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Abstract

Acute ethanol intoxication is associated with Rapid Alterations in Neuroimmune Gene expression 

(RANGE), including increased Interleukin (IL)-6 and nuclear factor of kappa light polypeptide 

gene enhancer in B-cells inhibitor, alpha (IκBα), and suppressed IL-1β and Tumor necrosis factor 

(TNF) α, yet little is known about adaptations in cytokines across the first few ethanol exposures. 

Thus, the present studies examined central cytokines during intoxication (3 h post-ethanol) 

following 2, 4 or 6 intragastric ethanol challenges (4 g/kg) delivered either daily or every-other-

day (EOD). Subsequent analyses of blood ethanol concentrations (BECs) and corticosterone were 

performed to determine whether the schedule of ethanol delivery would alter the pharmacokinetics 

of, or general sensitivity to, subacute ethanol exposure. As expected, ethanol led to robust 

increases in IL-6 and IκBα gene expression in hippocampus, amygdala and bed nucleus of the 

stria terminalis (BNST), whereas IL-1β and TNFα were suppressed, thereby replicating our prior 

work. Ethanol-dependent increases in IL-6 and IκBα remained significant in all structures—even 

after 6 days of ethanol. When these doses were administered EOD, modest IL-6 increases in 

BNST were observed, with TNFα and IL-1β suppressed exclusively in the hippocampus. Analysis 

of BECs revealed a small but significant reduction in ethanol after 4 EOD exposures — an effect 

which was not observed when ethanol was delivered after 6 daily intubations. These findings 

suggest that ethanol-induced RANGE effects are not simply a function of ethanol load per se, and 

underscore the critical role that ethanol dosing interval plays in determining the neuroimmune 

consequences of alcohol.
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1. Introduction

Alcohol consumption is a common pastime, with 51.0% of women and 62.2% of men in 

America reporting use of alcohol in 2013 (SAMHSA, 2015). While occasional limited 

consumption is a common social activity that poses relatively little health risk (German and 

Walzem, 2000, Kannel and Curtis Ellison, 1996), larger and more frequent doses of alcohol 

have widespread effects on multiple body systems. In 2013, 16.8% of women and 33.0% of 

men reported binge drinking, defined by NIAAA (2015) as approximately 4–5 drinks over 

the course of two hours (SAMHSA, 2015). Chronic consumption of such large doses of 

alcohol has been shown to lead to damage of the liver, brain, and other organs (Shukla et al., 

2013, Ward et al., 2009).

Alcohol has a disruptive effect on numerous body systems, with altered function of the 

immune system contributing to pathologies seen in patients with chronic alcoholism. Indeed, 

there is a plethora of evidence for alcohol’s deleterious effects on the response to immune 

challenge in both human and animal models. For example, alcohol consumption in humans 

affects susceptibility to infectious disease, as well as the immune response to infections such 

as Hepatitis C (Wiley et al., 1998), bacterial pneumonia (Nelson and Kolls, 2002), and the 

progression of human immunodeficiency virus (HIV)-1 encephalitis (Potula et al., 2006), to 

name a few. In rodents, acute ethanol has been shown to generally suppress bacterial 

induction of cytokine production (Bhatty et al., 2011, Pruett et al., 2004), whereas chronic 

ethanol exposure seems to enhance the central and systemic cytokine response to an 

endotoxin challenge such as lipopolysaccharide (LPS) (Valles et al., 2003, Qin et al., 2008).

Even in the absence of a pathogen, however, ethanol has been shown to have direct 

consequences on immune-related factors. For instance, elevated serum levels of cytokines 

such as Tumor necrosis factor (TNF) α and interleukin (IL)-1β were associated with heavy 

chronic drinking, as was increased production of monocyte chemotactic protein-1 (MCP-1) 

in brain areas including the hippocampus, ventral tegmental area, and amygdala (He and 

Crews, 2008; for review, see Achur et al., 2010). In a rodent model, acute ethanol challenge 

elevated levels of TNFα, IL-1β, and IL-6 in the hypothalamus up to 48 hours after ethanol 

exposure (Emanuele et al., 2005), with in vitro ethanol administration to cultured astrocytes 

(50 to 200 mM) also increasing IL-6 expression (Sarc et al., 2011). Forced repeated 

exposure to ethanol for 10 days increased expression of brain TNFα and MCP-1 mRNA 

(Qin et al., 2008), whereas a chronic ethanol diet increased TNFα and IL-6 expression in the 

hypothalamus and pituitary of female rats (Emanuele et al., 2005).

More recently, data from our own laboratory has shown that acute ethanol administration (4 

g/kg) elicits a robust and significant elevation in IL-6 and nuclear factor of kappa light 

polypeptide gene enhancer in B-cells inhibitor, alpha (IκBα) gene expression in the 

hippocampus, paraventricular nucleus of the hypothalamus (PVN) and amygdala during 

acute intoxication (i.e., 3 h after exposure), whereas IL-1β and TNFα tend to be suppressed 

during intoxication in most structures (Doremus-Fitzwater et al., 2014, 2015). For 

convenience, we now refer to these highly reproducible cytokine changes observed during 

acute intoxication (increased IL-6 and IκBα, decreased IL-1β and TNFα) as Rapid 

Alterations in Neuroimmune Gene Expression (RANGE) effects. Interestingly, a long-term 
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history of moderate, voluntary, ethanol consumption (10 weeks of intermittent access to 20% 

ethanol) blunted the IL-6 response in the PVN but not the amygdala or hippocampus 3 hours 

after a 4 g/kg i.g. ethanol challenge (Doremus-Fitzwater, 2014). These intriguing findings 

suggest that ethanol-induced IL-6 responses may show substantial plasticity based on recent 

alcohol history, and that individual brain sites may be more (or less) capable of expressing 

such plasticity.

