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ABSTRACT 
 

Neuronal health is dependent upon proper functioning of glial cells. When this support 

system fails, neurons cannot function properly. Therefore, a more complete understanding of 

the role of glia in brain health and pathology is vital. Exercise augments the supportive 

capabilities of glia, which may account for the overall beneficial effect of exercise on brain 

health. Conversely, binge drinking damages vulnerable corticolimbic structures and causes 

cognitive impairments. In the present study, we used computational image analysis to 

examine the effects of binge alcohol consumption and exercise on the glia in the medial 

prefrontal cortex (mPFC). Twenty-four female Long Evans rats were exposed to a four-day 

binge before exercising voluntarily for four weeks. Rats were sacrificed 35 days after their 

last dose of alcohol. The tissue was stained for microglia (Iba1), neurons (NeuN), astrocytes 

(GFAP) and cell nuclei (DAPI). Fluorescent confocal microscope images were analyzed 

using FARSIGHT, a computational image analysis toolkit. We found that exercise increased 

the number of microglia and the amount of GFAP signal surrounding microglia. However, 

exercise following binge exposure resulted in a reduced number of microglia and stopped the 

increase of GFAP surrounding microglia. Additionally, the microglia arbors in binged 

animals did not fan out in all directions, but instead stayed closer together and extended out 

further; suggesting binge exposure caused a lasting change in microglia reactivity. Together, 

our results demonstrate enduring changes of binge alcohol consumption in the frontal cortex 

35 days after a single binge episode. Furthermore, previous binge exposure appears to reduce 

the available plastic response of microglia and astrocytes.    
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Computational Image Analysis of Glial Morphology Following Binge-induced 

Damage and Exercise-driven Recovery 

The focus within neuropathology has historically been centered on neurons; however, 

in the past few decades, the emphasis has begun to change from the survival or death of 

neurons to the response of the glial cells to brain injury. The degree to which the glia 

function properly determines the extent of neuronal death and the overall outcome of the 

neuronal environment (Aston, Jiang, & Sokolov, 2005; Banker, 1980; Giaume, Kirchhoff, 

Matute, Reichenbach, & Verkhratsky, 2007; Takano, Han, Deane, Zlokovic, & Nedergaard, 

2007; Wagner et al., 2006).  Glial cells have a diverse range of functions including releasing 

neurotrophins, monitoring the neural microenvironment, aiding in communication, providing 

metabolic support to neurons, and cleaning the microenvironment (Reviewed in Barzilai, 

2011; Streit, 2002, 2005; Streit & Xue, 2009). In addition to the glia, the cerebral vascular 

system is also vital to proper neuronal functioning. The vessels transport oxygen and 

metabolites to the brain, release signals for neural development, promote maintenance and 

regeneration in the central nervous system (CNS), and maintain neural homeostasis by 

regulating what enters the CNS via the blood-brain barrier (BBB) (Butler, Kobayashi, & 

Rafii, 2010; Giaume et al., 2007; Quaegebeur, Lange, & Carmeliet, 2011; Zlokovic, 2008). 

These important functions have begun to refocus neuropathology to studying glial cells and 

the cerebral vascular system in conjunction with neurons. 

In essence, the glia and cerebral vasculature form a supportive network that is 

necessary for sustaining neuronal health and proper functioning (Streit, 2002). When this 

support system fails, neurons cannot function properly, a sentiment eloquently stated by 

Barzilai (2011), “Brain pathology, is, to a very great extent, a pathology of glia: the outcome 
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and the scale of neurological deficit is dependent on the degree of dysfunction of glial cells” 

(p. 398). Given the importance of the glia and vasculature in neuronal functioning, it follows 

that the maintenance of brain health must also include their fortification. Therefore, 

investigation into the role of the glia and vasculature in brain injury and pathology is vital to 

understanding how to maintain brain health. Studying the role of the glia and vessels in brain 

injuries will not only lead to a better understanding of how the brain recovers from injury, 

but will also provide insight into how to keep the brain healthy.  

What is the Gliovascular Complex? 

 The brain has a unique immune and defense system from what is found in the 

periphery. In the CNS, the BBB, cerebral vasculature, and glial cells act together to not only 

form the brain’s immune defense, but also promote the health and survival of neurons (Aston 

et al., 2005; Banker, 1980; Barzilai, 2011; Graeber & Streit, 2010; Rajkowska, Hughes, 

Stockmeier, Javier Miguel-Hidalgo, & Maciag, 2013; Streit, 2002; Takano et al., 2007; 

Wagner et al., 2006; Weiss, Miller, Cazaubon, & Couraud, 2009; Zipser et al., 2007). It is 

this cooperation of the glia and vasculature to promote brain health and neuronal survival that 

we have termed the gliovascular complex (GVC).  Due to the importance of the glia and 

cerebral vasculature for maintaining health and homeostasis of the brain, we investigated the 

response of the GVC to a neural injury. 

Roles of Glial Cells in Brain Health and Neuron Support 

Glial cells can be divided into two basic categories: macroglia and microglia (Martin, 

2012). Oligodendrocytes and astrocytes are glial cells found in the CNS and belong to the 

macroglia category. The main function of oligodendrocytes is to myelinate axons in the CNS; 
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this role is essential for proper communication between neurons (Glenn & Talbot, 2013; 

Lubetzki et al., 1993; Sherman & Brophy, 2005). Astrocytes are multifunctional glial cells 

and are the most populous glial cell type (Sofroniew & Vinters, 2010). They form extensive 

contacts with blood vessels and utilize a glucose-lactate shuttle to transport glucose from the 

vessels to the neurons to aid in metabolic support (Peters, 1991). The cooperation of 

astrocytes and blood vessels illustrates just one aspect of the integration of the GVC. In 

addition to metabolic support, astrocytic end-feet are one of the components of the BBB, 

which creates a diffusion barrier to prevent blood-borne substances from entering the CNS 

(Ballabh, Braun, & Nedergaard, 2004). Yet another function performed by astrocytes is 

assisting in synaptic transmission; in order to necessitate synaptic activity, these cells release 

gliotransmitters based on the amount of neurotransmitters released by presynaptic neurons 

(Heneka, Rodríguez, & Verkhratsky, 2010).   

Microglia make up the second category of glia cells. In the immune privileged brain, 

these cells constitute the primary form of active immunity, but they also play an integral role 

in neuronal support (Aguzzi, Barres, & Bennett, 2013; Graeber & Streit, 2010; Streit, 2002; 

Wake, Moorhouse, Jinno, Kohsaka, & Nabekura, 2009). These functions have historically 

been viewed paradoxically; research has traditionally focused on whether microglia are either 

beneficial or harmful to neurons (Streit, 2002). However, it has become apparent that these 

industrious cells are capable of performing neuroprotective as well as neurodestructive roles 

(Streit, 2002; Streit, Walter, & Pennell, 1999). 

