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The occurrence of ischemic stroke is relatively rare among pre-menopausal women. 

Strikingly, this risk doubles every 10 years after the menopausal transition; and women are likely 

to experience worse outcomes and higher mortality post stroke than men. Since both estrogen 

(E2) and progesterone (P4) levels decline precipitously following the menopause, this hormonal 

reduction may, at least partially, contribute to the higher risk and worse outcomes. By inference, 

these hormones could play a critical role in protecting women against ischemic stroke. In this 

dissertation project, we focus on P4, the relatively understudied of the two hormones. And while 

P4 has been shown to be a potent neuroprotectant in various experimental models of stroke, the 

underlying mechanisms remain unclear. One known mediator of P4’s protective function is brain-

derived-neurotrophic-factor (BDNF), which has an established role in promoting neuronal 

differentiation, survival, and synaptogenesis. In addition, emerging literature and data from our 

laboratory strongly support the indispensable role of glia in P4’s neuroprotective program and 

thus, may also play a significant role in post-stroke recovery. We recently reported that P4 induces 

a significant release of BDNF from primary astrocytes, through a putative membrane-associated 

progesterone receptor consisting of progesterone-receptor-membrane-component-1 (Pgrmc1). 

This receptor is abundantly expressed in various regions of brain and mediates such effects of 

P4 in the central nervous system (CNS) as anti-apoptotic effects, spinogenesis, and BDNF 

release. What is not known, however, is how the expression of this receptor is regulated. This 

dissertation was aimed to elucidate what regulates the expression of Pgrmc1 and BDNF in glia 

and how such regulation influences the neuroprotective function of P4 in the ischemic brain. 

Based on the observation that Let-7i regulates the expression of Pgrmc1 in a peripheral cell type, 



and our in silico analysis that revealed that both Pgrmc1 and BDNF are potential targets of let-7i, 

we hypothesized that let-7i represses P4’s neuroprotective effects by down-regulating the 

expression of both Pgrmc1 and BDNF in glia, leading to: 1) suppression of P4-induced BDNF 

release from glia, and 2) attenuation of the beneficial effects of P4 on neuronal survival and 

markers of synaptogenesis in the ischemic brain. 

 Using primary cortical astrocytes as an experimental model, we found that let-7i negatively 

regulated the expression of Pgrmc1 and BDNF. This was correlated with a reduction in P4-

induced BDNF release from these cells. Under such conditions of reduced expression of both 

Pgrmc1 and BDNF, P4 was unable to protect primary neurons against oxygen-glucose-

deprivation (OGD) or regulate markers of synaptogenesis. In our in vivo model of transient 

ischemic stroke, we found that protective effects of P4 were greatly enhanced in animals that 

were concomitantly treated with an inhibitor (antagomir) of let-7i. The combined treatment also 

enhanced synaptogenesis in the peri-infarct region. Collectively, the data presented here 

suggested that in the ischemic brain, let-7i negatively influences P4-induced neuroprotection via 

regulation of the Pgrmc1/BDNF axis. As such, inhibition of let-7i maybe an effective means to 

enhance the efficacy of P4 in treating ischemic stroke.
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CHAPTER I 

 

 

INTRODUCTION 

 

 

STROKE 

A stroke occurs when the flow of oxygen-rich blood to a brain region is interrupted or 

reduced, leading to cell death due to oxygen and nutrient deprivation (1). There are two main 

types of stroke: ischemic stroke and hemorrhagic stroke (2). An ischemic stroke occurs when an 

artery that supplies oxygen to the brain is clotted, while a hemorrhagic stroke is caused by rupture 

of an artery resulted in blood leakage that damages surrounding brain cells (1). Ischemic stroke 

is the more common type which accounts for about 87% of all strokes, and the remaining 13% is 

hemorrhagic (1). 

 

DEMOGRAPHICS OF STROKE 

According to the World Health Organization (WHO), 15 million people experience stroke 

worldwide each year. Of these, 5 million dies and another 5 million are permanently disabled. 

Thus, stroke is ranked as the second leading cause of death in the world population after ischemic 

heart disease (3). This global epidemic is not limited to western or high-income countries. In fact, 

an estimation of 85% of all stroke death occurs in low-to-middle-income countries (4).  

The United States (US) Centers for Disease Control and Prevention has also reported 

stroke as the fifth leading cause of death in the US and is a major cause of serious disability for 

adults. It is reported that stroke kills about 140,000 Americans each year; that is 1 out of every 20 

deaths (5). Each year, more than 795,000 people in the US suffer from stroke, approximately 

610,000 of these are first or new strokes (6). And of the remaining 185,000 cases, nearly 1 of 4 
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are in people who have had a previous stroke (6). As mentioned earlier, stroke is a leading cause 

of serious long-term disability in the US; it reduces mobility in more than half of stroke survivors 

age 65 and older (6). 

The risk of having a stroke varies with race and ethnicity. For example, it has been 

reported that the risk of having a first stroke is nearly twice as high for African Americans as for 

Caucasians,  and African Americans have the highest mortality rate due to stroke (5). Even though 

the stroke mortality rates have declined over the past decade among all race and ethnicities, an 

increase in mortality rate has been observed within the Hispanic population (5). Age is another 

substantial risk of stroke; the elderly population accounts for one-third of ischemic stroke cases, 

and for two-thirds of the overall stroke-related morbidity and mortality (7). Since age is one of the 

risk factors for stroke, the growing aging population will likely to be at risk. For example, among 

European countries, Italy has the highest percentage, approximately 19.9%, of the elderly 

population at the age of 65 years or older (8); and an estimated 153,000 new stroke cases are 

expected each year in the elderly Italian population (8). Assuming stable incidence rates, a total 

of 195,000 new stroke cases per year are expected in 2020, simply due to the aging population 

(9). Although aging is a relevant risk for stroke; however, stroke can and does occur at any age. 

For example, in 2009, it was reported that 34% of hospitalized stroke patients were less than 65 

years old (6). 

 

ECONOMIC IMPACT OF STROKE 

An estimate of 50% stroke survivors must cope with physical and cognitive impairment 

(10, 11). Accordingly, these stroke survivors are in need of support for daily activities that directly 

impact the quality of life of the stroke patient. The economic burden of stroke is also significant. 

For example, Evers et al., showed that on average, care for stroke survivors accounted for about 
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3% of total global healthcare expenditure (12). European countries are estimated to spend a total 

of €27 billion, €18.5 billion (68.5%) for direct and €8.5 billion (31.5%) for indirect costs, for stroke-

related care (13).  

In the US, stroke also imposes a substantial economic burden on our healthcare system, 

with acute ischemic stroke accounting for the bulk of costs. A study in 2008 estimated that the 

total direct and indirect cost of stroke in the US was $65.5 billion (11). 67% of this total cost is a 

direct cost, which includes the cost of health professionals, acute and long-term care and other 

medical costs; indirect cost accounts for the remaining 33%, which is a result of lost productivity 

resulting from mortality and morbidity following stroke (11). These number indicates that stroke 

can be ranked among the most expensive chronic diseases. 

 

PSYCHOSOCIAL IMPACT OF STROKE 

  Stroke survivors are often suffering from a considerable permanent impairment that leaves 

long-lasting impacts on their psychological health. For example, several studies have reported 

that the majority of stroke survivors experience depression, mood swings, irritability and anxiety 

(14, 15), and these implications sometimes continue up to five years after stroke occurrence (16-

18). In addition, depression is one of the factors that contribute to slow recovery of stroke patients 

(19) and is associated with increased mortality (20). Chronic insomnia is another serious condition 

that affects about 30-37% of stroke survivors (21). These patients are also likely to experience 

mild to severe degree of cognitive impairments including difficulties in concentrating, and memory 

deficits (22-24).  

  The psychological issues of stroke survivors discussed above arise due to functional 

disabilities following stroke. Approximately one-third of stroke survivors experience 

communication difficulties, including dysarthria, aphasia or apraxia (25-27), leading to challenges 
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with speech comprehension and production, along with difficulties with reading and writing. The 

overwhelming impact of the communication deficit often causes stroke survivor to become so 

focused on regaining their communication abilities, to the extent that other physical needs are 

ignored (28). Communication impairments also lead to social exclusion, feelings of isolation 

experienced by survivors and sometimes adversely impact their works (16, 18). Stroke survivors 

often experience a decline in social network relationships due to the loss of opportunities for 

contact through workplace and recreation. Overall, the experience of decline in social interaction 

and daily activities (29) makes stroke survivors more vulnerable to depression.  

 

SEX DIFFERENCES IN STROKE 

Sex differences have not only been reported in epidemiologic studies that evaluated the 

prevalence/incidence of stroke, but also in the pathophysiology, outcomes, and their response to 

treatments. For example, results from the Framingham Heart study revealed sex differences in 

the reduction of stroke incidence from 1950 to 2004, with 30.3% decrease for men and only 17.8% 

for women (30). Even though the occurrence of ischemic stroke is relatively rare among pre-

menopause women; strikingly, this risk doubles every 10 years after the menopausal transition; 

and older women are likely to experience worse outcomes and higher mortality (31, 32). In 

agreement, Towfighi et al., reported a surge in the prevalence of mid-life stroke among women 

aged 45 to 54 years in the US (33). The same group also reported higher stroke prevalence in 

women compared with men 45 to 54 years of age when analyzing the data from the National 

Health and Nutrition Examination Surveys (NHANES) (34). Similarly, the American Heart 

Association statistics revealed that global stroke prevalence was 3% in 2008, being most 

prevalent in men (age-adjusted male/female ratio of 1.41) (35); interestingly, in the older age 

group ( 85 years and older), stroke was far more common in women than in men (36). Compared 

to male counterparts, older women are also likely to experience worse functional outcomes and 
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slower recovery post-stroke (37-39). Another study analyzed data obtained from the World Health 

Organization (WHO) and revealed that across European and Central Asian countries, stroke 

caused a total death of 739,000 women, which was almost double the number in men (487,000 

deaths), with 60% of death occurred among subjects at 75 years or older (40). This study (40) 

also showed that in subjects below 65 years of age, the mortality rate was higher among men 

(male/female ratio = 1.72), whereas this relationship was reversed in subjects over 75 years of 

age (male/female ratio = 0.42). Reeves et al., also reported that in the US, there was similar 

difference in mortality rate between both sexes, among subjects aged 65 or younger such that 

there were approximately 7,500 more stroke deaths in women aged 75–84 years, and nearly 

26,000 more stroke deaths in women aged over 85 years (41).  

 

WHY OLDER WOMEN HAVE A GREATER RISK FOR STROKE THAN MEN 

 One explanation for the greater risk/prevalence of stroke in older women is thought to be 

due to their greater life expectancy, thus allowing them to reach the age of greatest stroke risk 

(40). Another possible reason for observed acceleration of mid-life stroke risk factors for women 

seems to be associated with the menopausal transition (42, 43), a process that is characterized 

by dramatic declines in two major ovarian hormones, estradiol (E2) and progesterone (P4). This 

hypothesis is well supported, where studies have also shown that these hormones can exert 

neuroprotective effects (44-47), and evidence of more severe neurological deficits associated with 

menopause (44, 48, 49).  
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HORMONES ARE PROTECTIVE 

 

ESTROGEN 

The effect of estradiol (E2), the biologically most potent and prevalent estrogen in the pre-

menopausal period, on reproduction and sexual behavior has been well studied prior to the 1990’s 

(50, 51). After the mapping of nuclear estrogen receptor in brain regions such as hypothalamus, 

context, and hippocampus (52, 53), the field started to realize the extended functions of this 

steroid hormone beyond the confines of the reproductive system. Since then, studies have 

demonstrated the neuroprotective functions of E2 against a wide variety of injuries including 

Alzheimer's disease (AD), traumatic brain injury (TBI), hypoxia and excitotoxicity (54-57). In 

addition, Simpkins and Yang et al., are among the first groups to demonstrate the neuroprotective 

function of E2 against ischemic stroke (48, 58, 59), followed by others (44, 45, 60-62).  

For decades, the field focused on E2 such that the reduced prevalence/risk for stroke in 

the premenopausal female was thought to be largely due to the protective effects of E2. For this 

reason, progesterone (P4) has been understudied in the context of neural injuries including 

ischemic stroke. However, it is worth noting that the levels of P4 also decline precipitously 

following menopause. As such, increased risk for stroke, worse functional and cognitive 

impairment, and higher mortality following stroke in post-menopausal women could also be 

contributed by the loss of P4. Growing literature from studies conducted over the past decade 

have provided evidence supporting the notion that P4 is a potent neuroprotectant against a variety 

of neural injuries including cerebral ischemia (63-65). 
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PROGESTERONE 

 

PROGESTERONE RECEPTORS IN THE CENTRAL NERVOUS SYSTEM 

   Progesterone (P4) is known to trigger multiple signaling pathways depending on the 

specific interaction with its receptors. For example, P4 can participate in gene expression 

regulation by acting via classical progesterone receptors (PR) that belong to the nuclear steroid 

receptor superfamily. Cellular/physiological responses resulted from the PR-mediated signaling 

are relatively slow, considering the time required for the process of gene transcription, followed 

by translational modification, to create protein products, that in turn, exert their physiological 

effects. In contrast, studies have shown that P4 can also elicit rapid and non-genomic actions 

through putative cell membrane-associated receptors, resulting in the activation of intracellular 

signaling pathways more commonly associated with growth factors (66-68).  

The classical PR exists as two major isoforms: PR-A and PR-B. These two isoforms are 

transcribed from two distinct promoter regions of a single gene and differ by a 164-amino-acid 

segment in the N-terminal region of PR-B (69, 70). The structure of PR infers four functional 

domains including an N-terminal regulatory domain, a DNA binding domain (DBD), hinge region 

and a C-terminus ligand binding domain (LBD) (71). In addition, it also contains transcription 

activation function (AF) and inhibition function (IF) domains (72), which serve as binding sites for 

nuclear coregulators. Concerning functionalities, despite sharing similar affinities for hormone and 

DNA-binding, the actions of PR-A and PR-B are remarkably different, and they target distinct gene 

networks (73-75). And in some instances, the two isoforms even exert opposite effects on the 

same gene promoter such as human gonadotrophin-releasing hormone receptor, uteroferrin, 

catechol-O-methyltransferase, and corticotrophin-releasing hormones genes (75-79). The exact 

mechanisms by which the two isoforms exert their specific transcriptional regulation, however, 

remain unclear. It has been speculated that transcription factors and nuclear coregulator proteins 
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flanking the progesterone response element (PRE) might attribute to the transcriptional regulatory 

specificity of these isoforms (75).  

According to the classical view, gene transcription requires the dimerization of PRs and 

its subsequent binding to the PRE of target genes in the nucleus (71). However, this model has 

been questioned because of recent evidence suggesting that PR monomers may even be more 

efficient trans-activators than dimers (75, 80). PR expression is regulated by both E2 and P4 in a 

region-specific manner. For example, E2 induces PR expression in hypothalamic and limbic 

regions, including the nucleus of the stria terminalis, the CA1 region of the hippocampus and 

amygdaloid nucleus (81, 82), but not in other brain regions such as cerebral cortex, caudate 

putamen, midbrain, cerebellum, dentate gyrus and the CA3 region of the hippocampus (81, 82). 

Interestingly, studies showed that P4 only downregulates expression of PR in regions where E2 

elicits an increase in its expression. However, it has no effect on PR expression in brain regions 

that are not responsive to E2 (83-85).  

As mentioned above, P4 can exert rapid, non-genomic actions by activating membrane 

receptors belonging to the progestin and adipoQ receptor (PAQR) family, referred as membrane 

progesterone receptors (mPRs) (86-88). mPRs are G-protein coupled receptors that exhibit seven 

transmembrane-spanning domains and are divided into three classes based on their ligand 

binding and structural properties (89, 90). Among these three classes, only members in class II 

are present in vertebrates, including mPRα, mPRβ, mPRγ, mPRδ and mPRϵ, which were cloned 

and characterized by Thomas and colleagues (86, 87, 91). Among these, mPRβ, mPRγ, mPRδ 

are Gi-protein-coupled receptors, whereas mPRα and mPRϵ are coupled to Gs proteins (86, 87, 

91). These mPRs have been mapped in the human brain, and their levels and expression patterns 

vary across brain regions. For example, highest levels of mPRα were detected in the medulla, 

pituitary gland, and temporal lobe. mPRβ is highly expressed in hippocampus, hypothalamus, 

corpus callosum, substantia nigra, and cerebellum. mPRγ is less abundant than other mPRs in 

many brain regions, with highest relative expression in the choroid plexus and pons. mPRδ is 
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mostly expressed in the forebrain, corpus callosum, hypothalamus, amygdala, whereas mPRϵ is 

abundant in the hypothalamus and pituitary gland (86, 87, 91). mPRs are also expressed in mouse 

and rat brain. For example, mPRα was widely detected in many regions including the striatum, 

cortex, hypothalamus, thalamus, cerebellum, and hippocampus (92). mPRβ has been mapped to 

the mediobasal hypothalamus (93), and it is also highly expressed in the forebrain, midbrain, 

cortex, thalamus, and hypothalamus (94). The expression of mPRγ in the mouse brain is low and 

was only detected using the RT-PCR method, but not by in-situ hybridization (95). Knowledge on 

the regulation of these mPRs, however, is still limited. Expression of mPRα and mPRβ in the brain 

have been shown to vary with hormonal changes during the estrous cycle, with highest mPR 

expression noted at proestrus (a period of high E2 levels), suggesting these two mPRs could 

potentially be downregulated by progesterone and upregulated by estrogen (96). Regulation of 

the remaining mPRs is still not uncharacterized. Information on the functionalities of mPRs also 

remains limited. mPRα has been shown to mediate progesterone’s antiapoptotic function in 

granulosa and breast cancer cells (97, 98), and is likely to be involved in inhibition of 

gonadotropin-releasing hormone (GnRH) release from rodent GnRH neurons (99). It has also 

been suggested that mPRβ may have similar steroid binding and signaling characteristics as seen 

with mPRα (100, 101). For example, these two mPRs were shown to have similar functions in 

mediating P4’s transactivation of the classical PR in human myometrial cells (101); and these two 

mPRs have been implicated in the progesterone’s action in the ventral tegmental area (VTA) 

leading to facilitation of lordosis in rats (102). Functions of the remaining three mPRs are still 

unclear.  

Another known putative receptor that mediates P4’s rapid, non-genomic action is the 

progesterone-membrane-receptor-component 1 (Pgrmc1), also known as 25-Dx. Pgrmc1 was 

first cloned from porcine liver microsomes in 1996 (103). Its structure is composed of 194 amino 

acids and consists of a single transmembrane domain (103, 104). Pgrmc1 was detected with low 

expression throughout the cortex and striatum, while highly expressed in other brain regions that 
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include the hypothalamus, amygdala, ventromedial hypothalamus, paraventricular nucleus, 

supraoptic nucleus, arcuate nucleus, and hippocampus (105). Various functions have been 

proposed for this putative receptor. For example, Pgrmc1 can act as an adaptor protein to 

transport mPRα to the cell membrane, and this Pgrmc1/mPRα complex acts as a membrane 

progesterone receptor to mediate progestin-induced anti-apoptosis (106). It also mediates P4-

induced proliferation of neural progenitor cells (107), P4’s antagonism of ion channels in epithelial 

cells (108), P4’s inhibition of calcium oscillations in hypothalamic neurons (109), and 

osmoregulation in traumatic brain injury (110). Another important function of Pgrmc1 in P4’s 

protective effects, and characterized by our laboratory, is its involvement in the release of brain-

derived-neurotrophin-factor (BDNF) (111). Despite Pgrmc1’s wide distribution in brain and its 

potential importance in mediating P4-induced protection, knowledge regarding the regulation of 

Pgrmc1 in brain and the consequence of such regulation is limited.  

