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Abstract

There is growing evidence that immune signalling may be involved in both the causes

and consequences of alcohol abuse. Toll-like receptor (TLR) expression is increased

by alcohol consumption and is implicated in AUD, and specifically TLR7 may play an

important role in ethanol consumption. We administered the TLR7-specific agonist

imiquimod in male and female Long–Evans rats to determine (1) gene expression

changes in brain regions involved in alcohol reinforcement, the nucleus accumbens

core and anterior insular cortex, in rats with and without an alcohol history, and

(2) whether TLR7 activation could modulate operant alcohol self-administration.

Interferon regulatory factor 7 (IRF7) was dramatically increased in both sexes at both

2- and 24-h post-injection regardless of alcohol history and TLR3 and 7 gene expres-

sion was increased as well. The proinflammatory cytokine TNFα was increased 24-h

post-injection in rats with an alcohol self-administration history, but this effect did

not persist after four injections, suggesting molecular tolerance. Ethanol consumption

was increased 24 h after imiquimod injections but did not occur until the third injec-

tion, suggesting adaptation to repeated TLR7 activation is necessary for increased

drinking to occur. Notably, imiquimod reliably induced weight loss, indicating that

sickness behaviour persisted across repeated injections. These findings show that

TLR7 activation can modulate alcohol drinking in an operant self-administration para-

digm and suggest that TLR7 and IRF7 signalling pathways may be a viable druggable

target for treatment of AUD.
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1 | INTRODUCTION

There is growing evidence that immune signalling is involved in both

the development and persistence of alcohol use disorder (AUD11).

Increased expression of proinflammatory genes such as Toll-like

receptors (TLRs) and cytokines have been found in the brains of post-

mortem alcoholics2–4 and chronic alcohol consumption is associated

with increased levels of cytokines in circulation.5 In animal models,

alcohol has been shown to increase expression of neuroimmune sig-

nalling molecules in the brain,6–9 which have in turn been shown to

increase voluntary alcohol consumption.10–13 Thus, neuroimmune sig-

nalling may serve as a positive feedback loop in AUD, being both a

cause and consequence of excessive alcohol intake.1

TLRs are a major component of immune signalling that were dis-

covered to mediate responses to pathogens and necrotic cell damage.

For example, TLR4 was first found to respond to bacterial endotoxin,

and endosomal TLR3 and 7 respond to double and single-stranded

RNA, respectively, primarily produced by viruses. The brain is gener-

ally sterile, but recent studies have examined endogenous TLR agonist

signalling in brain contributing to induction of neuronal TLR in a base-

line state.9 Activation of TLRs induces signalling through adapters,

MyD88 (all TLR except TLR3) and/or TRIF (TLR3 and 4), ultimately

resulting in nuclear translocation and induction of proinflammatory

genes including cytokines and interferons.4 TLRs also have important

roles in normal brain functioning. For example, TLR3, 7, and 8 regulate

axonal growth, dendritic pruning, and neuronal morphology.14,15 Thus,

TLR signalling contributes to neurobiology as well as their known roles

in the immune system.

While studies have found increased expression of multiple TLRs

in post-mortem human brain of AUD patients,16 preclinical studies

indicate a complex relationship with alcohol drinking. An initial experi-

ment linking TLRs to alcohol consumption found that the TLR4 ago-

nist and bacterial endotoxin LPS increased voluntary intake of alcohol

in a two-bottle choice model in multiple mouse strains.17 Interestingly,

other studies found that TLR4 knockout and antagonism had little

effect on ethanol consumption across both rats and mice,18,19

suggesting that other immune factors contribute to the increase in

drinking. TLR3 knockout male mice consumed less alcohol in a two-

bottle choice paradigm,20 and recent studies have shown that TLR3

activation is capable of driving alcohol consumption in male rats13 and

mice.10,11 TLR7 was recently shown to drive voluntary ethanol con-

sumption as mice given 10 injections of the TLR7/8 small molecule

agonist R848, which only activates TLR7 (i.e. does not activate TLR8)

in rodents,21 subsequently drank more alcohol in a two-bottle choice

procedure.12 Voluntary alcohol drinking may assess different circuitry

as compared with operant self-administration, with the latter better

assessing the rewarding properties of alcohol.22 Nonetheless, work

from our lab showed that TLR3 activation produced a similar increase

in operant alcohol self-administration and rapid increases in TLR3

gene expression in the insular cortex and nucleus accumbens,13 a

brain circuit known to be involved in the regulation of alcohol drinking

and interoceptive sensitivity to alcohol.23,24 Further, these increases

in TLR3 gene expression were positively correlated with TLR7 gene

expression in the insular cortex but not the nucleus accumbens. Thus,

TLR agonists induce increases in expression of multiple TLR receptors

adding to the complexity of interpreting responses to TLR specific

agonists.

While initial studies examining TLR signalling and alcohol tended

to focus solely on males, when female subjects have been included,

sex differences have been found. TLR3 activation via poly(I:C) in

female mice did not increase alcohol consumption as has been seen in

males, and the time course of the subsequent immune response differs

with females showing a delayed response.10,11 Interestingly, both

sexes displayed decreased drinking in TLR2 knockout mice while only

MyD88 knockout males increased voluntary alcohol consumption.19

At present, the effects of TLR7 modulation in females has yet to be

examined. TLR7 makes for a particularly interesting target in females

as it is located on the X chromosome and escapes X-inactivation in

immune cells and thus may be more highly expressed in females at

baseline.25,26 As such, the goals of the present study, were to examine

(1) gene expression changes in the nucleus accumbens core (AcbC)

and anterior insular cortex (AI) in alcohol naïve male and female Long–

Evans rats following administration of the TLR7 agonist imiquimod and

(2) whether imiquimod modulates alcohol self-administration in male

and female rats and the consequences of multiple imiquimod injections

on self-administration and gene expression. Gene expression analyses

focused on TLR signalling pathways in the AcbC and AI to highlight

downstream signalling and immune molecules that may play an impor-

tant role in the TLR7-mediated increase in alcohol consumption.

