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ABSTRACT

The prevalence of alcohol consumption on college campuses in the United States is a
serious problem. With a culture that continues to shift towards a disposition of short-term
gratitude, it is not surprising that instances of excessive or binge drinking are reported as reasons
for academic failure. In the absence of moderation, alcohol consumption is known to cause
multifarious issues throughout organ systems and, in particular, the brain. The purpose of this
project is to understand these effects of alcohol on the rat brain. Using binge-drinking models of
alcohol consumption and resting state fMRI (rsfMRI), functional connectivity within the brain
was investigated. Specifically, rats were exposed to an intermittent access to two-bottle choice
(IA2BC) paradigm, which made self-administration of 20% ethanol at high dosages achievable.
Rats were separated into three groups based on their drinking behavior: low drinking, moderate
drinking, and high drinking. At the conclusion of the 3rd week of IA2BC, control and
experimental rats were scanned using rsfMRI protocols. Statistical comparisons between control
rats and high drinking experimental rats revealed significant differences in the functional
connectivity between hippocampal subregions and the retrosplenial cortex: control rats exhibited
a much stronger functional connectivity. Further, comparisons between baseline imaging of high
drinking rats and the 3rd week imaging data of the same high drinking rats revealed significant
differences in the functional connectivity between the zona incerta and the amygdala: baseline
data exhibited a much stronger functional connectivity.
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Chapter 1
INTRODUCTION

1.1 Research Significance
Alcohol consumption is customary in many cultures. In fact, the intentional fermentation of
different wheats and fruits dates back thousands of years to the ancient civilizations of Greece, China, and
Egypt. Alcoholic drinks have even been incorporated into both religion and culture; the importance of
alcohol in human life can be highlighted by the many gods deified solely for the belief that they made the
production of alcohol permissible. Not surprisingly, the ubiquity and pervasiveness of alcoholic beverages
has remained largely intact throughout the world. However, while most people are able to enjoy the social
benefits of alcohol in moderation, there are many who cannot manage to limit the occasions or volume of
their consumption.
Classically, the inability to control one’s alcohol abuse has been referred to as alcoholism.
Following the publication of the 5th volume of the Diagnostic and Statistical Manual, the American
Psychiatric Association has renamed ‘alcoholism’ to Alcohol Use Disorder (AUD). AUD is defined as a
chronic relapsing brain disease characterized by an impaired ability to stop or control alcohol use despite
adverse social, occupational, or health consequences [1]. In the 2015, the National Survey on Drug Use
and Health (NSDUH) reported that over 15 million adults ages 18 or older suffered from AUD in the
United States [1]. Shockingly, this makes alcohol one of the most commonly abused substances, and,
unfortunately, an estimated 88,000 people die annually from alcohol-related health effects.
The consequences of AUD cannot be overstated. Chronic consumption of alcohol has been
associated to major deficits in brain, heart, liver, and pancreas function [2]. In fact, mounting evidence
has supported a link between AUD and cancers of the esophagus, throat, and liver [2]. Outside of the
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immediate health problems associated with AUD, alcohol misuse has been attributed to causing
tremendous economic burden: in 2010, alcohol misuse cost the United States close to 250 billion dollars
[1].
Of particular interest is the phenomenon of binge drinking. The National Institute of Alcohol
Abuse and Alcoholism defines binge drinking as a pattern of drinking that brings blood alcohol
concentration (BAC) to 0.08g/dL [1]. This usually occurs after drinking 4 to 5 drinks in less than two
hours. Binge drinking has attracted much concern over the past two decades following reports that binge
drinking in adolescence and young adults has risen dramatically. For example, according to the 2015
NSDUH, over 5 million people ranging from ages 12 to 20 reported binge drinking as a common
occurrence; further, the 2015 NSDUH states that approximately 38% of college students reported binge
drinking at least once a month [1]. Not surprisingly, about 1 in 4 college students report a wide range of
academic consequences from the consumption of alcohol [1].

1.2 Experimental Exigence
In light of the growing concern of binge drinking in young adults in college, the purpose of this
project is to better understand the consequences of consuming large volumes of alcohol in small periods
of times. In particular, this project seeks to determine the negative impact binge drinking has on academic
performance through its adverse actions on the brain. As the ultimate goal of higher learning institutions
is to better improve one’s knowledge in order to prepare him or her for future careers, this project aims to
provide students with additional reasons to be conscious of their alcohol consumption habits. Through a
technique known as resting state fMRI, this project will explore the effects of binge drinking behavior on
the circuits of the brain known to be crucial for processes essential to academic success: memory and
focus.
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Chapter 2
BACKGROUND ON EXPERIMENTAL PROCEDURES