Macrophages are fully activated microglia; however, microglia have various and 

important intermediate states of activation (Graeber & Streit, 2010). Furthermore, non-

activated microglia are not functionally silent but, in fact, seem to play an important role in 
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the normal brain (Graeber & Streit, 2010). Microglia in this state display a highly ramified 

morphology, allowing them to constantly survey the surrounding microenvironment 

(Fishman & Savitt, 1989; Marshall et al., 2013; Nimmerjahn, Kirchhoff, & Fritjof, 2005; 

Streit & Xue, 2009). The continuous surveying allows these cells to efficiently trigger an 

immune response in the brain (Graeber & Streit, 1990; Streit & Xue, 2009). Additionally, it 

appears that another specific action of non-activated microglia is to monitor and respond to 

the functional status of synapses, suggesting that they are vital to maintaining the integrity of 

the CNS circuitry (Graeber & Streit, 2010; Wake et al., 2009). Along with the functions of 

macroglia, the various functions of microglia in the GVC demonstrate their complex 

importance in maintaining brain health. 

Roles of Vessels in Brain Health and Neuron Support 

 At the very basic level, the brain is dependent upon the cerebral vasculature to supply 

oxygen and nutrients and to remove carbon dioxide and metabolic waste (Quaegebeur et al., 

2011). However, the importance of the vasculature to the overall health and functioning of 

the brain far exceeds this basic function. During development, vascular-derived endothelial 

cells guide the developing axons during the pathfinding process (Barres, 2008; Makita, 

Sucov, Gariepy, Yanagisawa, & Ginty, 2008). The cerebral vasculature also plays an integral 

role in neural stem cell proliferation and regeneration (Tavazoie et al., 2008). This is 

accomplished by the endothelial cells, which surround the vessels, releasing growth factors, 

providing trophic support, and modulating the proliferation of progenitor cells (Barres, 2008; 

Butler et al., 2010; Dugas et al., 2008; Shen et al., 2004). Together, these actions of the 

endothelial cells ensure maintenance and regeneration will occur in the CNS (Quaegebeur et 

al., 2011).  
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The endothelial cells of the cerebral blood vessels are also responsible for protecting 

and regulating the neural environment by forming tight junctions that impede passive 

diffusion of large molecules from the blood stream; this is termed the BBB (Abbott, 

Rönnbäck, & Hansson, 2006). In addition to protecting the brain from potentially harmful 

agents in the circulating blood, the BBB is also essential for maintaining chemical 

homeostasis in the neural environment (Abbott & Friedman, 2012; Quaegebeur et al., 2011; 

Zlokovic, 2008). Without this homeostasis, the functioning of neural networks, synaptic 

transmission, angiogenesis, and neurogenesis would all be impaired (Zlokovic, 2008).  It is 

important to view the cerebral vasculature as more than simply an independent system; it is 

able to effectively perform these functions only because of its intricate relationship with glial 

cells. 

The Integrative GVC Network 

 Each component of the GVC plays an important role in maintaining brain health and 

proper neural functioning, but these components do not operate independently of each other. 

Instead, the components of the GVC are highly integrated and work in concert with each 

other; this integrative functioning greatly contributes to the effectiveness and adaptability of 

the entire system. 

Astrocytes, with their close contacts with the neural synapses and relation with blood 

vessels, are poised to act as conduits between the neurons and the GVC, which allows for 

bidirectional communication between the two components and epitomizes the interconnected 

aspect of the GVC. This relationship between the neurons, astrocytes, and vessels has been 

termed the neurovascular unit (Abbott et al., 2006; Barres, 2008; Lecrux & Hamel, 2011; 
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Paixão & Klein, 2010). By facilitating neurovascular coupling, a mechanism of 

communication between the neurons, astrocytes, and vessels, the neurovascular unit ensures 

that blood flow is increased to regions with neuronal activation (Abbott et al., 2006; Attwell 

et al., 2010; Lecrux & Hamel, 2011; Mulligan & MacVicar, 2004). In this mechanism, 

astrocytes function as links, which ensure different regions of the brain receive the amount of 

energy and oxygen needed based on activity of the neurons. Moreover, electrophysiological 

data has shown that astrocytes are not only capable of sensing neuronal activity, but are also 

able to modulate neuronal activity in response to the sensed activity (Seifert, Carmignoto, & 

Steinhäuser, 2010; Seifert & Steinhäuser, 2013; Verkhratsky & Steinhäuser, 2000); it is this 

mechanism that allows for astrocytes to synchronize neuronal firing (Carmignoto & Fellin, 

2006). This relationship between the neurons, astrocytes, and vasculature demonstrates how 

important it is for the components of the GVC to communicate with each other (i.e. the 

vessels and astrocytes), as well as how important it is to the overall functioning of the brain 

for the GVC to communicate with the neurons.  

The neurovascular unit clearly illustrates an important relationship between the GVC 

and neurons; however, it only considers the vessels and astrocytes, so it is therefore not a 

complete picture. For instance, it appears that astrocytes release leukemia inhibitory factor 

(LIF) in response to the firing of action potentials (Ishibashi et al., 2006). This release 

promotes myelination by oligodendrocytes, which indicates there is a relationship between 

the neurons, astrocytes, and oligodendrocytes (Barres, 2008; Ishibashi et al., 2006). 

Furthermore, microgliosis and reactive astrocytosis frequently occur at the same time in 

response to neurological injury and disease; this is potentially due to signaling between the 

microglia and astrocytes (Barres, 2008). It seems evident that neurons, astrocytes, and vessels 
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are not the only components to function as units. Recent research suggests that astrocytes are 

organized as networks that communicate through gap-junctions; further research into this 

area may reveal astrocytes are not the only glia cells that are organized into networks 

(Reviewed in Giaume, Holcman, Koulakoff, Rouach, & Roux, 2010). As more attention is 

given to the components of the GVC, it may become apparent that a complex network of 

signaling between the neurons, astrocytes, microglia, oligodendrocytes, and blood vessels 

exists and is integral to the maintenance of brain health. 

Although the individual components of the GVC are implicated in promoting neural 

recovery (Abbott & Friedman, 2012; Barres, 2008; Barzilai, 2011; Giaume et al., 2007; 

Graeber & Streit, 2010; Marshall et al., 2013; Streit, 2002, 2005; Streit & Xue, 2009), little 

research has been conducted on how these components respond to damage as a whole. 

Evidence suggests microglia, astrocytes, vessels, and neurons are organized into networks 

(Reviewed in Giaume et al., 2010); this complex organization may be how the GVC is able 

to maintain brain health and respond to neural injury. 

Binge Drinking is a Neural Injury 

The deleterious effects of chronic alcohol consumption on the brains of people who 

abuse alcohol have been well documented and include gray and white matter loss, 

enlargement of the ventricles, and substantial neuronal loss in the frontal lobes (F. Crews & 

Nixon, 2009; Kubota et al., 2001; Nixon & Crews, 2002; J. A. Obernier, Bouldin, & Crews, 

2002; Sullivan & Pfefferbaum, 2005).  It is important to note, however, that there are several 

patterns of alcohol intake. Moreover, the specific pattern of intake is a factor in the resulting 

type and amount of brain damage (F. Crews & Nixon, 2009; Nixon & Crews, 2002; J. A. 
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Obernier et al., 2002). Binge drinking is one such pattern, and it has been shown to cause 

damage to several areas of the brain as well as cognitive deficits in both human and animal 

studies (Duka et al., 2004; Loeber et al., 2010; Nixon & Crews, 2002; J. A. Obernier et al., 

2002; Jennifer A. Obernier, White, Swartzwelder, & Crews, 2002; Stephens & Duka, 2008; 

Stephens et al., 2005). 

