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Fetal alcohol exposure has many detrimental effects on the developing brain and 

can cause fetal alcohol spectrum disorders (FASDs). Many FASDs patients show lifelong 

stress response abnormalities, demonstrated by an augmented response to stress 

hormones such as adrenocorticotropin and corticosterone (Lee et al., 2000), which are 

likely driven by alterations the hypothalamic-pituitary-adrenal (HPA) axis function 

(Zhang et al., 2005). Using a rat animal model, we have shown that postnatal ethanol 

exposure reduces the number and function of stress regulatory β-endorphin producing 

neurons in the hypothalamus, inducing a hyper-stress response (Sarkar et al., 2007; 

Logan et al., 2015). Microglia are one of the innate immune cells in the CNS and can be 

categorized as activated or ramified. Activated microglia are associated with an increase 

in proinflammatory responses and phagocytosis while ramified microglia are associated 

with maintaining homeostasis through dynamic communication, remodeling of neuronal 
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synapses, and surveying the environment (Bell-Temin et al., 2013). How β-endorphin 

neurons communicate with microglia to maintain normal homeostasis has yet to be 

addressed. β-endorphin can also bind to both mu- and delta-opioid receptors and may 

serve as a form of communication between β-endorphin neurons and microglia.  

Exosomes are small vesicles (30-150 nm) that play an important role in local and distant 

communication between cells. They carry unique cargo (proteins, mRNA, miRNA, and 

other non-coding RNAs) from the cells they originate from that can affect the recipient 

cell’s homeostasis and induce apoptosis. Additionally, complement proteins, generally 

known for their role to opsonize foreign pathogens and support phagocytosis of dying 

cells may also play a role in ethanol-induced β-endorphin neuronal cell death. Here I 

demonstrate that ethanol-induced apoptosis of β-endorphin neurons is caused by 

activation of microglia to release proinflammatory cytokines, pro-apoptotic exosomes, 

and C1q. Furthermore, mu-opioid receptors activation is critical to ethanol-induced 

activation of microglia to induce apoptosis of β-endorphin neurons and antagonism of 

mu-opioid receptors attenuated the ethanol effect. Delta-opioid receptors antagonism did 

not have an effect on ethanol-induced β-endorphin neuronal cell death.  
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1. CHAPTER ONE: BACKGROUND INFORMATION 

1.1 ALCOHOL USE IN WOMEN OF CHILDBEARING AGE 

In 2008 it was estimated that over half of all pregnancies in the United States 

were unplanned (Finer et al., 2008). Moreover, most pregnant women are unaware they 

are pregnant until typically 4-6 weeks into their pregnancy (Green et al., 2013). Alcohol 

consumption is also common during this time period for women as demonstrated by a 

2015 state-based survey. This survey reported that 51% of women of childbearing age 

(18-44) consumed any amount of alcohol and 16.9% engaged in a binge exposure (≥4 

drinks in 2 hours, which produces a blood ethanol level of ≥0.08 g/dL) in the last 30 days 

(CDC, 2015: HHSH & USDA, 2015). Furthermore, it was estimated that 3.3 million 

women of childbearing age had consumed alcohol and engaged in sex without 

contraception (Green, 2013). The same study also found that 3 out of 4 women who 

consumed alcohol also wanted to get pregnant immediately (Green, 2013). These data 

demonstrate that it is very possible for a woman to be pregnant and expose her child to 

alcohol without her knowledge.  

Alcohol consumption, however, can still occur throughout the pregnancy. A US-

based study from 2015 reported that 10.2% of pregnant women reported to have 

consumed alcohol and 3.1% of pregnant women engaged in binge drinking in the last 30 

days. Additionally, pregnant women consumed greater amounts of alcohol (4.6 

drinks/binge) than their non-pregnant counterparts (3.1 drinks/binge). Interestingly, 

education level wasn’t a deterrent as the highest prevalence of drinking was observed in 

college graduates aged 35-44 (Tan et al., 2015). Furthermore, it was estimated in 2013 
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that 5% of pregnant women in their second trimester and 4.4% of pregnant women in 

their third trimester consumed alcohol during in the last 30 days (SAMHSA, 2014). 

Alcohol consumption varies based on region and a study in the Netherlands found that in 

the second and third trimester, 13.5% and 11.6% of pregnant women consumed 1 alcohol 

drink per week, while 6.1% and 5.6% consumed 2 more drinks per week, respectfully 

(Guelinckx et al., 2011). 

Alcohol consumption during pregnancy is a tremendous problem because it is a 

known teratogen and there is currently no known safe amount of alcohol during 

pregnancy. In 2005, the U.S. Surgeon General released an advisory on alcohol use during 

pregnancy urging women who are or may become pregnant to abstain from alcohol use 

(HHS, 2005). Alcohol consumption can be very harmful to the developing fetus and 

result in death, miscarriage, or the development of fetal alcohol spectrum disorders 

(FASDs). 

1.2 FETAL ALCOHOL SPECTRUM DISORDERS 

1.2.1 FASDs: EPIDEMIOLOGY AND DEFINITION 

FASDs is an umbrella term used to group together a range of maladies induced by 

alcohol exposure during gestation. These maladies can be grouped into smaller categories 

typically based on symptoms: fetal alcohol syndrome, (FAS) alcohol-related 

neurodevelopmental disorder (ARND), alcohol-related birth defects (ARBD) and 

neurobehavioral disorder associated with prenatal alcohol exposure (ND-PAE). FAS is 

considered to be the most severe result of fetal alcohol exposure and is characterized by 

facial dysmophia, growth problems, and central nervous system abnormalities (CDC, 

2018). Examples of central nervous system abnormalities are cognitive or developmental 
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deficits, executive functioning deficits, motor function delays, and problems with 

attention or hyperactivity (Bertrand et al., 2004). The CDC estimated that 0.2-1.5 infants 

are born with FAS for every 1000 live births (CDC, 2000). However, a more recent in-

person assessment of children aged 7-9 years old in multiple U.S. communities found 6-9 

children out of 1000 had FAS (CDC, 2015).  

Patients with ARND or ARBD may exhibit intellectual and behavioral problems 

or organ specific maladies (heart, kidney, bones), respectfully (CDC, 2018), Patients with 

ND-PAE, a recent addition to the Diagnostic and Statistical Manual 5, have problems 

with thinking, memory, behavior, and normal day-to-day tasks such as issues with 

dressing or playing with peers (Hagan Jr. et al, 2016). Taking the entire spectrum of 

FASDs into consideration, the prevalence of FASDs has increased over the last 20 years 

in the U.S. Sampson et al. determined that the prevalence of FASDs was 1% in 1997 

(Sampson et al., 1997). This number more than doubled a decade later with a prevalence 

of approximately 2-5% in the U.S. and Western Europe (May et al., 2009; May et al., 

2014). Lastly, a recent report suggests that FASDs could be as prevalent as 9.8% in first-

grade children using a weighted prevalence approach (May et al., 2018). Furthermore, the 

lifetime cost of FAS, one syndrome on the spectrum of FASDs, was estimated to be over 

$2 million per individual and $4-5.5 billion to the U.S. annually, however, these numbers 

are outdated and could be much higher due to inflation alone (Lupton et al., 2004; Sacks 

et al., 2010). Therefore, the prevalence and cost of FASDs is on the rise and needs to be 

addressed. 

1.2.2 FETAL ETHANOL METABOLISM 
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In addition to maternal consumption of alcohol, metabolism of ethanol also 

affects the development of FASDs. First, it has been estimated that fetal blood ethanol 

levels reach an average of 83.5% of maternal levels within 1-2 hours after consumption 

(Waltman & Iniquez, 1972). Additionally, since ethanol is a small molecule, it can freely 

pass through the placenta into the fetus. In the placenta there is only one isoform of 

alcohol dehydrogenase (ADH), an enzyme that converts ethanol into acetaldehyde, which 

has a low affinity for ethanol and metabolizes it at a rate that is 3900-fold less than the 

adult liver (Karl et al., 1988; Burd et al., 2012). Moreover, the fetal liver has low amounts 

ADH and the P450 enzyme, which is required for CY2PE1 to function and metabolize 

ethanol, and therefore has a severely diminished ability (5-10% compared to an adult 

liver) to metabolize ethanol (Burd et al., 2012). Furthermore, excretion of ethanol, into 

the amniotic fluid through fetal breathing or urination, gets reabsorbed through 

swallowing of the amniotic fluid and reabsorption into the intramembranous pathway, 

recycling the teratogen and producing a longer exposure of ethanol to the fetus compared 

to the mother (Burd et al., 2012).  

1.2.3 DEVELOPMENTAL TIMING OF ETHANOL EXPOSURE 

Next, the developmental timing of ethanol exposure also plays an important role 

in determining the severity of FASDs. For example, the third trimester is a critical period 

in human fetal development marked by rapid brain growth and development termed “the 

brain growth spurt” (Dobbing, 1974). This time period is marked by neuronal 

differentiation, neurogenesis, myelination, and synaptogenesis (Sarkar et al., 2007). 

Exposure to ethanol during this critical period can be detrimental, resulting in decreased 

head circumference and brain weight, under development of the corpus callosum, 
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reduced volume of the cerebellum and basal ganglia, as well as learning and memory 

abnormalities, suggesting damage to the hippocampus in humans (Coles, 1994; HHS, 

PHS, NIH, & NIAAA, 2000). Studying this time period is important because it has been 

estimated in 2013 that 4.4% of pregnant women consumed alcohol during the third 

trimester in the US (SAMHSA, 2014). Moreover, 6% of pregnant women in the 

Netherlands reported that they consumed 1 alcoholic drink per week during the third 

trimester and 5.6% consumed at least 2 drinks per week (Guelinckx et al., 2011). 

Lastly, determining the molecular mechanisms involved in producing FASDs 

requires animal models. The human third trimester is relative to the in first 10 days after 

birth in rats (Dobbing, 1974). During this time period in rats, postnatal ethanol exposure 

has been shown to produce similar effects in the brain, including loss of neurons in the 

hypothalamus, hippocampus, cortex, cerebellum, and corpus callosum, as well as 

decreases in head circumference and microcephaly (West et al., 1986; Kotkoskie & 

Norton, 1989; Chen et al., 2006). Currently there is no treatment for FASDs but early 

intervention can provide a promising avenue for treatment. Determining the molecular 

mechanisms through which fetal alcohol exposure induces these serious effects and 

finding ways to ameliorate or attenuate them is the current goal of my dissertation. 

Finally, the focus of this thesis will be on the mechanism through which fetal alcohol 

exposure induces apoptosis of β-endorphin producing neurons in the hypothalamus.  

1.3 PROOPIOMELANOCORTIN  

1.3.1 REGULATION OF POMC TRANSCRIPTION  

Proopiomelanocortin (POMC) is a prohormone whose cleavage products are 

involved in the regulation of feeding and energy homeostasis, stress, heart rate and blood 



 

 
 

  6 
 

pressure, and sexual function (Martin & MacIntyre, 2004; Cone, 2005; Mountjoy, 2015). 

The POMC prohorome is transcribed from a single gene, which consists of 3 exons and 2 

introns. This gene is represented on chromosome 2 in humans and chromosome 6 in rats 

(Overwatch et al., 1981; Pintar et al., 1984; Ogino et al., 2003). Exon 1 codes for an 

untranslated sequence, exon 2 codes for the signal peptide and the first amino acids of the 

N-terminal peptide (NT), and exon 3 codes for most of the translated mRNA, including 

the C-terminal part of the NT, adrenocorticotropic hormone (ACTH), and β-lipotrophin 

(β-LPH) (Raffin-Sanson et al., 2003). Determination of which protein is produced is 

governed by posttranslational processing of POMC and is tissue specific. POMC mRNA 

is expressed in the arcuate nucleus of the hypothalamus, nucleus tractus solitaries (NTS), 

anterior pituitary gland, adrenal gland, fat, pancreas, skin, immune system, and several 

other tissues (Yeo et al., 2000; Lundberg et al., 2014; Toda et al., 2017). While POMC 

has numerous functions in the tissues it is expressed, this review will focus primarily on 

the anterior pituitary and the arcuate nucleus of the hypothalamus. 

In the pituitary gland, POMC is expressed only in hormone secreting cells called 

corticotropes in the anterior pituitary and melanotropes in the intermediate lobe (Sarkar, 

2015). It should be noted that humans have a prominent intermediate lobe during fetal 

development but in adults it has no discrete anatomical location (McNicol, 1986). POMC 

expression in the anterior pituitary is positively regulated by corticotropin-releasing 

hormone (CRH) and negatively regulated by glucocorticoids (Roberts et al., 1979; 

Loeffler et al., 1985, Roberts et al., 1987). CRH acts through its G-protein coupled 

receptor (GPCR) to activate adenylyl cyclase (AC), increase cyclic adenosine 

monophosphate (cAMP), and activate protein kinase-A (PKA). PKA then phosphorylates 
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PCRH-RE, a transcription factor, to induce transcription of POMC (Sarkar, 2015). CRH 

can also promote transcription through activation of c-fos, FosB, JunB, and binding to the 

POMC AP-1 promoter site (Sarkar, 2015). Glucocorticoids, on the other hand, suppress 

POMC transcription through the binding of a negative glucocorticoid response element to 

the POMC promoter. Binding of a glucocorticoid to a monomeric glucocorticoid 

response element leads to the binding of another monomer, which dimerizes to the other 

side of the DNA helix and partially blocks the CCAAT box of the POMC promoter 

(Sarkar, 2015). POMC is also regulated by insulin and leptin (D’Agostino & Diano, 

2010). Insulin can bind to insulin receptors on POMC neurons and activate 

phosphatidylinositol-3 kinase (PI3K). Once activated, PI3K phosphorylates membrane 

lipid phosphatidylinositol-4,5-bisphosphate to phosphatidylinositol-3,4,5-trisphosphate 

(PIP3). PIP3 then binds to phosphoinositide-dependent protein kinase 1 (PDK1) and 

phosphorylates protein kinase B (AKT). Phosphorylated AKT then phosphorylates a 

transcription factor called forkhead box-containing transcription factor of the O 

subfamily type 1 (FOXO1), which is an inhibitor of POMC transcription, and 

phosphorylation removes FOXO1 from the POMC promoter region (Kitamura, 2006; 

D’Agostino & Diano, 2010). Interestingly, activation of PI3K can also induce the 

opening of adenosine triphosphate (ATP)-sensitive potassium channels, depolarize 

POMC neurons, and augment firing of these neurons (Shyng & Nichols, 1998; Parton et 

al., 2007). Leptin binds to leptin receptors on POMC neurons and activates the Janus 

kinase/signal transducers and activators of transcription (JAK/STAT) pathway, 

particularly STAT3 (Vaisse et al., 1996). Once activated, STAT3 can recruit histone 

acetylases to the POMC promoter and induce POMC transcription (Kitamura, 2006). 



 

 
 

  8 
 

Taken together, these mechanisms demonstrate how POMC transcription can be 

regulated; however, POMC also undergoes posttranslational modifications.  

1.3.2 POSTTRANSLATIONAL PROCESSING OF POMC  

The posttranslational processing of POMC begins in the Golgi bodies. In the 

Golgi bodies, the 32 kilodalton prohormone receives modifications that target it to 

specific secretory granules where it will be processed and stored before being released by 

exocytosis (Cool et al., 1997; D’Agostino & Diano, 2010). POMC is cleaved within these 

granules by a family of serine proteases called prohormone convertases (PC) (Pritchard, 

et al., 2002). In the anterior pituitary, PC1 but not PC2 is present. PC1 cleaves POMC 

into Pro-ACTH, signal peptide (SP), and β-LPH. Pro-ACTH is further cleaved into 

ACTH, NT, and joining peptide (JP) while β-LPH can be cleaved to produce small 

amounts of gamma-LPH (γ-PLH) and β-endorphin (Bertanga, 1988; Zhou et al., 1993; 

Pritchard et al., 2002; Bicknell, 2008). Alternatively, the intermediate lobe and the 

hypothalamus contain both PC1 and PC2. This allows for more extensive processing of 

POMC products than in the anterior pituitary, producing smaller peptides (Mains et al., 

1989; Bicknell, 2008). In these regions, ACTH is cleaved into α-melanocyte stimulating 

hormone (α-MSH) and corticotropin-like intermediate protein (CLIP). β-LPH is cleaved 

into γ-PLH and β-endorphin (Deakin et al., 1980; Bicknell, 2008). One important 

difference between the intermediate lobe and the hypothalamus is that in the 

intermediated lobe β-endorphin is further cleaved at the c-terminus, which eliminates its 

potency for analgesia. This does not occur in the hypothalamus (Deakin et al., 1980; 

Bicknell, 2008). Therefore, in the anterior pituitary, POMC posttranslational 

modifications lead primarily to the production ACTH while neurons in the hypothalamus 
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can produce smaller peptides such as β-endorphin and α-MSH. Next I will briefly 

describe the action of the aforementioned POMC cleavage products (ACTH, α-MSH, β-

endorphin). 

ACTH is a key component of the hypothalamic-pituitary-adrenal axis because it 

responds to CRH following a stressor and induces the production of glucocorticoids to 

respond to the stressor (Tsigosa & Chrousos, 2002). α-MSH binds to melanocortin 

receptors (MCR) in numerous peripheral tissues and regulates skin pigmentation, adrenal 

steroidogenesis, and thermoregulation (Chen et al., 1993; Clark et al., 1993; Robbins et 

al., 1993). In the hypothalamus, α-MSH binds to MC3R and MC4R to regulate food 

intake and energy homeostasis. Finally, β-endorphin is an endogenous opioid peptide that 

preferentially binds to mu-opioid receptors (MOR) over delta-opioid receptors (DOR) 

and is involved in regulating stress, pain, and reward (Koneru et al., 2009). Focusing on 

the stress axis and the role β-endorphin plays in its regulation will be the focus of the next 

section. 

1.4 THE HPA AXIS AND STRESS 

1.4.1 HPA AXIS  

The HPA axis is a neuroendocrine system that operates on a negative feedback 

loop to regulate the body’s response to stress. Some examples of stress are systemic 

stressors (physical or metabolic) such as changes in blood pressure, pain, and 

hypoglycemia, or psychogenic stressors such as emotional distress (Aguilera & Liu, 

2012). Systemic stressor stressors utilize ascending pathways originating in the NTS and 

the ventrolateral medulla. Adrenergic (A1 and C1) and noradrenergic (A2 and C2) fibers 

from the NTS and ventrolateral medulla, respectively, synapse onto CRH neurons in the 
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paraventricular nucleus of the hypothalamus (PVN) and activate α-adrenergic receptors, 

which are coupled to guanyl nucleotide binding protein q/11 (Gq11) and phospholipase C 

(PLC) (Kiss and Aguilera, 1992; Herman et al., 2003). Activation of PLC induces the 

cleavage of phosphatidylinositol 4,5-bisphosphate (PIP2) into diacyl glycerol (DAG) and 

inositol 1,4,5-trisphosphate (IP3). These secondary messengers induce the activation of 

protein kinase C (PKC) and the release of intracellular Ca2+, which induces CRH release 

from the PVN. Additionally, glutamate signaling through NMDA or GluR5 can also 

increase intracellular Ca2+ and induce CRH release (Aguilera & Liu, 2012). PKC 

activation as well as activation of PKA, calcium calmodulin dependent protein kinase, 

and mitogen activated protein kinase (MAPK), can phosphorylate and activate cAMP 

responsive element binding protein and induce transcription of CRH (Liu et al., 2008; 

Aguilera & Liu, 2012). Therefore, stress not only induces the release of CRH from the 

PVN but also increases the transcription of CRH to respond to a stressor.  

Once activated, CRH is released into the hypophyseal portal system where it 

binds to the CRH receptor 1 and stimulates the transcription and release of ACTH from 

corticotrope cells in the anterior pituitary (Oyola & Handa, 2017). ACTH enters the 

bloodstream and binds to the MC2R in the zona fasciculate of the adrenal cortex (Hadley 

& Haskell-Luevano, 1999). MC2R is a GPCR and binding of ACTH produces a 

confirmation shift in the GPCR resulting in the activation of AC. AC induces the 

conversion of ATP to cAMP, which then phosphorylates PKA. (Grahame-Smith et al., 

1967; Spät et al., 2016). PKA phosphorylates and activates hormone-sensitive lipase, 

which cleaves intracellular lipid droplets to produce free cholesterol. PKA also activates 

the steroidogenic acute regulatory protein that transfers the free cholesterol into the 
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mitochondria (Kim et al., 1997; Holm et al., 2000). Furthermore, PKA phosphorylates L-

type Ca2+ channels and produces an influx of extracellular Ca2+ that activates PLC 

(Gallo-Payet et al., 1996). The PKC signaling mechanism results in the generation of IP3 

and subsequent release of intracellular Ca2+. Calcium activates three Ca2+-dependent 

mitochondrial dehydrogenases in the inner mitochondrial membrane, induces the 

production NADPH, and serves as an important cofactor in glucocorticoid synthesis (Spät 

et al., 2016). Glucocorticoids then enter the bloodstream and coordinate the stress 

response, resulting in gluconeogenesis, increased arousal, immunosuppression, elevated 

heart rate, vasodilation, and modified learning and memory (Stephens, 2012). 

