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Abstract

There are profound, yet incompletely understood, sex differences in the neurogenic regulation of 

blood pressure. Both corticotrophin signaling and glutamate receptor plasticity, which differ 

between males and females, are known to play important roles in the neural regulation of blood 

pressure. However, the relationship between hypertension and glutamate plasticity in 

corticotrophin-releasing hormone (CRF) receptive neurons in brain cardiovascular regulatory 

areas, including the rostral ventrolateral medulla (RVLM) and paraventricular nucleus of the 

hypothalamus (PVN), is not understood. In the present study, we used dual label immunoelectron 

microscopy to analyze sex differences in slow-pressor angiotensin II (AngII) hypertension with 

respect to the subcellular distribution of the obligatory GluN1 subunit of the N-methyl-D-aspartate 

receptor (NMDAR) in the RVLM and PVN. Studies were conducted in mice expressing the 
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enhanced green fluorescence protein (EGFP) under the control of the CRF type 1 receptor (CRF1) 

promoter (i.e., CRF1-EGFP reporter mice). By light microscopy, GluN1-immunoreactivity was 

found in CRF1-EGFP neurons of the RVLM and PVN. Moreover, in both regions tyrosine 

hydroxylase was found in CRF1-EGFP neurons. In response to AngII, male mice showed an 

elevation in blood pressure that was associated with an increase in the proportion of GluN1 on 

presumably functional areas of the plasma membrane in CRF1-EGFP dendritic profiles in the 

RVLM. In female mice, AngII was neither associated with an increase in blood pressure nor an 

increase in plasma membrane GluN1 in the RVLM. Unlike the RVLM, AngII-mediated 

hypertension had no effect on GluN1 localization in CRF1-EGFP dendrites in the PVN of either 

male or female mice. These studies provide an anatomical mechanism for sex-differences in the 

convergent modulation of RVLM catecholaminergic neurons by CRF and glutamate. Moreover, 

these results suggest that sexual dimorphism in AngII-induced hypertension is reflected by 

NMDA receptor trafficking in presumptive sympathoexcitatory neurons in the RVLM.
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Stress is a significant risk factor for cardiovascular disease (Cohen et al., 2015; Dimsdale, 

2008). Hypertension (Cheng et al., 2012; Hart and Charkoudian, 2014; Xue et al., 2007b) 

and stress responses (Goel et al., 2014; McEwen, 2010; Wang et al., 2007) also are known to 

substantially differ in males and females. Elucidating the neurobiological substrates of these 

differences could contribute to developing gender-specific treatments for hypertension and 

stress-related disorders (Appelman et al., 2015; Prata et al., 2014).

The neural control of blood pressure involves sympathoexcitatory outflow that is critically 

regulated by neurons of the rostral ventrolateral medulla (RVLM) (Chan and Chan, 2014; 

Nunn et al., 2011). Glutamate plays an important role in regulating sympathetic outflow 

from the RVLM via neurons projecting to the intermediolateral nucleus of the spinal cord 
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(Chan and Chan, 2014). Microinjection of N-methyl-D-aspartate (NMDA) in the RVLM 

results in a pressor response in normal animals (Kagiyama et al., 2001; Takemoto, 2007) and 

spontaneously hypertensive rats show an exaggerated pressor response to RVLM NMDA 

administration (Lin et al., 2005). In addition, RVLM NMDA receptors have been shown to 

play an important role in the pressor response following carotid body chemoreceptor 

stimulation (Kubo et al., 1993) and muscle contraction (Reidman et al., 2000), as well as in 

the elevated blood pressure seen in rats with chronic heart failure (Wang et al., 2009) and in 

spontaneously hypertensive rats (Lin et al., 1995; Lin et al., 2005; Zhang and Abdel-

Rahman, 2002).

The obligatory GluN1 subunit of the heteromeric, ionotropic NMDA receptor (Dingledine et 

al., 1999) is expressed in the RVLM (Llewellyn-Smith and Mueller, 2013).. Activity-

dependent changes in the subcellular localization of GluN1 are a critical component of 

neural plasticity in a variety of brain regions (Beckerman et al., 2013; Petralia, 2012). 

Several studies in male mice demonstrate that increased blood pressure is associated with 

alteration of the subcellular localization of GluN1 in brain areas involved in 

sympathoexcitatory outflow, including hypothalamic paraventricular nucleus (PVN) neurons 

(Coleman et al., 2010; Glass et al., 2015; Marques-Lopes et al., 2014; Wang et al., 2013). 

Little is known, however, about the relationship between hypertension and GluN1 

trafficking in the RVLM.

Stress can influence blood pressure (Busnardo et al., 2013) and may contribute to 

hypertension (Cuffee et al., 2014). Corticotropin releasing factor (CRF) and its type 1 

receptor (CRF1) in the PVN and other brain areas have long been associated with both stress 

responses and with homeostatic regulation (Goncharuk et al., 2002; Ku et al., 1998; Smith et 

al., 1998). In male rats, CRF acts in the RVLM and PVN to increase systemic arterial 

pressure (Ku et al., 1998; Milner et al., 1993). Thus, in both the RVLM and PVN, neurons 

expressing CRF1 may play a role in regulating blood pressure in response to stress.

There are sex differences in the emergence of both hypertension and hypothalamic 

plasticity. In young male mice, slow-pressor AngII administration results in a slow-onset 

increase in arterial pressure that develops over several days (Kawada et al., 2002; 

Zimmerman et al., 2004; Reckelhoff and Romero, 2003). However, young aged-matched 

female mice do not develop hypertension in response to slow pressor AngII (Marques-Lopes 

et al., 2015; Marques-Lopes et al., 2014; Xue et al., 2007a). Notably, the subcellular 

distribution and pattern of GluN1 in distinct populations of PVN dendrites also differs in 

young male and female mice following slow-pressor AngII administration (Marques-Lopes 

et al., 2015; Marques-Lopes et al., 2014). In particular, GluN1 is increased in estrogen 

receptor (ER) β-containing dendrites in hypertensive males, but decreased in non-

hypertensive females (Marques-Lopes et al., 2014). However, the effect of slow-pressor 

AngII administration on the subcellular distribution GluN1 has not yet been explored in 

CRF1 neurons in either the RVLM or PVN.

Substantial sex differences in the cellular response to CRF have been demonstrated in 

several brain regions (Smith et al., 1998; Valentino et al., 2013; Weathington et al., 2014). 

