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Abstract 

 
Introduction. The onset of reproductive senescence occurs at the perimenopause, which 

is characterized by major physiological changes in the endocrinological and reproductive 

systems which can be associated with altered energy metabolism, cognition, bone-mineral 

density, cardiovascular function and immune system responses. Our rat model of the 

perimenopause to menopause to post menopause transitions captures both chronological 

and endocrinological conversions. In the current study, differential regulation of genes in 

the hippocampi of the endocrine characterized female rats by sequencing hippocampal 

total RNA was investigated, based on which it was hypothesized that perimenopausal 

transition increases blood brain permeability with grave implications for 

neurodegenerative diseases in women. However, based on rodent model, a novel 

neuroregenerative therapeutic, Allopregnanolone, may help ameliorate the increase in 

permeability and improve cognitive function.  

Methods. Paired end sequencing of hippocampal total RNA from 36 Sprague Dawley 

(SD) female rat hippocampi, belonging to six different groups was conducted. A list of 

differentially expressed genes (DEG) for each comparison was obtained using TopHat 

and Cufflinks employed in the Partek Flow environment (http://www.partek.com/). 

Differentially expressed genes were analyzed using Ingenuity Pathway Analysis and 

PANTHER to identify gene pathways altered during the perimenopause. Blood brain 

barrier (BBB) permeability was measured in different groups of female SD rats using 

sodium fluorescein. Both male and female mice were treated with Allopregnanolone 

intramuscularly. Behavior was assessed using Novel Object Recognition. Plasma and 



 xi 

cortex from mice were queried for 185 metabolites using ultra-performance-LCMS. Mice 

hippocampi were used for RNA-Seq.   

Results. RNA-Seq detected a decrease in platelet-derived growth factor (PDGF) activity, 

associated with decreased brain estrogen, indicating potential for increased blood brain 

barrier permeability during the perimenopausal hippocampus. Analyses of significantly 

differentially expressed genes (DEG) using PANTHER (http://pantherdb.org/index.jsp) 

revealed enrichment of leukocytes, B and T lymphocyte genes. Curated literature based 

bioinformatic analysis indicated activation of pathways related to lymphocytic proliferation 

and differentiation during the transition from regular to irregular cycling, and inactivation 

of pathways responsible for T cell apoptosis. Interestingly, interleukin-27, a pan-T 

lymphocyte regulator was down-regulated in the hippocampal transcriptome during the 

perimenopausal transition, hinting at potential T lymphocyte dysregulation associated with 

the perimenopausal transition. Increased permeability of BBB during the perimenopausal 

transition was confirmed using sodium fluorescein. A separate experiment suggested that 

Allopregnanolone improved cognitive function in human ApoE ε4 allele containing 

Targeted Replacement mice, potentially upregulated PDGF signaling pathway in the 

hippocampal transcriptome which suggests protection of blood brain barrier integrity, 

increased lipid metabolism to generate acetyl-CoA to feed into the TCA cycle and 

promoted ATP generation in the mitochondria. Further, Allo treatment increased indicators 

of protein metabolism and potentiated mitochondria in human neural stem cells. 

Conclusions. These RNA-Seq and bioinformatic analyses suggested a functional 

disruption of the blood brain barrier during the perimenopausal transition state that was 

confirmed. Both chronological and endocrinological aging in female rats resulted in 

divergence into sub-populations based on blood brain barrier permeability corroborating 
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evidence of inter-individual variation in neurodegenerative diseases. Allopregnanolone not 

only ameliorated cognitive function but based on analysis of hippocampal transcriptome 

suggested amelioration of blood brain barrier permeability, which must be functionally 

confirmed, and its mechanism elicited in future studies.
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 Background 

1.1 Women and Alzheimer’s Disease 

Alzheimer’s disease (AD) is a major cause of morbidity and mortality in the United States. 

(Association, 2018). Women bear and unequal burden of AD by being more likely to be 

AD patients as well as caregivers (Beydoun et al., 2013). At age 65, a woman’s risk of 

being diagnosed with AD is almost double that of a man of the same age (Association, 

2014). 

Recent publications have explored the extent of contribution of sex biology to vulnerability 

to AD. Even when healthy, adult men suffer from faster reduction in brain volume 

compared to women (Pfefferbaum et al., 2013), but this is reversed in AD where brain 

volume declines faster in women than men (Skup et al., 2011). More clarity is needed 

regarding the contribution of X and Y chromosomes in AD (Snyder et al., 2016).  

ApoE ε4 gene, known to increase risk of AD in general, (Corder et al., 1993; Liu et al., 

2013), elevates women’s risk of developing AD more than men (Farrer et al., 1997b) and 

causes higher dysregulation of brain functions in women (Altmann et al., 2014; 

Damoiseaux et al., 2012; Fleisher et al., 2008; Sampedro et al., 2015).  

Even though research conducted in vitro and in animal models suggested neuroprotective 

effects of sex steroids (estrogens and progestins) in women, such evidence has been 

lacking in the clinic and trials in large number of women have not shown benefit of 

hormonal supplements (Carcaillon et al., 2014; Dubal et al., 2012; Espeland et al., 2004; 

Gleason et al., 2015; Henderson et al., 2016; Laughlin et al., 2010) and need further 

investigation. In the future, studies could focus on the mechanisms by which hormones 

affect the ability of the brain to respond to injury and ameliorate effects of noxious stimuli 
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in men and women in mid- and late-life thereby clarifying the protective role of sex 

hormones in AD. 

1.2 Women and Immune System 

Postmenopausal females are at greater risk for not only AD (Christensen and Pike, 2015) 

but also autoimmune diseases (Fairweather et al., 2008). Incidence of autoimmune 

diseases such as Rheumatoid Arthritis and Multiple Sclerosis rise in women through 

perimenopausal age, peak around menopause and decrease thereafter (Grytten et al., 

2015; Peppercorn, 2014). Additionally, evolutionary biologists have hypothesized that 

earlier age at menopause would shift the onset of RA to the left i.e. the disease incidence 

would peak earlier in younger age groups (Straub and Schradin, 2016).  

Differences in the immune system have been known to exist among males and females 

across their lifespan, across different mammalian species and in both innate and adaptive 

immune system (Griesbeck et al., 2015; Klein and Flanagan, 2016; Pisitkun et al., 2006) 

with an important role for sex steroids (Griesbeck et al., 2015) which suggests that sex 

steroids, such as androgens and estrogens may be directly responsible for differences in 

innate immune responses (Hannah et al., 2008).  

Males and females differ in the production of cytokines and chemokines (Aomatsu et al., 

2013; Rettew et al., 2008; Torcia et al., 2012) and females across different ethnicities have 

higher counts of helper T cells compared to males (Abdullah et al., 2012; Lee et al., 1996; 

Lisse et al., 1997; Uppal et al., 2003), and sexes also show differences in the way these 

helper T cells set up an immune response (Giron-Gonzalez et al., 2000; Hewagama et al., 

2009; Roberts et al., 2001; Sankaran-Walters et al., 2013; Zhang et al., 2012). Studies in 

mice exploring sex-based differences in regulatory T cells describe contrasting results with 
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respect to organ-specific regulatory T cell counts in multiple diseases; on the other hand, 

human studies show more regulatory T cells in men versus women (Afshan et al., 2012). 

Studies have shown that not only B cells are higher in females among older (Teixeira et 

al., 2011) and younger adults (Abdullah et al., 2012), but PBMCs from both sexes when 

stimulated lead to a significantly differential alteration in Natural Killer cell count (Abdullah 

et al., 2012). Another study found sex-based differences in expression of genes in B cells, 

and authors of the study suspected gonadal hormonal influence (Fan et al., 2014). 

1.3 Cognition and Perimenopause 

Perimenopause is the period that precedes menopause when women begin to experience 

menstrual cycle changes (McKinlay et al., 1992; Nelson, 2008) and is associated with 

hormonal fluctuations (Brinton et al., 2015; Burger et al., 1998). Perimenopausal women 

not only undergo changes in the reproductive system but neurological alterations are also 

observed (Genazzani et al., 2005; Greendale et al., 2010; Maki et al., 2008).  

Decline in levels of estrogen around menopausal transition are associated with declines 

in cognitive function as well as receptor expression alterations (Arimoto et al., 2013; Paris 

et al., 2011; Sherwin, 1994, 2003; Woods et al., 2000). It has also been shown that this 

cognitive decline due to change in the hormonal environment is age independent (Berent-

Spillson et al., 2012) but dependent on endocrine status (Weber et al., 2014). A clinical 

review published in 2016 concluded that while cognitive decline is attributable to 

menopause, HRT is not recommended as treatment (Maki and Henderson, 2016). 

A large number of women will be undergoing menopausal transition in the next decade, 

with estimates of up to 1.1 billion women (Shifren et al., 2014) and these women will be 

vulnerable to neurodegenerative diseases such as AD. Therefore, it is important to 



 

 4 

understand perimenopause-induced changes in the brain using a translationally valid 

model, such as in rodents (Diaz Brinton, 2012; Finch, 2014). 

1.4 Estrogen, Blood Brain Barrier and AD 

Brain has always been believed to be an immune-privileged site protected by the BBB 

from circulating immune cells, until recently when lymphatic vessels were discovered in 

the walls of dural sinuses (Louveau et al., 2015). The BBB consists of a physical barrier 

of endothelial cells, astrocytes, and pericytes, all of which regulate transport of substances 

from general circulation to the brain. Transcellular passage of proteins requires ligand-

specific receptors and transporters, while paracellular passage of cells is strictly limited by 

junctional proteins located in the clefts between endothelial cells (Raub et al., 1992; 

Wolburg and Lippoldt, 2002).  

1.4.1 SEX STEROIDS AND BBB 

Sex-steroid dependent changes in BBB have been observed (Bake and Sohrabji, 2004) 

which may be due to control of gap junction protein, connexin 43, being under the control 

of steroid hormones (Gulinello and Etgen, 2005). 17β-estradiol (or E2) affects tight junction 

(TJ) protein, such as occludin, and endothelial cells of blood vessels (Ye et al., 2003) 

along with another TJ protein called zonula occludens-1 (ZO-1) (Khan-Dawood et al., 

1996). Recently, a study proved the protective role of estrogen in specifically guarding the 

BBB against lymphocytic invasion in a proinflammatory environment (Maggioli et al., 

2016), which would explain previous published observation that repeated estradiol 

treatment prevents BBB disruption due to antigenic stimulation (Tomás‐Camardiel et al., 

2005). 
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Mechanistically estrogens play a major role in maintaining healthy BBB (Fig. 1.1), via 

upregulation of PDGF, VWF and TGFBR1, and downregulation of SLC38a3, Aqp4, 

SLC13a3 and VCAM1 (Humphreys et al., 2014).  

 

 

Evidence exists that implies that female gender is at a higher risk for increased BBB 

permeability, based on findings from an acute sepsis model (Minami et al., 2002), and 

extravasation of Evan’s blue dye in a hypoosmolality model (Oztaş et al., 2000). One study 

also found that in CSF expression of IgG increases significantly with increase in age 

(Pakulski et al., 2000). 

Figure 1.1 Role of estrogen in maintaining a healthy blood brain barrier. 
Estradiol (E2) upregulates Pdgf, Vwf, Tgfbr1 and downregulates Slc38a3, Aqp4, 
Slc13a3, and Vcam1 to promote pericyte proliferation and maintenance, enhance BBB 
adaptability to hypoxia, maintain fluid balance in brain and prevent or reduce 
neuroinflammation.  
Pdgf=Platelet Derived Growth Factor, Vwf=von Willebrand Factor, 
Tgfbr1=Transforming growth factor beta 1, Aqp4=Aquaporin-4, VCAM1=vascular 
adhesion molecule 1, SLC38a3 SLC13a3 are both solute carrier proteins. 
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Although the family of estrogens are grouped together, they have specific effect on the 

BBB.  Artificial estrogen such as ethinyl estradiol was found to elevate BBB permeability 

to albumin (Gammal and Zuk, 1980), water (Reid et al., 1983), inulin and sucrose (Ziylan 

et al., 1990), whereas endogenously produced estrogen, 17β-estradiol, was found to be 

protective in cases of neural injury models, such as injury caused by ischemia (Chi et al., 

2005; Chi et al., 2002), VEGF- (Chi et al., 2004) or 3-nitropropionic acid (Nishino et al., 

1998) in which estradiol treatment resulted in a less leaky BBB. Literature also suggests 

that estrogenic neuroprotection is likely mediated via both ERα and ERβ (Naderi et al., 

2015). Thus, the effect of estrogens on the BBB integrity may be compound specific and 

dependent on the type of cells that it may affect.   

1.4.2 AD AND BBB 

In AD, it is found that capillary density (Fischer et al., 1990) and capacity (Bell and Ball, 

1986) both change. Also, nerve plexuses adjacent to blood vessels are lost (Scheibel and 

Duong, 1988) with an increase in nitric oxide synthase activity (Dorheim et al., 1994) and 

lipid peroxidation (Andorn et al., 1998). Post-mortem studies have found blood-borne 

proteins from the periphery (pro-thrombin, albumin, immunoglobulins, fibrinogen, and 

thrombin) accumulated in the brain of AD patients implying BBB disruption (Fiala et al., 

2002; Hultman et al., 2013; Ryu and McLarnon, 2009; Salloway et al., 2002; Zipser et al., 

2007). D’Andrea has suggested that AD exhibits signs of being an autoimmune disease 

where neurons may be targeted after the BBB is disrupted (D’Andrea, 2005) based on 

findings that show increase in IgG-positive neurons in the hippocampus and entorhinal 

regions of AD brains which was 8 times when compared to brains of non-AD individuals 

in similar age range (D’Andrea, 2003). Aβ overproduction in AD due to APP gene mutation 

results in amyloid accumulation in the brain and cerebrovasculature, concurrently with 
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BBB disruption (Iadecola, 2004; Jellinger, 2002; Zlokovic, 2005). A pilot study found that 

amyloid deposition in cerebral vessels correlates with recognized criteria for AD diagnosis 

(Attems and Jellinger, 2004). In the triple transgenic AD mouse model, both the amyloid 

deposition and memory deficits are preceded by a disruption of the BBB (Ujiie et al., 2003). 

It is evident that estrogen is an important regulator of BBB integrity, thus the decline in sex 

steroids, specifically estradiol, in the perimenopausal rats, is likely to negatively affect BBB 

integrity. A compromised BBB would increase women’s risk of cognitive decline as seen 

in AD as well as susceptibility to autoimmune diseases. 

1.5 The Rodent Perimenopausal Model 

While both men and women undergo puberty, menopause is unique to women. 

Menopausal transition takes years to complete. It begins with subtle changes in 

experience which can last for up to 5 years, then proceeds to irregular periods and this 

may last for 3 years before the Last Menstrual Period (LMP) and cessation of menses, 

ushering in menopause (Nelson, 2008). The years of transition before menopause are 

termed as the perimenopausal period. Even though symptoms of menopause do not begin 

till mid to late forties, estrogen levels, after peaking between late twenties and early thirties, 

begin to decline years before the last menstrual period (Sherman et al., 1976). 

1.5.1 DIFFERENT RODENT MODELS OF MENOPAUSE 

Studies of reproductive aging in humans are complex (Henderson and Brinton, 2010; 

Soares and Maki, 2010; Soules et al., 2001). This complexity can be better understood 

using animal models that offer a glimpse into the biology of human reproductive 

senescence. Animal models make it easier to explore and understand the multiple parallel 

events that occur in organs and organ systems, as well as changes in cellular, molecular, 
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and genomic processes during perimenopausal transition (Bellino, 2000; Bellino and 

Wise, 2003; Van Kempen et al., 2011; Walker and Gore, 2011; Walker and Herndon, 

2008). Accordingly, the translational validity of animal models is of extreme importance in 

order to understand etiopathogenesis of diseases suspected to begin during this period, 

identify and develop new drugs, and predict results of therapeutic interventions (Brown, 

2012; Jucker, 2010; Nakao et al., 2009; Shineman et al., 2011). Comprehending the 

validity of translational animal models of human menopause would allow the scientific 

community to better integrate in vitro data, in vivo observations in animal models, evidence 

and observations from population-based epidemiological studies, as well as results of 

intervention trials (Diaz Brinton, 2012). Three of the most commonly used animal models 

to study human reproductive senescence in women are (1) natural reproductive 

senescence or ovary-intact model, (2) ovariectomy or surgical menopause model and (3) 

using ovotoxins to induce accelerated ovarian failure (Koebele and Bimonte-Nelson, 

2016).  

Female rodents undergo estrus cycles, akin to humans’ menstrual cycle and these estrus 

cycles become irregular in mid-to-old aged rodents before ceasing to operate and these 

changes in estrus cyclicity are associated with neuroendocrine changes (Downs and 

Wise, 2009; Kermath and Gore, 2012; Wise et al., 2002). Hence, the natural reproductive 

senescence model can be used to understand age-related alterations in the brain at 

cellular and molecular levels that are part of normal reproductive aging which in turn would 

help us develop better therapies to address symptoms associated with aging and 

menopause (Koebele and Bimonte-Nelson, 2016), despite some drawbacks of the ovary-

intact model such as differences in hormonal levels and ovarian follicle reserve compared 

to humans and inter-animal variability (Burger, 2006; Lu et al., 1979; Timiras et al., 1995). 
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The ovariectomy (OVX) model of surgical menopause entails bilateral excision of the 

ovaries (Olson and Bruce, 1986). The OVX model helps explore and understand the 

effects of lack of sex hormones on various organs and organ systems as well as delineate 

the effect of externally administered steroids on brain and periphery (Koebele and 

Bimonte-Nelson, 2016). As far as translational research is concerned, OVX model is quite 

different from how most women undergo perimenopausal transition. Also, the age at which 

ovaries are excised in rodents has bearing on the results (Chakraborty and Gore, 2004; 

Diz-Chaves et al., 2012; Foster et al., 2003). The hormonal profile in the OVX model is 

different from the one found in human females (Mayer et al., 2004; Mayer et al., 2002). 

While the surgical model of menopause has its own merits in assessing the effects of 

specific hormones and drugs on brain and body systems in the absence of steroid 

hormones produced endogenously, it is also equally important to understand the 

processes of natural reproductive senescence as well as the manner in which exogenous 

hormones interact with the organ systems in presence of intact ovaries. 

The ovotoxic model of human menopause in rodents is dependent on using a chemical 

called 4-vinylcyclohexene diepoxide, or VCD, a metabolite of 4-vinylcyclohexene (Hoyer 

et al., 2001; National Toxicology, 1989). Researchers have used this chemical to develop 

a rodent model of menopause since the chemical reduced the pool of ovarian follicles that 

are not growing but leaves growing follicles unaffected, (Borman et al., 1999; Flaws et al., 

1994; Hirshfield, 1991; Hoyer et al., 2001; Hu et al., 2001a; Hu et al., 2001b; Kao et al., 

1999; Mayer et al., 2004; Mayer et al., 2005; Mayer et al., 2002; Springer et al., 1996a; 

Springer et al., 1996b; Springer et al., 1996c) which is the result of the chemical 

upregulating pro-apoptotic proteins in affected follicles (Hu et al., 2001a; Hu et al., 2001b; 

Springer et al., 1996a; Springer et al., 1996b; Springer et al., 1996c; Van Kempen et al., 
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2011). Follicular depletion caused by VCD in female rodents results in hormone profiles 

similar to ovary-intact menopausal women (Acosta et al., 2009; Acosta et al., 2010; Mayer 

et al., 2004; Mayer et al., 2002; Timiras et al., 1995).  

Toxic and carcinogenic effects of this compound as well its potential for accumulation in 

the brain due to its lipophilic nature are major drawbacks of this model (Diaz Brinton, 2012; 

Van Kempen et al., 2011). 

While each animal model has its own strengths and weaknesses with regards to human 

menopause, natural reproductive senescence in rodents closely mimics many features of 

human menopausal transition (Morrison and Baxter, 2012; Walker and Herndon, 2008). 

