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Abstract

Background—Long term alcohol abuse is associated with change in behavior, brain structure,
and brain function. However, the nature of these changes is not well understood. In this study we
used network science to analyze a nonhuman primate (NHP) model of ethanol (EtOH) self-
administration to evaluate functional differences between animals with chronic alcohol use and
animals with no exposure to alcohol. Of particular interest was how chronic alcohol exposure may
affect the resting state network.

Methods—Baseline resting state functional MRI (fMRI) was acquired in a cohort of vervet
monkeys. Animals underwent an induction period where they were exposed to an isocaloric
maltose dextrin solution (control) or EtOH in escalating doses over three 30-day epochs.
Following induction, animals were given ad libitum access to water and a maltose dextrin solution
(control) or water and EtOH for 22 hr/day over 12 months. Cross-sectional analyses examined
ROIs in hubs and community structure across animals to determine differences between drinking
and non-drinking animals after the 12-month free access period.

Results—Animals were classified as lighter (<2.0 g/kg/day) or heavier drinkers (=2.0 g/kg/day)
based on a median split of their intake pattern during the 12-month EtOH free access period.
Statistical analysis of hub connectivity showed significant differences in heavier drinkers for hubs
in the precuneus, posterior parietal cortices, superior temporal gyrus, subgenual cingulate, and
sensorimotor cortex. Heavier drinkers were also shown to have less consistent communities across
the brain compared to lighter drinkers. The different level of consumption between the lighter and
heavier drinking monkeys suggests that differences in connectivity may be intake dependent.

Conclusion—Animals that consume alcohol show topological differences in brain network
organization, particularly in animals that drink heavily. Differences in the resting state network
were linked to areas that are associated with spatial association, working memory and visuomotor
processing.

Corresponding author: Qawi Telesford, Department of Biomedical Engineering, Wake Forest School of Medicine, Medical Center
Blvd, Winston-Salem, NC 27157, Phone: 336-716-7193, Fax: 336-716-0798, gtelesfo@wakehealth.edu.
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Introduction

Alcohol has a profound effect on the brain, and heavy consumption can lead to alcohol
dependence and alcoholism. Structural magnetic resonance imaging studies in patients with
chronic alcoholism show reduced volume in gray matter and white matter in the cerebral
cortex (Pfefferbaum et al., 1992, Pfefferbaum et al., 1998, Fein et al., 2002), and functional
MRI (fMRI) studies have shown reduced blood oxygen level-dependent (BOLD) response in
active drinkers during working memory tasks (Levin et al., 1998, Trim et al., 2010). While
long-term alcohol use clearly results in structural and functional changes to the brain, the
onset of these changes and the effect these changes may have on brain network topology
remains unclear. This is at least partially because studies on the effects of alcohol on the
brain are typically conducted on individuals who have consumed alcohol over long periods
of time, often decades. Consequently, the results from these studies may not accurately
reflect the initial effects of alcohol on the brain. Even studies in young adults who become
dependent between the ages 18 and 24 (Dawson et al., 2005) can be still confounded by
factors such as polydrug abuse and psychological disorders, that make interpretation of
results difficult (Boden and Fergusson, 2011, Frye and Salloum, 2006, Grant and Harford,
1995).

Nonhuman primates (NHPs) provide a unique translational resource to address these
concerns because their use allows for complete control over experimental conditions (e.g.,
nutritional status, housing conditions, medical history, etc.). Additionally, animal models of
substance abuse have face validity and, like humans, individuals differ in the amount and
pattern of alcohol they consume. NHPs in a well-characterized model of chronic ethanol
self-administration (Vivian et al., 2001, Grant et al., 2008), consume ethanol in doses that
range from <1 g/kg (4 drink equivalent) to >3 g/kg (12 drink equivalent) daily. Furthermore,
this model can predict which animals will subsequently become heavy drinkers (Grant et al.,
2008). An important aspect of this model is that it permits longitudinal tracking of ethanol
effects beginning in the naive state to the onset of divergent drinking patterns (light and
heavy drinking), making it uniquely valuable in the study of early-stage alcohol effects.

