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Abstract

Background: Sex hormones have been implicated in pH regulation of numerous physiological 

systems. One consistent factor of these studies is the sodium-hydrogen exchanger 1 (NHE1). 

NHE1 has been associated with pH homeostasis at epithelial barriers. Hormone fluctuations 

have been implicated in protection and risk for breaches in blood brain barrier (BBB)/blood 

endothelial barrier (BEB) integrity. Few studies, however, have investigated BBB/BEB integrity in 

neurological disorders in the context of sex-hormone regulation of pH homeostasis.

Methods//Results: Physiologically relevant concentrations of 17-β-estradiol (E2, 294 pM), 

progesterone (P, 100 nM), and testosterone (T,3.12 nM) were independently applied to cultured 

immortalized bEnd.3 brain endothelial cells to study the BEB. Individual gonadal hormones 

showed preferential effects on extracellular pH (E2), 14C-sucrose uptake (T), stimulated 

paracellular breaches (P) with dependence on functional NHE1 expression without impacting 

transendothelial resistance (TEER) or total protein expression. While total NHE1 expression 

was not changed as determined via whole cell lysate and subcellular fractionation experiment, 
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biotinylation of NHE1 for surface membrane expression showed E2 reduced functional 

expression. Quantitative proteomic analysis revealed divergent effects of 17-β-estradiol and 

testosterone on changes in protein abundance in bEnd.3 endothelial cells as compared to untreated 

controls.

Conclusions: These data suggest that circulating levels of sex hormones may independently 

control BEB integrity by 1) regulating pH homeostasis through NHE1 functional expression and 

2) modifying the endothelial proteome.
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1. Introduction

Neuronal-glial excitability relies on an exquisite balance of ionic and metabolic composition 

of the extracellular and intracellular components of the central nervous system (CNS). 

Many CNS disorder events, including cortical spreading depression (CSD), stroke, traumatic 

brain injury (TBI), and epilepsy experience pH and ionic balance disruptions (Lauritzen et 

al., 2011; Zhao et al., 2016). For example, extracellular [K+] increases to ~55 mM from 

3 mM and [Na+] falls to ~70 mM from 140 mM during CSD (Demaurex et al., 1995; 

Durham and Papapetropoulos, 2013; Haim et al., 2003; Lam et al., 2009; Rajkumar et 

al., 2001; Zohsel et al., 2006). This ionic imbalance is coupled to changes in metabolism 

(e.g., ATP, lactose) and intracellular homeostasis, such as intracellular and extracellular pH 

(Andrew et al., 2017; Ayata and Lauritzen, 2015; Basarsky et al., 1999; Brennan et al., 

2007a, 2007b; Hartings et al., 2017; Lauritzen et al., 2011; Pietrobon and Moskowitz, 2014; 

Russo, 2015). In malignant hemispheric stroke, similar ionic changes are observed with the 

metabolic workload increasing to restore homeostasis as oxygen and glucose delivery is 

hindered by vessel constriction (Lauritzen et al., 2011). In TBI patients, reduced brain pH 

correlated with non-survival (Gupta et al., 2004). Epilepsy is triggered by pH imbalances as 

decreased intracellular pH in neurons can result in neuronal excitability (Zhao et al., 2016). 

Importantly, shifts in pH can modify properties of receptors, ion channels, enzymes and 

xenobiotics to enhance or dampen neural excitability and integrity of the BBB (Andrew et 

al., 2017; Hartings et al., 2017; Zhao et al., 2016).

The central nervous system (CNS) and CNS insults are influenced by sex hormones. 

Progesterone and estradiol demonstrate neuroprotective effects in preclinical models 

(Brinton, 2008; Brinton et al., 2008). Progesterone decreases brain swelling in animal 

models of TBI, exhibits anticonvulsant effects in an animal model of epilepsy, and induces 

neurogenesis in vitro in both rat cells and human cortical stem cells (Brinton et al., 2008). 

These various roles of progesterone emphasize its versatility and the neuroprotective effects 

within the brain that are still not well understood. Estradiol replacement after ovariectomy 

prevented the breakdown of the BBB induced by lipopolysaccharide (LPS) implicating 

estradiol as a neuroprotective agent in the initial stages of damage; this effect was lost at 

later timepoints after insult (Tomás-Camardiel et al., 2005). Moreover, female reproductive 

hormone fluctuations related to puberty, oral contraception, pregnancy, and menopause 

frequently coincide with the onset of or changes in migraine attacks (Hartings et al., 

Blawn et al. Page 2

Brain Res. Author manuscript; available in PMC 2023 September 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2017; Zhao et al., 2016). Limited studies have investigated the effects of androgens as 

neuroprotective at the BBB. Thus, understanding the contributions of sex hormones to CNS 

homeostasis, including BBB function and pH regulation, is of high importance.

Sodium/hydrogen exchangers (NHEs) are surface membrane solute carriers that maintain 

intracellular pH by exchanging an intracellular proton at the expense of an extracellular 

Na+ ion (Castañeda-Corral et al., 2012; Masereel et al., 2003; Putney et al., 2002). 

Sodium/hydrogen exchanger 1 (NHE1) is the most abundantly expressed sodium-proton 

exchanger in the CNS (Lam et al., 2009). Other NHEs have been implicated in CNS 

disorders; however, expression of NHE1 on endothelial cells is described as most critical. 

The dominant isoforms on rat blood brain barrier (BBB) endothelial cells are NHE1 and 

NHE2 (Lam et al., 2009). The studies herein determined the effects of sex hormones on the 

paracellular integrity of brain endothelial cell monolayers as a product of NHE1 expression 

and function to understand the contributions of sex to brain endothelial barrier (BEB) 

homeostasis. Sex hormone effects on the overall proteome of these brain endothelial cells 

was also determined to identify unique network effects of hormones on BEB maintenance.

2. Results

2.1. Cell surface expression of NHE1 is regulated by Progesterone and Testosterone

NHE1 is expressed on the plasma membrane of many cells, including brain endothelial 

cells. Using the immortalized bEnd.3 murine brain endothelial cell line, we assessed the 

total, subcellular compartment, and surface expression of NHE1 following 24 h incubation 

with E2, P, or T. While as determined by subcellular fraction did not show any effect of 

hormone exposure on NHE1 detection (p = 0.28 and p < 0.60, respectively), sustained 

exposure of murine brain endothelial cells to E2 significantly reduced surface expression of 

NHE1 as measured by biotinylated purification (p = 0.049; Fig. 1). In contrast, treatment 

with either P or T significantly increased detection of NHE1 on the plasma membrane (P, 

p = 0.009; T, p = 0.009). Finally, we assessed the total expression of NHE1 in whole cell 

lysates of bEnd.3 cells was hormone dose dependent on these immortalized cells; lowering 

the hormones concentrations did not change NHE1 total expression (Fig. 2). Together, these 

results suggest that P and T enhance NHE1 localization to the plasma membrane whereas E2 

downregulates surface expression of NHE1 to selectively modulate biological functions of 

brain endothelial cells.

