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ABSTRACT

Objective and design: Preclinical studies suggest learned immune system responses to alcohol cues and con-
sumption may contribute to alcohol’s pharmacodynamic properties and/or Alcohol Use Disorder (AUD) path-
ogenesis. Mechanistically, these immune alterations may be associated with increased craving and alcohol
consumption, both acutely and over time. We sought to characterize this relationship in a randomized, counter-
balanced, crossover neuroimaging experiment which took place between June 2020-November 2021.
Methods: Thirty-three binge drinkers (BD) and 31 non-binge, social drinkers (SD), matched for demographic and
psychological variables, were exposed to alcohol cues and water cues in two separate 7 T functional magnetic
resonance imaging (fMRI) scans. Each scan was followed by the Alcohol Taste Test (ATT) of implicit motivation
for acute alcohol. Craving measures and blood cytokine levels were collected repeatedly during and after
scanning to examine the effects of alcohol cues and alcohol consumption on craving levels, Tumor necrosis factor
alpha (TNF-a), and Interleukin 6 (IL-6) levels. A post-experiment one-month prospective measurement of par-
ticipants’ “real world” drinking behavior was performed to approximate chronic effects.

Results: BD demonstrated significantly higher peak craving and IL-6 levels than SD in response to alcohol cues
and relative to water cues. Ventromedial Prefrontal Cortex (VmPFC) signal change in the alcohol-water contrast
positively related to alcohol cue condition craving and IL-6 levels, relative to water cue condition craving and IL-
6 levels, in BD only. Additionally, peak craving and IL-6 levels were each independently related to ATT alcohol
consumption and the number of drinks consumed in the next month for BD, again after controlling for craving
and IL-6 repones to water cues. However, TNF-« release in the alcohol cue condition was not related to craving,
neural activation, IL-6 levels, immediate and future alcohol consumption in either group after controlling for
water cue condition responses.

Conclusions: In sum, BD show greater craving and IL-6 release in the alcohol cue condition than SD, both of which
were associated with prefrontal cue reactivity, immediate alcohol consumption, and future alcohol consumption
over the subsequent 30 days. Alcohol associated immune changes and craving effects on drinking behavior may
be independent of one another or may be indicative of a common pathway by which immune changes in BD
could influence motivation to consume alcohol.

Trial registration: Clinical Trials NCT04412824.
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1. Introduction

The immune consequences of severe Alcohol Use Disorders (AUDs)
are well-known (Coleman and Crews, 2018), and preclinical findings
have indicated that disrupted immune system responses to alcohol cues
and alcohol consumption may contribute to the increased alcohol con-
sumption seen in models of binge drinking (Vore et al., 2017). For
example, although acute alcohol is generally immunosuppressive, as
evidenced by its suppression of tumor necrosis factor alpha TNF-a
(Nelson et al., 1989), adolescent and adult rats with adolescent binge
drinking exposure display interleukin 6 (IL-6) release in the amygdala
and paraventricular nucleus in response to alcohol intake (Dor-
emus-Fitzwater et al., 2015).

When alcohol is consumed acutely, it passes from the stomach and
intestines into the blood, entering the liver through the portal vein. In
the liver, alcohol dehydrogenase (ADH), the key enzyme in alcohol
metabolism, mediates the conversion of alcohol to acetaldehyde (Garcin
et al., 1985). Acetaldehyde is a toxic intermediate which has a greater
toxicity than ethanol and leads to liver injury. An alternate pathway
independent of ADH, the microsomal ethanol oxidizing system (MEOS),
is also responsible for alcohol metabolism. MEOS is a cytochrome P450
enzyme system, mainly expressed in the liver, although the MEOS is also
located in other organs, including the brain (Lieber, 1994; Neve and
Ingelman-Sundberg, 2000).

The MEOS is overexpressed in response to chronic and binge alcohol
consumption (Lieber and DeCARLI, 1972). Importantly, increased
expression and stimulation of MEQOSs results in production of excess
reactive oxygen species (ROS), lipid peroxidation, protein and DNA
oxidation, and a proinflammatory state. Indeed, oxidant stress has been
implicated as a pathogenic factor for the onset of alcohol liver disease
(Kawaratani et al., 2013). Moreover, repeated intoxication sensitizes the
immune system which can result in low-grade systemic inflammation
(Carbia et al., 2021), including in the prefrontal cortex (Kraynak et al.,
2018; Crews et al., 2011).

Two robust markers of low-grade systemic inflammation across
different physical and psychiatric conditions are TNF-a and IL-6 (Jones
et al., 2001; Zelova and HosSek, 2013; Maachi et al., 2004). TNF-« is
mainly produced by Kupffer cells in the liver and is a critical
pro-inflammatory cytokine which is a mediator in various physiological
processes, such as inflammation, cell proliferation, and apoptosis. While
acute consumption is associated with immediate reductions in TNF- «
levels in both healthy controls and those with AUDs, preclinical models
of heavy drinking and individuals with AUD show elevated basal levels
of TNF- «a (Laso et al., 2007; Khoruts et al., 1991; Portelli et al., 2019).
This suggests that chronic alcohol may increase TNF- o production,
which can lead to glutamatergic excitotoxicity and demyelination in
neurons, thereby contributing to alcohol induced brain damage (Crews
et al., 2011; Probert et al., 1997; Marshall et al., 2016). This upregula-
tion of TNF- a may represent an allostatic response to the effects of
alcohol consumption (Koob and Le Moal, 2001).

