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Chemokines such as chemokine (C-C motif) ligand 2 (CCL2) play a role in several
behaviors, including anxiety-like behavior, but whether neurons are an important source
of CCL2 for behavior and how neuronal CCL2 may work to affect behavior are
still debated. When a herpes simplex virus (HSV) vector was used to knockdown
CCL2 mRNA in neurons of the central nucleus of the amygdala (CeA) in rats experiencing
multiple withdrawals from low dose ethanol, anxiety-like behavior appeared in the social
interaction task. To examine this finding further Fractalkine (CX3CL1), a chemokine that
is often found to have an opposing function to CCL2 was measured in these rats. Both
alcohol withdrawal and CCL2 knockdown increased the levels of the anti-inflammatory
protein CX3CL1. The combination of alcohol withdrawal and CCL2 knockdown
decreased CX3CL1 and may alter pro-inflammatory/anti-inflammatory balance, and thus
highlights the potential importance of CCL2 and CCL2/CX3CL1 balance in anxiety.
To find a mechanism by which neuronal chemokines like CCL2 could affect behavior,
retrograde tracing with fluorescent nanobeads was done in two brain regions associated
with anxiety the bed nucleus of the stria terminalis (BNST) and the ventral periaqueductal

gray (VPAG). These studies identified CeA projection neurons to these brain regions that
contain CCL2. To demonstrate that CCL2 can be transported via axons to downstream
brain regions, the axonal transport blocker, colchicine, was given and 24 h later,
the accumulation of CCL2 in CeA neuronal cell bodies was found. Finally, CCL2 in
CeA neurons was localized to the synapse using confocal microscopy with enhanced
resolution following deconvolution and electron microscopy, which along with the other
evidence suggests that CCL2 may be transported down axons in CeA neurons and
released from nerve terminals perhaps into brain regions like the BNST and VPAG to
affect behaviors such as anxiety. These results suggest that neurons are an important
target for chemokine research related to behavior.
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INTRODUCTION

Alcohol withdrawal increases brain neuroimmune proteins such
as chemokine C-C motif ligand 2 (CCL2; He and Crews, 2008;
Ehrlich et al., 2012; Freeman et al., 2012; Vetreno et al., 2013;
Whitman et al., 2013; Kane et al., 2014; Harper et al., 2015)
in a brain-region-specific fashion (Knapp et al., 2016; Baxter-
Potter et al., 2017). Given that chemokines like CCL2 are thought
to act as neuromodulators (Adler et al., 2006; Gruol, 2016), it
has been suggested that CCL2 and similar chemokines can alter
alcohol withdrawal-related behaviors. CCL2 has been linked to
important alcohol-related behaviors, drinking (Blednov et al.,
2005; June et al., 2015; Valenta and Gonzales, 2016), and alcohol
withdrawal-induced anxiety-like behavior (Knapp et al., 2011;
Harper et al., 2017) making it an important candidate target
for the treatment of alcohol use disorder. The balance between
pro-inflammatory chemokines like CCL2 and anti-inflammatory
chemokines like fractalkine (CX3CL1) seems to be important to
behavioral output such as alcohol drinking with CCL2 promoting
drinking behavior while CX3CL1 inhibits drinking behavior
(Aurelian and Balan, 2019). However, the role of CCL2 extends
beyond alcohol-related behaviors and is related to other types
of anxiety (Wohleb et al., 2013; Sawada et al., 2014). Perhaps
CCL2 plays a role in anxiety in general.

CCL2 is expressed in neurons, microglia, and astrocytes
(Banisadr et al., 2005a; June et al., 2015; Harper et al., 2017), and
most studies to date have looked at expression changes caused
by alcohol in tissues containing all three cell types. With few
exceptions (Gruol, 2016; Harper et al., 2017), most of the studies
examined the effect of altered CCL2 expression on behavior
in a non-cell type-specific manner. In the amygdala, changes
in CCL2 were shown to occur as early as 5 h into alcohol
withdrawal (Harper et al., 2017, 2018). The central nucleus
of the amygdala (CeA) has been shown to have changes in
both CCL2 mRNA (Freeman et al., 2012) and the number of
neurons containing CCL2 during alcohol withdrawal (Harper
et al., 2017). Additionally, the CeA plays an important role
in alcohol withdrawal-induced anxiety-like behavior (Huang
et al., 2010). Changes in CCL2 in the neurons of the CeA have
been correlated with changes in alcohol withdrawal-induced
anxiety-like behavior (Harper et al., 2017). These changes
suggest that CCL2 expressed in CeA neurons might lead to the
anxiety-like behavior associated with alcohol withdrawal.

