
Male adolescent rats display blunted cytokine responses in the 
CNS after acute ethanol or lipopolysaccharide exposure

Tamara L. Doremus-Fitzwater*, Anny Gano, Jacqueline E. Paniccia, and Terrence Deak
Developmental Exposure Alcohol Research Center (DEARC), Behavioral Neuroscience Program, 
Department of Psychology, Binghamton University, Binghamton NY 13902-6000

Abstract

Alcohol induces widespread changes in cytokine expression, with recent data from our laboratory 

having demonstrated that, during acute ethanol intoxication, adult rats exhibit consistent increases 

in interleukin (IL)-6 mRNA expression in several brain regions, while showing reductions in IL-1 

and TNFα expression. Given evidence indicating that adolescence may be an ontogenetic period 

in which some neuroimmune processes and cells may not yet have fully matured, the purpose of 

the current experiments was to examine potential age differences in the central cytokine response 

of adolescent (P31–33 days of age) and adult (69–71 days of age) rats to either an acute immune 

(lipopolysaccharide; LPS) or non-immune challenge (ethanol). In Experiment 1, male Sprague-

Dawley rats were given an intraperitoneal (i.p.) injection of either sterile saline, LPS (250 µg/kg), 

or ethanol (4-g/kg), and then trunk blood and brain tissue were collected 3 hr later for 

measurement of blood EtOH concentrations (BECs), plasma endotoxin, and central mRNA 

expression of several immune-related gene targets. In Experiment 2, the response to 

intragastrically (i.g.) administered ethanol was examined and compared to animals given tap water 

(i.g.). Results showed that LPS stimulated robust increases in expression of IL-1, IL-6, TNFα, and 

IκBα in the hippocampus, PVN, and amygdala, and that these increases were generally less 

pronounced in adolescents relative to adults. Following an i.p. EtOH challenge, IL-6 and IκBα 

expression were significantly increased in both ages in the PVN and amygdala, and adults 

exhibited even greater increases in IκBα than adolescents. I.g. administration of ethanol also 

increased IL-6 and IκBα expression in all three brain regions, with hippocampal IL-6 expression 

elevated even more so in adults compared to adolescents. Furthermore, assessment of plasma 

endotoxin concentrations revealed (i) whereas robust increases in plasma endotoxin were observed 

in adults injected with LPS, no corresponding elevations were seen in adolescents after LPS; and 

(ii) neither adolescents nor adults demonstrated increases in plasma endotoxin concentrations 

following i.p. or i.g. ethanol administration. Analysis of BECs indicated that, for both routes of 

exposure, adolescents exhibited lower BECs than adults. Taken together, these data suggest that 

categorically different mechanisms are involved in the central cytokine response to antigen 
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exposure versus ethanol administration. Furthermore, these findings confirm once again that acute 

ethanol intoxication is a potent activator of brain cytokines, and calls for future studies to identify 

the mechanisms underlying age-related differences in the cytokine response observed during 

ethanol intoxication.
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1. Introduction

Ethanol exposure has been recognized as significantly influencing a variety of 

neurotransmitter systems, including but not limited to GABA, glutamate, dopamine, 

serotonin, and endocannabinoid systems (for review see [1,2]). Yet, research has now 

demonstrated that ethanol can also profoundly impact inflammatory-related processes, both 

peripherally as well as in the brain. Historically, the role of inflammatory pathways in 

alcohol-related liver disease and organ damage has been the focus of research, with studies 

in this area commonly examining the effects of acute or chronic ethanol exposure on 

expression of immune factors after an antigen challenge. Results from experiments such as 

these have shown a complex relationship between ethanol exposure and the immune 

response, with ethanol sometimes dampening cytokine expression in response to an antigen 

[e.g., 3,4–6], yet exacerbating the cytokine response to bacterial challenge in other instances 

[e.g., 7,8,9].

Studies of this nature have been crucial in elucidating the mechanisms responsible for organ 

damage under conditions of chronic ethanol consumption, as well as an enhanced 

susceptibility to infection that is often observed among alcoholics (for review see [10]). 

More recently, however, evidence indicates that ethanol can also dramatically alter 

inflammatory-related factors in the absence of an immune challenge. In humans, for 

example, elevations in several plasma cytokines were observed during withdrawal following 

an acute alcohol challenge [11,12]. Additionally, post-mortem examination of the brains of 

alcoholics demonstrated that monocyte chemotactic protein (MCP)-1, a chemokine, was 

increased in the ventral tegmental area, substantia nigra, hippocampus, and amygdala, with 

microglial markers also increased in certain brain regions [13]. In parallel, chronic ethanol 

administration or long term ethanol consumption has been shown to significantly elevate 

expression of a variety of cytokines in the brain, including interleukin (IL)-1β, IL-6, tumor 

necrosis factor alpha (TNFα), and MCP-1 in both rats [14,15] and mice [8,16,17]. 

Furthermore, increased expression of these inflammatory factors has been observed across 

several different brain regions such as hippocampus [e.g., 14], cortex [e.g., 16], and 

cerebellum [e.g., 18].

While studies such as those described above have consistently demonstrated that chronic 

ethanol exposure can influence inflammatory factors, other research has shown that 

manipulation of neuroimmune pathways/processes can alter ethanol intake, ethanol 

responsivity, and ethanol reward/reinforcement. Studies utilizing knock-out mice have 
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indicated that deletion of several immune-related genes resulted in significant reductions in 

ethanol intake and preference when compared to wild-type mice, while also increasing 

sensitivity to ethanol-induced conditioned taste aversion [19,20]. Furthermore, when mice 

were injected with minocycline (a putative microglia inhibitor), ethanol intake was similarly 

reduced [21]. In contrast, however, stimulation of immune processes by lipopolysaccharide 

(LPS) administration led to increased ethanol intake in mice [22]. Moreover, acute ethanol-

induced sedation and motor impairment were also affected by alterations in cytokine 

signaling, as administration of minocycline or interleukin-1 receptor antagonist (IL-1ra) to 

adult mice differentially impacted these measures of ethanol responsivity [23].

Given evidence that alterations in neuroimmune pathways have been shown to influence 

ethanol responsivity and intake, it is not surprising that the effects of ethanol exposure 

during adolescence on immune-related factors have now begun to receive attention. Indeed, 

adolescence is now known to be an ontogenetic period characterized by elevated ethanol 

consumption [24,25], as well as a unique sensitivity to ethanol (for review see [26]). For 

example, using an animal model of adolescence (for review see [27]), studies have shown 

that adolescent rodents are less sensitive to many consequences of ethanol exposure, 

including the sedative/hypnotic [28], motor impairing [29], hangover [30], aversive [31], 

and social inhibitory [32] effects. Yet, on the other hand, adolescents are seemingly more 

sensitive to other consequences of ethanol exposure, such as ethanol-induced memory 

impairment [33], ethanol-related deficits in hippocampal LTP [34], and the social 

stimulatory effects of acute ethanol exposure [32]. As these studies identified the sensitivity 

of the hippocampus to adolescent ethanol exposure, several research groups have begun to 

explore the effects of adolescent binge ethanol administration on the hippocampus, as well 

as other brain regions known to undergo profound neurodevelopmental changes during 

adolescence. For instance, McClain et al. (2011) reported that adolescent binge ethanol 

exposure led to an upregulation of partially activated microglia (the resident macrophage of 

the brain) in the hippocampus [35]. Additionally, BrdU/Iba-1 co-labeling demonstrated that 

adolescent binge ethanol led to increased proliferation of new microglia in this brain region, 

with these microglia remaining up to 30 days after ethanol exposure [35]. Crews and 

colleagues have also reported that a similar adolescent binge ethanol exposure upregulated 

RAGE/TLR-4 and HMGB1 in the PFC of adolescent rats, as well as gene expression of 

numerous other neuroimmune factors, and these effects persisted well into adulthood 

[36,37]. Notably, a recent study [38] would suggest that some of these effects of adolescent 

binge ethanol administration are specific to exposure during adolescence, as an ethanol-

related up-regulation of expression of TLR-2, TLR-4, IL-1, and TNFα in the PFC was only 

observed in adolescent but not adult mice under these circumstances.