2 | MATERIALS AND METHODS

2.1 | Animals

Adult male and female Long–Evans rats (Envigo-Harlan, Indianapolis, IN)

were delivered at 7 weeks old and were handled daily for 1 week prior

to the start of the experiment. All rats were doubled housed in venti-

lated cages in same-sex pairs. Rats had ad libitum access to food and

water in the home cage unless noted. The rats were kept in a

temperature- and humidity-controlled colony room that ran on a 12-h

light/dark cycle (lights on at 07:00). All experiments were conducted

during the light cycle. Animals were under the care of the veterinary

staff from the Division of Comparative Medicine at UNC-Chapel Hill. All

of the procedures followed the guidelines established by the NIH Guide

to Care and Use of Laboratory Animals and institutional guidelines.

2.2 | Drugs

Ethanol (95% v/v; Pharmco-AAPER, Shelbyville, KY) was diluted in

distilled water. Imiquimod (Sigma-Aldrich CO. LLC, Saint Louis, MO,

USA; Lot# 25236) was dissolved in 45% hydroxypropyl-beta-

cyclodextrin (Acros Organics, Geel, Belgium), which was also used for

control injections. Imiquimod was injected intraperitoneal (IP) at a vol-

ume of 1 ml/kg.
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2.3 | Apparatus

Self-administration chambers (Med Associates Inc., St. Albans, VT) were

individually located within sound attenuating chambers with an exhaust

fan to circulate air and mask outside sounds. Chambers were fitted with

a retractable lever on the opposite walls (left and right) of the chamber.

There was a cue light above each lever and liquid receptacles in the

centre panels adjacent to both levers. Responses on the left (i.e., active)

lever resulted in cue light illumination, stimulus tone, and delivery of

0.1 ml of solution across 1.66 s via a syringe pump into the left recepta-

cle once the response requirement was met. Responses on the right

(inactive) lever had no programmed consequence. The chambers also

had infrared photobeams which divided the floor into four zones to

record general locomotor activity throughout each session.

2.4 | EtOH self-administration training

Self-administration sessions (30 min) took place 5 days per week (M-

F) with the active lever on a fixed ratio 2 schedule of reinforcement

such that every second response resulted in delivery of EtOH.27 A

sucrose-fading procedure was used in which EtOH was gradually

added to the 10% (w/v) sucrose solution. The exact order of exposure

was as follows: 2% (v/v) EtOH/10% (w/v) sucrose, 2E/10S, 5E/10S,

10E/10S, 10E/5S, 15E/5S, 15E/2S, 20E/2S, 20E, 15E. Following

sucrose fading, unsweetened EtOH/15% (w/v) was the reinforcer for

the remainder of the study. At the end of each session, wells were

inspected to ensure that rats had consumed all fluid.

2.5 | Brain tissue collection and sectioning

Brains were rapidly extracted and flash frozen with isopentane (Sigma-

Aldrich, MI). Brains were stored at �80�C until brain region sectioning.

Brains were sectioned on a cryostat (�20�C) up to a predetermined

bregma coordinate for each region of interest (ROI). Then, a micro-

punch tool was used to collect tissue specific to each brain region.

ROIs were separated by left and right hemispheres, and all real-time

reverse transcription polymerase chain reaction (RTPCR) experiments

used the right hemisphere when separated. Brain tissue was stored at

�80�C until real-time RTPCR analysis. For all experiments where tis-

sue was collected 24-h post-imiquimod injection (experiments 2–4),

spleens were weighed as an index of the inflammatory response.

2.6 | Tissue processing and real-time RTPCR

RNA was extracted from brain tissue using the RNeasy Mini Kit

(Qiagen, Venlo, Netherlands) according to the manufacturer's instruc-

tions. RLT lysis buffer containing β-mercaptoethanol (Sigma Aldrich)

was used for tissue homogenization. RNA concentration and purity for

each sample were determined using a spectrophotometer (Nanodrop

2000, ThermoScientific). RNA was reverse transcribed into cDNA using

the either the QuantiNova Reverse Transcription Kit (Qiagen) or Super-

script III First-Strand Synthesis System (Invitrogen, Waltham, MA, USA)

according to the manufacturer's instructions. Following reverse tran-

scription, all samples were diluted 1:10 with nanopure water (200 μl

total) and stored at �20�C before RT-PCR experiments. Real-time

RTPCR was conducted using a QuantStudio3 (ThermoFisher) for all

experiments. Using a 96-well plate, each sample was run in triplicate

using 10-μl total volume per well with the following components:

PowerUp Sybr green dye (ThermoFisher, containing ROX dye for pas-

sive reference), forward and reverse primers (Eton Biosciences Inc., NC,

USA), and cDNA template. The PCR was run with an initial activation

for 10 min at 95�C, followed by 40 cycles of the following: denatur-

ation (95�C for 15 s), annealing (60�C for 30 s), and extension (72�C for

45 s). Melt curves were obtained for all experiments to verify synthesis

of a single amplicon. All primer sequences are displayed in Table 1.

