Ang (N= 6). LQG: F Sal (N= 5), F Ang (N= 7), M
Sal (N= 6), M Ang (N= 7). *p, 0.05; **p, 0.01; ***p, 0.001; repeated-measures
ANOVA. Data are mean6 SEM.
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contrast, SBP did not increase in the Ang-VCD females that
received DPN, ERB-041, or LQG (p . 0.05; Fig. 2B–D). Cyclic
administration of DPN, ERB-041, or LQG to Sal VCD females in
the absence of AngII did not affect SBP at any time point (Fig.
2B–D). Thus, cyclic administration of all three classes of ERb
agonists attenuated AngII-induced hypertension in peri-AOF
females.

Similar to Sal-VCD females, DPN, ERB-041, and LQG did
not affect SBP at any time point in Sal-treated males (Fig. 2B–D).
However, contrary to the AngII-infused VCD female mice coad-
ministered ERb agonists, repeated-measures ANOVA showed
SBP was still significantly elevated in AngII-infused male mice
coadministered with the following: DPN (F(1.44,5.76) = 13.73; p =
0.008; Fig. 2B); ERB-041 (F(1.7,8.3) = 12.9; p = 0.0035; Fig. 2C);
and LQG (F(1.96,11.78) = 13.34; p = 0.0010; Fig. 2D). Ang/DPN
males showed a significant increase in SBP at 13 and 7 d com-
pared with 0 d (p=0.0346 and p= 0.0358, respectively). In addi-
tion, Ang/ERB-041 males showed a significant increase in SBP at
13 d compared with 7 and 0 d (p=0.04 and p= 0.004, respec-
tively). Further, Ang/LQG males showed a significant increase in
SBP at 13 and 7 d compared with 0 d (p= 0.0038 and p=0.0427,
respectively). In sum, ERb agonists reduced SBP in peri-AOF
females following AngII, whereas ERb agonists were ineffective
in AngII-infused males.

The antihypertensive effect of DPN in peri-AOF mice is
paralleled by a decrease in plasmalemmal-affiliated GluN1 in
ERb PVN dendrites
Sympathetic nervous system activity is strongly implicated in
essential hypertension in females (Baker et al., 2016). The PVN is
a key site of sympathoexcitatory neurons (Ferguson et al., 2001)
and a major locus of ERb neurons in the brain (Milner et al.,
2010). The importance of estrogen signaling in the PVN in
hypertension in female mice (Marques-Lopes et al., 2017) along
with ERb ’s critical role in NMDAR plasticity (Sellers et al.,
2015), suggests that ERb may modulate NMDAR signaling in
ERb PVN neurons during hypertension in peri-AOF mice.
Given that there is an increase in plasma membrane NMDAR
localization, a marker of glutamate plasticity, in ERb -containing
PVN neurons in peri-AOF mice (Marques-Lopes et al., 2017),
we investigated the possibility that ERb stimulation would in-
hibit surface NMDAR accumulation in these neurons in peri-
AOF mice infused with AngII. Thus, dual-label immuno-EM
was used to examine the subcellular distribution of the essential
NMDAR subunit GluN1 (labeled by SIG) in GFP (labeled by
peroxidase) expressing dendrites in the PVN of ERb -GFP re-
porter mice infused with AngII and cotreated with DPN (N= 3
mice/condition; n= 50 dendrites/mouse). Medio-caudal levels of
the PVN, which contain numerous ERb -labeled neurons known
to project to the spinal cord (Marques-Lopes et al., 2014;
Contoreggi et al., 2021), were selected for analysis (Fig. 3A).
GluN1/ERb -GFP-containing dendrites from Ang/Veh and
Ang/DPN peri-AOF and male mice were characterized by their
contact with axon terminals forming either symmetric (inhibi-
tory-type) or asymmetric (excitatory-type) synapses (Peters et al.,
1991) as well as their aspiny morphology (Fig. 3B–E).

A two-way ANOVA of the subcellular distribution of GluN1-
SIG in dendritic profiles showed a significant main effect of
sex (F(3,597) = 10.01; p= 0.0016) and a trending interaction effect
of treatment by sex (F(3,597) = 3.73; p= 0.053) with respect to
particle labeling on the plasmalemma of ERb -GFP dendrites
when examined without consideration of size. Post hoc analysis
revealed that Ang/DPN VCD females compared with Ang/DPN

