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Abstract

Background: Long-term alcohol consumption has been linked to structural and functional brain 

abnormalities. Furthermore, with persistent exposure to ethanol (EtOH), nutrient deficiencies often 

develop. Thiamine deficiency is a key contributor to alcohol-related brain damage and is suspected 

to contribute to white matter pathology. The expression of genes encoding myelin proteins in 

several cortical brain regions is altered with EtOH exposure. However, there is limited research 

regarding the impact of thiamine deficiency on myelin dysfunction.

Methods: A rat model was used to assess the impact of moderate chronic EtOH exposure (CET; 

20% EtOH in drinking water for one or six months), pyrithiamine-induced thiamine deficiency 

treatment (PTD), both conditions combined (CET-PTD), or CET with thiamine injections (CET

+T) on myelin-related gene expression (Olig1, Olig2, MBP, MAG, and MOG) in the frontal and 

parietal cortices and the cerebellum.

Results: The CET-PTD treatments caused the greatest suppression in myelin-related genes in the 

cortex. Specifically, the parietal cortex was the region that was most susceptible cortical to PTD-

CET-induced alterations in myelin-related genes. In addition, PTD treatment, with and without 

CET, caused minor fluctuations in the expression of several myelin-related genes in the frontal 

cortex. In contrast, CET alone and PTD alone suppressed several myelin-related genes in the 

cerebellum. Regardless of the region, there was significant recovery of myelin-related genes with 

extended abstinence and/or thiamine restoration.

Conclusion: Moderate chronic EtOH alone had a minor effect on the suppression of myelin-

related genes in the cortex; however, when combined with thiamine deficiency, the reduction was 

amplified. There was a suppression of myelin-related genes following long-term EtOH and 

thiamine deficiency in the cerebellum. However, the suppression in the myelin-related genes 

mostly occurred 24-h after EtOH removal or following thiamine restoration; within three weeks of 

abstinence or thiamine recovery, gene expression rebounded.
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1. Introduction

Prolonged excessive alcohol abuse is often accompanied by structural and functional 

abnormalities of the brain, such as volume reductions in white matter (Harper and Kril, 

1985; de la Monte, 1988) and cortical grey matter (Pfefferbaum et al., 1995; Mann et al., 

2001), as well as shrinkage of the cerebellum and subcortical structures (Sullivan and 

Pfefferbaum, 2009; see also Miguel-Hidalgo, 2018 for a review). Furthermore, 

neuroimaging studies have revealed that two brain networks, the frontocerebellar circuit and 

Papez’s limbic circuit, are altered in patients with prolonged alcohol use disorder (AUD), 

compared to healthy controls (Ritz et al., 2016). Although, both white and grey matter 

damage occurs in several cortical regions (frontal cortex, parietal lobe, cingulate cortex, 

medial temporal lobe) as well as the cerebellum, in patients with uncomplicated AUD and 

those with alcohol-related Korsakoff’s syndrome (KS), extended pathology in the thalamus 

and hypothalamus appears to be a unique signature of KS (Pitel et al., 2012). To investigate 

circuit-level dysfunction, Segobin et al. (2019) used tractography to segment the thalamus 

according to its connections to the prefrontal cortex, hippocampus and cerebellum. They 

found that relative to healthy controls, patients with uncomplicated AUD and KS had 

comparable atrophy in the thalamic-frontal circuit involved in executive functioning. In 

contrast, the thalamic-frontal and the thalamic-cerebellar circuit involved in motor 

functioning were spared following chronic alcohol exposure. Similar to previous work, 

damage to the anterior thalamus and its connections within the Papez limbic circuit, 

specifically the hippocampus, were greater in KS patients, relative to patients with 

uncomplicated AUD, which displayed atrophy compared to healthy controls (see Segobin et 

al., 2019). Thus, understanding white matter pathology across a range of cortical regions 

sensitive to alcohol toxicity and thiamine deficiency is critical to solving the puzzle of how 

different etiologies contribute to the pathophysiology in alcohol-related brain damage.

KS is caused by severe thiamine deficiency, most often associated with chronic alcohol 

abuse, and can lead to both unrecoverable brain damage and behavioral dysfunction (Arts et 

al., 2017; Kopelman et al., 2009; Kril and Harper, 2012, Phillips et al., 1990). KS has been 

replicated using animal models through a variety of treatments, including chronic EtOH 

treatment (CET), a thiamine-deficient diet alone or combined with CET, a thiamine deficient 

diet combined with injections of pyrithiamine, called pyrithiamine-induced thiamine 

deficiency (PTD), and a combination of CET and PTD (Pires et al., 2005; Toledo Nunes et 

al., 2019; Vedder et al., 2015).

The effects of prolonged EtOH consumption and thiamine deficiency on the brain are 

complex (Alfonso-Loeches et al., 2012; Fernandez-Lizarbe et al., 2013; Toledo Nunes et al., 

2019; Vedder et al., 2015). Several preclinical studies have revealed that exposure to severe 

EtOH alone or combined with thiamine deficiency leads to white matter damage in the 

cortex and the cerebellum. Neuroinflammation is a critical mechanism associated with 

alcohol-related brain damage and has been suggested to participate in the myelin and white 

matter disruptions observed after prolonged heavy alcohol consumption (Alfonso-Loeches et 

al., 2012; Toledo Nunes et al., 2019).
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Human imaging studies have shown that prefrontal white matter is severely affected in 

people suffering from AUD combined with KS, and a negative correlation has been found 

between white matter volume and maximum daily alcohol consumption (Harper, 2009; Kril 

et al., 1997). Furthermore, white matter loss has also been reported in rodents treated with 

binge or chronic EtOH exposure, as well as thiamine deficiency (He et al., 2007; Kril et al., 

1997; Langlais and Savage, 1995; Navarro and Mandyam, 2015; Obernier et al., 2002). 

There are also deficits in the macro- and ultrastructure of the corpus callosum following 

ethanol consumption paired with PTD, that is greater than PTD or ethanol alone (He et al, 

2007). Experimental studies using the PTD model in rodents have shown long-lasting 

deficits in cortical thickness and volume months after treatment in both the frontal cortex 

and the parietal cortex, indicating that these regions are highly susceptible to the damage 

caused by thiamine deficiency (Langlais and Savage, 1995; Langlais and Zhang, 1997).

In AUDs the cerebellum is another area with increased sensitivity to thiamine deficiency, as 

evident in the degeneration of white matter (Hammoud and Jimenez-Shahad, 2019). Chronic 

AUD has been shown to cause ataxia and cerebellar atrophy, as seen using Computed 

Tomography (CT) and Magnetic Resonance Imaging (MRI) imaging (Geibprasert et al., 

2010). Furthermore, an overall reduction of white matter in the cerebellum, particularly the 

vermis and the intermediate and lateral zones, has been associated with severe AUD (Harper, 

1998).