2.1 Resting State fMRI
Since its initial development in the 1970’s, the advent of magnetic resonance imaging has
revolutionized the medical field. As a result of creatively utilizing magnetic fields, radio waves, and field
gradients to interact with hydrogen molecules dispersed throughout tissue, MRI was able to produce
images of internal structures of the human body. The ability to noninvasively visualize organs with
remarkable resolution enabled clinics and hospitals to begin diagnosing diseases ranging from vascular
abnormalities to tumors in the brain.
As MRI technology continued to advance, Japanese researcher Seiji Ogawa recognized that
fluctuations in blood oxygen levels cause local magnetic image properties to change [3]. While traditional
MRI uses hydrogen atoms dispersed throughout living tissue, primarily in the form of water and fat,
Ogawa realized that the presence or absence of oxygen in blood could provide a different type of
information. The signal difference between oxygenated blood and deoxygenated blood is classically
referred to as blood oxygenation level dependent (BOLD) contrast.
The BOLD contrast is a byproduct of hemoglobin, the protein in the blood stream responsible for
shuttling oxygen to cells throughout the body, and its ability to exist in two dichotomous magnetic states
depending on whether or not oxygen is bound to it. These different states (oxygen-bound hemoglobin
versus oxygen-bereft hemoglobin) provide the information necessary to generate the BOLD contrast
signal. However, in the absence of a physiological correlate, BOLD contrast remains an uninterpretable
signal that has no clinical significance. Fortunately, hundreds of studies have revealed an essential
phenomenon known as neurovascular coupling that allows BOLD contrast to be understood in the context
of relevant physiological phenomenon.
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Neurovascular coupling refers to the relationship between local neural activity and subsequent
changes in cerebral blood flow (CBF) [4]. Specifically, when neurons of the brain are actively working to
transmit electrical signals and the information they encode, they require oxygen and glucose to establish
and maintain the electric gradients across their cell walls. These electric gradients allow neurons to
communicate with one another. A highly active area of neural tissue will be in high metabolic demand for
both oxygen and glucose. In response to this demand, local blood vessels will dilate, thereby enhancing
CBF and ultimately enriching the local area with oxygen-bound hemoglobin. Importantly, more oxygen
will be delivered than is consumed by the cell: this oversupply of oxygen forms the basis of the BOLD
signal. The utilization of the BOLD signal, now within the context of neurovascular coupling, is referred
to as functional magnetic imaging (fMRI).
fMRI can be divided into two distinct modalities: task-based and resting state. Although the
subject matter of this project is resting state, task-based fMRI will be briefly described to differentiate it
from resting state. During task-based fMRI, patients are told to perform a particular task. These tasks are
usually simple and are designed to engage a single utility (e.g. memory, vision, attention, motor function)
[3]. In order to perform these tasks, neurons responsible for engineering the correct output become active.
Due to the coupling between neural activity and CBF, fMRI is able to successfully highlight areas of the
brain where blood flow was enhanced during the period of time when the subject performed the task. In
doing this, researchers can identify specific regions within the brain that are potentially responsible for
orchestrating a particular task.
Interestingly, most of the brain’s consumption of energy is related to intrinsic activity that is not
driven by responses to the external environment or during the performance of activities [5]. In fact, in
1992, Bharat Biswal and James Hyde discovered that, while at rest, the brain is extremely active and
accounts for more than 90% of the brain’s daily consumption of energy [6]. Moreover, Biswal and Hyde
demonstrated that this neuronal chatter at rest was organized into unique networks that were reproducible
between subjects. These resting state networks can be viewed as states of the brain that are constantly
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priming or preparing the organism to interact with the world. For example, in the absence of external
input or specific task performance, activity in areas of the brain responsible for integrating sensory input
and motor output is known to fluctuate synchronously in a predictable pattern. This feature of different
brain regions exhibiting synchronous activity is the hallmark of resting state fMRI (rsfMRI). In rsfMRI,
participants are asked to not move and silence their thoughts to the best of their abilities. The resulting
data shows unique regions of the brain that follow similar temporal patterns of activity as determined by
the BOLD signal. When disparate regions of the brain display this simultaneous activity, they are said to
be functionally connected.

2.2 Functional Connectivity
Functional connectivity is defined as the temporal dependency between spatially remote
neurophysiological events [7]. In order for a brain to operate properly, the different regions of the brain
must constantly share information with one another. Although neurons cannot share information at the
speed of the light, communication from Point A to Point B occurs at over 100 meters per second [8].
When considering the size of most organisms, it is clear that different parts of the brain are readily
updated with information sent from their neighbor. It is because of this speed of transmission, relative to
the acquisition of information per second that an fMRI procedure can obtain, that synchronous BOLD
signals from different regions of the brain can be inferred as Point A communicating to Point B and vice
versa.
Generally speaking, the images acquired in most MRI analyses are a series of 2D slices
comprising the 3D object that is being imaged. Each slice is then comprised of a grid like matrix of
squares known as voxels. As depicted in Figure 1 in the context of rsfMRI, each voxel contains the
BOLD signal that is measured throughout the scan. Increased activity corresponds to a larger signal
amplitude, and decreased activity corresponds to a smaller signal amplitude. In order to determine which
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voxels are functionally connected, the time courses of each voxel’s BOLD signal are compared to one
another. Specifically, the degree of linear correlation is measured. The higher this correlation value, the
higher the functional connectivity: this is often interpreted as voxel i is talking to voxel j. Referring to
Figure 1, in rsfMRI a given voxel is denoted as the seed (voxel i, in this case). Then, in addition to
determining the time series correlation with voxel j, the time courses contained within all voxels are
individually compared to the seed. Using some particular threshold, Figure 1 shows all of the voxels that
are highly correlated with voxel i and therefore exhibit a high degree of functional connectivity with
voxel i.

Figure 1. rsfMRI Seed-voxel Correlation

THIS IMAGE CAN BE FOUND IN REFERENCE [7]

2.3 Resting State fMRI in Awake Animals
fMRI is an invaluable tool for investigating the functional organization of the brain. Knowing
which regions of the brain communicate is a crucial step towards understanding how the brain works.
Unfortunately, the BOLD signal that fMRI is founded on is a rather noisy signal. Noise inherently
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contaminates and, in some cases, all together masks signals truly corresponding to neural activity. In the
case of task based fMRI, much of this noise can be significantly eliminated by virtue of how task based
fMRI is designed. Specifically, in task-based fMRI, the onset of the task is known beforehand, and the
responses of many separate trials (all of which utilize the same task at the same onset time) are combined
together [9]. Conversely, in rsfMRI, there is no ‘beforehand’. Entire time courses are compared and all
data collected throughout these time courses are relevant. Not surprisingly, rsfMRI has an inherently
lower signal to noise ratio than task-based fMRI.
While there are many sources of noise that are encountered during rsfMRI, most are beyond the
scope of this project and will not be further discussed. Of particular interest, however, is the effect that
macro subject motion has on the quality of rsfMRI data. There are several fine points detailing the issues
of motion, but the most intuitive is that of voxel position change. As stated previously, each 2D slice of
the brain is comprised of a grid of voxels. These voxels can be viewed as the invariant building blocks of
a given slice. While the voxels cannot change positions throughout the imaging procedure (i.e. they are
fixed), the subject’s head can move. Specifically, if the subject’s head moves, it moves relative to the
voxels. Ideally, a given voxel remains superimposed on only the same n by n section of the brain
throughout a scan. Therefore, this voxel will reliably and accurately report BOLD signal data exclusively
associated with that n by n section of the brain. However, if the subject moves its head, a new n by n
section of the brain will shift into the voxel; this voxel now contains BOLD signal information from two
different n by n sections of the brain. The contaminated BOLD signal contained within the voxel makes
statistical comparisons between distal voxels much more difficult and less reliable.
In the case of humans, large motion can often be mitigated by talking with a patient prior to
imaging procedures. Concerns can be assuaged, and a sense of comfort can be established. Importantly,
the doctor is able to communicate with the patient and prepare him for the unique environment of the loud
and closed-space MRI; the same cannot be said for the imaging of animals. It is difficult to control the
movement of any animal. Additionally, the noisy and cramped MRI environment is particularly stressful.
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Because stress is a manifestation of different brain networks activating, the stress quite literally can skew
the data that is captured by rsfMRI. Although anesthesia is a tempting solution to control for the
movement of animals while they are being scanned, animals under the influence of anesthesia are
effectively unconscious. Therefore, activity associated with cognition and emotion are virtually absent.
Moreover, anesthetics are known to diminish neuronal metabolism and CBF, thereby diminishing BOLD
signal intensity [10]. Fortunately, efforts by King et al. have demonstrated an effective procedure known
as Awake Animal Imaging Acclimation that significantly reduces motion and stress levels in rodents [10].
This procedure, generally referred to as acclimation, will be detailed more specifically in the Methods
section.