Little is known about the types of neurons that contain
CCL2 in the CeA or how levels and release of CCL2 are
controlled in these neurons. In the cerebellum, CCR2 (the
receptor for CCL2) is almost exclusively found on neurons
that also contain CCL2 (van Gassen et al., 2005), so it has
been suggested that CCL2 regulates its own levels as do some
other chemokines (Lim et al., 2016). Another potential candidate
for CCL2 regulation is corticotropin-releasing factor receptor 1
(CRFR1), which is upregulated in response to alcohol exposure
together with its ligand corticotropin-releasing factor (CRF;
Eisenhardt et al., 2015). CRF and its receptor have also been
found to control the toll-like receptor 4 (TLR4) signal, which
includes CCL2 (June et al., 2015; Aurelian and Balan, 2019).
CRFR1 antagonists were shown to block changes in CCL2 in

the cortex (Whitman et al., 2013). Additionally, CRF and
a CRFR1 antagonist also control alcohol withdrawal-induced
anxiety-like behavior (Huang et al., 2010)—perhaps through
CRF control of the activated TLR4 signal which controls CCL2.
Though it is still unknown whether CRFR1 containing neurons
are CCL2 containing neurons and thus CRF can control CCL2 by
binding to the neuron that contains CCL2.

The CeA contains both interneurons and projection neurons.
The type of neuron containing CCL2 in the CeA is unknown. In
the spinal cord, CCL2 is made in the cell body of some neurons
and transported to the terminals for release (Van Steenwinckel
et al., 2011), but such precise localization was never done for
CCL2 within brain neurons. If the CCL2 containing neurons in
the CeA are projection neurons, this mechanism would allow the
release of CCL2 into downstream brain regions.

This article sought to demonstrate whether loss of CCL2 solely
in CeA neurons would alter alcohol withdrawal-induced
anxiety-like behavior and whether this effect is related to changes
in anti-inflammatory chemokines. Additionally, in an attempt
to find potential regulators of CCL2 levels, we extended the
co-localization of CCL2 with neuronal receptors with which
it could interact. Retrograde tracing was done to determine
whether CCL2 is found in projection neurons and potential
downstream brain regions of these neurons. Finally, CCL2 was
localized subcellular in neurons to help identify the potential
mechanism whereby CCL2 affects behavior.

MATERIALS AND METHODS

Animals
All protocols were approved by the UNC-Chapel Hill
Institutional Animal Use and Care Committee. Male Wistar
rats weighing 180–200 g were purchased from Charles Rivers
(Raleigh, NC, USA). One cohort of rats underwent surgery
for bilateral cannulation to be used for the viral vector studies
before exposure to the alcohol paradigm (N = 7–11). The second
cohort of alcohol naïve rats (N = 7) was used for CCR2 and
CRFR1 colocalization immunohistochemistry experiments.
Two additional cohorts of two naïve rats each were used for
the nanobead injection experiments and the colchicine study.
Finally, two naïve rats were used for confocal microscopy with
enhanced resolution experiments and two for the electron
microscopy experiments.

Surgery and Brain Injections
Rats were anesthetized using isoflurane during stereotaxic
surgery. The cannula and surgical screws (PlasticOne, Roanoke,
VA, USA) were secured to the skull with acrylic cement.
Coordinates used for CeA for cannula were AP −2.3,
ML ±4.5, DV −5.5. The Herpes Simplex Virus (HSV)
particles retain in vivo neurotropism (June et al., 2015).
HSV-1 particles containing the amplicons pHSVsiMCP-1A and
pHSVsiNCC were injected via the cannula. These amplicons
were described previously (June et al., 2015) and are described in
Supplementary Methods. 2.5 µl and 1.1 µl of pHSVsiMCP-1A
and pHSVsiNCC respectively were injected over 10 min to get
2.5 × 105 TUs into each CeA. It was noted previously that these
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FIGURE 1 | Loss of neuronal CCL2 during withdrawal from subthreshold alcohol causes anxiety-like behavior. (A) Representative injection site derived from
post-mortem histological assessments of CeA injections. Neurons infected with herpes simplex virus (HSV) express GFP. The CeA is outlined by a red dashed line.
(B) Diagram of injections/alcohol withdrawal paradigm. Male Wistar rats were subjected to three 5 day blocks of 4.5% w/v ethanol diet (ED) and were tested for
social interaction (SI) 5–6 h into the third withdrawal. An amplicon with siRNA for CCL2 was injected into the CeA 2 days before the final withdrawal. (C) Only rats
that received ethanol diet and loss of neuronal CCL2 showed reduced SI indicating increased anxiety-like behavior. (D) Neither virus nor ethanol diet alone or used in
combination caused changes in locomotor activity. N = 7–11 per group. Data presented as mean ± SEM. Post hoc *p < 0.05.

amplicons do not have adverse effects (June et al., 2015). All
brains were collected after testing to confirm injection location
and for immunohistochemistry. Figure 1A shows an example of
an injection site.

The second cohort of rats was also put under isoflurane during
stereotaxic surgery. These rats received unilateral injections of
0.2 µl FluoSpheresTM (1:5 dilution with artificial cerebrospinal
fluid) into either the bed nucleus of the stria terminalis (BNST;
coordinates: AP −0.1, ML 1.6, and DV −6.6) or the ventral
periaqueductal gray (VPAG; coordinates: AP−6.9, ML 3.05, and
DV−6.4 angled 23.8◦). Rats were allowed approximately 4 weeks
for the nanobeads to extend through the neurons before tissue
collection. Examples of injections can be seen in Figures 5D,H.

The third cohort of rats was also put under isoflurane
during stereotaxic surgery. These rats received unilateral
cerebroventricular injections of 100 µg colchicine
(MilliporeSigma, Burlington, MA, USA) in 10 µl of artificial
cerebral spinal fluid or just artificial cerebral spinal fluid.
Coordinates were AP −0.8, ML −1.6, and DV −4. After 24 h
rats were perfused.