This perimenopausal rodent model may help better understand the biological processes 

occurring in humans and subsequently assist in developing effective therapies (Bethea et 

al., 2000; Choi et al., 2003; Kaplan et al., 2010). While the perimenopausal transition in 

the rodents takes place over a much shorter time period, it shows many features found in 

the human natural reproductive senescence such as decline in ovarian follicles, 

lengthening of estrus cycles that results in irregular cycling due to steroid hormone 

fluctuations, and irregular fertility (Finch et al., 1984; Van Kempen et al., 2011). Cycle 

length irregularity is a good proxy for irregular fertility and advancing reproductive 

senescence, which begins at approximately 8 months of age (Finch et al., 1984).  

1.5.2 THE NATURAL REPRODUCTIVE SENESCENCE OR OVARY-INTACT MODEL 

IN PRACTICE 

Previously, Brinton lab has conducted studies using the ovary-intact or natural 

reproductive senescence model of human menopause in female Sprague-Dawley (SD) 

rats (Yin et al., 2015). Young female SD rats have 4-5-day estrus cycle, and these rats 

are called regular cyclers (Finch, 2014). 5-8 day long irregular cycles observed at the 
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beginning of reproductive senescence are found in a small percentage of rats around 6 

months of age, but the rest of female rats at that age were found to be regular cyclers (Yin 

et al., 2015). The percentage of irregular cyclers increase in number until 9-10 months of 

age when irregularly cycling rats constitute the majority of female rats in the group at that 

age (Yin et al., 2015). At the same time, some female rats no longer undergo estrus cycling 

and transition to constant estrus phase of reproductive senescence that continues up to 

at least 16 months of age (maximum period under study). Hence, we have five groups of 

female rats, 6 month old female rats that cycle regularly (Regular cyclers 6m), 9-10 month 

old female rats that cycle regularly (Regular cyclers 9-10m), 9-10 month old female rats 

that cycle irregularly (Irregular cyclers 9-10m), 9-10 month old female rats that no longer 

cycle (Acyclic 9-10m) and 16 month old female rats that no longer cycle (Acyclic 16m). 

Table 1.1 summarizes the different aspects of menopausal transition that can be studied 

using the rat model described, while keeping either the age or the endocrinological status 

as a constant. Regular cyclers 6m and Regular cyclers 9-10m groups of female rats differ 

in age but have similar estrus cycles (regular 4-5-day cycles) and therefore allow the 

Table 1.1 Comparisons of the different chronological and endocrinological 
groups of female rats.  
The first comparison aims to detect the effect of chronological aging before 
endocrinological transition (pre-transition). The second and the third comparisons aim 
to detect the effect of endocrinological transition to menopause while controlling the 
age variable, and the last comparison aims to detect the effect of chronological aging 
post-transition. 
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detection of effects of aging in female rats before the occurrence of menopausal transition. 

The three groups of 9-10-month-old animals (Regular cyclers 9-10m, Irregular cyclers 9-

10m, Acyclic 9-10m) allow the comparison of the perimenopausal transition stages while 

keeping age constant. The last group of animals (Acyclic 16m) helps detect age related 

changes in acyclic animals when compared to Acyclic 9-10m group.  
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1.6 Conclusion/Hypothesis 

Thus, it can be concluded that women are more susceptible to cognitive decline and AD, 

immune dysregulation and even autoimmune diseases later in life to which 

perimenopausal transition maybe a contributing factor, and sex-specific steroids, mainly 

estrogen, play a major role in maintaining both cognition and healthy immune system. A 

systems biology approach to understanding the hippocampal transcriptomic changes 

during the perimenopausal transition in female SD rats could elucidate the pathways in 

the hippocampus that influence physiologic alterations preceding actual pathologies. A 

breached blood brain barrier could make women increasingly more susceptible to noxious 

substances from the peripheral circulation and I hypothesize that this breach happens 

during the perimenopausal transition. A compromised BBB by itself may not result in 

outward manifestation of pathogenesis specific to a particular disease. However, 

interaction between a compromised BBB and other injurious stimuli such as aggregates 

of A or -synuclein, low-grade chronic inflammation seen in aging or environmental 

factors in the presence of genetic susceptibility could further accelerate the erosion of BBB 

integrity potentially subjecting females to increased vulnerability to AD or autoimmune 

disease states. The breached BBB could potentially be ameliorated by a neurosteroid 

such as Allopregnanolone which in pre-clinical studies has resulted in improvement of 

cognitive function. 
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 Transcriptomic Analysis 

2.1 Abstract 

In this study I applied a systems biology approach to the hippocampal transcriptome 

during the perimenopausal transition in order to determine the underlying mechanisms 

that make women susceptible to AD and other degenerative disease during and after the 

menopausal transition. Hippocampal transcriptome from six different groups of female rats 

was queried using high-throughput RNA sequencing and the data was analyzed using two 

different bioinformatic tools. Findings suggested immune dysregulation, compromised 

blood brain barrier and downregulation of metabolic and bioenergetic pathways in the 

hippocampus during the perimenopausal transition and these findings need to be 

examined in greater detail to understand cell-type specific and pathway dependent 

alterations in the hippocampus during perimenopause. 

2.2 Introduction 

Aging hippocampus (Colangelo et al., 2002; Terao et al., 2002), and other parts of the 

brain (Lee et al., 2000) exhibit differential expression of genes that are known to have 

immune system functions. These changes were known to be sexually dimorphic with 

proportionally greater activation of immune system in the female brain (Berchtold et al., 

2008). Also genes that were highly expressed with age appeared to be involved in 

activation of T cells and microglia and also included proinflammatory cytokines and 

chemokines (Wyss-Coray, 2006). In adult human brain it was found that among the genes 

that are most differentially expressed between the two sexes, the most significant genes 

seem to have immune functions (Trabzuni et al., 2013). This would explain why immune-
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related diseases have a gender dependent bias (Fung et al., 2012; McCombe et al., 2009) 

such as the bias seen in multiple sclerosis and AD (Amor et al., 2010). Innate immune 

system found in the aging hippocampus of female rats was detected to be responsive to 

the hormonal environment (Sárvári et al., 2012; Sárvári et al., 2014). As aging proceeds 

immune system becomes senescent along with development of age-related long-term 

low-grade inflammation which in turn could repeatedly prime microglia, which likely lose 

their neuroprotective function and further activate innate and adaptive immune pathways 

in the brain (Deleidi et al., 2015). This profile of high-risk of abnormal immune response 

associated with aging results in atypical inflammatory cascades which in turn could 

increase susceptibility to diseases. 

Based on these observations in literature as well as the results of the customized gene 

array data obtained and published earlier (Yin et al., 2015) by Brinton lab, led to a more 

bioinformatics intensive approach using transcriptomic analysis for an in-depth 

understanding of the systems biology of the aging female hippocampus during the 

perimenopausal transition in female SD rats. 

2.3 Materials & Methods 

2.3.1 ANIMALS 

The process by which animals were classified into groups for this experiment is outlined 

in detail in the published work by Dr. Fei Yin from Brinton lab (Yin et al., 2015). Briefly, 5 

and 8-month-old female Sprague-Dawley (SD) were cycled and their estrus cycle status 

was documented every day in the morning using vaginal cytology of smears obtained via 

lavage with PBS. Based on age and regularity of estrus cycling animals were classified 

into Regular and Irregular groups at 6 and 9-10-months of age. Those female rats that did 

not cycle and exhibited a constant estrus stage every day for at least nine consecutive 
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days were labeled as Acyclic, which were divided into two groups based on age: 9-10-

months old and 16 months old. Rats that did not meet the predetermined criteria for 

classification into groups were not included in the study. An OVX group of female rats was 

added which consisted of regularly cycling female rats at 9-10 months of age that were 

ovariectomized at 9-10-months of age and euthanized at 10-10.5-months. Thus, I had six 

groups in the study based on age and endocrine status: Regular cyclers 6m, Regular 

cyclers 9-10 months, Irregular cyclers 9-10 months, Acyclic 9-10 months, Regular OVX 

10-10.5 months and Acyclic 16 months.  

After anesthesia, we rapidly dissected the brains on ice, dissected out cerebellum and 

brain stem and separated the two hemispheres, which were peeled laterally to obtain the 

hippocampus from each brain. All dissected tissues were frozen in −80 °C for planned 

experiments. PureLink RNA Mini Kit (Invitrogen) was used to isolate RNA from rat 

hippocampal tissues. Some of the data obtained from these rats were published in Yin et 

al., 2015.  

2.3.2 SEQUENCING OF HIPPOCAMPAL RNA 

The RNA extracted from the hippocampus of female rats was sent to Active Motif (Active 

Motif Inc., Carlsbad) for sequencing and raw reads in the form of FASTQ files were 

obtained. Before sequencing Active Motif analyzed RNA quantity and quality using Qubit 

RNA IQ Assay (Thermo Fisher, MA) and all samples exhibited high RNA quality. RNA 

from 36 female rats that belonged to the six groups mentioned earlier were sequenced, 

with six rats per group. Paired end sequencing of hippocampal RNA was carried out with 

read length of 50 base pairs and a read depth of about 50 million reads per sample using 

Illumina HiSeq 2500.  
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2.3.2.1 The RNA-Seq process 

The comprehensive set of transcripts in a cell i.e. the transcriptome, sheds light on the 

processes occurring in the cell and can help understand the physiology and pathology of 

various cellular function and disease states. (Wang et al., 2009). Transcriptomic studies 

via microarrays and Sanger sequencing both have drawbacks. (Boguski et al., 1994; 

Gerhard et al., 2004; Kodzius et al., 2006; Okoniewski and Miller, 2006; Royce et al., 2007; 

Wang et al., 2009). RNA-Seq can detect previously unknown transcripts (Vera et al., 

2008), provide data on Single Nucleotide Polymorphisms (SNPs) (Cloonan et al., 2008; 

Morin et al., 2008), shows very low background signal (Wang et al., 2009) and possesses 

high level of accuracy and reproducibility (Cloonan et al., 2008; Mortazavi et al., 2008; 

Nagalakshmi et al., 2008) and 1% error rate (Dohm et al., 2008). Isolated total RNA is first 

selected or enriched for mRNA or other RNAs such as long non-coding RNA, and then 

converted to cDNA, which is then sequenced through repeated rounds of pre-determined 

steps such as incorporation of nucleotide base, washing, imaging and severance, and 

fluorescent imaging is used for detection of the incorporated nucleotide (Bentley et al., 

2008; Guo et al., 2008; Wang et al., 2009). The Illumina HiSeq 2500 was used to sequence 

RNA for this study. 

2.3.3 ANALYSIS OF SEQUENCED HIPPOCAMPAL RNA 

I first trimmed raw reads (files with extension .fastq) from both ends using a Phred score 

threshold of 20 and read length of 25 in Partek Flow version 5.0. The Partek Flow software 

suite is available through the USC Norris Medical Library Bioinformatics Services 

(http://norris.usc.libguides.com/nml-bioinfo). I mapped the reads using TopHat2 to the 

Rn6 rat reference genome (Ensemble 80) and quantified to transcriptome using Cufflinks. 

Only annotated transcripts were quantified, and I used bias correction and multi-read 

http://norris.usc.libguides.com/nml-bioinfo
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correction along with upper quartile normalization to generate deferentially expressed 

genes (DEG) list for each comparison group. The development of this bioinformatics 

pipeline is discussed in detail in the results section. The DEG lists for each comparison 

group was then uploaded into Ingenuity Pathway Analysis (IPA) software and Protein 

ANalysis THrough Evolutionary Relationships (PANTHER) to explore differential 

regulation of critical pathways during the perimenopausal transition in the hippocampus. 

 

2.3.4 STATISTICAL CONSIDERATIONS 

Differential gene expression data obtained through gene arrays and RNA-Seq methods 

necessitate a rethink of statistical considerations. A simple statistical cut-off of p<0.05 for 

significantly differentially expressed genes does not suffice due to the errors introduced 

by multiple comparisons which essentially includes thousands or even tens of thousands 

of genes. For this purpose, I used a cut-off of FDR <0.05 for individual genes of statistical 

significance. FDR (also termed ‘q’) is defined as the expected proportion of type I errors 

or false positives (Colquhoun, 2014). At the same time, I used FDR<0.2 while carrying out 

analyses of biological pathways. (FDR=False Discovery Rate=q) 

 

2.3.5 CHOICE OF SOFTWARE FOR PATHWAY & NETWORK ANALYSIS 

At the end of many experiments that result in large amount of data of protein expression, 

gene expression or metabolic data, the next question is how to obtain meaningful and 

biologically relevant analyses from these datasets. The abundance of transcriptomic data 

that resulted from the RNA-Seq required a way to analyze and interpret it. Annotation 

enrichment, also called pathway analysis (Curtis et al., 2005), allows us to understand the 

biological underpinnings of differences in gene expression related to experimental 

conditions. Researchers have mapped genes and proteins to their associated expression, 
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structure and functions and have divided each of these parameters into three domains: 

cellular component, molecular function and biological process and then provided a name 

(term) and a unique numeric identifier for each such term called Gene Ontology (GO) term 

(Ashburner et al., 2000). The presence of these GO terms in the experimental data with 

higher than background frequency is called “enrichment” (Huang et al., 2008a). It is 

important to note that GO is not complete and it’s a work currently in progress 

(Baumgartner Jr et al., 2007; Lewis, 2017). Therefore, its annotations could be biased 

towards well-studied genes and well-studied diseases (Alterovitz et al., 2006; Young et 

al., 2010). 

Functional tools for enrichment such as Database for Annotation, Visualization and 

Integrated Discovery i.e. DAVID (Dennis et al., 2003; Huang et al., 2008b), look at 

relationships between different terms and integrate annotation terms from various different 

sources and lower the redundancy which provides a more biology centric rather than gene 

centric approach (Huang et al., 2008a; Khatri and Drăghici, 2005).  

From a list of various excellent functional enrichment tools available (Ramanan et al., 

2012), the pathway annotation tools I considered for my RNA-Seq data were IPA and 

PANTHER. Using the gene-expression dataset from my RNA-Seq study, I wished to 

explore the biological pathways and functions represented by the transcriptomic data as 

well as observe the predicted upstream regulators and diseases processes. 

The causal network underlying IPA algorithms is based on the Ingenuity Knowledge Base 

(Krämer et al., 2013), with extensive findings manually curated as well as a huge number 

of nodes and molecules.  

I also considered Cytoscape and MetaCore. However, there are both advantages and 

disadvantages of using Cytoscape versus IPA. While IPA is easier to learn than 
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Cytoscape, and learning curve is subjective; it provides less information about the 

‘networks’ (Thomas and Bonchev, 2010). Cytoscape lets researchers carry out the 

statistical assessment of network properties based on graph theory, while IPA only 

provides graphical representation of biological pathways as networks of interacting genes 

and emphasizes predominantly the biological nature of the pathways and not their graph 

theoretical properties (Thomas and Bonchev, 2010). Therefore, I considered IPA a good 

resource for specific molecular/cellular pathways based on known biological interactions, 

as opposed to the more theoretical approach to network analysis provided by Cytoscape. 

MetaCore requires a paid subscription and unfortunately not procured by University of 

Southern California, unlike IPA. A study that compared 10 different pathway databases, 

including IPA and MetaCore, concluded that different pathway analysis tools and software 

programs will provide slightly different results and therefore biological relevance and 

cross-validation with existing data are prerequisites for choosing a pathway database or 

tool (Shmelkov et al., 2011). In order to retain a more unbiased and holistic view of my 

dataset, I also utilized PANTHER. IPA functional enrichment assesses for pathways based 

on IPA’s proprietary ‘knowledge base’. This knowledge base is based upon manually-

curated descriptions of gene-gene (or protein-protein) interactions from the literature and 

IPA is therefore able to provide gene interaction pathways and upstream regulators. 

PANTHER on the other hand assesses for functional enrichment into known GO 

categories which are publicly accessible (Mi et al., 2013). Using both IPA and PANTHER 

thus provided curated knowledge from two completely different unrelated sources. 

According to authors of a published study that evaluated multiple different analysis tools, 

researchers should use at least two different analysis tools or software and then base their 
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conclusions on the common findings from the two different tools (Thomas and Bonchev, 

2010).  

In brief, I chose the analysis pipeline for RNA-Seq data that delivered results most 

consistent with our previously published data (Yin et al., 2015), which is in agreement with 

a recent review on multiple sources of bias that could confound functional enrichment 

analysis of -omics data (Timmons et al., 2015). 

2.4 Results 

2.4.1 DEVELOPING RNA-SEQ ANALYISIS PIPELINE 

It was initially challenging to develop an analysis pipeline for the RNA-Seq data as we 

possessed previously published data from the perimenopausal rat model and our goal 

Figure 2.1 Flow chart of data analysis for RNA-Seq bioinformatics pipeline. 
RNA-Seq was carried out by Active Motif but their bioinformatics pipeline did not meet 
our needs. I developed a customized data analysis pipeline for analyzing the data from 
the hippocampal RNA-Seq based on two factors: cross-validation with published 
biologically releavnt data and using latest versions of well-referenced bioinformatic 
tools. 
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was data consistency and cross-validation. The sequencing of RNA was carried out by 

Active Motif (AM) and the company provided us with a list of differentially expressed genes 

(DEG) for each comparison between the six groups. However, the analysis pipeline 

carried out by the company to obtain the DEG was standardized, detected novel 

transcripts by default and provided 26 statistically significant genes (FDR<0.05). I 

therefore developed a customized fine-tuned workflow with more updated gene annotation 

to produce biologically relevant results compared to those from AM’s generic pipeline. 

I followed a method of trial and error in analyzing the RNA-Seq data from raw reads stage 

(.fastq files) to establish an analysis pipeline that provided biologically consistent results. 

With that goal in mind I attempted multiple permutations and combinations to construct an 

analysis pipeline that delivered results consistent with published data. 

Each of my analysis focused on a single DEG list obtained when comparing two groups: 

Irregular 9-10m and 

Regular 9-10m in order 

to evaluate multiple 

pipelines for the 

identical comparison. 

For the process of 

alignment of raw reads 

I used three different 

options available to 

me: using aligned files 

(.bam) provided by AM 

using TopHat, aligning 

Figure 2.2 Developing RNA-Seq data analysis pipeline: 
First iteration. 
In the first iteration, multiple different permutations and 
combinations of two aligner tools, two sets of rat reference 
genomes and two different tools for transcript quantification 
were conducted to select the most appropriate bioinformatic 
pipeline. 
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raw reads myself using an aligner 

called TopHat2 (Kim et al., 2013a) 

and aligning reads using a 

different aligner called Star2. At 

the next step, aligned raw reads 

need to be quantified and 

statistical analysis must be carried 

out to generate DEG, for which I decided to use both Cufflinks (Trapnell et al., 2013; 

Trapnell et al., 2010) and Gene Specific Analysis (GSA). Cufflinks has its own tools for 

statistical analysis called Cuffmerge and Cuffdiff (Trapnell et al., 2012) to generate lists of 

DEG and differentially expressed transcripts (DET) after transcript quantification. 

However, GSA is a statistical analysis tool and must be used in conjunction with Partek 

E/M (Partek Flow's optimization of the expectation-maximization algorithm) for transcript 

quantification. I also found that using the right annotation for the rat reference genome 

could vary results. I considered two annotation tools, RefSeq and Ensembl, but ultimately 

decided in favor of Ensembl since Ensembl annotates many more genes than RefSeq 

(Zhao and Zhang, 2015). Based on the initial evaluation of different pipelines (Figure 2.2 

– screenshot of all pipelines from IPA) I determined that for RNA quantification and DEG 

analyses, Cufflinks + Cuffdiff and Partek E/M + GSA were the most appropriate methods, 

but I was still considering both aligners Star2 and TopHat2. When all other parameters 

were the same, Partek E/M + GSA produced 30% fewer DEG than Cufflinks.  About 60% 

of the former overlapped with the latter, but less than 35% of the latter overlapped with 

the former. When all other parameters were the same, the choice of different alignment 

methods (TopHat2 vs Star2) had limited impact on the DEG results as over 80% of DEG 

Figure 2.3 Developing RNA-Seq data analysis 
pipeline: Second iteration. 
After narrowing down the number of analysis 
pipelines to five, in the second iteration results 
from all five pipelines were cross-validated with 
published data from the perimenopausal model. 
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overlapped. Based on these results, I narrowed down the bioinformatics pipeline to five 

(Figure 2.3 – screenshot of all pipelines from IPA) and used the newest available version 

of the annotation tool Ensembl (Ensembl 80). Next, I looked at functional data from all five 

pipelines in IPA which included canonical pathways, upstream regulators and disease and 

functions (Figures 2.4 and 2.5 – images exported from IPA). 

