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Abstract

Background.—Studies have demonstrated persistent changes in CNS cytokine gene expression 

following ethanol exposure. However, the low endogenous expression and short half-lives of 

cytokines in the CNS have made cytokine protein detection challenging. The goal of these studies 

was to establish parameters for use of large-molecule microdialysis and sensitive multiplexing 

technology for the simultaneous detection of brain cytokines, corticosterone, and ethanol 

concentrations in the awake behaving rat.

Methods.—Adult (P75+) male Sprague Dawley rats that were either naïve to ethanol 

(Experiment 1) or had a history of adolescent chronic intermittent ethanol (CIE; Experiment 2) 

were given an acute ethanol challenge during microdialysis. Experiment 1 examined brain ethanol 

concentrations, corticosterone, and a panel of neuroimmune analytes, including cytokines 

associated with innate and adaptive immunity. The natural timecourse of changes in these 

cytokines was compared to the effects of an acute 1.5 or 3.0 g/kg intraperitoneal ethanol challenge. 

In Experiment 2, rats with a history of adolescent CIE or controls exposed to vehicle were 

challenged with 3.0 g/kg intraperitoneal ethanol during microdialysis in adulthood, and a panel of 

cytokines was examined in parallel with brain ethanol concentrations and corticosterone.

Results.—The microdialysis procedure itself induced a cytokine-specific response that replicated 

across studies; specifically, a sequential elevation of IL-6, TNFα, and IL-10. Surprisingly, acute 

ethanol did not significantly alter this course of cytokine fluctuations in the hippocampus. 

However, a history of adolescent CIE showed drastic effects on multiple neuroimmune analytes 

when re-challenged with ethanol as adults. Rats with a history of adolescent ethanol displayed a 

severely blunted neuroimmune response in adulthood, evinced by suppressed IL-1β, IL-10, and 

TNFα.
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Conclusions.—Together, these findings provide a methodological framework for assessment of 

cytokine release patterns, their modulation by ethanol, and the long-lasting changes to 

neuroimmune reactivity evoked by a history of adolescent CIE.
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Introduction.

Cytokines and chemokines have emerged as vital conduits of ethanol’s effects on the central 

nervous system [CNS] (for review, see Crews et al., 2006), endowed with the ability to both 

govern the progression of alcohol-induced pathology, as well as influence the development 

of alcohol use disorders (Vetreno and Crews, 2014). The cytokines Interleukin (IL)-6, IL-1β, 

and Tumor necrosis factor alpha (TNFα), are amongst the most well-described targets of 

alcohol’s action on immune signaling within the CNS (Whitman et al., 2013, Lippai et al., 

2013, Kane et al., 2014, Pascual et al., 2015), though there are also others that are associated 

with peripheral immunity that influence CNS function, such as anti-inflammatory cytokines 

IL-10 and IL-4 (Marshall et al., 2017, Frank et al., 2018). These cytokines are affected by 

ethanol across a variety of exposure paradigms ranging from a single acute binge-like 

exposure (Doremus-Fitzwater et al., 2015, Suryanarayanan et al., 2016) to chronic 

administration (Knapp et al., 2016, Doremus-Fitzwater et al., 2014). The potential functional 

impact of such alterations can be wide-ranging. The effects of cytokines on CNS function 

and behavior have been repeatedly documented in modulating cognitive function, anxiety 

measures, locomotion, sickness behavior, and others (Murray et al., 2013, Harden et al., 

2008, Chourbaji et al., 2006, Dinel et al., 2011, Donegan et al., 2014). The literature 

concerning the functional effects of cytokines on ethanol-related behaviors is comparatively 

scant, though behavioral validation of changes in neuroimmune-associated genes has 

emerged. For instance, IL-6, amongst other neuroimmune factors, has been shown to have 

effects on ethanol consumption (Blednov et al., 2012) and to a lesser extent, some 

intoxication-related behaviors (Barney et al., 2018). Thus, changes in cytokine expression 

can be a biomarker for the effects of alcohol, though further work is necessary to fully 

understand their effects in an in vivo rodent model.

Adolescence in particular is a time of vulnerability to the effects of alcohol. From a 

behavioral and epidemiological standpoint, an alarming percent of the adolescent population 

reports regular binge consumption of alcohol, with assessments indicating that young people 

between the ages of 12 and 20 consume 90% of their alcohol intake by binge drinking, 

which accounts for 11% of all the alcohol consumed in the United States (NIAAA, 

2017).Studies have shown that such exposure during this developmental window can 

increase the risk of alcohol use disorders in adulthood (Grant and Dawson, 1997). From a 

neuroimmune perspective, this life stage is also associated with rapid brain development and 

an as-yet-immature neuroimmune system that is highly susceptible to modification by 

experiential events (Brenhouse and Schwarz, 2016). In particular, brain cytokine responses 

to acute ethanol administration, as well as stress and immune challenge, were severely 

blunted in adolescents as compared to adult counterparts (Girard-Joyal et al., 2015, 
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Doremus-Fitzwater et al., 2015b). Recent work from our lab indicates that chronic 

intermittent ethanol exposure during this adolescent time period (adolescent CIE) resulted in 

a locking-in-like immune effect, wherein animals exposed to adolescent CIE displayed an 

impaired cytokine response in white blood cells when challenged with either LPS or acute 

restraint in adulthood (Vore et al., 2017). Given the emergent role for neuroimmune 

signaling in the development of alcohol addiction and alcohol-related brain pathology, it is 

of importance to expand our understanding of these locking-in-like effects and their level of 

contribution to the maladaptive drinking patterns induced by adolescent ethanol exposure.

There are multiple technical issues that complicate our understanding of the connection 

between ethanol-induced cytokine change and behavioral outcomes. Most studies to date 

have utilized gene expression effects as a sensitive and efficient method for detecting 

neuroimmune consequences of ethanol. A variety of unbiased network changes have been 

identified effectively with microarrays and RNAseq following ethanol consumption and 

administration models in rodents (e.g., Ferguson et al., 2014, Mulligan et al., 2011) as well 

as optimizing the use of tissue from deceased alcoholics (Blednov et al., 2005, Lewohl et al., 

2000). This approach is ideally suited to identifying networks of change and pathways, and 

with additional targeted analyses using PCR, potential targets for therapeutic use can be 

identified efficiently. However, drugs like ethanol have a wide array of cellular consequences 

that can complicate conclusions. For instance, it has been noted that gene expression effects 

do not always translate to protein expression (Lewohl et al., 2004), and protein changes may 

even deviate in directionality from mRNA effects (Dodd and Lewohl, 1998). Ethanol also 

impairs Golgi Apparatus function and can have a multitude of effects on post-translational 

processing, as well (Powrozek and Olson, 2012): ethanol and its metabolites have been 

shown to interfere with protein synthesis (David et al., 1983, Lang et al., 2001, Hong-Brown 

Ly et al., 2006). Therefore, while gene expression remains a valuable tool, development of 

complementary assessments of protein to provide a more complete functional perspective on 

neuroimmune consequences of alcohol would be beneficial, especially if greater temporal 

resolution to capture dynamic changes across time post-ethanol were possible.