Diets
Cannulated rats were first placed on a nutritionally complete
control liquid diet (CD; Frye et al., 1983; Whitman et al., 2013;
Harper et al., 2015). The following day, half the rats were placed
on a 4.5% w/v ethanol diet (ED) that is isocaloric to the CD.

Rats received three 5-day blocks of ethanol diet separated by
2 days of CD. The average alcohol consumed (g/kg/day) was
10.78 in the first block, 11.04 in the second block, and 9.6 in
the third block. Previous work has shown that blood alcohol
levels with 4.5% w/v ED range from 63 to 107 mg% (Wills
et al., 2008). On the third day of the last 5-day block of ED, rats
were given viral vector injections such that maximum expression
of the siRNA was achieved by the day of social interaction
testing (June et al., 2015). Five to six hours into withdrawal
from the third 5-day block of ED, rats were tested on the
social interaction test (Figure 1B). A two-way repeated-measures
analysis of variance (RM ANOVA) showed there was no effect
of virus type on alcohol consumed and no interaction between
virus type and day of alcohol consumed (Supplementary Table
S1). Rats showed weight gain across the ED paradigm and a
three-way RMANOVA showed there was no difference in weight
gain between experimental groups (Supplementary Figure S1).
This supports previous work using the 4.5%w/v ED (Overstreet
et al., 2002).

Behavioral Analysis
The social interaction test is an established measure of
anxiety-like behavior. A reduction in social interaction reflects
an elevated anxiety-like state (Overstreet et al., 2002; File and
Seth, 2003; Knapp et al., 2011). Rats of approximately similar
weight were paired, and the data from individual rats were
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FIGURE 2 | Alcohol withdrawal increases the anti-inflammatory CX3CL1 in the CeA, which is reversed by the loss of CCL2 in neurons. (A) Representative images
are immunostained for CX3CL1 of the CeA of male Wistar rats that were microinjected with an amplicon with CCL2 siRNA. The CeA is outlined by a white dashed
line. (B) Representative images are immunostained for CX3CL1 of the CeA of male Wistar rats that underwent alcohol withdrawal and microinjected with an amplicon
with siRNA for CCL2. The CeA is outlined by a white dashed line. (C) The integrated density of CX3CL1 CeA images shows that alcohol withdrawal increases the
levels of CX3CL1 which is reversed by the loss of CCL2. The images from panels (A,B) were converted into grayscale and then the same threshold was applied to
both images to make the images in panels (D,E,), respectively. The images in panels (D,E) highlight differences in identifiable CXC3CL1 containing neurons in the
images using the same threshold. (F) Cell counts of CX3CL1 CeA images show that alcohol withdrawal increases the levels of CX3CL1 positive cells which is
reversed by the loss of CCL2. N = 6 per group. Data presented as mean ± SEM. Post hoc *p < 0.05.

used as prior reports demonstrated that the behavior across CD
and ED groups is independent within pairs (Overstreet et al.,
2002). Rats were paired for 5 min in a black plexiglass arena
measuring 60 × 60 cm. All interactions were recorded so that
an observer blind to treatment could score recordings. The
time each rat engaged in social behavior (conspecific grooming,
sniffing, following, crawling over/under its partner), and the
number of lines crossed by two paws were recorded.

Tissue Collection and
Immunohistochemistry
Intraperitoneal injections of pentobarbital (100 mg/kg) were
given before cardiac perfusion of 0.1 M cold PBS. Next,
4% paraformaldehyde in 0.1 M PBS was perfused. Tissue
was sliced coronally at 40 µm using a VT 1000S vibratome
(Lecia Biosystems, Buffalo Grove, IL, USA). Antigen retrieval
was performed in sodium citrate buffer pH 6 for 30 min
at 50◦C. For CX3CL1 immunostaining 1:500 CX3CL1 (Life
Technologies, Carlsbad, CA, USA) was used in combination with
Vectastain anti-rabbit immunoassay kit (Vector, Burlingame,
CA, USA). Four sections of the CeA between approximate
Bregma −2.12 and −2.8 were captured with an Olympus BX51
(Olympus, Tokyo, Japan). Images were analyzed using Fiji
ImageJ software (NIH, Bethesda, MD, USA). In the ImageJ
program, images were converted to grayscale, and a threshold
was determined. This threshold was applied to each image before

measurements were taken within a standard 600 × 600 pixel
square in the CeA (Wills et al., 2010).

