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Alcohol dependence is a complex disorder that initiates with episodes of excessive alcohol drinking known as binge drinking. It has a

50–60% risk contribution from inherited susceptibility genes; however, their exact identity and function are still poorly understood. We

report that alcohol-preferring P rats have innately elevated levels of Toll-like receptor 4 (TLR4) and monocyte chemotactic protein-1

(MCP-1) that colocalize in neurons from the central nucleus of the amygdala (CeA) and ventral tegmental area (VTA). To examine the

potential role of a TLR4/MCP-1 signal, we used Herpes Simplex Virus (HSV) vectors (amplicons) that retain in vivo neurotropism. Infusion

of amplicons for TLR4 or MCP-1 siRNA into the CeA or VTA from the P rats inhibited target gene expression and blunted binge

drinking. A similarly delivered amplicon for scrambled siRNA did not inhibit TLR4 or MCP-1 expression nor reduce binge drinking,

identifying a neuronal TLR4/MCP-1 signal that regulates the initiation of voluntary alcohol self-administration. The signal was sustained

during alcohol drinking by increased expression of corticotropin-releasing factor and its feedback regulation of TLR4 expression, likely

contributing to the transition to alcohol dependence.
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INTRODUCTION

Alcoholism is a complex disorder that has a 50–60% risk
contribution from inherited susceptibility genes (Goldman
et al, 2005). It initiates with episodes of excessive alcohol
drinking known as binge drinking (blood alcohol level
Z0.08 g% in a 2-h period (National Institute on Alcohol
Abuse and Alcoholism, 2004), the most devastating societal
cost of which is death in the form of vehicle crashes (Naimi
et al, 2003). Neuronal functions that mediate pleasurable
effects set the conditions for reward craving and the
recruitment of mechanisms, which favor the transition to
a relapsing course of sustained heavy drinking (alcohol
dependence; Jennison, 2004). This is associated with
signaling by activated corticotropin-releasing factor (CRF)
and its contribution to the withdrawal/negative affect stage
of the addiction cycle (Heilig and Koob, 2007; Lowery-
Gionta et al, 2012). Novel therapies that target genes, which
predispose to initiate binge drinking and transit to alcohol

dependence, may offer promising alternatives to current
psychosocial and pharmacotherapeutic interventions; how-
ever, gene identification is a clinical challenge.
The g-aminobutyric acid A (GABAA) receptors contribute

to excessive alcohol intake (Harris et al, 2008); however, the
involved subunits and their mechanism of action are still
controversial (Edenberg, 2012) and may reflect different
contribution at distinct brain sites. In the ventral pallidum
(VP), which is implicated in drug abuse decisions, voluntary
excessive drinking is regulated by the a1 subunits (Liu et al,
2011; Yang et al, 2011), but human clinical linkage studies
support a role for the a2 subunits in alcohol dependence
(Edenberg, 2012). A large body of evidence indicates that
neuroimmune (including Toll-like receptor 4 (TLR))
signaling contributes to reward-system activity and is
associated with alcohol dependence and the effects of
alcohol, and postmortem human studies correlate neuroim-
mune gene expression with lifetime alcohol consumption
(Crews et al, 2011; 2013; Pascual et al, 2011; Blednov et al,
2012; Crews and Vetreno, 2014). However, the relationship
of the neuroimmune signals to the GABAA subunits and the
initiation of binge drinking by previously naive individuals
is still unclear. We showed that the a2 subunits regulate the
initiation of excessive alcohol consumption (binge drink-
ing) in the central nucleus of the amygdala (CeA) by
signaling through the innate immune receptor TLR4 (Liu
et al, 2011). However, the identity of the TLR4 signal, the
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cell type in which it operates, and its function at other brain
sites that may regulate the susceptibility to initiate excessive
alcohol drinking are still unknown.
Our studies were designed to address these questions.

They follow on the findings that: (i) TLR4 induces the
expression of chemokines/cytokines, at least in inflamma-
tory cells (Bosman et al, 2012; Liu et al, 2013) and (ii) the
TLR4-induced chemokine monocyte chemotactic protein-1
(MCP-1; also known as CCL2) has neurotransmitter activity,
apparently involving dopamine release (Banisadr et al,
2005; Guyon et al, 2009; Apartis et al, 2010). We report that
an innate neuronal TLR4/MCP-1 signal in the CeA and the
ventral tegmental area (VTA) controls the predisposition of
P rats to initiate binge drinking. The signal is sustained
during alcohol drinking through increased expression of
corticotropin-releasing factor (CRF) and its feedback
regulation of TLR4, potentially contributing to the transi-
tion to alcohol dependence.