The National Institute on Alcohol Abuse and Alcoholism (NIAAA, 2004) defines 

binge drinking as consuming enough alcohol, usually four to five drinks, to bring a person’s 

blood alcohol concentration (BAC) to 0.08 or above. According to the Centers for Disease 

Control and Prevention (CDC, 2012) binge drinking is the most common pattern of alcohol 

intake in the United States, and one in six U.S. adults will binge drink approximately four 

times a month. Alcoholics who binge drink will typically go through periods of abstinence 

from drinking, which can result in multiple periods of withdrawal (Hunt, 1993). Repeated 

binge episodes coupled with multiple detoxification periods are expected to progressively 

increase corticolimbic damage (Duka et al., 2004). Moreover, multiple withdrawals from 

alcohol have been shown to disrupt cortical function (Duka et al., 2004; Duka, Townshend, 

Collier, & Stephens, 2003), reduce neuroplasticity (Loeber et al., 2010), impair cognitive 

abilities (Duka et al., 2004; Loeber et al., 2009; Stephens et al., 2005), and may  partially 

activate microglia to become inflammatory (McClain et al., 2011). Taken together, these 

studies demonstrate that the binge pattern of alcohol consumption is a common and 

important form of brain injury that causes damage in various areas of the brain.  
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Animal Model of Binge-induced Damage 

Acute models of neural injuries, such as binge consumption of alcohol, allow for 

examination of the brain’s response to injury. A four-day binge model developed to study 

physical dependence in animals (Majchrowicz, 1975) has been used to simulate a multiple-

day binge episode common among some alcoholics, and provide a link between binge 

alcohol consumption and neural injury (J. Leigh Leasure & Nixon, 2010; J. A. Obernier et 

al., 2002; Tomsovic, 1974). Specifically, studies utilizing this animal model of binge alcohol 

consumption have found a reduction in neurogenesis (Nixon & Crews, 2004), 

neurodegeneration (F. T. Crews et al., 2004), and cognitive deficits (Jennifer A. Obernier et 

al., 2002) in rodents following a four-day binge (F. Crews & Nixon, 2009).  Moreover, this 

model has also been shown to initiate hippocampal microglia proliferation and activation in 

rats (McClain et al., 2011). Although the morphology of the microglia was indicative of the 

active phenotype, there was no evidence that the microglia had become phagocytic; this 

suggests that alcohol induces an intermediate state of activation in microglia (McClain et al., 

2011). Glia may be more sensitive to the effects of alcohol than neurons, causing a reduction 

in glia; furthermore, this loss of trophic support provided by glia may have a role in alcohol-

induced neurodegeneration (F. Crews & Nixon, 2009; Miguel-Hidalgo et al., 2002).  

Neural Benefits of Exercise 

Exercise is an activity known to have a positive effect on neural health in both 

humans (Erickson, Hillman, & Kramer, 2008; Laurin, Verreault, Lindsay, MacPherson, & 

Rockwood, 2001; Saur et al., 2013) and animals (Albeck, Sano, Prewitt, & Dalton, 2006; 

Farmer et al., 2004; Saur et al., 2013; Stranahan et al., 2010). Engaging in exercise has been 
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shown to improve memory (Alaei, Moloudi, & Sarkaki, 2008; Senna et al., 2011), cognitive 

functioning (Kramer, Erickson, & Colcombe, 2006; Saur et al., 2013), and reduce depression 

and anxiety (Martinsen, 2008; Saur et al., 2013). Furthermore, exercise has also been shown 

to be protective, to some degree, against neurological diseases (Saur et al., 2013), such as 

Alzheimer’s disease (Mirochnic, Wolf, Staufenbiel, & Kempermann, 2009), Parkinson’s 

disease (Smith & Zigmond, 2003), ischemic stroke (Stummer, Weber, Tranmer, Baethmann, 

& Kempski, 1994), and binge alcohol induced damage (J. Leigh Leasure & Nixon, 2010; 

Maynard & Leasure, 2013). Understanding the function of exercise in brain health is vital 

and may indicate an important function of the GVC. 

Specific neurobiological benefits of exercise include increased release of 

neurotrophic factors and augmented health of the hippocampus (J. L. Leasure & Jones, 2008; 

Saur et al., 2013; van Praag, Shubert, Zhao, & Gage, 2005). Exercise promotes the health of 

the hippocampus by increasing the proliferation and survival of neuronal progenitor cells 

(van Praag, Kempermann, & Gage, 1999; van Praag et al., 2005). This increase in 

hippocampal neurogenesis has been hypothesized to mediate the cognitive and emotional 

benefits seen following exercise (van Praag, 2008).  

Exercise and the GVC 

In addition to promoting neurogenesis and neuron survival, exercise also has a 

profound effect on the beneficial actions of the GVC. Voluntary exercise increases 

angiogenesis (Ding et al., 2004; Lange-Asschenfeldt & Kojda, 2008; Li et al., 2005), cerebral 

blood flow (Churchill et al., 2002; Lange-Asschenfeldt & Kojda, 2008), astrocyte 

proliferation (Li et al., 2005; Saur et al., 2013), microglia proliferation (Ehninger & 
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Kempermann, 2003), and up-regulation of brain-derived neurotrophic factor (BDNF) and 

glial cell line-derived neurotrophic factor (GDNF) (Tajiri et al., 2010). Voluntary exercise 

has also been shown to induce plastic changes in not only astrocyte volume, but also in 

glucose transporter 1 (GLUT1), which is found in the astrocytic end-feet surrounding the 

cerebral blood vessels. These findings suggest there is an increase in astrocytic end-feet in 

motor regions of mice following voluntary exercise (Allen & Messier, 2013). Additionally, 

exercise has been shown to increase the proportion of microglia expressing insulin-like 

growth factor (IGF-1), a neuroprotective indicator; this suggests the proportion of microglia 

with a neuroprotective phenotype increases following exercise (Kohman, DeYoung, 

Bhattacharya, Peterson, & Rhodes, 2012). It is evident that exercise has an incredibly 

positive effect on the GVC. It may be through this bolstering of the GVC, already shown to 

be responsible for maintaining neural health, that exercise promotes positive and protective 

mechanisms in the brain.  

Benefits of Exercise for the Damaged Brain 

 Exercise is clearly a beneficial activity that promotes nourishing mechanisms in a 

healthy brain. Additionally, exercise has also been found to elicit neuroprotective effects of 

the GVC against disease, injury, and aging (Kohman et al., 2012; Latimer et al., 2011).  

Specifically, wheel running has been shown to shift the microglia phenotype from 

neurodegenerative to neuroprotective in aged mice (Kohman et al., 2012) as well as inhibit 

neuroinflammation by suppressing microglia activation in Parkinson’s disease mice (Sung et 

al., 2012). An increase in BDNF and GDNF was shown in mice with Parkinson’s disease 

following compulsive exercise (Tajiri et al., 2010), and an increase in astrocyte expression 

was found in rats with Parkinson’s disease following exercise (Dutra et al., 2012). 
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Furthermore, exercise was found to prevent and/or reverse the reduction in astrocyte 

expression caused by diabetes in rats (Senna et al., 2011). Additionally, exercise has also 

been found to reduce hippocampal astrocyte and oligodendrocyte signs of aging, while also 

increasing angiogenesis in the aged brain (Latimer et al., 2011).  