Meanwhile, glucocorticoids can bind to CRH neurons and corticotropes and inhibit the 

activation of the HPA axis in a negative feedback manner. β-endorphin, a cleavage 

product of POMC can also inhibit CRH activation. β-endorphin neurons send projections 

to CRH neurons in the PVN and can inhibit the release of CRH (O’Connor et al., 2000). 

This occurs through binding of β-endorphin to MORs on CRH neurons. MORs are 

coupled to inhibitory GPCRs and activation of these receptors induces Gi signaling. Gi 

inhibits the activity of AC and reduces the production of cAMP. Reductions in cAMP 

diminish Na+ influx and suppress neuronal excitability by preventing the opening of 

cyclic nucleotide-gated ion channels. Then the βγ subunits of the inhibitory GPCR inhibit 

T-type calcium channels and prevent Ca2+ influx and depolarization. The βγ subunits also 

activate the G-protein inwardly rectifying potassium (GIRK) channels. Activation of 

GIRK channels induces neuronal hyperpolarization through K+ efflux (Chan et al., 2017). 

In summary, the HPA axis is an endocrine system that produces a response to a stressor. 

CRH activates the production of ACTH, which in turn induces the production and release 
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of glucocorticoids. Glucocorticoids carry out the response to a stressor as well as 

negatively regulate HPA axis to prevent hyperactivation. In addition, β-endorphin also 

plays a critical role in the regulation of the HPA axis. Despite these numerous regulators 

of the HPA axis, it is very susceptible to programming during fetal development.  

1.4.2 DYSREGULATION OF THE HPA AXIS 

Hyperactivation, such as with repetitive stressors or the loss of a negative 

regulator can reprogram the HPA axis such that it becomes hyperresponsive to stressors 

throughout life (Zhang et al., 2005). Many researchers have, in fact, demonstrated this 

effect with repetitive stressor exposure during the prenatal developmental period, 

producing lifelong hyperresponsiveness to stress. (Weinberg et al., 2008). Takahashi et 

al. found that prenatally stressed rats exhibited augmented ACTH and corticosterone 

levels following a foot shock stress paradigm at postnatal days (PND) 7, 14, and 21 

Takahashi et al., 1991). Henry et al. found elevated levels of corticosterone in the plasma 

of prenatally stress exposed male rats after exposure to a novel object at PND 3, 7, and 

90. Interestingly, they also found that density of hippocampal type I and type II 

corticosteroid receptors were reduced in PND 21 and 90 male rats (Henry, et al., 1994). 

Lastly, Mueller & Bale found decreased levels of Crf and glucocorticoid expression in 

the hypothalamus, along with increased methylation at their promoter regions (Mueller & 

Bale, 2013). Taken together, these experiments show that prenatal stressors can produce 

lifelong hyperstress responses to acute physiological and psychogenic stressor. 

 Our lab has shown in rats and mice that chronic ethanol exposure induces 

apoptosis of β-endorphin neurons or reduces POMC expression in the arcuate nucleus 

following prenatal, postnatal, and preconception ethanol exposure (Sarkar et al., 2007; 
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Agapito, et al., 2013; Bekdash et al., 2013; Jabbar et al., 2016, Shrivastava et al., 2017). 

Moreover, our lab has demonstrated that the reduction of BEP neurons following fetal 

ethanol exposure contributes to HPA hyperresponsiveness to immune challenge and 

behavioral stressor (open-field maze and elevated plus maze) in adulthood. Critically, this 

anxiety and hyperresponsiveness to stress phenotype was eliminated in rats that received 

β-endorphin transplantation into the PVN (Logan et al., 2015). This suggests that the loss 

of β-endorphin neurons leads to a hyperresponsiveness to stress. This is consistent with 

the expected outcome of removing a negative regulator of the HPA axis. With fewer β-

endorphin neurons to inhibit HPA activation, the HPA axis may be programmed to 

respond in a hyperresponsive manner when activated. Importantly, ethanol was the 

primary toxicant that was used to induce apoptosis of β-endorphin neurons, so the next 

section will discuss potential mechanisms through which ethanol can induce apoptosis. 

1.5 ETHANOL-INDUCED APOPTOSIS OF β-ENDORPHIN NEURONS 

1.5.1 IN VITRO MECHANISMS FROM PRIMARY HYPOTHALAMIC CULTURE 

In order to manage and prevent ethanol-induced apoptosis of β-endorphin neurons 

our lab has been trying to elucidate the mechanisms involved. One mechanism through 

which ethanol induces apoptosis was demonstrated by Chen et al. in a fetal hypothalamic 

culture. Here they showed that chronic ethanol exposure (2 and 4 days) increased 

nucleosome activity, decreased β-endorphin count, increased TUNEL-positive β-

endorphin neurons, and increased caspase-3 activity. Caspase-3 is a potent apoptotic 

protein that is involved in chromatin condensation and DNA fragmentation (Porter & 

Jänicke, 1999). Importantly, administration of Ac-DEVD-CHO, a potent caspase-3 

inhibitor, reduced ethanol-induced loss of β-endorphin neurons and TUNEL-positive β-



 

 
 

  14 
 

endorphin neurons. Furthermore, Chen et al. also found reductions in cAMP protein and 

AC-7 and -8 mRNA following chronic ethanol exposure. Moreover, these effects, as well 

as increased TUNEL-positive β-endorphin neurons, were also found following 

administration of an AC inhibitor called dideoxy-adenosine (DDA). The effect of DDA 

treatment was potentiated by ethanol co-administration at a low dose. The cAMP analog 

dibutyryl-cAMP (dbcAMP), when treated along with ethanol, completely blocked 

ethanol-induced death of β-endorphin neurons. In addition, chronic ethanol exposure, as 

well as DDA treatment, produced increased tumor growth factor-β1 (TGF-β1) protein 

and mRNA expression in a hypothalamic culture, which was blocked by co-

administration of ethanol and dbcAMP. Moreover, TGF-β1 treatment dose-dependently 

increased apoptosis of β-endorphin neurons and this effect did not increase when co-

administered with ethanol or DDA, suggesting that ethanol, DDA, and TGF-β1 share a 

common pathway to induce apoptosis of β-endorphin neurons. Anti-TGF-β1 antibodies 

attenuated this effect (Chen et al., 2006a). Importantly, TGF-β1 is known to induce 

apoptosis via Bcl-2 class of mitochondrial proteins (Francis et al., 2000). Lastly, all three 

(ethanol, DDA, and TGF-β1) treatments separately increased mRNA expression of 

apoptotic markers TGF-β1, Bcl-xs, Bax, Bak, and caspase-3, and decreased anti-

apoptotic marker Bcl-2, only TGF-β1 exposure decreased Bcl-xl (Chen et al., 2006a). 

When activated, Bax can bind to the endoplasmic reticulum and mitochondria to form 

pores that release Ca2+ ions and cytochrome c, respectively. Bak can oligomerize within 

mitochondria and increase the permeabilization of the mitochondrial outer membrane and 

release cytochrome c. Released cytochrome c binds to Apaf-1 and induces a signaling 

cascade that results in the activation of caspase-3. Bcl-2 and Bcl-xl can prevent this by 
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binding to Bak and Bax, respectfully, and inactivating them (Sánchez-Capelo, 2005). 

Taken together, these data suggest that a potential mechanism through which ethanol 

exposure induces apoptosis of β–endorphin neurons is via the reduction of cAMP and 

activation of a TGF-β1-dependent mechanism for apoptosis.  

1.5.2 IN VIVO MECHANISMS 

Two in vivo experiments built on the findings of Chen et al. regarding the 

mechanism for ethanol-induced apoptosis of β-endorphin neurons. Sarkar et al. found that 

postnatal ethanol exposure increased TUNEL-positive β-endorphin neurons, TGF-β1, 

Bcl-xs, and Bad mRNA expression and decreased the mRNA expression of POMC, AC6, 

AC8, and Bcl-2 in the arcuate nucleus. Furthermore, the loss of β-endorphin neurons 

persisted into the juvenile period, well after the cessation of ethanol exposure. 

Interestingly, they also found that CRH mRNA was increased following exposure to 

lipopolysaccharide (LPS), a major component of the outer membrane of Gram-negative 

bacteria and a known endotoxin, in the juvenile period and this increase could not be 

attenuated by BEP administration (Sarkar et al., 2007). Kuhn et al. demonstrated that 

ethanol-induced production of TGF-β1 induces apoptosis via regulation of cyclin 

dependent kinases (cdk). In this experiment, postnatal ethanol exposure reduced Cdk-4 

and Cyclin D3 and increased the cdk inhibitor P27/kip in the hypothalamus (Kuhn & 

Sarkar, 2008). Cdks are known to regulate the cell cycle and dysregulation of these 

kinase activities through TGF-β1 has been shown to induce apoptosis via altered 

phosphorylation of the transcriptional repressor retinoblastoma protein (Rb) (Oh et al., 

2000). Rb represses E2Fs which can induce apoptosis through the transcription of the Bcl 

class of apoptotic proteins (Callagan et al., 1999; Saavadra et al., 2002; Kuhn & Sarkar, 
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2008). However, Kuhn et al. found that chronic ethanol exposure decreased 

phosphorylation of Rb, expression of E2F1, and increased expression of E3F5 (Kuhn & 

Sarkar, 2008). Decreased phosphorylation of RB has been shown to induce apoptosis in 

immature neurons through decreased expression of critical growth factors, such as insulin 

growth factor (Porcu et al., 1994; Day et al., 1997, Yu et al., 2001). Lastly, chronic 

ethanol exposure increased the expression of pro-apoptotic factors Bad and Bcl-xs and 

decreased anti-apoptotic factor Bcl-2, in congruence with previous findings by Chen et al. 

and Sarkar et al. (Chen et al., 2006a; Sarkar et al., 2007; Kuhn & Sarkar, 2008). These 

data build on previously described data to demonstrate that chronic ethanol exposure 

induces apoptosis of β-endorphin neurons through TGF-β1 dependent pathways. 

1.5.3 ROLE FOR ROS IN ETHANOL-INDUCED APOPTOSIS OF β-ENDORPHIN 

NEURONS 

Ethanol exposure in a mixed hypothalamic neuronal culture increased superoxide 

anion (O2
-), reactive oxygen species (ROS), and nitrite (Boyadjieva & Sarkar, 2013). 

ROS can induce apoptosis through permeabilization of the mitochondrial outer 

membrane to release cytochrome c or through chemical reactions with key cell 

macromolecules, namely, phospholipids, proteins and DNA, which may lead to cellular 

dysfunction (Yu et al., 2001). Augmentation of free radicals and ROS was further 

exacerbated by ethanol-induced attenuation of endogenous antioxidant glutathione 

(GSH), as well as the enzymes involved in generating antioxidants such as catalase, super 

oxide demutase (SOD), and GSH-px. Additionally, the effects of ethanol exposure on 

apoptosis and oxidative stress were promoted by the presence of microglia (Boyadjieva & 

Sarkar, 2013). In primary microglia culture ethanol activated microglia augmented the 
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production tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), macrophage 

inflammatory protein 1-alpha (MIP-1α), and macrophage inflammatory protein 2-alpha 

(MIP-2). Also, the conditioned media of activated microglia induced apoptosis of 

cultured hypothalamic neurons. Immunoneutralization of TNF-α reduced the ability of 

ethanol-activated microglia to induce apoptosis of hypothalamic neurons (Boyadjieva & 

Sarkar, 2011). In summary, these data suggests that ethanol-induced apoptosis of β-

endorphin neurons may involve ROS, TGF-β1, and microglia. In the next section I will 

focus more on microglia and the role they play in ethanol-induced apoptosis and CNS 

communication. 

Table 1. Summary of studies investigating ethanol-induced apoptosis of hypothalamic neurons utilizing in vitro 
and in vivo models 
 Ethanol Exposure Model Dose 

(mg/dl or 
mM) 

Brain 
Region/Culture 

Ethanol Effect Neuronal 
Apoptosis 

Reference 

1 In vitro - Chronic 
Exposure (2, 4 days) 

50, 100, 
150 mM 

Primary 
Hypothalamic 
Culture 

éCleaved Caspase 3, TGF-β1, 
Bcl-xs, Bax, Bac  
 
êAdenylyl Cyclase, Bcl-2, Bcl-
xl 

éβ-
Endorphin 
apoptosis 

Chen et al., 
2006a 

2 In vivo – Chronic 
Intermittent Exposure (5 
Days) in Postnatal (PND 
3-7) Sprague Dawley Rats 

2.5 g/kg, 
200-250 
mg/dl 

Arcuate 
Nucleus 

éTGF-β1, Bcl-xs, & Bad  
 
êPOMC, Adenylyl cyclase, Bcl-
2 

éβ-
Endorphin 
apoptosis 

Sarkar et 
al., 2007 

3 In vivo - Chronic 
Intermittent Exposure (5 
Days) in Postnatal (PND 
2-6) Sprague Dawley Rats 

2.5 g/kg, 
200-250 
mg/dl 

Arcuate 
Nucleus 

éTGF-β1, Cdk inhibitor 
p27/kip, Bcl-xs  
 
êPhosphorylated Rb, Cdk4, 
Cyclin D3, Bcl-2 

éβ-
Endorphin 
apoptosis 

Kuhn & 
Sarkar, 
2008 

4 In vitro – Chronic 
Exposure (2, 4 days) 

25, 50, 100 
mM 

Primary 
Hypothalamic 
(MBH) Culture 
& Primary 
Microglia 
Culture 

Microglia éOX-6, TNF-α, MIP-
1, IL-6 in media 
 
Ethanol-activated microglia 
conditioned media induced 
apoptosis of MBH neurons 

éMBH 
neuronal 
apoptosis 

Boyadjieva 
& Sarkar, 
2010 

5 In vitro – Chronic 
Exposure (2, 4 days) 

25, 50, 100 
mM 

Primary MBH 
Culture  

éO2
-, ROS, Nitrite 

êGSH, GHS-Px SOD, Catalase 
 
*Effect further exacerbated by 
ethanol-activated microglia 
conditioned media  

éMBH 
neuronal 
apoptosis 

Boyadjieva 
& Sarkar, 
2013 

é, Increase in gene or protein expression; ê, Decrease in gene or protein expression; PND, Postnatal day; MBH, Mediobasal 
hypothalamus 
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1.6 MICROGLIA 

1.6.1 OVERVIEW OF MICROGLIA FUNCTION 

Microglia are one of the innate immune cells of the brain and represent about 10% 

of the brain cell population. They originate from the yolk sac and enter the embryo at 

embryo day 8 (E8), surround the exterior of the neuroepithelium by E9.5, and are found 

in the neuroepithelium by E10.5. Microglia continue to populate the brain through the 

first 2 postnatal weeks, resulting in the generation of about 95% of their total population 

(Alliot et al., 1999; Ransohoff, 2011).  

Microglia behave similarly to macrophages, as they are the surveyors and 

protectors of the CNS. In a healthy CNS, microglia tend to be in a ramified state where 

they actively scan the surrounding environment with their mobile processes, which is 

critical to the maintenance of CNS homeostasis (Kettenmann et al., 2011). Interestingly, 

it is suggested that the territory individual microglia occupy does not overlap with 

adjacent microglia (Ransohoff & Perry, 2009). Microglia are actively involved in 

maintaining neuronal synapses, promoting neurogenesis through the release of 

neurotrophic factors, and supporting learning and memory (Wake et al., 2009; 

Kettenmann et al., 2011; Paolicelli et al., 2011; Tremblay et al., 2011; London et al., 

2013). If microglial processes detect an insult or if there is an injury to the CNS, 

microglia have the ability to shift their phenotype to an M1 phenotype. The M1 

phenotype is generally associated with an increase in the size of the microglia soma and 

withdrawal of the processes, resembling an amoeboid appearance. Additionally these 

microglia also exhibit increased motility, upregulation of activation markers CD14, 

F4/80, CD11b, and CD86, production of proinflammatory cytokines such as IL-1β, TNF-
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α, nitric oxide (NO), and ROS, the ability to proliferate, and phagocytosis of damaged 

cells or debris (Wang et al., 2002; Kettenmann et al., 2011; Chhor et al., 2013; Chastain 

& Sarkar, 2014; Walker & Lue, 2015; Tang & Le, 2016; Shrivastava et al., 2017). After 

M1 microglia eliminate the insult they can transition back to an M2 phenotype and 

provide anti-inflammatory and repair mechanisms to heal neurons and return to 

homeostasis. M2 microglia characteristics differs from M1 as they exhibit longer and 

thinner processes, smaller soma, produce anti-inflammatory cytokines and trohpic factors 

including IL-4, IL-13, IL-10, TGF-β, IGF1, and BDNF, and upregulate certain cell 

surface markers such as CD200R, CD33 and TREM-2 (Walker & Lue, 2015; Tang & Le, 

2016). However, this transition to M2 can be halted by chronic activation of microglia via 

a toxicant or insult. Examples of this can be observed in Parkinson’s disease, Alzheimer’s 

disease, multiple sclerosis, and chronic alcohol consumption (Wu et al., 2002; Yan et al., 

2003; Wilms et al., 2010; Kettenmann et al., 2011). In summary, microglia are vital 

regulators of neuronal homeostasis but chronic activation can lead to dysregulation and 

cell death. The next section will cover the role ethanol plays in activating microglia. 

1.6.2 ETHANOL-INDUCED ACTIVATION OF MICROGLIA 

1.6.2.1 ETHANOL-INDUCED UPREGULATION OF MICROGLIAL ACTIVATION 

MARKERS 

Ethanol has been shown to activate microglia in a myriad of ways and clinical 

examples of microglial activation can be found in the analysis of postmortem brains of 

alcoholics. These studies demonstrated activation of microglia through upregulation of 

microglial markers such as ionized calcium-binding adapter molecule 1 (IBA-1), CD11b, 

and toll-like repceptor-7, as well as proinflammatory cytokines including monocyte 
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chemoattractant protein 1 (MCP1) and high mobility group box 1 (HMGB1), and 

NADPH oxidase (NOX) expression (He & Crews, 2008; Qin & Crews, 2012; Coleman et 

al., 2017).  

In vivo studies of ethanol exposure have also shown microglial activation and 

proliferation as soon as 2 days after an adult binge exposure in the hippocampus (dentate 

gyrus, CA1, CA2/3, and hilus) and cortex (Nixon et al., 2008; Kelso et al., 2011). These 

changes were demonstrated by increased staining of ED1, a lysosomal antigen expressed 

in phagocytes and brdU, a maker for proliferation. While the previous data found changes 

in microglial activation following high doses of ethanol exposure (blood ethanol level 

>300 mg/dL), studies that produced a lower level of blood ethanol also found changes in 

microglial activation. Zhao et al., found increases in microglial activation, demonstrated 

by increased Cd11b staining, in the hippocampus only 1 day after an adult binge 

exposure that coincided with increased IL-1β and TNF-α protein expression and 

decreased neuronal cell number and dendritic spine density (Zhao et al., 2013). 

Importantly, these changes were observed with a peak blood ethanol concentration of 170 

mg/dL. The developmental timing of ethanol exposure may also play a role in the degree 

of microglial activation. McClain et al. exposed adolescent rats to a binge model of 

ethanol exposure and found increases in microglial proliferation but no change in ED1 

staining or inflammatory cytokine production. The authors suggested that this ethanol 

paradigm in adolescents only partially activated microglia (McClain et al., 2011). 

However, it should be noted that the blood ethanol concentrations observed in these 

animals were 300-400 mg/dL so that could have also been a reason why microglia 

weren’t as fully activated as observed in Zhao et al. Fetal ethanol exposure has been 
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shown to also activate microglia in both acute and chronic models. Saito et al. found that 

after one exposure to ethanol in PND 7 microglia expressed thicker processes and 

colocalized with GM2 ganglioside, which is upregulated during apoptotic 

neurdegeneration (Saito et al., 2012). Lastly, Shrivastava et al. found that 5 days of 

postnatal ethanol exposure increased IBA-1 expression of microglia in the arcuate 

nucleus, as well as the number of fully amoeboid and partially amoeboid microglia. 

