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Abstract

Circadian rhythm affects drug-induced reward behaviour and the innate immune system. Peaks in 

reward-associated behaviour and immune responses typically occur during the active (dark) phase 

of rodents. While the role of the immune system, specifically, Toll-like receptor 4 (TLR4, an 

innate immune receptor) in drug-induced reward is becoming increasingly appreciated, it is 

unclear whether its effects vary according to light-cycle. Therefore, the aim of this study was to 

characterise the effects of the phase of the light-cycle and the state of the innate immune system on 

alcohol reward behaviour and subsequently determine whether the efficacy of targeting the 

immune component of drug reward depends upon the light-cycle.

This study demonstrates that mice exhibit greater alcohol-induced conditioned place preference 

and alcohol two-bottle choice preference during the dark cycle. This effect overlapped with 

elevations in reward-, thirst- and immune-related genes. Administration of (+)-Naltrexone, a 

biased TLR4 antagonist, reduced immune-related gene expression and alcohol preference with its 

effects most pronounced during the dark cycle. However, (+)-Naltrexone, like other TLR4 

antagonists exhibited off-target side effects, with a significant reduction in overall saccharin intake 

– an effect likely attributable to a reduction in tyrosine hydroxylase (Th) mRNA expression levels. 

Collectively, the study highlights a link between a time-of-day dependent influence of TLR4 on 

natural and alcohol reward-like behaviour in mice.
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3.2 Introduction

Alcohol is the most widely consumed drug globally (WHO, 2015). The initial consumption 

of alcohol is characterised by its rewarding, hedonic properties. These properties assist in the 

development of repetitive/habitual use, which can lead to misuse, loss of control of intake, 

and addiction (Koob & Le Moal, 2001). The rewarding properties of alcohol are attributable 

to its actions on the brains mesolimbic system (Imperato & Di Chiara, 1986). Specifically, 

dopaminergic neurons projecting from the ventral tegmental area (VTA) to the nucleus 

accumbens (NAcc) are thought to mediate reward and attach salient cues (Koob & Volkow, 

2009; Wise, 2004). Alcohol activates these neurons via multiple pathways for example, 

alcohol; causes the release of GABA, or directly activates the GABAA receptors in VTA; 

increases opioid peptides in the VTA and NAcc; and alters glutamate signalling which 

innervates the NAcc’s dopaminergic projections (see Nestler, (2005) for review). 

Collectively, these processes control dopaminergic neurotransmission thereby influencing 

reward, specifically, the likability of, and the motivation to consume alcohol (Robinson et 

al., 2013).

The extent to which alcohol initially activates the mesolimbic system is dependent upon the 

time-of-day (circadian rhythm, and associated diurnal or nocturnal behaviours). Within 

mammals, circadian rhythm is generated and maintained, at a circuit level via, the 

suprachiasmatic nucleus (SCN), and on a cellular level, by a feedback loop involving a 

group of transcription factors (Reppert & Weaver, 2002). The SCN functions as the master 

regulator, linking the external (via the retinal-hypothalamic tract) and internal environments 

(Moore & Lenn, 1972; Stephan & Zucker, 1972). Consequently, the SCN sends neural and 

endocrine signals to regulate the function of organs and cells according to the time-of-day 

(for example Moore & Eichler, 1972). However, most cells can generate their own rhythm 

via an auto-regulatory feedback loop involving transcription factors. These transcription 

factors include two activator (CLOCK and BMAL1) and two repressor proteins (PER and 

CRY). In brevity, the cellular clock begins when CLOCK and BMAL1 dimerise and bind to 

enhancer box (E-box; DNA response elements) in the promoter region of CRY and PER, 

initiating their transcription. PER and CRY accumulate, dimerise and suppress the 

transcription of CLOCK and BMAL1. The subsequent decline in CLOCK and BMAL1 

decreases the transcription of PER and CRY. This rhythmic interaction generates the cellular 

circadian rhythm over a 24 h period (Partch et al., 2014; Dardente & Cermakian, 2007), 

which is estimated to influence approximately 2 – 10 per cent of the mammalian 

transcriptome (Miller et al., 2007; Akhtar et al., 2002; Duffield et al., 2002).

The circadian influence on the reward pathway varies according to brain region and cell 

type. In the NAcc, dopaminergic and non-dopaminergic cell activity peaks during the active 

(dark) phase of rodents (Baltazar et al., 2013). This is attributable to transient elevations in 

transcription and translation of genes pertinent to the function of the mesolimbic system, 

such as tyrosine hydroxylase and the dopamine transporter (Chung et al., 2014; Ferris et al., 

2014). Behaviourally, this manifests as a heightened sensitivity towards rewarding 

experiences to alcohol and other drugs of abuse during the active phase and a lower 

sensitivity during the inactive phase. For example, alcohol intake, alcohol preference and 

self-intracranial electrical stimulation of the reward pathway are greatest during the active 
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(dark) phase relative to the inactive (light) phase (Perreau-Lenz et al., 2012; Gauvin et al., 

1997; Terman & Terman, 1975). However, each drug of abuse appears to be unique, as 

cocaine-induced conditioned place preference is greatest during the light cycle (Kurtuncu et 

al., 2004).

Alcohol-induced reward-like behaviours are additionally influenced by the neuroimmune 

system (Crews et al., 2017; Lacagnina et al., 2016; Cui et al., 2014). Particular emphasis has 

been placed on Toll-like receptor 4 (TLR4), a pattern recognition receptor as a key mediator 

of reward induced by alcohol and other drugs of abuse (Bachtell et al., 2015). Activation of 

TLR4 results in the induction of two signalling pathways (MyD88 or TRIF) that culminates 

in the expression of classical pro-inflammatory cytokines or type-one interferons 

respectively (Akira & Takeda, 2004). Alcohol and other drugs of abuse activate TLR4 

(either directly or indirectly) resulting in the induction of inflammatory mediators 

(Fernandez-Lizarbe et al., 2013; 2009). It is hypothesised that inflammatory mediators act 

on neighbouring neurons within the mesolimbic system (tetrapartite synapse), culminating in 

altered neuronal function and potentially influencing the presentation of reward-like 

behaviours (Lacagnina et al., 2016; Jacobsen et al., 2014).

Translationally, the effects of TLR4 on alcohol reward-like behaviour are mixed with studies 

demonstrating either attenuation or no effect on alcohol intake and preference (Harris et al., 

2017; Aurelian et al., 2016; Bajo et al., 2016; June et al., 2015; Liu et al., 2011; Pascual et 

al., 2011). These discrepancies are likely due to methodological differences between the 

studies including brain region examined and method of drinking. Interestingly, despite TLR4 

being implicated in alcohol drinking behaviour, few studies have considered which TLR4-

signaling pathway (MyD88 or TRIF) is driving the alterations in reward behaviour (Blednov 

et al., 2017; Harris et al., 2017), and they have not considered the time of day associated 

rhythmicity of TLR4 expression and the subsequent impact this may have on behaviour.

