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Abstract: An understanding of neuroimmune signaling has become central to a description of
how alcohol causes addiction and how it damages people with an AUD. It is well known that the
neuroimmune system influences neural activity via changes in gene expression. This review discusses
the roles played by CNS Toll-like receptor (TLR) signaling in the response to alcohol. Also discussed
are observations in Drosophila that show how TLR signaling pathways can be co-opted by the
nervous system and potentially shape behavior to a far greater extent and in ways different than
generally recognized. For example, in Drosophila, TLRs substitute for neurotrophin receptors and an
NF-κB at the end of a TLR pathway influences alcohol responsivity by acting non-genomically.
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1. Introduction

In the United States, approximately 5% of individuals have an alcohol-use disorder
(AUD) and, excluding COVID-19 infection, a third of preventable deaths are attributed to
alcohol misuse [1,2]. Choices for treating individuals who have an AUD are very limited.
Only three drugs were approved for this purpose. They are disulfiram, naltrexone, and
acamprosate. Even with these, the success rate of treating alcohol-addicted individuals is
dismal. During the first year of treatment, two-thirds of individuals have bouts of heavy
drinking [3], while the best three-year average shows a ~25% rate of recidivism [4]. The
rational treatment of alcohol-use disorders is dependent on understanding the mechanics
of alcohol addiction. In this document, alcohol refers solely to ethanol.

1.1. Toll-like Receptors

Many consequences of alcohol misuse are linked to Toll-like receptor (TLR) pathways,
which mediate alcohol-induced immune and neuroimmune activation that can lead to organ
damage and to neurodegeneration (reviewed in [5]). Alcohol modulation of mammalian
TLR pathways also appears to underlie behaviors associated with alcohol addiction.

In Drosophila, Toll receptor signaling was first shown to have a central role in dorsal-
ventral pattern formation (see the review [6]) and was later shown to be used in adult flies
as a major signaling pathway of the innate immune system—a role that was then shown to
be conserved in mammals [7,8]. The name of the gene family, Toll-like receptors, was coined
from the name of the Drosophila melanogaster Toll gene. The gene was identified in a genetic
screen for mutations that interfere with dorsal-ventral patterning of the fly embryo [9]. The
first alleles characterized were gain-of-function which cause ventralization of the embryo,
while loss-of-function alleles cause dorsalization of the embryo. Ventralization refers to
the developmental replacement of the dorsal for the ventral cell fate (dorsalization has
the opposite meaning). Historically, Drosophila geneticists named genes as a reminder
of their mutant phenotype and/or to amuse themselves. In this case, the German word
toll translates to terrific, brilliant, stunning, smashing, and perhaps groovy. One of the
discoverers, the Nobel Laureate Christiane Nüsslein-Volhard, explained that the name Toll
has the intent of the English word “wow” [10].
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The use of Toll signaling in dorsal-ventral pattern formation is not conserved in verte-
brates [10]. However, Toll-like receptors or their orthologs play central roles in immune
signaling in plants, invertebrates, and vertebrates, indicating that the ancestral role of Toll
signaling is immunity. It appears that early in the evolutionary origin of the insect lineage,
Toll signaling began to be co-opted for use in embryonic dorsal-ventral patterning. In
holometabolous insects (such as Drosophila; holometabolous means that these animals
undergo complete metamorphosis from larvae to pupa to adult), Toll is the major controller
of dorsal-ventral patterning, while in hemimetabolous insects (these undergo incomplete
metamorphosis in which the juvenile resembles the adult), Toll plays a minor patterning
role. Exceptions to this simple dichotomy exist and have led to the proposal that conver-
gent evolution has more than once selected Toll as the primary dorsal-ventral patterning
receptor [9,11].

Humans have eleven TLR family members (TLR1-10 plus Cd180), rodents have
thirteen (TLR1-9, 11-13 and CD180/RP105, in rodents TLR10 is a pseudogene), while
Drosophila have nine [12–14]. Mammalian TLR orthologs are numbered concordantly with
each other. Drosophila TLR numbering is not concordant with mammalian numbering.
CD180/RP105 expression parallels TLR4 in antigen-presenting cells, the protein associates
with other TLRs, and phylogenetically, the gene belongs to the TLR4 subfamily [15,16].

TLRs are usually divided into cell surface receptors and intracellular endosomal
receptors. Most of our understanding of the subcellular localization of TLRs comes from
the analysis of immune cells. In immune cells, it was considered dogma that the cell
membrane Toll-like receptors are TLR1, 2, 4, 5, and 6 and the endosomal Toll-like receptors
are TLR3, 7, 8, 9, and in mice, 11, 12, and 13. However, recent evidence indicates that this
segregation is not absolute. TLR4 was shown to also signal from the endosome [17,18] and
furthermore, in some cell types, TLR3, 7, and 9 were found on the cell surface. Only TLR8
was not yet reported to also reside in the cell membrane. It is possible that the non-canonical
localization of the endosomal TLRs reflects an error in receptor transport. However, at least
for TLR7, this supposition is undermined by the observation that functionally important
TLR7 shows cell-type specific localization to endosomes in cortical and hippocampal
neurons and to the cell membrane in at least some sensory neurons [17,19–21].

TLR1, 2, and 6 respond to diacylated and/or triacylated lipopeptides, TLR4 responds
to bacterial lipopolysaccharides, and TLR5 responds to flagellin. TLR3, 7, 8, 9, and
13 respond to non-self nucleic acids, while TLR11 responds to microbial protein antigens
and TLR11 and TLR12 respond to parasitic protein antigens [13,17,18,22].

Intracellular adaptor proteins that associate with TLRs determine which transcription
factors are activated when the receptor is stimulated. TLR1, TLR2, TLR4, TLR5, TLR6,
TLR7, TLR8, and TLR9 signal through the MyD88 adapter, while TLR3 and intracellular
TLR4 signal through the TRIF adapter. MYD88 signaling is best known for its activation of
NFKBs but can also cause AP1 and CREB activation. TRIF signaling leads to the activation
of an IRF-type transcription factor (IRF3, 5, and/or 7) and, in a delayed fashion, TRIF
signaling can also activate NFKB transcription factors [23] (see the excellent figures in
Gay et al. [17] that summarize TLR localization and TLR signaling pathways). In the brain,
alcohol directly or indirectly activates TLRs and induces the expression of all or almost all
of the TLRs [24,25]. This promotes an escalating proinflammatory state.

1.2. TLRs and Alcohol Responses

Among the human TLRs, TLR4 is the most highly studied and was the first TLR linked
to important alcohol responses. Alcohol activates TLR4 signaling in astroglia and microglia,
leading to neuroinflammation and, probably, alcohol-induced neurodegeneration [26].
These responses are correlated with increased anxiety and an increase in cognitive defects.
The suppression of TLR4 activity protects against these consequences [27]. Some drugs that
modulate alcohol consumption and alcohol impairment were shown to modulate TLR4. For
instance, isomers of naltrexone and naloxone that are inactive on opioid receptors but retain
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their capacity to antagonize TLR4 decrease alcohol consumption or alcohol impairment
(summarized in [28], but see below).

The neuronal GABAAR α2 subunit was shown to physically associate with and ac-
tivate TLR4. Alcohol-preferring P rats have both increased GABAA α2 and TLR4 recep-
tor expression in the central amygdala and ventral tegmental area (VTA). Activation of
GABAAR α2-associated TLR4 was shown to stimulate the CREB transcription factor. At
least in the VTA, CREB activation promotes increased corticotropin-releasing factor (CRF)
and tyrosine hydroxylase gene expression. In a feedback loop, activation of CRF can
further stimulate TLR4. The GABAAR α2/TLR4 signaling combination was reported to
promote binge alcohol drinking in rats and RNAi experiments showed that knockdown
of either GABAAR α2 or TLR4 reduces binge drinking [29,30]. These studies appeared
to tightly link TLR4 activation to the promotion of alcohol consumption in a way that is
pharmacologically attractive.

