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Abstract

Cognitive impulsivity is a heritable trait believed to represent the behavior that defines the volition 

to initiate alcohol drinking. We have previously shown that a neuronal Toll-like receptor 4 (TLR4) 

signal located in the central amygdala (CeA) and ventral tegmental area (VTA) controls the 

initiation of binge drinking in alcohol-preferring P rats, and TLR4 expression is upregulated by 

alcohol-induced corticotropin-releasing factor (CRF) at these sites. However, the function of the 

TLR4 signal in the nucleus accumbens shell (NAc-shell), a site implicated in the control of 

reward, drug-seeking behavior and impulsivity and the contribution of other signal-associated 

genes, are still poorly understood. Here we report that P rats have an innately activated TLR4 

signal in NAc-shell neurons that co-express the α2 GABAA receptor subunit and CRF prior to 

alcohol exposure. This signal is not present in non-alcohol drinking NP rats. The TLR4 signal is 

sustained by a CRF amplification loop, which includes TLR4-mediated CRF upregulation through 

PKA/CREB activation and CRF-mediated TLR4 upregulation through the CRF type 1 receptor 

(CRFR1) and the MAPK/ERK pathway. NAc-shell Infusion of a neurotropic, non-replicating 

herpes simplex virus vector for TLR4-specific small interfering RNA (pHSVsiTLR4) inhibits 

TLR4 expression and cognitive impulsivity, implicating the CRF-amplified TLR4 signal in 

impulsivity regulation.
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INTRODUCTION

Cognitive impulsivity is a heritable trait generally defined as a tendency to act without 

thinking that correlates with drug addiction and is believed to represent the ethanol-seeking 

behavior, which precedes steady alcohol consumption (Beckwith and Czachowski, 2014; 

Oberlin and Grahame 2009). Stressor-induced elevations in the corticotropin-releasing factor 

(CRF) system regulate impulsivity and play a key role in the transition to escalated drug 

taking, including excessive ethanol drinking (Gondre-Lewis et al., 2016; Lowery-Gionta et 

al., 2012). However, the genes that regulate the predisposition to initiate alcohol drinking, 

their potential interaction at distinct brain sites, and their contribution to impulsivity, if any, 

are still poorly understood.

Toll-like receptors (TLRs) are largely recognized as neuroimmune signals located in neurons 

and glial cells (Takeda and Akira, 2015). An extensive body of literature has associated one 

of the TLRs, TLR4, with a lifetime of alcohol consumption and adaptation during ethanol 

exposure, likely involving differentially activated neuronal and glial signaling pathways. 

This includes the findings that systemic injection of the TLR4-specific ligand, bacterial 

endotoxin lipopolysaccharide (LPS) increases voluntary alcohol consumption in mice, and 

human alcoholics have elevated levels of plasma LPS (Alfonso-Loeches et al., 2016; 

Blednov et al., 2011; Breese and Knapp, 2016; Crews et al., 2017; Leclercq et al., 2012; 

Pandey, 2012; Pascual et al., 2011). Pharmacologic and genetic studies suggested that 

alcohol induces CRF signaling in the central amygdala (CeA) and it plays a significant role 

in the maintenance of addiction, apparently via activation of the CRF1 receptor [CRFR1] 

(Dedic et al., 2017; Gondre-Lewis et al., 2016; Koob et al., 2014, Lowery-Gionta et al., 

2012; Phillips et al., 2015).

We have previously shown that alcohol-preferring (P) rats, which fulfill most of the criteria 

for an animal model of human alcohol abuse (Bell et al., 2006), have a neuronal TLR4/ 

monocyte chemoattractant protein 1 (MCP-1) signal located in the CeA and the ventral 

tegmental area (VTA) that controls the predisposition to initiate alcohol drinking and is 

regulated by the γ-aminobutyric acidA (GABAA) receptor α2 subunit. Significantly, 

however, this signal does not function in the ventral pallidum (VP), documenting the 

existence of dominant regulatory mechanisms at distinct brain sites (Liu et al., 2011). 

Furthermore, alcohol-induced CRF expression in the CeA and VTA upregulates TLR4 (June 

et al., 2015), establishing a potential link between stress and TLR4 expression at these brain 

sites. However, the role of the CRF/CRFR1 system and its interaction with the TLR4 signal 

in defining the predisposition of non-alcohol exposed rats to initiate alcohol drinking, 

particularly as it relates to impulsivity regulation, have not been investigated.

We report that in the nucleus accumbens shell (NAc-shell), a site implicated in the control of 

reward, drug-seeking behavior and impulsivity (Chaudhri et al., 2010; Feja et al., 2014) the 

levels of TLR4, CRF and α2 GABAA receptor subunit (α2), and the percentage of co-
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expressing neurons, are significantly higher in P, than non-alcohol preferring (NP) rats. The 

TLR4 signal is innately activated in P rats before exposure to alcohol, as evidenced by 

increased expression and nuclear localization of the phosphorylated transcription factor 

cAMP response element-binding protein (CREB). Activation is sustained by a CRF 

amplification loop that includes TLR4-induced CRF expression through protein kinase A 

(PKA)/CREB activation and CRF feedback regulation of TLR4 expression through CRFR1 

and mitogen-activated protein kinases/ extracellular signal-regulated kinases (MAPK/ERK) 

activation. The TLR4 signal regulates impulsivity, as evidenced by the finding that it is 

markedly reduced through TLR4 inhibition by NAc-shell infusion of a neurotropic HSV 

vector for TLR4 siRNA (pHSVsiTLR4).

MATERIALS AND METHODS

Animals

Alcohol preferring (P) (n = 59; 3 – 4 months old; 250–550g) and non-preferring (NP) rats 

(n=14, 3–4 months old; 250–550g) were obtained from the Alcohol Research Center, 

Indiana University School of Medicine. P rats perform an operant response for access to 

ethanol that is not performed by the NP rats, develop both tolerance and physical 

dependence following excessive intake, and upon removal, show signs of withdrawal 

following chronic consumption (Bell et al., 2006). Animals were individually housed, 

maintained at an ambient temperature of 21°C and a reverse 12 h light/dark cycle and 

provided with food and water, ad libitum. Training and experimental sessions were 

conducted between 8:30 am and 5:30 pm. Treatment was approved by the IACUC of the 

Howard University College of Medicine and all procedures were conducted in strict 

adherence with the National Institutes of Health Guide for the Care and Use of Laboratory 
Animals.

Antibodies

The following antibodies were commercially obtained and used according to the 

manufacturer’s instructions: mouse anti-GAPDH [catalog (Cat.) #sc-47724; RRID: 

AB_627678] and mouse anti-TLR4 monoclonal antibody (Cat. #sc-293072, RRID: 

AB_10611320) were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Two CRF 

antibodies were used, with similar results: (i) mouse anti-CRF monoclonal antibody (2B11) 

(Santa Cruz Biotechnology, Cat. # sc-293187, RRID: AB_2687937) that recognizes amino 

acids (aa) 154–196 in the human protein and (ii) rabbit polyclonal anti-CRF antibody (Bioss 

Antibodies, Woburn, MA, USA; Cat. # bs-0246R, RRID: AB_10885735) that recognizes 

amino acids 176–196 in the human protein. Other used antibodies include rabbit phospho-

CREB (pCREB; Ser133; Cat. # 9198, RRID: AB_2561044), rabbit phospho-PKA (pPKA; 

Thr197; Cat. # 4781, RRID: AB_2300165), and rabbit phosphop44/42 MAPK (pERK1/2; 

Thr202/Tyr204; Cat # 4377, RRID: AB_331775) were from Cell Signaling Technology 

(Danvers, MA, USA). Other antibodies were goat anti-GAD67 (glutamic acid decarboxylase 

1 (GAD1)) (LifeSpan BioSciences, Seattle, WA, USA, Cat. # LS-B3027-50, RRID: 

AB_1965223), rabbit anti-CRFR1 (Thermo Fisher Scientific, Waltham, MA, USA, Cat. # 

720290, RRID: AB_2633242), rabbit anti-NF-kB p65 (Abcam, Cambridge, MA, USA, Cat. 

