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ABSTRACT 

 

ROSHNI THAKKAR 

Anti-inflammatory role of 17β-estradiol in the brain. 

Under the direction of DR. DARRELL BRANN. 

 

17β-estradiol (E2) is a well-known neuroprotective hormone, but its role in regulation of 

neuroinflammation is less understood. In the current study, we examined whether E2, 

acting via PELP1, can exert anti-inflammatory effects in the ovariectomized rat and 

mouse hippocampus to regulate NLRP3 inflammasome activation, cytokine production 

and microglial M1/M2 phenotype after global cerebral ischemia (GCI). The results 

showed that activation of the NLRP3 inflammasome pathway and expression of its 

downstream products, cleaved caspase-1, and IL-1β, are temporally increased in the 

hippocampus after GCI, with peak levels observed at 6-7 days. E2 robustly inhibited 

NLRP3 inflammasome pathway activation, caspase-1 and pro-inflammatory cytokine 

production, as well as gliosis after GCI at gene as well as protein levels. Moreover, E2 

also profoundly suppressed the pro-inflammatory M1 microglial phenotype, while 

increasing the anti-inflammatory M2 microglial phenotype after GCI. Intriguingly, the 

ability of E2 to exert all of these anti-inflammatory effects was lost in PELP1 forebrain-

specific knockout mice. These robust effects of E2 may be mediated directly upon 

microglia, as we found that E2 suppressed the M1 while enhancing the M2 microglia 



 

 

phenotype in LPS-activated BV2 microglia cells. Furthermore, E2 treatment also 

prevented the neurotoxic effects of BV2 microglia cells upon hippocampal HT-22 

neurons, suggesting a novel E2-mediated neuroprotective effect via regulation of 

microglia activation and phenotype. Mechanistically, E2 strongly suppressed expression 

and activation of the transcription factor NF-κB in BV2 microglia cells, which is known 

to be a critical regulator of both microglia pro-inflammatory effects and M1/M2 

microglia phenotype. Additional studies revealed that NF-κB inhibition also prevents the 

cytotoxic effects of BV2 microglia cells upon hippocampal HT-22 neurons. Collectively, 

our study suggests a novel E2-mediated neuroprotective effect via regulation of 

inflammasome and microglia activation and promotion of the M2 “anti-inflammatory” 

phenotype in the brain. 

 

 

 

KEY WORDS: Estrogen, global cerebral ischemia, NLRP3 inflammasome, microglia 

phenotype, cytokines, neuroprotection. 
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I. INTRODUCTION 

A. Statement of the problem  

      The steroid hormone 17β-estradiol (E2), which is produced primarily by the 

ovaries in females, has both reproductive and non-reproductive functions in the body. 

One of its key non-reproductive functions is neuroprotection. In 1997, Simpkins et al. 

showed for the first time that E2 was neuroprotective in an ovariectomized rat focal 

cerebral ischemia model (Simpkins et al., 1997). Since then, there have been many 

studies to elucidate precisely how E2 exerts its neuroprotective action. Several studies 

from our lab and others have shown that there can be involvement of all three known 

estrogen receptors in the brain (estrogen receptor (ER) alpha, ER beta and/or GPER1 

(Dubal et al., 2001, Zhao et al., 2004, Brann et al., 2007, Scott et al., 2012, Tang et 

al., 2014). These receptors are known to be present in many areas of the brain, 

including the hippocampus, cortex, amygdala, and striatum. E2, upon binding with 

ER, can either have genomic or non-genomic actions via interaction with extranuclear 

and/or nuclear estrogen receptors, or exert several different actions that facilitate 

neuroprotection. These E2-regulated actions include: 1) up-regulation of pro-survival 

genes, 2) activation of pro-survival pathways, 3) anti-oxidative functions, 4) 

regulation of mitochondrial bioenergetics, as well as 5) exert anti-inflammatory 
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actions. The mechanism of action of E2 to mediate neuroprotection and its anti-

oxidative functions appears to involve mediation by both extra-nuclear and nuclear 

estrogen receptors (Zhang et al., 2009, Yang et al., 2010, Tang et al., 2014). 

             In contrast to the neuroprotective effects of E2, anti-inflammatory properties 

of E2 in the CNS have been less studied and considerably less is known on this 

aspect. Studies in animal models of autoimmune encephalitis, Parkinson’s Disease 

and Alzheimer’s  suggest that E2 administration could lower inflammation, mostly in 

terms of suppression of microglial activation (Vegeto et al., 2008). Inflammation is a 

typical body response to injury or disease. It has been implicated to have a beneficial 

effect to help protect or repair body tissues and cells, but its activation can also be 

detrimental. Whether inflammation is beneficial or detrimental could be determined 

by several factors that include context, degree and duration of induction.  

 

          While much is known about inflammation induction and its regulation in most 

parts of the body, very little is known about inflammatory responses in the brain, 

which is otherwise, a sterile organ. In 2002, a major advance was made concerning 

the underlying mechanisms of inflammation when the role of inflammasomes was 

discovered (Fabio Martinon, 2002). An inflammasome is a multi-protein complex that 

is primed and activated upon triggers like pathogens, and metabolic and/or 

genotoxic/cytotoxic stresses, thereby leading to downstream activation of caspase-1 

and pro-inflammatory cytokines. The types and pattern of inflammasome assembly, 

priming and activation have now been well studied in the peripheral immune system. 

However, inflammasome activation and regulation in the central nervous system has 
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been less studied and thus comparatively less is known on its role in brain injury and 

disease. Here, we propose to focus on the most abundantly found inflammasome, the 

NLRP3 (NOD-like receptor protein 3), and determine its regulation and role in global 

cerebral ischemia (GCI), a model of cardiac arrest that specifically damages the 

hippocampus and affects cognitive function. The NLRP3 inflammasome pathway has 

been implicated as a key mediator of the downstream pro-inflammatory cytokine IL-

1β (Interleukin 1 beta) via cleavage of pro-caspase-1 to active caspase-1 (Martinon et 

al., 2009). Inflammasome activation, pro-inflammatory cytokine production and 

microglial phenotype changes are the classic hallmarks of CNS inflammation. With 

respect to inflammasome activation, preliminary reports show that E2 can suppress 

gene expression of some key inflammatory mediators in the cerebral cortex following 

middle cerebral artery occlusion in rats (Zhang et al., 2014, Arevalo et al., 2015, 

Slowik and Beyer, 2015).  Furthermore, a recent brief report suggested that E2 acting 

via ERβ could attenuate expression of caspase 1 as well as IL-1β after global cerebral 

ischemia (GCI). However, a detailed study on NLRP3 inflammasome activation after 

GCI is lacking, and thus we proposed to address this key deficit in our knowledge 

(Thakkar et al., 2016). We also proposed that E2 has an important role to attenuate 

inflammation after GCI via suppression of the NLRP3 inflammasome pathway. 

Therefore, we also examined E2 regulation of NLRP3 inflammasome expression, 

activation and signaling after GCI. 

 

        In recent years, it has been suggested that microglia can polarize into either an 

M1 (more phagocytic, pro-inflammatory) phenotype, or an M2 (more anti-
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inflammatory repair-like) phenotype (Cherry et al., 2014). We thus further propose 

that E2 can exert anti-inflammatory effects in the hippocampus by inhibiting the pro-

inflammatory M1 microglia, while enhancing the anti-inflammatory M2 microglial 

phenotype after GCI. The studies presented herein thus also examined this possibility.  

Finally, we propose that E2 anti-inflammatory actions in the hippocampus require 

mediation by estrogen receptor co-regulator, PELP1 (proline-, glutamic acid-, and 

leucine-rich protein-1), as well as by other up-stream inflammatory transcriptional 

regulator, NF-κB. Thus, E2 regulation of inflammation in the brain might involve 

multi-pathways. The central hypothesis of this project, as depicted in Figure 1, is that 

E2 exerts anti-inflammatory effects in the hippocampus following GCI by inhibiting 

activation of the NLRP3 inflammasome pathway, reducing the pro-inflammatory M1 

microglia phenotype, while enhancing the anti-inflammatory/repair M2 phenotype. 

Collectively these effects lead to a reduction of pro-inflammatory cytokines and 

enhancement of anti-inflammatory cytokines, effects that favor repair and contribute 

to increased neuronal survival.  
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Figure 1. Overall hypothesis. Diagrammatic representation of the overall hypothesis and central idea of 

this dissertation. 17β-Estradiol (E2) action on hippocampus after GCI exerts anti-inflammatory effects in 

the hippocampus following global cerebral ischemia (GCI). These anti-inflammatory effects include 

suppression of NLRP3 inflammasome, pro-inflammatory cytokines and M1 microglia phenotype (as 

indicated in red bars with green arrows). This also involves up-regulation of M2 microglia phenotype, anti-

inflammatory cytokines and increased neuronal survival (as indicated in green triangle).  
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B. Statement of specific aims  

To test this hypothesis, we propose the following specific aims:  

 

Aim 1: To determine whether anti-inflammatory effects of 17β-estradiol involve 

regulation of NLRP3 inflammasome pathway in the hippocampus after GCI. 

 

Aim 2: To determine whether 17β-estradiol regulates microglial M1/M2 phenotype 

activation in the hippocampus after GCI, suppressing M1 pro-inflammatory, while up-

regulating, M2, anti-inflammatory phenotype. 

 

Aim 3: To determine the mechanisms underlying 17β-estradiol regulation of NLRP3 

inflammasome activation and microglia phenotype activation in the hippocampus after 

GCI. The role of the ER co-regulator protein, PELP1 in mediating E2 anti-inflammatory 

effects will be examined, as will the ability of E2 to regulate expression of P2X7 

receptor, NF-κB,  known key upstream regulators of inflammation. 

 

 

By examining the above key questions, we should reveal crucial insights into E2 anti-

inflammatory effects and mechanisms in the brain following global cerebral ischemia.
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C. Review of literature  

 

1. Evidence for estrogen-induced neuroprotection 

1.1 Estrogen neuroprotection in cerebral ischemia  

            Work by many labs including our own has provided evidence that E2 can exert 

neuroprotection following cerebral ischemia (Brann et al., 2007, for review). Cerebral 

ischemia is a significant health issue in the world, as it is one of the leading causes of 

death and disability, with approximately 6.45 million deaths and 112.9 million stroke-

related disabilities reported each year (Feigin et al., 2016). There are two major types of 

cerebral ischemia – focal and global (Traystman 2003, for review). Focal cerebral 

ischemia is the most predominant form of ischemic stroke, and is primarily due to an 

embolism blocking a specific artery in the brain, which leads to ischemia and damage of 

a specific brain region. The majority of ischemic strokes are due to an embolism in the 

middle cerebral artery (MCA).  Focal cerebral ischemia due to occlusion of the MCA is 

well known to cause significant damage to cortical and subcortical regions of the brain, 

leading to neuronal cell death and motor and sensory deficits.  

 

        The second major type of cerebral ischemia is global cerebral ischemia (GCI), 

which can occur due to cardiac arrest, asphyxiation, as well as open heart or cardiac 

surgery. About 1,000 people a day succumb to cardiac arrest in the US (Roger et al., 

2011). The most feared outcome of GCI is cognitive impairment. Approximately 90% of 

the survivors of cardiac arrest that leave the hospital have some form of cognitive 

impairment (Roger et al., 2011). The brain region that is most vulnerable to GCI is the 
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hippocampal CA1 region, which is a critical area for cognition, learning and memory 

(Kirino, 1982; Pulsinelli et al., 1982; Brillman, 1993; Swain et al., 1993; Roach et al., 

1996; Wolman et al., 1999). Following GCI, hippocampal CA1 neurons undergo a 

“delayed” cell death, which occurs several days after the cerebral ischemia. Depending 

upon the duration of the GCI, neuronal cell death can also occur in other regions of the 

brain such as cortical and subcortical regions.  

 

         In order to better understand and develop treatments for focal and global cerebral 

ischemia, researchers have developed several different in vitro and in vivo animal models 

of cerebral ischemia. A classic in vitro model involves exposing the cells to oxygen-

glucose deprived hypoxia to mimic an ischemia-like environment in vitro (Goldberg and 

Choi, 1993). Furthermore, several in vivo rodent models are used depending upon the 

type of ischemia desired, focal or global (Traystman, 2003). Of all the various focal 

cerebral ischemia models, the most commonly used is the Middle Cerebral Artery 

Occlusion (MCAO) model, which involves placing a suture thread in the MCA to 

occlude it (Gupta et al., 2004). With respect to GCI, the most utilized animal models 

include a cardiac arrest model, bilateral carotid artery occlusion model, and 4-vessel 

occlusion model (Gupta et al., 2004; Pulsinelli et al., 1979). Each of these models has 

their own advantages and limitations, as discussed by others previously (Traystman, 

2003; Hossmann, 1998). A consistent pathological outcome of cerebral ischemia is 

neuronal cell loss, cognitive and/or motor/sensory impairment and inflammation. Within 

the context of this discussion, we will focus on estrogen-induced neuroprotection in terms 

of increased neuronal survival, improved cognition and reduced inflammation.  
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Numerous clinical studies have shown that women are more protected than men against 

stroke incidence and outcome, at least until menopause when E2 levels decline due to 

follicular depletion (Di Carlo et al., 2003, Roquer et al., 2003, Murphy et al., 2004, 

Niewada et al., 2005, Barker-Collo et al., 2015). Further work has shown that post-

menopausal women have higher disability and fatality rates as compared to men (Li et al., 

2016).  Young women also reportedly have lower expression of pro-inflammatory genes 

relative to men after stroke (Li et al., 2016). Studies conducted in young adult animals 

also support gender differences in stroke. For instance, female gerbils exhibit less severe 

post-ischemic neuronal injury and necrosis than males in the cerebral cortex as well as 

CA1 hippocampal region (Hall et al., 1991). Likewise, studies in rats and mice have 

found smaller infarct volumes in cortex and striatum in females following middle 

cerebral artery occlusion, a model of focal cerebral ischemia (Alkayed et al., 1998). 

These protective effects in females appear to be due to E2, as 1) ovariectomy reversed the 

protective effect in females (e.g. infarct damage in the ovariectomized females was 

greater than intact females and was equal to that observed in males) (Alkayed et al., 1998, 

Park et al., 2006), and 2) numerous studies have shown that exogenous E2 replacement in 

young ovariectomized rats, mice, and gerbils is strongly neuroprotective against the 

detrimental effects of both focal and global cerebral ischemia in various brain regions 

including the cortex, striatum and hippocampus. These E2 effects were observed in 

context of reduced mortality, decreased infarct area, increased neuronal survival. 

(Simpkins et al., 1997, Dubal et al., 1998, Zhang et al., 1998, Rusa et al., 1999, Shi et al., 

2001, Jover et al., 2002, Shughrue and Merchenthaler, 2003, Plahta et al., 2004, Park et 
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al., 2006). A correlative improved functional outcome has been observed as well. For 

example, exogenous E2 treatment improved several hippocampal-dependent functions, 

including recognition and working memory, spatial memory, and sensorimotor function 

following cerebral ischemia in ovariectomized rats (Li et al., 2004, Gulinello et al., 

2006). However, growing evidence suggests that a “critical window” exists for the 

neuroprotective effects of E2 in the hippocampus (Scott et al., 2012). In support, work 

from our lab and others found that low dose E2 is fully protective in young rats against 

cerebral ischemia-induced neuronal damage in the hippocampus if given immediately 

after ovariectomy, but this protective effect is diminished or lost if E2 treatment is 

delayed for 10 weeks (Suzuki et al., 2007, Zhang et al., 2011, Zhang et al., 2013). 

Likewise, further work by our group showed that E2 enhances hippocampal neuron 

survival following global cerebral ischemia in young and middle-aged ovariectomized 

rats, but not in aged rats (Zhang et al., 2011). Additional molecular studies revealed that 

hippocampal ERa and ERb underwent degradation by the ubiquitin ligase CHIP (C 

terminus of heat shock cognate protein 70 (Hsc70)-interacting protein) after prolonged 

E2 deprivation, such as occurs after ovariectomy or in natural aging (Zhang et al., 2011), 

which may explain why E2 replacement must be initiated at the time of ovariectomy or 

menopause onset to be neuroprotective. In support of the benefits of early intervention, 

recent studies report that perimenopausal estrogen-containing hormone therapy is 

associated with enhanced memory and hippocampal function later in life (Maki et al., 

2011), as well as with regional sparing of the hippocampal CA1 region as determined by 

MRI (Pintzka and Haberg, 2015).  
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1.2 Estrogen neuroprotection in Alzheimer’s Disease 

Although controversial, some evidence suggests that E2 can enhance cognition 

and may be neuroprotective against AD.  For instance, some studies report a correlation 

between serum E2 levels and cognitive functioning in young and older women, such that 

high serum levels of E2 are associated with enhanced verbal working memory 

(Rosenberg and Park, 2002, Sherwin, 2003). Similarly, low estradiol levels were 

associated with greater declines in global cognitive function and verbal memory among 

women aged 70-79 (Yaffe et al., 2007). Intriguingly, meta-analyses of 12 case-control 

and prospective cohort studies demonstrated a 29–44% reduction in the risk of AD in 

postmenopausal women who received estrogen-containing hormone therapy versus those 

who never took hormones (Paganini-Hill and Henderson, 1996, Fox et al., 2013). 

Specifically, ten of these twelve observational studies found a reduced risk of AD in 

estrogen users versus nonusers. Furthermore, longer cumulative lifetime durations of 

estrogen exposure were associated with a lowered risk of AD (Fox et al., 2013). 

However, in most studies that initiated hormone therapy after symptoms of AD appeared, 

E2 was generally an ineffective treatment for ameliorating cognitive decline (Brenner et 

al., 1994, Henderson et al., 2000). This is consistent with a hypothesis proposed by 

Roberta Brinton termed the ‘‘healthy cell bias of estrogen action’’, which posits that E2 

only yields neurological benefits when applied to healthy neurons (Brinton, 2008).  Thus, 

neurons compromised by advanced aging or Alzheimer’s pathology should not benefit 

from estrogen treatment. 
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Consistent with the healthy cell hypothesis, the Women’s Health Initiative 

Memory Study (WHIMS) found an increased risk of dementia for women over the age of 

65 treated with oral conjugated equine estrogens, with or without the synthetic progestin 

medroxyprogesterone acetate (Shumaker et al., 2003). One caveat is that the women in 

the WHIMS study were 65-79 years old, which is far beyond menopause onset. As 

discussed above, there is evidence that the brain may become less sensitive to E2 

beneficial effects after such a prolonged period of E2 deprivation, and that hormone 

therapy in the WHIMS trial was initiated outside of this “critical window”. The validity 

of the “critical window” hypothesis remains an area of active clinical exploration via 

several clinical trials initiated after the WHIMS, such as the Kronos Early Estrogen 

Prevention (KEEPS) Trial and the Early versus Late Intervention Trial with Estrogen 

(ELITE) trial. Interestingly, pilot studies for the KEEPS trial revealed that transdermal E2 

in recently postmenopausal women was associated with reduced amyloid-b deposition, 

especially in APOE4 carriers (Kantarci et al., 2016), suggesting that E2 may reduce AD 

pathology when given within the critical period. In support of the beneficial effects of E2 

for AD within the critical period, women with elevated risk of AD who started hormone 

therapy close to menopause onset showed better verbal memory two years later than 

women who discontinued hormone therapy after a year (Wroolie et al., 2015). 

 

In addition to clinical studies, many basic science studies provide support for a 

protective role of E2 in AD. For instance, E2 decreases phosphorylation of tau protein in 

the ischemic hemisphere following cerebral ischemia in rodents, which leads to reduced 

formation of neurofibrillary tangles (Simpkins et al., 2005, Zhang et al., 2008). E2 also 
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protects hippocampal neurons in-vitro against Ab neurotoxicity (Shah et al., 2003, Marin 

et al., 2008), whereas depletion of brain E2 increased Ab deposition and decreased Ab 

clearance in a transgenic mouse model of AD (Yue et al., 2005). Exogenous E2 can 

enhance expression of insulin degrading enzyme and neprilysin, proteins responsible for 

removal of neurotoxic Aβ in APP transgenic female mice with genetic deficiency of 

aromatase (Liang et al., 2010, Li et al., 2013). Similarly, E2 has been reported to promote 

the non-amyloidogenic processing of amyloid precursor protein by decreasing expression 

of the beta-secretase enzyme BACE1 and enhancing the expression of the alpha-

secretases ADAM10 and ADAM17 in neurons in-vitro (Nord et al., 2010, Li et al., 2013). 

