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ABSTRACT OF THE THESIS

The effects of abstinence from chronic ethanol administration on diffusion tensor

imaging metrics and myelin-associated proteins in the medial prefrontal cortex

Emmanuel Genaro Villalpando

Master of Science in Biology

University of California, San Diego, 2017

Professor Chitra D. Mandyam, Chair
Professor Douglass Forbes, Co-Chair

Previous studies have shown that ethanol dependence induced by repeating cycles

of chronic intermittent ethanol vapor exposure (CIE) followed by protracted abstinence

(CIE-PA) produces significant alterations in gliogenesis in the rodent medial prefrontal

X



cortex (mPFC). Specifically, CIE-PA has been shown in previous studies to significantly
dysregulate the process of myelinating oligodendrocytes in the mPFC by creating an
unprecedented increase in premyelinating oligodendroglial progenitor cell (OPC)
proliferation and survival, which has been associated with persistent elevated drinking
behaviors during abstinence. In the current thesis, 63 male adult Wistar rats were
subjected to seven weeks of CIE and were examined following 1 day(d), 7d, 21d, or 42d
of abstinence. Neuroimaging, capable of detecting alterations to the myelination integrity
of the mPFC in vivo, was performed in CIE-PA and age-matched non-vapor control rats,
in parallel with conventional immunohistochemical methods to better characterize the
physiological changes underlying any neuroimaging metric changes. This neuroimaging
technique, called diffusion tensor imaging (DTT), successfully detected abstinence-related
changes in the mPFC, specifically that CIE-PA produced transient increases in fractional
anisotropy (FA) at the 7d abstinence time point compared to controls and other time
points. Interestingly, this increase in FA, was associated temporally with increases in
myelin basic protein (MBP), myelin oligodendrocyte glycoprotein (MOG), 2°3’-cyclic-
nucleotide 3’-phosphodiesterase (CNPase) that we observed also occurred at the 7d PA
time point. Therefore, this study concluded that DTI is capable of detecting myelination

related changes in the mPFC that result from CIE-PA.



INTRODUCTION

Alcohol Use Disorder (AUD) currently afflicts over 15 million adults in the
United States as of 2015, with the lifetime prevalence of adult Americans who have
suffered from an AUD standing at a staggering 29.1% (Grant et al., 2017; SAMHSA et
al., 2015). Of the current population of AUD individuals, less than 10% of them will
receive treatment for their disorder, of which only 20-50% will achieve short-term
remission (Cohen et al., 2007; Dawson et al., 2005). Furthermore, of the short-term
remission achiever group, a significant proportion will fail to maintain abstinence, with
the estimated long-term relapse rate for this population being as high as 80% (Finney et
al., 1999; Moos et al., 2006). Hence, the need for the development of AUD treatments
with greater short-term and long-term remission rates necessitates expanded study of the
factors contributing to relapse vulnerability during the alcohol-abstinence process.

In order to effectively study AUDs, any animal model used to study alcohol
dependence must encapsulate key dimensions of the disorder to provide data with
sufficient external validity. Among these, an important criterion is that the model induces
a withdrawal-like state that closely mirrors human withdrawal syndromes, as a result of
ethanol usage cessation (McBride et al., 1998; Schulteis et al., 1996). For this reason, the
use of chronic intermittent ethanol (CIE) vapor exposure protocols have grown in
prominence as a way to better study the underlying neuropathology that is the resultant of
chronic alcohol usage. This well-established technique involves inducing ethanol
dependence via continued cycles of a continuous ethanol vapor exposure period followed
by a forced abstinence period for a prolonged duration of time (Gilpin et al., 2008). This

strategy has been shown to successfully induce ethanol dependence in rodents, as



assessed by the resultant somatic and motivational symptoms achieved during forced
withdrawal, including voluntary escalation in ethanol drinking, persistent anxiety-like
behavior, and dysregulation of reward thresholds (Becker et al., 2013; Griffin et al., 2009;
Griffin et al., 2014; Lopez et al., 2005; Lopez 2012).

The rodent medial prefrontal cortex (mPFC) is a region that has been shown to be
significantly affected as a result of the CIE paradigm (Mandyam et al., 2012). The region
is a functional homolog of the human prefrontal cortex, which is involved in a multitude
of higher order functioning processes involving the formation of behavior-action
functional associations, social cognition, and self-regulation through behavioral inhibition
(Bicks et al., 2015; Euston et al., 2012; Moorman et al., 2015; Preston et al., 2013;
Weilbacher et al., 2016). Hence, the prefrontal cortex acts as a fundamental component of
the neural circuits of self-control that are dysregulated in those with substance addiction
disorders such as AUDs (Abernathy et al., 2010). This highlights the significant
importance of understanding why the human frontal cortex region is especially
vulnerable to alcohol’s neurodegenerative effects on myelination, and consequently,
white matter integrity. The nature of these deleterious alterations has been characterized
by post-mortem studies, which have shown a significant decline in glial cell density,
levels of myelin-related transcripts, and myelin-related protein expression in the superior
frontal cortex region of human alcohol-dependent individuals (Lewohl et al., 2000;
Lewohl et al., 2005; Mayfield et al., 2002; Miguel-Hidalgo et al., 2006). These changes
in turn indicate that it is the oligodendrogenesis role of the mPFC that should be of key
interest in understanding the mechanism of alcohol-related white matter neuropathology.

Under normal conditions, the adult mammalian mPFC is a proliferative site of self-



renewing glial progenitors, with the majority of such progenitors maturing into neuron-
glial antigen 2 (NG2+) oligodendrocyte progenitor cells (NG2-OPCs) and subsequently,
myelinating oligodendrocytes (OLGs) (Somkuwar et al., 2014; Mandyam et al., 2007).
However, this process has been shown to be significantly altered as a result of CIE in a
way with significant implications (Kim et al., 2015; Navarro et al., 2015; Richardson et
al, 2009; Somkuwar et al., 2015).