# ab32536, RRID: AB_776751), mouse beta Actin (β-Actin; Proteintech Group, Rosemont, 
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IL, USA, Cat. # 66009-1-Ig, RRID: AB_2687938), Alexa Fluor 488 goat anti-rabbit or 

donkey anti-goat IgG (H+L; Cat. # A11034, RRID: AB_2576217 or Cat. # A11055, RRID: 

AB_142672, respectively, Thermo Fisher Scientific), and Alexa Fluor 546 goat anti-mouse 

or goat anti-rabbit IgG (H+L; Cat.# A11030, RRID: AB_2534089, or Cat. # A11035, RRID: 

AB_2534093, respectively, Thermo Fisher Scientific). Horseradish peroxidase-labeled 

secondary antibodies were anti-rabbit (Cat. # 7074, RRID: AB_2099233, Cell Signaling 

Technology) and anti-mouse IgG (Cat. # 170-6516, RRID: AB_11125547, Bio-Rad, 

Hercules, CA, USA). The generation and specificity of the rabbit-derived GABAA α2 

antibody (W. Sieghart, Center for Brain Research, Medical University of Vienna; Vienna; 

Austria Cat# GABAA Receptor alpha 2, RRID: AB_2532077) was previously described; it 

recognizes amino acids 322–357 of the α2 protein (Liu et al., 2011). Antibody validation 

used the following criteria: (i) protein expression in some, but not other cell lines in the 

absence of non-specific reactivity, (ii) protein expression following transfection with the 

appropriate plasmid (positive control), (iii) loss of protein expression with siRNA 

knockdown (negative control), (iv) failure to inhibit protein expression with scrambled 

siRNA (siRNA control), and (v) above listed criteria applied to monoclonal and polyclonal 

antibodies that target distinct epitopes. The data are shown in Supplemental Information (SI) 

Figs. S1–S4 for TLR4, CRF and CRFR1 antibodies. Antibody specificity is further 

confirmed by data presented in the MS, notably restored protein expression upon loss of 

siRNA integrity (MS, Fig. 7B).

Cells, plasmids, transfection and reagents

SK-N-SH (human) and Neuro2a (mouse) neuroblastoma cells were from American Type 

Culture Collection (Manassas, VA, USA). SK-N-SH cells were grown in RPMI 1640 

medium with 2 mM L-glutamine (Gibco, Gaithersburg, MD, USA), 10% fetal bovine serum 

(FBS; Gemini, West Sacramento, CA, USA), and 1% Penicillin/ Streptomycin (Gibco). The 

Neuro2a cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) with 

10% FBS and 1% Penicillin/Streptomycin. The TLR4FLAG plasmid (# 42646) is a gift from 

Scott Friedman, the GABRA2phGFP plasmid (# 49169) is a gift from Tija Jacob & Stephen 

Moss, and the pEMS1153-hCRF plasmid (#29068) is a gift from Elizabeth Simpson. The 

plasmids were from Addgene (Cambridge, MA, USA). They were incubated [(15 min, room 

temperature (RT)] with FuGENE 6 Transfection Reagent (Promega, Madison, WI, USA, 

Cat. # E2693) in antibiotic-free medium and added to 50–80% confluent cultures (20 µg/

T-75 flask, 7 µg/T-25 flask or 2.6 µg/well of 6-well plate). The selective CRFR1 antagonist, 

antalarmin hydrochloride (15 nM; R & D Systems, Minneapolis, MN, USA, Cat. # 2778), 

the PKA-specific inhibitor H89 (10 µM; Cell Signaling Technology, Cat. # 9844), and the 

specific inhibitor of MAPK extracellular signaling regulated kinase (ERK) kinase (MEK), 

U0126 (20 µM; Promega, Cat. # V1121) were added to the cultures 24 h before cell 

collection. By inhibiting MEK1/2, U0126 prevents the activation of MAP kinases p42 and 

p44 (ERK1/2).

Immunofluorescence

Immunofluorescent staining was as previously described (Aurelian et al., 2016; June et al, 

2015). Cells grown on poly-L-lysine (Sigma)-coated glass coverslips (n=5/group) were fixed 

with 4% paraformaldehyde (30 min; RT) and permeabilized (2 min; 4 °C) with 0.1% Triton 
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X-100 in 0.1% sodium citrate buffer. They were exposed to primary antibody (diluted in 5% 

bovine serum albumin and 5% normal goat serum) overnight at 4 °C, washed in phosphate-

buffered saline (PBS) with 0.1% Tween 20 and exposed to fluorochrome-labeled secondary 

antibodies (1 h; RT).

Free-floating (30-µm thick) frozen sections were collected as described in Supporting 

Information (SI). Coronal serial sections from 5 rats/group were obtained from the brain 

areas containing NAc, extending from +2.5 mm anterior to bregma to +1.0 mm anterior to 

bregma (Paxinos and Watson, 2009). For each animal, five representative sections from 1:10 

series were rinsed in PBS, treated (95°C, 10 min) with Retrievagen A (BD Biosciences, San 

Jose, CA, USA, Cat.# 550524), cooled (20 min, RT), and blocked with 5% goat serum (90 

min, RT). They were exposed to primary antibodies (overnight, 4°C) followed by the 

appropriate Alexa Fluor-labeled secondary antibodies (1h, RT). Z-stack images (1µm optical 

steps) were collected on an Olympus Fluoview FV5000 confocal microscope fitted with 

standard excitation and emission filters. The total number of single and double staining cells 

were counted in three randomly selected (×40 magnified) images of NAc-shell from each of 

the five studied sections. The % GAD1+, GABAA α2+ or CRF+ cells co-expressing TLR4, 

% GABAA α2+ cells co-expressing GAD1, and % TLR4+ or CRF+ cells co-expressing 

nuclear pCREB or pERK1/2 were calculated for each image. The results are expressed as 

mean ± SEM (Table 1).

Immunoblotting

Immunoblotting was as previously described (Aurelian et al., 2016; June et al., 2015; Liu et 

al., 2011). Cells grown on T-75 or T-25 flasks (n=5/group) were lysed with 

radioimmunoprecipitation buffer (20 mM Tris-HCl (pH 7.4), 0.15 mM NaCl, 1% Nonidet 

P-40 (Sigma, St. Louis, MO, USA), 0.1% SDS (sodium dodecyl sulfate), 0.5% sodium 

deoxycholate) supplemented with protease and phosphatase inhibitor cocktails (Sigma). 

NAc-shell micropunches (300-µm thick) from naive P (n = 12) and NP (n=9) rats, and from 

P rats infused with pHSVsiTLR4 (n = 6) or pHSVsiNC (n = 4) were lysed with CelLytic MT 

(dialyzable mild detergent, bicine and 150 mM NaCl; Sigma Aldrich, St. Louis, MO, USA, 

Cat. # C3228) supplemented with protease and phosphatase inhibitor cocktails (Sigma) 

according to the manufacturer’s instructions. The total protein was determined by the 

bicinchoninic acid assay (BCA, Thermo Fisher Scientific, Waltham, MA, USA, Cat.# 23228 

and Cat.# 1859078). The proteins were resolved by SDS–polyacrylamide gel electrophoresis 

and transferred to polyvinylidene fluoride membranes (PVDF, Bio-Rad, Cat.# 162-0177). 

The blots were exposed to primary antibody overnight (4°C), followed (1 h; RT) by 

horseradish peroxidase-labeled secondary antibodies. Detection was with the Plus-ECL kit 

reagents (Perkin Elmer, Waltham, MA, USA, Cat.# NEL105001EA) and quantification was 

by densitometric scanning with a Bio-Rad GS-700 imaging densitometer.

Small Interfering RNAs

Small interfering (si) RNAs were designed to target distinct sequences within the rat TLR4 

gene (Gene bank Entry No: NC_005104.2) and α2 subunit of the rat GABAA receptor 

(Gene bank Entry No: NC_005113.2). A scrambled siRNA (siNC) served as control. 

BLAST search against EST libraries was performed to ensure that no other gene was 
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targeted. As previously reported (Aurelian et al., 2016; Liu et al., 2011), the TLR4 siRNA is 

AATGCCAGGATGATGCCTC (targets nt -9 to 10) and the scrambled siRNA is 

GCGGCACACGTA GTAAGTT (SI, Table S1). The GABAA α2 siRNA is 

TAAGCTTCCATGAGGACAA (targets nt -9 to 10). The siRNAs were synthesized as 60-

mer sense and antisense oligonucleotide templates (19 × 2 nt) specific to the targeted genes 

and 22 nt for restriction enzyme sites and hairpin structure. Synthesis was at the University 

of Maryland Biopolymer Core Facility and used the phosphoramidite (AB) technology. 

Inhibition of cognate gene expression was confirmed in RAW264.7 cells that express TLR4 

and RINm5F cells that express GABAA α2. The siRNAs were transfected at a final 

concentration of 65 nM using the siPORT amine transfection agent (Thermo Fisher 

Scientific, Waltham, MA; Cat# AM4502) according to the manufacturer’s instructions, and 

extracts collected 72 h post-transfection were immunoblotted with TLR4 or α2 antibodies, 

as previously described (Aurelian et al., 2016; June et al., 2015; Liu et al., 2011; Yang et al., 

2011). The CRF and scrambled (scr) siRNAs were obtained from Santa Cruz Biotechnology. 