Of significant interest, work by Brinton and coworkers (Zhao et al., 2013) found that 9-

month dietary supplement with a ERb-selective phytoestrogen formulation prolonged 

neuronal survival, slowed Ab pathology, and improved spatial recognition memory in a 

female mouse model of AD.  Therefore, ERb may help mediate some of the protective 

effects of E2 in AD, and development of focused/targeted phytoestrogens formulations 

may be a therapeutic avenue worth exploring further.  Interestingly, Gray et al (Gray et 

al., 2016) recently found that STX, which is a novel ligand for membrane estrogen 

receptors, prevented Ab-induced cell death, as well as Ab-induced decreases in ATP and 

mitochondrial gene expression in neuroblastoma cells. STX also prevented the 

diminished dendritic outgrowth caused by Ab in hippocampal neurons cultured from 

transgenic AD model mice. As a whole, the above studies suggest that E2 reduces the 

neural load of Ab by regulating its deposition as well as clearance.  
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Finally, a number of studies have reported that premature menopause (surgical 

and natural) is associated with an increased risk of dementia (Rocca et al., 2007). 

Furthermore, early age at surgical menopause was recently shown to be associated with 

faster decline in global cognition and increased AD pathology (Bove et al., 2014). 

Interestingly, estrogen therapy administered within 5 years of surgical menopause was 

associated with preserved global cognition (Bove et al., 2014). Likewise, basic science 

studies from our lab using rat models of surgical menopause have shown increased 

damage and amyloidogenesis in the hippocampus following global cerebral ischemia that 

can be prevented by E2 replacement immediately after ovariectomy, but not 10 weeks 

later (Zhang et al., 2013, Scott et al., 2014). These findings suggest an amyloidogenic 

effect of surgical menopause and further support a critical window for the neurological 

benefits of E2 (Thakkar et. al, Textbook chapter).  

 

2. Molecular mechanisms of estrogen neuroprotection 

2.1 Multiple pathway regulation 

The mechanisms underlying E2 neuroprotection have been extensively studied in 

recent years. These studies have revealed that E2 neuroprotection is likely multi-factorial 

(Figure 2). As shown in Figure 2, E2 neuroprotection is proposed to involve: 1) genomic 

nuclear-mediated signaling that regulates transcription of pro-survival, anti-apoptotic, and 

anti-inflammatory factors, 2) rapid extranuclear receptor-mediated signaling that 

enhances pro-survival kinase signaling pathways that can crosstalk to the nucleus and 

control transcription of protective and anti-inflammatory factors, 3) robust anti-oxidative 

stress effects that are mediated by suppression of free radical generation through 
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regulatory effects on membrane NADPH oxidase- and mitochondrial-generating ROS 

systems (Zhang et al., 2009, Arnold et al., 2012, Scott et al., 2012, Yao and Brinton, 

2012), and 4) enhancement/preservation of mitochondrial bioenergetics (Yao and 

Brinton, 2012), which could help cells survive stressful situations and be more resistant 

to damage.  In the subsequent sections below, we discuss the role of the different ER 

subtypes in mediating the neuroprotective and anti-inflammatory effects of E2 in the 

brain.  
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Figure 2.  Mechanisms of Estrogen Neuroprotection. (Adapted and modified from Scott et al. Frontiers 

in Neuroendocrinology. 2012.) 
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2.2 Role of estrogen receptors in estrogen neuroprotection 

The classical estrogen receptors, ERα and ERβ, are expressed in multiple regions 

of the brain, including forebrain regions such as the hippocampus and cerebral cortex 

(Shughrue et al., 1997, Shughrue and Merchenthaler, 2000). Recent studies also show 

that GPR30 (G-protein coupled receptor 30, more recently known as G-protein coupled 

estrogen receptor or GPER1) is expressed in the hippocampus and cerebral cortex, as 

well as other regions in the brain (Hazell et al., 2009, Hammond et al., 2011). ERα and 

ERβ are present in the nucleus and at extranuclear locations (membrane and cytoplasm) 

(McEwen et al., 2001; Milner et al., 2005). In contrast, GPER1 has an exclusively 

extranuclear location pattern, with reports showing that it is localized to the membrane 

and endoplasmic reticulum of cells (Funakoshi et al., 2006, Akama et al., 2013, Tang et 

al., 2014). All three receptors are expressed in multiple cell types in the brain, including 

neurons, astrocytes, and microglia (Pozzi et al., 2006, Johann and Beyer, 2013, Acaz-

Fonseca et al., 2014). In neurons, each receptor has been localized at synaptic locations in 

the hippocampus, and evidence suggests a potentially important role for each ER in the 

regulation of synaptic function (McEwen et al., 2001, Milner et al., 2005, Waters et al., 

2015).  

 

Initial evidence for a role of ERs in neuroprotection came from studies conducted 

in female mice that were pre-treated with the ER antagonist, ICI 182,780, and subjected 

to brain ischemia. In these studies, ICI 182,780-treated animals showed an increased 

infarct size, indicating a potential role for classical ERs in neuroprotection (Sawada et al., 
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2000). Further studies using a variety of approaches (gene deletion, knockdown, and 

specific agonist/antagonist studies) have added supporting evidence and sought to clarify 

the role of each ER subtype in neuroprotection. For instance, ovariectomized ERα 

knockout mice exhibit a complete loss of E2 induced reduction in infarct volume in the 

cortex and striatum following focal cerebral ischemia, whereas ERβ knockout mice 

maintained their responsiveness to E2 (Dubal et al., 2001). 

 

Likewise, our laboratory utilized an antisense oligonucleotide knockdown 

approach in the hippocampus and demonstrated that ERα, but not ERβ, mediates E2 

neuroprotection in the hippocampus of young adult ovariectomized rats against global 

cerebral ischemia (Zhang et al., 2009). However, some groups have reported that periodic 

ERβ activation by E2 can induce neuroprotection against cerebral ischemia in young 

adult ovariectomized rats (Cue et al., 2015), and ERβ has been implicated in regulating 

synaptic plasticity in the hippocampus (Zhao et al., 2011, Kumar et al., 2015). 

Furthermore, both ERα and ERβ agonists have been shown to exert neuroprotection of 

hippocampal neurons in vitro (Zhao and Brinton, 2007). Thus, both ERα and ERβ appear 

to contribute to E2-induced neuroprotection in the hippocampus.  

 

Finally, there is also growing evidence for a role of the newest estrogen receptor, 

GPER1 in estrogen neuroprotection. The GPER1 agonist G-1can attenuate glutamate-

induced cell death of cortical as well as hippocampal neurons in vitro, and also reduce 

cerebral ischemia-induced damage in models of focal and global cerebral ischemia 

(Lebesgue et al., 2009, Gingerich et al., 2010, Kosaka et al., 2012, Liu et al., 2012, 
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Broughton et al., 2014). Furthermore, GPER1 knockdown in vivo abolished E2-BSA-

induced rapid ERK and Akt activation in the hippocampus, as well as neuroprotection 

following GCI (Tang et al., 2014). Additionally, G-1 enhanced activation of the pro-

survival factors, Akt and ERK in the hippocampus, inhibited pro-apoptotic JNK 

activation, and exerted neuroprotection against GCI (Tang et al., 2014). These findings 

suggest that GPER1 can also help mediate the beneficial rapid signaling and 

neuroprotective effects of E2 in the hippocampus (Tang et al., 2014). It is possible that 

there may be synergistic, cooperative, or regulatory actions between GPER1 and ERα or 

ERβ in the hippocampus. In support of this possibility, one study found that GPER1 is 

required for ERα-induced protection of dopamine neurons in the brain (Bourque et al., 

2015). Conversely, GPER1 activation has been reported to enhance phosphorylation of 

ERα, which could modulate its activity (Clark et al., 2016). Finally, studies using GPER1 

knockout mice have determined that GPER1 has a role in regulation of anxiety, stress, 

and metabolism, and is cardio-protective (Prossnitz and Hathaway, 2015). However, 

similar studies using the GPER1 knockout mice to study the role of GPER1 in 

neurological function and neurodegenerative disorders are currently lacking, and much 

needed.  

 

2.3 Genomic and non-genomic signaling in E2 neuroprotection 

As illustrated in Figure 2, E2 neuroprotection appears to involve mediation by 

both genomic (nuclear receptor-mediated) as well as non-genomic (extranuclear receptor-

mediated) signaling pathways. The term “non-genomic” signaling is not entirely accurate, 

as rapid extranuclear receptor signaling can also regulate gene expression by kinase 
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signaling induction of transcription factors.  E2 signaling involves the diffusion of E2 

into cells, its binding to ER in the cytosol, translocation of the E2-ER complex to either 

the nucleus or extranuclear location, and involvement of ER co-regulators to form a 

signalosome that can lead to E2 genomic or non-genomic action in the cell. Numerous 

studies have demonstrated that E2 regulates gene expression of several pro-survival, anti-

inflammatory and anti-apoptotic factors to promote cell survival and neuroprotection. For 

instance, E2 neuroprotection in focal cerebral ischemia models in rats involves increased 

transcription of the pro-survival factor, bcl-2 in the cortex, with a corresponding inhibited 

expression of the pro-apoptotic factor, bad (Dubal et al., 1999). E2 also increases bcl-2 

expression in human NT2 neurons and rat hippocampal neurons in vitro (Dubal et al., 

1999, Wu et al., 2005). E2 further regulates expression of other bcl-2 family members, 

including increased expression of bcl-w and decreased expression of pro-apoptotic 

markers like bim (Yao et al., 2007). E2 has also been shown to regulate other molecules 

and events involved in programmed cell death including cytochrome c, caspase 3, and 

fragmentation of DNA (Rau et al., 2003, Choi et al., 2004b). As mentioned above, work 

by our lab has shown that E2 strongly increases expression of an anti-apoptotic, pro-

survival factor, survivin, in the hippocampal CA1 region following global cerebral 

ischemia, which enhances neuronal survival (Zhang et al., 2008). E2 increases gene 

expression of growth factors such as transforming growth factor (TGF-β), brain-derived 

neurotropic factor (BDNF), and insulin-like growth factor 1 (IGF-1), which have been 

implicated in helping to mediate the neuroprotective actions of E2 in the brain (Brann et 

al., 2007, Sohrabji, 2015). More recently, our lab has shown that E2 can inhibit 

hippocampal gene expression of several inflammatory factors like NLRP3 (NOD-like 
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receptor protein 3), ASC (Apoptosis-associated speck-like protein containing a CARD 

domain), caspase-1, and the pro-inflammatory cytokine IL1-β (Interleukin 1-β), 

following global cerebral ischemia (Thakkar et al., 2016). This work will be discussed 

more in a subsequent section below.  

 

In addition to genomic signaling by nuclear ER, there is significant evidence that 

E2 neuroprotection involves regulation of various rapid kinase signaling pathways via 

extranuclear ER.  The major kinase signaling pathways regulated by E2 include the ERK 

(Extracellular signal-regulated kinase), PI3K (Phosphoinositide 3 kinase)-Akt (also 

known as Protein kinase B), JNK (c-Jun N-terminal kinase), and GSK-3b (Glycogen 

synthase kinase-3) signaling pathways, which control activation of multiple cellular 

proteins and processes, and can crosstalk to the nucleus to regulate expression of many 

genes. All three types of estrogen receptors (ERα, ERβ, and GPER1 have been shown to 

exist at extranuclear locations in the cell and have been implicated to mediate E2-induced 

rapid signaling effects in various brain regions, including the hippocampus (Raz et al., 

2008). Studies from our lab using estradiol conjugates like E2-dendrimer (EDC) and E2-

BSA that cannot enter the cell and thus only activate extranuclear ER showed that E2 can 

induce rapid non-genomic signaling, including phosphorylation of Akt and ERK (Yang et 

al., 2010).  Furthermore, the E2 conjugates strongly induced neuronal survival and 

improved cognitive outcome following global cerebral ischemia in young adult 

ovariectomized rats (Yang et al., 2010), indicating that extranuclear ER plays an 

important role in mediating E2 neuroprotection in the hippocampus. In addition, 

administration of a MEK or PI3K inhibitor blocked the neuroprotective effects of EDC 
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and E2-BSA. Further studies showed that EDC increased pCREB and BDNF in the CA1 

region in an ERK- and Akt-dependent manner, and that cognitive outcome after GCI was 

preserved by EDC in an ER-dependent manner (Yang et al., 2010). As will be discussed 

in detail below, E2 also regulates the pro-survival Wnt/b-catenin pathway in the 

hippocampus through an ERα-PI3K-Akt-GSK3β signaling cascade (Zhang et al., 2008, 

Yang et al., 2010). In addition to enhancing activation of pro-survival kinase signaling 

pathways, E2 also strongly inhibits phosphorylation of JNK in the hippocampus, which is 

implicated as a pro-apoptotic factor in the hippocampal CA1 region (Zhang et al., 2008). 

Besides regulation of kinases, other known rapid signaling mechanisms involve calcium 

and ion channels. For instance, patch clamp experiments show that E2 can reduce Ca+2 

currents following E2 influx in rat neostriatal neurons via a non-genomic mechanism 

(Mermelstein et al., 1996). Additionally, Huang et al. (Huang et al., 2004) used 

fluorescent Ca+2 probes to show that E2 rapidly attenuates glutamate-induced Ca+2 

overload in rat primary hippocampal neurons. In contrast, under basal conditions, E2 acts 

to increase intracellular calcium concentrations in midbrain neurons and in the cytoplasm, 

dendrites, and nucleus of rat hippocampal neurons, which seems important for changes in 

hippocampal dendritic spine protein regulation by E2. The Ca+2 changes may also be 

important for E2-induced kinase changes (Raz et al., 2008). E2 has also been shown to 

regulate ATP-gated purinergic P2X7 receptor channel, indicating an indirect regulation 

of K+ efflux (Cario-Toumaniantz et al., 1998). Thus, several genomic and non-genomic 

pathways are known to be regulated by E2 in the brain. In the section below, we review 

evidence that E2 profoundly regulates the pro-survival Wnt/b-catenin signaling pathway 
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as a key mechanism to enhance neuroprotection in the hippocampus  (Thakkar et. al, 

Textbook chapter).. 

 

3. PELP1 – a novel ER coregulator 

Investigations into the signaling mechanisms underlying E2 actions have revealed 

that E2-induced ER transcriptional activity can be influenced by “coregulator” proteins, 

which function as “coactivators” or “corepressors” (Mann et al., 2012). Functionally, 

coregulator proteins act as a facilitator, modulator, or bridge to form large protein 

complexes and regulate target gene activity on chromatin. The ER-co-regulator protein 

association thus leads to formation of an “ER signalosome”, which facilitates both ER-

nuclear and -extranuclear receptor-mediated action. To date, the majority of work on ER 

co-regulators has been performed in the cancer field, with little known on their function 

in the brain. However, recent work by our group led to the cloning and characterization 

of a novel ER co-regulator that is highly expressed in the brain, called PELP1 

(Vadlamudi et al., 2001, Khan et al., 2005, Khan et al., 2006), and which appears to play 

a key role in E2 signaling in the brain.  

3.1 PELP1 structure 

Human PELP1 is localized on the chromosomal region 17p13.2 and encodes a 

1130 amino acid protein (Sareddy and Vadlamudi, 2016). The PELP1 gene is highly 

conserved across species. In humans, both a long (3.8 Kb) and a short (3.4 Kb) transcript 

have been identified. The long transcript is an immature transcript and has an extra 435bp 

intron. The short isoform is the mature transcript and is widely expressed in tissues 
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throughout the body. PELP1 lacks known enzymatic activity, and its action in cells 

appears to be due to the many protein-protein interaction motifs in its structure, which 

allow it to function as a scaffolding protein coupling various proteins to transcription 

factors, nuclear receptors, kinases, and other proteins (Sareddy and Vadlamudi, 2016) 

(Figure 3). For instance, PELP1 contains 10 nuclear receptor (NR)-interacting boxes 

(LXXLL motifs) that allow its interactions with nuclear receptors, including estrogen 

receptors (Vadlamudi et al., 2001). In addition, the C-terminus of PELP1 contains 70 

acidic amino acids that functions as a histone-binding region (Figure 3) (Choi et al., 

2004a, Nair et al., 2004). PELP1-mediated ribosomal functions occur via its two 

nucleolar domains (Nuc 202) (Gonugunta et al., 2011). Furthermore, PELP1 contains 

several consensus PXXP motifs. It is at these motifs that it interacts with proteins 

containing Src homology 3 (SH3) domains such as kinases and other proteins. PELP1 

also contains several conserved protein–protein interaction motifs that bind to forkhead-

associated (FHA), Src homology 2 (SH2), PDZ, and WW domains. Collectively, these 

motifs allow PELP1 to interact with a large interactome, which will be discussed in detail 

in a subsequent section below. 
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Figure 3. Schematic representation of PELP1 structure and posttranslational modification. Proline-, 

glutamic acid-, and Leucine-rich protein 1 (PELP1) contains 10 LXXLL nuclear binding motifs, a nuclear 

localization signaling domain, a 70 amino acid long histone binding domain. Several known 

phosphorylation sites for maintenance of protein function and stability are also shown. (PKA – Protein 

kinase A, CDK – Cyclin dependent kinase, GSK3β – Glycogen synthase kinase 3 beta, ATM – DNA 

damage induced kinase). (Adapted from Thakkar et. al, 2017) 
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3.2 PELP1 expression 

PELP1 expression is highest in the brain, testes, ovaries, and uterus (Vadlamudi et 

al., 2001, Khan et al., 2005, Pawlak and Beyer, 2005, Greger et al., 2006). In the brain, 

PELP1 has been reported to be expressed in many regions, including the hippocampus, 

hypothalamus, cerebellum, cerebral cortex, amygdala, and bed nucleus of the stria 

terminalis (Khan et al., 2005, Pawlak and Beyer, 2005, Khan et al., 2006, Brann et al., 

2008). In the mammary gland, PELP1 expression is developmentally regulated 

(Vadlamudi et al., 2001). Further work by our group has shown that PELP1 is an estrogen 

receptor (ESR) target gene, with two estrogen-response element (ERE) half sites in the 

promoter, and is upregulated by both ESR1 and ESR2 (Mishra et al., 2004). Intriguingly, 

PELP1 can exhibit both cytoplasmic and nuclear localization, indicating that it could 

mediate both extranuclear and nuclear actions of E2 (Vadlamudi et al., 2001). In the 

nucleus, PELP1 has been demonstrated to localize in the chromatin, nucleoplasm, and 

nuclear matrix (Nair et al., 2004).   

3.3 PELP1 regulation 

Post-translational phosphorylation is the main mechanism of regulation of PELP1 

activity. Phosphorylation can control localization of PELP1, its interaction with adaptor 

proteins, and its stability (Sareddy and Vadlamudi, 2016) (Vadlamudi et al., 2005, 

Sareddy et al., 2015). PELP1 is phosphorylated by both hormonal and growth factor 

signals. Phosphorylation of PELP1 can be promoted by growth factors via protein kinase 

A (PKA) at Ser350, Ser415, and Ser613 (Figure 3) (Nagpal et al., 2008). Recent work by our 
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group demonstrated that glycogen synthase kinase 3 β (GSK3β) phosphorylates PELP1 at 

Thr745 and Ser1059 in the brain and thereby controls stability of PELP1 (Sareddy et al., 

2015). Phosphorylation of PELP1 at Ser477 and Ser991 by cyclin dependent kinases 

(CDKs) has been reported to occur in a cell cycle-dependent manner (Nair et al., 2010). 

Finally, it has been reported that DNA damage induced kinases (ATM, ATR) can also 

phosphorylate PELP1 on Ser1033 (Nair et al., 2014). Functionally, phosphorylation of 

PELP1 can lead to coupling of physiological signals to nuclear receptors and 

transcriptional factors. 

3.4 PELP1 interactome 

PELP1 can interact with many proteins in the cell. Several studies have shown 

that it interacts with and functions as a co-regulator of several nuclear receptors, such as 

ESR1 (Vadlamudi et al., 2001), ESR2 (Vadlamudi et al., 2004), estrogen-related receptor 

α (ERRα) (Rajhans et al., 2008) progesterone receptor (PR) (Daniel et al., 2015), 

glucocorticoid receptor (GR) (Kayahara et al., 2008), androgen receptor (AR) (Nair et al., 

2007), and retinoid X receptor (RXR) (Singh et al., 2006). In addition to nuclear 

receptors, PELP1 can also serve as a coregulator of transcription factors, including 

activator protein 1 (AP1), specificity protein 1 (SP1), nuclear factor κB (NF-κB) (Choi et 

al., 2004a), signal transducer and activator of transcription (STAT3) (Manavathi et al., 

2005) and four and a half LIM domains 2 (FHL2) (Nair et al., 2007). While the LXXLL 

motifs of PELP1 are known to interact with liganded steroid receptors, additional 

protein–protein interactions other than LXXLL motifs appear to mediate interaction with 
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unliganded steroid receptors and other transcription factors (Sareddy and Vadlamudi, 

2016).  

Furthermore, PELP1 can interact with several key players of cell cycle 

progression, as well as other kinases and growth factors, including retinoblastoma protein 

(pRb) (Balasenthil and Vadlamudi, 2003), cyclin-dependent kinase 2 (CDK2), and -4 

(CDK4) (Nair et al., 2010), E2F1 and p53 (Nair et al., 2014, Krishnan et al., 2015), c-Src 

(Chakravarty et al., 2010), phosphoinositide 3-kinase (PI3K) (Dimple et al., 2008), 

epidermal growth factor receptor (EGFR) (Vadlamudi et al., 2005), integrin-linked kinase 

(ILK1) (Chakravarty et al., 2010), mechanistic target of rapamycin (mTOR) (Gonugunta 

et al., 2014) and GSK3β (Sareddy et al., 2015). These PELP1 interactions suggest it has a 

role in mediating hormonal singling cross talk with cell cycle machinery.  