For example, previous studies from our lab have shown that chronic ethanol
exposure via CIE and forced protracted abstinence, which is defined as abstinence for
greater than 24hr, from CIE (CIE-PA) induce significant and seemingly opposite patterns
of dysregulation of myelinating oligodendrogenesis in the mPFC. Specifically, this region
in CIE animals exhibited a decrease in the capacity of glial progenitors to proliferate and
differentiate into premyelinating OLGs, a decrease in the resident population of
premyelinating OLGs, and a corresponding decrease in expression of proteins associated
with myelination (Kim et al., 2015; Richardson et al., 2009; Mandyam et al., 2012).
Furthermore, CIE was determined to block the maturation of pre-myelinating OLGs into
myelinating OLGs in a manner dependent on the hyperphosphorylation of the basic helix-
loop-helix transcription factor Olig2 (Kim et al., 2015; Sun et al., 2011). Acute
withdrawal from CIE has also been shown in Samantaray et al., 2015, to significantly
downregulate CNS expression of key myelin-associated proteins in a manner associated
with axonal degeneration, indicating that the effects of deficits in myelinating OLGs
translate into the disruption of myelin integrity. In contrast, CIE-PA has been shown to
induce a spike in OPC proliferation at the 72h withdrawal time point, of which a

significant proportion of OPCs survive 28d post-CIE cessation and manifests as an



elevation in levels of pre-myelinating and myelinating OLG markers in the mPFC
(Somkuwar et al., 2015). CIE-PA has been shown to significantly upregulate myelin-
associated protein expression, which in conjunction with its induction of the
hypophosphorylation of Olig2, suggests that CIE-PA is promoting maturation of
premyelinating OLGs into myelinating OLGs (Navarro et al., 2015; Somkuwar et al.,
2016). Furthermore, the presence of these alterations to oligodendrogenesis and cortical
myelination, occurring in tandem with a persistent elevation in ethanol drinking and
anxiety-like behavior during abstinence, suggests the presence of compensatory
mechanisms that may contribute to relapsing propensity through the dysregulation of the
mPFC glial cell niche (Pleil et al., 2015; Van Skike et al., 2015; Valdez et al., 2002).
Diffusion tensor imaging (DTI) is a novel, non-invasive neuroimaging method
that is used to detect alterations in axonal integrity and myelination that conventional
structural magnetic resonance imaging (MRI) is incapable of measuring (O’Donnell et
al., 2011, Soares et al., 2017). For this reason, our lab decided to use this technique as a
way to further investigate and characterize alterations in the myelination of the mPFC as
a consequence of the CIE-PA paradigm. DTI involves generating image contrast based
on differences in the directionality, magnitude, and freedom of movement of water
molecule diffusion in different tissues on a per-voxel basis, with a voxel being a unit of
volumetric space in computer-based modeling (Alexander et al., 2007). Important DTI
metrics calculated for each voxel are mean diffusivity (MD), which describes the average
magnitude of diffusion occurring independent of directionality, and fractional anisotropy
(FA), which is a measure of the degree of directional selectivity of diffusion. An FA

value can range from 0 to 1 on a normalized scale, with a score of 0 entailing that



diffusion is isotropic, or of equal magnitude in all directions, while a score of 1 indicates
that diffusion is fully anisotropic, or completely predominant along a single axis. Regions
in which diffusion is highly restricted along certain axes, such as the white matter tracts
of the corpus callosum, tend to have higher FA values, while regions such as the
ventricles, which are membranous sacs filled with cerebrospinal fluid (CSF), have FA
values near zero (Chanraud et al., 2010). Hence, the technique is able to detect alterations
in the cellular composition, organization, and microstructure of tissue regions because
changes to such aspects of tissue will affect diffusion (Alexander et al., 2007; Soares et
al., 2017). Specifically, in relation to white matter, FA values serve as measures of white
matter axonal tract integrity and thus the extent of axonal myelination, while MD values
are regarded as indexes of the extent of fluid invasion into tracts (Basser et al, 1996;
Pierpaoli et al., 2001; Pfefferbaum et al., 2005; Rosenbloom et al., 2003).

Numerous DTI studies have indicated that alcoholism results in differential
disruption of the white matter integrity of frontal white matter tract projections to
cerebellar, limbic, occipital, and parietal regions. These studies emphasize that the pattern
of white matter disruption in frontal cortex regions that occurs as the result of chronic
ethanol usage in AUD individuals, has been consistently characterized as significantly
lowered FA values and elevated MD levels, (Fortier et al., 2014; Konrad et al., 2014;
Pfefferbaum et al., 2000; Pfefferbaum et al., 2014; Sorg et al., 2012; Zahr et al., 2017). In
turn, such a pattern of changes has been associated with decreased tract coherence,
involving disruptive changes to axon morphology, compromised myelin integrity, and
edema of extracellular fluid in surrounding tissues (Pfefferbaum et al., 2005).

Furthermore, the detrimental cognitive effects resulting from such damage to frontal



cortex regions have been consistently shown to be associated with specific deficits in
psychomotor processing speed, visuospatial memory, and working memory (Harper et
al., 2007; Pfefferbaum et al., 2005; Pfefferbaum et al., 2006; Rosenbloom et al., 2003,
Rosenbloom et al., 2008). Hence this pattern of lowered FA and elevated MD can be said
to be a clinically relevant marker of alcohol-related neuropsychological damage.
However, prolonged abstinence from alcohol exhibits therapeutic effects in that it has
been shown to result in recovery from frontal region FA deficits, in conjunction with
decreases in elevated MD values, in the timespan of weeks to months (Alhassoon et al.,
2012; Chaunraud et al., 2009; Gadzkinski et al., 2010; Zou et al., 2017). Perhaps most
intriguing, in terms of characterizing the relationship between changes in DTI metrics
and relapsing behavior, is a study (Sorg et al. 2012) revealing significantly lower FA in
the frontal lobe of AUD individuals that relapse to heavy-drinking post-treatment in
comparison to those that maintained abstinence or drank at minimal levels. Furthermore,
a trajectory of FA increase in frontal white matter tracts and, hence, restoration of fiber
integrity, has been shown to occur in alcoholics who remained abstinent after treatment,
while alcoholics who relapsed expressed a trajectory of FA decrease (Pfefferbaum et al.,
2014).