Neuroimaging studies focusing on resting state networks have proven useful for
understanding the effects of alcohol on the brain. One such network, the default mode
network, represents neurocorrelates of brain activity when the brain is at “rest” and no
external demanding task is being performed (Raichle et al., 2001). In humans, this network
includes the medial prefrontal cortex, the lateral parietal lobe, the posterior cingulate cortex
and precuneus. It is hypothesized to interact with sensory, motor, and emotional systems,
and disruption of or alterations to this network is thought to play a role in cognitive disorders
and such disease states as depression and schizophrenia (Buckner et al., 2008, Anticevic et
al., 2012). A functional connectivity study of the default mode network in chronic alcohol
users found increased connectivity between the precuneus and specific regions within the
cerebellum (Chanraud et al., 2011). In another study on resting state networks, acute alcohol
consumption was associated with changes to the subcallosal anterior cingulate cortex, left
temporal fusiform gyrus and the left inferior temporal gyrus (Spagnolli et al., 2013).
Previous work has characterized the default mode network in NHPs. While many of these
studies have identified various regions, several regions have appeared across different NHP
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species, including the precuneus, cingulate cortex, medial prefrontal cortex, and superior
temporal gyrus (Rilling et al., 2007, Vincent et al., 2007, Margulies et al., 2009, Hutchison et
al., 2011, Mantini et al., 2011, Telesford et al., 2013, Miranda-Dominguez et al., 2014). Our
earlier work characterized brain network topology of NHPs under anesthesia describing

hubs and communities consistent with the default mode network. That study also
demonstrated the effects of acute ethanol exposure on brain networks (Telesford et al.,
2013). However, the alcohol challenge study was performed in a single animal and did not
characterize individual regions that were affected by exposure to ethanol. To our knowledge,
this is the first study of brain networks to characterize the effects of chronic alcohol
consumption on brain network topology in NHPs.

The purpose of the current study was to determine whether there were differences in resting
state network organization in NHPs that chronically self-administer ethanol compared to
animals that have no exposure to alcohol. Of particular interest was whether chronic ethanol
exposure affected the organization of the brain network, and if so, to what degree these
differences might correlate with alcohol intake. To this end, we used network science, a
method used to investigate whole-brain connectivity. Network science utilizes the concepts
of graph theory, which treats regions (or voxels) in the brain as an array of nodes that are
associated by physical or functional connections called edges. This model is appealing to
neuroscientists as the brain is often viewed as a system containing multiple regions with
specialized functions that rapidly interact to produce various behaviors (Watts and Strogatz,
1998, Bullmore and Sporns, 2009). One of the great benefits of network science is that it
emphasizes the brain as a complex system, as opposed to concentrating on an individual
brain region or neural subsystem. With this approach, investigators are able to see how
different brain regions interact, which may not be apparent in a seed based analysis like
functional connectivity or activity based measures like statistical parametric mapping
(Telesford et al., 2011).

In our previous investigations, acute exposure to ethanol was found to significantly impact
hubs in the rhesus macaque (Telesford et al., 2013). One of the regions that showed the
greatest change was the precuneus, an area considered part of the default mode network in
humans, as well as the medial frontal cortex. Given the observed changes to the default
mode network in humans and the known effects of long-term alcohol use on cognition, we
hypothesized that chronic alcohol consumption would be associated with significant
connectivity differences in the precuneus and the anterior cingulate gyrus, both of which
participate in working memory. In this study, we evaluated connectivity differences in these
two brain areas, as well as, areas considered part of the default mode network in NHPs
(Vincent et al., 2007, Margulies et al., 2009, Mantini et al., 2011, Telesford et al., 2013).

Male vervet monkeys (Chlorocebus aethiops) (n=19) from an ongoing study examining the
neurobiological consequences of chronic ethanol self-administration were used for this
study. The animals were run in two separate cohorts, with each cohort consisting of controls
and drinkers. Animals in both cohorts were drawn from the same colony, had similar ages
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(5.36 + 0.51SD) and characteristics. All animals self-administered either maltose dextrin
(control) or ethanol (drinkers) using a well-characterized model of ethanol self-
administration (Vivian et al., 2001, Grant et al., 2008). The first cohort consisted of four
controls and five ethanol drinkers. The second cohort consisted of three controls and seven
ethanol drinkers. The second cohort began the study two years after the first cohort started.
The final study population contained 7 animals in the control group and 12 animals in the
ethanol drinking group.

Animals were scanned twice during this study: a baseline scan, prior to ethanol exposure,
which provided a qualitative baseline to understand brain network organization; and a 12-
month scan, occurring after a 3-month induction and 12-month free access period, which
was used in statistical analysis to determine differences between the drinking and non-
drinking cohorts. During the induction period, animals were induced to consume ethanol
(4% w/v; EtOH group) or an isocaloric maltose dextrin solution (control group). Following
induction, animals had free access to consume EtOH and/or water or maltose dextrin and/or
water for 22h/day for 12 months. Although animals in both cohorts received the same
experimental paradigm, the first cohort did not receive baseline fMRI scans as these animals
had already begun the free access phase of the study when resting state fMRI was
implemented into this drinking model. Accordingly, statistical analyses were designed to
compare differences between drinking and non-drinking animals after the 12-month free
access period. Baseline scans in this study served as a qualitative comparison for changes
observed in the NHP population after 12 months (See Table 1 for details on grouping of
cohorts).