2.2. Testosterone regulates NHE1 to influence extracellular pH

Given that NHE1 surface expression is divergently regulated by P/T and E2 and that 

maintains intracellular pH, it stands to reason that changes in extracellular pH (pHe) will 

also be coupled to NHE1 function. We next evaluated the effects of 24 h hormone exposure 

with E2, P, and T to pHe (Fig. 3). Neither E2 nor P significantly changed pHe as compared 

to vehicle incubation. In contrast, T significantly increased pHe to 7.82 ± 0.05 over vehicle 

pHe = 7.68 ± 0.04; p = 0.02). Extracellular pH measurements were coupled to changes in the 

absorbance values of the media (Supplementary Fig. 1).
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To investigate the role on NHE1 in the observed pHe, bEnd.3 cells were exposed to 

the hormones as above. Prior to measurement of pHe, the selective NHE1 antagonist, 

zoniporide, was added to the media (Fig. 3). Exposure to zoniporide did not significantly 

change pHe in cells incubated with vehicle (p > 0.99), E2 (p = 0.09), or P (p > 0.99). In 

endothelial cells exposed T, however, antagonism of NHE1 significantly reduced pHe as 

compared to T alone (p = 0.003). Together, these data indicate that T, but not E2 or P, 

increased pHe via NHE1-dependent mechanisms.

2.3. NHE1 plays a role in maintenance of brain endothelial monolayer paracellular 
integrity by testosterone and P, but not E2

Previously, loss of functional NHE1 has been linked to restoration of BBB paracellular 

integrity (Liktor-Busa et al., 2020). To determine if hormone-related changes in pHe can 

negatively influence the integrity of the BEB, we assessed monolayer junctional integrity 

using trans endothelial electrical resistance (TEER) and luminal to abluminal transport 

of 14C-sucrose after hormone exposure as a measure of paracellular leak (Fig. 4). Initial 

studies revealed that TEER was unaltered under any condition as compared to vehicle 

(Fig. 4A). However, measurement of luminal to abluminal transport of 14C-sucrose as a 

measure of basal paracellular integrity revealed that T, but not E2 or P reduced movement of 
14C-sucrose across the endothelial monolayer (Fig. 4B); this normalizes within 30 min and 

no differences were observed between individual hormone treatments (Fig. 4C). Thus, under 

basal conditions, testosterone tightens cell-to-cell junctions, but this is equalized over time.

To determine if observations in sucrose movement through the BEB monolayer reflected 

hormone-dependent changes in tight junction expression, we used Western blot to detect 

total expression of the anchoring protein zona occluding 1 (ZO-1) and the tight junction 

protein, claudin5 (Fig. 4D). 24 h exposure of immortalized bend.3 endothelial cells to sex 

hormones showed that claudin 5 detection was significantly higher after P (p = 0.25) and 

T (p = 0.014) exposure; ZO-1 detection was not influenced by hormones (p = 0.73–0.94 

vs vehicle). Occludin was probed for but not detected by this techinique in this cell line 

under these conditions. These data indicate that hormone variability in paracellular integrity 

reflects changes int eh composition of tight junctions between endothelial cells.

We next assessed the paracellular integrity of bEnd.3 monolayers following a high 

potassium stimulus applied to the abluminal side after preexposure to hormones. As 

previously reported, KCl (60 mM, 5 min) significantly increased the amount of 14C-sucrose 

detected on the abluminal side of the bEnd.3 monolayer (Fig. 5A). E2, P, and T pre-

application all prevented this KCl mediated increased in 14C-sucrose uptake suggesting 

a that the individual hormones at maximal physiological concentrations protect brain 

endothelial cells from paracellular breaches during K+- mediated perturbations (Fig. 5B, 

C, D).

To evaluate if this hormone-mediated protection of the monolayer from K+ stimulation was 

a result of NHE1 regulation, zoniporide (10 nM, 30 min) was added to the luminal side 

(Fig. 5A-D). Exposure to zoniporide did not influence 14C-sucrose transport in cells treated 

with vehicle, E2, or T, the NHE1 blockers independent of stimulus applied (i. e., aCSF 

or KCl). Zoniporide significantly reduced 14C-sucrose transport in cells pre-exposed to P 
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and stimulated with aCSF (p =0.02) but not KCl (p > 0.99) suggesting that progesterone 

regulates paracellular permeability, in part, via NHE1. No differences were observed 

between groups at later time points (Fig. 5A’-D’).

2.4. The bEnd.3 Endothelial cell proteome is differentially regulated by sex hormones

While hormones distinctly control NHE1 function and localization on bEnd.3 monolayers, 

it is possible that other proteins play a role in both monolayer integrity as well as pHe. 

We next used un-biased quantitative proteomics to determine the influence of hormone 

exposure on global protein expression levels in bEnd.3 cells (Fig. 6A). Using the reported 

peak serum concentrations during the rodent estrus cycle, cells were either vehicle-treated 

or incubated for 24 h in either E2 (294 pM) or T (3.12 nM) as the predominant sex 

hormones (n = 4/condition). Quantitative proteomic analysis comparing global protein 

expression changes between vehicle-treated controls and hormone treated cells identified 

7120 total proteins across 72 fractions analyzed for the 12 biological samples. Unbiased 

principal component analysis (PCA) of the 805 significantly affected proteins from the 

3-way ANOVA analysis revealed that the protein expression differences cluster together 

as either vehicle-treated, estrogen-treated, or testosterone-treated (Fig. 6B; Supplemental 

Table 1). We analyzed each hormone treatment solely versus the vehicle-treated control and 

discovered 229 (3.2%) proteins were significantly changed after estrogen treatment (Fig. 

6C-D; Supplemental Tables 2–3) whereas testosterone exposure produced a much more 

robust effect at 871 (12.2%) affected proteins (Fig. 6E-F; Supplemental Tables 4–5). The 

effects of hormone treatment were distinct, as only 9% of the significantly affected proteins 

were shared between E2 and T (Fig. 6G; Supplemental Tables 6–7). Gene ontology (GO) 

enrichment analysis of the significantly affected proteins for each hormone treatment using 

the bioinformatic database DAVID (Huang da et al., 2009) was performed for GO-Molecular 

Function and GO-KEGG pathways, and the results are shown in Fig. 6H (Supplemental 

Tables 8–11).

2.5. Comparison of NHE1 and TJ expression between sexes in vivo.

To determine if these observations in immortalized murine brain endothelial cells were 

evident at a systems level, we assessed total NHE1, ZO1, occluding and claudin 5 

expression in cortical samples from CD-1 mice (Fig. 7). Both NHE1, ZO-1, and occluding 

were detected in cortical brain samples in both male and female samples; claudin 5 detection 

was faint and not quantifiable without contrast enhancement. No statistically significant sex 

differences in whole tissue NHE1 were observed. However, ZO-1 was higher in females (p = 

0.048) whereas occludin was higher in males (p = 0.024).

