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Abstract

Introduction—Chronic alcohol abuse is associated with neurophysiological changes in brain 

activity; however, these changes are not well localized in humans. Non-human primate models of 

alcohol abuse enable control over many potential confounding variables associated with human 

studies. The present study utilized high-resolution magnetoencephalography (MEG) to quantify 

the effects of chronic EtOH self-administration on resting state (RS) brain function in vervet 

monkeys.

*Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:...
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Methods—Adolescent male vervet monkeys were trained to self-administer ethanol (n=7) or an 

isocaloric malto-dextrin solution (n=3). Following training, animals received 12 months of free 

access to ethanol. Animals then underwent RS magnetoencephalography (MEG) and subsequent 

power spectral analysis of brain activity at 32 bilateral regions of interest associated with the 

chronic effects of alcohol use.

Results—Results demonstrate localized changes in brain activity in chronic heavy drinkers, 

including reduced power in the anterior cingulate cortex, hippocampus, and amygdala as well as 

increased power in the right medial orbital and parietal areas.

Discussion—The current study is the first demonstration of whole-head MEG acquisition in 

vervet monkeys. Changes in brain activity were consistent with human electroencephalographic 

studies; however, MEG was able to extend these findings by localizing the observed changes in 

power to specific brain regions. These regions are consistent with those previously found to exhibit 

volume loss following chronic heavy alcohol use. The ability to use MEG to evaluate changes in 

brain activity following chronic ethanol exposure provides a potentially powerful tool to better 

understand both the acute and chronic effects of alcohol on brain function.
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1. Introduction

Alcohol abuse is associated with widespread cortical atrophy and loss of white matter 

integrity (Buhler and Mann, 2011; Monnig et al., 2013), particularly in frontal cortical areas 

(Pfefferbaum et al., 1997). These changes may contribute to the characteristic patterns of 

brain activity associated with alcohol abuse seen both in the resting state (RS) and during 

task performance (Rangaswamy and Porjesz, 2008). However, it is not clear when during the 

disease process these patterns are manifested and which specific neurocircuits are affected.

Well-characterized non-human primate (NHP) drinking models are a powerful translational 

science tool that enable control of many variables, including environmental conditions, 

nutrition, intake patterns, etc. that are a source of uncontrolled variance in clinical 

populations. Studies of one such model (Grant et al., 2008; Vivian et al., 2001) have 

demonstrated functional and genomic consequences throughout the brain following 15 

months of chronic daily drinking (Acosta et al., 2010; Ariwodola et al., 2003; Budygin et al., 

2003; Carden et al., 2006; Cuzon Carlson et al., 2011; Floyd et al., 2004; Grant et al., 2008; 

Hemby et al., 2006; Mohr et al., 2013; Welsh et al., 2011). Recently, graph theoretical 

analyses of fMRI data from this model found that chronic heavy drinking altered RS brain 

network organization (Telesford et al., 2015). These findings are consistent with those from 

human studies (Zahr, 2013) and indicate that this NHP model of chronic alcohol 

consumption is a robust representation of the human condition of alcoholism.

Noninvasive electrophysiological measures of brain function, such as 

electroencephalography (EEG), are sensitive to differences in brain activity due to chronic 

alcohol consumption (Kamarajan and Porjesz, 2015; Pandey et al., 2012). EEG studies of 
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humans with alcohol use disorders have most consistently reported increased power in the 

beta and theta bandwidths (Kamarajan and Porjesz, 2015), while findings in other 

bandwidths have been mixed. Magnetoencephalography (MEG) is another noninvasive 

method of directly measuring brain function with high temporal resolution and increased 

spatial resolution relative to EEG. However, MEG has not been previously used to record RS 

activity in the vervet brain. The present study was designed to assess the feasibility of 

measuring RS brain activity in the vervet brain using a MEG instrument designed for 

humans. We obtained RS MEG from vervet monkeys following 15 months of daily EtOH 

consumption and control animals. We hypothesized that power would be increased in the 

beta and theta bandwidths in EtOH animals, consistent with human EEG findings. We 

anticipated being able to extend current literature by localizing observed differences to 

particular brain regions due to the superior spatial resolution provided by MEG.

2. Material and methods

All procedures were approved by the Institutional Animal Care and Use Committee of Wake 

Forest School of Medicine (WFSM) and conformed to the National Institute of Health Guide 

for the Care and Use of Laboratory Animals (NIH Publications No. 80-23) in research.

2.1 Animals

Adult male vervet monkeys (Chlorocebus aethiops, n=10, 7 years old; 28 year human 

equivalent) were acquired from the Primate Center at Wake Forest School of Medicine and 

currently participating in a separate EtOH self-administration study. The monkeys were 

trained to self-administer EtOH (EtOH, n=7) or an isocaloric maltose-dextrin solution 

(Control, n=3) (Grant et al., 2008).