Thus, the overarching goal of the present series of studies was to examine adaptation in 

cytokine expression patterns across the first few ethanol exposures. In doing so, we focused 

our analyses on key limbic structures (hippocampus, amygdala, bed nucleus of the stria 

terminalis [BNST]), and a panel of pro-inflammatory cytokines downstream of nuclear 

factor kappa-light-chain-enhancer of activated B cells (NF-κB) signaling (IL-1β, IL-6 and 

TNFα, as well as IκBα as a reporter of NF-κB activity) that are known to be ethanol 

responsive. In Experiment 1, we examined possible adaptation of ethanol-induced 

expression of central cytokines after 2, 4, or 6 ethanol exposures administered on a once-

daily intubation schedule. Since intermittent exposure to ethanol, as well as other drugs of 

abuse, has been shown to induce unique responses such as behavioral sensitization (Marec et 

al., 2011, Legastelois et al., 2013, Abrahao et al., 2013), we then assessed the effects of 

intermittent (Every Other Day; EOD) ethanol exposure on central cytokine expression 

following 2, 4, or 6 ethanol exposures (Experiment 2). Given that the most marked ethanol-

induced alterations in central cytokine expression were observed after 4 exposures to ethanol 

in both Experiments 1 and 2, Experiment 3 assessed potential differences in ethanol-related 

pharmacokinetics [blood ethanol concentrations (BECs) and corticosterone (CORT)] due to 

pattern of ethanol administration following 1 acute, 4 EOD, or 4 once-daily administrations 

of ethanol. Finally, in Experiment 4, we extended the analysis of BECs and CORT responses 

after 1 or 6 daily ethanol exposures as a final test of whether 6 daily ethanol administrations 

would produce metabolic tolerance.

2. Results

2.1 Experiment 1

2.1.1 Body & blood measures—All data were analyzed using a one-way ANOVA that 

compared animals given 0, 2, 4, or 6 ethanol challenges. Three hours after the final 

intubation, plasma CORT concentrations (Figure 1B) exhibited by the ethanol-exposed 

groups were not significantly different from water-treated animals [F(3, 27) = 2.37, p = 

0.093]. BECs (Figure 1A), however, were significantly elevated for all ethanol animals 

compared to vehicle-treated rats [F(3, 27) = 15.20, p < 0.001]. Although there was a trend 

for BECs to be reduced with an increasing number of ethanol exposures, neither CORT 

concentrations nor BECs were significantly different across the ethanol exposure groups. 

There was an effect of Group on percent change of body weight (Table 1) from the start of 

the experiment [F(3, 28) = 3.25, p < 0.05], with 4 exposures showing significant weight loss 

as compared to control (p < 0.05).

2.1.2 Central cytokine expression—In the hippocampus, IL-6 and IκBα (Figure 1C 

and F, respectively) were significantly elevated after 2, and 6 ethanol exposures [IL-6: F(3, 
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25) = 6.82, p < 0.01; IκBα: F(3, 25) = 9.53, p < 0.001]. Furthermore, IL-1β and TNFα 

(Figure 1I and L) were suppressed following 4 ethanol challenges, but were not different 

from vehicle controls after 2 or 6 exposures [F(3, 26) = 4.38, p < 0.05 and F(3, 26) = 3.97, p 
< 0.05, respectively]. There were no effects of ethanol administration on the expression of 

Hsp72 or Hmgb-1 (Table 2). C-fos expression (Table 2) was suppressed in all groups 

administered ethanol [F(3, 25) = 7.12, p < 0.01], and Mcp-1 (Table 2) was suppressed after 4 

exposures, with a return to baseline levels by exposure 6 [F(3, 24) = 3.49, p < 0.05].

In the amygdala, IL-6 (Figure 1D) was significantly elevated after 2 and 4 exposures, 

whereas IL-1β (Figure 1J) was suppressed after 2 and 6 exposures [F(3, 24) = 5.58, p < 0.01 

and F(3, 22) = 4.52, p < 0.05, respectively]. TNFα (Figure 1M) was suppressed after 2 

ethanol challenges, with slight but insignificant suppression after 4 and 6 exposures [F(3, 26) 

= 4.29, p < 0.05]. IκBα expression (Figure 1G) was elevated slightly after 2 ethanol 

exposures, was significantly increased compared to vehicle controls following 4 exposures, 

but was no different from controls with 6 repeated ethanol intubations [F(3, 28) = 9.54, p < 

0.001].

In the BNST, IL-1β (Figure 1K) and TNFα (Figure 1N) expression were unchanged in the 

ethanol-exposed rats, whereas IL-6 (Figure 1E) was significantly elevated across all ethanol-

challenged groups, though by 6 exposures levels were similar to 0 groups as well as the 

ethanol-exposed groups [F(3, 28) = 4.08, p < 0.05]. In contrast, IκBα expression (Figure 1H) 

was significantly elevated after both 2 and 4 exposures, but not significantly different from 

vehicle controls or the ethanol groups following 6 ethanol exposures [F(3, 28) = 6.68, p < 

0.01].

2.2 Experiment 2

2.2.1. Body & blood measures—A one-way ANOVA (Group: 0, 2, 4, or 6 exposures) of 

plasma confirmed an elevation in BECs (Figure 2A) in all groups that were administered 

ethanol [F(3, 27) = 28.54, p < 0.0001], though no significant differences were observed 

between the ethanol-exposed groups. There was no effect of Group on CORT (Figure 2B). 

There was no significant change in body weight throughout this experiment (Table 1).

2.2.2. Central cytokine expression—Ethanol induced no significant changes in 

cytokine expression in the amygdala (Figure 2D, G, J, M). Whereas intermittent ethanol 

exposure failed to significantly elevate expression of IL-6 and IκBα in the hippocampus 

(Figure 2C, and F), this EOD pattern of exposure did suppress TNFα (Figure 2L) in all 

groups receiving ethanol [F(3, 27) = 11.17, p < 0.0001; all p < 0.001 as compare to Vehicle]. 