These changes coincided with augmented inflammatory signals and decreased POMC 

neurons and spine density in the hypothalamus. Furthermore, microglia isolated from the 

hypothalamus expressed augmented IBA-1, MOR, toll-like receptor (TLR-4), and TLR-4 

dependent signaling molecules, suggesting a pronounced activation of microglia 

(Shrivastava et al., 2017). These data taken together demonstrate that chronic and acute 

ethanol exposures have the potential to activate microglia in humans and animals. Dose 

and developmental timing may also play a role in the degree of microglial activation. 

Next I will explain some of the molecular mechanism underpinning ethanol-induced 

activation of microglia. 

1.6.2.2 TLR-4 AND NF-κB  

Animal models of microglial activation have also been shown to involve TLR-4. 

Ethanol activates TLR-4 and specifically upregulates downstream signaling molecules 

nuclear Factor Kappa-Light-Chain-Enhancer of Activated B Cells (NF-κB), MAPKs, and 

MyD88-independent pathways to trigger the production of proinflammatory cytokines 

interleukin-1 beta (IL-1β), TNF-α, and nitric oxide to promote cellular apoptosis 

(Fernandez-Lizarbe et al., 2009). NF-κB signaling is critically important in this TLR-4 

cascade because NF-κB regulates the transcription of cytokines and chemokines and 
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functions in conjunction with other transcription factors for proinflammatory genes such 

as AP-1 and the nuclear factor of IL-6 (Cone, 2001). These effects were eliminated in 

TLR-4 knockout mice (Fernandez-Lizarbe et al., 2009). Ethanol has also been shown to 

augment the release of HMGB1, a known ligand for TLR-4, and the receptor for 

advanced glycation end products (RAGE1), which was also increased following 

intermittent ethanol exposure. Activation of RAGE1 by HMGB1, similar to TLR-4, 

results in the upregulation of NF-κB and proinflammatory cytokine release (Vetreno et 

al., 2013). Moreover, acute and chronic ethanol exposure has been found to activate NF-

κB, produce proinflammatory cytokines, and further activate TLR-4 (Yang et al., 2014). 

These data explain how ethanol can activate microglia through TLR-4 dependent 

mechanisms, including NFκB. Next I will discuss the role ROS play in ethanol-induced 

activation of microglia. 

1.6.2.3 REACTIVE OXYGEN SPECIES 

Ethanol exposure can also indirectly activate microglia through the induction of 

neuronal apoptosis. In neurons, metabolism of ethanol via CYP2E1 or its metabolites via 

NOX and nitric oxide synthase has been shown to produce ROS with the ability to induce 

oxidative damage and neurodegeneration (Haorah et al., 2009). Additionally, NOX is the 

major enzyme for the production of ROS in microglia and NOX can be activated by 

ethanol-derived acetaldehyde (Block, 2008; Alikunju et al., 2011; Choi et al., 2012). 

Other studies have demonstrated that ethanol exposure increases ROS and the mRNA 

expression of Duox1, a NOX catalytic subunit and NOX regulatory subunits including 

p22phox, p67phox, NOX activator 1, and NOX organizer 1. NOX activity was also found 

to elevated and co-treatment of DPI (a NOX inhibitor) significantly diminished ROS 
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production (Dong et al., 2010). Additionally, ethanol exposure can reduce the 

concentration of endogenous antioxidants, which are inhibitors of ROS and oxidative 

stress (Henderson et al., 1995; Boyadjieva & Sarkar, 2013). Depletion of antioxidants 

coupled with a rise in ROS can induce neuronal apoptosis and activate microglia 

(Chastain & Sarkar, 2014). Importantly, inactivation of microglia through administration 

of minocycline (a tetracycline known to inhibit microglial activation) has been shown to 

prevent ethanol-induced neurodegeneration and inflammation (Wu et al., 2011; Qin et al., 

2012).   



 

 
 

  24 
 

 

Table 2. Summary of studies investigating ethanol-induced activation of microglia utilizing human postmortem 
brains, in vitro and in vivo models. 
  Ethanol Exposure 

Model 
Dose 
(mg/dl 
or mM) 

Brain 
Region/Culture 

Ethanol Effect Neuronal 
Apoptosis 

Reference 

M
ic

ro
gl

ia
l A

ct
iv

at
io

n 
in

 H
um

an
 

Po
st

m
or

te
m

 A
lc

oh
ol

ic
 B

ra
in

s 

1 Human 
Postmortem Brains 
(Alcoholic vs. 
Moderate Drinking 
Controls) 

N/A Multiple éMCP-1, IBA-1 
(Cingulate Cortex), & 
GLUT 5 (Cingulate, VTA, 
& Midbrain) 

N/A He & Crews, 
2008 

2 Human 
Postmortem Brains 
(Alcoholic vs. 
Moderate Drinking 
Controls) 

N/A Orbital Frontal 
Cortex (OFC) 

éFluoro-Jade B 
colocalization on neurons 
& NOX subunit (gp91) 
colocalization on microglia 

éNeuronal 
apoptosis 

Qin & 
Crews, 2012 

3 Human 
Postmortem Brains 
(Alcoholic vs. 
Moderate Drinking 
Controls)  

N/A Hippocampus éTLR7, HMGB1, & 
CD11b 

N/A Coleman et 
al., 2017 

Et
ha

no
l-I

nd
uc

ed
 M

ic
ro

gl
ia

 
A

ct
iv

at
io

n 
 

(I
n 

vi
vo

) 

4 Chronic Binge 
Exposure (4 Days) 
in Adult Male 
Sprague Dawley 
Rats 

5 g/kg, 
~300 
mg/dl 

Hippocampus éProliferation of microglia 
and astrocytes (28 & 56 
days into abstinence)  

N/A Nixon et al., 
2008 

5 Chronic Binge (4 
Days) in Adult 
Male Sprague 
Dawley Rats 

5 g/kg, 
~300 
mg/dl 

Hippocampus éCD11b, ED1, 
Proliferation of microglia, 
TNF-α, & IL-1β 
 

é Neuronal 
apoptosis 

Zhao et al., 
2013 

6 Chronic Binge 
Exposure (4 Days) 
in Adolescent Male 
Sprague Dawley 
Rats 

5 g/kg, 
300-400 
mg/dl 

Hippocampus éIBA-1 & Proliferation of 
microglia 

N/A McClain et 
al., 2011 

TL
R

-4
 &

 N
Fκ

B
 

7 Chronic 
Intermittent 
Exposure (5 Days) 
in Postnatal (PND 
2-6) Sprague 
Dawley Rats 

2.5 
g/kg, 
150-200 
mg/dl 

Hypothalamus éIBA-1, activated 
microglia morphology, 
TNF-α, MCP1, TLR4, & 
CSFR1 
 
êPOMC & spine density 
*In microglia é IBA-1, 
MOR, TLR-4, p38MAPK, 
p-JNK, p-AKT, NFκB 
 

é POMC 
neuronal 
apoptosis 

Shrivastava 
et al., 2017 

8 In vitro – Chronic 
Exposure (24 or 48 
Hour)  

50 mM Primary Rat and 
Mouse Mixed# 
Culture 
 

éMicroglial activation and 
phagocytosis, CD11b, 
TNF-α, IL-1β, Nitrite, & 
MYD88-dependent & 
MYD88-independent 
signaling molecules 

éNeuronal 
apoptosis  

Fernandez-
Lizarbe et 
al., 2009 

9 Human 
Postmortem Brains 
(Alcoholic vs. 
Moderate Drinking 
Controls) 
 
Chronic Binge 
Exposure in 
Adolescent (PND 
25-55) Male 
Sprague Dawley 
Rats 

N/A 
 
 
 
 
 
PND 
55: 
~165 
mg/dl 

OFC 
 
 
 
 
 
OFC 
 

éRAGE & Correlation of 
TLR-4, HMGB1, and 
RAGE with onset age of 
drinking 
 
 
éRAGE, TLR-4, HMGB1, 
TNFα, MCP-1, NOX2, 
COX2 & MYD88 at PND 
80 

N/A Vetreno et 
al., 2014 



 

 
 

  25 
 

R
O

S 

10 In vitro – Chronic 
Exposure (2 or 4 
days) 

25, 50, 
100 mM 

Primary MBH and 
Microglia Culture 

The effect thanol-activated 
microglia media on MBH 
culture neurons: 
éO2

-, ROS, Nitrite 
 
êGSH, GHS-Px SOD, 
Catalase 

éMBH 
neuronal 
apoptosis 

Boyadjieva 
& Sarkar, 
2013 

é, Increase in gene or protein expression; ê, Decrease in gene or protein expression; PND, Postnatal day; MBH, Mediobasal 
hypothalamus; N/A, Not applicable 

 

1.6.3 COMMUNICATION BETWEEN MICROGLIA AND NEURONS 

1.6.3.1 RESPONSE TO HYPERGLUTAMATERGIC STATE 

Bidirectional communication between neurons and microglia has been shown in 

rats following a seizure. In rats, kainic acid-induced seizures produce significant 

increases in global glutamate release, which activates NMDA receptors, produces a 

calcium influx, ATP release from neurons, and binding of ATP to microglial P2Y12 

receptors. This process is a vital component in the response to seizures; animals without 

P2Y12 experience worse seizure behaviors and have a shorter latency to seizure onset 

(Eyo et al., 2014). Another component in the response to glutamate release involves 

metabotropic glutamate receptor 5 (mGluR5) as mGluR5 has been shown to mediate 

neuroprotection of neurons (Bao et al., 2001). Byrnes et al. demonstrated in vitro that 

mGluR5 stimulation, via mGluR5 agonist CHPG inhibited microglial activation and 

reduced microglial proliferation, TNF-α, NO, and ROS production, as well as microglial-

induced neurotoxicity in response to LPS. This protection was nullified in mGluR5 

knockout mice or by mGluR5 antagonism (Byrnes et al., 2010). Furthermore, mGluR5 

can also have anti-apoptotic effects on neurons (Movsesyan et al., 2004; Byrnes et al., 

2010). This suggests that following a CNS injury such as focal ischemia or seizure, which 

augments glutamate release, neurons can signal to microglia to protect the surrounding 

neurons from apoptosis via activation of microglial mGluR5 or P2Y12.  
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1.6.3.2 REGULATION OF SYNAPTIC PRUNING 

Another example of communication involves the complement system. Astrocytes 

can release TGF-β and stimulate retinal ganglion cells to produce C1q. C1q is a 

complement protein and first step for synaptic pruning and phagocytosis of weak 

synapses. The binding of C1q and C3 to the axons of weak synapses, which is recognized 

by the complement-3 receptor on microglia, tells the microglia to prune them (Bialas & 

Stevens, 2013). Thus, astrocytes, retinal ganglion cells, and microglia cooperate with 

each other to regulate synaptic pruning. Synaptic pruning by microglia can also be 

regulated by synaptic activity. Schafer et al. found that retinal ganglion cells treated with 

tetrodotoxin, a potent neurotoxin that inhibits the firing of action potentials, were pruned 

more than vehicle treated cells because the tetrodotoxin-treated cells were less active 

(Schafer et al., 2012). Alternatively, exosomes can serve as a form of communication 

between neurons and microglia. Exosomes are small membrane vesicles of endosomal 

origin with proteins, lipids, and nucleic acids from the cytoplasm of the cells they 

originate from. An in vitro experiment demonstrated that exosomes produced from 

depolarized neurons promoted an upregulation of C3 and synaptic pruning of neurons in 

co-culture. Blockade of C3 protected neurons from synaptic pruning (Bahrini et al., 

2015).  

1.6.3.3 REGULATION OF NEURAL PRECURSORS AND NEUROGENESIS 

Communication with neurons during development is also critical for proper 

neurogenesis and regulation of neural precursors. First, 95% of microglia found in the 

proliferative zones of the cortex in rats, macaques, and humans were activated as 

demonstrated by enlarged soma, fewer and thicker processes, and processes extended 
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towards surrounding cells, as well as co-labeling of activation markers CD14, F4/80, 

CD11b, MHC class II, and iNOS. Interestingly, in the subventricular zone of macaques, 

they also found that there was a time dependent increase in the amount of microglia 

contacting or engulfing Tbr2+ and Pax6+ neural precursor cells. Tbr2+ contact with 

microglia increased from only 2.1% of Tbr2+ cells at E50 to 3.5% at E65, to 16.5% at 

E80, and 34.7% at E100, suggesting that microglia regulate the pool of neural precursor 

cells. Reduction of microglial activation through administration of minocycline or Dox, 

or depletion of microglia through clodronate treatment increased the number of neural 

precursor cells in prenatal brains, suggesting that without microglia, neural precursor 

cells will proliferate and survive without regulation (Cunningham et al., 2013). These 

data suggest that microglia play an important role in regulating neural precursor cells and, 

while a mechanism for communication between microglia and these cells has not been 

discovered, it is likely that these cells are communicating with each other.  

1.6.3.4 AGING AND ITS EFFECT ON COMMUNICATION 

Communication between neurons and microglia can also change over time. Aging 

affects microglia in numerous ways, one of which is called a dystrophic phenotype. This 

phenotype is a morphological change that is different from the response to an acute 

challenge; these are permanent changes that result from cumulative activation over time. 

These changes can result in the loss of function, dysfunction, or hyperactivation (Michell-

Robinson et al., 2015). For example, aged microglia produce higher levels of 

proinflammatory cytokines including TNF-α, IL1-β, and IL-6 and microglial activation 

markers CD11b, MHC class II, and pathogen-associated molecular pattern receptors 

(Williams et al., 1992; Perry et al., 1993). Others show a diminished ability to respond to 
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injury or internalize amyloid-β42 in Alzheimer’s disease (Streit et al., 2004; Njie et al., 

2012; Hefendehl et al., 2014). Unresponsive or hyperactivated microglia would not be 

able to properly respond to surrounding neurons and could be detrimental, thus 

emphasizing the importance of communication between microglia and neurons. Another 

interesting form of communication I am interested in researching is between β-endorphin 

neurons and microglia involving MOR and DOR.  

1.6.4 EFFECT MICROGLIAL MOR AND DOR RECEPTOR ACTIVATION IN 

INFLAMAMTION 

1.6.4.1 MOR AND PROINFLAMMATION 

As mentioned above, β-endorphin can bind to MOR and DOR and these receptors 

can be found on microglia (Turchan-Cholewo et al., 2008). Knowing this what role do 

these opioid receptors play in microglial activation? Recent evidence suggests that MOR 

on microglia participate in neuroinflammation. Content et al. chronically exposed mice to 

ethanol and found decreased levels of immature DCX neurons in the subgranular zone 

and an increased immune response, as demonstrated by an increase in IBA-1 staining in 

the granule cell layer. Interestingly, this effect of ethanol was attenuated in MOR 

knockout mice, leading the authors to suggest that MOR directly contributes to ethanol-

induced activation of microglia and loss of DCX neurons (Content et al., 2014). Merighi 

et al. went into further detail establishing a potential mechanism for MOR in microglial-

induced neuroinflammation. In a primary microglia culture, Merighi et al. found that LPS 

augmented phosphorylation of PKCε and its translocation to the membrane. LPS also 

increased the phosphorylation of downstream signaling molecules ERK1/2 and Akt. This 

signaling mechanism was correlated with increases in cytokine production from primary 
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microglia, including Il-1β, IL-6, iNOS, and TNF-α. Intriguingly, MOR agonists morphine 

or [D-Ala2, N-MePhe4, Gly-ol]-enkephalin (DAMGO) produced synergistic increases 

with LPS co-administration to the above signaling mechanism. Additionally, inhibition of 

MOR signaling through siRNA or antagonist treatment blocked the increases observed 

with LPS co-administration. However, MOR agonist treatment alone was not sufficient to 

induce proinflammatory cytokine production alone, it requires LPS co-administration, 

suggesting activation of TLR-4 is necessary (Merighi et al., 2013). These data suggest 

that MOR activation leads to neuroinflammatory response, which may require TLR-4 

activation. 

1.6.4.2 DOR AND ANTI-INFLAMMATION 

DOR activation appears to play a different role in microglial activation. First, 

DOR activation in the brain following ischemia was found to be neuroprotective against 

hypoxic injury. More specifically, DOR administration reduced the number of cells 

positive for cleaved caspase-3, increased antioxidant enzymes SOD and GSH-px, and 

decreased malondialdehyde (MDA, a free radical product) and NO production relative to 

ischemia/reperfusion stress-exposed animals (Yang et al., 2009). In another model of 

ischemia, Tian et al. found that DOR administration reduced ischemia-induced microglial 

activation, evidenced by reduced Cd11b expression on microglia, and naltrindole (a DOR 

antagonist) increased CD11b expression on microglia (Tian et al., 2013). One potential 

mechanism for DOR’s neuroprotective action can be found studying astrocytes. Akhter et 

al., exposed primary astrocytes to TNF-α to simulate glaucomatous neurodegeneration 

via increased matrix metalloproteinase-2 (MMP-2) secretion and activity, 

phosphorylated-p38 MAPK secretion, and NF-κB expression. This upregulation was 
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blocked by an exogenous DOR ligand SNC-121 (Akhter et al., 2013). Taken together, 

these data suggest that DOR activation plays a vital role in neuroprotection, possibly 

through inhibition of p-38 MAPK and NF-κB. 

 

FIGURE 1. POTENTIAL MECHANISM FOR THE EFFECT OF MICROGLIAL 
MOR AND DOR RECEPTOR ACTIVATION IN INFLAMAMTION 

Above is an illustration depicting a potential mechanism through which MOR and DOR 
receptors regulate microglia in an ethanol-induced inflammatory environment adopted 
and modified from Chandrasekar et al., 2003, Akhter et al., 2013, and Merighi et al., 
2013. MOR agonist DAMGO activates MOR and leads to a signaling cascade involving 
phosphorylation of PKCε, AKT, IKKα, and IKBα. Phosphorylation of IKBα degrades it 
and releases NF-κB, which travels to the nucleus and upregulates proinflammatory 
cytokine transcription in the presence of a TLR-4 activator such as ethanol. DOR agonist 
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DPDPE activates DOR and suppresses NF-κB to prevent proinflammatory cytokine 
transcription. Naltrexone and Naltrindole are MOR and DOR antagonists, respectively. 
 
 1.6.4.3 EFFECT OF CHRONIC ETHANOL AND OPIOID ANTAGONISM ON 

MOR AND DOR EXPRESSION 

Findings from Dr. Sarkar’s lab illustrate that MOR and DOR can be differentially 

regulated and expressed depending on antagonist treatment. First, Boyadjieva et al. 

discovered that acute naltrexone treatment dose-dependently inhibited NK cell activity in 

vitro (Boyadjieva et al,. 2001). Then in 2004, they found that chronic naltrexone 

administration, in vitro, increased NK cell activity. This change from inhibition of NK 

cell activity towards activation was due to changes in MOR and DOR receptor levels. 

Precisely, they found that chronic naltrexone administration depleted MOR and increased 

DOR on the surface of NK cells (Boyadjieva et al., 2004). Another study (in vivo and in 

vitro) found that chronic treatment of MOR or DOR antagonists increased DOR or MOR 

monomer and homodimer proteins on NK cells, respectively. Additionally, chronic 

ethanol exposure induced the heterodimerization of MOR and DOR, which reduced the 

responsiveness of NK cells to opioids (Sarkar et al., 2012). Moreover, these data suggest 

that chronic ethanol exposure can alter the function of opioid receptors, as well as opioid 

antagonists.  

Since, postnatal ethanol exposure diminishes the number of β-endorphin neurons 

in the arcuate nucleus it is likely that communication between β-endorphin neurons and 

microglia will be altered. Therefore, I will investigate the role of MOR and DOR in 

ethanol-induced activation of microglia to induce apoptosis of β-endorphin neurons. 

1.7 EXOSOMES  

1.7.1 OVERVIEW OF EXOSOMES 
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The secretion of extracellular vesicles has been known for some time and it was 

first reported in 1946 with extracellular vesicles defined as pro-coagulant, platelet-

derived particles (Chargaff & West, 1846; Paolicelli et al., 2018), However, the term 

“exosomes” was not coined until Johnstone et al. demonstrated that these small 

extracellular vesicles were derived from an endosomal origin (Johnstone et al., 1987).  