The CRF siRNA (Cat. # sc-39395) is CAUGGAGAUUAUUGGGAAAtt; the scr siRNA 

(Cat. # sc- 37007) is UUCUCCGAACGUGUCACGUtt.

HSV-1–Based Amplicon Vectors

siRNAs were delivered with non-replicating non-toxic herpes simplex virus type 1 (HSV-1) 

vectors, known as amplicons. Amplicons are bacterial plasmids that contain two noncoding 

elements from HSV-1, an origin of DNA replication and a DNA packaging/cleavage signal, 

which allow replication and packaging into HSV-1 particles as a 150-kb concatamer. 

Numerous copies of the transgene sequences are packaged into one vector particle, thereby 

allowing for high expression levels. Amplicons retain the HSV naturally discriminative 

neurotropism. Indeed, owing to the ubiquitous receptors that it employs, HSV tends to be 

relatively nonselective in infection of a variety of cells in culture, including astrocytes and 

microglia. However, in vivo, particularly after CNS administration, it specifically targets 

only neurons (neurotropism). This is reflected by the ability of the virus to: (i) establish life-

long infection of the peripheral ganglia sensory neurons, known as latency, and (ii) cause 

encephalitis, which is the most common viral encephalitis and is associated with virus-

induced neuronal apoptosis. Amplicons retain the HSV natural in vivo tropism for neurons, 

particularly after CNS delivery (Aurelian, 2014; Berges et al., 2007; Cohen et al., 2011; de 

Silva and Bowers, 2011; Fiandaca et al., 2012; June et al., 2015; Liu et al., 2011; Manservigi 

et al., 2010; Perkins et al., 2003; Saeki, 2006; Suzuki et al., 2008; Taylor et al., 2005). The 

neuronal localization of the amplicons after NAc-shell infusion is shown in SI, Fig. S6.

The construction and properties of the amplicons for TLR4 siRNA (pHSVsiTLR4), GABAA 

α2 siRNA (pHSVsiLA2) and scrambled siRNA (pHSVsiNC) were previously described 

(Aurelian et al., 2016; June et al., 2015; Liu et al. 2011; Yang et al., 2011). Briefly, the 

pHSVsi vector used to generate the siRNA plasmids that are packaged into HSV-1 virions 

expresses EGFP under the direction of the HSV-1 IE4/5 immediate-early promoter. The 

incorporation of EGFP allows for the titration of the vector stocks and the visualization of 

cell transduction in culture and in the CNS. The pSUPER plasmid, which contains the RNA 

polymerase III-dependent H1 promoter and well-defined start of transcription and 

termination signals, is used to generate a second transcription unit for the synthesis of 
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siRNA. The siRNAs were inserted into the pHSVsi vector between the BglII and HindIII 

sites, downstream of the RNA polymerase III-dependent H1 promoter and packaged as 

previously described (Aurelian et al., 2016; June et al., 2015; Liu et al. 2011; Saydam et al., 

2005; Yang et al., 2011). The amplicon titers were 1 × 109, 5×108 and 2 × 108 Transducing 

Units (TU)/ml for pHSVsiTLR4, pHSVsiLA2 and pHSVsiNC, respectively.

Stereotaxic Procedures for amplicon or antalarmin delivery

Rats were anesthetized through isoflurane/O2 gas inhalation and positioned in a stereotaxic 

apparatus. The microinjection sites were in the NAc-shell and extended from +2.5 mm 

anterior to bregma to +1.0 mm anterior to bregma, 0.8 mm lateral to the midline in both 

hemispheres, and −7.2 mm into the brain from the surface of the skull (Paxinos and Watson, 

2009). Because amplicons do not diffuse over long distances, we gave 3 small injections in 

each hemisphere spaced across the entire shell. Each site received 200 nL of PBS or 

amplicon (2.5 × 105 TU) delivered with a calibrated pulled glass micropipette (~20-µm tip) 

connected to a Picospritzer II pneumatic pressure injection apparatus (Science Products 

GmbH). Injections were over 30 s followed by a 1- to 2- min pause for tissue recovery 

before insertion of the pipette at the next site. The Institutional Animal Care and Use 

Committee and Biosafety Committees of Howard University approved the procedures. 

Transduction is effective with clusters of 20–45 transduced neurons localized in neurons at 

the injection sites and failing to traffic to distant brain areas (Aurelian et al., 2016; June et 

al., 2015; Liu et al., 2011; Yang et al., 2011).

Antalarmin delivery was as previously described (June et al., 2015). Briefly, rats were 

implanted with bilateral 28-gauge guide cannulae (PlasticsOne Inc, Roanoke, VA) into the 

NAc shell. Antalarmin diluted in sterile PBS or PBS vehicle were infused at a rate of 0.1 

µl/min using a Harvard infusion pump (0.15 µl/hemisphere). Injector tips were left in place 

for an additional minute to facilitate tissue accommodation of the injection volume. This was 

repeated over three consecutive days, for a cumulative antalarmin dose of 4 µg/animal. At 

the end of the injection series brains were removed and the position of the cannulae was 

verified by observing the surface entry point of the cannulae and the depth from the brain 

surface during dissection of the tissue. Extracted tissue was probed for CRF and TLR4 

expression by immunoblotting.

Delay Discounting [Impulsivity]

Impulsivity, operationally defined as choosing a smaller immediate reward to the exclusion 

of a larger delayed reward, was quantified by the adjusted amount delay discounting (DD) 

assay (Aurelian et al., 2016; Gondre-Lewis et al., 2016; Oberlin and Grahame, 2009; 

Wilhelm and Mitchell, 2008). Operant boxes consisted of a nosepoke light, two levers, a cue 

light above each lever, a house light, and a 10 mL descending sipper tube for saccharin 

reinforcement [0.03% w/v]. Control of the operant boxes and data collection were with the 

MedPC IV software (MedAssociates, St. Albans, VT). Rats underwent four stages of 

behavioral shaping prior to testing. For stage 1, all center nose pokes are reinforced on a 

fixed ratio 1 (FR1) schedule with 20 s sipper access, where 1 lever press is required for 

sipper access. At stage 2, center nose pokes are reinforced on a FR1 schedule with 10 s 

sipper access, and the animal must complete 20 trials to move to the next stage. Stage 3 
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requires 20 trials cued with a center light illuminated for 20 s. There is a 10 s inter-trial 

interval. At stage 4, a nose poke and lever press is required for the 10-second sipper access, 

and both right and left levers are reinforced equally. There are 20 trials with a 10 s inter-trial 

interval in 60 min (Oberlin and Grahame, 2009).

Side bias was assessed after shaping by averaging the last 3 days’ choices on each side. The 

large reinforcer was assigned to the non-preferred side, to counter any initial side bias. After 

shaping was completed, rats were assessed at 0 s delay. This time point is used as a task to 

assess discrimination of reinforcer (saccharin) magnitude prior to introduction of any delay 

to the larger reward. Immediate reward started at 1 s of saccharin access, and was adjusted 

upwards and downwards by 0.1 s based on the rat’s choices. An immediate choice resulted 

in down-adjustment of the sipper access time by 0.1 s on the next trial, whereas a delay 

choice resulted in up-adjustment of the sipper access time by 0.1 s in the next trial. The total 

adjustments in access were restricted to a minimum of 0 s and a maximum of 2 s. Average 

adjusted amounts of the reward over the last 20 trials served as the measure of adjusted 

amount. If rats failed to complete 20 trials during shaping they were excluded from testing. 

All rats received 2-hour water access at the end of daily testing (Oberlin and Grahame, 

2009).

P rats (n = 21) were trained in the delay discounting paradigm as previously described 

(Aurelian et al., 2016; Gondre-Lewis et al., 2016) and tested at 0 and 12 second delays. The 

P rats were randomly separated into treatment groups, and bilaterally infused with 

pHSVsiTLR4 (n = 13) or pHSVsiNCC (n = 8). They were tested in the delay discounting 

paradigm at 4, 8, 12, 16, 20 second delays for two consecutive days at each delay. On days 

19–22 of Phase 2, rats in both treatment groups were tested at 12 and 16 second delays to 

confirm the post viral effect. The two-day data for each delay was averaged.

Statistics

Data were analyzed by appropriate ANOVAs. Significant ANOVAs were followed by 

Newman-Keuls post-hoc tests. Analyses were performed using the SigmaPlot 11.2 software 

program (Systat Software Inc., San Jose, CA).