Specific to alcohol consumption, exercise has been shown to prevent loss of granule 

cells in the hippocampus due to binge alcohol consumption when the exercise occurred prior 

to alcohol administration (J. Leigh Leasure & Nixon, 2010). Furthermore, exercise following 

binge alcohol consumption restored the number of granule neurons and volume of the 

granule cell layer, lost due to binge alcohol consumption, back to baseline (Maynard & 

Leasure, 2013). Together, these findings suggest exercise is a powerful promoter of neural 

protection and restoration. These capabilities may be due to the positive effect that exercise 

has on the GVC.   

Current Study 

The glia and vasculature, in addition to playing an integral role in promoting brain 

health under normal conditions, are also key players when a neural injury is sustained. And 

while alcohol-induced damage has long been considered a brain injury, there has never been 

an investigation of the integrated, holistic role of the glia and vasculature with respect to 

alcohol damage or exercise-driven recovery. Therefore, the current study will investigate the 

effects of binge alcohol consumption and voluntary exercise on the associations and 

plasticity of the microglia, astrocytes, cerebral vasculature, and neurons.  

Exercise augments the support provided by the GVC, even in the aging and damaged 

brain (Kohman et al., 2012; Latimer et al., 2011). So, it is possible that exercise will enhance 
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the neurorestorative properties of the GVC and aid in recovery from the damage caused by 

binge alcohol consumption. However, repeated exposure to drugs of abuse has been shown to 

limit future experience-based neuronal plasticity (Kolb, Gorny, Li, Samaha, & Robinson, 

2003); this finding begs the question of whether prior alcohol exposure will suppress 

exercise-induced plasticity. In order to test this, we will examine whether prior exposure to 

alcohol suppresses the beneficial plastic changes seen in the GVC caused by exercise.  

For this study, we will be focusing on the prefrontal cortex (PFC) for two reasons: the 

first is because it is an area that shows substantial damage from alcohol consumption (F. 

Crews & Nixon, 2009; Kubota et al., 2001; Sullivan & Pfefferbaum, 2005); and the second is 

because it is an area very important for the perpetuation of addiction. The frontal lobes are 

heavily involved in decision-making, so damage to this area may be a causal factor in the 

continued consumption of alcohol despite being aware of the negative consequences 

(Bechara, 2005; F. Crews & Nixon, 2009). Therefore, we will be examining this area to 

gather more insight into whether alcohol-induced damage to this region involves changes to 

the GVC. We predict alcohol may inhibit the plasticity of the GVC; thereby reducing the 

number of cells and number of connections. This would reduce communication between the 

neurons and components of the GVC, which would in turn reduce the amount of trophic 

support provided to the neurons. Additionally, based on the suppressive effect of substances 

of abuse on neuronal plasticity, we believe prior exposure to alcohol may be detrimental to 

future experience-based plasticity of the GVC. This would result in fewer glial cells, blood 

vessels, and connections between all cell types. We will be able to quantitatively examine 

these predictions with the use of powerful image analysis software that is able to delineate 

and analyze the complex neural environment. 
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Methods 

Animals 

We have previously reported the long-term effects of binge exposure and exercise on 

the hippocampus (Maynard & Leasure, 2013). Here, we utilize tissue collected from 

Maynard and Leasure (2013) to report on the enduring effects of binge exposure and exercise 

on the frontal cortex. Twenty-four female Long-Evans rats (Harlan) aged two months at the 

beginning of the experiment, were randomly divided into four groups in a 2 x 2 design 

comparing Diet (ethanol versus isocaloric control) and Activity (exercise versus sedentary). 

Rats were given the ethanol diet (25% ethanol w/v in vanilla Ensure™; Abbot Laboratories, 

Columbus, OH) or isocaloric control diet (dextrose w/ vanilla Ensure™) every eight hours 

for four days by intragastric gavage, using a modified paradigm from Majchrowicz (1975). 

The initial dose for each animal was 5g/kg; every additional dose was determined based on 

behavioral intoxication, such that more intoxicated animals received less alcohol, and vice 

versa ((J. Leigh Leasure & Nixon, 2010; Maynard & Leasure, 2013; Nixon & Crews, 2002). 

Seven days after the last dose of alcohol or isocaloric diet, rats in the exercise groups were 

given access to exercise wheels for a total of five and a half hours everyday for four weeks. 

After 28 days of exercise (35 days from the last dose of alcohol or isocaloric diet), each rat 

was given an overdose of anesthetic and intracardially perfused with cold saline, followed by 

4% paraformaldehyde until the upper body was stiff. Brains were then removed, post-fixed, 

and cut into 50 µm coronal sections on a microtome, beginning with the PFC and extending 

through approximately Bregma -6.6. Sections were stored in cryoprotectant in 96-well 

microtiter plates at -20 °C until processed. 
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Tissue Processing  

Three serial sections from the mPFC of each animal were processed using multi-

channel immunofluorescence to label cell nuclei, microglia, vessels, neurons, and astrocytes 

(see Table 1). The tissue was rinsed in 0.1 M tris-buffered saline (TBS) three times at room 

temperature for 10 minutes each, then blocked for 60 minutes in 3% normal donkey serum 

(Sigma-Aldrich, MO, USA). Following the blocking step, the tissue was incubated at 4 °C 

for 72 hours in primary antibodies (rabbit anti-Iba1, Wako Chemicals USA, VA, USA, 

1:10,000; mouse anti-SMI-71, Covance Inc., NJ, USA, 1:2,000; guinea pig anti-NeuN, EMD 

Millipore, MA, 1:2,000; goat anti-GFAP, Santa Cruz Biotechnology Inc., CA, USA, 1:100). 

After 72 hours, the tissue was rinsed twice in TBS for 15 minutes each, and then blocked for 

15 minutes in 3% normal donkey serum. Following this, the sections were incubated for two 

hours at room temperature in a cocktail of secondary antibodies (donkey anti-rabbit Alexa 

488, Life Technologies, NY, USA, 1:250; donkey anti-mouse RRX, Jackson 

ImmunoResearch, PA, USA, 1:250; donkey anti-guinea pig Alexa 594, Jackson 

ImmunoResearch, PA, USA, 1:250; donkey anti-goat Alexa 633, Life Technologies, NY, 

USA, 1:250). Then the sections were rinsed three times in TBS for 10 minutes each, then 

treated for five minutes in 4',6-diamidino-2-phenylindole (DAPI; Life Technologies, NY, 

USA). The sections were then rinsed four times in TBS for 10 minutes each, then mounted 

onto SuperFrost Plus slides and coverslipped using ProlongGold (Life Technologies, NY, 

USA) as the mounting medium. 
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Confocal Microscopy 

Eight tiles, in a 2x4 rectangle covering a 775 µm x 1550 µm area, were imaged for 

each tissue section, resulting in 24 tiles for each animal. (see Figure 1) The tiles were imaged 

sequentially in five channels using the 405, 488, 560, 594, and 633 laser lines of a Leica SP8 

upright confocal microscope. The mPFC was identified using the 10x objective; images were 

acquired using the 40x oil objective. The pixel format was set at 1024 x 1024, acquisition 

speed at 600 hz, and the zoom factor at 0.75. These parameters yielded an image size of 

387.50 µm x 387.50 µm, and pixel size of 378.79 x 378.79. The tiles were set to have 10% 

overlap, and Z-stacks were taken encompassing the entire thickness of the tissue. After image 

acquisition, each channel was saved separately as tiff files for processing in FARSIGHT. 