Tissue for CCL2 colocalization experiments antigen retrieval
was done at 50◦C for 30 min in Sodium Citrate buffer
pH 6 then tissue was blocked in 10% normal horse serum
and stained for CCL2 1:100 (MilliporeSigma, Burlington,
MA, USA). For CCR2 colocalization, CCR2 1:100 (Abcam,
Cambridge, MA, USA) with the CCL2 antibody followed
by goat anti-mouse Alexa flour 488 and goat anti-rabbit
633 secondaries at 1:500 (Thermo Fisher Scientific, Waltham,
MA, USA). For CRFR1 colocalization, CRFR1 1:500 (Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) with the CCL2 antibody
followed by rabbit anti-goat 488 and rabbit anti-mouse 594
secondaries at 1:500 (Thermo Fisher Scientific). For microglia
colocalization, a microglia marker was used [Iba-1, 1:1,000
(Wako, Richmond, VA, USA)] with CRFR1 and CCL2 followed
by chicken anti-rabbit 488, donkey anti-goat 594 (Thermo Fisher
Scientific) and donkey anti-mouse 647 (Abcam, Cambridge,
UK). For colocalization with nanobead, the CCL2 antibody
was used followed by goat anti-mouse 488 (Thermo Fisher
Scientific). Tissue from colchicine rats was stained for CCL2
1:200 (Santa Cruz Biotechnology, Inc., Dallas, TX, USA)
and NeuN 1:500 (Millipore Sigma, Burlington, MA, USA).
Secondary staining was done serially starting with rabbit
anti-goat 594 1:1,000 followed by goat anti-mouse 488 1:500
(Thermo Fisher Scientific, Waltham, MA, USA). Tissue was
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FIGURE 3 | CCL2 containing neurons co-localize with CCR2 and corticotropin-releasing factor receptor 1 (CRFR1) in the CeA. (A) Representative images of the
CeA neurons of naïve rats immunostained for CCL2. (B) Same image is immunostained for CCR2. (C) The merged image containing both immunostains showing
neurons containing both CCL2 and CCR2 in the CeA. (D) Representative images of the CeA neurons of naïve rats immunostained for CCL2. (E) The same image is
immunostained for CRFR1. (F) The merged image containing both immunostains showing neurons containing both CCL2 and CRFR1 in the CeA. White arrow
indicates co-localization.

placed in all primary antibodies overnight at 4◦C on a
rocker, and tissue was placed in all secondary antibodies
for 1 h at 4◦C on a rocker. All fluorescent images were
captured with an LSM 780 Confocal Microscope (Carl Zeiss
AG, Oberkochen, Germany). Microscopy was performed at
the Neuroscience Center Microscopy Core Facility, supported,
in part, by funding from the NIH-NINDS Neuroscience
Center Support Grant P30 NS045892 and the NIH-NICHD
Intellectual and Developmental Disabilities Research Center
Support Grant U54 HD079124. Images were brightened using
Fiji ImageJ software (NIH, Bethesda, MD, USA), colocalization
was visualized by the fluorophore. Images for nanobead and
CCL2 colocalization were stacked (Figures 5A–C,E–G). Gamma
transformation was used on nanobead injection site images
(Figures 5D,H) to assist in brightening up background tissue.

Tissue Collection and
Immunohistochemistry for Confocal
Microscopy With Enhanced Resolution
Following Deconvolution
Tissue was collected and sliced in the same manner as used in
the immunohistochemistry for colocalization section described
above. Tissue was blocked with 10% horse serum for 50 min.
Sections were stained for CCL2 1:100 (Torey Pines Biolabs,
Inc., Secaucus, NJ, USA) and PSD-95 1:500 (Novus Biologicals,
Centennial, CO, USA) followed by chicken anti-rabbit 488 and
chicken anti-mouse 594 secondaries at 1:500 (Thermo Fisher

Scientific, Waltham, MA, USA). All images were captured with
an FV3000RS Confocal Microscope (Olympus, Tokyo, Japan)
equipped with a 60×/1.4 N.A. Plan ApoN oil lens and GaAsP
detectors. After the acquisition, images were deconvoluted using
Olympus FV31S-SW software with the ADVMLE (advanced
maximum likelihood estimation) algorithm. Microscopy
was performed at the UNC Neuroscience Microscopy Core
Facility, supported, in part, by funding from the NIH-NINDS
Neuroscience Center Support Grant P30 NS045892 and the
NIH-NICHD Intellectual and Developmental Disabilities
Research Center Support Grant U54 HD079124.

Tissue Collection and
Immunohistochemistry for Electron
Microscopy
Rats received intraperitoneal injections of pentobarbital
(100 mg/kg). 0.1 M cold PBS was perfused through the brain
followed by 4% paraformaldehyde in 0.1 M PBS with 0.2%
glutaraldehyde. Tissue was sliced coronally at 40 µm using
a VT 1000S vibratome (Lecia Biosystems, Buffalo Grove, IL,
USA). 0.3% H2O2 was used to block endogenous peroxidase
activity. Tissue was blocked in 10% normal horse serum and
stained for CCL2 1:500 (Torrey Pines Biolab Inc., Secaucus, NJ,
USA) followed by a Vectastain anti-mouse immunoassay kit
(Vector, Burlingame, CA, USA). Free-floating sections were then
postfixed with 1% osmium tetroxide. Sections were embedded
in Polybed 812 epoxy resin and ultrathin sections were cut on
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FIGURE 4 | CRFR1 is not found in many microglia in the CeA. (A) Representative images of the cells in the CeA of naïve rats immunostained for CCL2. (B) The
same image is immunostained for CRFR1. (C) Image of immunostaining of Iba-1 as a marker of microglia. (D) The merged image containing all markers shows
microglia containing both CCL2 and CRFR1 in the CeA. White arrow indicates co-localization.