RESULTS

TLR4 expression is higher in the NAc-shell from P than NP rats

We have previously shown that an activated TLR signal (activation defined by MCP-1 

expression) is located within neurons in the CeA and VTA and it controls the predisposition 

to initiate alcohol drinking (binge drinking). The TLR4 signal is not located in the VP, 

indicating that dominant mechanisms function at distinct brain sites (June et al., 2015; Liu et 

al., 2011). To begin examining the potential function of the TLR4 signal in impulsivity, we 

therefore focused on the NAc-shell, a site implicated in impulsivity (Chaudhri et al., 2010; 

Feja et al., 2014). Punch biopsies were collected from P (n=7) and NP (n=4) rats that had not 

been previously exposed to alcohol and protein extracts were immunoblotted with antibody 

to TLR4, stripped and re-probed with GAPDH antibody, used as gel loading control. The 

results were quantitated by densitometric scanning and expressed as densitometric units 

Balan et al. Page 8

Brain Behav Immun. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



normalized to GAPDH, as previously described (Aurelian et al., 2016; Gondre-Lewis et al., 

2016; June et al., 2015; Liu et al., 2011; Yang et al., 2011). As shown in Fig. 1A, P rats had 

significantly (p≤0.05) higher levels of TLR4 than NP rats. This likely reflects the 

significantly higher percentage (p≤0.001) of TLR4+ GABAergic neurons in P than NP rats 

(93.7 ± 5.7% and 10 ± 1.8%, respectively), as evidenced by double immunofluorescent 

staining of NAc-shell sections with TLR4 and GAD1 antibodies (SI, Fig. S7; Table 1). The 

TLR4 staining was primarily located in the cell body with minimal staining seen in 

projections/fibers (SI, Fig. S8). Also, although TLR4 is expressed in VTA dopaminergic 

neurons [Tyrosine hydroxylase (TH+)] (Aurelian et al., 2016), it did not co-localize with the 

TH+ projections that extend from the VTA to the NAc (SI, Fig. S9).

TLR4 is co-expressed with GABAA α2+ and CRF

To better understand which cells express TLR4, we followed on our previous finding that in 

the CeA, TLR4 signaling is downstream of the GABAA α2 subunit (Liu et al., 2011). 

Protein extracts of NAc-shell micropunches from P and NP rats (n=5/group) were 

immunoblotted with α2 antibody, and sections obtained from NAc-shell samples were 

stained by double immunofluorescence with α2 and TLR4 antibodies. The α2 levels were 

significantly (P≤0.05) higher in P than NP rats (Fig. 1B) and TLR4 colocalized with α2 in 

95.9 ± 4.9% and 9.6 ± 2.6% of the cells from P and NP rats, respectively (p≤0.001) (Fig. 1C, 

D; Table 1). We conclude that the α2+/TLR4+ neurons at this site are GABAergic, because 

double immunofluorescent staining indicated that most of the α2+ cells (91.1 ± 8.3%) and 

TLR4+ cells (93.7 ± 5.7%) express GAD1 (SI, Fig. S7).

Interestingly, immunoblotting with monoclonal or polyclonal CRF antibodies directed 

against partially distinct epitopes [aa 154–196 and 176–196, respectively (M&M)] indicated 

that the levels of the CRF prohormone (a single ~20 kDa band) were also significantly 

elevated in P as compared to NP rats (Fig. 2A). Double immunofluorescent staining with 

TLR4 and CRF antibodies confirmed that virtually all the CRF+ cells co-expressed TLR4 

(92.1 ± 6.7% and 14.7 ± 5.1% CRF+/TLR4+ cells in P and NP rats, respectively) (Fig. 2B, 

C; Table 1). α2 and CRF staining was both in the cell bodies and fibers (SI, Fig. S8). 

Collectively, the data indicate that the TLR4+ cells at this site co-express α2 and CRF, 

potentially indicative of molecular interaction.

TLR4 regulates the CRF/CRFR1 system through PKA/CREB activation

To begin inquiring whether the TLR4/CRF co-localization is functionally relevant, mock- or 

TLR4-transfected neuronal (SK-N-SH) cells were examined for CRF expression by 

immunoblotting. SK-N-SH cells were used because they barely express TLR4, thereby 

enabling direct verification of the TLR4 effects through plasmid transfection. The stripped 

blots were re-probed with antibody to pCREB followed by antibody to activated PKA 

(pPKA), which is known to activate CREB through phosphorylation at Ser-133 (Ahmed et 

al., 2013; Sands and Palmer, 2008), and antibody to activated MAPK/ERK (pERK1/2). Cells 

transfected with TLR4 in the presence of the PKA-specific inhibitor H89, were studied in 

parallel and immunoblotting with β-Actin antibody was used as gel loading control. The 

results were quantitated by densitometric scanning and are expressed as mean, β-Actin-

adjusted, densitometric units ± SEM. PKA/CREB activation was studied because it 
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functions in the LPS-activated TLR4 signal and controls the transcription of genes, which 

contain cyclic AMP response elements (CRE) in their promoters, such as CRF (Ahmed et 

al., 2013; Aurelian et al., 2016; Kageyama and Suda, 2009; Wen et al., 2017). MAPK/ERK 

activation was studied because the PKA and MAPK/ERK pathways cross-talk (Nguyen et 

al., 2009).

We found that the levels of CRF were significantly (p≤0.01) higher in the TLR4- than mock-

transfected cells, and this was accompanied by a significant (p≤0.01) increase in the levels of 

both pPKA and pCREB, but not pERK1/2 (Fig. 3A, B). Consistent with previous findings 

that CRF drives CRFR1 transcription via promoter-initiated events (Parham et al., 2004), the 

levels of CRFR1 were also increased in the TLR4 as compared to mock-transfected cells 

(Fig. 3B) but this increase was not seen in cells transfected with TLR4 in the presence of 

CRF siRNA (SI, Fig. S4). H89 significantly reduced the levels of both pCREB and CRF/

CRFR1 induced by TLR4 transfection (Fig. 3B), supporting the interpretation that pPKA/

pCREB is involved in TLR4-mediated upregulation of CRF/CRFR1. Collectively, the data 

indicate that the PKA/CREB pathway is a significant contributor to the ability of TLR4 to 

upregulate the CRF/CRFR1 system, without any apparent contribution from the MAPK 

pathway.

α2 increases CRF expression through the TLR4-CREB signal

Having seen that α2 co-localizes with TLR4 and CRF in the NAc-shell, we wanted to know 

whether it might contribute to the ability of the TLR4 signal to increase CRF expression. 

The question follows on our previous finding that α2 regulates the TLR4 signal in the CeA 

(Liu et al., 2011), but its ability to modulate the TLR4 interaction with other genes is 

unknown. We used Neuro2a cells that express TLR4 in order to directly examine the 

contribution of α2 (introduced by transfection) to the TLR4 signal. Transfection was in the 

presence or absence of the amplicons that deliver siRNA specific for TLR4 (siTLR4) or 

scrambled siRNA control (siNC) and protein extracts collected at 48 hrs post-treatment were 

examined for: (i) TLR4 and CRF expression by immunoblotting and (ii) CREB activation by 

nuclear staining with pCREB antibody. The levels of both TLR4 and CRF were significantly 

higher (p≤0.05) in the α2- than mock-transfected cells, indicating that α2 contributes to 

CRF upregulation. siTLR4 significantly reduced the ability of α2 to upregulate CRF, but 

CRF was not reduced in α2-transfected cells treated with siNC, indicating that TLR4 is 

involved in the ability of α2 to regulate CRF expression (Fig. 3C). We conclude that the α2-

activated TLR4 signal contributes to CRF upregulation, because: (i) the % cells with nuclear 

pCREB staining was significantly (p≤0.001) higher in α2- than mock-transfected cells (Fig. 

3D; 62.2 ± 3.6% and 4.3 ± 2.1%, respectively), and (ii) pCREB nuclear translocation was 

significantly higher in the α2- than mock-transfected cells, an increase that was inhibited by 

siRNA to TLR4 or α2, but not by scrambled siRNA (Fig. 3D). However, the mechanism 

responsible for the α2-mediated TLR4 signal activation is still unknown, and we do not 

exclude the potential contribution of other signals to CRF upregulation.

