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Abstract

Excessive ethanol drinking in rodent models may involve activation of the innate immune system,

especially toll-like receptor 4 (TLR4) signaling pathways. We used intracellular recording of

evoked GABAergic inhibitory postsynaptic potentials (eIPSPs) in central amygdala (CeA)

neurons to examine the role of TLR4 activation by lipopolysaccharide (LPS) and deletion of its

adapter protein CD14 in acute ethanol effects on the GABAergic system. Ethanol (44, 66 or 100

mM) and LPS (25 and 50 µg/ml) both augmented eIPSPs in CeA of wild type (WT) mice. Ethanol

(44 mM) decreased paired-pulse facilitation (PPF), suggesting a presynaptic mechanism of action.

Acute LPS (25 µg/ml) had no effect on PPF and significantly increased the mean miniature IPSC

amplitude, indicating a postsynaptic mechanism of action. Acute LPS pre-treatment potentiated

ethanol (44 mM) effects on eIPSPs in WT mice and restored ethanol’s augmenting effects on the

eIPSP amplitude in CD14 knockout (CD14 KO) mice. Both the LPS and ethanol (44–66 mM)

augmentation of eIPSPs was diminished significantly in most CeA neurons of CD14 KO mice;

however, ethanol at the highest concentration tested (100 mM) still increased eIPSP amplitudes.
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By contrast, ethanol pre-treatment occluded LPS augmentation of eIPSPs in WT mice and had no

significant effect in CD14 KO mice. Furthermore, (+)-naloxone, a TLR4-MD-2 complex inhibitor,

blocked LPS effects on eIPSPs in WT mice and delayed the ethanol-induced potentiation of

GABAergic transmission. In CeA neurons of CD14 KO mice, (+)-naloxone alone diminished

eIPSPs, and subsequent co-application of 100 mM ethanol restored the eIPSPs to baseline levels.

In summary, our results indicate that TLR4 and CD14 signaling play an important role in the acute

ethanol effects on GABAergic transmission in the CeA and support the idea that CD14 and TLR4

may be therapeutic targets for treatment of alcohol abuse.
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INTRODUCTION

Recent evidence points to a role for neuroimmune mechanisms, and particularly the innate

immunity mediated by the toll-like receptors (TLRs), in ethanol effects and drinking (for

review see (Crews et al, 2011; Harris and Blednov, 2012). TLR4 plays an especially critical

role in innate immunity and this pathway is activated by both exogenous [e.g. LPS,

exhibiting a microbe-/pathogen-associated molecular pattern (MAMP/PAMP)] and

endogenous signals or ligands [e.g., high mobility group box 1, heat shock proteins, nucleic

acids and fibronectin, exhibiting damage-associated molecular patterns (DAMPs)] (Piccinini

and Midwood, 2010). Activation of TLR4 triggers transcriptional activation of pro-

interleukin-1β and TNFα and initiation of the innate immune response (Hanamsagar et al.,

2012; Kielian, 2009).

Evidence supporting a key role of TLR4 in alcohol effects and drinking includes the

following: 1) the alcohol-induced activation of glia, induction of inflammatory mediators,

apoptosis, and behavioral and anxiety impairments seen in WT mice are not found in TLR4

deficient mice (Alfonso-Loeches and Guerri, 2011; Alfonso-Loeches et al, 2010; Alfonso-

Loeches et al, 2012; Blanco and Guerri, 2007; Blanco et al, 2005; Fernandez-Lizarbe et al,

2013; Fernandez-Lizarbe et al, 2009; Pascual et al, 2011; Valles et al, 2004; Wu et al, 2012);

2) TLR4 is involved in excessive alcohol drinking in preclinical models (Blednov et al,

2011a; Blednov et al, 2012; Liu et al, 2011; Mulligan et al, 2006); 3) alcohol releases

endogenous ligands for TLR4 in brain (Crews et al, 2012; He and Crews, 2008; Vetreno and

Crews, 2012); and 4) LPS leaks from the gut in human alcoholics to activate pro-

inflammatory signaling that may contribute to neuroinflammation and neurodegeneration

(Qin et al, 2007). Examination of the TLR4 inflammatory pathways suggests possible

approaches to study ethanol effects and drinking. Notably, knockout of the accessory protein

CD14, that plays a critical role in LPS activation of TLR4, reduces ethanol preference and

blocks the LPS-induced increase in ethanol drinking seen in wild type (WT) mice (Blednov

et al, 2011a; Blednov et al, 2012). The reduction of TLR4 expression in the central nucleus

of the amygdala (CeA) modulates ethanol binge drinking in a mouse model via a GABAA

receptor effect (Liu et al, 2011). Moreover, it has been shown that TLR4-MyD88 signaling

is involved in the acute behavioral actions of alcohol, as both pharmacological inhibition of
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TLR4 signaling with (+)-naloxone, a TLR4-MD-2 complex inhibitor and genetic deficiency

of TLR4 or MyD88 significantly reduced the sedation and motor impairment induced by a

single dose of alcohol in mice (Wu et al, 2012). Ethyl glucuronide, an ethanol metabolite,

causes TLR4-dependent pain allodynia that can be blocked by (+)-naloxone (Lewis et al,

2013). Naloxone has two stereotactic isoforms, (+)-naloxone and (−)-naloxone, that are both

potent TLR4 signaling inhibitors (Hutchinson et al, 2008). Whereas (+)-naloxone is

selective for TLR4, (−)-naloxone also acts on opioid receptors (Hutchinson et al, 2008).

Because another opioid antagonist, naltrexone, is now used in the treatment of alcohol

addiction (Jarosz et al, 2013; Thorsell, 2013), there has been an effort to evaluate the

therapeutic potential of TLR4-MD-2 complex specific (+)-naloxone and (+)-naltrexone.

The CeA, a major component of the extended amygdala (Heimer and Alheid, 1991), is a

brain region known to be critically involved in anxiety and fear-conditioning, as well as in

alcohol and drug dependence (Davis and Shi, 1999; Koob and Volkow, 2010; Rosen, 2004).