Similar to the cellular and molecular components of the mesolimbic system, the expression 

of the TLR4-signaling pathway oscillates according to the time-of-day (Bass and Lazar, 

2016). In the periphery, peak expression of TLR4-related signalling and inflammatory 

molecules are observed at the onset of their active (dark, nocturnal) phase and nadirs at the 

beginning of the inactive (light, diurnal) phase (Keller et al., 2009). Within the brain 

however, the opposite response is observed. Ex vivo microglial cells exhibit peak TLR4-

related gene expression during the light phase compared to the dark phase (Fonken et al., 

2015). However, it is unclear whether the MyD88 or TRIF pathway fluctuates according to 

circadian rhythm within the brain and periphery and whether these signalling pathways are 

involved in alcohol-induced reward-like behaviour. Therefore, this study sought to determine 

whether light cycle (dark vs light) differences exist in the expression of MyD88, TRIF and 

their downstream signalling molecules in naïve mice and mice following alcohol exposure. 

This study also investigated whether the efficacy of a biased TLR4 antagonist on attenuating 

reward-like behaviour is dependent on the light-cycle. The results presented suggest that the 

preference for rewarding and aversive compounds peaks and nadirs during the dark cycle 

with reward-, thirst-, hunger-, and immune-related genes following a similar pattern. We 

demonstrate that attenuating TLR4 via (+)-Naltrexone reduces alcohol drinking and 

conditioned place preference (key indicators of reward) with the degree of attenuation 
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greater during the dark cycle. However, we found that (+)-Naltrexone additionally reduces 

saccharin preference. These effects coincide with a reduction in Tlr4 and Ifnb and Th mRNA 

in the nucleus accumbens. Collectively these results suggest TLR4 may play a role in 

dopamine synthesis and natural reward-like behaviour.

3.3 Methods

3.3.1 Animals

Male (8 – 10-week-old) Balb/c mice, obtained from the University of Adelaide Laboratory 

Animal Services (Adelaide, SA, Australia) were used for the following experiments. Mice 

were housed in light/dark (12:12 hours) and temperature controlled rooms (23±3°C) with 

food and water available ad libitum. The light cycle began at 7am (ZT0) and concluded at 

7pm (ZT12). Following seven days of acclimatisation, mice were handled by the 

experimenter for five days prior to experimentation. Mice were weighed daily throughout 

the handling and experimental periods. All animal care and experiments complied with the 

principles of the Australian Code of Practice for the care and use of animals for scientific 

purposes and were approved by the University of Adelaide’s Animal Ethics Committee.

3.3.2 Drugs

Saccharin and quinine were purchased from Sigma Aldrich (St Louis, MO, USA). Ethanol 

(99.5%) (herein referred to as alcohol) was purchased from Chemsupply (Gliman, SA, 

Australia). Oral gavages of alcohol were dosed at 1.5g/kg and 3.2g/kg (25 per cent v/v) for 

conditioned place preference and molecular studies respectively. Saline oral gavages were 

volume-matched. The dose of alcohol used in conditioned place preference was based upon 

the effective dose 50 from an unpublished conditioned place preference dose response curve. 

3.2g/kg was derived from the mean 2 h intake of alcohol from mice on the first day of 

drinking in the dark tests.

(+)-Naltrexone, a TLR4-TRIF antagonist was synthesised and kindly supplied by Dr Kenner 

Rice (Chemical Biology Research Branch, National Institute on Drug Abuse and National 

Institute of Alcohol Abuse and Alcoholism, Bethesda, MD, USA). (+)-Naltrexone was 

administered via intraperitoneal injections with doses ranging from 1 to 75 mg/kg (dose 

volume 10 ml/kg). Saline intraperitoneal injections were volume-matched.

3.3.3 Rational of behavioural tests

This study implemented a range of paradigms to assess alcohol reward. Specifically, this 

study was designed to assess two components of reward, likability and seeking behaviour 

(motivation to obtain alcohol “wanting”). The likability of alcohol was assessed using the 

two-bottle choice paradigm. Despite its relative coarseness in obtaining accurate drinking 

information, the two-bottle choice test can inform researchers about the general avidity of 

alcohol (Tabakoff & Hoffman, 2000). For example, the consumption of low concentration 

alcohol is largely driven by taste. By contrast, the consumption of alcohol at higher 

concentrations are attributable to its actions on the mesolimbic pathway, as increasing the 

concentration of alcohol imparts an increasingly bitter and aversive taste (Spanagel, 2000; 
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Tabakoff & Hoffman, 2000). Consequently, when testing the likability of alcohol, a range of 

concentrations must be assessed.

The two-bottle choice test is limited in its assessment of the motivational properties of 

alcohol (Tabakoff & Hoffman, 2000). To infer this component of alcohol, conditioned place 

preference was utilised. Conditioned place preference is a paradigm in which mice learn to 

associate alcohol in one particular environment. If alcohol is hedonic (reinforcing), the 

mouse will choose to spend more time in that environment over another when given free 

access to both. By contrast, if the mouse finds alcohol aversive, it will spend less time in the 

environment. Thus, the motivation to seek alcohol is illustrated by the time spent in the 

paired environment in the absence of receiving alcohol (Bardo & Bevins, 2000).

To control for taste, and basal hedonic tone, the preference for quinine and saccharin were 

assessed. Quinine, a bitter compound is thought to reflect the higher concentrations of 

alcohol while saccharin, a sweet compound is thought to reflect the lower concentrations of 

alcohol. Additionally, saccharin is innately reinforcing, thus if mice exhibit deficits in basal 

hedonic behaviour, this will become evident during the test.

3.3.4 Experimental design

Testing began at ZT2 and ZT14 for mice undergoing tests during the light (inactive) and 

dark (active) phase respectively (figure 1). The behavioural experiments ranged from 2 – 24 

h. For studies evaluating (+)-Naltrexone (and saline), mice were injected 30 min prior to 

undergoing behavioural testing (ZT1:30 and ZT13:30 for light and dark phases respectively) 

(figure 1).

3.3.5 Alcohol drinking tests

Three alcohol-drinking paradigms were used for the following experiments: 24 h and 8 h 

two-bottle choice and drinking in the dark.

3.3.5.1 Alcohol two-bottle choice—Alcohol drinking and preference was assessed 

using an 8 or 24 h two-bottle choice paradigm. Following 14 days of acclimatisation and 

handling, mice were placed into individual cages. After a further week of acclimatisation, 

mice were presented with two bottles containing water 2 h after the beginning of the light or 

dark cycle (ZT2 or ZT14 respectively) for 8 or 24 h. Two bottles of water were initially 

presented to mice in order to control for novelty-induced drinking. For the 8 h test, the 

bottles were removed at ZT10 or ZT22, weighed and replaced with a single bottle of water 

randomised to either the left or right side of the cage for the remaining 16 h. For the 24 h 

two-bottle choice test, after the test period had elapsed the bottles were removed, weighed 

and replaced with two new bottles.

Following five days of drinking water from two bottles, mice were offered one bottle 

containing water and the other 3, 6, 9, 12, 15, 18, 21 or 42 per cent of alcohol (v/v). The 

concentration and bottle position was randomised daily to prevent the immediate acquisition 

of alcohol drinking and side preferences respectively. After 8 h bottles were removed 

weighed and replaced by a water bottle randomly allocated to either side of the cage lid. For 
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mice in the longer test, the bottles were replaced with two new bottles (one containing 

alcohol the other water) after 24 h.