While studies such as these have demonstrated that adolescent rodents exhibit significant 

alterations in neuroimmune processes following chronic binge-like ethanol exposure, there 

have been few studies in which adolescents and adults have been directly compared, and 

even fewer studies investigating effects of acute ethanol exposure. In adults, we have 

recently shown that marked changes in cytokine gene expression are apparent in the adult 

brain during the first ethanol exposure, with these changes dose-, time-, and regionally-

dependent in nature [39]. More specifically, an acute 4-g/kg ethanol challenge consistently 

and significantly increased expression of IL-6 during intoxication in the paraventricular 
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nucleus of the hypothalamus (PVN), hippocampus, cerebellum, and amygdala, whereas 

decreased expression of IL-1 and TNFα was generally observed in these same structures 

during intoxication [39]. In contrast, withdrawal from an acute ethanol challenge was not 

shown to result in marked alterations in cytokine expression, with IL-1 expression 

sometimes elevated relative to non-ethanol-exposed controls.

As (i) adolescence is a developmental period during which the first exposure to alcohol 

typically occurs, (ii) acute ethanol exposure has been shown to significantly alter cytokine 

expression in adults, and (iii) binge ethanol exposure during adolescence results in 

significant alterations in immune processes, the primary purpose of the current series of 

experiments was to directly compare central cytokine responses of adolescent and adult rats 

to an acute ethanol challenge. In doing so, it was deemed necessary to include a more 

fundamental comparison of antigen exposure in both adolescents and adults to help inform 

how neuroimmune responses to naturally occurring immunogens might vary in these two 

age groups. Thus, rats of both ages were exposed to either LPS, ethanol, or vehicle in a 

controlled series of experiments, and potential age differences in plasma endotoxin 

responses evoked by LPS or ethanol were examined. Data from these animals also served as 

a positive verification of cytokine detection procedures employed in subsequent analyses of 

ethanol-exposed rats. Considering recent findings that showed ethanol administration via 

gastric gavage increased apparent endotoxin concentration in blood obtained from the 

hepatic portal vein [40,41], separate groups of rats received an acute ethanol challenge via 

either an i.p. or i.g. route of administration. These groups provided a key comparison 

between intra-lumenal (i.g.) versus abdominal (i.p.) ethanol as potential drivers of endotoxin 

transit into blood, and whether such responses might differentially impact the action of 

ethanol on brain cytokines following these two commonly used modes of ethanol 

administration. Our a priori hypothesis was that ethanol exposure (regardless of route or 

age) would evoke central cytokine changes consistent with our previous findings (i.e., 

increased IL-6, decreased IL-1 and TNF; see [39]), and that these changes would occur 

independent of plasma endotoxin alterations. Together, the side-by-side comparison of LPS 

and ethanol challenge with multiple, within-subject, physiological measures (e.g., plasma 

measures of corticosterone, endotoxin, and blood ethanol content; plus cytokine measures in 

several key CNS structures) was expected to fully elucidate the nature of age-related 

differences in neuroimmune consequences of ethanol, and to inform future directions for 

identifying the mechanisms underlying any developmental differences observed.

2. General Methods

2.1.1 Subjects

Adolescent [postnatal day (P) 22–24 at arrival] and adult (P60–62 at arrival) male Sprague-

Dawley rats (total N = 84) were purchased from Harlan Laboratories (Frederick, MD) and 

acclimated to the colony for 1 week. The experiment began, therefore, at P29–31 for 

adolescents and P67–69 for adults. At this time, rats were briefly handled (3–5 min) for 2 

days prior to the start of experimental procedures. Colony conditions were maintained at 22 

± 1 °C with 12:12 light:dark cycle (lights on 06:00 h). Animals were pair-housed in standard 

Plexiglas bins and provided ad libitum access to both food and water. In all experiments, 
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animals were maintained and treated in accordance with the guidelines set forth by the 

“Guide for the Care and Use of Laboratory Animals” [42], and with protocols approved by 

the IACUC committee at Binghamton University.

2.1.2 Drugs

When administered i.p., ethanol (95%) was diluted fresh daily with pyrogen-free 

physiological saline (0.9%, Teknova, Hollister, CA) to a final concentration of 20% (v/v) 

and sterile saline alone was used for vehicle. When delivered i.g., ethanol was mixed with 

tap water (20% v/v), with tap water alone delivered isovolumetrically to the ethanol 

intubations as the vehicle. LPS (from E. coli serotype 0111:B4, Sigma-Aldrich, St. Louis, 

MO) was initially diluted in sterile, pyrogen-free saline and aliquots were stored at −20 °C 

until needed. On the day of experimentation, a frozen aliquot was thawed and diluted to the 

required concentration [250 µg/kg (i.p. at 1.0 ml/kg)], also in pyrogen-free physiological 

saline.

2.1.3 Tissue and Blood Collection

Animals were rapidly decapitated (unanesthetized) 3 h after drug administration and trunk 

blood was collected into EDTA-coated glass blood collection tubes (BD Vacutainers, VWR 

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

aliquoted, and stored at −20 °C until time of assay. Brains were removed and immediately 

submerged in ice-cold saline for approximately 1 min before dissection in a cold brain 

matrix. Coronal slices (2 mm) were dissected and incubated overnight in RNALater 

(Qiagen, cat. no. 76106, Valencia, CA), followed by storage at −20 °C. Individual brain 

structures—PVN, amygdala, and hippocampus (Figure 1a, b, and c, respectively)—were 

then microdissected using a dissecting microscope and reference coordinates obtained from 

the rat brain atlas (Paxinos and Watson, 1998) [68]. After microdissection, structures were 

again stored in RNAlater reagent at −20 °C until the time of tissue processing.

2.1.4 Reverse-transcription Polymerase Chain Reaction

A Qiagen Tissue Lyser (Qiagen, Valencia, CA) provided rapid, thorough and consist 

homogenization of brain samples. Each structure was placed into a 2.0 ml Eppendorf tube 

containing 500 µl of Trizol® RNA reagent (Invitrogen, Grand Island, NY) and a 5 mm 

stainless steel bead, and was then rapidly shaken for 2 min for complete disruption/

homogenization of the tissue. Chloroform (100 µl) was then added to the Trizol solution, the 

samples briefly shaken, and then samples were centrifuged for 15 min at 4 °C. Equal volume 

of 70% ethanol was added to the supernatant and purified through RNeasy mini columns 

(Qiagen, Valencia, CA) according to the manufacturer’s instructions. Columns were washed 

with buffer and eluted with 30 µL of RNase-free water (65 °C). RNA yield and quality was 

determined using a Nanodrop micro-volume spectrophotometer (NanoDrop 2000, Thermo 

Scientific, Wilmington, DE), with total RNA stored at −80 °C until the time of cDNA 

synthesis. Synthesis of cDNA was performed on 0.1–1.0 µg of normalized total RNA from 

each sample using the QuantiTect® Reverse Transcription Kit (Cat. No. 205313, Qiagen, 

Valencia, CA) which included a DNase treatment step. All cDNA was stored at −20 °C until 

time of assay.
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Probed cDNA amplification was performed in a 10 µL reaction consisting of 5 µL IQ SYBR 

Green Supermix (Bio-Rad, cat. no. 170-8882, Hercules, CA), 0.5 µL primer (final 

concentration 250 nM), 0.5 µL cDNA template, and 4 µL Rnase-free water run in triplicate 

in a 384 well plate (BioRad, cat. no. HSP-3805) and captured in real-time using a PCR 

detection system (BioRad, model no. CFX384). Following a 3-min hot start (95 °C), 

samples underwent denaturation for 30 s at 95 °C, annealing for 30 s at 60 °C and extension 

for 30 s at 72 °C for 50 cycles. An additional denaturation (95 °C, 1 min) and annealing 

cycle (55 °C, 1 min) were conducted to ensure proper product alignment prior to melt curve 

analysis. For melt curve analysis, samples underwent 0.5 °C changes every 15 s ranging 

from 55 °C to 95 °C. A single peak expressed as the negative first derivative of the change 

in fluorescence as a function of temperature indicated primer specificity to the target gene. 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a reference gene in these 

experiments, as studies from our laboratory have revealed more stable gene expression 

across ethanol treatment conditions with this gene [e.g., 39]. Primer sequences and a brief 

description of gene function can be found in Table 1.