 

CELLULAR/MOLECULAR MECHANISMS OF PROGESTERONE-INDUCED 

NEUROPROTECTION 

Numerous mechanisms have been proposed to underlie the neuroprotective effects of 

progesterone (P4). For example, P4 elicits protection by activating signaling pathways such as  

the MAP/ERK (112, 113) and Akt (114) pathway in neurons; these pathways are known to 

associate with neuroprotection (114, 115). In addition to its direct effect on neurons, P4 can also 

exert neuroprotection by acting on non-neuronal populations. For instance, P4 can dampen glial 

activation (116), suppress inflammation and the production of nitric oxide synthase (64), and 

increases myelination (117), all of which may indirectly confer neuroprotection.  

P4-induced neuroprotection may also be attributed to its genomic action – i.e., through the 

regulation of gene expression. For example, P4 increases the expression of BDNF (118, 119), 

which in turn, could lead to cell survival. It is also worth noting that neurotrophin signaling is a 

necessary element in P4-induced neuroprotection (120). P4 is also capable of modulating 
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expression of inflammatory cytokines such as interleukin-1β (IL-1β) and transforming growth 

factor- β2 (TGFβ2) (64), which may contribute to their suppression during the injury-induced 

inflammatory response.  

Alternatively, P4 may also act on cell surface novel receptors such as mPRs or Pgrmc1, 

where it can elicit the activation of rapid signaling transduction pathways that in turn, regulate 

cellular events that are relevant and critical for neuroprotection. For example, as stated above, 

P4 can activate signaling pathways including MAPK (ERK1/2) (112, 121), the PI-3K/Akt pathway 

(114) and the cAMP/PKA (91, 122), all of which have been implicated in neuroprotection. The 

activation of MAPK and Akt pathways have been shown to upregulate anti-apoptotic protein such 

as Bcl-2 (113). Moreover, Pgrmc1/mPRα complex plays a role in mediating P4-induced anti-

apoptotic function (106). Importantly, recently published work from our laboratory reported P4 

induced BDNF release from glia, and that this glial-derived BDNF was neuroprotective and 

resulted in an enhancement on synaptogenic markers (111). 

 

BDNF 

BDNF, another known mediator of P4’s protective function, has been gaining attention 

due to its essential role in many important processes that are required to maintain healthy function 

of the central nervous system (CNS). BDNF belongs to the neurotrophin family, and it is 

synthesized in both neurons and glia (123, 124). BDNF is initially synthesized as a glycosylated 

precursor (pre-pro-BDNF), processed into a 35 kDa pro-BDNF, which can then be converted into 

the 14 kDa mature BDNF (125, 126). The pro- and mature form of BDND preferentially act on 

different receptors that elicit opposite biological functions, such that mature BDNF binds to the 

TrkB receptor and influence neuronal survival, differentiation, and promote long-term-potentiation 

(LTP) (124, 125, 127), whereas pro-BDNF binds to p75NTR and can promote neuronal apoptosis 

and long-term-depression (LTD) (126). Studies have linked a deficit in BDNF to stroke 
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pathophysiology (128, 129). In addition, it has been suggested that neuronal dysfunction or 

atrophy observed in aging or age-associated diseases may be attributed to decreases in mature 

neurotrophic factor expression or function (130, 131). BDNF has an established role in promoting 

neuronal differentiation, survival, synaptic plasticity (123, 132) and synaptogenesis [19-21]. 

Synaptogenesis occurring in the peri-infarct region is known to strongly contribute to enhanced 

functional recovery from stroke [22-25]. Based on these observations, it is plausible that the 

P4/BDNF signaling-mediated enhanced synaptogenesis and neuroprotection may contribute to 

P4’s protective effects during post-stroke brain repair. 

Another mechanism by which P4 can induce protective effect is through its metabolite, 

allopregnanolone ( or 3α, 5α tetrahydro-progesterone), which binds to GABAA receptor, leading 

to the potentiation of GABA-induced chloride conductance (133). Emerging evidence has 

suggested that allopregnanolone plays a role in mediating the protective effect of P4 (134-136). 

In addition to acting on GABAA receptor system, allopregnanolone may also exert neuroprotection 

through its actions on the mitochondria (137). For example, Sayeed et al., have reported that 

allopregnanolone inhibits currents associated with the opening of the mitochondrial permeability 

transition pore (mtPTP) and therefore, may help reduce the occurrence of apoptosis as a 

consequence of injury-induced mtPTP opening (136). Allopregnanolone has also been shown to 

be a potent mPRδ agonist that triggers an increased cAMP production and the promotion of anti-

apoptotic function in hippocampal neurons (91). 

 

MENOPAUSE AND THE POST-MENOPAUSAL PERIOD 

The menopause is marked as one of the most significant events in a woman's life, bringing 

along various physiological changes that permanently affect the reproductive ability of a woman. 

It is defined as the termination of menstruation leading to ovarian failure characterized by the loss 

of ovarian follicle development (138). Menopause begins at the time of the final menstruation, 
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followed by 12 months of amenorrhea; the post-menopausal period is defined as the period 

following the final menses (139). The average age of menopause in the U.S. is 51 years. 

Interestingly, the age at menopause seems to be genetically predetermined and is not affected 

by race, socioeconomic status or number of prior ovulation (140). However, it appears that factors 

which are toxic to the ovary may lead to an earlier age of menopause. For example, smoking has 

been implicated in women reaching their menopause sooner (141). Moreover, those who have 

undergone an oophorectomy, with or without a hysterectomy, may also experience early 

menopause, termed surgical menopause (142). In humans, while the menopause is associated 

with changes in hypothalamic and pituitary hormones, it is not a central event, but rather 

secondary to the primary event of ovarian failure (140). During the menopause, there is a 

depletion of ovarian follicles, which makes the ovary no longer responsive to the pituitary 

hormones such as follicle-stimulating hormone (FSH) and luteinizing hormone (LH); which in turn, 

leads to the cessation of ovarian estrogen (E2) and progesterone (P4) production. Levels of E2 

and P4 decline dramatically following menopause, imposing some major health concerns often 

known as post-menopausal syndrome. The postmenopausal syndrome can be accompanied by 

hot flushes, insomnia, mood swings, dry vagina, sexual dysfunction, stress and urge 

incontinences, depression, difficulty concentrating, and osteoporotic symptoms. (140). It is worth 

noting that the menopausal transition is a period when women’s risk for cardiovascular, cognitive 

impairment and osteoporosis increase significantly, such that the incidence of these diseases 

increase substantially (143). As such, the next 30 years (translating to approximately one-third of 

a women’s life) is spent in an estrogen- and progesterone-deprived state, the consequence of 

which is to put women at greater risk for a number of serious health issues.   
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INTRODUCTION OF microRNA  

MicroRNAs (miRNA) are a novel class of short (~18-25 nucleotides), non-coding RNAs 

that are expressed in all eukaryotes, and predicted to post-transcriptionally regulate at least half 

of the human transcriptome (144). Approximately 50% of miRNA-coding genes are located within 

the intergenic region and have their own regulatory elements (145); while another 40% of miRNA 

genes are situated within introns, and the remaining 10% are positioned in exon terminals (146). 

As such, expression of miRNAs are often dependent on the regulation of their host gene, 

suggesting they may be involved in controlling the genetic networks related to the function of the 

host gene product (147). Interestingly, many miRNA genes are clustered together, with an 

intergenic space ranging from 0.1 to 50 kb, and display similar expression pattern (148).  

miRNA biogenesis starts with miRNA gene transcription in the nucleus by RNA 

polymerase II or III, resulting in the generation of a primary miRNA (pri-miRNA) transcripts, 

consisting of a large (3-4 kb in length) stem-loop structure with a 5’cap and a 3’ polyA tail (149). 

These pri-miRNAs are then recognized and further processed by a molecular complex comprising 

of RNase III Drosha, DGCR8 (DiGeorge syndrome critical region gene 8), the RNA-binding 

protein (RBP) (150, 151) and auxiliary factors (i.e., p72 and KH-type splicing regulatory protein) 

(152), generating a ~ 60-70-nucleotide long hairpin precursor miRNAs (pre-miRNA) (152). Pre-

miRNAs are actively transported out of the nucleus to the cytoplasm, via export receptor Exportin 

5 in a GTP-dependent manner (153). Once in the cytoplasm, pre-miRNAs are cleaved into ~22-

nucleotide-long miRNA/miRNA* duplexes by Dicer/TRBP (the human immunodeficiency virus 

(HIV)-1 transactivating response RNA-binding protein) complex (154). Finally, only the mature 

“guide” strand of the miRNA/miRNA* duplex is associated with an Argonaute (Ago) protein and 

loaded into the RNA-induced silencing complex (RISC), ready to bind to its mRNA target via 

complementary binding (155). The overview of the miRNA biogenesis is demonstrated in 

illustration 1 at the end of this chapter (156). 
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The gene regulatory action of miRNA is achieved by its binding to the 3’-untranslated 

region (3’UTR) of targeted mRNA, consequently regulating the mRNA stability and protein 

translation (157, 158). Due to its regulation of a large number of genes, miRNA has been shown 

to coordinate key cellular processes including DNA repair, metabolism, proliferation, and 

apoptosis (reviewed in (157-159). Dysregulation of miRNAs has been implicated in a variety of 

pathologies including cancers (160), stroke ( see (161) for review) and neurodegenerative 

disorders such as Parkinson’s disease (PD)(162, 163), Alzheimer's disease (AD)(164, 165), 

Huntington's disease (HD)(166, 167), and Amyotrophic lateral sclerosis (ALS) (168, 169). It is 

worth noting that every miRNA has a unique sequence and expression pattern in different cell 

types (160, 170).  

 

THE LET-7 microRNA FAMILY 

The lethal-7 (let-7) was among the first miRNAs discovered (171), and its sequence is 

highly conserved across species (172). Not only are the sequences and temporal expression 

patterns conserved across species, but the clustering and genomic organization of let-7 miRNAs 

are also well-conserved (146, 173, 174), suggesting the importance of these genes and the need 

to sustain their expression patterns both temporally and spatially.  

In vertebrates, the let-7 family comprises more members than in D. melanogaster and C. 

elegans (175). The mature sequences of the let-7 members are shown in illustration 2 (176), 

which includes multiple isoforms resulting from post-transcriptional modification (177). Being 

members of the same miRNA family, these miRNAs share a similar seeding sequence, defined 

as a highly-conserved region within the miRNA (nucleotides 2 to 8), which is critical for targeted 

mRNA recognition (178). This also suggests that members of the let-7 family may share at least 

some targets and functions. For example, both pre-let-7d and pre-let-7g have been shown to 
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regulate expression of IMP-1 ( IGF-II mRNA-binding protein 1) expression in A549 carcinoma 

cells (179). Interestingly, Obad and colleagues also reported that all let-7 members could 

effectively repress the reporter activity of the high-mobility group AT-hook 2 (HMGA 2) 3’ UTR in 

Huh-7 hepatocarcinoma cells (180). In animals, some of the known biological functions of the let-

7 family include limb development in chicken and mouse (181, 182), the regulation of stem cell 

differentiation in C. elegans (183), cell proliferation and differentiation (184-186), and neuro-

musculature development and adult behaviors in flies (187). This miRNA family is also well-known 

for their tumor-suppressing functions in cancers (184, 188). 

In the CNS, let-7 miRNAs are expressed in both embryonic and adult brains (189-191). 

Studies have reported their elevated expressions and maturation during neural cell specification 

(186, 192). The role of let-7 has been studied extensively in cancers. However, knowledge of their 

functions in the brain is limited. One known function of the let-7 miRNAs is their involvement in 

neural cell specification. For example, let-7a has been reported to play a role in the differentiation 

of embryonic neural progenitors (193), and let-7b is capable of reducing the self-renewal process 

of aging neural stem cells (194), while let-7i is a potent inhibitor of neuronal differentiation (195). 

Other studies have reported the protective role of let-7c in a traumatic brain injury model, while 

let-7a and let-7f have deleterious function following ischemic injury (196, 197).  

 

WHY LET-7i 

Herein, we focus on the role of let-7i in the overall protective function of progesterone (P4) 

in ischemia due to its potential connections with Pgrmc1 and BDNF, the two key players in P4’s 

action in the brain as discussed earlier. Let-7i has been reported to regulate the expression of 

Pgrmc1 in ovarian cancer cells (198). In addition, our in silico analysis revealed that both Pgrmc1 

and BDNF are potential targets of let-7i (see illustration 3) and a reduction of BDNF level has 
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been observed in ischemic brain (197), suggesting that in the ischemic brain, let-7i may play a 

role in influencing P4’s mechanism of protection via regulating the expression of Pgrmc1 and 

BDNF, which have both been reported by our laboratory as key mediators of P4’s protective 

effects on brain cells. 

 

HYPOTHESIS 

Our central hypothesis is that let-7i represses P4’s neuroprotective effects by down-

regulating the expression of both Pgrmc1 and BDNF in glia, leading to 1) suppression of P4-

induced BDNF release from glia, and 2) attenuation of the beneficial effects of P4 on neuronal 

survival and markers of synaptogenesis in the ischemic brain. A schematic representation of this 

central hypothesis is shown in illustration 4. 

Our long-term goal is to harness the therapeutic benefit that is offered by P4 in preventing 

and treating stroke and neurodegenerative disorders. Our overall objective, which is the next step 

in pursuit of that goal, is to determine how Pgrmc1 expression is regulated in glia and the 

consequence of such regulatory mechanisms on P4’s efficacy towards stroke recovery.  

The rationale for the proposed research is that, because glial Pgrmc1 and BDNF are 

shown to mediate several beneficial effects of P4, understanding how their expression is 

regulated by miRNA in the CNS could reveal insight into how alteration of their expression might 

be a viable method of treating stroke, and possibly other neurodegenerative disorders. We 

proposed to test our central hypothesis and, thereby, accomplish our overall objective for this 

project through the completion of two specific aims: 

Specific Aim 1: Determine whether let-7i attenuates P4-induced neuroprotection and 

markers of synaptogenesis by suppressing the Pgrmc1/BDNF pathway in glia. Based on our 

preliminary data, our working hypothesis is that let-7i attenuates P4-induced neuroprotection and 
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reduces markers of synaptogenesis by suppressing the expression of Pgrmc1 and BDNF in glia, 

which ultimately results in an overall decrease in the availability of BDNF (released from glia) to 

act on the neighboring neurons. 

Specific Aim 2: Determine the involvement of let-7i in P4’s protective effects in a mouse 

middle cerebral artery occlusion (MCAo) model of ischemia. Our working hypothesis is that in the 

ischemic brain, let-7i attenuates P4-induced neuroprotection and synaptogenesis, hence 

decreasing animal functional recovery after stroke. Conversely, inhibition of Let7i is expected to 

enhance the protective effects of P4. 

Following successful completion of the studies proposed, we expect to not only advance 

our fundamental understanding of the receptor pharmacology associated with P4’s effects in the 

CNS but to also reveal the role of a major miRNA in the regulation of P4’s protective effects. 

Equally important, new and important mechanistic details will become available that will be 

relevant to the development of novel miRNA-based therapeutic strategies in mitigating the 

structural and functional deficits associated with stroke.
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Illustration 1. The overview of miRNA biogenesis (156). Adapted from Winter, J., et al., Many 

roads to maturity: microRNA biogenesis pathways and their regulation. Nat Cell Biol, 2009 
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Illustration 2. The vertebrate let-7 family (176). Adapted from Roush, S. and F.J. Slack, The let-7 

family of microRNAs. Trends Cell Biol, 2008. 
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Illustration 3. Potential binding sites of let-7i on Pgrmc1 and BDNF mRNAs. 
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Illustration 4. Central hypothesis. let-7i represses P4’s neuroprotective effects by down-regulating 

the expression of both Pgrmc1 and BDNF in glia, leading to 1) suppression of P4-induced BDNF 

release from glia, and 2) attenuation of the beneficial effects of P4 on neuronal survival and 

markers of synaptogenesis in the ischemic brain 

 

 

CENTRAL HYPOTHESIS 
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CHAPTER II 

 

GENERAL METHODS 

 

PRIMARY NEURONS AND ASTROCYTES PREPARATION 

Dissociated cortical neurons were prepared and maintained as previously described (1). 

Briefly, cortices were removed from neonatal mouse brains (postnatal day 2–4, mixed gender) 

and dissociated with 0.25% trypsin. Cortical neurons were then plated on glass coverslip or plastic 

culture dishes coated with poly-D-lysine (Sigma). The culture medium used was Neurobasal 

(ThermoFisher Scientific), supplemented with Glutamax and B27 serum-free supplement 

(ThermoFisher Scientific). On the 3rd day in vitro (DIV3), 5 µM (final concentration) of 1-β-

arabinofuranosylcytosine (AraC) (Sigma) was added to the neuronal cultures to prevent glial 

proliferation. Half of the medium was replaced with fresh medium every four days. For viability 

assay, cortical neurons were plated onto 96-well plates (Corning) at a concentration of 1.2x105 

cells/cm2. For immunocytochemistry, cortical neurons were plated onto 12mm glass coverslip 

(Neuvitro) at a density of 4x104 cells/cm2. Treatments of primary cortical neurons started at 

DIV12. 

Primary cortical astrocytes were prepared and maintained as previously described (2), 

with some modifications. Briefly, cortices of post-natal day 2-4 mouse pups were dissociated with 

0.25% trypsin and plated onto 75 cm2 tissue culture flask. The culture medium used was 

Dulbecco’s modified Eagle’s medium (DMEM) (ThermoFisher Scientific), supplemented with 10% 

fetal bovine serum (FBS) (GE Healthcare Life Sciences) and 10000U/ml Penicillin-Streptomycin 

(ThermoFisher Scientific). After reaching confluence, mixed glial cultures were placed on the 
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shaker for 48 h to dislodge microglia, resulting in cultures enriched with more than 95% pure 

astrocyte population.   

TRANSFECTION 

Transfection of miRNA mimics and inhibitors was performed using the Hiperfect 

transfection reagent (Qiagen) according to manufacturer’s instructions.  Cells were transfected 

with miRNA mimics and inhibitors for 48 h. This duration was chosen since it resulted in an optimal 

effect on targets-of-interest, based on our preliminary data (Chapter V, figure 3). Synthetic miRNA 

mimics (Syn-mmu-let-7i-5p, Syn-mmu-let-7f-5p) and inhibitors (Anti-mmu-let-7i-5p, Anti-mmu-let-

7f-5p) were purchased from Qiagen. 

QUANTITATIVE RT-PCR 

Total RNA was isolated from primary cortical astrocytes and mouse brains using the 

MiRNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions. Concentrations of 

extracted RNA were determined using absorbance values at 260 nm. The purity of RNA was 

assessed by ratios of absorbance values at 260 and 280 nm (A260/A280 ratios of 1.9 –2.0 were 

considered acceptable).  