PELP1 is also known to have several epigenetic regulation functions as it interacts 

with chromatin-modifying complexes, including CBP/p300 (Vadlamudi et al., 2001), 

histone deacetylase 2 (Vadlamudi et al., 2001, Choi et al., 2004a), histones (Choi et al., 

2004a, Nair et al., 2004), and Sumo-2, (Rosendorff et al., 2006) among others. After 

formation of an interactome by PELP1 with one or more of the above-mentioned factors, 

it can exert several biological functions. These functions include ER-mediated genomic 

and non-genomic signaling, cell cycle regulation, chromatin modifications, histone 

modifications, DNA damage responses, RNA splicing, ribosomal biogenesis, and several 

neurological functions as well (Sareddy and Vadlamudi, 2016) (for detailed review).  

3.5 PELP1 – a key mediator of E2 signaling and actions in the brain 
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As mentioned previously, PELP1 is widely expressed in many regions of the 

brain of both rodents and monkeys, including key forebrain regions such as the 

hippocampus, hypothalamus and cerebral cortex (Khan et al., 2005, Pawlak and Beyer, 

2005, Khan et al., 2006, Brann et al., 2008). Subcellular localization studies revealed that 

PELP1 is highly localized in the cell nucleus of neurons, with a smaller amount located in 

the cytoplasm (Khan et al., 2006). PELP1 has a nuclear localization signal that targets it 

to the nucleus (Sareddy and Vadlamudi, 2016). In addition, hepatocyte growth factor-

regulated tyrosine kinase substrate (HRS) interacts with PELP1 and can sequester it in 

the cytoplasm (Rayala et al., 2006). Electron microscopy studies further showed that 

PELP1 is localized in the cell membrane, dendritic shafts and pre- and post-synaptic 

terminals of neurons (Khan et al., 2005). In addition to localization in neurons, PELP1 is 

also expressed in astrocytes (Pawlak and Beyer, 2005). Furthermore, PELP1 expression 

is reportedly markedly decreased in the brain of aged mice (Ghosh and Thakur, 2009). 

Co-localization studies have further revealed that PELP1 is co-localized in ESR1-positive 

cells in various brain regions (Khan et al., 2005). Currently, it is not known whether 

PELP1 similarly co-localizes with ESR2 or GPER1 in the brain.  

 

3.6 Establishment of PELP1 forebrain-specific knockout mouse model 

In order to better elucidate the role of PELP1 in E2 genomic and non-genomic 

signaling and actions in the brain, our group recently created a PELP1 forebrain-specific 

knockout mouse model (PELP1 FBKO) using Cre/loxP technology (Sareddy et al., 

2015). The strategy involved deletion of exon 1 of PELP1 leading to a premature stop 

codon on the open reading frame. To target PELP1 deletion to the forebrain, PELP1 
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loxp/loxp mice were bred with Cre mice that expressed Cre under the control of the 

CaMKIIα (Calcium/calmodulin-dependent protein kinase type II alpha chain) promoter, 

which is specifically expressed in excitatory neurons of the forebrain. The CaMKIIα-Cre 

transgene is not expressed until after birth, thereby allowing normal embryonic 

development of the transgenic mice. Western blot analysis, PCR and 

immunohistochemistry confirmed that PELP1 knockout was specific for the forebrain 

and did not occur in other brain regions or in the periphery (Sareddy et al., 2015). PELP1 

FBKO mice were viable, with no obvious gross immunological, reproductive, or 

neurological abnormality or phenotype.  

 

3.7 PELP1 mediates rapid extranuclear E2 signaling 

To study the role of PELP1 in E2 effects upon rapid extranuclear signaling, gene 

expression, neuroprotection and cognition, we utilized GCI, which causes extensive 

damage to the highly vulnerable hippocampus CA1 region. Our studies revealed that E2-

mediated extranuclear signaling in the hippocampus to rapidly activate pro-survival ERK 

and Akt signaling was lost in PELP1 FBKO mice after GCI, as compared to FLOX 

control mice (Sareddy et al., 2015). In addition, E2’s ability to suppress activation of the 

pro-apoptotic factor, JNK was also lost in the PELP1 FBKO mouse.  These results were 

also confirmed using an acute PELP1 antisense knockdown approach after GCI in a rat 

model (Sareddy et al., 2015). Based on these results, it was suggested that E2 rapid 

signaling in the brain is likely due to the ability of PELP1 to form a scaffolding complex 

between ER and kinase signaling pathway proteins. Indeed, further studies showed that 

E2 enhanced PELP1 interaction with ESR1, Src and p85 subunit of PI3 kinase in the 
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hippocampus rapidly after GCI (Sareddy et al., 2015). As a whole, these findings suggest 

that PELP1 is essential for mediating E2 rapid, extranuclear activation of prosurvival 

ERK and Akt in the brain after an ischemic injury (Sareddy et al., 2015). Furthermore, 

these results in the brain agree well with previous work demonstrating that PELP1 

mediates E2-induced activation of MAPK and PI3K-Akt signaling in cancer cells (Nair 

and Vadlamudi, 2007). 

 

3.8 PELP1 mediates E2 neuroprotection and cognition after ischemic injury 

It is known that E2 can decrease neuronal damage and increase the number of 

surviving neurons after cerebral ischemia, as well as preserve cognitive function 

(Simpkins et al., 1997, Brann et al., 2007, Zhang et al., 2008). Therefore, we utilized the 

PELP1 FBKO mice to determine the importance of PELP1 in mediating these key 

functional outcomes after cerebral ischemia.  The results revealed that E2 treatment after 

cerebral ischemia improved neuronal survival and cognitive outcome in terms of spatial 

learning and memory. This ability of E2 to enhance neuronal survival and preserve 

cognitive function after GCI was lost in the PELP1 FBKO mice (Sareddy et al., 2015). 

The role of PELP1 in mediating the neuroprotective and cognitive effects of E2 were also 

confirmed using an acute PELP1 antisense knockdown approach after GCI in a rat 

model. Taken as a whole, these results suggest that PELP1 mediates E2 rapid prosurvival 

signaling in the brain, as well as its neuroprotective and cognitive preserving actions after 

cerebral ischemia.  

 

3.9 PELP1 regulates unique gene networks in the brain 
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To further enhance our understanding of the biology of PELP1 in the CNS, we 

performed RNA-sequencing analysis of hippocampal mRNA collected from E2-treated 

Floxed and PELP1 FBKO mice at 24 h after GCI (Sareddy et al., 2015). RNA Seq 

analysis revealed that 229 genes (two-fold changes with P < 0.01) were differentially 

expressed in PELP1 FBKO mice as compared to the Floxed animals. Among these, 167 

were upregulated and 62 genes were down-regulated in PELP1 FBKO. RT-qPCR 

analysis of a subset of the differentially regulated genes confirmed the RNA-Seq results. 

The majority of genes that were altered in PELP1 FBKO mice were involved in tissue 

development and function, cellular assembly and organization, neurological diseases and 

inflammation. These altered genes in PELP1 FBKO mice were part of key cellular 

pathways including neuroinflammation/neuronal death, chemokine signaling, Wnt 

pathway, cellular movement, cell-to-cell interactions, death, apoptosis, survival and DNA 

repair (Sareddy et al., 2015). The identification of the inflammatory pathway as a major 

PELP1-regulated pathway in the brain was interesting. In follow-up studies, we 

confirmed that E2 strongly suppresses activation of a major pro-inflammatory pathway in 

the brain, the NLRP3 inflammasome pathway (Thakkar et al., 2016). Further work using 

PELP1 FBKO mice confirmed that PELP1 is essential for E2 suppression of the NLRP3 

inflammasome pathway, including downstream pro-inflammatory cytokine production. 

As a whole, these recent findings from our lab suggest an essential role for PELP1 in E2-

mediated rapid extranuclear signaling, genomic signaling, neuroprotection, cognitive 

function and neuroinflammation in the ischemic brain (Sareddy et al., 2015, Thakkar et 

al., 2016). (Thakkar et. al, 2017, review) 
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4. Inflammation and the brain 

Inflammation is the body’s response to any type of tissue injury or infection.  This 

response is essential for immune cells in the body to sense the danger signals, as well as 

facilitate the metabolism, energetics, and cellular pathways so as to favor a “rescue” 

phase. However, inflammation can have detrimental “bystander” effects to damage 

neighboring healthy cells, especially if the duration and/or amount of inflammation are 

robust or extensive in nature (David, 2015). Indeed, inflammation has been proposed to 

play a key role in neuronal degeneration and prognosis after brain injuries like stroke and 

traumatic brain injury (Fann et al., 2013a, Liu et al., 2013), and to exacerbate neuronal 

degeneration in long-term neurodegenerative disorders such as Alzheimer’s disease, 

Parkinson’s disease, and multiple sclerosis (Jha et al., 2010, Walsh et al., 2014). 

 

Following a neuronal insult, an inflammatory response occurs that is slightly 

different from that in the periphery, as the brain is otherwise a sterile organ and does not 

normally have infiltration of immune cells due to the presence of tight junctions at the 

blood brain barrier. The first sensors of neuronal damage that initiate the inflammatory 

response are the microglia, the resident immune cells of the brain (Kreutzberg, 1996, 

Kettenmann et al., 2011). The three classical hallmarks of CNS inflammation are, 1) 

microglial activation, 2) inflammasome activation, and 3) pro-inflammatory cytokine 

production. The understanding of these inflammatory events in the CNS has only recently 

begun to be explored and a lot still remains to be deciphered. In order to provide a 

background for our proposed studies, we will review each of these classical hallmarks of 

CNS inflammation in the below sections.  
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4.1 Microglia activation and polarization 

Pio del Rio-Hortega, a Spanish neuroscientist is credited with first describing and 

naming microglia cells in 1932 (Kettenmann et al., 2011). Microglia are the resident 

immune cells of the nervous system. These cells belong to the mononuclear phagocyte 

lineage, and are mobile cells that can rapidly move to the site of injury and/or damage. 

Upon activation, microglia display several alterations in phenotype and function, 

including morphological changes, enhanced secretion of pro-inflammatory cytokines, and 

an inflammatory cascade that leads to phagocytic and apoptotic activities. Inflammation 

is often followed by release of chemokines and opening of the blood brain barrier via loss 

of tight junctions, thereby leading to peripheral immune system involvement.  Microglia 

have also been implicated to crosstalk with astrocytes to exert their immune response. 

Microglia cells are reported to display a “ramified” morphology at the resting state under 

normal physiological conditions; whereas they then tend to obtain a more thickened 

“amoeboid” morphology in the activation stage (Kreutzberg, 1996). In fact, Kreutzberg 

proposed that microglia cells have several different stages of morphology based on their 

level of transformation from a resting state to an activated, more phagocyte-like state. 

These different stages included 1) resting ramified, 2) rod cells, 3) dividing cells, and 4-

5) “amoeboid” perineural satellites (Kreutzberg, 1996).   

 

In 2000, Mills proposed the addition of a new “M1-M2” terminology based on the 

hypothesis that microglia cells could interchangeably shift from an “inflammatory” (M1) 

to a “anti-inflammatory repair” (M2) phenotype. The identification of M1 versus M2 
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microglia phenotype is usually based on several criteria, including expression of cell 

surface markers, specific cell metabolites, and the type of cytokines released (Heppner et 

al., 2015). Some examples of routinely used markers to classify M1 versus M2 phenotype 

include: CD68, CD16/32, TNFα, IL-1β, IL-6 for M1 phenotype and Arginase-1, Ym1, 

CD206, IL-10, IL-4 for M2 phenotype (Murray et al., 2014).  

There is abundant evidence that microglia become activated and contribute to 

neuroinflammation in several neurodegenerative disorders such as Alzheimer’s disease 

(AD), Parkinson’s disease, Multiple Sclerosis, traumatic brain injury and stroke (Vegeto 

et al., 2008, Heneka et al., 2013, Manwani et al., 2013). However, the role of M1 versus 

M2 phenotype regulation in these neurodegenerative disorders is only beginning to be 

addressed. Work in an MCAO model of focal cerebral ischemia has provided evidence 

that an M2 anti-inflammatory microglia phenotype is induced in the cerebral cortex early 

after injury, which is thought to contribute to clearance of cell debris and/or misfolded 

proteins (Hu et al., 2012). Subsequently, the M2 activation is followed by robust 

induction of the pro-inflammatory M1 microglia phenotype, which is thought to be 

detrimental to healthy neurons. Likewise, in AD, it has been suggested M2 responses are 

dampened as the disease progresses and that aggregated α-synuclein, Aβ, and tau 

oligomers may persistently activate M1 pro-inflammatory responses and lead to 

irreversible neuron loss (Tang and Le, 2016). In contrast, comparatively little is known 

about microglia polarization in the hippocampus after GCI. Therefore, we proposed to 

address this deficit in our knowledge and examine the potential regulatory role of E2.   
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Several studies support that this microglia switch from M1 to M2 can have 

beneficial effects in central nervous system disorders and that it holds important 

functional outcomes (Hu et al., 2012, Cherry et al., 2014, Gensel and Zhang, 2015, Zhao 

et al., 2017). M2 polarization state of microglia is known to have better clearance of Aβ 

plaques in Alzheimer’s disease as well as decreased neurodegeneration in the substantia 

nigra in models of Parkinson’s disease (Cherry et al., 2015, Beier et al., 2017). IL-4 

administration to mouse model of focal ischemia as well as intracerebral hemorrhage, led 

to induction in M2 like phenotype of microglia and consequent improvement in 

functional and neurobehavioral recovery (Zhao et al., 2015, Yang et al., 2016). 

Furthermore, IL-4 treated brain slices have been shown to be protective against oxygen 

glucose deprivation and further led to induction in M2 phenotype (Girard et al., 2013). 

Additional studies where the M2 phenotype was enhanced by using drugs or other 

biomolecules have also shown better outcomes. Use of TLR4 receptor antagonist, 

naltrexone or PPARϒ agonist; rosiglitazone, has shown up-regulation of anti-

inflammatory, M2 markers, CD206 and IL-10. This further led to increased 

neuroprotection and cognitive outcome after cardiac arrest as well as reduced hematoma 

after intracerebral hemorrhage (Grace et al., 2015, Chang et al., 2017). Other compounds 

like curcumin and sinomenine have also been used to enhance M2 microglia phenotype, 

which consequently led to improved functional outcome (Karlstetter et al., 2011, 

Mukherjee et al., 2016, Shi et al., 2016). To further understand the precise functional role 

of microglia, several microglia depletion studies have been done since the late 1980’s. A 

detailed and informative compilation of all of these studies is provided in a recent review 

by Lund et al. (Lund et al., 2017).  Microglia depletion has been performed in several 
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CNS disorder models, including amyotrophic lateral sclerosis, Alzheimer’s disease, 

Parkinson’s disease, prion disease, experimental autoimmune encephalomyelitis, 

subarachnoid and intra-cerebral hemorrhage, focal ischemia, neonatal stroke, diphtheria 

toxin and LPS induced lesions, epilepsy, neuropathic pain, traumatic brain injury and 

spinal cord injury, as well as post-operative cognitive decline (Lund et al., 2017). Despite 

the different depletion methods used and the disparities in pathogenesis of all of these 

models, some important conclusions can be drawn. Some of these studies showed 

improved neuronal function, survival and improved cognitive outcome. But majority of 

them either had no effect or worsened outcomes. This negative effect was more 

prominent in models where microglia were depleted before or during the injury/insult, 

suggesting their importance in early phases. Microglia depletion in neonatal stroke 

model, mixed in-vitro cultures and spinal cord slice cultures had exacerbated neuronal 

death, indicating their importance in development and neurogenesis. Therefore, the 

timing of microglia depletion as well as the challenge to be able to maintain the healthy, 

repair-like, M2 microglia phenotype, is crucial subject matter for future research. 

Currently, there is very little information on the pattern and cell type of microglia 

phenotype induction in the hippocampus following GCI. Likewise, little is known on the 

role of E2 in the regulation of microglia phenotype after GCI. Therefore, we propose in 

the current study to address these deficits in our knowledge. 

 

4.2 Inflammasome activation and cytokine production 
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The other two classical hallmarks of CNS inflammation, as mentioned earlier, are 

inflammasome activation and cytokine production. These activities are interrelated with 

the fact that inflammasome activation is upstream of pro-inflammatory cytokine 

production. These activities have been reported to primarily occur in glial cells, namely, 

microglia and astrocytes. There have been some reports suggesting that they could also 

be present in the neurons (Liu et al., 2013).   

 

In 2002, Tschopp and coworkers identified inflammasomes as key proteins that 

trigger the inflammatory response (Fabio Martinon, 2002). Inflammasomes are 

multiprotein cytoplasmic pattern recognition receptors that are primed and activated upon 

triggers like pathogens, metabolic and genotoxic stressors, and leads to downstream 

activation of caspase-1 and release of pro-inflammatory cytokines, IL-1β and IL-18 

(Fabio Martinon, 2002, Martinon et al., 2009). Inflammasomes belong to the NOD-like 

receptor family (NLRs). A family of 22 genes in humans encode the NLRs. NLRs are 

mainly divided as NLRP (NOD-like receptor with a pyrin domain) and NLRCs (NOD-

like receptors with CARD domain). The structure of NLRP includes a carboxy terminal 

leucine rich repeat (LRR), a nucleotide binding domain called the NACHT domain, and 

an N-terminal pyrin domain (PYD). The PYD domain of inflammasome binds to a PYD 

domain of Apoptosis associated speck like protein (Phan et al.), which is an adaptor 

protein. ASC also has a Caspase activation and recruitment (Grassi et al.) domain, which 

binds to the CARD domain of the pro-caspase1 enzyme. The various types and structures 

of inflammasomes are depicted in Figure 4. Of these NLRPs, NLRP3 is the most 

abundantly found inflammasome and is thought to contribute significantly to the 
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production of pro-inflammatory cytokines (de Rivero Vaccari et al., 2014, Singhal et al., 

2014, Walsh et al., 2014). Once produced, pro-inflammatory cytokines are then released 

outside the cell, where they have been implicated to initiate a cascade of detrimental 

inflammatory events and apoptosis, leading to edema, loss of function and even death of 

neurons. Our study focuses on understanding the NLRP3 inflammasome pathway in the 

rodent hippocampus after GCI, and the potential regulation by E2.  
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Figure 4.  Types of inflammasomes and their structural domains. (Adapted from Walsh et al. Nature 

Reviews, Neuroscience. 2014.) 
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         The NLRP3 inflammasome is known to be activated by several factors including, 1) 

K+ efflux, 2) Ca2+ ion toxicity, 3) lysosome disruption, and 4) release of factors like 

cathepsin B, protein aggregates of Ab, uric acid crystals, DAMPs (Danger associated 

molecular patterns) like ATP via the P2X7 receptor channel, PAMPs (Pathogen 

Associated Molecular Patterns) like bacterial LPS (lipopolysaccharide), active IL1β 

itself, TXNIP (thioredoxin interacting protein) which is a result of ROS production, and 

5) even some environmental pollutants like silica crystals. All these factors are sensed by 

the putative sensory carboxy-terminal leucine rich repeat of NLRP3 (Figure 4). This then 

leads to binding of NLRP3 to pro-caspase 1 via an adaptor protein, ASC. Seven such 

NLRP3 complexes are known to be bound together and they then lead to cleavage of 

Caspase 1 to active Caspase 1 which acts as an IL-1β and IL-18 converting enzyme and 

results in active IL-1β and IL-18 (Latz et al., 2013). These pro-inflammatory cytokines 

are released outside the cell, which act upon surrounding glial cells and/or neurons. Some 

reports also suggest that activation of NLRP3 inflammasome could also be a two-signal 

process where the first signal comes from microbial toll like receptor ligands like LPS 

that lead to a priming effect of inducing transcription of IL-1β and NLRP3. The second 

signal is required from molecules like ATP to trigger formation of inflammasome 

complex that leads to activation of caspase1 and eventual cleavage and release of IL-1β. 

 

Currently, the role and pattern of activation of the NLRP3 inflammasome 

pathway is not very well understood in the CNS. However, work in AD suggests that 

NLRP3 inflammasome activation is a crucial molecular pathway for exacerbation of 

neuronal degeneration (Heneka et al., 2013, Liu and Chan, 2014, Saco et al., 2014). 
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Inflammasomes have also been reported to be activated after traumatic brain injury (Liu 

et al., 2013). It has thus been implicated by many studies that activation of NLRP3 

inflammasome pathway leads to a worsened prognosis after injury, and that controlling 

NLRP3 inflammasome activation could lead to a better outcome. However, the field still 

lacks the understanding of the pattern and cell type of activation of this NLRP3 

inflammasome pathway activation after global cerebral ischemia in the hippocampus. It 

also remains to be known as to what type of functional outcomes could be improved by 

controlling the NLRP3 inflammasome activation after a global brain ischemic insult.  