MATERIALS AND METHODS

Cells, Antibodies, and Reagents

TLR4-expressing RAW264.7 cells were obtained from the
American Type Culture Collection and cultured in DMEM
with 4mM L-glutamine (Invitrogen, Carlsbad, CA, USA)
and 10% fetal bovine serum (Gemini, West Sacramento, CA,
USA). The GABAA a1 (aa: 1–9) and a2 (aa: 322–357)
antibodies were obtained from Dr W. Sieghart, University of
Vienna, Austria. Their generation and specificity were
previously described (Pirker et al, 2000; Liu et al, 2011).
The TLR4 antibody was from Novus Biologicals (Littleton,
CO); its specificity is confirmed by immunoblotting
(Supplementary Data; Supplementary Figure S1). Other
commercially obtained antibodies are as follows: goat anti-
CRF (SC-21675), actin, and GAPDH (Santa Cruz Biotech-
nology, Santa Cruz, CA) mouse anti-MCP-1/CCL2, and
NeuN (MAb A60; Millipore, Billerica, MA), and rabbit anti-
MCP-1 (IBL International, Toronto, ON, Canada). All were
used according to the manufacturer’s instructions. Alexa
Fluor 488 goat anti-mouse IgG (Hþ L) and Alexa Fluor 546
goat anti-rabbit IgG (Hþ L) were from Life Technologies
(Grand Island, NY); the TLR4 ligand bacterial lipopolysac-
charide (LPS) was from Sigma-Aldrich (St Louis, MO); the
MCP-1 ELISA kits were from RayBiotech (Norcross, GA);
and antalarmin hydrochloride was from R&D Systems
(Minneapolis, MN).

Amplicon Construction

Amplicons are bacterial plasmids that are packaged into
HSV-1 particles. They do not contain viral DNA or express
viral proteins and are not toxic. They do not cause loss of
body weight or alter general activity levels in the P rats, and
they do not induce cell death/apoptosis in intrastriatally
infused animals (SD; Liu et al, 2011). The amplicon vector
for TLR4 siRNA (pHSVsiTLR4) was previously described
(Liu et al, 2011). The construction and specificity of the
amplicon vectors for MCP-1 siRNA pHSVsiMCP1-A is
described in SD, Supplementary Table S1, Supplementary
Figures S5 and S6. pHSVsiMCP-1A and a scrambled siRNA
vector (pHSVsiNCC) were used in these studies.

Animals

Alcohol-preferring (P) and non-alcohol-preferring (NP) rats
(3–4 months old; 250–550 g) were obtained from the Alcohol
Research Center, Indiana University School of Medicine. P
rats perform an operant response for access to ethanol that
is not performed by the NP rats. Animals were individually
housed, maintained at an ambient temperature of 21 1C and
a reverse 12-h light/dark cycle, and provided with food and
water ad libitum. Training and experimental sessions were
between 0830 and 1730 hours.

Binge Drinking Paradigm

To initiate binge drinking, we used the drinking-in-the
dark-multiple-scheduled-access (DIDMSA) protocol (Bell
et al, 2006). Rat cohorts given sucrose (1% (w/v)) served as
control. Animals received three daily 30-min access periods,
each spaced 1 h apart, across the dark cycle. These were
conducted on a 5-d binge and 2-d withdrawal schedule
that emulates human binge drinking (Naimi et al, 2003).
Using this protocol, the P rats produced consistent BACs
Z80mg%/dl.

Stereotaxic Procedures

Anesthetized rats were CNS-infused as previously described
(Liu et al, 2011; Yang et al, 2011). Microinjection sites in the
CeA extended from � 1.60mm posterior to the bregma to
� 3.3mm posterior to the bregma, 3.0–4.5mm lateral to the
midline in both hemispheres, and from � 7.8 to � 8.6mm
into the brain from the surface of the skull. Microinjection
sites in the VTA extended from � 5.3mm posterior to the
bregma to � 6.3mm posterior to the bregma, 1.6mm lateral
to the midline in both hemispheres, and � 9.2mm into the
brain from the surface of the skull (Paxinos and Watson,
1998). Because amplicons do not diffuse over long dis-
tances, we gave 9 or 13 injections in each hemisphere
spaced across the entire CeA or VTA. Each locus received
200 nl of PBS or amplicon (2.5� 105 TU) delivered by
calibrated glass micropipettes (E20-mm tip) connected to a
pneumatic pressure injector (Science Products GmbH).
Antalarmin (4 mg in PBS) was bilaterally infused into the
CeA or VTA (0.1 ml/min) for 5min using a Harvard infusion
pump (0.5 ml/hemisphere). It was given for three consecu-
tive days, at which time CeA and VTA micropunches were
collected and examined for CRF and TLR4 expression. The
Institutional Animal Care and Use Committee at the
Howard University (IACUC) approved all the procedures.