For miRNA expression measurements, total RNA (10ng) was reverse transcribed into 

cDNA in a total volume of 15 µl using the microRNA cDNA Archive Kit (ThermoFisher Scientific) 

according to the manufacturer’s instructions. The reaction mixture contained water, 2x 

quantitative PCR Master Mix (Eurogentec), and 20x Assay-On-Demand for each target gene. A 

separate reaction mixture was prepared for the endogenous control, U6. The reaction mixture 

was aliquoted in a 96-well plate, and cDNA added to give a final volume of 20 µl. Each sample 

was analyzed in triplicate. The comparative cycle threshold (Ct) method (2-∆∆Ct) was used to 

calculate the relative changes in target miRNA expression.  
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For mRNA expression measurements, total RNA (1.6 µg) was reverse transcribed into 

cDNA in a total volume of 20 µl using the High-Capacity cDNA Archive Kit (ThermoFisher 

Scientific) according to the manufacturer’s instructions. The reaction mixture contained water, 2x 

quantitative PCR Master Mix (Eurogentec), and 20x Assay-On-Demand for each target gene. A 

separate reaction mixture was prepared for the endogenous control, GAPDH. The reaction 

mixture was aliquoted in a 96-well plate, and cDNA (30 ng RNA converted to cDNA) was added 

to give a final volume of 30 µl. Each sample was analyzed in triplicate. The comparative cycle 

threshold (Ct) method (2-∆∆Ct) was used to calculate the relative changes in target gene 

expression.  

PCR primers were purchased as Assay-On-Demand from ThermoFisher Scientific. The 

assays were supplied as a 20 mix of PCR primers (900 nM) and TaqMan probes (200 nM). The 

let-7i (002221), U6 (001973), BDNF (Mm00432069_m1), GAP-43 (Mm00500404_m1), GAPDH 

(Mm99999915_g1), PSD-95 (Mm00492193_m1), Pgrmc1 (Mm00443985_m1) and SYP 

(Mm00436850_m1) assays contain FAM (6-carboxy-fluorescein phosphoramidite) dye label at 

the 5’ end of the probes and minor groove binder and nonfluorescent quencher at the 3’ end of 

the probes. 

BDNF RELEASE ASSAY 

To determine the amount of endogenous BDNF released with P4 treatment, we performed 

an in-situ ELISA using the BDNF Emax® ImmunoAssay Systems (Promega), as previously 

described (3). In brief, a 96-well Nunc MaxiSorp surface polystyrene flat-bottom immunoplate was 

precoated with an anti-BDNF monoclonal antibody [diluted 1:1,000 in coating buffer (25 mM 

sodium bicarbonate and 25 mM sodium carbonate, pH 9.7)]. After blocking nonspecific binding, 

primary cortical astrocytes were then plated, followed by appropriate treatments application. 

BDNF standards, ranging in concentration from 1.95 to 500 pg/ml, were added to parallel wells. 

At the end of hormone treatment, cells were carefully washed with TBST. The plate was then 
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incubated with the polyclonal anti-human BDNF antibody. The amount of specifically bound 

polyclonal antibody was then detected through the use of the anti-IgY-horseradish peroxidase 

(HRP) tertiary antibody, which when exposed to the chromogenic substrate (TMB reagent), 

changes color in proportion to the amount of BDNF present in the sample. The color intensity was 

quantified by measuring the absorbance at 450 nm with a Viktor3 ELISA plate reader (Perkin 

Elmer). Only values within the linear range of the standard curve, and above the lowest standard, 

were considered valid. This method allowed detection of as little as 2pg/ml BDNF release in 

control cultures to ~250 pg/ml in P4-treated cultures. 

CELLTITER-GLO LUMINESCENT VIABILITY ASSAY (Promega) 

This assay uses the level of adenosine triphosphate (ATP) as an indicator of metabolically 

active cells and is directly proportional to the number of living cells (4, 5). The assay was 

performed according to manufacturer’s instruction. In brief, cell plate was first equilibrated to room 

temperature for 30 minutes. A volume of the kit reagent equal to the volume of cell culture present 

was then added to each well. The plate was then placed on an orbital shaker for 2 minutes to 

induce cell lysis, followed by 10 minutes of incubation at room temperature. Luminescence was 

recorded using a plate reader. 

OXYGEN-GLUCOSE DEPRIVATION (OGD) 

OGD was performed according to an established protocol, as described elsewhere, with 

minor modifications (6). Briefly, primary cortical neurons were carefully washed five times with 

Hank’s balanced salt solution (HBSS, ThermoFisher Scientific) to remove residual glucose. 

Glucose-free DMEM (ThermoFisher Scientific) was then added to the cultures, and the plates 

were transferred into a hypoxic chamber (0.1% oxygen) for 1h. At the end of hypoxia, glucose-

free DMEM was replaced with regular maintaining media. Re-oxygenation was initiated by 

transferring the cells to normoxic 5% CO2 cell culture incubator. 
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WESTERN BLOTTING  

Primary cortical astrocytes and mouse brains were lysed with RIPA (radio-immuno 

precipitation assay) lysis buffer containing protease and phosphatase inhibitors, as previously 

described (1). After homogenization, samples were centrifuged at 120,000 x g  for 30 min at 4°C 

and supernatants were collected. Total protein concentrations were determined using the Bio-

Rad DC protein assay kit (Bio-Rad Laboratories). Cell lysates were separated by SDS-PAGE and 

transferred onto a polyvinylidene fluoride (PVDF) membrane (Bio-Rad Laboratories) by 

electroblotting. Membranes were blocked with 5% skim milk in tris-buffered saline containing 0.2% 

Tween 20 (TBS-T) for 1h at room temperature, followed by overnight incubation with the primary 

antibody, at 4°C. The following primary antibodies were used: rabbit polyclonal anti-PSD 95 

(1:1000, ab18258, Abcam), rabbit polyclonal anti-Synaptophysin (1:1000, ab14692, Abcam), 

rabbit monoclonal anti-GAP43 (1:200000, ab75810, Abcam), rabbit monoclonal anti-GAPDH 

(1:1000, 14C10, Cell Signaling), rabbit polyclonal anti-BDNF (1:300, sc546, Santa Cruz) and goat 

polyclonal anti-Pgrmc1 (1:500, ab48012, Abcam). After washing three times with Tris-buffered 

saline containing 0.2% Tween-20 (TBS-T), membranes were incubated with anti-goat IgG or anti-

rabbit IgG conjugated with horseradish peroxidase (Millipore) for 1hr at room temperature. After 

three washes with TBS-T, immunoreactive bands were visualized with the ECL detection system 

(ThermoFisher Scientific). The chemiluminescent signal was captured using a luminescent image 

analyzer (Alpha Innotech). Densitometric analysis of visualized bands was conducted using 

ImageJ (National Institutes of Health) software (7). 

IMMUNOHISTOFLUORESCENCE 

Cortical neurons were fixed with 4% paraformaldehyde (PFA) for 15 min, followed by 

incubation in Tris-buffered saline (TBS) containing 0.2% Triton X-100 for 15 min at room 

temperature for permeabilization. Cultures were then blocked with 5% donkey serum/1% bovine 

serum albumin (BSA) in TBS for 1 h at room temperature and incubated with rabbit monoclonal 
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anti-Synaptophysin (1:500, ab32127, Abcam) for 48 h at 4ºC. After extensive rinsing with 

TBS/0.05%Tween 20, cultures were incubated with Alexa Fluor 647-conjugated secondary 

antibody (1:500, Jackson ImmunoResearch Laboratories) for 2h at room temperature. After 

extensive washing with TBS to remove unbound secondary antibody, the coverslips were 

mounted onto glass slides (VWR Scientific) using Vectashield mounting medium with DAPI 

(Vector Laboratories). The slides were observed under a confocal fluorescence microscope 

(FV1200, Olympus) with a 60x objective.  

Mouse brains were fixed in 4% PFA overnight at 4ºC and subsequently cryoprotected in 

30% sucrose solution. The brains were then sectioned into 40-µm thick coronal slices and 

subjected to immunostaining using an established protocol described elsewhere, with some 

modifications (8). In brief, brain sections were blocked in 5% donkey serum/1%BSA/TBS solution 

for 2h at room temperature. In staining using mouse primary antibody, sections were 

subsequently blocked using the F(ab) fragment of donkey anti-mouse IgG (50ug/ml, Jackson 

ImmunoResearch Laboratories) for 2 h at room temperature to reduce background caused by 

secondary antibody binding to endogenous mouse IgG in the tissue. After the blocking step, brain 

sections were then incubated in the primary antibody solution at 4ºC for 72 h. Primary antibodies 

used were as follows: mouse monoclonal anti-NeuN (1:500, ab104224, Abcam); rabbit polyclonal 

anti-GFAP (1:1000, ab7260, Abcam); rabbit monoclonal anti-Synaptophysin (1:500, ab32127, 

Abcam) and goat polyclonal anti-Pgrmc1 (1:200, ab48012, Abcam). Alexa Fluor 647, Alexa Fluor 

594 or Rhodamine Red-conjugated secondary antibodies (Jackson ImmunoResearch 

Laboratories) were used at 1:500 dilution. After immunostaining, sections were mounted onto 

microscope slides with Vectashield mounting medium (Vector Laboratories) and observed under 

a confocal fluorescence microscope (FV1200, Olympus) with a 63x objective. 
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MICE AND TREATMENTS 

Animals were treated humanely and with regard for alleviation of suffering according to 

protocols approved by the Institutional Animal Care and Use Committee of University of North 

Texas Health Science Center. All institutional and national guidelines for the care and the use of 

animals were followed. Female C57BL/6J mice (18-week-old) were purchased from Jackson 

Laboratory. Animals were habituated to housing conditions one week prior to experiments.  

All mice were first ovariectomized to deplete endogenous ovarian hormone levels. Two 

weeks after ovariectomy (OVX), P4 pellets were subcutaneously implanted into these animals to 

replenish their progesterone levels. In parallel, different groups received cholesterol pellet 

implantations to serve as vehicle control. One week after pellet implantation, stroke was induced 

in these mice using middle cerebral artery occlusion (MCAo) procedure. In parallel, different 

groups received sham operation (non-stroke). 30 min after MCAo, 5µg of either scrambled or let-

7i inhibitor was injected into each animal brain via intracerebroventricular (ICV) injection. 

Experimental groups included sham-operated mice with cholesterol pellet implantation (sham), 

stroked mice with cholesterol pellet implantation and scrambled ICV injection (cholesterol + 

scrambled), stroked mice with P4 pellet implantation and scrambled ICV injection (P4 + 

scrambled), and stroked mice with P4 pellet implantation and let-7i inhibitor ICV injection (P4 + 

scrambled). 

OVARIECTOMY 

Bilateral ovariectomy (OVX) was performed using a dorsal approach under isoflurane 

anesthesia, as described elsewhere (9). Briefly, small incisions were made bilaterally to expose 

ovaries. The arteries adjacent to ovaries were ligated before the removal of the ovaries. Incisions 

were then closed using 4-0 Vicryl absorbable suture. All surgical procedures included the post-
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operative monitoring and management of stress and pain and were approved by the institutional 

animal care and use committee (IACUC). 

TRANSIENT MIDDLE CEREBRAL ARTERY OCCLUSION (MCAo) 

MCAo was performed to induce transient focal cerebral ischemia, as previously described 

(10). In brief, mice were anesthetized with isoflurane inhalation. A mid-line incision was made on 

the neck. Left common carotid artery (CCA), external carotid artery (ECA) and internal carotid 

artery (ICA) were dissected from the connective tissue. The left MCA was occluded by a 6-0 

monofilament suture (Doccol Corporation) introduced via internal carotid artery. After 45 minutes 

occlusion, the suture was withdrawn for reperfusion. In sham-operated animals, monofilament 

was advanced to MCA region and withdraw immediately without MCA occlusion. All surgical 

procedures included the post-operative monitoring and management of stress and pain and were 

approved by the institutional animal care and use committee (IACUC). 

INTRACEREBROVENTRICULAR (ICV) INJECTION 

5 µg of either scrambled or let-7i inhibitor (GE Healthcare Dharmacon) was suspended in 

0.5 µL of PBS and injected into lateral ventricles using a stereotaxic instrument, as previously 

described, with minor modifications (11). In brief, the solution was injected using a 5- µL Hamilton 

syringe attached to the Ultra Micro Pump UMP3 system (World Precision Instruments) at a flow 

rate of 0.2 μl/min. Coordinates used for ICV injection were: anteroposterior axis, relative to the 

bregma suture (AP) -0.58 mm, mediolateral axis, relative to the lambda suture (ML) ±1.2 mm, 

dorsoventral axis, relative to the intra-aural line (DV) -2.1 mm. All surgical procedures included 

the post-operative monitoring and management of stress and pain and were approved by the 

institutional animal care and use committee (IACUC). 

2,3,5-TRIPHENYLTETRAZOLIUM CHLORIDE (TTC) STAINING 
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TTC staining was performed to assess ischemic injury among groups, as described in an 

established protocol (12). Briefly, 24 h after MCAo, mouse brains were harvested and sectioned 

into 2-mm thick coronal sections. These sections were immersed in 2% TTC solution for 30 min 

at 37ºC and then fixed in 10% formalin. The stained slices were photographed and subsequently 

measured for the surface area of the slices and the ischemic lesion (Image-Pro Plus 3.0.1, Silver 

Springs, MD, U.S.A.). Imaged of stained sections were captured and infarct sizes were analyzed 

using ImageJ (National Institutes of Health) software (7). 

WIRE SUSPENSION TEST 

In ordered to assess motor function in animals exposed to different treatments, wire 

suspension test, a test of grip strength and endurance, was used, as described elsewhere (13). 

In brief, mice were allowed to suspend their bodies on a single wire that was elevated above a 

padded platform. The latency for animals to fall off the wire was recorded. Mice were trained two 

days prior to MCAo to establish a baseline across groups. Training was achieved with several 

rounds of habituation and trials. In the actual testing phase, each mouse was tested 3 times, and 

average performance was taken as final values. Performances of these mice was evaluated at 

day 3,7 and 14 post stroke. 

SYNAPTOPHYSIN (SYP) OPTICAL DENSITY ANALYSIS AND PUNCTA QUANTIFICATION  

For experiments using primary cortical neurons, mounted coverslips were imaged using a 

confocal fluorescence microscope (FV1200, Olympus) with a 63x objective. Healthy cells that 

were at least two cell diameters from their nearest neighbor were identified and selected at 

random by eye by DAPI fluorescence. Ten non-overlapping fields per sample were imaged. 

Quantification of SYP immunoreactivity (IR) was performed using ImageJ (National Institutes of 

Health) software (7). Average IR was calculated by dividing total IR value by the number of cells 

presented in the captured image. Synaptophysin puncta quantification was analyzed with a 
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custom plug-in (written by Barry Wark; available upon request from c.eroglu@cellbio.duke.edu) 

for ImageJ program. The details of this imaging and quantification method can be found in a 

previous publication (14).  

To quantify SYP fluorescence intensity and number of puncta in mouse brain, three 

independent coronal brain sections per animal were stained with SYP. 5-µm confocal scans were 

performed (optical section width, 0.33 μm; 15 optical sections each) at 63x magnification, as 

previously described (15). Maximum projections of three consecutive optical sections 

corresponding to 1-μm sections were analyzed by using the ImageJ puncta analyzer option to 

quantify for numbers of SYP puncta (≥5 optical sections per brain section and ≥15 total images 

per brain). Average SYP puncta density per imaged area was calculated for each treatment group.
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ABSTRACT 

 

Progesterone (P4) is a potent neuroprotectant and a promising therapeutic for stroke 

treatment. However, the underlying mechanism(s) remain unclear. Our laboratory has recently 

reported that brain-derived neurotrophic factor (BDNF) is a critical mediator of P4’s protective 

actions and that P4 enhances BDNF release from cortical astrocytes is mediated by a novel 

membrane-associated progesterone receptor, Pgrmc1. Here, we report that the microRNA 

(miRNA), let-7i, is a negative regulator of Pgrmc1 and BDNF in glia, and that let-7i disrupts P4-

induced BDNF release and P4’s beneficial effects on cell viability and markers of synaptogenesis. 

Using an in vivo model of ischemia, we demonstrate that inhibiting let-7i enhances P4 induced 

neuroprotection and facilitates functional recovery following stroke. The discovery of such factors 

that regulate the cytoprotective effects of P4 may lead to the development of biomarkers to 

differentiate/predict those likely to respond favorably to P4 versus those that do not. 
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SIGNIFICANCE 

 

We and others have found that Pgrmc1 plays an important role in mediating 

progesterone’s protective effects. Currently, knowledge regarding the regulation of Pgrmc1 in 

brain and the consequence of such regulation is limited. In this study, we identified microRNA 

(miRNA) let-7i as a negative regulator of Pgrmc1 and BDNF. We also discovered that through 

such regulation, let-7i is able to suppress P4-induced BDNF release from astrocytes and 

attenuated the P4’s neuroprotective effects as well as its positive regulation of synaptogenic 

endpoints in the ischemic brain. Additionally, we show that let-7i inhibition enhanced P4’s 

beneficial effects in ischemic brain. These findings are significant because they provide a strong 

scientific framework/foundation for the identification and development of a novel, miRNA-targeting 

approach for the treatment of ischemic stroke which could also impact the effectiveness of 

hormone-based therapeutic approaches. At the very minimum, a better understanding of the 

cellular/molecular factors that influence the brain’s response to P4 may lead to more informed 

decisions on who should (or should not) be considered for hormone therapy, thus supporting a 

personalized, precision-medicine approach for post-menopausal women. 
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INTRODUCTION 

 

Stroke has been reported as one of the leading causes of death and a major cause of 

disability in the US (1), costing approximately $34 Billion annually (according to the Center for 

Disease Control). A number of studies have shown that ovarian hormone, progesterone (P4), is 

neuroprotective in a variety of experimental models of stroke (2-4).  However, the underlying 

mechanisms for P4’s protective effects remain unclear.  

 

One known mediator of P4’s protective function is brain-derived-neurotrophic-factor 

(BDNF) (5). A deficit in BDNF has been linked to a more severe stroke pathophysiology (6, 7). 

This neurotrophin also has an established role in promoting neuronal differentiation, survival, 

synaptic plasticity (8-10) and synaptogenesis (11-13). Synaptogenesis occurring in the penumbra 

is known to strongly contribute to enhanced functional recovery from stroke (14-17). Based on 

these observations, it is plausible that the P4/BDNF signaling-mediated enhanced 

synaptogenesis and neuroprotection may contribute to P4’s protective effects during post-stroke 

brain repair.  

 

We recently reported that P4 elicits the release of BDNF from primary astrocytes via a 

putative membrane progesterone receptor consisting of progesterone-receptor-membrane-

component-1 (Pgrmc1) (18). Our results also suggest that conditioned medium derived from P4-

treated astrocytes, when applied to primary cortical neurons, increases the expression of synaptic 

markers in these neural cells and enhances their survival against oxidative stress. These findings 

support the model whereby P4 elicits its (neuro)protective effects through a mechanism that 

involves Pgrmc1-dependent BDNF release from glia.  
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While it is clear that Pgrmc1 plays an important role in P4’s protective effects on the brain, 

knowledge regarding the regulation of Pgrmc1 in the brain and the consequence of such 

regulation is limited. Studies suggest that microRNA (miRNA) might be involved (19, 20). 

MicroRNAs are a class of small non-coding RNAs with mature transcripts consisting of 18-25 

nucleotides (21). Indeed, there exists support for the role of miRNA in stroke (21-23) where 

manipulation of miRNA in experimental models of stroke resulted in neuroprotection (19, 22-24).   