Although it is tempting to infer that this recovery of FA values in frontal-cortical
regions corresponds with certain physiological changes resulting in the non-relapsing
phenotype, it must be recognized that to fully characterize the mechanism of recovery of
microstructural white matter integrity detected via DTI, conventional forms of tissue
analysis must be utilized. Hence the present need to substantiate the correlative

relationship of specific DTI measures with particular microstructural aberrations has



renewed emphasis towards the use of animal models in the study of alcohol use disorders
(De la Monte et al., 2014; Oguz et al., 2015; Zahr et al., 2017). In support of this notion,
multiple studies have shown that unique DTI metric expression patterns are consistently
and reliably able to detect changes in myelination status, axonal integrity, inflammatory
lesions, and the location of such pathology in particular white matter tracts, as confirmed
through the use of supporting protein, histological, morphological, and genomic analysis.
(Song et al., 2002; Song et al., 2005; Deboy et al., 2007; Mac Donald et al., 2007; Kim et
al., 2005; Wu et al., 2008; Zhang et al., 2012).

Given the capacity of small animal DTI to be used in conjunction with
biochemical methods, this experiment was designed to allow for the physiological
characterization and verification of any detectable changes in white matter integrity
occurring in the rodent mPFC as a result of CIE-PA. Following in vivo DTI scanning at
either the 1d, 7d, 21d, or 42d abstinence time points selected during CIE-PA, immediate
animal sacrifice allowed for cortical tissue collection and subsequent analysis. Having
multiple points during CIE-PA analyzed allowed for an assessment of time-dependent
changes in the DTI metrics of FA and MD, that were then explained more
mechanistically utilizing Western blot analysis of myelin-associated proteins and glial
cell populations within the mPFC. The primary hypothesis of this experiment was that
DTI would detect changes in FA and MD values in the rodent mPFC at different time
points during the abstinence period of CIE-PA. The secondary hypothesis was that such
observed changes in FA and MD value would be correlated with the elevated expression
of myelin-associated proteins and myelinating oligodendrogenesis in the mPFC that has

been observed as a consequence of CIE-PA.



MATERIALS AND METHODS

Animals

Sixty-three adult male Wistar rats (Charles River, Hollister, CA USA), aged 8-
weeks old and weighing between 275-325g at the start of the experiment, completed this
study. Animals were housed in a temperature-controlled (22°C) vivarium with ad libitum
access to food and water. Animals were set on a 12-hour (hr) light/ 12hr dark cycle, with
the light cycle beginning at 8:00PM, in groups of 2 to 3 animals per cage unit. All
experimental protocols used in this study were approved by The Scripps Research
Institute and the VA San Diego Healthcare System Institutional Animal Care and Use
Committee and were performed in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised
1996).
Chronic intermittent ethanol vapor exposure and protracted abstinence (CIE-PA)

During this experiment, animals were randomly assigned to either CIE-PA or
non-CIE-PA (age-matched non-vapor controls) group. CIE-PA rats were exposed to
cycles of ethanol vapor produced via vaporization of 95% ethanol in a heated flask that
was immediately conveyed through controlled air flow to rat vapor chambers on a 14-h
on/ 10-h off daily schedule for the duration of seven weeks. The vapor flow rate was
calibrated so as to achieve animal target blood alcohol levels within the range of 125 to
250 mg/dL (27.2 to 54.4 mM), which has been shown to induce voluntary escalation in
drinking behavior, in addition to both physical dependence and negative behavioral affect
during ethanol withdrawal (Gilpin 2008, Griffin 2009a, Griffin 2009b, Griffin 2014,

Lopez 2005). Following seven weeks of cyclic vapor exposure, CIE-PA animals



underwent protracted abstinence from ethanol exposure. CIE-PA animals were then
randomly assigned into four separate CIE-PA time-point groups that were subjected to
either 1d (n=10), 7d (n=9), 21d (n=9), or 42d (n=9) of forced abstinence, at which point
they underwent structural and DTI scanning, and were then immediately sacrificed while
still completely anesthetized (Figure 1). Age-matched non-vapor controls for 1d (n=8),
7d (n=6), 21d (n=6), or 42d (n=6) CIE-PA animals were scanned and sacrificed on the
same day as their respective vapor-exposed group.
Blood alcohol levels (BALSs) measurements

In order to assess animal BALs and ensure that they were within the designated
target range, blood samples (0.2mL) from CIE-PA animals were collected immediately
post-daily vapor exposure via tail-bleeding. Samples were collected twice during the first
week of exposure, and weekly for the subsequent six weeks. After collection, the samples
were centrifuged, and isolated plasma aliquots (SuL) were assessed utilizing an Analox
AM1 analyzer (Analox Instruments USA Inc., MA, USA) to determine BALs. For each
set of samples, the reagents provided by Analox Instruments (25-400 mg/dL or 5.4-87.0
mM) were utilized to perform the necessary single-point calibrations. Ethanol vapor
levels were adjusted accordingly when animal BALs fell outside of the target range of
125-250 mg/dL. Mean BALs of CIE-PA animals throughout the course of the seven
weeks of vapor exposure were then determined (Figure 2).
Magnetic resonance imaging (MRI)

Conventional T2-weighted MRI and DTI were performed on all rats at the
assigned time point post-cessation of seven weeks of CIE for CIE-PA animals, and their

respective age-matched non-vapor controls. These scan sessions occurred at 1d post-



ethanol cessation or post-natal day (PND) 105, 7d or PND 126, 21d or PND126, and 42d
or PND147. All imaging was performed on a Bruker 7 Tesla/20cm horizontal bore small
animal MRI system (Bruker BioSpec, Ettingen, Germany), with use of bite bar to affix
rat head in standardized prone position for all subjects in order to minimize motion
artifacts. This was done after the initiation of subject anesthetization with a 3.0 volume %
isoflurane and 1.2-1.4 I/min oxygen flow mixture, which was delivered to each subject
via nose cone for duration of scan. After head placement, a two-channel local receive
radiofrequency (RF) coil was fitted over head and secured into place using tape to further
reduce possible motion disturbances due to breathing. Vitals were continuously
monitored throughout duration of the scan session via usage of a respiratory monitor to
detect breathing rate and a rectal probe to monitor core temperature, which was kept at
approximately 37°C through the use of a continuous flow of heated air.