Immunoblotting

Tissue micropunches (300-mm thick) were lysed with
CelLytic MT (dialyzable mild detergent, bicine, and
150mM NaCl; Sigma-Aldrich) according to the manufac-
turer’s instructions. Total protein was determined by the
bicinchoninic assay (Pierce, Rockford, IL). Proteins were
resolved with SDS-polyacrylamide gel electrophoresis and
transferred to nitrocellulose membranes. Blots were ex-
posed to primary antibody overnight at 4 1C followed by
horseradish peroxidase (Cell Signaling)-labeled secondary
antibody for 1 h at room temperature (RT). Detection was
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carried out with the ECL kit reagents (Amersham Life
Science) and quantitation was carried out by densitometric
scanning with a Bio-Rad GS-700 imaging densitometer
(Liu et al, 2011).

Immunofluorescence

Free-floating (30-mm thick) frozen sections were collected as
described in SD (Materials and Methods (M&M)), rinsed
in PBS, treated (95 1C, 10min) with Retrievagen A (BD
Pharmingen), cooled (20min, RT), and blocked with 5%
goat serum (90min, RT). They were stained (overnight,
4 1C) in double immunofluorescence with antibodies to
TLR4 and NeuN, MCP-1 and NeuN, or TLR4 and MCP-1
and exposed (1 h, RT) to the appropriate Alexa Fluor-
labeled secondary antibodies diluted (1 : 500) in PBS with
0.4% Triton X-100. Sections were coverslipped with Prolong
Gold Antifade mounting media with DAPI (Life Technologies).
Z-stack images (1 mm optical steps) were collected on an
Olympus FluoView 500 confocal microscope fitted with
standard excitation and emission filters.

MCP-1 Assay

Tissue micropunches were lysed with celLyte MT as per the
manufacturer’s instructions and the extracts were assayed
for protein content by the BCA procedure (Pierce) and for
MCP-1 using the rat MCP-1 ELISA kit.

Statistics

Data were analyzed by appropriate ANOVAs. Significant
ANOVAs were followed by Newman–Keuls post hoc tests.
Analyses were performed using the SigmaPlot 11.2 software
program (Systat Software, San Jose, CA).

RESULTS

TLR4 and a2 are Upregulated in the VTA from P Rats
and Control Binge Drinking

Immunoblotting assays comparing P and NP rats indicated
that P rats have elevated levels of a2 and TLR4 (not a1) in
the VTA (Figure 1a), but not the in the VP (SD, Supple-
mentary Figure S2). To examine whether the TLR4 elevation
predisposes the P rats to binge drinking, cohorts were
randomly given pHSVsiTLR4 (n¼ 9) or pHSVsiNCC (n¼ 8)
in the VTA by bilateral stereotaxic infusion, allowed to
recover from the stress of surgery for 3 days, and examined
for alcohol drinking daily for 16 days. Animals given
pHSVsiNCC evidenced minimally reduced stress-related
alcohol drinking on day 3 after surgery, but displayed
baseline (pre-surgery) levels of alcohol drinking during the
next 13 days of follow-up. By contrast, alcohol drinking was
significantly reduced by treatment with pHSVsiTLR4
(F(29 225)¼ 16.119, po0.001 vs pHSVsiNCC). Post hoc tests
confirmed significant reduction of responding for alcohol
on days 3 through 13 (pr0.05). Maximal reduction of binge
responding was seen on days 3–7 post infusion and it
returned to the pre-surgery levels on day 14 after infu-
sion (Figure 1b). Reflecting its effect on binge drinking,
pHSVsiTLR4 inhibited TLR4 expression on day 3 (pr0.05),

but not on day 16 post infusion (p40.05), and TLR4 expres-
sion was not inhibited by pHSVsiNCC (Figure 1d).
Responding for sucrose was not affected by pHSVsiTLR4
microinjection (Figure 1c, p40.05), confirming the
specificity of its activity for alcohol drinking. The duration
of the amplicon inhibitory effect is consistent with that
previously reported and likely reflects the duration of
siRNA integrity/availability and the resulting post-tran-
scriptional gene silencing (Saydam et al, 2005; Liu et al,
2011).
Because a2 regulates the TLR4 activity in the CeA (Liu

et al, 2011), duplicate sets of animals were given pHSVsiLA2
(n¼ 6) or pHSVsiNCC (n¼ 8) in the VTA and similarly
examined for alcohol or sucrose drinking. Alcohol drinking
was severely reduced in animals that were given pHSVsi-
LA2, but not pHSVsiNCC beginning on day 3 and con-
tinuing for the next 13 days (po0.001 vs pHSVsiNCC), and
this was associated with the inhibition of a2 expression at 3
but not 15 days post treatment. Sucrose drinking was not
affected (SD, Supplementary Figure S4). Collectively, the
data confirm that the a2/TLR4 signal also operates in the
VTA.