Previous studies have shown that excessive alcohol consumption in humans leads to myelin 

gene and protein expression disruptions in the prefrontal and motor cortices, as well as in the 

cerebellum (Jacobus et al., 2013; Lewohl et al., 2000; Luciana, 2013; Adams, 1976). There 

are several myelin-related genes that modulate myelin levels and function. Oligodendrocyte 

transcription factor 1 (Olig1) is a transcription factor expressed during oligodendrocyte 

differentiation (Fu et al., 2002). Oligodendrocyte transcription factor 2 (Olig2) is a 

transcription factor that plays a role in glia genesis and is expressed in pre-myelinating 

oligodendrocyte progenitors and differentiated myelinating oligodendrocytes (Navarro and 

Mandyam, 2015). Both Olig1 and Olig2 are expressed by oligodendrocytes during 

maturation and regeneration (Fu et al., 2002; Marie et al., 2001). In contrast, myelin basic 

protein (MBP) is expressed mostly in mature oligodendrocytes. MBP is present in both the 

central nervous system and the peripheral nervous system and modulates the formation and 

maintenance of myelin (Brenhouse and Andersen, 2011). In humans, following abstinence 

from alcohol MBP expression level deficits return to normal levels and may contribute to 

white matter recovery via remyelination (Miguel-Hidalgo, 2018). Myelin-associated 

glycoprotein (MAG) is expressed by mature oligodendrocytes and by myelinating glia in the 

central nervous system and the peripheral nervous system (Brenhouse and Andersen, 2011; 

Matthieu et al., 1974), whereas MBP functions in the formation and maintenance of myelin 

(Figlewicz et al., 1981). Myelin oligodendrocyte protein (MOG) is expressed by mature 

oligodendrocytes; it is located on the outside of the myelin sheath and is related to the 

autoimmune response (Cao et al., 2013).

In the frontal cortex, the MAG, MBP, MOG, and Olig1 genes have been significantly 

reduced with chronic EtOH exposure in both humans and rodents (Wolstenholme et al., 

2017; Alfonso-Loeches et al., 2012; Miguel-Hidalgo et al., 2017; Miguel-Hidalgo, 2018). 
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There is evidence that a history of severe AUD, to the extent that nutritional deficiency is 

present, leads to reductions in some myelin-related genes, such as MBP, MAG, and MOG in 

humans (Lewohl et al., 2005). Miguel-Hidalgo (2018) suggested that thiamine deficiency 

may be the underlying cause of an alteration in gene expression following chronic AUDs.

Considering that the molecular mechanisms involved in alcohol-related brain damage and 

disturbances in myelination after chronic EtOH exposure and thiamine deficiency treatment 

remain unknown, the goal of the present study was to assess the short-term (20% EtOH in 

drinking water for one month) and long-term impacts of chronic EtOH exposure (20% EtOH 

in drinking water for six months) and the effect of thiamine deficiency alone or combined 

with chronic EtOH on myelin-related gene expression during the EtOH/thiamine deficiency 

and following acute and protracted abstinence periods. We hypothesized that a combination 

of chronic EtOH and thiamine deficiency would lead to the greatest disruption in myelin-

related gene expression, followed by thiamine deficiency alone, chronic EtOH, and chronic 

EtOH with the restoration of thiamine conditions. We also hypothesized that the longer the 

abstinence period, the greater the chance for a recovery in myelin-related gene expression, 

particularly in the chronic ethanol treatment groups.

2. Materials and Methods

2.1 Subjects

Adult male Sprague Dawley rats (2–3 months old; n=40 for Experiment 1; n=145 for 

Experiment 2; Envigo, Frederick, MD) were randomly assigned to treatment conditions and 

housed in standard plexiglass cages with chew blocks and nesting materials. Two to three 

rats were housed per cage, and all rats within a cage received identical procedures. Initially, 

there was ad libitum access to food and water within a vivarium at Binghamton University 

(20–22°C with a 12:12 light/dark cycle and light onset at 07:00 hours). All rats were given a 

two-week acclimation period prior to experimentation. All experiments were approved by 

the Institutional Animal Care and Use Committee at the State University of New York at 

Binghamton and conducted according to the National Institute of Health’s Guide for the 

Care and Use of Laboratory Animals (National Research Council, 2011).

2.2 Experimental Conditions

The rats were separated into two different studies: Experiment 1 (n=40) and Experiment 2 

(n=145). In both studies, rats were randomly assigned to one of the experimental groups, as 

seen in Figure 1-A and described below. Figure 1-A summarizes the treatment conditions 

and timeline for the experiments.

2.2.1 Chronic EtOH Treatment (CET)—Exposure to EtOH was conducted through a 

forced consumption procedure in which EtOH, provided in drinking bottles, was the only 

liquid available for consumption (Aloe and Tirassa, 1992; Cadete-Leite et al., 2003). Rats 

were weaned for five days at each concentration, increasing the exposure at intervals of 6, 9, 

12, and, finally, 20% v/v EtOH in drinking water. Rats in Experiment 1 (n=10) were treated 

for one month with the forced consumption model. In Experiment 2 (n=24), the rats 

Chatterton et al. Page 4

Alcohol Clin Exp Res. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



consumed the 20% v/v solution of EtOH daily for six months. During the CET treatments, 

the rats were given a diet consisting of Purina rat chow.

2.2.2 Combined CET and Thiamine Treatment (CET+T)—The rats received the 

same EtOH treatment as the CET group and received intraperitoneal (ip) injections of 

thiamine hydrochloride dissolved in sterile water (0.4 mg/kg, ip; Sigma-Aldrich) three times 

per week on Mondays, Wednesdays, and Fridays. The thiamine treatment was administered 

for the duration of the EtOH consumption only in Experiment 2 (n=24), as the duration of 

that study was more than six months (see Ciccia and Langlais, 2000).

2.2.3 PTD Treatment—The subjects received ad libitum access to thiamine deficient 

chow (Harlan Laboratories, Inc., Indianapolis, IN) with daily ip pyrithiamine hydrobromide 

injections dissolved in sterile water (0.25 mg/kg; Sigma-Aldrich Corp., St. Louis, MO). The 

Experiment 1 rats assigned to the PTD group (n=10) were euthanized after the animals 

presented the lost right reflex but prior to the presentation of seizure. In Experiment 2, the 

PTD rats were separated into two groups based on the severity of the thiamine deficiency: 

the early acute stage (EAS) and the moderate acute stage (MAS). Rats in the PTD-EAS 

group were reversed 1h after seizure (n=25), and those in the PTD-MAS group were 

reversed 4h after seizure (n=24) with an injection of thiamine hydrochloride (100 mg/kg, i.p. 

dissolved in sterile water).