2.1.5 Plasma Measurement of Blood Ethanol Concentrations and Corticosterone

All blood ethanol concentrations (BECs) were determined in 5-µl aliquots using an Analox 

AM-1 alcohol analyzer (Analox Instruments, Lunenburg, MA). The machine was first 

calibrated using a 100 mg% industry standard, with BECs recorded in milligrams per 

deciliter (mg%). Accuracy was confirmed with a quality control solution provided by 

Analox Instruments, which contained a known concentration of ethanol. After confirmation 

with the quality control, experimental samples were measured, and counterbalanced across 

groups with respect to the order in which they were processed. Accuracy of the machine was 

systematically rechecked by reading the quality control following measurement of every 12–

15 samples, as well as after the final sample.

Quantitative determination of plasma CORT was assessed by a commercially available 

ELISA kit (Cat No: ADI-901-097; Enzo Life Sciences, Farmingdale, NY). The CORT assay 

had a sensitivity of 27.0 pg/mL and inter-assay coefficient of 10.29%. Samples were diluted 

1:30 and heat inactivated to denature endogenous corticosteroid binding globulin (CBG) by 

immersion in 75 °C water for 60 min, which produces a much more reliable and uniform 

denaturation of CBG than the enzyme cleavage step provided by the kit (unpublished 

observations). After heat inactivation of CBG, samples were processed according to the 

directions provided by the kit.

2.1.6 Measurement and Analysis of Plasma Endotoxin

Plasma endotoxin concentrations were measured using the limulus amebocyte lysate (LAL) 

assay (LAL kit QCL-1000, Cat No. 50-647U, Lonza, Walkersville, MD), with all steps 

conducted using pyrogen-free microplates (Lonza, Cat. No. 25-340) and glass test tubes 

(Lonza, Cat. No. N207). Plasma samples (obtained from trunk blood collected at the time of 

tissue harvest) were first diluted 1:10 in pyrogen-free LAL reagent water provided by the kit 

manufacturer (Cat. No. W50-640, Lonza), and then heated to 75 °C for 10 min in a hot water 

bath such that plasma endotoxin binding proteins could be denatured prior to assay. 

Concentration of endotoxin was determined using a standard curve generated from an 
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Endotoxin standard provided by the kit. Using the microplate method, absorbance of 

standards and samples were measured in duplicate at 405 nm. Data were calculated in 

endotoxin units (EU) per ml, as the potency/reactivity within the LAL assay is highly 

variable across endotoxin molecules and, therefore, across different lots/assays.

In the analysis of ethanol-exposed animals, samples were measured at a 1:10 dilution, as this 

resulted in absorbance values that were within the limits of the standard curve provided by 

the kit. For LPS-exposed adolescent rats, a dilution series (1:10, 1:25, 1:50, 1:100) 

demonstrated that a 1:10 dilution was optimal for detecting endotoxin in this group as well. 

However, in LPS-exposed adults, endotoxin concentrations were well above the upper-limit 

of the standard curve at a 1:10 dilution, and hence had to be further diluted. A dilution series 

(1:100, 1:200, 1:400, 1:800) conducted on this group revealed that a 1:400 dilution was best 

for 7 out of 8 LPS-exposed adult samples, with these data then used for final analysis. It was 

necessary to use data obtained from the 1:800 dilution for one animal in this group, as the 

1:400 dilution resulted in an absorbance value that exceeded the highest standard. Thus, 

plasma endotoxin data presented in Figure 3d-3f are the product of an intensive dilution 

series trial, designed to ensure that all samples were extrapolated from the linear portion of 

the standard curve.

2.2 Experiment 1

Currently, there is a paucity of studies that have directly compared the immune response to 

an antigen, such as LPS, in adolescent and adult rodents. Whereas a recent study [43] 

reported that, relative to adults, adolescent males exhibited an abbreviated LPS-related 

increase in plasma IL-6, as well as fewer FOS-positive cells in the PVN 8 h after LPS 

administration, alterations in central cytokines in response to LPS were not examined. Thus, 

in Experiment 1, potential age-related differences in LPS-induced expression of several 

brain cytokines were assessed in both adolescent and adult male rats following an acute 

injection of LPS.

Additionally, Experiment 1 sought to examine potential age differences in the cytokine 

response to an acute ethanol challenge across ontogeny. Previous studies from our 

laboratory have identified highly reproducible changes in central cytokine expression 

following an acute ethanol challenge in adult rats [Gano et al., in prep; 39]. While these 

ethanol-related alterations in brain cytokine expression are dependent upon brain area of 

interest, cytokine of interest, and the time at which cytokine expression is examined after 

ethanol administration, a consistent increase in IL-6 gene expression has been observed in 

the hippocampus, PVN, amygdala, and cerebellum in adult male rats during the intoxication 

phase after a binge-like dose (4 g/kg) of ethanol. Since adolescent animals are known to 

exhibit differential sensitivity relative to adults to many of ethanol’s effects during this 

developmental period, another purpose of this experiment was to directly compare the brain 

cytokine response to acute ethanol during adolescence versus adulthood.

Thus, a 2 (Age) x 3 (Drug Condition) factorial design was employed where adolescent (n = 

8 per group) and adult (n = 8 per group) male rats (N = 48) were given an i.p. injection of 

sterile saline, LPS (250 µg/kg) or ethanol (4 g/kg) sometime between 0900 and 1100 h. Cage 

mates were assigned to the same drug exposure condition. Three hours later, trunk blood and 
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brains were collected according to the procedures outlined above, and expression of several 

cytokine targets was assessed in the hippocampus, amygdala, and PVN. The hippocampus 

and amygdala were selected for analysis as these brain regions have consistently 

demonstrated acute ethanol-related increases in IL-6 expression in adults [e.g., 39]. The 

hippocampus has also been reported to exhibit increased IL-1 levels following systemic 

administration of LPS [44]. Given that the hypothalamus, and in particular the PVN, has 

been demonstrated to exhibit robust increases in cytokines after acute immune challenge 

with LPS [e.g., 44,45], this brain structure was also chosen for examination.

2.3 Experiment 2

In prior studies using adults, the central cytokine response to an acute ethanol challenge has 

been examined following both i.p. and i.g. routes of administration. While both modes of 

ethanol delivery generally resulted in similar alterations in brain cytokine expression, subtle 

differences do seem to exist [see 39; Gano et al., under revision]. Given that i.g. 

administration is a method of ethanol delivery that more closely mimics the route via which 

human alcohol exposure occurs, however, assessment of brain cytokine changes following 

i.g. exposure provides an aspect of face validity that is important for generalizing results to 

humans.

For Experiment 2, therefore, a 2 (Age) x 2 (Drug Condition) factorial was used in which 

adolescent (n = 8–10 per group) and adult (n = 8–10 per group) male rats (N = 36) were 

given an acute intubation of either tap water or ethanol (4 g/kg), sometime between 0900 

and 1100 h. Three hours after gavage, brains and trunk blood were collected as described in 

the General Methods.