3. Discussion

NHE1 is a primary pH balancing protein that also regulates sodium ion concentration at 

epi- and endothelial cells, including those comprising the blood brain barrier/neurovascular 

unit (Lam et al., 2009). Sex hormones have been implicated in pH regulation by NHE1 

of female reproductive organs (Gorodeski et al., 2005), cardio-protection during acidosis 

(Bupha-Intr et al., 2007), and osmoregulation. The purpose of the above study was to 

determine the influence of sex hormones on NHE1 expression and function on brain 
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endothelial cell monolayers to model the brain endothelial barrier (BEB). Our findings 

suggest that individual steroid hormones interact with NHE1 function to produce distinct 

outcomes on brain endothelial cells. Specifically, we found that while NHE1 expression 

was unchanged with the different sex hormones, localization, and functional differences in 

NHE1 were evident. Testosterone significantly reduced the uptake of 14C-sucrose indicating 

a tightening of the paracellular junctions of the endothelial monolayer; this was supported 

by tight junction detection at higher levels than control. E2, but not P or T, regulated 

the extracellular pH and this was NHE1 dependent. Progesterone exposure led to reduced 

NHE1 function and limited endothelial monolayer paracellular permeability. These data 

suggest that sex hormones regulate functional expression of NHE1 to control paracellular 

permeability via tight junction control on brain endothelium.

3.1. NHE1, hormones, and BBB

BBB integrity is linked to hormone concentration (Atallah et al., 2017; Maggioli et 

al., 2016; Na et al., 2015) with emphasis on endothelial cells. These actions of steroid 

hormones on the BBB are attributed to ion dysregulation, oxidation state, inflammatory, 

and tight junction integrity and function. Testosterone depletion is associated with impaired 

BBB integrity and tight junction rearrangement and has been linked to barrier breaches 

in male MS patients(Atallah et al., 2017; Caruso et al., 2014). There is also evidence 

that excessive testosterone can lead to reductions in BBB integrity (Nierwińska et al., 

2019). 17-β-estradiol, a testosterone metabolite and primary estrogen, is recognized as 

a neuroprotective steroid in vitro and in vivo by mitigating decreases in matrix metallo-

proteases and TJ expression (Azcoitia et al., 2019; Na et al., 2015; Xiao et al., 2018). 

However, these beneficial effects of estrogens are lost with age in an ER-alpha receptor 

dependent manner (Kuruca et al., 2017). Studies of progesterone effects on the BBB indicate 

a clear neuroprotective effect in the setting of insult/injury(Hun Lee et al., 2015; Si et al., 

2014), as does the active metabolite allopregnanolone (Ishrat et al., 2010, Limmroth et al., 

1996).

During challenges at the BBB including hypoxia, mechanical stretch, hypertonicity, which 

cause an acidic pHe, NHE1 becomes active and induces cytoskeletal reorganization as a 

stress response for cell survival and protection (Putney et al., 2002; Song et al., 2018; Vallés 

et al., 2015; Zaun et al., 2012; Zhao et al., 2016). In turn, NHE1 mediated cytoskeletal 

reorganization regulates cell volume (Vallés et al., 2015) in endothelial as well as many other 

cell types (Amith et al., 2017; Bupha-Intr et al., 2007; Carraro-Lacroix et al., 2006; Chang 

et al., 2010; Chatterjee et al., 2014; Hendus-Altenburger et al., 2014; Putney et al., 2002; 

Qadri et al., 2014; Zhou and Baltz, 2013). Moreover, phosphorylation leads to increases in 

antiport activity of NHE1(Amith et al., 2017; Hendus-Altenburger et al., 2014; Nørholm et 

al., 2011). Hormones are reported to target serine and threonine rich sections of the full 

NHE1 protein (Vallés et al., 2015). To determine the role of hormone regulation of pH in 

these actions at the BEB, we assessed in vitro regulation of NHE1 in the presence of the 

individual hormones.
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3.2. NHE1 and E2

Estrogen-mediated regulation of NHE1 transcription, translation, and activity has been 

reported in a number of tissues including uterus (Gholami et al., 2013), cardiac myocytes 

(Bupha-Intr et al., 2007; Kilic et al., 2009), some breast epithelium (Lin et al., 2007), 

intestines (Blaurock et al., 1995), immune cells (Singh et al., 2016), and hippocampus 

(Sárvári et al., 2016). These effects, including increased expression, have been attributed 

to direct actions at nuclear hormone receptors, the G-protein coupled receptor, GPR30, 

as well as thyroid hormone signaling (Blaurock et al., 1995; Bupha-Intr et al., 2007; 

Kilic et al., 2009; Lin et al., 2007; Singh et al., 2016). Presently, estradiol (294 pM) 

exposure significantly reduced the amount of NHE1 on the endothelial cell surface without 

changing total protein expression. These data align with those of Lam, which showed 

that 17-β-estradiol (1–100 nM) reduced NHE1 activity and may explain their observations 

with concentrations of estradiol >1 nM (Lam et al., 2009). However, this loss of cell 

surface NHE1 did not have significant functional impact on pH or paracellular integrity 

of endothelial monolayers. Indeed, E2 can inhibit arginine vasopressin stimulated activity 

of NHE1 (Na et al., 2015) as well as myofilament contractions mediated by NHE1 

activity (Bupha-Intr et al., 2007) in vascular endothelial and smooth muscle cells. Thus, E2 

regulation of NHE1 localization may have alternative biological implications for BEB/BBB 

protection.

3.3. NHE1 and P

Interactions between progesterone and NHE1 are documented in the endometrium and 

in T-cells (Wang et al., 2003) but not in cells comprising the vasculature. In the 

endometrium, 3 days of progesterone dosing to ovariectomized rats lowered intrauterine 

pH that was reversed by amiloride, a non-selective inhibitor that blocks NHE1 activity 

and increased the expression of NHE1 in the uterus (Naguib et al., 2011). Progesterone 

exerts non-genomic effects in T-cells by inhibiting NHE1 activity to suppress T cell 

mediated immunomodulation (Chang et al., 2010; Chien et al., 2007, 2016). However, 

this T-cell modulation has been suggested to be through a Ca++ dependent mechanism, 

rather than a direct action at NHE1 (Lai et al., 2012). In the present study, extended 

progesterone incubation (24 h) did not significantly reduce 14C-sucrose uptake, a marker 

of paracellular permeability, across the endothelial cell monolayer alone. However, addition 

of the NHE1 inhibitor, zoniporide following exposure to progesterone did suppress sucrose 

uptake suggesting that NHE1 activity contributes to the progesterone-sensitive permeability 

of brain endothelium. Unlike the endometrium, this was not due to changes in NHE1 

expression (Wang et al., 2003), but rather, to increased surface expression of NHE1 

following progesterone exposure.