Scanning protocol

Animals were sedated and anesthetized prior to scanning and maintained under anesthesia
during scans. Resting state fMRI scan was acquired at each time point with a gradient echo
EPI sequence using an 8-channel receive only RF head coil with a form factor designed
specifically for the nonhuman primate (Dr. Cecil Hayes, University of Washington). In
addition, a T1-weighted 3D-SPGR anatomic scan was collected for each animal. All scans
were conducted at Wake Forest School of Medicine, Winston-Salem, NC. All procedures
were approved by the Institutional Animal Care and Use Committee and the National
Institute of Health Guide for the Care and Use of Laboratory Animals (NIH Publications No.
80-23).

Network analysis

A correlation matrix was produced by computing the Pearson correlation between all
possible pairs of voxels within the fMRI time series. A threshold was applied to the
correlation matrix, whereby voxel pairs above the threshold were considered functionally
connected and assigned a value of 1 and voxel pairs below the threshold were considered not
connected and assigned a value of 0. The discretization of the correlation matrix produces a
binary adjacency matrix (for information on network construction, see (Telesford et al.,
2011)). The threshold was defined such that the relationship between the number of nodes
and average number of connections between nodes was consistent across subjects.
Specifically, the relationship S=log(/A\)/log(K) was the same across subjects, where Nis the
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number of nodes in the entire network, K'is the average degree of the network. For this
paper, the threshold S$=2.25 was used to define networks, but network properties have been
demonstrated to be robust for different Svalues (Hayasaka and Laurienti, 2010).

Graph metric analysis

From the adjacency matrix, the following graph metrics were calculated at each node and
averaged to yield average graph metrics for the entire network: degree (K), local efficiency
(Eloc), and global efficiency (£g0p) (for more details on specific metrics, see (Rubinov and
Sporns, 2010)). Degree for each voxel was mapped to anatomic space to determine the most
connected regions, or hubs, within the brain. Hub maps were generated with degree
comprising the top 15% of the most connected nodes.

Hubs in the network may represent differences in node distribution; however, this does not
imply that the level of connectivity within these regions is similar.

To test if the observed differences in hub structure also reflected differences in level of
connectivity, a one-way ANOVA was tested on a 4.5mmx4.5mmx4.5mm region of interest
(ROI). ROIs were placed in areas showing distinct differences in hub structure, as well as
regions considered part of the default mode network in NHPs. In addition, to assess network
organization, regional connectivity maps were generated for select ROls. Connections to the
ROI were classified as first-order (direct) or second-order (indirect). First-order connections
are the immediate network neighbors of the ROl and are classified as such because they
share direct connections. Second-order connections share direct connections with the
immediate network neighbors, and thus share indirect connections to the ROI (Figure 1). In
this investigation, regional connectivity maps of the second-order connections were
evaluated for ROIs in the precuneus and anterior cingulate; connectivity maps show the
average degree of second-order connections across a group.

Community structure analysis

Community structure analysis detects the level of interconnectedness of “subnetworks” in
the network. Nodes more interconnected with each other than with the rest of the network
form communities or modules. These modules segregate the network into small
compartments that highlight the functional organization across the whole brain (Fortunato,
2010, Girvan and Newman, 2002, Meunier et al., 2009). Community structure was
determined using Qcut, an algorithm that uses spectral graph partitioning and local
optimization to determine the community structure (Ruan and Zhang, 2008). To assess the
consistency of modular organization, scaled inclusivity (SI) was used to find the most
consistent modules in the control and drinking group. Sl values are calculated by measuring
the overlap of modules across a group while concurrently penalizing any non-overlapping
modules (Steen et al., 2011). To test for significance, the most consistent modules were
identified from baseline scans. Treating these modules as ROIs, the Sl values within the ROI
were averaged for the 12-month scan in all animals. Afterward a one-way ANOVA was used
to test for differences between control and drinking animals.
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Results