All imaging sessions began with use of a standard localizer scan (TriPilot) to
position the subject head in optimal orientation for coronal plane slice acquisition.
Following this, anatomical and T2-weighted imaging protocols were executed for each
animal scan, prior to running a standard DTI protocol. The T2-weighted images were
acquired using a fast spin echo (FSE) imaging sequence protocol: TR= 8308.7ms, TE=
36.0ms, flip angle = 180.0°, NEX= 6, slices per subject = 60, slices with slice thickness
=400um, acquisition matrix =256 x 128, field of view=20.5mm x 20.5mm, in-plane
resolution= 80 pm x 160um, and time = 13 m 17 s per individual. Diffusion tensor
imaging was performed using a 30 direction, multi-shot spin echo planar-imaging
sequence (DTI-EPI) protocol utilizing diffusion-weighted gradients with b-value = 1000

s/mm” applied in six noncollinear directions, with an additional five b= 0 s/mm? images
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collected. This DTI-EPI protocol has been utilized in similar DTI addiction studies of the
rodent brain performed on a 7T scanner (McKenna et al., 2016). The scanning parameters
for DTI were as follows: TR = 7500.0ms, TE= 23.4ms, flip angle= 90.0°, NEX= 1, slices
per subject = 30, slice thickness = 600um, acquisition matrix = 176 x 80, field of
view=28.2mm x 12.8mm, in-plane resolution=160pum x 160um, and time = 8m 0Os per
individual. All DTI scans were followed by a conventional DTI TOPUP Distortion
Correction protocol in order to correct for common geometric distortions that are the
resultants of magnetic field susceptibility effects that occur during echo-planar DTI
image acquisition (Andersson et al., 2003).
DTI image processing

Samples of regions of interests in grey and white matter were manually selected
over DTI images utilizing Bruker Paravision Software Version 5.1 software at five
distinct rat neuroanatomical regions of interest (ROIs), which were the infralimbic cortex,
prelimbic cortex, anterior cingulate cortex, motor cortex (MC), and corpus callosum(CC).
It should be noted that the infralimbic, prelimbic, and anterior cingulate cortices
constitute regions of the mPFC, and all data from them was averaged to give a combined
mPFC value for each DTI metric measured. The Paravision Software was first used to
calculate the diffusion tensors and subsequently used for determination of DTI metrics
for the defined ROIs. This was done utilizing the software’s image reconstruction
program, which performed the complete reconstruction of all DTI image slices,
generating standard eigenvalue and eigenvector maps for every image slice within every
series of DTI images collected for each animal. Subsequently, Paravision-generated maps

of FA and trace values were generated. The five ROIs of interest were then located and
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manually selected through consistent referral to drawing rules defining the maximum
boundaries of each ROI as determined utilizing Paxinos et al., 2009 atlas reference. These
five ROIs were each selected over each hemisphere, resulting in a total of ten ROIs
placed over a single slice, one for each aforementioned brain region per hemisphere. For
each subject, one 600uM slice was selected and slice selection was limited to scan slice
sections located between bregma 3.72mm to 3.00mm, in the coronal plane, which
encompasses a minimal boundary approximation of the rat medial prefrontal cortex. This
was done in order to ensure that calculated metrics for each selected ROI were limited to
and specified to those regions, such that measurements from adjacent neuroanatomical
structures would not influence DTI metrics determined. By doing such, partial voluming
effects (the contamination of an ROI with data from other regions) were minimized.
Subsequently, FA and trace values within the selected regions were automatically
calculated by the Paravision software statistical analysis program, and subsequently
recorded. Trace values were then converted to MD values using the appropriate
calculations.
T2-Image volumetric image processing

To assess the effect of ethanol withdrawal on the size of the rodent mPFC,
defined structurally as the combined infralimbic, prelimbic, and anterior cingulate
cortices, the image analysis and 3D visualization software Amira was used in the
volumetric analysis of the T2-images of all animals (n=63). Previous structural MRI
studies on human AUD patient brains have consistently shown persistent volumetric
shrinkage effects in frontal cortical regions even after limited recovery due to periods of

prolonged abstinence (Bae et al., 2016; Cardenas et al., 2007; Fortier et al., 2011,
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Pfefferbaum et al. 2014; Zahr et al., 2017). For this reason, we sought to assess any
possible volumetric changes in the mPFC region as a result of the CIE-PA protocol.
Using Amira, manual segmentation of the mPFC was then performed on selected slices
using a landmark-based strategy in which neuroanatomical regions with sharp contrast
boundaries were used as reference points to delineate anatomical structures (Cox et al.,
2014; Crespo-Facorro et al., 1999; McCormick et al., 2006; Wolf et al., 2002). Per
subject two 400uM slices were selected, with slice selection limited to the range of
bregma 3.72mm to 3.00mm, in the coronal plane. This encompassed a minimal boundary
approximation of the rat medial prefrontal cortex in the coronal plane that was
established using Paxinos et al., 2009 as an atlas reference (Figure 8c).

The mPFC was outlined by beginning at the point of the corpus callosum that was
most ventromedial, which was approximately 1mm from the coronal plane midline. From
this point, a line was drawn directly downwards for 0.5 mm, after which a connecting line
was made directly perpendicular from this point, such that it went directly medial and
connected with the coronal midline. From this point, a line was drawn directly vertical
until the most dorsal point of the coronal axis midline was reached. Returning to the most
ventral point of the corpus callosum, the curvature of the medial boundary of the corpus
callosum was then traced until the most dorsomedial point on the corpus callosum was
reached. Next, beginning at the most dorsal point on the midline of the coronal axis, an
approximately 0.5mm line was drawn laterally at a 45degree angle to the horizontal axis,
from which the most dorsal point on the midline was upon. Finally, a line was drawn
from this point, back to the most dorsomedial point of the corpus callosum. After this, the

AMIRA software’s autofill feature was utilized to fill in the unselected region outlined by
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the manual tracing. This process was repeated twice for each slice, one time for each
hemisphere. The AMIRA software used for 3D reconstruction of manually segmented
mPFC portion selected within this range and subsequent volumetric calculation and

determination was performed by software to generate volumetric data.