In contrast to TNF- «, both acute and chronic alcohol consumption
increases IL-6 release in those with AUDs (Lee et al., 2021). IL-6 is an
important influencer of neuroendocrine activity that easily passes the
blood-brain barrier (Banks et al., 1994) to interact with central neuro-
transmitters and induce chronic inflammation (Erta et al., 2012; Reiss-
ner and Kalivas, 2010). Specifically, microglia in the brain express IL-6
more than other CNS cell types, and secrete IL-6 during peripheral im-
mune activation, i.e., in response to alcohol consumption (Marshall
et al., 2016; Zou and Crews, 2010). Human post mortem brain studies
have suggested microglia activation may contribute to alcohol patho-
genesis (He and Crews, 2008) and may influence alcohol’s psychody-
namic properties via effects on synaptic transmission (Grifasi et al.,
2019). Moreover, IL-6 pathways are upregulated in alcohol preferring
rodents (Blednov et al., 2012; Kimpel et al., 2007), while ablation of the
IL-6 gene in mice decreases ethanol consumption (Blednov et al., 2005).
Finally, circulating IL-6 levels at rest are higher in heavy drinkers than
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social drinkers (Zago et al., 2016) and Karoly et al. (2018), found that
IL-6 levels correlated with self-reported alcohol use over several weeks.
Thus, the upregulation of IL-6 may also represent an allostatic response
to the effects of binge alcohol consumption (Koob and Le Moal, 2005).

Binge drinking represents an intermediate psychological and allo-
static phenotype between social drinking and AUD and is a risk factor for
developing an AUD. Physiologically, individuals who engage in binge
drinking, demonstrate the dysregulated hypothalamic-pituitary-adrenal
(HPA) axis responses to both alcohol consumption and alcohol cues seen
in AUDs (for review, see Blaine and Sinha, 2017). Specifically, in-
dividuals who engage in binge drinking show elevated baseline cortisol
levels and baseline craving, and a blunted cortisol response to both
alcohol cues and acute alcohol consumption, which is accompanied by
further increases in craving (Blaine et al., 2019). In AUDs, these altered
HPA axis responses are associated with blunted ventromedial prefrontal
cortex (VmPFC) activation to alcohol cues, which is predictive of time to
relapse in treatment seeking individuals (Blaine et al., 2017, 2020).

While previous research has established differential responses in IL6
and TNF- a to alcohol cues and consumption in preclinical models and
individuals with AUDs, these responses have not been observed in at-risk
binge drinkers who are otherwise healthy. Further, the degree to which
the relationship between immune responses and neural responses to
alcohol cues, craving, or acute alcohol consumption differs between
binge drinkers and healthy controls is unknown. Understanding this
relationship may help elucidate mechanisms by which immune and
neural changes associated with binge drinking leads to enhanced risk for
AUD.

Therefore, the purpose of this prospective investigation was to
investigate the immune and neural responses to alcohol cues, their
relationship to craving, and their association with immediate and future
alcohol consumption in social and binge drinkers, in the context of a
within-subjects crossover study (NCT04412824). To this end we
recruited beer drinking, non-smoking men and women ages 21-45 (N =
64, 34 males, 30 female), who were either social (SD) or binge drinking
individuals (BD) without AUDs, for two multimodal neuroimaging ses-
sions to compare the immediate effects of alcohol cues and consumption
on immune and neural responses and their relationship with “real
world” drinking behavior over a one month follow up. Water cues were
used as an active control and session order was counterbalanced and
randomized among participants.

We hypothesized that BD and SD would not have different baseline
circulating levels of TNF-o or IL-6, as all participants were healthy young
adults without AUD diagnoses. We hypothesized that BD would show
greater cue induced craving, greater cue induced VmPFC activation, and
greater immediate alcohol consumption, accompanied by lower TNF-o
and greater IL-6 release after alcohol cue exposure and consumption
when compared to SD, and relative to alcohol consumption after water
cue exposure. We further hypothesized that in BD, IL-6, VmPFC and
craving responses to alcohol cues and immediate alcohol consumption
would be positively associated with drinking behavior in the real world,
while TNF-a would be negatively related to drinking behavior in the real
world.

2. Materials and methods
2.1. Participants

Participants were recruited from the greater Auburn-Opelika, Ala-
bama area via advertisements on social media platforms. Screening of
1340 individuals occurred via Qualtrics survey to determine potential
eligibility. At intake, beer drinking, non-smoking men and women ages
21-45 were categorized as non-binging Social Drinkers (SD; <7 standard
drinks/week for women or 14 standard drinks/week for males, with no
occasions of binge drinking) or as Binge Drinkers (BD; binges of >4
drinks in a 2 h time span and >8 standard drinks/week for women or >5
drinks for men in a 2-h time span and >15 standard drinks/week for
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men). There was a requirement of at least 3 binges per month in the last
3 months for BD, as indicated by the Timeline FollowBack (Sobell et al.,
1992) and Cahalan Quantity and Frequency Variability Index (Cahalan
et al, 1969) interviews. Current DSM-5 psychiatric disorders, as
assessed by the Structured Clinical Interview for DSM-5 (SCID-5) (First
et al., 2015), and any prescription medications were exclusionary
(except hormonal birth control). To control for the possible influence of
high estrogen and/or progesterone levels due to menstrual phase, fe-
male participants not using hormonal birth control (n = 10) were
scanned on days 1-10 (follicular phase) of their menstrual cycles.
Eighty-eight right-handed individuals with no magnetic resonance im-
aging (MRI) contraindications (metallic foreign objects in the body, etc.)
enrolled in the study and completed intake and baseline assessments, 64
of whom (34 male, 30 female; 33 BD, 31 SD) completed both scans and
at least 85% of follow-up surveys (See Supplemental Fig. 1 for CON-
SORT Diagram). This final sample size of N = 64 was determined a
priori based on previous studies published by the first author correlating
blood biomarkers with blood oxygen level dependent (BOLD) response
to cues (Blaine et al., 2020). Groups were matched for sex, race, years of
education, family history of AUD, years of regular drinking, and number
of drinking days in the past month. Groups were not different on current
subjective stress levels, depression and anxiety, impulsivity and number
of childhood and lifetime traumatic events (Table 1). All group com-
parisons involved y? tests of frequency or independent t-tests based on
mean, standard deviation, and number of participants per group. At
baseline, the BD group was slightly younger and showed significantly
higher number of drinking days in the past month, higher total amount
of alcohol consumed in the past month, and higher usual and maximum
number of drinks per drinking episode (Table 1).