Moreoever, IL-1β (Figure 2I) was suppressed in the 4 exposure group as compared to the 

Vehicle animals [F(3, 27) = 4.19, p < 0.05; p < 0.01 for post-hoc]. In the BNST, there were 

no effects of Group on IL-1β or TNFα expression (Figure 2K, N), but IL-6 (Figure 2E) was 

elevated as a result of ethanol [F(3, 27) = 4.06, p < 0.05] in the 4 exposures group as 

compared to Vehicle Controls (p < 0.01). No effects of ethanol were observed on IκBα 

(Figure 2H).
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2.3 Experiment 3

BECs (Figure 3A) and serum CORT (Figure 3C) were assessed using a 3 (Group: 1st 

exposure [acute] vs 4th Daily vs 4th EOD) x 7 (Time Point) mixed ANOVA design. Analysis 

of BECs revealed a main effect of Time Point [F(6, 126) = 456.72, p < 0.0001] and Group 

[F(2, 21) = 3.81, p < 0.05]. Further examination using post-hoc testing determined that 

BECs remained significantly elevated through 6 h after intubation, but with levels not 

significantly higher than baseline observed at the next assessed time point of 12 h post-

intubation. The 4th EOD group showed BECs that were significantly attenuated as compared 

to both the 1st exposure and 4th daily exposure groups (p < 0.05 for both).

Serum CORT analysis revealed a significant interaction between Group and Time Point 

[F(12, 126) = 9.73, p < 0.0001]. At 0.75 h and 1.5 h after ethanol intubation, the 1st exposure 

group revealed the higher concentration of CORT than both 4th daily and 4th EOD groups (p 
< 0.05 for all). There was no significant difference between the groups that had 4 ethanol 

exposures after these time points.

2.4 Experiment 4

CORT concentrations and BECs were assessed using a 2 (Group: 1st exposure [acute] vs 6th 

exposure [repeated]) x 7 (Time Point) mixed ANOVA design. In the analysis of BECs, a 

main effect of Time Point [F(6,60) = 64.22, p < 0.001] indicated that, relative to baseline, 

BECs were significantly elevated at 0.75, 1.5, 3, and 6 h after intubation (Figure 3B). By 12 

h post-administration, however, BECs were no longer different than at baseline. No main 

effect of Group, nor a significant interaction of Group with Time Point, was observed in the 

analysis of BECs.

Serum CORT (Figure 3D) was significantly elevated by ethanol exposure [main effect of 

Time Point: F(6,60) = 44.05, p ≤ 0.001] at 0.75 and 1.5 h post-administration for both 

groups relative to their own baseline [Group x Time Point interaction: F(6, 60) = 4.91, p < 

0.001]. At the onset of the dark cycle (12 h post-challenge), animals given an acute ethanol 

challenge showed a slight but significant increase in serum CORT, not seen in the 6th 

exposure group.

3. Discussion

This report presents a series of studies that examined the effects of schedule of ethanol 

delivery on central cytokine expression patterns across several brain regions including the 

hippocampus, amygdala, and BNST. These parametric studies are critical because there is at 

present a relative dearth of information regarding ethanol-induced alterations in central 

cytokines following sub-chronic exposure to ethanol, with virtually no studies examining the 

potential for adaptation in central cytokine responses across the first few ethanol exposures. 

These studies were predicated upon recent work from our laboratory that demonstrated 

robust, time-dependent increases in IL-6 expression in brain after acute ethanol exposure, 

which were modified in a site-selective manner by a prior history of long-term voluntary 

ethanol consumption (Doremus-Fitzwater et al., 2014). We now report several key new 

findings regarding adaptation in cytokine expression patterns that inform future studies 
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relating to ethanol and cytokine expression in brain. (i) The present findings replicate and 

extend our prior work showing increased IL-6 and IκBα, along with suppressed IL-1β, and 

TNFα gene expression across multiple CNS sites after ethanol challenge —an effect we are 

referring to as Rapid Alteration in Neuroimmune Gene Expression (RANGE). (ii) The 

durability of the IL-6 response across as many as 4 daily ethanol exposures, and its 

relationship to Nf-κB signaling, suggest that this cytokine response does not adapt readily 

when a sub-chronic ethanol regimen is delivered daily (Exp. 1). (iii) Yet, when these doses 

are delivered every other day, the cytokine response is widely ablated across most areas, 

whereas the TNFα suppression in the hippocampus seems to persevere (Exp. 2). Together, 

these findings provide important insight into how unique ethanol exposure regimens —many 

of which are commonly employed in alcohol studies —might lead to differential outcomes 

on central cytokine expression.

Although the current results do not provide conclusive evidence of mechanisms involved in 

these ethanol effects on cytokines, they do provide a comprehensive analysis of the same 

inflammatory-related factors across a variety of brain regions. Thus, these experiments 

address the question of whether ethanol-induced alterations in cytokines are a brain-wide 

response to ethanol, or structurally dependent in nature. Together, the present results showed 

that, while cytokine expression in all three brain structures was affected by ethanol exposure, 

these effects varied between structures in persistence, magnitude, and directionality. In 

Experiment 1 for example, elevations in IL-6 were persistent across 6 ethanol exposures, 

with only modest adaptation beginning to emerge after 6 exposures in the amygdala and 

BNST. Interestingly, the greatest magnitude of IL-6 change was observed in the BNST 

among the structures examined here. In contrast, the BNST did not display IL-1β or TNFα 

effects, whereas the amygdala and hippocampus revealed significant suppression. 

Intriguingly, each brain structure demonstrated some unique measure of adaptation by the 

6th exposure. For instance, the hippocampus showed recovery of the IL-1β and TNFα effect, 

whereas the BNST and amygdala demonstrated recovery of IκBα to baseline levels and 

partial attenuation of IL-6. These adaptations cannot simply be accounted for by differences 

in BECs, as all groups showed similar concentrations of ethanol in the blood.