Western blot analysis

Optimized western blot protocols were utilized in order to measure levels of
myelin-associated proteins and total proteins at each time point during the abstinence
period of the CIE-PA protocol (Kim et al., 2015; Somkuwar et al., 2014; Somkuwar et
al., 2015). Immediately after scanning sessions were completed, rapid decapitation of
isoflurane anesthetized CIE-PA (n= 37) and age-matched non-vapor control (n=26)
animals were performed. After rapid removal, brains were cut along the mid-sagittal axis,
with 4% paraformaldehyde utilized to fixate the right hemisphere, while the left
hemisphere was flash frozen for tissue-punching. Subsequently, 500um slices from the
mPFC were cut, from which tissue punches were collected, homogenized via sonication
using ice-cold buffer (320 mM sucrose, 5 mM HEPES, 1 mM EGTA, 1 mM EDTA, 1%
SDS, with Protease Inhibitor Cocktail and Phosphatase Inhibitor Cocktails IT and III
diluted 1:100; Sigma, St. Louis, MO), and heated for a period of five minutes at 100°C.
All samples were subsequently stored at a temperature of -80°C until protein
concentration was determined through the use of a detergent-compatible Lowry method
(Bio-Rad, Hercules, CA), before being mixed (1:1) with Laemmli sample buffer
containing -mercaptoethanol. Following this, 20ug aliquots of each sample were ran on

8-12% SDS-PAGE gel, prior to being transferred to PVDF membranes (0.2um pore size).
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After transfer, 5% milk (w/v) in TBST solution (25 mM Tris-HCI (pH 7.4), 150 mM
NaCl and 0.1% Tween 20 (v/v)) was used to block all blots at 4°C for 16 to 20hr. Blots
were then incubated in at 4°C for 16-20h in primary antibody: antibody to cyclic
nucleotide phosphodiesterase (CNPase) (1:2000, Cell Signaling cat. 5664, predicted band
size 47kDa, observed band ~47 kDa), antibody to myelin oligodendrocyte glycoprotein
(MOG) (1:1000, Thermo Fischer Scientific cat. pa5-19602, predicted molecular weight
25 kDa, observed band ~25kDa), antibody to myelin basic protein (MBP) (1:500, Abcam,
cat. no. ab40390, predicted band size 18-23 kDa, observed band ~20 kDa), antibody to
oligodendrocyte lineage transcription factor 2 (Olig2) (1:10000, generous gift from Drs.
Charles Stiles and John Alberta, Harvard University, predicted molecular weight 37 kDa
(Ligon et al., 2006), observed band ~37 kDa), antibody to phosphorylated-
oligodendrocyte lineage transcription factor 2 (pOlig2) Ser-10, 13,14 (1:500, generous
gift from Drs. Charles Stiles and John Alberta, Harvard University, predicted molecular
weight 35 kDa, observed band ~35 kDa (Sun et al., 2011)). As a loading control, 3-
tubulin (1:8,000, Santa cruz cat. no. sc-5274, predicted band size 50 kDa, observed band
~50 kDa) was utilized. The blots were then washed for three cycles over 15 minutes in
TBST, from which they were subjected to a 1h, room temperature (24°C) incubation in
either horseradish peroxide—conjugated goat antibody to rabbit (1:10,000, BioRad) or
horseradish peroxide—conjugated goat antibody to mouse IgG1 (1:10,000, BioRad) in
TBST. An additional washing period of three cycles over 15 minutes in TBST was then
performed before immunoreactivity detection, using SuperSignal West Dura
chemiluminescence detection reagent (Thermo Scientific) and collection using HyBlot

CL Autoradiography film (Denville Scientific) and a Kodak film processor. The software
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Image J (version 1.45S, NIH) was then utilized to determine net intensity values from
blots. Subsequently, blots were stripped for 20 minutes at room temperature (Restore,
Thermo Scientific). After stripping, blots were reprobed for B-Tubulin (1:8000, SCBT sc-
53140) for normalization purposes. In order to make value comparisons between groups,

unpaired Student’s t tests were used.

Statistical Analysis

The effect of duration of CIE-PA on fractional anisotropy, mean diffusivity, and
myelin-associated protein levels were analyzed using one-factor ANOVA, followed by
post-hoc analysis using Tukey’s and Dunnett’s post hoc tests. Unpaired Student’s t-test
were utilized to assess the effect of group (control vs CIE-PA) on fractional anisotropy,
mean diffusivity, and myelin-associated protein levels. Data are expressed as mean =+
SEM and statistical significance for values was set at p<0.05. All analysis performed on

GraphPad Prizm software.
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RESULTS
CIE produces elevated and consistent blood alcohol levels
The experimenter-adjusted BALs of the CIE-PA animals took two weeks to
acclimate to the target BAL range of 125 and 250 mg/dl (Figure 2). After reaching this
range at week 3, BALs remained within target range for the remaining duration of the

CIE treatment period, for a total of five weeks.

In controls, no changes were observed in fractional anisotropy (FA) values of the
mPFC, motor cortex, and corpus callosum

In order to control for possible confounding effects on observing a true effect of
duration of abstinence on FA values in the mPFC, the FA values of our ROIs in controls
was assessed. Analysis of the FA values in age-matched non-vapor controls for each
respective CIE-PA group showed no significant differences between these control groups
in terms of FA values in the mPFC [F(3, 22) = 1.032, p=0.3976], motor cortex [F(3, 22) =

2.024, p=0.1399], and corpus callosum [F(3, 22) = 1.748, p=0.1865], regions (Figure 3).

CIE-PA transiently elevates FA Values in the mPFC at the 7d abstinence time point
Fractional anisotropy values in the mPFC for each CIE-PA group were expressed
as percentages of each group’s respective age-matched vapor controls (Figure 4a).
Analysis of differences between the different durations of abstinence for each CIE-PA
group revealed that the effect of duration of CIE-PA on FA value in the mPFC was
significant [F(3, 33) =4.174, p<0.05]. Post-hoc analysis showed a significant difference

between the FA values of the 7d and 42d CIE-PA groups (p<0.01), with an approximate
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15.56 % decrease in FA at the 42d CIE-PA group relative to the 7d CIE-PA group.
Separate T-tests for individual time points revealed a transient elevation in FA value of
the mPFC in the 7d abstinence CIE-PA group relative to age-matched non-vapor controls

(p=0.0186).

Aging has no effect on MD values in the mPFC, motor cortex, and corpus callosum

In order to control for possible confounding effects on observing a true effect of
duration of abstinence on MD values in the mPFC, the MD values of our ROIs in
controls was assessed was assessed. Analysis of the FA values in age-matched non-vapor
controls for each respective CIE-PA group showed no significant differences between
these control groups in terms of MD values in the mPFC [F(3, 22) = 2.458 , p=0.0897],
motor cortex [F(3, 22) =1.051, p=0.3899], and corpus callosum [F(3, 22) =2.685,

p=0.0715] regions (Figure 5).