In alcohol dependence, the CeA participates in the learning of stimulus-reward responses

and mediation of alcohol’s motivational effects, self-administration, and stress-induced

reinstatement of drinking (Koob, 1998; Koob and Volkow, 2010). The great majority of

CeA neurons are GABAergic, and the GABAergic system is a key player in ethanol effects

in the CeA (Nie et al, 2004; Nie et al, 2009; Roberto et al, 2008; Roberto et al, 2003;

Roberto et al, 2004a; Siggins et al, 2005).

Knocking out TLR4 or CD14 reduced ethanol drinking and ethanol-related behavior in

rodents (Alfonso-Loeches et al, 2010; Blednov et al, 2011a; Blednov et al, 2012; Pascual et

al, 2011). Importantly, decreased TLR4 expression in CeA but not in basolateral amygdala

(BLA) reduced ethanol binge drinking, indicating a critical role of the TLR4 system in the

CeA for ethanol drinking (Liu et al, 2011). Although TLR4 receptors are expressed

primarily by microglia in the CNS (Lehnardt et al, 2002; Chakravarty and Herkenham,

2005; Pascual et al, 2012), several studies also have shown neuronal expression of TLR4

(Acosta and Davies, 2008; Okun et al, 2011; Rolls et al, 2007; Tu et al, 2011). In the CeA,

TLR4 receptors appear to be expressed in neurons, and their expression is regulated by the

α2 GABAA subunit (Liu et al, 2011). Overall, these findings indicate that both TLR4 and

the GABAergic system, and their cellular interactions in the CeA, may play an important

role in ethanol drinking. However, little is known about the cellular aspects of TLR4

activation on neurophysiology and GABAergic transmission or on ethanol-induced

potentiation of GABAergic transmission in the CeA (Bajo et al, 2008; Cruz et al, 2011;

Roberto et al, 2012; Roberto et al, 2003; Roberto et al, 2004b). Therefore, in the present

study we explored these issues using electrophysiological methods in CeA slices from CD14

KO mice, with exogenous administration of LPS and the TLR4 antagonist (+)-naloxone to

activate and inhibit TLR4, respectively. We report that acute ethanol effects on GABAergic

transmission in the CeA involve, or are mimicked by, components of the innate immune

system such as TLR4 and CD14.
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METHODS

Slice Preparation

We prepared in vitro brain slices (300 and 400 µm thick for whole-cell and sharp electrode

recordings, respectively) containing CeA as previously described (Bajo et al, 2008; Bajo et

al, 2011) from male (20–30 weeks old; 25–31 g) C57Bl/6J mice (Jackson Laboratory and

the rodent breeding colony of The Scripps Research Institute) and from male CD 14 KO

mice (provided by Drs. Blednov and Harris of The University of Texas at Austin; see

(Blednov et al, 2011a)). For more detailed information on the mice and slice preparation, see

the Supplemental Information (SI). We conducted all mouse breeding and care procedures in

accordance with the Institutional Animal Care and Use Committee (IACUC) policies of The

University of Texas at Austin and The Scripps Research Institute.

Electrophysiology

Intracellular recording of evoked responses—We recorded from CeA neurons with

sharp micropipettes containing 3 M KCl (65–80 mΩ resistance) using current-clamp mode.

The CeA is divided into medial and lateral subdivisions, but they cannot be easily identified

in acute slices maintained in vitro (Sah et al, 2003). Therefore, we recorded from both

subdivisions and did not distinguish between neurons from the two subdivisions. We held

most neurons near their resting membrane potential (RMP), acquired data with an

Axoclamp-2A preamplifier (Axon Instruments, now Molecular Devices, Sunnyvale, CA)

and analyzed the recordings using pClamp software (Molecular Devices). We evoked

pharmacologically-isolated GABAA receptor-mediated inhibitory postsynaptic potentials

(eIPSPs) by stimulating locally within the CeA through a bipolar stimulating electrode,

positioned medially close to the lateral globus pallidus or internal capsule, while superfusing

the slices with the glutamate receptor blockers, 6-cyano-7-nitroquinoxaline-2,3-dione

(DNQX, 20 µM) and DL-2-amino-5-phosphonovalerate (DL-AP5, 30 µM), and a GABAB

receptor antagonist (CGP 55845A; 1 µM).

To determine half-maximal eIPSP amplitudes, we generated input/output (I/O) curves by

measuring eIPSP amplitudes at 5 incrementally-increasing stimulus strengths, threshold to

maximum stimulation. We measured the eIPSP amplitude I/O curves before (control),

during and after (washout) drug application. We also used the paired-pulse facilitation (PPF)

protocol to determine if the ethanol and LPS effects on eIPSPs were mediated by pre- or

postsynaptic mechanisms. We examined PPF using 100 ms inter-stimulus intervals with the

stimulus strength adjusted to give a 50% maximal amplitude of the first eIPSP, as

determined from the I/O relationship. We calculated PPF as the ratio of the second eIPSP

amplitude over that of the first eIPSP*100 (see SI). It has been shown that changes in the

PPF ratio vary inversely with the presynaptic release of transmitter (Bonci and Williams,

1997; Mennerick and Zorumski, 1995; Salin et al, 1996).

Whole-cell patch-clamp recording of miniature IPSCs—We also recorded

spontaneous action potential-independent GABAAergic mIPSCs (miniature inhibitory

postsynaptic currents) to verify pre- versus postsynaptic mechanisms of action of LPS.

Generally, a change in the frequency of mIPSCs suggests an altered probability of
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transmitter release, whereas a change in the amplitude of mIPSCs reflects alterations in the

efficacy of postsynaptic GABAA receptors (De Koninck and Mody, 1994; Otis et al, 1994).

The mIPSCs were pharmacologically isolated by superfusion of slices with 20 µM DNQX,

30 µM DL-AP5, 1 µM CGP 55845A and 1 µM tetrodotoxin (TTX). We used pipettes (input

resistance 3–4 MΩ) filled with an internal solution containing (in mM): 135 KCl, 10

HEPES, 2 MgCl2, 0.5 EGTA, 5 ATP, and 1 GTP, pH 7.3–7.4, osmolarity 275–290 mOsm).