Average graph metric analysis after chronic alcohol self-administration

Animals from both cohorts were used to investigate group differences after 12 months of
ethanol self-administration. The analysis contained animals from the ethanol drinking group
(n=12) and control group (n=7). As seen in Figure 2, animals had a daily intake that varied
from 0.73g/kg/day to 2.71 g/kg/day. Using a median split analysis (median=1.91 g/kg/day),
animals were classified as heavier drinkers (n=6) if their alcohol intake was >2 g/kg/day
while animals with alcohol intake <2 g/kg/day were classified as lighter drinkers (n=6).
Blood samples were collected every fifth day beginning 7 hr after the start of the self-
administration session in order to determine blood ethanol concentration (BEC). BEC
ranged between 20-70 mg/dL, depending on average daily intake. \ervet monkeys
metabolize EtOH at a rate of ~20 mg/dL/hr which is similar to metabolism in macaques and
humans. Alcohol intake for heavier drinkers (2.34 + 0.26 g/kg/day) was significantly higher
than that for lighter drinkers (1.32 + 0.42 g/kg/day, t=5.11, df=10, p<0.001). A drink is
considered to be equivalent to 0.25 g/kg, therefore, the heavier drinkers consumed on
average 9 drinks/day. Lighter drinkers consumed an average of 4-5 drinks/day. This intake
pattern was preserved in the final three months of the self-administration period with heavier
drinkers (2.52 £ 0.57 g/kg/day) drinking significantly more than lighter drinkers (1.73

+ 0.58¢g/kg/day, t=2.38, df=10, p<0.05). A one-way ANOVA comparing average graph
metrics for heavier and lighter drinkers showed no significant group differences for £,.and
Egiop (Figure 3; Ejop, F(2,16)=0.1, p=0.91 and Eyyep, F(2,16)=0.01, p=0.99). These results
suggest that despite a significant difference in drinking pattern, this behavior was not
associated with differences in global network metrics.

Hub map analysis after 12 months of ethanol self-administration

The network hubs were consistently located in the superior frontal cortex, ventrocaudal
visual cortex, and superior temporal gyrus in the treatment naive state (Figure 4a). After 12
months of self-administration behavior, the location of the hubs was consistent in both the
controls and lighter drinkers (Figure 4b—c). In both these groups, however, the appearance of
high degree hubs also occurred along the rostrocaudal extent of the anterior cingulate gyrus,
most prominently in the anterior cingulate cortex. The hub structure in the heavier drinkers
was similar (Figure 4d), except for apparent lower connectivity in the right superior temporal
gyrus and a lack of hubs in the cingulate cortex.

Region of interest analysis of altered brain regions

To test if the observed contrast in network topology reflected differences in node
connectivity after 12 months of self-administration, ROI analysis was conducted in all three
groups. ROIs were placed in the superior temporal gyri, anterior cingulate, subgenual
cingulate, precuneus, posterior parietal cortex, and visual cortex (see Figure 5 for ROI
locations); a one-way ANOVA comparing the control, lighter drinkers and heavier drinkers
was used to test for significant differences between the groups. Post hoc comparisons were
performed between each of the groups and a Bonferroni correction was applied with
£=0.017. As shown in Table 2, connectivity in the left superior temporal gyrus and left
visual cortex was not significantly different between all groups. Connectivity within the
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right superior temporal gyrus, precuneus, subgenual cingulate, posterior parietal and
sensorimotor ROIs was significantly different between the groups. Post hoc comparison in
all these groups revealed no significant differences between the control and lighter drinkers,
but significant differences were found when the heavier drinkers were compared to the
control and lighter drinkers. Significant differences were also found in the anterior cingulate,
F(2,78)=13.06, p=1.28x107°, and right occipital cortex, F(2,78)=5.31, p=6.88x1072. Post
hoc comparisons showed that connectivity in the anterior cingulate was significantly higher
in the control group compared to the lighter drinking (p=4.09x107°) and heavier drinking
group (p=8.74x10~4). Post hoc comparisons for right occipital cortex only showed
significant differences in connectivity between the control and heavier drinking group
(p=2.74x107%). After 12 months of self-administration, the heavier drinking group was
significantly different in 7 of the 11 selected ROIs, which suggest that the observed
differences in connectivity are intake dependent.

Regional connectivity analysis

Comparison of connectivity maps between groups showed little difference in the location of
highly connected nodes except when ROIs were placed in the precuneus (Figure 6a) and the
anterior cingulate gyrus (Figure 7a). At baseline, all animals showed secondary connections
from the precuneus to the thalamus, superior frontal gyrus, and multiple regions of visual
cortex (Figure 6b). At 12 months, this same connectivity pattern was evident in the control
group (Figure 6¢) with additional connectivity to the left superior frontal and the subgenual
cingulate gyri. This connectivity pattern was also evident in the lighter drinking group,
except high degree connections were less prevalent. Nonetheless, secondary connections
were present with the superior frontal gyrus and the thalamus, but were less extensive in the
visual cortex (Figure 6d). Unlike the controls, the lighter drinking group also displayed
secondary connections between the precuneus and the subgenual cingulate gyrus. The
heavier drinking group showed similar secondary connections to the lighter drinkers and
controls in the left superior frontal gyrus. However, the heavier drinking group exhibited the
greatest deviation from baseline with secondary connections appearing along a large portion
of the anterior cingulate gyrus (Figure 6e).