 

4.4 The NF-κB pathway 

Another key transcription factor that has been extensively studied in the past two 

decades is the Nuclear Factor Kappa-light-chain-enhancer of activated B-cells (NF-κB) 

(Shih et al., 2015). NF-κB is known to regulate more than 500 genes involved in various 

pathways, majorly constituting inflammation, including but not limited to, Cox2, iNOS, 

IL-1, IL-6, IL-18 NLRP3, TNF (Shih et al., 2015). NF-κB is also known to regulate 

certain cell survival and cell cycle genes under constitutive active state. However, its 

activation after injury trigger a cascade of pro-inflammatory signals. In the central 

nervous system, NF-κB is present in neurons as well as glial cells. NF-κB has been 

shown to regulate gene expression of several pro-inflammatory cytokines, 

inflammasomes, chemokines and other pro-inflammatory enzymes. Activation of NF-κB 

is most commonly achieved via IL-1β receptors and Toll like receptors, as well via LPS 

exposure (Verma et al., 1995).  
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NF-κB signaling involves two pathways, the canonical and the non-canonical 

pathway. The canonical pathway is the most commonly studied pathway. NF-κB 

signaling involves three core components: NF-κB, inhibitor of kappa-B (IκB) and 

Inhibitor of kinase (IKK). In the inactive state the NF-κB moiety is bound to IκB and 

IKK. Upon stimuli, the IκB subunit is phosphorylated, ubiquitinated and degraded. 

Following this, the active NF-κB that forms a dimer with the p65 subunit and is 

translocated to the nucleus where it binds to DNA and initiated transcription of several 

inflammatory genes (Hayden and Ghosh, 2012).  

 

NF-κB signaling as been described to be activated in chronic inflammatory 

neurodegenerative diseases like Parkinson’s disease and Alzheimer’s disease 

(Vallabhapurapu and Karin, 2009, Gupta et al., 2010). It is also implicated for 

inflammatory processes following traumatic brain injury and cerebral ischemia (Feng et 

al., 2016, Li et al., 2017). NF-κB pathway is being studied as a therapeutic target for 

neuroinflammation. In this study we propose that E2 anti-inflammatory effects also 

involve regulation of this key transcription factor, NF-κB and that downstream regulation 

of pro-inflammatory molecules, finally affecting the microglia phenotype regulation and 

neuronal survival.  

 

5. Estrogen and neuroinflammation 

5.1 E2 Regulation of microglia 

In contrast to the neuroprotective effects of E2, anti-inflammatory properties of 

E2 in the CNS have been less studied and considerably less is known on this aspect. 
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Studies in animal models of autoimmune encephalitis, Parkinson’s Disease (Rayala et 

al.), and AD suggest that E2 administration can inhibit inflammation, mostly in terms of 

suppression of microglial activation (Vegeto et al., 2008, Habib and Beyer, 2015, Villa et 

al., 2016). Microglia are the resident immune cells of the brain and are the first sensors of 

injury or insult to the brain. Upon activation, microglia display several alterations in 

phenotype and function, including morphological changes, enhanced secretion of pro-

inflammatory cytokines, and an inflammatory cascade that leads to phagocytic and 

apoptotic activities (Hong et al., 2016). Inflammation is often followed by release of 

chemokines and opening of the blood brain barrier via loss of tight junctions, thereby 

leading to peripheral immune system involvement. A number of studies have suggested 

that E2 may act upon microglia to suppress their activation (Vegeto et al., 2003, Vegeto 

et al., 2006, Villa et al., 2016), an effect that could help mediate E2 neuroprotection. For 

instance, studies by McCullough and coworkers have shown that there is decreased 

microglial activation in the brains of young females following cerebral ischemia as 

compared to males (Manwani et al., 2013), an effect reversed in aged animals. In 

addition, Wen et al. demonstrated that E2 reduces inflammatory responses during 

transient cerebral ischemia, including reductions in IκB phosphorylation, NF-κB 

activation and iNOS (inducible nitric oxide synthase) over-expression (Wen et al., 2004). 

iNOS inhibition is crucial, as iNOS is now characterized as an M1, pro-inflammatory 

microglial marker. Other work has shown that E2 pretreatment in vitro attenuates 

immune-stimulated microglial superoxide anion release, phagocytic activity, and 

inflammatory markers in primary rat microglial and N9 microglia cell lines (Vegeto et 

al., 2001). More recent in vitro studies have shown that E2 may regulate primary 
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microglial cultures as well as microglial BV-2 cell lines following hypoxia. E2 has been 

shown to regulate gene expression of M2 “repair” phenotype markers such as arginase 1 

as well as TREM2 in these cells. These studies have also shown a regulation of 

phagocytic activity in vitro by E2 treatment (Habib et al., 2013, Habib et al., 2014). This 

work preliminarily indicates that E2 may favor the M2 anti-inflammatory phenotype over 

the M1 pro-inflammatory phenotype, but this hypothesis needs further study and 

confirmation. These studies primarily utilized exogenous administration of E2. 

Interestingly, previous studies from our lab have also shown that endogenous brain-

derived E2 can also lead to neuroprotection and anti-inflammatory effects. For instance, 

knockdown of hippocampal aromatase led to increased microglial activation following 

global cerebral ischemia (Zhang et al., 2014).  Thus, E2 made within the hippocampus 

may play an important role in inflammation reduction and neuroprotection. 

 

5.2 E2 Suppression of inflammasome activation in the hippocampus 

Recent work suggests that E2 can potently suppress activation of inflammasomes 

in the brain (Slowik and Beyer, 2015, de Rivero Vaccari et al., 2016, Thakkar et al., 

2016), which may contribute significantly to its anti-inflammatory effects. 

Inflammasomes are multi-molecular cytoplasmic complexes that are activated upon 

cytotoxic and genotoxic triggers like danger associated molecular patterns (DAMPs), 

pathogen associated molecular patterns (PAMPs), misfolded proteins, lysosomal 

ruptures, silica crystals, and ATP, among others. Inflammasome activation leads to 

downstream activation of caspase-1 and pro-inflammatory cytokines (IL1-β and IL-18) to 

initiate a cascade of pro-inflammatory events. There are about 24 inflammasome genes 
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identified to date in humans. Of these, the NLRP3 (NOD-like receptor protein 3) is one 

of the most widely expressed and studied inflammasomes in the brain. Recent studies 

have demonstrated that the NLRP3 inflammasome is a major producer of IL1-β and IL-

18 following brain injury (Fabio Martinon, 2002, Laetitia Agostini et al., 2004, Walsh et 

al., 2014, Guo et al., 2015). With respect to E2 regulation of inflammasome activation, 

preliminary reports show that E2 can suppress gene expression of some key inflammatory 

mediators in the brain following middle cerebral artery occlusion in rats (Vegeto et al., 

2008, Slowik and Beyer, 2015).  One study has also reported transcriptional regulation of 

NLRP1 as well as NLRP3 by E2 in ovariectomized rats subjected to inflammation 

(Gomez Lopez et al., 2015). Furthermore, a recent report suggested that E2 acting via 

ERβ can attenuate expression of caspase-1 as well as IL1β after GCI; however, this study 

did not examine the type of inflammasome involved in the process (de Rivero Vaccari et 

al., 2016). Recently, work by our group (and also part of this thesis) found that 

expression of the NLRP3 inflammasome, ASC, cleaved caspase-1, and IL-1β, were all 

robustly increased in the hippocampus after GCI, with peak levels observed at 6-7 days 

after reperfusion (Thakkar et al., 2016). P2X7 receptor, an upstream regulator of NLRP3, 

was also increased after GCI. Intriguingly, E2 markedly inhibited NLRP3 inflammasome 

pathway activation, caspase-1, and pro-inflammatory cytokine production, as well as 

P2X7 receptor expression after GCI (at both the mRNA and protein level). Furthermore, 

complex formation of NLRP-ASC is a significant hallmark of inflammasome activation, 

and our study showed that this complex formation was inhibited by E2 treatment in the 

hippocampal CA1 region following GCI. In addition, our study showed that PELP1 was 

essential for the ability of E2 to suppress NLRP3 inflammasome activation and complex 



 

47 

 

formation, as its effects were lost in the PELP1 FBKO mice. Another study has also 

reported that E2 deficiency following ovariectomy leads to NLRP3-induced 

inflammation in the hippocampus, thereby contributing to depression and anxiety (Xu et 

al., 2016). This study also suggested that E2 modulation of NLRP3 inflammation in the 

hippocampus may be due to ER-β (Xu et al., 2016). Taken as a whole, the above studies 

demonstrate that E2 can suppress inflammasome activation in the brain, which could 

contribute to its anti-inflammatory effects. 

 

In summary, E2 can exert both neuroprotective and anti-inflammatory effects in 

the hippocampus. The neuroprotective effects of E2 involve both genomic and non-

genomic signaling, and all three E2 receptors (ERα, ERβ and GPER1) have been 

implicated to mediate the E2 neuroprotective effects. The ER co-regulator protein, 

PELP1 is critical for the genomic and non-genomic signaling of E2, as well as the 

neuroprotective and cognitive-enhancing effects of E2 in the ischemic hippocampus. 

Major pathways regulated by E2 to exert neuroprotection include the Wnt/β-catenin 

pathway, as well as various pro-survival (Akt, ERK) and pro-apoptotic signaling 

pathways (JNK, GSK-3b). There is significant evidence that a critical window exists for 

E2 neuroprotective effects in the hippocampus, which may relate to decreases in 

hippocampal ER following long-term E2 deprivation, such as occurs after long-term 

ovariectomy or in natural aging.  The anti-inflammatory effects of E2 in the hippocampus 

could contribute to the overall neuroprotective effects and may help repair the 

hippocampus in neurodegenerative or injury situations. E2 strongly suppresses microglial 

activation as well as NLRP3 inflammasome activation in the hippocampus, which leads 
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to reduced pro-inflammatory cytokines and neuroinflammation.  Taken as a whole, the 

abundance of evidence demonstrates that E2 is a potent neuroprotective and anti-

inflammatory agent whose effects are multi-factorial and complex. 
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II. MATERIALS AND METHODS 

Animals and Surgical Procedures 

 Augusta University Institutional Animal Care and Use Committee approved all 

animal procedures. The studies were conducted in accordance with National Institutes 

of Health guidelines for animal research. Three month old young, adult, female, 

Sprague Dawley rats were bilaterally ovariectomized under isoflurane anesthesia and 

separated into shams, global cerebral ischemia (GCI) injury and injury with estrogen 

(E2) treatment groups. The E2 treatment group animals were immediately 

administered with 17β-estradiol dissolved in 20% β-Cyclodextrin added to mini 

pumps (0.5µL/hr, 14-day release; Alzet, Cupertino, CA). Pumps were placed in the 

upper mid-back region to allow subcutaneous administration of E2. The dose of E2 

used led to production of physiological Diestrus I levels of circulating E2 (10-15 

pg/mL). All rats, except for sham controls, were subjected to global cerebral ischemia 

(GCI) via 4-vessel occlusion method (Pulsinelli and Brierley, 1979) after 7 days of 

ovariectomy. One day prior to occlusion, i.e. 6 days after ovariectomy, all animals 

were anesthetized using ketamine/xylazine and their vertebral arteries were 

electrocauterized and the common carotid arteries were exposed. Twenty-four hours 

later, the common carotid arteries were transiently occluded with hemostatic clips for 

12 minutes for all animals except the shams. Sham animals had their arteries exposed 
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but not occluded. Ischemia-reperfusion was allowed to occur and animals were 

sacrificed using transcardial perfusion and decapitation at 1, 3 and 7 days after GCI 

(Figure 1).  

 

 PELP1 Forebrain-Specific Knockout Mouse Studies. Young adult female 

C27BL/6 PELP1 forebrain-specific knockout mice were generated as described by 

our group previously (Gangadhara R. Sareddy, Sareddy et al., 2015). FLOX control 

as well as PELP1 knockout mice were bilaterally ovariectomized and implanted with 

either placebo or 17β-estradiol (E2) subcutaneous mini-pumps immediately following 

ovariectomy. After 7 days of ovariectomy, all animals except the shams were 

subjected to two-vessel occlusion for global cerebral ischemia (GCI). Animals were 

anesthetized briefly with ketamine/xylazine and the two common carotid arteries 

were exposed and occluded transiently with hemostatic clips for 40 minutes. Sham 

animals had their arteries exposed but not occluded. All animals were sacrificed using 

transcardial perfusion at 6 days after GCI.  
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Figure 5. Experimental design used for in vivo studies. Young adult female rats were 

ovariectomized at day 0 and the E2 group was administered with E2 pumps. The four-vessel occlusion 

GCI model followed this at days 6 and 7. The animals were then sacrificed at the desired time points 

after ischemia and the samples were processed as needed.  

 

 

 

 

 

 

 

 

 



 

 

52 

 

Tissue Collection  

        All animals were transcardially perfused and decapitated at the desired time 

point after GCI. Brains were dissected in the midsagital plane and fixed in 4% 

paraformaldehyde for 24 hours, cryoprotected in 30% sucrose and sectioned on a 

cryostat to obtain 20-micron-thick hippocampal sections. These sections were then 

used for immunofluorescence staining. For RT-PCR and Western blot analysis, brains 

were collected and the hippocampal tissue was dissected out, frozen, and processed 

for either RNA isolation or homogenized for detection of proteins via Western blot 

analysis. 

 

In-vitro Cell Cultures 

       As shown in figure 2, BV2 microglial cell line was cultured in sterile RPMI 

medium with 5% fetal bovine serum and 1% penicillin/streptomycin antibiotic at 

37oC in a 5% CO2 incubator. After the cells were 80% confluent, they were divided 

into three groups: control, LPS and LPS+E2 treated.  The control groups received no 

treatment and were allowed to grow in complete medium. The LPS group received 

100ng/mL LPS treatment for 16 hours and the LPS+E2 group received LPS as well as 

100 nM E2 received treatment for 16 hours. Cells were then harvested for RNA or 

protein isolation. Neurotoxicity studies were done using HT-22 hippocampal neuronal 

cell line. HT-22 cells were treated with conditioned media from control, LPS and 

LPS+E2 groups of BV2 cells for 4 hours. Conditioned media was then tested for 

cytotoxicity using LDH assay and cell lysates were used to test for apoptosis from 
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conditioned media-treated HT-22 cells. LDH assay was performed using Pierce LDH 

Cytotoxicity Assay kit by Thermo Scientific (Prod # 88954) as per the manufacturer’s 

protocol.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

54 

 

 

 

Figure 6.  Experimental design used for in-vitro cell culture studies.  The BV2 murine microglial 

cell line and hippocampal cell line, HT-22 were cultured up to 80% confluence. The BV2 cells were 

treated with LPS or LPS+E2 for 16 hours and harvested for further analyses. The conditioned media 

from these cells was taken and used to treat HT-22 cells for four hours. The conditioned media was 

then taken for LDH assay and the HT-22 cells harvested for further analyses.  
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RT-PCR  

         Hippocampal tissue samples or BV2 cells were collected and RNA was isolated 

using the SV total RNA isolation system (Promega). The RNA was then used for the 

Reverse transcriptase PCR reaction using the Superscript III one-step RT-PCR system 

with platinum Taq DNA Polymerase (Invitrogen) and respective primers (as listed in 

Tables 1, 2 and 3) (Integrated DNA Technologies). The gene expression analyses 

were done using the comparative ΔΔCt method. The mRNA level changes were 

expressed as fold change as compared to the sham animals for in-vivo or control 

group for in-vitro. All Ct values for target genes were normalized to CypA gene for 

in-vivo samples (Langnaese et al., 2008) and 18S for in-vitro samples. 

 

Table 1. Primers for inflammasome study  

Gene Forward Primer Reverse Primer 

NLRP3 5’AGAAGCTGGGGTTGGTGAATT 3’ 5’GTTGTCTAACTCCAGCATCTG 3’ 

ASC 5’CCCATAGACCTCACTGATAAAC 3’ 5’ AGAGCATCCAGCAAACCA 3’ 

Caspase1 5’ AGGAGGGAATATGTGGG 3’ 5’ AACCTTGGGCTTGTCTT 3’ 

IL-1β 5’ TGACCCATGTGAGCTGAAAG 3’ 5’ AGGGATTTTGTCGTTGCTTG 3’ 

TXNIP 5’ CTGATGGAGGCACAGTGAGA 3’ 5’ CTCGGGTGGAGTGCTTAG 3’ 

P2rX7 5’ CTACTCTTCGGTGGGGGCTT 3’ 5’ AACCCTGGTCAGAATGGCAC 3’ 

CypA 5’ TATCTGCACTGCCAAGACTGAGTG 3’ 5’ CTTCTTGCTGGTCTTGCCATTCC 3’ 
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Table 2. Primers for in vivo microglia study 

Gene Forward Primer Reverse Primer 

TNFα 5’CATCTTCTCAAAATTCGAGTGACAA 3’ 5’GGGAGTAGACAAGGTACAACCC 3’ 

CD68 5’CCACAGGCAGCACAGTGGACA 3’ 5’ TCCACAGCAGAAGCTTTGGCCC 3’ 

IL-1β 5’ CCCTGCAGCTGGAGAGTGTGG 3’ 5’ TGTGCTCTGCTTGAGAGGTGCT 3’ 

Arginase1 5’ TCACCTGAGCTTTGATGTCG 3’ 5’ TTCCCAAGAGTTGGGTTCAC 3’ 

CD206 5’ AGTTGGGTTCTCCTGTAGCCCAA 3’ 5’ACTACTACCTGAGCCCACACCTGCT 3’ 

Ym1 5’ ACCCCTGCCTGTGTACTCACCT 3’ 5’ CACTGAACGGGGCAGGTCCAAA 3’ 

CypA 5’ TATCTGCACTGCCAAGACTGAGTG 3’ 5’ CTTCTTGCTGGTCTTGCCATTCC 3’ 
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Table 3. Primers for in vitro microglia study 

Gene Forward Primer Reverse Primer 

CD86 5’ GACCGTTGTGTGTGTTCTGG 3’  

 

5’ GATGAGCAGCATCACAAGGA 3’ 

iNOS 5’ CAAGCACCTTGGAAGAGGAG 3’ 

 

5’ AAGGCCAAACACAGCATACC 3’ 

 

CD32 5’ AATCCTGCCGTTCCTACTGATC 3’ 5’ GTGTCACCGTGTCTTCCTTGAG 3’ 

Arginase1 5’ CAGAAGAATGGAAAGAGTCAG 3’ 5’ CAGATATGCAGGGAGTCACC 3’ 

CD206 5’ CAAGGAAGGTTGGCATTTGT 3’ 

 

5’ CCTTTCAGTCCTTTGCAAGC 3’ 

 

Ym1 5’ CAGGGTAATGAGTGGGTTGG 3’ 

 

5’ CACGGCACCTCCTAAATTGT 3’ 

 

IL-18 5’ ACCAAGTTCTCTTCGTTGAC 3’ 5’ TCACAGCCAGTCCTCTTAC 3’  

IL-1β 5’ TACTGAACTTCGGGGTGATTGGTCC 3’ 

 

5’ CAGCCTTGTCCCTTGAAGAGAACC 3’  

IL-12p35 5’ CTCCTAAACCACCTCAGTTTGGCCAGGGTC 3’ 

 

5’ TAGATGCTACCAAGGCACAGGGTCATCATC 3’ 

 

IL-4 5’ AGATGGATGTGCCAAACGTCCTCA 3’ 

 

5’ GGATTATG ACTGCCACTGCGAC 3’ 

 

1L-13 5’ TGAGGAGCTGAGCAACATCACACA 3’ 

 

5’ TGCGGTTACAGAGGCCATGCAATA 3’ 

 

IL-10 5’ CCAAGCCTTATCGGAAATGA 3’ 

 

5’ TTTTCACAGGGGAGAAATCG 3’ 

 

18S 5’ AACCTGCTGGTGTGTGACGTTC 3’ 

 

5’ CAGCACGAGGCTTTTTTGTTGT 3’ 
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Western Blot Analysis  

         Hippocampal tissue after GCI or BV2 and HT-22 cells’ sample was collected as 

mentioned above. Individual sample was homogenized in RIPA buffer and the 

homogenate was centrifuged at 13,000 rpm for 10 minutes at 4°C and the supernatant 

was used for protein estimation by Lowry’s Assay (Lowry’s Assay Kit, Sigma). 