Thus, given the known involvement of GluN1 in sympathoexcitatory responses in the 
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RVLM and the PVN, as well as important interactions between CRF1 and NMDA receptor-

mediated signaling (Fu and Neugebauer, 2008; Sheng et al., 2008), we used dual label 

immunoelectron microscopy to analyze the subcellular distribution of GluN1 in both brain 

areas in response to slow-pressor AngII administration. This analysis was performed in 

young male and female bacterial artificial chromosome (BAC) transgenic mice expressing 

the enhanced green fluorescence protein (EGFP) under the control of the CRF1 promoter 

(CRF1-EGFP) (Justice et al., 2008).

EXPERIMENTAL PROCEDURES

Animals

Experiments were approved by the Weill Cornell Medical College Institutional Animal Care 

and Use Committee and conducted in accordance with the NIH Guide for the Care and Use 

of Laboratory Animals. Male and female adult (aged-matched; ~2–3 month old) BAC 

transgenic mice expressing EGFP under the control of the CRF1 promoter (i.e., CRF1 

reporter mice) (Justice et al., 2008) were used in these experiments. The details on the 

characterization of this mouse have been described previously (Justice et al., 2008). Briefly, 

CRF1-EGFP mice were initially developed by the GENSAT project (www.gensat.org) at 

The Rockefeller University (Gong et al., 2003). CRF1-EGFP labeling extensively 

colocalizes with CRF1 mRNA (Justice et al., 2008). CRF1-EGFP mice were maintained on 

the C57/Bl6 background. Male and female mice were between 2 and 3 months old at the 

beginning of the experiment. All mice were kept on a 12:12 light/dark cycle (lights on at 

6:00 AM) and housed in groups of 4–5 with ad libitum access to food and water. Estrous 

cycle stage was determined at the termination of the experiment using vaginal smear 

cytology (Turner and Bagnara, 1971). All female mice used in this study were in estrus 

(declining estrogen levels and elevated progestin levels).

Slow-pressor AngII and tail cuff plesthysmography

As previously described (Marques-Lopes et al., 2014), osmotic minipumps (Alzet, Durect 

Corporation, Cupertino, CA) were filled with AngII dissolved in saline solution (0.9% NaCl 

in 0.01% bovine serum albumin; BSA) or the saline solution alone (Sal). To determine the 

appropriate amount of AngII (600 ng/kg/min) mice were weighed prior to pump preparation. 

Pumps were incubated in saline at 37°C overnight and then implanted subcutaneously in 

anesthetized mice (isofluorane; 5% induction, 1.5–2% maintenance). Mice were implanted 

with osmotic mini-pumps for a total of 14 days. Systolic blood pressure (SBP) was 

measured in awake mice (N = 3/group) prior to implanting pumps and on days 2, 9–10 and 

13 post-implant using tail cuff plethysmography (Model MC4000, Hatteras Instruments, 

Cary, NC) as previously described (Coleman et al., 2010). Tail-cuff plethysmography 

provides a reliable non-invasive method to compare SBP measurements between groups 

(Capone et al., 2012; Coleman et al., 2013; Wang et al., 2013). The limitations of using tail-

cuff phethysmography have been discussed previously (Marques-Lopes et al., 2014).

Retrograde labeling of spinally projecting PVN neurons

A custom-made Hamilton syringe (model 75 SN SYR, 5 μl, 32 gauge; Reno, NV) was used 

to pressure inject 1 μl of 4% Fluoro-Gold (FG); Fluorochrome, Denver, CO) into the 
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intermediolateral region of the spinal cord (T2–T4 level) after dorsal laminectomy of 

anesthetized (isoflurane) adult male mice (N = 4), as previously described (Marques-Lopes 

et al., 2015). Injections in this region optimize retrograde transport of fluorogold to the 

PVN. Mice were euthanized 10 days following spinal injections and spinal and brain 

sections were processed for fluorescence immunohistochemistry as described below.

Antisera

The specificity of the chicken anti-GFP antisera (GFP1020, Aves Labs, San Diego, CA) has 

been demonstrated using immunohistochemistry and western blotting (GFP-1020 data 

sheet). This antibody has been used to label EGFP expression in several different transgenic 

mouse lines (Gonzalez et al., 2012; Marques-Lopes et al., 2015; Marques-Lopes et al., 2014; 

Milner et al., 2010). In addition, this antibody does not label cells in brain tissue from mice 

lacking EGFP (Gonzalez et al., 2012).

A monoclonal mouse antiserum (clone 54.1; BD Biosciences, San Diego, CA) was used to 

label the GluN1 subunit of NMDAR. The specificity of this antibody has been extensively 

characterized via immunoprecipitation and immunohistochemistry in mice, rats, monkeys, 

and transfected HEK 293 cells (Brose et al., 1994; Siegel et al., 1994; Siegel et al., 1995). It 

has also been verified in mice with brain site-specific GluN1 deletion (Glass et al., 2013). 

This antibody has been used extensively in previous publications (Beckerman et al., 2013; 

Glass et al., 2008; Marques-Lopes et al., 2015; Marques-Lopes et al., 2014; Wang et al., 

2013).

The specificity of the guinea pig antiserum raised against Fluorogold (NM101; Protos 

Biotech, New York, NY) has been previously characterized in preadsorption assays (see 

data sheet) and has been used to identify retrogradely labeled neurons of the mouse 

hippocampus (Jinno and Kosaka, 2002) and PVN (Marques-Lopes et al., 2015), as well as 

the rat PVN (Perello and Raingo, 2013), and spinal cord (Polgar et al., 2007).

An anti-ERβ antibody raised in rabbits (Z8P; Zymed Laboratories, San Francisco, CA) was 

used. This antibody recognizes a peptide sequence in the C-terminus (aa 468–485) of the 

mouse ERβ protein (Shughrue and Merchenthaler, 2001). Specificity for ERβ has been 

shown by Western blot, double label with mRNA using in situ hybridization, preadsorption 

control and absence of labeling in fixed brain sections prepared from ERβ knock-out mice 

(Creutz and Kritzer, 2002; Shughrue and Merchenthaler, 2001).

A guinea pig polyclonal antiserum raised against arginine vasopressin (AVP; #t-5048, 

Peninsula Laboratories, San Carlos, CA) has been shown to recognize AVP without 

oxytocin cross-reactivity (Coleman et al., 2013). No immunolabeling is seen using this 

antiserum in Brattleboro rats, which do not express AVP (Drouyer et al., 2010).