We determined the frequency, amplitude, rise-time, decay and area of mIPSCs using Mini

Analysis (Synaptosoft) software, and we analyzed the effects of LPS on these parameters in

individual neurons by the Kolmogorov-Smirnov test (Mini Analysis; Synaptosoft).

Statistical Analysis—The recordings were taken continuously throughout the entire

application of the tested drug or combination of drugs. We used 4-min time bins (1–4, 5–8,

9–12, 13–16, 17–20, etc. min after application of a tested drug), and thus, the values used f

or statistical analyses corresponded to average responses within each 4-min bin. We

recorded for 20–25 min following each drug application. For statistical analyses, we used

the maximum effects of the drugs determined by one of the time bins in the span of 8–20

min after the start of drug application. Statistical analyses were performed with GraphPad

Prism 5.0 software (GraphPad Software, San Diego, CA) and Systat (Systat, Chicago, IL).

We analyzed the data using t-tests and one-way or two-way ANOVAs, with or without

repeated measures, as indicated, followed by Newman-Keuls and Bonferroni post hoc tests.

With regard to t-tests, we used a paired t-test, as well as parametric or Mann-Whitney (non-

parametric) t-tests, depending upon the results from normality tests of the corresponding

data sets. Because concentration-response testing utilized a between-subjects design, we

used analyses of covariance (ANCOVA) to assess genotype differences in concentration

responsiveness, covarying for pre-treatment baseline, to determine treatment effects

regardless of baseline differences. In all cases, the threshold for statistical significance was

set to p < 0.05. We express all values as mean ± S.E.M.

Drugs

We purchased CGP 52432, DL-AP5, TTX and DNQX from Tocris Cookson (Holloway

Road, MO), and bicuculline and LPS from Sigma (St Louis, MO); (+)-naloxone was

synthesized by Dr. Kenner Rice at NIH and Dr. Edward Roberts at The Scripps Research

Institute. We obtained ethanol from Remet (La Mirada, CA).

RESULTS

We recorded from a total of 181 mouse CeA neurons from control (WT; n = 99) and null

mutant (CD14 KO; n= 82) mice and found no significant differences in passive membrane

properties or basal GABAergic transmission (Student’s t-test; see Table S1 in SI). For

example, neither the mean amplitudes of GABAA-IPSPs evoked by a half-maximal

stimulation intensity, nor paired-pulse facilitation, were significantly different between WT

and CD 14 KO mice (Table S1 in SI). Thus, expression of CD14 does not appear to play a

significant role in the regulation of membrane properties or basal evoked GABAergic

transmission in mouse CeA neurons.
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CD14 involvement in ethanol modulation of GABAA-IPSPs in CeA neurons

We compared the effects of acute ethanol on the eIPSPs in WT and CD 14 KO mice (Fig. 1)

and found altered ethanol responses that were dose-specific (significant dose × strain

interaction by ANCOVA analysis (F(2,56) = 3.2, p < 0.05), with no main effects of strain or

dose. This interaction was further explored by two-way repeated measures ANOVA to test

dose responsiveness within each genotype. In WT CeA, ethanol increased mean eIPSP

amplitudes (Fig. 1A and B) compared to baseline, showing a main effect of ethanol

application (F(1,22) = 31.5, p < 0.001) without significant effect of dose or ethanol

application × dose interaction. However, in CeA neurons of CD 14 KO mice, there was an

interaction between ethanol application and dose (two-way repeated measures ANOVA,

F(2,28) = 7.1, p < 0.01), with mean eIPSP amplitudes increasing only after 100 mM (47.9 ±

10.3% of baseline; Bonferroni posthoc test, p < 0.05) but not after 44 mM (111 ± 7% of

baseline) or 66 mM (109 ± 7% of baseline) ethanol (Fig. 1A and B ). In addition, the number

of individual cells that were ethanol-responsive (defined as a ≥15% increase in a single

eIPSP amplitude) increased from 4 of 12 to 8 of 12, and to 8 of 8 cells in the presence of 44,

66, and 100 mM ethanol, respectively.

Analysis of acute ethanol effects on PPF by ANCOVA showed no significant dose × strain

interactions or main effects of dose or strain. However, because we have previously shown

that application of 44 mM ethanol always augments PPF in outbred rodents (Bajo et al,

2008; Cruz et al, 2011; Roberto et al, 2003; Roberto et al, 2004a; Roberto et al, 2004b), we

tested whether the lack of ethanol effect on PPF in CD 14 KO CeA might result from the

inclusion of higher doses, which do not generate PPF. When the effects of 44 mM ethanol

were analyzed separately by two-way repeated measures ANOVA, we found a significant

ethanol application × mouse strain interaction (F(1,17) = 5.6; p < 0.05) with no main effects

of mouse strain or ethanol application. Bonferroni posthoc test showed that 44 mM ethanol

significantly reduced the paired-pulse ratio by 22.2 ± 8.2% (p < 0.05; Fig. 1C) in WT but

not CD14 KO CeA (108.5 ± 9.5% of baseline), suggesting increased presynaptic GABA

release in control WT neurons only. Notably, we did not see a significant ethanol application

× mouse strain interaction or main effect of mouse strain or acute ethanol application alone

on PPF at ethanol concentrations of 66 or 100 mM in WT (66 mM: 101.9 ± 6.7% of

baseline; 100 mM: 91.0 ± 4.0% of baseline) or CD14 KO mice (66 mM: 100.0 ± 6.8% of

baseline; and 100 mM: 108.4 ± 18.3% of baseline; Fig. 1C), suggesting that most changes in

eIPSPs are likely to be postsynaptic at these higher concentrations.