2.2. Within person and between participants experimental design (Fig. 1)

In counter-balanced and randomized order, participants underwent
the alcohol (ALC) and water (H20) cue fMRI sessions. Randomization of
condition order was performed by the first author using a random
number sequence generator which is freely available on the internet.
Prior to each experimental scan session, participants were required to be
drug free, as tested by a urine drug screen for cannabis, benzodiazepines,
opiates, and stimulants, and have a breath alcohol concentration of
0.000 g/L, as assessed via a Draeger Alcotest 6820 Breathalyzer test
(Lubeck, Germany). At the start of the session, a registered nurse or
nurse practitioner inserted an in-dwelling intravenous catheter into the
participant’s non-dominant arm to allow for repeated blood measure-
ments. A baseline blood sample was drawn 55 min later to reduce the
effects of needle insertion on baseline blood cortisol levels. Baseline
alcohol craving was measured at this same time point using the Alcohol
Urge Questionnaire (Bohn et al., 1995) and then again at each timepoint
throughout the experiment. Participants were then placed in the 7 T S
Magnetom MRI and underwent three, 10-min Blood Oxygen Level
Dependent (BOLD) functional runs, with exposure to visual cues,
accompanied by regular measurement of craving and blood draws for
TNF-a and IL-6. To increase attention to the cues during each BOLD run,
participants were instructed to click on a button with their dominant
hand whenever they saw red wine (alcohol cue) or water bottles (water
cue). Data on click number or accuracy were not collected. The number
of alcohol and water cues was matched (see Supplemental Materials for
Cue Image selection and valence/arousal evaluation). This crossover
design allowed us to isolate the effect of alcohol cues and thus the
ALC-H20 contrast was utilized to assess the alcohol cue effect in all
analyses.

After each MRI scan, participants underwent a post-scan alcohol
taste test (ATT) to isolate the effect alcohol versus water cues (ALC-H20)
on implicit motivation to consume alcohol. The 10-min ATT involved
presenting the participant with 3 mugs of alcoholic beers (total of 1440
ml, equivalent to 4 cans of beer) and instructing them to taste the beers
to assess if they are the “same or different” kind of beer. Participants

Brain, Behavior, & Immunity - Health 31 (2023) 100645

Table 1
Participant demographic, drinking, and psychological characteristics.
DEMOGRAPHIC VARIABLES SOCIAL BINGE Cohen’s d/
DRINKERS (N DRINKERS (N Chi square
=31) =33)

SEX

FEMALE 14 (45%) 16 (48%)

MALE 17 (55%) 17 (52%)

RACE and ETHNICITY

BLACK/AFRICAN 5 (16%) 1 (3%)
AMERICAN

CAUCASIAN 23 (74%) 32 (97%)

ASIAN AMERICAN 3 (10%) 0 (0%)

HISPANIC 6 (19%) 6 (18%)

YEARS OF EDUCATION 17 (2.5) 16 (1.6)

AGE* 28 (7) 24 (4.5) 0.68

DRINKING VARIABLES

NUMBER OF AUD FIRST 0.26 (0.6) 0.24 (0.6)
DEGREE RELATIVES

YEARS OF REGULAR 7.5(6.9) 5.2 (5)
DRINKING

DRINKING DAYS IN PAST 9.9 (7.4) 14.6 (6.4)
MONTH

TOTAL AMOUNT 23.5(19.2) 78.3 (63.7) 1.16
CONSUMED IN PAST
MONTH*

CAHALAN QFVI USUAL 2.5 (0.93) 5.1(2.8) 1.25
NUMBER OF DRINKS*

CAHALAN QFVI MAX 5(1.8 9.2 (2.8 1.78
NUMBER OF DRINKS*

LIFETIME MILD ALCOHOL 7 (22.6%) 18 (54.5%) 6.86
USE DISORDER*

ALCOHOL USE DISORDERS 4.6 (1.8) 11 (4) 2.06
IDENTIFICATION TEST
(AUDIT)*

PSYCHOLOGICAL VARIABLES

PERCEIVED STRESS SCALE 31.6 (4.4) 31.4 (4.3)
(PSS)

BECK DEPRESSION 5.6 (4.9) 5.8 (5.8)
INVENTORY (BDI)

BARRET IMPULSIVINESS 68.9 (8.4) 71 (5.7)
SCALE (BIS)

CHILDHOOD TRAUMA 63.4 (4.6) 65.2 (4.6)
QUESTIONNAIRE (CTQ)

STATE-TRAIT ANXIETY 30.6 (3.8) 29.7 (2.8)
INDEX (STAI)- TRAIT

STATE-TRAIT ANXIETY 60.4 (11) 62 (5.4)

INDEX (STAI)- STATE

Note * denotes significantly different at p < 0.05. All group comparisons
involved y? tests of frequency or independent t-tests based on mean, standard
deviation, and number of participants per group.

were instructed to “drink as much as they need to” to make that deter-
mination and that they would be paid $10 if they were correct. Partic-
ipants received beer with a 4.2% alcohol concentration and the 3 mugs
of beers presented were always the same as each other. Therefore, a
participant could take a small sip from each beer glass and be able to
make their determination. Notably, participants often chose to consume
more than a sip of each beer, and the amount consumed served as a
behavioral index of alcohol motivation (Blaine et al., 2019; Jones et al.,
2016). After the ATT, the Biphasic Alcohol Effects Questionnaire, Drug
Effects Questionnaire and Alcohol Urge Questionnaire (Bohn et al.,
1995; Martin et al., 1993; Morean et al., 2013) were administered, in
addition to breath alcohol level measurements and blood draws for
TNF-a and IL-6 levels, every 15 min for 45 min after alcohol
consumption.