2.4 Intermittent Access to Two Bottle Choice Ethanol
There are several experimental paradigms that can be utilized to explore different aspects of
alcohol’s effect on an organism, most often vermin. For example, if one is interested in understanding the
acute effects of alcohol on the brain, the model organism will be injected with alcohol intravenously and
simultaneously imaged. As it pertains to this project, intermittent access to ethanol in 2-bottle choice
(IA2BC) is used to analyze the effects of binge drinking on the brain over several weeks. This model
enables researchers to impose repeated cycles of intoxication, periods of withdrawal, craving, and relapse
onto vermin [11]. In the 1970’s, IA2BC showed that repeated cycles of self-administered alcohol and
forced withdrawal lead to a gradual increase in ethanol consumption, eventually reaching a stable baseline
in only a few weeks [11]. The intermittent component of IA2BC is the crucial element of this paradigm;
specifically, vermin will begin to learn that access to alcohol is not continuous. Because the availability of
alcohol is not guaranteed, vermin will consume large amounts of alcohol in small periods of time. In this
way, IA2BC strongly resembles binge drinking in humans and, in particular, the so called ‘weekend
warrior’. Because most jobs occur Monday through Friday, a large percentage of binge drinkers will
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consume copious amount of alcohol on Friday and Saturday. The process is continued week after week.
The IA2BC procedure will be detailed more specifically in the Methods section.
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Chapter 3
BACKGROUND ON RELEVANT LITERATURE

3.1 The Hippocampus
The hippocampus, depicted in Figure 2, is part of the brain that is classically known for its role in
the formation of memory. Specifically, the hippocampus facilitates the transformation of short-term
memories to long-term memories [12]. The hippocampus concerns itself with a type of long-term memory
referred to as declarative memory, which are memories that can be consciously recalled (or declared).
Declarative memory is often simplified as memories relating to facts (also known as semantics) and
episodes or event-based memories. Importantly, mounting evidence suggests that semantic memories,
wherein one records meanings, concepts, and general knowledge, is derived from episodic memory; said
differently, we learn new facts from our experiences [13]. For example, before a student can freely recall
a concept taught in class, experiential memory must first form wherein many details of the classroom
(such as who was sitting nearby, what the demeanor of the teacher was that day, and what the lecture
generally focused on) are recorded. At first, when a student is asked a specific semantic question about
the lecture, the brain references the episodic memory in order to obtain the answer. Over time, however, a
gradual transition occurs wherein the specifics of the episode become more general, and the information
that remains is purely semantic (i.e. the fact, rather than the experience, is now the memory). In this way,
episodic memory is often considered to underpin the formation of semantic memory [13].
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Figure 2. Hippocampus in Human and Rat

Figure 2. shows the human hippocampus (left) comprised of the uncus, body, and tail (circled in red) and
the rat hippocampus (right) comprised of the ventral, posterior, and dorsal portions (circled in red).
THIS IMAGE CAN BE FOUND IN REFERENCE [12]

The hippocampus is also involved in spatial memory. In general, spatial memory is broken down
into two types: allocentric and egocentric. As illustrated in Figure 3, allocentric spatial memory involves
the representation of landmarks that form a scene using object-to-object geometric relationships. In
allocentric memories, scenes are recreated independently from the observer; conversely, encoding a scene
egocentrically involves scene recreation where objects are represented in accordance with their geometric
relationship to the observer. The hippocampus is responsible for the allocentric encoding and
representation of spatial information [14].
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Figure 3. Allocentric versus Egocentric Spatial Memory

THIS IMAGE CAN BE FOUND IN REFERENCE [14]

3.2 The Zona Incerta
As depicted in Figure 4, the zona incerta (ZI) is an elongated strip of neurons that sits slightly
below the thalamus. Although the region is not particular large, the neurons belonging to the ZI send
extensive projections throughout the brain, brainstem, and spinal cord [16]. The function of the ZI is still
speculative, but several studies indicate that the ZI plays an essential role in the gating of sensory input.
Said differently, the ZI is responsible for determining what information from the outside world is either
important or unimportant. It is because of this purported gating function that the ZI is also believed to be
responsible for facilitating appropriate arousal levels and shifting attention [16].
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Figure 4. Human Zona Incerta

This is a coronal slice of the human brain depicts the zona incerta (circled in red), a bilateral structure
found below the thalamus. THIS IMAGE CAN BE FOUND IN REFERENCE [15]

This role of modulating arousal and attention is further supported by the fact that neurons of the
ZI densely project to regions of the brainstem known as arousal centers, which are responsible for
regulating the overall arousal state of the organism. Further, the ZI also has dense projections to a region
of the brain responsible for initiating head and eye movements that are intended to search for relevant
stimuli in the environment. For example, if something sharp touches an organism’s body, sensory
information relaying pain arrives at the ZI. The ZI then determines that this sensory information is likely
relevant. Because the information is that of pain, and therefore possibly dangerous, the ZI will
communicate with regions of the brain responsible for head and eye movement so that the source of the
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pain can be determined. Finally, the ZI will activate arousal centers so that hormones necessary for
fighting or fleeing can be mobilized. In addition to serving as an important hub for sensory information
arriving from the outside world, the ZI also receives significant visceral input (that is, sensory information
about what is happening inside the body).

