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Abstract

Alcohol use is a well characterized risk factor for traumatic brain injury (TBI); however, emerging 

clinical and experimental research suggests that TBI may also be an independent risk factor for the 

development of alcohol use disorders. In particular, TBIs incurred early in life predict the 

development of problem alcohol use and increase vulnerability to neuroinflammation as a 

consequence of alcohol use. Critically, the neuroinflammatory response to alcohol, mediated in 

large part by microglia, may also function as a driver of further alcohol use. Here, we tested the 

hypothesis that TBI increases alcohol consumption through microglia-mediated 

neuroinflammation. Mice were injured as juveniles and alcohol consumption and preference were 

assessed in a free-choice voluntary drinking paradigm in adolescence. TBI increased alcohol 

consumption; however, treatment with minocycline, an inhibitor of microglial activation, reduced 

alcohol intake in TBI mice to sham levels. Moreover, a single injection of ethanol (2g/kg) 

significantly increased microglial activation in the nucleus accumbens and microglial expression 

of the proinflammatory cytokine IL-1β in TBI, but not sham or minocycline-treated, mice. Our 

data implicate TBI-induced microglial activation as a possible mechanism for the development of 

alcohol use disorders.
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Introduction

The relationship between alcohol use and traumatic brain injury (TBI) is well documented. 

Clearly, there is substantial evidence that alcohol intoxication is an enormous risk factor for 

TBI (Bombardier et al., 2002; Opreanu et al., 2010). However, there is also mounting 

evidence that the inverse relationship exists, specifically that TBI may itself be a risk factor 
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for the development of problem alcohol use (Corrigan et al., 2013; Graham and Cardon, 

2008; Ilie et al., 2015; Winqvist et al., 2007). A history of TBI is a significant predictor of 

later alcohol abuse even among individuals that endured a mild TBI without loss of 

consciousness (Corrigan et al., 2013; Fishbein et al., 2016). Critically, the age of TBI is 

strongly correlated to alcohol use, such that alcohol use problems are highest in individuals 

who experienced a TBI at a younger age (Corrigan et al., 2013; Fishbein et al., 2016; 

McKinlay et al., 2014). Moreover, drinking after TBI is associated with poor rehabilitation 

outcomes, greater morbidity and a greatly increased chance of future head injuries 

(Corrigan, 1995; Vaaramo et al., 2014). Given that young TBI patients are less likely to have 

developed problem drinking prior to injury, increasing evidence suggests that the 

vulnerability to alcohol abuse later in life is a consequence of TBI-related pathology (Weil et 

al., 2016a; Weil and Karelina, 2017).

We recently reported that mild TBI produces lasting alterations in dopaminergic signaling in 

key brain regions associated with reward processing (Karelina et al., 2017b). Indeed there is 

strong evidence that the brain’s reward circuitry undergoes pathophysiological alterations 

following brain injury resulting in not only altered dopamine signaling, but also functional 

abnormalities related to inflammation and cell death in the nucleus accumbens, ventral 

tegmental area (VTA), amygdala, and prefrontal cortex (Sajja et al., 2013; Shah et al., 2012; 

Shin et al., 2013). Given the importance of these regions in establishing motivation for a 

rewarding substance (amygdala), dopamine release (VTA), and behavioral responses to 

rewarding stimuli (nucleus accumbens and prefrontal cortex), it is important to identify 

whether damage to these regions after TBI promotes alcohol (and other substance) abuse 

(Cardinal et al., 2002; Keitz et al., 2003; Kelley, 2004).

While the mechanisms by which TBI increases the risk of alcohol abuse are not well 

understood, the development of animal models to study alcohol consumption after TBI has 

led to preliminary evidence for neuroinflammation as a potential proximate mediator. 