2.4 Statistical Analyses

In the analyses of cytokine targets, plasma corticosterone concentrations, and plasma 

endotoxin concentrations, data were analyzed using a 2 (Age: Adolescent vs. Adult) x 2 

(Drug: Vehicle vs. Ethanol or LPS) factorial ANOVA (p < 0.05), with Fisher’s Least 

Significant Difference (LSD) test used for post hoc examination of any significant 2-way 

interactions (p < 0.05) that were observed. Comparisons of BECs achieved between 

adolescent and adult animals in both Experiments 1 and 2 were made using an independent 

groups t test (p < 0.05). Data from Experiment 1 were first analyzed using a full 2 (Age) x 3 

(Drug Exposure) ANOVA. Indeed, in these analyses significant Age x Drug Exposure 

interactions were observed for nearly all cytokine targets in the three brain regions of 

interest. However, when post hoc tests were employed to identify the loci of significant 

differences between these Age and Exposure groups, only LPS-exposed animals were 

determined to be significantly different from saline controls, as the magnitude of the 

ethanol-related alterations in brain cytokines was overall much lower than that induced by 

LPS-exposure. Subsequently, separate 2 (Age) x 2 (Drug Exposure) ANOVAs were 

conducted to analyze LPS- versus ethanol-exposed rats. Thus the meaningful, although 

overall lower, alterations in brain cytokines in response to ethanol were not overpowered by 

the effects of LPS on cytokine expression, thereby minimizing the probability of committing 

a Type 2 Error.
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Outliers were defined as data points that were more extreme than ± 2 standard deviations 

from a given experimental group’s mean. One adult animal administered i.p. ethanol was an 

outlier for nearly all targets in the PVN and thus was eliminated from all analyses within 

that region. In the analyses of hippocampal data, two adult i.g. vehicle-exposed animals 

were extreme outliers for almost all cytokine targets and were therefore removed from all 

analyses within the this structure. Given the logarithmic amplification of RT-PCR data, it is 

not usual that there were a few instances in which a sample was an extreme data point in the 

analysis of only one target within a structure. In these situations (one i.p. vehicle-exposed 

adult animal in the hippocampal IL-6 analysis; one adult LPS-exposed rat in the PVN IL-6 

analysis; one adult i.g. vehicle-intubated rat in the PVN IL-1 analysis), the data point was 

only removed in the analysis of that particular dependent variable. Unfortunately, due to 

experimental error 11 amygdala samples were lost during cDNA synthesis, and thus could 

not be used for RT-PCR: 2 adolescent and 2 adult LPS-exposed samples, 2 adolescent and 2 

adult i.g. ethanol samples, 2 adult i.p. ethanol samples, and 1 i.g. vehicle-exposed adult 

sample.

Before conducting analyses of cytokine data, GAPDH expression was first examined as a 

separate target in order to assess any possible differences across groups in expression of this 

reference gene. Overall, few significant differences were present for GAPDH expression—a 

slight, but statistically significant, age difference in GAPDH expression was detected in the 

hippocampus and amygdala, as well as a minor overall increase in GAPDH expression in 

i.p. ethanol-exposed animals relative to vehicle controls in the hippocampus. While 

statistically significant, the magnitude of these group differences was quite small, especially 

in comparison to the robust increases in cytokine expression induced by LPS. Hence, in all 

analyses, gene expression of cytokine targets was quantified relative to expression of 

GAPDH using the 2-ΔΔC(T) method [46].

3. Results

3.1 Experiment 1

3.1.1 Age Differences in Responsiveness to LPS

3.1.1.1 Cytokine Expression: In the hippocampus, a main effect of Drug was observed in 

the analysis of both IL-6 (Figure 2a) and IL-1 (Figure 2b) expression [F(1,27) = 7.40, p < 

0.05; F(1,28) = 9.78, p < 0.01, respectively]. Overall, LPS exposure induced significantly 

greater expression of IL-6 and IL-1 in this brain structure in comparison to vehicle-injected 

animals. For both of these cytokines, no significant main effects or interactions involving 

Age were observed. In contrast, a significant interaction of Age and Drug was found for 

TNFα (Figure 2c) expression in this brain region [F(1,28) = 4.24, p < 0.05]: LPS 

administration resulted in a significant increase in TNFα expression that was only observed 

among adults. The analysis of IκBα expression (Figure 2d) in the hippocampus 

demonstrated that adolescents had significantly lower levels of gene expression overall, with 

LPS not leading to significant elevations in IκBα in either age group [main effect of Age: 

F(1,28) = 4.30, p < 0.05].
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When gene expression data for IL-6 (Figure 2e), IL-1 (Figure 2f), and IκBα (Figure 2h) in 

the PVN were analyzed, significant main effects of both Age [IL-6: F(1,27) = 9.17, p < 

0.01; IL-1: F(1,28) = 5.85, p < 0.05; IκBα: F(1,28) = 10.93, p < 0.01] and Drug [IL-6: 

F(1,27) = 24.07, p < 0.0001; IL-1: F(1,28) = 23.53, p < 0.05; IκBα: F(1,28) = 36.18, p < 

0.00001] were observed, as well as significant interactions of these two variables [IL-6: 

F(1,27) = 9.38, p < 0.01; IL-1: F(1,28) = 6.20, p < 0.05; IκBα: F(1,28) = 9.59, p < 0.01]. 

Post hoc analyses of the 2-way interactions revealed a similar pattern for all three cytokines, 

with LPS resulting in significant increases in IL-6, IL-1, and IκBα expression in adults 

relative to their saline-exposed counterparts, and LPS-injected adolescents demonstrating 

much smaller increases in expression of these cytokine targets compared to their saline-

treated counterparts as well as LPS-exposed adults. Only in the case of IκBα expression did 

LPS elicit a significant increase in adolescents when compared to adolescent saline controls. 

A significant main effect of Drug was observed in the analysis of TNFα expression (Figure 

2g) in the PVN, as LPS administration resulted in significant increases in this cytokine 

relative to saline controls [F(1,28) = 15.56, p < 0.001]. Although there was a trend for LPS-

related activation of TNFα expression to be greater among adults compared to adolescents, 

this age difference approached but did not achieve statistical significance (p = 0.06).

Expression of IL-6 (Figure 2i) and IκBα (Figure 2l) in the amygdala was differentially 

impacted by LPS exposure in adolescents relative to adults [Age x Drug interaction for IL-6: 

F(1,24) = 12.26, p < 0.001; for IκBα: F(1,24) = 7.89, p < 0.01]. In both cases, adults but not 

adolescents demonstrated significant increases in expression of these genes following a 

systemic LPS injection. While LPS also significantly increased IL-1 (Figure 2j) and TNFα 

(Figure 2k) expression in the amygdala, these increases were comparable across age [main 

effect of Drug for IL-1: F(1,24) = 20.36, p < 0.001; for TNFα: F(1,24) = 24.95, p < 0.0001].

3.1.1.2 Plasma Measures: Plasma endotoxin concentrations were analyzed in animals that 

were given either sterile saline or LPS via i.p. injection. As can be seen in Figure 3d, LPS 

administration resulted in a significant increase in plasma endotoxin in adult rats, whereas 

neither adolescent LPS-exposed rats, nor saline-exposed rats at either age, demonstrated 

elevations in endotoxin concentrations [Age x Drug interaction: F(1,28) = 13.14, p < 0.01]

Analysis of plasma corticosterone (Figure 3a) demonstrated that LPS administration elicited 

a significant increase in corticosterone in both ages compared to their vehicle-treated 

counterparts, with the LPS-induced increase even greater for adults relative to adolescents 

[Age x Drug interaction: F(1,28) = 7.20, p < 0.05].

3.1.2 Examination of responsiveness to an acute intraperitoneal ethanol 
challenge across age

3.1.2.1 Cytokine Expression: In the hippocampus, TNFα expression (Figure 4c) was 

significantly decreased by i.p. ethanol exposure [main effect of Drug: F(1,28) = 21.90, p < 

0.0001], with no main effects or interactions involving Age observed. While there was a 

trend for adults to exhibit an ethanol-induced increase in IL-6 expression (Figure 4a) in this 

brain region (p = 0.11), no other significant effects of Age or Drug were observed for any of 

the other cytokine targets in the hippocampus.
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Following acute ethanol exposure, both adolescents and adults exhibited increased 

expression of IL-6 (Figure 4e) in the PVN [main effect of Drug: F(1,27) = 19.75, p < 0.001] 

when compared to vehicle controls. In contrast, ethanol was found to decrease IL-1 

expression in both age groups (Figure 4f) relative to controls [main effect of Drug: F(1,27) = 

14.42, p < 0.001]. Although TNFα (Figure 4g) expression was significantly higher in 

vehicle-exposed adults relative to adolescent controls, both ages evinced a significant 

ethanol-induced decrease in TNFα expression in this structure when compared to their 

saline-injected counterparts [Age x Drug Interaction: F(1,27) = 10.03, p < 0.01]. In contrast, 

administration of ethanol resulted in an increase in IκBα expression at both ages (Figure 

4h), with the ethanol-related increase in expression of this target significantly greater for 

adults when compared to adolescents [Age x Drug Interaction: F(1,27) = 5.06, p < 0.05].