MCP-1 Levels are Elevated in the CeA and VTA, but not
in the VP, from P as Compared with NP Rats

Having seen that the levels of TLR4 are elevated in the CeA
(Liu et al, 2011) and VTA (Figure 1a) from P as compared
with NP rats, we wanted to know whether MCP-1 is also
elevated at these sites. CeA and VTA micropunches were
collected from naive (not alcohol exposed) P (n¼ 4) and NP
(n¼ 4) rats and assayed for MCP-1 using ELISA. VP
micropunches were studied in parallel and served as
control. The levels of MCP-1 were significantly elevated in
the CeA (pr0.05) and VTA (pr0.05) from P, as compared
with NP rats, but elevation was not seen in the VP (p40.05;
Figure 2a).

CNS-Delivered Amplicons Infect Neurons

HSV has a natural in vivo tropism for neurons, a property
that is reflected in its ability to cause encephalitis and
establish life-long infection of peripheral ganglia sensory
neurons known as latency, and HSV vectors are also
neurotropic (Perkins et al, 2003; Taylor et al, 2005; Saeki,
2006; Berges et al, 2007; Suzuki et al, 2008; Manservigi et al,
2010; Cohen et al, 2011; de Silva and Bowers, 2011; Liu et al,
2011; Yang et al, 2011; Fiandaca et al, 2012; Aurelian, 2014).
Consistent with these findings, EGF imaging confirmed that
the CNS-delivered amplicons pHSVsiTLR4 (Figure 2b),
pHSVsiNCC (Figure 2d), and pHSVsiMCP-1 (Figure 2e) also
localize in neurons with clusters of 20–45 transduced
neurons seen near the injection site. This is shown in
Figure 2c, for one of the 9–13 sites given pHSVsiTLR4 and
there was no traffic to distant brain areas.

Neurons Co-Express TLR4 and MCP-1

Having seen that CNS-delivered pHSVsiTLR4 and pHSVsiMCP-1
infect neurons, we wanted to know whether neurons
innately co-express TLR4 and MCP-1, thereby identifying
the presence of a likely TLR4/MCP-1 signal that is the
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amplicons’ target. Double immunofluorescent staining
indicated that in both the CeA and VTA staining with
antibody to the NeuN neuronal marker (Figure 3b and f)
was predominantly nuclear, but also seen in the cytoplasm
(Lavezzi et al, 2013). TLR4 (Figure 3a) and MCP-1
(Figure 3e) staining was strictly non-nuclear; it colocalized
with NeuN (Figure 3c, g, d and h); and TLR4/MCP-1
colocalization was seen at both brain sites (Figure 3i). TLR4
and MCP-1 staining was also seen in NeuN� cells, and
double immunofluorescence with antibodies to GFAP
(astrocytes) or Iba-1 (microglia) confirmed that TLR4 and
MCP-1 are expressed in astrocytes and microglia (SD,
Supplementary Figure S3), as previously reported (Tang
et al, 2007; Okun et al, 2011; Pascual et al, 2012). However,
whereas glial cells express TLR4 and MCP-1 and we cannot
exclude the possibility that they can be infected by the CNS-
delivered amplicons, this latter interpretation is not
supported by our and independently obtained data
(Perkins et al, 2003; Taylor et al, 2005; Saeki, 2006; Berges
et al, 2007; Suzuki et al, 2008; Manservigi et al, 2010; Cohen

et al, 2011; de Silva and Bowers, 2011; Liu et al, 2011; Yang
et al, 2011; Fiandaca et al, 2012; Zhang et al, 2015).

MCP-1 Regulates Binge Drinking in the VTA and CeA

Two series of experiments were carried out in order to
examine whether MCP-1 is also involved in predisposing to
alcohol, likely as a downstream component of a TLR4
signal. First, TLR4-expressing RAW264.7 cells were trans-
duced with pHSVsiTLR4 or pHSVsiNCC (3 TU/cell) in the
absence or presence of the TLR4 ligand LPS (2 mg/ml; 48 h),
and the culture supernatants were assayed for MCP-1 using
ELISA. MCP-1 expression was inhibited by pHSVsiTLR4,
but not by pHSVsiNCC, confirming that TLR4 induces
MCP-1 expression (Figure 4a). Second, cohorts of P
rats were randomly given pHSVsiMCP-1A (n¼ 9) or
pHSVsiNCC (n¼ 9) in the VTA, allowed to recover from
the stress of surgery for 3 days, and examined for alcohol
drinking daily for 14 days. Drinking was reduced by
pHSVsiMCP-1A, but not by pHSVsiNCC infusion