3.3 The Retrosplenial Cortex
The retrosplenial cortex is a region of the posterior brain and plays an important role in a variety
of cognitive tasks primarily concerned with memory. Axonal tracing techniques, where the physical
neuron-to-neuron links between regions of the brain are mapped out, have revealed significant reciprocal
connections between the retrosplenial cortex and hippocampus, which can be seen in Figure 5 [17].
Because the retrosplenial cortex is difficult to access in the human brain, the majority of research on this
brain region is restricted to lesion studies in animals. A lesion study follows a standard procedure of
testing a particular behavior before the removal of brain tissue and then comparing the efficacy of this
same behavior following subsequent removal. These legion studies suggest that the retrosplenial cortex is
critical to spatial memory, and emerging fMRI studies in humans implicate a further role in episodic
memory [17].

15

Figure 5. Retrosplenial Cortex Location and Hippocampal Reciprocal Connections

This image depicts the anatomical location of the retrosplenial cortex, the hippocampus, and several
other unnamed regions of the brain using a sagittal cross section of the brain. The black lines with
arrows on each side are representative of reciprocal connections. As can be seen, the retrosplenial cortex
shares reciprocal connections with many different regions of the brain, but in particular, the
hippocampus. THIS IMAGE CAN BE FOUND IN REFERENCE [17]

3.4 Alcohol’s Effect on Memory and Focus
Alcohol (specifically its psychoactive compound ethanol) is fundamentally poisonous. Although
there are enzymes located primarily in the liver, stomach, and brain that are able to metabolize ethanol, if
the rate of ethanol consumption begins to exceed the rate of ethanol metabolism, serious side effects can
occur both acutely and chronically. The harmful effects of alcohol are widespread, negatively affecting
virtually all organ systems. Two of the most noticeable side effects of chronic consumption of alcohol at
elevated levels are diminished memory and focus capacity.
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Literature widely supports the idea that alcohol interferes with the ability to form new long-term
memories; interestingly, studies have revealed that short term memory remains intact, even in severe
forms of alcoholism [18]. These findings therefore suggest that alcohol influences the hippocampus’s
ability to facilitate the transformation of short-term memories to long-term memories. Memory
impairment due to alcohol has been linked to disruption in gamma-Aminobutyric acid (GABA) and Nmethyl-D-aspartate (NMDA) receptors [18]. These receptors, amongst many others, are responsible for
modulating the electrical activity of neurons. Moreover, it has long been established that NMDA
receptors are responsible for the phenomenon known as long-term potentiation. LTP is responsible for
strengthening the sensitivity of neurons to other neurons attempting to communicate, which is widely
regarded as the molecular basis for learning and long-term memory [18]. Ultimately, the disruption of
GABA and NMDA receptors is believed to suppress the activity of neurons within the hippocampus. In
doing so, the hippocampus’s ability to encode long-term memories from short term memories suffers.
Although less studied than alcohol’s effects on memory, alcoholics’ inability to focus during
work hours is commonly reported in surveys [19]. These concentration deficits are most often studied in
the context of working memory experiments. Working memory is described as a limited capacity system
that can temporarily store and manipulate small pieces of information to perform cognitive tasks like
reasoning and comprehension [20]. For example, when a student is presented with a mathematical word
problem, the student is forced to rely upon working memory in order to appropriately use the provided
numbers and find the corresponding answer in a timely fashion. Much like its negative impact on longterm memory, studies of alcoholics have revealed an extreme impairment in working memory capacity
[21]. Interestingly, though, a recent paper published in 2014 revealed that visual attention strongly
correlates with working memory capacity, suggesting that alcohol’s impairment of working memory may
be a consequence of disruptions within visual attention networks [22].
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Chapter 4
METHODS

4.1 Experimental Protocol
Animals (n = 29 young adult male rats, 19 experimental and 10 control, approximately 80 days
old) were trained to be adapted to the MRI scanner environment and noise. The training process, so called
acclimation, is designed to substantially minimize the motion and stress during MRI scans. It lasts for 7
days. On each day, animals were placed in a plastic head restrainer and a body tube that mimics the setup
used during the actual MRI scanning (refer to Figure 6). During this acclimation procedure, rats are
positioned inside a large box that permits very little light from entering. Further, prerecorded MRI noise is
played throughout each acclimation session. The restraints, darkness, and noise effectively replicate the
genuine MRI environment. This process lasts 15 minutes on day 1, 30 minutes on day 2, 45 minutes on
day 3, and 60 minutes on days 4, 5, 6, and 7. After the 7th day of acclimation, animals were placed in the
real MRI scanner for rsfMRI imaging. This first imaging session served as a baseline measurement of the
rodents’ resting state brain connectivity.

Figure 6. Head Restrainer and Body Tube for Acclimation

This image depicts two of the key components involved in the acclimation procedure. The rat’s head is
placed into a white head restrainer (left). The rat’s body is subsequently fed through the body tube (right)
tail-first, in the direction of the orange arrow. The head restrainer is finally screwed onto the body tube
at two consecutive holes (circled in orange).
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Following the awake imaging acclimation and baseline scan, rats were subjected to Intermittent
Access to 20% Alcohol in 2-Bottle Choice (IA2BC) training. Over the course of 7 weeks, Long Evans
rats, both experimental and control, were individually caged in order to mimic social isolation; social
isolation is a common feature among humans addicted to alcohol. During IA2BC, experimental rats
received three 24-hour sessions of free access to a “2-bottle choice” of both water and 20% ethyl alcohol
per week every Monday, Wednesday, and Friday. Two 24-hour withdrawal periods (Tuesday and
Thursday) and a single 48-hour withdrawal period (between Saturday and Monday) took place throughout
each week of IA2BC (refer to Figure 7).