a Leica Ultracut UCT ultramicrotome (Leica Microsystems
Inc., Buffalo Grove, IL, USA). Sections were collected on
mesh copper grids and stained with Reynolds’ lead citrate
(Reynolds, 1963). Images were acquired on a JEOL JEM-1230
transmission electron microscope (JEOL, Peabody, MA, USA)
and digital images acquired using a Gaton Prius SC1000 CCD
camera and Gatan Microscopy Suite 3.0 software (Gatan, Inc.,
Pleasanton, CA, USA). Imaging and sample preparation was
done at the Microscopy Services Laboratory, Department of
Pathology and Laboratory Medicine, which is supported in part
by P30 CA016086 Cancer Center Core Support Grant to the
UNC Lineberger Comprehensive Cancer Center.

Statistical Analysis
Data were analyzed by two-way (virus and diet) ANOVA.
Following a significant ANOVA, Fishers least significant
difference (LSD) was used for individual post hoc comparisons.

P-values <0.05 were considered significantly different. All data
are displayed as mean± SEM.

RESULTS

CCL2 Containing Neurons in the CeA Are
Involved in Alcohol Withdrawal-Induced
Anxiety-Like Behavior
Given previous work suggesting that changes in neuronal
CCL2 are correlated with anxiety-like behavior (Harper et al.,
2017), a vector (amplicon) was used to selectively deliver
CCL2 siRNA to neurons thereby knocking down CCL2 only in
these cells (June et al., 2015). When the amplicon was given
3 days before the final withdrawal in the chronic intermittent
alcohol (CIA) paradigm (Figure 1B), a significant interaction
between virus and diet was observed (F(1,33) = 5.71, p < 0.05;
Figure 1C). Anxiety-like behavior increased in rats that received
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ED and the HSV vector for CCL2 siRNA compared with rats that
received only ED or only the HSV vector for CCL2 siRNA (ED-
CCL2 vs. CD-CCL2 p < 0.05; ED-CCL2 vs. ED-Sc p < 0.05). No
significant effect of HSV vector type, diet, or interaction between
HSV vector type and diet on locomotor activity was observed
(Figure 1D).

Alcohol Withdrawal and CCL2 Knockdown
Alter the Levels of CX3CL1 in Neurons
CX3CL1 is an anti-inflammatory protein that has been linked
to behavior and is associated with CCL2 (Aurelian and Balan,
2019). The levels of CX3CL1 in the CeA were measured in
rats that underwent the behavioral testing discussed above
to determine if shifts in the levels of CXC3CL1 in response
to alcohol withdrawal and CCL2 knockdown could explain
differences in behavior (Figures 2A–F). A significant interaction
between alcohol withdrawal and CCL2 virus in the intensity
of the CX3CL1 staining was observed (F(1,20) = 9.5, p < 0.01;
Figure 2C). CX3CL1 staining was higher in the rats that
underwent alcohol withdrawal and in the rats that received the
HSV vector for CCL2 siRNA whereas rats that were exposed
to both alcohol withdrawal and received the HSV vector for
CCL2 siRNA had the lowest levels of CX3CL1 staining (CD-Sc
vs. CD-CCL2 p < 0.05; ED-CCL2 vs. ED-Sc p < 0.05). A similar
nonsignificant trend was observed for the number of neurons
positive for CX3CL (Figure 2F).

Unlike Microglia Most CCL2 Containing
Neurons in the CeA Contain CCR2 and
CRFR1
To identify potential receptors in the CeA that control the
levels of CCL2 in neurons, colocalization studies were done
with CCL2. In the cerebellum, CCL2 colocalizes with CCR2
(van Gassen et al., 2005). It has been suggested therefore that
CCL2 influences its own levels like some other chemokines
(Lim et al., 2016). 72.12 ± 5.5% of CCL2 containing neurons
in the CeA also contained CCR2 while 72.73 ± 3.5% of
CCR2 containing neurons also contain CCL2 (Figures 3A–C).
Because CRF had been shown to control the levels of CCL2
(Whitman et al., 2013) colocalization studies were also done
with CCL2 and CRFR1. It was found that 78.96 ± 7.7%
of CCL2 containing neurons in the CeA also contained
CRFR1 while 63.96 ± 11.7% of CRFR1 containing neurons also
contained CCL2 (Figures 3D–F).

To determine whether this colocalization is unique to
neurons, the same colocalization studies were done with the
microglial marker ionized calcium-binding adaptor molecule 1
(Iba-1; Figures 4A–D). The data indicate that 27.18 ± 5.39%
of the microglia in the CeA contained CRFR1 while only
19.73 ± 5.72% of microglia in the CeA contained both
CRFR1 and CCL2.