When IL-6 in the amygdala (Figure 4i) was examined, i.p. administered ethanol was found 

to significantly increase expression of this gene in both adolescents and adults [main effect 

of Drug: F(1,26) = 9.85, p < 0.01], with adolescents also exhibiting overall lower levels of 

IL-6 expression than adults in this brain structure [main effect of Age: F(1,26) = 6.09, p < 

0.05]. Ethanol delivered i.p. also increased expression of IκBα in the amygdala (Figure 4l) 

in both age groups, although these ethanol-related increases were greater in adults relative to 

adolescents [Drug x Age interaction: F(1,26) = 4.51, p < 0.05]. Ethanol injection 

significantly decreased expression of TNFα (Figure 4k) in this brain region in adults. 

Although adolescents did not demonstrate ethanol-related changes in TNFα expression in 

this region, vehicle-exposed adolescents exhibited significantly lower TNFα expression than 

their adult counterparts [Drug x Age interaction: F(1,26) = 7.97, p < 0.01].

3.1.2.2 Plasma Measures: As shown in Figure 3e, acute i.p. administration of ethanol did 

not significantly impact plasma endotoxin concentrations in either age group. In contrast, 

significant elevations in plasma corticosterone (Figure 3b) were observed following i.p. 

ethanol, and were comparable in both age groups [main effect of Drug: F(1,28) = 324.50, p 

< 0.00001]. While this ethanol challenge led to extremely high blood ethanol concentrations 

(Figure 3g), analysis of only the ethanol-exposed rats revealed that adults reached BECs that 

were significantly higher than adolescent animals [t(14) = 7.86, p < 0.00001.].

3.2 Experiment 2

3.2.1 Age Differences in responsiveness to intragastrically administered 
ethanol

3.2.1.1 Cytokine Expression: In both age groups, expression of IL-6 in the hippocampus 

(Figure 5a) was significantly increased by acute i.g. administration of ethanol when 

compared to the age-matched vehicle exposed controls. According to the significant Age x 

Drug interaction, however, the ethanol-evoked increase in hippocampal IL-6 was greater in 

adults compared to adolescents [F(1,30) = 5.78, p < 0.05]. Furthermore, IL-6 expression was 

slightly but significantly higher in water-exposed adolescents relative to adults. Overall, 

acute i.g. ethanol resulted in significant decreases in IL-1 (Figure 5b) and TNFα (Figure 5c), 

whereas ethanol increased IκBα expression (Figure 5d) in this brain region [main effect of 

Drug for IL-1: F(1,30) = 15.20, p < 0.001; for TNFα: F(1,30) = 17.82, p < 0.001; for IκBα: 
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F(1,30) = 15.02, p < 0.001]. An additional main effect of Age for IκBα expression revealed 

that adolescents had overall lower IκBα expression than adults [F(1,30) = 5.40, p < 0.05].

In the PVN, acute i.g. ethanol significantly increased expression of IL-6 (Figure 5e) and 

IκBα (Figure 5h) regardless of Age [main effect of Drug for IL-6: F(1,32) = 6.61, p < 0.05; 

for IκBα: F(1,32) = 11.67, p < 0.01], whereas the acute ethanol intubation decreased 

expression of TNFα (Figure 5g) in this structure [F(1,32) = 4.40, p < 0.05]. A main effect of 

Age was observed in the analysis of TNFα and IκBα expression, with adolescents overall 

exhibiting significantly lower levels of gene expression compared to adults for these 

cytokine targets [for TNFα: F(1,32) = 12.38, p < 0.01; for IκBα: F(1,32) = 4.38, p < 0.05].

Analysis of the effects of ethanol in the amygdala revealed that, similar to the hippocampus 

and PVN, expression of IL-6 (Figure 5i) and IκBα (Figure 5l) was generally increased by 

acute ethanol exposure in both age groups [main effect of Drug for IL-6: F(1,27) = 17.84, p 

< 0.001; for IκBα: F(1,27) = 21.73, p < 0.0001], whereas ethanol significantly reduced 

TNFα (Figure 5k) expression [F(1,27) = 20.39, p < 0.001] and marginally reduced IL-1 

(Figure 5j) expression (p = 0.054). While the effects of ethanol administration did not 

significantly interact with Age for any gene target, there were general reductions in gene 

expression for adolescents relative to adults in the analysis of IL-6 and TNFα [main effect of 

Age for IL-6: F(1,27) = 7.33, p < 0.05; for TNFα: F(1,27) = 14.18, p < 0.001].

3.2.1.2 Plasma Measures: When acute ethanol was delivered i.g., plasma endotoxin 

concentrations were not found to differ significantly from vehicle controls in either age 

group (Figure 3f). There were, however, significant ethanol-induced elevations in plasma 

corticosterone concentrations (Figure 3c) as compared to animals intubated with tap water 

[main effect of Drug: F(1,32) = 5.85, p < 0.05]. No effects of Age occurred in the analysis 

of corticosterone. In the examination of ethanol-exposed rats, adults were found to reach 

BECs (Figure 3h) following an i.g. challenge that were significantly higher than those of 

adolescents [t(18) = 2.33, p < 0.05].

4.0 Discussion

Adolescence is a developmental period that is characterized by a unique sensitivity to 

alcohol, with individuals often times less sensitive to effects of ethanol exposure at this age, 

yet in some circumstances more susceptible to consequences of ethanol administration. 

Although it has been demonstrated that adolescent rodents exhibit significant alterations in 

neuroimmune processes following chronic binge-like ethanol exposure [35,36], there have 

been few studies in which adolescents and adults have been directly compared in terms of 

their sensitivity to ethanol-induced changes in brain immune factors. Recently, Pascual et al. 

(2013) reported that binge ethanol exposure resulted in increased gene expression of several 

neuroimmune genes in rats when the ethanol administration occurred during adolescence, 

but not adulthood [38]. Therefore, the primary goal of the current experiments was to further 

examine potential age differences in the central cytokine response to ethanol challenge, 

using an acute exposure paradigm, by comparing cytokine gene expression in the 

hippocampus, PVN, and amygdala of adolescent and adult rats.
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In adult animals, chronic ethanol exposure has been shown to significantly impact 

expression of many cytokines, both peripherally and in the brain [for review see 47]. Yet, 

some studies have also shown that cytokine expression can be altered after acute ethanol. 

For example, 24 hours after an acute ethanol intubation, adult mice had elevated expression 

of TNFα and MCP-1 mRNA in brain [8]. When adult rats were given an acute injection of 

ethanol, TNF-α, IL-1β, and IL-6 protein were increased in the hypothalamus 48 hours after 

exposure [48]. Indeed, within our own laboratory, we have demonstrated that a 4-g/kg 

ethanol challenge, given either intraperitoneally or intragastrically, resulted in increased 

expression of IL-6 mRNA in several brain regions 3 hours after administration, with IL-1 

mRNA expression tending to be increased during acute withdrawal [39]. In the present 

report, we again found that IL-6 mRNA expression was significantly increased in the 

hippocampus, PVN, and amygdala of adult rats 3 hours following a 4-g/kg ethanol 

challenge, with IL-1β and TNFα expression either decreased or unchanged at this time. For 

the first time, it was also found that acute intoxication elevated expression of IκBα—a 

reporter of NFκB activation. Thus, these results suggest that intoxication-related increases in 

IL-6 mRNA expression are a consistent result of ethanol exposure in adults, with IκBα 

increases implicating IL-6 signaling-related interaction with the NF-κB signaling cascade 

via phosphatidylinositide 3-kinase (PI3K) or other pathways [49].