3.4. NHE1 and T

There have been limited investigations performed on the relationship between testosterone 

or the androgen receptor and NHE1. Chatterjee and colleagues suggested that albumin-

conjugated testosterone rapidly increased intracellular pH of prostate cancer cells through 

androgen receptor activation of Rho/Rock signaling to increase NHE1 activity; this 

effect was lost after 24 h exposure (Chatterjee et al., 2014). Herein, we found that 24 
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h pretreatment with testosterone increased pHe as compared to vehicle in an NHE1 

dependent manner; this may be attributed to the increase in cell surface NHE1 induced 

by testosterone as observed by Chatterjee. Testosterone exposure also reduced paracellular 

movement of 14C-sucrose demonstrating a tightening of endothelial junctions under basal 

conditions. Therefore, testosterone-mediated regulation of NHE1 in brain endothelial cells 

may contribute to maintenance of BEB integrity.

3.5. Proteomic changes.

Recognizing that the observations of non-genomic regulation of NHE1 with E2 and P are 

not solitary outcomes, the genomic signaling of these hormones through their respective 

receptors in undeniable. Thus, it is possible that other NHEs (Beydoun et al., 2017; Damkier 

et al., 2018; Milosavljevic et al., 2014; O’Donnell, 2014; Prasad and Rao, 2015; Shi et 

al., 2013) or transporters contribute to the extracellular alkalosis of endothelial cells in 

these studies (Abbott et al., 2010; Lam et al., 2009, 2013; Lin et al., 2014; Putney et al., 

2002; Turovsky et al., 2016; Yuen et al., 2018). Proteomic analysis using physiologically 

relevant concentrations of E2 and testosterone revealed that these hormones are associated 

with distinct and complex signatures of protein expression in brain endothelial cells. For 

example, E2 induced expression of proteins relevant to kinase activity with actions in 

chemokine signaling, phagosomes, and metabolic changes. These KEGG pathways are 

linked to regulation of immune cell modulation and inflammation cascades known to be 

influenced by estrogens (Plackett et al., 2016; Seillet et al., 2013). In contrast, testosterone 

enriched proteins relevant to cell–cell adhesion with identified KEGG pathways including 

VEGF signaling, lipid metabolism, and regulation of RNA transport and degradation. These 

data would suggest that sexual dimorphism in the proteome and network signaling of bEnd.3 

cells that may contribute to the present observations including regulation of paracellular 

integrity of cells of the BEB.

3.6. In vivo findings

Sex differences in BBB integrity and molecular composition have been documented for 

multiple transporters under naive and insult conditions in several mouse strains and in rats 

(Brzica et al., 2018; Diler et al., 2007; Torres and Bynoe, 2017). Here, we describe in CD1 

mice, that sex differences in NHE1 are not apparent at the whole tissue level, although 

variability in individual cell types may exist. However, in the same tissue samples, we 

found that ZO1 was higher in females but occludin was higher in males. Therefore, in this 

strain, female mice may be more susceptible to loss of BBB integrity by insults that target 

cytoskeletal reorganization. Conversely, male CD1 mice may be more protected by having a 

higher basal level of the junction spanning occludin. Additional experiments are required to 

confirm these possibilities.

3.7. Clinical relevance of findings

The Institute of Medicine recognizes that sex hormones play divergent roles in protection 

or susceptibility to neurological disorders including but not limited to migraine, multiple 

sclerosis, epilepsy and ischemic stroke (Avila et al., 2018; Schipper, 1986; The Lancet 2019; 

Wizemann and Pardue, 2001; Zárate et al., 2017) in brain region and cell-selective manners. 

In the current study, no statistical differences in NHE1 expression were observed between 
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male and female whole cortical samples (i.e., primary endothelial cells were not isolated). 

Thus, basal differences between the sexes may be absent but exacerbated by insult.

CSD events are associated most frequently with migraine with aura, but have been reported 

after ischemic stroke and traumatic brain injury as well as epilepsy and multiple sclerosis 

(Charles and Baca, 2013; Lauritzen et al., 2011; Sun et al., 2011). Differences in brain 

pH have been reported during CSD events (Cottier et al., 2018; Fried et al., 2018). All of 

these disorders have been 1) linked to changes in NHE1 function including gain of function 

and loss of function (Liktor-Busa et al., 2020) and 2) are linked to impaired BBB integrity 

(Chung et al., 2016; Cottier et al., 2018; Fried et al., 2018; Hind et al., 2016; Li et al., 

2018; Liktor-Busa et al., 2020; O’Donnell, 2014; Wang et al., 2018; Yuen et al., 2018). 

Thus, the above observations may have high clinical importance in the development of these 

pathologies and in the ability to pharmaceutically mitigate them.

3.8. Limitations of this study

While these findings are novel and identify the individual contributions of sex hormones 

to brain endothelial cell pH homeostasis and monolayer integrity, full extrapolation to an 

intact system is impaired. First, study only investigated focused on brain endothelial cell 

expression of NHE1 for relevance to the BEB rather than the NVU. The cells used for 

this study are an immortalized brain endothelial cell line. Thus, studies using primary brain 

endothelial cells, stem-cell derived endothelial cells, or human donor brain endothelial are 

required to confirm our observations. Neurons were omitted given the high variability in 

neuron subclassifications within each region of the CNS and the potential that expression 

patterns would differ based on circuit integration. Astrocytic and microglial expression 

and regulation of NHE1 is reported (Song et al., 2018; Shi et al., 2011) but is activation 

dependent; thus selection of tissues to analyze is critical. Pericytes on the neurovascular unit 

may also express NHE1 which should be investigated. These important contributions are one 

factor that may account for our observations using tissue from male and female mice.

Second, studies above evaluated NHE1 expression, localization, and function using 

pharmacological approaches, activity differences by other means (i.e. H+ flux, 

phosphorylation state) were not determined. Gain of NHE1 function is linked with increased 

phosphorylation of NHE1 (Luo et al., 2007; Qadri et al., 2014); thus, it is possible 

that sex hormones change NHE1 phosphorylation state and subsequently function. At 

the level of expression, individual nuclear hormone receptors (ESR1, ESR2, AR, PR-

long, PR-short) have direct ties to regulation of NHE1 via gonadal response elements, 

though not determined here. It is also possible that some of the results represent indirect 

interaction; with hormone nuclear receptors associating with other transcription factor 

complexes (e.g., AP-1/c-Jun, c-Fos, ATF-2, Sp1, Sp3, NFkappa B, etc.; available from: 

https://www.uniprot.org/uniprot/P03372).

Finally, the studies above presented data collected using immortalized mouse lines in vitro. 

It is likely that species differences exist in how NHE1 is regulated by hormones and thus, 

use of human derived cells is critical to substantiate the clinical implications of the current 

findings. Moreover, the exact changes in the proteome induced by hormone exposure likely 

differ between species. Despite these limitations, sex hormones play a role in regulating 
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NHE1 to control the pH of the brain endothelial environment as well as cell function as a 

barrier. These results justify future investigation into the contributions of sex hormones to 

blood to CNS uptake of drugs and BBB structural integrity in disease.