CRF regulates TLR4 expression through CRFR1 and MAPK/ERK activation

To examine whether CRF can feedback on TLR4 regulation, SK-N-SH cells that express 

CRFR1, were transfected with a CRF plasmid in the absence or presence of the CRFR1 
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antagonist antalarmin, the MEK-specific inhibitor U0126, or both inhibitors, and the extracts 

were immunoblotted with antibodies to TLR4 followed by β-Actin. Consistent with the 

antibody validation data (SI, Fig. S2), the ~20 kDa CRF protein was seen in the CRF, but not 

mock-transfected cells (Fig. 4A) and it was associated with significantly (p≤0.01) increased 

levels of TLR4 expression (Fig. 4B). However, the TLR4 increase was reduced (57.2 

± 5.1%) by treatment with antalarmin or U0126 (42.8 ± 3.8%) and the levels of TLR4 in 

cells transfected with CRF in the presence of both inhibitors were virtually identical to those 

in the mock-transfected and untreated cells (100% inhibition) (Fig. 4B). The U0126 effect is 

through inhibition of ERK1/2 phosphorylation (activation), as evidenced by the findings that 

CRF transfection increased pERK1/2 expression, an increase blocked by U0126 (Fig. 4C). 

Significantly, the levels of pPKA were also significantly increased in the CRF-transfected 

cells and this increase was also inhibited by U0126 (Fig. 4C), suggesting that the 

MAPK/ERK pathway functions through pPKA to upregulate TLR4 in the CRF-transfected 

cells. Collectively, the data indicate that CRF regulates TLR4 expression both through its 

interaction with CRFR1 and the activation of the MAPK/ERK pathway and its effect on 

pPKA, defining a promiscuous, TLR4-sustaining, CRF amplification loop.

The CRF-related TLR4 signal is innately activated in the NAc-shell from P rats

To examine whether the TLR4 signal is innately activated and CRF-associated in P, but not 

NP, rats, NAc-shell sections from normal, non-alcohol exposed animals (n=5/group) were 

stained in double immunofluorescence with antibodies to TLR4 and pCREB or CRF and 

pCREB and examined for nuclear pCREB staining. Most of the TLR4+ cells from the P rats 

(83.5 ± 4.8%) had co-localized nuclear staining with pCREB antibody, as compared to only 

6.0 ± 3.8% cells in the NP rats. Similar results were obtained for CRF/pCREB staining with 

the % of CRF+ cells with nuclear pCREB localization being 78.5 ± 7.9% and 4.1 ± 3.9% for 

P and NP rats, respectively (Fig. 5; Table 1). Double immunofluorescent staining with 

antibodies to TLR4 and NF-kB (p65) showed some cells with TLR4/p65 colocalization in 

the P but not NP rats, but p65 nuclear localization, which is indicative of activation, was not 

seen (SI, Fig. S5). Collectively, the data indicate that the TLR4 signal is innately activated in 

P, but not NP rats, and this is associated with activation of the CREB transcription factor and 

CRF expression, independent of alcohol exposure.

The CRF amplification loop is present in the NAc-shell from P rats

Two series of experiments were done in order to examine whether the CRF amplification 

loop identified in cultured neuronal cells is also present in the NAc-shell from P, but not NP 

rats. First, NAc-shell micropunches collected from P rats not previously exposed to alcohol 

but treated (n=6) or not (n=5) with antalarmin were examined for TLR4 and CRF expression 

by immunoblotting, as described in M&M. Second, NAc-shell sections from non-alcohol 

exposed and untreated P and NP rats (n=5/ group) were stained in double 

immunofluorescence with antibodies to TLR4 and pERK1/2 or CRF and pERK1/2 and 

examined for pERK1/2 nuclear localization (activation). The levels of CRF and TLR4 were 

significantly (p≤0.01) lower in antalarmin-treated than untreated P rats (Fig. 6A) and 

pERK1/2 nuclear staining was seen in both the TLR4+ and CRF+ cells from P, but not NP 

rats (23.1 ± 7.8% and 1.1 ± 0.98% TLR4+/pERK+ cells and 21.7 ± 5.3% and 0.93 ± 0.91% 

CRF+/pERK+ cells, respectively) (Fig. 6B; Table 1). Collectively, the data indicate that the 
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CRF amplification loop identified in the transfected neuronal cells is also present in the 

NAc-shell from P rats.

TLR4 in the NAc-shell regulates impulsivity

To examine whether the innately activated TLR4 signal in the NAc-shell from P rats controls 

impulsivity, cohorts of P rats were randomly given pHSVsiTLR4 (n = 8) or pHSVsiNC (n = 

13) in the NAc-shell by bilateral stereotaxic infusion and examined by the DD assay, as 

described in Materials and Methods. As shown in Fig. 7A, pHSVsiTLR4 significantly 

increased adjusted amounts (impulsivity was decreased) above those of P rats infused with 

pHSVsiNC. Two Way ANOVA showed significant main effects of Treatment: F(1,178) = 

28.335, p < 0.001, and Delay F(9,178) = 2.402, p = 0.014. Confirming the function of the 

TLR4 signal in impulsivity, the pHSVsiTLR4 effect on impulsivity reflects its inhibitory 

effect on TLR4 expression (Fig. 7B), which is defined by the duration of siRNA integrity/

availability (Liu et al., 2011; Saydam et al., 2005). This is consistent with the antibody 

specificity. Indeed, both TLR4 and impulsivity were inhibited on day 3, but not day 15 post-

treatment and neither TLR4 expression nor impulsivity were inhibited in animals injected 

with pHSVsiNC (Fig. 7B). Collectively, the data document the specificity of the TLR4 

signal effect on impulsivity.

DISCUSSION

The salient feature of the data presented in this report is the finding that a TLR4 signal 

located in the NAc-shell α2+ GABAergic neurons is innately activated in alcohol preferring 

P rats. The signal is sustained through a CRF amplification loop and it regulates impulsivity. 

The following comments seem pertinent with respect to these findings.

The role of TLR4 in alcohol drinking was studied in different animal species/models using 

various methods to inhibit signaling and focusing on excessive alcohol intake. TLR4 was 

shown to control signaling associated with increased anxiety-related behavior during alcohol 

withdrawal (Crews et al., 2017) and the sedative effects of alcohol in mice (Corrigan et al., 

2015; Wu et al., 2012). Although associated with side effects (locomotor activity, water 

intake), TLR4 inhibition in alcohol-dependent mice through intraperitoneal drug 

administration, also inhibited alcohol drinking (Bajo et al., 2016). Mice given intraperitoneal 

injections of the TLR4-specific ligand, LPS, had a prolonged increase in ethanol self-

administration (Blednov et al., 2011), an effect mediated by TLR4 receptors and immune/

inflammatory pathways (Wu et al., 2012), and TLR4 knockout (KO) mice evidenced 

reduced alcohol preference following intermittent intraperitoneal treatment (Montesinos et 

al., 2016). Notwithstanding, examination of KO mice has implicated TLR2, but not TLR4, 

in excessive alcohol drinking (Blednov et al., 2017) and a recent study concluded that TLR4 

has minimal impact on the amount of consumed alcohol but it mediates the acute sedative 

effects, which might indicate the susceptibility to develop alcohol dependence (Harris et al., 

2017).

Importantly, it is becoming increasingly evident that in response to a gene knockout the 

organism may upregulate one or more genes that modulate the affected function (El-Brolosy 

and Stainier, 2017; Teng et al., 2013). This is particularly true for genes that are related to 
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the knockout, as is the case for TLRs, which share many properties and functions (Takeda 

and Akira, 2015). By contrast to the KO approach, siRNA-mediated gene knockdown 

examines the contribution of the targeted gene within an unaltered genetic makeup and at a 

specific site. The effect of the animal species and the preferential cellular tropism of the 

delivery vector cannot be excluded. However, knockdown lacks a compensatory response 

when compared to the corresponding KO mutants (El-Brolosy and Stainier, 2017). 

Moreover, the siRNA inhibitory effect is temporary, defined by the duration of siRNA 

integrity/availability (Liu et al., 2011; Saydam et al., 2005), providing a built-in control for 

the actual contribution of the targeted gene.

Our interest is in the genes that may contribute to the predisposition of non-alcohol exposed 

subjects to initiate drinking. To this end, our studies focused on alcohol-preferring (P) rats, 

which were developed by selective breeding rather than genetic manipulation (viz. KO or 

mutation), suggesting that they might best represent the unaltered genetic make-up of the 

non-alcohol exposed individual predisposed to initiate drinking. Relative to their alcohol-

non-preferring NP counterparts, P rats display voluntary alcohol consumption (Bell et al., 

2006) and have increased impulsivity, which is widely believed to represent the alcohol-

seeking behavior that precedes excessive drinking (Beckwith and Czachowski, 2014; 

Oberlin and Grahame 2009). Using these animals and siRNA delivered with neurotropic 

HSV vectors (amplicons), we have previously shown that a neuronal TLR4/MCP-1 signal in 

the CeA and VTA regulates the predisposition to initiate alcohol drinking, and it is under the 

control of the GABAA α2 subunit. This TLR4 signal is likely activated in the P rats, because 

the chemokine MCP-1 is downstream of the LPS-activated TLR4 (Liu et al., 2013). Indeed, 

drinking initiation was inhibited by siRNA-mediated knockdown of TLR4, MCP1 or α2, 

suggesting that α2 controls an activated regulatory TLR4 signal (June et al., 2015; Liu et al., 

2011). However, the α2-regulated TLR4 signal does not function in the VP, where the 

predisposition to initiate alcohol drinking is regulated by GABAA α1 and is unrelated to 

TLR4 (Liu et al., 2011; Yang et al., 2011), documenting the existence of dominant 

regulatory mechanisms at different brain sites, prior to alcohol exposure.