Neuroinflammation is a key component of TBI pathology. Inflammation occurs in the 

context of impaired cerebral perfusion, oxidative damage, and ultimately, diffuse neuronal 

damage and cell death in the traumatized brain (Maas et al., 2008; Werner and Engelhard, 

2007). The neuroinflammatory response is universal in nearly all TBI, regardless of injury 

severity, and is a main target of TBI treatment due to its role in exacerbating primary 

damage, and inflammatory contributions to the development of long-lasting functional and 

cognitive deficits (Das et al., 2012; Kumar and Loane, 2012; Zetterberg et al., 2013). The 

primary innate immune response to brain injury is mediated by microglia. Microglia are 

rapidly activated by brain injury and produce pro-inflammatory cytokines and chemokines 

that are essential for phagocytic activity but also cause damage to the surrounding healthy 

cells (Hernandez-Ontiveros et al., 2013; Loane and Kumar, 2016). Dysregulated microglial 

activation impedes TBI recovery and increases vulnerability to chronic disturbances such as 

affective and cognitive dysfunction which often persist years after overt symptoms of TBI 

have resolved (Fenn et al., 2014; Giunta et al., 2012; Walker and Tesco, 2013).

The relationship between TBI-induced microglial activation and subsequent alcohol use has 

not been investigated; however, alcohol is bidirectionally linked to neuroinflammation as 

prolonged high levels of drinking are associated with inflammation-mediated 

Karelina et al. Page 2

Brain Behav Immun. Author manuscript; available in PMC 2019 August 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



neurodegeneration and even acute intoxication can induce and modulate inflammatory 

processes (Crews et al., 2011; He and Crews, 2008; Mayfield et al., 2013). Recent evidence 

suggests that increased alcohol consumption following TBI corresponds to injury-induced 

microglial and astrocyte activation, and neuronal degeneration (Mayeux et al., 2015). 

Importantly, inflammatory signaling can drive voluntary alcohol consumption. For example, 

systemic treatment with lipopolysaccharide (LPS), a bacterial endotoxin that induces 

peripheral and central inflammatory responses, produces a long-term increase in voluntary 

alcohol consumption, lasting up to three months following treatment (Blednov et al., 2011). 

LPS-induced alcohol consumption is mediated through binding to toll-like receptor 4 

(TLR4) on macrophages and microglia, as LPS treatment fails to induce alcohol 

consumption in mutant mice with dysfunctional TLR4 signaling (Blednov et al., 2011). In 

another study, TLR4 knockout mice consumed similar amounts of ethanol to wildtype 

controls, but exhibited attenuated behavioral and cognitive deficits typically associated with 

ethanol withdrawal (Pascual et al., 2011). Moreover, treating mice with minocycline, an 

inhibitor of microglial activation, significantly reduces spontaneous ethanol consumption 

(Agrawal et al., 2011). Additional evidence for a role of inflammation as a driver of alcohol 

consumption comes from studies of gene knockout mice: genetic deletion of chemokines 

Ccl2 or Ccl3, the Ccr2 chemokine receptor, interleukin 1 receptor antagonist, interleukin 6, 

or CD14 substantially reduces voluntary ethanol consumption (Blednov et al., 2005; 

Blednov et al., 2012).

There is now growing evidence that mild TBI increases voluntary alcohol consumption and 

preference in rats and mice without significantly affecting alcohol metabolism (Lim et al., 

2015; Mayeux et al., 2015; Weil et al., 2016b). We have shown previously that juvenile TBI 

leads to increased alcohol consumption in adult female, but not male, mice (Weil et al., 

2016b). In adulthood, female rats and mice generally consume more alcohol than males; 

however, alcohol consumption tends to be greater during adolescence in both sexes 

(Doremus et al., 2005; Vetter-O’Hagen et al., 2009; Yoneyama et al., 2008). Given that 

problem drinking in TBI patients occurs in both sexes, we sought to test the hypothesis that 

exposure to alcohol at an earlier age (i.e. during adolescence) would reveal TBI effects on 

drinking in male mice.

Taken together, there is compelling evidence that alcohol produces neuroinflammation and 
that neuroinflammation further increases alcohol preference and consumption; however, no 

causal relationship has been established for TBI-induced inflammation and post-injury 

drinking. Here, we tested this relationship using a mouse model of juvenile mild TBI in 

which mice were treated with minocycline and alcohol consumption was assessed in 

adolescence using the well characterized intermittent (every-other-day) voluntary ethanol 

intake test (Melendez, 2011).