males had significantly fewer plasmalemma GluN1-SIG particles
(p=0.002) in GFP dendrites (Fig. 3F). Additionally, two-way
ANOVA showed a main effect of treatment (F(3,597) = 7.43;
p= 0.007) as well as an interaction effect between treatment and
sex (F(3,597) = 4.69; p=0.03) with respect to GluN1-SIG densities
near the plasmalemma of these dendrites. Ang/DPN VCD
females had significantly fewer GluN1-SIG particles near
the plasmalemma compared with Ang/Veh VCD females
(p=0.0032; Fig. 3G). Furthermore, two-way ANOVA analysis of
GluN1-SIG labeling in the cytoplasm of GFP dendrites showed
significant main effects of sex (F(3,597) = 23.5; p, 0.0001), treat-
ment (F(3,597) = 4.48; p=0.035), and an interaction effect between
sex and treatment (F(3,597) = 13.1; p=0.0003). Ang/Veh VCD
females had significantly greater cytoplasmic GluN1-SIG density
compared with both Ang/Veh males (p, 0.0001) and Ang/DPN
VCD females (p=0.0003; Fig. 3H). In addition, two-way
ANOVA comparison of total GluN1-SIG density showed a sig-
nificant main effect of treatment (F(3,597) = 5.51; p=0.02) and an
interaction effect between sex and treatment (F(3,597) = 14.5;
p= 0.0002) on GluN1-SIG in GFP dendrites. Ang/Veh VCD
females had significantly more total GluN1-SIG compared with
Ang/Veh males (p= 0.0005) and Ang/DPN VCD females
(p, 0.0001; Fig. 3I).

Larger proximal dendrites are strategically located as an inter-
face between distal dendrites and the cell body and are impli-
cated in intraneuronal integration of inputs from diverse areas of
the dendritic tree (Sjöström et al., 2008). Smaller distal dendrites
receive a dense innervation of excitatory inputs, contain high
levels of excitatory neurotransmitter receptors, and are critical
for coordinating excitatory neural transmission (London and
Häusser, 2005). Given the functional specialization of these two
dendritic compartments, we assessed GluN1 localization in dual-
labeled dendrites divided into large (.1mm) and small (,1mm)
size categories, which corresponds to dendritic distances that are
proximal or distal to the cell body, respectively (Peters et al.,
1991). In large ERb -GFP dendrites, two-way ANOVA showed a
significant main effect of treatment (F(3,149) = 4.595; p=0.034) on
the density of GluN1-SIG particles in the cytoplasm. Post hoc anal-
ysis revealed Ang/VCD females coadministered DPN had signifi-
cantly fewer GluN1-SIG particles (p=0.05) in the cytoplasm
compared with the Veh coadministered females (not shown).

Small ERb -GFP dendrites showed the same distribution of
GluN1-SIG to that of size-undifferentiated ERb -GFP dendrites.
A two-way ANOVA in small ERb -GFP dendrites showed signif-
icant main effects of sex (F(3,444) = 5.5; p=0.02), treatment
(F(3,444) = 3.99; p=0.05), and a trending interaction effect of
treatment by sex (F(3,444) = 3.58; p= 0.059) on plasmalemma
GluN1 localization. Post hoc Tukey testing confirmed that Ang/
DPN VCD females had a significantly lower GluN1-SIG density
on the plasmalemma compared with Ang/DPN males (p = 0.02).
Post hoc analysis also revealed that Ang/DPN males had signifi-
cantly higher GluN1-SIG densities on the plasmalemma of small
ERb -GFP dendrites compared with Ang/Veh males (p=0.03)
and Ang/Veh VCD females (p= 0.01; Fig. 3J). In addition, two-
way ANOVA showed main effects of DPN treatment (F(3,444) =
7.43; p= 0.007) and an interaction effect of treatment by sex
(F(3,444) = 5.46; p=0.02) on the density of GluN1-SIG near the
plasmalemma. There were also significant main effects of sex in
both cytoplasmic GluN1 localization (F(3,444) = 22.21; p, 0.0001)
and total GluN1 labeling (F(3,444) = 4.46; p= 0.04) as well as a sex
by DPN treatment interaction effect with respect to cytoplasmic
(F(3,444) = 10; p=0.001) and total (F(3,444) = 13.03; p = 0.0003)
GluN1 labeling in small ERb -GFP dendrites. Ang/Veh VCD
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Figure 3. GluN1-SIG densities in ERb -expressing dendritic profiles of PVN neurons from AngII-infused mice. A, Schematic (modified from Hof et al., 2000) and representative light micro-
scopic photograph of ERb -GFP-labeled neurons in medial region of PVN. 3v, Third ventricle. B–E, Representative electron micrographs showing the subcellular localization of GluN1-SIG in
ERb -containing dendrites of AngII-infused VCD-injected female and age-matched male mice coadministered vehicle (saline) or DPN, F, VCD-injected female and male mice have similar GluN1-
SIG densities on the plasma membrane. However, following DPN administration, the GluN1 density in males increases compared with females but not the Veh-administered males. G–I,
Administration of DPN to AngII-infused females is associated with significant decreases in near plasmalemmal, cytoplasmic, and total GluN1-SIG particle density in ERb -containing dendrites. J,
In contrast to Ang/DPN VCD females, Ang/DPN males showed a significant increase of GluN1-SIG density on the plasmalemma of small ERb -GFP dendrites. K–M, Ang/Veh VCD females com-
pared with Ang/Veh males had a significantly greater density of GluN1-SIG particles in the cytoplasm and in total in small ERb -GFP dendrites. Following DPN administration, Ang VCD females
showed a significant decrease in GluN1-SIG densities near plasmalemma, cytoplasmic, and in total in small ERb -GFP dendrites. Arrow indicates cytoplasm. Triangle represents On PM. Chevron
represents Near PM. Scale bars: A, 100mm; B–E, 500 nm. *,ap, 0.05; **,ap, 0.01; ***,ap, 0.001; two-way ANOVA with Tukey post hoc analysis. N= 3 mice per group and 50 dendrites
per mouse. Data are mean6 SEM.
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females had a significantly greater GluN1-SIG density compared
with Ang/DPN VCD females in near plasmalemma (p=0.0026),
cytoplasmic (p=0.0008), and total (p= 0.002) GluN1 labeling in
small ERb -GFP dendrites (Fig. 3K–M). Moreover, compared
with Ang/Veh males, Ang/DPN males had significantly more
plasmalemmal GluN1 SIG particles in small ERb -GFP dendrites
(Fig. 3J). Also noted, Ang/Veh VCD females had a significantly
greater reserve of GluN1-SIG density in the cytoplasm
(p, 0.0001) and in total (p= 0.0003) in small ERb -GFP den-
drites compared with the Ang/Veh males (Fig. 3L,M).