Thirty micrograms of protein for each sample was separated on 12% sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis, transferred on nitrocellulose membrane 

and blocked with 5% Bovine Serum albumin for 1 hour at room temperature with 

gentle shaking. Blocking was followed by incubation with primary antibodies, 

NLRP3 (Santa-Cruz Biotechnology, sc-34408), ASC (Santa-Cruz Biotechnology, sc-

22514-R), cl-caspase1 (Santa-Cruz Biotechnology, sc-22165) CD68 (Abcam, 

ab31630), CD206 (Santa-Cruz Biotechnology, sc-34577), iNOS (Cell signaling, 

D6B6S), Ym1 (Stemcell Technologies, 01404) and IL-1β (Abcam, ab9722), 

overnight at 4°C with gentle shaking. Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH, Santa-Cruz Biotechnology, sc-32233) was used as a loading control. The 

membrane was then washed with 1X TBST to remove unbound primary antibody and 

incubated with secondary Alexa Fluor 680 or 800 anti-rabbit/goat/mouse IgG for 1 

hour at room temperature with gentle shaking. Blots were scanned using Odyssey 

Imaging System (LI-COR Bioscience, Lincoln, NB). The intensity of bands was 

quantified using ImageJ software. The immunoblot data was corrected for 
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corresponding GAPDH values and presented as fold change in protein as compared to 

sham animals or control group.   

 

Immunofluorescence Staining and Confocal Microscopy Analysis  

        Twenty µm thick coronal sections were washed with PBS and 0.4% Triton-X 

PBS for 20 minutes. The sections were then blocked with 10% normal donkey serum 

for 1hour at room temperature in PBS containing 0.1% Triton X-100, followed by 

incubation with primary antibody for 1-3 nights at 4oC in the same buffer. Primary 

antibodies used for this study included: rabbit-NLRP3 (Santa-Cruz Biotechnology, 

sc-66846), rabbit-ASC (Santa-Cruz Biotechnology, sc-22514-R), goat-cleaved-

caspase1 (Santa-Cruz Biotechnology, sc-22165), rabbit-IL-1β (Abcam, ab9722), 

rabbit-P2X7 receptor (Sigma, P8232), mouse-NeuN (Millipore, MAB377), CD68 

(Abcam, ab31630), CD206 (Santa-Cruz Biotechnology, sc-34577), iNOS (Cell 

signaling, D6B6S), IL1RA (Abcam, ab124962), goat-Iba1 (Abcam, ab5076). After 

primary antibody incubation, sections were washed for 3 × 10 minutes at room 

temperature (RT), followed by incubation with the appropriate secondary antibody: 

Alexa-Fluor488/568/647 donkey anti-rabbit/anti-mouse/anti-goat (Invitrogen) 

RT/1hour. Sections were then washed with PBS containing 0.1% Triton X-100 for 3 

× 10 min, followed by 2 × 5 min with 1X PBS and briefly with water. The sections 

were then mounted with water-based mounting medium containing anti-fading agents 

and observed using confocal microscopy. All images were captured on a confocal 

laser microscope (Carl Zeiss, Germany) using the Zen software at 40× magnification 
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and 50µm scale bar. The intensity of all confocal images was quantified using ImageJ 

software. 

 

Duolink Proximity Ligation Assay.  

       Tissue sections were blocked in 5% (vol/vol) donkey serum for 1 hour at room 

temperature and incubated overnight with primary antibodies, goat-NLRP3 (Santa-

Cruz Biotechnology, sc-34408) and rabbit-ASC (Santa-Cruz Biotechnology, sc-

22514-R) at 4 °C. These sections were then incubated with Duolink PLA probes, anti-

Rabbit MINUS (Sigma-Aldrich, DUO92005) and anti-goat PLUS (Sigma-Aldrich, 

DUO92003) for 1 h at 37 °C. Ligation and amplification were carried out at 37 °C 

using the Duolink in-situ detection reagent kit (Sigma-Aldrich, DUO92008) 

according to the manufacturer’s protocol. All sections were then mounted on a slide 

and all images were captured on a confocal laser microscope (Carl Zeiss, Germany) 

using the Zen software at 40× magnification and 50 µm scale bar.  

 

Antibody Specificity in Immunofluorescence Staining.  

        Specificity of inflammasome pathway factor antibodies used in 

immunofluorescence staining was tested by preabsorption with the antigen peptide or 

recombinant protein (IL-1β) available from the manufacturer. For preabsorption, five-

fold concentration of each peptide, NLRP3, ASC, cleaved-caspase1 and IL-1β was 

incubated with primary antibody (at concentrations used for immunofluorescence 

staining) overnight at 4°C. The immunofluorescence staining (with DAPI) was then 
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performed as described above, and images were captured on a confocal laser 

microscope (Carl Zeiss, Germany) using the Zen software at 40× magnification and 

50µm scale bar.  

 

Quantification of Confocal Images.  

        The intensity of all confocal images captured at 40× magnification was 

quantified using MATLAB software (version R2013a by Mathworks, Natick, MA, 

USA) as described previously (Kozlowski and Weimer, 2012). MATLAB is a 

programming environment with built-in image processing tools. The intensity 

threshold for injured animals was identified by applying a multilevel image threshold 

algorithm using Otsu’s method in MATLAB (Kozlowski and Weimer, 2012). This 

value was then used as an intensity threshold for sham and E2-treated animals. The 

algorithm digitized each image into a 1024 × 1024 matrix. The individual values 

contained in the matrix represented the intensity value of pixels of a particular color 

i.e. red, blue or green. Using the threshold value obtained from the algorithm, the 

image was segmented into two regions – one above the threshold value and one 

below. Finally, dividing the segmented area with intensity above the threshold value 

by the total image area enabled image quantification. The data were obtained as 

relative area of fluorescence as compared to the entire area of the image. The data 

was expressed as percentage of area activated in the entire captured field. The 

quantification of immunofluorescence images was also confirmed by using ImageJ 

intensity analysis.  
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Statistical Analysis.  

       The independent two-sample t-test, the one-way and two-way ANOVA test was 

conducted as appropriate. Whenever the difference for either of the ANOVA tests 

was found to be significant, post-hoc tests such as Bonferroni’s test or Tamhane’s test 

was conducted to make pairwise comparisons of the groups. All tests were conducted 

at a 5% level of significance (p<0.05) using the IBM SPSS software (version 23). 

Data are expressed as Mean + Standard error (SE). 
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III. RESULTS 

1. E2 regulation of NLRP3 inflammasome pathway (Aim 1) 

 

1.1 Temporal Expression of NLRP3 Inflammasome Pathway Factors in the Hippocampus 

After GCI and Regulation by E2  

         The temporal expression of NLRP3 inflammasome pathway factors, and their 

regulation by E2 in the hippocampus after GCI was first examined. The initial approach 

involved determining the temporal pattern of gene expression of inflammasome pathway 

molecules, NLRP3, ASC, caspase1 and IL-1β. As shown in Figure 7, mRNA levels for 

these markers were detected using RT-PCR analysis from hippocampus tissue collected 

at days 1, 3 and 7 after GCI. The data are represented in terms of fold change as 

compared to the sham animals that did not undergo ischemia. The mRNA levels for 

NLRP3 (Figure 7A) were increased 2-fold and 1.5-fold at days 1 and 3, respectively, 

after injury. E2 treatment strongly suppressed NLRP3 gene expression at both days 1 and 

3 after injury. Likewise, ASC mRNA levels were strongly elevated at days 1, 3 and 7 

after GCI, and this effect was strongly inhibited by E2 treatment (Figure 7B). Caspase 1 

mRNA levels were increased 2-fold at day 1 after injury and were significantly 

suppressed by E2 (Figure 7C). However, at days 3 and 7 after GCI, E2 paradoxically 
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increased caspase-1 mRNA levels. It should be noted that the caspase 1 mRNA measured 

in this study represents expression of the pro-caspase 1, and that cleavage of the pro-

caspase1 protein is required for its activation. The effects of GCI and E2 upon the 

cleaved (active form of) caspase 1 are described later in a subsequent figure.  Finally, IL-

1β mRNA levels showed very high induction in the hippocampal CA1 region after GCI, 

with an 8-27 fold increase on days 1, 3 and 7 after GCI (Figure 7D). Similar to the 

results for the other NLRP3 inflammasome factors, E2 treatment robustly suppressed IL-

1β mRNA levels at all three days after GCI. We next examined GCI and E2 regulation of 

protein levels of the NLRP3 inflammasome pathway molecules in the hippocampus using 

Western blot analysis. Representative Western blot results are shown in Figure 8A-D, 

while quantification of the results from all samples is shown in Figure 8E-H.  As shown 

in Figure 8A-H, the results demonstrate that protein levels of NLRP3, ASC, as well as 

“active” cleaved-caspase 1 and cleaved IL-1β are significantly increased in the 

hippocampus at 7 days after GCI, and that E2 treatment significantly attenuates the 

elevation of the NLRP3 inflammasome proteins. 
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Figure 7.  Temporal Pattern of NLRP3, ASC, Caspase-1 and IL-1β gene expression after GCI and 

their suppression by E2 treatment. mRNA samples were collected from the hippocampus of adult female 

ovariectomized rats, with and without E2, at various times after GCI. (A) NLRP3, (B) ASC, (C) Caspase1 

and (D) IL-1β are all expressed temporally after GCI and their expression is robustly suppressed by E2 

treatment at early time points after GCI. (**, p≤0.0001, *, p<0.05, GCI vs. GCI + E2) (n=5-6 animals per 

group).  (Adapted from, Thakkar et. al 2016) 
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Figure 8. Increase in NLRP3, ASC, cleaved caspase-1 and cleaved IL-1β protein levels after GCI and 

its suppression by E2. Representative immunoblots from Western blot analysis of hippocampal samples 

collected 7 days after GCI show that (A) NLRP3 (B) ASC (C) cleaved caspase-1 and (D) cleaved IL-1β are 

robustly increased after GCI as compared to shams and are significantly suppressed by E2 treatment. (E-H) 

Quantification of immunoblots using ImageJ software showed that NLRP3, cleaved caspase-1 and cleaved 

IL-1β levels are increased by 2.5-fold after GCI and ASC is increased by 6-fold. This increase in protein 

levels is significantly suppressed by E2 treatment. (#, p<0.05 sham vs GCI. *, p<0.05 GCI vs GCI + E2) 

(n=4-5 animals per group). (Adapted from, Thakkar et. al 2016) 
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      To further confirm the mRNA as well as Western blot results, we used 

immunofluorescence staining to detect the protein expression of NLRP3, ASC, “active” 

cleaved caspase1 (cl-caspase 1) and IL-1β at 7 days after GCI. As shown in Figure 9A, 

representative photomicrographs reveal that the expression of NLRP3, ASC, “active” 

cleaved-caspase 1 and IL-1β was significantly increased in the hippocampal CA1 region 

of the rat hippocampus at 7 days after GCI, as compared to the sham controls. 

Furthermore, E2 treatment robustly suppressed the enhanced protein expression of 

NLRP3, ASC, “active” cleaved-caspase 1 and IL-1β in the hippocampus after GCI. 

Figure 9B shows the results of quantification of the immunofluorescence staining 

intensity using MATLAB software. As shown in Figure 9B, all of the NLRP3 

inflammasome pathway molecules were highly expressed at day 7 after GCI, and were 

significantly suppressed by E2. The specificity of the NLRP3 inflammasome pathway 

antibodies used in our studies was confirmed by preabsorption studies with antigen (or 

when not available, with the recombinant protein, e.g. for IL-1β). As shown in Figure 10, 

antigen or recombinant protein preabsorption essentially completely abolished staining 

for the NLRP3 inflammasome molecules, demonstrating specificity of the antibodies. 

Therefore, coupled with the mRNA expression and Western blot data in Figures 7 and 8, 

the results in Figure 9 further confirm that expression of NLRP3 inflammasome pathway 

molecules are increased in the rat hippocampus after GCI and suppressed by E2 

treatment.  
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Figure 9. Expression of ASC, NLRP3, cleaved caspase1 and IL-1β protein after GCI and suppression 

by E2. (A) Representative confocal images show that ASC, NLRP3, cleaved caspase1 and IL-1β are 

activated in hippocampal CA1 region of the young adult female rat at day 7 after GCI. This expression is 

robustly suppressed by E2, as seen in the lower panel by reduced staining (Magnification = 40×, Scale bar 
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= 50 µm). (B) Quantification of fluorescence intensity using MATLAB software shows a statistically 

significant suppression of all of these proteins at day 7 after GCI. (#, p<0.05 sham vs GCI. *, p<0.05 GCI 

vs GCI + E2) (n=5-6 animals per group). (Adapted from, Thakkar et. al 2016) 
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Figure 10.  Preabsorption of inflammasome antibodies with antigen/recombinant protein eliminates 

staining. Representative confocal images of 7 day post GCI rat hippocampal sections demonstrating results 

of preabsorption of the primary antibody using antigen for the inflammasome factors, NLRP3, ASC, 

cleaved-caspase 1 or recombinant protein for IL-1β. The results show that preabsorption of the primary 

antibody with antigen/recombinant protein eliminates staining in hippocampal CA1 region, indicating the 

specificity of the inflammasome antibodies used in the study (n=5-6 animals/group) (Magnification = 40×, 

Scale bar = 50 µm). (Adapted from, Thakkar et. al 2016) 
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          Using triple immunofluorescent staining, we next determined the cell type of 

expression of NLRP3 inflammasome molecules in the hippocampal CA1 region at 7 days 

after GCI. As shown in Figure 11, triple immunofluorescence staining of each of the 

NLRP3 inflammasome pathway molecules with either GFAP (astrocyte marker) or 

CD11b (microglial marker) and NeuN (neuronal marker) or DAPI revealed that NLRP3, 

ASC, “active” cleaved-caspase1 and IL-1β are co-localized with CD11b and GFAP in the 

hippocampal CA1 region at 7 days after GCI. This finding suggests that NLRP3 

inflammasome pathway activation occurs primarily in microglia and activated astrocytes 

in the hippocampus at 7 days after GCI.  
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Figure 11.  Activation of NLRP3 inflammasome molecules in astrocytes as well as microglia.  (A-D). 

Representative confocal images of NLRP3, ASC, Cl-caspase1 and IL1β with CD11b and DAPI show that 

inflammasomes are activated in hippocampal CA1 region of the young adult female rat at 7 days after GCI 

and are colocalized with CD11b (marker for activated microglia). Colocalization is observed in yellow 
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color. (E-H). Representative confocal images of NLRP3, ASC, Cl-caspase1 and IL1β with GFAP and 

NeuN show that inflammasomes are activated in hippocampal CA1 region of the young adult female rat 7 

days after GCI and are colocalized with GFAP (marker for activated astrocytes). Colocalization is indicated 

by yellow color. (n=5-6 animals/group) (Magnification = 40×, Scale bar = 50 µm). (Adapted from, Thakkar 

et. al 2016) 
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1.2 Estradiol Suppresses NLRP3 Inflammasome Complex Formation in the Hippocampus 

After GCI  

           In the above studies, we examined E2 regulation of expression of NLRP3 

inflammasome pathway factors after GCI. To further confirm activation of the NLRP3 

inflammasome, we examined NLRP3 inflammasome complex formation after GCI, as 

assembly of the inflammasome complex is known to be essential for its activation. To 

examine NLRP3 inflammasome complex formation, we performed an in-situ co-

immunoprecipitation assay, also known as a proximity ligation assay (or Duolink assay) 

to measure the protein-protein interaction (complex formation) of NLRP3 and ASC in the 

rat hippocampal CA1 region at 7 days after GCI. ASC binding to NLRP3 is known to be 

critical for recruitment of caspase 1 and for NLRP3 inflammasome activation (Walsh et 

al., 2014). The protein-protein interaction in the proximity ligation assay was detected as 

red immunofluorescence signal under a confocal microscope. Representative 

photomicrographs of the proximity ligation assay results are shown in Figure 12A, while 

quantification of the results from all images from all animals for intensity using 

MATLAB is shown in Figure 12B. The NLRP3-ASC complex formation is seen as red 

blotches indicating high expression of this complex. As per the Duolink manual, size of 

these blotches or dots is proportional to their expression. As shown in Figure 12A-B, the 

results of the proximity ligation assay revealed a significant increase in NLRP3-ASC 

complex formation in the hippocampus after GCI, as compared to sham controls. 

Furthermore, E2 treatment strongly suppressed the GCI-induced NLRP3-ASC complex 

formation in the hippocampus.  
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Figure 12.  Proximity Ligation Assay demonstrating NLRP3-ASC complex formation after GCI and 

its suppression by E2. (A) Representative confocal images of proximity ligation assay (Duolink in-situ co-

IP) show that NLRP3-ASC complex is formed in hippocampal CA1 region of the young adult female rat at 

day 7 after GCI. This complex formation is robustly suppressed by E2 (Magnification = 40×, Scale bar = 

50 µm). (B) Quantification of fluorescence intensity using MATLAB software shows a statistically 

significant suppression of complex formation at day 7 after GCI. (#, p<0.05 sham vs. GCI. *, p<0.05 GCI 

vs. GCI + E2) (n=5-6 animals per group). (Adapted from, Thakkar et. al 2016) 
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2.  E2 regulation of microglia in the hippocampus after GCI (Aim 2) 

 

2.1 E2 suppresses microglia activation in the hippocampus after global cerebral ischemia 

 

         Microglia, the resident immune cells of the brain, are the first responders to any 

type of injury in the brain. We first examined the temporal pattern of microglia activation 

in the hippocampal CA1 region at days 1, 3 and 7 following GCI (Figure 13A&B). We 

determined microglia activation using two criteria: i) increased intensity of Iba1 staining, 

as demonstrated by quantification of confocal images in Figure 13B and, ii) a change in 

the morphology of microglia cells from a more ramified, thinner process, resting stage to 

a more rounded, amoeboid-like activated stage of cells. Using this criteria, we found 

maximum activation of microglia cells in the hippocampal CA1 region at day 7 after GCI 

reperfusion. Furthermore, E2 treatment led to significant suppression of microglia 

activation as determined by reduced Iba1 expression and a change in morphology to 

fewer amoeboid-like activated microglia in the GCI+E2 group, as compared to the GCI 

group at 7 days after GCI (Figure 13A&B). This pattern is consistent with our previous 

findings, where we showed maximum activation of a key inflammatory pathway, NLRP3 

inflammasome, at day 7 after GCI, and this enhanced activation was significantly 

suppressed by E2 (Thakkar et al., 2016).  
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Figure 13.  Temporal pattern of microglia activation and morphological changes in the hippocampus 

after global cerebral ischemia and its regulation by estrogen.  A) Representative confocal images show 

Iba1 staining of microglia cells in the hippocampal CA1 region at days 1, 3 and 7 after global cerebral 

ischemia (GCI). This activation and morphological changes are suppressed under the effect of E2 as shown 

in the lower panel. (magnification = 40×, scale bar = 50 µm), B) Intensity quantification of Iba1 staining at 

days 1, 3 and 7 with and without E2 treatment after GCI. (n = 5-6 animals per group) (#, p<0.05, 1 and 3 

day GCI vs. 7 day GCI, *, p<0.05, 7 day GCI vs. 7 day GCI+E2, NS = not significant)  
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2.2 E2 suppresses M1 microglia polarization while enhancing M2 microglia polarization 

in the hippocampus after GCI 

            Since microglia activation and morphological changes were suppressed by E2 

treatment, we hypothesized that E2 treatment could also lead to M1 and M2 microglia 

polarization changes in the hippocampus. Microglia cells are broadly classified into two 

polarization states: M1, pro-inflammatory phenotype and an M2, anti-inflammatory 

phenotype. This classification depends upon the expression of specific M1 or M2 

markers at a defined time point after exposure to insult. We therefore next examined the 

gene expression of M1 markers, TNF-α, CD68 and IL-1β.	  As	  shown	  in	  Figure	  14A-‐C,	  

gene	  expression	  of	  TNF-‐α,	  CD-‐68	  and	  IL-‐1β	  showed	  a	  2-‐8	  fold	  increase	  at	  days	  3	  and	  

7	  after	  GCI.	  As	  also	  shown	  in	  Figure	  14	  A-‐C,	  the	  increase	  in	  gene	  expression	  of	  these	  

M1	  markers	   is	   significantly	   suppressed	   by	   E2	   treatment.	  We	   next	   examined	   gene	  

expression	   changes	   for	   the	  M2	  markers,	   Arginase1,	   CD206	   and	   Ym1	   after	   GCI.	   As	  

shown	   in	   Figure	   14D-‐F,	   gene	   expression	   for	   the	  M2	  markers	   show	   only	   a	   slight	  

increase	   in	  expression	  at	  days	  3	  and	  7	  after	  GCI.	  However,	  E2	   treatment	   caused	  a	  

robust	   increase	   in	   gene	   expression	   of	   all	   three	   of	   the	   M2,	   anti-‐inflammatory	  

phenotype	  markers,	  as	  compared	  to	  the	  GCI	  group.	   
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Figure 14.  Estrogen suppresses gene expression of M1 markers and up-regulates gene expression of 

M2 markers in the hippocampus after global cerebral ischemia. (A-C) mRNA samples from the 

hippocampus at days 3 and 7 were collected and analyzed for gene expression of M1, pro-inflammatory 

markers, TNF-α, CD-68 and IL-1β. E2 treatment significantly suppressed gene expression of these 

markers.  (D-F) mRNA samples from the hippocampus at days 3 and 7 were collected and analyzed for 

gene expression of M2, anti-inflammatory markers, Arginase1, CD-206 and Ym1. E2 treatment 

significantly upregulated gene expression of these markers. (n = 5-6 animals per group) (*, p<0.05, GCI vs. 