3.9. Conclusion

Overall, E2, P, and T may influence BEB integrity by 1) regulating NHE1 expression, 2) 

regulating NHE1 function and therefore pH homeostasis, and 3) proteome manipulation 

to engage distinct molecular pathways. Together, these findings highlight the need for 

advanced understanding of hormone regulation of BEB integrity under physiological and 

pathological conditions in multiple models (e.g., primary cells, stem-cell derived cells, or in 

vivo) to determine how these changes in BBB permeability (Cottier et al., 2018) may impact 

therapeutic efficacy and underscore sex- responsivity to pharmaceutics (Jeong et al., 2008; 

Li et al., 2016; Mathew, 2011).

4. Experimental procedure

4.1. Drugs and Reagents

Protease and phosphatase inhibitor cocktails were purchased from BiMake. Pierce™ BCA 

Protein Assay Kit was purchased from ThermoScientific for cell protein quantification. 

Lysis sample buffer was prepared using chemicals purchased from Sigma-Aldrich (St. 

Louis, MO). DTT reducing agent was also purchased from Sigma-Aldrich (St. Louis, MO). 

Precision Plus dual color pre-stained molecular weight markers, and TGX criterion gels 

were purchased from Bio-Rad (Hercules, CA, USA).

4.2. Hormones

Physiological concentrations of 17-β-estradiol (Sigma-Aldrich E8875–5G), progesterone 

(Sigma-Aldrich P8783–1G), and testosterone (Sigma-Aldrich T1500) from cycling female 

rats were used to stimulate cells for 24 h (Haim et al., 2003; Rajkumar et al., 2001). 

Additionally, serum levels of hormones during rat pregnancy were simulated, as well 

as peak male rat levels of individual hormones. Concentrations of 17-β-estradiol (18 

pM-440 pM) and testosterone (350 pM-3.12 nM) were prepared in media with 0.1% 

DMSO. Progesterone was reconstituted to a stock solution of 20 ug/mL using HPLC grade 

ethanol. Dilutions of progesterone were prepared (0.1–100 nM) using media for bEnd.3 

endothelial cells or astrocytes. The vehicle was prepared using a dilution of 0.01% ethanol 

in media. Progesterone levels were used relevant to the estrous cycle, and a serial dilution of 

progesterone was performed using physiological references (Haim et al., 2003).

4.3. Cell Culture

bEND.3 cells were cultured in 75 cm2 standard flasks. They were sustained with media 

comprised of DMEM (ThermoScientific), supplemented with 2 mM L-glutamine, 10% fetal 

bovine serum (ThermoScientific), and 1% pen/strep (ThermoScientific). C8-D1A cells were 

cultured in 75 cm2 standard flasks. They were sustained with media comprised of DMEM 

(ThermoScientific), supplemented with 10% fetal bovine serum (ThermoScientific), and 1% 

pen/strep (ThermoScientific). All cell lines were cultured at 37 °C in a humidified 5% 

CO2/95% air atmosphere.

Blawn et al. Page 10

Brain Res. Author manuscript; available in PMC 2023 September 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4.4. Cell Treatment

Cells were plated onto 6 well plates and cultured in the presence of astrocyte conditioned 

media to ensure tightly joined monolayer formation, with the following concentrations of 

progesterone, 17-β-estradiol, and testosterone as calculated from cycling female rats (Haim 

et al., 2003; Rajkumar et al., 2001). While ACM is not a complete representation of the 

neurovascular milieu, it does ensure tight junction formation. Treatment was 24 h, then 

washed with 1X PBS

4.5. Western blot Analysis

Following treatment, cells were lysed with buffer containing 20 mM Tris-HCl (pH 7.4), 

50 mM NaCl, 2 mM MgCl2 hexahydrate, 1% (vol/vol) NP40, 0.5% (w/vol) sodium 

deoxycholate, 0.1% (w/vol) SDS supplemented with protease and phosphatase inhibitor 

cocktail (BiMake). Protein content was assessed using a BCA protein assay. 20 ug of 

total proteins were loaded on TGX precast gels. Western Blot Analysis was performed by 

loading the samples onto a 10% SDS polyacrylamide gel (Criterion™ TGX™ Precast Gels 

from Bio-Rad, Cat. # 5671033). The gels were run in Tris/Glycine/SDS buffer at 150 V 

for ten minutes followed by 190 V for 40 min. The gels were subsequently transferred to 

membranes (Bio-Rad Immun-Blot® PVDF Membrane for Protein Blotting, Cat. # 1620177) 

and then blocked in 5% BSA in Tris-buffered saline with Tween 20 (TBST) solution for 

one hour. NHE1 primary antibodies were prepared (5% BSA in a 1:1,000 dilution, Abcam 

Cat. # AB67313). After incubation in primary antibody, the membranes were washed three 

times with 10 min washes in TBST. Secondary antirabbit IgG, HRP-linked antibody was 

prepared (5% BSA in a 1:20,000 dilution, Cell Signaling Technology, Cat. # 7074S) and 

the membranes were blocked in secondary antibody for one hour and then washed three 

times with five-minute washes in TBST. The membranes were then immersed in ESL 

solution for five minutes (Clarity™ Western ECL Substrate from Bio-Rad, Cat. # 170–5061) 

and developed. The membranes were subsequently stripped (One Minute® Plus Western 

Blot Stripping Buffer from GM Biosciences, Cat. # GM6015) and incubated overnight in 

α-tubulin primary antibody (5% BSA in a 1:100,000 dilution, Cell Signaling Technology, 

Cat. # 3873S). The membranes were then washed three times with five-minute washes 

in TBST. Secondary anti-mouse IgG, HRP-linked antibody was prepared (5% BSA in a 

1:40,000 dilution, Cell Signaling Technology, Cat # 7076S) and membranes blocked in 

secondary antibody for one hour. For cellular subfractionation analyses, 40 ug of protein 

was loaded per lane in 10% SDS Page running gel. NHE1 (5% BSA in a 1:500 dilution, 

Abcam Cat. # AB67313) was used, with the following used as loading controls for their 

respective cell fraction: α-Tubulin (5% BSA in a 1:20000 dilution, Abcam Cat# AB7291) 

cytoplasmic fraction, Lamin B (5% BSA in a 1:1000 dilution, Invitrogen Cat #PA5 19468) 

Nuclear fraction, PECAM/CD-31 (5% BSA in a 1:1000 dilution, Santa Cruz Cat# 376764). 