 

Figure 2.4 Functional analyses results of the second iteration with five DEG lists. 
As seen in this image exported from IPA, the final five bioinformatic analysis pipelines were 
tested for functional data in IPA cross-validated with published literature on 
perimenopausal model. Overall, they exhibit similarity, especially for the top ranked items 
in canonical pathways and upstream regulators (ranked by p-value of overlap). 
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Figure 2.5 Functional data used to develop bioinformatics pipeline. 
As seen in this image exported from IPA, diease and biofunctions, and upstream 
regulators obtained using five DEG lists of second iteration used to develop 
bioinformatics analysis pipeline. Overall, they exhibit similarity. 
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To help determine which DEG list makes the most sense, I created 20 gene lists for the 

key functional concepts mentioned in Yin et al., 2015 and conducted the functional 

analyses considering these gene lists (Fig 2.6 – image exported from IPA). Based on this 

evaluation, the TP2_rn6Ensembl80_Cufflinks_nonovel was found to be the best method 

with biologically relevant results and was chosen for all subsequent analysis. The novel 

Figure 2.6 RNA-Seq data analysis: Cross validation with pathways published 
previously. 
As seen in this image exported from IPA, final five bioinformatics pipelines under 
consideration were cross-validated with previously published findings from Yin et al., 
2015. 
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transcript option does not require any annotation reference, it will carry out de novo 

assembly to reconstruct transcripts and estimate their abundance. I instead chose the 

non-novel (or annotated transcripts) option for transcript quantification when running 

Cufflinks to focus on mapping known genes and transcripts.  

For additional cross-validation, the 8 down-regulated genes (Atpaf2, Esrra, Nfkb2, Il1rl1, 

Mapk3, Plcb3, Thop1, Map2) reported in Yin et al., 2015 were checked against DEG 

results from the chosen method and except Map2, all other genes were found to be 

consistently down-regulated, similar to published findings. Map2 has three different 

isoforms, only one of which was down-regulated. This bioinformatic pipeline was used to 

analyze the hypothalamic RNA-Seq data published this year (Bacon et al., 2018). 

 

2.4.2 MAPPED TRANSCRIPTS FOR EACH COMPARISON GROUP  

The Differentially Expressed Gene (DEG) list generated by Cufflinks enumerated more 

than 32,000 transcripts out of which 20,493 were mapped to genes in the rat genome 

within IPA. Only a tiny fraction (ranging from 0.27% - 1.93%) of the total number of 

hippocampal genes mapped by IPA to the rat reference genome met the FDR<0.05 cut-

off for significantly up- or down regulated genes in all of the one-on-one comparison 

between the six groups (Figure 2.7). Very few genes were significantly up- or down-

regulated when female SD rats transitioned from Irregular cyclers 9-10m to Acyclic 9-10m 

(31 upregulated and 25 downregulated genes), whereas more than 650 genes were 

significantly changed between Regular cyclers 9-10m and Acyclic 9-10m (493 upregulated 

and 176 downregulated). Almost 400 genes were significantly differentially expressed 

between Acyclic 16m and Regular cyclers 6m (285 upregulated and 103 downregulated) 

and Irregular 9-10m and Acyclic 16m (219 upregulated and 177 downregulated). Upwards 

of 250 genes were differentially expressed between Regular 9-10m and Regular 6m (140 
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upregulated and 116 downregulated) as well as between Regular 9-10m and Irregular 9-

10m (153 upregulated and 113 downregulated). 

When hippocampal gene expression was compared between Regular cyclers 9-10m and 

Regular Ovariectomized 10-10.5m, the highest number of significantly differentially 

expressed genes (more than 900 genes total) were observed (Fig. 2.8). Abrupt removal 

of ovaries and cessation of a functional HPA axis in female rats has demonstrable impact 

on the hippocampus as seen from the differential regulation of hippocampal gene 

expression.  

Figure 2.7 Number of genes significantly up- and down-regulated between 
different perimenopausal groups. 
Excluding the surgical menopausal group of Regular OVX 10-10.5m, the highest number 
of genes changed significantly between groups involved in intital chronological and 
endocrinological aging i.e. Regular cyclers 9-10m vs. Regular cyclers 6m and Irregular 
cyclers 9-10m vs. Regular cyclers 9-10m (cut-off: q=FDR= False Discovery Rate<0.05). 
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2.4.3 FUNCTIONAL CLASSIFICATION OF DIFFERENTIALLY EXPRESSED GENES 

OF FIRST ENDOCRINE TRANSITION  

Regular 9-10m vs. RegOVX 10-10.5m

Mapped transcripts

Unmapped transcripts

Genes downregulated

(q<0.05)

Genes upregulated

(q<0.05)

516

386
11968

20493

Figure 2.8 

Figure 2.8 Number of hippocampal genes up- and down-regulated due to ovariectomy. 
Female SD rats that exhibited regular estrus cycles had their ovaries removed at 9 months and 
were sacrificed at 10-10.5 months to determine the effect ovariectomy had on hippocampal 
gene expression. 

Figure 2.9a Number of genes in each category 
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Previously our lab has established that an important period during the entire 

perimenopausal transition was the progression from regular to irregular estrus cycling at 

9-10 months of age in 

female SD rats (Yin et al., 

2015). The sequencing of 

hippocampal genes found 

that 266 genes that were 

significantly differentially 

regulated during this 

transition period 

(FDR<0.05) out of which 

150 genes had known 

functions in the NCBI 

database and were 

classified into functional groups (metabolic, neurological, cell adhesion and membrane 

Figure 2.9 Functional classification of genes. 
This figure illustrates the functional classification of significantly up- and down-regulated 
genes (number of genes in each category), along with their fold change, for the first 
endocrinological transition from Regular cyclers 9-10m to Irregular cyclers 9-10m 
(FDR<0.05). 

Figure 2.9b 

Figure 
2.10a 
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trafficking, inflammation and Alzheimer’s disease). The genes in these functional groups 

are shown in Figure 2.9a-b along with fold change for each group. From the above data 

(Fig. 2.9) it is evident that at 9-10 months of age, the female rat hippocampus experiences 

significant changes in expression of certain genes during two transitions. However, 

expression of most numbers of genes is significantly altered during the first endocrine 

transition from Regular cyclers 9-10m to Irregular cyclers 9-10m (total 266 genes 

significantly differentially expressed) compared to the second endocrine transition from 

Irregular 9-10m to Acyclic 9-10m (total 56 genes significantly differentially expressed), 

whereas expression of 

a total of 669 genes is 

significantly altered 

when Regular cyclers 

9-10m are compared to 

Acyclic 9-10m. These 

observations and data 

presented by our lab 

previously (Yin et al., 

2015) suggests that the 

Regular to Irregular 

endocrine transition 

likely has significant impact on hippocampal gene expression in perimenopausal female 

rats. 

Figure 
2.10b 
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As an example of a neurological gene 

significantly differentially expressed 

during Regular 9-10 to Irregular 9-10m 

transition, consider uncoupling protein 2 

(UCP2). UCP2 is found in the membrane of 

mitochondria that serves to disconnect 

oxidative phosphorylation from ATP 

synthesis furnishing neuroprotection (Sans 

et al., 2000). In perimenopausal female rats, 

hippocampal transcriptome shows 

statistically significant (FDR<0.05) 

upregulation of UCP2 during the Regular 6 

to Regular 9-month transition but its 

expression is downregulated during the 

Regular to Irregular transition (first endocrine 

transition) and from Regular to Acyclic 

transition (Figs. 2.10a-c). 

 

 

 

 

 

Figure 2.10a-c UCP2 expression in 
the hippocampal transcriptome of 
perimenopausal rats. 
A neuroprotective gene, UCP2, is 
significantly upregulated during the 
Regular 6 to Regular 9-10m transition 
but downregulated during subsequent 
endocrine transition from Regular 9-10 
to Irregular 9-10m, as well as from 
Regular 9-10 to Acyclic 9-10m. 

Figure 
2.10c 
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2.4.4 PATHWAY ANALYSIS USING IPA AND PANTHER 

Pathway analysis was performed using IPA and PANTHER. For pathway analysis all the 

genes that were differentially expressed at FDR<0.2 were included in order to obtain 

meaningful data using the pathway analysis tools. In figure 2.11a-b, the three different 

colors represent the number of genes in a pathway (in blue), percent of genes out of the 

total number of significant genes in a pathway (in orange) and percent of genes to the total 

number of pathways (in green). Comparing the hippocampal transcriptome of Regular 

cyclers 6m to Regular cyclers 9-10m suggested that the genes that were significantly 

altered between these two groups were associated with PDGF signaling pathway which 

is important for BBB permeability, AD (presenilin and amyloid secretase pathways) and 

proinflammatory cytokines pathways. 

Comparing significantly differentially regulated genes between Irregular cyclers 9-10m 

and Regular cyclers 9-10m, using PANTHER it was discovered that this set of genes were 

associated with T cell activation and AD amyloid secretase pathways (Figures 2.12a-b), 

whereas comparing significantly differentially regulated genes between Regular OVX 10-

10.5m and Regular cyclers 9-10m (Fig. 2.13a-b) found these set of genes to be associated 

with T cell activation and two AD pathways as well. While surgical menopause (OVX 

group) and transition group (Irregular 9-10m) to natural reproductive senescence both 

show altered expression of genes, the absolute quantity of genes significantly differentially 

expressed in the OVX group support the abrupt nature of menopause achieved by surgical 

removal of ovaries. At the same time similar pathways are altered in the hippocampus 

between both Regular to Irregular perimenopausal transition at 9-10m as well as the 

Regular to Regular OVX surgically achieved abrupt menopause: T cell activation and AD 

pathways. 
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Percent of gene hit against total # 

pathway hits 
Percent of gene hit against total # 

genes 

Number of genes 

Figure 2.11a 
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Figure 2.11a-b PANTHER classification system: Regular cyclers 6m vs. Regular cyclers 9-10m. 
The significance cut-off used for genes was FDR<0.2. When genes that were significantly differentially expressed in hippocampi of 
Regular cyclers 6m and Regular cyclers 9-10m female rats were compared, genes that were significantly altered between these two 
groups were associated with Platelet Derived Growth Factor (PDGF) signaling pathway which is important for BBB permeability, 
Alzheimer’s disease (presenelin and amyloid secretase pathways) and proinflammatory cytokines pathways.  

BBB permeability 

AD pathways: 
• Amyloid-secretase 

pathway 
• Presenilin pathway 

Pro-inflammatory cytokines 

Percent of gene hit against total # 

pathway hits 
Percent of gene hit against total # 

genes 

Number of genes 

Figure 2.11b 
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Percent of gene hit against total # 

pathway hits 
Percent of gene hit against total # 

genes 

Number of genes 

Figure 2.12a 
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Percent of gene hit against total # 

pathway hits 
Percent of gene hit against total # 

genes 

Number of genes 

T cell activation 

AD Amyloid-secretase pathway 

(300+ genes) 

Figure 2.12b 

Figure 2.12a-b PANTHER classification system: Regular cyclers 9-10m vs. Irregular cyclers 9-10m.  
The significance cut-off used for genes was FDR<0.2. When genes that were significantly differentially expressed in hippocampi 
of Irregular cyclers 9-10m and Regular cyclers 9-10m female rats were compared, genes that were significantly altered between 
these two groups were associated with were T cell activation and AD amyloid secretase pathways. 
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Figure 2.13a 

Percent of gene hit against total # 

pathway hits 
Percent of gene hit against total # 

genes 

Number of genes 



 

 39 

 
 

Percent of gene hit against total # 

Pathway hits 
Percent of gene hit against total # 

genes 

Number of genes 

T cell activation 

AD pathways: 
• Amyloid-secretase 

pathway 
• Presenilin pathway 

BBB permeability 

Figure 2.13b 

Figure 2.13a-b PANTHER classification system: Regular OVX 10-10.5m vs. Regular cyclers 9-10m. 
The significance cut-off used for genes was FDR<0.2. When genes that were significantly differentially expressed in 
hippocampi of Regular OVX 10-10.5m and Regular cyclers 9-10m female rats were compared, genes that were significantly 
altered between these two groups were associated with were T cell activation and two AD pathways. 



 

 40 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

shown).

Figure 2.14a 
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Additionally, IPA analysis also showed upregulation of functions such as T cell 

development and development of lymphocytes, and downregulation of apoptosis of 

Figure 2.14b 

Figure 2.14a-b Up-regulation of T lymphocyte related process: Irregular 9-10m vs. 
Regular 9-10m.  
When genes that were significantly differentially expressed (FDR<0.2) in hippocampi of 
Irregular cyclers 9-10m and Regular cyclers 9-10m female rats were analyzed by IPA it was 
found that this set of genes signaled an upregulation of functions such as T cell development 
and development of lymphocytes, and downregulation of apoptosis of lymphocytes and 
leukocytes. 
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lymphocytes and leukocytes in the hippocampus (Fig. 2.14a-b) during the Regular to 

Irregular transition at 9-10 months of age. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Reg9-10m vs. Reg6m Acy9m vs. Irreg9mIrreg9-10m vs. Reg9-10m 

Irreg9m vs. Reg9m Acy16m vs. Acy9-10m Acy9-10m vs. Irreg9-10m 

Figure 2.15 

Figure 2.15 Differential regulation of interleukin (IL)-27 between different 
groups of female SD rats.  
Analysis of hippocampal RNA-Seq using IPA suggests that IL-27 level increases 
from Regular cyclers 6m to Regular cyclers 9-10m and decreases thereafter 
through Irregular and Acyclic 9-10m groups, and then shows an increase in the 
Acyclic 16m group. IL-27 is an immunomodulatory cytokine with wide-ranging 
effects on all subsets of T lymphocytes 

Upregulation Downregulation 
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IL-27 is an immunomodulatory cytokine with wide-ranging effects on all subsets of T 

Figure 2.16 Insulin signaling pathway in the hippocampal transcriptome 
during the Regular to Irregular transition at 9-10 months of age in female SD 
rats. 
Insulin signaling pathway is downregulated in the hippocampus during 
perimenopausal transition from Regular to Irregular stage in 9-10 months old female 
SD rats. 

Figure 2.16 

Upregulation 

Downregulation 
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lymphocytes (Yoshida and Hunter, 2015). IL-27 appears to be downregulated in the 

hippocampus during the two endocrinological transition stages and is elevated before and 

after the perimenopausal transition (Fig. 2.15); its downregulation may explain 

dysregulated T cell functions predicted in the hippocampus during perimenopausal 

transition shown by analysis of hippocampal transcriptome using IPA and PANTHER.  

Besides the immune system and blood brain barrier permeability, it was also discovered 

that the perimenopausal transition affected the bioenergetic and metabolic pathways in 

the hippocampus, implying reduced utilization of glucose in the brain (Figures 2.16 and 

2.17) evidence by downregulation of AKT and ERK. 

Figure 2.17 

Upregulation 

Downregulation 

Figure 2.17 Downregulation of mitochondrial complexes of the electron transport 
chian as well as Carnitine palmitoyltransferase I in the hippocampal 
transcriptome during the Regular to Irregular transition at 9-10 months of age in 
female SD rats. 
Analysis of the hippocampal transcriptome using IPA suggests downregulation of 
almost all the proteins and complexes of the electron transport chain, with only complex 
II unaffected and complex IV mildly downregulated. Additionally, carnitine 
palmitoyltransferase I, essential in the beta-oxidation of long chain fatty acids, too 
appears to be downregulated. These findings together suggest reduced bioenergetic 
function in the hippocampus during the transition from Regular to Irregular stage at 9-
10m of age in female SD rats. 
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Increased ROS, which possibly could be a result of downregulated UCP2 (Fig. 2.10a-c), 

could potentially explain downregulation of mitochondrial complexes in the hippocampus 

seen in Figure 2.17 and ROS can also inhibit Carnitine palmitoyltransferase I (CPT1) 

enzymatic activity (Setoyama et al., 2013). All these confirm the deleterious effect of ROS, 

which could be the result of statistically significantly reduced expression of UCP2, in the 

downregulation of fatty acid oxidation via inhibition of CPT1. In the mitochondria (Fig. 2.17) 

Figure 2.18 Downregulation of PDGF signaling pathway during the 
perimenopausal transition. 
Transcriptomic expression obtained through RNA-Seq demonstrates 
downregulation of PDGF signaling pathway during the endocrinological transition 
from Regular 9-10-month to Irregular 9-10-month. 

Upregulation 

Downregulation 

Figure 2.18 
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almost all the proteins and complexes of the electron transport chain are predicted to be 

downregulated with only complex II unaffected and complex IV mildly downregulated. 

Figure 2.19 TGFB1 gene network showing downregulation of PDGF, solute 
carriers and integrin  binding proteins in the hippocampal transcriptome during 
the perimenopausal transition. 
Transcriptomic expression obtained through RNA-Seq demonstrates downregulation 
of TGFB1 gene, which is a central node in the network accompanied by downregulation 
of PDGF, solute carriers, integrin binding proteins and pro-apoptotic proteins during  
the endocrinological transition from Regular 9-10-month to Irregular 9-10-month in the 
hippocampal transcriptome. 

Upregulation 

Downregulation 
Figure 2.19 
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Moreover, the insulin signaling pathway, which is an important metabolic pathway is 

downregulated with predicted reduction in transcription during Regular to Irregular 

transition (Fig. 2.16), which could be due to chronic oxidative stress induced by decreased 

UCP2 that impedes the function of ROS in insulin secretion (Diano and Horvath, 2012). 

PDGF signaling pathway (Fig. 2.18), an important pathway with respect to blood brain 

barrier, appears to be downregulated in the hippocampal transcriptome during the first 

endocrine transition, but PDGFRα is upregulated. According to IPA, PDGFB is part of a 

network of genes with Transforming growth factor beta-1 (TGFB1) as a central node (Fig. 

2.19). During transition from Regular to Irregular stage, TGFB1 is downregulated in the 

hippocampal transcriptome which seems to downregulate PDGF, transport proteins such 

as SLC7A5, AQP9, SLC4A2 (via LOXL1), integrin binding proteins such as SEMA7A, 

SEMA4A and SOD3, member of the superoxide dismutase family. Downregulation of 

TGFB1 and other associated proteins during the Regular to Irregular transition in the 

hippocampus indicates reduced cell growth and proliferation which may directly impact 

the blood brain barrier integrity. Integrins, seen downregulated in Fig. 2.19, serve to keep 

the extra-cellular matrix adherent and their downregulation suggests reduced attachment 

of cells to the ECM which in the context of BBB coupled with reduced PDGF and TGFB1 

can be interpreted to indicate downregulation of pericytes and endothelial cells leading to 

lower cell growth and survival and cellular differentiation. On the other hand, 

downregulation of BCL2L1 and BAD indicate reduced cell apoptosis since BAD 

downregulation reduces proapoptotic activity. SOD3 downregulation impairs the ability to 

neutralize superoxide free radicals. Taken together these results suggest reduced growth 

and cell proliferation, reduced apoptosis and decreased integrity of ECM in the 

hippocampus which could result in compromised BBB. 
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2.5 Discussion 

Perimenopausal transition is known to increase risk of cognitive decline, AD and immune 

dysregulation as discussed earlier. A systems biology study of the perimenopausal 

hippocampal transcriptome was carried out to understand transcript-level changes in the 

hippocampi of female SD rats during chronological and endocrinological aging. The data 

in this study were obtained from the sequencing of messenger RNA (protein-coding RNA) 

extracted from homogenized hippocampi of female rats in various stages of chronological 

and endocrinological transition. These data represent transcriptomic changes in the 

hippocampus as a whole, and consequently it is challenging to attribute transcriptomic 

alterations to specific cell types found in the hippocampus. The complexity of the data 

allows only a broad overview of the alterations in hippocampal transcriptome. In this 

section I discuss the general findings of the RNA-Seq and their interpretations in light of 

published literature.  