However, not all studies showed a reliable connection between alcohol drinking and
TLR4 (itemized in [31]). A report by the Integrative Neuroscience Initiative on Alcoholism
tried to resolve the issue of whether or not TLR4 was mechanistically involved in the
development of uncontrolled drinking. Using mice and rats and multiple alcohol drinking
assays, this group appeared to have resolved this issue, leading to the conclusion that TLR4
does not directly modulate drinking itself, but does consistently affect the acute sedative
effects of alcohol and the kinetics of GABAAR receptors [31].

However, TLR4 clearly has a role in alcohol-induced proinflammatory responses and
the cognitive problems associated with inflammation [5,26,27]. In addition, in human
studies, the methylation status of a TLR4 promoter-associated CpG and the level of TLR4
gene expression correlate with symptoms of depression [32]. Perhaps the relationship to
depression represents an indirect path for TLR4 to influence alcohol consumption.

Although TLR4 by itself does not directly affect alcohol consumption, other TLR
receptors appear to. With regard to the propensity to drink alcohol, the genetic abla-
tion of the TLR2 gene in mice decreases alcohol drinking in both the continuous access
two-bottle choice paradigm, and the intermittent access drinking-in-the-dark paradigm [33]
(in addition, a TLR2 null mutation also almost completely eliminates the sensitivity to
alcohol sedation [34]). Intriguingly, alcohol promotes a physical interaction between
TLR2 and TLR4 in microglia [35]. Perhaps the association with TLR2 contributes to the
sometimes-observed link between TLR4 and alcohol consumption. In mice, components of
the TLR3/TRIF signaling pathway are induced by voluntary alcohol consumption [36]. In
addition, mouse TLR3 activation modulates alcohol consumption in a sexually dimorphic
manner [37–39] and in rats, TLR3 activation promotes alcohol self administration in both
male and female animals [40]. Finally, in mice, the TLR7 agonist R484 promotes alcohol
drinking [41] and in rats, a different TLR7 agonist was demonstrated to increase alcohol
consumption [41,42]. Although not restricted to these TLRs, in human alcoholic brains, the
levels of TLR2, TLR3, TLR7, and HMGB1 (a TLR ligand) correlate with lifetime alcohol
consumption [41,43].

1.3. TLRs as Neurotrophin Receptors

Unlike mammalian TLRs, the Drosophila Toll receptor does not function directly as
a pattern recognition molecule. Instead, in the fat body, it was shown that a collection
of secreted pattern recognition molecules bind pathogen components and trigger the
proteolytic cleavage of the Spz cytokine. This activated Spz isoform binds the Toll receptor,
promoting its dimerization and signaling. In the fat body, this causes the expression of
antimicrobial peptides [44]. However, it is unknown whether infection also activates
neuronally expressed Toll-like receptors.

There is substantial evidence for neurotrophic interactions in the Drosophila CNS
despite the fact that Drosophila lack obvious orthologs of mammalian Trk, p75NTR, or
Sortilin neurotrophin receptor genes [45,46]. In addition to its role as a cytokine in the fat
bodies, in the nervous system, spz gene family members function as neurotrophic factors,
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and some or all fly TLRs act as neurotrophic receptors important for neuronal survival
and death [47]. While the study of the role of neurotrophic factors and receptors was
unevenly studied in flies, it was clear that Spz, DNT1 (aka Spz-2), Spz5 (aka DNT2), and
Spz3 function as neurotrophic factors and that Toll, Toll-2, Toll-6, Toll-7, and Toll-8 serve as
neurotrophic receptors [46–51]. The Toll receptor was shown to be activated by Spz, Spz2,
and Spz5; Toll-6 by Spz5; Toll-7 by Spz1, Spz2, and Spz5; while Spz3 was shown to signal
through Toll-8 [46,49,52]. The fly brain showed a topologically distinct expression of TLRs,
suggesting that TLRs could provide targeted neurotrophic activity that organizes the brain
into distinct modules [53]. It is not known whether, in flies, the neurotrophic activity of
TLRs involve signaling through the Dif NF-κB.

In mammals, neurotrophins are thought to play important roles in neuronal devel-
opment, in pre- and post-synaptic mechanisms of synaptic plasticity, and in learning and
memory. Neurotrophins were identified as important targets for treatment of psychi-
atric disorders [54]. Furthermore, in mammals, neurotrophic factors are linked to alcohol
consumption in meaningful ways. Alcohol enhances the production of brain-derived neu-
rotrophic factor (BDNF) in the dorsal striatum, and manipulating BDNF expression alters
alcohol consumption [55].

It is not yet clear whether, as in flies, mammalian TLRs should be considered neu-
rotrophin receptors. However, there is evidence that mammalian TLRs modulate adult
CNS neurogenesis and dendritic arborization [53,56]. Specifically, TLR2, and TLR5 promote
neuronal stem cell (NSC) differentiation, while TLR3 and TLR4 signaling suppresses NSC
differentiation and proliferation. Furthermore, TLR3 and TLR7 act as negative regulators
of axonal growth and, in addition, dendritic spine density is stimulated by TLR3 and TLR8
activity (reviewed in [57]). Furthermore, mammalian neurons make use of TLRs to alter the
neuronal response to stimuli. Mammalian sensory neurons have co-opted TLRs for sensing
danger signals. In nociceptive neurons, TLRs2, 3, 4, and 7 functionally couple with TRPV1
and/or TRPA1 channels in the production of itch and pain responses. In addition, flagellin
activation of TLR5 in dorsal spinal cord neurons induces the sensation of mechanical itch
and scratching in mice (reviewed in [58]).

1.4. Synaptically Localized NF-κBs

Clearly, signaling through more than one TLR pathway is relevant for the pharma-
cological manipulation of alcohol consumption. Fortunately, all mammalian TLRs can
activate NF-κBs, making this transcription factor an integration point for most TLR sig-
naling events [17]. Because of the role of NF-κBs in inflammation, a great many small
molecule NF-κB inhibitors and activators were developed. In mouse models, drugs that
inhibit NF-κB activation, such as sulfasalazine, amlexanox, and TPCA-1, suppress alcohol
drinking and alcohol preference (reviewed in [28]).

In mammals, neuronally expressed NF-κBs were shown to be important for normal
physiology of both excitatory and inhibitory neurons. They were shown to influence
synaptic plasticity, including long-term potentiation, long-term depression, and synaptic
structure and the capacity for animal learning, memory, and cognition. Furthermore,
NF-κBs are found in the synaptic compartment and post-synaptically, where they can be
activated by Ca2+ influx though NMDA receptors and L-type Ca2+ channels [59,60]. In
general, it was shown or it was assumed that the activation of synaptic NF-κBs causes
them to translocate to the nucleus where they produce their effects by modulating gene
expression (reviewed in [60,61]). Many consequences of alcohol misuse are linked to
TLR-mediated activation of NF-κB transcription factors [62]. Furthermore, in a human
genome–wide association study, eight SNPs across the NFKB1 gene showed significant
association with alcohol dependence [63] and in mice, alcohol consumption was reduced
by I-κB kinase inhibition (an activator of NF-κB activity; [64]). Non-immune roles of
NFKBs in the nervous system and in relation to drug addiction was reviewed in 2017 by
Nennig and Schank [65].
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Troutwine et al. [66] demonstrated that, as for mammalian TLR4, the Drosophila
Toll signaling pathway affects alcohol sensitivity. Each step in the canonical Toll to NF-
κB pathway was tested using mutation, RNAi, and/or transgenes. Activation of the
pathway produced resistance to alcohol sedation, while inhibition of the pathway increased
sensitivity to alcohol sedation. In adult flies, the NF-κB at the end of the Toll signaling
pathway was shown to be encoded by the Dif gene. Confirmation that Toll signaling
through the Dif NF-κB was relevant for the change in alcohol sensitivity was demonstrated
in an epistasis experiment in which alcohol resistance produced by a Toll gain-of-function
allele could be suppressed by a heterozygous Dif loss-of-function allele (Figure 1).
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Figure 1. Reduced Dif activity epistatically masks the effect of a constitutively active Toll allele.
Recovery from alcohol sedation shown for a population of flies. (A) Induction of a constitutively
active Toll allele (UAS-Toll10B), using gene switch technology (Act-G.S.), causes a population of flies
to recover more quickly from alcohol sedation. * p = 0.03. (B) A heterozyogous loss-of-function
Dif 1 allele suppresses the alcohol resistance phenotype produced by a Toll gain-of-function allele.
n.s. = not significant. Published in [66].