Figure 1 Toll-like receptor 4 (TLR4) regulates alcohol self-administration in the ventral tegmental area (VTA). (a) Protein extracts of micropunches
collected from the VTA of non-alcohol-preferring (NP) and –preferring (P) rats were immunoblotted with antibody to g-aminobutyric acid A (GABAA) a1,
and the blots were sequentially stripped and immunoblotted with antibodies to GABAA a2, TLR4 and GAPDH as a loading control. Results are
densitometric units±SEM. Each lane is a distinct animal. The levels of a2 and TLR4 are significantly higher in P than in NP rats (pr0.05). (b) pHSVsiTLR4
microinjection in the VTA from naive P rats reduces responding for alcohol on days 3–13 post surgery, but responding returns to baseline levels on day 14
post surgery. pHSVsiNCC does not alter responding for alcohol (*pr0.05 by ANOVA). (c) Microinjection of pHSVsiTLR4 and pHSVsiNCC into the VTA
does not alter responding for sucrose. (d) pHSVsiTLR4, but not pHSVsiNCC, inhibits TLR4 expression in the VTA on day 3 post infusion (pr0.05), but
TLR4 expression is restored to its innate levels on day 16 after pHSVsiTLR4 infusion (p40.05).
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(Figure 4c) with significant main effects of Treatment
(F(1210)¼ 321.81, po0.001), Day (F(14210)¼ 22.815, po0.001),
and Treatment�Day interaction (F(14210)¼ 15.676, po0.001).
Post hoc tests confirmed significant reduction of responding
for alcohol on days 3–13 post infusion of pHSVsiMCP-1A,
and responding returned to the pre-infusion levels on day
14 post infusion. Responding for sucrose was not affected
by microinjection of pHSVsiMCP-1A (Figure 4d; p40.05),
confirming that the pHSVsiMCP-1A effect is specific for
alcohol drinking. Reduction in responding for alcohol was
associated with MCP-1 inhibition on day 3 (pr0.05), but
not day 16 post infusion (p40.05; Figure 4b). pHSVsiNCC
did not inhibit MCP-1 expression (p40.05) or binge sucrose-
motivated responding (p40.05; Figure 4b and d). Collectively,
the data indicate that MCP-1 regulates binge drinking in the
VTA, likely as a component of the TLR4 signal.
To examine whether MCP-1 is also a component of the

TLR4 signal in the CeA, P rats (n¼ 6/group) were randomly
given by cohort pHSVsiMCP-1A or pHSVsiNCC into the
CeA, allowed to recover for 3 days, and examined for
alcohol or sucrose drinking daily. Alcohol intake was
reduced in the pHSVsiMCP-1A-infused rats on days 3–10
after surgery (Figure 4f; pr0.05) and increased thereafter,

returning to the pre-surgery levels on day 11. These effects
are because of MCP-1 regulation, as evidenced by a
dramatic decrease in MCP-1 expression at 3 (pr0.05) but
not 14 (p40.05) days after pHSVsiMCP-1A infusion
(Figure 4e). pHSVsiMCP-1A did not decrease sucrose con-
sumption (Figure 4f, p40.05) and it failed to alter alcohol
responding when given into the VP (data not shown). In
addition, rats given pHSVsiNCC displayed baseline (pre-
surgery) levels of alcohol drinking during the follow-up
(Figure 4f; p40.05) and pHSVsiNCC did not inhibit MCP-1
expression (Figure 4e).

Feedback TLR4 Regulation by Alcohol-Induced CRF

Having seen that a TLR4/MCP-1 signal in the CeA and VTA
predisposes to alcohol drinking in naive animals, we wanted
to know whether the signal is altered by alcohol consumption.
We focused on CRF because previous studies had shown
that it is induced by alcohol (Lowery-Gionta et al, 2012) and
contributes to the transition to alcohol dependence,
apparently through CRFR1 activation (Sommer et al, 2008;
Roberto et al, 2010; Huang et al, 2010). P rats were allowed
to drink alcohol for 20 days, infused with the CRFR1