Figure 7. IA2BC Paradigm

During withdrawal periods, the bottle of 20% ethyl alcohol was removed from the cage; only the
bottle of water remained. In control rats, two bottles of water were made available on days where
experimental rats were exposed to alcohol. Similarly, on days of withdrawal, one of the two water bottles
available to the control rats was removed from the cage. To control for side preferences, the positioning
(left or right) of the alcohol bottle was manipulated. 50% of experimental rats had their alcohol on the
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right side of the cage throughout the 7-week process; the remaining 50% had an alcohol tube on the left
side. Drinking sessions began during the light cycle and end 24 hours later.
For the first two weeks of IA2BC, the 7th day of the IA2BC paradigm (the final day of sustained
withdrawal for each week) was reserved for a 60-minute acclimation ‘reminder’ session. The 7th day of
the third week IA2BC paradigm was reserved for the final imaging session; at this point in time, the rats
had had 9 possible opportunities to consume alcohol (refer to Figure 8). The two 7th-day-acclimation
sessions served as refreshers to ensure that the rats were still acclimated to the MRI environment prior to
the final imaging session. The acclimating refreshers and final imaging point were intentionally selected
to occur during the 7th day each week so that these sessions did not interfere with drinking behavior.

Figure 8. Imaging Schedule

Throughout the 7-week IA2BC paradigm, alcohol and water bottles were weighed at the
beginning of each light cycle. After 24 hours of alcohol access, both the alcohol and water bottles were
weighed once more. Control bottles of water and alcohol were present within the laboratory to account for
evaporation that contributes to the weight differences during the 24-hour periods of access. Therefore, at
the conclusion of 7 weeks, there were a maximum of 21 data points pertaining to alcohol and water
consumption (3 per week).
Throughout the 7-week IA2BC paradigm, the amount of time it took rats to first drink alcohol
from the bottle was recorded. On days of alcohol access, as soon as the alcohol bottle was provided, a
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stop watch was used to capture this measurement. For a maximum of 120 seconds, rats were clocked for
their latency to drink. Drinking was defined as any 2-second or longer sustained form of drinking that
occurred within the 120-second period.

4.2 Scanning Information and Data Preparation
Scanning sessions lasted 10 minutes, and each rat was scanned 2 to 3 times at baseline and/or
week 3 of imaging. Images were acquired with 0.50 mm x 0.50 mm x 1.00 mm resolution. As highlighted
by Figure 9, 16 total slices were acquired for statistical analysis with each slice containing 64 x 64
voxels. The brain cross section found in the 1st column and 1st row marks the most posterior part of the
brain; conversely, the brain cross section found in the 4th column and 4th row marks the most anterior part
of the brain. Each cross section contains BOLD signal information.

Figure 9. Cross Sectional View of Rat Brain Used in fMRI Analysis
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A standard preprocessing MATLAB pipeline was used on each scan to remove and reduce any
unwanted noise that may interfere with statistical analysis of the BOLD signals contained within each
voxel. Further, rsfMRI scans for each rat were aligned to a common structural image of a rodent brain
using a program known as MIVA. As can be seen in Figure 10, the red and orange image of the brain
(containing BOLD signal information from an rsfMRI scan) is aligned with a background grey and white
image of the brain using three different orthogonal cross sections. This grey and white image is a
structural image of a random rat brain. Ideally, the two images can be roughly superimposed using
landmarks common to both the structural and rsfMRI image. Importantly, all rats’ rsfMRI images are
aligned to the same grey and white structural image of the brain. In doing this, different scans of subjects
exhibit spatial locations of the brain that are approximately similar; this makes statistical analysis easier.
Said differently, if one wants to compare voxel #1 of Rat A to voxel #1 of Rat B, it is important that both
voxels occupy the same spatial location.

Figure 10. MIVA Alignment Software Interface
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Following the removal of noise and employing alignment, well established anatomical definitions
for structures of the rat brain were used to segregate voxels throughout all 2D slices into regions of
interests (ROIs). For example, voxels of 2D slices corresponding to the anatomical location of the
hippocampus are clustered into a sort of ‘conglomerate voxel’ that is now referred to as ‘the hippocampus
voxel’. Importantly, these conglomerate voxels contain a BOLD signal that is a result of averaging the
BOLD signal time course of all constituent voxels. Said differently, if an ROI is composed of four voxels,
then the ROIs BOLD signal is the average of all four voxels’ individual BOLD signals (refer to Figure
11).

Figure 11. Visualizing ROI and Voxel Relationship

Following this ROI segregation, functional connectivity correlation values were calculated
throughout the brain for each pairwise combination of ROIs and voxel (excluding the voxels comprising
the ROI in the current comparison) in a given subject. Functional connectivity correlation was then
averaged across 2 to 3 scans for each subject during each imaging time point. For example, if Rat A was
scanned 3 times at the baseline time point, each 10 minute scan, and the resulting functional connectivity
correlation values for those scans, were averaged to together.
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4.3 Statistical Analysis
After all data had been appropriately processed, two different statistical tests were performed in
order to investigate the effects of alcohol on the brain. Prior to analysis, however, experimental rats were
classified into three different populations on the basis of their alcohol consumption: low drinkers,
intermediate drinkers, and high drinkers. These distinctions were made so that the effects of alcohol could
be more meaningfully explored. Using these classifications, week 3 data from control rats was compared
to week 3 data from high drinking experimental rats using a 2-sample t-test. The purpose of this test was
to compare brains that had been sufficiently exposed to alcohol to the brains of rats that had never drank.
In the context of this project’s purpose, this test aimed to identify major differences in brain function
between students who do not drink versus students who drink excessively. In the second test, baseline
data from high drinking experimental rats was compared to 3-week data from the very same rats. Due to
the repeated measurements on each rat, a paired sample t-test was used. In the context of this project’s
purpose, this test aimed to identify changes in the brain that occur as a given student escalates his or her
drinking.
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Chapter 5
RESULTS

5.1 Behavioral Results
Figure 12 illustrates the distribution of ethanol consumption across rats subjected to the IA2BC
paradigm (n=19). Specifically, this distribution reports the average consumption of ethanol per day using
the drinking behavior observed during the final 14 days of the IA2BC 49-day paradigm. This strategy of
using the last two weeks of drinking data, as opposed to all 7 weeks, aims to target periods of time where
alcohol consumption is mostly stable and minimally escalating. This distribution reveals three populations
of rats based on consumption of ethanol per day. 32% (6/19) of rats fail to drink more than 6 g/kg/24 hr
over the last two weeks; this behavior is classified as Low Consumption. 42% (8/19) of rats drink more
than 9 g/kg/24 hr over the last two weeks; this behavior is classified as High Consumption. 26% (5/19) of
rats fall between these two ranges; such drinking behavior is termed Intermediate.