While some of these effects were observed when ethanol was delivered intermittently in 

Experiment 2, the cytokine response was significantly diminished by the change in schedule 

of ethanol delivery. For instance, while the BNST IL-6 response was persistent with daily 

exposure, showing a mildly diminished response only by the 6th exposure, every other day 

delivery of ethanol resulted in only a slight IL-6 increase after 4 days of ethanol. The strong 

elevations seen after daily exposure in the hippocampus and amygdala were, however, 

entirely absent when ethanol was delivered every other day, again underscoring the site-

specific nature of the cytokine response to ethanol. To further this observation, the 

expression of IL-1β and TNFα in the amygdala was affected by daily, not intermittent 

exposure, whereas similar patterns of expression for these cytokines in the hippocampus and 

BNST were seen regardless of schedule of ethanol. Thus, schedule of ethanol delivery, rather 

than ethanol load per se, appears to be a key determinant of neuroimmune responses evoked 

by ethanol challenge.
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While the experiments presented here did not explore potential mechanisms responsible for 

ethanol-induced RANGE, a plethora of other studies examining the effects of chronic 

ethanol exposure have demonstrated that ethanol has profound effects on neuroimmune 

signaling pathways (Crews et al., 2013a, Pascual et al., 2015, Li et al., 2010). Indeed, NF-κB 

has been identified as a driver of neuroimmune gene expression (Zou and Crews, 2010), an 

effect that may be downstream of HMGB1 signaling through TLR4 receptors (Crews et al., 

2013a). Consistent with this, the present data show that IκBα expression was positively 

correlated with IL-6 (r = 0.86), whereas the relationship of IκBα to both TNFα and IL-1β 

was not significant (r = 0.02, 0.03 respectively). This intriguing finding suggests a 

significant departure from the simple expectation that NF-κB signaling (reported by 

increased IκBα gene expression) would show a strong positive correlation with all 3 of these 

cytokines, and is consistent with our previous work examining acute ethanol effects 

(Doremus-Fitzwater et al., 2015). Based on our present data, therefore, future studies 

examining more specific features of NF-κB signaling are of high priority for elucidating the 

seemingly paradoxical dissociation between IκBα and TNF/IL-1β.

In the present studies, we also probed gene expression levels for HMGB1, HSP72, and 

Mcp-1 (Table 1) because these signaling pathways have been shown to be important for 

long-term consequences of alcohol exposure and/or are upstream of cytokine gene regulation 

(Umhau et al., 2014; Whitman et al., 2013). Although on the surface these findings might be 

viewed as contradictory to prior published work, HMGB1 is not the only mechanism by 

which NF-κB signaling can be initiated. Indeed, one intriguing possibility is that ethanol-

dependent activation of NF-κB signaling may be an immediate and durable consequence of 

alcohol exposure across the first few ethanol exposures, whereas alarmin signals such as 

HMBG1 and HSPs may require more protracted alcohol exposure across weeks, months, or 

even years to develop. Studies showing increased concentrations of HMGB1 have been 

measured in post-mortem analyses of the brains of alcoholics (Crews et al., 2013b), 

highlighting the potential importance of the HMGB1→TLR4→NF-κB→neuroimmune gene 

signaling pathway for ethanol-induced neuroimmune effects during life-long alcohol 

exposure or end-stage alcoholism. In this way, our work on the early phase (first few ethanol 

exposures) fills an important gap in our existing knowledge of neuroimmune consequences 

of alcohol exposure.

In comparing our findings to other studies, it is critical to acknowledge that most studies 

examining changes in neuroimmune genes and/or signaling pathways after ethanol exposure 

have used far more ethanol exposures or continuous exposure to doses that elicit loss of 

righting reflex (i.e., substantially longer and higher than those used here). In addition, most 

studies have examined neuroimmune effects that are expressed after ethanol clearance, and 

often during ethanol withdrawal, which clearly elicits a different pattern of cytokine changes 

(Doremus-Fitzwater et al., 2014). Timing, dose, and life history of alcohol are clearly 

important predictors of neuroimmune changes incurred by alcohol, and thus our emphasis on 

intoxication-related changes in neuroimmune gene expression are another unique feature of 

the present work. Future studies should extend these findings to changes in other cytokines 

that appear to be upregulated uniquely during alcohol withdrawal (i.e., Doremus Fitzwater 
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et al., 2014) and will provide an important contrast to the results observed here during 

ethanol intoxication.

The propensity of ethanol to stimulate the HPA axis is well-documented (eg., Li et al., 2005, 

Thiagarajan et al., 1989). Not only is corticosterone a useful marker of sensitivity to ethanol 

(Glavas et al., 2007), but it also exerts a profound influence on neuroimmune gene 

expression in a variety of contexts (see Deak et al., 2015 for a recent review). In the current 

studies, ethanol-induced elevations in corticosterone were present after acute exposure, but 

have been shown to habituate with chronic (2 g/kg i.p. for 14 days) ethanol administration 

after 7 days of exposure (Spencer and McEwen, 1990). Consistent with these findings, 

assessment of serum corticosterone revealed modest signs of habituation, with the repeated 

ethanol exposure group exhibiting slightly lower peak corticosterone compared to animals 

given acute ethanol. These effects largely paralleled a subtle diminution of the BEC response 

observed during the 6th ethanol exposure. Although these modest shifts in BECs and 

corticosterone responses are likely not sufficient to account for the more marked adaptations 

in IL-6 expression observed here, future studies will be required to fully evaluate this issue 

mechanistically.

When considering the relationship between BECs and cytokine expression, one important 

conclusion that can be drawn is that the cytokine response to ethanol is mediated not only by 

ethanol load, but is also sensitive to the schedule of ethanol delivery. Whereas clear signs of 

metabolic tolerance were observed when ethanol was delivered on an EOD schedule, ethanol 

delivery on a daily schedule required a minimum of 6 exposures to achieve even a modest 

(and importantly, not statistically significant) metabolic tolerance (Experiment 4). Across 

these studies, however, the BECs at the time of cytokine assessments (3 h after exposure) 

exhibited some variability (~150–200 mg/dl), but the pattern of BECs across studies did not 

seem to meaningfully predict the changes in neuroimmune gene expression. This indicates 

that the periods of recovery afforded by the intermittent exposure paradigm allow not only 

for shifts in the metabolic tolerance to ethanol, but, to a larger extent, adaptations in ethanol-

induced RANGE that are not altogether explained by ethanol load or pharamacokinetics. 