Methods and materials

Animals and experimental design.

Swiss Webster mice purchased from Charles River (Wilmington, MA) were bred at OSU. 

Pups were weaned at 21 days of age and housed in a 14:10 light cycle with ad libitum access 

to food (Harlan-Teklad #8640) and filtered tap water. Mice were housed in groups of five 
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unless otherwise stated. All procedures were approved by the OSU Institutional Animal 

Care and Use Committee and were conducted in accordance with NIH guidelines.

Male 21-day-old mice underwent TBI or sham injury and were returned to their home cages. 

Beginning one week after injury, mice were single-housed, and minocycline hydrochloride 

(Sigma Aldrich, 0.25mg/mL) was administered in the drinking water (and ethanol bottles 

when present in the two bottle choice paradigm) for half of the mice and the other half 

received water (and ethanol) without minocycline, producing four groups: sham/vehicle, 

sham/minocycline, TBI/vehicle, TBI/minocycline. The minocycline dose was selected based 

on previous publications (Agrawal et al., 2011; Bye et al., 2007) and was adjusted to provide 

a final concentration of approximately 45mg/kg/day based on total daily fluid consumption 

for 28–30 gram mice. Minocycline was made fresh daily. In experiment 1, mice (n = 12/

group) were tested in the every-other-day ethanol drinking paradigm (see below) beginning 

three days after the initial administration of minocycline. Minocycline was administered 

continually until tissue collection at the end of the experiment (Figure 1A). In experiment 2 

(n = 5–7/group), mice were administered minocycline (delivered in the drinking water) or 

the water vehicle for one week, and were then injected with a single bolus of ethanol (2g/kg 

IP of a 25% ethanol solution) or saline vehicle. Blood and brain tissue were collected two 

hours later for histology and assessment of cytokine expression in isolated microglia (Figure 

1B).

Brain injury.

A closed head mild traumatic brain injury was performed on 21 day old mice as previously 

reported (Karelina et al., 2017a). Briefly, mice were anesthetized via inhaled isofluorane 

(3% in oxygen for initiation and 1.5% for maintenance) and a sagittal incision was made in 

the scalp to reveal the skull surface. Once the target was located (−1mm AP and −1mm ML 

from bregma), isofluorane was briefly (15–20 seconds) withdrawn from the mouse in order 

to reduce the possibility of injury-induced respiratory arrest. The injury was induced using a 

2mm diameter impactor accelerated at 3mm/s to a depth of 1mm below the skull surface and 

isofluorane was immediately reinstated. Sham mice were exposed to the same procedure in 

the absence of impact. The skin was sutured and mice returned to their home cages for a 

one-week recovery period. This injury paradigm consistently produces axonal shearing 

without frank cell death. None of the animals in this study exhibited skull fracture, 

hemorrhage, or gross behavioral deficits.

Ethanol consumption.

Ethanol consumption was assessed using a two-bottle choice test with access to ethanol 

every other day as previously described (Melendez, 2011). Following a one-week recovery 

period, mice were single housed and water and ethanol (15% v/v) were presented in 50mL 

conical tubes fitted with a sipper tube. Mice remained singly housed until tissue collection at 

the end of the experiment. Water was available continuously and ethanol was presented 

every other day for a 24-hour period. The position of the bottles was switched daily to 

control for side bias. Body mass, water, and ethanol consumption were recorded every 48 

hours for 12 days. A “ghost cage” containing similar water/ethanol bottles but without a 

mouse was used in order to measure the amount of liquid loss due to cage handling and 
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dripping, consumption data were adjusted to reflect this loss. Among minocycline-treated 

animals, the drug was available continuously in the water and in ethanol (on the days it was 

presented) resulting in daily administration throughout the experiment, addition of 

minocycline to ethanol ensured that mice were not able to avoid drug treatment. Bottles were 

covered in aluminum foil to protect the light-sensitive minocycline. This minocycline 

treatment paradigm is preferable to daily i.p. injection or oral gavage due to the known 

interaction of stress (such as that induced by handling and multiple daily injections) and 

ethanol consumption (Albrechet-Souza et al., 2015; Hwa et al., 2016).