Collectively, these results show that DPN administered to
AngII-infused peri-AOF mice is associated with decreased near
plasmalemma GluN1 localization in ERb -containing dendritic
profiles, suggesting a decrease in the availability of NMDAR for
binding by glutamate in ERb -expressing PVN neurons.

ERb agonist DPN attenuates NMDA-mediated currents in
ERb-expressing PVN neurons of AngII-infused peri-AOF
mice
The reduction in plasma membrane GluN1 associated with DPN
administration in AngII-infused peri-AOF mice may be expected
to reflect a reduction in AngII-enhanced NMDA currents
(Wang et al., 2013; Chen et al., 2017) in ERb -expressing PVN
neurons. Therefore, we next investigated the effect of DPN treat-
ment on NMDA currents in PVN ERb -GFP neurons from
AngII-infused peri-AOF ERb -EGFP mice using whole-cell
patch-clamp recordings in PVN slices. Slices from VCD-
treated female mice infused with AngII were treated with
Veh (N = 3; n = 6) or DPN (N = 3; n = 4) and NMDA (30 mM)
currents were recorded. A Welch-corrected Student’s t test
showed a significant reduction in NMDA currents in ERb -
EGFP expressing PVN neurons in DPN treated mice relative
to Veh (t(6.29) = 3.157; p = 0.02; Fig. 4A,B). Thus, NMDAR-
mediated excitatory responses in PVN ERb -EGFP neurons
from peri-AOF females infused with AngII are significantly
attenuated following ERb -agonist activation.

Reduced NMDA-induced ROS following DPN in
ERb-expressing PVN neurons of AngII-infused peri-AOF
mice
The production of ROS has been shown to play an important
role in the heightened NMDAR signaling seen during hyperten-
sion in male mice (Wang et al., 2013; Glass et al., 2015).
However, it is not known whether NMDA-induced ROS is ele-
vated in peri-AOF mice following AngII and, if so, whether there
is any ERb involvement in heightened ROS following AngII.
We next examined NMDA-mediated ROS production using
DHE microfluorography (Fig. 5B,D) in isolated PVN cells from
WT VCD-injected female mice infused with AngII. These ani-
mals were infused with Sal (N= 6) or AngII (N=6) and coadmi-
nistered either Veh (N= 3/group) or DPN (N=3/group).
Factorial ANOVA showed significant main effects of AngII
(F(1,428) = 8.6, p, 0.004) and DPN (F(1,435) = 8.3, p , 0.005) as
well as an AngII by DPN interaction (F(1,428) = 34.0, p , 0.0001)
with respect to NMDA-induced ROS production. Furthermore,
repeated-measures ANOVA showed main effects of NMDA con-
centration (F(5,2140) = 273.3, p, 0.0001) and an interaction effect
of AngII by DPN by NMDA concentration (F(5,2140) = 16.9, p ,
0.0001; Fig. 5A,B). Bonferroni post hoc multiple comparisons
testing revealed that ROS signal in cells from AngII/Veh (n =
124) versus Sal/Veh (n=60) VCD females was higher at NMDA
concentrations of 10mM (p, 0.002), 30mM (p, 0.0001), 100mM

(p, 0.0001), and 300 mM (p, 0.0001). In addition, ROS-de-
pendent fluorescence in cells from Ang/DPN mice (n=185) was
lower compared with those from Ang/Veh mice at all NMDA
concentrations (p , 0.0001). There were no differences in ROS
in cells from Sal/Veh and Sal/DPN (n=63) treated mice across
NMDA concentrations.