Whereas much work has been devoted to characterizing the behavioral and cognitive 

outcomes of intermittent models of ethanol exposure (Zhao et al., 2013, Pascual et al., 

2014), this is the first demonstration that cytokine responses to ethanol are not simply a 

slave response to ethanol load, and that schedule of alcohol exposure may be a critical 

feature of alcohol-related cytokine changes.

Although the studies presented here have not tested the functional impact of ethanol-induced 

IL-6 expression, other studies have shown that IL-6 signaling in the hippocampus and 

cerebellum significantly influence synaptic plasticity and various features of cognitive 

function (see Gruol, 2014 for a recent review). For example, IL-6 signaling in the 

orbitofrontal cortex, and its activation of the JAK/STAT pathway, has been shown to have a 

direct impact on cognitive function and flexibility (Donegan et al., 2014). It has also been 

proposed that IL-6 signaling may be involved in adaptations following stress exposure via its 

modulatory effects on HPA axis output (Girotti et al., 2012). Together, these well-established 

functional effects of IL-6 in the CNS underscore the importance of better understanding 
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patterns of adaptation in ethanol-induced cytokine expression in the CNS, and in particular, 

IL-6 expression patterns.

There are, however, a few limitations to the work presented here. For instance, although it 

would have been advantageous to examine the PVN from these same studies, the PVN tissue 

was unfortunately lost due to equipment malfunction in Experiment 1. Without the 

possibility of comparing PVNs across experiment, the sensitivity of the PVN to schedule of 

ethanol delivery therefore cannot be ascertained at this time. Second, it should be noted that 

these studies were conducted within the light phase of the circadian cycle, whereas many 

voluntary consumption models often perform ethanol exposures during the dark phase. We 

recognize that there are large and distinct alterations in neuroimmune function across the 

circadian cycle and we have not yet explored time-of-day differences in our studies. 

Importantly, the majority of our prior studies examining alcohol-neuroimmune interactions 

have been conducted at the same time of day (early phase of lights on), and so one goal here 

was to be consistent with our prior work. In addition, most pre-clinical studies involving 

stress manipulations/measures are also conducted in the light phase so that discrete 

corticosterone responses to stress can be readily separated from circadian fluctuations in 

corticosterone. Finally, at the conceptual level, it is most common for humans who consume 

alcohol to initiate alcohol consumption towards the end of the normal wakeful period, which 

is probably more akin to what we have done here (i.e., alcohol intubations shortly after light 

onset, which perhaps corresponds to “staying up late to drink” for the rat). This approach is 

in stark contrast to many voluntary consumption models such as the “Drinking in the Dark” 

procedure, in which alcohol consumption peaks during the early hours of wakefulness and 

probably models alcohol intake in humans around brunch time. Finally, the present studies 

did not include a separate group of non-manipulated rats to control for minor stress 

associated with repeated intubations. From a practical standpoint, it is not possible to include 

such controls in every experiment because the studies can get very large and costly, and the 

number of statistical comparisons increases proportionally. Our decision to omit ultimate 

controls from these studies was informed by our prior work indicating that any mild 

corticosterone response evoked by the vehicle intubation had largely resolved at the time 

point of interest (3 h post-intubation) as indicated by plasma corticosterone levels in the 

normative range of basal samples (baseline levels of ~ 2 μg/dL; Doremus-Fitzwater et al., 

2014). Indeed, baseline levels of corticosterone in the present studies also fell within the 

normative range of non-manipulated rats. While this does not negate the need for non-

stressed controls, we believe that our current (and previous) results provide some assurance 

that our intubation procedures are minimally distressing.

Overall, these experiments fill an important gap in our knowledge regarding how ethanol-

induced RANGE adapts across the first few ethanol exposures. Furthermore, these findings 

highlight the importance of not just ethanol load, but also the schedule, on which those 

ethanol exposures occur. Neuroimmune consequences of alcohol abuse have, in recent times, 

come to be seen as a treasure trove of missing links with relevance to the development of 

alcohol addiction (Montesinos et al., 2015; for review, see Cui et al., 2014) and other health 

outcomes related to alcohol abuse (for review, see Molina et al., 2015). In this way, 

neuroimmune signaling pathways may offer novel pharmacotherapeutic pathways that, with 

Gano et al. Page 9

Brain Res. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



successful target validation studies, might be engaged to ameliorate the adverse of alcohol 

use and abuse.

4. Methods and Materials

4.1 Subjects

Adult male Sprague Dawley rats (300–375 g) were purchased from Harlan (Frederick, MD) 

and given 2 weeks to acclimate to the colony (22±1°C with 12:12 light–dark cycle, lights on 

06:30am) prior to experimentation. Animals were pair-housed in standard Plexiglas cages 

with ad libitum access to food and water, except during behavioral testing. In all 

experiments, rats were handled (3–5 min) for 2 days prior to experimentation. In all studies, 

cage mates were assigned to the same experimental condition. At all times animals were 

maintained and treated in accordance with the guidelines set forth by the Institute of 

Laboratory Animal Resources (1996), and with protocols approved by the IACUC 

committee at Binghamton University.

4.2 Ethanol administration

Ethanol (95%) was diluted fresh daily with tap water to make a 20% (v/v) solution for 

intragastric (i.g.) administration, with tap water used as the vehicle.

4.3 Blood and Tissue collection

In Experiments 1 and 2, animals were rapidly decapitated (unanesthetized) at the appropriate 

time point and trunk blood collected into EDTA-coated Vacutainers (BD Vacutainers, VWR 

cat. no. VT6450, Radnor, PA). Plasma was separated through refrigerated centrifugation and 

stored at −20°C. Brain tissue was harvested and stored as described previously (Hueston and 

Deak, 2014). Structures of interest (hippocampus, amygdala, BNST) were the foci of our 

investigations, as prior work has shown these brain areas to be responsive to stress (Hueston 

et al., 2011) and ethanol exposure (Doremus-Fitzwater et al., 2014). Brain structures were 

identified using a brain atlas (Watson & Paxinos, 2005) and punched as previously described 

(Blandino et al., 2013; Doremus-Fitzwater et al., 2015). In Experiments 3 and 4, repeated 

blood samples were collected using the tail clip method for later assessment of blood ethanol 

content and corticosterone concentrations in serum.