2.7 | Experiments

2.7.1 | Experiment 1: Central gene expression 2-h
post-imiquimod injection

Male and female naive rats were injected with imiquimod or vehicle

(0 or 10 mg/kg, IP; n = 8/dose/sex). To examine the short-term con-

sequences of imiquimod, rats were sacrificed 2-h post-injection

TABLE 1 Primers used for PCR analysis

Target Forward Reverse

Β-actin CTACAATGAGCTGCGTGTGGC CAGGTCCAGACGCAGGATGGC

TLR3 AAGACGCTACAGCTTTCCTG TGTGTGTCAGCTTCAAATGGC

TLR7 GCCTTCAAGAAAGATGCCATTG ACCATCGAAACCCAAGGACTC

IRF3 GCTGCGAGTCTCAACTACTG TCCTCAGCTAATCGCAACAC

IRF7 TAACTTACCACCCCCAGAGG CCTAGGGACATACCCTGTGT

MyD88 CGACGCCTTCATCTGCTACTGC CCACCACCATGCGACGACAC

TRIF CCCTGTCATTTCTTGAGCGT GGGAGATTTAGCAACGCACT

IL-1β AGGACCCAAGCACCTTCTTT AGACAGCACGAGGCATTTTT

TNFα GTCCCAACAAGGAGGAGAAGTT CTCCGCTTGGTGGTTTGCTA

Note: Forward and reverse primers used for real-time RTPCR analyses.
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(Figure 1A). Brain tissue was collected for RT-PCR analysis. Spleen

weights were not collected for this experiment as they were not

expected to differ 2-h post-imiquimod.

2.7.2 | Experiment 2: Central gene expression 24-h
post-imiquimod injection

The design of this experiment was identical to that of Experiment

1 except that rats (n = 8/dose/sex) were sacrificed 24-h post-

injection and spleen weights were collected as an index of the inflam-

matory response (Figure 1A).

2.7.3 | Experiment 3: Effect of EtOH self-
administration history on gene expression 24 h after a
single imiquimod injection

After daily self-administration of 15% ethanol for 24 days, male and

female Long–Evans rats were injected with imiquimod (0 or 10 mg/kg,

IP; n = 10/dose/sex) and sacrificed 24-h post-injection (Figure 2A).

Brains and tissue were collected for RT-PCR analysis and spleen

weights were recorded.

2.7.4 | Experiment 4: Effects of repeated
imiquimod injections on EtOH self-administration and
gene expression 24-h post-imiquimod injection

Male and female rats expressing stable self-administration of 15%

ethanol after daily self-administration for 24 days were injected with

imiquimod (0 or 10 mg/kg, IP; n = 12/dose/sex) once every 15 days

for a total of 4 injections with 14 self-administration days between

each injection (Figure 3A). On injection days, imiquimod was adminis-

tered 2 h prior to a standard 30-min self-administration session. The

15 days in-between injections were standard self-administration ses-

sions, as described above. For the figures and analyses, the first 3 days

post-injection are used for analysis as self-administration returned to

control levels. The 15 days between injections was used to ensure

that there was no residual drug effect. Alcohol intake during the oper-

ant session is shown as the primary outcome measurement, and num-

ber of active lever presses are shared in Figure S1. Rats were

sacrificed 24 h after the fourth imiquimod injection, spleens were

weighed, and brain was collected for RT-PCR analysis.

2.8 | Statistical analyses

2.8.1 | Gene expression

We used the 2^ΔΔCt method to determine fold change relative to

controls.28 β-actin was used as the housekeeping gene for all targets

and β-actin Ct value did not significantly differ between groups in any

case. Fold changes were normalized so that average control fold

change equaled 0. For all gene expression analyses, the tissue from

males and females and from each brain region was processed sepa-

rately; thus, sex and region were not included as a factor in analyses.

T-tests were used to determine the effect of imiquimod relative to

controls within each sex. Graphs are displayed as expression relative

to control subjects with 1 representing the average fold change of

controls. Samples were removed from analysis in case of experimenter

error or if determined to be a statistical outlier (greater than 2 std.

dev. from the mean). All gene expression data including control values

are reported as % change from control in Tables S1–S4.

2.8.2 | Spleen weights

Spleen weights were analysed via two-way analysis of variance

(ANOVA) comparing effects of imiquimod and sex.

2.8.3 | Behavioural analyses

In order to take into account IMI-induced weight changes, our primary

measure in the self-administration studies was alcohol intake, calcu-

lated from rat body weight and the number of reinforcers delivered.

Alcohol lever responses are presented in Figure S1. For the test days

and subsequent three self-administration sessions, all behaviours of

interest (alcohol intake, locomotor activity, change in weight, and alco-

hol lever responses) were analysed by three-way ANOVAs for each

injection day and the proceeding 3 days (repeated measure) in order

to determine the immediate and short-term effects of imiquimod and

sex on behaviour. Behaviour on the fourth and final injection day was

analysed via two-way ANOVA. Post-hoc analysis (Tukey) was used to

determine differences between specific days of training.