Differentially expressed genes obtained through RNA-Seq must be analyzed with respect 

to specific statistical cut-offs. A standard cut-off of p<0.05 will result in a large number of 

false positives due to the tens of thousands of genes being involved in the study. 

Therefore, the most stringent cut-off of FDR<0.05 was used that guarantees less than five 

percent false positive genes among the list of genes deemed to be significant. For each 

comparison, only those genes that met this stringent cut-off were termed as significantly 

differentially expressed genes. 

From the results it is evident that both age and endocrine changes play a significant role 

on gene expression in the hippocampus of female rats. The first aging and endocrine 

transitions - Regular cyclers 6m to Regular cyclers 9-10m and Regular cyclers 9-10m to 
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Irregular cyclers 9-10m respectively show similar number of genes significantly altered 

(FDR<0.05).  The second endocrine transition from Irregular 9-10m to Acyclic 9-10m has 

very few genes significantly altered. This phenomenon demonstrates that hippocampal 

transcriptomic expression alters the most from the age of 6 to 9 months in female rats and 

again when they transition from Regular to Irregular estrus cycling status at 9-10m, but 

very few genes are significantly differentially expressed during the transition from Irregular 

to Acyclic 9-10m, during which the perimenopausal transition is almost over and 

menopause begins. 

However, the greatest number of genes significantly differentially expressed in the 

hippocampi are observed when Regular 9-10m and Regular OVX 10-10.5m are 

compared. This reinforces the belief that sudden loss of ovarian steroids (such as during 

surgical menopause) could result in dramatic alterations in the hippocampus based on 

changes observed in the hippocampal transcriptome of perimenopausal female rats. 

Surgical menopause is not representative of the majority of human females that undergo 

natural reproductive senescence and abrupt cessation of ovarian hormones in rodent 

females is dissimilar to the reproductive senescence experienced by the postmenopausal 

ovary in humans (Mayer et al., 2004; Mayer et al., 2002). Data from the RNA-Seq also 

supports natural reproductive senescence model as the least disruptive model of 

perimenopause. At the same time similar pathways are altered between both Regular to 

Irregular perimenopausal transition at 9-10m as well as the Regular 9-10m to Regular 

OVX 10-10.5m surgically achieved abrupt menopause: T cell activation and AD pathways 

as predicted by PANTHER, which supports the idea that changes happening during 

menopause could influence the immune system and risk of AD. 
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Based on the concurrence data published previously by our lab (Yin et al., 2015) and 

currently presented data analysis of the hippocampal transcriptome, it is likely that the 

Regular to Irregular endocrine transition at 9-10 months of age is a critical period in the 

natural rodent perimenopause. Functional classification of genes significantly differentially 

expressed during the Regular to Irregular transition at 9-10 months of age in female rat 

hippocampus revealed that majority of genes (30%) performed functions that I could 

classify as the Neurological genes category, 22% were in Alzheimer’s disease category 

and the rest are in Metabolic, Inflammation and Cell adhesion & membrane trafficking 

category, in a descending order of the number of genes. These findings uncover the extent 

to which hippocampal transcriptome diverges during the Regular to Irregular transition in 

female rats with significant implications for cognitive decline, reduction in bioenergetic 

gene expression and suboptimal mitochondrial function demonstrated earlier (Yin et al., 

2015). An example to support this is the expression of UCP2 during the perimenopausal 

transition. Absence of UCP2 results in deficits in procedural memory and spatial cognition 

(Hermes et al., 2016). UCP2 downregulation has been found to be associated with 

increased oxidative stress, atherosclerosis, vascular damage and shorter lifespan in mice 

(Andrews and Horvath, 2009; Ma et al., 2010; Ma et al., 2014; Moukdar et al., 2009). 

Increased UCP2 reduced ROS and protected endothelial cells against damage from ROS 

(Ma et al., 2013; Tian et al., 2012). Neuroprotective function of UCP2 has been 

demonstrated both in vitro and in vivo in multiple different studies (Haines et al., 2010; 

Hass and Barnstable, 2016; Mattiasson et al., 2003; Normoyle et al., 2015). One group 

also demonstrated that UCP2 conferred protection against stroke (Rubattu et al., 2017). 

It is therefore worrisome to observe UCP2 downregulation in the hippocampal 

transcriptome during endocrine transition in 9-10m old female SD rats, after its 
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upregulation from Regular 6m to Regular 9-10m old rats. However, direct increase in ROS 

due to decrease in UCP2 expression was not measured in this study and therefore a 

clearer correlation of UCP2 expression with ROS production in the hippocampus in the 

perimenopausal model is required. If extrapolatable to humans, this data from hippocampi 

of female rats would mean that during perimenopause women may lose the 

neuroprotective effect of UCP2 which in turn would increase their risk for 

neurodegenerative diseases. 

Additionally, IPA analysis of differentially expressed genes between Regular cyclers 9-

10m and Irregular cyclers 9-10m shows a differential regulation of IL-27 transcript, which 

is a cytokine (Hunter and Kastelein, 2012b). IL-27 has exhibited both pro- and anti-

inflammatory properties, not only based on cell type it affects but also based on the context 

of the entire immune system milieu and type of infection or disease under study (Yoshida 

and Hunter, 2015). IL-27 has been shown to both reduce (Huber et al., 2007; Neufert et 

al., 2007; Stumhofer et al., 2007) and promote (Hall et al., 2012; Kim et al., 2013b; Moon 

et al., 2013) population of regulatory T cells, while it controls proinflammatory T cell 

responses of Th2 and Th17 cells (Hunter and Kastelein, 2012a). A neuroprotective role of 

IL-27 has been described but it is unclear whether these effects of IL-27 are mediated 

locally within the CNS or are CNS manifestations of events in the periphery or both 

(Yoshida and Hunter, 2015). Considering the complex role of IL-27 in regulating various 

aspects of the immune system, predicted downregulation of IL-27 in the hippocampal 

transcriptome during perimenopause in female SD rats suggests dysregulation of the 

immune system. IL-27 has been found to be associated with estrogen and progesterone 

levels during pregnancy in women and increases throughout gestation, before dropping 

dramatically postpartum (Enninga et al., 2015), the significance of which is unclear but this 
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observation hints at a role of sex steroids in IL-27 regulation. Therefore, it is difficult to 

ascertain the role of IL-27 during perimenopause in the hippocampus but its 

downregulation in the hippocampal transcriptome during the endocrine transition at 9-10m 

suggests a role of both innate and adaptive immune system in the hippocampus during 

endocrinological aging. Based on these findings in our model of natural reproductive 

senescence, future studies exploring immune system interactions during perimenopause 

may wish to delineate the role of IL-27 in this endocrine transition. 

Insulin signaling pathway and bioenergetic gene expression are both downregulated 

during the Regular to Irregular transition in 9-10-month-old female SD rats. These 

observations are corroborated by results of the FDG-PET and mitochondrial function our 

group published previously in the same model (Yin et al., 2015). 

Both IPA and PANTHER predicted downregulation of PDGF signaling (Fig. 2.18) in the 

hippocampal transcriptome of female SD rats during the Regular to Irregular transition at 

9-10m, which could be in response to reduced cortical estrogen level observed during 

perimenopause (Yin et al., 2015) consistent with findings in the literature outlined in 

Chapter 1. The isoform of PDGF called PDGF-BB has been shown to be responsible for 

maintaining the health of BBB (Zhao et al., 2015; Zlokovic, 2008) and is regulated by 

estrogen (Bake and Sohrabji, 2004; Jiang et al., 2018). Additionally, upregulation of 

PDGFRα signaling seen concomitantly with PDGF-BB downregulation may contribute to 

BBB impairment via p38 MAPK mediated pathway (Ma et al., 2011). Besides PDGF, 

estrogen also affects tight junction proteins as mentioned in Chapter 1. Additionally, in the 

RNA-Seq data the TGFB1 gene network shows downregulation of solute carriers, integrin 

binding proteins, SOD3 and PDGF, as well as reduced expression of pro-apoptotic 

proteins, suggesting reduced cell proliferation and reduced apoptosis but at the same time 
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decreased cell survival and maintenance. Since the RNA-Seq results reflect the 

transcriptome of homogenized hippocampal tissue, cell-specific pathways and functions 

are difficult to elucidate, and it is possible that these conflicting findings reflect pathways 

in two or more differing cell types. Ligand–receptor systems such as TGFB and PDGF 

have been implicated in maintenance of vascular stability (von Tell et al., 2006) and TGFB 

signaling plays a role in differentiation, maturation, proliferation, migration and attachment 

of endothelial cells and pericytes (Darland and D'amore, 2001; Maddaluno et al., 2013; 

Reyahi et al., 2015; Van Geest et al., 2010), confirmed in vivo in murine models 

(Maddaluno et al., 2013). In fact, in an in vitro BBB model it was shown that continuous 

TGFB production by pericytes increased the barrier function of BBB and treatment with 

anti-TGFB1 antibody inhibited this barrier function (Dohgu et al., 2005). In PDGF deficient 

mice lack of pericytes is the main cause of phenotype since endothelial cells in the 

capillaries of these mutant mice seem to be unable to attract pericyte progenitor cells 

(Crosby et al., 1998; Lindahl et al., 1997) and these mice exhibited morphological sings of 

increased vascular permeability (Hellström et al., 2001). Most recently it was discovered 

that PDGF-BB signaling in pericytes results in secretion of microvesicles and growth 

factors that may have neuroprotective and neurorestorative role (Gaceb et al., 2018).  

However, pericytes in a proinflammatory environment produce proinflammatory cytokines 

resulting in capillary leakage (Edelman et al., 2007a, b). This can further cause 

detachment of pericyte from the basal lamina and demonstrate structural disorganization 

(Nishioku et al., 2009). Thus, the proinflammatory environment of perimenopausal 

hippocampus (Malutan et al., 2014; Russu and Antonescu, 2018; Yin et al., 2015) may 

compromise BBB integrity independently from reduced cortical level of estrogen. 
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Therefore, these findings from the hippocampal transcriptome suggest that during the first 

endocrine transition from Regular to Irregular cycling status at 9-10m of age the reduced 

cortical levels of estrogen and a proinflammatory environment may result in increased 

permeability of BBB likely facilitated by PDGF and TGFB-mediated pathways. 

2.6 Conclusion 

Perimenopausal transition in the hippocampi of female SD rats is a period of dramatic up- 

and down-regulation of genes and pathways involved in blood brain barrier permeability, 

immune system regulation, mitochondrial bioenergetics and metabolomic changes.  The 

most dramatic gene level changes are seen in response to abrupt cessation of ovarian 

hormones achieved by surgical menopause. Compromised BBB during perimenopause 

could potentially be a major risk factor for women to develop neurodegenerative diseases 

and autoimmune states and a functional confirmation of breached BBB during 

perimenopause in a rat model would help validate this finding from the systems biology 

study.
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 Blood Brain Barrier (BBB) Permeability in Perimenopausal 

Female Rats 

3.1 Abstract 

In this experiment I tested the BBB permeability in female SD rats using sodium 

fluorescein. I found that perimenopause is indeed a stage of increased BBB permeability 

in female rats and is dependent on endocrine status more than age. I also found that intra-

group variability in blood brain barrier permeability increased with gradual endocrine aging 

rather than with chronological aging, and abrupt endocrine aging (surgical menopause) 

surprisingly did not lead to appreciable increase in intra-group variability of blood brain 

barrier permeability when compared to natural reproductive senescence group of female 

rats.   

3.2 Introduction 

To reiterate, blood brain barrier permeability is increased during aging, neurodegenerative 

diseases and injury such as traumatic brain injury. Mechanistically a compromised BBB 

requires either altered tight junction proteins, damaged endothelial cells or pericytes or 

astrocyte foot processes or a compromised and exposed basement membrane or a 

combination of all these processes (Hawkins and Davis, 2005). In females, sex steroids, 

mainly estrogen, play a major role in directly and indirectly regulating both tight junction 

proteins as well as cellular components of BBB. On the other hand, in males, testosterone 

maintains healthy BBB and increased BBB permeability is seen with testosterone-

depletion (Atallah et al., 2017) Supplementation with testosterone ameliorated the effects 

of lack of testosterone on BBB permeability (Atallah et al., 2017). Women begin to lose 
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the protective effect of estrogen during the perimenopausal transition and this chapter 

explores the effect of loss of estrogenic protection on BBB integrity by measuring the 

amount of a fluorescent dye, sodium fluorescein, that extravasates across the BBB in a 

rat model of perimenopause. 

3.3 Materials & Methods 

3.3.1 CHOICE OF MARKER FOR BBB DISRUPTION 

The use of Evans blue (EB) dye to measure BBB permeability is quite common. However, 

there are certain drawbacks to using EB (Saunders et al., 2015). After EB is injected, not 

all of the injected dye binds exclusively to albumin and free dye could enter extravascular 

spaces and bind to tissues, thus distorting results. It may be difficult to measure quantity 

of EB in some experiments since its excitation and emission wavelengths change in the 

presence of proteins (Saunders et al., 2015). Another marker, Horseradish Peroxidase 

(HRP), causes an allergic reaction and affects permeability of blood vessels (Majno et al., 

1961) in some commonly used strains of rats (Cotran and Karnovsky, 1967) but not in 

others (COTRAN et al., 1968). HRP itself could cause membrane damage (Mazariegos et 

al., 1984) which may lead to less accurate measurement of BBB permeability. The third 

dye under consideration, sodium fluorescein (NaF) binds to proteins weakly and can serve 

as an effective tracer of BBB compromise compared to protein-binding EB (Wolman et al., 

1981). Due to its smaller molecular size compared to EB, measurement of NaF 

extravasation across BBB allows detection of subtler changes in BBB integrity versus 

radioactive tracers (Kaya and Ahishali, 2011). No NaF induced deleterious effects on BBB 

have been reported so far and NaF is considerably less toxic than Evans blue or 

Horseradish Peroxidase (Saunders et al., 2015). Based on these observations in 
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literature, I chose NaF as a marker for BBB disruption from among three markers 

considered namely EB, NaF and HRP. 

3.3.2 DYE INJECTION AND SACRIFICE 

I used sodium fluorescein (Sigma-Aldrich) for detecting suspected BBB compromise in 

perimenopausal female rats. Utilizing daily ovarian cytology I cycled five and eight months 

old female SD rats and classified them into groups based on age and estrus cycles. These 

groups were: Regular cyclers 6m, Regular cyclers 9-10 months, Irregular cyclers 9-10 

months and Acyclic 9-10 months. Additionally, I ovariectomized some rats in the Regular 

cyclers 6m group while some others underwent sham ovariectomy procedure where I 

carried out the surgical procedure without dissecting the ovaries, in order to explore the 

effect of ovariectomy on BBB permeability. I labeled these two groups Regular OVX 7m 

and Regular Sham OVX 7m, based on the fact that female SD rats in both these groups 

of rats were sacrificed at 7 months of age. I decided to have a one-month lag between 

ovariectomy and euthanasia for the effect of surgical menopause to manifest itself. After 

female rats were classified into specific groups and reached the necessary age, I 

sacrificed each rat on the day of estrus (E) as determined by microscopic analysis of daily 

vaginal smears. 

On the day of sacrifice, I injected the animals with 10 mg of sodium fluorescein in 0.1 ml 

of sterile saline, administered via intraperitoneal route, adapted from the protocol 

published by Li et al (Li et al., 2015). Thirty minutes later (Kozler and Pokorny, 2003; Yen 

et al., 2013), I anesthetized the animals with ketamine-HCl (100–200 mg/kg). I collected 

cardiac blood and perfused the rats with PBS to drain blood out. I centrifuged cardiac 

blood at 10,000 x g for 10 min at 4°C. I removed the serum (supernatant) and stored it at 

-80 °C in 50 μL aliquots and discarded the cell pellet. I dissected the brain of each female 
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rat on ice and collected hypothalamus, cortex and hippocampus. All the brain tissue that 

I harvested were frozen at −80 °C for future experiments. 

3.3.3 ANALYSIS OF SERUM AND BRAIN TISSUE TO DETERMINE BBB 

PERMEABILITY (LI ET AL., 2015) 

I thawed the serum (one 50 μL aliquot) and mixed with an equal (50 μL) volume of 15% 

trichloroacetic acid (TCA). After centrifugation for 10 min at 10,000 × g at 4°C, I recovered 

the supernatant and made it up to 150 μl by adding 30 μl of 5 M sodium hydroxide (NaOH) 

and rest 7.5% TCA. I removed from the freezer the brain tissue dissected and stored 

earlier (hypothalamus, hippocampus, cortex) and weight each tissue individually. I then 

homogenized the brain tissues in cold 7.5% TCA and centrifuged them for 10 min at 

10,000 × g at 4°C to remove insoluble precipitates. After the addition of 30 μl of 5 M NaOH 

to 120 μl of supernatant, I used Synergy H1 Hybrid Multi-Mode Reader (Bio-Tek 

Instruments, Wonooski, VT) to determine the fluorescence of each sample with excitation 

at 485 nm and emission at 530 nm. I used standards of NaF (125 to 4,000 μg/mL) in 

identical solvent to calculate the NaF content of the samples. NaF uptake into tissue is 

expressed as microgram (μg) of fluorescence in tissue/mg of tissue divided by μg of 

fluorescence in serum/mL of blood to normalize values of fluorescence detected in brain 

tissue of each animals to the value of fluorescence detected in the blood (Fig. 3.1).  
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3.3.4 STATISTICS 

Statistical analysis was performed in Prism 6.0. For each tissue type (hypothalamus, 

hippocampus and cortex), statistical analysis was carried out using Mann-Whitney test 

and each group of female rats was compared to every other group. The difference 

between groups was considered significant if the p-value was <0.05.  

3.4 Results 

The results of dye extravasation are described by tissue type. Highest BBB-PI was 

observed in hypothalamus from all animals, whereas hippocampus had lower BBB-PI and 

cortex had the lowest BBB-PI. 

Figure 3.1 Calculation of Blood Brain Barrier Permeability Index (BBB-PI).  
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Regular cyclers 6m group had the lowest BBB-PI among all groups in case of 

hypothalamic tissue, closely followed by Regular Sham OVX 7m (Fig. 3.2). BBB-PI 

climbed higher in the Regular cyclers 9-10m group and further increased in Irregular 

cyclers 9-10m. Highest BBB-PI was observed in Acyclic 9m followed by Regular OVX 7m. 

Figure 3.2 Blood Brain Barrier Permeability Index for hypothalamus in female 
SD rats. 
In the hypothalamus, blood brain barrier permeability increases with increase in 
age and progression of endocrine status towards menopause. The magnitude of 
BBB permeability produced by OVX is less variable but equal in magnitude to 
Acyclic endocrine status. 
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It is also notable that the individual animals are more widely distributed in Regular cyclers 

9-10m, Irregular cyclers 9-10m and Acyclic 9-10m with higher standard deviation than 

other groups, implying higher variability in these groups. 

 

 

 

Figure 3.3 Blood Brain Barrier Permeability Index of hippocampus in female 
SD rats. 
In the hippocampus, similar to hypothalamus, blood brain barrier permeability 
increases with increase in age and progression of endocrine status towards 
menopause. The variation in the magnitude of BBB permeability produced 
becomes apparent and animals group together into sub-populations, reflecting 
variability in the endocrine transition process; highest variability is exhibited in the 
Acyclic group. 
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In case of hippocampus (Fig. 3.3), a similar pattern is followed. Lowest permeability is 

seen in Regular cyclers 6m and Regular Sham OVX 7m, and highest permeability is seen 

in Acyclic 9-10m and Regular OVX 7m (Fig 3.3). It is also notable that the individual 

animals are more widely distributed in Regular cyclers 9-10m, Irregular cyclers 9-10m and 

Figure 3.4 Blood Brain Barrier Permeability Index of cortex in female SD rats. 
The BBB-PI, a measurement of degree of compromise of BBB is lowest in cortical 
tissue. Similar to hippocampus, the variability of BBB compromise is higher in 
older groups progressing towards menopause. 
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Acyclic 9-10m with much higher standard deviation than other groups, implying higher 

variability in these groups. Highest intra-group variability for hippocampus is seen in the 

Acyclic 9m animals. 