To verify that ROS reduction by DPN was occurring in ERb -
expressing cells, NMDA-mediated ROS production was next
examined in dissociated EGFP-expressing PVN cells from
AngII-infused VCD-injected ERb -EGFP reporter mice coadmi-
nistered either Veh (N=3) or DPN (N = 3; Fig. 5C,D). Factorial
ANOVA showed a significant main effect of DPN (F(1,71) = 10.1,
p , 0.0025). Additionally, repeated-measures ANOVA showed
main effects of NMDA concentration (F(4,284) = 117.9, p ,
0.0001) and an interaction effect of DPN by NMDA concentra-
tion (F(2,284) = 5.1, p= 0.0005). Post hoc Bonferroni comparison
showed that ROS signal was lower in cells from Ang/DPN
(n= 35) treated mice compared with Ang/Veh treated mice
(n= 38), at NMDA concentrations of 30 mM (p , 0.03), 100 mM

(p, 0.0005), and 300mM (p, 0.0001; Fig. 5C).
Collapsed across both experiments, there were main effects of

AngII (F(1,14) = 5.8, p , 0.04, factorial ANOVA), DPN (F(1,14) =
5.7, p , 0.04, factorial ANOVA), and an AngII by DPN interac-
tion (F(2,16) = 4.7, p , 0.02, repeated-measures ANOVA) with
respect to SBP. As expected, there was an increase in SBP in
AngII-infused mice compared with vehicle (p , 0.001-0.002,
Bonferroni’s test) which was reduced in AngII-infused mice
treated with DPN compared with vehicle at days 7 and 13 (p ,
0.001-0.003, Bonferroni’s test; data not shown).

Thus, consistent with our electrophysiological studies, stimu-
lation of ERb by DPN attenuated the NMDA-dependent
increase in ROS production seen in ERb -expressing PVN cells
of AngII-infused peri-AOF mice.

ERb blockade elevates NMDAR-mediated currents in
ERb-PVN neurons from intact females
If ERb activity inhibits the elevated NMDA signaling in PVN
neurons of AngII administered peri-AOF mice, then blocking

Figure 4. NMDA-induced currents in ERb -expressing PVN neurons in brain slices of
AngII-infused VCD-injected female mice. A, Application of NMDA (30mM) results in a depola-
rization of ERb -expressing PVN neurons in AngII-infused VCD-injected females (N= 3;
n= 6) that is reduced following application of DPN (10 mM; N= 3; n= 4). B, Representative
traces from AngII-infused VCD-injected mice show that DPN reduces the amplitude of NMDA
currents. *p, 0.05 (Welch-corrected Student’s t test). Calibration: 400 pA, 3 s. Data are
mean6 SEM.
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ERb signaling in gonadally intact female mice might be expected
to enhance NMDA signaling. To investigate the latter possibility,
we examined whether ERb blockade would alter NMDA cur-
rents in ERb -EGFP PVN neurons in PVN slices from normal
female ERb -GFP reporter mice. Application of ERb antagonist
PHTPP (1 mM; N=5; n= 44) in visually identified ERb -EGFP
patched neurons significantly enhanced NMDA currents
(Student’s t test; t(5) = 6.564, p= 0.0012) compared with slices
infused with Veh (N=3; n= 39) (Fig. 6A,B). Thus, selective
blockade of ERb resulted in heightened NMDA-mediated cur-
rents in ERb -expressing PVN neurons in intact female mice.

ROS production increases following ERb blockade in ERb-
expressing PVN neurons from intact females
In light of the increase in NMDA currents in PVN ERb cells fol-
lowing ERb blockade, we examined whether ERb antagonism
would heighten NMDA-dependent ROS production. Thus, the
effect of Veh or PHTPP on NMDA-mediated ROS production

was investigated by DHE microfluorography
in isolated EGFP-expressing PVN cells from
intact female ERb -EGFP mice and male mice.
Factorial ANOVA showed a significant main
effect of treatment (F(1,81) = 6.5, p , 0.02) in
females only. ERb -EGFP PVN cells that were
treated with PHTPP (N = 5; n = 44) had a sig-
nificant increase in NMDA-mediated ROS
production compared with those treated
with Veh (N = 3; n = 39; Fig. 7A,B).
Additionally, repeated-measures ANOVA
also showed a significant main effect of
NMDA concentration (F(5,405) = 103.8, p ,
0.0001), as well as an interaction effect of
PHTPP by NMDA concentration (F(5,405) =
9.4, p , 0.0001). Signal for ROS was signifi-
cantly increased at NMDA concentrations of
30 mM (p, 0.05), 100 mM (p , 0.002), and
300 mM (p , 0.002) in isolated ERb -EGFP
PVN cells treated with the ERb antagonist
PHTPP compared with Veh (Fig. 7A). In
contrast to females, PHTPP did not affect the
ROS signal at any NMDA concentration in
isolated ERb PVN cells from males (not
shown). Thus, inhibition of ERb signaling
was associated with a significant increase in
NMDA-mediated ROS production in ERb -
expressing PVN cells in female mice.