3 | RESULTS

3.1 | Experiment 1: Central gene expression 2-h
post-imiquimod injection

This study investigated the response to the small molecule selective

TLR7 agonist imiquimod, in both males and females 2 h after injec-

tion. The gene expression (fold change) analysis is illustrated by the

heatmap in Figure 1B (see Table S1 for data values). AcbC. At 2-h

post-IMI, IRF7 was greatly increased in both males (9.4-fold; t(11)

= 7.38, p < 0.01) and females (5.3-fold; t(14) = 3.13, p < 0.01;

Figure 1C). TLR3 gene expression was elevated 1.7-fold following

IMI only in females (t(11) = 4.04, p < 0.01). AI. In contrast, in the AI

TLR3 expression was increased 1.7-fold only in males (t(12) = 2.77,

p < 0.05). IRF7 was again greatly increased in both males (2.8-fold; t

(12) = 2.99, p < 0.05) and females (5.3-fold; t(11) = 6.88,

p < 0.0001; Figure 1C). MyD88 was increased in females only in the

AI (1.5-fold; t(13) = 2.77, p < 0.05).
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3.2 | Experiment 2: Central gene expression 24-h
post-imiquimod injection

The gene expression (fold change) analysis is illustrated by the

heatmap in Figure 1D (see Table S2 for data values). AcbC. 24-h

post-imiquimod, TLR3 gene expression was increased the AcbC in

both males (2.2-fold: t(14) = 3.03, p < 0.01) and females (1.9-fold: t

(12) = 4.83, p < 0.001), while TLR7 expression was increased specifi-

cally in males (1.4-fold: t(12) = 2.41, p < 0.05; see Figure 1E). Similar

to Experiment 1, IRF7 expression was greatly increased in both

brain regions in males (11.6-fold: t(10) = 13.69, p < 0.0001) and

females (12.2-fold: t(12) = 4.58, p < 0.01; Figure 1E). AI. In the AI

both males and females had increased expression of TLR3 (male

1.8-fold: t(14) = 2.70 p < 0.05; female 1.6-fold: t(13) = 2.32,

F IGURE 1 Experiment 1 and
2 gene expression. (A) Rats were
given an injection of either
imiquimod (10 mg/kg, IP) or
vehicle and tissue was collected
either 2 h (Experiment 1) or 24 h
(Experiment 2) post-injection.
(B) Experiment 1 gene expression
changes in the nucleus

accumbens core (AcbC) and
anterior insula (AI) induced by
imiquimod relative to controls
visualized as a heatmap. (C) As
IRF7 changes were much greater
than seen in other genes these
data are shown separately as fold
change from vehicle controls
(where vehicle group = 0 fold
change). (D) Experiment 2 gene
expression changes visualized as
a heatmap. At 24-h post-
injection, TLR3 was reliably
increased across both brain
regions and sexes. (E) IRF7 gene
expression remained high 24-h
post-injection. *p < 0.05
compared with vehicle control,
#p < 0.05 compared with control
and value is greater than the
heatmap scale
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p < 0.05), while like in the AcbC TLR7 expression was increased

only in males (1.8-fold: t(14) = 2.27, p < 0.05; Figure 1E). IRF7 gene

expression was once again greatly increased in the AI in both males

and females (males 5.5-fold: t(10) = 3.13, p < 0.05; females 3.8-fold:

t(10) = 2.26, p < 0.05; Figure 1E). These findings suggest that a sin-

gle dose of IMI induces IRF7 mRNA, a direct downstream transcrip-

tion factor target of TLR7, in both AcbC and AI at 2 h. that persists

for at least 24 h, whereas IRF3, TNFα or IL-1β are not altered.

These findings are consistent with the small molecule IMI activating

brain TLR7 receptors.

Increased spleen weights are commonly used to assess systemic

immune responses. At 24-h post-injection spleen weights were

increased relative to body weight as compared with controls (Table 2;

F(1,28) = 5.31, p < 0.05), indicative of induction of an inflammatory

response, while there was no effect of sex.

3.2.1 | Experiment 3: Behaviour and weights

During the self-administration session 2-h post-injection on the

imiquimod injection day, the two-way ANOVAs showed a main effect

of sex as females showed greater alcohol intake (F(1,36) = 5.02,

p < 0.05) and locomotor rate (F(1,36) = 8.94, p < 0.01) than males, but

there was no main effect of drug, indicating that imiquimod did not

reduce drinking or were locomotor rates (Figure 2B,C). However, the

following day rats lost weight (F(1,36) = 110.3, p < 0.0001) as

F IGURE 2 Experiment
3 behaviour and gene expression.
(A) For Experiment 3, rats trained
on ethanol self-administration
were given an injection of
imiquimod (10 mg/kg, IP) or
vehicle and tissue was collected
24-h post-injection. (B,C) Alcohol
intake and locomotor rate on the

day of injection. (D) weight
change between the day of
injection and the following day.
(E) Experiment 3 gene expression
changes in the (AcbC) and AI
induced by imiquimod relative to
controls visualized as a heatmap.
(F) IRF7 gene expression was
greatly increased in both sexes
and targets after a single
imiquimod injection in rats with a
self-administration history.
*p < 0.05 compared with vehicle
control, #p < 0.05 compared with
control and value is greater than
the heatmap scale. & indicates a
main effect of sex
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F IGURE 3 Experiment 4 self-administration behaviour. (A) In Experiment 4, rats were given imiquimod injections (10 mg/kg, IP) before daily
self-administration sessions then tissue was collected 24 h after the last injection. Baseline data are the average of the three training days prior to
the first imiquimod injection, and each injection day is represented as a dotted line with subsequent days designated (e.g., post 1 is the following
day). (B) Alcohol intake was unaffected by the first injection but subsequent injections reduced alcohol intake on the day of injection and
increased intake the day after the third injection. (C) Like the reductions in drinking, locomotor reductions were present on injection day starting
with the second injection. Finally, imiquimod resulted in weight loss after every injection in both sexes (D). ^ indicates main effect of day,
& indicates main effect of sex, and * indicates a significant difference between imiquimod and control on this day when data are collapsed
across sex
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indicated by a main effect of drug, indicating that imiquimod induced

sickness (Figure 2D). Males lost more weight than females

(F(1,36) = 10.13, p < 0.01), likely due to their larger initial size.