The specificity of the sheep polyclonal antiserum against tyrosine hydroxylase (AB1542; 

EMD Millipore, Temecula, CA) has been previously demonstrated via western blot of 

okadaic acid stimulated PC12 cells (manufacturer’s data sheet) and via 

immunohistochemistry (Gonzalez et al., 2012; Kaufling et al., 2009; Noack and Lewis, 

1989).
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Immunofluorescence microscopy

Adult, male (N = 9) and female (N = 3) mice were deeply anesthetized with sodium 

pentobarbital (150 mg/kg, I.P.) and perfused sequentially through the ascending aorta with: 

1) ~5 mls 0.9% saline containing 40 units of heparin; and 2) 4% paraformaldehyde in 0.1M 

phosphate buffer (pH 7.4; PB). Whole brains were post-fixed in the latter fixative overnight 

and then transferred to PB and cut into 5mm coronal blocks using a brain mold (Activational 

systems). The blocks were then sectioned (40 μm thick) on a vibrating microtome 

(Vibratome; Leica) and collected in PB. Sections were stored in cryoprotectant (30% 

sucrose, 30% ethylene glycol in PB) at −20°C until immunocytochemical processing 

(Milner et al., 2011).

For each animal, 2–3 sections were selected from the PVN (−0.50 to −1.10 mm from 

Bregma) and RVLM (−6.8 to −7.2 mm from Bregma) (Hof et al., 2000). This region of the 

RVLM has been shown previously to harbor C1 neurons that project to the spinal cord 

(Guyenet et al., 2013; Phillips et al., 2001; Wang et al., 2006). Localization of ERβ was 

performed in female mice, whereas all other markers were localized in male mice. Sections 

were processed for immunofluorescence as previously described (Marques-Lopes et al., 

2015; Marques-Lopes et al., 2014).

Brain sections were incubated in 0.5% BSA in PB for 30 minutes to block non-specific 

antisera binding. Next, sections were incubated in primary antisera (chicken anti-GFP 

1:10,000; guinea pig anti-FG 1:1000; sheep anti-TH 1:2000; guinea pig anti-AVP 1:1200) 

for 24 hours at room temperature and then for 24 hours at 4°C. Brain sections then were 

incubated in secondary antibodies (1:400; Invitrogen-Molecular Probes, Carlsbad, CA) for 2 

hours at room temperature (GFP: Alexa Fluor 488 goat anti-chicken IgG; FG: Cy5 donkey 

anti-guinea pig IgG; TH: rabbit anti-sheep IgG; AVP: Cy5 donkey anti-guinea pig IgG). 

After secondary antibody labeling, sections were mounted on gelatin-coated slides and 

coverslipped with slowFade Gold reagent (Invitrogen-Molecular Probes, Grand Island, NY). 

Micrographs were acquired using a Leica (Nusslock, Germany) confocal microscope. Z-

stack analysis was employed to verify dually-labeled neurons. The PVN was defined by its 

location dorsolateral to the third ventricle and medial to the fornix. The RVLM was defined 

by its location between the nucleus ambiguous and ventral surface. For quantification, 4 

sections across the rostro-caudal extent of the PVN and 3 sections from the RVLM were 

chosen to ensure that mid-level sections were available for quantification for each animal (N 

= 4). The number cells with only TH-labeling, GFP-labeling, and those cells showing both 

TH- and GFP-labeling were counted in the PVN and RVLM of each animal.

Dual label immunohistochemistry for electron microscopy

The same investigator (TAM) perfused all mice to maintain consistency between all groups. 

On the day of perfusion, females were in estrus (declining estrogen and high progestin) or 

diestrus1 (low estrogen and progestin); none of the females were in proestrus (high estrogen 

state). Mice (N = 3 per experimental condition) were deeply anesthetized with sodium 

pentobarbital (150 mg/kg, i.p.) and perfused sequentially through the ascending aorta with: 

1) ~5 ml saline (0.9%) containing 2% heparin, and 2) 30 ml of 3.75% acrolein and 2% 

paraformaldehyde in PB (Milner et al., 2011). Following removal from the skull, the brain 

Van Kempen et al. Page 6

Neuroscience. Author manuscript; available in PMC 2016 October 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



was post-fixed for 30 minutes in 2% acrolein and 2% paraformaldehyde in PB. Brains were 

then sectioned and stored as described above.

For each animal, 2–3 PVN and RVLM sections were processed for immunoelectron 

microscopy (immunoEM) experiments using previously described methods (Milner et al., 

2011). Prior to immunohistochemical processing, sections were rinsed in PB, and 

experimental groups were coded with hole-punches so that tissue could be run in single 

crucibles, ensuring identical exposure to all reagents (Pierce et al., 1999). For PVN sections, 

male and female groups were run in separate immunoEM experiments. For RVLM sections, 

male and female groups were run in a single immunoEM experiment.

Prior to processing for dual immunolabeling, sections were treated with 1% sodium 

borohydride for 30 minutes to remove free aldehyde sites. Sections then were rinsed in PB 

followed by a rinse in 0.1 M Tris-saline (TS; pH7.6) and then a 30 min incubation in 0.5% 

BSA in TS. Sections then were incubated in primary chicken anti-GFP (1:3000) and mouse 

anti-GluN1 (1:50) for 24 hours at room temperature and 24 hours at 4°C. Sections then were 

incubated in goat anti-chicken biotinylated IgG (1:400; Jackson Immunoresearch 

Laboratories, West Grove, PA) for 30 min followed by a 30 min incubation in avidin-biotin 

complex (ABC; Vectastain Elite Kit, Vector Laboratories, Burlingame, CA) in TS (1:100 

dilution). Sections were developed in 3,3′-diaminobenzidine (Sigma-Aldrich) and H2O2 in 

TS. All antibody incubations were performed in 0.1% BSA/TS and separated by washes in 

TS.

Sections next were processed for immunogold-silver detection of the mouse anti-GluN1 

antibody using donkey anti-mouse IgG bound with 1 nm colloidal gold (1:50; Electron 

Microscopy Sciences, Fort Washington, PA; EMS) and incubated overnight at 4°C. Sections 

were fixed in 2% glutaraldehyde, and the gold particles were enhanced using a Silver 

IntenSEM kit (RPN491; GE Healthcare, Waukseka, WI) for 7 minutes.

Sections were post-fixed in 2% osmium tetroxide for 1 hr, dehydrated, and flat embedded in 

Embed-812 (EMS) between two sheets of Aclar plastic. Brain sections containing the PVN 

or RVLM were selected from the plastic embedded sections, glued onto Epon blocks and 

trimmed to 1mm-wide trapezoids. Ultrathin sections (70 nm thickness) through the tissue-

plastic interface were cut with a diamond knife (EMS) on a Leica EM UC6 ultratome, and 

sections were collected on 400-mesh, thin-bar copper grids (EMS). Grids were then 

counterstained with uranyl acetate and Reynold’s lead citrate.