Given prior reports that NMDA-induced
ROS production in male mice is dependent on
NOX2 (Wang et al., 2013), we investigated
whether NOX2 contributed to ROS production
by ERb blockade in ERb -EGFP female mice
infused with AngII. By one-way repeated-meas-
ures ANOVA, it was found that there was an
increase in ROS production in isolated ERb -
EGFP cells after application of PHTPP com-
pared with Veh (F=3.32, p , 0.002, n = 14
cells, N =3 mice/per group; Fig. 7C). Post hoc
Tukey’s multiple comparisons show that ve-
hicle and PHTPP-treated ERb cells had
significant increases (p, 0.01) in ROS for-
mation following 100 mM NMDA. Using the
gp91ds peptide as a specific inhibitor of
NOX2 and gp91-scrambled peptide as a con-
trol, one-way repeated-measures ANOVA

comparing vehicle and PHTPP treatment (F = 5.34,
p, 0.0001, n = 15 cells, N = 2 mice/per group) followed by
post hoc Tukey’s multiple comparisons showed that PHTPP-
enhanced ROS was blocked in the gp91ds group but not in
the gp91-scrambled group following 100 mM NMDA
(p, 0.01; Fig. 7D). Thus, NOX2 is a source of NMDA-
induced ROS production following ERb blockade in ERb -
containing PVN neurons in female mice infused with AngII.

Deleting ERb in PVN neurons increases the susceptibility of
gonadally intact female mice to hypertension
If ERb inhibition in PVN neurons contributes to increased
NMDAR signaling, then deleting PVN ERb in gonadally intact
hypertension-resistant female mice might be expected to render
them susceptible to hypertension following AngII. We investi-
gated this possibility by deleting ERb selectively in PVN neurons
of gonadally intact young female fERb mice.

Figure 5. NMDA-mediated ROS production in isolated PVN cells from WT and ERb -EGFP VCD-injected mice. A,
Isolated PVN cells from VCD-injected WT mice infused with AngII and then coadministered DPN showed a significant
decrease in ROS signal compared with VCD-injected and AngII-infused mice given Veh across NMDA concentrations.
There were significant increases in ROS production in cells from AngII versus Veh-infused VCD females at all NMDA
concentrations. B, Examples of isolated PVN cells showing ROS-dependent fluorescence with DHE are shown. C,
Isolated ERb -EGFP PVN cells of VCD-injected AngII-infused mice show reduced NMDA-mediated ROS signal follow-
ing DPN administration (Ang/DPN) compared with their vehicle administered counterparts (Ang/Veh). D, Example of
an isolated PVN cell showing fluorescence for EGFP, DHE, and merged EGFP/DHE. *p, 0.05 (factorial and repeated-
measures ANOVA with post hoc Bonferroni). bSignificance between Sal/Veh versus Ang/Veh. cSignificance between
Ang/Veh versus Ang/DPN. Scale bar, 20mm. Data are mean6 SEM.
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Baseline SBP was first assessed in fERb mice followed by
microinjection of viral vectors. To delete ERb , an rAAV-Cre
was unilaterally microinjected into the PVN of female (N=6)
and male (N=5) fERb mice. In addition, as a vector control,
rAAV-GFP was microinjected into the PVN of other groups of
female (N= 4) and male (N= 3) fERb mice. After 21 d, mice
were tested for SBP. Two-way ANOVA showed an interaction
effect of vector and sex (F(1,17) = 17.86; p = 0.0006) and a main
effect of sex (F(1,17) = 7.05; p=0.016) with respect to SBP follow-
ing unilateral vector injection in the PVN. Post hoc Fisher’s anal-
ysis revealed a small but significant increase (D 1 10.4mmHg)
in SBP from baseline in females with rAAV-Cre injection but a
significant decrease (D �11.3mmHg) in SBP from baseline in
males with the rAAV-Cre injection (p=0.0478; Fig. 8A).

Mice were implanted with osmotic mini-pumps containing
AngII, and blood pressure was recorded 7 and 14 d following
surgery. With respect to SBP following AngII, two-way repeated-
measures ANOVA showed there were significant main effects of
vector (F(5,54) = p , 0.0001), sex (F(1,54) = 6.4, p , 0.001), and a
sex by vector interaction (F(5,54) = 2.9, p , 0.03). Control female
mice injected with rAAV-GFP did not show an increase in blood
pressure following AngII at day 7 (p .
0.26) or day 14 (p. 0.66); however, female
mice receiving rAAV-Cre responded with a
significant increase in blood pressure at day
7 (p , 0.04) and day 14 (p , 0.01) follow-
ing AngII infusion (Fig. 8B). In contrast,
following AngII, SBP was elevated in male
mice receiving either rAAV-GFP or rAAV-
Cre at day 14 (GFP: p = 0.03, Cre: p = 0.07;
Fig. 8B).

Following PVN vector microinjection,
GFP was expressed in the target site (Fig.
8C, top). Levels of ERb -labeled cells were
quantified as the ratio of ipsilateral to con-
tralateral labeling (Fig. 8C, middle) and
two-way ANOVA showed a significant
effect of vector in both females and males
(F(1,18) = 6.3, p , 0.0001). Post hoc testing
showed a reduction of PVN ERb -labeled
cells ipsilateral to the microinjection site in
both female (p , 0.004) and male (p ,
0.02) mice receiving rAAV-Cre. Moreover,
there was no main effect of sex (F(1,18) =
0.02, p. 0.8) or an interaction effect of sex
by vector (F(1,18) = 1.1, p. 0.3) in the mag-
nitude of ERb reduction between female
and male mice receiving the rAAV-Cre
vector (p. 0.05; Fig. 8D). We also assessed
the density of thionine-labeled cells (Fig.
8C, bottom). Two-way ANOVA confirmed
that there were no effects of vector
(F(1,18) = 0.03, p . 0.8), sex (F(1,18) = 0.7; p
. 0.4), or interaction of sex by vector
(F(1,18) = 0.3, p. 0.5) with respect to cell
density in female or male mice (Fig. 8E).