Figure 2 Monocyte chemotactic protein-1 (MCP-1) innately elevated in the ventral tegmental area (VTA) and central nucleus of the amygdala (CeA)
from alcohol-preferring (P) rats and siRNA amplicon vectors localize in neurons at the injection site. (a) MCP-1 levels are elevated in the CeA and VTA, but
not in the ventral pallidum (VP) from P as compared with non-alcohol-preferring (NP) rats. (*po0.05 by ANOVA). (b–e). Neurons and neuronal spines and
processes located near one of the pHSVsiTLR4 (b), pHSVsiNCC (d), or pHSVsiMCP-1 (e) infusion sites show EGFP staining (green). Transduction is
effective, with 25–40 neurons at the injection site showing EGFP staining as shown for pHSVsiTLR4 (c). Glial and other cells stained with DAPI (blue) do not
stain for EGFP (e). Scale bars are 20mm.
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Figure 3 Toll-like receptor 4 (TLR4) and monocyte chemotactic protein-1 (MCP-1) innately colocalize in neurons from the ventral tegmental area (VTA)
and central nucleus of the amygdala (CeA) of P rats. Confocal microscopy and Z-stack imaging of double immunofluorescence staining for TLR4/NeuN (a–
d), MCP-1/NeuN (e–h), and TLR4/MCP-1 (i) are shown for the CeA and VTA. Merged images for TLR4 (a), NeuN (b), and DAPI (blue) reveal TLR4
expression in neurons (c, d). A TLR4þ neuron (NeuNþ ) in a–c is identified (*) and a magnified image is shown in d. Panel (d) also shows a magnification of
a TLR4þ non-neuronal cell (NeuN� ) identified in c (arrow). Merged images for MCP-1 (e), NeuN (f), and DAPI (blue) reveal MCP-1 expression in
neurons (g, h). A MCP-1þ neuron (NeuNþ ) in panels (e–g) is identified (**) and a magnified image is shown in h. Panel (h) also shows a magnification of a
MCP-1þ non-neuronal cell (NeuN� ; g; arrow). Merged images for TLR4 (red) and MCP-1 (green) reveal co-expression of TLR4 and MCP-1 (i). Scale bars
are (c, g): 30 mm, (d, h): 5mm. Paraffin-embedded (5-mm-thick) sections prepared as described in SD (Materials and Methods) were also examined with
similar results.
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inhibitor antalarmin in the CeA or VTA as described in
M&M and micropunches collected before and after 3 days of
exposure to antalarmin were examined for CRF expression

by immunoblotting. The blots were stripped and re-probed
with antibodies to TLR4 followed by GAPDH (loading
control) and the results were analyzed by densitometric

Figure 4 pHSVsiMCP-1 infusion in the ventral tegmental area (VTA) or central nucleus of the amygdala (CeA) inhibits monocyte chemotactic protein-1
(MCP-1) expression and binge drinking. (a) Toll-like receptor 4 (TLR4)-expressing RAW264.7 cells were transduced with pHSVsiTLR4 (3 TU/cell) and
treated or not with the TLR4 ligand lipopolysaccharide (LPS) (2mg/ml). Culture supernatants were collected 48 h later and assayed for MCP-1 by ELISA.
pHSVsiTLR4 inhibited MCP-1 expression. Expression was not affected in parallel experiments using pHSVsiNCC (data not shown). (b–d) pHSVsiMCP-1
infusion in the VTA inhibits MCP-1 expression at 3 days after injection, but the levels are returned to baseline on day 16 post injection and expression is not
inhibited by pHSVsiNCC (b). pHSVsiMCP-1 reduces P rat responding for alcohol on days 3–13 post surgery compared with pHSVsiNCC; responding
returns to baseline levels on day 14 post surgery and pHSVsiNCC does not alter responding for alcohol (c); pHSVsiMCP-1 and pHSVsiNCC do not alter
responding for sucrose (d). (*pr0.05 by ANOVA). (e–g) pHSVsiMCP-1 infusion in the CeA inhibits MCP-1 expression at 3 days after injection, but the
levels are returned to baseline on day 14 post injection and expression is not inhibited by pHSVsiNCC (e). pHSVsiMCP-1 reduces P rat responding for
alcohol on days 3–10 post surgery compared with pHSVsiNCC, but responding returns to baseline levels on day 11 post surgery. pHSVsiNCC does not
alter responding for alcohol (f). pHSVsiMCP-1 or pHSVsiNCC do not alter responding for sucrose (g). (*pr0.05 by ANOVA).
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scanning. As shown in Figure 5 for the CeA, the levels of
CRF were significantly higher in the alcohol-drinking than
naive P rats (pr0.05), an increase that was blocked by the
infusion of antalarmin (pr0.05; Figure 5a). Significantly,
antalarmin infusion also reduced the levels of TLR4
(pr0.05; Figure 5b) and similar results were obtained for
the VTA. The data identify a CRF-mediated feedback
regulatory control (autocrine and/or paracrine) that likely
contributes to sustaining the TLR4/MCP-1 signal during
alcohol consumption and may contribute to alcohol depen-
dence. This is schematically shown in Figure 5c.