Connectivity maps from the anterior cingulate ROl showed secondary connections across a
large portion of superior and middle frontal gyri, visual cortex, and superior temporal gyri at
baseline (Figure 7b). At 12 months, the control group exhibited similar spatial patterns of
connectivity, although connections were considerably reduced in number in all locations
(Figure 7c). Within both drinking groups, there were more connections from the anterior
cingulate ROI to other portions of the anterior cingulate gyrus (Figure 7d—e). However, in
the heavier drinking group, secondary connections were also present in the precuneate gyrus.
These results indicate that there are significant connectivity differences across the brain,
which are most pronounced in the regions associated with the precuneus and anterior
cingulate. In addition, many of these differences are intake dependent as connectivity maps
of the heavier drinking group showed a greater divergence from baseline than the control
and lighter drinking groups.
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Community structure analysis

A one-way ANOVA analysis of community structure indicated that there were no significant
differences in the overall modularity for the control (0.57 £ 0.03SD), lighter drinkers (0.61
+ 0.07SD) and heavier drinkers (0.63 + 0.06SD) F(2,16)=2.81, p=0.09. Scaled inclusivity
(SI) analysis was performed to identify regional differences in community organization. At
baseline, there were prominent areas of consistent community structure in the precuneus and
somatosensory regions. After 12 months of self-administration, this pattern remained in the
control and lighter drinking groups, but was virtually absent in the heavier drinking group
(Figure 8). Further exploration of this finding was focused on the actual network community
that encompassed the precuneus and somatomotor cortices. A single consistent community
was found to encompass both the precuneus and the somatomotor cortex in the treatment
naive, control, and lighter drinking group. In contrast, the heavier drinking group showed an
overall reduction of consistency and the inclusion of the cingulate cortex (Figure 9).
Focusing on the precuneus module, a one-way ANOVA found a significant difference in
consistency between the groups F(2,16)=5.35, p=1.66x1072. Post hoc comparisons found a
significant difference between the lighter drinkers and heavier drinkers (p=7.82x107%)
(Figure 10). These results highlight that the differences seen in the community structure are
consistent with those seen in the connectivity maps.

Discussion

Differences in brain network organization due to chronic alcohol use

One of the main findings in this study is that chronic ethanol self-administration appears to
alter the functional organization of the brain as evidenced by differences in network
topology and significant connectivity differences found in areas associated with the default
mode network. Moreover, these differences are dependent on level of ethanol intake with
heavier intake demonstrating more divergent connectivity. While average, or whole-brain,
graph metrics did not show any significant differences, there were specific regional
differences in connectivity between the drinking and non-drinking groups. The number of
connections in the right superior temporal gyrus was significantly lower in the heavier
drinking group. In addition, the drinking group (heavier and lighter drinkers) showed lower
connectivity in the anterior cingulate and subgenual cingulate gyrus compared to controls.
Significant connectivity differences were also found in the posterior parietal, sensorimotor
and visual cortices. Although significant differences were only found in the right visual
cortex between the control and heavier drinking group, the heavier drinking group was
found to be significantly different from both the controls and lighter drinkers in posterior
parietal and sensorimotor cortices.

Connectivity differences in the anterior cingulate and subgenual cingulate ROls appear to
reflect those observed in the precuneus. The number of connections in the precuneus
significantly increased in the heavier drinking group. These differences were associated with
increased connectivity between the precuneus and the cingulate cortex as demonstrated by
connectivity maps and the decrease of consistency in the precuneus module for the heavier
drinkers (Figure 8d and Figure 9d). When looking at connections across the entire cingulate,
there is a noteworthy shift in hub distribution as evidenced by the appearance of hubs in the
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cingulate after 12 months in the controls and lighter drinkers. This shift in hub structure may
reflect a training effect; however, given the low sample size of control animals that received
both scans (n=3), it is difficult to determine the reason for increased connectivity in the
cingulate.

Group comparisons of the precuneus module found a significant difference between the
lighter and heavier drinking groups. This finding is notable because it further demonstrates
that ethanol-associated differences in network structure are intake dependent.