Figure 12. Alcohol Drinking Distribution
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Using the classification scheme described in Figure 12, the full 21-day (7 weeks of IA2BC)
drinking patterns of both High and Low consumers are plotted in Figure 13. To generate this figure, the
average and standard error of the mean of consumption per 24 hours was reported for each day of alcohol
access. Further, a line of best fit is provided to illustrate the distinct difference in slope between the two
groups. Specifically, we note that within the first two weeks, a clear difference in ethanol consumption
arises, with High consumers (blue) drinking a markedly greater amount than Low consumers (red). While
Low consumers gradually escalate their drinking behavior, High consumers rapidly escalate their drinking
behavior. Additionally, this rapid escalation is mirrored by a much larger peak value of consumption,
which on average approaches 4.5 g/kg/24 hr of ethanol. Low consumers, in comparison, never exceed 3
g/kg/24 hr. We note that both groups experience a similar decline in the final three days of access, which
may reflect a metabolic feedback response following the six consecutive weeks of alcohol consumption.
As depicted in Figure 13, there is statistical significance (p < 0.025) between the two slopes.

Figure 13. Consumption Comparison between High and Low Drinkers
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Figure 14 reports latency-to-drink data (orange) superimposed on alcohol consumption data
(blue) over the course of 21 days. During the first week of access, all rats undergoing this measurement (n
= 5) do not drink alcohol within the 120 seconds that latency-to-drink was measured. Interestingly, we
note a rapid decline in latency-to-drink that reaches its lowest point on the 15th day of alcohol access (i.e.
at the conclusion of week 5), with an average latency of approximately 50 seconds. The decreasing trend
observed in the latency-to-drink data appears to coincide roughly with the drinking escalation phase that
occurs from the 1st through 13th day. Further, we see that as the drinking behavior begins to stabilize, the
latency-to-drink has a slight upwards trend. Importantly, the rats used in this plot fall into either
Intermediate or High drinking behavior. The standard error of the mean bars for latency-to-drink data are
quite large, owing to the many variables that may influence the urgency or motivation for an individual
rat to consume alcohol. Nonetheless, this plot suggests that as rats develop a physical dependence to
alcohol, their latency-to-drink on average decreases.

Figure 14. Latency to Drink throughout the Course of Alcohol Consumption
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5.2 Imaging Results
As previously described, behavioral data related to the distributions of alcohol consumer types
(low, intermediate, and high) was subsequently used to explore imaging results. Figure 15 and Figure 16
correspond to a 2-sample t test comparing Week 3 imaging results between eight control and eight high
drinking rats. Figure 15 reports the approximate anatomical locations (blue color) of four different brain
regions that showed significant differences between the two different populations: Figure 15A is the
retrosplenial cortex, Figure 15B is the CA1 field of the hippocampus, Figure 15C is the CA3 field of the
hippocampus, and Figure 15D is the dentate gyrus of the hippocampus.

Figure 15. ROI Representations of Hippocampal Subregions and Retrosplenial Cortex

Figure 16 illustrates the corresponding four different functional connectivities: Figure 16A
reports the retrosplenial cortex functional connectivity, Figure 16B reports the CA1 field of the
hippocampus connectivity, Figure 16C reports the CA3 field of the hippocampus connectivity, and
Figure 16D reports the dentate gyrus of the hippocampus functional connectivity. The color bar in Figure
16 reflects the color-equivalent t-score for the 2-sample t test; specifically, any value greater than 2.34
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(orange-red) has a p value of less than 0.05. In the context of this 2-sample t test, the positive t score
values reflect that the control rats had a significantly greater functional connectivity than the high
consuming alcohol rats. As can be seen, all subdivisions of the hippocampus (Figure 16B-D) show
significant differences with their functional connectivity to the retrosplenial cortex. As expected, the
retrosplenial cortex shows significant differences in functional connectivity between all three subregions
of the hippocampus.

Figure 16. Functional Connectivity of Hippocampal Subregions

In addition to the 2-sample t test, a paired t-test was performed on high drinking rats using
baseline measurements as the first data point and using Week 3 measurements as the second data point.
Figure 17 shows the two anatomical regions that showed significant differences between the first and
second time points. Figure 17A shows the two slices collectively defining the zona incerta; Figure 17B
shows two slices defining the amygdala.
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Figure 17. ROI Representations of Zona Incerta and Amygdala Anatomy