At times, a change in neural NF-κB activity within a brain region may be expected but
not observed. It is understandable that focus could then shift to a brain region that shows
the expected change in NF-κB activity (e.g., [67]). Such a change in focus may be warranted,
but it might also be a result of the limitation of the assays used to detect activated NF-κB.
Almost all experimenters define activated NF-κB as NF-κB that has translocated to the
nucleus. Usually, nuclear extracts are prepared, incubated in vitro with DNA oligomers
that specify consensus NF-κB-binding sites, and assayed by an ELISA-based protocol.
However, this approach is dependent on the axiomatic assumption that all NF-κB effects
are mediated by action in the nucleus. Were an important action of an NF-κB to not involve
nuclear entry, its activation would be undetectable using this assay. In such a case, the
switch to the brain region where an activated NF-κB acts in the nucleus could be a red
herring. Data from flies suggest that some NF-κB-type proteins do not have to enter the
nucleus and do not have to act as transcription factors in order to fundamentally affect
animal behavior.

Closer examination of the Dif gene showed that it produced two classes of mRNA via
alternative mRNA splicing (Figure 2). In the DifA variant, the C-terminal exons encode
308 amino acids that include a nuclear localization signal (NLS) and a transactivation do-
main, whereas in the DifB variant, these exons were replaced by a single large exon that en-
codes 627 amino acids but does not recognizably include either an NLS or the transcriptional
activation domain [68]. No obvious conservation of the B-specific exon was discovered
in mammals.

A fly paralog of Dif is the dorsal gene. The dorsal and Dif genes are about 4 kb apart on
chromosome 2—the obvious product of a tandem duplication. Dif and dorsal are highly
similar and while they can at least partially substitute for one another when ectopically
expressed, they do not do so under normal conditions, because they are expressed in
different cells. The similarity between dorsal and Dif extends to their patterns of mRNA
splicing. The dorsal gene also expresses two protein variants, one of which is Dorsal-A,
which is analogous to DifA, and the other of which is Dorsal-B, which is analogous to DifB.
A synopsis of what is known about Dorsal-B follows, and it is relevant to our understanding
of DifB. The Dorsal-B and DifB variants show greater than 40% amino acid identity.
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NF-κBs are prevented from entering the nucleus by an I-κB (Inhibitor of NF-κB).
In flies, the relevant I-κB is encoded by the cactus gene. Two groups showed that, in
larval body-wall muscle, the dorsal-encoded NF-κB could not be made to enter the nucleus
even after suppression of Cactus/I-κB activity [68,69]. Instead, in larval muscle, Dorsal
protein colocalized with the post-synaptic Dlg1 protein in the subsynaptic reticulum at
type I postsynaptic boutons of the neuromuscular junction (NMJ). These boutons generate
glutamatergic excitatory junction potentials. It was shown that, at the larval NMJ, Dorsal
protein forms a halo around post-synaptic GluRIIA receptors and the suppression of
Dorsal expression reduces GlurIIA abundance and synaptic efficacy. Furthermore, in larval
muscle, an essentially identical effect on GlurIIA abundance was observed when two other
Toll signaling pathway members (Cactus/I-κB and Pelle/IRAK) were depleted [68–70].
The effects of Dorsal on GluR synaptic levels were rigorously demonstrated to be post-
transcriptional and consistent with modulation of receptor insertion at the synapse [69].

At the time that the original NMJ studies were conducted, the researchers did not
know that dorsal expressed two protein isoforms. However, in 2015, Zhou et al. [68] showed
that the Dorsal protein at the NMJ was the Dorsal-B variant. Furthermore, the Dorsal-B
variant differs from the A variant in that Cactus is not responsible for Dorsal-B localization.
Instead, Dorsal-B is required for the synaptic localization of Cactus. The strong similarity
between Dorsal-B and DifB leads one to suspect that DifB behaves similarly to Dorsal-B,
albeit in different cells.

In the study of Wijesekera et al. [71], it was shown that DifA is expressed in fat bodies.
The fat body is a multifunctional organ that regulates carbohydrate and lipid metabolism
and body size and is a major organ of the innate immune system [72]. Infection with fungi,
Gram-positive bacteria, or even sterile wounding, activates the Toll signaling pathway in
the fat body to trigger the secretion of a variety of antimicrobial peptides [73]. In the adult
fat body, the NF-κB at the end of Toll signaling pathway is DifA.

Immunohistochemical staining shows that DifB is not expressed in fat bodies but,
instead, is expressed in the brain where it is abundant in the mushroom bodies and
moderately abundant in the antennal lobes and ventral nerve cord. Whereas DifA is not
obviously expressed in the adult CNS. The mushroom bodies play a central role in learning
and memory [74], and in flies, the mushroom bodies and pathways associated with learning
and memory are frequently associated with alcohol-induced responses [75–80].

SCope analysis of single-cell sequencing data [81] confirmed these immunohistochem-
ical observations, showing Dif expression in the Kenyon cell neurons of the mushroom
bodies and in the antennal lobes (Figure 3). In single-cell sequencing, Kenyon cell neurons
can be identified by the strong expression of the ey, Imp, and sNPF genes. Strikingly, Dif is
at least as good a Kenyon cell identifier as are these recognized marker genes.
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of proteins in the insect CNS. Fly central nervous system neurons are organized into neu-
ropil comprised of synapse-rich axonal-dendritic projections surrounded by a rind of neu-
ronal cell bodies [82,83]. Thus, in the insect brain, one can readily distinguish nuclear lo-
calization from synaptic localization. DifB immunoreactivity was observed to be highly 
localized to the synapse-rich neuropil away from the cell bodies. DifB was never observed 
within neuronal nuclei in adults or in larvae. This observation was then validated using 
biochemical subcellular fractionation which showed that DifB copurified in the synap-
toneurosome fraction and away from the nuclear fraction [71]. This non-nuclear localiza-
tion was observed even when the Toll signaling pathway was activated by infection 
[68,71]. 

The non-overlapping expression of DifA and DifB results in distinct functional con-
sequences when DifA expression is suppressed and when DifB expression is suppressed. 
A mutation that specifically eliminates DifA causes severe immunosuppression, but does 
not affect alcohol sensitivity. Conversely, a DifB-specific mutation does not seem im-
portant for immunity but results in increased alcohol sensitivity. Flies have compart-
mentalized distinct functions of Dif into different alternative splice variant isoforms (Fig-
ure 4; [71]). 