CeA Projection Neurons Contain CCL2
Though it is known that CCL2 is found in CeA neurons (Banisadr
et al., 2005a; Harper et al., 2017; June et al., 2015), it is unknown
whether the CCL2 containing neurons are interneurons or
projection neurons. Being localized in CeA projection neurons

opens up the possibility that CCL2 made in CeA neurons
could have effects on anxiety-like behavior by being released in
other brain regions. To test whether CeA projection neurons
contain CCL2, retrograde fluorescent nanobeads were injected
into two brain regions associated with anxiety-like behavior the
BNST (Gungor and Paré, 2016; Shackman and Fox, 2016) and
the VPAG (Bertotto et al., 2010; Bonassoli et al., 2011, 2013).
Nanobeads injected into the BNST were found in the CeA
(Figures 5A–D). Additionally, retrograde fluorescent nanobeads
injected into the BNST colocalized with CCL2 in the CeA.
Retrograde fluorescent nanobeads injected into the VPAG were
found in the CeA (Figures 5E–H). Additionally, retrograde
fluorescent nanobeads injected into the VPAG colocalized with
CCL2 in the CeA.

CCL2 Is Transported Down the Axon
As CCL2 has been localized to CeA projection neurons, the
question remains if CCL2 can be transported down the axon
of these projections neurons so that it can affect the BNST
and the VPAG. This type of transport has been seen for
CCL2 in the spinal cord but has yet to be confirmed in the
brain (Van Steenwinckel et al., 2011). To confirm that CCL2 is
transported down the axon of CeA neurons colchicine, an axonal
transport blocker or artificial cerebral spinal fluid was given
intracerebroventricularly to rats. CCL2 was found to accumulate
in the cell body of CeA neurons 24 h after the colchicine was
given as compared to rats that received injections of artificial
cerebral spinal fluid (Figure 6).

CCL2 Is Localized to Nerve Terminals in
the CeA
In the spinal cord, CCL2 is transported down the axon allowing
for vesicular release from the axon terminal (Van Steenwinckel
et al., 2011). The colchicine experiments suggest that at least
CCL2 axonal transport is possible in the brain, but CCL2 has
yet to be localized to synapses in the brain. If true of the
brain, CCL2 made in CeA neurons could be released into
other brain regions. To test this hypothesis, confocal microscopy
with enhanced resolution following deconvolution was used to
colocalize CCL2 with postsynaptic density protein 95 (PSD-95),
a marker for the post-synaptic density. CCL2 was found near
PSD-95 (Figures 7A–D).

Electron microscopy was used to subcellularly localize
CCL2 within the neuron in the CeA. CCL2 was localized to
vesicles at the synapse in the CeA (Figure 7E). Additionally,
CCL2 was found near microtubules and around the rough ER
(Figures 7F,G).

DISCUSSION

When rats were tested for anxiety-like behavior in the social
interaction test 2 days after microinjection of a siRNA to deplete
CCL2 selectively in CeA neurons, there was no significant effect
of the CCL2 depletion itself on social interaction. However,
when the CCL2 depletion was paired with a mild withdrawal
from chronic alcohol that by itself did not cause anxiety-like
behavior, the combination caused a significant anxiety-like
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FIGURE 5 | CeA projection neurons to the bed nucleus of the stria terminalis (BNST) and the ventral periaquaductal gray (VPAG) contain CCL2. (A) Representative
image of CeA neurons in a naïve rat that underwent unilateral injection of fluorescent nanobeads into the BNST. (B) Same image immunostained for CCL2. (C)
Merged image showing neurons containing both the fluorescent nanobeads and immunostained for CCL2. (D) Injection site of the fluorescent nanobeads in the
BNST of the same rat. The BNST is outlined by a white dashed line. (E) Representative image of CeA neurons in a naïve rat that underwent unilateral injection of
fluorescent nanobeads into the VPAG. (F) Same image immunostained for CCL2. (G) Merged image showing neurons containing both the fluorescent nanobeads
and immunostained for CCL2. (H) Injection site of the fluorescent nanobeads in the VPAG of the same rat. The VPAG is outlined by a white dashed line. White arrow
indicates colocalization.

FIGURE 6 | Blocking axonal transport increases CCL2 in neuronal cell bodies in the CeA. (A) Representative image of a rat that received an intracerebroventricular
injection of artificial cerebral spinal fluid (aCSF) and (B) a rat that received colchicine, an axonal transport blocker.

response. These results suggest the involvement of CCL2 in
withdrawal-induced anxiety-like behavior, in agreement with
previous work (Knapp et al., 2011). Interestingly, the previous
study found that acute ICV injection of CCL2 increased
withdrawal-induced anxiety-like behavior while the present

study found that more chronic depletion of CCL2 in CeA
neurons had the same effect. This difference in results between
this study and previous work could be explained by the
CCL2 in the neurons of the CeA somehow inhibiting anxiety-like
behavior maybe by releasing CCL2 that binds to its receptors
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FIGURE 7 | Subcellular localization of CCL2 within CeA neurons. (A) Neuronal nuclei in the CeA of naïve rats were stained with DAPI (4′,6-diamidino-
2-phenylindole). (B) The same neurons were immunostained with CCL2. (C) Neurons were immunostained with PSD-95 (postsynaptic density 95) as a marker of
synapses. (D) Combined images with all three markers. White arrows indicate colocalization. (E) Electron micrographs show CCL2 was found in vesicles (red arrow)
in neuronal processes near postsynaptic densities (white arrow). (F) Additionally, DAB precipitate was found along microtubules (white arrow). (G) The rough
endoplasmic reticulum (red arrow) and the surrounding ribosomes (white arrow) also show DAB precipitate.