Figure 18 illustrates the corresponding two functional connectivity maps of the zona incerta and
the amygdala. Figure 18A shows the zona incerta functional connectivity, and Figure 18B shows the
amygdala connectivity. The color bar in Figure 18 reflects the color-equivalent t-score for the paired t
test; specifically, any value greater than 2.34 (orange-red) has a p value of less than 0.05. While there are
other brain regions indicated as being significantly different, it can be seen that the zona incerta
connectivity to the amygdala (and vice versa) are significant as well.
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Figure 18. Functional Connectivity between Zona Incerta and Amygdala
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Chapter 6
DISCUSSION
The behavioral data revealed that over the course of 7 weeks, rats will consume a wide range of
alcohol. This distribution of light, moderate, and heavy drinking is not surprising, as a similar
phenomenon is observed in the human population. It is difficult to ascertain what causes these enddifferences in alcohol consumption. Referencing Figure 13, it can be seen that both low and high drinkers
escalate their drinking over the course of the IA2BC paradigm, but high drinkers escalate at a much faster
rate. Unfortunately, due to small sample size and noisy data for low drinking rats, imaging data
comparing baseline functional connectivity between high and low drinkers offered no answers on the
matter. Literature is replete with the idea that certain individuals are predisposed to develop substance
abuse, in particular to alcohol; this predisposition is often cited as being a consequence of aberrant
regions of the brain responsible for processing rewarding experiences (i.e. in the case of drugs, the
hedonic experience or high) [23].
While differences in an individual’s subjective value of alcohol may account for the escalation
differences in these rats, this project posits an additional possibility. It is well known that the intake of
drugs and alcohol introduce exogenous compounds into the body that force an organism to deviate from
its point of homeostasis. Maintaining one’s homeostatic state is essential in order for the cells of an
organism to be physiologically efficient. Fortunately, most organisms have evolved extremely
sophisticated regulatory systems that are capable of restoring homeostasis in a timely manner. For
example, as it pertains to alcohol, mammals will upregulate the production of enzymes in the liver that are
responsible for the breakdown of ethanol. This strategy is classically referred to as tolerance, which
allows physiological processes to achieve stability in an environment where exogenous substances persist
[24]. It is plausible that, in addition to alcohol possessing an inherently greater hedonic value to high
drinking rats, the restorative mechanisms of alcohol-induced homeostatic deviation in high drinking rats
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are superior than they are in low drinking rats. Said differently, low drinking rats may be much less
efficient at restoring homeostasis following a drinking episode than high drinking rats. Because of this,
low drinking rats are not able to escalate their drinking as quickly as high drinking rats. With this in mind,
it may be necessary to extend the drinking IA2BC protocol beyond seven weeks in order to see if the low
drinking rats eventually consume as much alcohol as high drinking rats.
The imaging results comparing control rats to high consuming alcohol rats at Week 3 implicate a
loss of functional connectivity between subregions of the hippocampus and the retrosplenial cortex
correlated to heavy alcohol consumption. Human fMRI studies have shown that the retrosplenial cortex is
likely involved in the retrieval of episodic memories; specifically, patients with pathological damage to
the retrosplenial cortex report difficulties recounting recent events [17]. Also, it is important to note that
the hippocampus and retrosplenial cortex are densely and reciprocally connected with one another, and
their constant communication with one another is theorized to facilitate the transformation of allocentric
representations of memories to egocentric representations of memories [25].
In the context of alcoholism, this theory is interesting because recent literature has reported an
important role for egocentric spatial memory in episodic memory retrieval. Specifically, the retrieval of
episodic memory is significantly enhanced when spatial memory is represented egocentrically, as
opposed to allocentrically [26]. For example, a father at the beach with his family will have more vivid
recollections of the trip if the visual sensory information (e.g. the sand castle near the shoreline, the boat
in the distance, the sun umbrella next to the chair) is spatially represented in an egocentric fashion.
Recalling that episodic memory underpins semantic memories, the loss of functional connectivity
between hippocampal subregions and the retrosplenial cortex in high drinking alcohol rats is a serious
problem. Although previous sections have explained alcoholics’ memory impairments as the failure to
transform short-term memories to long term memories, perhaps there is a further reason. Not only is the
short term to long-term transformation disturbed, but so, too, is the ability to effectively retrieve
memories that have successfully been converted into long-term memories. Due to disruptions in
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hippocampal-retrosplenial cortex connectivity, heavy consumption of alcohol may hinder the effective
retrieval of episodic memory and, consequently, the formation of new semantic memory that would be
derived from that episode.
It is, of course, important to note the functional connectivity deficits between the hippocampal
subregions and the retrosplenial cortex are not entirely bilateral. Although the deficit of the CA1 field –
retrosplenial cortex connectivity manifests bilaterally, the CA3 field – retrosplenial cortex and dentate
gyrus – retrosplenial cortex deficits do not. While this may be due to small sample size, hemispheric
asymmetries in brain functionality are a well-established phenomenon in neuroscience. In fact,
experiments in mice have shown that long term memory processing is lateralized in the CA3 field of the
hippocampus [27].
The imaging results comparing baseline and Week 3 imaging data from high drinking alcohol rats
implicate a loss of functional connectivity between the zona incerta and the amygdala. In order to fulfil its
roles in fear modulation, memory formation, and valence evaluation (i.e. determining whether an event or
situation is intrinsically attractive or aversive), the amygdala receives extensive input from sensory
systems throughout the brain [28]. Moreover, the amygdala is known to receive direct dopaminergic input
from the zona incerta [29]. This dopaminergic input is of particular interest because the neurotransmitter
dopamine has been shown to bias neurons to preferentially activate or remain inactivated. Said
differently, although dopamine will not cause Neuron A to activate (or inactivate), it leaves this neuron in
a state that is more likely (or less likely) to activate when other neurons attempt to communicate with it.
Most examples offered by literature focus on regions of the brain known as the striatum and prefrontal
cortex, where dopamine can either enhance the activation probability of inhibitory neurons or reduce their
activation probability depending on which receptor (Dopamine Receptor 1 versus Dopamine Receptor 2)
it acts on [30]. Although less research has been conducted on dopamine receptors found in the amygdala,
it seems likely that dopamine’s ability to modulate neuronal firing in both directions is a common trait
throughout the brain.