4.4 Blood ethanol concentration (BEC)

BECs were determined in 5-μl aliquots using an Analox AM-1 alcohol analyzer (Analox 

Instruments, Lunenburg, MA) as previously described (Doremus-Fitzwater et al., 2015). The 

machine was calibrated every 15 samples using an industry standard (100 mg%).

4.5 Corticosterone (CORT) concentration

Plasma or serum concentrations of CORT were determined using a commercially available 

ELISA kit (Cat No: ADI-901–097; Enzo Life Sciences, Farmingdale, NY) as previously 

described (Hueston and Deak, 2014) with an assay sensitivity of 27.0 pg/ml and an inter-

assay variability of 6.2%.
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4.6 Real Time RT-PCR

Tissue was placed into a 2.0 ml Eppendorf tube containing 500 μL TrizolR RNA reagent 

(Invitrogen, Grand Island, NY) and a 5 mm stainless steel bead, and then homogenized 

using a Qiagen Tissue Lyser II (Qiagen, Valencia, CA). Following homogenization, RNA 

was extracted using Qiagen’s RNeasy mini kit (cat. no. #74106), according to 

manufacturer’s instructions. Synthesis of cDNA was performed as described previously 

(Doremus-Fitzwater, 2015) using QuantiTect® Reverse Transcription Kit (Cat. No. 205313, 

Qiagen, Valencia, CA). Probed cDNA amplification was performed and captured in real-

time using the Bio-Rad (Hercules, CA, cat. no. 185-5485) CFX384 Real-Time PCR 

Detection System (Doremus-Fitzwater et al., 2015; Hueston and Deak, 2014). Primer 

sequences and accession numbers are listed in Table 3. Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) and CyclophilinA were used as reference genes, with expression 

of housekeeper initially analyzed as a separate target to examine its stability across 

experimental conditions. All data were adjusted relative to housekeeper using the 2−ΔΔCT 

transformation (Livak and Schmittgen, 2001).

4.7 Statistical analyses

Data were analyzed with Statistica software using either between-subjects one-way ANOVA 

(Experiments 1 & 2) or repeated measures ANOVA (Experiments 3 & 4). Post-hoc testing 

was done using Tukey’s test for all observed main effects and interactions. An α-level of 

0.05 was used as the criterion for determining statistical significance.

4.8 Specific methods Experiment 1: Effects of repeated ethanol exposure on CNS cytokine 
expression

Rats (n = 8/group; N = 32) were given 0, 2, 4, or 6 once-daily exposures to 4 g/kg EtOH 

(i.g.) on consecutive days. All rats received a total of 6 intubations, with vehicle given on 

non-ethanol days. Body weights were measured daily to establish volume of intubations and 

as a general assessment of growth/health. Intubations were administered at 0800-1000 daily. 

Rats not receiving ethanol (the 0 group) were administered 6 vehicle intubations and served 

as the ultimate controls. Trunk blood and brain tissue were collected 3 h after the final 

intubation. This time point was selected based on prior data showing highly reproducible 

effects of ethanol intoxication (evidenced by peak BECs) on the expression of cytokines of 

interest (Doremus-Fitzwater, 2014).

4.9 Specific methods Experiment 2: The impact of repeated ethanol exposure on brain 
cytokine expression following intermittent ethanol administration

Intermittent access to drugs of abuse results in altered behavioral responses in comparison to 

continued administration (Marec et al., 2011), and intermittent exposure administration 

procedures are commonly used to study alcohol effects (Pandey et al., 2015; Risher et al., 

2015). Having assessed adaptations in cytokine responses that occur with repeated once-

daily exposure to ethanol, we next examined whether the schedule of ethanol exposure 

would impact cytokine expression patterns in the CNS. To do this, rats (n = 8; N = 32) were 

given 2, 4, or 6 intermittent every other day (EOD) exposures to 4 g/kg i.g. ethanol, with an 

additional group of control animals (n = 8) receiving 6 EOD vehicle intubations. As in the 
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previous study, intubations were performed between 0800-1000, with body weights taken 

the evening before intubations. Three hours after the final intubation, all rats were killed and 

trunk blood and brain tissue (hippocampus, amygdala, BNST) were collected as described 

above.

4.10 Specific methods Experiment 3: Effects of acute, repeated, or intermittent ethanol 
exposure on serum CORT and ethanol pharmacokinetics

Experiment 3 was designed to determine whether schedule-dependent changes in central 

cytokines might reflect differences in the pharmacokinetics (rate or peak) of BECs achieved 

by the daily versus intermittent ethanol exposures. To do this, rats (n = 8; N = 24) were given 

either an acute i.g. exposure to 4 g/kg ethanol, 4 once-daily, or 4 EOD exposures to the same 

dose. Four ethanol intubations were chosen for the number of exposures, as central cytokine 

alterations were most robust following this number of ethanol deliveries in both Experiments 

1 and 2. Notably, in all groups rats received an equal number of intubations, with the acute 

exposure group given tap water on days 1 - 3 and then intubated with a single ethanol 

exposure on day 4. Following the final gavage on day 4, tail blood samples (≤ 100 μl) were 

taken at 0.75, 1.5, 3, 6, 12, and 24 h after intubation, as well as 30 min before ethanol 

administration (baseline sample).