2.2.4 Combined CET and PTD Treatments (CET-PTD)—The rats were faded into 

drinking a 20% v/v EtOH solution (over about 2 weeks) and then maintained on the 20% v/v 

EtOH drinking solution for 30 days (Experiment 1) or 6 months (Experiment 2). After 30 

days of the CET treatment, the rats began 15 days of the PTD treatment. The rats in 

Experiment 1 (n=10) were euthanized when they presented the lost right reflex during the 

PTD treatment (time point 0 [T0]). Rats from Experiment 2 (n=24) were reversed 1h after 

seizure; they were returned to regular chow after the PTD treatment and continued the CET 

treatment.

2.2.5 Pair-fed (PF) Control—For both Experiment 1 (n=10) and Experiment 2 (n=24), 

the rats in the control group were given free access to water and regular chow during 

treatment. During the thiamine deficiency protocol, the PF rats were provided the equivalent 

thiamine deficient food consumption of the PTD rats. The PF rats received daily injections 

of thiamine during the time that they would have been given thiamine deficient chow.

After the completion of the experimental procedures for Experiment 1 (n=40), the rats were 

designated to the same time point, T0. The CET group (n=10) was treated with CET for 30 

days before the EtOH treatment was stopped and then euthanized. The CET-PTD group 

(n=10) was treated with CET for 45 days and treated with PTD starting at day 30 of CET. 

The PTD group (n=10) was treated with PTD as described above. PTD-treated rats were 

euthanized after the loss of the righting reflex and before seizure.

In Experiment 2 (n=145), as previously described (Toledo Nunes et al., 2019), the rats were 

randomly divided into three recovery phase time points after which they were euthanized: 

T1 during the final treatment day, T2 during acute recovery (24-h post-treatment), and T3 
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during delayed recovery (three weeks post-treatment). Levels of gene expression recorded at 

T1 reflect alterations during the active treatment or intoxication condition, whereas levels of 

gene expression recorded at T2 reflects how acute withdrawal contributes to alterations in 

gene expression. Delayed recovery, represented by T3, provides a time point to examine 

either persistent alterations or protracted recovery. In the PTD-EAS treatment group, T1 rats 

(n=9) were euthanized within 1h after the presentation of seizure, whereas, in the PTD-MAS 

treatment group, T1 rats (n=8) were euthanized 4h following the presentation of seizure. All 

PTD treatments had a duration of approximately 15 days. In the groups receiving CET 

treatment (CET, CET+T, CET-PTD; n=8/group), T1 coincided with euthanasia during the 

intoxication phase while the rats had 20% EtOH in the drinking water. In the acute and 

delayed recovery phases, the rats, regardless of their treatment condition (n=7–9/group), 

were sacrificed either 24-h post-treatment at T2 or three weeks post-treatment at T3 after 

being weaned. The frontal cortex, the parietal cortex, and the cerebellum were dissected at 

4°C using a brain matrix block (Harvard apparatus, MA, USA) and then stored at −80°C. 

Previous studies have determined that the microstructure of white matter, MBP-positive 

fibers, exists through out these regions and peaks at adulthood (Bjelke and Seiger, 1989; 

Yang et al 2017). Samples were analyzed for myelin-related gene expression through RT-

PCR.

2.3 Blood Collection

In Experiment 1, blood samples from the tail vein were collected in the PF, CET, and CET-

PTD groups one month into treatment. In Experiment 2, blood samples were collected in the 

PF, CET, CET+T, and CET-PTD groups at months 1, 3, and 6 during treatment. Blood EtOH 

concentration (BEC) was determined using an Analox machine (Analox Instruments USA, 

Lunenburg, MA). Figure 1-BC shows the BECs obtained.

2.4 RT-PCR Analysis for Myelin-related Genes

Oligodendrocytes, the cells responsible for producing myelin in the central nervous system, 

have four stages of maturation: oligodendrocyte progenitor cells, preoligodendrocytes, 

immature oligodendrocytes, and mature oligodendrocytes (Barateiro and Fernandes, 2014; 

Trapp et al., 1997). As oligodendrocytes mature, different genes are expressed to promote a 

multitude of functions. Figure 2A is adapted from Barateiro and Fernandes (2014) and 

shows the progression of oligodendrocyte maturation. Olig2 is expressed through all stages 

of maturation. Olig1 is expressed only in the oligodendrocyte progenitor cells and the 

mature oligodendrocyte stage of maturation, while MBP, MAG, and MOG are only 

expressed during the mature oligodendrocyte stage of maturation (Barateiro and Fernandes, 

2014).

The frontal cortex and the parietal cortex were homogenized in 500 μL of the Trizol RNA 

reagent, and the cerebellum was homogenized in 1500 μL of the Trizol reagent (Invitrogen, 

Grand Island, NY) and 5 mm stainless steel beads using a Qiagen Tissue Lyser (Qiagen, 

Valencia, CA). Total RNA was extracted using RNeasy mini columns (Qiagen) according to 

the manufacturer’s instructions. RNA quality was determined using a Nanodrop micro-

volume spectrophotometer (NanoDrop 2000, Thermo Scientific, Wilmington, DE). 
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Synthesis of cDNA was performed via the reverse transcription kit (Qiagen), as previously 

described (Doremus-Fitzwater et al., 2015).

PCR was run using a CFX 384 RT-PCR Detection System (Bio-Rad, #185–5485) for 40 

cycles with each biological sample in duplication, and the final product for each subject was 

the average of the two replications. During the cycle, the samples were denatured for 30 

seconds at 95°C, annealed for 30 seconds at 60°C, and extended for 30 seconds at 72°C. The 

results were normalized using the mitochondrial ribosomal protein L13 (MRPL13) or the 

18s ribosomal RNA subunit (18S rRNA) as the housekeeper genes. The gene targets, the 

accession numbers, and the primer sequences of the desired genes are listed in Table 1. The 

myelin-related gene expression of Olig1, Olig2, MBP, MAG, and MOG was assessed across 

the frontal cortex, the parietal cortex, and the cerebellum.

2.5 Statistical Analysis

2.5.1 Experiment 1—Statistical analyses were performed in SPSS (IBM SPSS Statistics 

Version 22). An analysis of variance (ANOVA) was used to determine whether the thiamine 

status altered the BECs.