Figure 3. SCope display of single-cell sequencing data from Davie et al. [81] shows that Dif is
expressed in mushroom bodies (mb = Kenyon cell of mushroom bodies) and antennal lobes (al) as
confirmed by Wijesekera et al. using immunohistochemical staining [71]. Additionally seen is Dif
expression in dopaminergic (dop) and octopaminergic-tyraminergic (oct) neurons. Toll, 18w (Toll-2),
Toll-6, and Toll-7 show expression that overlaps Dif in all of these areas according to the data from
Davie et al. When appropriate, receptors are named with the conventional Drosophila name and
a common numbered synonym. In this plot, the labeling of brain regions was by Davie et al. The
data being displayed from the SCope archive are identified as Aerts_Fly_AdultBrain_filtered_57k.
As described by Davie et al., in this dataset, there are 56,902 high-quality cells from 26 runs which
were stringently filtered. Expression was visualized with the SCope viewer using the default settings
provided by the authors, they are: SCENIC 25PC, 60 perplexity, Log transform, with Expression-based
plotting. However, after gene selection, the SCope expression level sliders were set to display all
expression levels with the same color intensity, so that the plots show where genes are expressed but
not the relative level of expression in each cell type because we cannot sensibly assign meaning to
different expression levels at this time.

Immunohistochemical staining can provide insight into the subcellular localization
of proteins in the insect CNS. Fly central nervous system neurons are organized into
neuropil comprised of synapse-rich axonal-dendritic projections surrounded by a rind
of neuronal cell bodies [82,83]. Thus, in the insect brain, one can readily distinguish
nuclear localization from synaptic localization. DifB immunoreactivity was observed to
be highly localized to the synapse-rich neuropil away from the cell bodies. DifB was
never observed within neuronal nuclei in adults or in larvae. This observation was then
validated using biochemical subcellular fractionation which showed that DifB copurified
in the synaptoneurosome fraction and away from the nuclear fraction [71]. This non-
nuclear localization was observed even when the Toll signaling pathway was activated by
infection [68,71].

The non-overlapping expression of DifA and DifB results in distinct functional conse-
quences when DifA expression is suppressed and when DifB expression is suppressed. A
mutation that specifically eliminates DifA causes severe immunosuppression, but does not
affect alcohol sensitivity. Conversely, a DifB-specific mutation does not seem important
for immunity but results in increased alcohol sensitivity. Flies have compartmentalized
distinct functions of Dif into different alternative splice variant isoforms (Figure 4; [71]).
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Figure 4. In the Drosophila fat body, Toll activation by infection (or through an unknown mechanism
by alcohol) signals through the DifA NF-κB isoform to activate antimicrobial defenses. The CNS does
not express the DifA nuclear-acting isoform but instead expresses a non-nuclear NF-κB isoform called
DifB that is enriched in the synaptic compartment. Mutations in DifA affect the immune response but
not alcohol sensitivity while DifB mutations have a complementary phenotype —affecting alcohol
sensitivity but not immunity.

1.5. Overlap of DifB and TLR Expression in the CNS

We were interested in identifying which Toll-like receptors might signal through Dif
in the brain. Figure 3 shows that single-cell sequencing data indicate that four of the nine
fly Toll-like receptors are coexpressed with DifB in both mushroom body and antennal lobe
neurons. Toll, Toll-2, Toll-6, and Toll-7 are co-expressed with Dif in both Kenyon cells of the
mushroom bodies and in the antennal lobes (Figure 3). While some fly Toll-like receptors
can signal through transcription factors other than NF-κB, the Toll, Toll-2, Toll-6, and Toll-7
receptors are all known to use the canonical MyD88 signaling pathway that terminates with
NF-κB activation [48,51]. Toll was already shown to affect alcohol sensitivity by signaling
through the Dif NF-κB [66]. It is yet to be determined whether these additional Toll-like
receptors do so as well.

2. Closing

Components of the Drosophila TLR signaling pathways act in ways that are not
yet observed in mammals. Clearly, in the fly CNS, the neuroimmune system or at least
components of the neuroimmune system were co-opted to directly modulate behavior via
signaling through a TLR pathway. The non-nuclear NF-κB encoded by Dif is at a good
position for implementing this TLR function. There is evidence that mammalian NF-κBs
are also well-positioned to directly modulate synaptic activity. Some mammalian NF-κBs
also localize to the synapse, and in response to Ca2+, some transition into the membrane—a
localization at odds with a nuclear function [60]. Furthermore, Xie et al. [84] showed that
in DRG neurons, a membrane-bound NF-κB non-transcriptionally slows the inactivation of
voltage-gated sodium channels and speeds recovery from inactivation.

Because of their importance in immunity, TLR signaling molecules and NF-κB tran-
scription factors are some of the most highly studied proteins in mammals. From these
studies, the range of functions performed by these entities is well known and led to assump-
tions concerning how they act. Despite this, studying the proteins in an animal distantly
related to any mammal highlights new capabilities of these molecules and new ways that
neurons can co-opt immune signaling pathways for a different purpose. The demonstrated
potential for novel use of innate signaling molecules by an insect CNS should lead one to
suspect that the CNS of other animals might also find such uses beneficial. The fact that
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they were not reported to occur in Mammalia may arise from preconceptions concerning
what these proteins can do. Certainly, the outsized role played by neuroimmune signaling
in modulating behaviors associated with alcohol-use disorders was originally surprising.
Perhaps work from Drosophila is indicating additional surprises await in the relationship
between alcohol responses and how neuroimmune signaling modulates neural activity.

Funding: This work was supported by the National Institute on Alcohol Abuse and Alcoholism
Grant R21AA030833 to N.S.A.

Acknowledgments: I thank Jane Kirschman for copyediting and providing other feedback on
the manuscript.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Mokdad, A.H.; Marks, J.S.; Stroup, D.F.; Gerberding, J.L. Actual Causes of Death in the United States, 2000. JAMA 2004, 291,

1238–1245. [CrossRef] [PubMed]
2. Center for Behavioral Health Statistics and Quality. Substance Abuse and Mental Health Services Administration Key Substance

Use and Mental Health Indicators in the United States: Results from the 2019 National Survey on Drug Use and Health. 2020;
U.S. Department of Health and Human Services. Available online: https://www.samhsa.gov/data/sites/default/files/reports/
rpt29393/2019NSDUHFFRPDFWHTML/2019NSDUHFFR1PDFW090120.pdf (accessed on 24 May 2023).

3. Miller, W.R.; Walters, S.T.; Bennett, M.E. How Effective Is Alcoholism Treatment in the United States? J. Stud. Alcohol 2001, 62,
211–220. [CrossRef] [PubMed]

4. Dawson, D.A.; Goldstein, R.B.; Grant, B.F. Rates and Correlates of Relapse among Individuals in Remission from DSM-IV Alcohol
Dependence: A 3-Year Follow-Up. Alcohol. Clin. Exp. Res. 2007, 31, 2036–2045. [CrossRef] [PubMed]

5. Pascual, M.; Calvo-Rodriguez, M.; Núñez, L.; Villalobos, C.; Ureña, J.; Guerri, C. Toll-like Receptors in Neuroinflammation,
Neurodegeneration, and Alcohol-Induced Brain Damage. IUBMB Life 2021, 73, 900–915. [CrossRef] [PubMed]

6. Belvin, M.P.; Anderson, K.V. A Conserved Signaling Pathway: The Drosophila Toll-Dorsal Pathway. Annu. Rev. Cell Dev. Biol.
1996, 12, 393–416. [CrossRef]

7. Lemaitre, B.; Nicolas, E.; Michaut, L.; Reichhart, J.M.; Hoffmann, J.A. The Dorsoventral Regulatory Gene Cassette Spät-
zle/Toll/Cactus Controls the Potent Antifungal Response in Drosophila Adults. Cell 1996, 86, 973–983. [CrossRef]

8. Medzhitov, R.; Preston-Hurlburt, P.; Janeway, C.A. A Human Homologue of the Drosophila Toll Protein Signals Activation of
Adaptive Immunity. Nature 1997, 388, 394–397. [CrossRef]

9. Anderson, K.V.; Jürgens, G.; Nüsslein-Volhard, C. Establishment of Dorsal-Ventral Polarity in the Drosophila Embryo: Genetic
Studies on the Role of the Toll Gene Product. Cell 1985, 42, 779–789. [CrossRef]