The current studies were designed to examine whether the TLR4 signal functions in the 

NAc-shell, a site implicated in impulsivity (Chaudhri et al., 2010; Feja et al., 2014), and 

define its interaction with other potentially contributing genes. We focused on the CRF/

CRFR1 system, because: (i) stress is implicated in addiction and it increases CRF expression 

(Dedic et al., 2017; Koob et al., 2014; Phillips et al., 2015), (ii) CRFR1 is widely distributed 

in brain regions involved in stress and is implicated in intensification of alcohol self-

administration following stress exposure (Quadros et al., 2016), (iii) alcohol-induced CRF 

upregulates TLR4 expression (June et al., 2015), and (iv) stress caused by maternal 

deprivation upregulates CRF and impulsivity (Gondre-Lewis et al., 2016). The specificity of 

the antibodies used to address these questions is confirmed by the validation data 

summarized in SI, Figs. S1–S4.

We found that TLR4 is expressed in GABAergic neurons that co-express GABAA α2 and 

CRF, and both the percentage of co-expressing neurons and the levels of the three co-

expressed proteins are significantly higher in P than NP rats. The finding that almost all the 

cells in the P rats express α2, as compared to 10% in the NP rats, suggests that there may be 
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changes in overall GABA reception or in the kinetics of the channel. A decrease in GABA 

feedback mechanisms in the NAc-shell would alter excitation/inhibition balance that might 

be favorable to habit formation of rewarding substances in the P compared to the NP rats. 

Conversely, although the understanding of how the different GABA subunits alter the 

receptor kinetics relative to function is a field in its infancy, we cannot exclude the 

possibility that the same level of GABA reception is happening, only with altered kinetics. 

Elevated levels of α2 have been associated with anxiety behaviors, which are frequently co-

morbid in humans with alcoholism. Benzodiazepines used for anti-anxiety treatment bind 

α2 subunits, but these are by no means the only binding sites for this drug. Human genetic 

profiling in the Collaborative Study on Genetics of Alcoholism (COGA) identified loci 

associated with higher alcoholism penetrance that contain the α2 gene (Edenberg and 

Foroud, 2013) and taken together with our current findings, this further highlights the 

importance of the α2 gene and NAc subunit expression profiles.

Indicative of an interaction between TLR4 and the CRF/CRFR1 system, we also found that: 

(i) the levels of pPKA/pCREB and CRF/CRFR1 were elevated in TLR4-transfected 

neuronal cells in culture accompanied by increased pCREB nuclear translocation, and (ii) 

both PKA/CREB activation and CRF/CRFR1 upregulation were inhibited by the PKA 

inhibitor, H89. Indeed, activated PKA (pPKA, Thr197) phosphorylates CREB at Ser-133 

(pCREB) and pCREB translocates to the nucleus to control the transcription of genes that 

contain cyclic AMP response elements (CRE) in their promoters (Ahmed et al., 2013; Sands 

and Palmer, 2008), such as is the case for CRF (Kageyama and Suda, 2009). Also, CRF 

regulates CRFR1 expression (Parham et al., 2004), a conclusion supported by our finding 

that CRFR1 expression is blocked by CRF siRNA (SI, Fig. S4).

Significantly, other pathways are also known to activate CREB, including MAPK/ERK, 

phosphatidylinositol 3-kinase (PI3K)/Akt, Ca2+/calmodulin-dependent protein kinase 

(CaMK) IV and protein kinase C (PKC) and pathway cross-talk is a known phenomenon 

(Nguyen et al., 2009). However, we found that pERK1/2 is not upregulated in the TLR4-

transfected cells, and together with the finding that the H89-mediated inhibition of CREB 

activity in the TLR4-transfected cells is essentially absolute (90.1 ± 10.7%; Fig. 3B), the 

data underscore the significant role of PKA-mediated pCREB in the TLR4 part of the 

amplification loop. Indeed, although TLR4 is known to activate NF-kB in LPS-treated 

monocytes (Guha and Mackman, 2001), a conclusion supported by our finding that LPS 

activates NF-kB in RAW246.7 cells, NF-kB was not activated in LPS-treated neuronal 

(Neuro2a) cells, nor in the TLR4+ neurons in the NAc-shell, as evidenced by the failure to 

detect appropriate nuclear staining (SI, Fig. S5).

We conclude that CRF provides a TLR4 amplification loop, because: (i) CRF transfected 

neuronal cells expressed higher levels of TLR4 than mock-transfected cells, and (ii) this 

increase was reduced by treatment with either the CRFR1 antagonist antalarmin or the 

ERK1/2 inhibitor U0126, with total inhibition achieved when using both inhibitors, 

suggestive of an additive effect of CRFR1 and the MAPK/ERK pathway. In this context, it 

should be pointed out that the MAPK pathway functions through AP-1 response elements 

(Hollenhorst, 2012; Perkins et al., 2003) and these were implicated in CRF-mediated TLR4 

upregulation (Bondeva et al., 2007). However, we found that the levels of pPKA were 
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increased in the CRF-transfected cells, an increase inhibited by U0126, suggesting that the 

MAPK pathway functions through PKA in CRF-mediated TLR4 upregulation. PKA likely 

upregulates TLR4 through CREB and the binding of cAMP response elements in the TLR4 

promoter, as previously reported (Park et al., 2016). The finding that CRF functions through 

MAPK, in addition to CRFR1, provides a potential explanation for the recent failure of 

CRFR1 antagonists to show a therapeutic effect in humans with alcohol use disorder (AUD) 

(Pomrenze et al., in press; Spierling and Zorrilla, 2017).

Significantly, we found that the TLR4 signal is innately activated in the NAc-shell from P, 

but not NP rats, and it is apparently sustained by the CRF amplification loop detected in 

cultured cells, which includes both CRFR1 and MAPK activation, apparently functioning in 

an additive role. Indeed, most of the TLR4+ and CRF+ cells in the NAc-shell from non-

alcohol treated P rats had pCREB nuclear staining, which was barely seen in the NP rats and 

NF-kB was not activated in the NAc-shell (SI, Fig. S5C). Antalarmin infusion into the P rats 

NAc-shell reduced CRF and TLR4 expression, confirming the contribution of CRFR1 to 

TLR4 activation. We conclude that the MAPK/ERK pathway contributes to the TLR4-CRF 

amplification loop also in the NAc-shell (not only in cultured cells) because the TLR4+ and 

CRF+ cells in the NAc-shell from P, but not NP rats, had nuclear pERK1/2 staining before 

exposure to alcohol. However, the activated MAPK pathway was only seen in 25% of the 

neurons, suggesting that CRFR1 is the major contributor to the TLR4-CRF amplification 

loop. Additional studies are needed to establish the additive effects of antalarmin and U0126 

in the NAc-shell. Also, the activated TLR4 signal could have autocrine or paracrine effects 

that involve neurons and glial cells, all of which express TLR4. Indeed, increased CRF 

synthesis and release in the CeA regulates GABAergic transmission (Roberto et al., 2012), 

and it contributes to alcohol drinking and cognitive impulsivity (Silveri et al., 2013). Further 

studies are needed to address these questions.