Sweet and bitter tastant preference were also assessed over 48 hours using the two-bottle 

choice paradigm in which water consumption was compared to consumption of a 3% 

sucrose solution or a 0.3mM quinine solution made in water. Half of the mice were also 

administered minocycline as described above to determine whether oral minocycline affects 

taste preferences.

Tissue processing and analysis.

Mice were overdosed with sodium pentobarbital (200 mg/kg) and transcardially perfused 

with 4% paraformaldehyde. Immunofluorescence was conducted on free-floating 40 µm 

thick slices by incubating tissue in a rat anti-CD68 (marker of activated microglia, BioRad 

#MCA1957 1:500) and a rabbit anti-Iba1 (microglial marker, Wako #019–19741 1:250) 

antibody overnight. Fluorescent secondary antibodies (AlexaFluor 488 #A11006 and 555 

#A28180: 1:500) were used to visualize microglia. Axon damage was assessed using the 

NeuroSilver kit (FD Neurotechnologies #PK301) per manufacturer’s instructions.

Microscopy was conducted on a Zeiss Axioscope and images were captured using 20X and 

40X objectives. Silver staining was qualitatively assessed as previously reported (Weil et al., 

2014). Briefly, white matter damage was observed primarily in the corpus callosum but was 

also observed in the anterior commissure and the internal capsule, and was scored on a 4-

point scale (0 = no axon damage, 3 = axon degeneration throughout multiple white matter 

tracts).

Co-expression of CD68 and Iba1 was quantified within a 0.04mm2 region of interest in the 

nucleus accumbens shell, core (approximately 1mm anterior of bregma) and ventral 

tegmental area (approximately 3mm posterior of bregma). The total number of Iba1-positive 

microglia were counted in both hemispheres and the percent of Iba1-positive cells that co-

expressed CD68 staining were quantified.

Microglial isolation.

Microglia were extracted from the forebrain hemisphere ipsilateral to the injury (left side, 

between 3.56 mm and −4.16 mm from bregma) 2 hours after a single bolus ethanol injection 

(experimental time course depicted in Figure 1B). Isolation of microglia was conducted as 

previously reported via a discontinuous Percoll gradient (Karelina et al., 2017a).
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qRT-PCR.

Extracted microglia were lysed and cDNA synthesized using the SuperScript III CellsDirect 

cDNA synthesis kit (Invitrogen # 11739010 and #18080200) according to the 

manufacturer’s protocol. Primer and probe sets were purchased from Applied Biosystems 

(CD11b: Mm00434455_m1, GFAP: Mm01253033_m1, IL1β: Mm00434228_m1) and a 

TaqMan 18S ribosomal RNA primer/probe set was used as an internal control (Applied 

Biosystems #4319413E). Amplification on an ABI 7500 Sequencing Fast System was 

performed using the TaqMan Fast Advanced Master mix (#4444963). Universal RT-PCR 

cycling conditions were used as previously reported (Karelina et al., 2017a): 50°C for 2 

minutes, 95°C for 20 seconds, and 40 cycles of 95°C for 3 seconds and 60°C for 30 seconds. 

Gene expression is normalized to 18s rRNA and expressed as a relative quantity based on 

the relative standard curve method.

Statistics.

Statistical analysis was conducted using SPSS version 24 (IBM Corp.). The variables used in 

this analysis were “surgery” (sham or TBI), “treatment” (vehicle or minocycline), and 

“injection” (saline or ethanol). Ethanol consumption and preference data were initially 

analyzed via a 2-way repeated measures ANOVA (surgery X treatment) and followed up as a 

one-way ANOVA (comparing the four groups) collapsed across time. Sucrose, quinine, and 

total fluid intake measures were assessed using one-way ANOVA to compare fluid 

consumption across the groups. Immunofluorescence data were quantified using a three-way 

ANOVA (injury X treatment X injection). PCR data were assessed using 2-way ANOVA 

(surgery X treatment). Significant overall ANOVA results were followed up by a Tukey post-

hoc analysis. Nonparametric silver staining data were assessed using a Kruskal-Wallis test.