Assessment of cytokine proteins in the CNS has been a challenging task historically due to 

their low endogenous expression. Basal levels of cytokines such as IL-1β, IL-6, and TNFα, 

in the healthy adult brain have been reported in the range of 5–7, 1, and 200–250 pg/mg of 

protein across areas such as the hippocampus, hypothalamus, and pituitary, respectively 

(Agnello et al., 2000, Goujon et al., 1996, Tha et al., 2000). These low levels of expression 

pose an issue when it comes to standard approaches to protein detection, though even small 

changes in cytokine levels have been suggested to impact behavior (Arakawa et al., 2010, 

Hennessy et al., 2014). In addition to the low endogenous levels of these cytokines, a second 

challenge is that their macromolecule size (~20–60 kDa) and lipophobic character has 

precluded widespread study of their release patterns, with only a handful of studies to date 

reporting successful capture using procedures such as large-molecule microdialysis 

(Bhattacharya et al., 2013).

Finally, an additional difficulty in the analysis of brain cytokines changes is that of time 

resolution and specificity. As previously shown in our work, acute ethanol challenge led to 

time- and cytokine-specific changes across the timecourse of intoxication and withdrawal, 
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suggesting that ethanol effects on cytokines are phase-specific. Notably, most studies 

examining cytokine expression after ethanol exposure focus on 24 hr after the final 

exposure, after ethanol has cleared. Yet, an acute binge-like ethanol challenge resulted in 

increased IL-6 gene expression during ethanol intoxication and suppression of IL-1β and 

TNFα, whereas clearance (withdrawal) of ethanol saw these effects reversed within 12–18 

hours of ethanol administration (Gano et al., 2016a, Doremus-Fitzwater et al., 2014a, 

Doremus-Fitzwater et al., 2015a). Additionally, the expression of IL-6, but not other 

cytokines, was strongly influenced by prior ethanol exposure (Doremus-Fitzwater et al., 

2014b), the schedule of ethanol exposure (Gano et al., 2016a), and recent stress history 

(Doremus-Fitzwater et al., 2018). Thus, the time-dependent effects of ethanol on a multitude 

of cytokines suggest there would be great value in the ability to assess continuous cytokine 

protein changes following ethanol exposure in awake, behaving rats.

The goal of the present studies was to establish a working procedure to enable the capture 

and detection of cytokines from the CNS of awake, behaving rats, while under the influence 

of ethanol. In these experiments, we utilized large-molecule microdialysis for continuous 

sampling of the extracellular space in the hippocampus, combined with highly sensitive 

multiplexing technology for cytokine protein detection. The latter allowed simultaneous 

measurement of 12 immune analytes from the same small-volume sample, allowing for 

excellent time resolution across an initial period of habituation, as well as throughout 

ethanol intoxication and clearance. Additionally, we measured ethanol concentrations and 

brain corticosterone levels from the same sample to further enrich our understanding of 

functional interactions among ethanol, cytokines, and hypothalamic-pituitary-adrenal 

function. It has been shown that while acute ethanol challenge results in a robust release of 

corticosterone, chronic ethanol engenders a blunted corticosterone response to future 

challenges (Spencer and McEwen, 1990). The hippocampus was selected as the target brain 

area of interest due both to prior data having shown its sensitivity to the cytokine-inducing 

effects of ethanol (Gano et al., 2016a,b), as well as its vulnerability to the effects of 

adolescent alcohol exposure (Risher et al., 2015). In the first experiment, a dose-response 

approach was used to analyze cytokine concentrations following either a saline injection, or 

an intraperitoneal (i.p.) administration of 1.5 or 3.0 g/kg ethanol. In Experiment 2, we 

assessed the cytokine response to the same high-dose ethanol challenge (3.0 g/kg i.p.) in rats 

with a history of adolescent CIE.

Materials and methods.

Subjects.

For Experiment 1, adult male Sprague Dawley rats (280–320 g) were ordered from Harlan 

(Frederick, MD) and allowed 2 weeks to acclimate to the colony (22±1°C with 12:12 light–

dark cycle, lights on 0700) prior to experimental manipulation. To prevent the confounding 

stress effects of early-life shipping, rats for Experiment 2 (also male Sprague Dawley) were 

bred in our colony at Binghamton University as described elsewhere (Vore et al., 2017), 

weaned at P21, and housed in pairs with non-littermates. To control for litter effects, no 

more than 1 pup from each litter was assigned to a given experimental condition. Rats in 

both experiments were pair-housed in standard Plexiglas cages with ad libitum access to 
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food and water and separated into individual housing after cannulation surgery. In both 

experiments, rats were handled (3–5 min) for 2 days prior to surgery, and again prior to 

experimentation. The procedures were approved by the Institutional Animal Care and Use 

Committee at Binghamton University and rats were treated in accordance with Public Health 

Service (PHS) policy.

Adolescent chronic intermittent ethanol exposure procedure (adolCIE; Experiment 2).

Rats were exposed to the adolescent chronic intermittent ethanol paradigm previously 

employed in our published work (Vore et al., 2017), an adapted and extended exposure 

paradigm based on that used by Dr. Toni Pak (e.g., Torcaso et al., 2017). Chronic exposure 

was initiated on P33–35 and consisted of a total of 4 cycles of ethanol exposure through 

P53–55. Each cycle comprised three days ON, followed by 2 days OFF. For every ON day, 

animals were weighed approximately one hour prior to intubation. Intubations consisted of 

either 4.0 g/kg ethanol or equivolumetric vehicle (tap water), delivered intragastrically (i.g.) 

via gavage. All intubations were completed before 1200 each day. No intubations were 

administered on OFF days. Following 4 cycles (totaling 12 ethanol/vehicle exposures across 

20 days), rats then remained undisturbed in their home cages until adulthood (P75–80).

Adult acute ethanol challenge.

For the drug challenge during microdialysis testing, ethanol was administered 

intraperitoneally (i.p.) at the dose of 1.5 or 3.0 g/kg (20% ethanol v/v) and was mixed fresh 

daily using sterile physiological saline (0.9%, Teknova, Hollister, CA). This saline was also 

used for vehicle injections.

Adult cannulation surgery.

All rats underwent stereotaxic surgery for unilateral hippocampal cannulations at P75–80. 

Immediately prior to surgery, rats were given 0.05 mg/kg Buprenorphine (Reckitt Benckiser 

Healthcare Ltd, Hull, England) as analgesic and anesthetized with isoflurane (1–4% in 

oxygen). Guide cannulae (EICOM, CA) were implanted dorsal to the hippocampus (from 

Bregma: AP −5.28, ML +4.84, DV −3.30). Cannulae were secured with dental acrylic 

(Butler Schein, Ohio) and anchored to the skull with 2–3 screws adjacent to the cannula 

shaft. The cannulae were positioned such that the hippocampus itself remained intact until 

probe insertion. All rats were given 6–10 days of recovery prior to microdialysis testing.

Adult microdialysis procedure.