TLR4 and CD14 may play different roles in acute ethanol effects on CeA GABAergic
transmission

To assess the role of TLR4 in ethanol action, we used (+)-naloxone, a non-opioid TLR4

inhibitor that binds specifically to the TLR4-MD-2 complex, with no affinity for mu or other

opioid receptors (Hutchinson et al, 2008; Iijima et al, 1978). We superfused 10 µM (+)-

naloxone, a concentration shown to be effective in blocking TLR4-MD-2 complex

activation (Hutchinson et al, 2008; Hutchinson et al, 2010), with the minimally effective

ethanol concentrations in the CeA of WT (44 mM ethanol) or CD14 KO (100 mM ethanol)

mice. Co-application of ethanol during (+)-naloxone superfusion did not significantly alter

the membrane properties or I/V relationships in neurons from either mouse strain (data not
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shown). In WT CeA, one-way ANOVA (F(2,10) = 9.8; p < 0.01) followed by Newman-

Keuls posthoc test showed that (+)-naloxone alone had no significant effect on the mean

eIPSP amplitudes (108.7 ± 6.1% of baseline; Fig. 2A and B). Pretreatment with (+)-

naloxone delayed and blunted 44 mM ethanol-induced potentiation of GABAergic

transmission in the CeA neurons; ethanol co-applied with (+)-naloxone eventually increased

the mean eIPSP amplitude by 20.1 ± 4.2%, but only after 20 minutes of ethanol application

(Fig. 2A and B). Neither (+)-naloxone alone (106.5 ± 12.6% of baseline) nor (+)-naloxone

+ethanol co-application (93.6 ± 2.7% of baseline) changed PPF significantly.

Notably, in CD 14 KO mice, there was a significant difference between drug treatments

(one-way ANOVA, F(2,12) = 5.6, p < 0.05). (+)-Naloxone alone significantly decreased

mean eIPSP amplitudes by 20.6 ± 4.9% (Newman-Keuls test, p < 0.05; Fig. 2A and B). (+)-

Naloxone pre-treatment did not inhibit 100 mM ethanol-induced increase in mean eIPSP

amplitudes (see above), as 100 mM ethanol increased amplitudes by 25 ± 9.3% compared to

the (+)-naloxone response (Newman-Keuls test, p < 0.05) and returned the mean eIPSP

amplitudes to baseline levels (105 ± 9.3% of baseline). PPF was not significantly changed

by (+)-naloxone (104.1 ± 15.1% of baseline) or by (+)-naloxone+ethanol (96.0 ± 11.3% of

baseline) as shown by one-way ANOVA (F(2,10) = 0.4; p > 0.05), suggesting a postsynaptic

mechanism of action. These results suggest that, unlike CD 14, the TLR4-MD-2 complex

may not be critically involved in the slowly-developing acute effects of 44 mM ethanol on

GABAergic transmission in CeA neurons or of the high (100 mM) ethanol concentration in

CD14 KO mice. Moreover, our results suggest that concurrent inhibition of the TLR4-MD-2

complex and a deficiency of CD 14 may act via independent and opposing mechanisms in

the action of 100 mM ethanol, perhaps due to the opposing effects of (+)-naloxone and

ethanol on the eIPSPs in CD 14 KO mice.

LPS increases the amplitude of eIPSPs in the CeA

We constructed a LPS concentration-response curve in the CeA of control mice by

superfusing 10, 25 or 50 µg/ml of LPS; we found no significant changes in the membrane

properties or I/V relationships at any of these concentrations (Student’s t-test, data not

shown). Two-way repeated measures ANOVA demonstrated a significant main effect of

LPS (F(1,20) = 13.8, p < 0.01) but no main effect of dose or LPS × dose interaction (F(2,20)

= 3.4, p = 0.053) on the mean IPSP amplitude (Fig. 3A and B). In the case of PPF, two-way

ANOVA showed a significant main effect of dose (F(2,20) = 4.0, p < 0.05) but no

significant main effect of LPS or LPS × dose interaction, suggesting that LPS application

did not alter PPF (Fig. 3C). Given the lack of effect at 10 µg/ml (99.9 ± 0.9% of baseline)

and the near statistical significance of LPS × dose interaction, we analyzed effects of each

LPS dose separately. LPS significantly increased the mean amplitude of eIPSPs at 25 (133.2

± 9.4% of baseline; one-way ANOVA, F(2,10) = 11.40; p < 0.01) and 50 (122.3 ± 6.9% of

baseline; F(2,10) = 6.4; p < 0.05), whereas it had no effect at 10 µg/ml (99.9 ± 0.9% of

baseline; Fig. 3A and B). Therefore, we chose higher doses of LPS (25 and 50 µg/ml) for

further testing. As with WT mice, we found no changes in membrane properties or I/V

relationships during LPS superfusion (data not shown) in CeA neurons of CD14 KO mice.

Using analyses of covariance to determine the relationship between mouse strain and LPS

dose, we found a significant main effect of strain (F(1,39) = 8.1, p < 0.01) with no
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significant concentration × strain interaction, suggesting that deletion of CD 14 alters the

response to LPS in a concentration-independent manner. Separate analyses of LPS responses

by strain demonstrated a significant main effect of LPS application in the CeA of WT mice

(two-way repeated measures ANOVA, F(1,15) = 26.2, p < 0.01), without LPS dose or dose

× LPS application interaction, whereas we observed no significant effects in CD 14 KO

mice (Fig. 3A and B ). Analyses of covariance showed no significant dose × mouse strain

interaction, main effects of dose, or main effects of mouse strain. These results suggest an

involvement of CD 14 in mediating LPS effects on GABAergic transmission in CeA

neurons.

Our PPF data indicate that acute LPS effects on GABAergic transmission in WT mice may

be mediated by postsynaptic mechanisms rather than presynaptic GABA release. This

suggestion was supported by the LPS-induced modulation of mIPSCs: 25 µg/ml LPS

increased mIPSC amplitudes by 27.8 ± 4.6% (t(8) = 7.52, p < 0.01; Fig. 4A, C and E) but

had no significant effect on mIPSC frequencies (114.9 ± 11.5% of baseline; Fig. 4A, B and

D). Moreover, LPS significantly increased the mean decay time by 18.5 ± 6.7% (t(8) = 2.92,

p < 0.05) and the area of mIPSCs by 55.1 ± 10.4% (t(8) = 6.78, p < 0.01), whereas it had no

effect on the mean rise time of mIPSCs (108.8 ± 7.9% of baseline; Table S2). Overall, these

results suggest that LPS modulates kinetic properties of GABAA receptors and supports

postsynaptic sites of LPS action on GABAergic transmission in the CeA.