The mechanisms responsible for these ethanol-related alterations in cytokines in adults 

remain unclear, but it is likely that acute ethanol exposure represents a nonpathogenic 

challenge that induces a sterile inflammatory response via activation of TLR4s through 

danger-associated molecular patterns (DAMPs), such as heat-shock proteins (e.g., hsp72) or 

high-mobility group box 1 (HMBG-1) [50,51], as illustrated in Figure 6. Ethanol’s action on 

opioid peptides is yet another mechanism through which ethanol might stimulate TLR4s, 

since TLR4s have been shown to be sensitive to opioid action [52]. Alternatively, it may 

also be that ethanol delivered intragastrically is altering immune defenses of the gut, as well 

as intestinal permeability to endotoxin [53]. Elevated proliferation of gastrointestinal 

bacterial and/or increased passage of bacteria through the intestinal lumen may lead to 

“leaking” of bacteria into the general circulation, thus initiating a cytokine response (as 

indicated in Figure 6, pathway C). However, our data suggest that ethanol’s effect on gut 

bacteria and/or transit of endotoxin to blood is not likely to account for the brain cytokine 

changes observed after acute ethanol, or the age differences in ethanol sensitivity observed 

here. Indeed, the lack of an ethanol-related plasma endotoxin response in both adolescent 

and adult rats in the present experiments indicates that there was no indirect blood borne 

endotoxin signal that could induce a central cytokine response. Instead, these data seem to 

suggest that ethanol’s passage into brain allows for direct action on the CNS to impact 

inflammatory-related factors. Regardless of the mechanisms responsible, these experiments 

replicate the elevated IL-6 expression observed during intoxication with concomitant 

reductions of IL-1 and TNFα expression.

Another issue worth addressing here is the potential role that ethanol-induced IL-6 

expression might play within the context of these neuroimmune alterations. Although IL-6 is 

often regarded as a pro-inflammatory cytokine, emerging evidence suggests that IL-6 might 

have anti-inflammatory properties under some conditions [54,55], thus raising the possibility 

that early elevations in IL-6 may be responsible for suppression of other cytokines like IL-1 
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and TNFα, while also potentially initiating processes that lead to other downstream 

neuroimmune consequences of ethanol. Current studies in our laboratory are aimed at more 

fully delineating ethanol-related changes in IL-6 signaling pathways.

Given that adolescent rats were more sensitive to ethanol-induced impairments in spatial 

memory [33], showed greater ethanol-related suppression of hippocampal LTP [34], and 

exhibited more pronounced activation of neuroimmune factors in the cortex with 

intermittent binge ethanol exposure [38] compared to adults, it was expected that 

adolescents in the current series of experiments would be more sensitive to acute ethanol-

induced alterations in brain cytokines. Instead, the present results indicated few age 

differences in ethanol’s effects on cytokine expression. And, in the instances in which 

significant age differences were apparent, adolescents evinced a less marked change in 

cytokine gene expression following ethanol administration. More specifically, increased 

IκBα expression in the PVN and amygdala with acute i.p.-delivered ethanol, as well as 

increased IL-6 expression in the hippocampus with i.g.-intubated ethanol, was significantly 

attenuated in adolescents relative to adults.

The mechanisms responsible for this adolescent-related insensitivity are not presently 

known. One possibility is that the dose of ethanol selected resulted in BECs that were 

slightly, but significantly, lower in adolescents versus adults, regardless of route of 

exposure. While this certainly could have contributed to a lessened response in adolescents, 

it seems unlikely as the magnitude of both increased and decreased cytokine expression for 

several cytokines in all three brain structures were comparable in both ages. If reduced 

BECs in adolescents were responsible for these age effects, a consistent attenuation of 

ethanol effects in adolescents would have been seen for all cytokine genes and across all 

brain regions examined. Instead, it is likely that age differences in other ethanol-related 

effects are responsible. More specifically, as proposed in Figure 6, part (B), adolescents 

could have differential sensitivity to ethanol’s activation of DAMPs, which could alter 

stimulation of the TLR4s. Yet another possibility is ontogenetic differences in ethanol’s 

actions on opioid peptides during adolescence [Figure 6, part (B)], which would also alter 

ethanol-TLR4 interactions, an issue which we have yet to explore. Finally, attenuated 

ethanol-induced increases in bacterial translocation from the gut to the general circulation is 

another potential explanation for reduced ethanol effects on cytokines in adolescents relative 

to adults [Figure 6, part (C)]. In the current experiments, however, plasma endotoxin levels 

were unaffected by ethanol administration, suggesting that indirect effects of ethanol 

mediated through endotoxin translocation into blood are not likely to be the key culprit for 

alterations in central cytokines. Ongoing studies in our laboratory are addressing these 

potential mechanisms already.

Interestingly, a recent report comparing neuroimmune consequences of chronic binge 

ethanol exposure in both adolescent and adult mice found that adolescents demonstrated 

fewer alterations in brain immune factors in hippocampus, cortex, and cerebellum when 

compared to their mature counterparts [17]. These results are more similar to those of the 

current study, though in contrast to those of Pascual et al. (2013) [38]. Thus, it seems that 

the available literature, which has directly compared ethanol-related changes in 

neuroimmune factors in adolescence and adulthood, has produced disparate results with 
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respect to adolescent sensitivity. Certainly methodological factors (e.g., species used, age of 

animals, dose of ethanol, duration of ethanol exposure, pattern of ethanol exposure, timing 

of cytokine assessments relative to ethanol exposure, brain region of interest) are likely 

contributors to these contrasting results, and will have to be carefully considered in future 

ontogenetic studies. Nevertheless, taken together these developmental studies strongly 

suggest that age differences in the neuroimmune consequences of ethanol are apparent and 

should be the focus of future investigations.

The effects of administration of an immunogen, such as LPS, on central cytokines have been 

extensively studied in adult animals ([44,45]; for review see [56]). Both peripheral and 

central injection of LPS has been reported to lead to profound activation of immune 

pathways, with cytokines such as IL-1β and TNFα robustly increased in the brain [e.g., 45]. 

Not surprisingly, adults in the present study also exhibited significant elevations in gene 

expression of IL-1β, TNFα, IL-6, and IκBα in the PVN in adults after systemic injection of 

LPS, with similar LPS-induced increases also observed in the hippocampus and amygdala 

during adulthood. When adolescents were compared to adults, however, these juvenile 

animals demonstrated significant attenuations in LPS-related cytokine activation, 

particularly with respect to cytokine expression in the PVN and amygdala. Similar to the 

ethanol literature, there is a dearth of studies directly comparing age differences in the 

immune response to an antigen, such as LPS. A recent study [43] measured plasma cytokine 

expression in prepubertal and adult male rats after LPS administration, as well as c-fos 

immunoreactivity in the PVN and measures of HPA axis activation. While few age 

differences were observed in the first few hours after LPS injection, it was reported that 

adolescents showed faster resolution of the HPA axis response to LPS, exhibited an 

abbreviated IL-6 response in plasma, and demonstrated fewer FOS-positive cells in the PVN 

8 hours after LPS administration [43]. These results are similar to those reported here, as 

adolescents in Experiment 1 also exhibited lower concentrations of plasma corticosterone 3 

hr after LPS injection, in conjunction with the attenuated brain cytokine response. In 

contrast, when exposed to a stressor such as restraint, the HPA axis response has been 

shown to be resolved less quickly in adolescents compared to adults [e.g., 57,58,59]. Thus, it 

does not seem that adolescents generally evince an abbreviated HPA axis response to a 

challenge, as this was specific to exposure to an antigen. Developmental differences in the 

innate immune response during adolescence, as well as general ontogenetic characteristics 

of the immune system and immune cells at this age, have not been extensively studied, 

however.