10. Nüsslein-Volhard, C. The Toll Gene in Drosophila Pattern Formation. Trends Genet. TIG 2022, 38, 231–245. [CrossRef]
11. Pechmann, M.; Kenny, N.J.; Pott, L.; Heger, P.; Chen, Y.-T.; Buchta, T.; Özüak, O.; Lynch, J.; Roth, S. Striking Parallels between

Dorsoventral Patterning in Drosophila and Gryllus Reveal a Complex Evolutionary History behind a Model Gene Regulatory
Network. eLife 2021, 10, e68287. [CrossRef]

12. Beutler, B.A. TLRs and Innate Immunity. Blood 2009, 113, 1399–1407. [CrossRef] [PubMed]
13. Kumar, V. Toll-Like Receptors in Adaptive Immunity. Handb. Exp. Pharmacol. 2022, 276, 95–131. [CrossRef] [PubMed]
14. O’Leary, N.A.; Wright, M.W.; Brister, J.R.; Ciufo, S.; Haddad, D.; McVeigh, R.; Rajput, B.; Robbertse, B.; Smith-White, B.;

Ako-Adjei, D.; et al. Reference Sequence (RefSeq) Database at NCBI: Current Status, Taxonomic Expansion, and Functional
Annotation. Nucleic Acids Res. 2016, 44, D733–D745. [CrossRef] [PubMed]

15. Divanovic, S.; Trompette, A.; Atabani, S.F.; Madan, R.; Golenbock, D.T.; Visintin, A.; Finberg, R.W.; Tarakhovsky, A.; Vogel, S.N.;
Belkaid, Y.; et al. Negative Regulation of Toll-like Receptor 4 Signaling by the Toll-like Receptor Homolog RP105. Nat. Immunol.
2005, 6, 571–578. [CrossRef] [PubMed]

16. Schultz, T.E.; Blumenthal, A. The RP105/MD-1 Complex: Molecular Signaling Mechanisms and Pathophysiological Implications.
J. Leukoc. Biol. 2017, 101, 183–192. [CrossRef] [PubMed]

17. Gay, N.J.; Symmons, M.F.; Gangloff, M.; Bryant, C.E. Assembly and Localization of Toll-like Receptor Signalling Complexes. Nat.
Rev. Immunol. 2014, 14, 546–558. [CrossRef]

18. Marongiu, L.; Gornati, L.; Artuso, I.; Zanoni, I.; Granucci, F. Below the Surface: The Inner Lives of TLR4 and TLR9. J. Leukoc. Biol.
2019, 106, 147–160. [CrossRef]

19. Lehmann, S.M.; Krüger, C.; Park, B.; Derkow, K.; Rosenberger, K.; Baumgart, J.; Trimbuch, T.; Eom, G.; Hinz, M.; Kaul, D.; et al.
An Unconventional Role for MiRNA: Let-7 Activates Toll-like Receptor 7 and Causes Neurodegeneration. Nat. Neurosci. 2012, 15,
827–835. [CrossRef]

20. Park, C.-K.; Xu, Z.-Z.; Berta, T.; Han, Q.; Chen, G.; Liu, X.-J.; Ji, R.-R. Extracellular MicroRNAs Activate Nociceptor Neurons to
Elicit Pain via TLR7 and TRPA1. Neuron 2014, 82, 47–54. [CrossRef]

21. Mielcarska, M.B.; Bossowska-Nowicka, M.; Toka, F.N. Cell Surface Expression of Endosomal Toll-Like Receptors—A Necessity or
a Superfluous Duplication? Front. Immunol. 2021, 11, 620972. [CrossRef]

https://doi.org/10.1001/jama.291.10.1238
https://www.ncbi.nlm.nih.gov/pubmed/15010446
https://www.samhsa.gov/data/sites/default/files/reports/rpt29393/2019NSDUHFFRPDFWHTML/2019NSDUHFFR1PDFW090120.pdf
https://www.samhsa.gov/data/sites/default/files/reports/rpt29393/2019NSDUHFFRPDFWHTML/2019NSDUHFFR1PDFW090120.pdf
https://doi.org/10.15288/jsa.2001.62.211
https://www.ncbi.nlm.nih.gov/pubmed/11327187
https://doi.org/10.1111/j.1530-0277.2007.00536.x
https://www.ncbi.nlm.nih.gov/pubmed/18034696
https://doi.org/10.1002/iub.2510
https://www.ncbi.nlm.nih.gov/pubmed/34033211
https://doi.org/10.1146/annurev.cellbio.12.1.393
https://doi.org/10.1016/S0092-8674(00)80172-5
https://doi.org/10.1038/41131
https://doi.org/10.1016/0092-8674(85)90274-0
https://doi.org/10.1016/j.tig.2021.09.006
https://doi.org/10.7554/eLife.68287
https://doi.org/10.1182/blood-2008-07-019307
https://www.ncbi.nlm.nih.gov/pubmed/18757776
https://doi.org/10.1007/164_2021_543
https://www.ncbi.nlm.nih.gov/pubmed/34510306
https://doi.org/10.1093/nar/gkv1189
https://www.ncbi.nlm.nih.gov/pubmed/26553804
https://doi.org/10.1038/ni1198
https://www.ncbi.nlm.nih.gov/pubmed/15852007
https://doi.org/10.1189/jlb.2VMR1215-582R
https://www.ncbi.nlm.nih.gov/pubmed/27067450
https://doi.org/10.1038/nri3713
https://doi.org/10.1002/JLB.3MIR1218-483RR
https://doi.org/10.1038/nn.3113
https://doi.org/10.1016/j.neuron.2014.02.011
https://doi.org/10.3389/fimmu.2020.620972


Cells 2023, 12, 1508 10 of 12

22. Koblansky, A.A.; Jankovic, D.; Oh, H.; Hieny, S.; Sungnak, W.; Mathur, R.; Hayden, M.S.; Akira, S.; Sher, A.; Ghosh, S. Recognition
of Profilin by Toll-like Receptor 12 Is Critical for Host Resistance to Toxoplasma Gondii. Immunity 2013, 38, 119–130. [CrossRef]
[PubMed]

23. Kawai, T.; Akira, S. TLR Signaling. Semin. Immunol. 2007, 19, 24–32. [CrossRef] [PubMed]
24. Warden, A.; Erickson, E.; Robinson, G.; Harris, R.A.; Mayfield, R.D. The Neuroimmune Transcriptome and Alcohol Dependence:

Potential for Targeted Therapies. Pharmacogenomics 2016, 17, 2081–2096. [CrossRef] [PubMed]
25. Crews, F.T.; Walter, T.J.; Coleman, L.G.; Vetreno, R.P. Toll-like Receptor Signaling and Stages of Addiction. Psychopharmacology

2017, 234, 1483–1498. [CrossRef] [PubMed]
26. Alfonso-Loeches, S.; Pascual-Lucas, M.; Blanco, A.M.; Sanchez-Vera, I.; Guerri, C. Pivotal Role of TLR4 Receptors in Alcohol-

Induced Neuroinflammation and Brain Damage. J. Neurosci. Off. J. Soc. Neurosci. 2010, 30, 8285–8295. [CrossRef]
27. Pascual, M.; Baliño, P.; Alfonso-Loeches, S.; Aragón, C.M.G.; Guerri, C. Impact of TLR4 on Behavioral and Cognitive Dysfunctions

Associated with Alcohol-Induced Neuroinflammatory Damage. Brain. Behav. Immun. 2011, 25 (Suppl. 1), S80–S91. [CrossRef]
28. Meredith, L.R.; Burnette, E.M.; Grodin, E.N.; Irwin, M.R.; Ray, L.A. Immune Treatments for Alcohol Use Disorder: A Translational