Secondary treatment same as above. Antibodies used for tight junction imaging in b.End3 

cells were as follows: Claudin-5 (5% BSA in a 1:500 dilution, Invitrogen Cat# 35–2500), 

Zona Occludins-1 (5% BSA in a 1:500 dilution, Invitrogen Cat# 33–9100), α-Tubulin (5% 

BSA in a 1:20000 dilution, Abcam Cat# AB7291). Samples were loaded with 20 ug total 

protein per sample. For Naïve mouse whole brain lysate, 80 ug of protein was loaded per 

sample, with the same antibody concentrations stated above as well as occludin (5% BSA in 

a 1:500 dilution, Invitrogen Cat# 35–1500).
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4.6. Biotinylation

Biotin buffer was prepared with 1x PBS and 2 mM CaCl, buffered to a pH of 7.2. NHS-SS 

Biotin reagent was used from the Thermo-Fisher cell surface isolation kit (Thermo, ref: 

89881). Four six well tissue culture plates (Corning) were pretreated with a 20% collagen 

solution for two hours and then seeded with 50,000b.End3 cells per well (Passage 18), with 

2 mL of astrocyte conditioned media (ACM) supplied per well for a growth medium. At 

confluence, cells were exposed for 24 h to 1) Vehicle (ACM), 2) Estradiol (E2) 294 pM 

in ACM, 3) Progesterone (P), 100 nM in ACM, and 4) Testosterone (T) 3.12 nM in ACM 

(37 °C with 5% CO2). Hormone treatments were then removed, and cell plates were chilled 

to 4 °C and rinsed in 1x PBS buffered to pH 8.0. 1 mL of pre prepared biotin buffer 

containing NHS-SS biotin linking reagent (Thermo) was then added to each well and then 

incubated at 4 °C for 25 min, after which a fresh aliquot of biotin buffer was added and 

cells were incubated at 4 °C for another 25 min. After incubation, biotin buffer was removed 

and cells were washed 3 times with 1x PBS, pH of 8.0. Cell lysis buffer was prepared 

with protease and phosphatase inhibitors, added to lysis buffer at a ratio of 1:100. 1 mL 

of lysis preparation was added to each well of the four plates. Cells and lysis buffer were 

harvested and transferred to a 1.5 mL microfuge tube and incubated on ice for 1 h prior to 

centrifugation at 14,000 RPM for 10 min at 4 °C; supernatant was decanted and collected. 

Neutravidin (Thermo) was then equilibrated in lysis buffer by adding 1800 μL of the 50% 

Neutravidin-agarose slurry to a 2 mL centrifuge tube and centrifuging at 14,000 RPM for 

10 min at 4 °C and resuspended in 1800 μL lysis buffer. Resuspended Neutravidin was then 

added to each sample at 150 μL Neutravidin suspension per well and incubated overnight 

at 4 °C on a rocker. Samples were re-aliquoted and centrifuged at 14,000 RPM for 5 s to 

pellet Neutravidin beads. After removing supernatant, Neutravidin pellets were washed three 

times with 500 μL lysis buffer, twice with 500 μL high salt buffer, and once with 500 μL 

no salt buffer; all washes lasted for three min. After washes, pellets were eluted into 60 μL 

2x SDS sample buffer with 10% DTT. Samples were heated to 95 °C for 10 min on a heat 

block, cooled to RT, and loaded onto a 10% SDS PAGE gel, run for 40 min at 190 V, then 

transferred to a nitrocellulose membrane (1 h at 20 V). The membrane was blocked in 5% 

milk in TBST overnight at 4 °C then incubated with anti-NHE1 antibody (1:500, Invitrogen) 

in 5% TBST overnight at 4 °C on a rocker. The membrane was treated with anti-rabbit 

fluorescent secondary antibody (1:10000, LiCor) in 5% TBST, for 1 h at room temperature. 

Imaging was performed as described above

4.7. Cellular subfractionation

b.END3 endothelial cells were sub-cultured 15 times in T75 cell culture flasks and allowed 

to grow to confluency. Upon reaching confluency, cells were harvested via trypsinization 

with 0.025% trypsin-EDTA (Gibco). After harvesting cells were quantified for total and live 

cell count with trypan blue staining, cells were then seeded on 4 6 well plates (Corning) 

and seeded at an initial count of 50,000 cells per well, volume was then brought up 

to 2 mL with DMEM media (Gibco) with 5% FBS, 2 mM L Glutamine, and 2 mM 

Penicillin/Streptomycin added to media during preparation. Cells were then incubated at 37 

°C with 5% CO2 with DMEM media (Gibco) and allowed to grow until full confluence was 

observed microscopically. Upon reaching confluence, media was removed and replaced with 

astrocyte conditioned media (ACM, prepared in house) and allowed to incubate overnight 
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at 37 °C 5% CO2. Following incubation, each plate was relegated to either a control group 

(Vehicle) or one of three treatment groups consisting of 1) 214 pM Estradiol, 2) 100 nM 

Progesterone, and 4) 3.14 nM Testosterone, ACM used as a vehicle for each treatment. Each 

well received 2 mL of its respected treatment and were incubated for 24 h at 37 °C with 5% 

CO2. Cells were then harvested with 0.025% Trypsin-EDTA and pelleted by centrifugation 

at 500g for 5 min, after which supernatant was decanted and cell pellets were resuspended 

in 1x PBS. Cell suspensions were then pooled according to treatment group, transferred 

to a microfuge tube, and centrifuged at 500g for 3 min. Supernatant was then decanted, 

with pellets kept dry for subcellular fractionation. Subcellular fractionation was then carried 

out utilizing Thermo scientific subcellular fractionation kit (catalog #78840), fractioning 

cells into three compartments, cytoplasm, membrane, and nuclear fractions. Stock buffers 

from sub fractionation kit for each fraction were prepared by addition of protease and 

phosphatase inhibitors at a ratio of 1:100 and placed on ice. Cell pellets for each treatment 

group were resuspended in 200 μL cytoplasmic extraction buffer (CEB), then incubated 

at 4 °C for 10 min on mixing platform. Suspensions were then centrifuged at 500g for 5 

min, with supernatant containing cytoplasmic fraction transferred to a new tube, separated 

by treatment group and placed on ice. Cell pellets for each treatment group were then 

resuspended in 200 μL of membrane extraction buffer (MEB), vortexed, and incubated at 

4 °C for 10 min on a rocking platform. Suspension was then centrifuged at 3000g for 5 

min with supernatant containing membrane fraction transferred to new tube, separated by 

treatment, and placed on ice. Cell pellet was then resuspended in 100 μL nuclear extraction 

buffer (NEB), vortexed, and incubated at 4 °C for 30 min on a rocking platform. Tubes were 

then centrifuged at 5000g for 5 min, with the supernatant containing the nuclear fraction 

decanted into a new tube, separated by treatment and placed on ice, with the cell pellets 

being discarded. After collection of cell fractions, protein concentration was determined 

using a colorimetric BSA protein assay and frozen for Western blot imaging.

4.8. Trans-Endothelial electrical resistance (TEER)

bEnd.3 mouse endothelial cells were cultured on collagen coated trans-well inserts 

(Corning) with 500 μL bEnd.3 media for growth facilitation at 37 °C incubation. Abluminal 

side wells were treated with 1000 μL astrocyte conditioned media (ACM) at point of 

cell seeding to create an in vitro model of the BBB. ACM was prepared by incubating 

confluent CD18A astrocytes with Gibco DMEM media with 10% FBS and 1% penicillin–

streptomycin and incubated for 24 h at 37 °C. bEnd.3 cells cultured on luminal side of 

trans-well insert were then treated with media (naïve group), 294 pM E2 (17-beta-estradiol 

group), 3.12 nM T (Testosterone group) or 1 nM P (Progesterone group). Hormones were 

diluted into bEnd.3 DMEM media then aliquoted in 500 μL aliquots for each respective 

treatment group on the luminal side of the trans-well plate. After 24 h incubation the 

hormone treated media was removed and replaced with fresh bEnd.3 DMEM media. Once 

the fresh media was added a baseline TEER measurement was taken via chopstick method 

(EVOM2). Trans endothelial electrical resistance (TEER) was then measured with chopstick 

electrodes (EVOM2) at the following timepoints: Baseline (pre hormone), 0 min (24 h 

post-hormone) and at 10, 20, 30, 60, 120, 180, and 360 min after removal of hormone. 