2.2 Preparation for MEG scans

Animals were fasted overnight from EtOH and food prior to scans. Duration between the 

onset of fasting and beginning of scan was 927.3 minutes (SD=134.7) for the EtOH group 

and 879.7 minutes (SD=30.5) for the Control group. Across the ten days prior to imaging, 

the EtOH group consumed an average of 87.5% (SD=7.3) of their total daily intake by the 

fasting time. Only one animal consumed less than 85% by this point, consuming on average 

74% (SD=11.69) by the fasting time. Animals were sedated with ketamine (10 mg/kg, i.m.) 

for transport. Anesthesia was induced with 3.0–4.0 mg/kg propofol and then maintained by 

continuous infusion of 200 μg/kg/min via syringe pump (Sage, Orion Research Corporation, 

Cambridge, Mass). The animals were placed in a supine position and artificially ventilated. 

Vital signs were monitored throughout the scan and recovery sessions.

MEG was acquired under propofol anesthesia due to concerns regarding head motion artifact 

during scanning if the animals were conscious. A known linear relationship exists between 

resting-state activity and propofol anesthesia (Boveroux et al., 2010). Notably, 

electrophysiological studies suggest propofol sedation is associated with increased power in 

the beta frequencies (Mahon et al., 2008). Changes in resting state networks observed with 

fMRI and associated with EtOH consumption have been previously demonstrated in these 

same animals using an identical preparation (Telesford et al., 2015).
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2.3 MEG acquisition

Data were acquired using a whole head CTF Systems Inc. MEG 2005 neuromagnetometer 

system equipped with 275 first-order axial gradiometers coils. Data were sampled at 600 Hz 

over a DC-150 Hz bandwidth for 8 minutes. Following data acquisition, fiducial coils were 

replaced with a lipid marker to facilitate MEG co-registration with T1-weighted MRI scans.

2.4 MEG data processing

Data preprocessing, head model creation, and beamforming were performed using CTF 

MEG™ Software (MISL, Coquitlam, BC, Canada). MEG data were pre-processed using 

synthetic 3rd order gradient balancing with whole trial DC offset. Data were band pass 

filtered from 1–80 Hz with a 60 Hz notch filter (4 Hz width). Three spherical shell, multiple 

local-sphere head models were created using the fiducial information and T1-weighted MRI 

(Huang et al., 1999).

2.5 ROI Identification

Using the animal-specific MRI, 32 non-adjacent regions of interest (ROIs, 2 mm3; see Table 

1) were identified in native brain space for each animal. Figures visually displaying the 

location of ROIs are available as supplementary materials1 (S1–S12). ROIs were chosen 

based on existing literature (Buhler and Mann, 2011) and evidence from our laboratories 

using an identical drinking model that chronic alcohol use affects these areas (cited above).

2.6 Source Series

Synthetic Aperture Magnetometry (SAM; Robinson and Vrba, 1998) as implemented in 

CTF MEG™ Software was used to return source series for each ROI. Source series represent 

the unique weighted sum of MEG sensor output for a specific location in the brain, and are 

strongly correlated with the local field potential at that location. Source series retain the 

same time-frequency characteristics as the original MEG sensor data; here they were 

constructed for the full time domain of the original scans. SAM source series have been 

effective in analyzing both RS and event related brain activity (Beal et al., 2010; Cheyne et 

al., 2007; Cornwell et al., 2012; Cornwell et al., 2008; Douw et al., 2013; Hillebrand et al., 

2012; Hung et al., 2010; Hung et al., 2012; Luo et al., 2007; Moses et al., 2009; Quraan et 

al., 2011; Riggs et al., 2009; Stapleton-Kotloski et al., 2014).

2.7 Signal Power

Signal power for each source series was calculated using multi-taper estimation 

implemented in Chronux (Mitra and Bokil, 2008); http://chronux.org). The mtspectrogramc 

function was used with a 1 second window and 500 ms overlap. A modified Welch’s method 

was implemented by averaging within each 6-second epoch of the resulting spectrum (See 

Figure 1 A). For comparison, the resulting spectrum from applying an identical analysis to 

sensor level data from a control animal can be seen in supplementary materials2 (S13–S18). 

Next, the maximum power within each of the classic bandwidths was identified for each 

1Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:...
2Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:...
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source series (delta: 1–4 Hz, theta: 4–8 Hz, alpha: 8–13 Hz, beta: 13–30 Hz, gamma: 30–80 

Hz) at each time point, creating a vector of values across time (See Figure 1 B). One subject 

was scanned for only six minutes; therefore, all subjects’ data was truncated to six minutes. 

Results were replicated calculating signal power using 750 ms and 900 ms overlap.

2.8 Analyses

Analyses were conducted using SPSS version 21. Power in each bandwidth at each ROI was 

analyzed using the Generalized Linear Models approach. A linear model was selected with 

power in the appropriate bandwidth as the outcome. Group, Time, and the Group*Time 

interaction were entered into the model. Parameter estimates were calculated using 

maximum likelihood estimation. The False Discovery Rate (FDR; Benjamini and Hochberg, 

1995) was used to control for Type-I error across analyses (160 comparisons) using α = 

0.05 (step up method).

3. Results

3.1 Ethanol Self-administration

Average daily ethanol intake ranged from 0.73–2.57 g/kg (3–10 drink/day equivalent) across 

the 12-months of free access prior to the scans. Average daily intake across the last 3 months 

ranged from 1.06 to 3.11 g/kg (equivalent to 4–12 drinks/day). Lifetime intake ranged from 

307.1–1109.3 g/kg.