The morning of testing, rats were weighed immediately after lights-on and were transferred 

to a separate procedural room where they were placed in a standard microdialysis bowl with 

pine shavings, food pellets and water available for the duration of experimentation. The 

probe (EICOM, CA; PEP-6–04; 6.0 mm shaft, 4.0 mm probe membrane, 1,000 kDa pore 

size cutoff, atmospheric bleed-off vent) was activated and inserted per manufacturer’s 

instructions. In order to allow for large cytokine protein capture, the pressure-canceling 

AtmosLM (EICOM, CA) system was used, utilizing both an infusion syringe pump (CMA 

Microdialysis, Sweden; cat no. CMA400; flow rate 1 μl/min) as well as a specialized 

peristaltic roller pump (EICOM, CA; ERP-10, cat no. 3361; setting of 0022) to reduce 
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pressure build-up and leakage, and thereby allow for the use of large membrane pore size 

without escalating intracranial pressure. During probe insertion, rats were not anesthetized 

and were briefly wrapped in a towel to restrain limbs and stabilize the head. Prior to the 

insertion of an activated probe, a dummy probe was briefly inserted so as to puncture the 

glial scarring around the previously implanted cannula. The procedure, starting from towel-

wrapping and ending with the animal being released into the bowl with an activated and 

secured probe, took under 30 seconds. All samples were collected on ice in 1 h time bins; 

the time of offset between the sample diffusing across the probe membrane and entering the 

collection tube was 58 minutes. Upon completion of each hour, samples were aliquoted into 

separate tubes for measurement of either corticosterone and ethanol concentrations, or 

protein analysis, so that the number of freeze-thaw cycles could be minimized for all 

measures. Once distributed, samples were immediately transferred to storage at −80°C until 

the time of assay. After the conclusion of microdialysis testing, brains were harvested for 

cannula verification.

The manufacturers’ instructions for the use of the AtmosLM system suggest waiting 3 h 

after lowering the probe prior to collecting data. As we were able to detect consistent and 

replicable cytokine-specific patterns of change in this 3 h period, we have reported and 

analyzed these data here, as well, recognizing of course that homeostatic diffusion may not 

have fully equilibrated in these early samples. Additionally, we included two more 

habituation hours following this time period prior to ethanol or saline injection (collectively, 

samples H1 through H5 in these data sets) which served as additional baseline samples prior 

to any experimental manipulation as other microdialysis studies report. Most analytes of 

interest showed stable expression by the third hour after probe insertion, allowing us to use 

H4/5 as “baseline” samples whenever post hoc testing indicated the need for comparing 

against a control time point.

Artificial cerebrospinal fluid (aCSF).

Stock solutions of aCSF were mixed, stored at 4°C and used no more than one week from 

the date of preparation using the following recipe: 147 mM NaCl, 2.8 mM KCl, 1.2 mM 

CaCl2, 1.2 mM MgCl2, pH adjusted to 7.40 ± 0.02 using hydrochloric acid and sodium 

hydroxide, and was sterile filtered. On the morning of each experimental day, an aliquot of 

aCSF for that particular day was filtered a second time using a 0.2 μm sterile filter (VWR, 

cat# 28143–310) and supplemented with Bovine Serum Albumin (BSA; 0.15% w/v in 

aCSF; Sigma Aldrich, MO).

Dialysate ethanol concentrations (DECs).

Ethanol concentrations were determined in 5-μl aliquots using an Analox AM-1 alcohol 

analyzer (Analox Instruments, Lunenburg, MA). The machine was calibrated every 15 

samples using the appropriate (50, 100, or 200) mg% Analox standard, with output recorded 

in milligram per deciliter. The lower limit of detection was 8.5 (± 10.2 range for noise) 

mg/dl, as evidenced by background measurements obtained from vehicle-injected rats never 

exposed to ethanol in Experiment 1 (the average of all vehicle-injected samples was 8.5 

mg/dL, the ± 10.2 represents a window of 2 standard deviations as in Armbruster & Pry, 

2008).
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Dialysate corticosterone (CORT; Experiment 2).

Concentrations of corticosterone (CORT) were determined using a commercially available 

EIA kit (Cat No: ADI-901–097; Enzo Life Sciences, Farmingdale, NY) according to 

manufacturer’s instructions, with the exception that samples were heat-inactivated to 

denature endogenous corticosteroid binding globulin (CBG) by immersion in 75°C water for 

60 min (Buck et al., 2011). The CORT assay had a sensitivity of 27.0 pg/ml, an inter-assay 

variability of 4.1%, and an intra-assay variability of 1.6%.

Dialysate cytokine multiplex.

Dialysate samples were assayed on the first thaw using magnetic bead-based multiplex 

procedures in accordance with the manufacturer’s instructions (12-plex, BioRad MagPix, 

catalog # 171-K1002M). This multiplex assay simultaneously detected 12 targets of interest: 

Interleukin (IL)-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70, granulocyte macrophage 

colony-stimulating factor (GM-CSF), interferon (IFN)-γ, and tumor necrosis factor (TNF)-

α.

Cannula placement confirmation.

After the conclusion of microdialysis, rats were euthanized, and brains were collected for 

cannula verification. Brains were post-fixed in paraformaldehyde and cryopreserved in 

sucrose solution. Brains were then flash frozen and stored at −80°C until cannula 

verification, for which a freezing cryostat was used to collect 20 μm slices for Cresyl Violet 

staining (Experiment 1). In Experiment 2, cannula placement was recorded, and probe tracts 

are shown in Figure 1 B and D, respectively.

Notes on data analyses.

Dialysate cytokine data were acquired using a standard curve in accordance with 

manufacturers’ instructions. A lowest limit of quantification (LLOQ) was determined using 

the MP Manager software for each analyte using a proprietary algorithm and is represented 

in all cytokine graphs with a horizontal dotted line. In order to preserve the integrity of the 

repeated measures design, samples extrapolated slightly below the standard curve were 

included in the analyses, and those that were below the possibility of extrapolation by the 

software were designated as zero concentration samples and also analyzed in these studies 

(similar to Bodnar et al., 2018). The total number of undetectable samples is reported in 

Supplemental Table 1.

Data were analyzed with Statistica software using an appropriate analysis of variance 

(ANOVA) design, and various post hoc approaches were utilized dependent on the specific 

data as described for individual experiments below. As these data sets varied greatly in size 

and format, a variety of post hoc approaches were necessary; for instance, for dialysate 

ethanol concentrations, the key point was to determine points of intoxication and clearance 

to enable subsequent cytokine analysis – therefore, Dunnett’s test was used to determine 

differences from designated control groups (the H4/5 time points in both experiments). In 

contrast, for cytokine dialysate outcomes we utilized Tukey’s post hoc test. The details of 

each test are described within the relevant results sections. An α-level of 0.05 was used as 

the criterion for significance for all effects.
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Data management.