In case of cortex (Fig. 3.4) similar pattern as seen in hippocampus is followed with some 

differences. All groups show higher intra-group variability compared to hippocampus, and 

in some groups (Regular Sham OVX 7m, Regular cyclers 9-10m and Irregular cyclers 9-

10m) certain animals have a BBB-PI similar to certain Acyclic 9-10m animals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Blood Brain Barrier Permeability Index (BBB-PI) of hypothalamus with 
statistical significance.  
Regular cyclers 6m and Regular Sham OVX 7m are similar and significantly different 
from other groups. BBB-PI in the Acyclic group is the highest and statistically 
significantly different from all other groups. 
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Statistically, in case of hypothalamic tissue (Fig. 3.5), Regular cyclers 6m and Regular 

Sham OVX 7m are similar to each other but significantly different from other groups. Also, 

Regular OVX 7m and Acyclic 9m are statistically similar. Acyclic 9-10m is statistically 

significantly different from all other groups except Regular OVX 7m. In case of 

hypothalamus Irregular cyclers 9-10m and Regular cyclers 9-10m are statistically different 

Figure 3.6 Blood Brain Barrier Permeability Index of hippocampus and cortex 
with statistical significance.  
Hippocampus and cortical tissue show BBB-PI in Regular cyclers 6m and the Sham 
OVX groups to be similar and significantly different from the other groups. Surgical 
and natural reproductive senescence groups have similar BBB-PI, but the Acyclic 
group exhibits higher variability. 
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but this is surprisingly not seen in case of hippocampus and cortex (Fig. 3.6) although the 

p-values are less than 0.1 and could reach a level of significance either with more animals 

or reduced intra-group variability. Even though Regular cyclers 6m and 9m in case of 

hippocampus are not statistically significantly different, the p-value is 0.06 and trending 

towards statistical significance is seen in both hypothalamus and cortex. 

Figure 3.7 depicts the observed intra-group variability, in the form of standard deviation, 

in blood brain barrier permeability index which is a measure of how variable is the 

compromise of BBB among these groups. Lower variability suggests little difference in 

BBB permeability among the animals in the group and higher variability suggests larger 

difference in BBB permeability between animals of the same group. Variability varies by 

Figure 3.7 Variability in Blood Brain Barrier Permeability Index of 
hypothalamus, hippocampus and cortex.  
Variability in the form of standard deviation was calculated for each group for each 
tissue type and suggests presence of sub-populations in each group, especially in 
older animals as well as endocrinologically advanced animals. The only exception is 
the OVX group which has lower variability compared to 9-10m groups. 
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tissue type, but highest variability is seen in 9-10m groups while the younger groups have 

lower variability.  

3.5 Discussion 

This set of experiments furnish functional proof of blood brain barrier permeability in three 

brain regions including hippocampus hypothesized by hippocampal transcriptomic 

analysis in perimenopausal female SD rats described in Chapter 2. This set of data taken 

together further support our hypothesis.  Additionally, literature supports the thought that 

decreased level of estrogen plays a critical role in decreased integrity of BBB due to 

regulation of PDGF. PDGF levels decrease as a consequence of estrogen decline and 

subsequently reduced PDGF results in sub-optimal function of endothelial cells in 

cerebrovasculature (Bake and Sohrabji, 2004). Endothelial cells along with astrocyte foot 

processes, pericytes and basement membrane are responsible for an optimally 

functioning BBB (Armulik et al., 2010).  

Our previous publication showed that all perimenopausal groups had varied levels of E2 

in cortex and serum and that the serum and cortical levels of E2 were not correlated (Yin 

et al., 2015). Our group also found that cortical levels of E2 saw a statistically significant 

decline from 6 months to 9- to 10-month-old female SD rats, while the amount of E2 

measured in acyclic rats was very small and statistically significantly lower than Regular 

6 and Irregular 9-10 month groups but not dissimilar to Regular 9-10 month group (Yin et 

al., 2015). These previously published findings of cortical levels of E2 in the 

perimenopausal model of female rats correlate well with the observed BBB-PI, which is a 

measurement of increased extravasation of sodium fluorescein marker across the BBB 

and into the brain parenchyma, carried out in an identical rodent model of perimenopause. 
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The decrease of cortical E2 levels seen from 6-month old to 9- to 10-month old rats 

correspond to the increased permeability of BBB in the same groups. Cortical estrogen 

levels were found to rise in the Irregular 9-10m group which is reflected in a reduced 

increase in BBB-PI from Regular to Irregular female rats at 9-10-months of age. Highest 

BBB permeability is observed in Regular OVX 7m and Acyclic 9m old female rats implying 

that endocrine aging and cortical estrogen levels may determine the optimal functioning 

of BBB rather than age. 

Additionally, in the Regular 6m group the female SD rats cluster closely around the mean. 

All the rats in this group have very similar measurements of BBB-PI with little variation. 

Two other groups of female rats that chronologically follow Regular 6m group, namely, 

Regular OVX 7m and Regular Sham OVX 7m show higher variation, as measured by 

standard deviation, than Regular 6m but lower than the remaining three groups. Rats in 

the Regular 9-10m show a much higher standard deviation and the highest standard 

deviation is exhibited by Irregular 9-10m female rats in case of hypothalamus. The 

variation among the Acyclic 9-10m group is reduced compared to the previous two groups 

(Fig. 3.7). 

Comparatively less intra-group variability among the 6m and Sham OVX 7m old female 

rats suggests that the process of aging results in divergence of blood brain barrier 

permeability.  While ovariectomy does increase permeability of the BBB in female SD rats, 

this increase is relatively uniform across the group due to abrupt cessation of ovarian 

hormone production achieved by surgical menopause. Gradual ageing of all the 9-10m 

groups, as opposed to sudden surgically induced menopause seen in Regular OVX 7m, 

results in separation of the group into distinct subpopulations. In the Regular Sham OVX 

7m group in cortex and to some extent in hippocampus we can identify at least two distinct 



 

 68 

sub-groups: those animals that have maintained BBB permeability similar 6m old animals 

and those with elevated BBB permeability. Such sub-populations are visible in Regular, 

Irregular and Acyclic 9-10m groups as well. 

Since all the female rats are genetically identical and have very similar environmental 

exposure and handling, an alternate explanation for the variability in BBB-PI among 

animals in the study maybe due to differences in exposure to light in the vivarium (Emmer 

et al., 2018; Heywood, 1980), microbiota in the gut (Clarke et al., 2013) and potentially 

epigenetic differences (Bacon et al., 2018). However, these factors would likely uniformly 

affect all female SD rats in this study but the observed difference in variability between the 

different groups suggests a more group-specific cause of intra-group variability in BBB-PI. 

Future studies in this research area may focus on the mechanisms of increased BBB 

permeability in perimenopausal female rats which I suspect involves the PDGF signaling 

pathway, pericytes and tight junction proteins, which are all indirectly influenced by 

estrogen according to published literature.  

3.6 Conclusion 

In our model of natural reproductive senescence, BBB permeability is increased in female 

SD rats undergoing perimenopause. Both endocrine and chronological aging predispose 

to this increase, but data suggests that the increase in permeability is more dependent on 

gradual endocrine aging rather than pure chronological aging or abrupt endocrine aging. 

The divergence of BBB permeability among female SD rats as a result of chronological 

and endocrinological aging hints that there may be certain protective or deleterious factors 

besides estradiol that exert influence in modifying the permeability of BBB during the aging 

process in females. If found extrapolatable to humans these findings could explain the 
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variability seen among human females in the symptoms, onset and progression of 

diseases such as Multiple Sclerosis that exhibit high inter-individual variability (Kappos et 

al., 2015) where BBB permeability may even serve as a pathological marker of 

neuroinflammation (Cramer et al., 2015). 
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 Allopregnanolone: A Potential Neuroregenerative 

Therapeutic 

4.1 Abstract 

This study is a translational research project that uses ApoE-Targeted Replacement (TR) 

mouse model to examine a promising neuroregenerative therapeutic in a genotype 

susceptible to AD. In this experiment, I injected mice with the human form of ApoE gene 

with a novel neuroregenerative therapeutic, Allopregnanolone (Allo), which is currently 

under clinical development in humans. I found that both males and females with ApoE 4/4 

genotype demonstrated significant cognitive improvement as measured by the novel 

object recognition test. RNA-Seq study of the hippocampi of the Allo-treated female ApoE 

4/4 mice suggested upregulation of PDGF-BB compared to saline treated counterparts, 

suggesting that Allo could potentially ameliorate age related increase in blood brain barrier 

permeability. The RNA-Seq data also suggested Allo’s effect on multiple immune system, 

cell signaling and metabolomic pathways. Study of 185 plasma and cortex metabolites 

suggest major differences in glycerophospholipids, protein and lipid metabolism based on 

gender and genotype. In vitro Allo and its analogues have been shown to potentiate 

mitochondrial function in human neural stem cells and 30 minutes of exposure to Allo 

confers similar mitochondrial potentiation as 24-hour continuous exposure in these stem 

cells. Allo was also evaluated as a potential agonist of mitochondrial Transmembrane 

protein (TSPO) but found to have antagonistic-like activity in human neural stem cells. 
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4.2 Introduction 

Apolipoprotein (Apo) E4 allele is the strongest genetic risk factor for AD (Corder et al., 

1993; Farrer et al., 1997a; Genin et al., 2011; Huang and Mucke, 2012). Females bear an 

unequal burden of ApoE4 as a genetic risk factor with advancing age (Damoiseaux et al., 

2012; Farrer et al., 1997a; Leung et al., 2012). Heterozygosity for ApoE4 allele increased 

AD risk by a factor of three, while homozygosity for the same allele (ApoE4/4 genotype) 

increased AD risk by a factor of ten (Holtzman et al., 2012; Loy et al., 2014). Those with 

the E4 allele are also likely to manifest AD at an earlier age compared to those with E2 or 

E3 allele (Spinney, 2014).  

Mice whose ApoE locus contains human ApoE gene are termed as ApoE Targeted 

Replacement (ApoE-TR) mice. In aging ApoE4-TR mice learning and memory is 

significantly impaired due to loss of certain specific neurons (Andrews-Zwilling et al., 2010; 

Leung et al., 2012; Li et al., 2009). Tong et al (Tong et al., 2016) demonstrated that 

treatment of these mice with a molecule that acts as a GABAA receptor potentiator reduced 

cognitive decline and improved functional outcome in mice. 

There have been multiple publications from our lab on Allopregnanolone (Allo). Allo (3α-

hydroxy-5α-pregnan-20-one) activates GABAA receptor channels (Irwin and Brinton, 

2014). Previously, we have established that Allo significantly increases proliferation of rat 

neural progenitor cells and human neural stem cells (Wang et al., 2005), reverses deficits 

in neurogenesis and cognition in the 3xTg mouse model of AD (Wang and Brinton, 2008; 

Wang et al., 2010), and improves survival of neural progenitor cells (Singh et al., 2012). 

In fact, Allo is currently being studied as a first-in-class neuroregenerative therapeutic for 

AD and mild cognitive impairment in a Phase Ib/IIa clinical trial (ClinicalTrials.gov 

Identifier: NCT02221622). While it is known that activation of TSPO by its ligands such as 
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FGIN 1-27 and PK 11195 leads to Allo production (Daugherty et al., 2013), producing 

anxiolytic effects in animal studies (Bitran et al., 2000), our aim was to detect if Allo itself 

acted as an agonist or antagonist of TSPO with respect to mitochondrial potentiation, 

which then would have suggested a feedback loop. 

4.3 Methods: 

4.3.1 ANIMALS 

Animal studies were performed following National Institutes of Health guidelines on use of 

laboratory animals; protocols were approved by the University of Southern California 

Institutional Animal Care and Use Committee. Experimental and control animals had 

identical housing conditions from birth through euthanasia (12h light/dark cycle and 

PicoLab Rodent Diet 20). Female and male ApoE3-TR and ApoE4-TR homozygous mice 

and heterozygous female ApoE3/4-TR mice on a C57BL/6 background strain were 

obtained from Taconic Inc. and housed and bred at University of Southern California 

animal facility. I weighed the mice every week from the start of the study till euthanasia. 

All mice were fed identical chow and I monitored their food intake along with body weight 

to control for loss of body weight due to reduced consumption of food. We attempted to 

obtain our own ApoE 3/4 mice, however, the breeding did not succeed. I divided the mice 

into groups based on their genotype (ApoE3, ApoE4, ApoE 3/4), gender (male and female) 

as well as treatment group (Allo and Saline). Thus, the ten groups were ApoE3 Female 

Allo, ApoE3 Female Saline, ApoE3 Male Allo, ApoE3 Male Saline, ApoE4 Female Allo, 

ApoE4 Female Saline, ApoE4 Male Allo, ApoE4 Male Saline, ApoE 3/4 Female Allo and 

ApoE 3/4 Female Saline. 
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4.3.2 ALLOPREGNANOLONE INJECTIONS AND SACRIFICE 

I injected the mice weekly with intramuscular injection of Allopregnanolone (1.5 mg/mL) 

or saline (0.9%). Allo and saline I used to treat mice were identical to the Allo and saline 

used in the clinical trial (ClinicalTrials.gov Identifier: NCT02221622). The amount of 

Allopregnanolone to be injected was calculated based on a dose of 2 mg which was 

identical (extrapolated to mice) to the dose that human participants received in the first 

cohort of the phase Ib/IIa clinical trial. I administered these weekly injections on the same 

day and in the same time window of nine to eleven AM for 26 weeks, starting from 10 

months of age to 16 months of age. I ensured that any behavior study or blood collection 

procedure were separated in time from injections by at least four hours.  

I sacrificed the animals after the last Allo injection. I first anaesthetized the mice using 

Ketamine-Xylazine cocktail (87.5 mg/kg Ketamine + 12.5 mg/kg Xylazine) 0.1mL/20g 

mouse weight injected intraperitoneally and collected cardiac blood in EDTA-coated tubes. 

I then centrifuged the tubes for 10 minutes at 2,000 x g using a refrigerated centrifuge 

previously adjusted to be at 4 °C. After centrifugation I immediately transferred the plasma 

to 1.5mL microcentrifuge tube and stored all plasma at -80 °C. The mice were not fasted 

before collecting this plasma and this plasma was not appropriate to carry out 

metabolomic analysis. Separate plasma was collected for metabolomic study as outlined 

later. The mice were then perfused with phosphate buffered saline (PBS) for at least 15 

minutes. I then dissected the brain of each mouse on ice and separated brain stem and 

cerebellum first and then each cortical hemisphere laterally to dissect the hippocampus. I 

stored all brain tissues in -80 °C. 
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4.3.3 NOVEL OBJECT RECOGNITION TEST  

I tested all mice for the Novel Object Recognition (NOR) test in accordance with published 

literature (Antunes and Biala, 2012; Ennaceur, 2010; Leger et al., 2013; Piterkin et al., 

2008; Taglialatela et al., 2009). NOR was carried out after 24 once a week Allo injections. 

In short, I first acclimatized the mice to the NOR test room for five days during the 

habituation phase, taking care that the mice entered and exited the behavior room at the 

same time each day. I also mimicked the regular opening and closing of the room door 

during the habituation phase by opening and closing the room door every 15 minutes. 

During the second week, I allowed the mice to acclimatize to the wooden boxes in which 

the NOR test was to be carried out (one mouse/box) for 15 minutes, on the first three 

consecutive days. On the next day (fourth day of second week) I allowed the mice to 

explore for 10 minutes two identical objects (either two identical blue Lego pieces or two 

identical glass beakers) while in the wooden box and noted the specific object explored 

by each mouse. On the last day of NOR testing (day five of second week), I switched one 

of the two objects for the other and each mouse had a choice between a blue Lego piece 

and a glass beaker. One of the two objects had been explored by the mouse the previous 

day (familiar object) and the other was the novel object. Using video recording, the number 

of seconds spent by each mouse exploring each of the two (familiar (Tf) and novel (Tn)) 

objects was measured and two quantities were calculated. First, the difference in 

exploration time (in seconds) was calculated by subtracting the time taken to explore 

familiar object from that of the novel object (Tn – Tf) and denoted by Df. Second, a ratio 

of the difference in exploration time to the total time spent exploring was calculated (Tn-

Tf/Tn+Tf) and denoted by Discrimination Index (DI). 
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4.3.4 SEQUENCING OF HIPPOCAMPAL RNA 

The RNA I extracted from the hippocampi of ApoE mice was shipped to VANTAGE 

(Vanderbilt Technologies for Advanced Genomics) at Vanderbilt University and raw reads 

in the form of .fastq files were obtained. Before sequencing, VANTAGE analyzed RNA 

quantity and quality Qubit (Thermo Fisher, MA) and Bioanalysis Pico (Agilent 

Technologies, CA) and found the RNA to meet quality standards. VANTAGE utilized 

polyA-selected mRNA library preparation process and used Illumina HiSeq3000 to carry 

out paired end sequencing with a read length of 75 base pairs and a read depth of about 

50 million reads. RNA from eight different groups of ApoE mice was sequenced with five 

mice per group (a total of 40 RNA samples) and initial raw data processing was carried 

out by Dr. Shang at UA and I analyzed the DEG list using IPA.  

4.3.5 PLASMA COLLECTION AND METABOLOMIC STUDY 

I collected whole blood in EDTA-coated tubes from each mouse through the eye as per 

the approved protocol, after subjecting the mice to an overnight fast of 14-16 hours, after 

24 weeks of once a week treatment with Allo and before beginning NOR. I centrifuged the 

tubes for 10 minutes at 10,000 x g using a refrigerated centrifuge previously adjusted to 

be at 4 °C. After centrifugation I immediately transferred the plasma to 1.5mL 

microcentrifuge tube and stored all plasma at -80 °C. The plasma and cortex from each of 

the experimental mice groups were queried for 185 metabolites using ultra-performance 

liquid chromatography-tandem mass spectrometry [(UP)LC-MS/MS] by TGen (Phoenix, 

AZ).   

4.3.6 IN VITRO STUDY IN HUMAN NEURAL STEM CELLS (HNSC) 

Human embryonic brain cortical stem cells were provided as cryopreserved neurospheres 

by Dr. Clive Svendsen in vials and stored in -80 C. I thawed them and transferred them to 
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T25 flask which contained Thaw media (section 4.3.6.4). The cells were passaged (section 

4.3.6.5) at least twice before being used for experiments in order to ensure cell viability 

after long-term storage.  

4.3.6.1 Determining optimal cell density: 

In preliminary experiments, optimum cell density and Allo concentration to be used were 

determined using identical methods as the study below. Optimal density was found to be 

40,000 cells per well and optimal Allo concentration was 100 nM. Allo concentrations of 

1nM, 10nM and 1000nM were used in certain experiments to obtain dose response curve 

of mitochondrial potentiation in hNSCs in response to Allo exposure.  