Ultrastructural analysis

An investigator blinded to animal condition performed the data collection and analysis. The 

thin sections were examined and photographed on a CM10 transmission electron microscope 

(FEI, Hillsboro, OR). Cell profiles were identified by defined morphological criteria 

(Coleman et al., 2013; Peters et al., 1991). In particular, dendritic profiles generally were 

post-synaptic to axon terminals and contained regular microtubule arrays. Dendritic profiles 

were randomly sampled within each block. For each brain region in each animal, at least 50 

dendrites were randomly selected and imaged from the plastic-tissue interface to ensure 

even antibody tissue penetration (Milner et al., 2011). Field selection criteria included clear 
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morphological preservation and the presence of immunolabeling. Immunoperoxidase 

labeling for GFP was evident as a characteristic, electron-dense DAB reaction product 

precipitate. Silver-intensified immunogold (SIG) labeling for GluN1 was visible as black, 

electron-dense particles. Profiles were considered labeled for immunogold-silver if they 

contained at least one SIG particle.

The subcellular localization of GluN1-SIG particles was defined as either on or near (within 

70 nm, but not touching) the plasma membrane, or in the cytoplasm (Coleman et al., 2013; 

Marques-Lopes et al., 2014; Pierce et al., 2009). The presence of plasma membrane 

receptors (on PM) identified by SIGs corresponds to sites of receptor binding (Boudin et al., 

1998; Ladepeche et al., 2014). The distribution of SIG labeled receptors shows the expected 

decrease in the ratio of surface-to-cytoplasmic localization in response to agonist stimulation 

(Haberstock-Debic et al., 2003). Therefore, it is likely that the distribution of protein as 

identified by SIGs reflects functional receptors. Receptors may be inserted into or removed 

from the plasma membrane from a pool of receptors near the plasma membrane (i.e., nrPM). 

Cytoplasmic receptors (cytoplasm) may be stored, in transit to/from the cell body or other 

cellular compartments, as well as in the process of receptor degradation or recycling 

(Fernandez-Monreal et al., 2012; Pierce et al., 2009).

Microcomputer Imaging Device software (MCID, Imaging Research Inc., Ontario, Canada) 

was used to determine the morphometry of single- and double-labeled dendrites; this 

included form factor, cross sectional perimeter, area, average diameter, and minor axis 

length (Coleman et al., 2013). Dendrites with an oblong or irregular shape, indicated by a 

form factor lower than 0.5, were excluded from the analysis.

The number, density, and partitioning ratio of SIG particles in each subcellular compartment 

and in all compartments (sum of SIG particles in all subcellular compartments) for each 

condition were statistically compared. The density of SIG particles is defined as the number 

of particles per cross sectional perimeter (per μm for on and near plasmalemmal 

compartments) or area (per μm2 for cytoplasmic and all compartments). The partitioning 

ratio of SIG particles is defined as the number of SIG particles in a subcellular compartment 

as a proportion of the total number of SIG particles. Dendritic cross sectional perimeter, 

area, and average diameter also were compared across all groups.

Data analysis

Analysis of SBP measurements was conducted on days 9 or 10, time points associated with 

peak AngII-induced change in SBP in previous studies (Kawada et al., 2002). Since day-to-

day conditions of the blood pressure measurements may differ, instead of using a repeated 

measures design and comparing to baseline, AngII SBP was compared to same-day Sal. 

Likewise, since males and females underwent pump implantations and SBP measurements 

in separate experiments at different times, t-tests were used to compare SBP in Sal vs. AngII 

in males and in females for the baseline measurement and a the post-implantation 

measurement.

In the RVLM, tissue from males and females were processed together for dual label 

immuno-EM, and thus between subject effects (i.e., male or female) and AngII 
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administration (i.e., saline or AngII) on GluN1 subcellular localization in RVLM CRF1-

containing dendrites were analyzed with a two-way ANOVA. Tukey HSD post-hoc tests 

were used to analyze significant main effects and interactions (P < 0.05).

In the PVN, tissue from males and females were processed separately for dual label 

immunohistochemistry for electron microscopy, and thus were analyzed separately for 

effects of AngII administration. While patterns of GluN1-SIG trafficking can be compared 

across immunoEM experiments, differences in antibody penetration preclude direct 

statistical comparisons of GluN1-SIG particles between males and females, and thus in the 

PVN, these data were analyzed by student’s t-tests (saline vs. AngII) in males and females.

In our initial analysis, and in a recent paper (Marques-Lopes et al., 2015), AngII 

administration demonstrated significant sexually dimorphic effects on morphometric 

measures, such as average diameter. Thus, we examined the effect of AngII administration 

in both small (< 1.0 μm) and large (> 1.0 μm) dendrites within both the RVLM and PVN of 

male and female mice.

Data is presented as mean ± SEM. Analyses were considered statistically significant if P < 

0.05. JMP8 (SAS Institute, Cary, NC) was used for statistical analyses.

Figure preparation

Images were cropped and final adjustments to brightness, contrast, and sharpness were made 

in Microsoft PowerPoint 2010. Graphs were generated using Prism 6 (GraphPad Software, 

La Jolla, CA).

RESULTS

CRF-EGFP neurons of the mouse RVLM and PVN contain tyrosine hydroxylase

Although several lines of evidence suggest that neurons expressing CRF1 in the RVLM and 

PVN may have a role in blood pressure regulation (Justice et al., 2008; Ku et al., 1998; 

Milner et al., 1993; Yamaguchi et al., 2010), the expression of CRF1 in cardiovascular-

related neuronal phenotypes in these brain areas in the mouse is not known.

RVLM

By confocal microscopy, CRF1-EGFP cells are observed throughout the RVLM (Fig. 1A1). 

The RVLM region harbors C1 catecholaminergic neurons that can be identified by the 

presence of TH, and the majority of TH containing neurons in the rostral portion of the 

RVLM project to the spinal cord (Guyenet et al., 2013; Phillips et al., 2001; Wang et al., 

2006). Thus, we quantitatively examined these TH-containing RVLM neurons for CRF1 co-

labeling in 3 male mice. We found that 89.8 ± 3.8% of the neurons with CRF1-EGFP 

immunoreactivity (ir) also contained TH-ir (Fig. 1A1–3) and 9.8% ± 3.6% contained only 

CRF1-EGFP. Of neurons that contained immunolabeling for TH, 93.3 ± 3.0% also contained 

CRF1-EGFP and 6.5 ± 3.0% contained only TH-ir. These findings indicate that a large 

majority of CRF1-EGFP neurons in the sympathoexcitatory region of the RVLM are C1 

neurons.
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PVN

As a region of homeostatic integration and regulation, the PVN contains a diverse 

population of neurons (Benarroch, 2005), including segregated groupings of CRF and CRF1 

neurons (Justice et al., 2008). However, it is not known if CRF1-containing PVN neurons 

project to the spinal cord, or contain markers (e.g., ERβ, AVP or TH) involved in 

cardiovascular regulation.