Duration of abstinence in CIE-PA affects MD Values in the mPFC

Mean Diffusivity values in the mPFC for each CIE-PA group were expressed as
percentages of each group’s respective age-matched vapor controls (Figure 6a). Analysis
of differences between the different durations of abstinence for each CIE-PA group
revealed that the duration of abstinence on MD value in the mPFC was significant [F(3,
33)=4.871, p <0.01], indicating that another mPFC DTI metric exhibited a duration-of-
withdrawal dependent effect. Further analysis showed a small, but significant difference
between the MD values in the mPFC of the 1d and 42d CIE-PA groups (p = 0.0259), with

an approximate 5.55% lower MD value in the 1d CIE-PA group relative to the 42d CIE-
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PA group. Additionally, another small, but significant difference between the MD values
of the 21d and 42d CIE-PA groups (p = 0.0124) was found, with an approximate 6.26%

lower MD value in the 21d CIE-PA group relative to the 42d CIE-PA group.

Duration of abstinence in CIE-PA affects MD Values in the motor cortex

Mean Diffusivity values in the motor cortex for each CIE-PA group were
expressed as percentages of each group’s respective age-matched vapor controls (Figure
6b). Analysis of differences between the different durations of abstinence for each CIE-
PA group revealed that the effect of duration of CIE-PA on MD value in the motor cortex
was significant [F(3, 33) = 5.768, p<0.005]. Post-hoc analysis showed a significant
difference between the MD values of the 1d and 7d CIE-PA groups (p = 0.0185), with an
approximate 15.22% lower MD value in the 1d CIE-PA group relative to the 7d CIE-PA
group. Additionally, another significant difference between the MD values of the 1d and
42d CIE-PA groups (p = 0.0025) was found, with an approximate 18.92% lower MD

value in the 1d CIE-PA group relative to the 42d CIE-PA group.

The volume of the mPFC is not affected by the duration of abstinence in CIE-PA
nor in controls

In order to ensure that volumetric effects would not confound DTI metric values,
volumetric measurements of the mPFC were taken for all animals (Figure 8a-b).
Analysis showed no difference in volume of the mPFC the age-matched non-vapor

controls for each respective CIE-PA group [F= (3, 23) = 0.1685, p=0.9165]. Additional
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analysis showed that the different durations of abstinence for each CIE-PA group also

had no effect on the volume of the mPFC [F= (3, 35) = 0.0394, p=0.9894].

CIE-PA transiently elevates levels of CNPase expression in the mPFC at the 7d
abstinence time point

To investigate the effects of different durations of abstinence in CIE-PA on
CNPase expression in the mPFC, Western blot analysis was conducted (Figure 9a, c).
Analysis of differences between the different durations of abstinence for each CIE-PA
group revealed that the duration of abstinence had a significant effect on CNPase
expression in the mPFC [F(4,57) = 3.638, p = 0.0104]. Post-hoc analysis showed a
transient elevation in CNPase expression of the mPFC in the 7d abstinence CIE-PA
group relative to controls (p=0.0067). As a late-stage oligodendrocyte lineage marker,
elevations in CNPase levels indicates enhanced OPC maturation into immature and
myelinating oligodendrocytes (Barateiro et al., 2014). This marker was utilized in
conjunction with assessment of myelin-associated proteins in order to elucidate if

increases in myelin were associated with increases in total OLG population.

CIE-PA transiently elevates levels of MBP expression in the mPFC at the 7d
abstinence time point

To investigate the effects of different durations of CIE-PA on MBP expression in
the mPFC, Western blot analysis was conducted. Analysis of differences between the
different durations of abstinence for each CIE-PA group revealed that the effect of

duration of CIE-PA on MBP expression was significant in the mPFC [F(4,57) =3.639, p
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=0.0430]. Post-hoc analysis showed a transient elevation in MBP expression of the
mPFC in the 7d abstinence CIE-PA group relative to controls (Figure 9a-b, p=0.0025).
This result is consistent with previous studies utilizing the same CIE-PA paradigm, which

showed elevated MBP levels during CIE-PA (Kim et al., 2015; Navarro et al., 2015).

CIE-PA transiently elevates levels of MOG expression in the mPFC at the 7d time
point

To investigate the effects of different durations of CIE-PA on MOG expression,
Western blot analysis was conducted (Figure 9a, e). Analysis of differences between the
different durations of abstinence for each CIE-PA group revealed that the effect of
duration of CIE-PA on MOG expression was significant in the mPFC [F(4,57) =3.157, p
=0.0206]. Post-hoc analysis showed a transient elevation in MBP expression of the
mPFC in the 7d abstinence CIE-PA group relative to controls (p=0.0280). The
dysregulation of expression levels of MOG, another myelin-associated protein in addition
to MBP, substantiates a narrative of myelination abnormalities in the mPFC as a

consequence of CIE-PA.

CIE-PA trends towards a transient depression in levels of pOlig2 expression in the
mPFC at the 21d time point

To investigate the effects of different durations of CIE-PA on pOlig2 expression,
Western blot analysis was conducted (Figure 9b, f). Individual pOlig2 expression values
were calculated as a percentage of total Olig2 (tOlig2) for each rat, such that the pOlig2

value is calculated as a ratio of pOlig2 to tOlig2. Analysis of differences between the
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different durations of abstinence for each CIE-PA group revealed that the effect of
duration of CIE-PA on pOlig2 expression in the mPFC, trended towards a decrease in
pOlig2 levels, although this effect did not reach significance [F(4,57) = 2.481,
p=0.0562]. This trend is in agreement with results from a previous study from our lab,
that showed that CIE-PA induces hypophosphorylation of Olig2 (and hence a decrease in
pOlig2 levels), in a manner that was associated with elevation in MBP levels (Navarro et
al., 2015). Literature has shown that hypophosphorylation of Olig2 is associated with
increased maturation of immature oligodendrocytes into mature myelinating
oligodendrocytes, which would corroborate with elevated expression of myelin-

associated proteins, such as MOG (Sun et al., 2011).
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DISCUSSION

The primary goal of my thesis was to determine whether withdrawal from chronic
ethanol usage, as established through the protracted abstinence in the CIE-PA protocol,
would produce time-dependent changes in FA and MD values in the mPFC, as detected
through the use of in vivo DTI. The secondary goal was to determine whether any
detected changes in DTI metrics would be associated with elevations in myelin-
associated protein expression and myelinating oligodendrogenesis. Although previous
studies have demonstrated that CIE-PA significantly alters the process of myelinating
oligodendrogenesis in the mPFC (Navarro et al., 2015; Richardson et al., 2009;
Somkuwar et al., 2015; Somkuwar et al., 2016) the use of DTI to characterize such
changes in this gray matter region is a novel application of this neuroimaging technique.
Furthermore, this study provided a more comprehensive analysis of the protracted
abstinence portion of CIE-PA, by assessing neuroimaging metrics and supporting protein
data at a multitude of time points: the 1d, 7d, 21d, and 42d into abstinence.