Exosomes are small vesicles (30-150 nm in diameter) that form from the inward 

budding of the limiting membrane of endosomes. This process is thought to be driven by 

either the endosomal-sorting complex required for transport (ESCRT) or neutral 

sphingomyelinase 2 (nSMase2). This inward budding results in exosomes containing 

cargo from the cytoplasm as well as the cell membrane. Following inward budding, 

exosomes form within multivesicular bodies and are transported to the cell membrane to 

be released or degraded in lysosomes with the aid of the RAB 7, 11, 27, and 35. They 

dock at the cell membrane by binding their soluble N-ethylmaleimide-sensitive fusion 

attachment protein (SNAP) receptors (SNAREs) to the cell membrane SNAPs, resulting 

in the fusion of both organelles and secretion of exosomes into the extracellular space 

(Colombo et al., 2014).  

The composition of exosomes are heterogeneous and can vary based on the cell 

origin, however, there are some molecular components that are commonly found in most 

exosomes. Since exosomes are derived from endosomes, their lipid bilayer is primarily 

composed of sphingomyelin, phosphatidylserine, cholesterol, and ceramide (Llorente et 

al., 2013; Colombo et al., 2014). Furthermore, they are composed of numerous proteins, 

including membrane proteins called tetraspanins (CD63 and CD81), MHC class I and II 

molecules, lysosome-associated membrane protein (LAMP), and cell adhesion 
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molecules, as well as cytoplasmic proteins such as ESCRT proteins ALG2-interacting 

protein X (ALIX), tumor susceptibility gene 101 protein (TSG101), cytoskeleton 

proteins, and other cytosolic proteins. Genetic information (mRNAs, miRNAs, and other 

noncoding RNAs) can also be found in exosomes (Colombo et al., 2014). Examples of 

cell-specific molecules are CD13 and CD11b for microglia, glial fibrillary acidic protein 

(GFAP) for astrocytes, and ATPase α3 for neurons (Potolicchio et al., 2005; Coleman et 

al., 2017).  

Exosomes can be taken up by neighboring cells through receptor-mediated 

endocytosis, phagocytosis, macropinocytosis, clathrin-mediated endocytosis, clathrin-

independent endocytosis, or membrane fusion (Barres et al., 2004; Barres et al., 2010; 

Montecalvo et al., 2012; Fitzner et al., 2011; Svensson et al., 2013; Abrami et al., 2013; 

Gupta et al., 2004; Mulcahy et al., 2014). Once exosomes enter their target cell their 

cargo is either degraded by lysosomes or released into the cytosol to affect the cell’s 

homeostasis.  

1.7.2 EXOSOMES ROLE IN CNS COMMUNICATION 

1.7.2.1 EFFECT OF EXTRACELLULAR VESICLES FROM NEURONS AND 

ASTROCYTES ON MICROGLIA 

Exosomes were first shown to be released by neurons and astrocytes in primary 

cortical cultures. Those exosomes contained GluR2/3 and their release was regulated by 

depolarization (Fauré et al., 2006). Another study found that cortical neuron exosomes 

were only endocytosed by other neurons, suggesting that some neuronal exosomes may 

express specific markers for communication between specific cells (Chivet et al., 2014). 

Neurons and microglia can also communicate with each other via extracellular vesicles. 
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An example of this was demonstrated by Antonucci et al. where microglia-derived 

microvesicles stimulated presynaptic terminals of cultured hippocampal and visual cortex 

neurons to release glutamate in a dose-dependent manner. This effect occurred because 

microglia-derived microvesicles enhanced sphingolipid metabolism and produced greater 

amounts of ceramide and sphingosine, which induced the release of glutamate from 

secretory vesicles docked at the presynaptic terminal (Antonucci et al., 2012). Another 

example of neurons communicating with microglia through extracellular vesicles can be 

found in Bahrini et al. In this study they collected exosomes from PC-12 cells following 

exposure to 25mM KCl depolarization for 3 hours. These exosomes were then pre-

incubated with MG6 microglia cells for 16 hours and synaptic pruning of PC-12 cells was 

measured. MG6 cells, which were pre-incubated with depolarized neuronal exosomes, 

enacted greater synaptic pruning of PC-12 co-cultured cells relative to non-exposed MG6 

microglia cells. This acceleration was aided by greater expression of complement 

component 3 by the MG6 cells (Bahrini et al., 2015). Extracellular ATP has also been 

shown to augment the release of extracellular vesicles from microglia that contain 

proteins involved in autophagy, energy metabolism, cell adhesion, phagocytosis, 

endocytosis, and apoptosis (Drago et al., 2017). Lastly, neurons can communicate with 

microglia through release of serotonin. Binding of serotonin to microglial serotonin 

receptors induces phospholipase C-mediated influx of calcium and stimulates exosome 

release (Glebov et al., 2015). The functions of those exosomes were not determined in 

this study but those exosomes could regulate activity of the neurons secreting serotonin. 

All of these experiments demonstrated how neuronal signals activate microglia to release 
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extracellular vesicles. The next section will explore how exosomes can activate microglia 

to promote apoptosis of neurons. 

1.7.2.2 MICROGLIAL EXOSOME RESPONSE TO INFLAMMATORY 

CONDITIONS 

The ability of exosomes to serve as a form of communication between neurons can 

also induce apoptosis in neurons. In a murine model of Alzheimer’s disease the amyloid 

precursor protein (APP), c-terminal fragments of APP, and numerous proteases were 

found packaged into exosomes and their secretion could be augmented by inhibition of 

gamma-secretase (Sharples et al., 2008). Furthermore, within these exosomes APP can be 

cleaved by β-secretase to generate amyloid β-protein (Aβ) (Rajendran et al., 2006). 

Microglia are known to eliminate these plaque buildups through phagocytosis, however, 

reactive microglia can also produce extracellular vesicles containing the neurotoxic Aβ 

and release them to neighboring cells (Joshi et al., 2014). Transmission of these Aβ 

molecules can be toxic and induce apoptosis in astrocytes (Wang et al., 2012). Inhibition 

of exosome production with GW4869 or deletion of nSMase2 in culture reduced Aβ load, 

tau phosphorylation, and glial activation, improved cognition in a fear condition task, and 

ameliorated glial apoptosis (Wang et al., 2012; Dinkins et al., 2014; Dinkins et al., 2016). 

In Parkinson’s disease (PD) exosome release from microglia is stimulated by alpha-

synuclein, which is found to aggregate in neurons, induce apoptosis via mitochondrial 

mechanisms, and activate microglia (Chang et al, 2013). Furthermore, cerebrospinal fluid 

exosomes from PD patients were found to have elevated levels of alpha-synuclein and 

those exosomes could induce oligomerization of alpha-synuclein in reporter cells 

(Stuendl et al., 2016). Oligomerization of alpha-synuclein represents a major constituent 



 

 
 

  36 
 

of Lewy Bodies and produce neurotoxicity. Additionally, administration of LPS can 

activate microglia to release extracellular vesicles containing IL-1β and microRNA-155 

and promote neuroinflammation (Jablonski et al., 2016; Kumar et al., 2017). Astrocyte-

derived ATP can also induce microglial extracellular vesicle release in a co-culture 

model. Extracellular vesicle release occurs following the binding of ATP to microglial 

P2X7. In addition, these microglial extracellular vesicles contained precursor of 

interleukin-1 beta (pro-IL1-β), IL-1β, and caspase-1, which can promote 

neuroinflammation. Interestingly, caspase-1 is required to cleave pro-IL-1β and produce 

IL-1β, thus IL-1β levels could be enriched within the extracellular vesicles after they 

leave microglia (Bianco et al., 2005). These data suggest that microglia can use exosomes 

to communicate with neurons and can, in a proinflammatory or neurodegenerative 

environment, contribute to the apoptosis of neurons through exosomes. In this proposal I 

will determine the role exosomes play in ethanol-induced apoptosis of BEP neurons by 

microglia.  

1.8 COMPLEMENT SYSTEM 

1.8.1 OVERVIEW OF FUNCTION AND SIGNALING MECHANISMS 

The complement system is a critical regulator of the immune system, peripherally 

and centrally, regulating phagocytosis of apoptotic cells, synaptic pruning, and regulation 

of inflammation (Stevens et al., 2007; Griffiths et al., 2009; Bohlson et al., 2014). These 

processes are regulated through 3 distinct pathways (classical, alternative, and lectin). 

The classical pathway begins with the binding of C1q to apoptotic cells via recognition of 

apoptotic cell associated molecular patterns (ACAMPs) such as phosphatidylserine or 

damage associated molecular patterns (DAMPs) like HMGB1. These two molecules can 
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be described as “eat me” signals, which direct immune cells to phagocytose these 

apoptotic cells. C1q can also recognize IgM or IgG bound to antigens or pathogen 

associated molecular patterns such as LPS. C1q binds with the aforementioned molecules 

and forms an activated C1 complex comprised of 1 C1q molecule, 2 C1r molecules, and 

2 C1s molecules. This activation leads to the generation of the C1s esterase which 

cleaves C4 and C2 complement proteins. The cleavage products of C4 and C2 (C4b and 

C2a) bind together and form the C3 convertase. C3 convertase then cleaves C3 into C3a 

and C3b. C3b binds to the C3 convertase and generates the C5 convertase (C4b2a3b). 

The C5 convertase continues to cleave C5 and promotes the formation of a 

transmembrane pore called the membrane attack complex (MAC; C5b-C9) for 

opsinization and cell lysis (Rus et al., 2005). Alternatively, the binding of mannose-

binding lectin (MBL) to bacterial surface carbohydrates activates the lectin pathway. 

Once activated MBL-associated serine proteases (MASP) 1, 2, and 3 bind to the surface 

and activate the MASP esterase. MASP esterase then cleaves C4 and C2 and generates 

C3 convertase (C4bC2a) similarly to the classical pathway (Petersen et al, 2000; Dahl et 

al. 2001). The rest of the pathway proceeds similarly to the classical pathway leading to 

the generation of MACs. Finally, the alternative pathway is activated by the alteration of 

C3 to C3(H2O), which can occur autonomously. Factor B associates with C3(H2O) 

leading to a change in confirmation for Factor B. This confirmation change allows serum 

protease Factor D to cleave Factor B to generate Ba and Bb. The Bb molecule stays 

bound to C3 and can cleave an additional C3 molecule producing C3bBb, an alternative 

C3 convertase. The C3 convertase is considered unstable and the binding of properdin 
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can stabilize the protein-protein interactions (Thurman & Holers, 2006). C3 convertase 

can then cleave more C3 and induce the formation of MACs. 

1.8.2 COMPLEMENT SYSTEM IN THE CNS 

In the central nervous system, microglia, astrocytes, and neuronal cells to a lesser 

extent produce the complement component proteins. Furthermore, microglia have both 

C3 receptors (CD11b) and C5 receptors, which are critical for stimulating cytokine 

release, phagocytosis of complement-bound compounds, and chemotaxis (Veerhuis et al., 

1999; Stephan et al., 2012; Fonseca et al., 2017). During development, under normal 

physiological conditions, complement components promote neurogenesis and cell 

migration. Inhibition of serping1, a C1-inhibitor, impairs neuronal stem cell 

differentiation and migration, while a C5a receptor agonist rescues this deficit (Anna et 

al., 2017). Additionally, ischemia-induced neurogenesis was decreased in the 

hippocampus of C3 knockout mice (Rahpeymai et al., 2006). Moreover, the complement 

system regulates synaptic pruning in a TGF-β dependent manner. TGF-β release from 

astrocytes primes neurons to release C1q, which bind to weak synapses and interact with 

microglia complement receptors and promote phagocytosis (Bialas & Stevens, 2013). 

However, unlike the periphery where cells express complement inhibitors such as CD59 

and Factor H on the surface, neurons do not express a majority of complement inhibitors 

(Cahoy et al., 2008; Stephan et al., 2012;). This suggests that neurons are more prone to 

complement dysregulation and disease. Evidence for this can be found in Alzheimer’s 

disease where increased C1q is associated with increased synaptic pruning prior to 

amyloid beta plaques formation (Hong et al., 2016). Similarly there is an increase in C1q 

and C3 expression in the hippocampus of patients with multiple sclerosis resulting in a 
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marked decrease in synaptic density. This also occurs in mouse retina during the early 

stages of glaucoma, prior to the detection of neuronal loss (Steele et al., 2006). Finally, 

even normal aging promotes complement proteins such as C1q in the hippocampus and 

reduces synaptic density (Stephan et al., 2017). 

1.8.3 EFFECT OF ETHANOL EXPOSURE ON COMPLEMENT SIGNALING  

While dysregulation of the complement system can be found in the early stages of 

neurological diseases, what effect does ethanol exposure have on the complement 

system? Chronic ethanol exposure in mice promoted complement component proteins 

and downregulated complement inhibitors (Factor-H, MASP-2, and Factor-D) in the liver 

(Bykov et al., 2007). Furthermore, chronic ethanol exposure increased C1q and C3 

deposition on apoptotic Kupffer cells and TNF-α and IL-6 production, suggesting a role 

in the pathogenesis of ethanol-induced liver injury (Cohen et al., 2009; Roychowdhury et 

al., 2010). Moreover, chronic ethanol exposure also affects adipose tissue by upregulating 

cytochrome P450 expression and activating C1q and Bid-mediated apoptosis to produce 

adipose tissue inflammation (Sebastian et al., 2011). However, more work needs to be 

done to assess the effects of chronic ethanol exposure on the complement system and 

neuronal homeostasis. 

1.8.4 INTRACELLULAR COMPLEMENT SIGNALING 

Complement proteins also play a critical role in the regulation of cell survival 

through intracellular signaling. For example, C1q can bind to mitochondria through the 

globular C1q receptor (gC1qR) to drive ROS production and neuronal apoptosis 

following hypoxia-mediated damage or cortical ischemia (Dedio et al., 1998; Ten et al., 

2010). Another study found that human cervical squamous carcinoma cells downregulate 
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gC1qR expression to prevent gC1qR-induced apoptosis of those cancer cells via a 

mitochondrial driven pathway (Chen et al., 2014). Furthermore, the C1 complex can enter 

a late apoptotic cell and bind to its nucleoli resulting in the activation of the proteases 

C1r/C1s. Activation of this complex results in cleavage of numerous nuclear proteins 

including nucleolin and nucleophosmin-1 (Cai et al., 2015). Complement C3 is also an 

important intracellular signaling molecule, especially in T cells. Liszewiski et al. found 

that T cells contain stores of endosomal and lysosomal C3, along with cathepsin L that 

can cleave C3 into C3a and C3b. Tonic generation of C3a was required to maintain T cell 

homeostasis and survival while alterations in C3a resulted in an induced autocrine 

proinflammatory cytokine production that could only be rescued by cathepsin L 

inhibition (Liszewski et al., 2013). Tam et al. found that internalization of C3, whether it 

was attached to a virus or coated beads, activated NFκB, interferon regulator factors (3, 5, 

and 7), and AP-1. This led to an augmented production of cytokines IL-6, TNF-α, CCLA, 

IL-1β, and IFN-β. This signaling cascade was mitochondrial antiviral- and TRAF6-

dependent (Tam et al., 2014). These data suggest that complement proteins are critical to 

the survival of immune and non-immune cells and dysregulation of intracellular 

complement signaling can lead to apoptosis. I will investigate the role intracellular 

complement signaling may play in ethanol-induced BEP neuronal apoptosis.  
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HYPOTHESIS 

Ethanol-induced killing of β-endorphin neurons is caused by mu-opioid receptor 

activated proinflammation, secretion of exosomes containing pro-apoptotic and 

proinflammatory factors, complement component signaling, and reduced delta-opioid 

receptor anti-inflammation. 

 

 

 

 

 

 

AIMS OF THIS STUDY 

Aim 1: To determine the role MOR and DOR play in ethanol activation of microglia to 

promote apoptosis of β-endorphin neurons. 

Aim 2: To assess the role exosomes have in ethanol’s neurotoxic effect on β-endorphin 

neurons. 

Aim 3: To establish whether the complement system mediates ethanol’s neurotoxic effect 

on β-endorphin neurons. 
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CHAPTER 2 

2.1 INTRODUCTION 

Microglia are one of the innate immune cells of the brain and represent about 10% 

of the total brain cell population (Alliot et al., 1999). Microglia behave similarly to 

macrophages and, under normal physiological conditions, maintain neuronal homeostasis 

(Kettenmann et al., 2011). Microglial activation falls on a spectrum but exhibits two 

distinct phenotypes labeled M1 and M2. The M2 phenotype has a distinct morphology 

with long, thin processes and small, elliptical soma. These ramified microglia maintain 

homeostasis through the secretion of neurotropic factors and anti-inflammatory cytokines 

(Tam et al., 2016). However, when exposed to a toxicant or insult, microglia shift their 

phenotype to an M1 phenotype. This M1 phenotype is typically associated with an 

increased soma size, thicker and shorter processes, increased release of proinflammatory 

factors such as TNF-α, IL-1β, IL-6, and MCP1, as well as upregulated TLR4 and IBA-1 

(Chhor et al., 2013; Chastain & Sarkar, 2014). Activation of microglia to the M1 

phenotype is particularly detrimental during the fetal developmental time period and may 

lead to neurotoxicity and developmental disorders (Bilbo & Schwarz, 2012). 

Ethanol exposure is also known to activate microglia to induce neurotoxicity and 

apoptosis in developing neurons. In vitro experiments have demonstrated this in primary 

microglial culture where ethanol exposure activated microglia and increased 

proinflammatory cytokine (TNF-α, IL-6, and MIP-2) release. Furthermore, conditioned 

media from these microglia induced apoptosis of immature neurons in a primary 

hypothalamic culture via upregulation of ROS and decreased expression of BDNF, 

cAMP, and antioxidant enzymes (Boyadjieva et al., 2010; Boyadjieva & Sarkar, 2013). 
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Animal studies have also demonstrated this link between ethanol and microglia. Prenatal 

or postnatal ethanol exposure has been shown to induce microglial activation, neuronal 

apoptosis, loss of synaptic proteins, and phagocytosis of degenerating neurons (Saito et 

al., 2012; Saito et al., 2016; Pascual et al., 2017; Wang et al., 2018). Importantly, ethanol-

induced microglial activation and neuronal apoptosis were blocked when minocycline, a 

non-selective microglial inhibitor, was administered prior to ethanol exposure (Wang et 

al., 2018). Notably, these experiments model a third trimester equivalent paradigm in 

humans, where alcohol consumption has been linked to numerous detrimental effects on 

the developing brain.  

Alcohol exposure during pregnancy may cause FASDs. Many FASDs patients 

exhibit lifelong stress, cognitive, growth, and immune abnormalities (Bertrand et al., 

2004; Zhang et al., 2005; CDC, 2008). Examples of stress abnormalities have been 

demonstrated by augmented responses to stress hormones including ACTH and 

corticosterone (Lee et al., 1990; Lee et al., 2016). Animal studies have demonstrated that 

gestational ethanol exposure alters the function of the HPA axis, which may, in part, be 

due to the reduction in function and number of stress regulatory β-endorphin neurons in 

the arcuate nucleus of the hypothalamus (Weinberg et al., 2008; Logan et al., 2015). 

 Interactions between microglia and neurons are vital to maintain homeostasis, 

suggesting some form of communication occurs. Examples of this communication can be 

found in response to ischemia, seizure, inflammation and neurodegenerative disease, and 

regulation of synaptic pruning and neurogenesis (Movsesyan et al., 2004; Sterit et al., 

2004; Byrnes et al., 2010; Bilias & Stevens, 2013; Cunningham et al., 2013; Eyo et al., 

2014). Furthermore, microglia express purinergic, glutamatergic, GABAergic, 
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cholinergic, dopaminergic, and opioidergic receptors the can respond to neurotransmitters 

(Kettenmann et al., 2011). Since β-endorphin is an opioid peptide that can bind to and 

activate MOR and DOR, it is possible that these receptors are involved in communication 

between β-endorphin neurons and microglia during ethanol-induced neurotoxicity.  

 Utilizing a third trimester equivalent ethanol-feeding model in rats, I 

demonstrated that ethanol exposure activates microglia and induces apoptosis of β-

endorphin neurons. Then I evaluated the role of MOR and DOR in ethanol-induced 

activation of microglia. Here I provide evidence that ethanol’s neurotoxic actions on β-

endorphin neurons are the result of microglial activation and the differential effects of 

MOR and DOR on microglia. Specifically, MOR promotes neuroinflammatory signaling 

from microglia but DOR does not.  
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2.2 MATERIALS AND METHODS 

Animal Use 

Animal care and treatment were performed in accordance with institutional 

guidelines and complied with the National Institutes of Health policy and Rutgers Animal 

Care and Facilities Committee. Adult Sprague-Dawley rats were obtained from Charles 

River Laboratories (Wilmington, MA). Adult transgenic mice (C57BL/6J) expressing the 

enhanced green fluorescent protein (EGFP) in POMC neurons were obtained from Dr. 