To assess the role of the TLR4-MD2 complex in the LPS effects, we used 10 µM (+)-

naloxone and 25 µg/ml LPS, the minimum concentration eliciting a potent effect on

GABAergic transmission in the CeA (Fig. 2). Notably, (+)-naloxone superfused alone had

no significant effect on membrane properties or I/V relationships of eIPSPs. We found no

significant difference between the treatment groups (one-way ANOVA, F(3,10) = 0.4; p

>0.05), indicating that (+)-naloxone alone (108.2 ± 10.1% of baseline) had no effect on IPSP

amplitudes and that (+)-naloxone pre-treatment for 20 min prevented the LPS-induced

increase in mean IPSP amplitudes (106.0 ± 14.9% of baseline; Fig. 5A and B). Neither (+)-

naloxone (119.1 ± 13.4% of baseline) alone nor (+)-naloxone+LPS (105.0 ± 15.3% of

baseline) had a significant effect on PPF (F(3,5) = 0.5; p >0.05; Fig. 5C and D). These

results indicate a critical role for the TLR4-MD2 complex in LPS-induced effects on

GABAergic transmission in CeA neurons. Thus, LPS modulation of GABAergic

transmission in the CeA may require both CD 14 and the TLR4-MD2 complex.

Co-application of LPS and ethanol modulates GABAAergic transmission

Because ethanol and LPS both augmented eIPSP amplitudes in control mice but appeared to

act through different mechanisms (pre- versus postsynaptic sites), we characterized the

effects of co-application of LPS and ethanol. We used an effective concentration of LPS (25

µg/ml) (Fig. 1 and 2) and ethanol (44 mM) that both augment GABAergic transmission (Fig.

1), as shown here and reported in our previous publications (Roberto et al, 2003; Roberto et

al, 2004b). We first applied 25 µg/ml LPS for 20 min followed by subsequent co-application

of 44 mM ethanol. In separate CeA neurons, the reverse application was tested, using

superfusion of 44 mM ethanol for 20 min followed by co-application of LPS (25 µg/ml) for

an additional 20 min. A three-way ANOVA showed significant differences between
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genotypes (F(1,34) = 7.0, p < 0.05) and treatments between the mouse strains (F(2,68) = 6.1,

p < 0.01). Using three-way ANOVA for effects on PPF, we found a significant difference

only in treatment order (F(1,32) = 5.4, p < 0.05). When we analyzed the data separately by

genotype, one-way ANOVA (F(2,12) = 12.9; p < 0.01) followed by Newman-Keuls posthoc

test (p < 0.05) showed that LPS alone significantly increased mean IPSP amplitudes in CeA

of WT mice by 19.5 ± 4.1% compared to baseline, and subsequent co-application of ethanol

further potentiated the mean amplitude to 138.8 ± 9.6% of baseline (Fig. 6A and B). In

addition, there was a significant difference between effects of ethanol pretreatment and

ethanol+LPS co-application on the IPSP amplitude (Newman-Keuls, p < 0.05). There was

no significant change in PPF (data not shown) elicited by either LPS alone (90.2 ± 5.1% of

baseline) or LPS-ethanol co-application (112.8 ± 11.7% of baseline).

There also was a significant effect of ethanol and ethanol-LPS treatment (one way ANOVA,

F(2,14) = 10.5; p < 0.01; Fig. 6C and D) when we reversed the order of LPS and ethanol co-

applications. Ethanol pretreatment increased the mean IPSP amplitudes by 21 ± 7.3%

(Newman-Keuls, p < 0.05). Surprisingly, subsequent ethanol+LPS co-application did not

significantly potentiate the ethanol effect: the mean IPSP amplitude increased by only 26.9 ±

10.1% compared to baseline (p < 0.05). Although initial ethanol alone slightly decreased

PPF (to 90.4 ± 7.6% of baseline), there was no significant difference in effects on PPF

between the groups (F(2,10) = 0.6; p > 0.05).

We found a significant difference between the treatment groups in CeA neurons of CD 14

KO mice (one-way ANOVA, F(2,24) = 12.5; p < 0.01). LPS alone did not significantly alter

the mean IPSP amplitudes (107.5 ± 4.3% of baseline; Newman-Keuls), but subsequent co-

application of 44 mM ethanol with LPS significantly increased mean amplitude by 32.3 ±

6.7% compared to baseline (Newman-Keuls, p < 0.05) and compared to LPS alone

(Newman-Keuls, p < 0.05; Fig. 6A and B). This increase was not associated with changes in

PPF (94.3 ± 8.1% of baseline; data not shown), suggesting a predominantly postsynaptic

mechanism of action. Analysis of the inverse relationship (ethanol treatment followed by

LPS co-application) showed no significant difference in effects on IPSP amplitudes (F(2,18)

= 0.22, p > 0.05) and PPF (F(2,18) = 0.28, p > 0.05) between treatment groups of CD14 KO

mice (Fig. 6C and D).

Overall, these data indicate that LPS pretreatment may be additive with ethanol effects on

eIPSP amplitudes in CeA neurons of WT mice and pre-emptive for ethanol effects in CeA of

CD 14 KO mice. By contrast, ethanol pretreatment seems to occlude the usual LPS effects

on eIPSPs in the CeA of control mice. Thus, ethanol and LPS likely act on GABAergic

transmission in CeA via distinct mechanisms, such as pre- versus postsynaptic actions.

DISCUSSION

To our knowledge this is the first report of the effects of LPS on GABAergic transmission in

the CeA and identifies a role for CD 14 and TLR4 in acute ethanol effects on this

transmissionresponses. Our data indicate that moderate (44 mM) but not high ethanol

concentrations (100 mM) require CD14 for augmentation of GABAergic neurotransmission.

In addition, our findings with (+)-naloxone suggest that the TLR4-MD-2 complex may be
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involved in the early acute effects of 44 mM ethanol, but may not be required for the late

potentiation of GABAergic transmission by ethanol or by high ethanol concentrations

involving a postsynaptic mechanism. LPS potentiates GABAergic transmission in a majority

of CeA neurons, probably by a postsynaptic mechanism that is both CD 14- and TLR4-

MD-2 complex-dependent. Studies suggest that LPS pre-treatment may elicit additive

effects, whereas ethanol pre-treatment may occlude LPS effects. Overall, our data suggest

different roles for CD 14 and TLR4, particularly those likely mediated by the TLR4-MD-2

complex, in the acute effects of ethanol on CeA GABAergic transmission.