Results

Minocycline reduces alcohol consumption after traumatic brain injury.

In experiment 1 (Figure 1A), alcohol consumption was assessed in adolescent males that 

were injured (or sham-injured) as juveniles and were treated with minocycline (or vehicle). 

A two-way repeated measures ANOVA revealed a significant interaction of treatment and 

surgery condition (F1,44 = 8.20, p = 0.006) on ethanol consumption and preference (F1,44 = 

5.517, p = 0.023). A follow-up nested one-way ANOVA comparing the 4 groups revealed 

that consistent with previous reports (Mayeux et al., 2015; Weil et al., 2016b), injured mice 

exhibited both increased consumption (F3,44 = 7.252, p < 0.001), and preference (F3,44 = 

5.856, p = 0.002), of ethanol compared to sham-injured mice. Minocycline treatment 

significantly reduced ethanol consumption and preference in brain injured mice to sham 

levels (Figure 2A–B; Tukey post-hoc comparisons indicate greater ethanol consumption and 

preference in the TBI/Veh group compared to the TBI/Mino and Sham/Veh groups, p < 

0.05). Importantly, the addition of minocycline to the drinking water does not reduce water 

intake as mice consumed similar amounts of fluid regardless of drug condition (p> 0.05). 

Moreover, neither injury status nor the drug treatment significantly affected taste preference 

for sweet or bitter fluids as measured by sucrose and quinine consumption (Figure 2C; p > 

0.05).
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Minocycline attenuates ethanol-induced microglial activation.

In experiment 2, mice underwent TBI or sham injury and were treated with minocycline (or 

vehicle control) for 1 week prior to receiving either a single IP injection of ethanol or saline, 

and brain tissue was collected 2 hours later for histological assessment of microglial 

activation. Groups did not differ in blood alcohol concentration following the injection 

(sham/veh 0.22 g/dL; sham/mino 0.19 g/dL; tbi/veh 0.23 g/dL; tbi/mino 0.21 g/dL), 

indicating that alcohol metabolism was unaltered by brain injury or minocycline treatment. 

Co-localization of the microglial marker Iba1 with CD68 was quantified in the nucleus 

accumbens and ventral tegmental area to assess microglial activation in response to ethanol. 

Ethanol treatment increased microglial activation in the nucleus accumbens shell compared 

to saline control (F1,29 = 4.151, p = 0.05). There was also a significant surgery by treatment 

interaction such that microglial activation was significantly attenuated by minocycline in 

TBI mice (F1,29 = 11.656, p = 0.003). Multiple comparisons revealed a significant reduction 

in microglial activation by minocycline in both the saline and ethanol injection conditions 

(Figure 3A–C; all p < 0.05).

Microglial analysis in the nucleus accumbens core revealed a treatment by ethanol injection 

interaction (F1,32 = 8.020, p = 0.009) such that ethanol injection significantly increased 

microglial activation, but only in vehicle-treated animals (Figure 3C). A multiple 

comparisons analysis within the ethanol-injected condition did not reveal significant group 

differences (all p > 0.05). Microglial analysis in the ventral tegmental area did not reveal any 

significant group differences (all p > 0.05). Finally, it should be noted that microglial 

activation in the nucleus accumbens is indicative of a global pro-inflammatory response to 

TBI, as this region is located at a substantial distance away from the point of impact. Thus, 

these data may not represent a local inflammatory response due to direct mechanical 

damage, although there is propagation of shear waves through remote CNS tissue following 

focal TBI (Joldes et al., 2016).

TBI exacerbates, and minocycline attenuates, ethanol-induced cytokine expression in 
microglia.

An additional cohort in experiment 2 (sham/veh, sham/mino, tbi/veh, tbi/mino – all treated 

with a bolus injection of ethanol as described above) was used to assess microglial pro-

inflammatory cytokine expression 2 hours following ethanol treatment. In order to verify 

that the microglial isolation process yielded an enriched microglial fraction, we performed 

qRT-PCR for the microglial marker CD11b (cluster of differentiation molecule 11B) and the 

astrocyte marker GFAP (glial fibrillary acidic protein). All of the samples expressed high 

relative quantities of CD11b mRNA and low to undetectable quantities of GFAP mRNA. 