Malcolm Low’s laboratory at Oregon Health & Sciences University, Portland. Rats and 

mice were kept under 12 hour light/12 hour dark conditions, provided water and rodent 

chow ad libitum, and mated. Neonates were used for postnatal ethanol exposure 

experiments. 

Postnatal Ethanol Exposure Model 

Postnatal rat or mouse pups (both sexes) were fed by gavage a milk formula 

containing 11.34% ethanol (vol/vol; 0.1-0.2 ml/animal; during a period of 1 minute), 

yielding a total daily ethanol dose of 2.5 g/kg (AF), or isocaloric control (PF), or they 

were left in the litter with their mother (AD). Gavage feeding was conducted at 10:00 

AM and 12:00 PM from PND 2-6. After feeding, these pups were immediately returned 

to the litter. Additionally, some animals were treated subcutaneously with minocycline 

(45µg/kg; one hour prior to the first feeding), or naltrexone (NTX, 10mg/kg; 15 minutes 

prior to the first feeding), or naltrindole (NTD, 10mg/kg; 15 minutes prior to the first 

feeding). All of these drugs were purchased from Sigma Aldrich (St. Louis, MO). Two 

hours after the last feeding on PND 6, some of the pups were transcardially perfused with 

4% paraformaldehyde, postfixed overnight, cryoprotected in 30% sucrose, and cut into 30 
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µm coronal sections for immunohistochemistry. Additional pups were sacrificed and the 

mediobasal hypothalamus (the mediobasal portion of the hypothalamus extended 

approximately 1 mm rostral to the optic chiasma and just caudal to the mammillary 

bodies, lateral to the hypothalamic sulci, and dorsal to 2 mm deep) was collected for 

microglia isolation by Optiprep gradient separation method or frozen for measurement of 

protein or gene measurement. 

Immunohistochemistry 

Serial coronal sections of the brains were made using a Leica cryostat at 30 µm in 

thickness, from stereotaxic plates 19 to plates 23 (Bregma −2.3 to −4.3 mm) spanning the 

arcuate nucleus. Perfused sections were mounted on Superfrost Plus glass slides (VWR, 

Radnor, PA) containing one AD, one PF, and one AF brain section. The sections were 

washed in PBS twice followed by antigen retrieval in citrate buffer (pH 6.2) at 100°C for 

10 min. After two washes in PBS-T (0.05% Triton-X) the sections were incubated in 

blocking buffer (2.5% normal horse serum in PBS-T) at room temperature for 30 min. 

The sections were subsequently incubated overnight at room temperature with primary 

antibodies. The primary antibodies for immunohistochemistry were used as follows: goat 

anti-IBA-1 (1:500; Abcam, Cambridge, MA), rabbit anti-DOR (1:50; Santa Cruz, Dallas, 

TX), rabbit anti-MOR (1:500; Antibodies Inc., Davis, CA), rabbit anti-GFP (1:2000; 

Abcam, Cambridge, MA), and rabbit anti-ß-endorphin (1:500, Peninsula Laboratories, 

San Carlos, CA). After the primary antibody incubation the samples were washed in PBS 

and then sections were incubated with peroxidase-coupled secondary antibodies 

(ImmPRESS reagent; Vector Laboratories, Inc., Burlingame, CA) for 3,3′- 

diaminobenzidine peroxidase (DAB) or Alexa Fluor secondary antibodies (Thermo 
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Fisher Scientific, Grand Island, NY) for immunofluorescence. For DAB staining, antigen 

localization was achieved by using the 3,3′-diaminobenzidine peroxidase reaction kit 

(Vector Laboratories, Burlingame, CA). After DAB staining, sections were dehydrated in 

ethanol and mounted in Permount (Thermo Fischer Scientific). For immunofluorescence, 

sections were mounted with DAPI (Vector Laboratories, Burlingame, CA) and sealed 

with nail polish. To evaluate the immunohistochemical staining intensity, sections from 

each experimental group were photographed using Nikon-TE 2000 inverted microscope 

(Nikon Instruments Inc., Melville, NY). Pixel density and cell counting were quantified 

using ImageJ software (National Institutes of Health, Bethesda, MD). For 3D 

morphological analysis of POMC and microglial interactions, confocal images (Zeiss 

LSM 710; Oberkochen, Germany) were created using a 20× objective and stacked at 1 

mm/step, resulting in 10 mm images. 3D interaction analysis between microglia and 

POMC neurons were performed using Imaris 8.2 (Bitplane, Concord, MA).  

Golgi-Cox Impregnation 

Following decapitation brains were rapidly extracted and placed in double 

distilled water to remove excess blood. Next, the brains were carefully dissected with two 

transverse cuts: one rostral to the medial basal hypothalamus and another at the 

cerebellum. The brains were then placed in 5 mL of Golgi-Cox solution overnight in the 

dark at room temperature. The Golgi-Cox solution was prepared from 5 parts of 5% 

Potassium Dichromate, 5 parts of 5% Mercuric Chloride, 4 parts of 5% Potassium 

Chromate, and 10 parts of double distilled water. All solutions were prepared in double 

distilled water at least 2 days prior to brain extraction. The next day brains were 

transferred into 5 mL of fresh Golgi-Cox solution for an additional 2 weeks in the dark at 



 

 
 

  48 
 

room temperature. The brains were subsequently transferred to a 30% sucrose solution 

for 2 days at 4° Celsius. The brains were mounted and then cut into 100mm thick coronal 

sections at -20° Celsius in a cryostat (Leica Microsystems, Inc. CM1900, Wetzlar, 

Germany). Sections were mounted onto gelatin-coated slides on a small drop of Solution 

C (FD NeuroTechnologies Inc. FD Rapid GolgiStain Kit, Columbia, MD) and allowed to 

dry in the dark for 2 days. The sections were washed 2 times, 4 minutes each, in double 

distilled water. The sections were then placed in 1 part Solution D, 1 part Solution E, and 

2 parts of double distilled water for 10 minutes (FD NeuroTechnologies Inc. FD Rapid 

GolgiStain Kit, Columbia, MD). The sections were rinsed 2 times, 4 minutes each and 

then dehydrated in increasing solutions of ethanol (50%, 75%, and 95%) for 4 minutes 

each. Dehydration continued in absolute ethanol (100%), 4 times, 4 minutes each. The 

sections were then cleared in xylene, 3 times, 4 minutes each and mounted with 

Permount. 

Spine Density Analysis 

Slice analysis was performed using a Zeiss LSM 710 confocal microscope. 

Images were acquired with the reflected light using a transmitted PMT module. Confocal 

images were created using 100x oil immersion objective and stacked at 0.5 µm/step. 

Spines were randomly selected from the MBH for each treatment group (3 sections per 

animal). Spine density wase manually calculated per 10 µm of dendritic length from 51-

57 dendrites. Spines were then classified by morphology according to Risher et al., as 

filopodia, long thin, thin, stubby, mushroom, and branched (Risher et al., 2014). In 

addition, the lengths of each dendritic spine were measured (RECONSTRUCT, 

SynapseWeb) and analyzed. 
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Microglial Separation and Flow Cytometry  

Microglial cells were isolated from the MBH of three combined PND 6 pups 

(both sexes) using the Optiprep density gradient (Sigma Aldrich, St. Louis, MO) and 

methods described previously with some minor modifications (Lee and Tansey, 2013). 

Briefly, MBH tissue samples were isolated and mechanically dissociated using 18-gauge 

needle followed by a 21-gauge needle in Hank’s buffered salt solution (HBSS) media. 

The cells were strained through a 40 µm strainer to remove myelin. They were then 

trypsinized (0.5% trypsin) to digest tissue. Adding HBSS + 10% fetal bovine serum 

media stopped the trypsinization reaction. Next, samples were loaded on an Optiprep 

column. Optiprep columns were prepared by diluting Optiprep with MOPS (3-(N 

morpholino) propanesulfonic acid) buffer (0.15 M NaCl, 10 mM MOPS, pH 7.4) in equal 

quantities. The diluted Optiprep was again diluted in different proportions as 35%, 25%, 

20%, and 15% in HBSS media. These solutions were then loaded in a series with the 

densest solution on the bottom and least dense on top (35%, 25%, 20%, and 15%). 

Isolated cells were then loaded on top of the columns and then were centrifuged at 1900 

rpm for 15 min at 20 °C. The microglia and red blood cells (RBC) were gathered into a 

pellet at the bottom of the column. The pellet was then taken and incubated with 0.85% 

ammonium chloride in PBS to lyse RBCs. The remaining purified microglia were washed 

with PBS 2 times and fixed with 4% paraformaldehyde for 10 min. The cells were then 

stained for IBA-1 (microglial marker), GFAP (astrocyte marker), and MAP2 (neuronal 

marker) to determine the purity of microglia. The isolated microglia were >90% pure. 

These purified microglia were used for protein measurements through flow cytometry 

analysis. For this, isolated microglia were stained with primary antibodies, rabbit anti-
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IBA-1 (1:100; Wako Pure Chemical Industries, USA), rabbit anti-DOR (1:100; Santa 

Cruz, Billerica, MA), rabbit anti-MOR (1:100; Antibodies Inc, Atlanta, GA), mouse anti-

TLR-4 (1:100; Abcam, Cambridge, MA), rabbit anti-P-38 MAPK, IκBα, phosphorylated 

-Jun N-terminal kinase (P-JNK), and P-AKT (1:100: Cell signaling, Danvers, MA), and 

mouse anti-NF-κB (1:100, Millipore, Billerica, MA). The cells were labeled with FITC-

488 secondary antibody (1:400, Abcam, Cambridge, MA) respective to their primary host 

and then analyzed by BD Accuri C6 Flow Cytometry. 5000 events per sample were read 

for all samples and data analysis was completed with C6 Accuri software. Flow 

cytometric gates were set using forward and side scatter plots and labeled cells were read 

on the FL-1A (488) channel. The median fluorescent intensity (MFI) values of positively 

labeled cells were expressed as mean ± SEM of the entire sample, and data is represented 

as % AD control for all groups to account for variations in fluorescent intensities between 

batches.. 

Western blot 

MBH tissues were processed for protein extraction followed by quantification of 

total protein levels via the Bradford Assay (Bio-Rad Laboratories, Hercules, CA). 50 µg 

of MBH protein were run in 4-20% SDS PAGE and transferred to nitrocellulose 

membranes at 30 V overnight at 4°C. The membranes were blocked in Odyssey blocking 

buffer (LI-COR Biotechnology, Lincoln, NE) in PBS at 4°C for 5 hours. The membranes 

were incubated with primary antibody, anti-TNF-α (1:1000; Abcam, Cambridge, MA), at 

4°C overnight. Next, the membranes were washed in PBS with 0.1% Tween-20 and then 

incubated with corresponding infrared secondary antibody at room temperature for 90 

minutes. The membranes were washed and scanned in an Odyssey Infrared Imaging 
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System (LI-COR Biotechnology, Lincoln, NE). The protein band intensities were 

determined by Image Studio Lite (LI-COR Biotechnology, Lincoln, NE) and normalized 

with corresponding β-actin intensity for each sample. 

Real-time RT-PCR 

Gene expression levels in MBH tissue samples were measured by quantitative 

real time PCR (SYBR green assay). Total RNA for each MBH sample was extracted 

using the RNeasy purification kit (Quiagen, Valenica CA) and converted to their first 

strand complementary DNA (cDNA) using the high capacity cDNA reverse transcription 

kit (Applied Biosystems, Carlsbad, CA). The following primers were used: 

Forward/Reverse TLR-4 

(TGCCTCTCTTGCATCTGGCTGG/CTGTCAGTACCAAGGTTGAGAGCTGG), 

CSFR1 (GCTCGATGTCCTGCTCTGTGA/CCTGCACTCCATCCATGTCA), 

MCP1 F/R 

(GGCCTGTTGTTCACAGTTGCT/TCTCACTTGGTTCTGGTCCAGT), and GAPDH 

F/R (AGACAGCCGCATCTTCTTGT/CTTGCCGTGGGTAGAGTCAT). PCR was 

performed at 95°C for 5 minutes, followed by 45 cycles of 95°C for 30 seconds, 62°C for 

30 seconds, 72°C for 40 seconds in the Applied Biosystems 7500 Real time PCR system 

(ABI Carlsbad, CA). Relative quantities of mRNA were calculated by relating the PCR 

threshold cycle obtained from the tested sample to relative standard curves generated 

from a serial dilution of cDNA prepared from total cDNA and then quantified as a ratio 

of GAPDH. 

Statistical Analysis 



 

 
 

  52 
 

Statistical analyses were conducted using Graph Pad Prism 6.0 software for Mac 

(Graph Pad Software, Inc., San Diego, CA). Treatment groups were compared by one-

way and two-way ANOVAs with Newman-Kuels post-hoc tests. A value of P<0.05 was 

considered significant. 
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2.3 RESULTS 

Using a postnatal ethanol exposure model in rats (PND 2-6; equivalent to the 

human third trimester) I determined the levels of proinflammatory cytokine protein 

(TNF-α) and mRNA expression (MCP-1, CSFR1, and TLR-4) in the mediobasal 

hypothalamus. These factors are known to be upregulated during microglia activation and 

can promote apoptosis (Beattie, 2014; Chastain & Sarkar, 2014; Zhang et al., 2017). 

Protein expression for TNF-α and mRNA expression for TLR-4 were both found to be 

elevated in AF-treated rats relative to AD and PF controls (Fig. 2a, d). MCP1 and CSFR1 

mRNA levels were found to elevated in the mediobasal hypothalamus of AF animals 

relative to AD controls (Fig. 2b-c). Therefore, postnatal ethanol exposure increased 

proinflammation production in the MBH. 
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FIGURE 2. POSTNATAL ETHANOL EXPOSURE AUGMENTS 
PROINFLAMMATORY PRODUCTION 

Postnatal ethanol exposure increases the expression of proinflammatory protein and 
mRNA expression. Histograms above show changes in the protein level of inflammatory 
cytokine TNF-α (a), mRNA level of cytokine MCP1 (b), cytokine receptors CSFR1 (c), 
and TLR-4 (d) in the MBH of AF-, PF- and AD-treated rats on PND 6 as determined 
through Western blot and q-RTPCR, respectively. Data are represented as mean ± SEM 
(n=5–7). The differences between AD, PF, and AF were compared by one-way analysis 
of variance (ANOVA) and the Newman-Keuls posttest. *, p < 0.05, AF vs PF and AD, 
**, p < 0.05, PF vs AD, ***p < 0.001, AF vs PF, a, p < 0.05, AF vs AD, , #p < 0.01, AF 
vs PF. 
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As mentioned earlier, microglia are one of the immune cells of the brain. 

Activated microglia, in response to ethanol or another insult, can produce 

proinflammatory cytokines that induce neuronal apoptosis. Therefore, I determined 

whether fetal ethanol exposure activated microglia by counting cells positive for IBA-1, a 

microglia specific protein, in the arcuate nucleus of the hypothalamus. The number of 

IBA-1 positive microglia was increased in the arcuate nucleus of AF-treated 

ratscompared to PF and AD controls (Fig. 3a, b). Microglia can also be characterized on a 

spectrum from resting and fully ramified (small soma with longer and thinner processes) 

to fully amoeboid (completely activated with a very large soma and few, if any 

processes) microglia. These morphological changes were assessed and counted below. 

AF animals had significantly more partially and fully amoeboid microglia compared to 

PF and AD controls (Fig. 3c-e). There was no difference in the number of partially 

ramified microglia. These data demonstrate that postnatal ethanol exposure increases 

microglia number and shifts their morphology into an activated phenotype. 
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FIGURE 3. POSTNATAL ETHANOL EXPOSURE ACTIVATES MICROGLIA 
IN THE ACRUCATE NUCLEUS 

Postnatal ethanol exposure increases the number of amoeboid and total microglia in the 
arcuate nucleus. Above are representative images and histograms of IBA-1 positive 
microglial staining of the arcuate nucleus. Postnatal ethanol exposure increased microglia 
number (Fig. 1a, b). Scale bars for these images are 200 µm/each. Characterization of 
IBA-1-stained microglia in the arcuate nucleus based on circularity: partially ramified (c), 
partially amoeboid (d), and fully amoeboid (e) in AD-, PF-, and AF-treated rat pups on 
PND 6. Scale bars in these figures are 20 µm/each. Data are represented as mean ± SEM 
(n=5–7). The differences between AD, PF, and AF were compared by one-way analysis 
of variance (ANOVA) and the Newman-Keuls posttest. * 
*, p<0.01, ***, p<0.001  AF vs AD. #, p>0.05, ###, p<0.001 AF vs PF 
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Microglial regulate synaptic pruning, however, in cases of neuroinflammation 

synaptic pruning can become dysregulated and lead to the loss of dendritic spines. 

Therefore, I determined whether ethanol-induced microglial activation alters synaptic 

homeostasis in the hypothalamus. Below are representative images for Golgi staining of 

dendrites in the hypothalamus (Fig. 4a). I found that postnatal ethanol exposure decreased 

the length (Fig. 4b) and number of dendrites (Fig. 4c) in the hypothalamus. Furthermore, 

AF-treated rats had altered dendritic morphology with increased stubby dendrites (Fig. 

4d) and decreased mushroom dendrites (Fig. 4h). Stubby and mushroom dendrites 

represent immature and mature dendrites, respectively. Therefore I combined the data for 

all immature and mature dendrites and found that there was an overall treatment effect for 

mature (Fig. 4j) and immature dendrites (Fig. 4k). Taken together, these data suggest that 

postnatal ethanol exposure alters hypothalamic dendrite number and morphology, 

resulting in decreased and less mature dendrites.  
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FIGURE 4. POSTNATAL ETHANOL EXPOSURE ALTERS THE NUMBER, 
LENGTH, AND MORPHOLOGY OF DENDRITES IN THE MBH 

The number and length of dendrites in AF-treated pups were reduced. Furthermore, 
postnatal ethanol exposure increased stubby dendrites and reduced mushroom dendrites. 
Representative confocal (magnification 100X) images of dendritic spines (a) in the 
hypothalamus and histograms representing the mean ± SEM of (b) dendritic length and 
(c) spine number in AD, PF, and AF rat pups on PND 6. Spine morphologies are 
represented as %spine in histograms for (d) stubby, (e) filopodia, (f) thin, (g) long thin, 
(h) mushroom, and (i) branched spines. Spine morphologies were then combined into (j) 
mature and (k) immature morphologies. Data are represented as mean ± SEM (n=4–7). 
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Currently, the way in which microglia and POMC/β-endorphin neurons interact 

with each other basally and following fetal ethanol exposure is unknown. Therefore I 

investigated POMC neuron and microglial interactions via double staining in GFP-

POMC neonatal pups following ethanol exposure. Rat neonatal pups were not used due to 

unsatisfactory results with double staining. These GFP-POMC mice are a transgenic 

strain that express EGFP so immunohistochemical staining was employed for GFP to 

visualize POMC neurons and IBA-1 for microglia. Stacked confocal images were used to 

generate 3D images for analysis of POMC and microglial interactions. Visualization of 

interactions between POMC and microglia (Fig. 5a) demonstrated that AF-treated rats 

exhibited a greater ratio of microglial soma interactions with POMC neurons than PF and 

AD controls; AD and PF POMC neurons had greater interactions with microglial 

processes than AF (Fig. 5c). Furthermore, AF-treated rats had significantly less POMC 

neurons in the arcuate nucleus (Fig. 5b, d) as well as relative to PF and AD controls. 