in the CeA or in downstream brain regions, but the effect
of CCL2 binding to its receptors in other brain regions is
to cause anxiety-like behavior. Another explanation would be
that too much or too little CCL2 causes anxiety-like behavior.
Withdrawal from low dose ethanol in this rat strain was
not previously observed to cause increases in CCL2 levels in
other brain regions (Harper et al., 2015), therefore the HSV
vector will knockdown CCL2 levels below control conditions.
This second explanation would also explain why knockdown
of CCL2 mRNA in neurons of the CeA of P rats by the
same HSV used in this article, blocked another alcohol-
related behavior, alcohol self-administration (June et al., 2015).
P rats have innately elevated levels of CCL2 (Eisenhardt
et al., 2015), so knockdown of CCL2 in these rats would
perhaps return CCL2 levels closer to other rat strains like the
Wistar strain used in this article. If this is true one might
speculate that if a higher concentration of ethanol is used in
this paradigm, a concentration that is more likely to cause
increases in CCL2 in the CeA (Harper et al., 2015) as well
as a concentration of ethanol that can in and of itself cause
anxiety-like behavior, that knockdown of neuronal CCL2 could
reverse the anxiety-like behavior. It would additionally be
interesting to see if other behaviors that are induced by stimuli
that increase CCL2 and have also been shown to be affected
by loss or antagonism of CCR2 such as stress-induced anxiety
(Wohleb et al., 2013) and methamphetamine conditioned place
preference (Wakida et al., 2014), would also be blocked by this
HSV vector.

It’s important to note that this study, which was not
designed to measure changes in alcohol drinking, found
no effect of the CCL2 knockdown on alcohol consumption
(Supplementary Table S1). However, alcohol consumption
in the present case was not voluntary as the liquid ethanol
diet was included in the animal’s food source. Another
study did find that the HSV vector for CCL2 siRNA
decreased voluntary alcohol drinking in P rats (June et al.,
2015). That study used a specific strain of rat bred for
high alcohol consumption and having innately elevated
CCL2 levels.

The balance of pro-inflammatory CCL2 and
anti-inflammatory CX3CL1 is thought to be important for
the regulation of behaviors associated with alcohol drinking
(Aurelian and Balan, 2019) and alcohol use disorder (García-
Marchena et al., 2017). Both CCL2 and CX3CL1 are found in
neurons in several brain areas, such as the amygdala (Tarozzo
et al., 2003; Banisadr et al., 2005a). Therefore, the interaction
between these two chemokines was examined in the present
paradigm. The knockdown of CCL2 in the CeA increased the
intensity of the CX3CL1 staining, but the number of CeA cells
positive for CX3CL1 did not increase, indicative of increased
neuronal CX3CL1 expression. This expression might be due to a
TLR4 signal, which under normal conditions controls the levels
of both CCL2 and CX3CL1 to create a balance between them
(Aurelian and Balan, 2019). A similar trend was observed in rats
that underwent alcohol withdrawal which is known to affect
CCL2 most likely through a distinct TLR4 pathway (June et al.,
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2015; Aurelian and Balan, 2019). These alcohol-related effects
on the TLR4 could also affect CX3CL1 expression. Indeed, it was
found that the increase in CX3CL1 caused by CCL2 knockdown
was completely reversed following withdrawal from alcohol
suggesting that the loss of both CCL2 and CX3CL1 below
functional levels may be responsible for the increase in
anxiety-like behavior in this experimental group. According to
this interpretation under normal conditions, CX3CL1 could
balance CCL2 and function as an inhibitor of anxiety. Altogether
this confirms the role of CCL2 in behavior and to clarify
the effects of CCL2 on behavior, the possible mechanisms
for its behavioral effect were explored in the last section of
this article.

Given the importance of CCL2 levels in the CeA in
anxiety-like behavior, it is important to identify the upstream
pathways that regulate CCL2. CCL2 binds to its own receptor
CCR2 (Huang et al., 2010; Harper et al., 2018). In agreement
with previous findings in cerebellar Purkinje cells, most of
the CCL2 containing neurons, in the CeA also expressed
CCR2. However, it remains unclear whether CCL2 is released
from the cell body, indicative of an autocrine/paracrine
function, or CCL2 is released from nerve terminals of other
CCL2 containing neurons in the CeA or neurons projecting
to the CeA. In the case of Purkinje neurons and the CeA
neurons in this article, CCR2 staining was most prominent
in the perinuclear region, a finding suggesting the storage of
nonfunctional receptors (van Gassen et al., 2005). A limitation
of this study is that colocalization of CCL2 and CCR2 were
only measured in naïve rats. To date changes in CCR2 in
the CeA in response to stressors have been underexplored.
Future studies should look at both the response of CCR2 to
alcohol and stress and how this changes CCR2’s colocalization
with CCL2.