Effect of EtOH self-administration history on gene expression 24 h

after a single imiquimod injection

AcbC:In rats with a history of alcohol self-administration, TLR3 gene

expression was increased in the AcbC in both males (2.4-fold; t(18)

= 3.49, p < 0.01) and females (1.7-fold; t(17) = 3.42, p < 0.01). A small

but significant 1.4-fold increase in TLR7 was found only in males

(t(17) = 2.23, p < 0.05). Imiquimod induced expression of the

proinflammatory cytokine TNFα in males (1.9-fold; t(16) = 2.84,

p < 0.05) and females (1.6-fold; t(17) = 2.88, p < 0.01). IRF7 gene

expression was greatly increased in both males (42.7-fold; t(18)

= 3.88, p < 0.01; Figure 2D) and females (27.2-fold; t(17) = 5.57,

p < 0.0001). AI: In the AI, TLR3 gene expression was increased 2-fold

specifically in females (t(18) = 3.30, p < 0.01). IRF7 expression was

again greatly increased in both sexes (males 25-fold; t(18) = 4.19,

p < 0.001 females 29-fold; t(19) = 5.92, p < 0.0001). Again, expres-

sion of TNFα was increased specifically in females (2.3-fold; t(16)

= 3.61, p < 0.01). See Table S3 for data values.

Spleen weights

Imiquimod again resulted in increased spleen sizes 24-h post-injection

(F(1,35) = 19.22, p < 0.0001; Table 2). Further, after a history of alco-

hol self-administration females had larger higher weight relative to

body weight as compared with males (F(1,35) = 9.56, p < 0.01;

Table 2).

3.2.2 | Experiment 4: Effects of repeated
imiquimod injections on EtOH self-administration 24-h
post-imiquimod

Self-administration: Alcohol intake

During the first injection round a three-way ANOVA found a main

effect of test day (F(3,132) = 8.13, p < 0.0001). There were significant

two-way interactions between day and sex (F(3,132) = 5.52, p < 0.01)

and imiquimod and day (F(3,132) = 2.91, p < 0.05), as well as a three-

way interaction (F(3,132) = 2.91, p < 0.05). However, post-hoc ana-

lyses did not find differences induced by imiquimod on any given day.

On the second injection round there was a main effect of test day

(F(3,132) = 20.4, p < 0.0001) and an interaction between imiquimod

and day (F(1,132) = 7.41, p < 0.0001). Post-hoc analyses found a

reduction in alcohol intake on the injection day (p < 0.001). On the

third injection round there was an effect of day (F(3,132) = 30.24,

p < 0.0001) and females generally showed higher intake than males

(F(3,132) = 14.21, p < 0.001). There was also an imiquimod by day

interaction (F(3,132) = 26.83, p < 0.0001) and post-hoc tests indi-

cated that imiquimod reduced intake on the injection day while also

increasing intake the next day (ps < 0.01). Finally, on the final injection

day (injection #4) a two-way ANOVA found a significant main effect

of sex (F(1,44) = 5.47, p < 0.05) with lower alcohol intake in males

than females. Overall, Figure 3B shows that on the day of injection,

imiquimod reduced alcohol intake on the second and third injection

rounds while increasing intake 24 h after the third injection. Addition-

ally, these effects were observed in males and females, suggesting a

lack of sex specificity.

Locomotor activity

During the first injection round, there were main effects of day

(F(3,132) = 5.88, p < 0.001), sex (F(3,132) = 16.89, p < 0.001), and

imiquimod (F(3,132) = 6.23, p < 0.05), with females showing greater

activity and imiquimod reducing activity in general. There was also a

day � sex interaction (F(3,132) = 5.21, p < 0.01). For the second

round, there were main effects of day (F(3,132) = 9.12, p < 0.001)

and sex (F(3,132) = 5.38, p < 0.05) with females again showing a gen-

erally higher level of activity than males. There were also two-way

interactions between day and sex (F(3,132) = 2.95, p < 0.05) and day

and imiquimod (F(3,132) = 5.80, p < 0.0001), with post-hoc analyses

finding that imiquimod reduced locomotor activity on the second

injection day (p < 0.0001). During the third injection round, there

were again main effects of day (F(3,132) = 11.96, p < 0.0001) and sex

(F(3,132) = 13.15, p < 0.001) as well as a main effect of imiquimod (F

(3,132) = 5.88, p < 0.05) where the drug generally reduced locomotor

activity. There was also a day by imiquimod interaction (F

(3,132) = 5.67, p < 0.01) and post-hoc analysis again found reduced

activity on the injection day (p < 0.001). On the fourth and final injec-

tion day, imiquimod again reduced activity (F(1,44) = 15.28,

p < 0.001) and females had higher locomotor activity than males (F

(1,44) = 19.87, p < 0.0001). Overall imiquimod reduced locomotor

activity in both sexes, and this effect became more pronounced

starting with the second injection.