DISCUSSION

The salient feature of the data presented in this report is the
finding that an innate neuronal TLR4/MCP-1 signal that is
elevated in the CeA and VTA from alcohol-preferring P rats
predisposes them to alcohol self-administration (binge
drinking). Alcohol consumption sustains this signal through
CRF-mediated TLR4 feedback regulation. The following
comments seem pertinent with respect to these findings.
A large body of evidence supports the role of GABAergic

transmission and its interaction with neuroimmune
mechanisms that include TLR4, in alcohol dependence
and its effects (Alfonso-Loeches et al, 2010; Pascual et al,
2011; Blednov et al, 2012; Crews and Vetreno, 2014; Bajo
et al, 2014). Alcohol releases endogenous ligands for TLR4
in the brain (Crews et al, 2013) and knockout of the TLR4
accessory protein CD14 interferes with the ability of LPS to
increase alcohol drinking in wild-type mice (Blednov et al,
2011). In humans, lifetime alcohol consumption correlates
with neuroimmune gene expression (Crews and Vetreno,
2014) and LPS leaks from the gut of human alcoholics were

shown to activate pro-inflammatory signaling that may
contribute to neuroinflammation and neurodegeneration
(Qin et al, 2007). The levels of microglia-associated MCP-1
are increased in the VTA, CeA, substantia nigra, and
hippocampus from human alcoholics compared with
controls (He and Crews, 2008) and activation of dopamine
neurons, which enhance reward-system activity via the
MCP-1/CCR2 axis, was shown to have a crucial role in drug
addiction (Wakida et al, 2014). However, the identity and
role of innate TLR4 signals in the predisposition to initiate
excessive alcohol drinking (binge drinking), the cell type in
which such a signal might function, and its brain site(s) are
still poorly understood. Our studies were designed to
address these questions. They follow on previous findings
that P rats have innately increased levels of GABAA

a2-regulated TLR4 in the CeA, a brain region, which is
critically involved in anxiety and fear-conditioning and
participates in the learning of stimulus-reward responses
and mediation of the motivational effects of alcohol and
self-administration (Koob, 2009; Koob and Volkow, 2010).
These elevations were not seen in the VP and their
knockdown blunted binge drinking, as measured by the
operant response performance (Liu et al, 2011). We focused
on the VTA because it also regulates emotionality (Kalivas,
2002; Gifkins et al, 2002; Kauffman et al, 2003; Koob and Le
Moal, 2005), and on MCP-1, because it is TLR4-regulated
and has neurotransmitter activity (Banisadr et al, 2005;
Guyon et al, 2009; Apartis et al, 2010; Bosman et al, 2012;
Liu et al, 2013). Relative to NP rats, P rats had innately
elevated levels of a2 and TLR4 also in the VTA, and the
levels of MCP-1 were elevated in both the VTA and CeA.
Owing to the ubiquitous receptors that it employs, HSV

tends to be relatively nonselective in infection of a variety of
cells in culture, including astrocytes and microglia. How-

Figure 5 Antalarmin inhibits Toll-like receptor 4 (TLR4) expression in alcohol-drinking P rats. (a) Alcohol drinking increases the levels of corticotropin-
releasing factor (CRF) in the central nucleus of the amygdala (CeA) from P rats, an increase that is inhibited by antalarmin. (b) Antalarmin inhibits the levels of
TLR4 in alcohol-consuming P rats. (*pr0.05 by ANOVA). Similar results were obtained in the ventral tegmental area (VTA). (c) Schematic representation
defines the initiation of alcohol self-administration through a neuronal TLR4/monocyte chemotactic protein-1 (MCP-1) signal that modulates
neurotransmission and is sustained during alcohol drinking through CRF upregulation and its feedback control of TLR4. Dotted line represents potential
involvement of CRF-mediated a2 regulation (Roberto et al, 2010).
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ever, in vivo, particularly after CNS administration, it shows
a naturally discriminative neurotropism. This is reflected by
the ability of the virus to: (i) establish life-long infection of
the peripheral ganglia sensory neurons, known as latency,
and (ii) cause encephalitis, which is the most common viral
encephalitis and is associated with virus-induced neuronal
apoptosis. HSV vectors, including amplicons, retain neuro-
tropism and are therefore recognized as promising vectors
for gene therapy of the nervous system and tools to
differentially label CNS neurons (Perkins et al, 2003; Taylor
et al, 2005; Saeki, 2006; Berges et al, 2007; Suzuki et al, 2008;
Manservigi et al, 2010; Cohen et al, 2011; de Silva and
Bowers, 2011; Liu et al, 2011; Yang et al, 2011; Fiandaca
et al, 2012; Aurelian, 2014; Zhang et al, 2015). The molecular
mechanism of this in vivo neuronal lineage-restricted
infection/transduction is still unclear. Recent studies have
implicated hyaluronic acid, a major component of the
extracellular matrix, in HSV-1 infection of brain neurons
(Cohen et al, 2011), and TLR3 was reported to function in
astrocytes as a sensor of HSV-2 infection immediately after
entry into the CNS, possibly preventing virus spread beyond
the neurons (Reinert et al, 2012). Whereas final conclusions
about the molecular mechanism of neurotropism require
additional investigation, our findings confirm that: (i)
the CNS-delivered pHSVsiTLR4, pHSVsiMCP-1, and
pHSVsiNCC amplicons infect neurons and (ii) neurons
express an innate TLR4/MCP-1 signal, which is the natural
target for these amplicons. We recognize that knockout
controls are needed in order to fully establish antibody
specificity. However, our data are consistent with current
findings for MCP-1 brain regional distribution (He and
Crews, 2008) and with the observation that, in addition to
microglia (Pascual et al, 2012), astrocytes and neurons also
express TLR4 where it was implicated in neural plasticity
and disease (Tang et al, 2007; Okun et al, 2011).
We conclude that MCP-1 contributes to the ability of