Consistent with previous studies (Justice et al., 2008), CRF1-EGFP was prominent in mid-

level sections (Bregma −0.80 mm) of the PVN (Fig. 1B1–E1). Following an injection of the 

retrograde tracer, fluorogold, into the thoracic spinal cord, CRF1-GFP and fluorogold-

labeled neurons had an overlapping distribution but were not colocalized (Fig. 1B1–3).

As previous studies have shown that the PVN contains ERβ and AVP expressing neurons 

that are involved in cardiovascular regulation (Biag et al., 2012; Coleman et al., 2013; 

Marques-Lopes et al., 2014), we next examined whether these proteins were co-expressed 

with CRF1 in the PVN. Neither ERβ-ir (Fig. 1C1–3) nor AVP-ir (Fig. 1D1–3) were 

observed to colocalize with CRF1-EGFP in PVN neurons.

TH-containing PVN neurons have been linked to the control of sympathetic outflow from 

the PVN (Shi et al., 2013). Thus, we examined whether TH was expressed in CRF1-EGFP 

neurons in the PVN. We found that 89.8 ± 6.2% of neurons with CRF1-EGFP also contained 

TH-ir and only 8.90 ± 5.37% contained only CRF1-EGFP (Fig. 1E3). Of neurons with TH-

ir, 82.6 ± 3.7% also contained CRF1-EGFP and 15.7 ± 3.5% contained only TH-ir (Fig. 

1E3). Thus, similar to the RVLM, the majority of CRF1-EGFP neurons in the PVN 

colocalize TH; however, unlike the RVLM, CRF1-EGFP neurons in the PVN do not project 

to the spinal cord.

Slow-pressor AngII increase systolic blood pressure in male but not in female mice

Prior to the implantation of osmotic mini-pumps, baseline blood pressure measurements in 

male and female CRF1-EGFP mice were not significantly different. However, consistent 

with previous studies (Capone et al., 2012; Marques-Lopes et al., 2015; Marques-Lopes et 

al., 2014; Xue et al., 2007a), slow pressor AngII significantly increased SBP (measured at 

day 13 postimplant) in young adult males (peak mean systolic blood pressure + 22.0 ± 4.5 

mmHg; t95= 7.9; P < 0.05) but not in young adult females (t88 = 1.0; P > 0.05).

Sexual-dimorphism of GluN1 distribution in CRF1-containing dendrites in the RVLM

The activation of sympathoexcitatory C1 neurons of the RVLM is critical to the increased 

blood pressure that occurs in response to AngII administration (Averill et al., 1994; Hirooka 

et al., 1997). In rats, these neurons respond to estradiol administration with an increase in the 

sensitivity of baroreceptor reflex, as well as a decrease in sympathetic output (Saleh et al., 

2000). Moreover, AngII triggers larger Ca2+ currents in RVLM bulbospinal neurons in 

normal female compare to male rats (Wang et al., 2008). Given the importance of RVLM 

NMDA receptor activation in the regulation of blood pressure in spontaneously hypertensive 

rats (Lin et al., 1995; Lin et al., 2005; Zhang and Abdel-Rahman, 2002), and the finding that 

C1 neurons in the mouse contain CRF1-EGFP, we used dual label immunoEM to determine 
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whether there were sex differences in the subcellular distribution of GluN1 in response to 

slow-pressor AngII administration in CRF1-GFP-containing C1 neurons of young male and 

female mice.

Qualitative analysis—Qualitatively, within the RVLM, dendritic CRF1-EGFP was 

characterized by diffuse immunoperoxidase reaction product (Fig. 2A–B). In contrast, 

GluN1-SIG particles were visualized as discrete electron dense black particles, which were 

often observed in dendritic profiles that also contained easily distinguishable peroxidase 

labeling for CRF1-EGFP (Fig. 2A–B). Since over 80% of the CRF1-EGFP neurons 

contained TH, a phenotype of many bulbospinal neurons in the RVLM (Guyenet et al., 

2013), only dual-labeled dendrites containing both CRF1-EGFP and GluN1-SIG particles 

were imaged and analyzed.

Subcellular distribution of GluN1 in the absence of AngII—The functional 

properties of receptors and other proteins are highly impacted by their subcellular location. 

The activation of NMDA receptors by extracellularly released ligand or exogenous drugs 

requires the presence of plasma membrane receptors (Boudin et al., 1998). We assessed the 

proportion of total SIG particles for GluN1 that were present on the plasma membrane, near 

the plasma membrane, or in the cytoplasm in dendritic profiles of RVLM neurons in male 

and female mice.

In the absence of AngII, there were significant sexual-dimorphisms in the partitioning ratio 

of GluN1 SIGs affiliated with distinct subcellular locations in CRF1-EGFP dendritic profiles 

of RVLM neurons (Fig. 2C–D). The partitioning ratio is defined as the number of SIG 

particles in a subcellular compartment as a proportion of the total number of SIG particles. 

Females had a significantly higher plasma membrane GluN1 SIG partitioning ratio (t282 = 

−3.9, P < 0.0001), whereas males had a greater cytoplasmic GluN1 SIG partitioning ratio 

(t282 = 3.6, P < 0.0005). There were no differences in the partitioning ratio of near plasma 

membrane GluN1 SIGs in male and female mice (t282 = 4.7, P > 0.1).

Morphology in the absence of AngII—Alterations in dendritic and/or spine 

morphology have been correlated in hypertension (Sanchez et al., 2011; Vega et al., 2004) 

including in PVN-RVLM circuits (Sonner et al., 2008). Thus, the morphology of RVLM 

dendritic profiles was assessed in male and female mice. There were differences in the 

dendritic profile size of RVLM neurons expressing both GluN1 and CRF1-EGFP labeling in 

male and female mice in the absence of AngII treatment (Fig. 2E–F). In male mice, the area 

(t282= 4.7, P < 0.0001), average diameter (t282= 4.6, P < 0.0001), and perimeter (t282= 6.2, P 

< 0.0001) of CRF1-EGFP dendritic profiles were greater than that of females.