Computational Image Analysis 

To analyze the confocal images, we used the Farsight toolkit developed in the Roysam 

Laboratory at Rensselaer Polytechnic Institute (www.farsight-toolkit.org). 

Nucleus Segmentation 

 First, all images were corrected for microscope limitations and put into a format 

suitable for analysis in Farsight (Narayanaswamy, Wang, & Roysam, 2011). Next, all cell 

nuclei, labeled with DAPI, were automatically identified and outlined using the Nucleus 

Editor program (see Figure 2). After the nucleus segmentation, the program created a cell 

classification model based on immunofluorescent signal and morphology, using an active 

learning algorithm, to identify which cell type each DAPI-labeled nucleus corresponds to 

(Al-Kofahi, Lassoued, Lee, & Roysam, 2010; Lin et al., 2007). The model created for our 

data accurately classified 90% of the cells in tiles with good imaging quality. To further 
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enhance accuracy, the microglia and neurons were manually classified in tiles that had poor 

imaging quality. Once all cells were classified, intrinsic and associative measurements were 

exported for every cell in each image. Intrinsic measurements are measurements inherent to 

the cell; the intrinsic measurements used for this study were number, volume, surface area, 

shape, and orientation. The associative measurements provide the amount of signal from one 

cell type present around a different cell type; all associative measures were analyzed (Lin et 

al., 2007). 

Arbor Tracing 

 The cell arbors of the microglia and astrocytes were automatically traced using the 

Trace Editor program (Luisi, Narayanaswamy, Galbreath, & Roysam, 2011; Narayanaswamy 

et al., 2011). The microglia for three animals had poor image quality that did not allow for 

automatic tracing; instead, a dice and trace method was used (see Figure 3). This entailed 

clicking on the microglia nuclei and telling the program how far out to trace and the noise 

level to ignore. The program then generated traces for the individual cells that could be 

accepted, rejected, and edited. The arbor tracings provided the number, length, diameter, and 

bifurcation points for all microglia and astrocyte arbors (Ascoli, Polavaram, & Scorcioni, 

2008; Luisi et al., 2011; Narayanaswamy et al., 2011).  

Outcome Measures  

 The intrinsic measurements examined for the nuclei of neurons, microglia, and 

astrocytes were number, shape, volume, surface area, and orientation. These measurements 

look at features of each nucleus independent of the other cells. The associative 

measurements, however, examine how much connections the different cell types have with 
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each other. To assess this, the program analyzes the number of pixels containing signal from 

one cell marker surrounding the nucleus of another cell type within a specified area (see 

Figure 4). The total and average number of pixels of one cell type surrounding another was 

given for every combination of cell types (e.g. astrocyte signal surrounding microglia nuclei). 

Additionally, the program divided the area of interest around each nucleus into eight 

segments (see Figure 12). It then computed how many of those segments contained signal 

from the cell type of interest (e.g. number of segments containing microglia signal around 

neuron nuclei). These measurements use cellular morphology to infer the amount of direct 

communication between cell types. 

 Several measurements were investigated for the microglia and astrocyte arbors. These 

measurements looked at the number, length, volume, surface area, bifurcations, and segments 

of the arbors. See tables A1-A3 in Appendix A for complete tables of the intrinsic, 

associative, and arbor measurements used for analysis.  

Statistical Analyses 

Running distance and body weight were analyzed using repeated measures ANOVA. 

The Greenhouse-Geisser correction was used in all instances where the sphericity assumption 

was violated in repeated-measures ANOVAs. All intrinsic, associative, and arbor measures 

of interest were analyzed in the statistical package R using two-way factorial ANOVAs with 

the variables Activity, Diet, and the Activity by Diet interaction. Planned Tukey HSD post 

hoc comparisons were used when appropriate. The alpha level for all statistical analyses was 

set at 0.05. 
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Results 

Body Weights and Distance Run 

 Body weights did not differ at the beginning of the experiment. A repeated-measures 

ANOVA with a Greenhouse-Geisser correction revealed a significant interaction of Group 

and Week (F(6.974, 46.492) = 6.35, p <.001). Post hoc pairwise comparisons with a 

Bonferroni adjustment showed no significant differences between groups. There was a 

significant decrease in body weight following the binge for the animals given alcohol 

(F(1,20) = 16.84, p = .001). However, these animals recovered the weight lost the following 

week, resulting in no differences in weight between the groups (F(1,20) = .78, p = .388). 

Additionally, all animals gained a significant amount of weight from the beginning of the 

study to the final week (p <.001) (see Figure 5).  

 There was no main effect of Diet for distance run (F(1,6) = .16, p = .701) for the rats 

given access to exercise. There was a significant effect of Time (F(3,4) = 26.39, p = .004), 

indicating that the animals increased the distance run over the four-week exercise period (see 

Figures 6 and 7). This finding is consistent with previous observations (J. Leigh Leasure & 

Decker, 2009; J. L. Leasure & Jones, 2008; J. Leigh Leasure & Nixon, 2010).  

Intrinsic Changes of Microglia, Astrocyte, and Neuronal Nuclei 

 Astrocyte and neuronal nuclei did not exhibit any significant changes in number, size, 

shape, or texture following binge alcohol exposure and voluntary exercise. However, a 

factorial ANOVA revealed a significant interaction of Diet and Activity on the average 

number of microglia nuclei per image (F(1,19) = 21.948, p < .001) (see Figure 8). Post hoc 

analysis using the Tukey HSD showed a significant increase in the number of microglia in 
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exercised controls compared to their sedentary counterparts (p = .05), as well as compared to 

binged exercisers (p < .001). The post hoc analyses also showed a significant decrease in the 

number of microglia in exercised bingers compared to sedentary bingers (p = .005). Binge 

alcohol consumption and voluntary exercise also exerted a significant interactive effect on 

the shape of the microglia nuclei (F(1,19) = 4.657, p = .04). However, a post hoc Tukey 

analysis did not reveal any significant pairwise differences. 

Associative Changes Between Microglia, Astrocytes, and Neurons 

 A factorial ANOVA on the total amount of GFAP signal surrounding microglia 

yielded a significant interaction of Diet and Activity (F(1,19) = 4.738, p = .04) (see Figure 

9). Post hoc examination, using the Tukey HSD, revealed exercised controls to have 

significantly more GFAP signal surrounding microglia compared to sedentary controls (p = 

.01), sedentary bingers (p = .002), and exercised bingers (p = .005). 

 For astrocytes, a factorial ANOVA showed a main effect of Activity on the total 

amount of Iba1 signal surrounding astrocytes, with exercisers showing an increase in the 

amount of Iba1 signal surrounding astrocytes compared to sedentary animals (F(1,20) = 4.33, 

p = .05) (See Figure 10). Additionally, Activity exerted a main effect on the average amount 

of NeuN signal surrounding astrocytes, with exercisers showing a decrease in surrounding 

NeuN signal compared to sedentary animals (F(1,20) = 6.47, p = .02) (see Figure 11). Diet 

was shown to exert a significant main effect on the number of segments containing GFAP 

signal surrounding astrocytes, with bingers displaying a reduction in surrounding GFAP 

signal compared to controls (F(1,20) = 5.58, p = .03) (see Figure 12). 
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 A main effect of Activity was found on the total amount of NeuN signal surrounding 

other neurons, with exercisers having a reduction in surrounding NeuN signal compared to 

sedentary animals (F(1,18) = 6.12, p = .02) (see Figure 13). 