2.3. Neuroimaging procedures and analysis

Scanning occurred in a 7 T Siemens MAGNETOM MRI system
equipped with a standard 32 channel head coil, using the T;
magnetization-prepared rapid gradient-echo (MPRAGE) sequence for
structural scanning. High resolution structural images were acquired
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with the following parameters: TR = 2200ms, TE = 2.89ms, TI =
1050ms, bandwith = 240 Hz/pixel, flip angle = 7°, field of view = 190
x 190mm, matrix = 256 x 256, slice thickness = .7 mm, gap = .35 mm,
256 sagittal slices, 0.7 mm® isotropic voxels.

Each scan consisted of 3 functional blocks with two types of visual
stimuli (i.e., neutral pictures and pictures of water cues or pictures of
alcohol cues). Each run lasted 10:24 and included a 90 s fixation cross,
3:18 of neutral stimuli presentation (33 images shown for 5 s each, in
randomized order per block, with a 1 s fixation displayed between im-
ages), and 6:36 of alcohol or water cues (66 images shown for 5 s each in
randomized order per block, with a 1 s fixation displayed between im-
ages). All visual stimuli were used only once. An echo planar (T2*)
sequence was used to collect functional images. Two-hundred twenty-
eight volumes (TR = 3000 ms, TE = 2.8 ms, bandwidth = 1124 Hz/pixel,
flip angle = 70°, field of view = 200 x 200mm, matrix = 234 x 234,
slice thickness = 1.5 mm, gap = .9 mm, 37 axial slices parallel to the
anterior commissure-posterior commissure line, voxel size = 0.9 x 0.9
x 1.5 mm) were collected for each functional block (total time = 10 min,
24 s).

Neuroimaging data was preprocessed using FMRIPREP version
20.2.0 (Esteban et al., 2019) [RRID:SCR_016216], a Nipype (Gorgo-
lewski et al., 2011) [RRID:SCR_002502] based tool. Each Tlw
(T1-weighted) volume was corrected for INU (intensity non-uniformity)
using N4BiasFieldCorrection v2.1.0 (Tustison et al., 2010) and
skull-stripped using antsBrainExtraction.sh v2.1.0 (using the OASIS
template). Spatial normalization to the ICBM 152 Nonlinear Asymmet-
rical template version 2009c (Dale et al., 1999) [RRID:SCR_008796] was
performed through nonlinear registration with the antsRegistration tool
of ANTs v2.1.0 (Avants et al.,, 2008) [RRID:SCR_004757], using
brain-extracted versions of both T1w volume and template. Brain tissue
segmentation of cerebrospinal fluid (CSF), white-matter (WM) and
gray-matter (GM) was performed on the brain-extracted T1w using fast
(Zhang et al., 2001) (FSL v5.0.9, RRID:SCR_002823).

Functional data was slice time corrected using 3dTshift from AFNI
v16.2.07 [11, RRID:SCR_005927] and motion corrected using mecflirt
(FSL v5.0.9) (Jenkinson, 2003). This was followed by co-registration to
the corresponding T1w using boundary-based registration (Greve and
Fischl, 2009) with six degrees of freedom, using flirt (FSL). Motion
correcting transformations, BOLD-to-Tlw transformation and
T1w-to-template (MNI) warp were concatenated and applied in a single
step using antsApplyTransforms (ANTs v2.1.0) using Lanczos
interpolation.

General linear modeling (GLM) was used for first-level analyses (e.g.,
individual-level) on each voxel in the entire brain volume using FSL
FEAT (FMRI Expert Analysis Tool) Version 6.00, part of FSL (55)
(FMRIB’s Software Library, www.fmrib.ox.ac.uk/fsl). Preprocessed
functional images were temporally filtered using a high pass filter of
120 s and images were spatially smoothed using a 6-mm Gaussian
kernel. Individual runs of the task were analyzed using FMRIB’s
Improved Linear Model (FILM), with explanatory variables that
included neutral and alcohol (water); contrast maps representing water
- neutral and alcohol - neutral were derived from the beta maps
generated in this analysis. Six movement regressors and their derivatives
were included in first level models.

For higher-level (e.g., group level) data analysis, linear effects
modeling using FSL FEAT was implemented with a 2 (average of runs for
each session: Alcohol, Water) x 2 (group: BD, SD) design while covarying
for age and sex. Session and run were treated as within-person fixed-
effect factors, group as a between-person factor, and participant as a
random factor. Results were cluster corrected at p < 0.05, with an initial
whole brain analysis threshold of p < 0.001 for the ALC-H20 contrast.
All associations presented are with each participants’ ALC-H20 average
percent signal change for each significant cluster.
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2.4. IL-6 and TNF-o measurement

Plasma levels of TNFa and IL-6 were determined by enzyme-linked
immunosorbent assay (ELISA) (Quantikine, R&D Systems, Minneap-
olis, MN, USA). Briefly, blood samples were collected in 10.0-ml EDTA
separator tubes (BD Vacutainer; Franklin NJ USA) from an indwelling
venous catheter in the forearm, and timepoint collections were made in
series according to the study design timeline presented in Fig. 1. Blood
samples were centrifuged at 3000 rpm for 12 min at 4 °C and plasma
aliquots were stored at —80 °C for biochemical analysis at the comple-
tion of the study. Plasma samples for each participant and timepoint
were analyzed in duplicate in the same run. The intra- and inter-assay
coefficients of variation (CVs), calculated from the original data, were
3.3% and 4.2% for IL-6 and 4.5% and 6.3% for TNFa, respectively. A
10% cutoff was used for all CVs.