Although it was found that the length of abstinence in CIE-PA had significant
effects on MD values in the mPFC and MC regions, the biological significance of such
effects are unknown. This is because the magnitude of the observed differences between
the MD values of the differing CIE-PA groups in these two regions were small and did
not differ significantly from controls. Further studies should look at the effect of varying
lengths of abstinence from chronic ethanol usage on MD values in frontal brain regions,
because elevated diffusivity values are a sign of alcohol-related pathological
accumulation of fluid and disruption of microstructure (Mori et al., 2006). However, it

was demonstrated that duration of abstinence in CIE-PA produced a significant, transient
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increase in FA in the mPFC at the 7d abstinence time point. This showed that DTI could
be used to detect changes induced by abstinence from chronic ethanol usage in the mPFC
region. Furthermore, because the MD and FA values in the mPFC, motor cortex, and
corpus callosum did not significantly differ between the age-matched non-vapor controls
for each respective CIE-PA group, this detected change in FA could be interpreted as a
true effect of the CIE-PA protocol. Given that FA is a measure of the amount of diffusion
occurring along directionally-specific orientation, higher FA values are generally a
baseline characteristic of regions of the brain that contain highly organized and directed
diffusion, namely the highly myelinated axons of white matter fiber tracts connecting
regions such as the prefrontal cortex to other key neural structures (Arfanakis et al., 2002;
Bihan et al., 2003; Chanraud et al., 2010; Soares et al., 2013). Furthermore, this high FA
value has been established as a correlate of healthy white matter fiber integrity, and
studies on recovering alcoholics have found that the first few weeks to months of the
sustained abstinence period is characterized by significant recovery from consistently
observed decreases in FA that were present during chronic ethanol usage (Alhassoon et
al., 2012; Gadzinski et al., 2010; Pfefferbaum et al., 2014; Zahr et al., 2017). Thus,
increases in FA are generally associated with abstinence-related recovery through
increased axon integrity, of which a major component of maintaining is the extent of
myelination (Rosenbloom et al., 2008; Zahr et al., 2008).

In addition to the observed increase in FA value, it was found that CIE-PA
produced a significant increase in the expression of MBP, MOG, and CNPase, all myelin-
associated proteins and markers of myelinating oligodendrocytes, that also occurred in

the mPFC at the same 7d abstinence time point as the observed FA increase. A trending
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towards significant transient decrease in pOlig2 expression was also found at the 21d
CIE-PA abstinence time point. Given that a decrease in pOlig2 has been correlated with
enhanced maturation of OPCs into myelinating oligodendrocytes (Sun et al., 2011), this
result supported findings from a previous study (Navarro et al., 2015) that CIE-PA
induces hypophosphorylation of pOlig2 and hence enhanced maturation of OPCs into
myelinating oligodendrocytes. For these reasons, the observed elevation in FA in the
mPFC was interpreted as a consequence of an overexpression of myelination, and hence
density of myelinating oligodendrocytes beyond normal levels of myelin expression.
Further support for this notion came from the finding that CIE-PA had no effect on the
volume of the mPFC, indicating that any decreases in myelination would be due to a
decrease in levels of total myelin density, and not due to a structural volumetric shrinkage
phenomena.

One possible explanation for this elevation in myelination observed at the 7d
protracted abstinence time point is based on the observation from previous studies (Kim
et al., 2016; Somkuwar et al., 2015) that CIE-PA induces enhanced OPC proliferation at
the 72hr abstinence time point, from which there is an increase in survival and
differentiation of these OPCs into myelinating oligodendrocytes (Cui et al., 2015). This
enhanced differentiation response and consequent increase in myelination levels of the
mPFC could be a product of an elevated neuroinflammatory response, which itself has
been a well-established resultant of prolonged abstinence from chronic ethanol usage
(Crews et al., 2012; Crews et al., 2015; Montesinos et al., 2016). Several studies have
pointed to the essential role that neuroinflammatory factors such as tumor necrosis factor

o (TNFa), in the process of OPC-dependent remyelination from experimentally induced
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demyelination (Arnett et al., 2001; Bieber et al., 2004; Kotter et al., 2001; Waly et al.,
2014). In fact, in Foote et al., 2005, it was demonstrated that in a rodent model of
multiple sclerosis, transplanted OPCs required the stimulation of an inflammatory
response in order to engage in the remyelination of a chronically demyelinated region. In
further support of the neuroimmune-oligodendrogenesis connection, a recent publication
(Somkuwar et al., 2016) has demonstrated that CIE-PA induces elevated levels PECAM-
1, important mediator of dynamic regulation of blood-brain barrier integrity in response
to neuroinflammation (Cheung et al., 2015; Privratsky et al., 2014; Woodfin et al., 2007),
has that was shown to be associated with increased proliferation and survival of OPCs in
the mPFC. Hence, the observed transient increase ins FA in the mPFC could be a product
of an increase in myelinating oligodendrogenesis caused by a neuroimmune response
catalyzed by protracted abstinence from ethanol during CIE-PA. In addition, it should be
noted the CIE-PA has been shown to consistently produce elevated drinking levels during
abstinence in rodents (Gilpin et al., 2008; Griffin et al., 2014), a behavior that has
important clinical relevance to relapsing behavior in abstinent alcoholics. Altogether,
these findings suggest that future research should further characterize the behavioral
implications of both CIE-PA-induced dysregulation of myelinating oligodendrogenesis
and blocking such dysregulation, in order to further assess the effect that the phenomena
has on drinking behavior. In addition, later studies should continue to explore the use of
DTI as an effective, non-invasive method for characterizing myelination integrity
changes of the mPFC, given that this study has shown the technique’s capacity to assess
such alterations. Thus, continued translational efforts to establish the relationship