4.3.6.2 Mitochondrial function measurement using Seahorse XF96 Extracellular 

Flux Analyzer in response to Allo and analogues: 

I cultivated freshly passaged (section 4.3.6.5) Svendsen’s human Neural Stem Cells 

(hNSC) in T25 flasks for 7 days in 100% growth factor (EGF, bFGF, Heparin) containing 

‘Thaw’ media (section 4.3.6.4). I changed the media on day 4 post-seeding. On day 7, I 

passaged the cells again (section 4.3.6.5), and seeded them by columns at 40,000 cells 

per well in 100% growth factor containing Thaw media in Seahorse XF96 FluxPak (Agilent 

Technologies, Santa Clara, CA) plate coated with Matrigel hESC-qualified matrix (354277, 

Corning, Corning, NY) and incubated overnight (section 4.3.6.5). On day 2, I replaced the 

media with 0% growth factors containing Thaw media (EGF, bFGF, Heparin absent) in the 

morning and incubated for 4 hours. This was the starvation step. I performed a second 

wash step in order to minimize the residual amount of growth factors left behind in the 

wells of the plate, which had in earlier experiments confounded our results. After 4 hours, 

cells were treated with either vehicle (ethanol 0.001%) or Allopregnanolone (1nM, 10nM, 

100nM or 1000nM) or an Allo Analogue (100nM). I used ethanol as a solvent for Allo and 



 

 77 

its analogues. I measured Oxygen Consumption Rate (OCR) using Seahorse XF96 

Extracellular Flux Analyzer 24 hrs. post-treatment and assessed mitochondrial respiration 

(section 4.3.6.6). To correct for any plating differences, I used protein readings of all wells 

(5000006, Bio-Rad Laboratories, Hercules, CA) to normalize measurements from all wells 

within the Seahorse XF96 Wave software. 

I obtained the aggregated differences in mitochondrial potentiation in response to Allo and 

analogues treatment of hNSCs from six different experiments. All the data were 

normalized to protein content as described earlier and statistics were calculated by 

normalizing values of each plate to the average value of OCR in wells with vehicle treated 

hNSCs. Therefore, values of OCR for all non-vehicle treated hNSC-containing wells were 

calculated as a ratio of the OCR generated by the specific treatment to the OCR measured 

in the same cells in the same experiment by treatment with vehicle during basal 

respiration; an average of all six readings from all wells at basal respiration was calculated 

for this purpose. I only used hNSCs with passage 14 or less in these experiments. No 

cells in the experiment exceeded 5 freeze-thaw cycles. 

4.3.6.3 Measurement of mitochondrial function at various time points in response 

to 30-min pulse treatment with Allo  

I conducted a pulse-based experiment to determine activation time required to activate 

hNSCs and potentiate mitochondrial respiration by Allo. The cells were exposed to Allo 

only for 30-min (a 30-min Allo ‘pulse’) and mitochondrial function of hNSCs determined at 

multiple time points post-treatment. I chose the 30-min pulse treatment because that was 

the duration of exposure of the clinical trial participants of Allo phase Ib/IIa clinical trial 

(ClinicalTrials.gov Identifier: NCT02221622) to intravenous infusion of Allo. The pulse 

treatments were compared to a 24-hour continuous Allo treatment, as positive control, for 
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which I already had data. Pulse protocol is shown in figure. Briefly, I seeded cells in 

Seahorse plate as mentioned earlier and incubated them overnight. I then ‘starved’ the 

cells by removing the growth factor containing media using two washes and then after four 

hours of ‘starvation’ specific wells on the plate were treated with Allo as shown in Figure 

4.1. I removed Allo after 30-min. by two washes. Only for hNSCs in one set of cells I 

allowed 24-hour exposure to Allo rather than 30-min and this was my positive control 

group. Each treatment with Allo or vehicle had at least 12 wells in each plate and this 

experiment was repeated six times. 

  

 

Figure 4.1 Allo ‘pulse’ protocol. 
hNSCs were treated for 30-min at different time points preceding specific number 
of hours before measurement of mitochondrial function to understand the 
activation time required for and duration of, Allo’s effect on mitochondria of hNSCs. 
The timeline of each set of wells is outlined above where grey denotes the 
absence of both Allo and growth factors, blue denotes the presence of Allo and 
pink denotes the presence of growth factors. The larger blue arrow in the last set 
of wells denotes the larger dose of Allo used (1000nM), while all other Allo doses 
were 100nM. Ethanol was used as a solvent for Allo and vehicle-treated cells were 
treated with 0.001% ethanol, which is the same concertation of ethanol as that of 
the solvent in Allo preparation. 
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Evaluation of Allo as an agonist or antagonist of TSPO 

I carried out passaging, seeding and incubation of hNSC cells as described earlier. I 

treated the cells seeded into wells of Seahorse plates with either Allo, vehicle, a known 

agonist of TSPO (FGIN 1-27), a known antagonist of TSPO (PK 11195), a combination of 

Allo and antagonist and a combination of agonist and antagonist. Based on literature the 

I chose a concentration of 1µL for both FGIN 1-27 and PK 11195 and Allo concentration 

was 100nM as per earlier experiments. I used ethanol as vehicle and its concentration in 

the wells was 0.001%. Six independent experiments were carried out and cell passage 

numbers did not exceed 14. No cells in the experiment exceeded 5 freeze-thaw cycles. 

4.3.6.4 Preparation of media for cell culture and Seahorse XF96 procedure 

4.3.6.4.1 Thaw Media (100 percent (%) growth factor containing thaw media – 100GF):  

Thaw Media with specific amount of growth factors (defined as 100% for experimental 

purposes) can be prepared by combining 33.9ml DMEM (Gibco/Invitrogen, Cat. # 21063-

029), 14.5ml Ham’s F-12 (Gibco/Invitrogen, Cat. # 11765-054), 0.5ml 

Penicillin/Streptomycin (Gibco/Invitrogen, Cat. # 15140-122), 1ml B27 (50X) 

(Gibco/Invitrogen, Cat. # 17504-044), 100µl of 10μg/ml stock bFGF (Gibco/Invitrogen, Cat. 

# 13256-029), 100μl of 10μg/ml stock EGF (Gibco/Invitrogen, Cat. # 13247-051) and 125μl 

of 2mg/ml stock Heparin 

4.3.6.4.2 Thaw Media (without growth factors – zero % growth factor containing thaw 

media): 

Thaw Media without any amount of growth factors (defined as zero % for experimental 

purposes) can be prepared by combining 33.9ml DMEM (Gibco/Invitrogen, Cat. # 21063-

029), 14.5ml Ham’s F-12 (Gibco/Invitrogen, Cat. # 11765-054), 0.5ml 
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Penicillin/Streptomycin (Gibco/Invitrogen, Cat. # 15140-122) and 1ml B27 (50X) 

(Gibco/Invitrogen, Cat. # 17504-044). No growth factors are added to this media.  

4.3.6.5 Passaging hNSCs for in vitro experiments 

First, I made sure to aspirate any Thaw medium already in the flask. I then washed the 

flask twice with 10mL of Hank’s Balance Salt Solution (BSS) to remove any remaining 

serum, as this will inhibit the action of the dissociation enzyme. I then aspirated out the 

Hank’s BSS and added 1 mL of Accutase (07920, STEMCELL Technologies, Vancouver, 

BC, Canada). Then I placed the flask in the incubator (37 °C) for 3 minutes. After that I 

neutralized the Accutase enzyme with 7 mL of 100GF Thaw Medium. I then transferred 

contents of the flask to a sterile 15mL conical tube. After washing the flask with another 

4mL of 100GF Thaw Medium to collect any remaining cells, I added this wash to the 15mL 

conical tube. I then centrifuged the suspension at 300 x g (gravitational constant) for 5 

minutes. After centrifugation I aspirated the supernatant, resuspend the cell pellet by 

gently tapping the tube, then add 5mL 100GF Thaw Medium to fully resuspend cells. I 

then counted the cells using a hemocytometer. 

4.3.6.6 Using Seahorse XF96 Extracellular Flux Analyzer 

4.3.6.6.1 Seahorse Medium 

Seahorse medium can be prepared by combining 1 vial of Dulbecco′s Modified Eagle′s 

Medium (DMEM) powder (without glucose, L-glutamine, phenol red, sodium pyruvate and 

sodium bicarbonate) (D5030-1L, Sigma-Aldrich, St. Louis, MO) with 10mL of Glutamax 

(35050-061, Thermo Fisher Scientific, Waltham, MA), 1.85g of NaCl (0241, Amresco LLC, 

Solon, OH) in 1L of sterile diH2O. I measured 900mL sterile diH2O into large beaker, 

added DMEM powder and dissolved it with stirring. Then I added glutamax and NaCl and 

adjusted the pH to 7.4 at 37 °C with NaOH/HCl. I made it up to 1000mL with sterile diH2O 
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while stirring briefly. I filtered it with sterile filter (431096, Corning, Corning, NY), and stored 

it at 4 °C. On day of use, I warmed it to 37 °C and added 25mM glucose (BDH9230, VWR 

International, Radnor, PA). 

4.3.6.6.2 Seahorse XF96 procedure: 

I assessed mitochondrial function using the Seahorse XF96 Analyzer (Agilent 

Technologies, Santa Clara, CA). On Day 1, I plated hNSCs at a density of 40,000 cells/well 

in 100% growth factors containing Thaw medium on 96- well cell culture microplate from 

the Seahorse XF96 FluxPak previously coated with Matrigel (354277, Corning, Corning, 

NY). I left the plate at room temperature for 30-minutes to allow cells to settle and then I 

incubated the plate at 37 °C with 5% CO2. On Day 2, I replaced the media in the wells with 

zero % growth factors containing Thaw medium in the morning and incubated it for 4 hours 

(starvation step). I performed a second wash step to minimize the residual amount of 

growth factors left behind in the wells of the plate which could interfere with the results. 

After 4 hours, I treated cells in each well with either vehicle (ethanol 0.001%) or 

Allopregnanolone (1nM, 10nM, 100nM or 1000nM) or an Allo Analogue (100nM). Ethanol 

was used as a solvent for Allo and Allo analogues. I then left the plate to incubate at 37 

°C. On day 2, I also rehydrated a XF96 cartridge overnight from the Seahorse XF96 Flux 

Pak (102416, Agilent Technology, Santa Clara, CA) as per manufacturer’s instructions. 

On Day 3, 24-hours after the treatment step, I changed the media in the wells to unbuffered 

Seahorse Medium, with 25mM glucose, warmed to 37 °C. I then incubated the plate at 37 

°C without CO2 for 60 minutes. I loaded the XF96 cartridge with the following inhibitors: 

Port A: Sodium Pyruvate (50mM); Port B: Oligomycin (32μM; to inhibit ATP synthase); 

Port C: FCCP (carbonylcyanide p-trifluoromethoxyphenylhydrazone, 9μM; to uncouple 

mitochondria); Port D: Rotenone (10μM; to inhibit electron transfer from complex I to 
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ubiquinone). Injection volumes for all ports were 25μl. The inhibitor concentrations at 

injection are: Sodium Pyruvate 7mM (S8636, Sigma-Aldrich, St. Louis, MO), Oligomycin 

4μM (151786, MP Biomedicals, Santa Ana, CA), FCCP 1μM (0453, Tocris Cookson, 

Bristol, UK), Rotenone 1μM (0215015410, MP Biomedicals, Santa Ana, CA). I set the 

machine to carry out six baseline measurements of oxygen consumption rate (OCR) and 

extracellular acidification rate (ECAR) before sequential injection of mitochondrial 

inhibitors. I also set the machine to carry out three measurements following inhibitor 

addition and prior to automated addition of subsequent inhibitors. OCR and ECAR were 

automatically calculated and recorded by Seahorse XF96 Wave software. To correct for 

any plating differences, I used protein readings of all wells (5000006, Bio-Rad 

Laboratories, Hercules, CA) to normalize values of OCR and ECAR from all the wells 

within the Seahorse XF96 Wave software. I calculated the parameters of mitochondrial 

function as follows: Basal Respiration (Average first six OCR readings); Maximal Capacity 

(First reading after FCCP addition – Non-Mito Respiration); Reserve Capacity (First 

reading after FCCP addition – Basal Respiration). I calculated outliers with the ROUT 

method using Prism 6.0 and keeping FDR of 1%. 
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4.3.7 IMAGING 

MRI study was carried out on brains of certain Allo and saline treated mice that I shipped 

to University of Arizona. At least two mice were selected per treatment group based on 

their performance in the NOR test to obtain the best visual evidence of differences due to 

Allo treatment compared to saline in the brain.  

4.4 Results 

4.4.1 BODY WEIGHTS OF MICE 

 

 
 

Body weights of mice showed a general trend of increase during the study. No 

statistically significant differences were observed between Allo and saline treated 

mice of identical sex and genotype. All male mice had statistically significantly 

Figure 4.2 Body weights of different groups of ApoE mice by sex, genotype 
and treatment. 
Body weights of mice showed a general trend of increase during the study. No 
statistically signficant differences were observed between Allo and saline treated 
mice of identical sex and genotype. 
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higher weight than corresponding female mice with two exceptions, male vs. 

female ApoE 3/3 Allo (end of study weights p-value=0.07) and male vs. female Allo 

ApoE 4/4 (baseline body weight p-value=0.09). By genotype, I found no statistically 

significant difference in body weights except between Allo treated ApoE 3/3 and 

ApoE 4/4 males at baseline and between vehicle treated ApoE 3/3 and ApoE 4/4 

females at end of study.  

4.4.2 COGNTIVE FUNCTION OF MICE 

 
Figure 4.3 Difference in exploration time between different groups. 
Both Allo-treated ApoE 4/4 males and females explored novel object for longer 
period of time compared to their saline-treated counterparts. However, only in 
female ApoE 4/4 mice this difference reached significance. 
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NOR test results indicate that ApoE 4/4 female mice spent significantly more time 

exploring the novel object compared to the object seen previously suggesting that ApoE 

4/4 female mice benefit significantly from Allo treatment and Allo prevents decline in 

cognitive function in ApoE 4/4 female mice (Figure 4.1). ApoE 4/4 male mice spend more 

time exploring the novel object compared to the object seen previously, however, this 

difference in time does not reach the level of significance (p = 0.08). Discrimination Index 

Figure 4.4 Discrimination index in different groups. 
Both Allo-treated ApoE 4/4 males and females have statistcally significantly higher 
discrimination index compared to their saline-treated counterparts. 
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(DI) is the ratio of 

the difference in 

exploration time to 

the total time spent 

exploring both 

objects and it 

controls for the 

variation in the 

amount of time 

mice spend 

exploring both 

objects. Both ApoE 

4/4 female and male mice have 

a significantly higher DI than 

ApoE 3/3 female and male, 

Figure 4.5a-b Difference in 
exploration time and 
discrimination index for 
Allo and saline treated 
ApoE 3/4 heterozygous 
female mice. 
Allo treated ApoE 3/4 mice 
showed considerable 
improvement in cognitive 
function but it did not reach 
statistical significance. I 
believe increasing the 
number of mice in each 
group could facilitate 
detection of statistically 
significant difference on Allo 
treatment, if present. 

Figure 4.5a 
 

Figure 4.5b 
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respectively (Figure 4.2). ApoE 3/3 female and male mice do not show cognitive benefit 

from Allo treatment.  

In ApoE 3/4 female mice, Allo treatment improves cognitive function when tested by the 

novel object recognition test. However due to low number of animals in each group (n=5 

per treatment group), the results are not statically significant (p-values are slightly higher 

than 0.05). 

 

4.4.3 RNA-SEQ 

Canonical pathways in ApoE 4/4 Allo treated females 

In ApoE 4/4 Allo treated mice the canonical pathways found through the RNA-Seq are 

shown in Figure 4.6. Out of the 23 pathways shown almost half (11/23) are connected to 

the immune system and involve innate and adaptive immune system, Th1 and Th2 

activation, cytokine production and antibody-mediated immunity. Other pathways of note 

include pathways related to estrogen, glucocorticoids and mineralocorticoids, pathways 

that suggest increased metabolism and energy utilization such as mannose degradation 

and acyl-CoA hydrolysis as well as pathways related to gene and transcription regulation. 

These pathways suggest that Allo plays a role in cell cycle regulation and signaling as well 

as repression of DNA transcription via methylation.  

Comparison of Allo treated female mice of all three genotypes 

Figure 4.7 shows the comparison of all canonical pathways up- or downregulated when 

all Allo treated female mice are compared to their vehicle treated counterparts. 

Interestingly the top pathways are consistently similar between ApoE 4/4 Allo vs. saline 

treated females, while ApoE 3/3 are different. Based on hippocampal transcriptome ApoE 

3/3 Allo treated females are a distinct phenotype while ApoE 3/4 and ApoE 4/4 Allo treated 
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females are similar. IL-3 and IL-7 signaling as well as leptin and prolactin pathways which 

Figure 4.6 Up- and down-regulated canonical pathways in ApoE 4/4 females in 
response to Allo. 
Canonical pathways up- and down-regulated when ApoE 4/4 Allo treated females are 
compared to saline treated females of identical genotype. A number of immune system 
related pathways, along with metabolomic and signaling pathways are seen. 
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are considered pro-inflammatory are seen 

upregulated in ApoE 3/3 Allo treated female 

mice while the same canonical pathways are 

downregulated in both ApoE 4/4 and ApoE 3/4 

female mice due to Allo treatment suggesting 

Allo’s effect on immune regulation. This 

corroborates the results of NOR in which both 

ApoE 3/4 and ApoE 4/4 females showed 

cognitive improvement while ApoE 3/3 females 

did not. The mechanism of Allo-induced 

amelioration of cognitive function in ApoE 4/4 

and 3/4 females is likely due to differential 

hippocampal transcription. 

PDGF-BB upregulation by Allo 

In response to Allo treatment, I found that 

PDGF is upregulated. Specifically, PDGF-BB 

isoform was found to be upregulated in Allo 

treated ApoE 4/4 females when compared to 

saline treated ApoE 4/4 females (Fig. 4.8), 

Figure 4.7 Canonical pathways up- and 
down-regulated by Allo treatment in all 
three female genotypes. 
When all Allo treated female mice are 
compared to their saline treated 
counterparts, similar canonical pathways 
are seen up- and downregulated in female 
ApoE 4/4 and 3/4 mice, while ApoE 3/3 
mice are different based on hippocampal 
gene expression. 
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while -AA and -CC variants of PDGF were downregulated and the -DD variant remained 

unchanged. Also, PDGFRα is downregulated. Downstream, the data suggests that most 

molecules are downregulated except JNK1, SRF and PKR. 

 

 

Figure 4.8 Upregulation of PDGF-BB in ApoE 4/4 Allo treated females compared to 
saline treated females of identical genotype. 
PDGF signaling pathway in the hippocampal RNA-Seq data shows upregulation of 
PDGF-BB and downregulation of PDGFRα. 
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Genotype and gender differences in Allo treatment 

Effects of Allo on the hippocampus are 

genotype specific, as evinced by the 

canonical pathways seen in Figure 4.9. 

ApoE 3/3 mice have a different 

transcriptomic phenotype from ApoE 4/4, 

both males and females. Majority of the 

pathways are downregulated in ApoE 4/4 

mice, both males and females, after 

treatment with Allo, while the same 

pathways are upregulated in ApoE 3/3 

male and female mice despite treatment 

with Allo. Inflammatory pathways like 

Leptin signaling and IL-3 signaling as well 

as GM-CSF signaling are upregulated in 

ApoE 3/3 but downregulated in ApoE 4/4. 

Surprisingly oxidative phosphorylation and 

gluconeogenesis are upregulated only in ApoE 4/4 males and downregulated in all other 

Figure 4.9 Genotype and gender 
differences in treatment effect of Allo on 
hippocampal transcriptome in ApoE 
mice. 
Effects of Allo on the hippocampus are 
genotype specific, as evinced by the 
canonical pathways seen here. Majority 
of the pathways are downregulated in 
ApoE 4/4 mice, after Allo treatment 
while the same pathways are 
upregulated in ApoE 3/3 mice despite 
treatment with Allo. 
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groups. Allo induced downregulation of ALS signaling in ApoE 4/4 supports its 

neuroprotective credentials. This observation hints at genotype specific regulation of 

hippocampal transcriptome by Allopregnanolone and is similar to what I observed when 

only female groups treated with Allo were compared to saline groups. ApoE genotype is 

the primary variable that modifies Allo treatment rather than sex and this could justify 

phase IIb trial in ApoE 4/4 enriched cohort. 
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4.4.4 METABOLOMIC PANEL 

The metabolomic panel was an extensive study of 185 metabolites in plasma and cortex 

of mice from all ten groups. I am discussing selected results from the metabolomic study 

below. 
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4.4.4.1 ApoE 4/4 Females Allo vs. Saline treated 

Eight metabolites were significantly different in cortex of Allopregnanolone and vehicle 

treated Apo E4/4 females. Although the Allo and saline treated groups of ApoE 4/4 

females showed a clear separation on PCA plot, no metabolites reached significance 

when p-value was corrected for multiple comparisons in either cortex or plasma. 