Further, analysis of the pro-inflammatory cytokine interleukin 1-β (IL-1β) gene expression 

revealed increased cytokine expression following TBI (F1,19 = 6.55, p = 0.02) and a 

significant reduction of IL-1β expression following minocycline treatment (F1,19 = 4.52, p = 

0.05). A Tukey post-hoc analysis revealed significantly higher Il-1β mRNA gene expression 

in the TBI-vehicle treated animals compared to sham-vehicle and sham-minocycline treated 

groups (Table 1).

Karelina et al. Page 7

Brain Behav Immun. Author manuscript; available in PMC 2019 August 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Finally, it is important to note that any significant effects of minocycline on microglial 

activation in response to ethanol were not mediated by reduced TBI damage. Axon 

degeneration was induced by TBI (F1,36 = 66.531, p < 0.001) but was not different between 

vehicle and minocycline treated mice (Figure 4A–B).

Discussion

A single mild juvenile TBI led to a significant increase in alcohol consumption and 

preference in adolescent mice. Our data suggest that alcohol preference is mediated by TBI-

induced neuroinflammation in the nucleus accumbens shell, as treatment with minocycline 

significantly reduced ethanol consumption to sham levels. Importantly, because minocycline 

treatment was administered at a one week delay from injury, all injured mice experienced 

the acute stages of TBI pathophysiology and exhibited a similar degree of axonal 

degeneration regardless of drug condition. Therefore, the observed reduction in ethanol 

consumption was not due to reduced overall damage but appears to be related to 

minocycline-mediated attenuation of neuroinflammation. These data are consistent with a 

previous report showing minocycline-mediated reduction of microglial activation without 

reducing cell death in TBI (Bye et al., 2007).

To our knowledge, this is the first report to directly investigate the relationship between TBI-

induced neuroinflammation and the development of increased alcohol preference after 

injury. However, parallel findings have reported a role for neuroinflammatory mechanisms in 

driving the rewarding properties of other substances of abuse. For example, opioid self-

administration and conditioned place preference are suppressed following pharmacological 

blockade of TLR4 and in mutant mice with insufficient TLR4 signaling (Hutchinson et al., 

2012). Additionally, early life treatment with the anti-inflammatory cytokine IL-10 reduces 

opioid self-administration in adulthood (Lacagnina et al., 2017). Further, alcohol increases 

liver and brain expression of pro-inflammatory cytokines (Fernandez-Lizarbe et al., 2009; 

Gao and Bataller, 2011) and the induction of cytokine production and release promotes 

voluntary alcohol intake (Blednov et al., 2011).

As a first line of defense against injury and infection, microglia are rapidly sensitized once 

activated and exhibit an exaggerated response to additional stimuli (Frank et al., 2011). 

Traumatic brain injury is a potent stimulus that primes microglia so that additional stress 

stimuli occurring after the TBI (even long after overt symptoms have resolved) produce an 

exaggerated immune response and corresponding neurobehavioral symptoms (Collins-

Praino et al., 2017; Fenn et al., 2014; Witcher et al., 2015). Moreover, we recently reported 

that a single mild TBI potentiates the microglial response to binge-like levels of alcohol 

(Karelina et al., 2017a). This finding was consistent with the results of the current study, 

such that a single injection of ethanol increased microglial activation (CD68 expression) in 

response to ethanol in TBI mice. Importantly, this dose of ethanol did not induce microglial 

activation in sham mice. These data suggest that neuroinflammatory events following the 

TBI led to microglial priming such that a single dose of ethanol was sufficient to induce 

significant microglial activation. The time course between the TBI and ethanol injection was 

relatively brief (14 days) and it remains unknown how long microglia would remain primed 

to respond to ethanol after TBI. However, reactive microglia are a part of the chronic TBI 
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pathology and can persist for many years after TBI (Johnson et al., 2013), thus the 

possibility remains that brain injured patients remain vulnerable to the neuroinflammatory 

effects of ethanol for many years after the initial injury.