To assess the effect of deleting ERb in
both sides of the PVN, separate groups of
female mice received bilateral PVN micro-
injections of rAAV-GFP (N=5/group) or
rAAV-Cre (n= 4/group). Mice in each
group were then infused with AngII and
underwent blood pressure testing. An

Figure 7. Heightened NMDA-mediated ROS production following ERb blockade in isolated PVN ERb -EGFP cells from
AngII-infused females. A, In females, ROS production is increased in isolated ERb -EGFP PVN cells treated with PHTPP com-
pared with their Veh-treated counterparts. B, Example of isolated PVN cells from a female mouse showing fluorescence for
EGFP, DHE, and merged EGFP/DHE. C, Compared with Veh, application of PHTPP results in a heightened NMDA-induced
ROS production in isolated ERb -EGFP cells. D, PHTPP-enhanced ROS in dissociated ERb -EGFP PVN cells was blocked by
the NOX2 inhibitor gp91ds but not by the gp91 scrambled peptide following 100 mM NMDA. C, D, The ratio of DHE was
calculated as Ft/Fo, where Ft is DHE fluorescence in a given cell after application of NMDA, and Fo is the baseline DHE fluo-
rescence of the same cell immediately before NMDA. *p, 0.05; **p, 0.01; factorial and repeated-measures ANOVA fol-
lowed by Tukey post hoc. Scale bar, 20mm. Data are mean6 SEM.

Figure 6. Heightened NMDA-mediated currents following ERb blockade in isolated PVN
EGFP cells in females. A, There was an increase in NMDA currents in response to the ERb
antagonist PHTPP compared with vehicle in ERb -EGFP neurons patched from PVN slices. B,
Examples of representative currents in PVN slices in response to Veh or PHTPP treatment.
*p, 0.05; **p, 0.01; Student’s t test. Calibration: 400 pA, 3 s. Data are mean6 SEM.

5200 • J. Neurosci., June 16, 2021 • 41(24):5190–5205 Milner et al. · ERb Agonists and Perimenopausal Hypertension



example of GFP and ERb labeling follow-
ing rAAV-Cre microinjection is shown in
Figure 8F. There was a significant effect of
vector (F(1,7) = 8.2, p , 0.02, factorial
ANOVA) and a vector by time interaction
with respect to SBP in bilaterally injected
female mice (F(2,14) =7.8, p , 0.005, re-
peated-measures ANOVA). In rAAV-GFP
microinjected mice, there was no difference
in SBP at days 7 or 14 relative to baseline
(p . 0.05), whereas SBP was higher at day
14 relative to baseline (p, 0.05, Bonferroni
test) in rAAV-Cre microinjected mice (Fig.
8G). In addition, comparison of unilaterally
and bilaterally rAAV-Cre-injected female
mice showed a greater increase in SBP fol-
lowing AngII in bilaterally compared with
unilaterally microinjected animals at day
14 (t(8) =3.5, p, 0.009, unpaired t test).

Separate groups of male mice (N= 3/
group) also received bilateral vector
microinjections and underwent blood
pressure testing after AngII. However,
there was no treatment by session
interaction with respect to SBP
(F(2,8) = 0.3, p . 0.7, repeated-measures
ANOVA), as SBP was similarly elevated
in both groups (not shown).

Labeled ERb neurons in the PVN
were significantly reduced in female
mice receiving rAAV-Cre compared
with the control vector (t(4.88) = 4.28;
p = 0.008; unpaired t test; Fig. 8H). In
addition, ERb -labeled neurons were
also lower in test vector microinjected
male mice (t(4) = 2.8, p , 0.05,
unpaired t test; data not shown).

In sum, these findings indicate that
reduction of ERb expression in PVN
neurons renders gonadally intact
female mice susceptible to AngII
hypertension. Further, these findings
suggest that ERb signaling in PVN
neurons plays an important role in
blood pressure regulation in female
mice under both basal and hyperten-
sive conditions.

Discussion
This study is the first to report that ERb
agonist administration is an effective anti-
hypertensive strategy in a mouse model of
perimenopausal ovarian decline. It was
found that three distinct types of ERb
agonist inhibited blood pressure elevation
in AngII-infused peri-AOF female, but
not male, mice. Moreover, it was also
found that AngII was associated with
heightened NMDAR signaling and ROS
production in PVN ERb neurons in
post-AOF mice. Further, the increased
NMDA signaling in PVN neurons of
post-AOF hypertensive mice was