Figure 4.10 Differences in cortical metabolites in Allo vs. saline treated ApoE 4/4 
females. 
In cortex eight metabolites and four glycerophospholipids were slightly lower  and 
acylcarnitines were higher upon allopregnanolone treatment. The Allo and saline 
treated groups showed clear separation on PCA plot. However, no single metabolite 
was significantly different in plasma. 
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4.4.4.2 Saline treated ApoE 3/3 vs. ApoE 3/4 females 

 
 
 
 
 
 
 
    

 

 

 

 

lysoPC a 
C20:4 

µ
 

A
p

o
 

E3
/4

 

A
p

o
 

E3
/3

 

C18:1-
OH 

A
p

o
 

E3
/4

 

A
p

o
 

E3
/3

 

Non-essential 
AA 

A
p

o
 

E3
/4

 

A
p

o
 

E3
/3

 

Figure 4.11 Cortical metabolite differences between saline treated ApoE 3/3 and 3/4 
females. 
Three metabolites were significantly different in cortex of saline treated ApoE 3/3 and 
ApoE 3/4 female mice. However, none reached a level of significance after adjusting 
the p-value. 
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When Saline treated ApoE 3/3 and ApoE 3/4 are compared, cortical metabolites show no 

statistically significant difference with corrected p-value, but in plasma several 

glycerophospholipids, amino acid, biogenic amines and acylcarnitines were significantly 

different between the two groups. 

Figure 4.12 Plasma metabolite differences between saline treated ApoE 3/3 vs 3/4 
female mice. 
Several glycerophospholipids, amino acids, biogenic amines and acylcarnitines were 
significantly different in plasma of saline treated ApoE 3/3 and ApoE 3/4 female mice. 
Majority of glycerophospholipids and two amino acids reached significance after 
adjusting for p-value. ApoE 3/4 had higher glycerophospholipids than ApoE 3/3, which 
can be used as metabolic phenotype. 
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4.4.4.3 Saline treated ApoE 4/4 vs. ApoE 3/4 females 

In both plasma and cortex, several glycerophospholipid were different between ApoE 3/4 

and ApoE 4/4 female mice (uncorrected p-value <0.05). None reached significance with 

corrected p-value. All glycerophospholipids were higher in Apo E3/4, similar to comparison 

of saline treated ApoE 3/3 with ApoE 3/4.   

 

 

 

 

Figure 4.13a-c Plasma metabolite differences between saline treated ApoE 4/4 vs 3/4 
female mice. 
Several glycerophospholipid were signficantly different in plasma between saline 
treated ApoE 3/4 and ApoE 4/4 female mice based on p-value before correction for 
multiple comparisons. However, none reached significance with adjusted p-value. All 
glycerophospholipids were higher in ApoE 3/4, similar to the comparison between 
saline treated ApoE 3/3 and ApoE 3/4 females. Both groups showed clear separation 
on PCA plot. In the cortex only one glycerophospholipid was found to be different, 
lysoPC a C14:0. 

Figure 4.13a: Plasma  
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In the cortex only one glycerophospholipid, lysoPC a C14:0 was found to be different 

between the two groups but did not reach a level of significance. 

  

Figure 4.13b: Plasma  
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Figure 4.13c: Cortex  
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4.4.4.4 Saline treated ApoE 3/3 vs. ApoE 4/4 females 

When saline treated ApoE 3/3 and ApoE 4/4 females were compared, 17 metabolites were 

significantly (uncorrected p-value) different in cortex and 26 metabolites were significantly 

(uncorrected p-value) different in plasma. Even though none reached significance with 

corrected p-value, PCA plot shows a clear separation between the two groups in both 

plasma and cortex and a much tighter clustering of saline treated ApoE 3/3 female mice 

in data obtained from plasma.  

 

 

 
 
 
 

Figure 4.14a-b Cortical and plasma differences in metabolites between saline treated 
ApoE 3/3 and 4/4 female mice. 
Saline treated ApoE 3/3 and ApoE 4/4 females show a clear separation on the PCA 
plot, both in cortex (4.10a) and plasma (4.10b). In plasma the ApoE 3/3 saline treated 
females cluster tighter together compared to cortex. 

Figure 4.14a: Cortex 
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Figure 4.14b: Plasma 
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4.4.4.5 Saline treated ApoE 3/3 and ApoE 4/4 females and males 

In both ApoE 3/3 and ApoE 4/4 models, plasma glycerophospholipids were higher in 

males in comparison to females. In ApoE 4/4, in cortex arginine and phenylalanine were 

found to be higher in males, and polyamines (as a result of arginine catabolism) were 

lower in males compared to females. In ApoE 3/3 plasma, carnosine, acyl-ornithine (Ac-

Orn) and asymmetric dimethylarginine (ADMA) were higher in females and alpha-

aminoadipate (αAA) was lower, whereas in cortex, spermidine was high in females and 

putrescine and αAA were lower. Ac-Orn, ADMA and carnosine are the end products of 

arginine catabolism through urea cycle, polyamine biosynthesis-oxidative stress and 

carnosine anabolism, respectively.  

Figure 4.15a 
Saline treated 
ApoE 4/4 
males and 
females 
(cortex). 
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Figure 4.15a-d Metabolite differences in cortex and plasma between saline treated 
ApoE 3/3 and 4/4 males and females. 
Saline treated ApoE 3/3 and ApoE 4/4 males and females were compared to 
understand differences based on sex in plasma and cortex. In ApoE 4/4 genotype, 
males exhibit higher glycerophopholipids, arginine and phenylalanine, while in ApoE 
3/3, carnosine, Ac-Orn and ADMA are higher in females and alpha-AA is lower. 

Figure 4.15b  
Saline treated 
ApoE 4/4 
males and 
female 
(plasma). 
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Figure 4.15c  
Saline treated 
ApoE 3/3 
males and 
female 
(cortex). 
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4.4.5 MITOCHONDRIAL POTENTIATION OF HNSCS BY ALLO AND ALLO 

ANALOGUES 

Allo dose response curve 

Dose response study in hNSCs with respect to Allo treatment is shown in Figure 4.16. 

Allo at both doses (10nm and 100nM) potentiates mitochondrial function similarly, even 

though Allo 100nM seems to potentiate mitochondrial function more than Allo 10nM, 

these results are within margin of error. I chose the dose of 100nM for other experiments 

in order to be consistent with previous studies from our lab and also because dose 

response data from 100nM dose was less variable. 

Figure 4.15d  
Saline treated 
ApoE 3/3 
males and 
female 
(plasma). 
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Allopregnanolone and its analogues potentiate mitochondrial function 

Figure 4.17 represents a graphical representation of data obtained from the extracellular 

flux analyzer. The data shows that while no treatment and vehicle treated hNSCs exhibit 

much lower level of mitochondrial potentiation compared to hNSCs treated with Allo and 

its analogues as measured OCR. Maximal respiration and spare respiratory capacity of 

hNSCs were increased by 39% and 53% respectively after treatment with Allo for 24h, 

compared to vehicle. It is also interesting to note that the analogues cluster into groups 

with UCI 2-261 100nM, 5β-pregnan-3α-ol-20-one 100nM and Progesterone 100nM 

highest potentiation followed by rest of the analogues including Allo. The chemical 

Figure 4.16 Allo dose response curve in hNSCs with respect to mitochondrial 
potentiation. 
The optimal dose of Allo for mitochondrial potentiation in hNSCs is 10-100nM. A dose 
of 100nM was chosen to maintain consistency with earlier experiments with rat NSCs. 
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structures and names of these analogues were originally not known to me and at the end 

Figure 4.18 Allo and its analogues potentiate mitochondrial function. 
Treating hNSCs in vitro with Allo and its analogues shows improved mitochondrial 
function when compared to vehicle treated controls, as measured by the extracellular 
flux analyzer. 
  

Figure 4.17a 

Figure 4.17a-b Allo and its analogues differentially potentiate mitochondrial 
function and increase spare respiratory capacity of hNSCs. 
Based on their potentiation of mitochondrial function Allo and its analogues can be 
divided into two groups that are statistically significantly different from each other. 
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of the experiment I discovered that what I had labelled as Analogue C was Allo from the 

lab of Dr. Gee at University of Irvine, and therefore I labelled it as UCI Allo in the graphs. 

The aggregated differences in mitochondrial potentiation in response to Allo treatment of 

hNSCs is shown in Figure 4.18. I obtained these data from six different experiments. All 

the data were normalized to protein content as described earlier. From the graph it is 

evident that Allo and its analogues can be divided into two groups based on their 

potentiation of mitochondrial function in hNSCs. First group consists of Allo, Ganaxolone, 

5a-pregnan-3ß-ol-20-one and 5-Pregnene-3ß-ol-20-one which are statistically not 

dissimilar in their effect on mitochondrial potentiation in hNSCs. The second group 

consists of UCI 2-261 (a proprietary compound whose chemical structure and name I am 

not aware of), 5ß-pregnan-3a-ol-20-one (epi-Allo) and Progesterone which potentiate 

mitochondrial function to a magnitude which is higher and statistically significantly different 

from the first group of compounds including Allo. Allo increased spare respiratory capacity 

(SRC) by 53% in hNSCs, while Allo’s analogue, UCI 2-261, almost doubled (96%) SRC 

of hNSC mitochondria. Both our Allo and UCI Allo show little difference in increasing OCR 

in hNSCs and provide validation for this experiment. Another point of interest I noted was 

that the effect of Allo (and analogues) declined with increase in passage numbers of 

Figure 4.17b 
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hNSCs and the effect completely disappeared after passage number 21. The gradual 

decline started at either passage 15 or 16 in preliminary experiments (data not shown) 

and therefore I did not use any hNSCs beyond passage 14 for these experiments. 

Allo ‘pulse’ treatment of hNSCs 

The time period of the pulse was defined as the number of hours that elapsed after the 

completion of the 30-min. exposure of hNSCs to Allo and before measurement of 

mitochondrial function using extracellular flux analyzer. There were five such groups 

based on number of hours, 24h(100nM), 24h (1000nM), 8h, 4h and 2h. Additional groups 

were the positive control (24h continuous Allo treatment) and vehicle treatment. Treatment 

with a higher dose of Allo (1000nM) was carried out in order to evaluate whether a larger 

dose of Allo 24 hours before measurement had any beneficial effect on mitochondrial 

function in hNSCs compared to 100nM dose of Allo, everything else being the same. 

Results (Fig. 4.19a-b) showed that while my positive control of 24h continues treatment 

appeared to be the best with respect to potentiation of mitochondrial function in hNSCs, 

Figure 4.19a-b Exposure of hNSCs to 30-min. pulse of Allo and its effects on 
mitochondrial function. 
The effect of the 30-min Allo exposure lasts at least up to 8 hours and the magnitude 
of this effect is not significantly different from a 24-hour Allo exposure. Higher dose of 
Allo (1000nM) for 30-min has significant deleterious effect on mitochondrial function in 
hNSCs that persists even after 24 hours. 
 

Figure 4.19b Figure 4.19a 
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all three pulse treatments (8h, 4h and 2h) were statistically not significantly different from 

the positive control for maximal respiration and for basal respiration only 8h treatment was 

not dissimilar to vehicle treated cells, statistically speaking. A 30-min pulse exposure to 

Allo 8h before measurement of mitochondrial function is closest to a 24-hour continuous 

Allo exposure at maximal respiration but not statistically distinguishable (4.18a-b). 

Surprisingly 1000nM dose of Allo did more harm than good and it actually decreased the 

mitochondrial function of hNSCs and this effect was visible even 24h after exposure to a 

30-min. ‘pulse’ of Allo.  24h ‘pulse’ of 100nM Allo did not fare well either but appeared to 

be less deleterious compared to 1000nM but was statistically not significantly different 

from the 24h 1000nM ‘pulse’. 

Evaluation of Allo as an agonist or antagonist of TSPO 

Evaluation of Allo as a TSPO agonist or antagonist produced mixes results as shown in 

Figure 4.20. While Allo exhibited its characteristic potentiation of mitochondrial function, 

the results from agonist and antagonist were different from my expectations. TSPO 

Figure 4.20 Evaluation of Allo as an agonist or antagonist of TSPO in 
mitochondria. 
Based on data from measurement of mitochondrial function it was is not clear if Allo is 
an agonist or antagonist of TSPO even though Allo exhibits a more antagonistic 
picture when compared to known agonist and antagonist of TSPO. 
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antagonist PK 11195 statistically significantly potentiated mitochondrial function compared 

to vehicle while TSPO agonist FGIN 1-27 was not statistically dissimilar from vehicle. A 

combination of the agonist and antagonist led to potentiation of mitochondrial function, not 

as much as the positive control (Allo 100nM) but statistically the difference was not 

significant. Allo and the antagonist (PK 11195) in combination too potentiated 

mitochondrial function but visibly less than Allo and the agonist + antagonist combination. 

However, these differences were not statistically significant. When I calculated Spare 

Respiratory Capacity, I found that Allo statistically significantly increased SRC compared 

Figure 4.21 Allo statistically significantly increased SRC of mitochondria in hNSC 
after 24-hour exposure compared to TSPO agonist and antagonist. 
However, neither TSPO agonist or antagonist increased SRC significantly although the 
antagonist, PK11195, exhibits a trend towards statistical significance, suggesting that 
Allo’s action may be antagonistic-like at TSPO. 
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to vehicle (Fig. 4.21), but neither TSPO agonist nor TSPO antagonist nor a combination 

increased SRC in a statistically significant manner. TSPO agonist FGIN 1-27 was 

statistically not dissimilar from vehicle and significantly different from Allo treatment. These 

findings suggest Allo’s mitochondrial potentiation in hNSCs to be a TSPO-antagonist-like 

action and not TSPO-agonist-like action.  

4.4.6 IMAGING 

MRI study was carried out on brains of certain Allo and saline treated mice that I shipped 

to University of Arizona. While the imaging process is complete, data analysis is underway 

and should be available soon. 

4.5 Discussion 

I discussed earlier that ApoE4 allele is strongly associated with the risk of developing AD 

and AD, as a disease, currently lacks any therapeutic intervention to thwart its march. Allo 

is a novel neuroregenerative that has shown promising effects in the 3xTg mouse model 

of AD and in this experiment was used to treat ApoE-TR mice in order to determine its 

effects on cognition, hippocampal transcriptome, brain imaging and metabolism. This 

extensive study was an attempt to apply a systems biology approach to translation 

research in AD and at the same time target a genotype that is clearly highly susceptible 

to development of AD. In fact, the Allo and saline I used in this experiment as well as the 

dose (extrapolated to mice) were identical to the clinical trial in human participants. The 

duration of the study was 6 months, double of the phase Ib/IIa trial but in line with our 

proposed phase IIb clinical trial in human participants. 

The novel object recognition test used to measure cognitive function showed considerable 

improvement in both Allo treated males and females of ApoE 4/4 genotype while males 
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and females of ApoE 3/3 genotype failed to show any improvement compared to their 

saline treated counterparts. Interestingly, while all groups exhibited variability in 

measurement of cognitive function, Allo treated groups are more readily divisible into two 

subpopulations: responders and non-responders, which is similar to the results of our 

phase Ib/IIa clinical trial. While the difference in cognition between Allo treated ApoE 4/4 

males was trending towards significance (p=0.08) when difference in exploration time was 

measured, statistical significance was achieved when discrimination index (DI) of both 

these groups were compared. DI is derived by normalizing the difference in exploration 

time to the total time spent exploring by the mouse and thus is a ratio. DI is a better 

measure of cognitive improvement since it takes into account the total time spent 

exploring. 

The hippocampal RNA-Seq resulted in extensive amount of data from comparing ten 

separate groups. Allo treated ApoE 4/4 females were the only group that exhibited 

upregulation of PDGF-BB when compared to their saline treated counterparts. There are 

four known PDGF genes with broad expression patterns and except for PDGF-DD, all 

others are expressed in the brain in varying amounts (Fredriksson et al., 2004; LaRochelle 

et al., 2001). These literature findings agree with absence of PDGF-DD and the expression 

of the other three in hippocampus (Fredriksson et al., 2004) of ApoE 4/4 Allo treated 

female mice. While PDGF-BB is necessary for maintenance of healthy BBB, PDGFRα 

signaling may contribute to BBB disruption (Ma et al., 2011). Allo’s downregulation of 

PDGFRα is therefore in agreement with its suggested action of protecting BBB integrity. 

However, further downstream regulation of the PDGF signaling pathway needs additional 

elucidation. 



 

 113 

To reiterate, estrogens play a major role in maintaining BBB integrity via PDGF as 

described in Chapter 1. ApoE 4/4 genotype is also risk factor for increased blood brain 

barrier permeability and multiple studies have found that magnitude of BBB damage may 

be determined by which ApoE allele is present i.e. E2, E3 or E4 (Hultman et al., 2013; 

Salloway et al., 2002; Zipser et al., 2007; Zonneveld et al., 2014). ApoE4 carriers are 

vulnerable to BBB disruption in the prodromal phase of cognitive decline (Halliday et al., 

2013). Mechanistically, ApoE4 appears to expedite death of pericytes which could 

contribute to BBB compromise (Halliday et al., 2016). Literature suggests that in a model 

of TBI, Allo inhibits proinflammatory pathways and reduces cerebral edema (Ishrat et al., 

2010). Also, in a different study, Allo reduced the magnitude of BBB compromise as well 

as size of infarct in focal ischemia (He et al., 2004). Based on these findings it is likely that 

the predicted upregulation of PDGF-BB by Allo could ameliorate the increased blood brain 

barrier permeability and could potentially be one of the mechanisms by which Allo 

neutralizes the deleterious effects of ApoE 4/4 genotype on BBB. 

The canonical pathways that I found when I compared the hippocampal transcriptome of 

Allo treated ApoE 4/4 females to their saline treated counterparts suggest that various 

immune system pathways along with metabolic and signaling cascade pathways are 

regulated by Allo. The presence of immune system markers in a perfused hippocampus 

strongly suggests immune system regulation of the brain parenchyma by Allo. Another 

pathway of interest is Acyl-CoA hydrolysis pathway which in conjunction with data from 

the metabolomic study suggests increase in energy metabolism utilizing lipids. 

Effects of Allo on hippocampal transcriptome were found to be genotype specific. Allo 

downregulated a large number of pathways in ApoE 4/4 animals, both males and females 

while the same pathways were either upregulated or unchanged in ApoE 3/3 mice. This 
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suggests that Allo maybe useful only in certain genotypes of ApoE such as E4 and this is 

corroborated by our clinical trial data from phase Ib/IIa trial. 

It was unfortunate that only a few metabolites were significantly different between most 

groups of the study, however, I had only five animals in each group for the metabolomic 

panel study and therefore increasing the number of animals in each group may result in 

larger number of metabolites that meet statistical significance after correction for multiple 

comparisons. Some effect of treatment, genotype and sex is observed in the data from 

the metabolomic panel since the results from the inter-group comparisons discussed 

above show clear separation of individual animals into groups on the PCA plot. Data 

comparing ApoE 4/4 Allo females to saline treated counterparts suggests that Allo 

increases glycerophospholipids and reduces acylcarnitines. While data from the cortex 

showed little difference between saline treated ApoE 3/3 females and ApoE 3/4 females, 

several glycerophospholipids, amino acids, biogenic amines and acylcarnitines were 

significantly different in plasma of saline treated ApoE 3/3 and ApoE 3/4 female mice and 

majority of glycerophospholipids and two amino acids reached significance after adjusting 

the p-value. ApoE 3/4 had higher glycerophospholipids than ApoE 3/3, which potentially 

can be utilized as a metabolic phenotype, if these findings are reproducible. In both plasma 

and cortex, several glycerophospholipid were different between ApoE 3/4 and ApoE 4/4 

female mice, even though none are statistically significantly different. When saline treated 

ApoE 3/3 and ApoE 4/4 females were compared, 17 metabolites different in cortex and 26 

metabolites were different in plasma. Even though none reached significance with 

corrected p-value, PCA plot shows a clear separation between the two groups in both 

plasma and cortex and a much tighter clustering of saline treated ApoE 3/3 female mice 

in data obtained from plasma. These results indicate that females of all three genotypes 
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exhibit a unique metabolomic signature and a metabolomic panel such as the one we 

have used can potentially be used to classify ApoE genotypes into metabolomic 

phenotypes, if this data can be verified in human participants. The presence of human 

ApoE genes in these mice suggest a strong possibility that humans too may exhibit a 

similar pattern.  