All measurements were repeated in triplicate via use of three, 12-well trans-well trays 

(Corning).
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4.9. pH measures

Extracellular pH was measured before and after hormone treatment using FiveEasy Plus pH 

meter FP20 (Mettler Toledo) with Micro pH electrode LE422 in triplicate over three separate 

experiments.

4.10. Sucrose transport Assay

bEnd.3 cells were seeded 6.0 × 104 cells/cm2 on the luminal side of collagen-coated filter 

membranes (0.4 μm pore polyester membrane) of 24-well tissue culture inserts (Costar, 

3470). The cell culture inserts were incubated at 37 °C (5% CO2) for 4–5 days. One 

day before experiment, astrocyte (C8-D1A cells)-conditioned media was added to the 

abluminal side of the inserts and incubated overnight at 37 °C (5% CO2, humidified). 
14C-sucrose (PerkinElmer, NEC100XOO1MC) was applied to the luminal side to monitor 

the paracellular uptake at 0.25 μCi/ml concentration 24 h after hormone application to the 

luminal side and collected after 5 min and 30 min (relative to sucrose). The radioactivity 

of samples from the abluminal side was measured for disintegrations per minute (dpm; 

1450 LSC and Luminescence Counter; PerkinElmer). For each individual experiment, 3–4 

inserts/group with cells and three inserts without cells were assayed. The radioactivity in the 

inserts without cells at both time-points were two–three times higher compared to the inserts 

with cells, indicating the existence of barrier.

4.11. Proteomics

In-gel Digestion.—To determine changes in the global bEnd.3 cell proteome upon sex 

hormone treatment, bEnd.3 cells were either vehicle-treated or treated with 294 pM E2 or 

3.12 nM T (n = 4 each). bEnd.3 cell lysates were prepared as for the Western blot (methods 

above). 200 μg of the bEnd.3 cell lysate supernatant was separated on a 10% SDS-PAGE gel 

and stained with Bio-Safe Coomassie G-250 Stain. Each lane of the SDS-PAGE gel was cut 

into six slices. The gel slices were subjected to trypsin digestion and the resulting peptides 

were purified by C18-based desalting exactly as previously described (Kruse et al., 2017; 

Parker et al., 2019).

Mass spectrometry and Database Search.—HPLC-ESI-MS/MS was performed in 

positive ion mode on a Thermo Scientific Orbitrap Fusion Lumos tribrid mass spectrometer 

fitted with an EASY-Spray Source (Thermo Scientific, San Jose, CA). NanoLC was 

performed exactly as previously described (Kruse et al., 2017; Parker et al., 2019). 

Tandem mass spectra were extracted from Xcalibur ‘RAW’ files and charge states were 

assigned using the ProteoWizard 3.0 msConvert script using the default parameters. 

The fragment mass spectra were searched against the Mus musculus SwissProt_2018_01 

database (16965 entries) using Mascot (Matrix Science, London, UK; version 2.6.0) using 

the default probability cut-off score. The search variables that were used were: 10 ppm 

mass tolerance for precursor ion masses and 0.5 Da for product ion masses; digestion with 

trypsin; a maximum of two missed tryptic cleavages; variable modifications of oxidation 

of methionine and phosphorylation of serine, threonine, and tyrosine. Cross-correlation 

of Mascot search results with X! Tandem was accomplished with Scaffold (version 

Scaffold_4.8.7; Proteome Software, Portland, OR, USA). Probability assessment of peptide 
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assignments and protein identifications were made using Scaffold. Only peptides with ≥ 

95% probability were considered.

Label-free peptide/protein quantification and identification.—Progenesis QI for 

proteomics software (version 2.4, Nonlinear Dynamics Ltd., Newcastle upon Tyne, UK) 

was used to perform ion-intensity based label-free quantification. In brief, in an automated 

format, .raw files were imported and converted into two-dimensional maps (y-axis =time, 

x-axis = m/z) followed by selection of a reference run for alignment purposes. An aggregate 

data set containing all peak information from all samples was created from the aligned runs, 

which was then further narrowed down by selecting only +2, +3, and + 4 charged ions for 

further analysis. The samples were then grouped and a peak list of fragment ion spectra from 

only the top eight most intense precursors of a feature was exported in Mascot generic file 

(.mgf) format and searched against the Mus musculus SwissProt_2018_01 database (16965 

entries) using Mascot (Matrix Science, London, UK; version 2.4). The search variables 

that were used were: 10 ppm mass tolerance for precursor ion masses and 0.5 Da for 

product ion masses; digestion with trypsin; a maximum of two missed tryptic cleavages; 

variable modifications of oxidation of methionine and phosphorylation of serine, threonine, 

and tyrosine; 13C = 1. The resulting Mascot .xml file was then imported into Progenesis, 

allowing for peptide/protein assignment, while peptides with a Mascot Ion Score of < 25 

were not considered for further analysis. Protein quantification was performed using only 

non-conflicting peptides and precursor ion-abundance values were normalized in a run to 

those in a reference run (not necessarily the same as the alignment reference run). Principal 

component analysis and unbiased hierarchal clustering analysis (heat map) was performed in 

Perseus (Tyanova et al., 2016; Tyanova and Cox, 2018) while Volcano plots were generated 

in RStudio.

4.12. Statistical power and data analysis

Experiments were performed to give 80% power to detect a treatment effect size of 20% 

compared to a baseline response of 5% at a significance level of 0.05 (Clayton and 

Collins, 2014; Andrews et al., 2015). Numbers required to achieve statistical power for each 

experiment were determined by G.Power3.1. Data analysis of Western blot was performed 

by quantifying the resultant bands using UN-SCAN-IT Gel 7.1 software. The NHE1 values 

were normalized to the determined α-tubulin levels. The data was graphed with statistics 

performed using GraphPad Prism 7 software. A repeated measure two-way analysis of 

variance (ANOVA) was used to analyze differences between treatment groups over time (i.e. 

TEER) with a Tukey’s test applied post-hoc. All in vitro experiments were performed in 

duplicate in three individual trials. Unless otherwise stated, the data were expressed as mean 

± SEM. Molecular studies were compared by one-way ANOVA or Student’s T-test. When 

p-values were ≤ 0.05, they were accepted as statistically significant.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Progesterone and Testosterone, but not E2, increase cell surface expression of NHE1. A. 