To examine the initial treatment effects in myelin-related gene expression for all 

experimental conditions (PF, CET, CET-PTD, PTD), a one-way ANOVA was conducted at 

T0 (one month into treatment). Following a significant main effect, post hoc contrasts were 

used to compare the each group to PF control. A significance value of p≤0.02 was used to 

address type 1 error arising from multiple contrasts. A one-way repeated measure ANOVA 

was utilized to examine differences in myelin-related gene expression across the brain 

structures (the frontal cortex, the parietal cortex, and the cerebellum). This analysis 

examined how the gene expression levels were altered with regard to the brain regions. 

Following a significant main effect, post hoc contrasts were used to target a specific 

alteration in the myelin genes as a function of treatment conditions. A significance value of 

p≤0.02 was used to address type 1 error arising from multiple contrasts.

2.5.2 Experiment 2—A repeated measure ANOVA was used to assess the BECs at 

months 1, 3, and 6 for all groups receiving EtOH (CET, CETT, CET-PTD). One-way 

ANOVAs were used to analyze target gene expression across PF groups (T1, T2, T3); if 

there was no significant difference between PF1, PF2, and PF3, a single ultimate control 

group was used (PF). Two analyses were conducted with specific objectives: the first 

analysis was done to examine the effect of the treatment across each time point and the 

effect of the recovery time in each experimental condition. Differences in myelin-related 

gene expression as a function of the experimental condition (PF, CET, CET+T, CET-PTD, 

PTD-EAS, PTD-MAS) were analyzed with a one-way ANOVA at each time point (T1–T3). 

The second analysis was done to examine the changes in myelin-related gene expression 

across time points in each experimental condition. Post hoc contrasts were used to compare 

each time point. All values were expressed as a mean percent expression ± standard error. A 

significance value of p≤0.02 was used to address type 1 error arising from multiple 

contrasts.
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A repeated measure ANOVA was used to analyze gene expression with regard to the brain 

region (the frontal cortex, the parietal cortex, and the cerebellum), the experimental 

conditions, and the time points (T1, T2, T3), as well as the interaction between each 

condition with the others and the overall interaction. A significance value of p≤0.02 was 

used to address type 1 error arising from multiple contrasts.

3. Results

3.1 Experiment 1

3.1.1 Blood EtOH Concentrations (BECs)—Figure 1B displays the BECs of the 

CET and CET-PTD groups. Thiamine status did not alter the BECs. The average BEC was 

around 62–65 (± 33) mg/dl, below the 80 mg/dl threshold associated with binge drinking, 

suggesting moderate levels of EtOH consumption (Reilly et al., 2014). No differences were 

reported in BEC levels between the CET and CET-PTD groups (F(1,18)=0.03, p=0.86).

3.1.2 Treatment Effects on Myelin-related Gene Expression

Frontal Cortex: The analysis showed no main treatment effect relative to the PF group on 

the gene expression levels of Olig1, Olig2, MBP, MAG, or MOG (F(2, 21)<2.61, p>0.07) in 

the frontal cortex. Data for the myelin-related gene expression for Experiment 1 are shown 

in Figure 2B.

Parietal Cortex: A main treatment effect was observed in Olig1 and Olig2 gene expression 

in the parietal cortex (Olig1: F(3,35)=3.16; Olig2: F(3,34)=7.28; both: p≤0.04) due to a 

significant decrease in both genes in the CET (p≤0.015) and PTD (p≤0.014) groups 

compared to the PF group. Significant decrease was also observed in Olig2 gene expression 

in CET-PTD (p=0.0001) group compared to the PF group. Data expressing the gene 

expression levels in the parietal cortex are shown in Figure 2B.

The analysis also revealed a trending treatment effect on the gene expression levels of MOG 

(F(3,34)=2.59, p=0.07), and the post hoc analysis revealed that MOG gene expression 

decreased in the PTD (p=0.02) group compared to the PF group. No main treatment effects 

in the gene expression levels were found for MBP or MAG (F(3, 35)<1.03, p>0.39).

Cerebellum: The analysis revealed a main treatment effect on the gene expression levels of 

MAG (F(3,35)=11.15, p<0.001). A post hoc analysis exposed a significant increase in the 

gene expression of MAG in the CET-PTD (p=0.012) and PTD (p=0.0001) experimental 

conditions compared to the PF group. In contrast, there was no main treatment effect in the 

gene expression levels for Olig2, MBP, and MOG (F(3,35)<0.84, p>0.48). Data on the gene 

expression levels in the cerebellum is shown in Figure 2B.

3.1.3 Brain Region Effects—There was differential expression levels for some myelin-

related genes as a function of brain region (F(3,149)≥3.22, p≤0.025). The post hoc tests 

showed that the gene expression levels for Olig2 (p=0.004), MBP (p=0.009), and MAG 

(p=0.008) were all lower in the parietal cortex than in the frontal cortex. Furthermore, the 

gene expression levels for MBP (p=0.02) and MAG (p=0.008) were greater in the 

cerebellum than in the parietal cortex. No differences were seen in gene expression levels 
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between the frontal cortex and the cerebellum for Olig1, Olig2, MBP, or MAG. MOG gene 

expression analysis revealed no significant effect between the brain regions (F(3,15)=1.691, 

p=0.17).

3.2 Experiment 2

3.2.1 Blood EtOH Concentrations (BECs)—The average BEC levels were around 60 

mg/dl, below the binge drinking threshold of 80 mg/dl (Reilly et al., 2014), modeling 

moderate EtOH consumption. No differences were reported in the BEC levels between the 

groups with varied thiamine status (months 1, 3, and 6: p>0.05). However, over time, the 

BEC levels increased: 38.88 (±6.13) for month 1, 58.42 (±6.30) for month 3, and 52.53 

(±3.90) for month 6 (F(2,134)=8.05, p=0.0005). BECs for Experiment 2 are displayed in 

Figure 1C.

3.2.2 Treatment and Recovery Effects on Myelin-related Gene Expression—
Appropriate treatment effect comparisons relative to the PF control group were assessed for 

several myelin genes across the cortices and the cerebellum. However, the analysis revealed 

a significant effect in MBP gene expression (F(2,21)=5.063, p=0.02) on in the cerebellum 

across the PF groups as a function of the time point. Therefore, the MBP analysis was 

compared to the respective time points as opposed to the ultimate control. All other target 

gene expression across the PF groups revealed no differences across time points 

(F(2,21)<1.25, p>0.31). Therefore, an ultimate PF control was utilized.

Frontal Cortex: Figure 3 shows the heat map for the gene expression of myelin-related 

genes for all experimental conditions at the three different time points in the frontal cortex. 