Framework. Brain. Behav. Immun. 2021, 97, 349–364. [CrossRef]
29. Balan, I.; Warnock, K.T.; Puche, A.; Gondre-Lewis, M.C.; June, H.; Aurelian, L. The GABAA Receptor A2 Subunit Activates a

Neuronal TLR4 Signal in the Ventral Tegmental Area That Regulates Alcohol and Nicotine Abuse. Brain Sci. 2018, 8, 72. [CrossRef]
30. June, H.L.; Liu, J.; Warnock, K.T.; Bell, K.A.; Balan, I.; Bollino, D.; Puche, A.; Aurelian, L. CRF-Amplified Neuronal TLR4/MCP-1

Signaling Regulates Alcohol Self-Administration. Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol. 2015, 40,
1549–1559. [CrossRef]

31. Harris, R.A.; Bajo, M.; Bell, R.L.; Blednov, Y.A.; Varodayan, F.P.; Truitt, J.M.; de Guglielmo, G.; Lasek, A.W.; Logrip, M.L.;
Vendruscolo, L.F.; et al. Genetic and Pharmacologic Manipulation of TLR4 Has Minimal Impact on Ethanol Consumption in
Rodents. J. Neurosci. 2017, 37, 1139–1155. [CrossRef]

32. Rasmusson, A.J.; Gallwitz, M.; Soltanabadi, B.; Ciuculete, D.M.; Mengel-From, J.; Christensen, K.; Nygaard, M.; Soerensen, M.;
Boström, A.E.; Fredriksson, R.; et al. Toll-like Receptor 4 Methylation Grade Is Linked to Depressive Symptom Severity. Transl.
Psychiatry 2021, 11, 371. [CrossRef] [PubMed]

33. Blednov, Y.A.; Black, M.; Chernis, J.; Da Costa, A.; Mayfield, J.; Harris, R.A. Ethanol Consumption in Mice Lacking CD14, TLR2,
TLR4, or MyD88. Alcohol. Clin. Exp. Res. 2017, 41, 516–530. [CrossRef] [PubMed]

34. Corrigan, F.; Wu, Y.; Tuke, J.; Coller, J.K.; Rice, K.C.; Diener, K.R.; Hayball, J.D.; Watkins, L.R.; Somogyi, A.A.; Hutchinson, M.R.
Alcohol-Induced Sedation and Synergistic Interactions between Alcohol and Morphine: A Key Mechanistic Role for Toll-like
Receptors and MyD88-Dependent Signaling. Brain. Behav. Immun. 2015, 45, 245–252. [CrossRef] [PubMed]

35. Fernandez-Lizarbe, S.; Montesinos, J.; Guerri, C. Ethanol Induces TLR4/TLR2 Association, Triggering an Inflammatory Response
in Microglial Cells. J. Neurochem. 2013, 126, 261–273. [CrossRef] [PubMed]

36. McCarthy, G.M.; Warden, A.S.; Bridges, C.R.; Blednov, Y.A.; Harris, R.A. Chronic Ethanol Consumption: Role of TLR3/TRIF-
Dependent Signaling. Addict. Biol. 2018, 23, 889–903. [CrossRef]

37. Warden, A.S.; Azzam, M.; DaCosta, A.; Mason, S.; Blednov, Y.A.; Messing, R.O.; Mayfield, R.D.; Harris, R.A. Toll-like Receptor
3 Dynamics in Female C57BL/6J Mice: Regulation of Alcohol Intake. Brain. Behav. Immun. 2019, 77, 66–76. [CrossRef] [PubMed]

38. Warden, A.S.; Azzam, M.; DaCosta, A.; Mason, S.; Blednov, Y.A.; Messing, R.O.; Mayfield, R.D.; Harris, R.A. Toll-like Receptor
3 Activation Increases Voluntary Alcohol Intake in C57BL/6J Male Mice. Brain. Behav. Immun. 2019, 77, 55–65. [CrossRef]

39. Gano, A.; Lebonville, C.L.; Becker, H.C. TLR3 Activation with Poly I:C Exacerbates Escalated Alcohol Consumption in Dependent
Male C57BL/6J Mice. Am. J. Drug Alcohol Abuse 2022, 1–12. [CrossRef]

40. Lovelock, D.F.; Randall, P.A.; Van Voorhies, K.; Vetreno, R.P.; Crews, F.T.; Besheer, J. Increased Alcohol Self-Administration
Following Repeated Toll-like Receptor 3 Agonist Treatment in Male and Female Rats. Pharmacol. Biochem. Behav. 2022, 216, 173379.
[CrossRef]

41. Grantham, E.K.; Warden, A.S.; McCarthy, G.S.; DaCosta, A.; Mason, S.; Blednov, Y.; Mayfield, R.D.; Harris, R.A. Role of Toll-like
Receptor 7 (TLR7) in Voluntary Alcohol Consumption. Brain. Behav. Immun. 2020, 89, 423–432. [CrossRef] [PubMed]

42. Lovelock, D.F.; Liu, W.; Langston, S.E.; Liu, J.; Van Voorhies, K.; Giffin, K.A.; Vetreno, R.P.; Crews, F.T.; Besheer, J. The Toll-like
Receptor 7 Agonist Imiquimod Increases Ethanol Self-Administration and Induces Expression of Toll-like Receptor Related Genes.
Addict. Biol. 2022, 27, e13176. [CrossRef] [PubMed]

43. Crews, F.T.; Qin, L.; Sheedy, D.; Vetreno, R.P.; Zou, J. High Mobility Group Box 1/Toll-like Receptor Danger Signaling Increases
Brain Neuroimmune Activation in Alcohol Dependence. Biol. Psychiatry 2013, 73, 602–612. [CrossRef] [PubMed]

44. Lemaitre, B.; Hoffmann, J. The Host Defense of Drosophila Melanogaster. Annu. Rev. Immunol. 2007, 25, 697–743. [CrossRef]
45. Hidalgo, A.; Learte, A.R.; McQuilton, P.; Pennack, J.; Zhu, B. Neurotrophic and Gliatrophic Contexts in Drosophila. Brain. Behav.

Evol. 2006, 68, 173–180. [CrossRef]
46. McIlroy, G.; Foldi, I.; Aurikko, J.; Wentzell, J.S.; Lim, M.A.; Fenton, J.C.; Gay, N.J.; Hidalgo, A. Toll-6 and Toll-7 Function as

Neurotrophin Receptors in the Drosophila Melanogaster CNS. Nat. Neurosci. 2013, 16, 1248–1256. [CrossRef] [PubMed]
47. Zhu, B.; Pennack, J.A.; McQuilton, P.; Forero, M.G.; Mizuguchi, K.; Sutcliffe, B.; Gu, C.-J.; Fenton, J.C.; Hidalgo, A. Drosophila

Neurotrophins Reveal a Common Mechanism for Nervous System Formation. PLoS Biol. 2008, 6, e284. [CrossRef]
48. Li, G.; Forero, M.G.; Wentzell, J.S.; Durmus, I.; Wolf, R.; Anthoney, N.C.; Parker, M.; Jiang, R.; Hasenauer, J.; Strausfeld, N.J.; et al.