During the multiplex cytokine analyses for Experiments 1 and 2, some samples were 

missing. We did not use mean substitution to replace these values, but instead chose to 

analyze the data by pooling all samples into equal five-hour Epochs based on dialysate 

ethanol concentrations (DECs). The Epochs were as follows: 5 hours before ethanol or 

vehicle injection, 5 hours after ethanol or vehicle injection showing high levels of DECs in 

all groups that received ethanol injections, 5 hours after that showing lower levels of DECs 

that were yet higher than the baseline in the 3.0 g/kg group in both experiments, and the 5 

final hours of testing during which DECs were at baseline-like levels for all ethanol-injected 

groups. In Experiment 1, the Epochs are titled 1, 2, 3, and 4. In Experiment 2, as both groups 

received an equivalent ethanol challenge, the Epochs are titled pre-ethanol (Pre-E), early 

intoxication (Early-I), late intoxication (Late-I), and clearance (Clear), respectively. We 

chose this approach as it allowed us to: 1) minimize the amount of data adjustment that 

needed to be done for statistical analysis, thus increasing the transparency and accuracy of 

our findings, 2) minimized the number of post hoc comparisons made after significant 

interactions, thereby decreasing the probability of making a Type I error, and 3) helped parse 

the data into clear categories as it pertained to levels of intoxication. We show the data here 

in both line format to display a detailed time course of extracellular protein, ethanol and 

CORT, as well as binned into 5-hr Epochs for statistical analysis and summary of findings.

For the analysis of DECs in Experiment 1, some samples with insufficient volume due to 

technical limitations (the occasional need to adjust tubing across a time course of this 

magnitude – 20 hours - resulted in small amounts of sample loss that was necessary to keep 

the timing of collection relative to the rat’s experience consistent) prevented DEC 

assessment; mean substitution was used for replacement of these data (3 time points for one 

animal in 1.5 g/kg EtOH group; 5 time points for another animal in 1.5 g/kg EtOH group; 1 

time point for another animal in 1.5 g/kg group; and 1 time point for one animal in the 3.0 

g/kg group). In Experiment 2, no samples were affected.

Experiment 1 methods.

This study examined the effects of an acute systemic ethanol challenge on extracellular 

cytokine concentrations in the hippocampus using a panel of neuroimmune analytes in adult 

male rats (N = 23; n = 7–8 per group). The study was performed with drug condition as a 

between-subjects variable with 3 levels (Drug: Vehicle [VEH], 1.5 g/kg EtOH, 3.0 g/kg 

EtOH) and time as a repeated measure (20 Time points: 5 h of habituation, 15 h of post-

injection) design. Adult rats naïve to alcohol received hippocampal cannulations and, after a 

period of recovery (6–10 days), microdialysis testing commenced. After insertion of the 

probe and initiation of the microdialysis procedure, all rats were given 5 h acclimation/

habituation, during which samples were collected for analysis. At this point, rats received an 

injection of either saline or one of the two ethanol doses, and samples were collected for 

another 15 h in order to assess the natural timecourse of cytokine changes as well as the 

cytokine response to ethanol across intoxication and clearance (for a diagrammatic 

experimental timeline, see Figure 1A; for cannula tract verification, Figure 1B).
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Experiment 2 methods.

Having examined the effects of acute ethanol exposure on extracellular cytokines in the 

hippocampus, this Experiment determined the effects of adolescent chronic intermittent 

ethanol exposure (adolCIE) on the cytokine response to a similar acute adult ethanol 

challenge (3 g/kg i.p. ethanol). Rats (N = 11; n = 5–6 per group) were exposed to adolCIE, 

generating an adolCIE group that underwent chronic exposure to ethanol across adolescence, 

and an adolVEH group that received repeated intubations of vehicle across this period of 

time. These animals were allowed to mature to adulthood, yielding a period of abstinence 

from ethanol of 20–30 days, after which they underwent cannulation surgery and 

microdialysis at the same approximate age as rats in Experiment 1. On the day of 

microdialysis, 5 h of baseline sample was collected, following which both groups received 

an acute 3.0 g/kg i.p. ethanol challenge. Sample collection commenced for 15 h after 

injection, as in Experiment 1. Because acute ethanol did not significantly influence cytokine 

profiles in Experiment 1, all rats received ethanol as an adult challenge. As such, the design 

of this experiment was a two-group between-subjects experiment (adolCIE: adolVEH vs 

adolEtOH) with repeated measures (20 Time points: 5 h of habituation [H1–5], 15 h of post-

injection [1–15]). For a diagrammatic experimental timeline, see Figure 1C, and Figure 1D 

for cannula tract verification.

Results

Experiment 1

Dialysate ethanol concentrations (DECs).—DECs were assayed for all groups across 

the time course (Figure 2A). After ensuring that no Vehicle animals had aberrant ethanol 

levels and determining the lower detection limit of the Analox for these data by analyzing 

samples from rats never exposed to ethanol, the 1.5 and 3.0 g/kg EtOH groups were 

analyzed separately using a mixed 2 (Drug: 1.5 g/kg EtOH, 3.0 g/kg EtOH) x 20 (Time 

points: 5 h of habituation, 15 h of post-injection) ANOVA. There were significant effects of 

Drug (F1, 13 = 162.32, p < 0.0001), Time (F19, 247 = 131.07, p < 0.0001), and a significant 

interaction (F19, 247 = 28.21, p < 0.0001). Tukey’s post hoc testing for the main effect of 

Drug indicated that the 1.5 and 3.0 groups differed from one another, with higher levels seen 

in the 3.0 group overall (p < 0.0001). In order to determine points of clearance for each 

group, post hoc testing on the interaction effect was performed using Dunnett’s test against 

the H5 time point for each group; the 1.5 g/kg EtOH group showed statistically elevated 

DEC levels for 4 h after injection (all p < 0.01), and the 3.0 group showed elevated levels for 

10 h after injection (all p < 0.0001). Additionally, these data were also analyzed using the 

epoch approach (Figure 2B) using a mixed 2 (Drug: 1.5 g/kg EtOH, 3.0 g/kg EtOH) x 4 

(Epochs: 1, 2, 3, 4) ANOVA, revealing an interaction (F3, 39 = 88.22, p < 0.0001). 

Subsequent Tukey’s post hoc tests indicated that in the 3.0 group, DECs were elevated above 

baseline in the 2nd and 3rd Epochs, whereas in the 1.5 group, DECs were elevated only in the 

2nd Epoch. Additionally, the 3.0 group showed elevation significantly above the 1.5 group at 

both Epoch 2 and 3 (all p < 0.001).

Dialysate corticosterone (CORT) concentrations.—Dialysate CORT (Figure 2C and 

D) was analyzed using a mixed 3 (Drug: Vehicle [VEH], 1.5 g/kg EtOH, 3.0 g/kg EtOH) x 4 
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(Epochs: 1, 2, 3, 4) ANOVA. There was a main effect of Drug (F2, 20 = 6.44, p < 0.01), with 

Tukey’s post hoc test indicating that the 3.0 group showed significant elevation above the 

VEH but not 1.5 group (p < 0.01). Additionally, a significant interaction was observed (F6, 60 

= 4.12, p < .01). Further probing with Tukey’s post hoc test revealed that while the VEH and 

1.5 g remained stable across Epochs, the 3.0 group showed elevation at Epoch 2 as 

compared to its own baseline Epoch 1 (p < 0.01), as well as in comparison with the other 

groups at this time (p < 0.01).