2.5. Ecological momentary assessment

The MetricWire app (metricwire.com; Waterloo, Ontario, Canada),
which can be used on Android or Apple devices, was used to collect a
waking survey, 2 random prompt surveys, and an end of day survey from
participants for a period of 30 days. Participants reported on the number
of drinks since last survey during the waking survey, random prompts,
and the end of day surveys. Waking survey number of drinks reported
were assigned to the previous day and added to the values from the
random prompts and end of day to survey to get a total number of drinks
per day. Average response rate for the entire sample was 85% comple-
tion of surveys. In total, 6792 surveys were completed, of which 8%
(538) represented unique drinking occasions. All participants reported
at least one drinking occasion in the month following the scans. The
average number of drinking days in the 30 day follow up was 8.4+4.1
and was not different between groups, t (62) = 1.041, p = 0.3. In
contrast, the average number of drinks per drinking day was 5.1+1.2 for
BD and 1.42+1.25 for SD, which was significantly different between
groups, t (62) = 2.1, p = 0.037, Cohen’s d = 0.59.

2.6. Statistical analysis

Group differences by condition and timepoint for outcome variables
(craving, IL-6) were examined in R 3.0.3 using repeated measures
ANOVA. A p-value of 0.05 or less was considered significant. Associa-
tions between outcome variables and future drinking, and among
outcome variables, were examined using linear regression with group
dummy coded as a continuous variable. If group was a significant pre-
dictor of the relationship between IL-6, craving, VmPFC activation, and
future drinking, the data was split by groups and linear regression was
performed to determine the relationship between experimental out-
comes and future drinking within each group.

3. Results
3.1. Participants

A total of 64 (33 BD and 31 SD) participants completed 2 MRI
scanning sessions with viable blood samples and completed at least 85%
of surveys during the 30 days follow up phase. Seventeen participants
were excluded from analysis due to excessive head movement in the
scanner (greater than 1.5 mm in any direction). 11 BD and 6 SD were
excluded from neuroimaging analyses due to excessive motion. A chi
square test revealed that this was not a significant difference in the
number of participants excluded per group. Therefore, N = 47 partici-
pants were used for fMRI analyses.

3.2. Baseline craving, IL-6, and TNF-a levels

Initial craving for alcohol was not different between conditions (i.e.,
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Fig. 1. Between Subject and Repeated Measures
Study Design. Two groups of participants, SD and

Day 45

Intake D

I

EMA start D

*in counterbalanced and randomized order

BD, categorized on the basis of NIAAA criteria
(NIAAA, 2012), were randomly assigned to view
alcohol pictures during one fMRI scan and water
pictures during another scan on a different day. An

|
|
EMA endD

Alcohol Taste Test followed each scan (Blaine et al.,
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water cue vs. alcohol cue), F (1,63) = 0.64, p = 0.73 nor was there an
interaction between group (BD vs. SD) and condition, F (1,63) = 0.42, p
= 0.52. However, a main effect of group was observed for baseline
craving, F (1,63) = 6.53, p = 0.01, n2 = 0.07 (Fig. 2a), such that BD had
higher baseline craving than SD. This was confirmed by the relationship
between baseline craving to number of drinks in the past three months,
which was positive across all participants, F (1,63) = 11.05, p = 0.001,
R? = 0.151. However, this positive relationship was driven by the sig-
nificant association in BD (F (1,32) = 4.87, p = 0.035, R? = 0.136,
whereas in SD, the relationship was not significant, F (1,30) = 3.68, p =
0.065.

IL-6 baseline levels were not different between groups, F (1,62) =
0.01, p = 0.92 (Fig. 2b), or between conditions, F (1,62) = 0.09, p =
0.77, and no interaction was observed between group and condition, F
(1,62) = 0.76, p = 0.39. This lack of relationship was confirmed by the
finding that baseline IL-6 values were not related to number of drinks in
the past three months across all participants, F (1,59) = 0.23, p = 0.64,
or in each group separately, (BD: F (1,31) = 0.4, p = 0.55; SD: F (1,27) =
0.04, p = 0.85).

Finally, Baseline levels of TNF-a were not different between groups,
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F(1,61) =0.006, p = 0.94, or conditions, F (1,61) = 0.011, p = 0.91, and
no interaction was observed between group and condition, F (1,61) =
0.1,p = 0.92. Baseline TNF-a levels were not related to the number of
drinks consumed in the past three months across all participants, F
(1,61) =1.7, p=0.19, or in each group separately, (BD: F (1,32) = 0.16,
p = 0.68; SD: F (1,29) = 0.32, p = 0.73).

3.3. Craving, IL-6, and TNF-a responses to alcohol cues and consumption

There were both group and condition effects on craving. The con-
dition effect demonstrated the successful experimental manipulation, F
(1,63) = 9.8, p = 0.003, nz = 0.01, such that the alcohol cue condition
resulted in higher levels of craving than the water cue condition (alcohol
cue: 21.1 £ 1.1, water cue:18.9+ 0.92). The group effect was such that
BD showed higher peak craving than SD, F (1,63) = 5.6, p = 0.02, % =
0.05 (BD: 5.26+2, SD 0.56+ 1.33; Fig. 2d).