The amount of alcohol consumed was determined by the difference in bottle weights before 

and after drinking sessions. This enabled the calculation of the amount of alcohol consumed 

per kilogram bodyweight (grams/kilogram) and the preference ratio (alcohol intake ÷ (total 

water + alcohol intake)) for each mouse and averaged for each group per concentration of 

alcohol. An empty cage with two bottles was used to determine the rate of evaporation. The 

rate of evaporation was subtracted from the final weight of test bottles.

3.3.5.2 Saccharin and quinine two-bottle choice—Mice were also tested using the 

same 8 h paradigm above for saccharin (1, 15, 30, 45 and 60 mM) and quinine (0.001, 0.01, 

0.1, 1 and 5 mM) preference. However, instead of the bottle of alcohol, mice received a 

bottle of saccharin or quinine and a bottle of water.

For studies evaluating the dose of (+)-Naltrexone, the protocol for the 8 h two-bottle choice 

protocol was followed. However, the concentration of the alcohol, saccharin and quinine 

were fixed at 12 per cent, 15 mM, 0.1 mM respectively.

3.3.5.3 Drinking in the dark (alcohol and saccharin)—Drinking in the dark, a 

limited access alcohol intake test was additionally used. Following two weeks of 

acclimatisation and handling, mice were individually housed. After one week of further 

acclimatisation, the single bottle of water was replaced with a bottle of 20 per cent (v/v) 

alcohol 2 h into the beginning of the light or dark cycle (ZT2 and ZT14). After 2 h, the 

bottle of alcohol was removed weighed and replaced with a bottle of water. This was 

repeated for the following two days. On the fourth day, mice were offered the bottle for 4 h.

Mice were additionally tested for saccharin (15 mM) consumption using a 2 h limited access 

paradigm as outlined above. However, this test was not repeated for 4 consecutive days.

3.3.6 Conditioned place preference

Conditioned place preference was used to infer alcohol-seeking behaviour (Bardo & Bevins, 

2000).

3.3.6.1 Apparatus—The conditioning apparatus consisted of two conditioning chambers 

(10.9 (length) × 9.3 (width) × 35 (height) cm) separated by a neutral chamber (16.6 × 4.8 × 

35 cm). The neutral chamber contained black walls with grey flooring. The conditioning 

chambers differed in tactile and visual cues. The flooring of the conditioning chambers were 

either black plexiglass perforated holes (5 mm apart) or black plexiglass grids (5 mm apart). 

The walls of each chamber were white or black. The combination of wall colour to floor 

texture was randomised for each cohort to prevent any inherent biases mice have for a 

specific texture x colour combination.

During conditioning, a sliding partition restricted access to only one chamber. Movement 

and time spent in each chamber was recorded using Logitech Quickcam Pro 5000s and 

AnyMaze (Stoelting co., Wooddale, IL, USA).
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3.3.6.2 Procedure—Day 1: Pretest. Mice were placed into the neutral chamber and 

allowed to explore all three chambers for 30 min.

Day 2 to 9: Conditioning. Mice received an oral gavage of alcohol (1.5 g/kg) and placed 

within their conditioning chamber for 30 min on days 1, 3, 5 and 7. On days 2, 4, 6 and 8, 

mice received an oral gavage of saline and placed within the unconditioned chamber for 30 

min. Mice received a total of four conditioning sessions with each drug (alcohol or saline).

Day 10: Test. Mice received an oral gavage of saline, were placed into the neutral chamber 

and allowed to explore all three chambers for 30 min.

To infer whether the conditioning was successful, the time spent in the conditioned chamber 

during the post-test was subtracted from the time spent in the conditioned chamber during 

the pre-test.

3.3.7 Blood alcohol concentration assay

Serum alcohol concentration was measured using a commercial kit (ADH-NAD Reagent 

Multiple Test Vial; Sigma-Aldrich) and performed as per the manufacturer instructions. In 

brief, it estimates alcohol induced reduction of nicotinamide adenine dinucleotide (NAD+) 

to NADH in the presence of alcohol dehydrogenase. The reaction is observed by recording 

the absorbance of 340 nM by the solution. For two-bottle choice tests blood was acquired 

immediately after behavioral testing by creating a small incision into the tail of the mouse. 

To determine blood alcohol concentration following conditioned place preference, a separate 

cohort of mice underwent the conditioned place preference procedure. However, 30 minutes 

after the last alcohol conditioning session tail blood was collected. Blood was subsequently 

collected and spun down (1500g) at 4°C for 10 mins, thereby separating serum from the 

residual pellet.

3.3.8 Molecular analysis

3.3.8.1 Gavage model—The dose and duration of alcohol administered for the 

molecular studies was designed to model the drinking in the dark tests. 3.2g/kg was derived 

from the mean 2 h intake of alcohol from all cohorts of mice on the first day of drinking in 

the dark tests.

In brief, mice were injected for four consecutive days with either (+)-Naltrexone or saline 

followed by a gavage of alcohol or saline 30 min later. The injections of (+)-Naltrexone or 

saline commenced at either ZT1 or ZT13. The gavages of alcohol occurred at ZT1:30 or 

ZT13:30. On the final day of testing mice were culled at ZT2 and ZT14.

3.3.9 RNA Isolation and qPCR

Brain regions were isolated by placing the brain into an acrylic matrix (Able Scientific, 

Canning Vale, WA, AUS) and subsequently cutting them into 1 to 2 mm thick sections. The 

nucleus accumbens and the hypothalamus was subsequently microdissected using 

micropunches (Kai Medical, Seki City, Japan) and submerged in RNAlater® ICE 

(ThermoFisher Scientific, Waltham, MA, USA) prior to performing RNA isolation. RNA 

was isolated using Maxwell® 16 LEV simply RNA Tissue Kit (Promega, Madison, WI, 
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USA) as per manufacturer instructions. RNA was quantified using spectrophotometric 

analysis, with the quality of RNA verified by the OD260/280 ratio. 900 ng of RNA was 

reversed transcribed into cDNA using iScript™ cDNA reverse transcription kit (BioRad, 

Hercules, CA, USA) as per manufacturer instructions.

Gene expression was assessed using iTaq™ Universal SYBR® Green Supermix (as per 

manufacturer instructions). Real time PCR was performed using the CFX96 Touch™ Real-

Time PCR Detection System (BioRad). All primers were synthesised by Integrated DNA 

Technologies Pte. Ltd. (Baulkham Hills, NSW, Australia) with their sequences are outlined 

in the supplementary material (Table 1).

The relative difference in expression level of each of the genes of interest were normalised to 

the CT of GAPDH for both the test and control sample. The ΔCT of the test sample was 

normalised to the ΔCT a control sample (equal amount of cDNA from all samples), and then 

expressed as a ratio (2−ΔΔCT).

3.3.10 Statistical analysis

Experiment 1: The effect of light-cycle on the intake and preference for alcohol, saccharin 

and quinine was analysed using a two-way ANOVA with Tukey post hoc (figure 2). The 

effect of light-cycle on conditioned place preference and relative conditioned place 

preference was analysed using a two-way ANOVA with Tukey post hoc and a paired two-tail 

t-test respectively (figure 3).

Experiment 2: The effect of light-cycle on hunger-, reward-, thirst- and TLR4-related gene 

expression was analysed using a paired two-tail t-test (figures 4 and 5).