GCI+E2) 
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	  	  	  	  	  	  	  	  	  To	   further	   confirm	   these	   changes	   in	   M1/M2	   polarization	   after	   GCI	   and	   E2	  

treatment,	  we	  next	  examined	  changes	   in	   the	  protein	  expression	  of	   the	  M1	  and	  M2	  

markers	   in	   the	   hippocampus	   after	   GCI	   using	   immunohistochemistry	   and	  Western	  

blot	  analysis.	  As	  shown	  in	  Figure	  15A,	  confocal	  microscopy	  of	  immunofluorescence	  

staining	  of	  M1	  markers,	  CD68	  and	  iNOS,	  indicated	  an	  increased	  expression	  of	  the	  M1	  

markers	  in	  the	  hippocampal	  CA1	  region	  at	  day	  7	  after	  injury,	  as	  compared	  to	  sham	  

animals.	  Interestingly,	  this	  increase	  in	  immunostaining	  for	  CD68	  and	  iNOS	  appeared	  

to	   be	   suppressed	   by	   E2	   treatment.	   Quantification	   of	   the	   immunohistochemistry	  

results	  is	  shown	  in	  Figure	  15B&C,	  which	  confirmed	  a	  significant	  increase	  in	  CD68	  

and	  iNOS	  immunostaining	  intensity	  levels	  after	  GCI,	  and	  a	  significant	  decrease	  by	  E2	  

treatment.	   	   We	   next	   used	   Western	   blot	   analysis	   to	   confirm	   the	   change	   in	   CD68,	  

which	  had	  the	  highest	  increase	  after	  GCI.	  As	  shown	  in	  Figure	  15D&E,	  Western	  blot	  

analysis	  confirmed	  a	  robust	  increase	  of	  CD68	  protein	  levels	  in	  the	  hippocampus	  at	  7	  

days	   after	   GCI,	   as	   compared	   to	   the	   sham	   animals.	   Furthermore,	   E2	   treatment	  

strongly	  reversed	  the	  elevation	  of	  CD68	  protein	  levels	  after	  GCI.	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  Figure	   15F	   shows	   immunohistochemical	   examination	   of	   the	   M2	   markers,	  

CD206	   and	   IL1RA	   in	   the	   hippocampus	   at	   7	   days	   after	   GCI	   and	   the	   effect	   of	   E2	  

treatment.	   As	   shown	   in	   Figure	   15F,	   confocal	   microscopy	   of	   immunofluorescence	  

staining	   for	   CD206	   and	   ILRA,	   indicated	   that	   immunostaining	   levels	   for	   these	  

markers	   were	   largely	   elevated	   by	   E2	   treatment	   as	   compared	   to	   the	   GCI	   group.	  

Quantification	  of	  the	  M2	  marker	  immunohistochemistry	  results	  is	  shown	  in	  Figure	  

15	   G&H,	   which	   confirmed	   a	   significant	   increase	   in	   CD206	   and	   IL1RA	  



 

 

81 

 

immunostaining	   intensity	   levels	   after	   E2	   treatment.	   We	   next	   used	   Western	   blot	  

analysis	   to	  confirm	  the	  E2	  elevation	  of	  CD206,	  which	  was	   the	  highest	  changed	  M2	  

marker	   protein	   by	   immunostaining.	   	   As	   shown	   in	   Figure	   15	   I&J,	   Western	   blot	  

analysis	   further	   confirmed	   that	   E2	   induced	   a	   robust	   increase	   of	   CD206	   protein	  

levels	  in	  the	  hippocampus	  after	  GCI.	  These	  results	  indicate	  that	  E2	  can	  suppress	  M1,	  

pro-‐inflammatory,	   phenotype	   markers	   while	   enhancing	   M2,	   anti-‐inflammatory	  

phenotype	  markers	  in	  the	  hippocampus	  after	  GCI.	  	  
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Figure 15.  Estrogen suppresses protein levels of M1 markers and up-regulates protein levels of M2 

markers in the hippocampus after global cerebral ischemia. A) Representative confocal microscopy 

images of M1 markers, CD68 and iNOS in Shams, GCI as well as GCI+E2 treatment groups at 7 days after 

GCI indicate upregulation after GCI and suppression under the effect of E2. (magnification = 40×, scale bar 

= 50 µm) (B, C) Quantification of intensity of confocal microscopy staining in 5A. (D, E) Western blot 

analysis of classical M1 marker, CD68 in shams, GCI as well as GCI+E2 treatment groups at 7 days after 
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GCI. Quantification of blots indicates a significant increase in CD68 after GCI and suppression under the 

effect of E2. F) Representative confocal microscopy images of M2 markers, CD206 and    IL1RA in shams, 

GCI as well as GCI+E2 treatment groups at 7 days after GCI indicate down regulation after GCI and up-

regulation under the effect of E2. (magnification = 40×, scale bar = 50 µm) (G, H) Quantification of 

intensity of confocal microscopy staining in 5F. (I, J) Western blot analysis of classical M2 marker, CD206 

in shams, GCI and GCI+E2 treatment groups at 7 days after GCI. Quantification of western blots show that 

there is not a change in CD206 expression after GCI. However, E2 treatment with GCI leads to a 

significant up-regulation of CD206. (n = 5-6 animals per group) (#, p<0.05, sham vs. GCI, *, p<0.05, GCI 

vs. GCI+E2) 
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2.3 E2 directly regulates M1/M2 microglial polarization and cytokine changes in 

activated BV2 microglia cells in-vitro 

             To enhance our understanding of whether E2 can directly act on microglia to 

regulate M1/M2 marker expression, we performed in-vitro experiments using a murine 

microglial cell line, BV2 cells (Henn et al., 2009). BV2 cells were activated using 

100ng/mL LPS treatment for 16 hours overnight. The E2 treatment group was given 

100nM E2 in addition to the LPS. Morphological examination of control, LPS-activated 

and LPS+E2 treated BV2 cells is depicted in representative photomicrographs in Figure 

16. As shown in Figure 16, the LPS-activated cells were round and had absence of 

thinner processes, indicating an “active stage” phenotype. In contrast, the E2-treated 

LPS-activated BV2 cells showed less rounded cells and more processes, which is 

indicative of a “resting stage” microglia. This finding demonstrates that E2 can act 

directly upon BV2 microglia cells to regulate their activation.  

 

              We further examined whether E2 could directly modulate M1/M2 microglia 

polarization when applied directly to BV2 microglia cells in culture. As shown in Figure 

17A-C, LPS treatment caused a robust increase in mRNA levels of all three M1 markers; 

CD86, iNOS and CD32, in BV2 microglia cells, and E2 treatment significantly 

attenuated this effect. Western blot analysis of the M1 marker, iNOS, (Figure 17D & 

17E) indicates that iNOS protein is significantly upregulated after LPS activation of BV2 

microglia cells, and this effect is significantly attenuated by E2 treatment. Examination of 

gene expression for the M2 microglia markers, Arginase1, CD206, and Ym1 is shown in 



 

 

85 

 

Figure 18A-C. As shown in Figure 8A-C, LPS treatment caused a slight but non-

significant pattern of reduction of all three M2 markers, while E2 treatment significantly 

elevated the expression for all three M2 markers from 2-4 fold versus controls. Western 

blot analysis of the M2 marker, CD206, (Figure 18 D & E) revealed LPS had no 

significant effect upon protein levels of CD206 protein, while E2 treatment caused a 

significant upregulation of CD206 protein levels in the LPS activated BV2 microglia 

cells. M1 polarized microglia are known to have enhanced expression of pro-

inflammatory cytokines, while M2 polarized microglia have enhanced expression of anti-

inflammatory cytokines. Thus, we next examined the gene expression profile of both pro- 

and anti-inflammatory cytokines in LPS and E2-treated BV2 microglia cells. As shown in 

Figure 19A-C, LPS activation increased the gene expression of all three pro-

inflammatory cytokines IL-18, IL-1β	   and	   IL-‐12p35	   in	   BV2	  microglia	   cells,	  while	   E2	  

treatment	   caused	   a	   significant	   attenuation	   of	   the	   LPS	   induction	   of	   the	   pro-‐

inflammatory	  cytokines	  Interestingly,	  LPS	  activation	  also	  increased	  mRNA	  levels	  of,	  

the	  anti-‐inflammatory	  cytokines;	  IL-‐4	  and	  IL-‐13,	  but	  decreased	  expression	  of	  IL-‐10.	  	  

In	   contrast,	   E2	   treatment	   significantly	   increased	   mRNA	   levels	   for	   all	   three	   anti-‐

inflammatory	   cytokines,	   as	   compared	   to	   LPS	   alone	   (Figure	   19D-‐F).	   Thus,	   our	   in-‐

vitro	   studies	   indicate	   that	   E2	   could	   directly	   act	   on	   the	  microglia	   cells	   to	   regulate	  

their	  activation	  and	  M1/M2	  polarization	  via	  suppression	  of	  M1	  phenotype	  markers	  

and	  pro-‐inflammatory	  cytokines	  and	  elevation	  of	  M2	  phenotype	  markers	  and	  anti-‐

inflammatory	  cytokines.	  	  
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Figure 16.  LPS-activated BV2 microglia cells show morphological differences in terms of activation 

under the effect of E2 in vitro. Representative bright field microscopy images show the morphological 

differences between non-activated (control), LPS activated and activated+E2 treated BV2 microglia cells 

in-vitro. The control and estrogen treated group showed longer processes and less rounded cells. The LPS-

activated group showed more rounded cells with no thinner processes.  
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Figure 17.  Suppression of M1 phenotype markers by E2 in the LPS-activated BV2 microglia cells in 

vitro. (A-C) mRNA was collected from control, LPS-activated and LPS activated + E2 treated BV2 cells at 

16 hours after activation and treatment. Quantitative RT-PCR analysis of M1 markers, CD86, iNOS and 

CD32, indicates a significant up-regulation after LPS activation. This up-regulation is significantly 

suppressed by E2 treatment in the activated cells. (D,E) Western blot analysis and quantification of the M1 

marker, iNOS, indicates a significant increase in expression after LPS activation and suppression by E2 

treatment. (n = 5-6 per group) (#, p<0.05, control vs. LPS, *, p<0.05, LPS vs. LPS+E2).  
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Figure 18.  Up-regulation of M2 phenotype markers by E2 in the LPS-activated BV2 microglia cells 

in vitro. (A-C) mRNA was collected from control, LPS-activated and LPS activated + E2 treated BV2 cells 

at 16 hours after activation and treatment. Quantitative RT-PCR analysis of M2 markers, Arginase1, 

CD206 and Ym1, indicates a significant up-regulation after LPS activation and E2 treatment. (D, E) 

Western blot analysis and quantification of the M2 marker, CD206, indicates a significant increase in 

expression after E2 treatment of activated BV2 cells. (n = 5-6 per group) (#, p<0.05, control vs. LPS, *, 

p<0.05, LPS vs. LPS+E2).  
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Figure 19.  E2 regulates pro- and anti-inflammatory cytokine expression in BV2 microglia cells in-

vitro. mRNA was collected from control, LPS-activated and LPS activated + E2 treated BV2 cells at 16 

hours after activation and treatment. (A-C) RT-PCR analysis of pro-inflammatory cytokines, IL18, IL1beta 

and IL12p35 indicate that an LPS activation lead to a significant increase in their expression and E2 

treatment suppresses it. (D-F) RT-PCR analysis of anti-inflammatory cytokines, IL4, IL13 and IL10 

indicate that an LPS activation lead to a significant increase in their expression and E2 treatment further 

enhances this expression of anti-inflammatory cytokines. (n = 5-6 per group) (#, p<0.05, control vs. LPS, *, 

p<0.05, LPS vs. LPS+E2).  
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3. Mechanism of E2 anti-inflammatory action on inflammasome and microglia (Aim 

3) 

3.1 Estradiol Regulates Expression of Upstream Activators of the NLRP3 Inflammasome  

         We hypothesized that E2 may control NLRP3 inflammasome activation by 

regulating the expression of key upstream activators of the NLRP3 inflammasome. A 

well-known upstream activator of the NLRP3 inflammasome is the ionotropic purinergic 

P2X7 receptor. The P2X7 receptor becomes activated by extracellular ATP, which is a 

danger-associated molecular pattern (DAMP) released from damaged/dying neurons after 

injury (Gombault et al., 2012). We thus examined the ability of E2 to regulate protein and 

mRNA expression levels of the P2X7 receptor in the hippocampus using triple 

immunofluorescent staining and quantitative RT-PCR. Representative photomicrographs 

of the triple immunofluorescent staining results for P2X7 receptor, NeuN (neuronal 

marker) and Iba1 (microglial marker) are shown in Figure 20A, while quantification of 

the results from all images from all animals for intensity using MATLAB is shown in 

Figure 20B. As shown in Figure 20A&B, triple immunofluorescence co-localization 

results with specific antibodies to the P2X7 receptor, NeuN (neuronal marker) and Iba1 

(microglial marker) revealed that immunoreactive protein levels of the P2X7 receptor in 

hippocampal CA1 region of rat are strongly up-regulated at 7 days after GCI. 

Furthermore, the P2X7 receptor immunostaining signal was highly co-localized with the 

microglia marker Iba1, indicating its up-regulation occurs in microglia. Intriguingly, 

P2X7 receptor immunoreactive protein levels in the hippocampal CA1 region were 

profoundly suppressed by E2 treatment. We next examined whether E2 could regulate 
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gene expression of the P2X7 receptor in the hippocampus at various time-points after 

GCI. As shown in Figure 20C, P2X7 receptor mRNA levels were significantly increased 

(1.5-2 fold) in the hippocampus from days 1, 3 and 7 after GCI, as compared to sham 

controls. E2 treatment had no effect upon the P2X7 receptor mRNA levels at day 1 after 

GCI, but significantly attenuated its expression at days 3 and 7 after GCI. We also 

examined whether E2 could regulate another upstream regulator of NLRP3, thioredoxin 

interacting protein (TXNIP). Following increased production of reactive oxygen species 

(such as occurs after ischemic injury), TXNIP is released from its complex with 

thioredoxin (TRX) and can bind to the LRR region of NLRP3 and activate it (Zhou et al., 

2010, Minutoli et al., 2016). As shown in Figure 21A, immunofluorescence staining 

revealed that TXNIP expression was increased in rat hippocampal CA1 region at 7 days 

after GCI and that this expression is robustly suppressed by E2 treatment. Quantification 

of intensity of TXNIP for all images from all animals is shown in Figure 21B. As shown 

in Figure 21C, mRNA levels of TXNIP were also increased after GCI and significantly 

suppressed by E2 treatment at days 3 and 7 after GCI. These results suggest that E2 may 

potentially regulate the inflammasome complex activation via its ability to suppress 

expression of the NLRP3 inflammasome upstream regulators, P2X7 receptor and TXNIP. 
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Figure 20.  Increased expression of P2X7 receptor after GCI and its suppression by E2 treatment. 

(A) Representative confocal images stained for Iba1 (red), P2X7r (green) and NeuN (blue), show the 

activation of microglia and increased expression of P2X7r in the hippocampal CA1 region of young adult 

female rats 7 days after GCI. The P2X7 receptor colocalized very strongly with microglia (yellow color). 

This expression and microglial activation is suppressed by E2 treatment. (Magnification = 40×, Scale bar = 

50 µm). (B) Quantification of fluorescence intensity using MATLAB software shows a statistically 

significant suppression of P2X7 receptor by E2 at day 7 after GCI (#, p<0.05 sham vs GCI. *, p<0.05 GCI 

vs GCI + E2) (n=5-6 animals per group). (C) mRNA collected from rat hippocampus after GCI shows 

induction of P2rX7 gene and its significant suppression by E2 treatment at days 3 and 7 after GCI (**, 

p<0.0001, GCI vs. GCI+E2) (n=5-6 animals/group). (Adapted from, Thakkar et. al 2016) 
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Figure 21.  Expression of TXNIP after GCI and its suppression by E2. (A) Representative confocal 

images stained for TXNIP show the increased expression of TXNIP in hippocampal CA1 region of young 

adult female rats 7 days after GCI. This increase in TXNIP is strongly suppressed by E2 (Magnification = 

40×, Scale bar = 50 µm). (B) MATLAB analysis of images shows a statistically significant suppression of 

TXNIP by E2 (#, p<0.05, sham vs. GCI. *, p<0.05, GCI vs. GCI+E2) (n=5-6 animals/group). (C) TXNIP 

mRNA levels are significantly increased in the rat hippocampus after GCI, and E2 treatment significantly 

suppresses this induction at days 3 and 7 after GCI (*, p<0.01, GCI vs. GCI+E2). (Adapted from, Thakkar 

et. al 2016) 
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3.2 The Estrogen Receptor Co-regulator, PELP1 is Essential for the Ability of Estradiol 

to Regulate the NLRP3 Inflammasome After GCI 

         To enhance understanding of the mechanisms involved in the E2 anti-inflammatory 

effects after GCI, we examined the role of the ER co-regulator, PELP1. Prior work by our 

group using a PELP1 forebrain-specific KO (PELP1 FBKO) mouse model that we 

generated revealed that PELP1 is required for E2-induced rapid and genomic signaling, 

as well as the neuroprotective and cognitive-enhancing effects of E2 in the hippocampus 

after GCI. Moreover, RNA-seq data comparing hippocampal gene expression in E2-

treated FLOX control and PELP1 FBKO mice at 24 hours after GCI revealed that a 

number of inflammatory pathway genes were upregulated in the PELP1 FBKO mouse 

(Sareddy et al., 2015). We therefore examined whether the ability of E2 to suppress 

expression of NLRP3 inflammasome pathway factors in the hippocampal CA1 region 

after GCI required PELP1 mediation. We utilized FLOX control and PELP1 FBKO mice, 

and examined E2 regulation of NLRP3 inflammasome expression at 6 days after GCI, as 

this time-point showed robust microglia activation and neuronal loss after GCI [16]. 

Representative photomicrographs of immunofluorescent staining results for NLRP3 and 

ASC are shown in Figure 22A and Figure 22C, respectively, while quantification of the 

results from all images from all animals for intensity using MATLAB is shown in Figure 

22B and 22D. As shown in Figure 22A-D, immunofluorescence staining of hippocampal 

CA1 region sections revealed that NLRP3 and ASC were markedly elevated at day 6 

after GCI in FLOX control mice, and that E2 suppressed this effect. Intriguingly, the 
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ability of E2 to suppress elevation of NLRP3 and ASC in the hippocampus was lost in 

PELP1 FBKO mice (Figure 22A-D).  

           We next examined the downstream products of the NLRP3 inflammasome 

pathway, “active” cleaved-caspase1 and IL-1β, using immunofluorescence staining of 

hippocampal sections. Representative photomicrographs of immunofluorescent staining 

results for “active” cleaved-caspase1 and IL-1β are shown in Figure 23A and Figure 

23C, respectively, while quantification of the results from all images from all animals for 

intensity using MATLAB is shown in Figures 23B and 23D. As shown in Figure 23A-

D, immunoreactive protein levels of “active” cleaved-caspase1 and IL-1β were 

significantly enhanced in the hippocampal CA1 region at 6 days after GCI in FLOX 

control mice, and E2 strongly suppressed the elevation of both of these factors. Further, 

the ability of E2 to suppress elevation of “active” cleaved-caspase1 and IL-1β in the 

hippocampus was lost in PELP1 FBKO mice (Figure 23A-D).  
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Figure 22.  The ability of E2 to attenuate expression of NLRP3 and ASC after GCI is lost in PELP1 

forebrain-specific knockout mice.  (A, C) Representative confocal images show that NLRP3 and ASC are 

induced in hippocampal CA1 region at day 6 after GCI in FLOX control as well as PELP1 knockout mice. 