between patterns of change as detected by DTI and conventional tissue analysis methods
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should be made. This is because the use of DTI as a potentially clinically-efficient way to
monitor the effectiveness of existing and potential pharmaceutical and behavioral
therapies for recovering alcoholics presents a possible mechanism for better assessing

and adjusting treatment strategy for those suffering from alcohol use disorders.
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Figure 2: Stable blood alcohol levels are produced by chronic intermittent ethanol
vapor exposure. Mean blood alcohol levels (BALs) in mg/dl for CIE-PA animals over
the course of the seven weeks of CIE prior to PA period. The lower and upper bounds of
dotted lines indicate, respectively, the 125 mg/dl and 250 mg/dl target BAL interval
limits.
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Figure 3: Fractional anisotropy scores in the mPFC, motor cortex, and corpus
callosum are unchanged in controls. Raw fractional anisotropy (FA) scores for age-
matched non-vapor controls in the medial prefrontal cortex (mPFC), motor cortex (MC),
and corpus callosum (CC) regions are shown. Legend indicates postnatal day(PND) age
of rats in each control group. No significant changes in raw FA values were detected in
any region between the age-matched non-vapor controls for each respective CIE-PA
group. n = 8 for 1d age-matched non-vapor control animals, n = 6 for 7d age-matched
non-vapor control animals, n = 6 for 21d age-matched non-vapor control animals, and n =
6 for 42d age-matched non-vapor control animals.
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Figure 4: CIE-PA increases fractional anisotropy in the mPFC at the 7d abstinence
time point. (a) CIE-PA increases fractional anisotropy in the mPFC at the 7d protracted
abstinence time point. Analysis of fractional anisotropy values in the (a) mPFC, (b) MC,
and (c) CC of 1d, 7d, 21d, and 42d CIE-PA animals expressed as percent change
compared with controls. n = 10 for 1d CIE-PA animals, n =9 for 7d CIE-PA animals, n =
9 for 21d CIE-PA animals, and n = 9 for 42d CIE-PA animals. *p<0.05 compared with
controls, “*’p<0.05 compared with 1d CIE-PA group.
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Figure 5: Mean diffusivity values in the mPFC, motor cortex, and corpus callosum
are unchanged in controls. Raw mean diffusivity (MD) scores for age-matched non-
vapor controls in the medial prefrontal (mPFC), motor cortex (MC), and corpus callosum
(CC) regions are shown. Legend indicates postnatal day(PND) age of rats in each control
group. No significant changes in raw MD values were detected in any region between the
age-matched non-vapor controls for each respective CIE-PA group. n = 8 for 1d age-
matched non-vapor control animals, n = 6 for 7d age-matched non-vapor control animals,
n = 6 for 21d age-matched non-vapor control animals, and » = 6 for 42d age-matched
non-vapor control animals.
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Figure 6: CIE-PA affects mean diffusivity values in the mPFC and the motor cortex.
Analysis of mean diffusivity values in the (a) mPFC, (b) MC, and (c) CC of 1d, 7d, 21d,
and 42d CIE-PA animals expressed as percent change compared with controls. » = 10 for
1d CIE-PA animals, n =9 for 7d CIE-PA animals, n = 9 for 21d CIE-PA animals, and n =
for 42d CIE-PA animals. *p<0.05 compared with controls, “#”’p<0.05 compared with 1d
CIE-PA group, “$”p<0.05 compared with 21d CIE-PA group.
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Figure 7: The volume of the mPFC is not affected by CIE-PA. Neither (a) the age-
matched non-vapor controls for each respective CIE-PA group nor (b) the CIE-PA groups
experienced a significant change in the volume of the mPFC. A representative atlas
image (c) adapted from Paxinos et al., 2009, depicting the boundary of the mPFC,
composed of the infralimbic (IL), prelimbic (PrL), and anterior cingulate cortices (ACC),
outlined in red. n = 10 for 1d CIE-PA animals, n =9 for 7d CIE-PA animals, n =9 for
21d CIE-PA animals, and n = for 42d CIE-PA animals. n = 8 for 1d age-matched non-
vapor control animals, n = 6 for 7d age-matched non-vapor control animals, n = 6 for 21d
age-matched non-vapor control animals, and » = 6 for 42d age-matched non-vapor

control animals.
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Figure 8: Schematic detailing oligodendrocyte lineage maturation stages and
corresponding relative expression of certain protein markers. Schematic depicting
the relative expression of Olig2, pOlig2 (phosphorylated Olig2), CNPase, MBP, and

MOG, at each of the oligodendrocyte development stages.

(1321

indicates not present, “+”

indicates present at comparatively low levels, ““++” indicates present at comparatively
moderate levels, and “+++” indicates present at comparatively high levels relative to
expression at the other stages of the oligodendrocyte lineage. Diagram adapted from

Somkuwar et al., 2014.
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Figure 9: CIE-PA increases expression of myelin-associated proteins and markers of
late-stage oligodendroglial lineage cells. CIE-PA increases the expression of late-stage
oligodendroglial lineage markers and myelin-associated proteins in the mPFC at the 7d
abstinence time point. (a) Representative immunoblots of CNPase, MBP, and MOG
expression in controls versus 7d CIE-PA animals. (b) Representative immunoblots of
pOlig2 and tOlig2 expression in controls versus 7d abstinence CIE-PA animals. (b-f)
Analysis of protein densities in CIE-PA animals expressed as percent respective controls.
Dotted line indicates controls’ average. n = 10 for 1d CIE-PA animals, n =9 for 7d CIE-
PA animals, n = 9 for 21d CIE-PA animals, and »n = for 42d CIE-PA animals. n = 8 for 1d
age-matched non-vapor control animals, n=6 for 7d age-matched non-vapor control
animals, n = 6 for 21d age-matched non-vapor control animals, and n = 6 for 42d age-
matched non-vapor control animals. *p<0.05 compared with controls, “v’p=0.05
compared with controls.
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