GABAergic responses in CeA are known to play a critical role in ethanol drinking and

dependence (Foster et al, 2004; Roberts et al, 1996). Acute application of ethanol increases

GABAergic transmission in rodent CeA neurons predominantly via presynaptic increase in

GABA release (Bajo et al, 2008; Herman et al, 2013; Roberto et al, 2003; Roberto et al,

2004b). In the present study, CD14 played a critical role in ethanol effects on GABAergic

transmission, given that 44 mM ethanol had no significant effect on eIPSPs in the CeA from

CD14 KO mice. Ethanol potentiation of GABAergic transmission in CeA neurons from

CD14 KO mice at high (100 mM) but not moderate (< 66 mM) ethanol concentrations

suggests that ethanol-induced presynaptic GABA release is decreased or absent in these null

mutant mice. We reported previously that ethanol had maximum effects at 44 mM in the

rodent CeA (Nie et al, 2009; Roberto et al, 2003) in agreement with our current findings.

Although ethanol acts predominantly via presynaptic mechanisms in this region, it also has

postsynaptic actions (Herman et al, 2013; Roberto et al, 2003). Our previous and current

findings also support both pre-and postsynaptic mechanisms for ethanol action. The lack of

significance for higher ethanol concentrations on PPF or ethanol and LPS interactions may

result from concomitant pre- and post-synaptic effects that could mask individual responses,

in agreement with previous findings (Kallupi et al, 2013). We speculate that in CD 14 KO

mice, the pharmacodynamic profile for ethanol in the CeA is different than that in WT mice,

with significant ethanol effects only at a high concentration (100 mM) but not

concentrations (44 and 66 mM) that are maximally effective in WT CeA (Roberto et al,

2003; Roberto et al, 2004b). Differences in postsynaptic GABAA receptor sensitivity to 80

mM ethanol have been reported in high versus low alcohol preferring rats (Poelchen et al,

2000). In addition, several reports have shown dose-dependent differences in ethanol effects

on GABAergic transmission at postsynaptic sites in various experimental conditions

(Blednov et al, 2011b; Chung and Moore, 2009; Jia et al, 2005; McCool et al, 2003; Sebe et

al, 2003). In general, major factors determining ethanol action and sensitivity of GABAA

receptors include the synaptic and cellular localization, subunit composition and intracellular

modulation (e.g., phosphorylation) of GABAA receptors (Criswell et al, 2008; Farrant and

Nusser, 2005; Weiner and Valenzuela, 2006). Thus, we hypothesize that the deletion of CD

14 may not only block ethanol-induced presynaptic GABA release but also alter

postsynaptic GABAA receptors (e.g., subunit composition and/or intracellular signaling

modulation). Moreover, aspecific or off-target sites, including extrasynaptic GABA receptor

activation, may be involved in mediating effects of high doses of ethanol (Herman et al,

2013; Jia et al, 2005; McCool et al, 2003; Sebe et al, 2003).

In addition to the requirement for CD 14, the LPS-induced augmentation of eIPSPs may

require the TLR4-MD-2 complex. MD-2 is an accessory protein that binds to the
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extracellular domain of TLR4 (Nagai et al, 2002). MD-2 and CD14 play different roles in

activation of TLR4: CD 14 appears to be a universal adaptor for both damage-associated

molecular patterns (DAMPs) and microbial-associated molecular patterns (MAMPs),

whereas MD-2 only recognizes exogenous MAMPs such as LPS (Chun and Seong, 2010).

Our results with (+)-naloxone support a TLR4-dependent mechanism for acute, moderate

concentrations of ethanol and a TLR4-MD-2-independent role for prolonged or high-dose

ethanol in WT mice. We speculate that prolonged ethanol application or a high

concentration (100 mM) may release DAMPs (endogenous ligands for TLR4 such as

HMGB-1 and heat-shock proteins) that activate TLR4 pathways via CD 14. Although

effects of acute ethanol on release of DAMPS in brain slices are unknown, both prolonged,

acute ethanol (> 1 hour) and chronic ethanol may release DAMPs (Bowers et al, 2006;

Crews et al, 2012). These findings may support DAMPs as potential mediators in ethanol

activation of neuroimmune responses, especially following prolonged and chronic ethanol

exposure (Crews et al, 2011).

The direct (+)-naloxone-induced reduction of GABAergic transmission in the CeA of CD 14

KO mice suggests that TLR4-MD2 signaling may be involved in the ongoing regulation of

Ce A GABAergic responses, perhaps as a compensation for the CD 14 deletion. The

inability of LPS to potentiate GABAergic transmission in CD 14 KO mice supports a critical

role for CD 14 in LPS-mediated activation of TLR4. However, it is possible that (+)-

naloxone also acts via TLR4-MD-2- and CD14-independent mechanisms, such as the TLR4-

independent activation of PI3K (phosphoinositide-3 kinase) signaling detected in

macrophages from TLR4−/− mice (Miller Yi Fau - Viriyakosol et al; Miller et al, 2005), the

increased localization of PI3K to lipid rafts, hyperphosphorylation of Akt (also called

Protein kinase B), and/or reduced activation of p38 shown in macrophages from CD14

deficient mice (Miller et al, 2005; Sahay et al, 2009). Moreover, (+)-naloxone binding to the

TLR4-MD2 complex, also localized in lipid-rafts (Blanco and Guerri, 2007; Szabo et al,

2007), could indirectly induce intracellular signaling, resulting in decreased GABAergic

responses in CeA neurons of CD14 KO mice.

Although the TLR4-MD-2 complex may not be required for prolonged or high-dose ethanol

effects on GABAergic neurotransmission, there is evidence for complex interactions

between TLR4 and ethanol. In our LPS+ethanol co-application studies, when LPS

presumably activated TLR4 and augmented eIPSPs prior to ethanol application, the ethanol-

LPS co-application resulted in further enhancement of GABAergic transmission, probably

via distinct additive mechanisms. By contrast, pre-treatment with ethanol occluded LPS

elicited TLR4-dependent enhancement of GABAergic transmission. It has been reported that

low to moderate, physiologically-relevant concentrations of ethanol (10–50 mM) can

induce/recruit the TLR4/IL-1RI complex into lipid rafts, triggering downstream signaling

events (Blanco et al, 2008; Fernandez-Lizarbe et al, 2013; Fernandez-Lizarbe et al, 2008;

Lewis et al, 2013; Wu et al, 2012), similar to LPS activation of TLR4 signaling.