Although the mechanisms involved in this altered sensitivity to an immune challenge during 

adolescence are unknown at this time, there are several potential explanations for these 

ontogenetic differences in response to LPS. First, it is a possibility that adolescent animals 

may have immature immune systems, which would lead to a less efficient immune response 

to antigen exposure and perhaps attenuated cytokine expression. While there are few studies 

that have directly examined immune system function specifically during adolescence, there 

is some evidence to suggest that primary cells of the immune system (e.g., microglia) are 

fully mature by P30 [60], thus it seems that an immature immune system is not likely the 

case for adolescents. Another possibility is that adolescents may be exhibiting some form of 

endotoxin tolerance—a lessened immune response, including brain cytokine production 
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[61,62], in response to endotoxin exposure, due to previous repeated exposures to bacterial 

challenge [63,64]. Theoretically, however, endotoxin tolerance should grow ontogenetically, 

as more mature adult rats would be assumed to have had more lifetime exposure to gram-

negative bacteria expressing the LPS motif relative to their younger adolescent counterparts. 

Thus, this possibility seems unlikely for adolescents.

Instead, the present data assessing plasma endotoxin concentrations following LPS exposure 

would indicate that adolescence may be an ontogenetic period in which transit of LPS from 

the i.p. cavity to the bloodstream is attenuated. Movement of endotoxin from the peritoneal 

cavity to the blood has been shown to be necessary for induction of plasma cytokines by 

endothelial cells or monocytes, which is thought to initiate a brain cytokine response and 

underlie individual differences in responsiveness to LPS among adults [65,66]. In 

Experiment 1, LPS administration indeed resulted in profound increases in plasma 

endotoxin in adults, which were likely contributing to a combination of neural and blood 

borne signals that orchestrated a neuroinflammatory response to the antigen. In contrast, 

adolescents given LPS exhibited no alterations in plasma cytokines when compared to either 

their saline controls or LPS-exposed adults. Among adolescents, the lack of endotoxin in 

blood suggests that endotoxin was being sequestered in the peritoneal cavity, which 

eliminated the blood borne component of the signal that would induce expression of central 

cytokine in response to LPS. Examination of the raw brain cytokine data from the current 

experiment provides further support for this possibility, as a greater number of adolescent 

rats appeared “non-responsive” to LPS (i.e., did not elicit a clear and robust increase in 

cytokine gene expression) when compared to adults. Ultimately, these quantitative 

differences in LPS-induced central cytokines between adolescents and adults indicate that 

categorically different mechanisms are responsible for a neuroinflammatory response to 

peripheral endotoxin exposure across age. Future studies will be necessary to further 

examine potential age-related differences in reactivity to LPS.

Together, the results of these experiments demonstrated profound age differences in the 

cytokine response to endotoxin challenge, with adolescent insensitivity to LPS induction of 

central cytokine expression most pronounced in the PVN and occurring more often in the 

case of IL-6 and IκBα expression. In contrast, ethanol-induced alterations in central 

cytokines were generally comparable in adolescents and adults, as there were only three 

instances in which adolescents given ethanol differed significantly from adults: a blunted 

ethanol-related induction of IκBα expression in the PVN and amygdala after i.p. ethanol 

exposure; and attenuated IL-6 expression in the hippocampus after i.g. ethanol exposure. 

Given these very specific effects of LPS versus ethanol across age, it is tempting to 

hypothesize about the potential causes and consequences of these effects across brain 

regions and age.

There are, however, several minor limitations that require thoughtful consideration. While 

marked age differences were indeed observed in response to LPS, the response to endotoxin 

exposure was only investigated at one time point and one dose. In order to fully understand 

ontogenetic differences in sensitivity to both LPS and ethanol, a detailed time-course of 

cytokine responses across multiple doses will be necessary. Furthermore, it is important to 

note that age differences being reported here were examined only in male rodents. Although 
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assessment of sex differences was beyond the scope of this series of experiments, it will be 

important that the neuroimmune consequences of both ethanol and immunogen exposure are 

examined in both males and females during adolescence and adulthood, as sensitivity to 

ethanol and/or LPS across ontogeny may vary according to sex. Additionally, it should be 

noted that central cytokine data were measured in brains without prior perfusion. Although it 

is possible, therefore, that cytokine signals present in the blood might contribute to the 

cytokine signal being measured in brain, our previous work reported that IL-1 protein 

content in the hippocampus was not altered by perfusion [see 67], indicating that the blood 

borne contribution to brain cytokine measures was minimal. Moreover, other recent work 

from our lab indicated a strong dissociation between cytokine measures obtained from 

multiple tissues from the same rats (blood, spleen and brain), further supporting the 

conclusion that the CNS cytokine measures here are not likely to be contaminated by blood-

borne cytokines. Finally, examination of cytokines in fresh-frozen (rather than saline-

perfused) brains has the added advantage that it prevents post-mortem degradation of 

cytokine signals and has therefore emerged as the method of choice for CNS cytokine 

measurements. We raise these minor concerns so as to be forthcoming with the reader of 

potential limitations and issues that will be addressed in subsequent studies from our lab.

In conclusion, adolescence is a developmental period in which numerous neural, hormonal, 

and behavioral transformations are apparent. Increases in risk-taking and sensation seeking 

increase the likelihood that adolescents will initiate alcohol consumption, while neural and 

hormonal alterations may change the responsivity of the individual to alcohol exposure at 

this age. Thus it is imperative that research examining the consequences of ethanol exposure 

continue to be investigated, with a greater focus given to less traditional neural systems, 

such as neuroimmune pathways. Emerging data from our laboratory and others suggests that 

adolescents uniquely respond to an ethanol challenge, and that the effects of ethanol on 

neuroimmune factors are different in adolescents, even upon the first exposure to the drug. 

Identification of developmental processes that contribute to ontogenetic differences in innate 

immunity and ethanol-induced neuroimmune activation are clearly needed in future studies, 

as this may provide information for novel targets in the prevention of development of 

alcohol use disorders.
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HMGB1 high-mobility group box 1

HSPs heat shock proteins

IκBα nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, 

alpha

IKK IκB kinase

IL-1β interleukin-1β

IL-6 interleukin-6

NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells

TNFα tumor necrosis factor alpha
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Highlights

1. LPS increased IL-6, IL-1, TNFα, and IκBα expression in hippocampus, PVN, 

and amygdala

2. Adolescents had lower LPS-related increases in cytokine expression versus 

adults

3. Plasma endotoxin was increased by LPS exposure in adults, but not adolescents

4. Ethanol did not alter plasma endotoxin, but elevated brain IL-6 and IκBα in 

both ages

5. Adolescents exhibited attenuated increases in IL-6 and IκBα expression by 

ethanol
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Figure 1. 
Dissection guide for sites of interest, based on the Paxinos and Watson (1998) rat brain atlas, 

with the (a) The paraventricular nucleus of the hypothalamus (PVN), (b) amygdala, and (c) 

hippocampus collected for analysis.
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Figure 2. 
Adolescent and adult male rats were given an acute intraperitoneal (i.p.) challenge of sterile 

saline (white bars) or lipopolysaccharide (LPS; 250 µg/kg; gray bars), with brains collected 

for analysis 3 hours later. Interleukin (IL)-6, IL-1, tumor necrosis factor alpha (TNFα), and 

nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha (IκBα) 

gene expression was examined in the hippocampus (a, b, c, and d, respectively), 

paraventricular nucleus of the hypothalamus (PVN) (e, f, g, and h, respectively), and the 

amygdala (i, j, k, and l). Data were calculated as a relative change in gene expression using 
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the 2ΔΔC(t) method, with GAPDH used as a reference gene and the saline-exposed adult 

animals serving as the ultimate control group. Bars denote group means ± standard error of 

the mean (represented by vertical error bars). Main effects of Age are denoted by a 

horizontal line with a plus symbol (+), whereas main effects of Drug are indicated by a 

dollar sign ($) above the bar for each Age group. In the case of a significant Age x Drug 

Condition interaction, asterisks (*) signify a significant effect of Drug within a given Age 

group, with the pound sign (#) indicating a significant difference between adolescents and 

adults within a Drug condition.
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Figure 3. 
(a) Adolescent and adult male rats were given an acute intraperitoneal (i.p.) challenge of 

sterile saline (white bars) or lipopolysaccharide (LPS; 250 µg/kg; gray bars), and plasma 

corticosterone concentrations were assessed 3 hours later (Experiment 1). (b) Additionally, 

in Experiment 1, plasma corticosterone was examined in adolescent and adult rats 3 hours 

after (i.p.) injection of sterile saline (white bars) or 4-g/kg ethanol (20%v/v; black bars). (c) 