Experiment 3: The effects of light-cycle and the dose of (+)-Naltrexone on alcohol, 

saccharin and quinine intake and preference was analysed using two-way ANOVA with 

Tukey post hoc (figure 6). The effects of light-cycle and (+)-Naltrexone on the intake and 

preference for varying concentrations of alcohol, saccharin and quinine was analysed using a 

three-way ANOVA with Tukey post hoc (figure 7). The effects of light-cycle and (+)-

Naltrexone on conditioned place preference and relative conditioned place preference was 

assessed using three-way AN OVA with Tukey post hoc and two-way ANOVA with Tukey 

post hoc respectively (figure 8 and s5).

Experiment 4: The effect of light-cycle and (+)-Naltrexone on hunger-, reward-, thirst- and 

TLR4-related gene expression was analysed using a two-way ANOVA with Bonferonni post 

hoc (figures 9 and 10).

All summary values presented as mean ± standard error of mean (SEM). p-values ≤ 0.05 

were considered statistically significant.

3.4 Results

3.4.1 Experiment 1: Are there light-cycle differences in reward-like behaviour?

To determine whether alcohol reward-like behaviour was dependent on light-cycle, mice 

underwent the two-bottle choice paradigm for 8 h during the light (ZT2 – ZT10) or dark 
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cycle (ZT14 – ZT22) (figure 2a – b). A two-way ANOVA determined a significant effect of 

light-cycle on alcohol intake and preference (effect of light-cycle, F(1, 9) = 5.21, p =0.048 

and F(1, 9) = 9.16, p =0.014, respectively). Post hoc analysis determined that mice exposed to 

alcohol during the dark cycle exhibited significantly greater intake and preference for 

alcohol compared to those in the light cycle at 21 and 42 per cent.

To determine whether the light-cycle dependent effect on alcohol intake and preference was 

due to an increased reward or decreased aversion, the preference for two compounds: 

saccharin, a sweet-tasting and rewarding compound; and quinine, a bitter-tasting and 

aversive compound, was assessed (figures 2c – f). Similar to alcohol, saccharin intake and 

preference was dependent on light-cycle (effect of light-cycle, F(1, 9) = 15.53, p = 0.0034 and 

F(1, 9) = 8.32, p = 0.015, respectively) with mice in the dark cycle exhibiting potentiated 

intake and preference compared to the light cycle at 30 and 60mM (post hoc analysis). 

However, the behavioural response to quinine was inconsistent. There was a significant 

effect of light-cycle for intake and the preference ratio (intake ratio) (effect of light-cycle, 

F(1, 9) = 4.72, p = 0.052 and F(1, 9) = 20.31, p = 0.0009, respectively). Overall, mice in the 

dark cycle exhibited greater intake but a reduced intake ratio for quinine. For all preceding 

tests the concentration of the solution (alcohol, saccharin or quinine) was a significant 

variable. The statistical values can be found in the supplementary material.

The light-cycle dependent effects observed in the alcohol, saccharin and quinine drinking 

tests may be attributable to thirst rather than reward. Indeed, a light-cycle dependent effect 

was found for water intake, with mice in the dark cycle exhibiting greater intake 

(supplementary material, figure s1, p = 0.0057). Thus, to control for this confounding 

variable, conditioned place preference, a reward/memory paradigm which is independent of 

thirst was used (figure 3a – b). The change in conditioned-chamber time was significantly 

affected by conditioning drug (effect of drug, F(1, 9) = 50.45, p = 0.004). However, there was 

no effect of light-cycle or an interactive effect (effect of light-cycle, F(1, 9) = 2.41, p =0.17; 

and interaction, F(1, 9) = 0.95, p = 0.37, respectively). However, if the relative change in 

conditioned place preference is considered (alcohol chamber time – saline chamber time), a 

significant light-cycle effect emerges. Mice in dark cycle exhibited a greater change in 

conditioned preference than those in the light cycle (effect of light-cycle, t= 2.17 df = 16, p = 

0.047). Therefore, for the remaining experiments, relative conditioned chamber time was 

evaluated.

3.4.2 Experiment 2: Are there light-cycle differences in the molecular basis of reward-like 
behaviour?

The light-cycle dependent variations in preference and intake are potentially explained by 

the circadian oscillations in reward-, hunger- and thirst-related genes. Thus, the expression 

of these genes in the nucleus accumbens and hypothalamus was compared between light 

(ZT2) and dark (ZT14) cycles (figure 4a – b). A two-tail t-test determined significant light-

dark cycle differences in the expression of: Drd2, Oprm1, Avp and Ghrl (effect of light-

cycle, t = 1.77 df = 4, p = 0.11 and t = 3.96 df = 4, p = 0.0033; t = 3.18 df = 4, p = 0.0097 

and t = 3.67 df = 4, p = 0.021, respectively). This effect was not ubiquitous among reward- 

and hunger-related genes, as light-cycle had no effect on the expression of Drd1, Th, Lepr 
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and Rxfp1 (effect of light-cycle, t = 1.77 df = 9, p = 0.11; t = 1.00 df = 4, p = 0.071; t = 2.45 

df = 4, p = 0.69 and t = 0.65 df = 4, p = 0.55, respectively).

Given the emerging role of the neuroimmune system in the manifestation of reward-like 

behaviour, the expression of the TLR4-signaling pathway was additionally assessed (figures 

5a – b). Light cycle significantly influenced the expression of Tlr4 mRNA in the nucleus 

accumbens but not hypothalamus (effect of light-cycle, t = 3.9 df = 4, p = 0.019; and t = 2.97 

df = 4, p = 0.069, respectively). By contrast, the expression of Ccl2 and Ifnb mRNA was 

significantly influenced by light-cycle in the nucleus accumbens (effect of light-cycle, t = 

2.27 df = 4, p = 0.05; and t = 2.49 df = 4, p = 0.047, respectively) and hypothalamus (effect 

of light-cycle, t = 2.57 df = 4, p = 0.049 and t = 2.85 df = 4, p = 0.049, respectively). The 

effect of light-cycle was more pronounced in the hypothalamus with Md2, Trif and Il1b 
exhibiting light-cycle dependent effects as well (effect of light-cycle, t = 6.76 df = 4, p = 

0.0025; t = 6.18 df = 4, p = 0.0035 and t = 4.0 df = 4, p = 0.043 respectively). No differences 

were observed in either the nucleus accumbens or hypothalamus for Cd14, Myd88, Il10, or 

Hmgb1 mRNA (see supplementary material for results of the statistical analysis).

3.4.3 Experiment 3: Does the efficacy of (+)-Naltrexone on attenuating the reward-like 
behaviour depend on the light-cycle?

Since light-cycle differences were observed in reward-like behaviour and TLR4-related gene 

expression, questions arose as to whether TLR4 was causatively involved in these effects, 

and if it was, were these events mediated by the TRIF- or MyD88-dependent pathway and 

would the efficacy of a TLR4-based intervention be dependent upon light-cycle. Given the 

expression of Ifnb mRNA was elevated in the nucleus accumbens and hypothalamus, it was 

hypothesised that the TRIF-pathway may be mediating these effects. Thus, (+)-Naltrexone, a 

biased TLR4-TRIF antagonist, was used in the following experiments. Interestingly, there 

was not an effect of (+)-Naltrexone on serum alcohol concentration following 2, 8 or 24 h 

two-bottle choice paradigms (effect of pretreatment, F(1, 5) = 0.070, p = 0.80, F(1, 5) = 1.59, p 
= 0.24 and F(1, 5) = 3.76, p = 0.088 respectively) (figure 4s a – c). However, post hoc 

analysis determined a significant difference in serum alcohol concentration between saline 

and (+)-Naltrexone treated mice during the dark cycle in the 8 but not 2 or 24 h tests. 