 

In the present study, we aimed to investigate the role of a miRNA, let-7i, in regulating the 

protective function of progesterone in ischemia. Using an in vitro two-cell model system, which 

consisted of astrocytes and neurons, we found that let-7i negatively regulates expression of both 

Pgrmc1 and BDNF in glia, leading to suppression of P4-induced BDNF release from glia and 

attenuation of P4’s beneficial effects on cell viability and markers of synaptogenesis. In our in vivo 

model of ischemia (temporary middle cerebral artery occlusion, followed by reperfusion), 

combined treatment of P4 and the let-7i inhibitor/antagomir led to reduced ischemic injury and 

complete recovery of motor function. These findings support the therapeutic value of let-7i 

inhibition as a novel approach to enhance P4’s protective efficacy in ischemic brain.
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MATERIALS AND METHODS 

 

Primary cultures  

Dissociated cortical neurons were prepared and maintained as previously described (28). 

Briefly, cortices were removed from neonatal mouse brains (postnatal day 2–4, mixed gender) 

and dissociated with 0.25% trypsin. Cortical neurons were then plated on glass coverslip or plastic 

culture dishes coated with poly-D-lysine (Sigma). The culture medium used was Neurobasal 

(ThermoFisher Scientific), supplemented with Glutamax and B27 serum-free supplement 

(ThermoFisher Scientific). At day in vitro (DIV) 3, 5 µM final concentration of 1-β-

arabinofuranosylcytosine (AraC) (Sigma) was added to the neuronal cultures to prevent glial 

proliferation. Half of the medium was replaced with fresh medium every four days. For viability 

assay, cortical neurons were plated onto 96-well plates (Corning) at the concentration of 1.2x105 

cells/cm2. For immunocytochemistry, cortical neurons were plated onto 12mm glass coverslip 

(Neuvitro) at the density of 4x104 cells/cm2. Treatments of primary cortical neurons started at 

DIV12. 

Primary cortical astrocytes were prepared and maintained as previously described (31), 

with some modifications. Briefly, cortices of post-natal day 2-4 mouse pups were dissociated with 

0.25% trypsin and plated onto 75 cm2 tissue culture flask. The culture medium used was 

Dulbecco’s modified Eagle’s medium (DMEM) (ThermoFisher Scientific), supplemented with 10% 

fetal bovine serum (FBS) (GE Healthcare Life Sciences) and 10000U/ml Penicillin-Streptomycin 

(ThermoFisher Scientific). After reaching confluence, mixed glial cultures were placed on the 

shaker for 48 h to dislodge microglia, resulting in cultures enriched with astrocyte population. 

Treatment of primary cultures 
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To determine the miRNA regulation of downstream targets in primary cortical astrocytes, 

miRNA mimics and inhibitors were transfected into these cells for 48 hrs. After transfection, total 

RNA and proteins were isolated for gene and protein expression analysis. Mock transfection was 

used as the control for these experiments. 

To study the effect of miRNA on P4-induced BDNF release from astrocytes, BDNF in-situ 

ELISA were performed. Expression of miRNA was first manipulated by transfection as described 

above. 24 h after transfection, 10 nM P4 was added to primary cortical astrocytes for additional 

24 h without changing media containing transfection complexes. Vehicle controls were performed 

in parallel such that control cultures were exposed to 0.1% dimethylsulfoxide (DMSO). The 10 nM 

concentration of P4 used in studies described here was chosen because it has been reported to 

elicit a maximal release of BDNF from astrocytes (18). 

In experiments evaluating the effect of miRNA on P4-induced neuroprotection and the 

synaptogenic marker, synaptophysin, we first transfected miRNA mimic and inhibitor into primary 

cortical astrocytes for 24 h. Afterward, P4 (10nM) was added to these cultures for additional 24 h 

to generate P4-treated-astrocytes-derived-conditioned-media (P4-ACM). In parallel, treatment of 

0.1% DMSO was performed to generate DMSO-treated-astrocytes-derived-conditioned-media 

(DMSO-ACM), which served as vehicle controls. In neuroprotection assay, astrocytes-

conditioned-media were added to primary cortical neurons with prior exposure to one hour of 

oxygen-glucose-deprivation (OGD), an in-vitro model of ischemic-like insult. Based on our 

preliminary data (not shown here), 1 h of OGD was enough to induce 50% neuronal cell death.  

BDNF (50ng/ml) was directly added to different groups after OGD to serve as positive control. 

Neuronal cultures exposed to normoxia were used as the control for these data sets. 24 h after 

the applications of BDNF or conditioned-media, CellTiter-Glo Luminescent cell viability assay 

(Promega) was performed to measure neuroprotection. In synaptogenic marker measurement 

assay, BDNF and astrocytes-derived-conditioned-media were directly added to primary cortical 
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neurons for 24 hrs. Synaptophysin expression and number of synaptophysin puncta in these 

neuronal cultures were assessed by immunocytochemistry, followed by confocal imaging and 

analyzed using ImageJ (National Institutes of Health) software (32). 

Transfection 

Transfection of miRNA mimics and inhibitors was performed using the Hiperfect 

transfection reagent (Qiagen) according to manufacturer’s instructions.  Cells were transfected 

with miRNA mimics and inhibitors for 48 h. This duration was chosen since it resulted in an optimal 

effect on targets-of-interest, based on our preliminary data (not shown here). Synthetic miRNA 

mimics (Syn-mmu-let-7i-5p, Syn-mmu-let-7f-5p) and inhibitors (Anti-mmu-let-7i-5p, Anti-mmu-let-

7f-5p) were purchased from Qiagen. 

Quantitative RT-PCR 

Total RNA was isolated from primary cortical astrocytes and mouse brains using the 

MiRNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions. Concentrations of 

extracted RNA were determined using absorbance values at 260 nm. The purity of RNA was 

assessed by ratios of absorbance values at 260 and 280 nm (A260/A280 ratios of 1.9 –2.0 were 

considered acceptable).  

For miRNA expression measurements, total RNA (10ng) was reverse transcribed into 

cDNA in a total volume of 15 µl using the microRNA cDNA Archive Kit (ThermoFisher Scientific) 

according to the manufacturer’s instructions. The reaction mixture contained water, 2x 

quantitative PCR Master Mix (Eurogentec), and 20x Assay-On-Demand for each target gene. A 

separate reaction mixture was prepared for the endogenous control, U6. The reaction mixture 

was aliquoted in a 96-well plate, and cDNA added to give a final volume of 20 µl. Each sample 

was analyzed in triplicate. The comparative cycle threshold (Ct) method (2-∆∆Ct) was used to 

calculate the relative changes in target miRNA expression.  
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For mRNA expression measurements, total RNA (1.6 µg) was reverse transcribed into cDNA in 

a total volume of 20 µl using the High-Capacity cDNA Archive Kit (ThermoFisher Scientific) 

according to the manufacturer’s instructions. The reaction mixture contained water, 2x 

quantitative PCR Master Mix (Eurogentec), and 20x Assay-On-Demand for each target gene. A 

separate reaction mixture was prepared for the endogenous control, GAPDH. The reaction 

mixture was aliquoted in a 96-well plate, and cDNA (30 ng RNA converted to cDNA) was added 

to give a final volume of 30 µl. Each sample was analyzed in triplicate. The comparative cycle 

threshold (Ct) method (2-∆∆Ct) was used to calculate the relative changes in target gene 

expression.  

PCR primers were purchased as Assay-On-Demand from ThermoFisher Scientific. The 

assays were supplied as a 20 mix of PCR primers (900 nM) and TaqMan probes (200 nM). The 

let-7i (002221), U6 (001973), BDNF (Mm00432069_m1), GAP-43 (Mm00500404_m1), GAPDH 

(Mm99999915_g1), PSD-95 (Mm00492193_m1), Pgrmc1 (Mm00443985_m1) and SYP 

(Mm00436850_m1) assays contain FAM (6-carboxy-fluorescein phosphoramidite) dye label at 

the 5’ end of the probes and minor groove binder and nonfluorescent quencher at the 3’ end of 

the probes. 

CellTiter-Glo Luminescent cell viability assay (Promega) 

This assay uses the level of adenosine triphosphate (ATP) as an indicator of metabolically 

active cells and is directly proportional to the number of living cells (33, 34). The assay was 

performed according to manufacture’s instruction. In brief, cell plate was first equilibrated to room 

temperature for 30 minutes. A volume of the kit reagent equal to the volume of cell culture present 

was then added to each well. The plate was then placed on an orbital shaker for 2 minutes to 

induce cell lysis, followed by 10 minutes of incubation at room temperature. Luminescence was 

recorded using a plate reader. 
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BDNF Immuno Assay In situ 

To determine the amount of endogenous BDNF released with P4 treatment, we performed 

ELISA in situ assay, as previously described (18). In brief, a 96-well Nunc MaxiSorp surface 

polystyrene flat-bottom immunoplate was precoated with an anti-BDNF monoclonal antibody 

[diluted 1:1,000 in coating buffer (25 mM sodium bicarbonate and 25 mM sodium carbonate, pH 

9.7). After blocking nonspecific binding, primary cortical astrocytes were then plated, followed by 

appropriate treatments application. BDNF standards, ranging in concentration from 1.95 to 500 

pg/ml, was added to parallel wells. At the end of hormone treatment, cells were carefully washed 

with TBST. The plate was then incubated with the polyclonal anti-human BDNF antibody. The 

amount of specifically bound polyclonal antibody was then detected through the use of the anti-

IgY-horseradish peroxidase (HRP) tertiary antibody, which when exposed to the chromogenic 

substrate (TMB reagent, Promega), changes color in proportion to the amount of BDNF present 

in the sample. The color intensity was quantified by measuring the absorbance at 450 nm with a 

Viktor3 ELISA plate reader (Perkin Elmer). Only values within the linear range of the standard 

curve, and above the lowest standard, were considered valid. This method allowed detection of 

as little as 2pg/ml BDNF release in control cultures to ~250 pg/ml in P4-treated cultures. 

Oxygen-glucose Deprivation (OGD) 

OGD was performed according to an established protocol, as described elsewhere, with 

minor modifications (35). Briefly, primary cortical neurons were carefully washed five times with 

Hank’s balanced salt solution (HBSS, ThermoFisher Scientific) to remove residual glucose. 

Glucose-free DMEM (ThermoFisher Scientific) was then added to the cultures, and the plates 

were transferred into a hypoxic chamber (0.1% oxygen) for 1h. At the end of hypoxia, glucose-

free DMEM was replaced with regular maintaining media. Reoxygenation was initiated by 

transferring the cells to normoxic 5% CO2 cell culture incubator. 
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Western blotting  

Primary cortical astrocytes and mouse brains were lysed with RIPA lysis buffer containing 

protease and phosphatase inhibitors, as previously described (28). After homogenization, 

samples were centrifuged at 45,000rpm for 30 min at 4°C and supernatants were collected. Total 

protein concentrations were determined using the Bio-Rad DC protein assay kit (Bio-Rad 

Laboratories). Cell lysates were separated by SDS-PAGE and transferred onto polyvinylidene 

fluoride membrane (Bio-Rad Laboratories) by electroblotting. Membranes were blocked with 5% 

skim milk in tris-buffered saline containing 0.2% Tween 20 (TBS-T) for 1h at room temperature, 

followed by overnight incubations of primary antibodies at 4°C. The following primary antibodies 

were used: rabbit polyclonal anti-PSD 95 (1:1000, ab18258, Abcam), rabbit polyclonal anti-

Synaptophysin (1:1000, ab14692, Abcam), rabbit monoclonal anti-GAP43 (1:200000, ab75810, 

Abcam), rabbit monoclonal anti-GAPDH (1:1000, 14C10, Cell Signaling), rabbit polyclonal anti-

BDNF (1:300, sc546, Santa Cruz) and goat polyclonal anti-Pgrmc1 (1:500, ab48012, Abcam). 

After washing three times with TBS-T, membranes were incubated with anti-goat IgG or anti-

rabbit IgG conjugated with horseradish peroxidase (Millipore) for 1hr at room temperature. After 

triple washes with TBS-T, immunoreactive bands were visualized with the ECL detection system 

(ThermoFisher Scientific) and were captured using a luminescent image analyzer (Alpha 

Innotech). Densitometric analysis was conducted using ImageJ (National Institutes of Health) 

software (32). 

Immunofluorescence 

The cortical neurons were fixed in 4% paraformaldehyde (PFA) for 15 min, followed by 

incubation in 0.2% Triton X-100 in Tris-buffered saline (TBS) for 15 min at room temperature for 

permeabilization. Cultures were then blocked with 5% donkey serum/1% bovine serum albumin 

(BSA) in TBS for 1 h at room temperature and incubated with rabbit monoclonal anti-

Synaptophysin (1:500, ab32127, Abcam) for 48 h at 4ºC. After extensive rinsing with TBS-Tween 
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20, cultures were incubated with Alexa Fluor 647-conjugated secondary antibody (1:500, Jackson 

ImmunoResearch Laboratories) for 2h at room temperature. After extensive washing with TBS to 

remove unbound secondary antibody, the coverslips were mounted onto glass slides (VWR 

Scientific) using Vectashield mounting medium with DAPI (Vector Laboratories). The slides were 

observed under a confocal fluorescence microscope (FV1200, Olympus) with a 63x objective.  

Mouse brains were fixed in 4% PFA overnight at 4ºC and subsequently cryoprotected in 

30% sucrose solution. The brains were then sectioned into 40-µm thick coronal slices and 

subjected to immunostaining using an established protocol described elsewhere, with some 

modifications (36). In brief, brain sections were blocked in 5% donkey serum/1%BSA/TBS 

solution for 2h at room temperature. In staining using mouse primary antibody, sections were 

subsequently blocked in F(ab) fragment donkey anti-mouse IgG (50ug/ml, Jackson 

ImmunoResearch Laboratories) for 2 h at room temp to reduce background caused by secondary 

antibody binding to endogenous mouse IgG in the tissue. After blocking step, brain sections were 

then incubated in primary antibody solution at 4ºC for 72 h. Primary antibodies used were as 

follow: mouse monoclonal anti-NeuN (1:500, ab104224, Abcam); rabbit polyclonal anti-GFAP 

(1:1000, ab7260, Abcam); rabbit monoclonal anti-Synaptophysin (1:500, ab32127, Abcam) and 

goat polyclonal anti-Pgrmc1 (1:200, ab48012, Abcam). Alexa Fluor 647, Alexa Fluor 594 or 

Rhodamine Red-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories ) 

were used at 1:500 dilution. After immunostaining, sections were mounted onto microscope slides 

with Vectashield mounting medium (Vector Laboratories) and observed under a confocal 

fluorescence microscope (FV1200, Olympus) with a 63x objective.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              

Mice and treatments 

All procedures with animals were reviewed and approved by the Institutional Animal Care 

and Use Committee of the University of North Texas Health Science Center. All institutional and 

federal guidelines for the care and the use of animals were followed. Female C57BL/6J mice (18-



66 
 

week-old) were purchased from Jackson Laboratory. Animals were habituated to housing 

conditions one week before experiments.  

All mice were first ovariectomized to deplete endogenous ovarian hormone levels. Two 

weeks after ovariectomy (OVX), P4 pellets were subcutaneously implanted into these animals to 

replenish their progesterone levels. In parallel, different groups received cholesterol pellet 

implantations to serve as vehicle control. One week after pellet implantation, stroke was induced 

in these mice using middle cerebral artery occlusion (MCAo) procedure. In parallel, different 

groups received sham operation (non-stroke). 30 min after MCAo, 5µg of either scrambled or let-

7i inhibitor was injected into each animal brain via intracerebroventricular (ICV) injection. 

Experimental groups included sham-operated mice with cholesterol pellet implantation (sham), 

stroked mice with cholesterol pellet implantation and scrambled ICV injection (cholesterol + 

scrambled), stroked mice with P4 pellet implantation and scrambled ICV injection (P4 + 

scrambled), and stroked mice with P4 pellet implantation and let-7i inhibitor ICV injection (P4 + 

scrambled). 

Ovariectomy 

Bilateral ovariectomy (OVX) was performed using a dorsal approach under isoflurane 

anesthesia, as described elsewhere (37). Briefly, small incisions were made bilaterally to expose 

ovaries. The arteries adjacent to ovaries were ligated before ovaries removal. Incisions were then 

closed using 4-0 Vicryl absorbable suture. 

Transient middle cerebral artery occlusion (MCAo) 

MCAo was performed to induce transient focal cerebral ischemia, as previously described 

(38). In brief, mice were anesthetized with isoflurane inhalation. A mid-line incision was made on 

the neck. Left common carotid artery (CCA), external carotid artery (ECA) and internal carotid 

artery (ICA) were dissected from the connective tissue. The left MCA was occluded by a 6-0 
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monofilament suture (Doccol Corporation) introduced via internal carotid artery. After 45 minutes 

occlusion, the suture was withdrawn for reperfusion. In sham-operated animals, monofilament 

was advanced to MCA region and withdraw immediately without MCA occlusion. 

Intracerebroventricular (ICV) injection 

5 µg of either scrambled or let-7i inhibitor (GE Healthcare Dharmacon) was suspended in 

0.5 µL of PBS and injected into lateral ventricles using a stereotaxic instrument, as previously 

described, with minor modifications(23). In brief, the solution was injected using a 5-uL Hamilton 

syringe attached to the Ultra Micro Pump UMP3 system (World Precision Instruments) at a flow 

rate of 0.2 μl/min. Coordinates used for ICV injection were AP -0.58 mm, ML + 1.2 mm, DV -2.1 

mm.  

Assessment of brain tissue damage: 2,3,5-Triphenyltetrazolium chloride (TTC) staining 

TTC staining was performed to assess ischemic injury among groups, as described in an 

established protocol (39). Briefly, 24 h after MCAo, mouse brains were harvested and sectioned 

into 2-mm thick coronal sections. These sections were immersed in 2% TTC solution for 30 min 

at 37ºC and then fixed in 10% formalin. The stained slices were photographed and subsequently 

measured for the surface area of the slices and the ischemic lesion (Image-Pro Plus 3.0.1, Silver 

Springs, MD, U.S.A.). Imaged of stained sections were captured and infarct sizes were analyzed 

using ImageJ (National Institutes of Health) software (32). 

Functional recovery assessment: wire suspension test 

In ordered to assess motor function recovery with different treatments, wire suspension 

test, a test of grip strength and endurance, was used, as described elsewhere (40). In brief, mice 

were allowed to suspend their bodies on a single wire that was elevated above a padded platform. 

The latency for animals to fall off the wire was recorded. Mice were trained two days prior to MCAo 

to establish a baseline across groups. Training was achieved with several rounds of habituation 
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and trials. In the actual testing phase, each mouse was tested 3 times, and average performance 

was taken as final values. Performances of these mice was evaluated at day 3, 7 and 14 post 

stroke. 

Synaptophysin (SYP) optical density analysis and puncta quantification 

For experiments using primary cortical neurons, mounted coverslips were imaged using a 

confocal fluorescence microscope (FV1200, Olympus) with a 63x objective. Healthy cells that 

were at least two cell diameters from their nearest neighbor were identified and selected at 

random by eye by DAPI fluorescence. Ten non-overlapping fields per sample were imaged. 

Quantification of SYP immunoreactivity (IR) was performed using ImageJ (National Institutes of 

Health) software (32). Average IR was calculated by dividing total IR value by the number of cells 

presented in the captured image. Synaptophysin puncta quantification was analyzed with a 

custom plug-in (written by Barry Wark; available upon request from c.eroglu@cellbio.duke.edu) 

for ImageJ program. The details of this imaging and quantification method can be found in a 

previous publication (41).  