A Toll-Receptor Map Underlies Structural Brain Plasticity. eLife 2020, 9, e52743. [CrossRef]

https://doi.org/10.1016/j.immuni.2012.09.016
https://www.ncbi.nlm.nih.gov/pubmed/23246311
https://doi.org/10.1016/j.smim.2006.12.004
https://www.ncbi.nlm.nih.gov/pubmed/17275323
https://doi.org/10.2217/pgs-2016-0062
https://www.ncbi.nlm.nih.gov/pubmed/27918243
https://doi.org/10.1007/s00213-017-4560-6
https://www.ncbi.nlm.nih.gov/pubmed/28210782
https://doi.org/10.1523/JNEUROSCI.0976-10.2010
https://doi.org/10.1016/j.bbi.2011.02.012
https://doi.org/10.1016/j.bbi.2021.07.023
https://doi.org/10.3390/brainsci8040072
https://doi.org/10.1038/npp.2015.4
https://doi.org/10.1523/JNEUROSCI.2002-16.2016
https://doi.org/10.1038/s41398-021-01481-w
https://www.ncbi.nlm.nih.gov/pubmed/34226490
https://doi.org/10.1111/acer.13316
https://www.ncbi.nlm.nih.gov/pubmed/28146272
https://doi.org/10.1016/j.bbi.2014.12.019
https://www.ncbi.nlm.nih.gov/pubmed/25542736
https://doi.org/10.1111/jnc.12276
https://www.ncbi.nlm.nih.gov/pubmed/23600947
https://doi.org/10.1111/adb.12539
https://doi.org/10.1016/j.bbi.2018.12.006
https://www.ncbi.nlm.nih.gov/pubmed/30550930
https://doi.org/10.1016/j.bbi.2018.12.004
https://doi.org/10.1080/00952990.2022.2092492
https://doi.org/10.1016/j.pbb.2022.173379
https://doi.org/10.1016/j.bbi.2020.07.029
https://www.ncbi.nlm.nih.gov/pubmed/32726684
https://doi.org/10.1111/adb.13176
https://www.ncbi.nlm.nih.gov/pubmed/35470561
https://doi.org/10.1016/j.biopsych.2012.09.030
https://www.ncbi.nlm.nih.gov/pubmed/23206318
https://doi.org/10.1146/annurev.immunol.25.022106.141615
https://doi.org/10.1159/000094086
https://doi.org/10.1038/nn.3474
https://www.ncbi.nlm.nih.gov/pubmed/23892553
https://doi.org/10.1371/journal.pbio.0060284
https://doi.org/10.7554/eLife.52743


Cells 2023, 12, 1508 11 of 12

49. Ballard, S.L.; Miller, D.L.; Ganetzky, B. Retrograde Neurotrophin Signaling through Tollo Regulates Synaptic Growth in Drosophila.
J. Cell Biol. 2014, 204, 1157–1172. [CrossRef]

50. Sutcliffe, B.; Forero, M.G.; Zhu, B.; Robinson, I.M.; Hidalgo, A. Neuron-Type Specific Functions of DNT1, DNT2 and Spz at the
Drosophila Neuromuscular Junction. PLoS ONE 2013, 8, e75902. [CrossRef]

51. Foldi, I.; Anthoney, N.; Harrison, N.; Gangloff, M.; Verstak, B.; Nallasivan, M.P.; AlAhmed, S.; Zhu, B.; Phizacklea, M.;
Losada-Perez, M.; et al. Three-Tier Regulation of Cell Number Plasticity by Neurotrophins and Tolls in Drosophila. J. Cell Biol.
2017, 216, 1421–1438. [CrossRef]

52. Chowdhury, M.; Li, C.-F.; He, Z.; Lu, Y.; Liu, X.-S.; Wang, Y.-F.; Ip, Y.T.; Strand, M.R.; Yu, X.-Q. Toll Family Members Bind Multiple
Spätzle Proteins and Activate Antimicrobial Peptide Gene Expression in Drosophila. J. Biol. Chem. 2019, 294, 10172–10181.
[CrossRef] [PubMed]

53. Li, G.; Hidalgo, A. The Toll Route to Structural Brain Plasticity. Front. Physiol. 2021, 12, 679766. [CrossRef] [PubMed]
54. Wang, C.S.; Kavalali, E.T.; Monteggia, L.M. BDNF Signaling in Context: From Synaptic Regulation to Psychiatric Disorders. Cell

2022, 185, 62–76. [CrossRef] [PubMed]
55. Liran, M.; Rahamim, N.; Ron, D.; Barak, S. Growth Factors and Alcohol Use Disorder. Cold Spring Harb. Perspect. Med. 2020, 10,

a039271. [CrossRef] [PubMed]
56. Rolls, A.; Shechter, R.; London, A.; Ziv, Y.; Ronen, A.; Levy, R.; Schwartz, M. Toll-like Receptors Modulate Adult Hippocampal

Neurogenesis. Nat. Cell Biol. 2007, 9, 1081–1088. [CrossRef]
57. Squillace, S.; Salvemini, D. Toll-like Receptor-Mediated Neuroinflammation: Relevance for Cognitive Dysfunctions. Trends

Pharmacol. Sci. 2022, 43, 726–739. [CrossRef]
58. Donnelly, C.R.; Chen, O.; Ji, R.-R. How Do Sensory Neurons Sense Danger Signals? Trends Neurosci. 2020, 43, 822–838. [CrossRef]
59. Meffert, M.K.; Chang, J.M.; Wiltgen, B.J.; Fanselow, M.S.; Baltimore, D. NF-Kappa B Functions in Synaptic Signaling and Behavior.

Nat. Neurosci. 2003, 6, 1072–1078. [CrossRef]
60. Salles, A.; Boccia, M.; Blake, M.; Corbi, N.; Passananti, C.; Baratti, C.M.; Romano, A.; Freudenthal, R. Hippocampal Dynamics of

Synaptic NF-Kappa B during Inhibitory Avoidance Long-Term Memory Consolidation in Mice. Neuroscience 2015, 291, 70–80.
[CrossRef]

61. Dresselhaus, E.C.; Meffert, M.K. Cellular Specificity of NF-KB Function in the Nervous System. Front. Immunol. 2019, 10, 1043.
[CrossRef]

62. Crews, F.T.; Lawrimore, C.J.; Walter, T.J.; Coleman, L.G. The Role of Neuroimmune Signaling in Alcoholism. Neuropharmacology
2017, 122, 56–73. [CrossRef] [PubMed]

63. Edenberg, H.J.; Xuei, X.; Wetherill, L.F.; Bierut, L.; Bucholz, K.; Dick, D.M.; Hesselbrock, V.; Kuperman, S.; Porjesz, B.;
Schuckit, M.A.; et al. Association of NFKB1, Which Encodes a Subunit of the Transcription Factor NF-KappaB, with Alco-
hol Dependence. Hum. Mol. Genet. 2008, 17, 963–970. [CrossRef] [PubMed]

64. Truitt, J.M.; Blednov, Y.A.; Benavidez, J.M.; Black, M.; Ponomareva, O.; Law, J.; Merriman, M.; Horani, S.; Jameson, K.;
Lasek, A.W.; et al. Inhibition of IKKβ Reduces Ethanol Consumption in C57BL/6J Mice. eNeuro 2016, 3, ENEURO.0256-16.2016.
[CrossRef] [PubMed]

65. Nennig, S.E.; Schank, J.R. The Role of NFkB in Drug Addiction: Beyond Inflammation. Alcohol Alcohol. 2017, 52, 172–179.
[CrossRef]

66. Troutwine, B.R.; Ghezzi, A.; Pietrzykowski, A.Z.; Atkinson, N.S. Alcohol Resistance in Drosophila Is Modulated by the Toll Innate
Immune Pathway. Genes Brain Behav. 2016, 15, 382–394. [CrossRef]

67. López-Pedrajas, R.; Almansa, I.; Sánchez-Villarejo, M.V.; Muriach, B.; Barcia, J.M.; Romero, F.J.; Muriach, M. Role of Hippocampal
NF-KB and GluN2B in the Memory Acquisition Impairment of Experiences Gathered Prior to Cocaine Administration in Rats.
Sci. Rep. 2021, 11, 20033. [CrossRef]

68. Zhou, B.; Lindsay, S.A.; Wasserman, S.A. Alternative NF-KB Isoforms in the Drosophila Neuromuscular Junction and Brain. PLoS
ONE 2015, 10, e0132793. [CrossRef] [PubMed]