TLR4 to regulate binge drinking because: (i) pHSVsiTLR4
controls MCP-1 expression and (ii) pHSVsiMCP-1 infusion
into the VTA or CeA blunted binge drinking, associated with
MCP-1 inhibition. The data are not an artifact of the
experimental procedures. The HSV-based amplicon vectors
are not toxic, as documented both at the gross and histo-
logic levels, they do not cause apoptosis, and they deliver
siRNA that specifically inhibits target gene expression. As
previously reported (Liu et al, 2011, Yang et al, 2011),
transduction was effective with clusters of 20–45 transduced
neurons localized in neurons at the injection sites and failing
to traffic to distant brain areas. Importantly, amplicons with
identical properties that deliver scrambled siRNA were
studied in parallel with pHSVsiTLR4 and pHSVsiMCP-1,
and they did not affect gene expression or alcohol drinking.
The amplicons specifically inhibited alcohol, but not sucrose
self-administration, and neither pHSVsiTLR4 nor
pHSVsiMCP-1 affected binge drinking when infused into
the VP, which does not have innately elevated levels of TLR4
or MCP-1. We note that the duration of the pHSVsiMCP-1
inhibitory effect was shorter in the CeA than in the VTA (10
vs 14 days). Together with our similar previous findings for
the CeA (Liu et al, 2011), this reveals a site-specific
difference for the duration of the pHSVsiTLR4 effect that
potentially identifies the VTA as a dominant regulatory site
for binge drinking, at least in the P rats.

The neuropeptide CRF has a key role in excessive,
dependence-like ethanol drinking through activation of the
CRF1 receptor in the CeA (Sommer et al, 2008; Roberto
et al, 2010; Lowery-Gionta et al, 2012). Its role in alcohol
dependence is believed to develop over an extended course
of excessive drinking (Koob, 2009; Heilig et al, 2010) but
CRF does not modulate ethanol consumption in non-
dependent rats (Chu et al, 2007). Having seen that the
TLR4/MCP-1 signal controls the initiation of alcohol
drinking, we wanted to know whether and how this relates
to CRF. Examination of P rats that had engaged in binge
drinking for 20 days revealed a significant increase in the
levels of CRF relative to those seen before drinking initia-
tion, and this increase was blocked by the CRF1 inhibitor
antalarmin. Significantly, antalarmin simultaneously
decreased the levels of TLR4, identifying a previously
unrecognized neuronal CRF–TLR4 interaction that may
contribute to the transition to alcohol dependence. This is
schematically represented in Figure 5c, and it carries the
implicit conclusion that both the TLR4 and MCP-1 levels
may be further increased in animals with long-term drink-
ing dependence. However, alcohol dependence involves the
transition from such a strictly neuronal signal to a glial-
centric inflammatory response (Fernandez-Lizarbe et al,
2009; Alfonso-Loeches et al, 2010; Crews et al, 2013; Pascual
et al, 2011), by a mechanism that is still unclear. We
confirmed that TLR4 and MCP-1 are expressed in glial cells
(SD, Supplementary Figure S3), and posit that transition
involves bidirectional neuron-glia cross-talk through
released soluble factors and glial cell cytokine production
(Frank et al, 2010; Hines et al, 2013).
In summary, our data identify an innate neuronal TLR4

signal that functions in the CeA and VTA to regulate the
initiation of excessive alcohol drinking through MCP-1
neurotransmission likely at the level of dopamine (Banisadr
et al, 2005; Guyon et al, 2009; Apartis et al, 2010). However,
the MCP-1 neurotransmission mechanism, the role of
TLR4-regulated cytokines/chemokines with neuron–
neuron, and bidirectional neuron–microglia communica-
tions (namely, fractalkine (Laing et al, 2010)) in the
transition to alcohol dependence, their relationship to
alcohol-induced CRF expression, and the role of the brain
site are still unclear. Ongoing studies are designed to
address these questions.
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