Impulsivity is a multidimensional construct with a heterogeneous relationship to drug use 

(Badiani et al., 2011; Caswell et al., 2016; Oberlin and Grahame, 2009). A recent study 

using the 5-choice serial reaction time task (5-CSRTT) to measure impulsivity concluded 

that P rats are not intrinsically impulsive, but their strong alcohol preference reflects 

increased goal-directed behavior to food incentives (Pena-Oliver et al., 2015). By contrast, 

high alcohol-preferring mice and rats showed steeper discounting (increased impulsivity) 

than low preferring strains, (Beckwith and Czachowski 2014; Oberlin and Grahame, 2009; 

Wilhelm and Mitchell, 2008) when using delay-discounting (DD) tasks, in which impulsive 

individuals opt for immediate gratification that is detrimental in the long term over delayed 

benefits that have a more advantageous outcome in the long run (Gullo and Potenza, 2014; 

MacKillop et al., 2011). Moreover, alcohol-dependent individuals consistently displayed 

findings of impulsivity-related deficits (Jones et al., 2015; Joos et al., 2013; Lawrence et al., 

2009; Petry, 2001; Rubio et al., 2008). Using the DD assay, we have previously shown that P 

rats have significantly increased levels of impulsivity than wild type (Aurelian et al., 2016) 

and NP (data not shown) rats, and it is associated with a VTA TLR4/TH signal and stress-

induced CRF upregulation (Gondre-Lewis et al., 2016). Following on these findings, we 

show that infusion of the pHSVsiTLR4 vector into the NAc-shell from P rats blunts 

impulsivity, associated with TLR4 inhibition. Impulsivity was not altered by pHSVsiNC, 
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which does not inhibit the TLR4 signal, although both amplicons have identical neurotropic 

properties.

The possibilities cannot be excluded that: (i) H89 may also have PKA-unrelated functions, 

and (ii) cis-regulatory elements and post-transcriptional and post- translational mechanisms 

that are still poorly understood contribute to TLR4/CRF interaction. However, the finding 

that TLR4 upregulates CRF through CREB activation is particularly significant, because: (i) 

pCREB is known to play an important role in the addiction process, (ii) the pPKA/pCREB 

signal is implicated in the molecular changes that underlie alcohol drinking (Asher et al., 

2012; Calabrese et al., 2015; Pandey et al., 2005), (iii) CREB overexpression in the NAc has 

been associated with the attempt to increase reward (Larson et al., 2011), and (iv) activated 

CREB is known to contribute to impulsivity (Moonat et al., 2010; Robison and Nestler, 

2011).

How is the TLR4 signal innately activated in the P rats and does this differ at distinct brain 

sites? One possible interpretation is the presence of significantly higher levels of 

endogenous activating ligands or adaptor proteins in P than NP rats, acquired through 

selective breeding and having potentially different function(s) at distinct brain sites. These 

could include endogenous danger-associated molecular patterns (DAMPs) released as a 

consequence of injury and inflammation, such as heat shock proteins, extracellular matrix 

molecules (hyaluronan), HMGB1, oxidized low density lipoprotein (oxLDL) and oxidized 

phospholipids (oxPL) or saturated fatty acids and LPS mimetic ligands of natural origin 

(Calabrese et al., 2015; Rocha et al., 2016; Wang et al., 2016; Zou and Crews, 2014;). We 

posit that α2 is involved in TLR4 signal activation, because this the case in the CeA (Liu et 

al., 2011), and current findings indicate that α2 transfection increases pCREB nuclear 

translocation and CRF expression both of which are reduced (albeit not totally eliminated) 

by TLR4 or α2, but not scrambled, siRNA. The data indicate that TLR4 contributes, but is 

not entirely responsible for CRF upregulation downstream of α2. Further studies are needed 

in order to better understand the mechanism of the α2-mediated TLR4-dependent 

upregulation of CRF and to define the other contributing pathways. However, our data are 

consistent with previous findings that the GABAergic response is associated with cognitive 

impulsivity in adolescents and young adults, and genetic variation in the GABAA α2 subunit 

contributes to impulsivity and a lifetime of alcohol-related problems (Dick et al., 2013; 

Silveri et al., 2013; Villafuerte et al., 2013).

In conclusion, we show that P rats have an innately activated TLR4 signal in the NAc-shell 

before exposure to alcohol, which is sustained by a CRF amplification loop and regulates 

impulsivity. These findings are schematically represented in Fig. 8. Together with 

independent results that relate impulsivity to alcohol drinking (Jones et al., 2015; Joos et al., 

2013; Lawrence et al., 2009; Petry, 2001; Rubio et al., 2008), and our previous findings that: 

(i) P rats have significantly increased levels of impulsivity than wild type and NP rats, which 

is associated with a VTA TLR4/TH signal (Aurelian et al., 2016), and (ii) the TLR4 signal in 

the CeA and VTA predisposes to binge drinking (June et al., 2015; Liu et al., 2011), the 

emerging picture suggests that the TLR4 signal and its interaction with selected contributory 

genes at distinct brain sites, contributes to the transition to alcohol dependence. It would be 

interesting to better understand the ability of chemical TLR4 inhibitors to block impulsivity. 
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Also unknown is the mechanism responsible for the innate activation of the TLR4 signal, the 

contribution of α2 to impulsivity regulation, and the relationship of α2 to the CRF/CRFR1 

system that sustains the activated TLR4 signal are still unknown. Ongoing studies are 

designed to address these questions.
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Highlights

Alcohol-preferring P rats have innately activated TLR4 signal in nucleus accumbens

TLR4 signal is located in GABAA α2+/CRF+ neurons and regulates impulsivity

CRF amplification loop sustains the activated TLR4 signal in the absence of alcohol

TLR4 upregulates CRF through PKA/CREB activation

CRF upregulates TLR4 through CRFR1 and MAPK/ERK activation
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Fig. 1. P rats have elevated levels of TLR4 and GABAA α2 and increased numbers of co-
expressing cells in the NAc-shell
(A,B) Protein extracts of micropunches collected from the NAc-shell from NP (n=4) and P 

(n=7) rats were immunoblotted with TLR4 (A) or α2 (B) antibodies, stripped and reprobed 

with antibody to GAPDH used as gel loading control. The results were quantitated by 

densitometric scanning and expressed as densitometric units normalized to GAPDH ± SEM. 

Each lane represents a distinct animal. The TLR4 and α2 levels are elevated in P compared 

to NP rats. (*p≤0.05 by ANOVA). (C,D) Confocal microscopy and Z-stack imaging of 

double immunofluorescent staining of NAc-shell sections (n=5/group) with TLR4 (red) and 
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GABAA α2 (green) antibodies. Merged images reveal numerous α2+ neurons expressing 

TLR4 in the NAc-shell from P rats (C), but the numbers of TLR4+/α2+ cells are 

significantly lower in the NAc-shell from NP rats (D). Scale bars: 15 µm. The % co-staining 

cells are summarized in Table 1.
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Fig. 2. The levels of CRF and numbers of TLR4+/CRF+ cells are elevated in the NAc-shell from 
P rats
(A) Protein extracts of the micropunches examined in Fig. 1 were immunoblotted with CRF 

monoclonal antibody (Santa Cruz Biotechnology, Cat. # sc-293187), stripped and re-probed 

with antibody to GAPDH and the results are expressed as densitometric units normalized to 

GAPDH ± SEM. As also shown in SI, Fig. S2A, the only detected band is ~20 kDa and its 

levels are significantly (*p≤0.05 by ANOVA) elevated in P as compared to NP rats. Similar 

results were obtained for the polyclonal antibody (Bioss Antibodies, Cat. # bs-0246R). B, C) 

Confocal microscopy and Z-stack imaging of double immunofluorescent staining of NAc-

shell sections (n=5/group) with TLR4 (red) and CRF (Bioss Antibodies, Cat. # bs-0246R) 

(green) antibodies. Merged images reveal numerous CRF+ neurons expressing TLR4 in the 
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NAc-shell from P rats (B), but the numbers of TLR4+/CRF+ cells are significantly lower in 

the NAc-shell from NP rats (C). Scale bars: 20 µm. The % co-staining cells are summarized 

in Table 1.
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Fig. 3. CRF amplification loop sustains activated TLR4 signal; α2 contribution
(A) Protein extracts from mock- or TLR4-transfected SK-N-SH cells (n=5 each) were 

immunoblotted with pCREB antibody, and the blots were sequentially stripped and 

immunoblotted with antibodies to pPKA, pERK1/2, TLR4 and β-Actin used as gel loading 

control. The results were quantitated by densitometric scanning and expressed as 

densitometric units normalized to β-Actin ± SEM. The levels of pCREB, pPKA and TLR4, 

but not pERK1/2, are significantly higher in the TLR4- than mock-transfected SK-N-SH 

cells (**p <0.01 by ANOVA). (B) Protein extracts from mock- or TLR4-transfected SK-N-

SH cells treated or not (n=5 each) with the PKA inhibitor H89 (10 µM) were immunoblotted 
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with antibody to pCREB and the blots were sequentially stripped and immunoblotted with 

antibodies to CRF (Bioss Antibodies, Cat. # bs-0246R), CRFR1 and β-Actin. The results are 

expressed as densitometric units normalized to β-Actin ± SEM. The levels of pCREB, CRF 

and CRFR1 are significantly higher in the TLR4- than mock-transfected cells, and 

upregulation is inhibited by H89 (*p <0.05; **p<0.01; *** p<0.001 by ANOVA). (C) 