Dialysate cytokine concentrations.—Out of the 12 assayed analytes, four were 

detectable across the time course, whereas 8 were extrapolated largely below the standard 

curve or were undetectable. Cytokine concentrations of detectable analytes (IL-1β, TNFα, 

IL-6, and IL-10) across the timecourse were analyzed using mixed 3 (Drug: Vehicle [VEH], 

1.5 g/kg EtOH, 3.0 g/kg EtOH) x 4 (Epoch: 1, 2, 3, 4) ANOVAs.

IL-β (Figures 3A and B) showed a trend for an effect of Drug (F2, 20 = 2.99, p = 0.073) and 

no other effects. There were trends for effects of Epoch and Drug/Epoch interaction (F3, 60 = 

2.48, p = 0.069 and F6, 60 = 1.92, p = 0.093, respectively) for TNFα expression (Figure 3C 

and D). Epoch analysis of IL-6 (Figure 3E and F) revealed a main effect of Epoch (F3, 60 = 

12.08, p < 0.0001), with Tukey’s post hoc test indicating that the 4th Epoch showed 

suppression relative to all other Epochs (p < 0.01). Additionally, there was a trend for an 

interaction between Drug and Epoch (F6, 60 = 2.12, p = 0.064). IL-10 (Figure 3G and H) 

showed a main effect of Epoch (F3, 60 = 11.59, p < 0.0001), with progressive elevation 

observed across time. Tukey’s post hoc test indicated that Epochs 2, 3, and 4 all showed 

elevation above Epoch 1 (all p < 0.001).

Other analytes examined (IFNγ, IL-2, IL-4, IL-5, IL-12p70, IL-1α, GM-CSF, IL-13) were 

largely at or below the threshold of detection/extrapolation.

Experiment 2.

Body weights.—Body weight were collected across the adolescent exposure, before 

surgery, and a week after surgery on the day of microdialysis. Weights were analyzed using 

a 2 (adolCIE: adolVEH vs. adolEtOH) x 7 (Age at weight) ANOVA. There was a significant 

interaction (F7, 63 = 2.97, p < 0.01). Tukey’s post hoc test indicated that though the adolCIE 

group weighed slightly less than the adolVEH across all the repeated cycles of alcohol 

exposure and into adulthood, this difference was not significant: both groups gained 

significant amounts of weight at each time of weight collection as compared to the last (p < 

0.05) and showed full weight recovery after surgery by the time of microdialysis testing (see 

Table 1).

Dialysate ethanol concentrations (DECs).—DECs were analyzed using a mixed-

subject 2 (adolCIE: adolVEH vs. adolEtOH) x 20 (Time point: 5 h of habituation [H1–5], 15 

h after 3.0 g/kg Ethanol injection [1–15]) ANOVA (Figure 4A) – both groups were analyzed 

as both were injected with ethanol during the microdialysis testing. There was no main 

effect of adolCIE on DECs. There was a main effect of Time point (F 19, 171 = 50.00, p < 

0.0001). Post hoc testing was performed using Dunnett’s test, in which all time points were 

first compared to levels seen in the control Time point H5. Given these criteria, the Time 
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points of significant DECs elevation were Time points 1–9 (p < 0.0001) and 10 (p < 0.01) h 

after injection, replicating the findings from Experiment 1 which also showed clearance 

from this dose after 10 h post-injection. DECs were used to split the time points into four 

Epochs for subsequent analyses (Figure 4B) as described in the general methods. When thus 

analyzed using a 2 (adolCIE: VEH vs. EtOH) x 4 (Epoch: Pre-E, Early-I, Late-I, Clear) 

mixed subjects design, there was a main effect of Epoch (F3, 27 =207.12, p < 0.0001), with 

elevation of DECs observed in both Early-I and Late-I as compared to Pre-E and Clear (all p 

< 0.0001), as well as a significant difference between higher levels seen in Early-I and lower 

levels observed in Late-I (p < 0.0001).

Dialysate corticosterone (CORT) concentrations.—Dialysate CORT was analyzed 

using a mixed-subject 2 (adolCIE: adolVEH vs. adolEtOH) x 20 (Time point: H1–5, and 1–

15 h after injection) ANOVA (Figure 4C). There was a main effect of Time point (F19, 171 = 

12.274, p < 0.0001). Post hoc testing was performed using Dunnett’s test, in which all time 

points were compared to H4 and H5 as controls. Only Time points that were significantly 

different from both of these controls were designated as having significantly elevated levels 

of CORT. Given these criteria, the Time points of significant CORT elevation were H1 (p < 

0.05), 2 (two hours after injection; p < 0.0001), and 3 (three hours after injection; p < 

0.0001). Corticosterone was also assessed in Epochs (Figure 4D) based on DECs using a 2 

(adolCIE: adolVEH vs. adolEtOH) x 4 (Epoch: Pre-E, Early-I, Late-I, Clear) mixed subjects 

design. There was a main effect of Epoch (F3, 27 = 28.73, p < 0.0001), with Tukey’s post hoc 
test indicating significantly higher levels seen in Early-I than in any other Epoch (all p < 

0.0001). Based on a priori hypotheses indicating that CORT levels would be highest during 

peak ethanol concentrations and that a history of chronic ethanol would affect the CORT 

response to challenge, independent t-tests were performed for data collected in the first three 

hours after ethanol injection. Two hours after injection, there was a trend for suppressed 

CORT levels in the adolEtOH history group as compared to adolVEH (t9 = 1.97, p = 0.08).

Dialysate cytokine concentrations.—As in Experiment 1, the same four analytes 

(IL-1β, TNFα, IL-6, and IL-10) were detectable in the dialysate and are reported here, 

whereas 8 other immune proteins were not in range. Detectable cytokines were analyzed 

based on Epoch using 2 (adolCIE: adolVEH vs adolEtOH) x 4 (Epoch: Pre-E, Early-I, Late-

I, and Clear) mixed subjects ANOVAs, with post hoc testing performed using Tukey’s test. 

For full presentation, data are shown both in line format as well as Epoch format in Figure 5.

A main effect of adolCIE was observed for IL-1β (F1,9 = 6.316, p < 0.05; Figure 5A, B). 

Post hoc testing revealed that there was a significant difference (p <0.05) in cytokine 

concentration between adolVEH history rats and adolEtOH history rats, with suppressed 

IL-1β levels seen in rats with a history of ethanol.

There was a main effect of adolCIE (F1, 9 = 6.00, p < 0.05) observed for TNFα (Figures 5C 

and D), with adolCIE rats showing suppressed levels as compared to adolVEH. No effects 

were found for IL-6 (Figure 5E, F).