Another, perhaps distinct pathway, that has been suggested
to control CCL2 levels is CRF. A CRF antagonist has been
shown to block alcohol-induced increases in CCL2 in the whole
cortex (Whitman et al., 2013). Additionally, a CRF antagonist
blocked alcohol-induced increases in TLR4 in the CeA, a
finding that was suggested to reflect an upstream mediator
of the increases in CCL2 in that model (June et al., 2015).
Finally, CRF like CCL2 can induce anxiety-like behavior in
combination with subthreshold alcohol withdrawal (Huang et al.,
2010). Given that CRFR1 are found on neurons, microglia,
and astrocytes (Kapcala and Dicke, 1992; Stevens et al., 2003),
CRF could be binding directly to neurons to affect neuronal
CCL2 levels, or CRF could be binding to one of the other
cell types and acting through this cell type to indirectly affect
neuronal CCL2 levels. The colocalization of the CRFR1 and
CCL2 in neurons in the CeA suggests that CRFR1 might be
controlling CCL2 levels in CeA neurons by binding to the
CRFR1 on those CCL2 containing neurons. Once the CRF
binds neuronal CRFR1, a pathway might be initiated that
leads to increased CCL2 through TLR4 (June et al., 2015;
Aurelian and Balan, 2019). A limitation of this study was
that colocalization of CCL2 and CRFR1 was only measured
in naïve rats. Future studies should look at changes in the
colocalization of CCL2 and CRFR1, which might indicate a

shift in the ability of CRF to control CCL2 levels in response
to stressors.

CRFR1/Iba1 colocalization data do not exclude the possibility
that CRF could be binding to the microglia as about 27%
of identified microglia had CRFR1, but given that there is
clearly more CRFR1 on neurons, this possibility would seem
less likely. Additionally, only 20% of microglia, at least in the
CeA, contain both CRFR1 and CCL2. The small number of
microglia that contain CCL2 and CRFR1 makes it unlikely
that the results with the antagonists involve a direct effect of
CRF on CCL2 from a microglia source instead of a neuronal
source. Even if CRFR1 antagonists are binding to microglia
their effect on CCL2 would most likely be on neuronal
CCL2 level. It is also unlikely that the source of CCL2 that is
related to alcohol withdrawal-induced anxiety-like behavior are
microglia as minocycline, an inhibitor of microglial activation,
given both acutely during the final withdrawal and chronically
during all three withdrawals was not able to reverse the
effects of alcohol withdrawal on anxiety-like behavior (Harper
et al., 2018). Minocycline did inhibit the alcohol withdrawal-
induced increase of CCL2 mRNA in the amygdala when
given in extended withdrawal (23 h into withdrawal), but
not during acute withdrawal (5–6 h into withdrawal when
anxiety-like behavior is at its peak; Harper et al., 2018).
Altogether, these data might indicate that the microglia might
be related to later changes in CCL2 such as a source of
CCL2 for the negative feedback loop discussed above that
shuts off CCL2 production in neurons by binding to neuronal
CCR2 receptors instead of as a source of CCL2 involved in
anxiety-like behavior.

The confocal microscopy with enhanced resolution
following deconvolution and the electron microscopy data
are the first to subcellularly localize CCL2 to synapses
on CeA neurons, consistent with previous findings in the
spinal cord (Van Steenwinckel et al., 2011). The electron
microscopy results also localize CCL2 in the cytoplasm and
in the microtubules, consistent with previously published
CCL2 immunohistochemistry data (Banisadr et al., 2005a; June
et al., 2015; Harper et al., 2017). The cytoplasmic staining most
likely represents the production of CCL2 and the microtubule
staining is the transport of CCL2 to the synapses at nerve
terminals, which is once again consistent with what is found in
the spinal cord (Van Steenwinckel et al., 2011). This conclusion
is furthered supported by the colchicine studies. Colchicine
blocks transport through microtubules and therefore blocks
axonal transport, so after administrating colchicine proteins that
would normally be moved down the axon accumulate in the cell
body (Breder et al., 1993). Localizing CCL2 at synapses suggests
that CCL2 produced by neurons in the CeA might be released
in downstream brain regions such as the periaqueductal gray,
where CCR2 receptors are found on neurons (Banisadr et al.,
2005b). This is further supported by our finding that projection
neuron from the CeA to regions related to anxiety, like the BNST
and the VPAG, contain CCL2. In other brain regions, CCL2 has
been shown to have electrophysiological effects (van Gassen
et al., 2005; Zhou et al., 2011), therefore the CCL2 changes in
neurons in the CeA caused by stimuli like alcohol (Harper et al.,
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2017) could lead to electrophysiological changes in downstream
brain regions like the periaqueductal gray. Electrophysiological
changes in this region could lead to behaviors that are associated
with alcohol use. Altogether these actions may represent a
neuronal CCL2 circuit that could be involved in behaviors
such as anxiety. However, these results do not exclude the
possibility that CeA neuronal CCL2 could be affecting behavior
by electrophysiologically affecting CeA neurons, perhaps
through CCL2 being released from CeA interneurons. Future
investigations should further delineate the types of neurons
that contain CCL2 and include electrophysiological studies with
CCL2 to help to address these questions.

Collectively these results confirm the importance of neuronal
CCL2 in behavior and highlight the need for further exploration
of the CCL2/CCR2 neuronal circuits that exist in brain regions
vital to anxiety. As the neuroimmune system is becoming
a popular target for the treatment of alcohol use disorders
(Erickson et al., 2019) and anxiety disorders (Li et al., 2015) it
is important to focus on the neurons as well as the glia.
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