MOG gene expression during treatment (T1) changed as a function of the treatment (F(5, 

53)=2.78, p=0.03). The post hoc analyses revealed a suppression of this gene in the PTD-

MAS group (p=0.01) during treatment with an extended recovery time (p>0.21) compared to 

the PF group. There was no main treatment effect in the gene expression for Olig1, Olig2, 

MBP, or MAG (F(5,58)=1.85, p≥0.12).

To investigate change as a function of duration of abstinence/recovery, the gene expression 

levels were compared across time points within the treatment conditions. The analysis 

revealed no main time point effect in the gene expression of Olig2 (F(2,21)=2.67, p=0.09). 

However, the analysis displayed an upregulation of the Olig2 gene in the CET-PTD group 

during the protracted (T3) recovery period compared to the active treatment phase (T1; 

p=0.005) and the acute recovery phase (T2; p=0.007). There was also an upregulation of the 

MBP gene at T3 relative to T1 (p=0.004) in the PTD-MAS group.

MAG gene expression was significantly different across the three phases in the CET-PTD 

and the CET+T treatment conditions. There was an upregulation of the MAG gene in the 

CET-PTD group at the protracted (T3) recovery phase, relative to the T1 and T2 phases 

(p<0.009), and a downregulation of this transcript in the CET+T group 24-h post-treatment 

(T2, p=0.01), which remained suppressed at T3 (p=0.01). The analysis across time points 

revealed that, at T3, the MOG transcript was down-regulated in the CET group (p=0.007) 

and upregulated in the PTD-MAS group (p=0.008) compared with the first time point (T1).
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In summary, the frontal cortex showed modest susceptibility to alterations in the expression 

of most myelin-related genes of interest. A treatment effect was observed only during the 

PTD-MAS treatment on MOG gene expression in the frontal cortex. Therefore, changes in 

the gene expression levels were observed as a function of the duration of abstinence. 

Prolonged abstinence caused downregulation of MOG after chronic EtOH exposure alone 

and upregulation of OLIG2 and MAG after CET combined with PTD treatment. However, 

when CET was combined with thiamine injections, the MAG levels were downregulated 

after acute and prolonged abstinence. In addition, the MBP and MOG levels were recovered 

three weeks after severe PTD treatment.

Parietal Cortex: Surprisingly, the parietal cortex had the greatest changes in white matter 

gene expression. Figure 3 shows the heat map for the expression of myelin genes in the 

parietal cortex. The ANOVA revealed a main treatment effect at T2 in the Olig2 gene 

expression (F(5,53)=2.46, p=0.045). However, there were no treatment effects for the other 

myelin-related genes (F(5,55)≤2.07, p≥0.07).

The analysis across the three phases within each treatment condition revealed a time point 

effect for the Olig1 (F(2,21)=5.86, p=0.01), MPB (F(2,21)=8.06, p=0.003), MAG 

(F(2,21)=7.47, p=0.004), and MOG (F(2,21)=6.19, p=0.008) genes in the CET-PTD group. 

The analysis displayed a significant suppression of these genes in the CET-PTD group 

during acute recovery relative to the levels observed during treatment (Olig1: p=0.007; 

MPB: p=0.004; MAG: p=0.005; MOG: p=0.005) followed by upregulation three weeks 

post-treatment (Olig1: p=0.01; MPB: p=0.002; MAG: p=0.002; MOG: p=0.007) in the 

parietal cortex of the CET-PTD group.

The ANOVA also revealed a main time point effect for Olig2 and MBP in the CET+T group 

(F(2,20)≥3.45, both p≤0.05). Upregulation was revealed in MBP gene expression at T2 

relative to T1 (p=0.02), followed by a decrease at T3 (p=0.01).

In summary, the parietal cortex displayed a unique profile regarding myelin-related gene 

expression. Following severe thiamine deficiency, Olig2 gene expression was upregulated 

only 24-h after the end of the PTD-MAS treatment. When treated with CET combined with 

thiamine deficiency, Olig1, MBP, MAG, and MOG showed downregulation in the expression 

levels with an acute recovery time (24-h post-treatment); however, with extended recovery 

(three weeks), the expression levels recovered. When thiamine injections occurred with 

CET, the MBP gene showed an upregulation in expression with an acute recovery time, 

which returned to normal with an extended recovery period.

Cerebellum: Changes in myelin-related genes as a function of EtOH and thiamine 

deficiency in the cerebellum are presented in Figure 3. There was no main treatment effect 

(F(5,59)=0.98, p=0.44) or time point on the expression of the Olig1 gene (F(2,21)=3.01, 

p=0.07). However, the gene expression levels of Olig2 showed a main treatment effect at T1 

(F(5,59)=2.68, p=0.03) and an effect trending toward significance at T2 (F(5,57)=2.32, 

p=0.055). A post hoc test revealed downregulation of the CET+T, PTD-EAS, and PTD-MAS 

groups during treatment (T1) compared to the levels observed in the PF groups (p≤0.015). 

The CET group displayed a suppression of Olig2 at T2 (p=0.01). However, the CET+T 
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group revealed an upregulation in gene expression levels with three weeks of abstinence 

from EtOH compared to levels observed during treatment (p=0.006).

The analysis of the gene expression levels of MAG revealed a main treatment effect at T2 

(F(5,57)=2.634, p=0.03) and an effect trending toward significance at T3 (F(5,57)=2.28, 

p=0.059). A post hoc examination at the time point 24-h post-treatment revealed significant 

downregulation of MAG in the CET (p=0.02), PTD-EAS (p=0.008) treatment conditions.

An ANOVA regarding the levels of MOG gene expression revealed a main treatment effect 

24-h post-treatment (F(5,57)=3.31, p=0.01) with the downregulation of MOG gene levels in 

the PTD-EAS (p=0.01), and PTD-MAS (p=0.001) groups compared to the PF control 

groups. Further analysis examining the effects of recovery time revealed a significant time 

point effect (F(2,20)=3.72, p=0.04). The post hoc analyses disclosed a significant 

upregulation of gene expression levels in the PTD-EAS group after the three-week recovery 

period compared to the levels observed just after the treatment (p=0.015).

In summary, the cerebellum showed modest susceptibility to EtOH-induced alterations in 

myelin-related gene expression. When treated with CET alone, there was a pattern of 

downregulation evident 24-h after treatment for the Olig2, MAG, and MOG genes, which 

did recover. When treated with both CET and thiamine supplementation, the analysis 

revealed downregulation of Olig2 expression during treatment, which recovered following a 

three-week abstinence period. In contrast, the downregulation of MOG 24-h post-treatment 

did not recover within the three-week abstinence period. Thiamine deficiency alone caused 

significant myelin-related gene expression in the cerebellum. When treated with moderate 

thiamine deficiency (PTD-EAS), there was a decrease in the Olig2 expression levels during 

treatment. This downregulation extended up to 24-h after the treatment was finished. Further 

downregulation 24-h after treatment was also seen in the MAG and MOG expression levels. 