69. Heckscher, E.S.; Fetter, R.D.; Marek, K.W.; Albin, S.D.; Davis, G.W. NF-KappaB, IkappaB, and IRAK Control Glutamate Receptor
Density at the Drosophila NMJ. Neuron 2007, 55, 859–873. [CrossRef]

70. Guan, B.; Hartmann, B.; Kho, Y.-H.; Gorczyca, M.; Budnik, V. The Drosophila Tumor Suppressor Gene, Dlg, Is Involved in
Structural Plasticity at a Glutamatergic Synapse. Curr. Biol. CB 1996, 6, 695–706. [CrossRef]

71. Wijesekera, T.P.; Wu, Z.; Stephens, N.P.; Godula, R.; Lew, L.K.; Atkinson, N.S. A Non-Nuclear NF-KB Modulates Alcohol
Sensitivity But Not Immunity. J. Neurosci. Off. J. Soc. Neurosci. 2022, 42, 3329–3343. [CrossRef]

72. Bland, M.L. Regulating Metabolism to Shape Immune Function: Lessons from Drosophila. Semin. Cell Dev. Biol. 2022, 138,
128–141. [CrossRef] [PubMed]

73. Meng, X.; Khanuja, B.S.; Ip, Y.T. Toll Receptor-Mediated Drosophila Immune Response Requires Dif, an NF-KB Factor. Genes Dev.
1999, 13, 792–797. [CrossRef] [PubMed]

74. Nighorn, A.; Healy, M.; Davis, R. The Cyclic AMP Phosphodiesterase Encoded by the Drosophila Dunce Gene Is Concentrated in
the Mushroom Body Neuropil. Neuron 1991, 6, 455–467. [CrossRef]

75. Park, A.; Tran, T.; Atkinson, N.S. Monitoring Food Preference in Drosophila by Oligonucleotide Tagging. Proc. Natl. Acad. Sci.
USA 2018, 115, 9020–9025. [CrossRef]

https://doi.org/10.1083/jcb.201308115
https://doi.org/10.1371/journal.pone.0075902
https://doi.org/10.1083/jcb.201607098
https://doi.org/10.1074/jbc.RA118.006804
https://www.ncbi.nlm.nih.gov/pubmed/31088910
https://doi.org/10.3389/fphys.2021.679766
https://www.ncbi.nlm.nih.gov/pubmed/34290618
https://doi.org/10.1016/j.cell.2021.12.003
https://www.ncbi.nlm.nih.gov/pubmed/34963057
https://doi.org/10.1101/cshperspect.a039271
https://www.ncbi.nlm.nih.gov/pubmed/31964648
https://doi.org/10.1038/ncb1629
https://doi.org/10.1016/j.tips.2022.05.004
https://doi.org/10.1016/j.tins.2020.07.008
https://doi.org/10.1038/nn1110
https://doi.org/10.1016/j.neuroscience.2015.01.063
https://doi.org/10.3389/fimmu.2019.01043
https://doi.org/10.1016/j.neuropharm.2017.01.031
https://www.ncbi.nlm.nih.gov/pubmed/28159648
https://doi.org/10.1093/hmg/ddm368
https://www.ncbi.nlm.nih.gov/pubmed/18079108
https://doi.org/10.1523/ENEURO.0256-16.2016
https://www.ncbi.nlm.nih.gov/pubmed/27822501
https://doi.org/10.1093/alcalc/agw098
https://doi.org/10.1111/gbb.12288
https://doi.org/10.1038/s41598-021-99448-w
https://doi.org/10.1371/journal.pone.0132793
https://www.ncbi.nlm.nih.gov/pubmed/26167685
https://doi.org/10.1016/j.neuron.2007.08.005
https://doi.org/10.1016/S0960-9822(09)00451-5
https://doi.org/10.1523/JNEUROSCI.1963-21.2022
https://doi.org/10.1016/j.semcdb.2022.04.002
https://www.ncbi.nlm.nih.gov/pubmed/35440411
https://doi.org/10.1101/gad.13.7.792
https://www.ncbi.nlm.nih.gov/pubmed/10197979
https://doi.org/10.1016/0896-6273(91)90253-V
https://doi.org/10.1073/pnas.1716880115


Cells 2023, 12, 1508 12 of 12

76. Park, A.; Ghezzi, A.; Wijesekera, T.P.; Atkinson, N.S. Genetics and Genomics of Alcohol Responses in Drosophila. Neuropharmacol-
ogy 2017, 122, 22–35. [CrossRef]

77. Scaplen, K.M.; Talay, M.; Nunez, K.M.; Salamon, S.; Waterman, A.G.; Gang, S.; Song, S.L.; Barnea, G.; Kaun, K.R. Circuits That
Encode and Guide Alcohol-Associated Preference. eLife 2020, 9, e48730. [CrossRef]

78. Kaun, K.R.; Azanchi, R.; Maung, Z.; Hirsh, J.; Heberlein, U. A Drosophila Model for Alcohol Reward. Nat. Neurosci. 2011, 14,
612–619. [CrossRef]

79. Butts, A.R.; Ojelade, S.A.; Pronovost, E.D.; Seguin, A.; Merrill, C.B.; Rodan, A.R.; Rothenfluh, A. Altered Actin Filament Dynamics
in the Drosophila Mushroom Bodies Lead to Fast Acquisition of Alcohol Consumption Preference. J. Neurosci. Off. J. Soc. Neurosci.
2019, 39, 8877–8884. [CrossRef]

80. Engel, G.L.; Marella, S.; Kaun, K.R.; Wu, J.; Adhikari, P.; Kong, E.C.; Wolf, F.W. Sir2/Sirt1 Links Acute Inebriation to Presynaptic
Changes and the Development of Alcohol Tolerance, Preference, and Reward. J. Neurosci. Off. J. Soc. Neurosci. 2016, 36, 5241–5251.
[CrossRef]

81. Davie, K.; Janssens, J.; Koldere, D.; De Waegeneer, M.; Pech, U.; Kreft, Ł.; Aibar, S.; Makhzami, S.; Christiaens, V.;
Bravo González-Blas, C.; et al. A Single-Cell Transcriptome Atlas of the Aging Drosophila Brain. Cell 2018, 174, 982–998.e20.
[CrossRef]

82. Strausfeld, N.J. Atlas of an Insect Brain; Springer: Berlin/Heidelberg, Germany; New York, NY, USA, 1976.
83. Bullock, T.; Horridge, G.A. Structure and Function in the Nervous Systems of Invertebrates; W. H. Freeman a. Co., Ltd.:

New York, NY, USA; San Francisco, CA, USA; London, UK, 1965; Volume II.
84. Xie, M.-X.; Zhang, X.-L.; Xu, J.; Zeng, W.-A.; Li, D.; Xu, T.; Pang, R.-P.; Ma, K.; Liu, X.-G. Nuclear Factor-KappaB Gates Nav1.7

Channels in DRG Neurons via Protein-Protein Interaction. iScience 2019, 19, 623–633. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.neuropharm.2017.01.032
https://doi.org/10.7554/eLife.48730
https://doi.org/10.1038/nn.2805
https://doi.org/10.1523/JNEUROSCI.0973-19.2019
https://doi.org/10.1523/JNEUROSCI.0499-16.2016
https://doi.org/10.1016/j.cell.2018.05.057
https://doi.org/10.1016/j.isci.2019.08.017
https://www.ncbi.nlm.nih.gov/pubmed/31446225

	Introduction 
	Toll-like Receptors 
	TLRs and Alcohol Responses 
	TLRs as Neurotrophin Receptors 
	Synaptically Localized NF-Bs 
	Overlap of DifB and TLR Expression in the CNS 

	Closing 
	References