Following intragastric (i.g.) intubation with 4-g/kg ethanol (20% v/v; hatched bars) or tap 

water in Experiment 2, plasma corticosterone concentrations were also assessed. Endotoxin 

in plasma was measured in animals from Experiments 1 and 2 three hours after 

administration of (d) LPS, (e) i.p. ethanol, or (f) i.g. ethanol. Note the marked difference in 

Doremus-Fitzwater et al. Page 26

Physiol Behav. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



scale of the y-axis for LPS-exposed animals in panel d versus ethanol-exposed rats in panels 

e and f. In both Experiments 1 and 2, blood ethanol concentrations were measured in 

adolescent and adult rats following either (g) i.p. or (h) i.g. administration of vehicle versus 

ethanol. Main effects of Drug are indicated by a dollar sign ($) above the bar for each Age 

group, whereas main effects of Age are denoted by a horizontal line with a plus symbol (+). 

In the case of a significant Age x Drug interaction, asterisks (*) denote a significant effect of 

Drug within a given Age group. A pound sign (#) indicates a significant difference between 

adolescents and adults within a Drug condition.
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Figure 4. 
Adolescent and adult male rats were given an acute intraperitoneal (i.p.) challenge of sterile 

saline (white bars) or 4-g/kg ethanol (EtOH; 20% v/v; black bars), with brains collected for 

analysis three hours later. Interleukin (IL)-6, IL-1, tumor necrosis factor alpha (TNFα), and 

nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha (IκBα) 

gene expression was examined in the hippocampus (a, b, c, and d, respectively), 

paraventricular nucleus of the hypothalamus (PVN) (e, f, g, and h, respectively), and the 

amygdala (i, j, k, and l). Data were calculated as a relative change in gene expression using 
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the 2ΔΔC(t) method, with GAPDH used as a reference gene and the saline-exposed adult 

animals serving as the ultimate control group. Bars denote group means ± standard error of 

the mean (represented by vertical error bars). Main effects of Drug are indicated by a dollar 

sign ($) above the bar for each Age group, whereas main effects of Age are denoted by a 

horizontal line with a plus symbol (+). In the case of a significant Age x Drug interaction, 

asterisks (*) denote a significant effect of Drug within a given Age group, with the pound 

sign (#) indicating a significant difference between adolescents and adults within a Drug 

condition.
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Figure 5. 
Adolescent and adult male rats were given an acute intragastric (i.g.) challenge of tap water 

(white bars) or 4-g/kg ethanol (EtOH; 20% v/v; hatched bars), with brains collected for 

analysis three hours later. Interleukin (IL)-6, IL-1, tumor necrosis factor alpha (TNFα), and 

nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha (IκBα) 

gene expression was examined in the hippocampus (a, b, c, and d, respectively), 

paraventricular nucleus of the hypothalamus (PVN) (e, f, g, and h, respectively), and the 

amygdala (i, j, k, and l). Data were calculated as a relative change in gene expression using 
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the 2ΔΔC(t) method, with GAPDH used as a reference gene and the water-exposed adult 

animals serving as the ultimate control group. Bars denote group means ± standard error of 

the mean (represented by vertical error bars). Main effects of Age are signified by a 

horizontal line with a plus symbol (+), whereas main effects of Drug are indicated by a 

dollar sign ($) above the bar for each Age group. In the case of a significant Age x Drug 

interaction, asterisks (*) denote a significant effect of Drug within a given Age group, with 

the pound sign (#) indicating a significant difference between adolescents and adults within 

a Drug condition.
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Figure 6. 
Proposed pathways through which ethanol administration elicits alterations in cytokine gene 

expression. (A) Bacterial infection induced by administration of lipopolysaccharide (LPS) 

stimulates an immune response via activation of the TLR4/CD14 receptor complex. In the 

resting state IκBα binds to NF-κB, thus keeping NF-κB inactive and sequestered in the 

cytoplasm. Once LPS binds to TLR4s, a signaling cascade is induced that results in 

activation of the IKK complex. The IKK complex then phosphorylates IκBα, which 

liberates NF-κB and allows NF-κB to translocate to the nucleus where it activates gene 

transcription. Ultimately, cytokines including IL-1, IL-6, and TNFα are produced by this 

NF-κB activation. Additionally, NF-κB activation leads to increased expression of IκBα, 

with newly synthesized IκBα then binding to NF-κB and suppressing further activation of 

this pathway. (B) Ethanol delivered via the intragastric (i.g.) or intraperitoneal (i.p.) routes is 

believed to activate the TLR4 signaling pathway. Ethanol’s actions on opioid peptides and 

damage-associated molecular pattern molecules (DAMPs) are considered likely mechanisms 

by which ethanol would stimulate TLR4s. (C) In the case of i.g. administered ethanol, 

another possible mechanism leading to TLR4 activation is via bacterial translocation in the 
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gut. Under normal healthy conditions, mucosal membranes of the gastrointestinal tract 

create a physical barrier that contains bacteria within the gut and intestines. Other 

physiological processes also keep bacteria within the GI tract at bay. Ethanol has been 

shown to impair these defense mechanisms, with ethanol promoting bacterial growth/

accumulation within the gut and increasing intestinal permeability. The latter of these 

ethanol effects may then allow bacteria to “leak” from the gut to the liver and general 

circulation, thereby activating the TLR4 pathway.

Doremus-Fitzwater et al. Page 33

Physiol Behav. Author manuscript; available in PMC 2016 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

Doremus-Fitzwater et al. Page 34

Table 1

RT-PCR Primers and Sequences Utilized in Experiments 1 and 2.

Gene
Target Accession # RT-PCR Primer sequences Functional Role

IL-6a NM_012589

Forward: 5’-TAGTCCTTCCTACCCCAACTTCC-3’ Cytokine produced in response to infection or injury and 
a potent inducer of the acute phase response, particularly 

as a pyrogen; has both pro- and anti-inflammatory 
properties depending on nature of inflammatory insult

Reverse: 5’-TTGGTCCTTAGCCACTCCTTC-3’

IL-1βb NM_031512

Forward: 5’-AGGACCCAAGCACCTTCTTT-3’ Pro-inflammatory cytokine that is a robust immune 
system activator; involved in the production of sickness 
behaviors and fever following infection; often used as an 

immediate early gene marker of microglia activation
Reverse: 5’-AGACAGCACGAGGCATTTTT-3’

TNFαc NM_012675

Forward: 5’-AACCACCAAGCAGAGGAGCA-3’ Cytokine produced by a variety of different cell types, 
with pleiotropic actions including activation of 

macrophages and endothelial cells during an immune 
response; typically one of the first cytokines evoked by 

LPSd exposure
Reverse: 5’-ATGGCAAATCGGCTGACGGT-3’

IκBαe NM_080899

Forward: 5’-CTGTTGAAGTGTGGGGCTGA-3’ When NF-κBf is activated and translocates to the 
nucleus, IκBα is rapidly induced and sequesters further 

NF-κB translocation, thus IκBα gene expression is often 
used as a reporter of NF-κB activation

Reverse: 5’-AGGGCAACTCATCTTCCGTG-3’

GAPDHg NM_017008

Forward: 5’-ATGACTCTACCCACGGCAAG-3’ Enzyme important for cellular metabolic function, but 
also has been associated with apoptosis, ER-Golgi 

functioning, and axonal transport; was used as a stable 
reference gene against which target gene expression was 

examined

Reverse: 5’-AGCATCACCCCATTTGATGT-3’

a
Interleukin-6

b
interleukin-1 beta

c
tumor necrosis factor alpha

d
lipopolysaccharide

e
nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha

f
nuclear factor kappa-light-chain-enhancer of activated B cells

g
Glyceraldehyde 3-phosphate dehydrogenase
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