A group by condition interaction was seen for IL-6 levels, F (1,55) =
4.3, p = 0.039, 12 = 0.009, such that the BD had greater IL-6 release in
response to alcohol consumption after alcohol cues, whereas SD showed
greater IL-6 release to alcohol consumption after water cues (BD:0.21+
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Fig. 2. Craving, IL-6, and Breath Alcohol Responses to Alcohol Cues and Consumption. (a) BD had greater initial craving for alcohol when compared to SD, F
(1,63) = 6.53, p = 0.01, n2 = 0.07. (b) No difference in IL-6 levels between groups was observed at baseline, F (1,62) = 0.01, p = 0.92. (¢). BD drank significantly
greater alcohol in the alcohol cue condition relative to the water cue condition, while the amount of alcohol consumed by SD did not differ by condition, F (1,60) =
6.9,p=0.01, nz = 0.015. (d) BD showed greater craving in response to alcohol cues relative to water cues and SD, F (1,63) = 5.6, p = 0.02, n2 = 0.05, and (e) greater
IL-6 release after alcohol consumption relative to water cues and SD, F (1,55) = 4.3, p = 0.039, 112 = 0.009. (f) BD showed higher breath alcohol concentrations than
SD immediately after alcohol consumption, F (3,189) = 4.6, p = 0.004, n2 = 0.004. Note. Amount of alcohol consumed, IL-6, and craving are shown in response to alcohol
cues after controlling for the response to water cues. *Indicates significant at p <0.05.
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0.85, SD: 0.23+0.75; Fig. 2e). On the other hand, TNF-a were not
different by group, F (1,61) = 0.2, = p = 0.66, or condition, F (1,61) =
0.57, p = 0.46.

3.4. Alcohol taste test

A group by condition interaction was seen in the 2 x 2 repeated
measures ANOVA for alcohol consumption in the ATT, (F (1,60) = 6.9, p
= 0.01, n270.015; Fig. 2c), such that BD drank significantly greater
alcohol in the alcohol cue condition relative to the water cue condition,
while the amount of alcohol consumed by SD did not differ by condition.
There were also significant effects of group, such that BD consumed
more alcohol than SD (1,60) = 10.7, p = 0.002, nz = 0.13), and con-
dition, such that more alcohol was consumed in the alcohol cue condi-
tion relative to the water cue condition (F (1,60 = 8.5, p = 0.005, n2 =
0.02). Correspondingly, the repeated measures ANOVA revealed a
timepoint by group effect for breath alcohol levels, whereby BD showed
higher breath alcohol concentrations than SD immediately after alcohol
consumption, (F (3,189) = 4.6, p = 0.004, nz = 0.004; Fig. 2f). There
was also a significant main effect of timepoint, such that breath alcohol
levels dropped over time, F (3,189) = 29.46, p < 0.001, 1]2 =0.03,and a
significant main effect of group, such that BD had higher overall breath
alcohol levels than SD, F (1,63) = 5.5, p = 0.02, n2 = 0.026.

3.5. Associations between immediate and future alcohol consumption,
craving, IL-6, and TNF-a

The amount of alcohol consumed in the ATT after alcohol cue
exposure, relative to water cue exposure, was significantly related to the
number of drinks consumed in the month following experimental ap-
pointments across all participants F (1,58) = 5.16, p = 0.03, R%=0.105
and for the BD group (1,27), = 6.43,p = 0.018 R? = 0.21. The rela-
tionship was not significant when considering the SD group alone, F
(1,29) = 1.05, p = 0.32.

The relationship between peak craving and the amount of alcohol
consumed in the ATT differed between BD and SD, F (1,58) = 8.4, p =
0.005. Specifically, alcohol cue induced craving was associated with the
amount of alcohol consumed in the ATT in BD, F (1,27) = 4.5, p = 0.04,
R? = 0.32, but not in SD, F (1,29) = 0.34, p = 0.57 (Fig. 3a). Similarly,
peak craving was differently related to alcohol consumption in the real

Peak Craving vs.
Amount Consumed in ATT

Peak Craving vs. Alcohol Consumed
in Month after scan
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world between the two groups, F (1,56) = 5.98, p = 0.02. Alcohol
consumption post alcohol cue related to the number of drinks consumed
in the next month for BD, F (1,27) = 8.34, p = 0.007, RZ=0.22 (Fig. 3b),
but not SD F (1,29) = 0.02, p = 0.9.

The pattern of results was similar for IL-6. Groups differed in the
relationship between alcohol consumption during the ATT and IL-6
release, F (1,55) = 4.9, p = 0.03. BD showed increased IL-6 release
with greater alcohol consumption in the ATT, F (1,27) = 5.6, p = 0.02,
R?=0.15 (Fig. 3c). SD showed no relationship between IL-6 release and
immediate alcohol consumption in the ATT, F (1,29) = 2.51. P = 0.126.
Groups also differed in the relationship between IL-6 release in response
to alcohol consumption and future drinking in the real world, F (1,55) =
9.94,p = 0.003, and only BD alcohol consumption in the month
following completion of the second scan was related to IL-6 release post
alcohol consumption, F (1,27) = 7.7, p = 0.001, R?=0.22 (Fig. 3d). SD
showed no relationship between IL-6 release and real-world alcohol
consumption, F (1,27) = 0.2, p = 0.66. Interestingly, the relationship
between peak craving and peak IL-6 response was significantly different
by group, F (Coleman and Crews, 2018; Woolrich et al., 2004) = 10.98,
p = 0.002, R? = 0.23. Within each group, however, the relationship
between IL-6 levels and craving were not significant, BD F (Coleman and
Crews, 2018; He and Crews, 2008) = 0.27, p = 0.613; SD F (Coleman
and Crews, 2018; Blednov et al., 2012) = 2.26, p = 0.146.