Ethanol promotes the association of TLR4 with TLR2 in lipid rafts, suggesting a mechanism

for ethanol enhancement of TLR function (Fernandez-Lizarbe et al, 2013). For our studies, a

critical question is the possible neuronal localization of TLR4. In CeA, TLR4 is expressed in

neurons as well as in microglia (Liu et al, 2011). Thus, LPS- and ethanol-induced
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modulation of CeA GABAergic transmission could result from direct neuronal effects in

addition to effects mediated via neuron-microglia interactions. Notably, it has been shown in

brain slices that microglia can play a role in an LPS-induced, rapid-transient increase in the

frequency of excitatory postsynaptic currents in hippocampal slices, supporting microglial

involvement in the modulation of synaptic transmission (Pascual et al, 2012). Both LPS and

ethanol activate TLR4 in microglia, although differences in the intracellular signaling

pathways activated by LPS and ethanol have been reported (Kacimi et al, 2011; Wu et al,

2012). Overall effects of LPS and ethanol pre-treatment followed by LPS-ethanol and

ethanol-LPS co-application, respectively, on GABAergic transmission in the CeA seem

likely to be determined by both direct neuronal effects and interactions of inflammatory

mediators (cytokines and chemokines) (Ikonomidou et al, 2000; Mukherjee et al, 2008) and

neurotransmitters (e.g., GAB A, ATP) released from microglia and neurons (Fontainhas et

al, 2011; Lee, 2013; Mead et al, 2012; Wong et al, 2011). Thus, we speculate that the

increase in GABAergic transmission induced by LPS-ethanol co-application following LPS

pre-treatment may involve increases in pro-inflammatory cytokines and in extracellular ATP

levels, all reported to facilitate GABAergic transmission (Bowser and Khakh, 2004;

Ikonomidou et al, 2000; Mukherjee et al, 2008). By contrast, although ethanol stimulates the

TLR response, this stimulation is inhibited by TLR4 ligands (Fernandez-Lizarbe et al,

2008), possibly explaining our finding of occlusion of LPS effects by ethanol pre-treatment.

Another possible mechanism for this occlusive effect is the inactivation of microglia by

GABA, a negative regulator of LPS activation in microglia and astrocytes (Lee et al, 2011).

We speculate that ethanol-induced increases in GABA release may inhibit activation of

microglia and thus prevent further TLR4 signaling, blocking LPS potentiation of

GABAergic transmission.

In CD 14 KO mice, we found no overall changes in CeA GABAergic transmission elicited

by ethanol pretreatment followed by ethanol-LPS co-application. However, it is puzzling

that ethanol effects on GABAergic transmission were restored in CD14 KO mice following

LPS-pre-treatment. As with (+)-naloxone effects, a possible explanation may be altered

signal transduction, particularly via PI3K, Akt and p38, found in CD14 deficient mice

(Sahay et al, 2009). Thus, acute LPS may “prime” microglia and/or neurons by modulating

intracellular signaling through CD 14-independent mechanisms, allowing ethanol to enhance

CeA GABAergic transmission despite CD 14 deficiency.

Genomic and behavioral studies have shown that CD 14 and TLR4 also play a role in

ethanol intake and preference. Expression of CD 14 is down-regulated in brain of alcohol

preferring mice (Mulligan et al, 2006). In contrast, CD14 deficiency reduces ethanol

preference in male mice, and ethanol preference and intake in females, in a 24-hr two-bottle

choice test but not under limited access to ethanol (Blednov et al, 2012). CD14 deficiency

also blocks the long-lasting increases in ethanol intake induced by systemic administration

of LPS (Blednov et al, 2011a). Because GABAergic transmission in the CeA is involved in

ethanol drinking behavior (Foster et al, 2004; Hyytia and Koob, 1995; Roberts et al, 1996),

our results showing CD14-dependent enhancement of GABAergic transmission by ethanol

may represent a cellular mechanism underlying the ethanol drinking behavior previously

reported for CD 14 KO mice. We speculate that down-regulated CD 14 may decrease the
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reinforcing ethanol effects that are overcome by the increased ethanol drinking of the

alcohol preferring mice (Mulligan et al, 2006). Binge drinking is reported to depend on

GABAA receptor a2-subunit-dependent regulation of TLR4 expression in the CeA (Liu et al,

2011), suggesting that CeA TLR4 signaling plays a critical role in alcohol self-

administration. In addition, TLR4 signaling is important for the acute sedative and motor

impairing effects of ethanol (Wu et al, 2012), consistent with an interaction between TLR4

and GABAergic signaling (Blednov et al, 2013). Thus, these data combined with our present

findings suggest that CD 14 and TLR4 in the CeA both play important roles in alcohol

drinking behavior that is mediated, at least partially, by CD 14- and TLR4-dependent

modulation of GABAergic transmission.

In summary, our study highlights a crucial role for CD 14 in the potentiation of GABAergic

transmission by ethanol (< 66 mM) and suggests that LPS activation of TLR4 signaling

potentiates GABAergic transmission in the CeA via a postsynaptic mechanism. Ethanol and

LPS-TLR4 signaling may act via distinct mechanisms resulting in additive or occlusive

interactions. Our findings also indicate that both CD 14 and the TLR4-MD-2 complex are

required for LPS-induced potentiation of CeA GABAergic transmission. These complex

interactions of ethanol with neuroimmune mechanisms and GABAergic transmission could

ultimately form the basis for a new therapeutic approach to alcohol dependence.
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Figure 1. Ethanol concentration-response analysis in CeA of WT control and CD14 KO mice
A) Representative traces from intracellular recordings of evoked GABAA-IPSPs (eIPSPs) in