However, only the MOG levels recovered after the three-week recovery period. With severe 

thiamine deficiency (PTD-MAS), a downregulation of Olig2 was apparent following 

treatment, which persisted for 24-h after the treatment concluded. Downregulation after 24-h 

of recovery was also seen in the MAG and MOG expression levels, and MAG 

downregulation persisted after three weeks of recovery.

3.2.3 Brain Region Effects—A univariate ANOVA was used to examine gene 

expression levels in each studied brain region (the frontal cortex, the parietal cortex, and the 

cerebellum). ANOVA analysis regarding Olig1 showed no effect related to the brain region 

(F(3,564)=0.33, p=0.81). However, the main effects of the brain region were found for 

Olig2, MBP, MAG, and MOG gene expression (F(3.53)>3.22, p<0.05). A post hoc analysis 

revealed that Olig2, MBP, MAG, and MOG gene expression was lower in the cerebellum 

than in the frontal cortex (p≤0.014) or the parietal cortex (p≤0.014). Further analysis 

revealed higher levels of MAG gene expression in the parietal cortex than in the frontal 

cortex (p=0.014).
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4. Discussion

Human imaging and gene expression data point toward brain white matter dysfunction as a 

key target of alcohol-related neurodegeneration (de la Monte and Kril, 2014; Mayfield et al., 

2002; Pfefferbaum et al., 2006, 2007, 2014). However, abstinent alcohol-dependent 

individuals showed improvement in brain fiber tract integrity and myelin restoration 

(Alhassoon et al., 2012; Pfefferbaum et al., 2014). The current study implemented several 

animal models of alcohol-related brain damage to define the roles of EtOH toxicity and 

thiamine deficiency in myelin gene disruptions in the cortex and the cerebellum. 

Furthermore, looking at four time points enabled the development of a clearer picture of 

when myelin alteration occurs and when myelin recovery emerges. The central hypothesis 

was that chronic EtOH and thiamine deficiency alone would disrupt myelin-related gene 

expression, but the combination of these conditions would have the greatest disruption in 

myelin-related gene expression. It was also hypothesized that there would be a recovery of 

the gene expression following chronic EtOH, but no or delayed recovery would occur 

following thiamine deficiency.

Overall, our results support the hypothesis that chronic EtOH combined with thiamine 

deficiency leads to the greatest disruption in myelin-related gene expression. This was 

particularly true for the parietal cortex. In the CET-PTD condition, almost all myelin-related 

genes were downregulated following one month of CET and during the acute abstinence 

period following six months of CET. However, the myelin-related genes in the parietal 

cortex rebounded after the three-week protracted recovery period. The changes in myelin-

related genes in the frontal cortex as a function of chronic EtOH and/or thiamine deficiency 

were modest. Although there was not a significant suppression of the myelin-related genes 

in the frontal cortex of the rats exposed to CET-PTD, both Olig2 and MAG displayed 

upregulation during the protracted recovery period. The cerebellum, in contrast, displayed 

significant reductions in myelin-related genes associated with thiamine deficiency during 

PTD treatment and acutely following treatment. There were also reductions in some myelin-

related genes in the cerebellum in the acute abstinence phase following chronic EtOH, which 

did not persist into the protracted abstinence phase. Thus, our results revealed that both 

EtOH and thiamine deficiency change myelin-related gene expression in the cerebellum, but 

thiamine deficiency, especially when combined with EtOH, changes myelin-related gene 

expression in the cortex.

4.1 Chronic Ethanol Exposure Has No Persistent Effects on Cortical or Cerebellar Myelin-
related Gene Expression

One month into chronic EtOH exposure, we observed a selective suppression of Olig1 and 

Olig2 in the parietal cortex. This suggests that chronic EtOH initially causes a suppression 

of oligodendrocyte progenitor cells in the parietal cortex but not in the frontal cortex. 

However, some compensatory mechanisms must be evoked after six months of chronic 

EtOH as there were no significant changes in the myelin-related genes in the parietal cortex. 

In the frontal cortex, there was a suppression of MOG, a marker of mature oligodendrocytes, 

only in a protracted abstinence state following over six months of chronic EtOH. In contrast, 
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in the cerebellum, there was a suppression of myelin-related genes only during the acute 

abstinence phase.

This work contrasts with a report of the downregulation of several of myelin-related genes 

and proteins, such as MBP, MAG, and MOG, in the cortex of high-drinking C57BL/6 mice 

after five months of chronic EtOH exposure (10% v/v in drinking water; Alfonso-Loeches et 

al., 2012). However, in that study, the mice obtained BECs (125 mg/dL) that were over twice 

as high (60 mg/dL) as those obtained in the rats in the current study. The moderate BEC 

observed in the current study may contribute to the limited change in myelin gene 

expression within the frontal cortex. Reduction in the expression of the MAG and MBP 

genes in the frontal cortices of mice was also observed in an adolescent binge model of 

EtOH exposure (Wolstenholme et al., 2017). However, this down regulation of gene 

expression did not persist with extended abstinence from EtOH. Thus, BECs well above the 

binge range appear to be required to produce EtOH-induced changes in myelin-related genes 

in the frontal cortex. This is supported by a study examining microarrays of myelin-related 

genes in the frontal cortex in postmortem tissue of humans with alcohol use disorders, the 

majority of whom were heavy drinkers (over 200 g EtOH per day for most of their adult 

lives); the findings indicated a suppression in gene expression for both MAG and MBP but 

no change for MOG (Lewohl et al., 2000). However, the last drinking episode for this 

sample was unknown, so the recovery or rebound of the myelin-related genes is also 

unknown.

4.2 Synergism Between Chronic EtOH Exposure and Thiamine Deficiency Has A Greater 
Impact on Myelin-related Gene Expression in Cortical Areas and the Cerebellum

In KS, there is more severe white matter loss compared to cases of AUDs without a thiamine 

deficiency (Kril et al., 1997; Harper et al., 1998). Surprisingly, we found few changes in 

myelin-related genes during EtOH exposure or during acute abstinence in the frontal cortex. 

There was only an upregulation of Olig2 and MAG three weeks post-treatment in the frontal 

cortex. In contrast, in the parietal cortex, there was a reduction of some myelin-related genes 

acutely following thiamine deficiency (Experiment 1) and selectively during acute 

abstinence (Experiment 2) in rats that underwent the CET-PTD treatment. However, myelin-

related gene expression in the parietal cortex was recovered three weeks post abstinence, 

suggesting that the combination of chronic EtOH and thiamine deficiency does not have 

long-lasting effects of on myelin gene expression in the cortex or the cerebellum.