Further, there was there was a significant effect of (+)-Naltrexone on serum alcohol 

concentration following conditioned place preference (effect of pretreatment, F(1, 5) = 29.93, 

p < 0.0001). Again, post hoc analysis determined there was a significant difference between 

(+)-Naltrexone and saline mice during the dark cycle. Therefore, caution must be used when 

interpreting these studies as (+)-Naltrexone may modify alcohol metabolism following a 

bolus gavage.

For the following experiments characterising the light-cycle effects on the behavioural 

pharmacology of (+)-Naltrexone, a significant effect of light-cycle was observed for alcohol, 

saccharin and quinine intake and preference (figure 6a – f). Like earlier experiments, mice in 

the dark cycle exhibited significantly greater intake and preference for alcohol and saccharin 

(supplementary data).

Overall, there was a significant effect of (+)-Naltrexone’s dose on the intake and preference 

for 12 per cent alcohol (effect of dose, F(6, 48) = 15.72, p < 0.0001 and F(6, 48) = 7.57, p < 
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0.0001, respectively) (figure 6a and b) with a significant interactive effect observed for 

alcohol intake but not preference (interaction, F(6, 48) = 4.98, p = 0.0005 and F(6, 48) = 0.63, 

p = 0.70, respectively). Post hoc analysis determined that mice in the dark cycle exhibited a 

significant reduction in intake and preference from 45 – 75 mg/kg doses of (+)-Naltrexone 

relative to saline. In comparison, mice in the light cycle exhibited a reduction in preference 

but not intake at doses of 60 – 75 mg/kg.

The preference but not intake of saccharin was significantly modified by (+)-Naltrexone’s 

dose (effect of dose, F(6, 48) = 3.82, p = 0.0034 and F(6, 48) = 0.56, p = 0.76 respectively) 

(figure 6c – d). Further, both intake and preference demonstrated interactive effects between 

(+)-Naltrexone and light-cycle (interaction, F(6, 48) = 2.01, p = 0.024 and F(6, 48) = 3.65 p < 

0.0046, respectively). Post hoc analysis further demonstrated a significant reduction in 

saccharin preference in the light-cycle between 30 and 75 mg/kg dose of (+)-Naltrexone - an 

effect absent in the dark cycle. By contrast, quinine intake but not the intake ratio was 

significantly affected by (+)-Naltrexone (effect of dose, F(6, 48) = 3.05, p = 0.013 and F(6, 48) 

= 0.79, p = 0.58, respectively). There were no interactive effects for intake or the intake ratio 

(interaction, F(6, 48) = 1.7, p = 0.15 and F(6, 48) = 1.2, p = 0.28, respectively). Collectively, 

the results suggest (+)-Naltrexone attenuates the intake and preference of alcohol. However, 

this action of (+)-Naltrexone may be due to non-specific effects as saccharin and quinine 

intake were significantly perturbed as well.

To further the findings of light-cycle-dependent effects of (+)-Naltrexone on alcohol intake 

and preference, 60 mg/kg dose of (+)-Naltrexone was administered to mice and their 

preference for differing concentrations of alcohol was examined. These tests are important, 

given different mechanisms are thought to govern the responses to low and high doses of 

alcohol (Kiefer, 1995).

Light-cycle and concentration were found to be significant variables influencing preference 

and intake for alcohol, saccharin and quinine (p < 0.05) (see supplementary data). There was 

a significant effect of pretreatment on the intake and preference for alcohol (effect of 

pretreatment, F(1, 344) = 4.95, p = 0.027 and F(1, 344) = 13.58, p = 0.00027) (figure 7a – b). 

No interactive effect were found for intake or preference. However, post hoc analysis 

determined (+)-Naltrexone significantly reduced alcohol preference at 12, 21 and 42 per cent 

alcohol compared to saline. There were no post hoc differences between (+)-Naltrexone and 

saline during the light phase for intake or preference of alcohol.

There was a main effect of pretreatment on saccharin intake but not preference (effect of 

pretreatment, F(1, 220) = 8.95, p = 0.0031 and F(1, 220) = 0.25, p = 0.62, respectively) (figure 

7c – d). A significant interactive effect was observed for saccharin intake (light-cycle x 

treatment, F(4, 220) = 9.11, p = 0.0026). However, this effect was not observed for saccharin 

preference (F(1, 220) = 1.37, p = 0.24). Further, there were no post hoc differences between 

the groups for intake or preference. By contrast, quinine intake and the intake ratio were 

unaffected by pretreatment (effect of pretreatment, F(1, 220) = 4.315, p = 0.09 and F(1, 220) = 

2.01, p = 0.16, respectively) (figure 7e – f). There were no interactive effects or post hoc 

differences for quinine intake and the intake ratio.
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To provide further evidence indicating TLR4-TRIF involvement in reward/reinforcing 

behaviour, conditioned place preference was assessed (figure 8). Pretreatment significantly 

modified relative alcohol-induced conditioned place preference (effect of pretreatment, 

F(1, 7) = 20.52, p = 0.0027). Post hoc analysis determined (+)-Naltrexone significantly 

decreased relative alcohol-induced conditioned place preference time compared saline 

during the dark only. There was no effect of light-cycle, nor an interaction between light-

cycle and pretreatment (effect of light-cycle, F(1, 7) = 0.0011, p = 0.92; and interaction, 

F(1, 7) = 1.62, p = 0.24).

(+)-Naltrexone was additionally screened against a 24 h two-bottle choice and drinking in 

the dark paradigm. Both paradigms found a significant effect of (+)-Naltrexone with post 

hoc analysis demonstrating a significant effect of (+)-Naltrexone on alcohol intake during 

the dark but not light cycle. See supplementary materials for figures and precise statistical 

information.

3.4.4 Experiment 4: Does the efficacy of (+)-Naltrexone on attenuating the TLR4 pathway 
depend on the light-cycle?

qPCR was used to identify potential mechanisms underpinning the behavioural changes 

induced by alcohol and (+)-Naltrexone. There were significant effects of light-cycle, 

pretreatment ((+)-Naltrexone vs. saline) and drug (alcohol vs. saline) for Tlr4 and Ifnb 
mRNA expression in the nucleus accumbens (Tlr4, effect of light cycle, F(1, 16) = 11.79, p = 

0.0034; pretreatment, F(1, 16) = 7, p = 0.022; and drug, F(1, 16) = 6.49, p = 0.021) (Ifnb light-

cycle, F(1, 16) = 9.09 p = 0.0083; pretreatment, F(1, 16) = 8.26, p = 0.010; and drug, F(1, 16) = 

13.69, p = 0.0019). Within the hypothalamus only Ifnb exhibited a significant effect of light-

cycle (F(1, 16) = 8.92, p = 0.0087), pretreatment (F(1, 16) = 13.63, p = 0.020) and drug (F(1, 16) 

= 9.54, p = 0.007). Tlr4 expression was significantly influenced by light-cycle (F(1, 16) = 

9.45, p = 0.0073), drug (F(1, 16) = 20.14, p = 0.004) but not pretreatment (F(1, 16) = 3.71, p = 

0.072). Post hoc analysis furthered these findings as (+)-Naltrexone attenuated alcohol-

induced increases in Tlr4 and Ifnb mRNA expression in the dark but not light cycle.