Figure 8. Spatiotemporal deletion of ERb in the PVN of female mice alters SBP at baseline and following AngII infusion. A,
Unilateral rAAV-Cre microinjection in the PVN was associated with increased SBP in females but decreased SBP in males. B, Both
female and male mice unilaterally microinjected with rAAV-Cre and infused with AngII showed elevated blood pressure at day 14
relative to baseline. In control microinjected mice, only males showed an increase in SBP. C, Top, Examples of unilateral rAAV-Cre
injections (red arrows) in the PVN of female (left) and male (right) fERb mice. Middle, Low- and high-magnification examples of
ERb -labeling in the PVN from the female and male mice shown in the top panel. The number of ERb -immunoreactive cells is
markedly decreased on the side of the rAAV-Cre injection. Bottom, Examples of Nissl staining in the PVN of rAAV-GFP and rAAV-Cre-
injected female mice show similar cell densities independent of ERb deletion. D, In both males and females, the ratio of ERb -im-
munoreactive cells is significantly reduced in the PVN ipsilateral to the rAAV-Cre (colored bars) injection site, whereas the ratio of
ERb is not reduced in the PVN of control animals (white bars). NS, not significant. E, Thionin staining shows no significant differen-
ces in the ratio of ipsilateral to contralateral cell densities following rAAV-Cre injection. F, Examples of labeling for GFP and ERb in
the PVN of a female mouse bilaterally microinjected with rAAV-Cre. G, There is an increase in SBP in female mice implanted with os-
motic mini-pumps containing AngII and bilaterally microinjected with the rAAV-Cre vector compared with the control vector. H,
There is a significant decrease in ERb -labeled neurons in the PVN in bilateral rAAV-Cre-injected female mice compared with control
injected female mice shown in G. *p, 0.05; ***p, 0.0001; ^p = 0.07; two-way repeated-measures ANOVA followed by Tukey
post hoc (A, B (females), G); two-way ANOVA followed by Tukey post hoc (D,E). Data are mean6 SEM. Scale bars, 0.5 mm.
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inhibited by ERb activation. Finally, deleting ERb in PVN neu-
rons of gonadally intact female mice resulted in both AngII
hypertension and heightened NMDA signaling. These results
provide important evidence that ERb signaling plays an impor-
tant role in hypertension during early ovarian decline in females.
In addition, these findings indicate that ERb signaling in the
hypothalamus contributes to NMDAR signaling and blood pres-
sure control in gonadally intact female mice.

We investigated the effect of ERb agonists on AngII hyper-
tension in peri-AOF and male age-matched mice using a cyclic
injection schedule that replicates the pulsatile nature of physio-
logical hormone levels (Morrison et al., 2006). With respect to
the selection of ERb agonists, a number of agents have been syn-
thesized with varying affinities and potencies (Minutolo et al.,
2011), and the results of binding and functional assays have led
to the development of a model of three classes of ERb agonists
(Leitman et al., 2010). We found that AngII hypertension was
inhibited in peri-AOF mice when a representative of each of
these classes of ERb agonist was administered during AngII
infusion. It was also found that each of these agents reduced
AngII hypertension to a generally similar extent. In contrast,
when coadministered with AngII, none of the ERb agonists
affected blood pressure in male mice. Additionally, none of these
agents affected blood pressure in Veh administered peri-AOF
mice or male mice.

The mechanisms by which estrogen signaling can impact
hypertension are not well understood, but actions involving
brain systems that regulate blood pressure may play an impor-
tant role (Van Kempen et al., 2016). Neurogenic processes
involving sympathetic nervous system activity are strongly impli-
cated in essential hypertension in females (Baker et al., 2016).
The hypertension induced by AngII involves activation of cir-
cumventricular-hypothalamic circuits, including a pathway from
the subfornical organ to the PVN, a key site of sympathoexcit-
atory neurons (Ferguson et al., 2001). Significantly, prior ana-
tomic (pMarques-Lopes et al., 2017), physiological (Gingerich
and Krukoff, 2006), and gene targeting (Xue et al., 2013) evi-
dence demonstrates that ERb signaling in the PVN is involved
in hypertension.

Prior anatomic studies demonstrate that ERb is expressed in
PVN sympathoexcitatory neurons in both male and female
rodents (Bingham et al., 2006; Milner et al., 2010). Interestingly,
the density of ERb -labeled cells does not differ in young male
and female mice in areas of the PVN populated by spinally pro-
jecting PVN neurons (Milner et al., 2010; Oyola et al., 2017;
Contoreggi et al., 2021). This suggests that signaling events
downstream of ERb may contribute to sex differences in blood
pressure regulation and hypertension. Given evidence that ERb
modulates NMDA signaling (Sellers et al., 2015), which is also
significantly implicated in AngII hypertension (Zhou et al.,
2019), we investigated the role of ERb in NMDAR signaling in
the PVN following AngII hypertension.

Dual-labeling EM was used to assess the effect of AngII on
NMDAR affiliation with the plasma membrane, indicative of
functional receptors, in dendritic profiles of ERb -expressing
PVN neurons. Consistent with the reduction of SBP in peri-AOF
mice following ERb agonist administration, our ultrastructural
analysis revealed a significantly reduced GluN1 density near the
plasmalemma of dendritic profiles from AngII-peri-AOF mice
who received DPN compared with AngII-infused females
injected with Veh. These results indicate that the stimulation of
ERb by DPN in females contributes to NMDAR transport by
retention of the protein in the cytoplasm and away from

functional plasma membrane sites in PVN neurons of peri-AOF
mice. Interestingly, this effect was strongest in small, presumably
distal, dendrites. Given the significance of distal dendrites in
receiving and processing excitatory input (London and Häusser,
2005), these results suggest the possibility that ERb may play an
important role in inhibiting heightened NMDAR signaling in
distal areas of the dendritic tree during hypertension in peri-
AOF mice.