However, in alcohol-preferring rats, a year of CET treatment (10% v/v) combined with 14 

days of PTD treatment exacerbated deficits in white matter in the corpus collosum, thinning 

the myelin sheath, which indicated that thiamine deficiency combined with CET may cause 

more severe damage than either treatment separately and is persistent even two months post-

treatment (He et al., 2007). Thus, a genetic predisposition with a very long chronic EtOH 

exposure period may lead to the persistence of white matter pathology following CET with 

and without thiamine deficiency. Human studies have also demonstrated that the 

combination of alcohol abuse and thiamine deficiency has the biggest effect on white matter 

atrophy, with severe cases causing cortical necrosis and the loss of neurons, specifically in 

superior frontal regions (de la Monte and Kril, 2014). The current study revealed that 
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chronic EtOH exposure combined with moderate thiamine deficiency temporarily alters 

genes critical for myelination, which are likely key to the myelin pathology reported in 

humans with severe alcohol use disorders. Therefore, the recovery of the genes shown in the 

current study, as well as proteins (see Navarro and Mandyam, 2015), contribute to the 

remyelination process during abstinence from alcohol exposure (Mi et al., 2009; see review 

Miguel-Hidalgo, 2018).

4.3 Moderate and Severe PTD Treatment Led to a Similar Pattern in Genes Involved in the 
Myelination Process in the Cerebellum

Thiamine deficiency has been shown to reduce myelinated fiber density, as well as cause 

damage to myelin sheaths in both humans and animals (Koike et al., 2003; Polegato et al., 

2019). In Experiment 2, the cerebellum was an area of increased susceptibility to both 

moderate (EAS) and severe (MAS) PTD treatment, as there was downregulation in the Olig2 

genes just after treatment and persistent suppression of gene markers of mature 

oligodendrocytes 24-h post-treatment. The expression levels of MOG were upregulated and 

MAG remained suppressed after the three-week recovery period following PTD-EAS and 

PTD-MAS treatment, respectively. This suggests that thiamine deficiency may alter myelin 

in the cerebellum for a longer duration.

Previous studies using both in vitro and in vivo models have found the cerebellum to be an 

area of increased susceptibility to thiamine deficiency. Studies in rodents using the PTD 

model have shown that pathology changes in brain regions, such as the cerebellum, are 

dependent on treatment duration and recovery periods (see review Mulholland, 2006; Witt, 

1985). Irle and Markowitsch (1983) showed that both PTD treatment and long-term EtOH 

exposure (30% EtOH; 20 months) cause damage to cerebellar Purkinje cells and shrinkage 

of the granular layers of the vermis. Previous imaging studies in humans also found 

cerebellar atrophy, including white matter, which was associated with deficits in motor 

control and memory (Zhao et al., 2020; Kril and Harper, 2012). Although the cerebellum 

proved to be an area of increased susceptibility to both EtOH toxicity and thiamine 

deficiency, our findings revealed that myelin-related gene expression in the cerebellum 

varied as a function of recovery time from both moderate and severe thiamine deficiency 

treatment. Thus, thiamine deficiency is a trigger for the demyelination process in the 

cerebellum, but variability across cases is likely due to the extent of the thiamine deficiency.

The clustered suppression of the Olig1 and Olig2 gene expression in the parietal cortex for 

all experimental conditions provided strong evidence that the reduction in myelin precursors 

during CET, PTD, and CET-PTD was real. Furthermore, as depicted in Figure 3, clustering 

was apparent in the frontal cortex in the CET-PTD group, which showed upregulation of 

Olig2 and MAG after three weeks of recovery; clustering was also seen in the PTD-MAS 

group, which showed upregulation of MBP and MOG after three weeks of recovery from 

thiamine deficiency. Figure 3 also shows a similar pattern of alterations in gene expression 

in the parietal cortex, including a downregulation of gene levels after 24-h of abstinence 

from alcohol and an upregulation after three weeks of abstinence for Olig1, MBP, MAG, and 

MOG. Regarding the cerebellar gene expression data, Figure 3 shows similar clustering 

patterns, particularly in the downregulation after the acute recovery period for Olig2, MBP, 
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MAG, and MOG in the CET, PTD-EAS, and PTD-MAS experimental conditions. Thus, it is 

likely that the similar patterns observed in these regions between the different genes were 

real effects.

However, a key limitation posed by this study that sex differences were not assessed. Given 

that only male Sprague-Dawley rats were used in this study, the extent to which effects can 

be translated to females is unclear. Thus, further studies on this topic should include female 

subjects along with male subjects, allowing for further examination in the effects of chronic 

EtOH consumption and thiamine deficiency on the expression of myelin-related genes in 

several critical brain regions.

5. Conclusion

Overall, thiamine deficiency and the combination of chronic EtOH and thiamine deficiency 

produced significant alterations in myelin-related gene expression. As hypothesized, the 

combined treatment of CET-PTD showed the greatest alterations of myelin-related gene 

expression in cortical areas. In contrast, in the cerebellum, chronic EtOH and thiamine 

deficiency both suppressed several myelin-related genes. The coordinated changes in 

multiple myelin genes in the cortex and the cerebellum may provide a molecular basis for 

white matter loss in individuals with chronic alcohol use disorders, particularly those that 

have nutritional deficits. Specifically, the suppression of the expression of multiple myelin 

genes may indicate that oligodendrocytes are particularly susceptible to the neurotoxic 

effects of thiamine deficiency and/or chronic EtOH. A critical finding was that most myelin-

related genes recover three weeks after the conclusion of the thiamine deficiency and/or 

long-term abstinence from chronic EtOH exposure. This indicates that the alcohol-related 

disruption of oligodendrocyte production is likely reversible, and the recovery of 

myelination is possible in alcohol use disorders.