Impact of ethanol on functional systems

Connectivity differences observed in the posterior parietal ROls are noteworthy because
damage to the posterior parietal cortex can lead to sensorimotor deficits. Studies in humans
have demonstrated a dose-dependent effect of ethanol on the visuomotor system (Calhoun et
al., 2004), and have been shown to alter the effective connectivity of the posterior parietal
cortices and visual cortex (Luchtmann et al., 2013). These differences may also account for
those observed in the sensorimotor and visual cortices.

In humans, working memory is associated with the prefrontal cortex, including the anterior
cingulate, temporal lobes and subcortical areas such as thalamus and basal ganglia
(Constantinidis and Procyk, 2004, Lenartowicz and Mclntosh, 2005). Accounting for the
decreased connectivity observed in the right superior temporal gyrus, this may reflect
deficits in working memory as it serves as a multimodal region for object- and space-related
processing of the surroundings in NHPs (Karnath, 2001). Studies in rats found chronic
ethanol exposure altered working memory processes (Santin et al., 2000, Lukoyanov et al.,
2003), while studies in adolescent rhesus macaques found a delay in visuo-spatial
associative memory and spatial working memory after chronic alcohol exposure (Crean et
al., 2011). Indeed, given that the superior temporal gyrus is consistent with the default mode
network in NHPs (Hutchison et al., 2011, Margulies et al., 2009, Vincent et al., 2007,
Telesford et al., 2013), disruption of this region may impact working memory. The findings
in superior temporal gyrus may also reflect a response to scanner noise as this region
contains the primary auditory cortex. Nonetheless, if connectivity reflects an auditory
response to the scanner, there is still an intake-dependent effect associated in the right
superior temporal gyrus.

Human functional magnetic resonance imaging (fMRI) studies found increased activity in
the somatosensory cortex and cingulate after a passive training task (Carel et al., 2000),
which may account for the increased connectivity observed in the cingulate gyrus in the
controls and lighter drinkers. In humans, a functional connectivity study of changes to the
default mode network in chronic alcohol users found increased connectivity between the
precuneus and cerebellum (Chanraud et al., 2011). A study of acute alcohol consumption
documented changes to the resting state network in the subcallosal cortex, left temporal
fusiform cortex and the left inferior temporal gyrus (Spagnolli et al., 2013). In our
investigation, higher connectivity was found in the precuneus of the heavier drinking group;
however, since the currently available atlas only provided a mask for cerebral gray matter,
connections to the cerebellum, as in Chanraud et al., (2011) were not included in the
analysis. It is also noted that the precuneus module was significantly different between the
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lighter and heavier drinking group. In contrast, despite having significant differences in
connectivity, the control group showed no difference in the precuneus module. We believe
this reflects high variability in the normal population. By introducing alcohol to the animals,
there is a consistent shift in network connectivity and community structure that results in
less variability. Nonetheless, differences in the precuneus in the heavier drinking group were
associated with higher interconnectivity between the precuneus and anterior cingulate cortex
(Figure 9). The cingulate gyrus is implicated in inhibitory control and disruption of this
region results in impulsivity (Koob and Volkow, 2010). The cingulate cortex has also been
associated with alcohol craving (Vollstadt-Klein et al., 2011, Schacht et al., 2013, Breese et
al., 2011); cue elicited activation occurs in the parietal and temporal regions, including the
posterior cingulate, precuneus and superior temporal gyrus in heavy drinkers and individuals
with alcohol disuse disorder (Schacht et al., 2013).

Although this study was performed in anesthetized animals, the differences seen in the brain
are consistent with changes associated with chronic alcohol use in humans. Functional
connectivity studies in the precuneus have demonstrated connectivity to the superior
temporal sulcus in the macaque (Zhang and Li, 2012). The precuneus has also been
associated with the default mode network in several NHP studies (Telesford et al., 2013,
Hutchison et al., 2011, Vincent et al., 2007). Additionally, a recent study in the awake
marmoset found default mode network activity consistent with functional organization of the
brain under anesthetized conditions, particularly in the precuneus (Belcher et al., 2013). Our
results suggest that the precuneus, superior temporal gyrus, and the cingulate cortex are
affected by chronic ethanol exposure, which alters the organization of the default mode
network.

With the current data, comparison of baseline and 12-month scans would necessitate a
mixed-design statistical analysis as the second cohort received two scans (baseline and 12-
month) compared to the first cohort, which only received the 12-month scan. Although there
is sufficient data to compare control and drinking animals after the free access period, the
number of control animals that received both scans (baseline and 12-month) was low.
Consequently, the low sample size for controls (n=3) in the second cohort would make
paired comparison underpowered. To address this, statistical analysis was limited to the 12-
month scans, with baseline scans acting as a qualitative assessment of hub structure and
community structure. While this approach limits our ability to assess within animal changes
between the baseline and 12-month scan, we were still able to assess group differences that
differentiate control, lighter drinkers and heavier drinkers.