Taken together, these data demonstrate that postnatal ethanol exposure altered the way 

microglia interacted with POMC neurons, as well as reduced their quantity in the arcuate 

nucleus.  
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FIGURE 5. POSTNATAL ETHANOL EXPOSURE ALTERS 
MICROGLIAL/POMC INTERACTIONS AND REDUCES POMC NEURONS 

Postnatal ethanol exposure promoted microglial soma interactions with and reduced the 
number of POMC neurons. Representative images and quantification of IBA-1 positive 
microglia and GFP-POMC neuronal interactions (a) and a histogram (c) representing the 
mean ± SEM of soma/process interactions. Representative images of POMC neurons (b) 
and a histogram (d) representing the mean ± SEM of POMC-positive cells in the arcuate 
nucleus. Data are represented as mean ± SEM (n=5–7). The differences between AD, PF, 
and AF were compared by one-way analysis of variance (ANOVA) and the Newman-
Keuls posttest. *, p<0.05, AF vs PF and AD, **, p<0.01 AF vs PF and AD. 
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Lastly, postnatal ethanol exposure has been shown to activate microglia to release 

proinflammatory cytokines, alter their morphology, and interact with POMC neurons via 

their soma. Furthermore, the number of POMC neurons was reduced in the arcuate 

nucleus of AF-treated rats. To determine whether microglial activation was responsible 

for the loss of β-endorphin neurons, neonatal pups were treated with minocycline 1 hour 

before exposure to ethanol for 5 consecutive days. Next, the arcuate nucleus was stained 

for β-endorphin neurons (Fig. 6) and these neurons were counted. β-endorphin staining in 

the arcuate nucleus revealed that minocycline administration prevented ethanol’s ability 

to reduce the number of β-endorphin neurons in the arcuate nucleus (Fig. 6). These data 

illustrate that inhibition of microglial activation completely prevents ethanol-induced loss 

of β-endorphin neurons. 
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FIGURE 6. MINOCYCLINE ADMINISTRATION PREVENTED LOSS OF β-
ENDORPHIN NEURONS IN FETAL ETHANOL EXPOSED NEONATAL RAT 
PUPS. 

Postnatal ethanol exposure activates microglia and reduces β-endorphin neuronal count in 
the arcuate nucleus. Minocycline, an inhibitor of microglial activation, completely 
prevents the loss of β-endorphin neurons following fetal ethanol exposure. Above are 
representative images and histograms of β-endorphin stained cells in the arcuate nucleus. 
Scale bars in these figures are 200 µm/each Data are represented as mean ± SEM (n=5). 
The differences between AD, PF, and AF were compared by one-way analysis of 
variance (ANOVA) and the Newman-Keuls posttest. *, p<0.05, AF vs PF, AD, and 
AF+Mino.  
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As mentioned previously, β-endorphin is an opioid peptide that can bind to MOR 

and DOR on microglia. Whether opioid receptors participate in communication between 

β-endorphin and microglia during ethanol neurotoxicity has yet to be determined. 

Therefore, I first set out to demonstrate co-localization of DOR and MOR with microglia 

utilizing immunohistochemistry. Visualization of DOR-positive (Fig. 7a-d) and MOR-

positive (Fig. 7e-h) microglia are presented below. 

 

 

FIGURE 7. MICROGLIA EXPRESS MOR AND DOR  

Immunohistochemical evidence the microglia express MOR and DOR. Characterization 
of IBA-1 and MOR/DOR positive microglia in the arcuate nucleus of postnatal pups. 
Representative images of (a, e) DAPI, (b) DOR, (f) MOR, and (c, g) IBA-1 stained cells. 
Representative merged images of (d) DOR and IBA-1 positive microglia and (h) MOR 
and IBA-1 microglia.  
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Activation of MOR and DOR by agonists or inhibition via antagonists may 

differentially regulate microglial function. To quantify whether opioid receptor 

antagonism affected microglial activation, microglia were isolated using an Optiprep 

gradient that has produced >90% purity in previous lab experiments from the MBH of 

postnatal rats (AD/PF/AF) following co-administration of MOR antagonist naltrexone 

(NTX) or DOR antagonist naltrindole (NTD). Those microglia where then assayed for 

changes in the expression of receptors that represent microglial activation, as well as 

MOR and DOR. Preliminary data found no differences between male and female pups 

therefore we combined sexes for all experiments (Appendix Fig. 1).  

First, the results from flow cytometry confirmed the expression of MOR and 

DOR on microglia (Fig 8c-f). Furthermore, ethanol exposure increased the expression of 

MOR but not DOR on microglia and these receptor levels were reduced by 

administration of NTX or NTD, respectively (Fig. 8c-f). Next, AF-treated rats exhibited 

increased expression of IBA-1 and TLR-4 compared to AD and PF controls, consistent 

with previous findings of ethanol-induced microglia activation. However, inhibition of 

MOR with NTX prevented ethanol-induced increases in IBA-1 and TLR-4, returning 

their concentration to control levels. DOR antagonism did not decrease ethanol-induced 

activation of these receptors (Fig. 8a, b, g, & h). These data illustrate that microglia 

express MOR and DOR and theses receptors are downregulated by NTX and NTD, 

respectively. Furthermore, postnatal ethanol exposure activated microglia, as 

demonstrated by augmentation of IBA-1 and TLR-4 fluorescent intensity on microglia. 

Importantly, microglia activation was inhibited by MOR antagonism, demonstrating that 

MOR is involved in ethanol-induced microglial activation and DOR antagonism is not.  



 

 
 

  65 
 

 

 

FIGURE 8. POSTNATAL ETHANOL EXPOSURE DIFFERENTIALLY 
EFFECTS MICROGLIAL OPIOID RECEPTORS EXPRESSION 

Postnatal ethanol exposure augments IBA-1, MOR, and TLR-4 proteins in microglia. 
MOR but not DOR antagonism reverses this effect. Histograms show representative 
fluorescent intensities of isolated microglia for each protein compared to unstained or 
unlabeled control cells. Bar graphs show mean fluorescence intensity of staining of IBA-
1 (A, B), MOR (C, D), DOR (E, F), and TLR-4 (G, H). p-values are presented in the 
figures to show post-hoc differences between treatment groups.  
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The data presented above (Fig. 8) demonstrated an increase of TLR-4 on 

microglia following postnatal ethanol exposure. To confirm a functional outcome for the 

upregulation of TLR-4, downstream proinflammatory signaling molecules were assayed 

from isolated microglia. AF-treated rats exhibited upregulation of p-38 MAPK, p-JNK, p-

Akt, and NF-κB (Fig. 9a-h) in isolated microglia. Increased activation of these molecules 

has been shown to promote production of proinflammatory cytokines in microglia. 

Therefore, postnatal ethanol exposure activated TLR-4 dependent, proinflammatory 

cytokine signaling, but MOR antagonism blocked it. Thus, MOR activation is necessary 

for ethanol-induced TLR-4 dependent signaling. NTD did not affect TLR-4 signaling 

molecules so DOR is not involved in ethanol-induced TLR-4 dependent signaling.  

 

 

FIGURE 9. MOR ANTAGONISM PREVENTS ETHANOL-INDUCED TLR-4 
SIGNALING 

Postnatal ethanol exposure augments p-38 MAPK, p-JNK, p-Akt, and NF-κB proteins in 
microglia. MOR but not DOR antagonism reversed this effect. Histograms show 
representative staining of isolated microglia for each protein compared to unstained or 
unlabeled control cells. Bar graphs show mean fluorescence intensity of staining of p-38 
MAPK (a, b), p-JNK (c, d), p-Akt (e, f), and NF-κB (g, h). p-values are presented in the 
figures to show post-hoc differences between treatment groups.  
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Lastly, since MOR was upregulated on microglia and inhibition of MOR, but not 

DOR, prevented a TLR-4-dependent proinflammatory-signaling cascade, I investigated 

whether MOR and DOR contributed to ethanol-induced neurotoxicity and apoptosis of β-

endorphin neurons. Cell of the arcuate nucleus were stained for β-endorphin in AD-, PF-, 

AF-, AF+NTX-, and AF+NTD-treated neonatal rat pups and representative images can 

be found below (Fig. 10). Counting of β-endorphin positive neurons revealed that while 

AF-treated animals had a reduction of β-endorphin neurons, co-administration of NTX 

prevented this loss. Furthermore, antagonism of DOR with NTD did not prevent the loss 

of β-endorphin neurons when administered in AF rats.   
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FIGURE 10. MOR BUT NOT DOR ANTAGONISM PREVENTED 
MICROGLIAL-INDUCED β-ENDORPHIN NEURONAL LOSS 

Postnatal ethanol exposure reduces the number of β-endorphin neurons in the arcuate 
nucleus. Naltrexone, an inhibitor of MOR, completely prevented the loss of β-endorphin 
neurons in AF-treated animals but naltrindole, a DOR antagonist, did not. Above are 
representative images and histograms of β-endorphin stained cells in the arcuate nucleus. 
Scale bars in these figures are 200 µm/each Data are represented as mean ± SEM (n=5). 
The differences between AD, PF, AF, AF+NTX, and AF+NTD were compared by one-
way analysis of variance (ANOVA) and the Newman-Keuls posttest. *, p<0.05, AF and 
AF+NTD vs AD, PF, and AF+NTX. 
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2.4 DISCUSSION 

Postnatal ethanol exposure induces apoptosis of β-endorphin neurons in vitro and 

in vivo, resulting in dysregulation of the HPA axis (Chen et al., 2006a; Logan et al., 

2015). However, the mechanism involving the loss of β-endorphin neurons is not 

completely understood. In this study, I demonstrated that a third trimester equivalent 

exposure to ethanol increased the expression of proinflammatory cytokines in the MBH, 

where β-endorphin neurons are located. Furthermore, postnatal ethanol exposure 

increased the number of microglia in the arcuate nucleus, as well as the amount of 

partially and fully activated microglia. Activation of microglia is generally accompanied 

by increased release of proinflammatory cytokines, such as TNF-α, to induce apoptosis of 

neurons. Increased activation of microglia, as observed in Alzheimer’s disease, can lead 

to augmented synaptic pruning. Along with that I found that postnatal ethanol exposure 

decreased the number of dendritic spines, as well as altered their morphology towards 

more immature, shorter dendrites. These changes could be associated with dyregulation 

of neuronal signaling in the hypothalamus and possible deficits such as anxiety disorders 

and stress abnormalities (Mathew et al., 2008). Furthermore, activated microglia are also 

associated with increased phagocytosis (Saito et al., 2016). In concert, I found that 

postnatal ethanol exposure increased the ratio of microglial soma interactions with 

POMC compared to AD and PF controls. Furthermore, β-endorphin neuronal cell count 

was reduced in AF-treated rats relative to their controls. Taken together, this suggests that 

the increased soma interactions by microglia may in fact be increased phagocytosis of β-

endorphin neurons, which, in addition to proinflammatory cytokine release, could be the 

cause of reduced β-endorphin cell counts in AF-treated rats. In order to confirm that 
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microglial activation was inducing the loss of β-endorphin neurons, I administered 

minocycline to AF-treated rats. While it has been shown that minocycline is not a 

specific inhibitor of microglia, it can still significantly reduce microglial activation 

(Möller, et al., 2016). Administration of minocycline completely prevented the loss of β-

endorphin neurons in the arcuate nucleus of AF+Mino treated rats, suggesting that 

activated microglia were promoting the loss of β-endorphin neurons.  

β-endorphin is an opioid peptide and may be used to communicate with microglia 

via MOR and DOR to regulate homeostasis. To determine whether opioid receptors 

regulate microglial activation I first confirmed that microglia, isolated from the MBH, 

contained MOR and DOR. Indeed, MBH-isolated microglia express MOR and DOR, 

which is in concordance with previous studies (Debrenis et al., 1999; Turchan-Cholewo 

et al., 2008; Horvath et al., 2009). Next, microglia that were postnatally exposed to 

ethanol exhibited upregulation of IBA-1 and TLR-4 protein, which are classic markers 

for microglial activation. Interestingly, MOR antagonist NTX completely blocked 

ethanol-induced augmentation of IBA-1 and TLR-4, suggesting that MOR antagonism 

can diminish microglial activation. DOR antagonism with NTD did not prevent microglia 

activation. Furthermore, ethanol exposed rat neonates also exhibited increased MOR but 

not DOR expression in microglia and these receptor levels were reduced following co-

administration of NTX or NTD, respectively. Since postnatal ethanol exposure 

upregulated TLR-4 protein levels in microglia, downstream TLR-4 signaling molecules 

were assayed to determine whether this change induced a functional outcome. Postnatal 

ethanol exposure increased p-Akt, NF-κB, p38 MAPK, and p-JNK. Phosphorylated-Akt 

is the active form of Akt and can phosphorylate nuclear factor of kappa light polypeptide 
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gene enhancer in B-cells inhibitor, alpha (IκBα), which causes the release of NF-κB and 

allows it to translocate into the nucleus to stimulate the production of proinflammatory 

cytokines (Bai et al., 2009). Phosphorylated-JNK and p38 MAPK can activate the AP-1 

transcription factor, which can also upregulated transcription of proinflammatory 

cytokines (Lu et al., 2008). This effect was attenuated by NTX and not NTD 

administration. This suggests that MOR also play are also involved in downstream TLR-

4 signaling to induce the transcription of proinflammatory cytokines, another hallmark of 

microglial activation. Lastly, to resolve whether opioid receptors on microglia affect 

ethanol-induced loss of β-endorphin neurons I stained the arcuate nucleus of postnatal 

exposed rats. I found that AF+NTX completely prevented ethanol-induced reductions of 

β-endorphin neurons, while AF+NTD still produced decreased β-endorphin neuron 

counts.  

In summary, the data presented above strongly suggests that ethanol-induced 

apoptosis of β-endorphin neurons is the result of microglial activation, as well as the 

differential action of microglial opioid receptors. Postnatal ethanol exposure activated 

microglial, induced changes in morphology towards partially and fully amoeboid, and 

augmented the production of proinflammatory signals to kill β-endorphin neurons. TLR-4 

activation in AF-treated microglia also promoted a proinflammatory phenotype but was 

inhibited by NTX. In addition, NTX also prevented β-endorphin apoptosis, suggesting 

that MOR signaling is critical regulator of microglia activation and β-endorphin 

apoptosis. This is consistent with in vitro data presented in Shrivastava et al. where MOR 

agonist DAMGO increased microglial p38 MAPK and p-Akt, as well as proinflammatory 

cytokine release including TNF-α (Shrivastava et al., 2017). On the other hand DOR 
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antagonism did not prevent microglial activation or β-endorphin apoptosis. It was 

suggested in Shrivastava et al. that DOR plays a neuroprotective role inhibiting ethanol-

induced increases in microglial p38 MAPK, p-Akt, and cytokine production including 

TNF-α in vitro following co-administration of DPDPE, a DOR agonist, and ethanol 

(Shrivastava et al., 2017). My data does not disagree with this assertion and may even 

support it since DOR antagonism prevented a neuroprotective effect in AF microglia.  
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CHAPTER 3 

3.1 INTRODUCTION 

Exosomes are small vesicles (30-150 nm in diameter) that form from the inward 

budding of the limiting membrane of endosomes. Due to inward budding, exosomes 

contain proteins, RNA, lipids, and extracellular markers from their cells (Colombo et al., 

2014). Once formed, exosomes can travel to nearby or distant cells and be taken up 

through a number of mechanisms including membrane fusion, receptor-mediated 

endocytosis, and phagocytosis (Mulcahy et al., 2014). Once exosomes enter the target 

cell their cargo is released into the cytoplasm and can alter cellular homeostasis. This 

form of signaling allows cells to communicate with each other via exosomes Moreover, 

Fauré et al. were the first to demonstrate that neurons could release exosomes (Fauré et 

al., 2006). Furthermore, Chivet et al. showed that exosomes released from cultured 

hippocampal neurons could be taken up by neurons (Chivet et al., 2014).  

In addition to serving as a form of communication between neurons, exosomes 

can be exchanged between neurons and microglia. Bahrini et al. discovered that 

exosomes, collected from depolarized neurons, could induce microglia to prune more 

synapses of co-cultured neurons compared to non-exposed microglia (Bahrini et al., 

2015). Other experiments have found that serotonin and ATP released from neurons can 

bind to microglial receptors and induce the release of extracellular vesicles with 

metabolic and immune functions (Glebov et al., 2015; Drago et al., 2017). While neurons 

can use exosomes to communicate with microglia to maintain homeostasis, 

neuroinflammation and other neurodegenerative diseases can hijack this system to spread 

apoptotic factors and induce cell death. 
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In Alzheimer’s disease microglia play an important role in clearing amyloid β-

plaque (Aβ) buildups through phagocytosis. However, in a murine model of Alzheimer’s 

disease, microglia can become reactive and produce extracellular vesicles containing 

those neurotoxic Aβ plaques, send them to neighboring cells, and induce apoptosis 

(Wang et al., 2012; Joshi et al., 2014). Importantly, inhibition of exosome production 

with GW4869, a sphingomyelinase inhibitor, reduced Aβ load and microglial activation, 

which ameliorated apoptosis (Wang et al., 2012). In Parkinson’s disease, alpha-synuclein 

is a major component of Lewy bodies, which can form protein clumps and produce 

neurotoxicity. Alpha-synuclein has also been shown to induce the release of microglial 

exosomes containing alpha-synuclein (Chang et al., 2013). These microglial exosomes 

can travel in the cerebrospinal fluid to nearby or distant cells and induce neurotoxicity 

(Stuendl et al., 2016). LPS-induced inflammation can also activate microglia to release 

extracellular vesicles containing IL-1β, pro-IL-1β, and caspase-1 (Bianco et al., 2005). 

Interestingly, caspase-1 can cleave pro-1L-1β into the active IL-1β peptide. Therefore, 

activated microglia can release exosomes with apoptotic peptides as well as generate 

them via enzymatic cleavage of pro-peptides.  

Ethanol exposure has also recently been shown to induce the release of exosomes. 

Exosomes from hepatocytes exposed to ethanol had augmented levels of miRNA-122. 

This miRNA increased the secretion of proinflammatory cytokines from recipient 

monocytes, as well as sensitized them to LPS (Momen-Heravi et al., 2015). Furthermore, 

exosomes from these treated monocytes activated naïve monocytes via miR27a, leading 

to increased proinflammatory cytokine production and phagocytic activity (Saha et al., 

2016). Cho et al. found that binge ethanol exposure increased the number of plasma 
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extracellular vesicles, as well as the concentration of CYP2P1 and other related p450 

proteins in rat exosomes. Exposure of these extracellular vesicles to primary hepatocytes 

or human hepatoma cells promoted apoptosis through p-Jun, Bax, and cleaved caspase-3 

mechanisms (Cho et al., 2017). Taken together the data demonstrate a role for ethanol 

exposure increases the number of extracellular vesicles from liver and immune cells, 

which contain apoptotic proteins and miRNAs. Exposure of cells to these exosomes can 

induce apoptosis.  

Since ethanol exposure can activate immune cells, as well as other cells, to 

produce extracellular vesicles that contain pro-apoptotic cargo, I determined whether 

postnatal ethanol exposure induces apoptosis of β-endorphin neurons through the release 

of pro-apoptotic exosomes. Postnatal ethanol exposure also activates microglia, the 

immune cells of the brain, to induce apoptosis of β-endorphin neurons. Therefore, I also 

evaluated the role microglial activation played in the activity and cargo of microglial 

exosomes. Lastly, since opioid receptors are involved in ethanol-induced activation of 

microglia and apoptosis of β-endorphin neurons, I determined whether they contributed 

to exosome cargo and activity. 

.  
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3.2 MATERIALS AND METHODS 

Animal Use 

Animal care and treatment were performed in accordance with institutional 

guidelines and complied with the National Institutes of Health policy and Rutgers Animal 

Care and Facilities Committee. Adult Sprague-Dawley rats, obtained from Charles River 

Laboratories (Wilmington, MA) were kept under 12 hour light/12 hour dark conditions, 

provided water and rodent chow ad libitum, and mated. Neonates were used for postnatal 

ethanol exposure experiments. 

Postnatal Ethanol Exposure Model 

Postnatal pups (both sexes) were fed by gavage a milk formula containing 11.34% 

ethanol (vol/vol; 0.1-0.2 ml/animal; during a period of 1 minute), yielding a total daily 

ethanol dose of 2.5 g/kg (AF), or isocaloric control (PF), or they were left in the litter 

with the mother (AD). Gavage feeding was conducted at 10:00 AM and 12:00 PM from 

PND 2-6. After feeding, these pups were immediately returned to the litter. Additionally, 

some animals were treated subcutaneously with minocycline (45µg/kg; one hour prior to 

the first feeding), or mu-opioid receptor antagonist naltrexone (NTX, 10mg/kg; 15 

minutes prior to the first feeding), or delta-opioid receptor antagonist naltrindole (NTD, 

10mg/kg; 15 minutes prior to the first feeding) or neutral sphingomyelinase inhibitor 

GW4869 (GW4869, 2.5mg/kg; 15 minutes prior to the first feeding). All of these drugs 

were purchased from Sigma Aldrich (St. Louis, MO). Two hours after the last feeding on 

PND 6, some of the pups were transcardially perfused with 4% paraformaldehyde, 

postfixed overnight, cryoprotected in 30% sucrose, and cut into 30µm coronal sections 
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for immunohistochemistry. Additional pups were sacrificed and their MBH were 

collected for exosome isolation, Western blot, and aminopeptidase (CD13) activity assay. 