Protein extracts from mock- or α2-transfected Neuro2a cells in the presence or absence of 

amplicons that deliver TLR4 (siTLR4) or scrambled (siNC) siRNA (n=5 each) were 

immunoblotted with antibody to CRF (Bioss Antibodies, Cat. # bs-0246R), the blots were 

sequentially stripped and immunoblotted with antibodies to TLR4 and β-Actin. Results are 

expressed as densitometric units normalized to β-Actin ± SEM. The levels of CRF and 

TLR4 are significantly higher in the α2- than mock-transfected cells and upregulation is 

inhibited by siTLR4, but not siNC (*p≤0.05 by ANOVA). (D) Neuro2a cells mock- or α2-

transfected in the presence or absence of amplicons for TLR4 siRNA (siTLR4), α2 siRNA 

[siLA2 (Liu et al., 2011)] or scrambled siRNA (siNC) were stained with pCREB antibody 

(red) and examined for nuclear localization (activation). DAPI (blue) was used as nuclear 

counterstain. pCREB nuclear staining was minimal in the mock-transfected cells (CTL) and 

it was almost entirely cytoplasmic. α2 transfection significantly increased the % cells with 

nuclear pCREB staining and nuclear localization was inhibited by siTLR4 and siLA2, but 

not siNC (*** p≤0.001 by ANOVA).
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Fig. 4. CRF regulates TLR4 expression through CRFR1 and MAPK/ERK activation
(A) Protein extracts from mock- or CRF-transfected SK-N-SH cells (n=5 each) were 

immunoblotted with antibodies to CRF (Bioss Antibodies, Cat. # bs-0246R) or β-Actin and 

the results are expressed as densitometric units normalized to β-Actin ± SEM. The levels of 

CRF are significantly higher in the CRF- than mock-transfected cells (****P<0.0001 CTL 

vs. CRF); (B) Protein extracts from mock- or CRF-transfected SK-N-SH cells untreated or 

treated with the CRFR1 antagonist antalarmin (15nM) or the ERK1/2 specific inhibitor 

U0126 (20 µM) (n=5 each) were immunoblotted with antibodies to TLR4 or β-Actin and the 

results are expressed as densitometric units normalized to β-Actin ± SEM. The levels of 

TLR4 are significantly higher in the CRF- than mock-transfected cells and this increase is 
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reduced by treatment with antalarmin (57.2±5.1%) or U0126 (42.8±3.8%). The levels of 

TLR4 in CRF-transfected cells treated with both inhibitors are virtually identical to those in 

the mock-transfected cells (100% inhibition) (*p<0.05; **p <0.01 by ANOVA). (C) Protein 

extracts from mock- or CRF-transfected SK-N-SH cells treated or not (n=5 each) with 

U0126 (20 µM) were immunoblotted with pERK1/2 antibody, and the blots were 

sequentially stripped and immunoblotted with antibodies to pPKA and β-Actin. Results are 

expressed as densitometric units normalized to β-Actin ± SEM. The pERK1/2 and pPKA 

levels are significantly higher in the CRF- than mock-transfected cells, and this increase is 

reduced by U0126 treatment (**p<0.01 by ANOVA).

Balan et al. Page 30

Brain Behav Immun. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. TLR4 is innately activated in the NAc-shell from P rats
Confocal microscopy and Z-stack imaging of double immunofluorescent staining of NAc-

shell sections from P and NP rats (n=5/group) with TLR4 (red) and pCREB (green) 

antibodies or CRF (red) (Santa Cruz Biotechnology, Cat. # sc-293187) and pCREB (green) 

antibodies. Most of the TLR4+ and CRF+ cells in the NAc-shell from the P rats have co-

localized nuclear staining with pCREB antibody. The numbers of TLR4+ and CRF+ cells 

with pCREB nuclear staining are significantly lower in the NAc-shell from NP rats 

(***p<0.001 by ANOVA). Scale bars: 20 µm. The % co-staining cells are summarized in 

Table 1.
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Fig. 6. The CRF-associated TLR4 signal is innately activated in the NAc-shell from P rats
(A) Protein extracts of NAc-shell micropunches collected from P rats not previously exposed 

to alcohol but treated (n=6) or not (n=5) with antalarmin were immunoblotted with CRF 

antibody (Bioss Antibodies, Cat. # bs-0246R). The blots were stripped and sequentially 

blotted with antibodies to TLR4 and GAPDH and the results are expressed as densitometric 

units normalized to GAPDH ± SEM. Each lane represents a distinct animal. The levels of 

both CRF and TLR4 are significantly lower in the antalarmin treated than untreated rats 

(**p<0.01 by ANOVA). (B) Confocal microscopy and Z-stack imaging of double 

immunofluorescent staining of NAc-shell sections from P and NP rats (n=5/group) with 

CRF (red) (Santa Cruz Biotechnology, Cat. # sc-293187) and pERK1/2 (green) antibodies or 

TLR4 (red) and pERK1/2 (green) antibodies. TLR4+ and CRF+ cells in the NAc-shell from 

the P rats have co-localized nuclear staining with pERK1/2 antibody (21.7 ± 5.3% and 23.1 

± 7.8%, respectively) but co-localization is barely detectable in the NAc-shell from NP rats 
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(0.93 ± 0.91% and 1.1 ± 0.98%, respectively) (*p<0.05 by ANOVA). Scale bars: 15 µm. The 

% co-staining cells are summarized in Table 1.

Balan et al. Page 33

Brain Behav Immun. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. pHSVsiTLR4 infusion in NAc-shell inhibits impulsivity associated with TLR4 inhibition
(A) Mean adjusted delay scores are significantly increased (impulsivity is decreased) in P 

rats infused with pHSVsiTLR4 (n=8) relative to those of P rats injected with pHSVsiNC 

(n=13). Impulsivity is decreased on day 7 post-surgery and returns to baseline levels on day 

17. (*p≤ 0.05 by ANOVA). (B) pHSVsiTLR4 infusion in the NAc-shell inhibits TLR4 

expression at days 3 after injection (*p≤0.05 by ANOVA), but inhibition is no longer 

significant on day 16 post injection and expression is not inhibited by pHSVsiNC (p≥0.05 

by ANOVA).
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Fig. 8. Schematic representation of TLR4 function in impulsivity and the transition to alcohol 
dependence
Current findings identify an innately activated TLR4 signal in the NAc-shell from P rats that 

is sustained by a CRF amplification loop and regulates impulsivity. The loop includes 

TLR4-mediated CRF upregulation through PKA/CREB activation and CRF-mediated TLR4 

upregulation through CRFR1 and MAPK/ERK activation. The major contributor appears to 

be the CRF/CRFR1 system, because pERK1/2 is only seen in 25% of the TLR4+ and CRF+ 

neurons. Impulsivity is visualized as a major contributor to the initiation of alcohol drinking 

by previously non-alcohol exposed subjects (yellow). Dotted line represents potential 

involvement of α2 in the stimulation of the CRF-amplification loop in the NAc-shell. 

Together with previous findings that: (i) the TLR4 signal contributes to the initiation of 

alcohol drinking (binge drinking) at other brain sites (viz. CeA and VTA) (Liu et al., 2011), 

(ii) the TLR4 signal is upregulated by alcohol-induced CRF expression at these sites (June et 

al., 2015), and (iii) a TLR4/TH signal in the VTA is associated with increased levels of 
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impulsivity (Aurelian et al., 2016), we posit the schematically represented emerging picture 

as a contributor to the transition to alcohol-dependence (grey).
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Table 1

Percentage of co-staining cells

Immunoreactivity Animal
s

% cells ± SEM

GAD1+ cells expressing TLR4 (SI, Fig. S7) P rats 93.7 ± 5.7%*

NP rats 10.0 ± 1.8%*

α2+ cells expressing TLR4 P rats 95.9 ± 4.9%*

NP rats 9.6 ± 2.6%*

CRF+ cells expressing TLR4 P rats 92.1 ± 6.7%*

NP rats 14.7 ± 5.1%*

TLR4+ cells expressing nuclear pCREB P rats 83.5 ± 4.8%*

NP rats 6.0 ± 3.8%*

CRF+ cells expressing nuclear pCREB P rats 78.5 ± 7.9%*

NP rats 4.1 ± 3.9%*

TLR4+ cells expressing nuclear pERK1/2 P rats 23.1 ± 7.8%*

NP rats 1.1 ± 0.98%*

CRF+ cells expressing nuclear pERK1/2 P rats 21.7 ± 5.3%*

NP rats 0.93 ± 0.91%*

*
P≤0.001, P vs. NP
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