34
Recalling the zona incerta’s suspected role in sensory gating, its dopaminergic projections to the
amygdala provoke intriguing speculation. Specifically, when the zona incerta is functioning correctly, it is
able to modulate the sensory information that arrives at the amygdala. For information that is relevant, the
zona incerta releases dopamine on ‘positive’ dopamine receptors found in the amygdala, thereby
increasing the likelihood that this specific sensory information influences the amygdala. For information
that is deemed unimportant at the moment, the zona incerta releases dopamine on ‘negative’ sets of
receptors in the amygdala, thereby decreasing the likelihood, and therefore impact, of this specific
sensory information influencing the amygdala. As a consequence of this, the amygdala can perform its
various functions using only the sensory data that is of the utmost and immediate importance to the
organism. However, when the zona incerta ceases to function correctly, the sensory information arriving
at the amygdala is no longer filtered and irrelevant information now competes with relevant information
for the amygdala’s attention.
In the context of alcoholism, we see that heavy drinking within only the first three weeks
correlated to significant reduction in the functional connectivity between the zona incerta and the
amygdala. As previously described, alcoholics often report focus deficits during work hours, which leads
to a loss of job productivity. It is plausible that alcohol’s disruption in zona incerta and amygdala
communication may be responsible for this. For example, in the absence of the zona incerta’s sensory
regulation, the amygdala becomes overwhelmed with sensory information to process; as a result, job
related tasks might become more difficult to focus on. When one considers the relationship between
visual focus and working memory, the woes of heavy alcohol consumption are considerably highlighted.
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Chapter 7
CONCLUSION
Excessive drinking of alcohol continues to be problematic in the population of young adults
attending higher education. While the newly gained freedom at college universities marks an important
transition in students’ lives, it is important to acknowledge the very serious consequences of frequent
binge drinking resulting from enhanced social opportunities. This project has demonstrated a potentially
causal relationship between excess binge drinking and functional connectivity deficits in areas of the
brain responsible for aspects of memory and focus. While other factors certainly influence the trajectory
of being a successful student, memory and focus are crucial to the acquisition of new skills. This project
is not meant to instill fear or complete avoidance of social events involving alcohol; rather, it aims to
provide encouragement and reason to not have that last drink. Alcohol is deeply integrated into American
culture and will most likely remain commonplace for years to come. Develop safe and healthy drinking
habits now so that your college experience, education, and future pursuits are not held back.
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Chapter 8
FUTURE DIRECTIONS AND LIMITATIONS OF STUDY
One of the most glaringly obvious limitations of this study is the timing of imaging in relation to
the days of drinking. Referencing Figure 19, we can find several different types of drinking behavior.
Figure 19A shows a rat whose escalation of alcohol consumption begins right around the 9th day of
alcohol access (depicted by a yellow triangle) in the IA2BC paradigm (recall, after the 9th day of access,
the rats are imaged for their Week 3 data point). Conversely, Figure 19B depicts a rat whose drinking
escalation begins almost immediately, and, moreover, the consumption of alcohol begins to reach a stable
value around Day 9. Figure 19C, shows a completely different drinking pattern, where the peak value is
actually reached by Day 7 and all future alcohol consumption is a progressive decline. Lastly, Figure 19D
depicts a rat whose alcohol consumption shows immediate preference, followed by series of declines and
ascensions.
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Figure 19. Comparing Different Alcohol Drinking Behaviors across Rats

Figure 19 illustrates a very important point: interpretting imaging data in the context of alcohol
behavior must be extremely dilligent. For example, Week 3 rsfMRI data from Figure 19A likely captures
a state of the brain where alcohol preference is nascent and beginning to grow. Week 3 data from Figure
19B, however, likely reflects a state of the brain that has already established its level of alcohol
preference. Therefore, even though both rats reach the same peak value of ethanol (approximately 5
grams per day), the imaging data collected at the end of Week 3 is fundamentally different. A possible
alternative for future studies using rsfMRI and the IA2BC paradigm is to make imaging a ‘responsive’
tool. That is to say, it may be beneficial to image in response to drinking behaviors meeting certain
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criteria. For example, if one is interested in investigating the effects of alcohol on the brain as a function
of volume of fluid consumed over a period of time, then as soon as a rat surpasses some arbitrary
threshold, it should be imaged.
Continuing on the subject of imaging, another issue should be addressed: a single imaging session
in the seven weeks of the IA2BC paradigm is insufficient. As Figure 14 indicates, even in the high
drinking group, the 9th day of access does not mark a stabilized value for drinking. In fact, in both low and
high drinking groups, the average consumption of alcohol is continuing to increase at Day 9. One may
also argue that three weeks is an insufficient amount of time for the physiological disturbances of alchol
to significantly alter the homeostatic balance in the brain, especially if the rats have not even reached their
peak value of consumption. In light of this, an imaging session may be necessary at Week 5 or later.
Figure 14 also highlights an intriguing difference between low and high drinkers: after only the first
week, the separation in drinking begins to grow. This observation motivates the idea of having an
imaging session at the conclusion of Week 1.
The last major concern with imaging is its relationship in time with the last drink consumed. As
mentioned in the Methods section, the Week 3 imaging point occurs 24 or later hours after the last
drinking opportunity. That is to say, the alcohol is removed from the rats’ cages Saturday morning and
imaging begins on Sunday morning. It is critical to note, however, that this experimental paradigm does
not provide information regarding when the rats actually stopped drinking. It is very possible that rats
consume all of their alcohol within the first two hours of availability; this means that imaging is actually
occuring 46 hours or later relative to the last drink. This point is important because the body’s
homeostatic state may be very different when comparing 24 hours post-alcohol to 46 hours post-alcohol.
Specifically, it is well documented that if alcohol is not present in the body of alcoholics, acute alcohol
withdrawal syndrome will develop. Symptoms can begin as early as 6-8 hours following the cessation of
alcohol intake, peak between 10-30 hours following cessation, and subside between 40-50 hours
following cessation [31]. Acute alcohol withdrawal symptoms include hyperactivity, elevated anxiety,
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and tachycardia, all of which are manifestations of underlying brain function. In order to address this,
future work with this paradigm should attempt to monitor minute by minute drinking of rodents by using
a device known as a lickometer, which allows one to record the number of times a rodent sticks its tongue
onto a bottle.
The last limitation of this study is that no measurement is employed to determine if rats actually
achieved a BAC indicative of intoxication. While the current data provides information about how much
alcohol is consumed in a given day, it is possible that this consumption takes place at a small rate (i.e. the
rat consumes a large volume of alcohol slowly throughout the day). If this pattern of drinking is true, then
the BAC will remain low, and at no point will the rat experience intoxicating effects. BAC is a very
important parameter to consider because BAC reflects how much ethanol actually enters the brain: if the
BAC is kept perpetually low, virtually no ethanol will enter the brain despite the large daily volume of
alcohol consumed. If minimal amounts of ethanol enter the brain, obviously, there is no way for it to exert
its negative effects onto neurons or other cells of the brain. In order to acquire the deleterious effects
associated with alcoholism, the BAC must be elevated sufficiently for many repeated episodes.
Otherwise, interpreting data in the context of binge drinking is possibly erroneous. Future work with the
IA2BC paradigm should utilize BAC testing kits that allow blood extraction through the tail vein of
rodents. In combination with the lickometer, the BAC testing kit can be used on rodents following periods
where many incidences of bottle licking have occurred.
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