Taken together, our data suggest that increased drinking after TBI is mediated by injury-

induced neuroinflammation, and that the proinflammatory response to ethanol may be 

mediated by microglial production of IL-1β. Interleukin-1β is rapidly upregulated following 

brain injury, and although IL-1β promotes growth and trophic factor expression as a means 

of promoting neuronal survival following injury, it is also a potent activator of astrocytes and 

stimulates the production of additional pro-inflammatory cytokines as well as reactive 

oxygen species (For review see Allan et al., 2005). Attenuation of IL-1 activity, through 

administration of the IL-1 receptor antagonist or neutralizing antibodies to IL-1, 

significantly reduces neuronal damage and improves functional outcome in brain injury 

models (Clausen et al., 2009; Jones et al., 2005). Importantly, microglial upregulation of 

IL-1 is a key neuroimmune component that mediates alcohol dependence (Mayfield et al., 

2013; Saiz et al., 2009) and chronic alcohol increases IL-1β in mice and humans (Blanco et 

al., 2005; Lippai et al., 2013). Thus early-life brain injuries may set up a vicious cycle such 

that the TBI both directly induces inflammation and exacerbates the subsequent 

inflammatory response to alcohol which lead to an increase in drinking behavior.

Although not directly assessed here, it is possible that TBI-induced neuroinflammation 

affects alcohol use by altering dopaminergic tone in the brain’s reward circuitry. Systemic 

injection of LPS reduces the basal firing rate of dopamine neurons in mice (Blednov et al., 

2011), a pattern that is consistent with increased ethanol preference and consumption 

(George et al., 1995). Moreover, we previously reported that TBI induces a persistent and 

long-lasting state of hypodopaminergia that is associated with altered Edinger-Westphal 

activation in response to ethanol (Karelina et al., 2017b). Therefore, the neuroinflammatory 

response to TBI may affect ethanol consumption via a mechanism involving reduced 

dopaminergic activity. Additionally, minocycline attenuates methamphetamine and cocaine-

induced behavioral sensitization through a mechanism that involves altered striatal dopamine 

release (Chen et al., 2009; Zhang et al., 2006). Given the reduction in ethanol consumption 

concurrent with minocycline treatment in the current study, it is possible that inhibiting TBI-

induced inflammation also affected dopamine signaling in the reward circuitry, thus altering 

the rewarding properties of ethanol.

The mechanisms of action of minocycline involve modulation of microglial proliferation and 

activation, shifting the immune response from M1 (proinflammatory microglial state) to M2 

(anti-inflammatory microglial state). Specifically, minocycline inhibits microglial 

production of the proinflammatory cytokines IL1β and TNFα and increases the production 

of the anti-inflammatory IL-10 (Kobayashi et al., 2013; Stirling et al., 2005). Minocycline 

further reduces microglial migration to the site of injury by altering chemoattractant protein 

expression (Kremlev et al., 2004). Used frequently as a neuroprotective agent, systemic 

treatment with minocycline improves motor function and attenuates cognitive decline in 

experimental TBI models (Bye et al., 2007; Sanchez Mejia et al., 2001; Siopi et al., 2012). 

However, although minocycline has been broadly utilized as a brain-penetrant anti-

inflammatory compound and has, in the past, been considered a selective microglial 
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activation inhibitor it is now necessary to consider several potential complications with the 

use of this tool (Möller et al., 2016). First, minocycline is a semi-synthetic tetracycline that 

has broad-spectrum antibiotic activity and thus, when administered, systemically has the 

potential to modulate commensal bacterial populations including the intestinal microbiota 

(Redin, 1966; Vaughn et al., 2017). Critically, there is mounting evidence that microbial 

populations can significantly alter microglial physiology, host defense, neurochemistry and 

behavior (Diaz Heijtz et al., 2011). Thus, it is not possible to definitively rule out that the 

changes in microglial physiology and alcohol self-administration are secondary to 

adjustments in microbiota populations. This is a critical question for future studies because 

both alcohol abuse and traumatic brain injuries can significantly alter intestinal permeability 

and the resident microbial communities (Bansal et al., 2009; Peterson et al., 2017), thus it 

remains possible that the neuroinflammatory and behavioral adjustments induced by 

minocycline are secondary to changes in the microbiota. Moreover, since there are effects of 

minocycline both in culture and when administered directly into CNS it is also possible that 

both direct and microbiota-mediated effects are at play (Erny et al., 2017; Yong et al., 2004). 