Interestingly, (+)-Naltrexone did not affect the expression of Trif in the nucleus accumbens 

or hypothalamus (NAcc, effect of light-cycle, F(1, 16) = 0.71, p = 0.41; pretreatment, F(1, 16) 

= 4.46, p = 0.053; and drug, F(1, 16) = 0.71, p = 0.41) (hypo light-cycle, F(1, 16) = 23.23, p = 

0.0002; pretreatment, F(1, 16) = 3.21, p = 0.092; and drug, F(1, 16) = 1.36, p = 0.26). All 

remaining TLR4-related genes did not exhibit a significant effect of all three variables 

(statistical information are available in the supplementary material, see figures s5 – 6).

Interestingly, while there was an effect of pretreatment on the expression of Lepr (F(1, 16) = 

6.44, p = 0.022) and Rxfp1 mRNA (F(1, 16) = 6.01, p = 0.026) there was no effect of drug 

nor light-cycle (see supplementary). However, there was a significant effect of light-cycle 

(F(1, 16) = 13.15 p = 0.0023), pretreatment (F(1, 16) = 17.76, p = 0.0007) but not drug (F(1, 16) 

= 2.38, p = 0.14) on the expression of Th mRNA (figure 10). Post hoc analysis determined a 

(+)-Naltrexone significantly reduced alcohol-potentiated Th mRNA expression compared to 

saline in the dark but not light cycle.
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3.5 Discussion

The current study demonstrates that the intake and preference for alcohol, saccharin and 

quinine fluctuate according to the time-of-day. The preference for alcohol and saccharin 

peaked during the dark phase, while quinine preference was greatest during the light phase. 

This effect coincided with elevations in reward-, thirst- and immune-related genes. This 

study further highlighted that the efficacy of (+)-Naltrexone, a biased TLR4 antagonist, on 

attenuating alcohol-induced immune signalling and alcohol preference is dependent on the 

light-cycle, with the greatest effect again observed in the dark cycle. However, (+)-

Naltrexone additionally reduced saccharin intake and preference. These effects are 

potentially attributable to (+)-Naltrexone’s down regulation of Th mRNA. Given T5342126, 

a TLR4-MD2 disruptor, additionally attenuates alcohol and saccharin intake (Bajo et al., 

2016), the studies collectively indicate a pivotal link between TLR4 and natural reward-like 

behaviours.

The effects of the circadian influence on reward and drug seeking behaviour have recently 

received renewed interest (see Parekh et al., 2015; Perreau-Lenz & Spanagel, 2015; Webb et 

al., 2015 for review). Earlier studies indicated rodents have a higher preference and intake of 

alcohol during the dark cycle (Gauvin et al., 1997). Interestingly, the time of heightened 

sensitivity towards drugs of abuse appears to be unique to each class, as cocaine exhibits its 

greatest rewarding effects during the day (Kurtuncu et al., 2004). Results presented in this 

study reinforce the importance of the light-cycle with respect to alcohol reward-like 

behaviour. Despite higher water intake during the dark cycle, mice in the dark cycle 

exhibited greater preference and intake of alcohol compared to those in the light cycle. 

These findings were furthered as mice exhibited relatively higher conditioned place 

preference towards alcohol during the dark cycle compared to the light. The increased intake 

and preference for alcohol however, are potentially attributable to either an increase in the 

rewarding- or a decrease in the aversive properties of alcohol. To control for this possibility, 

the intake of saccharin; a sweet non-calorific, non-alcoholic rewarding solution, and quinine; 

an aversive, bitter solution, was measured. Mice displayed light-cycle-dependent differences 

in saccharin intake and preference, with the greatest preference observed during the dark 

cycle. By contrast, the lowest intake ratio for quinine was during the dark cycle. As mice in 

the dark cycle exhibited enhanced and reduced preference towards saccharin and quinine, 

respectively. It is difficult to determine whether the increased preference of alcohol was due 

to increased reward or reduced aversion. Further, one cannot rule out the possibility of 

alcohol as an energy source acting as a motivator for increase in preference and intake.

Previous studies have identified circadian differences in nucleus accumbens and ventral 

tegmental area (key reward-related regions) in terms of gene and protein expression and the 

activity of dopaminergic- and non-dopaminergic neurons (Hampp et al., 2008; Sleipness et 

al., 2008; Sleipness et al., 2007). Our results are in accordance with these findings; the 

expression of dopamine and opioid receptors and tyrosine hydroxylase mRNA in the nucleus 

accumbens was increased during the dark cycle. The elevated levels of reward-related genes 

(if translated into protein) may enhance an individual’s sensitivity towards alcohol (Mendez 

& Morales-Mulia, 2008; Gianoulakis, 2001). In addition, we observed light-cycle dependent 

expression in genes related to thirst and hunger in the hypothalamus. The fluctuations in 
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vasopressin and leptin mRNA may additionally drive the intake of alcohol (Pickering et al., 

2007; Wurst et al., 2007). The day-night differences in reward-related gene expression are 

attributable to multiple circuit-level and molecular mechanisms. For example, the SCN 

innervates the reward pathway via glutamatergic afferents from the medial prefrontal cortex 

regulating reward behaviour (Baltazar et al., 2014; Baltazar et al., 2013); and dopamine 

transporter, dopamine D1 and D2 receptors, monoamine oxidase and tyrosine hydroxylase – 

key proteins regulating dopamine synthesis and reward, contain BMAL1 and CLOCK 

binding sites in their promoter regions (Webb et al., 2009; Hampp et al., 2008; Sleipness et 

al., 2008; Sleipness et al., 2007; McClung et al., 2005; Akhisaroglu et al., 2005). This 

suggests the circadian clock controls aspects of dopaminergic activity including 

neurotransmitter synthesis, release, degradation and postsynaptic actions. No study has 

determined whether the μ opioid receptor or any of its endogenous agonists (associated with 

the “liking” component of reward) are under the control of clock proteins in the nucleus 

accumbens or VTA.

Given the emerging role of the immune system in reward-like behaviour, the expression of 

the TLR4 pathway was additionally examined. Interestingly, a light-cycle dependent effect 

was observed for some, but not all TLR4-related genes in the nucleus accumbens and 

hypothalamus. Both these regions exhibited increases in Tlr4, Ifnb and Ccl2 mRNA during 

the dark cycle. However, the hypothalamus reported additional light-dark differences in 

Md2, Trif and Il1b expression. These findings are in contrast to Fonken et al., (2015) who 

observed that isolated microglia exhibit peaks in inflammatory gene expression during the 

light cycle. There are however, numerous differences in terms of study design between the 

present study and Fonken et al., (2015), which may explain these differences (genes and 

cells examined, in vivo vs ex vivo tissue and methods of analysis). The present findings are 

similar to studies examining circadian influence on peripheral immune cells. For example, 

peripheral macrophages exhibit an increase in TLR4-related mRNA during the dark (active) 

cycle (Keller et al., 2009). Nevertheless, these data point to regional specific circadian 

control of brain innate immune reactivity. Like the reward-related gene expression, the 

oscillations in TLR4-related gene expression are driven by sympathetic and parasympathetic 

effects from the SCN and the molecular clock mechanisms. For example, BMAL1-CLOCK 

binds to E-boxes in the promoters of chemokine genes (Nguyen et al., 2013); CLOCK can 

directly interact with p65 subunit of NFκB enhancing its activity (Spengler & 

Kuropatwinski, 2012); and glucocorticoid receptors bind to NFκB and AP-1 repressing their 

activities (Dickmeis et al., 2013; Coutinho & Chapman 2011). These regulatory processes 

act in a concerted manner, temporally gating specific parts of the immune response to 

distinct times of the day.