Another potential caveat of this data is the intake pattern of animals. In the literature, heavy
drinking in NHPs elicited by the self-administration experimental design we used is denoted
by ethanol intake >3 g/kg/day, while non-heavy drinking is characterized by <3 g/kg/day
(Vivian et al., 2001, Grant and Bennett, 2003). Although the vervet monkeys in this study
did not in large part achieve daily averages of >3 g/kg, during the free access phase of the
study the animals self-selected into groups with intakes that averaged 0.73 — 2.57 g/kg.
During the last 3 months, intake ranged from 1.06-3.11 g/kg. This level of drinking allowed
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a comparison of heavier and lighter drinkers, with lighter drinkers often appearing closer to
controls in terms of node connectivity and community structure consistency.

Of great interest is whether the observation of hubs in the cingulate after 12 months in the
control and lighter drinking group may be due to a training effect. There is evidence that
long-term training does cause functional and structural changes in the brain (Lewis et al.,
2009, Taubert et al., 2011). However, while we are confident that this self-administration
model has predictive value in determining which animals will ultimately become heavy
drinkers, a larger sample size would help to differentiate the differences that can be
attributed to operant responding and to ethanol intake.

A final caveat lies in the nature of graph analysis itself. The main difference between graph
analysis and traditional fMRI is that graph theory does not measure activity, but rather, it
measures strong correlations of BOLD signal across the brain. In contrast to studies that
assess anatomic connectivity (Hagmann et al., 2008), functional connections can highlight
regions that may be connected directly or indirectly.

Conclusion

The main finding of this study is that chronic ethanol exposure is indicative of altered brain
network organization as demonstrated by differences in the default mode network
organization of drinking and non-drinking vervet monkeys. Studies in humans have
highlighted the precuneus, superior temporal gyrus and anterior cingulate as regions affected
by alcohol in resting state and task-based studies. Although these animals were anesthetized,
significant differences were still found in key regions, which indicate that group differences
attributed to alcohol can still be observed under the given experimental conditions. More
importantly, the observed differences in brain network organization appear to be intake-
dependent. From a qualitative and quantitative standpoint, we observed differences in select
brain regions that can differentiate between drinkers and controls, as well as, between lighter
and heavier drinkers. The observed differences in the default mode network in monkeys are
consistent with results found in human studies. Nonetheless, future studies are needed to
help distinguish between differences that can be attributed to operant training and alcohol.
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Figure 1. Regional connectivity map schematic.
To assess network organization, network connections are classified by first-order and

second-order connections of the ROI node. First-order connections denote the immediate
neighbors of the ROI node and are considered direct connections. Second-order connections
share direct connections with the first-order connections and are consider indirection
connections of the ROI node.
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Figure 2. Ethanol intake pattern of drinking cohort of vervet monkeys.
(a) Animals had a daily intake that varied from 0.73 g/kg/day to 2.71 g/kg/day. (b) After 12

months of free access to alcohol, animals fell into subgroups: heavier drinkers (>2 g/kg/day)
and lighter drinkers (<2 g/kg/day). The drinking pattern of the heavier drinkers was
significantly higher than the lighter drinkers (p<0.0001). (c) An investigation of the drinking
pattern in the last three months demonstrates the preservation of this intake pattern within
the drinking cohort (p<0.01).
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Figure 3. Comparison of average graph metrics after 12 months of chronic ethanol self-
administration.

(a) Comparison of average graph metrics for local efficiency show no significant differences
between control (0.49 £ 0.11SD), lighter drinkers (0.51 + 0.03SD), and heavier drinkers
(0.50 £ 0.06SD). (b) Similar results were found for global efficiency, with no significant
differences between control (0.25 + 0.08SD), lighter drinkers (0.25 £+ 0.03SD), and heavier
drinkers (0.25 + 0.08SD).
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Figure 4. Hub maps of top 15% of highest degree nodes in drinking/non-drinking vervet cohorts.
(a) Hub maps for baseline scans of animals in the second cohort reveal hub maps in the

medial prefrontal cortex, anterior cingulate, cingulate cortex, visual cortex, parietal lobe,
temporal lobe, and superior temporal gyrus. (b-c) After 12 months of ethanol self-
administration, hub maps for animals in both cohorts appear similar for control and lighter
drinkers. (d) However, heavier drinkers appear to lose hubs in the cingulate cortex and right
superior temporal gyrus.
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Figure 5. ROI locations for ANOVA analysis.
ROIs (4.5mmx4.5mmx4.5mm) were placed in seven (for a total of 11) regions in the brain