3.2 Signal power

Results of the analysis can be seen in Table 1. Values indicate percent change in power due 

to EtOH group membership. Positive values indicate higher power and negative values 

indicate lower power in EtOH animals relative to Control animals. EtOH animals displayed 

significantly lower levels of power in the alpha, beta, and gamma bandwidths in the anterior 

cingulate cortices, right hippocampus, and right amygdala. Power was also lower in EtOH 

animals in the right principle sulcus in the alpha bandwidth and left posterior lobe of the 

cerebellum in the beta bandwidth. EtOH animals displayed significantly higher power across 

all bandwidths in the right medial orbital and parietal areas. Power was also higher in EtOH 

animals in the right precuneus in the gamma bandwidth and left amygdala in the delta 

bandwidth. There were no significant effects of time, or time*group interactions, indicating 

that patterns of brain activity did not meaningfully change over the duration of the scan for 

either group. Results were essentially identical when signal power was calculated using 750 

ms and 900 ms overlaps.

4. Discussion

The current study provides the first demonstration of whole-head MEG acquisition in vervet 

monkeys. Results revealed differences in RS activity in specific brain regions between 

chronic EtOH consuming monkeys and age-matched controls after 15 months of daily 

drinking (See Table 1) that are consistent with previous findings in humans. These findings 

extend our previous report of altered hub connectivity using fMRI (Telesford et al., 2015) by 

examining changes in the frequency domain in the same animals using an imaging modality 
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less sensitive to potential EtOH-related disruptions of the microvasculature (Altura and 

Altura, 1984). The current study supports the feasibility of using a human MEG instrument 

to record from cortical and subcortical brain regions in vervet monkeys.

Additionally, these findings help clarify previous reports examining changes in power 

associated with alcohol use disorders (Kamarajan and Porjesz, 2015). The relatively poor 

spatial resolution of EEG may have been a key factor producing inconsistent findings as 

recent studies have demonstrated unique spectral profiles across brain regions (Keitel and 

Gross, 2016). The current findings demonstrate that changes in brain activity due to EtOH 

exposure are dependent on the brain region being examined. Analyses utilizing sensor level 

EEG may be examining brain activity combined across regions of both increased and 

decreased activity. Using MEG to spatially localize brain activity, the current results suggest 

the right parietal and ventral frontal regions as sources of differences in the theta and beta 

bandwidths with the anterior cingulate and right limbic areas (amygdala and hippocampus) 

as generators underlying differences in the alpha bandwidth. Future studies may be able to 

utilize this NHP model of alcoholism and MEG during task performance to better 

understand the changes in brain function associated with chronic alcohol consumption.

Several limitations of this study should be considered. Although it was possible to detect and 

localize significant differences in brain activity resulting from chronic EtOH consumption, it 

is not possible to determine when during the course of EtOH exposure the changes occur 

due to the cross-sectional nature of the data. Additionally, data were acquired under propofol 

anesthesia and a known linear relationship exists between resting-state activity and propofol 

anesthesia (Boveroux et al., 2010). Previous research suggests that propofol has a greater 

effect on activity in higher frequency ranges, suggesting changes in brain activity in these 

ranges may not be solely due to EtOH consumption. The EtOH fast minimally interfered 

with drinking behaviors for all but one animal, suggesting disruption of drinking cannot 

fully explain the findings. However, propofol is a GABAA agonist that can be used to treat 

alcohol withdrawal syndrome (Brotherton et al., 2016), it is possible the two groups 

responded differently to anesthesia due to differences in EtOH exposure, or propofol could 

have mitigated potential acute withdrawal symptoms in EtOH animals. Overnight fasting 

from EtOH suggests that the changes in activity are a result of chronic exposure to EtOH, 

rather than an interaction between acute EtOH and propofol. The ability to acquire data in 

awake NHPs, particularly during task performance, will better utilize the translational value 

of these models. Finally, future studies should determine the optimal analytic approach for 

NHP data. It is possible that alternative approaches, particularly for head modeling, may be 

required for optimal results. The ability to use MEG to evaluate changes in brain activity in 

the NHP following chronic ethanol exposure provides a potentially powerful tool to better 

understand both the acute and chronic effects of ethanol on brain function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• First application of Magnetoencephalography (MEG) to vervet monkeys

• Utilized a well validated model of chronic heavy alcohol use

• Examined changes in brain activity of naïve subjects to chronic alcohol use

• Localized previously observed changes to specific brain regions

• Increases and decreases in brain activity were observed dependent on the 

region
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Figure 1. 
This figure illustrates the creation of the outcome variables. Data are presented as 10*log10 

for ease of viewing. First, the spectrogram is calculated using a 1 second window with 50% 

overlap. Then every twelve data points are averaged in a modified Welch’s method, as 

shown in panel A. From the result, the maximum value in each of the delta, theta, alpha, 

beta, and gamma bandwidths is extracted at each time point, creating a vector of maximum 

values as shown in panel B. These vectors are extracted from each ROI and used in the 

analyses.
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