Finally, groups did not differ in the relationship between TNF-a
levels and immediate alcohol consumption, F (Coleman and Crews,
2018; Goldstein and Volkow, 2002) = 2.7, p = 0.07, nor were there
significant relationships between TNF-« levels and alcohol consumption
in the ATT within each group, BD: F (1,32) = 0.3, p=0.6; SDF (1,29) =
0.85, p = 0.37. The relationship between TNF-a levels and alcohol
consumption in the following month was also not different by groups, F
(1,62) = 0.27, p = 0.6, or significant in either group when examined
separately, BD F (1,31) = 6.87, p = 0.06; SD: F (1,29) = 0.08, p = 0.78.
Moreover, TNFa responses were not related IL-6 responses across all
participants, F (1,55) = 0.33, p = 0.57, or within groups, BD F (1,27) =
0.93, p = 0.34; SD F (1,29) = 0.68, p = 0.42.

3.6. Neural alcohol cue reactivity

Contrary to our hypotheses, there were no group differences in blood
oxygen level dependent (BOLD) response to alcohol cues after

Fig. 3. Associations between Craving and IL-6
Release with Immediate and Future Drinking in
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controlling for the effects of water cues. Both participant groups
exhibited increased activation in the left Ventral Anterior Cingulate
(Brodmann Area [BA] 24; Local maximum Montreal Neurological
Institute [MNI] coordinates (%, y, z) —3, —16, 39), right Dorsomedial
Prefrontal Cortex (BA 9; 0, 41, 30), right Lateral Orbitofrontal Cortex
(Brodmann area 47; 32,39,-9), left Ventromedial Prefrontal Cortex (BA
10; —29,57,15; Fig. 4a), left Angular Gyrus (BA 39; —52,-72,25), left
Frontal Eyefields (BA 8; —17,35,39), left Ventral Posterior Cingulate
Cortex (BA23; —9,-50,30), and left Dorsal Anterior Cingulate Cortex (BA
32; —1,49,-11; Table 2).

3.7. Associations between neural cue reactivity and craving, immediate
and future alcohol consumption, IL-6, and TNF-a

Despite a lack of overall group differences in neural cue reactivity,
relationships between VmPFC activation and craving differed between
the two groups, F (1,46) = 4.4, p = 0.04, such that BD showed a sig-
nificant positive relationship F (1, 21) = 7.8, p = 0.01, R?> = 0.25
(Fig. 4b), and SD showed no relationship, F (1,25) = 0.02,p = 0.91.
Similarly, the correlation between VmPFC response and IL-6 release post
alcohol consumption differed between the two groups, F (1,46) = 4.33,
p = 0.04. In BD, VmPFC cue reactivity was positively associated with IL-
6 release post alcohol consumption, F (1, 21) = 14.6, p = 0.0008, RZ=
0.38 (Fig. 4c), whereas the relationship in SD was not significant, F
(1,25) = 0.15, p = 0.71. Contrary to our hypotheses, VmPFC cue reac-
tivity was not associated with alcohol consumption during the ATT or in
the next 30 days across all participants (F (1,46) <0.001, p = 0.9822),
nor within each group (BD: (F (1,21) = 1.76,p = 0.2); SD: (F (1,25) =
3.34,p = 0.09). Finally, the TNF-a cue response was also not related to
VmPFC activation in response to alcohol cues, after controlling for both
responses to water cues, in either group, BD: F (1,23) = 1.19, p = 0.29,
SD: F (1,24) = 0.05, p = 0.82.

4. Discussion

The results of the this randomized, counter-balanced, clinical
investigation suggest acute alcohol induction of IL-6 may be a specific
immune process modulator that contributes to increased alcohol moti-
vation and consumption in young adult, at-risk BD. Specifically, the
results of the present study suggest that acute IL-6 release, craving, and
neural alcohol cue reactivity are positively associated with immediate
and future alcohol consumption in BD, but not SD, after controlling for
baseline differences within participants and across groups, and for non-
specific effects of water cues.

Evidence for conditioned IL-6 responses to acute intoxication can be
found in the recent preclinical studies of Gano et al. (2017), in which
unconditioned ethanol induced IL-6 release in the amygdala and hip-
pocampus was paired with a neutral flavor stimulus. After only 4 pair-
ings, conditioned IL-6 release was seen in response to the neutral flavor.
Furthermore, while IL-6 release in humans has been measured in other
studies 3 or more hours post consumption, a recent study suggests IL-6
steadily and linearly increases during the initial 4 h post consumption
and can increase up to 40% 12 h post consumption, even after low doses
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Table 2
Significant Clusters in Alcohol- Water Contrast in All Participants, whole brain p
< 0.001, cluster p < 0.05.

Region BA  Max Voxels  x y z
Z

Left Ventral Anterior 24 4.19 190 -3.3 -16.2 39.1
Cingulate

Right Dorsomedial 9 5.58 237 0.1 41.1 29.5
Prefrontal Cortex

Right Lateral Orbitofrontal 47 4.92 347 31.7 38.5 -8.9
Cortex

Left Ventromedial 10 4.76 532 —-29.0 56.5 15.1
Prefrontal Cortex

Left Angular Gyrus 39 5.86 742 -52.0 -71.8 247

Left Frontal Eyefields 8 5.16 1615 -17.0 345 39.1

Left Ventral Posterior 23 6.02 2944 -9.3 -50.4 295
Cingulate Cortex

Left Dorsal Anterior 32 5.64 3635 —0.4 48.8 -11.3

Cingulate Cortex

Note: BA= Brodmann Area. Max Z = Z statistic for peak voxel in cluster. x,y,z =
MNI Coordinates.

of alcohol like those consumed in our study (van de Loo et al., 2020).