Microglia and Astrocyte Arbors 

 Investigation into the changes of the astrocyte arbors yielded no significant 

differences between groups in the number, diameter, volume, surface area, bifurcations, 

stems, or segments of the astrocyte arbors. Several main effects, however, were shown for 

the microglia arbors. Factorial analysis revealed a main effect of Diet increasing the width 

(F(1,14) = 4.69, p = .05)  and height (F(1,14) = 4.57, p = .05)  of microglia cells (somas + 

arbors) in binged animals compared to controls (see Figure 14). Diet also exerted a 

significant main effect on the average parent daughter ratio, with bingers exhibiting a 

decreased ratio between the diameters of daughter segments to parent segments at each 

bifurcation (F(1,14) = 6.92, p = .02). This indicates that previous binge exposure leads to 

microglia having arbors that are smaller in diameter than the segment they branched from 

(see Figure 15). Furthermore, Diet also exerted a main effect on the average local bifurcation 

torque, which gives the angle between the plane of previous bifurcation and the plane of the 

current bifurcation (F(1,14) = 4.45, p = .05). Specifically, binged animals had smaller angles 

between planes of bifurcations compared to controls (see Figure 16), suggesting that the 

microglia arbors were extending out into the neural environment in a more linear and focused 

manner in the binged animals compared to controls.  
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Vascular Analysis 

The SMI-71 staining to label the vessels did not reliably stain all vasculature. 

Therefore, vascular analyses could not be performed. Future studies will utilize a rhodamine-

labeled bean lectin that will be introduced directly into the vascular system during the 

perfusion process, which ensures accurate fluorescent labeling of vessels. 

Discussion  

This study sought to explore the effects of binge alcohol consumption and voluntary 

exercise on the glia and vasculature in the frontal cortex. These effects have not previously 

been studied, despite the importance of the glia and vasculature in promoting brain health 

and recovery from neural injuries. Our results revealed several novel findings. First, binge 

alcohol consumption appears to cause a reduction in microglial plasticity that exercise does 

not remediate.  Additionally, binge alcohol consumption has an enduring effect on the 

morphology of microglia and connectivity of astrocytes. These findings are important 

contributions to the understanding of how the brain responds to injuries, as this is the first 

study to investigate the effects of binge alcohol consumption as a neural injury on the glial 

system as a whole. 

Whereas most of the significant findings in the present study were independent 

effects of binge exposure or exercise, we found several significant interactions. First, 

although exercised animals had a significantly increased number of microglia in the frontal 

cortex compared to sedentary animals, binged animals that exercised did not exhibit this 

increase. In fact, the binged exercised animals had significantly fewer microglia than the 

sedentary binged animals. It is important to note that this is seen 35 days after a single binge 
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episode, indicating enduring effects of a single binge episode 35 days prior. This is consistent 

with the enduring binge effects we have found in the hippocampus (Maynard & Leasure, 

2013). Additionally, the increase of cortical microglia we found following voluntary running 

is consistent with previous research (Ehninger & Kempermann, 2003), and is thought to be 

beneficial to neural functioning. Trophic factors were not examined; however, based on 

previous findings of exercise increasing the number of microglia with a neuroprotective 

phenotype (Kohman et al., 2012), we believe this increase in microglia will result in an 

increase in trophic support. It could be argued that the binged exercised animals did not 

display an increase in microglia because the exercise drove the microglia to fix the damage 

caused by the binge and return to a normal state. If this is the case, it is interesting that the 

binge exercise animals had so few microglia compared to the exercise controls and sedentary 

binge animals. The exercise binge animals would be receiving less trophic support, negating 

some benefits of exercise enjoyed by their control counterparts. 

Furthermore, exercise control animals had significantly more GFAP signal 

surrounding microglia than all of the other three groups. The binged exercise animals did not 

exhibit this increase in GFAP signal surrounding microglia, suggesting previous binge 

exposure stopped the exercise-driven increase in communication between the astrocytes and 

microglia seen in the exercise control animals. These results together with the decrease of 

microglia in binge exercise animals suggest that previous binge exposure limits exercise-

driven plasticity of the GVC. To our knowledge, this is the first demonstration of enduring 

binge effects on glial plasticity. However, it fits nicely with previous research showing a 

reduction in the available plastic response of neuronal dendrites following repeated exposure 

to psychomotor-stimulant drugs (Kolb et al., 2003), and amphetamine inducing persistent 
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changes on synaptic connectivity in the nucleus accumbens and PFC (Robinson & Kolb, 

1997). Collectively, these findings suggest that substance abuse causes lasting changes in the 

plastic responses of neurons and glia (Hyman & Malenka, 2001; Kolb et al., 2003; Robinson 

& Kolb, 1997).  

 There were no interactive effects of Diet and Activity on intrinsic neuron measures; 

however, there were several significant main effects. Exercise independently decreased the 

number of neurons surrounding astrocytes and the number of neurons surrounding other 

neurons. There was no significant difference in the numbers of neurons or astrocytes, so this 

reduction in surrounding signal is not due to a loss of either cell type. This finding is 

counterintuitive, because we would have expected exercise to increase the connections 

between neurons and other glial cells. It is possible that the increase in microglia numbers in 

the control exercise condition is helping to drive this main effect, and that this increase in 

microglia is reducing the amount of contact neurons have with other neurons and astrocytes. 

Also possible is that exercise increased dendritic arborization of neurons. The neuronal 

marker used in this study is nuclear and does not delineate dendritic arbors; therefore this 

hypothesis could not be explored within the current analysis. Finally, changes to astrocytes 

themselves could account for the decreased contact. It is possible that exercise causes 

astrocytes to decrease connections with neurons and increase them with vasculature. These 

possibilities open avenues for future studies.  

 Binge exposure, regardless of exercise, had multiple effects. Binge decreased the 

number of astrocytes surrounding other astrocytes, thereby reducing astrocyte-to-astrocyte 

communication. This persisting effect of a single binge episode speaks to the significant 

effect binge alcohol consumption has on the neural environment. Previous binge alcohol 
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consumption exerted lasting changes on the microglia. The height and width of the microglia 

(soma + arbors) was increased in the binge animals compared to controls. Additionally, the 

segments after bifurcations in the microglia arbors of binged animals had smaller diameters 

than the diameter of the segment from which they bifurcated compared to control animals. 

This indicates that as the arbors branched, they tapered off in diameter, much like how new 

branches of a tree are thinner than the parent branch. This could indicate that the microglial 

arbors in the binged animals were formed more recently than the microglial arbors in the 

control animals. In addition to causing a tapering off of daughter segments, previous binge 

exposure also caused a reduction in the angle between planes of bifurcations. This suggests 

the daughter segments exiting bifurcation points are not extending out in all directions in the 

neural environment, but instead are moving in a more linear fashion compared to controls. 