The role of TLR4 in regulating cocaine- and opioid-induced reward is well established 

(Northcutt et al., 2015; Hutchinson et al., 2012). However, for TLR4’s impact on alcohol 

pharmacodynamics, there are conflicting evidence with studies demonstrating either no 

effect or a reduction in alcohol drinking and reward-like behaviour (Blednov et al., 2017; 

Harris et al., 2017; Aurelian et al., 2016; Bajo et al., 2016; June et al., 2015; Liu et al., 2011; 

Pascual et al., 2011). The differential results are likely attributable to differences in brain 

regions examined, models of alcohol exposure and species examined. However, only two of 

the preceding studies have considered whether the differences (or lack thereof) are 
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attributable to activation of different TLR4-signaling pathways (TRIF or MyD88) (Blednov 

et al., 2017; Harris et al., 2017). Given the light-cycle differences in the expression of Ifnb 
mRNA, and previous work establishing a causal relationship between interferon signalling 

and excessive alcohol use (Duncan et al., 2016; Manzardo et al., 2016; Johnson et al., 2015), 

(+)-Naltrexone, a biased TLR4-TRIF antagonist was used to explore the role of TLR4-TRIF 

signalling on light-cycle dependent differences in alcohol drinking and reward behaviour.

(+)-Naltrexone significantly attenuated alcohol intake and preference across a range of 

doses, alcohol concentrations and testing times. However, the response was mixed. While 

there were significant effects regarding the dose of (+)-Naltrexone on intake and preference, 

post hoc analysis determined the differences were most pronounced during the dark cycle. 

Similarly, the reduction in relative alcohol-induced conditioned place preference by (+)-

Naltrexone was only statistically significant during the dark cycle. These two paradigms 

would infer that (+)-Naltrexone attenuates alcohol-induced reward-like behaviour with the 

greatest effect during the dark cycle. However, the results are confounded. (+)-Naltrexone 

significantly modified saccharin (but not quinine) intake and preference. Therefore, (+)-

Naltrexone may act as an antagonist towards all rewarding compounds, rather than one 

specific to alcohol. While this finding contrasts Northcutt et al., (2015), they are congruent 

with the actions of other pharmacological TLR4 antagonists such as T5342126 (Bajo et al., 

2016). Hence, there appears to be a critical circadian-TLR4 signalling involvement in the 

rewarding properties of multiple diverse agents.

The findings presented in this manuscript add to the growing body of evidence aimed at 

elucidating the precise function of each of the TLR4-signaling pathways in alcohol-reward 

behaviour. Interestingly, our findings largely contrast those by Harris et al., (2017) who 

demonstrated a lack of effect of (+)-Naloxone, a chemically-related compound and TLR4-

TRIF antagonist, on alcohol drinking behaviour in naïve mice. However, Harris et al., (2017) 

observed a significant effect of (+)-Naloxone in paradigms designed to mimic excessive 

drinking. This would suggest TLR4-TRIF is involved in the chronic but not acute effects of 

alcohol. In addition to the TRIF pathway, TLR4 signals via MyD88 raising the possibility 

that the acute effects of alcohol are mediated by this pathway as well. Recent evidence has 

shown naïve MyD88−/− mice exhibit potentiated alcohol intake compared to wildtype mice 

(Blednov et al., 2017). On the surface, this may suggest MyD88 is a negative regulator of 

alcohol-reward behaviour. However, MyD88−/− mice also display reduced saccharin intake 

(Blednov et al., 2017) and opioid-induced reward (Hutchinson et al., 2012), suggesting that 

MyD88−/− mice may find alcohol less rewarding than wildtype mice and therefore must 

consume greater quantities to achieve the same pharmacological effect. Collectively, these 

studies and ours highlights the growing appreciation that the individual TLR4-signalling 

pathways play a unique role in alcohol reward.

To identify potential mechanisms underlying (+)-Naltrexone’s ability to attenuate alcohol-

reward like behaviour, genes relating to reward and the immune system within the nucleus 

accumbens and hypothalamus were again examined. Alcohol increased the expression of 

genes relating to the TLR4 pathway. Specifically, a rise in Tlr4, Cd14, Md2, Trif, Myd88, 

Ccl2, Hmgb1 and Ifnb mRNA expression was observed. This indicates an acute moderate 

dose of alcohol upregulates markers of the MyD88 and the TRIF pathway. Only Tlr4 and 
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Ifnb, however, reported additional light-cycle and pretreatment effects. There was a 

significant decrease in the expression of Tlr4 and Ifnb mRNA following (+)-Naltrexone. 

However, like the behavioural tests, only significant post hoc differences were found in the 

dark cycle. Again, highlighting that the largest effect of (+)-Naltrexone occurred during the 

dark cycle. The dark cycle effect may be due to a floor effect. That is, because TLR4 

expression is relatively lower during the light cycle, an antagonist may be unable to reduce 

the signalling and expression further. By contrast, when the expression is comparatively 

higher (during the dark cycle), the antagonist now appears to exert an effect. This extends to 

conclusions about TLR4s involvement in reward-like behaviour. During the light cycle, 

TLR4 expression was low and therefore, TLR4 may exert a smaller effect on reward 

behaviour compared to during the dark when its expression was the highest.

No genes associated with hunger or thirst were significantly altered by alcohol in the 

hypothalamus. By contrast, alcohol significantly potentiated the expression of Oprm1 and 

Th mRNA in the nucleus accumbens. These genes are pivotally involved in the 

manifestation of reward-like behaviour (Alves et al., 2015; Charbogne et al., 2014; Webb et 

al., 2009). However, only the expression of Th mRNA was significantly altered by light-

cycle and pretreatment – suggesting a link between TLR4 and tyrosine hydroxylase (TH) 

(figure 10). This study is not the first to highlight a potential link between TLR4 and TH as 

Aurelian et al., (2016) determined TLR4 activation induces the expression of TH in VTA 

dopaminergic neurons via a PKA/pCREB signal. Work from the present study builds upon 

this connection suggesting that either IFNβ or CCL2 may underlie this link given both 

inflammatory mediators demonstrated a significant effect of pretreatment. Interestingly, all 

three inflammatory mediators (IFNβ, CCL2 and TLR4) can signal through PKA and CREB 

(Akira &Takeda, 2004), leading to altered transcription of Th mRNA. Importantly the 

downregulation of Th mRNA following (+)-Naltrexone potentially explains the broad effects 

(decreased saccharin preference) observed with TLR4 antagonists. Tyrosine hydroxylase is 

the rate limiting enzyme of catecholamine synthesis, catalysing the conversion of tyrosine to 

L-DOPA, a precursor molecule for dopamine (see Daubner et al., (2011) for review). 