Change in weight

In the days following the first injection, there was an initial loss of

weight in the rats that received imiquimod followed by weight gain

resulting in a significant main effect of day (F(2,88) = 30.79,

p < 0.0001). There was also an effect of sex (F(1,44) = 9.85, p < 0.05)

likely due to the size difference between males and females. This same

outcome occurred again with the second round (day: F(2,88) = 43.76,

p < 0.0001; sex: F(1,44) = 47.22, p < 0.0001) and there was a trend for

TABLE 2 Spleen weights

Study Sex Vehicle Imiquimod

Experiment 2 Males 2.17 ± 0.06 2.32 ± 0.04a

Females 2.23 ± 0.08 2.44 ± 0.11a

Experiment 3 Males 2.01 ± 0.05 2.36 ± 0.06a

Females 2.25 ± 0.06 2.73 ± 0.16a

Experiment 4 Males 1.54 ± 0.04 2.12 ± 0.07a

Females 1.77 ± 0.04 2.35 ± 0.09a

Note: Spleen weights adjusted to body weight for Experiments 2–4
(calculated as weight of spleen (g) � body weight (g) * 1000).
aMain effect of imiquimod, bold indicates a main effect of sex. p < 0.05.
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an effect of imiquimod (p = 0.061). There were also significant

day by imiquimod (F(2,88) = 6.62, p < 0.01) and imiquimod by sex

(F(1,4) = 9.89, p < 0.01) interactions. Post-hoc analyses found that

imiquimod resulted in lower weight than controls across all three post-

injection days (ps < 0.0001). The days following the third injection

showed the same pattern of results (day: F(2,88) = 54.05, p < 0.0001;

sex: F(1,44) = 70.94, p < 0.0001; trend for effect of imiquimod

[p = 0.051]; day by sex interaction: F(2,88) = 5.49, p < 0.01; imiquimod

by sex interaction: F(1,44) = 9.89, p < 0.01). Overall imiquimod resulted

in weight loss in both sexes that was of greater magnitude in males.

Effects of repeated imiquimod injections on gene expression 24-h

post-imiquimod

AcbC.In rats trained to self-administer alcohol, 24 h after four

repeated imiquimod injections, TLR3 was increased in both males

(2.6-fold; t(19) = 3.15, p < 0.01) and females (2.1-fold; t(21) = 2.89,

p < 0.05). TLR7 gene expression was increased 1.9-fold specifically in

females (t(22) = 4.73, p < 0.001), but the increase did not reach the

level of significance in males (p = 0.057). As has been seen in all of

our experiments, IRF7 gene expression was greatly increased in both

males (23.4-fold; t(17) = 6.56, p < 0.0001) and females (16.5-fold; t

(19) = 4.73, p < 0.0001; Figure 4D). MyD88 was also increased spe-

cifically in males in the AcbC (t(19) = 2.32, p < 0.05). AI. TLR3 gene

expression was increased in the AI in both males (1.6-fold; t(19)

= 3.02, p < 0.01) and females (2.1-fold; t(19) = 2.77, p < 0.05). As was

seen in the AcbC, TLR7 gene expression was increased specifically in

females (1.5-fold; t(20) = 2.39, p < 0.05) but not in males. Lastly, IRF7

was greatly increased in both sexes (males 15.5-fold; t(19) = 6.31,

p < 0.0001: females 18.7-fold; t(21) = 6.20, p < 0.0001; Figure 4C).

See Table S4 for data values.

3.2.3 | Spleen weights

Imiquimod again resulted in increased spleen weights (F(1,44)

= 83.77, p < 0.0001), indicating an inflammatory response. Also, as

was seen in Experiment 3, a history of alcohol self-administration

resulted in larger spleens in females relative to males (F(1,44) = 13.74,

p < 0.001; Table 2).

4 | DISCUSSION

The role of TLR7 signalling in operant alcohol self-administration

behaviour has not been well established. Thus, we examined gene

expression changes induced by administration of the TLR7 receptor

agonist imiquimod and its effects on operant self-administration in

male and female rats. In naïve rats, we first determined what genes

are modulated by TLR7 activation in the AcbC and AI, two brain

regions previously implicated in alcohol seeking and self-administra-

tion.13,29–32 In both sexes, we observed a profound induction of IRF7

in both brain regions at 2 and 24 h as well as increases in expression

of TLR3 and 7, particularly at 24 h. In male and female rats with a self-

administration history, a single injection of imiquimod did not signifi-

cantly reduce alcohol drinking 2 h after injection (Figure 2); 24 h later,

this group showed an increase in IRF7 that was higher than in the

alcohol naïve rats and again increases in TLR3 and 7 genes were

observed, as well as an increase in the proinflammatory cytokine

TNFα. Finally, in the last experiment, we examined the consequences

of multiple imiquimod injections on alcohol self-administration. Rats

were insensitive to the first imiquimod injection, but imiquimod

reduced drinking on injection day starting with the second injection,

F IGURE 4 Experiment
4 gene expression. (A) Experiment
4 gene expression changes in the
(AcbC) and AI induced by
imiquimod relative to controls
visualized as a heatmap, showing
consistent increases in TLR3 and
IRF7 across brain regions in both
sexes. (B) Multiple injections of
imiquimod resulted in greatly
increased expression of IRF7 in
both brain regions and sexes.
*p < 0.05 compared with vehicle
control, #p < 0.05 compared with
control and value is greater than
the heatmap scale
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and after three injections drank more alcohol the following day. In

general there were no sex differences in the effects of imiquimod on

alcohol self-administration (Figure 3). Interestingly, after four

imiquimod injections IRF7 and TLR3 expression were increased in

males and females in both the AcbC and AI with TLR7 also being

increased in both regions in females, but TNFα was not changed from

baseline, suggesting the possibility of a molecular adaptation.

After acute administration of imiquimod in naïve rats, at 2-h post-

injection, we found that TLR3 gene expression was increased in the

AI in males, but in females, the increase was in the AcbC (Figure 1B).