4.11 Specific methods Experiment 4: Effects of acute versus repeated ethanol exposure on 
serum CORT and ethanol pharmacokinetics

The outcomes of the experiments described above suggested that rats given ethanol 

intubation on 4 consecutive days (relative to intermittent ethanol exposure) evinced no signs 

of metabolic tolerance. Experiment 4 was thus designed to extend these findings to 6 ethanol 

exposures in just the daily exposure group. Rats were given either an acute i.g. exposure to 4 

g/kg ethanol (n = 5), or 6 once-daily i.g. intubations of 4 g/kg ethanol (n = 7) that were 

delivered on consecutive days. In both groups, rats received an equal number of intubations, 

with the acute exposure group intubated with tap water on days 1 - 5 and then given a single 

ethanol exposure on day 6. Following the final intubation on day 6, tail blood samples (≤ 

100 μl) were taken at 0.75, 1.5, 3, 6, 12, and 24 h after intubation, as well as 30 min before 

ethanol administration (baseline sample).
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Highlights

• Alcohol significantly increased IL-6 and IkBa and reduced IL-1b and 

TNFa in the CNS

• Increased IL-6 and IκBα persisted after 6 daily but not 6 intermittent 

EtOH exposures

• Mild metabolic tolerance was observed after intermittent but not daily 

EtOH exposure

• Neuroimmune consequences of EtOH were contingent upon schedule 

of EtOH delivery

• These data shed important light on intoxication-related changes in 

neuroimmune genes
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Figure 1. Central cytokine expression and blood measures following repeated ethanol exposure 
in Experiment 1
Interleukin-6, nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, 

alpha (IκBα), Interleukin-1β, and Tumor Necrosis Factor α gene expression were assessed in 

the hippocampus, amygdala, and bed nucleus of the stria terminalis (BNST) in Experiment 

1. All data are expressed relative to the ultimate control group (0 exposures). In the BNST 

and amygdala gene targets were normalized to Gylceraldehyde 3-phosphate dehydrogenase 

(Gapdh), whereas CyclophilinA was used as a reference gene for all hippocampal data. In 

this figure, as well as in all others, bars represent the mean of a particular group, with 

vertical lines indicating standard error of the mean (SEM). If a main effect of group was 

observed in the ANOVA for a particular gene of interest, then all bars were marked with at 

least one letter. Bars that share a common letter were considered statistically comparable, 

whereas bars that do not share a common letter were identified as significantly different 

using Tukey’s post hoc test (p < 0.05).
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Figure 2. Central cytokine expression and blood measures following intermittent repeated 
ethanol exposure in Experiment 2
Interleukin-6, nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, 

alpha (IκBα), Interleukin-1β, and Tumor Necrosis Factor α gene expression were assessed in 

the hippocampus, amygdala, and bed nucleus of the stria terminalis (BNST) in Experiment 

2. All data are expressed relative to the ultimate control group (0 exposures), and are 

normalized to CyclophilinA. In this figure, as well as in all others, bars represent the mean 

of a particular group, with vertical lines indicating standard error of the mean (SEM). If a 

main effect of group was observed in the ANOVA for a particular gene of interest, then all 

bars were marked with at least one letter. Bars that share a common letter are statistically 

comparable, whereas bars that do not share a common letter were found to be significantly 

different according to Tukey’s post hoc test (p < 0.05).
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Figure 3. Time course of serum corticosterone and ethanol concentrations in Experiments 3 and 
4
Experiment 3. (A) Blood ethanol concentrations [BECs] and (C) serum corticosterone were 

assessed across numerous time points post-ethanol challenge. Animals receiving ethanol 

(4g/kg) for the first time (solid circles) were compared to rats receiving their fourth exposure 

to the same dose of ethanol, but with one group exposed to ethanol once-daily for four 

consecutive days (open squares) and the other given ethanol once-daily in an every-other-

day (EOD) pattern (hatched hexagons). For BECs: the pound symbol (#) represents a 

significant difference from baseline (when collapsed across Exposure Condition) according 

to Tukey’s post hoc, which was used to explore the main effect of Time Point (p < 0.05). 

The significant main effect of Group observed in the analysis of BECs is represented in the 

area under the curve inlay graph, wherein bars that share a common letter were considered 

statistically comparable, whereas bars that do not share a common letter were significantly 

different (p < 0.05 also using Tukey’s post hoc test). For corticosterone: an ampersand (&) 

represents time points at which the 1st exposure group was different from both the 4th EOD 

and 4th daily exposure groups, which did not differ from one another (determined by 

Tukey’s post-hoc test for the significant interaction of Group with Time Point; p < 0.05). 

Experiment 4. (B) Blood ethanol concentrations [BECs] and (D) serum corticosterone were 

assessed across a number of time points post-ethanol exposure, with rats given one acute 

exposure to 4 g/kg ethanol (solid circles) compared to animals that experienced their 6th 

consecutive once-daily ethanol challenge (open triangles). For BECs: the pound symbol (#) 

represents a significant difference from baseline (when collapsed across exposure condition) 

according to the Tukey’s post hoc test used to explore the main effect of Time Point (p < 

0.05). For corticosterone: an asterisk (*) denotes a significant difference from baseline 
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within the acute ethanol exposure group, whereas the double dagger (‡) represents a 

difference from baseline in the repeated exposure group.

Gano et al. Page 20

Brain Res. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Gano et al. Page 21

Ta
b

le
 1

E
xp

er
im

en
t 1

 &
 3

: c
ha

ng
es

 in
 w

ei
gh

t a
cr

os
s 

ex
po

su
re

 p
ar

ad
ig

m
s.

St
ud

y
0 

E
xp

os
ur

es
2 

E
xp

os
ur

es
4 

E
xp

os
ur

es
6 

E
xp

os
ur

es

E
xp

er
im

en
t 1

: M
as

se
d 

E
xp

os
ur

e
St

ar
t w

ei
gh

t
36

3.
88

±
6.

72
35

5.
00

±
5.

59
34

8.
38

±
4.

84
35

4.
00

±
2.

34

Fi
na

l w
ei

gh
t

37
0.

38
±

7.
99

35
7.

50
±

7.
79

33
1.

50
±

5.
90

33
8.

38
±

3.
04

%
 c

ha
ng

e
+

1.
79

%
 a

+
0.