Subcellular distribution of GluN1 following AngII administration—There were 

significant sex differences in the effects of AngII on the proportion of GluN1-SIG particles 

occurring on the plasma membrane. In male mice given AngII, the plasma membrane GluN1 

SIG partitioning ratio was significantly higher compared to saline-treated animals (t304= 

−2.0, P < 0.05; Fig. 2C). However, there was no difference in the plasma membrane GluN1 

SIG partitioning ratio in CRF1-EGFP dendrites in female mice receiving saline or AngII 

(t257= 1.6, P > 0.1; Fig. 2D). There were no differences in the near plasma membrane (Male: 
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t304= .29, P > 0 .7; Female: t257= 0, P > 0.99) or cytoplasmic (Male: t304= 0.9, P > 0.3; 

Female: t257= 1.1, P > 0.2) GluN1 SIG partitioning ratio in CRF1-EGFP dendrites in male or 

female mice treated with saline or AngII (Fig. 2C–D). There were also no differences in the 

density of GluN1 in CRF1-EGFP dendritic profiles in males (P > 0.05; Fig. 3A). However, 

the cytoplasmic density and total density of GluN1 particles in CRF1-EGFP dendrites was 

significantly increased in females (P < 0.05; Fig. 3B).

Proximal and distal dendritic compartments have been shown to have some degree of 

functional specialization in terms of signal conduction and synaptic plasticity (Froemke et 

al., 2005; Lovett-Barron et al., 2014). To assess the effect of AngII on the subcellular 

location of GluN1 in distinct functional dendritic compartments in the RVLM of male and 

female mice given AngII, CRF1-EGFP dendrites were segregated into large (> 1.0 μm in 

diameter) and small (< 1.0 μm in diameter) sizes, presumably representative of proximal and 

distal dendrites within a single population. There was a significant effect of group (male vs. 

female) on the plasma membrane SIG partitioning ratio (F1, 384 = 4.29; P < 0.02) in small, 

but not large dendrites (P > 0.05). Post-hoc analysis showed that male mice, but not female 

mice, given AngII compared to those given saline had a significantly increased plasma 

membrane GluN1 SIG partitioning ratio in small CRF1-EGFP dendrites (P < 0.05, Fig. 

3C,D).

Morphology following AngII—There were significant group (male vs female) 

differences in the dendritic morphology of male and female mice given AngII. In male mice, 

there were no differences in either the cross-sectional area (t304= 1.7, P < 0.09), average 

diameter (t304= 1.1, P > 0.2), or perimeter (t304= 0.7, P > 0.4) of CRF1-EGFP dendritic 

profiles when given either saline or AngII (Fig. 2E). However, in female mice given AngII, 

the cross-sectional area (t257= −3.7, P < 0.0005) and perimeter (t257= −3.7, P < 0.0005) of 

CRF1-EGFP dendritic profiles were each higher than profiles in saline-treated animals (Fig. 

2F).

Lack of sexual dimorphism in GluN1 localization in CRF1 dendrites of PVN neurons in the 
absence or presence of AngII

The presence of TH in CRF1-containing PVN neurons suggests that CRF-sensitive neurons, 

which are known to contribute to sympathoexcitatory responses (Kang et al., 2011; Shi et 

al., 2013; Vacher et al., 2002), are also catecholaminergic. PVN dendrites lacking CRF1-

EGFP are derived from a heterogeneous population of neurons, including those containing 

angiotensin type 1 receptor (AT1R) or ERβ (Gonzalez et al., 2012; Milner et al., 2010). 

Based on previous findings of sex differences in the partitioning of GluN1 in response to 

slow-pressor AngII in ERβ-containing PVN dendrites (Marques-Lopes et al., 2014), we 

analyzed GluN1-SIG particles in dendrites without CRF1-EGFP. Tissue from males and 

females were processed separately for dual label immunoEM, and thus were analyzed 

separately.

Subcellular distribution of GluN1—In the PVN of both males and females, GluN1-SIG 

particles were evident in dendritic profiles also labeled for CRF1-EGFP (Fig. 4A–B), as well 

as dendrites lacking CRF1-EGFP immunoreactivity (Fig. 5A–B). In male or female mice 
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given saline or AngII, there were no significant differences (P > 0.05) in the plasma 

membrane, near plasma membrane or cytoplasmic GluN1 SIG partitioning ratio in dual 

labeled dendritic profiles (Fig. 4C–D), or dendrites showing exclusive GluN1 labeling (Fig. 

5C–D) in the PVN.

In males, the density of GluN1-SIG particles was significantly greater in AngII-administered 

mice than in saline mice only in the cytoplasmic compartment of CRF1-EGFP lacking 

dendritic profiles (t355 = −2.5; P < 0.05; Fig. 6A). AngII administration did not have a 

significant effect on the density of GluN1-SIG particles in any other subcellular 

compartment in single (Fig. 6A) and dual labeled (not shown) dendritic profiles of PVN 

neurons in male mice. In females, there was a significant effect of AngII administration on 

the density of near plasmalemmal GluN1-SIG particles (t576.6 = 2.5; P <0.05; Fig. 6B), as 

well as the total density of GluN1 (t559.4 = 2.0; P < 0.05; Fig. 6B) in non-CRF1-EGFP 

dendrites, with lower levels of GluN1 SIGs in AngII than in saline mice. There was no 

effect of AngII administration in any other subcellular compartments (Fig. 6B).

Morphology—In response to AngII, there was an increase in the area, average diameter, 

and perimeter of dual labeled dendritic profiles only in the PVN of female mice (Area: 

t187.3= −3.5; Perimeter: t223.3= −3.6; Average diameter: t215.0= −3.3; P <0.05; Fig. 4E–F). 

No morphological differences were seen in exclusive GluN1-labeled dendritic profiles in the 

PVN of male or female mice given saline or AngII (Fig. 5E–F).

DISCUSSION

Our ultrastructural studies demonstrate that in the absence of AngII, both the morphology 

and the distribution of GluN1 in CRF1-containing dendrites of the RVLM differ in male and 

female mice. In addition, these studies also reveal that only males respond to a slow-pressor 

dose of AngII with both an increase in blood pressure and an elevation in the proportion of 

GluN1 on the plasma membrane of CRF1-containing dendrites of neurons located in the 

RVLM, but not the PVN. These results highlight significant differences between males and 

females in both the pressor response and a differential plasticity of NMDA receptors in 

response to low dose AngII.