The expression of these markers is suppressed by E2 in the FLOX control mice but not in the PELP1 KO 

mice sections. (KO = PELP1 knockout) (Magnification = 40×, Scale bar = 50 µm). (B, D) Quantification of 

fluorescence intensity using MATLAB software shows a statistically significant suppression of all of these 

proteins by E2 in FLOX but not in KO mice. (#, p<0.05, sham vs. GCI. *, p<0.05, GCI vs. GCI+E2. $, 
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p<0.05, FLOX GCI+E2 vs. KO GCI+E2. NS, not significant, KO GCI vs. KO GCI+E2) (n=5-6 

animals/group). (Adapted from, Thakkar et. al 2016) 
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Figure 23.  The ability of E2 to attenuate expression of cleaved-caspase1 and IL-1β after GCI is lost 

in PELP1 forebrain-specific knockout mice.  (A, C) Representative confocal images show that cleaved-

caspase1 and IL-1β are induced in hippocampal CA1 region at day 6 after GCI in FLOX as well as PELP1 

knockout mice. The expression of these markers is suppressed by E2 in the FLOX control mice but not in 

the PELP1 KO mice sections. (KO = PELP1 knockout) (Magnification = 40×, Scale bar = 50 µm). (B, D) 

Quantification of fluorescence intensity using MATLAB software shows a statistically significant 

suppression of all of these proteins by E2 in FLOX but not in KO mice. (#, p<0.05, sham vs. GCI. *, 
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p<0.05, GCI vs. GCI+E2. $, p<0.05, FLOX GCI+E2 vs. KO GCI+E2. NS, not significant, KO GCI vs. KO 

GCI+E2) (n=5-6 animals/group). (Adapted from, Thakkar et. al 2016) 
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         We next used the in situ proximity ligation assay to determine whether the ability of 

E2 to suppress NLRP3-ASC complex formation after GCI is compromised in PELP1 

FBKO mice. Representative photomicrographs of the proximity ligation assay results are 

shown in Figure 24A, while quantification of the results from all images from all animals 

for intensity of using MATLAB is shown in Figure 24B. As shown in Figure 24, FLOX 

control mice demonstrated a significantly increased NLRP3-ASC complex formation in 

the hippocampal CA1 region at 6 days after GCI as detected by the proximity ligation 

assay, and E2 treatment completely attenuated the complex formation. However, the 

ability of E2 to inhibit the GCI-induced NLRP3-ASC complex formation was lost in 

PELP1 FBKO mice (Figure 24A-B).  

 

          Finally, we examined the effect of PELP1 deletion upon the ability of E2 to 

suppress expression of the P2X7 receptor in hippocampal CA1 region after GCI. 

Representative photomicrographs of triple immunofluorescent staining results for the 

P2X7 receptor, Iba1 (microglia marker), and NeuN (neuronal marker) are shown in 

Figure 25A, while quantification of the results from all images from all animals for 

intensity using MATLAB is shown in Figures 25B. As shown in Figure 25A&B, triple 

immunofluorescence staining for the P2X7 receptor, Iba1 (microglia marker) and NeuN 

(neuronal marker) revealed that there was increased expression of the P2X7 receptor in 

the hippocampal CA1 region of FLOX control as well as PELP1 knockout mice after 

GCI. The P2X7 receptor immunoreactive signal co-localized with Iba1, indicating that 

the enhanced P2X7 expression occurred primarily in microglia. As was the case in the 
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ovariectomized rat, P2X7 receptor expression was suppressed by E2 treatment in FLOX 

control mice that were subjected to GCI. The suppressive effect of E2 on P2X7 receptor 

expression required PELP1 mediation as evidenced by the loss of the suppressive effect 

of E2 in PELP1 FBKO mice (Figure 25A&B).  
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Figure 24. The ability of E2 to suppress NLRP3-ASC complex formation after GCI is lost in PELP1 

forebrain-specific knockout mice. (A) Representative confocal images of Duolink in-situ co-IP show that 

ASC-NLRP3 complex is formed in hippocampal CA1 region at day 6 after GCI. This complex formation is 

robustly suppressed by E2 in the FLOX but not in KO (KO = PELP1 knockout) (Magnification = 40×, 

Scale bar = 50 µm). (B) MATLAB analysis of the images shows a statistically significant suppression of 
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complex formation by E2 in FLOX but not in KO mice (#, p<0.05, sham vs. GCI. *, p<0.05, GCI vs. 

GCI+E2. $, p<0.05, FLOX GCI+E2 vs. KO GCI+E2. NS, not significant, KO GCI vs. KO GCI+E2) (n=5-6 

animals/group).  (Adapted from, Thakkar et. al 2016) 
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Figure 25.  The ability of E2 to attenuate expression of P2X7 receptor after GCI is lost in PELP1 

forebrain-specific knockout mice. (A) Representative confocal images stained for Iba1 (red), P2X7 

receptor (green) and NeuN (blue), show the activation of microglia and increased expression of P2X7 

receptor in the hippocampal CA1 region of young adult female FLOX control as well as PELP1 KO mice 6 

days after GCI. The P2X7 receptor colocalized very strongly with microglia. This expression and 

microglial activation is suppressed by E2 treatment in FLOX control mice but not in PELP1 KO mice (KO 
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= PELP1 knockout) (Magnification = 40×, Scale bar = 50 µm). (B) MATLAB analysis of the images shows 

a statistically significant suppression of all of these proteins by E2 in FLOX control but not in KO mice (#, 

p<0.05, sham vs. GCI. *, p<0.05, GCI vs. GCI+E2. NS, not significant, KO GCI vs. KO GCI+E2) (n=5-6 

animals/group). (Adapted from, Thakkar et. al 2016) 
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3.3 E2 regulation of microglia is lost in PELP1 KO mice following GCI  

          To further establish the mechanism of E2 anti-inflammatory action, we examined if 

PELP1 involvement in E2 anti-inflammatory action was also true for microglia 

regulation, as it as for inflammasome regulation. We thus studied microglia activation 

and phenotype regulation in PELP1 KO mice under E2 treatment after GCI. As shown in 

Figure 26, representative photomicrographs of microglia staining using Iba1 from FLOX 

as well as PELP1 KO mice at 6 days after GCI show that E2 suppresses microglia in the 

FLOX animals. These effects were similar to those described in ovariectomized rats 

earlier. However, the ability of E2 to suppress microglia activation in the hippocampal 

CA1 region after GCI is lost in the PELP1 KO mice. Thus, PELP1 KO not only plays a 

role in E2 mediated inflammasome regulation, but also for overall microglia activation. 

Furthermore, we studied the activation of microglia M1 phenotype marker, CD16/32. As 

shown in Figure 27A, CD16/32 staining in the hippocampal CA1 region of the FLOX 

and PELP1 KO mice at 6 days after injury shows representative photomicrographs of 

CD16/32, co-stained with Iba1 and DAPI suggest that E2 significantly suppresses M1 

marker, CD16/32 in the hippocampal CA1 region. However, the M1 suppressive effect of 

E2 was lost in the PELP1 KO mice.  

            E2 mediated anti-inflammatory effects so far showed regulation of NLRP3 

inflammasome regulation, downstream cytokine suppression and microglia phenotype 

regulation. Intriguingly, all of these E2 effects were lost in PELP1 KO mouse model, 

indicating that the ER-coregulator, PELP1 might be essential in mediating E2 anti-

inflammatory effects. To support this hypothesis, the RNA sequencing analysis from 
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PELP1 KO mouse indicated up-regulation of several inflammatory factors in the brain.        

We therefore moved on to understand if PELP1 was also located in the microglia and if 

that played a crucial role. Co-localization study in Figure 28 shows co-staining of PELP1 

(green), Iba1 (red) and DAPI (blue). The E2 treated group had increased production of 

PELP1 as expected. However, as shown in Figure 28B, there was very minimal co-

localization of PELP1 in the microglia (seen as yellow dots). PELP1 was present in other 

cell types as well. This led us to propose that there must be a cross talk between neurons, 

microglia and other cell types in the hippocampus to mediate E2 anti-inflammatory 

effects. The hypothesis that there can be more than one pathways involved was then 

taken into consideration. To extrapolate our understanding of mechanism of direct effect 

of E2 on microglia, we explored another upstream, key inflammatory regulator, NF-kB 

and involvement of downstream cytokine regulation for microglia phenotype changes by 

E2. Thus, E2 anti-inflammatory effect may be a multi-cellular and a multi pathway 

mechanism involving, ER-coregulator, PELP1, upstream regulation of inflammasome via 

P2X7 and TXNIP, upstream regulation of NF-kB as well as downstream regulation of IL-

1β.  
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Figure 26.  Effect of E2 on microglia activation in PELP1 KO mice. (A) Representative confocal 

images show that Iba1, marker for microglia activation, is induced in hippocampal CA1 region at day 6 

after GCI in FLOX as well as PELP1 knockout mice. The expression of Iba1 is suppressed by E2 in the 

FLOX control mice but not in the PELP1 KO mice sections. (KO = PELP1 knockout) (Magnification = 

40×, Scale bar = 50 µm). (B) Quantification of fluorescence intensity shows a statistically significant 

suppression of all of Iba1 by E2 in FLOX but not in KO mice. (#, p<0.05, sham vs. GCI. *, p<0.05, GCI vs. 
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GCI+E2. $, p<0.05, FLOX GCI+E2 vs. KO GCI+E2. NS, not significant, KO GCI vs. KO GCI+E2) (n=5-6 

animals/group). 
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Figure 27.  The ability of E2 to attenuate expression of M1 marker, CD16/32 after GCI is lost in 

PELP1 forebrain-specific knockout mice. (A) Representative confocal images stained for Iba1 (red), 

CD16/32 (green) and DAPI (blue), show the activation of microglia and increased expression of M1 

marker, CD16/32 in the hippocampal CA1 region of young adult female FLOX control as well as PELP1 

KO mice 6 days after GCI. This expression is suppressed by E2 treatment in FLOX control mice but not in 

PELP1 KO mice (KO = PELP1 knockout) (Magnification = 40×, Scale bar = 50 µm). (B) Quantification 

analysis of the images shows a statistically significant suppression of CD16/32 by E2 in FLOX control but 
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not in KO mice (#, p<0.05, sham vs. GCI. *, p<0.05, GCI vs. GCI+E2. NS, not significant, KO GCI vs. KO 

GCI+E2) (n=5-6 animals/group). 
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Figure 28. Co-localization of PELP1 in microglia. (A) Representative confocal photomicrograph of triple 

immunofluorescence staining of PELP1, Iba1 and DAPI at 7 days after GCI show no co-localization of 

PELP1 in the Iba1 positive microglia cells. (B) Representative confocal photomicrograph of triple 

immunofluorescence staining of PELP1, Iba1 and DAPI at 7 days after GCI with E2 treatment show 

increased expression of PELP1 (green) and some of these PELP1 molecules co-localize with Iba1. 

However, majority of PELP1 is present in other cell types as well.  
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3.4 E2 attenuation of LPS-induced IL-1β is correlated with a switch to M2 microglia 

polarization, in vitro 

            Previous work revealed that IL-1β could exert trophic effects upon neighboring 

microglia to induce M1 pro-inflammatory microglia activation (Monif et al., 2016). 

Therefore, E2 suppression of IL-1β could be one mechanism underlying its ability to 

induce a switch from the M1 to the M2 microglia phenotype. Thus, we next sought to 

confirm E2 regulation of cleaved IL-1β at the protein level, and determine whether down-

regulation of cleaved	   IL-1β by E2 was correlated with a switch to the alternative M2 

microglia phenotype in BV2 microglia cells (as determined by examining protein levels 

of the M2 marker, Ym1). We also performed causation studies to determine whether 

blocking the IL-1β receptor with an antagonist (interleukin 1 receptor antagonist, IL1RA) 

or immunoneutralization of IL-1β would inhibit cleaved IL-1β levels and enhance M2 

polarization of the BV2 cells. As shown in Figure 29 A-D, Western blot analysis 

revealed that E2 suppressed the LPS-induced elevation of cleaved IL-1β, an effect that 

correlated with E2 increasing protein levels of the M2 marker, Ym1.  Furthermore, as 

shown in Figure 29 E-H, treatment with ILRA or immunoneutralization with a 

monoclonal antibody to IL-1β resulted in a significant attenuation of cleaved IL-1β and a 

corresponding increase in the M2 marker Ym1, indicating a switch to a M2 microglia 

phenotype.  
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Figure 29.  Effect of IL1 receptor antagonist (IL1RA) and neutralizing monoclonal antibody for 

IL1beta (mIL1β) on expression of M1, M2 markers in LPS-activated BV2 microglia cells in vitro. (A, 

B) Western blot analysis of cleaved IL-1β and Ym1 indicate that E2 treatment suppresses M1 marker, 

cleaved IL-1β and up regulates expression of M2 marker, Ym1. (C, D) Quantification of western blot 

analysis indicates that LPS activation leads to a significant increase in M1 marker, cleaved IL-1β levels and 

a significant suppression by E2. It further indicates that M2 marker, Ym1 is significantly up regulated by 

E2. (E, F) Western blot analysis of cleaved IL-1β and Ym1 indicate that IL1RA and neutralization of IL-1β 

suppress M1 marker, cleaved IL-1β and up regulate expression of M2 marker, Ym1. (G, H) Quantification 

of western blot analysis indicates that LPS activation leads to a significant increase in M1 marker, cleaved 

IL-1β levels and a significant suppression by IL1RA and neutralization of IL-1β. It further indicates that 

M2 marker, Ym1, is significantly up regulated by IL1RA and neutralizing IL-1β treatments. (n = 5-6 per 
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group) (#, p<0.05, control vs. LPS, *, p<0.05, LPS vs. LPS+E2, **, p<0.05, LPS vs. LPS+IL1RA or 

LPS+mIL1beta).  
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3.5 E2 regulation of anti-inflammatory effects involves upstream inflammatory 

transcription factor, NF-κB 

           It has been well established that NF-κB is an upstream regulator of NLRP3 

inflammasome as well as IL-1β	   cytokine	   production.	   NF-‐κB	   is	   also	   known	   to	   be	  

present	  in	  various	  cells	  in	  the	  CNS,	  including	  the	  microglia.	  We	  therefore	  studied	  E2	  

regulation	   of	   NF-‐κB	   in	   the	   hippocampus	   after	   GCI.	   Representative	  

photomicrographs	   of	   triple	   immunohistochemistry	   of	   Iba1,	   NF-‐κB	   and	   DAPI	   in	  

Figure	  30A,	  show	  that	   there	   is	   increased	  expression	  of	  NF-‐κB	   in	   the	  hippocampal	  

CA1	   region	   at	   7	   days	   after	   GCI.	   This	   NF-‐κB	   is	   co-‐localized	   with	   microglia.	   NF-‐κB	  

expression	   is	   significantly	   suppressed	   by	   E2	   treatment	   as	   confirmed	   by	  

quantification	  in	  Figure	  30B.	   	  Furthermore,	  as	  shown	  in	  Figure	  30C	  &	  D,	  western	  

blot	   analysis	   indicates	   that	   protein	   expression	   of	   activated,	   phosphorylated	   p65	  

subunit	  of	  NF-‐κB	  is	  increased	  at	  7	  days	  after	  GCI	  and	  is	  significantly	  suppressed	  by	  

E2.	  	  

	  	  	  	  	  	  	  	  	  	  Furthermore,	   direct	   regulation	   of	   NF-‐κB	   by	   E2	   was	   also	   studied	   in	   BV2	  

microglia	  cells.	  As	  depicted	   in	  Figure	  31A,	  gene	  expression	  analysis	  of	  NF-‐κB	  was	  

increased	  in	  the	  LPS-‐activated	  BV2	  cells	  and	  this	  gene	  expression	  was	  significantly	  

suppressed	  by	  E2.	  Protein	  expression	  done	  using	  Western	  blot	  analysis	  of	  total	  NF-‐

κB,	  as	  shown	  in	  Figure	  31	  B	  &	  C	  suggests	  that	  total	  NF-‐κB	  was	  increased	  upon	  LPS	  

activation	  and	  was	  significantly	  suppressed	  by	  E2	  treatment.	  A	  similar	  pattern	  was	  

observed	  for	  phosphorylated	  NF-‐κB	  subunit	  in	  Figure	  31	  D	  &	  E.	   
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Figure 30. Increased expression of NF-κB after GCI and its suppression by E2 treatment. (A) 

Representative confocal images stained for Iba1 (red), NF-κB (green) and DAPI (blue), show the activation 

of microglia and increased expression of NF-κB in the hippocampal CA1 region of young adult female rats 

7 days after GCI. NF-κB colocalized strongly with microglia (yellow color). This expression and microglial 

activation is suppressed by E2 treatment. (Magnification = 40×, Scale bar = 50 µm). (B) Quantification of 

fluorescence intensity shows a statistically significant suppression of NF-κB by E2 at day 7 after GCI (#, 

p<0.05 sham vs GCI. *, p<0.05 GCI vs GCI + E2) (n=5-6 animals per group). (C,D) Western blot analysis 

from rat hippocampus at 7 days after GCI shows increased expression of activated, pNF-κB and its 

significant suppression by E2 treatment at 7 days after GCI (#, p<0.05, Sham vs. GCI, *, p<0.05, GCI vs. 

GCI+E2) (n=5-6 animals/group). 
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Figure 31. 17β-Estradiol (E2) directly suppresses NF-κB in LPS activated BV2 microglia cells. (A) 

RT-PCR analysis of mRNA from BV2 cells treated with LPS and LPS+E2 as well as control group 

showing reduced mRNA expression of NF-κB in BV2 cells after E2 treatment. (B, C) Western blot 

analysis of total NF-κB in control, LPS activated, as well as LPS+E2 treated BV2 cells shows increased 

expression after LPS activation and suppression by E2 treatment. Quantification of western blots show that 

total NF-κB is significantly suppressed by E2 treatment. (D, E) Western blot analysis of activated, 

phosphorylated, pNF-κB (p65) in control, LPS activated, as well as LPS+E2 treated BV2 cells shows 

increased expression after LPS activation and suppression by E2 treatment. Quantification of western blots 

shows that pNF-κB is significantly suppressed by E2 treatment.  (n = 5-6 per group,  #, p<0.05 Control vs. 

LPS, *, p<0.05 LPS vs. LPS+E2).  
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3.6 E2 and NF-κB inhibition attenuate neurotoxicity of activated BV2 microglia cells  

          Since E2 was able to drive activated BV2 microglial cell polarization towards the 

M2 anti-inflammatory phenotype as well as suppress upstream NF-κB expression, we 

examined whether this effect was correlated with a reduced neurotoxicity of the BV2 

microglia cells. To explore this issue, we utilized the HT-22 hippocampal neuronal cell 

line treated for 4hr with conditioned media from control BV2 microglia cells, LPS-

activated BV2 microglia cells, LPS+E2-treated or LPS+sc-514 NF-κB inhibitor treated 

BV2 microglia cells. At the end of the treatment, the media was collected and tested for 

cytotoxicity using an LDH assay kit. As	   shown	   in	   Figure	   32A,	   LDH	   assay	   results	  

revealed	   that	   LPS-‐treated	   BV2	   microglia	   cell	   conditioned	   media	   was	   highly	  

neurotoxic	   to	   HT-‐22	   neuronal	   cells	   in-‐vitro	   as	   compared	   to	   control	   (non	   LPS-‐

treated)	  BV2	  microglia	  cell	  conditioned	  media.	  Interestingly,	  the	  LDH	  assay	  results	  

also	  revealed	  that	  conditioned	  media	  from	  LPS+E2-‐treated	  and	  LPS+sc-‐514-‐treated	  

BV2	  microglia	  cells	  had	  greatly	  reduced	  neurotoxicity	  on	  HT-‐22	  cells,	  as	  compared	  

to	  the	  LPS-‐treated	  BV2	  microglia	  cell	  conditioned	  media.	  It	  should	  be	  noted	  that	  we	  

measured	   LDH	   in	   the	   conditioned	  medium	   of	   all	   four	   groups	   prior	   to	   adding	   the	  

conditioned	  media	   to	   the	   HT-‐22	   cells	   and	   found	   little	   to	   no	   LDH	   levels	   (data	   not	  

shown).	  This	  further	  confirmed	  that	  the	  LDH	  release	  found	  in	  the	  media	  at	  the	  end	  

of	  the	  incubation	  with	  the	  conditioned	  media	  was	  from	  HT-‐22	  neurons.	  As	  shown	  in	  

Figure	   32B,	   western	   blot	   analysis	   revealed	   significant	   suppression	   of	   NF-‐κB	  

pathway	  molecules,	  pIκBa	  and	  pNF-‐κB,	  by	  E2	  treatment.	  Moreover,	  pIκBa	  is	  also	  an	  
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active	   site	   for	   the	   inhibitor,	   sc-‐514	   .	  pIκBa	  and	  pNF-‐κB	  are	  also	  suppressed	  by	  sc-‐

514a,	  indicating	  successful	  inhibition	  of	  the	  pathway.	  	  	  

          Furthermore, inhibition of NF-κB as well as E2 treatment also led to increase in 

M2 microglia phenotype, CD206 in the LPS activated BV2 cells. Western blot analysis 

of BV2 cells in Figure 33 A & B shows decreased expression of CD206 after LPS 

activation. This CD206 expression was upregulated upon E2 treatment as well as 

inhibition of NF-κB pathway. These results suggest that E2 anti-inflammatory effects on 

the microglia might be mediated via upstream regulation of NF-κB.  
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Figure 32.  Treatment with either 17β-estradiol (E2) or NF-kB inhibitor suppresses neurotoxicity 

effects of LPS-activated BV2 cells. (A) LDH assay for cytotoxicity of HT-22 cells that were treated with 

either control conditioned media, LPS, LPS+E2 or LPS+sc-514 treated conditioned media showing reduced 

cytotoxicity in E2 and sc-514 treated group. (B,C) Western blot analysis of pIkBa, pNFkB in BV2 cells. 