The arbors are also extending further than in control animals, but are not fanning out in all 

directions. This could indicate that the microglia arbors in the binged animals are moving in a 

more focused and direct path towards areas of injury, whereas the microglia arbors in the 

control animals are not moving out as far, but instead fanning out more to inspect all of the 

surrounding neural environment. This may indicate that the microglia in the binged animals 

are still in a state of activation and therefore targeting their arbors toward areas that need 

their attention; compared to the microglia in the control animals which are in a resting state 

in which their arbors are not extending as far but are spreading out more to survey the 

environment for disturbances.  

Our results indicate significant changes in intrinsic and associative measurements for 

microglia, astrocytes, and neurons due to binge exposure, exercise, and the interaction of the 

two. We also found significant changes to microglia arbors due to binge exposure. 



26 
	  

	  
	  

Interestingly, binge appears to differentially affect the glial cells, with the microglia 

exhibiting more intrinsic changes and the astrocytes exhibiting more associative changes. 

These differences in how microglia and astrocytes respond to binge exposure may reveal 

differences in how these cell types function, and present new directions for future research. 

Together, our results show that binge alcohol consumption still has an impact on the neural 

environment 35 days after a single binge episode, and that previous binge exposure may 

reduce exercise-driven plasticity of the GVC. This possible reduction in the plastic responses 

and connectivity of microglia and astrocytes caused by a single binge episode has 

implications for learning and memory, as well as for addiction. It appears that alcohol is able 

to exert lasting changes in the connectivity of the brain’s supportive network in the PFC, 

which is a neural region that is implicated in the propagation of addictions. This may be due 

to substances of abuse causing lasting changes in glial and synaptic connectivity. Further 

investigation into the effect of substances of abuse on the glial and neural connectivity is 

needed to better understand the neural mechanisms behind addiction and substance abuse.  
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Appendix A 

Table A1 

Intrinsic measurements used for analysis of neuron, microglia, and astrocyte nuclei 

Intrinsic Measurements Description 

Tile Average Average number of specific cell type nuclei per tile. 

Volume Number of voxels in specific nuclei. 

Surface Area Number of voxels on surface of specific nuclei. 

Shape 
Ratio of surface voxels to total voxels - compactness or thinness of 
specific nuclei. 

Orientation 
Angle between the major axis of the best-fit hyper-ellipsoid and 
origin. 

References. "Intrinsic Features of Blobs" (2009) 
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Table A2 

Measures used to analyze associations between neurons, microglia, and astrocytes 

Associative Measurements  Description 

Astrocyte Average  
Average number of pixels containing astrocyte signal around 
nuclei of the cell type of interest. 

Astrocyte Surround Number of segments containing astrocyte signal. 

Astrocyte Total 
Total number of pixels containing astrocyte signal around nuclei of 
the cell type of interest. 

Microglia Average 
Average number of pixels containing microglia signal around 
nuclei of the cell type of interest. 

Microglia Surround Number of segments containing microglia signal 

Microglia Total 
Average number of pixels containing microglia signal around 
nuclei of the cell type of interest. 

Neuron Average  
Average number of pixels containing neuron signal around nuclei 
of the cell type of interest. 

Neuron Surround  Number of segments containing neuron signal. 

Neuron Total 
Average number of pixels containing neuron signal around nuclei 
of the cell type of interest. 
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Table A3 

Measurements analyzed for microglia and astrocyte arbors 

Arbor Measurements Description 

Trace Average Average number of traces per tile. 

Width X Measured along the x-axis of a neuron. 

Height Y Measured along the y-axis of a neuron. 

Depth Z Measured along the z-axis of a neuron. 

Soma Radii Average radius of the soma. 

Soma Surface Area Surface area of the soma. 

Soma Volume  Volume of the soma. 

Skewness X, Y, Z  
Center of the soma deviation from the center of the cell (see 
Dimensions). 

Euclidean Skewness  Distance from the center of the soma to the center of the cell. 

Stems Number of stems attached to the soma. 

Branching Stems Number of stems that have bifurcations. 

Bifurcations Number of bifurcations of a neuron. 

Segments 
Number of branches of a neuron. (A branch is between two 
critical points or between a critical point and the tip.) 

Minimum Diameter Minimum diameter of each compartment of the neuron. 

Average Diameter Average diameter of each compartment of the neuron. 

Maximum Diameter Maximum diameter of each compartment of the neuron. 

Total Volume Total volume of segments. 

Minimum Segment Volume Minimum volume of segments. 

Average Segment Volume Average volume of segments. 
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Maximum Segment Volume Maximum volume of segments. 

Total Surface Area Total surface area of each segment. 

Minimum Surface Area Minimum surface area of each segment. 

Average Surface Area Average surface area of each segment. 

Maximum Surface Area Maximum surface area of each segment. 

Total Path Length 
Summation of the individual compartment lengths that form a 
branch. 

Minimum Segment Path Length Minimum length of segments. 

Average Segment Path Length Average length of segments. 

Maximum Segment Path Length Maximum length of segments. 

Minimum Stem Distance Minimum distance between stems. 

Average Stem Distance Average distance between stems. 

Maximum Stem Distance Maximum distance between stems. 

Minimum Daughter Ratio 
Minimum ratio between the diameter of the bigger daughter and 
the smaller daughter of the current bifurcation. 

Average Daughter Ratio 
Average ratio between the diameter of the bigger daughter and 
the smaller daughter of the current bifurcation. 

Maximum Daughter Ratio 
Maximum ratio between the diameter of the bigger daughter and 
the smaller daughter of the current bifurcation. 

Minimum Parent Daughter Ratio 
Minimum ratio between the diameter of a daughter and its parent 
for each critical point. 

Average Parent Daughter Ratio 
Average ratio between the diameter of a daughter and its parent 
for each critical point. 

Maximum Parent Daughter Ratio 
Maximum ratio between the diameter of a daughter and its parent 
for each critical point. 

Minimum Daughter Length Ratio Minimum ratio between lengths of daughter segments. 
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Average Daughter Length Ratio Average ratio between lengths of daughter segments. 

Maximum Daughter Length Ratio Maximum ratio between lengths of daughter segments. 

Minimum Azimuth 
Minimum azimuth of the daughter segment at a bifurcation point 
on the x-y plane. 

Average Azimuth 
Average azimuth of the daughter segment at a bifurcation point 
on the x-y plane. 

Maximum Azimuth 
Maximum azimuth of the daughter segment at a bifurcation point 
on the x-y plane. 

Minimum Local Bifurcation Amp 
The minimum local angle formed right at the vertex of the 
branches. 

Average Local Bifurcation Amp 
The average local angle formed right at the vertex of the 
branches. 

Maximum Local Bifurcation Amp 
The maximum local angle formed right at the vertex of the 
branches. 

Minimum Local Bifurcation Tilt 
Minimum angle between the last compartment of the parent 
branch and the first compartment of each daughter branch at the 
bifurcation. 

Average Local Bifurcation Tilt 
Average angle between the last compartment of the parent 
branch and the first compartment of each daughter branch at the 
bifurcation. 

Maximum Local Bifurcation Tilt 
Maximum angle between the last compartment of the parent 
branch and the first compartment of each daughter branch at the 
bifurcation. 

Minimum Local Bifurcation 
Torque 

Minimum angle between the current plane of bifurcation and the 
previous plane of bifurcation. 