CeA neurons from control WT (top panel) and CD14 KO mice (bottom panel). B) Ethanol at

concentrations of 44 (n = 12), 66 (n = 8) and 100 mM (n = 4) significantly increased mean

eIPSP amplitudes in WT mice. In CD14 KO mice, with superfusion of 44 mM (n = 12), 66

mM (n = 12) and 100 mM (n = 8), only the supramaximal (in WT mice) ethanol

concentration of 100 mM increased mean eIPSP amplitudes. C) Ethanol effects on paired-

pulse facilitation (PPF) in CeA of WT and CD 14 KO mice. Values represent mean ± SEM,

Bajo et al. Page 19

Brain Behav Immun. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



and statistical significance (* and ^) was set at p < 0.05. (^) was calculated by ANCOVA

and (*) by Bonferroni post-hoc test. Note that only the 44 mM ethanol concentration in WT

CeA significantly affected PPF, suggesting a presynaptic increase in GABA release in this

case.
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Figure 2. A possible role for TLR4 in ethanol effects on GABAergic transmission
A) Time-course of effects of (+)-naloxone (10 µM) pre-treatment on ethanol-induced

increases in eIPSP amplitudes in WT and CD 14 KO mice. Ethanol 44 mM, a maximally

effective concentration in controls, was added to the (+)-naloxone superfusing CeA slices

from WT mice (see bars, left panel), and 100 mM ethanol (maximal in CD14 CeA) added to

the CeA slices of CD14 KO mice (right panel). Time points represent 4 min bins of mean

evoked IPSP amplitudes following (+)-naloxone, (+)-naloxone+ethanol, and washout. B)
There was no effect of (+)-naloxone alone on the mean amplitudes of eIPSPs in CeA of WT

mice (n = 6), but (+)-naloxone delayed and weakened the ethanol potentiation of the mean

amplitude of eIPSPs (left panel) compared to untreated slices (see Figure 1B). (+)-naloxone

alone significantly decreased the mean eIPSP amplitudes in CeA slices of CD14 KO (n = 7)

mice, but did not prevent the 100 mM ethanol augmentation of eIPSP amplitudes back to

baseline levels (right panel). Statistics: *compares effects of (+)-naloxone and (+)-naloxone

+ethanol to baseline; p < 0.05. # indicates significant differences between effects of (+)-

naloxone and (+)-naloxone+ethanol on eIPSPs with p < 0.05.
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Figure 3. LPS augments eIPSPs in WT CeA: concentration-response analysis
A) Representative recordings from CeA neurons of WT and CD 14 KO mice following 25

µg/ml LPS superfusion. B) LPS at 25 (n = 8) and 50 (n = 6), but not 10 µg/ml (n = 6)

significantly increased mean amplitudes of eIPSPs in WT mice, whereas the tested

concentrations were ineffective in CeA of CD14 KO mice (25 µg/ml: n = 13; 50 µg/ml: n =

8). D) LPS had no significant effect on the PPF ratios in CeA of WT or CD 14 KO mice.

Statistical significance was set at ^ p < 0.05, and values correspond to mean ± SEM.
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Figure 4. LPS effects on mIPSCs suggest postsynaptic mechanisms of action
A) Representative whole-cell current recording of mini IPSCs in a mouse CeA neuron (Vh =

−60 mV) superfused with LPS (25 µg/ml). B) Cumulative fractions calculated by

Kolmogorov-Smirnov sample test show that LPS did not change mIPSC frequency

fractions. C) However LPS significantly shifted the amplitude fractions to the right,

representing an increase in amplitude (p < 0.05). D) Summed data: LPS had no significant

effect on mean GABAergic mIPSC frequency, but E) increased the mean amplitude of

mIPSCs . Statistical significance * was set at p < 0.05 and calculated by Student’s t-test.
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Figure 5. LPS effects on eIPSPs are likely mediated by the TLR4-MD-2 complex
A) Representative multiple overlapping recordings from an individual CeA neuron from WT

mouse following superfusion of ACSF only (baseline), (+)-naloxone (10 µM) and co-

application of (+)-naloxone and LPS (25 µg/ml). B) Summed data: (+)-naloxone (10 µM), a

selective TLR4 inhibitor, had no effect on mean eIPSP amplitudes but blocked the usual

(compare to Figure 3A and B) 25 µg/ml LPS-induced increase in mean amplitudes of eIPSPs

in WT mice (n = 6). C) Representative traces of PPF from an individual neuron, showing no

change after LPS. D) (+)-naloxone and subsequent co-application of LPS did not alter PPF
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ratio significantly. Dashed horizontal lines represent an average of 4 minutes of recorded

baseline
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Figure 6. LPS and ethanol interactions in CeA of WT and CD14 KO mice
A) Time-course of the influence of LPS (25 µg/ml) pre-treatment on ethanol (44 mM)

effects on evoked GABAA-IPSPs in CeA neurons from WT (n = 7) and CD14 KO (n = 13)

mice. Statistical significance: *represents p < 0.05 and was calculated by one-sample t-test.

B) Summed data showing that LPS alone increased mean eIPSPs and potentiated the 44 mM

ethanol-induced increase in mean eIPSP amplitudes in WT mice and restored ethanol effects

in the CeA of CD 14 KO mice, without showing a direct of LPS. Statistical significance:

*LPS pre-treatment and LPS+ethanol co-application effects compared to baseline; #LPS
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+ethanol effects compared to LPS pre-treatment and washout. *represents p < 0.05, and **is

p < 0.01. C) Time-course of the effects of ethanol pre-treatment and ethanol+LPS co-

application on eIPSPs, showing a robust increase in eIPSP amplitudes by ethanol followed

by an apparent occlusive effect on LPS action in WT mice; both effects are abolished in the

CD 14 KO. Statistical significance *represents p < 0.05. D) Summed data: ethanol 44 mM

pre-treatment occluded LPS-induced increases in evoked IPSP amplitudes in WT (n = 8)

mice but neither ethanol nor ethanol plus LPS had any effect in CD14 KO (n = 10) mice.

Statistical significance: * and ** are p < 0.05 and p < 0.01, respectively; effects compared to

baseline; # and ^ are p < 0.05 and represent differences in the effects of ethanol and ethanol

+LPS application compared to washout.
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