70
%

 a,
c

−
4.

84
%

 b
−

4.
41

%
 b,

c

E
xp

er
im

en
t 3

: E
O

D
 E

xp
os

ur
e

St
ar

t w
ei

gh
t

33
1.

38
±

3.
85

33
3.

38
±

3.
03

33
0.

5±
6.

74
33

9.
38

±
7.

28

Fi
na

l w
ei

gh
t

36
6.

25
±

4.
39

36
1.

75
±

4.
07

35
9.

63
±

7.
52

36
3.

13
±

8.
32

%
 c

ha
ng

e
+

10
.5

2%
+

8.
51

%
+

8.
81

%
+

7.
00

%

Ta
bl

e 
di

sp
la

ys
 s

ta
rt

in
g 

w
ei

gh
t (

m
ea

n±
 S

E
M

 in
 g

ra
m

s)
, f

in
al

 w
ei

gh
t, 

an
d 

di
re

ct
io

na
l %

 b
od

y 
w

ei
gh

t c
ha

ng
e 

fo
r 

ea
ch

 g
ro

up
 a

cr
os

s 
0,

 2
, 4

, o
r 

6 
ex

po
su

re
s 

to
 e

th
an

ol
 (

4 
g/

kg
 i.

g)
 o

n 
ei

th
er

 c
on

se
cu

tiv
e 

da
ys

 f
or

 
a 

to
ta

l o
f 

6 
ex

pe
ri

m
en

ta
l d

ay
s 

(E
xp

er
im

en
t 1

),
 o

r 
in

te
rm

itt
en

t e
ve

ry
-o

th
er

-d
ay

 [
E

O
D

],
 f

or
 a

 to
ta

l o
f 

12
 e

xp
er

im
en

ta
l d

ay
s 

(E
xp

er
im

en
t 3

).
 A

 le
tte

ri
ng

 s
ys

te
m

 w
as

 u
se

d 
to

 d
en

ot
e 

di
ff

er
en

ce
s 

ac
ro

ss
 g

ro
up

s 
in

 
ac

co
rd

an
ce

 w
ith

 T
uk

ey
’s

 p
os

t-
ho

c 
te

st
; g

ro
up

s 
th

at
 s

ha
re

 a
 le

tte
r 

w
er

e 
st

at
is

tic
al

ly
 c

om
pa

ra
bl

e 
(p

 <
 0

.0
5)

.

Brain Res. Author manuscript; available in PMC 2017 September 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Gano et al. Page 22

Table 2

Experiment 1: Additional Hippocampal Gene Expression Data

Gene target 0 Exposures 2 Exposures 4 Exposures 6 Exposures

c-Fos 104.79±12.21 61.32±11.67* 46.18±4.10* 56.32±8.22*

Mcp-11 114.75±21.70 54.88±14.92 38.22±5.58* 84.13±25.86

Hsp722 101.61±7.20 132.09±10.97 120.69±10.13 115.83±8.76

Hmgb-13 102.87±9.03 117.22±8.56 102.67±3.35 105.65±13.70

Gene expression levels (mean ± standard error of the mean) in the hippocampus following 0, 2, 4, or 6 exposures to ethanol are shown. Each group 
mean was first adjusted to the housekeeper, CyclophilinA, and then expressed as a percent change relative to the ultimate control group (0 
Exposures). Values shown in bold and marked with an asterisk denote groups that differed significantly from the control.

1
Monocyte chemotactic protein 1;

2
Heat shock protein 72;

3
High-mobility group box 1.
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Table 3

Primer sequences and accession numbers

Primer Accession Numbers Oligo Sequence

β-Actin NM_031144.3 Forward 5’-GTCGTACCACTGGCATTGTG-3’

Reverse 5’-GCCATCTCTTGCTCGAAGTC-3’

C-Fos NM_022197.2 Forward 5’-CCAAGCGGAGACAGATCAAC-3’

Reverse 5’-AAGTCCAGGGAGGTCACAGA-3’

CyclophilinA NM_017101.1 Forward 5’-GCGTCTGCTTCGAGCTGTTT-3’

Reverse 5’-CGTAGATGGACTTGCCACCA-3’

Gapdh1 NM_017008 Forward 5’-ATGACTCTACCCACGGCAAG-3’

Reverse 5’-AGCATCACCCCATTTGATGT-3’

Hmgb-12 NM_012963.2 Forward 5’-GGCGGCTGTTTTGTTGACAT-3’

Reverse 5’-ACCCAAAATGGGCAAAAGCA-3’

Hsp723 NM_031971.2 Forward 5’-GGCCTTGAGGACTTTGGGTT-3’

Reverse 5’-CTGGGAATGCAAAGCACACG-3’

IκBα4 NM_001105720.2 Forward 5’-CTGTTGAAGTGTGGGGCTGA-3’

Reverse 5’-AGGGCAACTCATCTTCCGTG-3’

Il-1β5 NM_031512 Forward 5’-AGGACCCAAGCACCTTCTTT-3’

Reverse 5’-AGACAGCACGAGGCATTTTT-3’

Il-66 NM_012589 Forward 5’-TAGTCCTTCCTACCCCAACTTCC-3’

Reverse 5’-TTGGTCCTTAGCCACTCCTTC-3’

Mcp-17 NM_031530.1 Forward 5’-TCTCTGTCACGCTTCTGGG-3’

Reverse 5’-TGCTGCTGGTGATTCTCTTG -3’

Tnf-α8 NM_012675 Forward 5’-GGGGCCACCACGCTCTTCTG-3’

Reverse 5’-CGACGTGGGCTACGGGTTG-3’

Primers, accession numbers, and sequences used in real-time RT-PCR for all gene expression studies.

1
Glyceraldehyde 3-phosphate dehydrogenase;

2
High-mobility group box 1;

3
Heat shock protein 72;

4
Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha;

5
Interleukin-1 beta;

6
Interleukin-6;

7
Monocyte chemotactic protein 1;

8
Tumor necrosis factor alpha.
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