(D,E) Western blot analysis of ERβ in BV2 cells. (n = 5-6 per group,  #, p<0.05 Control vs. LPS, *, p<0.05 

LPS vs. LPS+E2 or LPS+sc-514).  
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Figure 33.  NF-kB inhibition leads to increased expression of M2 marker in LPS activated BV2 cells. 

(A) Western blot analysis of M2 marker CD206 suggests that CD206 protein expression is  reduced by LPS 

activation in the BV2 cells. CD206 protein expression is increased in LPS activated BV2 cells by E2 

treatment as well as NF-kB inhibition. (B) Quantification of western blot analysis indicates that E2 

treatment as well as NF-kB inhibition significantly increase expression of M2 marker CD206 in LPS 

activated BV2 cells, in-vitro. (n  = 5-6 per group, *, p<0.05, LPS vs. LPS+E2 or LPs vs. LPS+sc-514). 
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IV. DISCUSSION 

 

            As mentioned earlier in the introduction, cardiac arrest induced global cerebral 

ischemia is a leading cause of hippocampal injury. There are about 300,000 out of 

hospital cardiac arrests in US every year and 90% of these survivors have hippocampal 

related cognitive deficits (Roger et al., 2011). Several studies from our lab and others 

have shown the neuroprotective role of E2 in a rodent model of GCI. Mechanisms of E2 

neuroprotection are implicated to involve anti-oxidative functions, genomic and non-

genomic signaling, and metabolic regulation among others. However, E2 anti-

inflammatory action leading to neuroprotection is less explored and forms the central idea 

of this thesis. The overall findings of this study support the hypothesis that E2 can exert 

its anti-inflammatory actions on three main inflammatory processes, including: 1) 

NLRP3 inflammasome activation, 2) microglia polarization, and 3) cytokine production. 

We showed that E2 could significantly suppress NLRP3 inflammasome pathway 

activation, suppress M1 pro-inflammatory microglia phenotype while up-regulating M2 

anti-inflammatory phenotype, as well as regulate production of pro- and anti- 

inflammatory cytokines after injury. Collectively, these anti-inflammatory effects are 

proposed to contribute to better neuronal survival. Each of these findings is discussed in 

detail in the further sections. 
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1. E2 regulation of NLRP3 inflammasome pathway activation 

 

 The current study provides several important findings for E2 regulation of 

inflammasomes. First, it demonstrates that the NLRP3 inflammasome is robustly 

activated in microglia and astrocytes in the hippocampal CA1 region of both the rat and 

mouse after GCI. Secondly, it demonstrates that low dose E2 treatment profoundly 

suppresses NLRP3 inflammasome activation in the hippocampus after GCI. Thirdly, it 

provides novel insight into the mechanisms of E2 anti-inflammatory effects by 

demonstrating that E2 suppresses induction of the upstream activators of the NLRP3 

inflammasome (P2X7 and TXNIP) after GCI, and that the ER coregulator protein, PELP1 

is essential for the anti-inflammatory actions of E2 in the hippocampus.  

 A unique strength of our study is that we used a novel genetic PELP1 forebrain-

specific knockout model to elucidate the role of PELP1 in E2 anti-inflammatory actions. 

Based on the results of our study, we propose that E2 binds to ER and recruits the 

coregulator PELP1 to form an active transcriptional complex, which leads to attenuation 

of expression of the upstream inducers of the NLRP3 inflammasome, P2X7 and TXNIP 

in the hippocampus after GCI. Suppression of TXNIP and NLRP3 activation could also 

be due to E2 suppression of GCI-induced ROS generation, as we previously 

demonstrated that E2 profoundly suppresses NOX2 NADPH oxidase activity and 

superoxide induction after GCI (Zhang et al., 2009). Furthermore, in support of this 

possibility, NOX2 knockout mice have been shown to have a significantly reduced 

NLRP3 activation after FCI that correlated with reduced infarct size, reduced edema, and 
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improved neurological outcome (Yang et al., 2014). While we believe that E2 effects 

involve mediation by nuclear ER, we cannot rule out the possibility that extranuclear ER 

signaling could be involved as well, as we previously demonstrated that PELP1 also 

mediates extranuclear ER-mediated rapid signaling effects in the hippocampus after GCI 

(Sareddy et al., 2015).  

 

        Of significant note, our study found that NLRP3 pathway factors were induced in 

both microglia and astrocytes after GCI. A similar multi-cell induction of NLRP3 

pathway factors has been reported previously in the cerebral cortex after focal cerebral 

ischemia (Lammerding et al., 2015) or traumatic brain injury (Liu et al., 2013), 

demonstrating that NLPR3 factors are expressed in neurons, astrocytes and microglia 

after brain injury. Likewise, expression of P2X7 receptors has been reported in multiple 

brain cell types, including microglia, astrocytes and neurons (Collo et al., 1997, Yu et al., 

2008, Nagasawa et al., 2009, Ohishi et al., 2016), and is increased after cerebral ischemia 

(Melani et al., 2006, Li et al., 2012, Lu et al., 2012). Thus, it appears that multiple cell 

types can express inflammasomes and be involved in neuroinflammation. While less is 

known about the role of NLRP3 inflammasome activation in astrocytes as compared to 

microglia, recent studies have found that astrocytes can express NLRP3 and ASC, as well 

as display caspase-1 cleavage and release of IL-1β after induction with inflammatory 

agents, Aβ or in vitro oxygen/glucose deprivation (Alfonso-Loeches et al., 2014, 

Couturier et al., 2016, Jian et al., 2016).  This suggests that inflammasome activation in 

astrocytes may also contribute to neuroinflammation after brain injury. In contrast, 
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NLRP1 and Aim2 expression has been primarily reported in neurons in the ischemic or 

injured brain (Adamczak et al., 2014, Wang et al., 2015a, Wang et al., 2015b). 

 

         Furthermore, previous work by our laboratory and others has shown that E2 is 

profoundly neuroprotective and improves functional outcome after GCI and FCI 

(Simpkins et al., 1997, Dubal et al., 1998, Jover et al., 2002, Brann et al., 2007, Zhang et 

al., 2008, Sareddy et al., 2015). Based on our current results, we propose that E2 

inhibition of NLRP3 inflammasome activation is an important contributing mechanism 

for E2 beneficial effects on neuronal survival and functional outcome after GCI. In 

support of this possibility, NLRP3 knockout mice have been shown to have significantly 

reduced infarct size after FCI, suggesting that NLRP3 inflammasome activation 

contributes to neuronal damage and cell death after cerebral ischemia (Yang et al., 2014). 

Furthermore, intravenous immunoglobulin has been shown to suppress NLRP3 

inflammasome-mediated neuronal cell death after ischemic stroke and to improve 

neurological outcome (Fann et al., 2013b). Finally, caspase 1 knockout mice, as well as 

caspase 1 inhibitor- or dominant negative-treated mice have all have been reported to 

have significantly decreased neuronal cell death and brain deficits following cerebral 

ischemia (Friedlander et al., 1997, Hara et al., 1997, Schielke et al., 1998, Rabuffetti et 

al., 2000). Collectively, these findings suggest that NLRP3 inflammasome activation and 

resultant neuroinflammation contributes significantly to the neuronal cell death and 

functional deficits that occur after cerebral ischemia, and that E2 inhibition of NLRP3 
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inflammasome activation may contribute significantly to its beneficial protective effects 

following cerebral ischemia. 

 

        Taken together, the results of our study on the NLRP3 inflammasome pathway 

demonstrates that NLRP3 inflammasome activation is strongly increased in the 

hippocampus after GCI, and that E2 strongly suppresses both expression and activation 

of the NLRP3 inflammasome. The effects of E2 require the ER-coregulator, PELP1, and 

involve attenuation of P2X7 and TXNIP, two well-known upstream inducers of NLRP3 

inflammasome activation. These findings provide new insight into the anti-inflammatory 

effects of E2 in the brain, and suggest that therapeutic targeting of the NLRP3 

inflammasome for inhibition by E2 analogues or NLRP3 inflammasome selective 

inhibitors may have efficacy in the treatment of GCI, as well as other neurodegenerative 

disorders that involve NLRP3 inflammasome activation and neuroinflammation. 

(Thakkar et al., 2016) 

 

2. E2 regulation of microglia activation and polarization 

 

         Our study also explored microglia activation and polarization after GCI and E2 

regulation. To our knowledge, our study is the first to demonstrate that E2 can switch 

microglia polarization from a “pro-inflammatory” M1 state to a more “anti-inflammatory, 

repair” M2 state in the hippocampal CA1 region after GCI. Since we (Zhang et al., 2008, 

Yang et al., 2010, Sareddy et al., 2015), and others (Gulinello et al., 2006, Sandstrom and 
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Rowan, 2007, Simpkins et al., 2012) have reported previously that E2 exerts robust 

neuroprotection and improves cognitive outcome after GCI, the E2-induced switch in 

microglial polarization could contribute to the E2-induced neuroprotective effects and 

improved outcome after GCI. Indeed, in recent years, several studies have appeared 

showing that a switch in microglial polarization to the anti-inflammatory/repair M2 

phenotype leads to improved outcomes in several neurodegenerative disorders (Hu et al., 

2012, Cherry et al., 2014, Gensel and Zhang, 2015, Zhao et al., 2017). For instance, M2 

polarized microglia exhibit better clearance of Aβ plaques in Alzheimer’s disease (Cherry 

et al., 2015), and enhanced M2 microglia polarization is correlated with decreased 

neurodegeneration in the substantia nigra in models of Parkinson’s disease (Cherry et al., 

2015, Beier et al., 2017). Furthermore, administration of IL-4, a well-known anti-

inflammatory cytokine and potent inducer of M2 microglia polarization, was shown to 

enhance M2 microglial polarization and improve functional and neurobehavioral 

outcome following focal cerebral ischemia and intracerebral hemorrhage (Zhao et al., 

2015, Yang et al., 2016). Likewise, IL-4-treatment of brain slices in vitro enhanced M2 

microglial polarization and was protective against oxygen glucose deprivation (Girard et 

al., 2013). Additional studies using the TLR4 receptor antagonist, naltrexone, or a 

PPARϒ agonist; rosiglitazone, have also been reported to enhance M2 microglial 

polarization, leading to enhanced neuroprotection and improved cognitive outcome after 

cardiac arrest and intracerebral hemorrhage (Grace et al., 2015, Chang et al., 2017). 

Collectively, these studies, and our own findings suggest that a switch from M1 to M2 
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microglial polarization could help mediate the neuroprotective effects and improved 

outcome observed with E2 treatment in animals subjected to GCI.  

 

        It has been suggested previously that enhanced M2 polarization may be beneficial 

due, in large part, to a switch of production from M1 “proinflammatory cytokines” to M2 

“anti-inflammatory cytokines and trophic factors”, thus decreasing inflammation and 

facilitating tissue and cellular repair (Du et al., 2016, Subramaniam and Federoff, 2017). 

Indeed, using in vitro studies, we found that E2 switched microglial polarization of LPS-

activated BV2 microglia cells from M1 to a predominantly M2 phenotype, with an 

associated switch from “proinflammatory” to an “anti-inflammatory” cytokine gene 

expression pattern in the activated BV2 microglia cells.  This E2-induced switch in 

microglia polarization and cytokine expression appeared functionally important as it was 

correlated with a significant decrease in neurotoxicity of E2-treated LPS-activated BV2 

microglial cells. Conceptually, reduced microglia neurotoxicity and enhanced anti-

inflammatory cytokine production following E2 treatment could be an important 

mechanism contributing to E2-induced neuroprotection after GCI and in various 

neurodegenerative disorders. Interestingly, E2 has also been shown to enhance 

phagocytosis of hypoxia-activated BV2 microglia cells (Habib et al., 2013) and to 

enhance Aβ protein uptake in microglia derived from the human cerebral cortex (Li et al., 

2000). These findings suggest that, in addition to decreasing neurotoxicity of activated 

microglia, E2 can also potentially enhance repair and clearance activities of microglia. 
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        While microglial polarization has received considerable attention in recent years, the 

mechanisms underlying a switch from M1 to M2 microglia polarization remains poorly 

understood. Studies in focal cerebral ischemia animal models suggested a potential 

important role for anti-inflammatory cytokines like IL-10 and IL-4 in regulating 

microglia phenotype, as their administration induced a switch from M1 to M2 microglia 

polarization, as evidenced by increased production of the M2 marker, CD206, and 

decreased production of the M1 markers, TNF-α and IL-1β (Cherry et al., 2014, 

Bodhankar et al., 2015, Liu et al., 2016). Likewise, in our current study, we provide 

evidence supporting a potential role for Il-1β in driving M1 over M2 microglia 

polarization, as administration of IL1RA or a IL-1β neutralizing antibody led to up-

regulation of the M2 marker, Ym1, and corresponding down regulation of the pro-

inflammatory cytokine, cleaved IL-1β in LPS-activated BV2 microglia cells. The 

functional importance of IL-1β in GCI pathology is evidenced by the fact that treatment 

with an IL-1β neutralizing antibody has been shown to enhance functional cognitive 

recovery after GCI (Zhao et al., 2016a). Furthermore, as discussed above, we also 

demonstrated that E2 can suppress NLRP3 inflammasome activation and its associated 

downstream IL-1β cytokine production in the hippocampus after GCI (Thakkar et al., 

2016).  Based on this and our current findings, it is tempting to propose that E2 

attenuation of NLPR3 inflammasome activation and its downstream product, IL-1β, may 

help facilitate the observed switch in microglial phenotype from M1 to predominately M2 

after E2 treatment in GCI. Other upstream mechanisms that implicate regulation of 

microglia phenotype via cytokines have also reported the involvement of a key 
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inflammatory transcription factor NF-κB. It has been shown that IL-4 and IL-13 execute 

anti-inflammatory functions via IL-4Rα, also down-regulating NF-κB (Cherry et al., 

2014). We further showed that E2 treatment led to suppression of NF-κB expression in-

vivo as well as in-vitro, and inhibition of NF-κB by administration of an NF-κB inhibitor 

led to increased neuronal survival and enhanced expression of the M2 microglia 

phenotype marker, CD206. Clearly, inflammation is a multi-molecule cascade and hence 

the possibility of involvement of multiple pathway regulation is likely, and requires 

further study.  

 

         In summary, our study demonstrates for the first time that E2 attenuates microglia 

activation and promotes the M2 “anti-inflammatory/repair” phenotype in the 

hippocampus following GCI. Furthermore, the results of our in vitro studies suggest that 

E2 effects may be mediated directly on microglia, and provide insight into the potential 

underlying mechanisms.  

 

3. Involvement of ER in E2 anti-inflammatory action 

        While our studies did not address which ER mediates E2 effects upon the NLRP3 

inflammasome after GCI, we did demonstrate a critical mediator role for the ER 

coregulator protein, PELP1, which can interact with, and mediate the effects of both ERα 

and ERβ (Brann et al., 2008). Thus, we believe that E2 effects upon the NLRP3 

inflammasome likely involves mediation by ERα and/or ERβ. Intriguingly, both ERα 

and ERβ have been implicated to mediate anti-inflammatory actions of E2 in the brain. 
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ERβ may be particularly important in mediating E2 effects upon the NLRP3 

inflammasome as ERβ antisense oligonucleotide knockdown has been reported by 

another group to attenuate E2 suppression of ASC, caspase 1 and IL-1β after GCI (de 

Rivero Vaccari et al., 2016). Further evidence supporting ERβ as potentially mediating 

the anti-inflammatory effects of E2 comes from our observation that E2 was able to 

directly regulate the activation, polarization and neurotoxicity of BV2 microglia cells in 

vitro, which reportedly only express ERβ, and not ERa or GPER1 (Habib et al., 2013). 

However, admittedly the situation in vivo may be more complex, as brain microglia under 

different conditions have been reported to express all three estrogen receptors, ERα, ERβ, 

and GPER1 (Garcia-Ovejero et al., 2002, Dhandapani and Brann, 2007). Indeed, studies 

using ERα and ERβ agonists in middle-aged, ovariectomized female rats have shown that 

activation of either ERα or ERβ is capable of modulating the expression of 

neuroinflammatory genes in the frontal cortex, as well as modulate microglia-

macrophage complement expression (Sarvari et al., 2011, Sarvari et al., 2014). Likewise, 

ERα knockout mice have spontaneous and enhanced microglia activation and an increase 

in pro-inflammatory cytokines, which correlated with an increased infarct size after focal 

cerebral ischemia (Vegeto et al., 2003, Cordeau et al., 2016). Intriguingly, a potential role 

of GPER1 in E2 anti-inflammatory effects has also been suggested recently, as treatment 

of primary microglia with E2 or the GPER1 agonist, G1 was able to suppress LPS-

induced pro-inflammatory cytokine production, and a GPER1 antagonist; G15 reversed 

the effects of E2 and G1 (Zhao et al., 2016b). The suggestion that all three ERs may help 

mediate the anti-inflammatory effects of E2 in vivo is perhaps not surprising considering 
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that all three ERs have been implicated in E2-induced neuroprotection (Brann et al., 

2007, Zhang et al., 2009, Inagaki and Etgen, 2013, Tang et al., 2014, de Rivero Vaccari 

et al., 2016).  Finally, it is intriguing and translationally relevant to note that current FDA 

approved selective estrogen receptor modulators (SERMS) such as tamoxifen and 

raloxifene have been shown to reduce microglia activation, as well as pro-inflammatory 

cytokine and chemokine expression following neuronal injury (Ishihara et al., 2015). 

Thus, SERMs could be attractive therapeutic agents as they potentially could exert 

similar anti-inflammatory effects as E2, but with potential fewer associated negative side 

effects.  

 Collectively, the results of our studies provides evidence that E2 can exert anti-

inflammatory actions in the hippocampus to 1) inhibit NLRP3 inflammatory activation, 

2) regulate microglial polarization, and 3) modulate the balance of proinflammatory and 

anti-inflammatory cytokine expression after GCI. These anti-inflammatory effects likely 

contribute to E2 neuroprotection in cerebral ischemia and other neurodegenerative 

disorders. 
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V. SUMMARY 

 

         In summary, the current study provides an understanding of the anti-inflammatory 

role of E2 in the central nervous system. The key findings of the study include; 1) E2 can 

suppress NLRP3 inflammasome activation, complex formation and downstream cytokine 

production in the hippocampus after GCI, 2) E2 treatment leads to suppression of 

microglia activation, in vivo as well as in vitro, 3) E2 treatment can further suppress M1, 

pro-inflammatory microglia polarization while up-regulating the M2, anti-inflammatory 

polarization, 4) E2 regulates cytokine profile where it suppresses the pro-inflammatory 

cytokine expression and up-regulates anti-inflammatory cytokines, 5) E2 anti-

inflammatory effects could be demonstrated directly on BV2 microglial cells in vitro, 6) 

anti-inflammatory effects of E2 lead to reduced neurotoxicity, and 6) the mechanism of 

E2 anti-inflammatory actions include mediation via its ER coregulator, PELP1, as well as 

upstream regulation of P2X7 receptor, TXNIP as well as NF-κB.  

        The summary of our study is indicated in Figure 34. As shown in Figure 34A, an 

inflammatory stimulus in the central nervous system leads to microglia activation, and 

activation of sensors such as P2X7 receptors, TXNIP and NF-κB. This further leads to 

downstream activation of the NLRP3 inflammasome and pro-inflammatory cytokines 

leading to increased neuronal death, which further promotes M1 microglia activation. 
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However, our study suggests that, upon administration of E2, as depicted in Figure 34B, 

these pro-inflammatory effects can be rescued. We propose that E2 along with ER 

coregulator, PELP1 can lead to suppression of microglia activation, reduced expression 

of upstream activators like P2X7, TXNIP, NF-κB, thereby leading to decreased activation 

of NLRP3 inflammasome and pro-inflammatory cytokine production, while up-

regulating anti-inflammatory cytokines like IL-10, IL-13 and IL-4 and promoting M2 

microglia phenotype. These anti-inflammatory effects of E2 in turn lead to increased 

neuronal survival and better cognitive outcomes.  
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A. 

 

 

 

 

 

 

 

 

 

B. 

 

 

 

 

 

 

 

 

 

 

Figure 34. Diagrammatic representation summarizing the findings of the study. See text for further 

details. ASC = Apoptosis associated speck like protein, E2 = 17beta-estradiol, ER = Estrogen Receptor, IL-
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1β = Interleukin 1 beta, IL-4 = Interleukin 4, IL-10 = Interleukin 10, IL-12 = Interleukin 12, IL-13 = 

Interleukin 13, IL-18 = Interleukin 18, IκB = Inhibitor of kappa B, NLRP3 = NOD-like receptor protein 3, 

p50 = phosphorylated 50 subunit of NF-κB, P = phosphor-moiety, PELP1 = Proline-, glutamic acid-, and 

leucine-rich protein 1, P2X7 = Purinergic receptor 7, RelA = p65 subunit of NF-κB, TRX = Thioredoxin , 

TXNIP = Thioredoxin interacting protein. 
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