However, several factors likely modulate the recovery of myelin-related gene expression in 

alcohol-related brain damage, such as the duration of chronic EtOH exposure, the 

intermittency of EtOH exposure, the age at which EtOH exposure was initiated, and the 

subject’s genetic profile (see Varlinskaya et al, 2020). Our data further indicate a key role of 

thiamine deficiency in the suppression of myelin-related genes in the cortical and cerebellar 

regions.
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AUD Alcohol-Use disorder

ANOVA Analysis of variance

BEC Blood Ethanol Concentration
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CET Chronic EtOH exposure

CET+T Chronic EtOH exposure with thiamine injections

CET-PTD Chronic EtOH exposure with pyrithiamine-induced thiamine 

deficiency

CT Computed Tomography

EtOH Ethanol

KS Korsakoff Syndrome

MRI Magnetic Resonance Imaging

MRPL13 Mitochondrial Ribosomal Protein L13

MBP Myelin Basic Protein

MAG Myelin associated glycoprotein

MOG Myelin oligodendrocyte protein

Olig1 Oligodendrocyte transcription factor 1

Olig2 Oligodendrocyte transcription factor 2

PF Pair-Fed

PTD Pyrithiamine-induced thiamine deficiency

PTD-EAS Pyrithiamine-induced thiamine deficiency- early acute stage

PTD-MAS Pyrithiamine-induced thiamine deficiency- moderate acute stage

RT-PCR Reverse transcription polymerase chain reaction

18S rRNA 18s Ribosomal RNA subunit
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Figure 1. 
A. Experimental timeline for the subjects of Experiments 1 and 2. In Experiment 1, the 

subjects were assigned to one of four groups—PF (Pair Fed control), CET (Chronic EtOH 

Treatment), CET-PTD (CET combined with Pyrithiamine-Induced Thiamine Deficiency), or 

PTD (Pyrithiamine-Induced Thiamine Deficiency) *—which were reversed after the loss of 

the righting reflex but prior to seizure. In Experiment 2, subjects were assigned at random to 

one of six groups; PF control, CET, CET-PTD, CET+T (Chronic ethanol treatment with 

injections of thiamine), PTD-EAS (PTD – Early acute stage) in which subjects were 

reversed 1h after seizure, and PTD-MAS (PTD – Moderate acute stage)in which subjects 

were reversed 4h after seizure. Brain samples (frontal cortex [FC], parietal cortex [PC] and 

cerebellum [Cer]) were collected in different time-points: T0=during treatment in 
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Experiment 1; T1=during treatment in Experiment 2; T2=24-h post-treatment; T3=three 

weeks post-treatment). B. BECs (mean ± SEM) following one month of treatment for 

Experiment 1. This time point signifies the end of the CET treatment for Experiment 1. C. 
BECs (mean ± SEM) for Experiment 2. BECs were collected after one month, three months 

(halfway through the CET treatment), and six months (at the conclusion of the CET 

treatment).

*NOTE: The PTD subjects in Experiment 1 most resemble the PTD-EAS subjects of 

Experiment 2.
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Figure 2. 
A. Four steps of oligodendrocyte maturation—oligodendrocyte precursor cells, 

preoligodendrocytes, immature oligodendrocytes, mature oligodendrocytes—adapted from 

Barateiro and Fernandes (2014). During the stages of oligodendrocyte maturation, cells 

express different genes, which act as useful markers and indicate the cells’ current stage of 

maturation. B. Heat map of gene expression for Experiment 1 in the frontal cortex, the 

parietal cortex, and the cerebellum. Heat map of gene expression of the myelin-related 

genes, Olig1, Olig2, MBP, MAG, and MOG, in the frontal cortex, the parietal cortex, and the 

cerebellum. Gene expression was relative to the PF group (% of PF expression). The 

standard error of the mean is represented in parentheses. Post hoc contrasts were used to 

compare the PF group to the experimental conditions. Differences in gene expression are 
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represented by color with the red schema representing an increase in expression relative to 

PF and the blue schema representing a decrease relative to PF (p<0.05). The darker shades 

of red (increase) or blue (decrease) represents p<0.01, whereas the lighter shades represents 

a p-value between 0.02 and 0.01.
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Figure 3. 
Heat map of gene expression for Experiment 2 in the frontal cortex, the parietal cortex, and 

the cerebellum. Heat map of gene expression of the myelin-related genes, Olig1, Olig2, 

MBP, MAG, and MOG, in the frontal cortex, the parietal cortex, and the cerebellum. Gene 

expression for the treatment effect is relative to the PF group (% of PF expression for T1, 

T2, and T3). A statistical difference was apparent in the PF group at T2; therefore, an 

ultimate PF control could not be used. For MBP, the expression levels in the cerebellum 

were compared to their respective time points. Gene expression for the recovery effect 

compared gene levels within an experimental condition across three time points, (T1=during 

treatment; T2=24-h post-treatment; T3=three weeks post-treatment). The standard error of 

the mean is represented in parentheses. Post hoc contrasts were used to compare the PF 

group to the experimental conditions and the different time points within each condition. 

Differences in gene expression are represented by color with the red schema representing an 

increase in expression relative to PF and the blue schema representing a decrease relative to 

PF. The darker shade of red or blue represents p<0.01, whereas the lighter shade represents a 

p-value between 0.02 and 0.01. * represents an increase from T2 relative to T1, ^ represents 

an increase at T3 relative to T1, & represents an increase at T3 relative to T2 when assessing 

the effect of recovery, # represents a decrease at T2 relative to T1, @ represents a decrease at 

T3 relative to T1, and % represents a decrease at T3 relative to T2 when assessing the effect 

of recovery (p<0.02).
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Table 1.

Primer sequence and accession number, forward sequence (top) and reverse sequence (bottom) employed in 

RT-PCR assays for the assessment of myelin-related gene targets.

Gene Target Accession Number Primer Sequence

Mitochondrial ribosomal protein L13 (MRPL13) NM_17330.2 5′-ATGAACACCAACCCGTCTCG-3′
5′-CCACCATCCGCTTTTTCTTGTC-3′

18s Ribosomal RNA subunit (18S rRNA) NR_046237.1 5′-GTTCCGACCATAAACGATGC-3′
5′-CGCTCCACCAACTAAGAACG-3′

Oligodendrocyte transcription factor 1 (OLIG1) NM_021770.4 5′-ATTGCCTCCCCACCATAAGC-3′
5′-GATGCTCGCGGGTACAAAAC-3′

Oligodendrocyte transcription factor 2 (OLIG2) NM_001100557.1 5′-AGCCAGGTTCTCTTTCGCAG-3′
5′-CCGGAGACGATCTAGGCTTTC-3′

Myelin basic protein (MBP) NM_001025291.1 5′-GGCATCACAGAAGAGACCCTC-3′
5′-GTCAAGGATGCCCGTGTCT-3′

Myelin-associated glycoprotein (MAG) NM_017190.4 5′-CCAGACCATCCAACCTTCTGTAT-3′
5′-GTCTCCTGATTCCGCTCCAA-3′

Myelin oligodendrocyte protein (MOG) NM_022668.2 5′-CGCCGTGGAGTTGAAAGTAGA-3′
5′-AGTGAGGATCAAAAGTCCGATGG-3′
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