Additionally, there is evidence that minocycline has direct anti-inflammatory effects on other 

peripheral and central immune cell populations (Möller et al., 2016). Thus, we cannot say 

definitively that microglial modulation mediates our findings. However, we can say that 

minocycline both inhibited microglial activation and cytokine expression and prevented the 

increase in alcohol-drinking behavior.

Finally, it is worth noting that that while TBI mice increased ethanol consumption, 

consumption of another rewarding tastant (sucrose in experiment 1) was not significantly 

altered by either brain injury or treatment. Although the purpose of administering sucrose in 

the water was to confirm that addition of minocycline would not interfere with preference 

for a highly palatable substance, the observed outcome also serves to highlight that TBI may 

selectively increase preference for alcohol, rather than generally increase reward-seeking 

behavior. That minocycline reduced ethanol, but not sucrose, preference further strengthens 

the possibility that inflammatory events specifically drive the motivation to consume ethanol 

after brain injury.

Given that minocycline treatment after TBI suppressed both the voluntary consumption of, 

and neuroinflammatory response to, alcohol, there is strong support for the possibility that 

the vulnerability of pediatric TBI survivors to subsequent alcohol use disorders reflects an 

alteration in central inflammatory signaling and suggests microglia and related 

neuroimmune effectors as potential therapeutic targets in this population.
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Figure 1. Experimental timeline.
A) In experiment 1, minocycline (45mg/kg/day; or water alone) was administered beginning 

7 days after TBI or sham injury and continuing until the day of tissue collection. Beginning 

10 days after injury, ethanol was presented in a 2-bottle choice test every other day. B) In 

experiment 2, minocycline (or water control) was administered on days 7–14 after injury. On 

day 14, mice were treated with a single IP injection of ethanol (2g/kg) or saline control, and 

tissue (brain and blood) were collected 2 hours later.
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Figure 2. Minocycline blocks TBI-induced ethanol consumption and preference.
A) Alcohol consumption and B) preference are significantly increased in mice that 

underwent a TBI (TBI/Veh) but was reduced to sham levels in TBI mice that were treated 

with minocycline (TBI/Mino). An asterisk (*) indicates significant difference from the 

indicated group (p < 0.05). C) There was no effect of surgery or minocycline on sucrose and 

quinine consumption or total fluid intake. Data are presented as mean ± SEM.
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Figure 3. Minocycline inhibited nucleus accumbens shell microglial activation in response to 
ethanol.
A) TBI significantly increased the percent of Iba1-positive microglia in the nucleus 

accumbens shell that co-express CD68 following a single IP injection of ethanol. Treatment 

with minocycline significantly reduced the percent of co-localized Iba1/CD68-positive 

microglia. B) Representative images of microglia in the ipsilateral nucleus accumbens shell 

following ethanol injection. Iba1 staining is shown in red, CD68 staining is shown in green. 

Scale bar = 20 µm. C) The percent of Iba1-positive microglia that co-express CD68 in the 

nucleus accumbens shell, core, and ventral tegmental area are represented as percent (± one 

standard error).
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Figure 4. Minocycline did not reduce axon degeneration following traumatic brain injury.
A) Silver staining revealed significant axon degeneration throughout forebrain white matter 

following TBI which was not affected by minocycline treatment at the time point assessed. 

The bloxplot shows representative range (minimum and maximum), first quartile, median, 

and third quartile data for each group. B) Representative images of silver staining in the 

corpus callosum, 20X magnification images are shown on the left, and higher magnification 

(40X) representation of the same image is on the right; scale bar = 50 µm. An asterisk (*) 

indicates significant difference between the indicated groups (p < 0.05).
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