Exosome Isolation  

Rat MBH, as previously described with modifications (Shrivastava et al., 2017), 

were dissected and placed in cold Hank’s balanced salt solution (HBSS) media (Sigma 

Aldrich, St. Louis, MO). Then MBH were mechanically dissociated in 5mL syringes 

using 18-gauge needles followed by 21-gauge needles. The homogenate was filtered 

through 40µm cell strainers and then centrifuged at 3000 x g for 10 minutes at 4°C to 

remove cellular debris. Each supernatant was then passed through a 0.2µm filter. Next, 

the samples were centrifuged serially at 4°C: 300 x g for 10 min, 2000 x g for 10 min, 

and 10,000 x g for 30 min. An equal amount of Exosome Isolation Reagent (Thermo 

Fisher Scientific; Waltham, MA) was added to each supernatant and incubated overnight 

at 4°C. On the next day, the mixtures were centrifuged at 10,000 x g for 60 min at 4°C 

and the exosome pellets were collected. The pellets were suspended in 50 µl PBS and two 

equal aliquots were prepared, one for Western blot and one for CD13 aminopeptidase 

activity assay, transmission electron microscopy, and nanoparticle tracking analysis. For 

Western blot, resuspended exosomes were prepared in Exosome Resuspension Buffer 

(Total Exosome RNA and Protein Isolation Kit, Thermo Fisher Scientific; Waltham, 

MA). Nanoparticle tracking analysis (NTA) was performed on intact exosomes using a 

NanoSight Range (NanoSight Ltd., Malvern, Westborough, MA, USA) equipped with a 

405 nm laser and an automatic syringe pump system. Samples were diluted 1:1000 in 

PBS and  

 CD13 Aminopeptidase Activity Assay 
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Exosomes were mixed with 200 mmol of leucine-p-nitroaniline (Sigma Aldrich, 

St. Louis, MO) in a 96-well plate (20 ug/ml total exosomal protein in 150 ml of 

PBS/well). The release of p-nitroaniline at 60, 120, 240, and 360 min was used to follow 

aminopeptidase activity by measuring the absorbance at 405 nm. 

Immunohistochemistry 

Serial coronal sections of perfused brains were made using a Leica cryostat at 30 

µm in thickness from stereotaxic plates 19 to plates 23 (Bregma −2.3 to −4.3 mm) 

spanning the arcuate nucleus. Perfused sections were mounted on Superfrost Plus glass 

slides (VWR, Radnor, PA) containing one AD, one PF, and one AF brain section. The 

sections were washed in PBS twice followed by antigen retrieval in citrate buffer (pH 

6.2) at 100°C for 10 min. After two washes in PBS-T (0.05% Triton-X) the sections were 

incubated in blocking buffer (2.5% normal horse serum in PBS-T) at room temperature 

for 30 min. The sections were subsequently incubated overnight at 4 °C with the rabbit 

anti-ß-endorphin (1:1000, Peninsula Laboratories, San Carlos, CA). After the primary 

antibody incubation samples were washed in PBST and then sections were incubated 

with an Alexa Fluor 488 donkey anti-rabbit secondary antibody  (1:500, Thermo Fisher 

Scientific, Grand Island, NY). Sections were mounted with DAPI (Vector Laboratories, 

Burlingame, CA) and sealed with nail polish. To evaluate the immunohistochemical 

staining intensity, animals in each experimental group were photographed using Nikon-

TE 2000 inverted microscope (Nikon Instruments Inc., Melville, NY). Cell counting was 

quantified using ImageJ software (National Institutes of Health, Bethesda, MD).  

Western Blot 
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Exosome samples were processed for protein extraction followed by the Bradford 

Assay to quantify total protein levels (Bio-Rad Laboratories, Hercules, CA). 15 µg of 

exosome total protein or liver protein, were run in 4-20% SDS PAGE and transferred to 

Polyvinylidene fluoride (PVDF) membranes at 30 V overnight at 4°C. The membranes 

were blocked in 5% non-fat milk in tris-buffered saline (TBS) at 4°C for 5 hours. The 

membranes were incubated with primary antibody in the same blocking buffer with 0.2% 

Tween-20 at 4°C overnight. The following primary antibodies were used for Western 

blot: rabbit anti-CD13, rabbit anti-cleaved caspase-3, rabbit anti-calnexin, rabbit anti-

cytochrome c (1:200; Cell Signaling Technology, Danvers, MA), mouse anti-C1q (1:200; 

Abcam, Cambridge, MA), and mouse anti-C3, mouse anti-CD63, and rabbit anti-GM130 

(1:100; Santa Cruz Biotechnology; Dallas, TX). Next, the membranes were washed in 

TBST (PBS or TBS with 0.1% Tween-20) and then incubated with HRP secondary 

antibodies at room temperature for 90 minutes. The membranes were washed and 

developed on film. The protein band intensities were determined by Image Studio Lite 

(LI-COR Biotechnology, Lincoln, NE) and normalized with corresponding CD63 band 

intensities. 

 Statistical Analysis 

Statistical analyses were conducted using Graph Pad Prism 6.0 software for Mac 

(Graph Pad Software, Inc., San Diego, CA). I compared treatment groups by one-way 

and two-way ANOVAs with Newman-Kuels post-hoc tests. A value of P<0.05 was 

considered significant. 
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3.3 RESULTS 

 As mentioned previously, exosomes are small vesicles (30-150 nm in diameter) 

that form from the inward budding of the limiting membrane. Therefore, I first assayed 

the exosomes I collected to confirm that their size fell within the range of 30-150 nm. 

Nanoparticle tracking analysis determined that in vivo MBH exosomes had a mean 

particle diameter of 138.7 nm, a mode of 82 nm, and a concentration of 2.78*1011 

particles/mL (Fig. 11a). A visualization of exosomes during nanoparticle tracking 

analysis can also be seen below (Fig. 11b). It should be noted that exosomes appeared to 

be clumped together, forming distortions in the video and may be reason why larger 

particle sizes were observed during nanoparticle tracking analysis. Electron microscopy 

was performed to confirm the size and morphology of MBH exosomes. MBH exosomes 

were within the 30-150 nm ranges and had the characteristic cup-shape typically 

observed in exosomes under transmission electron microscopy (Fig. 11c). Lastly, MBH 

exosomes were assayed by Western blot to confirm their purity against rat liver lysate, 

which served as a positive control. These exosomes were positive for exosome marker 

protein CD-63 (Fig. 11d) and were negative for possible vesicular contaminates 

cytochrome c (mitochondrial-specific protein), GM130 (Golgi apparatus-specific 

protein), and calnexin (endoplasmic reticulum-specific protein). Therefore, these data 

demonstrate that the extracellular vesicles collected from MBH tissue are exosomes. 
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FIGURE 11. CHARACTERIZATION OF MBH EXOSOMES 

Nanoparticle tracking analysis, transmission electron microscopy, and Western blot 
verification of exosomes from postnatal rats PD6. For Nanoparticle Tracking Analysis, 
the calculated size distribution is depicted as a mean (black line) with standard error (red 
shaded area). (a) Mean particle size, mode particle size, and concentration of particles 
collected from MHB exosomes are shown. (b) Visual representation of exosomes 
recorded by Nanoparticle tracking analysis. (c) Representative image of exosomes under 
transmission electron microscopy. The width and length of each exosome is represented 
on the individual exosome. (d) Representative bands for the protein levels of exosome 
marker CD63, Mitochondria marker Cytochrome c, Golgi Apparatus marker GM130, and 
Endoplasmic Reticulum marker Calnexin found in MBH exosome and liver lysates.  
  

Mean: 138.7 nm 
Mode: 82 nm 
Concentration: 2.78e+011 
+/- 7.53e+010 particles/ml 
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Next, since exosomes can transport cargo from one cell to another and induce 

apoptosis, I utilized Western blot to determine whether postnatal ethanol exposure altered 

the cargo of MBH exosomes. MBH exosomes from AF-treated rats exhibited augmented 

microglial-specific protein, CD13, relative to AD controls (Fig. 12a). Next I found that 

pro-apoptotic cleaved caspase-3 (CC3) and C1q were elevated in AF-treated MBH 

exosomes (Fig. 12b, c). Representative Western blot bands are also represented below. 

Taken together, these data show that postnatal ethanol exposure increased the amount of 

microglial exosomes and these exosomes had augmented quantities of pro-apoptotic 

peptides.   
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FIGURE 12. POSTNATAL ETHANOL EXPOSURE INCREASES 
PROAPOTOTIC AND MICROGLIAL SPECIFIC PROTEINS IN MBH 
EXOSOMES 

 
The effect of postnatal ethanol exposure on exosomes collected from the mediobasal 
hypothalamus. The protein levels were measured by Western blot. Bar graphs 
representing the protein levels of pro-apoptotic factor (a) cleaved caspase-3, (b) C1q, and 
(c) microglial-specific marker CD13 along with representative bands for AD, PF, and AF 
exosome samples. Data are presented as mean ± SEM (n=5-6). The differences between 
AD, PF, and AF were compared by one-way analysis of variance (ANOVA) and the 
Newman-Keuls posttest. **p<0.01, AF vs PF and AD controls, a, p<0.05 AF vs AD 
controls. 
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 CD13, also called aminopeptidase, is enzymatically active on microglial-derived 

exosomes. Therefore, to confirm the increase of CD13 protein found on AF-treated 

exosomes, I quantified exosomal CD13 activity. In concert with the Western blot data, 

AF-treated rats exhibited significantly greater CD13 activity than AD and PF controls 

(Fig. 13a, e). Since activation of microglia has been shown to increase the release of 

exosomes, I determined whether microglial activation was required for ethanol-induced 

changes in CD13 activity. Minocycline administration completely attenuated CD13 

activity in AF-treated rats (Fig. 13b, e). Thus, postnatal ethanol exposure activates 

microglia to release exosomes. Because opioid receptors also regulate microglial 

activation I determined whether MOR and DOR antagonism differentially regulated 

CD13 activity. In concordance with previous data, NTX nullified ethanol-induced 

increases in CD13 activity and NTD did not (Fig. 13c-e). Therefore, inhibition of 

ethanol-induced microglial activation through minocycline or NTX administration 

attenuates the release of microglial exosomes.  

 

 

FIGURE 13. INHIBITION OF MICROGLIA ACTIVATION AND MU-OPIOID 
RECEPTOR ANTAGONISM SUPPRESS CD13 ACTIVITY IN ETHANOL-
EXPOSED NEONATES 

 
Presented here are the effects of ethanol exposure, inhibition of microglial activation, and 
opioid receptor antagonism on CD13 activity. Aminopeptidase activity of exosomes 
collected from the mediobasal hypothalamus at 4 times points (60, 120, 240, and 360 
minutes) for (a) AD, PF, and AF, (b) minocycline, (c) naltrexone, and (d) naltrindole 
treated pups, along with area under the curve (e) histograms for AD, PF, AF, AF+Mino, 
AF+NTX, and AF+NTD. Data are presented as mean ± SEM. The differences between 
treatment groups were compared by two-way analysis of variance (ANOVA) and the 
Newman-Keuls posttest. *, p <0.05, AF and AF+NTD vs AD and PF, **, p<0.01 AF vs 
AD, a, p<0.05 AF+Mino and AF+NTX vs AF, #, p<0.01 AF vs PF.  
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 Next, since microglial exosome activity was altered by inhibition of microglial 

activation and opioid antagonism, I determined whether these treatments would also alter 

MBH exosome cargo. First, as previously demonstrated, AF-treatment produced greater  

CD13 expression than AD controls and cleaved caspase-3 and C1q expression was 

greater than AD and PF controls (Fig. 14a-c). NTX and minocycline administration 

attenuated microglial CD13 activity and CD13 protein expression on MBH exosomes 

from AF-treated rats. In concordance with this decrease in CD13-positive exosomes, 

NTX and minocycline treatment also prevented ethanol-induced augmentation of pro-

apoptotic cleaved caspase-3 and C1q protein expression in AF-treated MBH exosomes. 

NTD administration did not prevent ethanol-induced changes in these exosomes; in fact, 

AF+NTD had greater C1q expression than AD, PF, AF+Mino, and AF+NTX. Thus, 

inhibition of ethanol-induced microglial activation with NTX or minocycline decreased 

the release of microglial specific exosomes and reduced the cleaved caspase-3 and C1q 

from those exosomes.   
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FIGURE 14. POSTNATAL ETHANOL EXPOSURE EFFECT ON MBH 
EXOSOMES IS REVERSED BY MICROGLIAL INACTIVATION THROUGH 
MU-OPIOID RECEPTOR ANTAGONISM OR MINOCYCLINE 
ADMINISTRATION 

The effect of inhibiting microglial activation on exosomes collected from the mediobasal 
hypothalamus. Bar graphs representing the protein levels of (a) CD13, (b) Cleaved 
Caspase-3 (CC3), and (c) C1q along with representative bands for AD, PF, AF, 
AF+Mino, AF+NTX, and AF+NTD exosome samples. The protein levels were measured 
by Western blot. Data are presented as mean ± SEM (n=5-6). The differences between 
AD, PF, AF, AF+Mino, AF+NTX, and AF+NTD were compared by one-way analysis of 
variance and the Newman-Keuls posttest. *, p< 0.05, vs AD, **, p<0.01, vs AD and PF, 
&, p<0.05, vs AD and PF, a, p< 0.05, vs AF, #, p<0.01, vs AF+Mino and AF+NTX.  
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Lastly, since postnatal ethanol exposure increased microglial specific exosomes 

and pro-apoptotic cargo, I determined whether these exosomes induced β-endorphin 

apoptosis. In order to determine this, I treated AF rats with GW4869, a neutral 

sphingomyelinase inhibitor that inhibits exosome formation, 15 minutes before each 

postnatal ethanol exposure. As previously shown, AF-treated rats had significantly less β-

endorphin neurons in the arcuate nucleus compared than AD and PF controls. However, 

pretreatment with GW4869 completely prevented ethanol-induced loss of β-endorphin 

neurons (Fig. 15). Therefore, inhibition of exosome release in AF-treated rats prevents 

apoptosis of β-endorphin neurons.   
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FIGURE 15. INHIBITION OF EXOSOME RELEASE (GW4869) PREVENTS 
ETHANOL-INDUCED LOSS OF β-ENDORPHIN NEURONS 

Effect of postnatal alcohol exposure with or without GW4869 on BEP expression in the 
arcuate nucleus. Representative images of (a) BEP positive staining (green) along with a 
histogram (b) representing the mean ± SEM in AD, PF, AF, and AF+GW4869 treated rat 
pups (n= 5-6). Scale bars for these images are 200 µm/each. The differences between 
AD, PF, AF, and AF+GW4869 were compared by one-way analysis of variance 
(ANOVA) and the Newman-Keuls posttest. *, p< 0.05, AF vs PF and AD controls. 
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AF AF+GW4869 
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3.4 DISCUSSION 

 Exosomes are small vesicles (30-150 nm in diameter) that have been shown to 

play a role in communication between microglia and neurons (Antonucci et al., 2012; 

Bahrini et al., 2015; Glebov et al., 2015; Drago et al., 2016). Furthermore, 

neuroinflammation or neurodegenerative diseases can alter this communication by 

changing the cargo of microglial exosomes to promote apoptosis in recipient neurons 

(Sharples et al., 2008; Chang et al., 2013; Joshi et al., 2014; Jablonski et al., 2016; Kumar 

et al., 2017). Lastly, ethanol exposure can also alter the cargo of exosomes to promote 

apoptosis in recipient cells (Momen-Hervani et al., 2015; Saha et al., 2016; Cho et al., 

2017). What has not been determined is whether microglial exosomes contribute to 

ethanol-induced apoptosis of β-endorphin neurons. In this study I first confirmed that the 

vesicles I collected from the MBH were exosomes. Nanoparticle tracking analysis 

revealed that the average size of these exosomes was 138 nm and the mode was 86 nm. 

Transmission electron microscopy of these vesicles also showed that individual exosomes 

were around within the 30-150 nm in diameter with a typical “cup-shape” that is 

generally observed in transmission electron microscopy of exosomes (Wu et al., 2015). 

Additionally, these vesicles were not contaminated by vesicle-producing organelles, as 

they were negative for Golgi apparatus protein GM130 and endoplasmic reticulum 

protein calnexin, nor did they contain mitochondrial cytochrome c. Therefore, these 

vesicles collected from the MBH of AD-, PF-, and AF-treated rats were exosomes.  

 Next, to determine whether postnatal ethanol exposure alters the cargo of MBH 

exosomes I assessed changes in exosomal protein with Western blot using the exosome 

marker CD63 as a control (Kavanagh et al., 2017). Since postnatal ethanol exposure 
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activates microglia, I probed for a microglial-specific marker CD13 (Potolicchio et al., 

2015). I found that postnatal ethanol exposure increased CD13 protein expression on 

exosomes. Changes in CD13 protein were confirmed by augmented CD13 activity in AF-

treated exosomes. These data suggest that postnatal ethanol exposure increased the 

amount of microglial exosomes. To further understand whether this increase in microglial 

exosomes would also alter the cargo of MBH exosomes, I probed for cleaved caspase-3 

and C1q protein. Both of these proteins have been shown to induce apoptosis (Dedio et 

al., 1998; Porter & Jänicke, 1999; Ten et al., 2010). MBH exosomes from AF-treated rats 

exhibited significantly greater protein levels of cleaved caspase-3 and C1q compared to 

AD and PF controls. Next, if the augmented exosome release was due to microglial 

activation then these effects should be nullified following minocycline treatment. Indeed, 

minocycline administration normalized CD13 protein and activity, as well as attenuated 

cleaved caspase-3 and C1q expression from AF-treated rat MBH exosomes. Therefore, I 

posit that postnatal ethanol-induced microglial activation augments the release of pro-

apoptotic microglial exosomes. On potential concern with these exosome results is that 

they contained cleaved caspase-3, suggesting the possibility that the microglia they come 

from are apoptotic. It should be noted that cytochrome c was not found in these 

exosomes, which is a small molecule that is released from mitochondria prior to 

activation of cleaved caspase 3 (Porter & Jänicke, 1999). Furthermore, enzymatic 

cleavage of pro-peptides can occur within exosomes to produce their active peptide 

(Bianco et al., 2005). In fact caspase 8, a caspase that cleaves procaspase-3 to release 

activated cleaved caspase-3, protein and mRNA have been found in mouse exosomes, 

suggesting the possibility that cleaved caspase-3 is at least partially generated within 
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exosomes (Valadi et al., 2007). Furthermore, I have presented data illustrating that 

microglial cell number increases following the current model of postnatal ethanol 

exposure I used. Thus, it is unlikely that the microglia secreting these pro-apoptotic 

exosomes are undergoing apoptosis. Another possible concern is that these vesicles are 

apoptotic bodies, which contain apoptotic proteins, but these samples were passed 

through a 0.2 µm strainer. Furthermore, no apoptotic bodies were observed with the 

transmission electron microscope while nanoparticle tracking analysis data demonstrated 

that the overwhelming majority of exosomes were less than 200 nm.  

 Opioid receptors have previously been shown to regulate ethanol-induced 

activation of microglia. Therefore, I determined whether opioid receptors regulated the 

release of microglial exosomes. I found that NTX administration reduced the quantity 

and activity of CD13 from AF-treated MBH exosomes. Meanwhile, NTD administration 

maintained the ethanol-induced increase. Since MOR antagonism attenuated the quantity 

of microglial exosomes I determined whether it altered the cargo of MBH exosomes. In 

concert with the previous findings, NTX reduced the amount of cleaved caspase-3 and 

C1q while NTD did not. Taken together, these data strongly suggest that MOR 

antagonism prevents ethanol-induced increases in microglial exosomes by inhibiting 

microglial activation. DOR antagonism does not prevent microglial activation and 

therefore does not prevent upregulation of microglial exosomes.  

 Lastly, to confirm whether these pro-apoptotic exosomes affected ethanol-induced 

β-endorphin apoptosis, I inhibited exosome production with GW4869. GW4869 is a 

sphingomyelinase inhibitor and has been shown to significantly reduce exosome 

production as well as prevent exosome-induced apoptosis for neurons in an Alzheimer’s 
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disease model (Wang et al., 2012; Dinkins et al., 2014). GW4869 administration 

prevented the loss of β-endorphin neurons in the arcuate nucleus of AF-treated rats. This 

suggests that ethanol-induced apoptosis of β-endorphin is due, at least in part, to 

microglial exosomes.  