Consequently, reducing its transcription using (+)-Naltrexone may reduce basal dopamine 

level. Thus, mice experience reduced rewarding sensations upon consuming saccharin and 

alcohol. Collectively, the results highlight the importance of TLR4 in regulating basal 

dopamine synthesis and implicates the TLR4 system in the rewarding properties of multiple 

diverse agents.

In summary, the results highlighted above suggest the preference for rewarding and aversive 

stimuli peak and nadir during the dark cycle respectively. This effect coincides with 

elevations in genes relating to dopaminergic and opioidergic transmission and the TLR4-

signalling pathway. Attenuating the TRIF component of the TLR4-signalling pathway 

significantly reduced alcohol preference, with a greater effect during the dark cycle. 

Saccharin preference was additionally reduced by TLR4 blockade– an effect potentially 

attributable to a reduction in Th mRNA. Given that antagonism of TLR4 reduced alcohol- 

and saccharin preference and tyrosine hydroxylase mRNA, TLR4 may play a role in the 

dopamine synthesis and natural reward-like behaviour. Further research is required to 

establish how these preclinical studies translate to the human condition, and whether future 

pharmacological targeting of neuroimmune systems generally (Ray et al., 2017) or TLR4 
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specifically, may need to be timed specifically to a light cycle. Moreover, these data point to 

a significant impact on the brain of time-of-day on long term impact of alcohol exposure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Experimental timeline.
All behavioural testing began 2 h into the light or dark phase. Conditioned place preference 

occurred between ZT2 to ZT3 and ZT14 to ZT15 for mice in the light or dark phase 

respectively. Drinking in the dark (days 1 – 3) occurred between ZT2 to ZT4 and ZT14 to 

ZT16 for the light and dark cohorts respectively. On the final day of testing, the test 

concluded at ZT6 and ZT18 for the light and dark cohorts respectively.
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Figure 2. Circadian timing affects the intake and preference of alcohol (a - b) and saccharin (c - 
d) but not quinine (e - f).
There was a main effect of light-cycle on the intake and preference for alcohol (3 – 42%) 

and saccharin (1 – 60mM) and the intake ratio of quinine (0.001 – 5mM). However, the 

intake of quinine was independent of light cycle. Post hoc analysis determined significant 

differences between light and dark at 21 – 42 per cent alcohol (a), 30 – 60mM of saccharin 

(c) and 5mM quinine (f). All data was analysed using a two-way ANOVA with Tukey post 

hoc. Summary values represented as mean±SEM; n=10, *p < 0.05; **p < 0.01, *** p < 

0.001.
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Figure 3. Circadian timing alters the relative preference for an alcohol-induced conditioned 
place preference.
Light-cycle did not alter alcohol-induced conditioned place preference (a). However, when 

the relative change in conditioned chamber time was assessed, there was significantly 

greater preference towards alcohol during the dark compared to the light cycle (b). All data 

was analysed using a two-way ANOVA with Tukey post hoc (a) and a paired two-tail t-test 

(b). Summary values represented as mean±SEM; n=8, *p < 0.05.
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Figure 4. Circadian timing effects the expression of genes relating to reward (a), thirst and 
hunger (b).
The expression of Drd2, Oprml and Ghrl were significantly elevated during the dark cycle 

compared to the light cycle. By contrast, the expression of Avp, was significantly elevated 

during the light compared to the dark cycle. The expression of Drd1, Th, Lepr and Rxfpl 
was unaffected by light-cycle. All data was analysed using a paired two-tail t-test. Summary 

values represented as mean±SEM; n=3, *p < 0.05; **p < 0.01.
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Figure 5. Circadian timing effects the expression of TLR4-related genes in the nucleus 
accumbens (a) and hypothalamus (b).
The expression of Tlr4, Ccl2 and Ifnb was significantly greater during the dark cycle 

compared to the light cycle in the nucleus accumbens. By contrast, the hypothalamus 

exhibited a more pronounced effect of circadian timing with greater expression of Tlr4, 
Md2, Trif, 111 b, Ccl2 and Ifnb during the dark cycle compared to the light cycle. All data 

was analysed using a paired two-tail t-test. Summary values represented as mean±SEM; 

n=3–4, *p < 0.05.
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Figure 6. Circadian timing influences the efficacy of (+)-Naltrexone on the intake and preference 
for alcohol (12%) (a – b), saccharin (30 mM) (c – d) and quinine (0.1 mM) (e – f).
(+)-Naltrexone decreased the intake and preference for alcohol with a greater effect 

observed during the dark cycle compared to the light cycle as inferred by post hoc 

differences. (+)-Naltrexone did not affect the intake of saccharin, however, the drug 

significantly decreased the preference for saccharin between 30 – 75mgkg and 75mg/kg in 

the light and dark cycles respectively. The response to quinine was the opposite, with (+)-

Naltrexone altering intake but not intake ratio. All data was analysed using a two-way 

ANOVA with Tukey post hoc. Summary values represented as meaniSEM; n=8–10, *p < 

0.05, **p < 0.01, ***p <0.001, ****p <0.0001 compared to saline (dark); #p < 0.05 , ##p < 

0.01, ###p <0.001, ####p <0.0001 compared to saline (light).
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Figure 7. Circadian timing influences the efficacy of (+)-Naltrexone (60 mg/kg) on decreasing the 
intake and preference for alcohol (a – b) and saccharin (c – d) but not quinine (e – f).
There was a main effect of pretreatment on the intake (a) and preference (b) for alcohol (3 – 

42%) with (+)-Naltrexone exhibiting a greater effect during the dark cycle (post hoc 

analysis). Similarly, there was a main effect of pretreatment on intake (c) but not preference 

(d) for saccharin (1 – 60mM). Pretreatment had no effect on quinine intake (e) or intake ratio 

(f) (0.001 – 10mM). All data was analysed using a three-way ANOVA with Tukey post hoc 

Summary values represented as mean±SEM; n=10.
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Figure 8. Circadian timing influences efficacy of (+)-Naltrexone on relative change in conditioned 
chamber time.
There was a significant effect of pretreatment on alcohol-induced conditioned place 

preference time with mice in the dark cycle exhibiting a significant reduction between saline 

and (+)-Naltrexone in conditioned place preference time. All data was analysed using a two-

way ANOVA with Tukey post hoc. Summary values represented as mean±SEM; n=8, *p < 

0.05. saline# = saline conditioned mice.
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Figure 9. Circadian timing influences efficacy of (+)-Naltrexone on decreasing the mRNA 
expression of the TLR4-signaling pathway.
There was a significant effect of pretreatment on the expression of Tlr4 and Ifnb in the 

nucleus accumbens and Ifnb in the hypothalamus. Post hoc analyses determined differences 

between the groups were observed in the dark cycle only. All data was analysed using a two-

way ANOVA with Bonferonni post hoc. Summary values represented as mean±SEM; n=3, 

*p < 0.05, **p < 0.01.
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Figure 10. Circadian timing influences the efficacy of (+)-Naltrexone on decreasing the mRNA 
expression of tyrosine hydroxylase.
(+)-Naltrexone significantly reduced the expression of Th with its greatest effect observed 

during the dark cycle. All data was analysed using a two-way ANOVA with Bonferonni post 

hoc. Summary values represented as mean±SEM; n=3, *p < 0.05, **p < 0.01.
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