By 24 h, TLR3 was increased in both brain regions in both sexes, and

TLR7 expression was significantly elevated in the males as well

(Figure 1C). Thus, we found a similar pattern in the AI in females and

in the AcbC in males. Further studies will be needed to determine

how the neuroimmune response differs across the factors of immune-

inducing agent, brain region, and sex. TLR signalling, and specifically

TLR3 and TLR7 activation, has been shown to induce microglial acti-

vation and chemotaxis4,33 and can modulate neuronal morphology,

activity and synaptic plasticity.14,34,35 TLR7 is primarily expressed in

microglia whereas TLR3 is expressed in neurons, astrocytes, and

microglia36–38; thus, the induction of TLR7 only in males at 24 h may

be indicative of microglial activation or priming specifically in the

males that is not present in females. Alternatively, the time course of

TLR7 activation may not be adequately captured by the study's

timepoints, either increasing and resolving between 2 and 24 h or del-

ayed past 24 h. IRF7 expression was increased by imiquimod across

all of the 2 and 24 h timepoints and in both brain regions, in agree-

ment with findings after administration of the TLR7 agonist R848 in

male mice.12 IRF7 signalling is thought to be downstream of

MyD88,14 thus it is surprising that MyD88 was increased only in the

AI in females at 2 h post-injection. However, in an experiment where

TLR7 agonist R848 was administered, MyD88 was increased in male

mice at 8-h post-injection but was resolved to baseline at 24 h

(in agreement with our findings), and female mice have yet to be

examined. In fact, in that work, nearly all TLR-related targets were ele-

vated at 8 h (TLR7, TLR4, MyD88, IRF7, TRIF, IRF3) and resolved by

24 h save for IRF7, suggesting that the 2 h time point used in the pre-

sent work may be too early for detection of peak immune induction

of many of our targets which have previously been shown to be

important in affecting alcohol intake in mice.10,11 This time point was

chosen as imiquimod has a half-life of 2 h39 and has been shown to

induce fever by 2 h at a lower dose of 5 mg/kg,40 but it may be that

some aspects of inflammatory gene expression peak significantly later.

Indeed, with said lower dose of imiquimod, TNFα and IL-6 expression

were increased at 6 h but not 2 h in the rat hypothalamus,40 so the

peak immune response may occur later than the peak blood concen-

tration of imiquimod. Additionally, it is possible that rats and mice dif-

fer in the time course of the response to TLR7 activation, and the

TLR7 agonists used did differ between our study and the Warden

et al. studies10,11; however, the finding that IRF7 remained elevated

24-h post-injection in both species is an interesting consistent finding.

Lastly, in the 24-h group, we did not find changes in proinflammatory

cytokines TNFα or IL-1β in either brain region. We did not examine

proinflammatory cytokines at the 2 h timepoint in Experiment 1 as

that timepoint was chosen to target TLR signalling molecules rather

than cytokines.

In rats that had an alcohol self-administration history, we found

that acute imiquimod 2 h before the session did not significantly alter

alcohol intake nor locomotor rate (Experiment 3, Figure 2B,C). How-

ever, imiquimod did likely induce sickness as rats lost weight over-

night and had enlarged spleens at time of sacrifice 24 h later

(Figure 2D; Table 2), both of which indicate induction of an immune

response. The timepoint post-injection is the same between Experi-

ments 2 and 3, and though we do not directly compare the two stud-

ies, it appears that the alcohol history resulted in a greater IRF7

induction (Figure 1E vs. Figure 2F; 20- to 40-fold vs. 13- to 20-fold,

respectively). As has been well established in the literature, microglia

can be primed by an initial stress or pharmacological challenge, includ-

ing alcohol, resulting in a stronger response to a subsequent chal-

lenge.35,41–43 Thus, it may be that the alcohol self-administration

history primed microglia resulting in enhanced neuroimmune response

to imiquimod. Additionally, IRF7 itself is thought to have a role in

priming the immune response, so it may be that the history of alcohol

self-administration induced changes in microglia that led to a sensi-

tized IRF7 response after imiquimod challenge.44 There is some prece-

dent for alcohol history to result in increased expression of IRF7 after

chronic alcohol administration in adolescent rats9; further study will

need to be done to determine whether a similar response occurs in

adults and the alcohol dose range and administration schedules that

would promote such priming effects. Curiously, while the IRF7

response appeared to be heightened in both brain regions in both

sexes, consistent with what was found in naïve rats, the TLR expres-

sion was not as consistently elevated 24 h after imiquimod in these

rats with a self-administration history. In males, TLRs 3 and 7 were

elevated in the AcbC but were not increased in the AI, while in

females TLR3, but not TLR7, was increased in both brain regions

(Figure 2E). These adaptions may be due to induction of molecular tol-

erance due to the history of alcohol self-administration. Previous

studies have found reduced expression of these targets with repeated

administration of immune challenge as compared with a single dose,12

and alcohol may be functioning similarly in a sex- and region-specific

manner. As has been seen previously, imiquimod and R848 TLR7 acti-

vation in vitro, central gene expression of proinflammatory cytokine

TNFα was increased in both brain regions in females and in the AcbC

in males.36,45 Notably, we did not see increased TNFα in alcohol naïve

rats in Experiment 2, suggesting that the alcohol history primed the

neuroimmune response resulting in greater proinflammatory cytokine

expression.

As an effect on drinking was not observed 2 h following

imiquimod injection in Experiment 3, Experiment 4 was designed to

more thoroughly characterize imiquimod effects on self-

administration behaviour (Figure 3A). For simplicity, first we will dis-

cuss self-administration on the day of injection (depicted by dotted

lines). Consistent with Experiment 3, there were no changes in drink-

ing 2 h following a single imiquimod injection (Figure 3B). However,

following the second, third, and fourth injection, we found reduced
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drinking 2-h post-imiquimod suggesting adaptation to repeated

imiquimod exposure. Reductions in locomotor activity 2 h following

the imiquimod injection mirrored the reductions in drinking suggesting

that both effects may be due to the induction of sickness behaviour

(Figure 3C). Notably, the first injection did not induce weight loss that

reached the level of statistical significance (Figure 3D), which com-

bined with the above suggests that initial tolerance in respect to

behaviour, molecular expression, and sickness is overcome with

repeated exposure.