 In summary, the data presented above strongly suggests that postnatal ethanol 

exposure augments the release of microglial exosomes containing pro-apoptotic proteins. 

Moreover, microglial activation is necessary for ethanol-induced augmentation of 

microglial exosomes and pro-apoptotic proteins because minocycline and NTX 

administration blocked these effects. Lastly, prevention of the release of these exosomes 

with GW4869 prevents ethanol-induced apoptosis of β-endorphin neurons.   
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Chapter 4 

4.1 INTRODUCTION 

 The complement system is a critical regulator of the immune system, peripherally 

and centrally. These signaling molecules are involved in phagocytosis of apoptotic cells, 

synaptic pruning, and regulation of inflammation (Stevens et al., 2007; Griffiths et al., 

2009; Bohlson et al., 2014). This signaling cascade begins when complement peptide 

C1q binds to an apoptotic cell via recognition of apoptotic markers on the cell surface 

including phosphatidylserine or high-motility group box 1. Once bound to these “eat me” 

signals, the C1 complex becomes activated and cleaves downstream complement 

proteins, which leads to the formation of a transmembrane pore called the membrane 

attack complex (C5b-9) for opsinization and cell lysis (Rus et al., 2005).  

This system is tightly regulated, however, the central nervous system does not 

express a majority of complement inhibitors, including CD59 and Factor H. Therefore, 

neurons are more susceptible to complement-induced phagocytosis and pruning in a 

neuroinflammatory state (Cahoy et al., 2008; Stephan et al., 2012). Evidence for this can 

be observed in Alzheimer’s disease where, prior to the formation of Aβ plaques, C1q is 

augmented and related to increased synaptic pruning (Hong et al., 2016). Furthermore, 

C1q and C3 are elevated in mouse retina during the early stages of glaucoma, prior 

neuronal loss (Steele et al., 2006). Likewise, chronic ethanol exposure can upregulate 

cytochrome P450 expression and activate C1q and Bid-mediated apoptosis in adipose 

tissue (Sebastian et al., 2011). Moreover, C1q, C3, and C4 are required for liver injury, 

steatosis, and augmented proinflammatory cytokine expression following chronic ethanol 

exposure (McCullough et al., 2018). Therefore, neuroinflammatory diseases and chronic 
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ethanol exposure can upregulate C1q and complement signaling to dysregulate 

homeostasis and induce cellular apoptosis and synaptic pruning.   

Microglia are the mediators of neuroinflammation and the primary source of C1q 

in the central nervous system (Fonseca et al., 2017). Furthermore, activation of microglia 

can increase the production of C1q by microglia (Silverman et al., 2016). Since I have 

presented data demonstrating that postnatal ethanol exposure activates microglia, I 

determined whether postnatal ethanol exposure also increased C1q expression in the 

arcuate nucleus of the hypothalamus where β-endorphin neurons are located. In addition, 

since deposition of C1q is a critical first step in complement-induced apoptosis of cells, I 

also quantified co-localization of C1q on β-endorphin neurons. Lastly, since opioid 

receptors can regulate microglial activation I investigated whether MOR and DOR 

antagonism regulate complement signaling in postnatally ethanol-exposed rats.   
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4.2 MATERIALS AND METHODS 

Animal Use 

Animal care and treatment were performed in accordance with institutional 

guidelines and complied with the National Institutes of Health policy and Rutgers Animal 

Care and Facilities Committee. Adult Sprague-Dawley rats were obtained from Charles 

River Laboratories (Wilmington, MA). Rats were kept under 12 hour light/12 hour dark 

conditions, provided water and rodent chow ad libitum, and mated. Neonates were used 

for postnatal ethanol exposure experiments. 

Postnatal Ethanol Exposure Model 

Postnatal rat pups (both sexes) were fed by gavage a milk formula containing 

11.34% ethanol (vol/vol; 0.1-0.2 ml/animal; during a period of 1 minute), yielding a total 

daily ethanol dose of 2.5 g/kg (AF), or isocaloric control (PF), or they were left in the 

litter with their mother (AD). Gavage feeding was conducted at 10:00 AM and 12:00 PM 

from PND 2-6. After feeding, these pups were immediately returned to the litter. 

Additionally, some animals were treated subcutaneously with minocycline (45µg/kg; one 

hour prior to the first feeding), or naltrexone (NTX, 10mg/kg; 15 minutes prior to the first 

feeding), or naltrindole (NTD, 10mg/kg; 15 minutes prior to the first feeding). All of 

these drugs were purchased from Sigma Aldrich (St. Louis, MO). Two hours after the last 

feeding on PND 6, pups were transcardially perfused with 4% paraformaldehyde, 

postfixed overnight, cryoprotected in 30% sucrose, and cut into 30 µm coronal sections 

for immunohistochemistry.  

Immunohistochemistry 
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Serial coronal sections of the brains were made using a Leica cryostat at 30 µm in 

thickness, from stereotaxic plates 19 to plates 23 (Bregma −2.3 to −4.3 mm) spanning the 

arcuate nucleus. Perfused sections were mounted on Superfrost Plus glass slides (VWR, 

Radnor, PA) containing one AD, one PF, and one AF brain section. The sections were 

washed in PBS twice followed by antigen retrieval in citrate buffer (pH 6.2) at 100°C for 

10 min. After two washes in PBS-T (0.05% Triton-X) the sections were incubated in 

blocking buffer (2.5% normal horse serum in PBS-T) at room temperature for 30 min. 

The sections were subsequently incubated overnight at room temperature with primary 

antibodies. The primary antibodies for immunohistochemistry used were rabbit anti-ß-

endorphin (1:500, Peninsula Laboratories, San Carlos, CA) and mouse anti-C1q (1:500; 

Abcam, Cambridge, MA). After the primary antibody incubation the samples were 

washed in PBS and then sections were Alexa Fluor secondary antibodies (Thermo Fisher 

Scientific, Grand Island, NY) for immunofluorescence. Sections were then mounted with 

DAPI (Vector Laboratories, Burlingame, CA) and sealed with nail polish. To evaluate the 

immunohistochemical staining intensity, sections from each experimental group were 

photographed using Nikon-TE 2000 inverted microscope (Nikon Instruments Inc., 

Melville, NY). Pixel density and cell counting were quantified using the Fiji version 

ImageJ software (National Institutes of Health, Bethesda, MD). For co-localization 

analysis of C1q and β-endorphin neurons, the coloc2 plugin was used, which calculates 

the Pearson coefficient co-localization parameter. 

Statistical Analysis 

Statistical analyses were conducted using Graph Pad Prism 6.0 software for Mac 

(Graph Pad Software, Inc., San Diego, CA). Treatment groups were compared by one-
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way ANOVAs with Newman-Kuels post-hoc tests. A value of P<0.05 was considered 

significant. 
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4.3 RESULTS 

 Complement C1q plays an important role in regulating apoptosis of cells. In the 

CNS, microglia are the dominant source of C1q and chronic neuroinflammation or 

ethanol exposure augments C1q release (Sebastian et al., 2011; Silverman et al., 2016; 

Fonseca et al., 2017; McCullough et al., 2018). Therefore, I set out to determine if 

postnatal ethanol exposure affected C1q expression and deposition on β-endorphin 

neurons in the arcuate nucleus. Immunofluorescent staining revealed that AF-treated rats 

exhibited significantly greater C1q expression than AD and PF controls, represented by 

greater fluorescence intensity (Fig. 16). Furthermore, Pearson’s correlation coefficient 

showed that C1q and β-endorphin co-localization was greater in AF-treated rats. Since 

microglial activation can augment C1q expression, I determined whether ethanol-induced 

microglial activation was involved in increased C1q staining and co-localization in AF-

treated rats by inhibiting microglial activation with minocycline. Inhibition of microglial 

activation completely prevented ethanol-induced increases in C1q expression and co-

localization on β-endorphin neurons. Therefore, postnatal ethanol exposure activates 

microglia to produce C1q that then deposits on β-endorphin neurons. Next, since I have 

previously shown that opioid receptors regulate microglial activation, I determined 

whether MOR or DOR antagonism would regulate C1q expression and co-localization on 

β-endorphin neurons. NTX significantly reduced C1q expression and co-localization in 

AF-treated rats. NTD did not prevent the ethanol-induced effect, as the data for AF+NTD 

were no different than AF in either assessment. Therefore, MOR antagonism may reduce 

C1q expression and co-localization through inhibition of ethanol-induced microglial 

activation.  
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FIGURE 16. REGULATION OF POSTNATAL ETHANOL EXPOSURE 
INDUCED CHANGES IN C1q EXPRESSION AND CO-LOCALIZATION ON β-
ENDORPHIN NEURONS IN THE ARCUATE NUCLEUS 

The effects of postnatal ethanol exposure on C1q expression and co-localization on β-
endorphin neurons in the arcuate nucleus, as well as minocycline, NTX, and NTD 
administration. Representative images of C1q positive staining (red) and BEP positive 
staining (green), along with merged images and a zoomed in picture to demonstrate co-
localization. Scale bars for these images are 200 µm/each. Histograms representing the 
mean ± SEM in AD, PF, AF, AF+NTX, AF+NTD, and AF+Mino rat pups on PND 6 
(n=5-8). The differences between treatment groups were compared by one-way analysis 
of variance (ANOVA) and the Newman-Keuls posttest. **, p< 0.01, AF vs AF+Mino, #, 
p<0.05, AF vs AD, PF, and AF+NTX. 
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4.4 DISCUSSION 

 Postnatal ethanol exposure induces apoptosis of β-endorphin neurons, however, 

the role complement proteins have in this has yet to be explored. Here I have presented 

data that suggests complement proteins, focusing on C1q, are involved. First, ethanol 

exposure has been shown to upregulate C1q and increase apoptosis in the liver and 

microglial activation leads to an augmentation of C1q release (Sebastian et al., 2011; 

McCullough et al., 2018). Therefore, I examined the expression of C1q in the arcuate 

nucleus. AF-treatment significantly increased the expression of C1q in the arcuate 

nucleus relative to AD and PF controls. However, C1q must be deposited on neurons in 

order for the classical complement pathway to begin and produce the membrane attack 

complex to lyse cells. Therefore, I determined whether C1q co-localized with β-

endorphin neurons in the arcuate nucleus utilizing Pearson’s correlation coefficient. 

Pearson’s correlation coefficient was used because it subtracts the mean intensity from 

each pixel’s intensity value and is independent of signal levels and background. This 

allows Pearson’s correlation coefficient to be independent of any form of preprocessing 

and relatively safe from user bias (Dunn et al., 2011). Pearson’s correlation coefficient 

determined that C1q and β-endorphin signals were co-localized significantly more in AF-

treated rats than AD and PF controls. Since Fonseca et al. demonstrated that microglia are 

the dominant producer of C1q, I determined whether the increase in C1q expression was 

due to ethanol-induced microglial activation (Fonseca et al., 2017). Therefore, inhibition 

of microglial activation with minocycline normalized C1q fluorescence intensity and co-

localization in AF-treated rats. These data show that postnatal ethanol exposure activates 

microglia to produce C1q, which gets deposited on β-endorphin neurons.  
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Deposition of C1q is critical to complement mediated apoptosis, as activation of 

the C1 complex is required to generate the membrane attack complex. First, the C1 

complex cleaves complement components C2 and C4. Their cleavage products, C2a and 

C4b, bind together to form the C3 convertase and adhere to the cell. C3 convertase can 

then cleave C3 into C3a and C3b, C3b binds to the C3 convertase to form the C5 

convertase, and the C5 convertase cleaves C5, which leads to the formation of the 

membrane attack complex and cell lysis (Rus et al., 2005). Another reason why C1q 

deposition is important is because Cd11b (also known as complement C3 receptors) on 

microglia recognizes and binds to C3b to induce phagocytosis of neurons (Arcuri et al., 

2017). Therefore, C1q deposition is required for complement induced phagocytosis and 

cell lysis of β-endorphin neurons. 

Since my previous data has shown that opioid receptors regulated microglial 

activation, I determined whether MOR and DOR antagonism regulated ethanol-induced 

increases in C1q expression and co-localization on β-endorphin neurons. Consistent with 

previous findings, NTX significantly reduced C1q staining in the arcuate nucleus and co-

localization on β-endorphin neurons. This is further evidence that ethanol-induced 

changes in the complement system are due to activation of microglia since my previous 

data has demonstrated that MOR antagonism prevents ethanol-induced microglial 

activation. Another potential mechanism involved in the protective effects of MOR 

antagonism could be the downregulation of MOR and upregulation of DOR (Boyadjieva 

et al., 2004; Sarkar et al., 2012). DOR has been suggested to play a role in preventing 

ethanol-induced microglial activation and promoting an anti-inflammatory environment 

to protect neurons and maintain neuronal homeostasis (Shrivastava et al., 2017). 
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Likewise, NTD treatment did not inhibit the ethanol effect as AF+NTD treated rats had 

no difference in C1q expression or co-localization on β-endorphin neurons compared to 

AF rats. Furthermore, DOR antagonism may downregulate DOR and upregulate MOR, 

which can prevent anti-inflammatory processes and aid in ethanol-induced increases in 

C1q expression and co-localization on β-endorphin neurons (Sarkar et al., 2012).  

In summary, postnatal ethanol exposure activates microglia to augment 

production of C1q. This increased production of C1q also corresponds with increased 

deposition on β-endorphin neurons and may play a role in ethanol-induced apoptosis of 

these neurons. Since MOR regulates ethanol-induced microglial activation, antagonism 

of MOR completely prevented ethanol-induced increases in C1q expression and co-

localization on β-endorphin neurons. DOR antagonism had no effect on the ethanol-

induced increases in C1q expression and co-localization  
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SUMMARY AND CONCLUSIONS 

 There are 4 conclusions that can be taken from this dissertation: 1) Postnatal 

ethanol exposure activates microglia in the arcuate nucleus to reduce the number of β-

endorphin neurons through induction of the M1-phenotype, upregulation of 

proinflammatory cytokines, and promoting a phagocytic-like phenotype. 2) Exosomes 

released from microglia following postnatal ethanol exposure contain pro-apoptotic 

peptides that contribute to β-endorphin neuronal apoptosis. 3) C1q expression and 

deposition are upregulated in response to postnatal ethanol exposure and may contribute 

to ethanol-induced apoptosis of β-endorphin neurons through phagocytosis and cell lysis. 

4) Opioid receptors, notably MOR are vital to ethanol-induced activation of microglia 

since NTX administration attenuated ethanol induced-microglial activation, microglial 

exosome production, C1q expression and deposition, and apoptosis of β-endorphin 

neurons. DOR antagonism does not affect ethanol-induced microglial activation.  

Data from this dissertation confirms previous findings from Dr. Sarkar’s lab that 

postnatal ethanol exposure induces apoptosis of β-endorphin neurons. Furthermore, I 

found that the reduction in β-endorphin neurons was due primarily to ethanol-induced 

activation of microglia. This is because activated microglia exhibited an M1-phenotype, 

produced more proinflammatory cytokines (TNF-α and MCP1), and altered interactions 

with POMC neurons, suggesting increased phagocytosis of these neurons. Examination 

of these microglia found augmentation in TLR-4, TLR-4 dependent signaling, which is 

involved in apoptotic proinflammatory signaling, and increased MOR on the surface of 

microglia. Increased expression of MOR suggested that opioid receptors might play a 

role in ethanol-induced activation of microglia considering that β-endorphin is a peptide 
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that can bind to MOR and DOR. Therefore, I determined whether MOR and DOR 

antagonism differentially regulated microglia and prevented ethanol-induced 

neurotoxicity. I found that MOR antagonism significantly attenuated TLR-4 signaling in 

microglia and prevented β-endorphin neuronal cell loss in AF-NTX-treated rats. DOR 

antagonism did not prevent these ethanol-induced phenotypes.  

Next, exosomes have recently been shown to serve as a form of communication 

between cells and can even carry apoptotic cargo that induces cell death. Therefore I 

assayed MBH exosomes and found that ethanol-exposed rats had significantly more 

microglial exosomes (CD13) and pro-apoptotic proteins (C1q and cleaved caspase-3). 

The increased microglial exosomes and pro-apoptotic peptides were attenuated in AF rats 

that were co-treated with NTX or minocycline, demonstrating that microglial activation is 

necessary for augmented microglial exosome production and pro-apoptotic cargo. NTD 

did not affect this phenotype, as AF+NTD data was not significantly different from AF. 

Furthermore, inhibition of exosome release with GW4869 prevented the reductions of β-

endorphin neurons observed in AF-treated rats. Therefore, postnatal ethanol exposure 

activates microglia to release exosomes carrying pro-apoptotic cargo and inhibition of 

their release can prevent apoptosis of β-endorphin neurons.  

Lastly, complement signaling is known to regulate apoptosis and can be 

dyregulated to induce apoptosis following chronic ethanol exposure. Therefore I 

determined whether postnatal ethanol exposure altered C1q signaling the arcuate nucleus. 

I found that AF-treated rats exhibited significantly greater C1q expression, as well as C1q 

co-localization with β-endorphin neurons. The latter point is critical because deposition 

of C1q on cells is the first step for complement-induced phagocytosis and cell lysis. 
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Inhibition ethanol-induced activation of microglia with NTX or minocycline normalized 

C1q expression and β-endorphin co-localization. These suggested that ethanol-induced 

activation of microglia upregulated C1q expression and deposition on β-endorphin 

neurons.  

In conclusion, postnatal ethanol exposure induces apoptosis of β-endorphin 

neurons primarily through microglial activation (Fig. 16). Activation of microglia has 

been shown to produce proinflammatory cytokines (TNF-α & MCP1), induce a 

phagocytic appearance when interacting with POMC neurons, augment TLR-4 and 

downstream signaling molecules (p38 MAPK, p-Akt, p-JNK, and NFκB) that induce 

proinflammatory production, augment pro-apoptotic microglial exosomes, and C1q 

expression and deposition on β-endorphin. Taken together all of these factors contribute 

to ethanol-induced apoptosis of β-endorphin neurons. Minocycline, a potent inhibitor of 

microglial activation, and NTX administration attenuated microglial activation and 

completely blocked all of ethanol’s effects. These data suggest that NTX and 

minocycline may have to potential to prevent some of the deleterious effects of fetal 

alcohol exposure; however, more research is needed to confirm this possibility.  
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FIGURE 17. PROPOSED MECHANISM FOR POSTNATAL ETHANOL-
INDUCED APOPTOSIS OF β-ENDORPHIN NEURONS 

Schematic diagram illustrating the proposed mechanism by which ethanol interacts with 
opioid receptors to control β-endorphin neuronal apoptosis in the hypothalamus. Ethanol 
activates microglial to produce proinflammatory cytokines, proliferate, and adopt 
phagocytic morphology. Chronic inflammation and overproduction of TNF-α are 
cytotoxic to β-endorphin neurons. Additionally, activated microglia produce exosomes 
with pro-apoptotic proteins cleaved caspase-3 and C1q that can contribute to β-endorphin 
neuronal apoptosis. This effect of exosomes was blocked by GW4869. Inhibition of 
microglial activation with minocycline completely attenuated the ethanol-induced effect. 
MOR antagonist inhibited ethanol-induced apoptosis of β-endorphin neurons, as well at 
the ethanol phenotype suggesting that MOR activation is critical for ethanol-induced 
activation of microglia. DOR antagonism did not affect this model.  
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Appendix 

 

APPENDIX FIGURE 1. POSTNATAL ETHANOL EFFECT ON MICROGLIAL 
OPIOID RECEPTORS AND TLR4 PATHWAY PROTEINS IN THE 
MEDIOBASAL HYPOTHALAMUS OF MALE AND FEMALE NEONATES. 

Sex differences in protein quantification from isolated microglia were not evident in AD, 
PF, AF, AF+NTX, and AF+NTD rat pups at PND 6 by flow cytometry. Bar graphs show 
mean or median fluorescence intensity of staining of IBA-1 (A,B), MOR (C,D), DOR 
(E,F), TLR4 (G,H), p-38 MAPK (I,J), p-JNK (K,L), p-AKT (M,N), and NF-ΚB (0,P) 
from microglia isolated from each treatment group from male and female neonates. Data 
are represented as Mean ± SEM (n= 3-7) and were compared by one-way analysis of 
variance and Newman-Keuls posttest. Differences between groups are shown by lines 
with p values on the top of bar graphs. 
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