Average Local Bifurcation Torque 
Average angle between the current plane of bifurcation and the 
previous plane of bifurcation. 

Maximum Local Bifurcation 
Torque 

Maximum angle between the current plane of bifurcation and the 
previous plane of bifurcation. 

Minimum Remote Bifurcation 
Amp 

Minimum angle between the two daughter bifurcations and/or 
terminal ends (whichever comes first) at the current bifurcation. 
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Average Remote Bifurcation Amp 
Average angle between the two daughter bifurcations and/or 
terminal ends (whichever comes first) at the current bifurcation. 

Maximum Remote Bifurcation 
Amp 

Maximum angle between the two daughter bifurcations and/or 
terminal ends (whichever comes first) at the current bifurcation. 

Minimum Remote Bifurcation Tilt 
Minimum angle between the previous node of the current 
bifurcating father and the daughter nodes. 

Average Remote Bifurcation Tilt 
Average angle between the previous node of the current 
bifurcating father and the daughter nodes. 

Maximum Remote Bifurcation Tilt 
Maximum angle between the previous node of the current 
bifurcating father and the daughter nodes. 

Minimum Remote Bifurcation 
Torque 

Minimum angle between the current plane of bifurcation and the 
previous plane of bifurcation. 

Average Remote Bifurcation 
Torque 

Average angle between the current plane of bifurcation and the 
previous plane of bifurcation. 

Maximum Remote Bifurcation 
Torque 

Maximum angle between the current plane of bifurcation and the 
previous plane of bifurcation. 

Minimum Diameter Threshold 
Minimum diameter of first compartment after the last bifurcation 
leading to a terminal tip. 

Average Diameter Threshold 
Average diameter of first compartment after the last bifurcation 
leading to a terminal tip. 

Maximum Diameter Threshold 
Maximum diameter of first compartment after the last bifurcation 
leading to a terminal tip. 

Minimum Terminal Parent 
Diameter 

Minimum diameter of last bifurcation before the terminal tips. 

Average Terminal Parent 
Diameter 

Average diameter of last bifurcation before the terminal tips. 

Maximum Terminal Parent 
Diameter 

Maximum diameter of last bifurcation before the terminal tips. 

Azimuth of Tips 
The overall direction of the tips combined with the soma point as 
the origin. 
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Elevation of Tips 
The overall direction of the tips combined with the soma point as 
the origin. 

References. "L Measure functions" (2013) 
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Table 1 

Antibodies and Fluorescent Channels Used for Immunofluorescence  

Channel Primary Antibody Target Host Secondary Antibody 

405 DAPI Nuclei -- -- 

488 Rabbit anti Iba 1 Microglia Rabbit Donkey anti rabbit Alexa 488 

560 Mouse anti SMI-71 Endothelial Cells Mouse Donkey anti Rhodamine Red-X 

594 Guinea Pig anti NeuN Neurons Guinea Pig Donkey anti guinea pig Alexa 594 

633 Goat anti GFAP Astrocyte fibrils Goat Donkey anti goat Alexa 633 
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Figure 1. Region Imaged. Region of the mPFC imaged for this study, with a grid 
demonstrating organization of the images collected (A), along with a complete 8-tile 
montage of the mPFC labeled with DAPI (blue), Iba1 (green), NeuN (magenta), and 
GFAP (yellow) (B). 
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Figure 2. Segmentation and Classification. Nuclei are segmented and classified 
using Nucleus Editor (above). All cell types are shown and have different colored dots 
at their center to indicate cell type. Neurons have been selected and are outlined in 
white.	  



48 
	  

	  
	  

 

 

 

  

Figure 3. Dice and Trace. Illustration of the microglia arbor traces produced using 
the dice and trace method. This method was used for tiles with a high amount of 
background.  
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Figure 4. Surround Measurement. To determine proximity between cell types, 
the Nucleus Editor defines an area around each nucleus (dotted line surrounding a 
microglia nucleus) and determines the number of pixels containing cellular markers 
within the area between the dotted line and nucleus outline. The arrow indicates 
GFAP signal (red) within the designated region. 
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Figure 5. Body weight for duration of the study. There were no significant differences in body 
weight between the two groups at the end of the study. The binged animals lost a significant amount 
of weight during the binge, however those animals recovered the weight lost the following week. 
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Figure 6. Distance run per day. Kilometers run each day by rats in the exercise condition. 
There were no significant differences in the distance run each day by animals in the two diet 
conditions. 
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Figure 7. Distance run per week. Average kilometers run per week. There were no significant 
differences in distance run due to diet. By the end of the study, all animals were running significantly 
longer distances compared to the first week of running. 
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Figure 8. Microglia Density. Average density of microglia per field of view in the mPFC (A). In 
control animals, exercise increased the number of microglia present (D vs B). Note, however, that 
prior binge exposure in exercised animals (E) blocked this effect.  
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Figure 9. GFAP signal surrounding microglia. Exercise increased the amount of GFAP signal 
(red) surrounding microglia (yellow) (B) compared to control animals (C). Binge exposure in 
sedentary animals did not alter GFAP surrounding microglia (D), however binge exposure preceding 
exercise (E) stopped the exercise-driven increase seen in the exercise control animals. 
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Figure 10. Iba1 signal surrounding astrocytes. Exercise increased the total number of pixels 
containing Iba1 signal surrounding astrocytes compared to sedentary animals. 
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Figure 11. NeuN signal surrounding astrocytes. Exercise decreased the average number 
of pixels containing NeuN signal surrounding astrocytes compared to sedentary animals. 
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Figure 12. GFAP signal surrounding astrocytes. Illustration of the surround measurement, 
which determines the number of segments surrounding a nucleus (yellow) containing signal from 
a cellular marker (red) (B). Binge alcohol consumption decreased the number of segments 
containing GFAP signal surrounding astrocytes compared to the control diet (A). 
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Figure 13. NeuN signal surrounding neurons. Exercise decreased the total number of pixels 
containing NeuN signal around neurons compared to sedentary animals. 
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Figure 14. Height and width of microglia. Binge alcohol increased the reach of microglia arbors 
by increasing their height and width (A). Microglia cells in binge animals were more elongated 
(C) compared to control animals (B).  
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Figure 15. Microglia arbor parent daughter ratio. Illustration of a parent segment that splits into 
two daughter segments (A) ("L Measure functions," 2013). Binge had a significant effect on the 
relationship between the diameter of the parent segment and average diameter of the daughter 
segments of microglia arbors, resulting in a decrease of the ratio of parent segment diameter to 
daughter segment diameter in bingers compared to control animals (B). This indicates that following a 
binge the daughter segments have smaller diameters than their parent segments, compared to controls.   
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Figure 16. Microglia arbor bifurcation torque. Illustration of the local bifurcation torque 
measurement, which gives the angle between the plane of previous bifurcation and the current 
bifurcation (A). Bifurcation plane is identified by the two daughter compartments leaving the 
bifurcation. Torque is the inner angle measured between two planes of bifurcations (current and 
previous) ("Bif_torque_local,").  The data revealed a main effect of Diet on the degree of the angle 
between the current and parent planes; specifically, daughter segments in the bingers exited 
bifurcations at more acute angles than controls (B). This suggests the microglia arbors in the 
binged animals did not extend out into the neural environment like those in control animals, but 
instead stayed closer to their parent segments.   
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