In saline treated ApoE 3/3 and 4/4 mice, plasma glycerophospholipids were higher in 

males in comparison to females. Other findings suggested higher arginine catabolism in 

males compared to females. Also plasma αAA has been shown to be lower in 

APP/PS1 Alzheimer's model (Pan et al., 2016). Additionally, increase in spermidine, 

spermine, putrescine have been reported in Alzheimer disease pathology (Inoue et al., 

2013). Thus, lower αAA in female mice may indicate greater susceptibility or likelihood of 

AD but higher spermidine and lower putrescine and αAA are inconclusive to evaluate risk 

of AD based on data from the metabolomic panel alone. Both the metabolomic panel and 

RNA-Seq are expensive studies and therefore five animals per group for ten groups was 

considered cost-effective. However, the effects of Allo treatment may be too subtle and 

much larger number of animals (n=9 to 12) per group may be necessary for the 

metabolomic study to resolve any statistically significant differences, if truly present. Also, 

a cell-type specific RNA-Seq of hippocampal neurons may reveal greater details regarding 

the transcriptomic regulation of observed effects of Allo. 

Mechanistically, Allo potentiated mitochondrial function in hNSCs in a dose dependent 

manner: 100nM was optimal dose of whereas 1mM suppressed mitochondrial function. 

Epi-Allo, UCI 2-261 and progesterone significantly increased mitochondrial respiration to 

a greater magnitude than Allo. 30-min of exposure to Allo up to 8 hours before 

measurement was as effective as 24h of continuous Allo exposure. Allo 30-min. pulse 
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resulted in maximal mitochondrial respiration 2-8h post-treatment and this further supports 

the 30-min. infusion protocol of Allo phase Ib/IIa clinical trial for mild cognitive impairment 

(MCI) or early AD (ClinicalTrials.gov Identifier: NCT02221622).  

Published studies have assigned a central role to mitochondrial dysfunction in 

pathogenesis of neurodegenerative disorders, including AD (Beal, 2002; Blass et al., 

2000; Brinton, 2008), corroborated by a shift in cerebral glucose utilization observed in AD 

patients compared to controls (Hoyer, 1991; Ishii et al., 1997), which lead to oxidative 

stress and eventual cognitive decline (Atamna and Frey, 2007; Reddy and Beal, 2008). 

Aβ binding alcohol dehydrogenase (ABAD) is a mitochondrial Aβ binding enzyme 

suspected as a cause of mitochondrial dysfunction (Lustbader et al., 2004). In both AD 

patients and the 3xTgAD mouse model of AD, ABAD expression has been found to be 

correlated with the magnitude of Aβ load and it has been demonstrated that Allo inhibits 

ABAD (Yao et al., 2009). 

Based on these results and findings in published literature it is evident that Allo 

significantly potentiates mitochondrial function and Allo, either alone or with analogues 

could be used to improve mitochondrial function in neurodegenerative diseases. 

Mitochondrial spare respiratory capacity (SRC) is considered a crucial measure of 

mitochondrial function and is defined as the difference between basal ATP production and 

its maximal activity, and higher SRC is believed to assist cells in countering oxidative 

stress (Hill et al., 2009). Therefore, Allo induced 53% increase in SRC of hNSCs suggests 

a strong neuroprotective effect. Allo’s analogue, UCI 2-261 almost doubled SRC and 

deserves evaluation as a novel therapeutic. Potentiation of mitochondrial function of 

human neural stem cells by Allo and its analogues is in support of its potential to be the 

first-of-its-kind neuroregenerative therapeutic. It was also observed that some analogues 
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of Allo such as epi-Allo, UCI 2-261 and progesterone may be better candidates for 

improving mitochondrial function in vivo if they possess favorable safety and toxicity 

profiles and satisfactory pharmacokinetic characteristics. The results obtained by ‘pulse’ 

treatment of hNSCs with Allo strengthens our rational for infusing Allo in human 

participants over a 30-min period in phase Ib/IIa clinical trial and suggests that effects of 

Allo on neural stem cells in humans likely persist at least up to 8 hours after exposure. 

This long-term effect of Allo could be attributable to protein changes triggered by Allo’s 

allosteric activation of GABAA receptor channels. Detailed elucidation of the exact 

mechanism is warranted. 

Evaluation of Allo as a TSPO agonist or antagonist produced unexpected results which 

suggests Allo’s mitochondrial potentiation action is not due to agonism of TSPO since 

TSPO agonist FGIN 1-27 produced an action not statistically dissimilar to vehicle 

treatment. In fact, antagonism of TSPO (PK 11195) results in potentiation of mitochondrial 

function of a magnitude less than that produced by Allo, although this difference in 

magnitude is not statistically significant. This suggests that TSPO antagonism could 

potentially be one of the mechanism of action through which Allo potentiates mitochondrial 

function, and Allo likely acts through other mechanisms and signaling pathways as well. 

The hypothesis that Allo’s agonistic action on TSPO is responsible for mitochondrial 

potentiation in hNSCs was rejected.  

4.6 Conclusion 

Collectively, the data indicate that Allo improves cognitive function in both female and 

male ApoE 4/4 mice with females exhibiting a greater response to Allo treatment. 

Metabolomic data are suggestive of an effect that Allo to increases protein metabolism, 



 

 118 

as well as lipid metabolism to generate acetyl-CoA to feed into the TCA cycle to generate 

ATP in the mitochondria. Further, Allo treatment increased indicators of protein 

metabolism.  Allo treatment was evident in both females and males and modified by ApoE 

genotype. Hippocampal RNA-Seq suggested Allo’s action as an anti-inflammatory agent, 

and protective of BBB integrity as well as Allo’s role in cell cycle regulation and metabolic 

pathways based on observed changes in hippocampal transcriptome. Allo’s regulation of 

the hippocampal transcriptome was found to be genotype specific rather than gender 

specific. Further therapeutic development of Allo is underway and a repeat of the 

metabolomic and RNA-Seq study with larger number of animals may help confirm the 

underlying mechanisms that are responsible for improved cognitive function. While its 

neuroregenerative therapeutic potential has been repeatedly demonstrated in vivo, this is 

the first time Allo is being tested in a targeted genotype, as an ongoing effort to promote 

precision medicine. Allo’s action on mitochondrial function of hNSCs in vitro strongly 

supports its credentials as a potential neuroregenerative therapeutic. Allo’s mitochondrial 

potentiation action is not due to agonism of TSPO and in fact, antagonism of TSPO could 

potentially be one of the mechanisms of action through which Allo potentiates 

mitochondrial function in hNSCs. In addition, Allo likely acts through other mechanisms 

and signaling pathways as well since it seems to produce higher magnitude of 

mitochondrial potentiation than attributable to TSPO antagonism alone. Exact 

mechanisms of Allo’s actions remain to be explored. 
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 Conclusion 

The findings presented herein describe a systems biology approach to a critical period 

during chronological and endocrinological aging in women. Menopause obviously is not a 

new phenomenon, but its current definitions are relatively novel. Since the 1970s, 

menopause has received increased attention in medical, academic, social and popular 

spheres (Bell, 1987; Chornesky, 1998; Utian, 2004). In 1938, the first synthetic 

replacement hormone was developed which resulted in menopause being characterized 

simply as a ‘hormone deficiency disease’ (Ballard et al., 2001; Bell, 1987; Meyer, 2003). 

Even though menopause is a near universal endocrine transition state in women affecting 

their holistic health, most research studies in menopausal aged women neglect to include 

control for menopausal status (Newhart, 2013). The physiological processes that end in 

menopause i.e. cessation of menses, take many years to complete and ‘perimenopause’ 

is used to denote this period in women’s life leading to menopause (Utian, 2004).  

Perimenopause has been demonstrated to be a neurological transition state (Brinton et 

al., 2015) with far reaching effects on glucose metabolism, mitochondrial bioenergetics 

and immune system (Yin et al., 2015) in vivo in the perimenopausal rat model of natural 

reproductive senescence described in Chapter 1. In order to better understand the 

complex hippocampal biological processes that occur during perimenopause in the 

hippocampus, transcriptomic analysis was carried out by sequencing the RNA obtained 

from hippocampi of female SD rats. 
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5.1 Transcriptomic and bioinformatic approach to the systems biology of endocrine 

aging 

The transcriptomic analysis described in Chapter 2 verify some of the earlier published 

findings (Yin et al., 2015) and demonstrated that perimenopausal transition in female rats 

significantly changes the expression of certain genes in the hippocampus. The 

hippocampal RNA-Seq also resulted in an unexpected discovery; it predicted upregulation 

of functions such as T cell development and development of lymphocytes, and 

downregulation of apoptosis of lymphocytes and leukocytes. Coupled with prediction of 

increased BBB permeability by IPA based on the RNA-Seq data and support of published 

findings in literature, resulted in a systems biology hypothesis of increased BBB 

permeability in female rats during endocrine aging and a potential amelioration of this 

phenomenon by Allo. 

RNA-Seq demonstrated that both age and endocrine changes influence hippocampal 

gene expression in female SD rats and that Regular to Irregular transition at 9-10 months 

had higher number of genes that were significantly differentially expressed compared to 

the Irregular to Acyclic transition at the same age of 9-10 months in female SD rats. The 

surgical menopausal group of Regular OVX 10-10.5 months had the largest number of 

significantly differentially expressed genes when compared to Regular cyclers 9m group, 

making it evident that natural reproductive senescence model described in Chapter 1 is 

more representative of the perimenopausal transition experienced by women. 

Analysis of the functions of significantly differentially expressed genes during the Regular 

to Irregular transition at 9-10 months as well as pathway analysis using IPA and PANTHER 

illustrated the menopausal BBB transition where reduction in sex hormones, mainly 

estrogen, that regulates blood brain barrier permeability via PDGF, results in a 
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compromised BBB, making it easier for peripheral blood components, both cellular and 

non-cellular, to cross into the brain parenchyma and potentially cause toxicity, 

sensitization to previously unfamiliar antigens and immune response. Additionally, 

downregulated mitochondrial bioenergetics and insulin signaling pathway were also 

observed along with statistically significantly reduced expression of neuroprotective 

UCP2. It is possible that aging, coupled with genetic susceptibility and environmental 

injury leads to perimenopause, senescence of immune system (Giménez-Llort et al., 2008; 

Michaud et al., 2013) and abnormal T cell reactivity to external and self-antigens (Prelog, 

2006). Perimenopausal reduction in circulating sex steroids could result in a compromised 

blood-brain barrier as evinced in Chapter 3. A dysregulated immune system, age-related 

low-grade inflammation and risk factors such as ApoE ε4 too contribute to a more 

permeable BBB and neuroinflammation (Dorey et al., 2017; Maftei et al., 2013; Newcombe 

et al., 2018). A neuroinflammatory milieu and a leaky blood brain barrier can potentially 

trigger cognitive dysfunction (Esteras et al., 2012; Masdeu et al., 2012). BBB itself has 

been implicated as a source of this inflammation (Festoff et al., 2016; Grammas et al., 

2011; Liu et al., 2012; Rochfort and Cummins, 2015). 

C-Reactive protein (CRP), a measure of peripheral systemic inflammation (Felger et al., 

2018) was found to be higher in AD patients (Gong et al., 2016). CRP is known to have a 

negative effect on BBB permeability leading to a compromised barrier (Hsuchou et al., 

2012). In a 9 year long longitudinal study, Corlier et al  found that those individuals who at 

baseline had higher serum CRP were more likely to have thinner cortex after 9 years 

(Corlier et al., 2018).  

AD and associated neuropathology does not manifest in the form of clinical symptoms for 

many years which implies a long prodromal or preclinical phase of pathogenesis (Sperling 
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et al., 2013). Hormonal changes in women i.e. perimenopausal transition may therefore 

contribute to the elevated risk of AD in women (Mosconi et al., 2017). 

Based on the perimenopausal hippocampal transcriptome that shows elevated 

inflammatory markers, increased leukocytes and lymphocytes infiltration in the brain 

coupled with immune system dysregulation, downregulated mitochondrial bioenergetics 

and insulin signaling pathway, reduced expression of neuroprotective UCP2 and 

downregulated PDGF signaling pathway, and corroborative evidence from literature, it is 

likely that a neuroinflammatory axis emerges during perimenopause with the BBB and its 

integrity or lack thereof, playing a central role in pathologic processes. 

It must be taken into account that this transcriptomic study was carried out only on 

homogenized hippocampal tissue and not on other brain regions of the female rats, and 

the transcriptome represents the messenger RNA from protein-coding regions of DNA of 

all cell types that are found in the hippocampus. Therefore, the pathways and functions 

detected by IPA and PANTHER based on this data are limited in their ability to pinpoint 

cell-specific pathways or functions. Additionally, RNA species that do not code for proteins 

such as microRNA, small nucleolar RNA, small interfering RNA, are known to play crucial 

roles in brain evolution, development, plasticity and neurodegenerative diseases (Fatica 

and Bozzoni, 2014; Qureshi and Mehler, 2012; Salta and De Strooper, 2012) but are not 

covered in this study, and their role in perimenopausal hippocampal transition remains to 

be elicited.  

5.2 Functional confirmation 

In my study I used sodium fluorescein dye to confirm the predicted increase in BBB 

permeability in perimenopausal SD rats. An OVX group was added in order to delineate 
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the effect of age and endocrine status on permeability of BBB in aging perimenopausal 

female rats. It was notable that 6-month-old regularly cycling female rats had the lowest 

BBB permeability in all three tissues analyzed, whereas Regular OVX 7m group of female 

rats that belonged to the same group as the Regular cyclers 6m, but which underwent 

ovariectomy at 6 months of age had significantly more permeable BBB. The Sham OVX 

group at 7m had BBB permeability only slightly elevated compared to Regular cyclers 6m 

group and was statistically not significantly different suggesting a stronger role for 

endocrine aging in BBB compromise. Both Regular and Irregular cyclers at 9-10 months 

had significantly higher BBB permeability compared to the 6-month Regular cycler group 

indicating that processes that compromise BBB are initiated much before the stage of 

actual reproductive senescence is reached (Acyclic 9-10m). In fact, only hypothalamus 

showed BBB permeability significantly different between Regular and Irregular 9-10-

month-old female rats whereas BBB permeability in hippocampus and cortex was 

statistically not dissimilar between these two groups, which indicates increase in BBB 

permeability precedes the perimenopausal transition as confirmed by vaginal cytology, 

which is corroborated in literature (Bacon et al., 2018) where neuroendocrine aging has 

been shown to precede perimenopause via analysis of RNA-Seq data based on identical 

bioinformatics pipeline discussed in section 2.4.1. 

Another point of interest was the increased variability (Figure 3.7) seen between animals 

of the same group in Regular, Irregular, Acyclic 9-10m, whereas Regular 6m, Regular 

OVX 7m and Regular Sham OVX 7m display lower variability (comparatively lower values 

of standard deviation). This variability suggests that not all female SD rats undergo 

perimenopause and emerge from this endocrine transition in an identical manner, resulting 

in differences in BBB permeability index. This, if found extrapolatable to humans, supports 
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the assertion that not all women will be at increased risk of developing AD or 

neurodegenerative diseases during or after endocrinological transition but, for some 

women endocrine transition induced hormonal flux portends much greater probability of 

severely compromised BBB, a potentially dysfunctional immune system, defective 

bioenergetic regulation, cognitive decline and reduced quality of life. Alternatively, this 

variability among the female rats could simply be due to differences in exposure to light in 

the vivarium, differences in microbiota acquired due to difference in location of each cage 

of female rats in the room or due to, unexplained as yet, epigenetic causes. However, if 

external factors were affecting the variability, then it is more likely that the variability would 

be uniformly distributed across the six different groups.  

The transcriptomic study of the hippocampus during perimenopausal transition, the 

discovery of a compromised BBB and its functional proof furthers our knowledge of the 

complex interaction between cerebrovasculature and the HPA. However, the exact 

mechanisms of these interactions are currently unknown and need further elucidation. The 

exact role of estrogens, as well as the chemical nature of the specific estrogen 

metabolite(s) involved, its interaction with PDGF-BB during perimenopause and the 

involvement of endothelial cells, astrocyte foot processes and basement membrane in a 

compromised BBB are all potential areas of research that could elicit further evidence in 

support of the functional BBB compromise during perimenopause in female rats outlined 

herein. 

5.3 Role of Allopregnanolone 

Multiple studies have shown that ApoE isoforms have differential effects on Aβ 

aggregation, degradation and clearance and may affect synaptic function (Bu, 2009; 
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Castellano et al., 2011; Chalmers et al., 2003; Dorey et al., 2014; Nwabuisi-Heath et al., 

2013) and a recent study demonstrated that ApoE4 promotes AD/Aβ-induced 

inflammation while ApoE2 inhibits it (Dorey et al., 2017). 

Allopregnanolone (Allo), a novel neuroregenerative therapeutic which is structurally an 

endogenous neurosteroid, has been in pre-clinical and clinical development (Singh et al., 

2012; Wang and Brinton, 2008; Wang et al., 2005; Wang et al., 2010) and I conducted a 

systems biology study to understand the effect of Allo in a targeted genotype (ApoE4), 

findings from which could be extrapolated to the clinic since the mice under study have 

human ApoE gene. I confirmed Allo’s potential in improvement of cognitive function but 

surprisingly Allo’s effect was genotype dependent but sex independent and only males 

and females of ApoE4 genotype showed improvement. These results make a strong case 

for a phase IIb study in an enriched cohort of ApoE4 carriers, both males and females to 

verify Allo’s efficacy in a human population susceptible to AD. Also, based on NOR study 

each Allo and saline treated group indicate the existence of sub-populations, such that 

some mice respond better to Allo treatment compared to others. This reinforces our 

human data from the phase Ib/IIa clinical trial (not enriched for any particular genotype) 

that exhibited human responders and non-responders to Allo treatment. 

Transcriptomic data from the hippocampus of saline and Allo treated mice supported by 

findings in published literature suggest that Allo may be able to ameliorate the increased 

BBB permeability observed during endocrine and chronological aging by upregulating 

PDGF-BB and downregulating PDGFRα. If this is verified in future studies, an intact BBB 

due to Allo treatment could reduce the risk of AD and other diseases such as multiple 

sclerosis, where Allo shows promise (Noorbakhsh et al., 2014).  
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In vitro studies in hNSCs showed that Allo and its analogues increase mitochondrial 

function and this effect is likely due to downstream changes in transcription and proteins 

since the changes are measurable and statistically significant up to 8 hours after Allo 

treatment. Allo is dose dependent effect on hNSCs with optimal dose being 10-100nM; a 

dose of 1000nM (=1µM) has deleterious effect measurable even 24 hours after Allo 

removal. Allo’s potentiation of mitochondrial function is not due to TSPO agonism but 

possibly due to antagonism of TSPO as well as due to other signaling pathways.  

Some of the factors affecting women’s risk of developing a dysfunctional immune system, 

defective bioenergetic regulation and cognitive decline were analyzed in a healthy cohort 

of post-menopausal women at risk for cognitive decline using a panel of clinical metabolic 

indicators (Rettberg et al., 2016). Further studies of women in perimenopausal transition 

are required to confirm findings presented here in humans and explore potential of Allo as 

a preventive therapeutic in at-risk populations.  
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