Sex differences in plasma membrane GluN1 in CRF1-containing RVLM neurons following 
AngII administration

Following slow-pressor AngII-mediated hypertension there was an increase in the plasma 

membrane GluN1 SIG partitioning ratio in CRF1-EGFP dendrites in RVLM neurons only in 

male mice. Furthermore, analysis of small (i.e., distal) and large (i.e. proximal) dendrites 

revealed that the significant effect of group (male vs female) on the GluN1 partitioning ratio 

was limited to small dendrites, which generally receive a higher number of excitatory type 

inputs (Froemke et al., 2005; Lovett-Barron et al., 2014). The increase in the relative 

distribution of GluN1 on the plasma membrane of CRF1 expressing distal dendritic profiles 

contacted by glutamate inputs would suggest a hypertension-associated potentiation of 

NMDA receptor signaling in corticotrophin-sensitive RVLM neurons. This would be 

consistent with previous studies demonstrating the involvement of NMDA receptors in the 
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RVLM in pressor responses in spontaneously hypertensive rats (Lin et al., 1995; Lin et al., 

2005; Zhang and Abdel-Rahman, 2002).

The RVLM is a critical regulator of the baroreflex arc by interfacing between first and 

second order mechanoreceptive inputs from the nucleus tractus solitarius and caudal 

ventrolateral medulla (Wehrwein and Joyner, 2013) and outputs to the spinal cord. The 

balance of excitation and inhibition in the RVLM in response to homeostatic stressors such 

as slow-pressor AngII administration is critical to maintaining blood pressure. The majority 

of rostral RVLM CRF1-EGFP-containing neurons also express TH, suggesting that most of 

the CRF1-GluN1 neurons are C1 bulbospinal neurons (Guyenet et al., 2013). In this context, 

the increased plasma membrane levels of GluN1 in RVLM neurons of males indicate that 

these neurons are in a potentiated state rendered more sensitive to excitation from glutamate 

inputs arising from other neural sites of blood pressure regulation like the PVN. Conversely, 

the relatively lower levels of GluN1 in females compared to males may favor increased 

baroreceptor sensitivity in females.

In rats, TH neurons in the RVLM express estrogen receptors (ERs) (Wang et al., 2006), and 

it is reasonable to hypothesize that the sex difference in the subcellular distribution of 

GluN1 in CRF1-EGFP containing dendrites in the RVLM might involve sex hormone 

signaling. In ovariectomized rats, estradiol administration improves baroreceptor reflex 

sensitivity by decreasing sympathetic output as well as increasing parasympathetic tone 

(Saleh et al., 2000). In addition, ERβ is positioned within C1 bulbospinal neurons to 

modulate intracellular Ca2+ signaling in the RVLM (Wang et al., 2006). Moreover, ERα is 

present on axons terminals that contact C1 neurons where it may modulate transmitter 

release (Milner et al., 2008; Wang et al., 2006). Previous work from our group suggests that 

a sex difference in the subcellular distribution and levels of AT1R, which is critical for 

reactive oxygen (ROS) production in the RVLM of rats (Pierce et al., 2009), may underlie 

the observed sex difference in ROS-dependent L-type Ca2+ currents in response to AngII in 

the RVLM (Wang et al., 2008). In sum, our findings suggest that substantial estrogen-

mediated sex differences in glutamatergic and other signaling pathways in C1 neurons of the 

RVLM are likely. Therefore, conditions known to influence CRF release, like stress, may 

directly influence blood pressure regulation in a manner that differs in males and females. 

Our findings provide an anatomical basis for the influence of stress hormones and glutamate 

on neural regulation of blood pressure, and suggest that these CRF1-expressing RVLM 

neurons may be sites of integration for stress-related and cardiovascular signals.

GluN1 repartitioning following AngII administration does not occur in CRF1-GFP neurons 
of the PVN

The PVN critically integrates inputs from a variety of brain regions to coordinate various 

homeostatic processes, including blood pressure regulation and stress responses (Benarroch, 

2005). Thus, the stability of GluN1 localization following AngII administration in PVN 

CRF1-containing neurons suggests that plasticity in the subcellular location of NMDA 

receptors in this neuronal population likely is not involved in the response to slow pressor 

AngII in either males or females. However, it does not rule out a contribution of other 
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NMDA receptor-mediated signaling mechanisms in CRF1-containing neurons in the 

response to hypertension.

The non-CRF1-containing neurons in the PVN are neurochemically heterogeneous, and are 

likely to express CRF and AVP peptides (Coleman et al., 2013; Justice et al., 2008). These 

non-CRF1-EGFP neurons in the PVN also likely contain ERβ or AT1R (Marques-Lopes et 

al., 2015; Marques-Lopes et al., 2014). In agreement with the present studies, we found that 

near plasmalemmal GluR1 is elevated in PVN ERβ-EGFP neurons which are known to 

project to spinal cord (Marques-Lopes et al., 2014). The role of glutamate signaling in the 

sympathoexcitatory response to slow-pressor AngII administration in the mouse PVN in 

males has been previously demonstrated in a variety of these PVN neuronal populations, 

including those that are unlikely to express CRF1 (Marques-Lopes et al., 2015; Marques-

Lopes et al., 2014; Sonner et al., 2008; Wang et al., 2013). Notably, all of the studies to date 

in males have shown that slow pressor AngII elevates GluN1 in PVN neurons (Marques-

Lopes et al., 2015; Marques-Lopes et al., 2014; Sonner et al., 2008; Wang et al., 2013). 

However, since changes in receptor location are significantly impacted by neurochemical 

phenotype, discrepancies between studies are likely to reflect sampling variance across 

diverse neuronal populations.

CONCLUSIONS

In contrast to the present results obtained from reproductively competent female mice, prior 

reports demonstrate that both ovariectomized female and aged female mice become 

hypertensive in response to slow pressor AngII (Marques-Lopes et al., 2014; Xue et al., 

2007a; Xue et al., 2007b; Xue et al., 2013). The similar responses to AngII by both 

gonadally-deficient female and male mice, indicate that sexual dimorphisms in hypertension 

and associated brain plasticity involve gonadal hormone signaling. Therefore, the 

contrasting hypertension-associated NMDA receptor plasticity in CRF-sensitive neurons in 

the RVLM of males and females may provide an anatomical mechanism for gender-specific 

differences in the convergent modulation of RVLM neurons by stress hormones and 

glutamate. They also suggest that the relationship between stress and blood pressure 

regulation during the menopause transition warrants further investigation.
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ABBREVIATIONS

ABC avidin-biotin complex

AngII angiotensin II

AT1R angiotensin type 1 receptor

AVP arginine vasopressin

BSA bovine serum albumin
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CRF corticotropin releasing factor

CRF1 corticotropin releasing factor type 1 receptor

Cy cytoplasm

DAB diaminobenzidine

EGFP enhanced green fluorescent protein

EM electron microscopy

ERβ estrogen receptor beta

FG fluorogold

GFP green fluorescent protein

GluN1 NMDA glutamate receptor subunit 1

ir immunoreactivity

onPM on plasma membrane

NMDA receptor N-methyl-D-aspartate receptor

PB phosphate buffer

PM plasma membrane

PVN paraventricular nucleus of the hypothalamus

RVLM rostral ventrolateral medulla

Sal saline solution

SIG silver-intensified gold

SBP systolic blood pressure

TH tyrosine hydroxylase

TS Tris-saline
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HIGHLIGHTS

2 CRF1 neurons contain tyrosine hydroxylase in the RVLM and hypothalamus.

3 Slow pressor angiotensin II increases blood pressure in males but not 

females.