Finally, IL-10 showed a main effect of Epoch (F3,27 = 18.925 p < 0.001), a trend for adolCIE 

(F1, 9 = 3.608 p = 0.089), and a significant interaction between adolCIE and Epoch (F3,27 = 
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3.184 p < 0.05; Figure 5G, H). Post hoc testing for the main effect of Epoch revealed that the 

Pre-E Epoch differed significantly from both the Late-I Epoch (p < 0.01) and Clear (p < 

0.0001). The Clear Epoch also differed significantly from the Early-I Epoch (p < 0.0001) 

and the Late-I Epoch (p < 0.01). Post hoc testing for the interaction between adolCIE and 

Epoch revealed that adolEtOH rats differed significantly (p <0.01) from the adolVEH group 

in the Clearance Epoch. In addition, the adolVEH group showed that the Pre-E Epoch 

differed significantly (p < 0.05) from both the Late-I Epoch, and the Clear Epoch (p < 

0.0001). The Clear Epoch showed peak IL-10 for the adolVEH group and differed 

significantly from the first two Epochs (p < 0.0001) and the Late-I Epoch, as well (p < 

0.001). The adolEtOH group showed a significant difference between the Pre-E Epoch and 

Late-I (p <0.05), and Clear (p < 0.01). As in the adolVEH group, the Clear Epoch served as 

the peak for IL-10 in the adolEtOH group, though it was not significantly higher than the 

Late-I Epoch. In summary, IL-10 levels rose steadily across time following ethanol 

challenge but were significantly suppressed in rats with a history of adolescent ethanol and 

failed to reach levels observed in vehicle history animals.

Discussion

Alcohol exposure has been shown to have a profound and time-dependent influence on 

many aspects of neuroimmune function, with important implications for both addictive 

processes and alcohol-related brain pathology. The over-arching goal of the present studies, 

therefore, was to develop a strategy for assessing the influence of both acute (Experiment 1) 

and prolonged developmental (Experiment 2) effects of ethanol exposure on cytokine release 

patterns in the CNS. The experiments described here establish a technical approach of using 

large-molecule microdialysis paired with multiplexing technology to detect extracellular 

cytokine fluctuations in the CNS of the awake, behaving rat. In addition to being the first 

studies in which large-molecule microdialysis was combined with multiplex arrays, an 

important contribution of this work is the establishment of a normative range of extracellular 

cytokines in the awake, behaving rat. These data provide the background required for using 

this technique to assess time-sensitive changes in central inflammatory mediators and begin 

to probe the CNS cytokine response to an acute ethanol challenge and its modulation by 

chronic ethanol history. Additionally, our findings with this approach demonstrate for the 

first time that adolescent binge-like ethanol exposure had a much more profound influence 

on extracellular cytokines than acute ethanol exposure in adulthood per se.

A major strength of the microdialysis and multiplexing approach utilized here was the 

ability to assess an unbiased cohort of cytokines as well as ethanol concentrations in the 

same samples. Although we elected to utilize a 12-plex in these initial studies, we have also 

utilized this same approach with commercially available 23-plex kits that include a broader 

array of growth factors and cytokines with success, though it should be noted that cost of 

multiplexing goes up astronomically when doing so. Thus, the possibilities of combining 

large-molecule microdialysis with multiplex approaches are great. Replicating across both 

experiments, brain ethanol concentrations following the high-dose injection of 3 g/kg i.p. 

reached peak levels (~125 mg/dl) by the second hour after injection and were cleared after 

10 hours past injection. The low dose (1.5 g/kg i.p.) in Experiment 1 showed about half the 

brain ethanol concentrations (~75 mg/dl) of the high dose and was cleared after 4 hours past 
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injection. In other studies where ethanol concentrations were examined during 

microdialysis, total values were lower than those found in the periphery at the same time, 

even when corrected for probe efficiency (Ferraro et al., 1990). When ethanol concentrations 

in dialysate were compared with whole tissue content, prior studies have reported that raw 

values obtained from in vivo microdialysis were a fraction of brain tissue ethanol 

concentrations (Schier et al., 2012, Robinson et al., 2002). Though we did not assess probe 

efficiency here, the raw values detected were sufficient to perform the analyses that were the 

focus of this work, similar to what has been done previously (Schier et al., 2012). Ideally, it 

would be advantageous to measure both blood and dialysate ethanol concentrations in the 

same animals. However, that was not possible in the present study out of concern for how 

blood sampling procedures might impact cytokine responses in brain. Future studies will be 

required to better test such associations between blood and dialysate concentrations.

In Experiment 1, we detected a wide dynamic range of cytokine changes following probe 

insertion. From these data, we can conclude that an acute moderate dose of 1.5 g/kg i.p. 

ethanol did not induce significant changes in cytokine levels in the naïve rat at the protein 

level. We also did not see effects of the larger 3.0 g/kg dose, though due to unexpected, 

minor differences observed in baseline for some of the analytes it may be premature to draw 

conclusions about ethanol effects at this dose. Unfortunately, we have no explanation for 

these minor baseline differences at this time, as the effect was (i) not dependent on a single 

outlier; (ii) could not be explained by an order effect in sample collection or assay (i.e., all 

groups were counter-balanced across days of experimental data collection); and (iii) rats had 

no differential history prior to ethanol injection. Regardless, even when data were analyzed 

as percent of baseline, similar results were obtained, and conclusions remain the same (data 

not shown). With that said, Experiment 2 closely recapitulated the findings of Experiment 1 

as far as baseline levels of cytokines observed at the start of testing and patterns of response 

following probe insertion, except for minor differences in the baseline of TNFα that relate to 

adolescent CIE. Overall, we were somewhat surprised at the lack of effect of acute ethanol 

on extracellular cytokine concentrations.

In contrast, Experiment 2 demonstrated that adolescent CIE resulted in a blunted 

neuroimmune response to ethanol in adulthood that was cytokine-specific. Animals with an 

adolescent history of ethanol showed suppressed levels of IL-1β, TNFα, and IL-10 

following an acute 3.0 g/kg i.p. ethanol challenge as compared to the controls who received 

vehicle intubations in adolescence. It is important to note that the acute adult ethanol 

challenge followed a prolonged period of abstinence (20–30 days). In prior studies, 

adolescent CIE led to substantially reduced cytokine gene induction after an in vivo LPS 

challenge in circulating immune cells (Vore et al., 2017). Thus, the pattern of changes in 

extracellular cytokines in the CNS observed here are consistent with what we previously 

observed after adolescent ethanol exposure, despite a completely different population of 

cells and a distinct approach for capture and detection of cytokine changes. One limitation of 

this experiment is that we did not include separate groups of rats receiving vehicle as adults, 

so we cannot rule out the possibility that the suppressed cytokine responses in the adolescent 

CIE group might reflect an interaction between adolescent and adult ethanol challenges. 

However, the overall lack of an effect of acute ethanol in adulthood (Experiment 1) and the 

similarity to what was observed in circulating immune cells (Vore et al., 2017) suggests that 
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the effect is most likely attributable to adolescent CIE (and not the adult ethanol challenge). 

Future studies will be necessary to further clarify this point.