To quantify SYP fluorescence intensity and number of puncta in mouse brain, three 

independent coronal brain sections per animal were stained with SYP. 5-µm confocal scans were 

performed (optical section width, 0.33 μm; 15 optical sections each) at 63x magnification, as 

previously described (42). Maximum projections of three consecutive optical sections 

corresponding to 1-μm sections were analyzed by using the ImageJ puncta analyzer option to 

quantify for numbers of SYP puncta (≥5 optical sections per brain section and ≥15 total images 

per brain). Average SYP puncta density per imaged area was calculated for each treatment group. 

Statistical Analysis 

In-vitro data obtained from no fewer than three independent experiments, and in-vivo data 

obtained from at least 5 animals per group were analyzed using an analysis of variance (ANOVA), 
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followed by a post hoc analysis for the assessment of group differences, and presented as a bar 

graph depicting the mean ± S.E.M, using the GraphPad Software (San Diego, CA). 
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RESULTS 

 

BDNF and Pgrmc1 are negatively regulated by let-7i in primary cortical astrocytes 

An in silico analysis using three prediction software programs (miRDB, TargetScan, and 

microRNA.org) revealed putative Let-7 binding sites in the 3’- UTR of Pgrmc1 and BDNF that 

were conserved in rat, mouse, and human sequences. Based on this observation, coupled with a 

prior report citing the regulation of Pgrmc1 by Let-7i in ovarian cancer cells, we evaluated the 

effect of Let-7i on both Pgrmc1 and BDNF.  We evaluated the effect of Let-7f as a control, 

recognizing that the Sohrabji lab had previously shown an inverse relationship between Let-7f 

and BDNF. Our studies showed that overexpression of let-7i, by transfecting a let-7i mimic, led to 

decreased mRNA levels of both Pgrmc1 (Fig.1A) and BDNF (Fig.1B). Interesting, overexpression 

of let-7f had no effect. Additionally, inhibition of let-7i (anti-let-7i) and let-7f (anti-let 7f), using 

miRNA inhibitor, did not alter basal mRNA levels of Pgrmc1 and BDNF (Fig.1A and 1B). Western 

blot analysis (Fig.1C) showed a consistent finding in that reduction in Pgrmc1 protein level was 

only observed in the group transfected with let-7i mimic. Quantitiative assessments of BDNF, 

using an ELISA (Fig.1D), showed that BDNF levels were downregulated in cultures transfected 

with let-7i mimic. These data suggested that let-7i, and not let-7f, negatively regulates 

BDNF/Pgrmc1 system in cortical astrocytes. 

Progesterone (P4)-induced BDNF release is inhibited in cultures over-expressing let-7i 

Since our laboratory has shown that Pgrmc1 plays a central role in mediating the effect of 

P4 on the release of BDNF from cortical astrocytes (18), and let-7i negatively regulates 

expression of this component (Fig.1A and 1C); we tested whether overexpression of let-7i inhibits 

P4-elicited BDNF release from these cells. In situ assessment of BDNF release (Fig.2) showed 

that P4 (10nM, 24hrs) elicited a significant release of BDNF into the culture media compared to 
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the vehicle control (DMSO), an effect that was not blocked by overexpressing the let-7i antagomir. 

In contrast, let-7i overexpression led to the inhibition of P4’s effect on  BDNF release. These 

findings support our hypothesis that overexpression of let-7i, through the negative regulation of 

Pgrmc1/BDNF axis, abolishes P4-induced BDNF release from primary cortical astrocytes. 

Let-7i represses progesterone (P4)’s neuroprotection and its enhancement on 

synaptogenesis 

To investigate the role of let-7i in P4’s neuroprotective effects, we manipulated miRNA 

expression in primary cortical astrocytes, then treated them with either vehicle (DMSO) or P4 to 

generate astrocyte-derived conditioned media (ACM). The conditioned media was then applied 

to primary cortical neurons (DIV14) that had been exposed to oxygen-glucose deprivation (OGD). 

The neurons were then assessed for cell viability to ascertain if conditioned media from P4-treated 

astrocytes was greater than in neurons treated with conditioned media from DMSO-treated 

astrocytes (Fig.3). We found that conditioned media collected from P4-treated astrocytes 

conferred similar neuroprotection as seen in the positive control group (consisting of direct 

administration of BDNF (50ng/ml) to the neuronal cultures). However, conditioned media from P4-

treated astrocytes that overexpressed let-7i failed to promote the protection of neurons from OGD.  

Next, we determined if conditioned media from the different experimental groups 

represented in Figure3 resulted in changes in expression of synaptophysin, a presynaptic marker 

closely linked to synaptogenesis (4). Exposure to conditioned media derived from P4-treated 

astrocytes (P4-ACM) resulted in a robust increase in SYP (green) immunofluorescence (Fig.4A). 

Quantitative analysis revealed that compared to non-let-7i transfected, DMSO-treated group, P4-

ACM significantly increased both SYP immunoreactivity (Fig.4B) and the number of SYP puncta 

(Fig.4C). The same observations were seen in the positive control group (BDNF-50ng/ml). 

Application of P4-ACM collected from astrocytes that overexpressed let-7i, however, failed to elicit 

the increase in synaptophysin expression.  
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Combined treatment of progesterone (P4) and let-7i inhibition alleviate ischemia-induced 

suppression of Pgrmc1 and BDNF expressions in the penumbra of the ischemic brain.  

Since we determined that let-7i is a negative regulator of BDNF and Pgrmc1 (Fig.1), and 

that OGD, as an in-vitro model of ischemia, induced expression of let-7i (data not shown), we next 

determined the expression of let-7i in the middle cerebral artery occlusion model of ischemic 

stroke, focusing on changes in the penumbra. Assessments of let-7i expression were conducted 

at different time points – 2, 7 and 14 days following stroke. Representative images of immunoblots 

probed for Pgrmc1, along with pro-and mature-BDNF, are shown in Fig.5A. We found that 

compared to sham (non-stroked controls), ischemic injury resulted in an up-regulation of let-7i 

expression (Fig.5E), starting at day 7 and remained elevated up to 14 days following stroke. P4 

treatment alone (P4 + a control sequence for let-7i (scrambled)) did not attenuate the stroke-

induced increase in Let-7i. As expected, ischemia-induced-increase in let-7i expression was 

repressed in the group receiving combined treatment P4 and let-7i inhibition (P4 + anti-7i) 

(Fig.5E). Importantly, along with upregulating let-7i level, ischemia also resulted in a reduction of 

Pgrmc1 protein level observed at day 7 and day 14 (Fig. 5B). P4 treatment alone did not restore 

Pgrmc1 level at either of the two time points. Combined treatment (P4+anti-let-7i), however, 

reversed ischemia-induced suppression of Pgrmc1 protein levels. Furthermore, expression of 

mature BDNF was reduced as a consequence of stroke at the 14 days post stroke evaluation 

period (Fig.5D), while pro-BDNF levels (Fig. 5C) remained unchanged across all time points and 

all treatments. Compared to sham, the treatment of P4 alone was able to maintain the same level 

of mature BDNF, even at 14 days post stroke. Remarkably, combined treatment (P4+anti-let-7i) 

led to a robust increase in expression of mature BDNF observed at day 7 and day 14.  

Combined treatment of progesterone (P4) and let-7i inhibition reduces ischemic injury and 

enhances functional recovery. 
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To examine the effect of P4 with or without the let-7i antagomir on the extent of ischemic 

injury, we utilized 2,3,5-Triphenyltetrazolium chloride (TTC) staining to visualize the size of the 

ischemic lesion. Representative images of TTC stained are shown in Fig.6A. Quantification of 

relative infarct size (Fig.6B) revealed that the combined treatment (P4+anti-let-7i) significantly 

reduced ischemic injury; whereas P4 treatment alone did not.   

Motor function (grip strength) was also evaluated using the wire suspension test. Results 

(Fig.7) showed that compared to the vehicle group (DMSO + scrambled), treatment of P4 led to 

a partial recovery of motor function, observed on day 7 and day 14. Interestingly, the combined 

treatment of P4 and the let-7i antagomir resulted in a rapid, but partial, motor function recovery 

as early as 3 days post-treatment. By day 7, combined treatment led to complete functional 

recovery, and the improvement was still evident at day 14. Results from Fig.6 and Fig.7 support 

our hypothesis that let-7i inhibition enhances P4’s neuroprotective effects that importantly, 

enhances functional recovery. 

Inhibition of let-7i enhances progesterone (P4)’s effect on synaptogenic marker 

Synaptic plasticity in the ischemic penumbra region has long been known to contribute to 

the functional recovery after stroke (14, 16, 25). Therefore, to determine whether synaptogenesis 

occurring in the penumbra could be a factor contributing to functional recovery observed in Fig.7, 

we extended our in vitro findings, to evaluate the expression of synaptophysin (SYP), a 

synaptogenic marker, in the penumbra of stroked mice. To do so, we performed 

immunofluorescence to visualize SYP expression (red) (Fig.8A) and quantified the relative 

number of SYP puncta, which is an indication of potential synapses (Fig.8B). In parallel, Western 

blot analysis was performed to evaluate total SYP protein levels. Representative immunoblots 

probed for SYP are shown in Fig.8C, and its relative quantification of protein level is depicted in 

Fig.8D. Results revealed that ischemia resulted in a sustained downregulation of synaptophysin 

puncta (Fig.8B) in the penumbra at day 2,7 and 14 post-stroke. In addition, ischemic injury led to 
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decreased SYP protein level at day 2 and 14. There was a transient increase in SYP expression 

at day 7, which could be due to a compensatory response to the ischemic injury.  P4 treatment 

alone led to a delayed, but sustained, restoration in SYP total protein expression, observed at day 

7 and day 14. With regards to the number of SYP puncta, the positive effect of P4 was only evident 

at day 14 post-treatment. Interestingly, at day 7 and 14, combined treatment (P4+anti-let-7i) 

resulted in significantly higher expression of SYP, compared to sham controls and P4 treatment 

alone. This combined treatment also led to a complete restoration of synaptophysin puncta at day 

7, an effect that was further enhanced at day 14. Taken together, these findings indicate that P4 

induces synaptogenesis in the penumbra of ischemic brain and that let-7i inhibition further 

enhances this beneficial function of P4.  
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DISCUSSION 

 

An increasing number of publications infer the brain protective effects of P4, including 

studies showing that P4 is neuroprotective in a variety of experimental models of stroke (2-4). 

However, the underlying mechanism(s) for P4’s protective effects remain unclear. In point of fact, 

our ability to optimize the effectiveness of P4 requires a better understanding of the factors that 

influence the expression of key mediators (e.g., receptors) of P4’s protective effects. In addition, 

most of the literature associated with P4’s protective effects has focused on a direct effect of P4 

on neurons. The notion that glia may be an equally important target underlying P4’s protective 

effects on the brain has only been studied minimally. Indeed, astrocytes have been considered 

an important component of post-ischemic recovery, as these cells are critical for regeneration and 

remodeling of neural circuits following stroke (26). More direct support of our hypothesis of a vital 

role of glia is based on the observation that P4 protects cerebral cortical organotypic explants 

(containing both glia and neurons) against oxidative cell death (27), while P4 did not induce as 

robust protection in neuron-enriched primary cultures (unpublished data), which strongly suggests 

that glia is required for P4’s neuroprotective program. 

One mechanism that underlies the protective function of P4 is its ability to initiate 

intercellular crosstalk between astrocytes and neurons, where BDNF is a key mediator (28). For 

example, we have reported that P4 elicits a significant release of mature BDNF from astrocytes 

through a Pgrmc1-dependent ERK5 signaling mechanism. From this same study, BDNF from the 

conditioned media of P4-treated astrocytes, was specifically as the protective factor that not only 

promoted neuronal viability, but also, an increase in markers of synaptogenesis (28). In this study, 

we identified an upstream regulator of this Pgrmc1/BDNF axis in glia and characterized its 

influence in a mouse model of ischemic stroke (MCAo). Our results support the role of let-7i as a 

negative regulator of Pgrmc1 and BDNF in primary cortical astrocytes. Interestingly, despite 
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sharing a similar seeding sequence, let-7f did not have the same effect, suggesting that regulation 

of Pgrmc1/BDNF in astrocytes is specific to let-7i. Not only did increased expression of let-7i  

significantly reduced P4-induced BDNF release from cultured astrocytes, it prevented P4 from 

protecting neurons against OGD and from increasing the expression of synaptophysin, a 

surrogate marker for synaptogenesis. We also found that OGD, serving as an in vitro model of 

ischemia, resulted in an upregulation of let-7i such that P4 was no longer able to elicit BDNF 

release from astrocytes (data not shown), presumably due to the fact that Pgrmc1, a critical 

mediator of P4-induced BDNF release, was downregulated. Collectively, these findings suggest 

that let-7i and condition that leads to the elevation of this miRNA, such as ischemia, represses 

P4-induced BDNF release from glia; thus, leading to attenuation of the beneficial effects of P4 on 

neuronal survival and markers of synaptogenesis. It is noteworthy that inhibition of let-7i alone 

(using the let-7i antagomir/inhibitor) did not confer any protection against OGD. Rather, let-7i 

inhibition enhanced the protective effects of P4.  

The results from our in vitro studies corroborated our results from our in vivo data, using 

the MCAo model of stroke in mice.  For example, like OGD, ischemic injury induced in the mouse 

led to an upregulation of let-7i in the penumbra, which was correlated with decreased Pgrmc1 

expression and a reduction in the level of mature BDNF which was seen at day 14 following 

stroke. Given that BDNF has such a vital role on brain function (8-10), the observed reduction in 

Pgrmc1 could not only compromise the protective efficacy of hormones like P4, but could more 

generally, underlie the long term sequelae that lead to functional impairment over time in stroke 

victims.  It is worth noting, however, that the reduction in BDNF levels was observed only at day 

14. This could be due to a compensatory effort of the brain to maintain BDNF at earlier time points 

(day 2 and 7).  

Treatment of P4 was able to restore the level of mature BDNF. Despite the reduction in 

Pgrmc1 levels in ischemic brain, P4’s mild positive effect on BDNF expression might be due to its 
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action via classical progesterone receptor (PR), as supported by our previous work (27). 

Importantly, combined treatment, P4 and let-7i inhibition, restored Pgrmc1 expression and 

resulted in a marked increase in mature BDNF level. Taken together with our in-vitro results, these 

observations support the hypothesis that inhibition of let-7i alleviates ischemia-induced 

suppression of Pgrmc1 level, therefore allowing P4 to increase expression of mature BDNF via 

Pgrmc1 signaling. The striking increase in mature BDNF expression observed with the combined 

treatment could also be due to the effect of the intervention on the conversion from pro to mature 

BDNF and/or the stability of mature BDNF. Ongoing studies in the lab are aimed at further 

exploring these possible mechanisms in greater detail. 

In agreement with other published studies (2, 29), our results showed treatment of P4 

alone led to a modest and delayed improvement in functional recovery, along with an increase in 

synaptogenesis depicted by the increase in expression and number of synaptophysin puncta. 

However, treatment with P4 alone failed to reduce ischemic injury. Interestingly, the combined 

treatment not only significantly reduced the size of the ischemic lesion but also led to a quicker, 

and more pronounced functional recovery as well as a more pronounced increase in markers of 

synaptogenesis in the penumbra region. These findings are consistent with other studies 

proposing the link between synaptogenesis in the penumbra and functional recovery following 

stroke (14, 30).  

Collectively, our findings reported herein identify let-7i as a negative upstream regulator 

of both Pgrmc1 and BDNF in glia, leading to suppression of P4-induced BDNF release from glia 

and attenuation of P4’s beneficial effects on neuroprotection and synaptogenesis in the ischemic 

brain. Furthermore, the increased expression of let-7i with stroke may explain why post-stroke 

therapy may not be so effective. As such, dampening the up-regulation of let-7i may prove to be 

an effective strategy to enhance the efficacy of P4 and other therapeutic candidates that engage 
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the BDNF system, and as such, could potentially extend the “window of opportunity” for stroke 

therapy. 
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FIGURES 

Figure.1. let-7i negatively regulates the expression of Pgrmc1 and BDNF in primary cortical 

astrocytes.  

The effect of let7 mimics and antagomirs on Pgmrc1 (A) and BDNF (B) mRNA (n=4). (C) 

Representative immunoblot for Pgrmc1 protein and associated quantitation depicting the signal 

(densitometric) intensity, expressed as the ratio of Pgrmc1 to GAPDH (n=4). (D) Total cellular 

BDNF measured by ELISA (n=5). n.s: not significant, ***P<0.001 compared to control, and ### 

P<0.001 compared to let-7i mimic by analysis of variance (ANOVA) followed by Dunn’s post hoc 

analysis. Data are presented as the mean ± SEM.
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Figure 2. let-7i and OGD abolished progesterone (P4)-induced BDNF release from primary 

cortical astrocytes.  

Quantitation of BDNF release measured by BDNF in situ ELISA (n=4). n.s: not significant, 

***P<0.001 and ## P<0.01 compared to corresponding DMSO groups by one-way ANOVA 

followed by Tukey’s post hoc analysis. Data are presented as the mean ± SEM. 

.
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Figure 3. let-7i prevents progesterone (P4)-induced neuroprotection against oxygen-glucose-

deprivation (OGD).  

Conditioned-media derived from hormone or control-treated astrocytes were applied to primary 

cortical neurons (DIV 14) after one-hour exposure to OGD. BDNF (50ng/ml) was directly added 

to neurons after OGD to serve as positive control. Neuronal viability was measured by CellTiter-

Glo viability assay (n=5). n.s: not significant, ***P<0.001 and ** P<0.01 compared to normoxia by 

one-way ANOVA followed by Tukey’s post hoc analysis. Data are presented as the mean ± SEM. 
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Figure 4. let-7i inhibits progesterone (P4) induces synaptophysin (SYP) expression in primary 

cortical astrocytes.  

(A) Representative confocal images of primary cortical neurons (DIV 14) immunostained with 

synaptophysin (SYP,green) and DAPI (blue). (60x, Scale bars=30µm). (B) Quantification of 

average SYP fluorescence intensity per neuron (n=3). RFU : relative fluorescence unit. n.s: not 

significant, ***P<0.001 and ** P<0.01 compared to mock+DMSO group by one-way ANOVA 

followed by Tukey’s post hoc analysis. (C) Quantification of average number of SYP puncta per 

neuron (n=3). n.s: not significant, ***P<0.001 compared to mock transfected+DMSO group by 

one-way ANOVA followed by Tukey’s post hoc analysis. Data are presented as the mean ± SEM. 

.



87 
 



88 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



89 
 

Figure 5. Combined treatment with progesterone (P4) and the let-7i inhibitor reversed the 

ischemia-induced suppression of Pgrmc1 and BDNF expressions in the peri-infarct region.  

(A) Representative immunoblots probed for Pgrmc1, pro- and mature-BDNF. (B) Quantitation 

graph of relative Pgrmc1 protein ratio to Gapdh (n=4-5 per group). (C) Quantitation graph of 

relative pro-BDNF protein ratio to Gapdh (n=4-5 per group). (D) Quantitation graph of relative 

mature BDNF protein ratio to Gapdh (n=4-5 per group). (E) Quantitation graph of relative let-7i 

expression in ischemic brain (n=4-5 per group). n.s: not significant, ** P<0.01 and *P<0.05 

compared to sham, and #P<0.05 compared to P4+ scrambled by analysis of variance followed 

by Dunn’s post hoc analysis. Data are presented as the mean ± SEM. 
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Figure 6. Co-administration of let-7i antagomir (anti-let-7i) and progesterone (P4) reduces 

ischemic injury. 