4 In males, AngII increases GluN1 on the plasmalemma of RVLM CRF1 

dendrites.

5 In females, AngII does not alter plasmalemmal GluR1 on RVLM CRF1 

dendrites.

6 In both sexes, AngII does not alter GluN1 localization in PVN CRF1 

dendrites.
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Figure 1. Distribution of CRF1-EGFP relative to cardiovascular-related cellular phenotypes in 
the mouse RVLM and PVN
(A1–3) In the RVLM, most CRF1-EGFP neurons contain TH. In the PVN, CRF1-EGFP is 

not co-expressed with retrogradely transported fluorogold (FG) from the spinal cord (B1–3), 
ERβ-ir (C1–3), or AVP-ir (D1–3). (E1–3) Like the RVLM, most CRF1-EGFP neurons in the 

PVN also contain TH. Arrows, colocalized labeling; arrowheads, CRF1-EGFP only; 

chevron, Cy5 labeling only for non-CRF1-EGFP markers. A, B, D and E = male mice; C = 

female mouse. Scale bar, 50 μm.
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Figure 2. Dual GluN1 and CRF1-EGFP containing dendrites of the RVLM in male and female 
mice administered saline or AngII: Subcellular distribution of GluN1 and dendritic morphology
(A, B) Representative images of dendrites from male (A) and female (B) mice containing 

both diffuse immunoperoxidase labeling for CRF1-EGFP and black particulate labeling for 

GluN1 (arrows). (C, D) The partitioning ratio is shown as the number of SIG particles on 

the plasma membrane (onPM), near the plasma membrane (nrPM) or in the cytoplasm (Cy) 

relative to the total number of particles (T). In the absence of AngII, CRF1-EGFP dendritic 

profiles from females show a significantly higher ratio of GluN1-SIG on the plasma 

membrane (onPM) compared to CRF1-EGFP dendritic profiles from males. Following 

AngII, male mice show a significant increase in the ratio of onPM GluN1-SIG labeling. (E, 
F) In the absence of AngII, the area and the perimeter of CRF1-EGFP containing dendrites 

is significantly larger in males compared to females. Following AngII, the area of CRF1-

EGFP dendritic profiles is significantly higher in AngII females compared to saline-treated 

females. *: P < 0.05 in saline versus AngII treated mice. a: P < 0.05 in female versus male 

mice given saline; b,c,d: P < 0.05 in male versus female mice given saline. UT, unlabeled 

terminal. Scale bar = 500 nm
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Figure 3. Dual GluN1 and CRF1-EGFP containing dendrites of the RVLM in male and female 
mice administered saline or AngII: Density and partitioning ratio of GluN1
(A, B) The density of GluN1 labeling is shown as the number of SIG particles per dendrite. 

Labeling densities were calculated for on plasma membrane (onPM per μm), near plasma 

membrane (nrPM per μm), cytoplasm (Cyto per μm2) or total (per μm2). Cytoplasmic and 

total GluN1 density in CRF1-EGFP dendrites was significantly greater in females (B) but 

not males (A). (C,D) The partitioning ratio is calculated as the number of GluN1 SIG 

particles in onPM, nrPM or cytoplasm divided by the total number of GluN1 SIG particles. 

Following AngII, the partitioning ratio of GluN1 SIGs is significantly increased in small 

CRF1-EGFP dendrites (<1.0 μm in diameter) in males (C) but not females (D). *P < 0.05

Van Kempen et al. Page 25

Neuroscience. Author manuscript; available in PMC 2016 October 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Dual GluN1 and CRF1-EGFP containing dendrites from the PVN in male and female 
mice given saline or AngII: Subcellular distribution of GluN1 and dendritic morphology
(A, B) Representative images of dendrites from male (A) and female (B) mice showing both 

diffuse immunoperoxidase reaction product for CRF1-EGFP and particulate labeling for 

GluN1 in the cytoplasm (arrows) or near the plasma membrane (chevron). (C, D) There is 

no difference in the partitioning ratio of GluN1 in male or female mice given saline or 

AngII. (E, F) The area, average diameter, and perimeter of dual GluN1 and CRF1-EGFP 

containing dendrites is larger in males given AngII compared to males administered saline. 

*P < 0.05. UT, unlabeled terminal. Scale bar = 500 nm
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Figure 5. Dendrites containing only GluN1 from the PVN in male and female mice given saline 
or AngII: Subcellular distribution of GluN1 and dendritic morphology
Representative images of dendrites labeled with immunoperoxidase for CRF1-EGFP (CRF1-

D) and immunogold-silver for GluN1 (black particles) in the cytoplasm (arrows) or near 

plasmalemma membrane (chevron) in the PVN of male (A) and female (B) mice. (C, D) The 

subcellular distribution of GluN1 SIG particles in dendrites is similar in males and females 

following saline or AngII. (E, F) There are no differences in the area, average diameter or 

perimeter of GluN1 dendrites following saline or AngII. UT, unlabeled terminal. *P < 0.05. 

Scale bar = 500 nm.
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Figure 6. Dendrites containing only GluN1 from the PVN in male and female mice given saline 
or AngII: Density of GluN1 SIG particles
The density of GluN1 labeling is shown as the number of SIG particles per dendrite. 

Labeling densities were calculated for on plasma membrane (onPM per μm), near plasma 

membrane (nrPM per μm), cytoplasm (Cyto per μm2) or total (per μm2). Labeling density of 

GluN1 SIG for dendrites lacking CRF1-EGFP (A, B). Following AngII, the density of 

GluN1 SIGs in non-CRF1-EGFP dendrites significantly increased in the cytoplasm in males 

(C) but significantly decreased in the near plasma membrane and total in females (D). *P < 

0.05
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