Total expression of NHE1 in immortalized bEnd.3 cells is unchanged by 24 h hormone 

exposure. B. Subcellular fractionation shows no statistical difference in the detection of 

NHE1 in membrane, cytosolic, or nuclear fractions after hormone exposure. C. Biotinylation 

pulldown of bEnd.3 mouse brain endothelial cells showed that 24 h exposure to E2 (294 

pM) significantly decreased cell surface expression of NHE1, whereas T (3.12 nM) and P 

(100 nM) significantly increased cell surface expression of NHE1 as compared to vehicle. 

N = 3–4 individual experiments in triplicate. One-way ANOVA F(3,19) = 17.65, p < 0.001, 

Dunnett post-hoc *p < 0.05, ** p < 0.01.
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Fig. 2. 
Sex hormones do not change total NHE1 expression. bEnd.3 endothelial cells treated for 24 

h with (A) E2, (B) P, or (C) T did not show a change in NHE1 total expression across the 

physiological range of concentrations. N = 3–4 individual experiments in triplicate.
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Fig. 3. 
T, but not E2 or P, increases extracellular pH (pHe) following 24 h exposure. pHe was 

measured after a 24 incubation with E2 (294 pM), P (100 nm), and T (3.12 nM); dark 

bars. Neither E2 nor P resulted in a changed pHe. Testosterone significantly increase the 

pHe (media pH) as compared to vehicle. This could be blocked by the NHE1 inhibitor, 

zoniporide (10 nM; light bars). N = 3–4 individual experiments in triplicate. One-way 

ANOVA F(7,74) = 3.61, p < 0.001, Bonferroni post-hoc*p < 0.05 vs. vehicle, ϕp < 0.05, 

Testosterone vs T + zoniporide.
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Fig. 4. 
Hormone regulation of brain endothelial cell basal paracellular integrity. (A) TEER values 

are unchanged following 24 h exposure to E2, P, and T as compared to vehicle treatment. 

(B) 14Csucrose passage is reduced beyond that of vehicle after incubation with T and a short 

media wash period that was not attributed to cell confluency. Sucrose movement normalizes 

after 30 min (C). Differences in functional monolayer integrity could be attributed to 

differences in the tight junction expression following exposure to individual hormones. 

Two-way ANOVA ZO1: F(3,19) = 3.921, Tukey post-hoc, p = 0.01–0.03.
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Fig. 5. 
Progesterone, but not E2 or T, regulation of KCl induced paracellular breaches require 

NHE1. Paracellular integrity of the bEnd.3 monolayer was assessed using passage of 14C-

sucrose from the luminal to abluminal side of trans-well inserts. KCl (60 mM, 5 min) 

significantly enhance 14C-sucrose movement after (A, A’) vehicle but not E2 (B, B’), P (C, 

C’) or T (D, D’). One-way ANOVA F(3,8) = 8.92, p = 0.0008, Bonferroni post-hoc*p < 0.05 

vs. aCSF. Progesterone (D) sensitized bEND.3 cells to zoniporide in aCSF pulsed conditions 

leading to a significant reduction in 14C-sucrose movement. One-way ANOVA F(3, 8) = 
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8.92, p = 0.05, Bonferroni post-hoc*p < 0.05 vs. aCSF. N = 3–4 individual experiments in 

triplicate.
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Fig. 6. 
Proteomic analysis of bEnd.3 endothelial cells reveals differences in hormone-regulated 

molecular function and KEGG pathways.17-β-Estradiol and testosterone differentially 

regulate the protein expression levels of bEnd.3 endothelial cells in vitro. (A) Schematic 

diagram of the label-free quantitative proteomics experimental approach (n = 4). bEnd.3 

endothelial cells were treated and lysed as described in Materials & Methods. 200 μg 

of lysate was separated by 10% SDS-PAGE and each gel lane was fractionated into 

six gel slices that were subjected to trypsin digestion. The resulting tryptic digest was 
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purified and subsequently analyzed by tandem mass spectrometry. Raw data processing 

for quantification was executed in Progenesis QI for Proteomics and peptide/protein 

identification was performed by database searching with Mascot. The resulting Mascot 

peptide and protein identifications were imported into Progenesis QI for Proteomics and 

quantification of changes in peptide/protein abundance was performed via extracted ion 

abundance in Progenesis QI for Proteomics. The resulting quantitative proteomics data was 

further processed by Perseus for visual representation of the findings. MS/MS, tandem mass 

spectrometry. (B) Unbiased principal component analysis (PCA) of the 805 significantly 

affected proteins from the 3-way ANOVA analysis of the quantitative proteomics data 

revealed that the protein expression differences of the individual biological samples within 

each group were consistent and no outliers were detected and also indicated that testosterone 

had a more significant effect on protein expression versus estrogen (relative to the untreated 

control). (C) Unbiased hierarchical clustering of the 229 significantly affected proteins 

in the estrogen versus untreated control treatment groups confirmed that the expression 

patterns across the different individual biological samples cluster together accordingly 

as either untreated control or estrogen. A heat map and linked dendrogram of the 

hierarchical clustering results provide a visual representation of the clustered matrix and the 

associated profile plots further reveal consistency within groups of the corresponding protein 

expression patterns (see the two boxes to the right of the heat map). (D) A volcano plot of 

the estrogen versus untreated control. Above the horizontal grey line represents the cut-off 

for a p value of <0.5 while the two vertical lines represent the cut-off values of 1.2-fold 

change in either the positive or negative direction. (E) Unbiased hierarchical clustering of 

the 871 significantly affected proteins in the testosterone versus untreated control treatment 

groups confirmed that the expression patterns across the different individual biological 

samples cluster together accordingly as either untreated control or testosterone. A heat map 

and linked dendrogram of the hierarchical clustering results provide a visual representation 

of the clustered matrix and the associated profile plots further reveal consistency within 

groups of the corresponding protein expression patterns (see the two boxes to the right of 

the heat map). (F) A volcano plot of the testosterone versus untreated control. Above the 

horizontal grey line represents the cut-off for a p value of <0.5 while the two vertical lines 

represent the cut-off values of 1.2-fold change in either the positive or negative direction. 

(G) A Venn diagram of the significantly affected proteins in the untreated control versus 

estrogen (UvE) experiment compared to the untreated control versus testosterone (UvT) 

experiment. (H) Scatter plots of the “Molecular Function” and “KEGG pathways” gene 

ontology enrichment findings for both the untreated control versus estrogen and untreated 

control versus testosterone experiments. GO, gene ontology. N = 4/treatment.
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Fig. 7. 
NHE1 and ZO-1 expression from cortical samples of male and female CD1 mice. (A) NHE1 

did not show statistical differences in total expression in whole samples of brain tissue from 

male and female CD1 mice. (B) Zo-1 and (C) Occludin were statistically different between 

the sexes (n = 5/sex). Unpaired T-test NHE1: p = 0.37; ZO-1: p = 0.048; Occludin p = 0.026 

*p < 0.05.
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