However, the exact mechanistic relationship between IL-6 release to
acute alcohol and neuroinflammation, however, remains unclear.
Studies of artificially induced peripheral inflammation have indicated
that systemic inflammation alters extracellular norepinephrine and pro-
inflammatory mRNA levels in the amygdala, thereby increasing hypo-
thalamic release of corticotropin-releasing hormone (CRH) and
contributing to associated excitotoxic cascades (Bienkowski and Rina-
man, 2011; Engler et al., 2011; Serrats and Sawchenko, 2006). In pre-
clinical studies, alcohol also directly elicits glial production of immune
factors (Gruol et al., 2021). Thus, the link between IL-6 release and
AUDs may be that repeated alcohol intoxication triggers neural
inflammation (Kraynak et al., 2018) by disrupting pre-synaptic neuro-
transmitter release (Gruol et al., 2021).

Importantly, prefrontal cortex neuroinflammation has been linked to
deficits in reward responding in substance use disorders (Goldstein and
Volkow, 2002, 2011; Seney et al., 2021) and may underlie the altered
relationship between VmPFC cue activation, craving, and the IL-6
release seen in BD. VmPFC cue activation has been linked to craving
and drinking behaviors previously (Blaine et al., 2017) and influences
behavioral and emotional coping responses to alcohol and stress cues via
direct synaptic connections to the extended amygdala (Etkin et al.,
2011). If these synaptic relays are damaged via glucocorticoid-induced
excitotoxicity, in combination with associated neuroinflammatory pro-
cesses, there may be loss of gray matter volume and functional integrity
in the VmPFC (Fein et al., 2002).

Unlike the VmPFC, we did not find a relationship between craving
and IL-6 release to cues or after alcohol consumption in BD or SD. Tonic
IL-6 suppression has also been linked to craving in those with moderate
AUDs (Milivojevic et al., 2017), but our results suggest there is an acute
increase in IL-6 post alcohol consumption in BD which is associated with
future drinking. Deletion of the IL-6 gene in mice specifically reduces
ethanol consumption, unlike deletion of other cytokine receptor genes

Fig. 4. VmPFC Cue Reactivity positively associ-
ated with Cue elicited craving, and IL-6 Release
so  post alcohol consumption in BD only. (a) No group
differences in whole brain and cluster corrected ALC-
H20 contrast when the SD alcohol-water activation
was subtracted from the BD alcohol-water. (b) How-
ever, greater VmPFC activation in response to alcohol
cues, after controlling for water cue activation, was
correlated with cue elicited craving in BD, F (1, 21) =
6.10, p = 0.02, R? = 0.2 and (c) IL-6 release in
response to alcohol consumption in BD, F (1, 21) =

VmPFC
Alcohol- Water
% Signal Change

7.60, p = 0.01, R = 0.23. Note: Final imaging sample N = 47, with 11 BD and 6 SD excluded for excessive motion.
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(Blednov et al., 2012), and high tonic levels of IL-6 are associated with
craving during withdrawal in those with severe AUDs (Heberlein et al.,
2014). A recent meta-analysis suggested that IL-6 and other cytokine
level abnormalities, in addition to their relationship to craving, may
vary by stage of disease progression (Adams et al., 2020). Thus, the
directionality of the relationship between IL-6 levels and symptoms of
AUDs remains unclear.

Finally, in contrast to IL-6, TNF-a cue and consumption responses
were not different between groups. These results are similar to previous
reports that suggest TNF-a levels are unaltered after moderate doses of
alcohol acutely in healthy subjects (Monnig et al., 2020). Recently,
Hillmer et al. (2020), reported decreases in TNF-a in response to alcohol
consumption however, the time course of alcohol consumption in their
investigation was significantly longer (i.e., 6 h) than the present study,
suggesting a delayed TNF-a response to alcohol. Elevated baseline TNF-«
levels are often seen in those with severe AUDs, coupled with a reliable
decrease in TNF-o in response to alcohol consumption (Heberlein et al.,
2014), so TNF-a may be related to AUD progression at later stages or
may only result from greater chronic consumption. TNF-« is associated
with acute alcohol liver injury (Kitazawa et al., 2003; Hansen et al.,
1994), and increased TNF-a production precedes liver injury in chronic
AUDs, (Kawaratani et al., 2013; limuro et al., 1997), but further studies
are required to elucidate the relationship between neural inflammation
and both acute and chronic alcohol consumption.

It is important to note several limitations of the current study. First,
the study design did not fully allow for a complete disentanglement of
alcohol expectancy effects due to cues from the effects of consumption of
alcohol on IL-6 levels, as active alcohol was used in both conditions. To
fully address any expectancy and consumption confounds, future studies
should include additional conditions where placebo alcohol is admin-
istered in combination with water cues and separately with alcohol cues
(i.e., 4 conditions total: alcohol cues plus placebo, alcohol cues plus
alcohol, water cues plus placebo, and water cues plus alcohol). Never-
theless, our results support numerous previous findings in the addiction
literature suggesting the neural response to the rewarding properties of
drugs shift from the drug itself to cues (for review, see Volkow et al.,
2010). Second, the current study was not powered to explore sex-related
differences in neural and immune response to alcohol cues and future
investigations are warranted to examine these comparisons. Addition-
ally, although we carefully obtained drinking histories using multiple
measures prior to SD and BD group inclusion, no biochemical verifica-
tion of current alcohol use was performed to confirm binge/social
drinking status. Our results indicated that IL-6 release to alcohol con-
sumption was not related to recent (past month) drinking history, but
was associated with future (next month) drinking behavior. This might
be because 4 daily surveys provided a more accurate assessment than
participant recall, but this result will need to be replicated. Also, the SD
group was slightly older than the BD group. Therefore, it is possible that
age differences may have some effect on alcohol cue salience. However,
no differences in neural cue reactivity were observed between groups.
These limitations notwithstanding, our results suggest IL6, but not
TNF-a, may be related to the increased motivation to consume alcohol
seen in BD and therefore may also contribute to the risk of development
of AUDs.
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