On the days following the first two imiquimod injections rats did

not increase their alcohol intake relative to controls, while drinking

increased after the third injection (Figure 3B). These changes were

independent of sex. This increase in alcohol intake after repeated

exposure to a TLR7 agonist is somewhat consistent with the other

existing experiment which found increased home cage alcohol intake

after administering a TLR7 agonist (R848) for 10 days every other

day. After a two-week incubation period mice were tested using an

every other day drinking in the dark (EODID) model and exhibited a

sustained increase in alcohol intake.12 Though we did not observe

sustained increases in drinking, our design differed in that it utilized

operant self-administration and drinking sessions occurred 5 days/

week. It is important to note differences between the two studies in

both the pattern and amount of drinking, as the EODID procedure

used by Grantham et al. resulted in consumption of 5–10 g/kg in con-

trol rats across 24 h every other day, while in the present study, con-

trol rats consumed approximately 0.7–1.0 g/kg five consecutive days

a week. Our lab previously found increased intake after an 18-day

incubation period in operant self-administration when male rats were

given 3 mg/kg of the TLR3 agonist poly(I:C),13 but similarly to the

findings in the present experiment the increased intake was not

sustained. Additionally, a limitation of the present work is that a single

dose of imiquimod was assessed; therefore, it is possible that pro-

longed increase in drinking may be observed using a higher dose. It is

noteworthy that few studies examining TLR activation have explicitly

examined females, though interestingly peak cytokine levels induced

by TLR3 activation by poly(I:C) increased drinking in male mice while

reducing intake in females in an EODOD model.10,11

In Experiment 4, tissue was collected from subjects after the

fourth imiquimod injection. Spleens in animals that received

imiquimod were much larger than vehicle controls likely due to the

cumulative amount of imiquimod administered alongside possible

potentiation resulting from a history of drinking. As was seen in all

other experiments, IRF7 expression levels were greatly elevated in

both brain regions in males and females (Figure 4B). However, IRF7

levels were not as highly expressed as observed in Experiment

3 where rats had a self-administration history after a single imiquimod

injection (Figure 3I, 12- to 22-fold vs. 25- to 40-fold). Molecular toler-

ance to repeated TLR7 agonism has been reported12,36 and may be

responsible for this difference, though a direct comparison within a

single study is needed for confirmation. In support of this idea, TNFα

was not elevated after 4 imiquimod injections (Figure 4A) as was

observed in Experiment 3 (Figure 2H). The pattern of TLR gene

expression was different within each sex as well, with males exhibiting

increased TLR3 expression in both the AcbC and AI as opposed to just

the AcbC, and no changes to TLR7. Females, instead of showing

increased TLR3 in both brain regions after a single imiquimod injection

(Figure 2E), had increased expression of both TLR3 and TLR7. It

should be noted that the TLR7 gene is encoded on the X chromosome

and is known to escape X inactivation,25 thus it is possible that it is

induced at higher levels in females. Brain region-specific actions of

TLRs may be playing an important role in modulating behaviour as

TLRs are known to have roles outside of antigen recognition.14,34,35,46

The specifics of these changes will have to be teased apart with stud-

ies that manipulate TLRs and their downstream signalling molecules

across brain regions and sexes to determine whether they may play a

causal role in regulating drinking behaviour.

5 | CONCLUSION

In summary, we have shown that TLR7 activation reliably induces

IRF7 gene expression in both males and females. Further, we demon-

strated a role for TLR7 activation in modulation of alcohol self-

administration with increased consumption after repeated injections.

It is noteworthy that some dependent measures, such as

proinflammatory cytokines and TLR gene expression, drinking, and

locomotor activity, changed with repeated injections while increased

IRF7 gene expression was always found. We found few sex differ-

ences induced by imiquimod, though the lack of direct sex compari-

sons in the gene expression data limits interpretation. A focused

experimental approach explicitly designed to assess sex differences in

gene and protein expression will be important and may find TLR-

related differences between males and females. Interestingly, in a

prior study with resiquimod a general trend of reduced inflammatory

response with repeated injections was found, which fits well with our

TNFα results.36 The cell-type specificity of the adaptions we observed

are not yet known, and it is likely that interactions between multiple

cell types are responsible for modulation of behavioural output. As

TLR7 is primarily expressed in microglia and is known to modulate

neuronal development, function, and morphology,14,34 it will be

important to consider changes that occur within certain cell types

rather than simply as a whole in a given brain region. Further, this

study examined two brain regions whose interactions are known to

modulate alcohol seeking32,47; thus, an important future direction will

be understanding how changes in one region affect the other as well

as other relevant brain regions. Imiquimod itself is used as an immune

inducer, sold as a topical cream for skin conditions48 and used as

adjunctive treatment with vaccines49 and with cancer

treatments.50–52 These actions are thought to occur through induc-

tion of interferons, particularly interferon-alpha. Thus, it is possible

that the molecular cascade involved in interferon induction may be

more important in regulation of alcohol-related behaviours than that

of classic proinflammatory cytokines such as IL-1β and TNFα as were

examined here. A greater understanding of the molecular underpin-

nings of how TLR activation can modulate alcohol drinking will be crit-

ical in working towards development of treatment strategies for AUD.
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