Although the mechanisms underlying the effect of adolescent CIE remain unclear, at least 

two possible interpretations of the effect of adolescent CIE on adult cytokine reactivity are 

possible. First, adolescent CIE may produce a persistent state of immunosuppression, 

evidenced by reduced cytokine expression in both circulating immune cells and in response 

to probe insertion into the hippocampus. This interpretation is consistent with prior studies 

showing that ethanol reduced TLR4 expression and sensitivity to TLR4-dependent ligands 

(Telles et al., 2017). Second, because adolescents naturally show reduced cytokine 

expression relative to adult subjects (Doremus-Fitzwater et al., 2015b, Girard-Joyal et al., 

2015), the present findings may represent a “locking-in”-like effect where adolescent-typical 

responses are retained into adulthood (Spear and Swartzwelder, 2014). Both hypotheses are 

interesting and potentially transformative for our understanding of early developmental 

exposure effects on overall neuroimmune function. Furthermore, the functional implications 

of these changes will need to be addressed. The hippocampus is a brain region that has been 

shown to be particularly vulnerable to locking-in-like effects; findings have revealed that 

adolescent ethanol exposure enacted long-lasting structural damage in the hippocampus 

which contributed to functional abnormalities (Risher et al., 2015). Nevertheless, an 

important control that needs to be conducted is to assess whether adolescence represents a 

specific developmental period of vulnerability by testing whether adult rats exposed to an 

equivalent regimen of CIE display the same effect as adolescents or are resistant to such CIE 

effects. Those and other studies are already ongoing in our lab.

While these initial foundational studies have focused exclusively on male subjects, it will be 

necessary to expand our understanding of these effects across sex. While no sex differences 

have been shown in the neuroimmune gene expression response to acute alcohol challenge 

as far as IL-1β, TNFα, and IL-6 in the hippocampus (Gano et al., 2016b; Gano et al, in 
prep), there are more notable differences that emerge as ethanol exposure becomes chronic. 

For instance, it has been shown sex differences in the neuroimmune responses to chronic 

ethanol may be particular to the phase of intoxication (specifically emerging in withdrawal) 

and would therefore be ideally suited to examination using this novel approach (Alfonso-

Loeches et al., 2013; Hashimoto & Wiren, 2008; Wilhelm Clare et al., 2015).

Perhaps as telling as the significant findings of these Experiments are what may be perceived 

as the null results. The unbiased multiplex assay probed a range of cytokine factors, some of 

which are associated with innate immunity and typically found in the CNS (i.e. IL-1β, IL-6, 

and TNFα), as well as those typically associated with acquired immunity (i.e., derived from 

T-cells or B-cells). We have reported these outcomes as well as our significant findings in 

order to best characterize the use of this approach and to lay a foundation for normative 

ranges of extracellular cytokines in the CNS. In both Experiments, levels of cytokines 

associated with acquired immunity (and in particular T-cell function) were largely 

unaffected by probe insertion as well as ethanol administration. This effect is largely to be 

expected given that T-Cell and B-cell activity in the CNS is not typically observed under 

normal conditions, and when present, often portend significant autoimmune-related 

problems (e.g. Grossman and Miller, 2010). Thus, the low or undetectable levels of 
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cytokines more typically associated with acquired immunity were both predicted a priori and 

an important confirmation of our approach. Thus, future studies employing microdialysis 

with multiplex arrays could be tailored to focus more specifically on neuroimmune signaling 

molecules more typically associated with innate immunity.

In both Experiments, we also assessed brain corticosterone levels across the microdialysis 

time course. Overall, while ambient concentrations of CORT in dialysates were lower than 

some prior studies (as reviewed in Spencer and Deak, 2017), other literature has shown the 

same levels acquired during hippocampal microdialysis as we show here (Barrientos et al., 

2015, Qian et al., 2012). Although the reason for this difference is not clear, it can be noted 

that the microdialysis procedure (small vs large pore size) and corticosterone measurement 

approaches (RIA vs EIA) were quite different across studies, perhaps accounting for 

differing corticosterone concentrations. Consistent with this, no significant escalation in 

CORT concentrations were observed around lights off, though modest transient increases 

were observed in Experiment 1. Nevertheless, in all groups, brief increases in CORT were 

observed during the first measured time point (H1), likely due to the handling and probe 

manipulations at the start of testing. A second peak was observed shortly after ethanol 

injection in both studies in animals that were given the high 3.0 g/kg ethanol challenge. Rats 

with a history of adolescent CIE showed a trend for lower and more variable CORT levels 

during this peak, indicating a modest level of HPA dysfunction lingering after adolescent 

exposure. This is in agreement with data indicating that chronic ethanol exposure disrupted 

corticosterone rhythms, resulting in a suppressed corticosterone response to further ethanol 

challenge (Spencer and McEwen, 1990). It should be noted that prior to the point of acute 

ethanol challenge during the microdialysis testing in adulthood, the adolescent CIE rats 

underwent a period of abstinence from ethanol of 20–30 days. This is a remarkably long-

lasting effect of ethanol exposure that indicates substantial plasticity in HPA axis sensitivity 

after adolescent CIE. Interestingly, our prior work showed that the same adolescent CIE 

procedure did not impact plasma CORT responses in male rats when challenged with LPS as 

adults, whereas female rats with a history of adolescent CIE displayed enhanced CORT 

responses to LPS. These intriguing effects require further studies to delineate the 

mechanisms that might be at play.

In addition to examining the effects of ethanol exposure on extracellular cytokines in the 

hippocampus, these data also contribute greater understanding of the effects of invasive 

neuroscience procedures on cytokine levels in surrounding tissue. That is, microdialysis 

requires two consecutive procedures that evoke a tissue-damage response: implantation of 

the cannula during surgery, as well as probe insertion on the day of testing. Though several 

cytokines were unaffected by probe insertion, there was a distinctive pattern of changes 

observed in Experiment 1 and replicated again in Experiment 2 that warrants further 

comment. The issue of tissue damage inherent to cannulation surgery has been raised 

previously with a technique similar to that used here and yielding similar conclusions 

(Vasicek et al., 2013), but empirical studies on this topic are limited. Our findings report 

somewhat higher baseline levels of response than those shown by Vasicek and colleagues, 

yet we report less variability across rats and provide a longer time course for a more detailed 

examination of cytokine changes following probe insertion. These differences may be 

explained by slight variation in the equipment used and the parameters of our microdialysis 
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paradigms, yet, importantly, report similar extracellular cytokine concentrations following 

insertion of the probe 7 days after cannulation. In the two Experiments reported here, there 

was a brief increase in TNFα shortly after probe insertion, followed by an elevation of IL-6, 

and succeeded by a sustained elevation of IL-10 that lasted up through the twentieth hour of 

testing. These results are in concordance with literature on traumatic brain injury (TBI), 

indicating that TNFα and IL-6 play a strong role in the early response to penetrating CNS 

damage such as that induced by the insertion of the probe (Ghirnikar et al., 1998). Work 

from laboratories specializing in the interaction between TBI and ethanol has shown that 

acute intoxication can prolong the cytokine response to a mild TBI (Teng and Molina, 

2014); though our data did not show a similar effect, the parameters for these studies were 

quite different from those utilized here. However, accumulating evidence shows that the 

neuroimmune response is very sensitive to the relative timing and sequence of exposure to 

TBI versus ethanol (Janis et al., 1998, Goodman et al., 2013), so perhaps the approach 

described here can be used to probe these effects, capitalizing on the advantage of excellent 

temporal resolution in future studies. Furthermore, cytokines are able to influence other 

CNS neurotransmitters such as GABA (Suryanarayanan et al., 2016), glutamate (reviewed in 

Miller et al., 2009), dopamine (reviewed in Felger and Miller, 2012, Miller et al., 2013), and 

others, which may contribute to downstream effects of probe- or ethanol-induced alterations 

in cytokines. These data highlight the importance of considering the neuroimmune 

environment in its totality, including potential collateral damage incurred due to standard 

neuroscience approaches required for mechanistic studies.