(A) Representative images of serial coronal brain sections stained with triphenyltetrazolium 

chloride (TTC). (B) Quantification of infarct sizes of TTC-stained images (n=4 per group). n.s: not 

significant, ***P<0.001 and ** P<0.01 compared to cholesterol+scrambled group by one-way 

ANOVA followed by Tukey’s post hoc analysis. Data are presented as the mean ± SEM. 
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Figure. 7. Co-administration of let-7i antagomir (anti-let-7i) and progesterone (P4) enhances 

recovery of motor function/grip strength following stroke.  

Results of wire suspension test at day 3, 7 and 14 post stroke (n=15-20 per group). n.s: not 

significant, ***P<0.001 and ** P<0.01 compared to sham, ### P<0.001, ##P<0.01 compared to 

P4+ scrambled, and $$P<0.01 compared to cholesterol+ scrambled by one-way ANOVA followed 

by Tukey’s post hoc analysis. Data are presented as the mean ± SEM 
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Figure 8. Inhibition of let-7i enhances progesterone (P4)’s effect on the expression of 

synaptophysin in the peri-infarct region. 

(A) Representative confocal images of peri-infarct area staining for synaptophysin (SYP, red) and 

DAPI (blue). (60x, Scale bars=30µm). (B) Quantification of average relative SYP puncta presents 

in each field (n=3 per group). n.s: not significant and ***P<0.001 compared to sham, ### P<0.001 

and ##P<0.01 compared to P4+ scrambled by analysis of variance followed by Dunn’s post hoc 

analysis. (C) Representative immunoblots probed for SYP protein. (D) Quantification graph of Syp 

signal, expressed as a ratio to Gapdh (n=4-5 per group). n.s: not significant, ***P<0.001 and 

**P<0.01 compared to sham, ## P<0.01 and #P<0.05 compared to P4+ scrambled by analysis of 

variance followed by Dunn’s post hoc analysis 
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ABSTRACT 

 

Progesterone (P4) exerts robust cytoprotection in brain slice cultures (containing both 

neurons and glia), yet such protection is not as evident in neuron-enriched cultures, suggesting 

that glia may play an indispensable role in P4's neuroprotection. We previously reported that a 

membrane-associated P4 receptor, P4 receptor membrane component 1, mediates P4-induced 

brain-derived neurotrophic factor (BDNF) release from glia. Here, we sought to determine whether 

glia are required for P4's neuroprotection and whether glia's roles are mediated, at least partially, 

via releasing soluble factors to act on neighboring neurons. Our data demonstrate that P4 

increased the level of mature BDNF (neuroprotective) while decreasing pro-BDNF (potentially 

neurotoxic) in the conditioned media (CMs) of cultured C6 astrocytes. We examined the effects 

of CMs derived from P4-treated astrocytes (P4-CMs) on 2 neuronal models: 1) all-trans retinoic 

acid-differentiated SH-SY5Y cells and 2) mouse primary hippocampal neurons. P4-CM increased 

synaptic marker expression and promoted neuronal survival against H2O2. These effects were 

attenuated by Y1036 (an inhibitor of neurotrophin receptor [tropomysin-related kinase] signaling), 

as well as tropomysin-related kinase B-IgG (a more specific inhibitor to block BDNF signaling), 

which pointed to BDNF as the key protective component within P4-CM. These findings suggest 

that P4 may exert its maximal protection by triggering a glia-neuron cross talk, in which P4 

promotes mature BDNF release from glia to enhance synaptogenesis as well as survival of 

neurons. This recognition of the importance of glia in mediating P4's neuroprotection may also 

inform the design of effective therapeutic methods for treating diseases wherein neuronal death 

and/or synaptic deficits are noted. 
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INTRODUCTION 

 

Progesterone (P4), the natural progestin, is a major gonadal hormone synthesized 

primarily by the ovary in females, and the testes and adrenal cortex in males. P4 is also 

synthesized in astrocytes within the brain, thus considered to be a neurosteroid as well [1]. While 

the function of P4 has historically been considered within the context of the reproductive system, 

it is now clear that P4 has important effects on multiple organ systems including the brain. P4 has 

been reported to exert protective effects in numerous experimental models that mimic a variety 

of age-associated brain diseases, including ischemic stroke [2-4], Alzheimer’s disease (AD) and 

traumatic brain injury (TBI) [5] [6-9].  For example, acute administration of P4 enhanced learning 

and spatial working memory performance in both male and female middle-aged and aged mice 

[10, 11]. Despite the promising experimental and preclinical data, a recent phase III clinical trial 

(ProTECT III) assessing the efficacy of P4 treatment for acute TBI showed rather disappointing 

results with no favorable effects noted, while increasing the frequencies of phlebitis [12]. Such 

discrepancies between animal and human data further underscore the critical need to better 

understand the mechanisms of P4 action in the central nervous system, to better inform future 

studies that address either acute insults (such as TBI) or chronic neurodegenerative diseases 

(such as AD). 

 Characteristic neuropathological changes of AD include both neuronal loss and synapse 

loss [13]. Of note, P4 has been shown to promote neuronal survival as well as synaptogenesis 

[14, 15]. One potential downstream mediator of P4’s effect on neuronal survival and 

synaptogenesis is a brain-derived neurotrophic factor (BDNF). BDNF belongs to the family of 

neurotrophins, which play key roles in the brain to support cell survival and synaptic plasticity [16, 

17] and is synthesized in both neurons and glia [18, 19]. BDNF is synthesized as a glycosylated 

precursor (pre-pro-BDNF), processed into a 35 kDa pro-BDNF, and then can be converted into 
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the 14 kDa mature BDNF [20, 21]. BDNF released from cells elicits its effects by binding to TrkB 

(a tyrosine kinase (tropomysin-related kinase) family of receptors) and/or the p75NTR receptor 

[19, 20, 22, 23]. Delineating the effects of pro-versus mature BDNF is critical because they can 

exert opposite biological functions such that mature BDNF binds to the TrkB receptor to influence 

neuronal survival, differentiation, and promote LTP, while pro-BDNF binds preferentially to 

p75NTR and can induce neuronal apoptosis and promote LTD [21]. Moreover, it has been 

proposed that neuronal dysfunction or atrophy consequent to aging or age-associated diseases 

may result from not only decreases in mature neurotrophin expression or function [24-26], but 

potentially, to increased accumulation of the pro-neurotrophins. 

We recently found that glia and neurons showed an interesting and striking difference in 

not only basal release of BDNF but also in their response to P4. Glia exhibited low levels of basal 

BDNF secretion and responded significantly to treatment with P4 [27]. In characterizing the 

mechanism by which P4 increased the release of BDNF, we found that a novel membrane-

associated progesterone receptor (progesterone receptor membrane component 1, Pgrmc1), was 

responsible for the P4-elicited BDNF release from glia [27]. Pgrmc1 has been implicated as an 

important biomarker for cancer progression and as a potential target for anticancer therapies [28]. 

With regards to the brain, expression of Pgrmc1 has been mapped to the cerebral cortex, 

hypothalamus, amygdala, and cerebellum [29-31]. Concerning neuroprotection, Guennoun et al. 

showed the potential role of Pgrmc1 in mediating the protective effects of P4 in the injured spinal 

cord and in the brain after TBI [32]. Furthermore, this same group also showed that Pgrmc1 

expression was up-regulated after TBI in both cortical neurons as well as in the astrocytes near 

the lesion [32], suggesting that Pgrmc1 may influence P4-stimulated glial responses after injury 

as well.  

In this study, we tried to determine whether glia is required for P4’s neuroprotection and if 

the role of glia is mediated by releasing soluble factors to act on neighboring neurons. Our data 
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demonstrated that P4 increased the ratio of mature vs. pro-BDNF in astrocytes and that the 

conditioned media from P4-treated astrocytes (P4-CM) was effective at promoting an increase in 

synaptic marker expression and neuronal viability. Interestingly, the protective effects of P4-CM 

were prevented by inhibiting BDNF signaling. Together, our data support a critical role for 

astrocytes in mediating the protective effects of progesterone, and further, that these protective 

effects are mediated, at least in part, through the regulation of BDNF signaling.  
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MATERIALS AND METHODS 

 

Cell culture and treatment  

Rat C6 glioma cells (male) and human SH-SY5Y neuroblastoma cells (female) were 

purchased from American Type Culture Collection (Manassas, VA). C6 cells were propagated in 

DMEM (Invitrogen Life Technologies, Carlsbad, CA) supplemented with 10% charcoal-stripped 

fetal bovine serum (Hyclone, Logan, UT) and maintained at 37°C in a humidified environment 

containing 5% CO2 for 24 h, then treated with vehicle control-dimethylsulfoxide (DMSO, 0.1%), 

P4 (Sigma-Aldrich, St.Louis, MO) at 10nM for the indicated time. SH-SY5Y cells were propagated 

in DMEM/F12 (Invitrogen Life Technologies, Carlsbad, CA) supplemented with 15% charcoal-

stripped fetal bovine serum (Hyclone, Logan, UT) and differentiated with retinoic acid (RA, Sigma-

Aldrich, St.Louis, MO) at 10µM for 7 d. 

The use of animals to generate primary cultures was approved by the Institutional Animal 

Care and Use Committee at the University of North Texas Health Science Center. All mice were 

handled according to the Guide for the Care and Use of Laboratory Animals. Primary cultures of 

cortex and hippocampal neurons were prepared from neonatal murine pups (C57BL/6NHSd 

mice, Harlan) as described by Sarkar et al. with modifications [33]. Briefly, hippocampal tissues 

isolated from newborn mice (postnatal days 2–4, mixed gender) were dissociated with trypsin and 

DNase I for 10 min at 37 °C. The tissues were then washed twice with Neurobasal-A medium 

containing B-27 and further dissociated by gentle titration using a graded series of finely polished 

Pasteur pipettes. After centrifugation at 200 ×g for 3 min at 4 °C, cortex and hippocampal neurons 

were resuspended in Neurobasal-A/B-27 medium, passed through a cell strainer with 70 μm 

mesh, and plated at 1.0×105 cells/cm2 on culture dishes precoated with poly-D-lysine. The culture 

dishes were kept at 37°C in humidified 95% air and 5% CO2. The initial culture medium was 
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replaced after 5 h; subsequently, half of the medium was changed every 3 days. At day in 

vitro (DIV) 2, 1-β-arabinofuranosylcytosine (AraC) was added to a final concentration of 5 μM to 

prevent glial proliferation. Treatments of the primary cultures started at DIV 7.  

For SH-SY5Y cells or primary neurons experiments, there were 6 groups: 1. Non-treated, 

2. Brain-derived neurotrophic factor (BDNF, Millipore, Billerica, MA, USA) -treated, added at 100 

ng/ml, 3. DMSO condition medium (DMSO-CM)-treated, 4. P4 condition medium (P4-CM)-

treated, 5. DMSO-CM with neurotrophin antagonist, Y-1036 (Millipore, Billerica, MA, USA), at 

40µM, and 6. P4-CM with neurotrophin antagonist, Y-1036; or 1. Non-treated, 2. Brain-derived 

neurotrophic factor (BDNF, Millipore, Billerica, MA, USA) -treated, added at 100 ng/ml, 3. DMSO 

condition medium (DMSO-CM) with IgG control-treated, 4. P4 condition medium (P4-CM) with 

IgG control -treated, 5. DMSO-CM with TrkB-Fc, at 4µg/ml, and 6. P4-CM with TrkB-Fc. For 

primary neurons, DMSO- or P4-CM needed enriching via Pierce protein concentrators (Thermo 

Fisher Scientific, Rockford, IL, USA). 

Recombinant human TrkB-Fc chimera (R&D Systems) to remove BDNF. Briefly, 4.0 µg/ml 

TrkB-Fc was added to media for 2 h in 4°C with rotation, and equal amounts of normal human 

IgG were added as control. 

 

Pgrmc1 pull-down assay  

Dynabeads Protein A was purchased from Life Technologies (Carlsbad, CA, USA). In 

advance of the experiment, Dynabeads Protein A was coated with anti-Pgrmc1 antibody (Abcam, 

ab48058, Cambridge, MA). Briefly, 400 μl of Dynabeads Protein A suspension was attached to 

DynaMag-2 (Life Technologies; Carlsbad, CA), and the supernatant was removed. Dynabeads 

Protein A was resuspended in 800 μl of wash buffer (100 mM phosphate buffer containing 0.05% 

Tween 20, pH 7.4) containing 40 μl of the antibody, and incubated at 4 °C overnight with head-



111 
 

to-tail rotation. Immediately prior to the experiment, Dynabeads Protein A was washed with wash 

buffer five times and resuspended in 800 μl of wash buffer. 25 μl suspension of Dynabeads 

Protein A: anti-Pgrmc1 Ab complex was added to 1 mL of C6 cell supernatants (enriched from 20 

mL total culture supernatants; see following). After incubation at room temperature for 60 min, the 

Dynabeads Protein A were washed with 250 μl of wash buffer five times and resuspended in 

25 ml of 1 X SDS-PAGE sample buffer. Pro- and mature BDNF was separated by different 

molecular weight on Western blotting. 

 

Column enrichment of C6 culture supernatants  

20ml of C6 conditioned media (CM) was harvested and transferred to a pre-rinsed Pierce 

9K MWCO 20ml concentrator (Thermo Scientific, Waltham, MA), following centrifuge at 3200rpm 

for 45 min to achieve a final concentrated volume of 1ml. The concentrated CM was sterilized via 

a 0.2um sterile syringe filter and then applied to cultures in volumes to dilute back to 1X. 

 

Immunocytochemistry quantification  

SH-SY5Y cells were differentiated with 10uM all-trans retinoic acid (Sigma Aldrich, 

St.Louis, MO) for 7d prior to being treated with glial-derived DMSO-conditioned media (DMSO-

CM) or P4-conditioned media (P4-CM) in the presence/absence of the Y1036 compound, a 

neurotrophin antagonist. Treatment of cells with 50ng/ml of BDNF was used as positive control. 

At the end of treatment, cells were briefly washed with cold PBS and fixed with 4% 

paraformaldehyde for 15 min at room temperature. Fixed cells were permeabilized with cold 

Methanol: Acetone (1:1) for 1 min. The cells were then washed with cold PBS and incubated with 

2% normal goat serum (NGS) in PBS for 1h at room temperature. The cells were incubated with 
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the rabbit anti-GAP-43 antibody (ab75810; Abcam, Cambridge, MA), in PBS containing 2% NGS 

at 4°C overnight. After several washes with cold PBS, they were then incubated with green-

fluorescent dye labeled goat anti-rabbit IgG antibody (Invitrogen Life Technologies, Carlsbad, CA) 

for 1 h at room temperature. After two washes with cold PBS, cells were then incubated with 

Hoechst dye at room temperature for 15 min. Stained cultures were preserved in PBS at 4°C. 

Images were acquired with a Nikon Eclipse TS100 microscope (20x) with strict preservation of 

imaging setting across samples. Mean fluorescence intensity values were measured by drawing 

a rectangle (20x10 pixels in dimension) and aligning the box such that it enclosed the area of 

interest, the Region of Interest function of the NIS elements software were then used to compute 

a mean fluorescence intensity value. For each treatment group, GAP-43 mean fluorescence 

intensities of 3 to 5 non-overlapping proximal and distal neuritic segments were measured and 

average values were computed. A proximal segment is defined as a section within 2 cell body 

lengths of a cell body and a distal neuritic segment is that which is anywhere greater than 2 cell 

body lengths from the cell body that it originates from. Mean intensity values were then normalized 

to non-treated control group and reported as percentage of control. Three to four independent 

experiments were performed. 

 

RNA isolation and cDNA synthesis 

Total RNA was isolated from SH-SY5Y cell, primary neuron cultures and mouse brains 

using the RNeasy Mini Kit and the RNeasy Lipid Kit (QIAGEN, Valencia, CA) according to the 

manufacturer’s instructions. Concentrations of extracted RNA were determined using absorbance 

values at 260 nm. The purity of RNA was assessed by ratios of absorbance values at 260 and 

280 nm (A260/A280 ratios of 1.9 –2.0 were considered acceptable). Total RNA (1.6 µg) was 

reverse transcribed into cDNA in a total volume of 20 µl using the High-Capacity DNA Archive Kit 

(Roche Applied Science, Indianapolis, IN) according to the manufacturer’s instructions. 
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Primers and probes for quantitative real-time RT-PCR 

PCR primers and probes for the target gene were purchased as Assay-On-Demand 

(Applied Biosystems Inc., Foster City, CA). The assays were supplied as a 20 mix of PCR primers 

(900 nM) and TaqMan probes (200 nM). The BDNF (Mm00432069_m1), Pgrmc1 

(Mm00443985_m1), GAP-43 (Hs00967138_m1), Synaptophysin (SYP, Hs00300531_m1) and 

GAPDH (Hs02758991_g1 and Mm03302249_g1) assays contained FAM (6-carboxy-fluorescein 

phosphoramidite) dye label at the 5’ end of the probes, a minor groove binder and a 

nonfluorescent quencher at the 3’ end of the probes.  

 

Quantitative real-time RT-PCR 

The reaction mixture contained water, 2x quantitative PCR Master Mix (Eurogentec, 

Freemont, CA), and 20x Assay-On-Demand for each target gene. A separate reaction mixture 

was prepared for the endogenous control, GAPDH. The reaction mixture was aliquoted in a 96-

well plate, and cDNA (30 ng RNA converted to cDNA) was added to give a final volume of 30 µl. 

Each sample was analyzed in triplicate. Amplification and detection were performed using the ABI 

7300 Sequence Detection System (Applied Biosystems) with the following profile: 2 min hold at 

50ºC [uracil-N-glycosylase (UNG)] and 10 min hold at 95ºC, followed by 40 cycles of 15 sec at 95 

C (denaturation) and 1 min at 60ºC (annealing and extension). Sequence Detection Software 

version 1.3 (Applied Biosystems) was used for data analysis. The comparative cycle threshold 

(Ct) method (2-∆∆Ct) was used to calculate the relative changes in target gene expression. In the 

comparative Ct method, the amount of target, normalized to an endogenous control (GAPDH) 

and relative to a calibrator (untreated control), is given by the 2-∆∆Ct equations. Quantity is 

expressed relative to a calibrator sample that is used as the basis for comparative results. 

Therefore, the calibrator was the baseline (non-treated control) sample, and all other treatment 

groups were expressed as an n-fold (or percentage) difference relative to the control (40). The 
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average and SD of 2-∆∆Ct was calculated for the values from five independent experiments, and 

the relative amount of target gene expression for each sample was plotted in bar graphs using 

GraphPad Prism version 4 software (GraphPad, San Diego, CA). 

 

Western blotting  

Cells were harvested with lysis buffer containing protease and phosphatase inhibitors, as 

described previously [34]. After homogenization, samples were centrifuged at 12,000rpm for 15 

min at 4 °C, and the resulting supernatants were evaluated for total protein concentrations using 

the Bio-Rad DC (Bio-Rad Laboratories, Hercules, CA, USA) protein assay kit. Sample lysates 

were loaded onto a sodium dodecyl sulfate/10 % polyacrylamide gel, subjected to 

electrophoresis, and subsequently transferred onto a polyvinylidene difluoride membrane (0.22 

μm pore size; Bio-Rad Laboratories, Hercules, CA, USA). The membrane was blocked for 1 h 

with 5 % non-fat milk in 0.2 % Tween-containing Tris-buffered saline solution before application 

of the primary antibody. The following primary antibodies were used: The antibodies against Pro-

BDNF and mature-BDNF (N20, 1:1000) were purchased from Santa Cruz Biotechnology (Dallas, 

TX); the antibodies against total BDNF, synaptophysin and GAP43 (1:1000) were purchased from 

Abcam (Cambridge, MA); the antibodies against GAPDH (14C10, 1:1000) were purchased from 

Cell Signaling Technology (Danvers, MA).  