The functional significance of the hypertension-associated
alteration in NMDAR localization was further investigated by
whole-cell patch-clamping studies. We found that ERb -express-
ing PVN neurons from peri-AOF mice treated with AngII
showed an increase in NMDAR currents. Further, this increase
in NMDA signaling was suppressed following DPN. These
results implicate ERb as an important modulator of NMDAR-
mediated currents that drive the firing rate of PVN neurons in
hypertensive peri-AOF mice. Given that many ERb -expressing
neurons project to the spinal cord (Milner et al., 2010; Oyola et
al., 2017), these results further suggest that ERb -dependent
modulation of sympathoexcitatory neurons contributes to the
antihypertensive actions of ERb activation in the PVN in peri-
AOF mice.

In addition to suppression of NMDAR signaling, it was also
shown that ERb activation inhibited the production of ROS
induced by NMDA in isolated ERb -expressing PVN neurons
from hypertensive peri-AOF mice. These results indicate that
the sensitivity of female mice to AngII hypertension at peri-
AOF is associated with enhanced NMDA-mediated ROS pro-
duction in ERb -expressing cells. Prior reports indicate that ROS
production plays an important role in NMDAR signaling in
PVN sympathoexcitatory neurons of male mice following AngII
hypertension (Wang et al., 2013). Additionally, estrogen, and
activation of one of ERb ’s major effectors Akt, have been previ-
ously shown to be associated with reduced ROS and suppressed
hypertension in ovariectomized animals (Campos et al., 2014).
Importantly, activation of ERb has been reported to be a potent
suppressor of ROS production via activation of glutathione per-
oxidase and superoxide dismutase 2 mediated by an ERK1-2/
NFkB pathway (Robb and Stuart, 2011; Lopez-Grueso et al.,
2014). Alternatively, scavenging of ROS by nitric oxide may play
a role in reduced oxygen radicals in response to estrogen, given
evidence that the hormone can elicit increased nitric oxide syn-
thase activity (Campos et al., 2014).

Activation of ERb may influence NDMAR activity and
hypertension through genomic or nongenomic actions. Given
that the reduced NMDAR currents in our studies occurred in a
time frame of minutes, too fast for alterations in gene expression,
our results suggest a nongenomic effect of ERb via rapid modu-
lation of intracellular signaling cascades. The contention that
ERb is acting via a fast signaling process is consistent with prior
reports that estrogen and ERb agonism can rapidly impact
NMDAR signaling (Srivastava et al., 2008) via regulation of ki-
nase activity, particularly Akt, a downstream effector of rapid
estrogen signaling (Sellers et al., 2015). Specifically, estrogen-
mediated activation of the Akt pathway in both cerebral cortical
synaptosomes (Dominguez et al., 2007) and neurons (Rameau et
al., 2007) has been shown to modulate NMDAR phosphoryla-
tion, a post-translational receptor modification critical for
NMDA plasma membrane trafficking and signaling (Lussier et
al., 2015). The activation of the ERb -Akt pathway has also been
shown to play a critical role in neural plasticity, including rapid
NMDA-dependent LTP in cerebral cortical neurons (Zang et al.,
2020).
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We further investigated the role of hypothalamic ERb in
blood pressure in intact mice by deleting ERb in PVN neurons
by local delivery of a neurotropic rAAV in age-matched gona-
dally intact female and male fERb mice. We found that deleting
ERb in PVN neurons resulted in an increase in blood pressure
in female mice infused with AngII. In contrast, AngII-treated
male mice with PVN ERb deletion did not differ from control
injected male mice with respect to hypertension. The latter
results are consistent with prior reports showing sex differences
in the effects of constitutive ERb KO with respect to cardiovas-
cular function (Luksha et al., 2005; Douglas et al., 2008; Gürgen
et al., 2011). At the cellular level, we also showed that pharmaco-
logical blockade of ERb resulted in an increase in NMDAR cur-
rents and NMDA-induced ROS production in ERb -expressing
PVN neurons in gonadally intact female mice. These results sug-
gest that the vulnerability to hypertension following the suppres-
sion of ERb signaling in PVN neurons of intact female mice is
associated with both heightened NMDAR signaling and ROS
production.

In conclusion, the present results demonstrate significant dif-
ferences in the neural mechanisms of hypertension in peri-AOF
female and male mice. In addition, these results also indicate that
ERb agonist administration during peri-AOF is an opportune
stage for the reduction of hypertension induced by AngII. As
hypertension is often comorbid with other diseases that also
show sex differences (e.g., Alzheimer’s disease), the present find-
ings may have broader implications in the context of aging and
blood pressure regulation.
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