In sum, the studies reported here establish working parameters for the assessment of 

extracellular cytokine concentrations in the awake, behaving rat that offer the advantages of 

(i) repeated sampling across the entire cycle of ethanol intoxication and withdrawal; and (ii) 

the capability of combining large-molecule microdialysis with multiplexing approaches. 

These studies also report the surprising outcome that extracellular concentrations of 

cytokines were largely unaffected by acute ethanol challenge, yet (iv) adolescent CIE led to 

substantially reduced extracellular cytokines in rats with a history of adolescent CIE. These 

findings may have important implications for understanding ethanol-neuroimmune 

interactions, and provide compelling evidence for the influence of repeated, binge-like 

exposures to ethanol during adolescence on subsequent immune (Vore et al., 2017) and 

neuroimmune (Experiment 2) reactivity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights.

• Large molecule microdialysis was used with multiplexing to assess brain 

cytokines

• Acute ethanol had no effect on extracellular cytokines in hippocampus

• Adolescent CIE severely blunted cytokine responses to ethanol in adulthood

• Adolescents were highly sensitive to long-lasting effects of ethanol on CNS 

cytokines

Gano et al. Page 21

Alcohol Clin Exp Res. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
This figure displays the experimental timelines and cannula verifications for Experiments 1 

and 2. (A) The adult microdialysis manipulation for Experiment 1 is shown 

diagrammatically, showing the time line of microdialysis testing for 5 hours prior to 

injection, and the samples collected for 15 hours after injection of saline vehicle, 1.5 g/kg 

intraperitoneal (i.p.) ethanol, or 3.0 g/kg i.p. ethanol. (B) Cannula verification schematics for 

Experiment 1 are shown to the right of the experimental schedule. (C) The adolescent 

chronic intermittent ethanol exposure is shown on the left for rats in Experiment 2, followed 

by the adult microdialysis manipulation on the right depicting the time line of testing before 

and after both groups were challenged with 3.0 g/kg i.p. ethanol. (D) Cannula verification 

for Experiment 2 is shown to the right of the experimental manipulation.
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Figure 2. 
This figure displays the dialysate ethanol concentrations (2A for line graph and B for Epoch 

graph) across the microdialysis time course in rats before and following an injection with 

either saline (Vehicle group) or 1.5 or 3.0 g/kg intraperitoneal ethanol (data shown in mg/

dL). Carets (^) indicate Time points or Epochs at which ethanol concentrations in the 1.5 

g/kg ethanol group were elevated significantly above baseline (H5 for line graph, Epoch 1 

for Epoch graph), whereas plus signs (+) indicate the same in the 3.0 g/kg ethanol group. 

Additionally, in the Epoch graph, an asterisk (*) is used to denote Epochs at which there was 

a significant elevation in the 3.0 group above that of 1.5. Figures 2C and 2C display the 

dialysate corticosterone concentrations in line and epoch format in μg/dL. An at symbol (@) 
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is used to indicate the Epoch at which the 3.0 group showed significant elevation above all 

other Epochs within the group as well as in comparison to Epoch 2 of the 1.5 group.
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Figure 3. 
This figure displays pg/mL concentrations of cytokine levels across the microdialysis time 

course for (3A, B) Interleukin-1β, (3C, D) Tumor necrosis factor α, (3E, F) Interleukin-6, 

and (3G, H) Interleukin-10. Where significant effects of Epoch were observed, asterisks (*) 

indicate Epochs at which all groups showed elevation above baseline (Epoch 1). The dotted 

horizontal line represents the lowest limit of quantification in the MagPix assay used to 

acquire the data. Data at or below the dotted line are extrapolated beyond the standard curve.

Gano et al. Page 25

Alcohol Clin Exp Res. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Dialysate ethanol concentrations (4A for a line graph, 4B for epoch layout) following a 3 

g/kg i.p. ethanol injection in rats with a history of adolescent vehicle intubation (blue) or 

adolescent ethanol (red). Dialysate corticosterone concentrations are displayed below (4C 

for line graph, 4D for epoch layout). For a main effect of Time point in Figures 4A and C, an 

asterisk (*) is used to indicate a significant difference in corticosterone and DECs from 

baseline (H5), for both adolVEH and adolEtOH history subjects. In Figures 4B and D, an 

asterisk signifies that the Epoch is different from Pre-E; a double asterisk denotes a 

difference from all other Epochs presented.
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Figure 5. 
Cytokine outcomes following a 3 g/kg i.p. ethanol injection in rats with a history of 

adolescent vehicle intubation (blue) and adolescent ethanol (red). Data are shown in line 

graph format as well as separated into four epochs (Pre Ethanol/Pre-E, Early Intoxication/

Early-I, Late Intoxication/Late-I, and Clearance/Clear) in pg/mL, performed for 

Interleukin-1β (5A for line graph, 5B for epoch version), Interleukin-6 (5C for line graph, 

5D for epoch version), Tumor necrosis factor α (5E for line graph, 5F for epoch version), 

and Interleukin-10 (5G for line graph, 5H for epoch version). For a main effect of Group, a 

pound sign (#) is used to indicate a significant difference between adolescent drug groups 

(adolVEH [Vehicle] vs. adolCIE [Ethanol]). In the case of an interaction between adolescent 
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drug treatment and Epoch, symbols are used as follows: differences between Vehicle and 

Ethanol groups at a specific Epoch are indicated with an “at” symbol (@), whereas points at 

which an individual group showed an Epoch difference from its own Pre-E Epoch are 

indicated with a caret (^).
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Table 1
Weights across adolescence and adulthood in Experiment 2.

Weights (g) across Experiment 2 for rats that received either adolescent ethanol exposure (adolEtOH) or 

vehicle controls (adolVEH).

Weight before
Experiment

(P34-35)

After
Cycle 1
(P39-40)

After
Cycle 2
(P44-45)

After
Cycle 3
(P48-49)

End of
Cycle 4
(P53-54)

Before
Surgery

(P75)

Day of
testing
(P85)

adolVEH 132 ± 3 170 ± 4 206 ± 5 240 ± 7 255 ± 6 353 ± 13 372 ± 12

adolEtOH 139 ± 3 173 ± 4 205 ± 5 234 ± 5 246 ± 6 334 ± 6 356 ± 9
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