Antibody binding to the membrane was detected using a secondary antibody (either goat 

anti-rabbit or rabbit anti-goat) conjugated to horseradish peroxidase (1:20,000; Pierce Chemical 

Co., Rockford, IL, USA) and visualized using enzyme-linked chemiluminescence (Pierce ECL 

Western Blotting Substrate; Thermo Fisher Scientific, Rockford, IL, USA) with the aid of the 

AlphaInnotech imaging system.  
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Apoptotic Assay:  

Apoptosis was quantified using the Vybrant apoptosis assay kit (Invitrogen) per 

manufacturer’s instructions. Briefly, Hoechst 33342 solution (1:2000) was added to cells cultured 

in 6-well plate, and the mixture was incubated for 30 min on ice. Fluorescence was measured 

under a fluorescence microscope with a ×20 objective. The blue fluorescent dye Hoechst 33342 

stains chromatin of apoptotic nuclei more vividly than non-apoptotic nuclei. Apoptotic cells were 

quantified from 3 random non-overlapping fields per well. Results are expressed as % of apoptotic 

cells (100 × Hoechst-positive cells/number of cells per field). 

 

Statistical Analysis: 

Densitometric analysis of the Western blots was conducted using Alpha Innotech Image 

Analysis software (Cell Biosciences, Santa Clara, CA). For each figure, data from at least three 

independent experiments were subjected to two-way ANOVA, followed by Bonferroni post-test 

for the assessment of group differences, and presented as a bar graph depicting the average ± 

SEM, using GraphPad Prism software (San Diego, CA). 
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RESULTS 

 

P4 increased the ratio of mature vs. pro-BDNF released from glia 

We previously reported that P4 elicits the release of total BDNF from astroglia. Here we 

extended these findings to demonstrate that the levels of mature BDNF increased, while the level 

of pro-BDNF decreased, in the conditioned media of P4-treated C6 astrocyte cultures (Fig. 1A 

and 1B). To determine whether the effect of P4 on this increased ratio of mature-to-proBDNF was 

mediated by a novel membrane-associated progesterone receptor, Pgrmc1, we used RNA 

interference (RNAi)-mediated gene depletion to knock down the expression of Pgrmc1 in C6 cells, 

as conducted in previously published studies [26].  Western blot of the BDNF-immunoprecipitated 

conditioned media was used to measure the relative amounts of the forms of BDNF (mature and 

pro-BDNF). Our data revealed that Pgrmc1 depletion completely prevented the effect of P4 on 

the ratio of mature vs. pro-BDNF (Fig. 1C and 1D). These results suggest that P4 increases the 

ratio of mature vs. pro-BDNF released from glia through a Pgrmc1-dependent mechanism. 

 

P4 did not change the mRNA levels of synaptic markers in differentiated SH-SY5Y cells 

To test whether P4 directly affects the expression of synaptic markers, we tested its effect 

on a widely used neuronal model, the all-trans RA-differentiated SH-SY5Y human neuroblastoma 

cells. We directly added P4 (ranged from 0.1nM to 100nM) into these cells and measured the 

mRNA levels of GAP43 (Figure 2A) and SYP (Figure 2B) using quantitative real-time PCR. 

GAP43 is a protein mainly synthesized during axonal outgrowth during neuronal development 

and regeneration [34], and SYP is a presynaptic marker usually expressed highly during neuronal 

remodeling [35]. Compared with the DMSO vehicle control, treatments with this wide 

concentration range of P4 did not show any difference in GAP43 and SYP levels. These data 
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suggest that P4, when directly added into neuronal cultures, does not affect the synaptic marker 

expression. 

 

P4-CM triggers synaptic marker expression in primary neurons 

Next, we sought to test the hypothesis that P4 affects neuronal function indirectly via a 

glial-mediated mechanism (i.e., triggering the soluble release factors such as BDNF from glia to 

act on neighboring neurons). We examined the effects of CMs derived from P4-treated C6 

astrocytes (P4-CM) on synaptic marker expression in neurons. We first used mouse neuron-

enriched primary hippocampal cultures. To avoid the potential confound of the P4 transferred 

from the glial CM to the neurons to increase BDNF release, we used a 9-kDa molecular mass 

cut-off column to collect the neurotrophic factors released (found in the retentate) while allowing 

the free P4 to be filtered through and discarded. We used the ELISA to confirm that P4 indeed 

was significantly reduced from the retentate of the filtered CMs (data not shown). The retentate 

was then reconstituted and applied to the neuronal cultures. Cells exposed to purified 

recombinant BDNF were used as positive control in all the following experiments, as we compared 

the effects of glial P4-CM with the purified BDNF. Using double immunofluorescent labeling, we 

found that glial P4-CM enhanced expression of GAP43 (Figure 3A) and SYP (Figure 3B) in 

primary hippocampal neurons. 

 

Glial P4-CM increased SYP and GAP43 expression in differentiated SH-SY5Y cells 

To further elucidate the underlying mechanisms of P4-CM on induction of synaptic marker 

expression, we tested its effect on differentiated SH-SY5Y cells. At the end of the 7 days all-

trans RA differentiation, SH-SY5Y cells form a network of long and smooth neurites (Figure 4, 

long arrows). P4-CM or BDNF treatments induced an increase in dendritic sprouting, promoting 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/figure/F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/figure/F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/figure/F4/
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a complex synaptic connection network in differentiated SH-SY5Y culture. These changes were 

also observed in the DMSO-CM group, but to a lesser extent, in agreement with our previous 

findings that glia secretes BDNF independently of exogenous stimulation at a modest rate. 

Importantly, effects of P4-CM were attenuated by Y1036, a neurotrophin signaling antagonist [36], 

indicating that the beneficial effect of glial P4-CM on synaptogenesis in SH-SY5Y cells may be 

mediated by neurotrophic factors. These morphological changes were prominent up to 24 hours 

after P4-CM exposure. 

We also quantified the transcript levels of SYP and GAP43 in the differentiated SH-SY5Y 

cells by qPCR (Figure 5A). We found that glial P4-CM increased SYP and GAP43 expression by 

2- and 4-fold, respectively, in differentiated SH-SY5Y cells. Western blot analysis confirmed that 

the protein levels of SYP and GAP43 were increased by P4 as well, which was blocked by Y1036 

(Figure 5B).  

 

P4-CM up-regulated GAP43 expression in both proximal and distal segments of SH-SY5Y 

neuritis via BDNF signaling 

Because our qPCR and Western blotting results showed that P4-CM increased the overall 

expression of synaptic markers in differentiated SH-SY5Y cells at the levels of both mRNA and 

protein, we sought to further determine the effect of P4-CM on synaptic markers by assessing 

their expression at proximal and distal aspects of the neurites. This would give us an insight into 

any regional specificity associated with the observed effects. We found that compared with 

nontreated control, treatments with either BDNF or P4-CM elicited a significant increase of GAP43 

fluorescence intensity in both proximal and distal neurite segments (Figures 6 and 7). Again, this 

effect was attenuated in the presence of Y1036, the nerve growth factor (NGF) and BDNF 

signaling inhibitor (Figure 6). To specifically examine the involvement of BDNF in this process, 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/#B36
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/figure/F5/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/figure/F5/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/figure/F6/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/figure/F6/
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we also tested the effect of TrkB-IgG in a similar experimental setting (Figure 7). TrkB-IgG blocked 

the up-regulation of GAP43 expression in the neurites of differentiated SH-SY-5Y cells by P4-CM, 

suggesting that such an effect was indeed mediated by BDNF present in the CMs. 

 

P4-CM up-regulated GAP43 expression in both proximal and distal segments of primary 

hippocampus neuritis via BDNF signaling 

Next, we tested the GAP43 fluorescence intensity in both proximal and distal neurite 

segments of primary hippocampus neurons. We found that compared with the nontreated control, 

treatments with BDNF or P4-CM elicited a significant increase of GAP43 fluorescence intensity in 

both proximal and distal neurite segments, and these effects were attenuated by TrkB-IgG (Figure 

8). These data were consistent with our findings in SH-SY5Y cells and further supported 

involvement of BDNF in mediating the effects of glial P4-CM on neurons. 

 

P4-CM increased neuronal survival against oxidative stress 

In addition to assessing the expression of surrogate markers of neuronal function (i.e., 

synaptogenesis), we also asked whether P4-CM has any effect on neuronal survival. We 

pretreated the SH-SY5Y cells with P4-CM for 24 hours, then examined the viability of SH-SY5Y 

cells exposed to 100μM H2O2 for another 24 hours. We found that pretreatment of SH-SY5Y cells 

with P4-CM significantly protected against H2O2 to a level similar to that elicited by recombinant 

BDNF (Figure 9). In agreement with our hypothesis that glia secretes basal level BDNF to support 

neighboring neurons, DMSO-CM also protected the SH-SY5Y cells from H2O2, although P4 

enhanced this effect further (P4-CM vs. DMSO-CM, P < .05). Importantly, Y1036 abolished the 

effects of either DMSO-CM or P4-CM on the survival of SH-SY5Y cells. These data strongly 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/figure/F7/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/figure/F8/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/figure/F8/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/figure/F9/
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implicate the release of neurotrophins (and their subsequent action) as the mediator of P4-CM-

induced neuronal survival against oxidative insult. 
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DISCUSSION 

 

Pgrmc1 is a highly conserved heme-binding protein and belongs to MAPR family [37, 38]. 

Pgrmc1 is recognized as an important biomarker for cancer progression and as a potential target 

for anticancer therapies [28, 39]. However, information regarding its role(s) in the brain remains 

limited. Munton et al., showed that the expression of Pgrmc1 is broadly mapped in the brain at 

low levels and enriched in the postsynaptic fragment [40]. Bashour and Wray [29] found that P4 

decreases calcium oscillations and thereby inhibits neuronal activity through Pgrmc1 on a 

subpopulation of GnRH neurons in mice. With regard to glia, we discovered that Pgrmc1 is 

expressed on the cell surface of C6 glial cells (a model of astrocytes) as well as primary 

astrocytes. Functionally, we determined that P4-induced release of BDNF was mediated via 

Pgrmc1-dependent ERK5 signaling [26]. 

BDNF belongs to the family of neurotrophins (along with NGF, Neurotrophin-3, and 

Neurotrophin-4), which play key roles to support neuronal survival and synaptic plasticity [16, 41]. 

Among the neurotrophins, there is significant clinical evidence to support the statement that BDNF 

plays a pivotal role in synaptic plasticity and cognition [17]. Hippocampus-specific deletion of 

BDNF in adult mice impairs spatial memory [42], and exogenous BDNF rescued deficits in 

hippocampal long term potentiation in both homozygous and heterozygous BDNF knockout mice 

[43, 44]. Therefore, one option for developing pharmacotherapy of neurodegenerative diseases 

is to focus on BDNF modulation. 

To date, considerable research has been conducted in understanding the etiology of 

neurodegenerative diseases from the standpoint of neuronal dysfunction, with a relatively smaller, 

but growing, the body of literature that implicates glia in the pathogenesis and/or progression of 

these diseases. We previously reported that P4 not only increases the expression of BDNF in 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/#B37
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/#B38
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/#B28
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/#B39
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/#B40
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/#B29
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/#B26
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/#B16
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/#B41
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/#B17
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/#B42
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/#B43
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/#B44
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cerebral cortical explants but that the protective effects of P4 are mediated by neurotrophin 

signaling [17]. Given the critical roles that BDNF plays during aging and in neurodegenerative 

diseases such as AD, our data elucidated a novel mechanism for glia to affect neuronal survival 

and functions via secreting soluble factors such as BDNF and thus may help develop more 

efficient therapeutic interventions for neurodegenerative diseases. 

As mentioned in the Results, the pro- and mature form of neurotrophins can often exert 

opposite effects on cell viability. As such, we investigated whether the previously described 

increase in BDNF release was attributed to preferential release of one or both forms of BDNF. 

Our data revealed that P4 increases the ratio of mature to pro-BDNF within the released pool of 

BDNF from glia (Figure 1A). Further, this P4-induced increase in the ratio of mature to pro-BDNF 

was dependent on Pgrmc1 (Figure 1B). 

To address the hypothesis that the neuroprotective effects of P4 may be mediated, at least in 

part, through astrocyte-derived neurotrophic factors, we assessed surrogate markers of synaptic 

structure/function and cell viability in neurons exposed to P4-CMs. We found that such CMs not 

only increase the expression of synaptic markers, such as GAP43 but also protected the cells 

from a cytotoxic insult. Although there was a trend noted for the effect of P4-CM to induce the 

transcription of the presynaptic marker, SYP, there was no effect on its protein levels, at least at 

the time point evaluated in these studies. This difference between changes in pre- vs. 

postsynaptic markers may be consistent with the report by Miyata et al. [45], which demonstrated 

an inverse correlation between GAP43 protein expression level vs. presynaptic terminal markers 

in immature synapses of rat hippocampal neurons [27]. 

Previous studies have shown that all-trans RA treatment of SH-SY5Y cells triggered the 

expression of functional TrkB (receptor for BDNF) but not TrkA (receptor for NGF) [36]. Because 

Y1036 is known to bind only to BDNF and NGF (thereby preventing the interaction with their 

cognate receptor), our data are showing that Y1036 attenuated P4-CM-induced GAP43 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/#B17
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/figure/F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/figure/F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/#B45
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/#B27
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/#B36
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expression in differentiated SH-SY5Y cells strongly point to a role of BDNF in mediating this 

process. Furthermore, we chose to examine specific regions of neurons where markers of 

synaptic functions/structure were affected by P4-CM. GAP43 has been shown to localize in 

cellular membranes of axons and growth cones [45]. By focusing on the cellular processes (e.g., 

neurites), we found that treatments with BDNF (used as the positive control) or P4-CM elicited a 

significant increase in GAP43 expression in both proximal and distal neurite segments compared 

with the nontreated control group (Figure 7). To more specifically block the BDNF signaling, we 

then tested the effect of TrkB-IgG in glial P4-CM-treated neuronal cultures. We examined both 

the differentiated SH-SY5Y cells as well as the mouse primary hippocampal neurons as 2 

complimentary neuron models. In both cell types, P4-CM + control IgG induced significant 

increases in the GAP43 fluorescence intensity in proximal and distal segments compared with 

DMSO-CM + control IgG, which was blocked by the TrkB-IgG (Figures 8 and 9). These 

observations demonstrated that the P4-CM-induced increase in synaptic marker expression 

occurred at expected and appropriate locations. These data further support our conclusion that 

the up-regulation of GAP43 expression in neurites was mediated by BDNF available in the CMs. 

Finally, we sought to determine whether the effects of P4-CM on markers of neuronal 

function would translate into actual cytoprotection. In this regard, we found that P4-CM did indeed 

increase neuron survival challenged with an oxidative insult (Figure 9). Furthermore, the 

neuroprotection effect of glial P4-CM was abolished by Y1036, again supporting the model that 

the protective effects of P4 may be mediated by glial-derived neurotrophic factors. 

In summary, our data support the critical role of Pgrmc1/BDNF signaling in mediating glia-

neuron crosstalk. In addition, Pgrmc1 may play a critical role in mediating complicated crosstalk 

between all the brain cell types and implicate glial Pgrmc1 as a potential therapeutic target for 

treating neurodegenerative diseases. 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/#B45
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/figure/F7/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/figure/F8/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4870882/figure/F9/
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FIGURES 

 

Figure 1. P4 increases the ratio of mature to pro-BDNF released from glia.  

Western blotting of the BDNF-immunopreciptated CMs was used to measure the relative amounts 

of the forms of BDNF (mature and pro-BDNF) in nontransfected C6 cells (A and B) and scrambled 

siRNA (siScramble), or siRNA against Pgrmc-1 (siPgrmc-1) transfected C6 cells between groups 

of DMSO-CM and P4-CM (C and D). P4 increased the ratio of mature to pro-BDNF released from 

glia cells and siPgrmc1 abolished P4-induced beneficial effect of BDNF releasing. Data are 

presented as the mean ± SEM, n = 3 per group; ***, P < .001; ****, P < .0001, DMSO vs P4. 
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Figure 2. P4 did not affect the mRNA levels of GAP43 and SYP in differentiated SH-SY5Y cells.  

P4 (diluted to a final concentration of 0.1nM, 1nM, 10nM, or 100nM in DMSO) was added into 

differentiated SH-SY5Y cultures for 24 hours. The same dilutions of DMSO were used as the 

control for each P4 concentration. mRNA levels of GAP43 (A) and SYP (B) were determined by 

quantitative reverse transcription polymerase chain reaction. Data from the DMSO groups were 

set at 100%, and data from each corresponding P4 concentration were presented as percentage 

compared with the DMSO control. There was no statistical difference across all the treatments. 
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Figure 3. P4-CM triggers synaptic marker expression in mouse hippocampal neurons.  

Mouse primary hippocampal neurons were exposed with non-treated control, BDNF, DMSO-CM, 

or P4-CM for 24 hours at DIV 7. Double-label immunofluorescence staining shows that expression 

of synaptic markers, (A) GAP43 (green) and (B) SYP (red), were enhanced by glial P4-CM in 

primary hippocampal neurons. Hoechst dye (blue) was used to counterstain nuclei. Insets show 

staining without GAP43 or SYP primary antibodies at a higher magnification. Scale bar, 100 μm.
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Figure 4. P4-CM induced morphological change in SH-SY5Y cells.  

SH-SY5Y human neuroblastoma cells were differentiated with RA for 7 days and formed a 

network of long and smooth neuritis (long arrows) at 24 hours exposed with nontreated control, 

BDNF, DMSO-CM, or P4-CM in the presence or absence of the neurotrophin antagonist Y1036. 

P4-CM or BDNF treatment induced an increase in dendritic sprouting, promoting a complex 

synaptic connection network in differentiated SH-SY5Y culture. These changes were also 

observed in the DMSO-CM group but to a lesser extent. The effects of P4-CM on dendritic process 

formation were attenuated by Y1036. Scale bar, 100 μm.  
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Figure 5. Effect of glial-CM on the expression of synaptic markers.  

SH-SY5Y human neuroblastoma cells were differentiated with RA for 7 days and were exposed 

to BDNF, DMSO-CM, or P4-CM in the presence or absence of Y1036 for 24 hours. Nontreated 

cultures were used as control. mRNA levels of SYP and GAP43 were determined by qPCR (A), 

and protein level of Pgrmc1 was determined by Western blotting (B). Representative blots were 

shown on the left, and the densitometry data were shown on the right. Data are presented as the 

mean ± SEM, n = 3 per group. #, P < .05, Y + P4 P4-CM compared with P4-CM; *, P < .05; ***, P 

< .001; ****, P < .0001, P4-CM compared with DMSO-CM. 
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Figure 6. Glial P4-CM increased GAP43 density in both proximal and distal neuritic segments of 

SH-SY5Y cells.  

A, Immunocytochemistry of SH-SY5Y cultures. Cells were treated with DMSO-CM or P4-CM in 

the presence or absence of Y1036 for 24 hours. 50-ng/mL BDNF was used as positive control. 

Cultures were stained for GAP43 (green) and DAPI (blue). The white box represents a proximal 

neuritic segment, and the red box indicates a distal neuritic segment. B, Quantification of GAP43 

mean fluorescence intensity in proximal neuritic portions. C, Quantification of GAP43 mean 

fluorescence intensity in distal neuritic segments. Data are presented as the mean ± SEM, n = 3 

per group; **, P < .01; ***, P < .001, compared with control. Scale bar, 100 μm.
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Figure 7. Blocking of BDNF signaling inhibited glial P4-CM-induced GAP43 density in both 

proximal and distal neuritic segments of SH-SY5Y cells.  