for ANOVA analysis. Regions include the precuneus, anterior cingulate, subgenual
cingulate, sensorimotor cortex, posterior parietal cortex, superior temporal gyrus, and visual
cortex.
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Figure 6. Neighborhood maps of precuneus ROI.
(a) Nodes connections were mapped to the neighbors of nodes in precuneus ROI. (b) Using

the baseline scans of animals in the second cohort, neighborhood connections of nodes in the
precuneus were connected to the visual cortex, thalamus, and superior frontal gyrus. (c)
Control animals from both cohorts at 12 months had similar connectivity to the baseline
scans. (d-e) The drinking group from both cohorts at 12 months showed greater connectivity
in the cingulate cortex, but most pronounced in the anterior cingulate cortex of the heavy
drinking group.

Alcohol Clin Exp Res. Author manuscript; available in PMC 2019 September 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Telesford et al. Page 21

(a) Anterior Cingulate (b) Baseline

B

(c) Control (d) Light Drinkers (e) Heavy Drinkers

@

® a@

Average Degree (K)

_

min K max K

Figure 7. Neighborhood maps of anterior cingulate ROI.
(a) Nodes connections were mapped to the neighbors of nodes in anterior cingulate ROI. (b)

Using the baseline scans of animals in the second cohort, neighborhood connections were
found in the superior frontal gyrus, superior temporal gyrus and visual cortex at baseline (c)
Control animals from both cohorts at 12 months show connectivity was localized to the
superior frontal gyrus and subgenual cingulate. (d-e) 12 month scans from both cohorts of
the drinking group also showed connectivity in the frontal gyrus, but there was also
increased connectivity across the cingulate cortex.
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Figure 8. Community structure consistency in vervet groups.
(a) The precuneus/posterior cingulate and somatosensory regions were the most consistent

regions in the baseline scans of animals in the second cohort. (b-c) These regions appear to
remain consistent in the control and lighter drinkers after 12 months of ethanol self-
administration. (d) However, in the heavier drinkers, these regions are not highly consistent.
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Figure 9. Consistency of precuneus module.
Scaled inclusivity of the module comprising the precuneus was evaluated across all groups.

(a) Animals at baseline reveal that the module is strongly interconnected with itself along
with the motor and somatosensory cortex. (b-c) This pattern holds after 12-months of self-
administration in the control and lighter drinking group. (d) However, in the heavier drinking
group there is stronger interconnectivity with the precuneus and the cingulate cortex.
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Figure 10. Mean Sl values for precuneus module in vervet groups.
The average Sl values for control (0.12 + 0.06SD), lighter drinkers (0.14 + 0.03SD), and

heavier drinkers (0.05 + 0.01SD). A one-way ANOVA found a significant difference
between the groups; post hoc comparisons found a significant difference between lighter
drinkers and heavier drinkers, F(2,16)=5.35, p=1.66x1072. An asterisk indicates significance
between the groups.
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Table 1.
Breakdown of vervet monkey cohort and scans received.

Animals were divided into two cohorts. The animals in Cohort 1 only received a scan at 12 months, while the
animals in cohort 2 received scans in the treatment naive state and after 12 months of chronic ethanol self-
administration.

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Cohort Cohort 1 Cohort 2
Group Control Drinking Control Drinking
# of Animals 4 5 3 7

Scan Received

12 Month | 12 Month

Baseline 12 Month

Baseline 12 Month
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Table 2.
ANOVA results of ROI average degree connectivity.

An ANOVA analysis was performed in ROIs for 12-month scans of animals in both cohorts. Significant
differences in connectivity were found in all ROIs except for the left superior temporal gyrus and left visual
cortex. The average degree was calculated in several ROIs across the brain. A single asterisk denotes p<0.05
between heavier drinkers and control. A double asterisk denotes p<0.05 between heavier drinkers compared to
lighter drinkers and control. A triple asterisk denotes p<0.05 between control and drinkers (heavier and
lighter).

Region of interest F p
precuneus 50.85 | 7.31x10715 | **
superior temporal gyrus L 0.21 0.81

superior temporal gyrusR | 19.35 | 1.50x1077 | **

1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

anterior cingulate 13.06 | 1.28x107° | ***
subgenual cingulate 10.13 | 1.23x1074 | **
posterior parietal L 7.23 | 1.32x1073 | **
posterior parietal R 9.67 | 1.77x1074 | **
sensorimotor L 1339 | 1.00x1075 | **
sensorimotor R 1337 | 1.02x1075 | **
visual cortex L 1.52 0.23

visual cortex R

531

6.88x1078
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