A, Immunocytochemistry of SH-SY5Y cultures. Cells were treated with DMSO-CM or P4-CM in 

the presence of human IgG control or TrkB-IgG for 24 hours. Cells treated with BDNF were used 

as positive control. Cultures were stained for GAP43 (green) and DAPI (blue). The white box 

represents a proximal neuritic segment, and the red box indicates a distal neuritic segment. B, 

Quantification of GAP43 mean fluorescence intensity in proximal neuritic portions. C, 

Quantification of GAP43 mean fluorescence intensity in distal neuritic segments. Data are 

presented as the mean ± SEM, n = 4 per group; **, P < .01; ***, P < .001, compared with control; 

##, P < .01; ###, P < .001, compared with DMSO-CM + IgG ctrl; &&&, P < .001, compared with 

DMSO-CM + TrkB-IgG; $$$, P < .001, compared with P4-CM+TrkB-IgG. Scale bar, 100 μm.
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Figure 8. Blocking of BDNF signaling inhibited glial P4-CM-induced GAP43 density in both 

proximal and distal neuritic segments of primary hippocampus neurons. 

A, Immunocytochemistry of primary neuronal cultures. Cells were treated with DMSO-CM or P4-

CM in the presence of human IgG control or TrkB-IgG for 24 hours. Cells treated with BDNF were 

used as positive control. Cultures were stained for GAP43 (green) and DAPI (blue). The white 

box represents a proximal neuritic segment and the red box indicates a distal neuritic segment. 

B, Quantification of GAP43 mean fluorescence intensity in proximal neuritic portions. C, 

Quantification of GAP43 mean fluorescence intensity in distal neuritic segments. Data are 

presented as the mean ± SEM, n = 4 per group; **, P < .01; ***, P < .001, compared with control; 

#, P < .05; ##, P < .01, compared with DMSO-CM+IgG ctrl; &, P < .05; &&, P < .01, compared 

with DMSO-CM+TrkB-IgG; $, P < .05; $$, P < .01, compared with P4-CM+TrkB-IgG. Scale bar, 

100 μm.
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Figure 9. P4-CM increased neuronal survival against oxidative stress.  

Differentiated SH-SY5Y cells were exposed to no-treatment (control), BDNF, DMSO-CM, or P4-

CM in the presence or absence of Y1036 for 24 hours. All groups were then exposed to 100μM 

H2O2 for another 24 hours before the viability of SH-SY5Y cells was examined. Pretreatment of 

SH-SY5Y cells with P4-CM significantly protected against H2O2 to a level similar to that elicited 

by recombinant BDNF (A and B). Data are presented as the mean ± SEM, n = 4 per group; **, P 

< .01; ***, P < .001, compared with control; #, P < .05; ###, P < .001, compared with BDNF. Scale 

bar, 100 μm. 
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CHAPTER V 

ADDITIONAL DATA 

 

Figure 1. Oxygen-glucose deprivation (OGD) induces expression of let-7i in primary cortical 

astrocytes. 

 Primary cortical astrocytes were exposed to 1 hour of OGD. RNA extraction was 

performed at 3,6,12 and 24 hours after reperfusion and expression of let-7i was examined using 

the qRT-PCR method. Let-7i miRNA levels were normalized to the normoxia group. The results 

are representative of 4 independent experiments. Statistical significance was determined using 

an analysis of variance followed by Dunn’s post hoc analysis (n.s: not significant, **P<0.01, 

*P<0.05) 
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Figure 2. Oxygen-glucose deprivation (OGD) suppresses the P4-induced BDNF release from 

primary cortical astrocytes. 

Primary cortical astrocytes were exposed to 1 hour of OGD. 24 hours after OGD, cultures were 

treated with 0.01% DMSO to serve as control, and a parallel group received 10nM P4 treatment. 

24 hours afterward, BDNF release from these cells were measured using the BDNF in-situ ELISA 

assay. The results are representative of 4 independent experiments. Statistical significance was 

determined using an unpaired t-test (**P<0.01) 
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Figure 3. Optimization of let-7i mimic transfection duration in primary cortical astrocytes 

In order to determine an optimal transfection duration with minimal toxicity , primary cortical 

astrocytes were transfected with let-7i mimic for 24, 36, 48 and 72 hours.. At the end of 

transfection, proteins were isolated and western blotting was done to probe for Pgrmc1.
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Figure 4.  Progesterone (P4) levels in ovariectomized (OVX) mice, with and without P4 pellet 

implantation. 

 Young adult female mice (14 weeks old) were ovariectomized. Two weeks after OVX, one 

group received subcutaneous implantation of cholesterol pellet (OVX + cholesterol) to serve as 

control, and a parallel group received P4 pellet implantation (OVX + P4). One week afterward, P4 

levels in these mice were measured using the P4 ELISA method (10 mice/group). 
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Figure 5.  The distribution of let-7i antagomir via the intracerebroventricular injection (ICV) 

 To assess whether ICV is effective in delivering the antagomir to the ischemic lesion, 

FITC-tagged antagomir (green fluorescent, see white arrow) was visualized using 

immunofluorescence method. Images were captured using confocal microscopy with a 40x 

objective. 
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Figure 6.  TTC (2,3,5-triphenyltetrazolium chloride) staining of an ischemic brain. White area 

indicates the ischemic core (IC), dotted area indicates the peri-infarct region (P) and (*) defines 

the remote region.  
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Figure 7. The colocalization (see white arrows) of FITC-tagged let-7i antagomir (green 

fluorescent) with markers of different cell types in the ischemic brain. 

To determine what cell types uptakes the let-7i inhibition, immunofluorescence was 

performed to probe for GFAP ( marker for astrocytes), NeuN (marker for neurons ) and Iba1 

(marker for microglia). Images were taken using a confocal microscope with a 40X objective. 

White arrows indicate colocalization.  
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Figure 8. The homology of let-7i mature sequence in mouse vs. human 
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Figure 9. Both human BDNF and Pgrmc1 mRNAs have potential binding sites for let-7i 
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CHAPTER VI 

 

SUMMARY AND FUTURE DIRECTION 

 

SUMMARY 

The main goal of my dissertation was to elucidate the role of let-7i in the neuroprotective 

effects of P4 in the ischemic brain. Taken as a whole, my data suggest that let-7i is a negative 

regulator of the Pgrmc1/BDNF axis in glia, and results in the suppression of P4-induced BDNF 

release from glia. This not only led to the attenuation of P4-induced neuroprotection but also a 

diminished capacity of P4 to induce the expression of such markers of synaptogenesis as 

synaptophysin.  

The data presented in the preceding chapters also support the indispensable role of glia 

in the neuroprotective program of P4. Of note, in studies investigating the neuroprotective effects 

of P4 in experimental models of stroke, a heavy emphasis has been placed on the direct effect of 

P4 on neurons. The notion that glia may be an equally important target underlying P4’s protective 

effects on the brain has only been studied minimally. However, evidence from emerging literature 

as well as from our own recent studies has highlighted the critical role of glia, both as a site of 

local P4 synthesis and as a mediator of P4’s pro-survival functions in CNS (1-3). In addition, 

astrocytes have been considered as an important component in the post-ischemic recovery, as 

these cells are critical for regeneration and remodeling of neural circuits following stroke (4). More 

direct support of our hypothesis of a critical role of glia is based on the observation that P4 protects 

cerebral cortical organotypic explants (containing both glia and neurons) against oxidative cell 

death (5), while P4 did not induce as robust protection in neuron-enriched primary cultures 

(unpublished data), which strongly suggests that glia is required for P4’s neuroprotective program. 
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Through the studies conducted and presented in this dissertation, we have added to our 

understanding of the role astrocytes play as cellular mediators of P4’s protective effects.  This 

information is useful and important because only through a detailed understanding of how 

neuroprotective cues, such as P4, influence both neurons and glia, and how each key component 

in the downstream signaling cascade is regulated, will the development of effective mechanism-

based therapeutics for stroke become available. 

These data also highlight the necessary role of glial BDNF, more specifically the mature 

form, in mediating the P4-initiated intercellular relationship between astrocytes and neurons for 

neuroprotection and synaptogenesis. A deficit in BDNF has been linked to stroke pathophysiology 

(6, 7). In the central nervous system (CNS), BDNF also has an established role in promoting 

neuronal differentiation, survival, synaptic plasticity (8-10) and synaptogenesis (11-13). Of note, 

synaptogenesis occurring in the peri-infarct region is known to strongly contribute to enhanced 

functional recovery from stroke. We have reported that P4 can influence the action of BDNF via 

two distinct mechanisms; one of which is its regulation of BDNF expression , both mRNA and 

protein, via a genomic mechanism (i.e., PR action) (14); another and more novel mechanism is 

its regulation of BDNF release via Pgrmc1 (15), a non-genomic pathway. Our results show that 

conditioned medium derived from P4-treated astrocytes increases the expression of synaptic 

markers and enhances neuronal survival against OGD, and blocking of BDNF signaling using 

TrkB IgG (a selective inhibitor of BDNF’s cognate receptor) attenuates these effects. Thus, we 

interpreted that these beneficial effects were attributed to P4 eliciting its effects through a 

mechanism that involved Pgrmc1-dependent BDNF release from glia. 

Given the key role that Pgrmc1 plays in P4’s mechanism of action, a more detailed 

understanding regarding the regulation of Pgrmc1 in the brain and the consequence of such 

regulation is critically important. To this end, our data suggest that the miRNA, let-7i, serves as a 

negative regulator Pgrmc1 and BDNF in glia, leading to suppression of P4-induced BDNF release 
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from glia and attenuation of P4’s beneficial effects on neuroprotection and synaptogenesis. These 

studies represent the very first to show how Pgrmc1 is regulated in glia. Interestingly, OGD, an in 

vitro model of ischemia, also induces expression of let-7i in glia (Chapter 5, figure 1) and 

suppresses P4-induced BDNF release from these cells (Chapter 5, figure 2). Collectively, we infer 

that the suppression of P4-induced BDNF release is attributed to the elevated expression of let-

7i in these cells. Intriguingly, we also observed an upregulation of let-7i in ischemic brain, which 

is associated with a reduction in Pgrmc1 and mature BDNF expression. While P4 alone was 

minimally effective in our mouse model of stroke, inhibition of let-7i greatly facilitated the effect of 

P4 through restoration of Pgrmc1 expression and increase in mature BDNF expression. In fact, 

this combined treatment (let-7i inhibition + P4) significantly reduced ischemic injury and led to 

enhanced synaptogenesis and complete functional recovery following stroke. Taken together, we 

infer that the reduced expression of Pgrmc1 and BDNF in the ischemic brain may be attributed to 

increased let7i levels., and that these molecular changes associated with ischemia reduce the 

protective efficacy of P4. As such, these data support the potential utility of targeting and 

downregulating let-7i as a viable method to enhance P4’s protective actions in the ischemic brain. 

Moreover, dampening the up-regulation of let-7i may have the potential to extend the “window of 

opportunity” for stroke therapy (discussed further below). These data have helped us gain a 

detailed understanding of how Let7i regulates Pgrmc1 and BDNF expression in glia and how this 

regulatory loop is altered in the ischemic brain. They also provide a strong scientific 

framework/foundation for the identification and development of a novel, miRNA-targeting 

approach for the treatment of ischemic stroke which could also impact the effectiveness of 

hormone-based therapeutic approaches. The latter may have particular significance to the future 

of hormone therapy in postmenopausal women as it may reveal an important predictor of the 

beneficial effects of P4 in the CNS. 
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Despite the promising experimental and preclinical data, a recent phase III clinical trial 

(ProTECT III) assessing the efficacy of P4 treatment for acute TBI showed rather disappointing 

results with no favorable effects noted (16). Since some studies have reported an elevated 

expression of let-7i in traumatic brain injury (TBI) models (17, 18), we suggest that the data from 

my dissertation project may help to explain this lack of efficacy in that  following TBI, upregulation 

of let-7i may downregulate the Pgrmc1/BDNF signaling, thus dampening the protective function 

of P4.  

As discussed in chapter 1, we have confirmed that let-7i sequence is conserved from 

mouse to human (Chapter 5, figure 8), and both human Pgrmc1 and BDNF genes are potential 

targets of let-7i (Chapter 5, figure 9). In addition, our unpublished data also suggest that let-7i is 

a negative regulator of Pgrmc1 in human cell lines. Taken together, these findings support the 

translatability of our intervention into humans.  

We recognize that the data presented in chapters 3 – 5, though significant, lead to many 

additional questions that need to be addressed in order to translate our findings into a clinically 

relevant treatment for ischemic stroke. One potential direction would include a discovery-driven 

approach to elucidating other potential targets/pathways of let-7i that are relevant to P4’s action 

(using a transcriptome-wide approach like the Ago-HITS CLIP). In addition, our data suggest that 

inhibition of let-7i could also expand the therapeutic window. These preclinical studies will serve 

as the foundation for developing a humanized version of the intervention, taking into consideration 

not only the method by which the antagomir is delivered, but also for whom such an intervention 

is most likely to be effective.  
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FUTURE DIRECTIONS 

THERAPEUTIC WINDOW 

To date, the only FDA approved drug for ischemic stroke treatment is recombinant tissue-

type plasminogen activator (19). tPA has a very narrow therapeutic window of 3 - 4.5 h after stroke 

onset (20). This limited therapeutic window translates to the finding that only a small percentage 

of patients (3-8% of all ischemic cases) benefit from such an intervention (20). This underscores 

the need to develop an intervention with wider therapeutic window to benefit a larger population, 

or alternatively, the need to develop an adjuvant therapy that expands the therapeutic window for 

existing drugs for stroke. In this dissertation project, we administered let-7i inhibitor 30 minutes 

after stroke onset. This time point was chosen initially to assess the efficacy of the intervention. 

Now that the effects on neuroprotection and functional recovery are established, the next 

necessary study is to determine therapeutic window offered by this intervention. We speculate 

that dampening the ischemia associated upregulation of let-7i may prevent early detrimental 

changes (i.e., key receptor system/ mediators) that are relevant to P4’s action, therefore creating 

an ideal environment for P4 to maximize its effect and leading to a wider therapeutic window.  

 

ALTERNATIVE DELIVERY APPROACHES 

We used ICV as a method to deliver let-7i inhibitor into the brain to avoid potential 

peripheral effects. This method of delivery is widely used in preclinical studies and does not seem 

to lead to any complications (21-23). However, in humans, this method of delivery imposes 

several serious complications including hemorrhage, malpositioning, post-operative infection, 

chemical arachnoiditis and leukoencephalopathy (24). As such, there is a need to develop a better 

approach to efficiently bypassing the blood-brain barrier (BBB) to delivery drug centrally, and the 

approach also needs to be less invasive and less risky to patients. One promising approach is a 
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systemic injection of RVG (rabies viral glycoprotein – a central nervous system-specific peptide)-

fused exosomes. This has been shown to efficiently deliver siRNA to a mouse brain without 

peripheral effects (25). Another method to consider is using the RVG-glycoprotein-disulfide-linked 

PEI (polyethyleneimine) as the packaging of miRNA antagomir. It has been shown that systemic 

injection of this nanocarrier effectively and safely delivers miRNA to a mouse brain (26). The use 

of the RVG-mediated targeting of antagomir containing exosomes is currently being investigated 

by members of the Singh lab. Another alternative approach is the intranasal delivery, which can 

bypass the BBB and deliver drug centrally due to the direct transport into the cerebrospinal fluid 

(CSF) compartment along the olfactory pathway (27).  

 

POTENTIAL EFFECTS IN OTHER CNS CELL TYPES 

Another important direction that this research needs to go is to determine the role of let-7i 

in P4’s direct function in neurons as we have now elucidated in glia. Our immunofluorescence 

data revealed that let-7i inhibitors were taken up by neurons and astrocytes. While we have 

determined that let-7i interferes with P4’s protective function by regulating expression of Pgrmc1 

and BDNF in astrocytes, whether it has a similar role in neurons is not known and needs to be 

explored further. This will inform us as to whether the observed effect of let-7i inhibition in 

enhancing P4’s protective function is solely due to the involvement of glia, or it may be attributed 

to mechanisms in neurons as well. Such information is extremely useful because only through a 

better understanding of the factors that influence the expression of key mediators (e.g., receptors) 

of P4, we will be able to maximize the effectiveness of P4.  
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MECHANISM UNDERLIES THE CONVERSION OF BDNF PROTEIN IN ISCHEMIC BRAIN 

 Our data demonstrate that P4 induced a significant release of mature BDNF from glia, 

which we suggest mediates P4-induced neuroprotection and synaptogenesis. Furthermore, the 

levels of mature BDNF level observed in the ischemic brain with the combined treatment (of the 

let-7i antagomir and P4) was far greater than the effect of P4 alone. And while the enhanced 

expression of Pgrmc1 can explain the increased P4-induced release of BDNF with the 

combination of let-7i antagomir and P4, what is still unclear is the mechanism underlying the 

increased expression of BDNF protein. One possible mechanism is  based on the hypothesis that 

inhibition of let-7i increases the stability of BDNF mRNA (creating a larger translatable pool of 

BDNF mRNA), or alternatively, promotes the conversion from the pro- to mature-form of BDNF. 

While the literature does not provide any information on the stability of BDNF transcripts, we have 

consolidated evidence from the literature to support our second hypothesis, which focuses on the 

conversion of the pro-form of BDNF to the mature form of the protein. An in silico analysis reveals 

that Kruppel-like factor 8 (KLF8) is a potential target of let-7i. KLF8 has been shown to increase 

the expression of matrix metalloproteinase (MMP)9, at least in a peripheral (non-CNS) cell type 

(28). MMP9, in turn, has been shown to promote the conversion of pro-BDNF to mature-BDNF. 

Taken together, we propose that ischemia-induced upregulation of let-7i leads to the suppression 

in KLF8 expression, resulting in a downregulation of MMP9. Under such conditions, the 

conversion of BDNF protein to mature form would be limited. If this is true, then it could explain 

why P4 treatment increases total BDNF protein, but only a small fraction of that is converted to 

mature BDNF in ischemic brain.  
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OTHER CNS DISEASE MODELS 

  As discussed above, TBI-induced increased expression of let-7i may be responsible for 

the dampening protective effect of P4 in clinical studies. Thus, we propose to study whether let-

7i inhibition can enhance P4’s beneficial effect in TBI. Due to the significant effect of the combined 

let-7i/P4 treatment on synaptophysin levels, this intervention may also be applied to Alzheimer’s 

Disease (AD), a disease characterized by profound neuronal and synaptic loss (29). 

 

CONCLUSION 

 In conclusion, I have determined that that let-7i represses P4’s neuroprotective effects by 

down-regulating the expression of both Pgrmc1 and BDNF in glia, leading to the suppression of 

P4-induced BDNF release from glia, and the attenuation of the beneficial effects of P4 on neuronal 

survival and synaptogenesis in the ischemic brain. My results have provided an important step 

toward advancing not only our fundamental understanding of the receptor pharmacology 

associated with P4’s effects in the CNS, but also revealed the role of a major miRNA in the 

regulation of P4’s protective effects. Furthermore, these studies also reveal new and important 

mechanistic details that are relevant to the development of novel miRNA-based therapeutic 

strategies in mitigating the structural and functional deficits associated with stroke, and possibly 

other CNS pathologies such as TBI and AD. 
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