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Cocaine and amphetamine regulated transcript (CART)
signalling in the central nucleus of the amygdala modulates
stress-induced alcohol seeking
Leigh C. Walker 1,2, Lexi J. Hand1,2, Bethany Letherby1,2, Kate L. Huckstep1,2, Erin J. Campbell 1,2 and Andrew J. Lawrence 1,2

The central nucleus of the amygdala (CeA) is a key hub of the neural circuitry regulating alcohol and stress interactions. However,
the exact neuronal populations that govern this interaction are not well defined. Here we examined the role of the neuropeptide
cocaine and amphetamine regulated transcript (CART) within the CeA in stress-induced alcohol seeking. We found that CART-
containing neurons are predominantly expressed in the capsular/lateral division of the CeA and are a subpopulation of protein
kinase Cδ (PKCδ) cells, distinct from corticotrophin releasing factor (CRF)-expressing cells. Both stress (yohimbine) and stress-
induced alcohol seeking activated CART cells within the CeA, while neutralisation of endogenous CeA CART signalling (via antibody
administration) attenuated stress-induced alcohol, but not sucrose seeking. Further, blocking CART signalling within the CeA did
not alter the motivation to obtain and consume alcohol but did attenuate stressor-induced anxiety-like behaviour during
abstinence from alcohol. Together, these data identify CeA CART cells as a subpopulation of PKCδ cells that influence stress ×
alcohol interactions and mediate stress-induced alcohol seeking behaviours.

Neuropsychopharmacology (2021) 46:325–333; https://doi.org/10.1038/s41386-020-00807-4

INTRODUCTION
Alcohol use disorder (AUD) is a chronic, relapsing disorder that
develops as a result of neuroadaptations in brain reward, stress,
and executive function systems [1]. In AUD, it is thought that
reward hypofunction and stress sensitisation lead to the devel-
opment of a negative emotional state that enhances excessive
alcohol consumption and increases the vulnerability to relapse [2].
The emotional state that drives negative reinforcement and
relapse in AUD is hypothesised to derive from recruitment of
stress circuitry including the central nucleus of the amygdala (CeA)
[1]. The CeA is a critical regulator of mood and valence of stressful
and rewarding stimuli and is sensitive to the effects of both acute
and chronic alcohol exposure [3]. Although predominantly
GABAergic, the CeA is heterogenous in its expression of a number
of pro- and anti-stress-related neuropeptides that modulate
anxiety/fear [4] and alcohol consumption and dependence [3].
Protein kinase Cδ (PKCδ) and somatostatin (SOM) make up two
large, yet primarily distinct, CeA populations that are thought to
play divergent roles in anxiety and fear-related behaviours [3, 5–9].
The CeA is divided into three main subregions, the CeC (capsular),
CeL (lateral) and CeM (medial). The CeM is the major output
projection neurons, while the CeC and CeL form local inhibitory
microcircuits that either inhibit or disinhibit the CeM [10, 11]. The
CeA is strongly activated by stress, including footshock-induced
and yohimbine-induced alcohol seeking [12–14]. Further, we have
previously shown that yohimbine-induced alcohol seeking acti-
vates populations of corticotrophin releasing factor (CRF, ~2%)
and prodynorphin (pDYN, ~8%) cells within the CeA [15].
However, this only accounts for a small proportion of total

activated CeA cells and greater elucidation of neuropeptide
systems within the CeA mediating stress-induced alcohol seeking
is required.
One subpopulation within the CeA that may regulate alcohol

seeking includes neurons that produce the neuropeptide cocaine
and amphetamine regulated transcript (CART). CART was named
due to upregulation following cocaine and amphetamine admin-
istration [16] and since has been implicated in depression-like,
anxiety-like, learning, memory and reward- related behaviours
(see [17] for review). Converging preclinical evidence suggests
that CART signalling is critical for drug reward and anxiety
processes [18–23], and manipulations of the CART system disrupts
alcohol consumption [24]. CART is densely expressed within the
CeA [25], where restraint and swim stress regulate CART
expression [26, 27], and neutralisation of CART signalling reduces
anxiety-like behaviour in response to predator odour [22] and
acute alcohol withdrawal [28]. However, the effects of CeA CART
signalling in stress-induced alcohol seeking behaviours are
unknown. Therefore, in the present study, we examined the
distribution and phenotype of CeA CART cells and tested the
hypothesis that CeA CART signalling mediates stress-induced
alcohol seeking through either alcohol × stress interactions on
anxiety-like behaviour and/or the motivational drive to consume
alcohol.

MATERIALS AND METHODS
See supplementary online material for full details on:
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Animals
Home cage alcohol consumption
Operant self-administration
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Extinction and reinstatement
Stereotaxic implantation of cannulae into the CeA
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Light–dark box paradigm
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Fluorescent in Situ Hybridisation (FISH)
Image collection and quantification
Statistical analysis

Animals
Adult male alcohol-preferring (iP) rats (N= 115) aged 7–8 weeks
were obtained from the breeding colony at The Florey Institute of
Neuroscience and Mental Health. Parental stock was obtained
from the late Professor T.K. Li (while at Indiana University, USA). B6
(Cg)-Crhtm1(cre)Zjh/J (CRF-IRES-Cre), B6;129S-Penktm2(cre)Hze/J (pENK-
IRES-Cre) and B6.Cg-Gt(ROSA)26 Sortm14(CAG−TdTomato)Hze/J (Ai14)
mice were obtained from The Jackson Laboratory (Bar Harbor, ME,
USA; stock numbers 012704, 025112 and 007914, respectively).
CRF-IRES-Cre and pENK-IRES-Cre mice were crossed with Ai14
mice to produce CRF-IRES-Cre::Ai14 (N= 3) and pENK-IRES-Cre::
Ai14 (N= 3) reporter mice. All studies were performed in
accordance with the Prevention of Cruelty to Animals Act
(2004), under the guidelines of the National Health and Medical
Research Council Code of Practice for the Care and Use of Animals
for Experimental Purposes in Australia (2013) and approved by
The Florey Animal Ethics Committee.
Experiment 1: The neurochemical phenotype of CeA CART neurons
Considering the large numbers of CeA cell populations that

mediate stress and alcohol seeking behaviours, it is important to
determine the extent to which CART overlaps with defined CeA
populations. PKCδ has been widely used as a CeA marker, distinct
from SOM neurons, that express varying levels of proenkephalin
(pENK), neurotensin (NTS), CRF and D2 dopamine receptor. To
characterise the neurochemical phenotype of CART-positive CeA
neurons, immunohistochemistry was conducted for CART/PKCδ in
alcohol naïve adult male iP rats (n= 3) and CART/tdTomato (tdT)
in pENK-IRES-Cre::Ai14 (n= 3) and CRF-IRES-Cre::Ai14 mice (n= 3).
Fluroescent in situ hybirdisation (FISH; RNAScope) was conducted
for Cartpt/Nts and Cartpt/Drd2 in alcohol naïve adult male iP rats
(n= 3) (See Supplementary Table 1 for antibody and FISH probe
details) [29, 30]. Distribution of CART in the CeC, CeL and CeM
divisions of the CeA were quantified using alcohol naïve adult
male iP rats (n= 5), and pENK-IRES-Cre::Ai14/CRF-IRES-Cre::Ai14
mice (n= 3 per genotype from neurochemical phenotyping).
Experiment 2: Effect of yohimbine-induced reinstatement of

alcohol seeking on Fos-positive CART cell expression in the CeA
Following >30 sessions of alcohol self-administration, male iP

rats were randomly divided into three groups; group 1 (n= 5)
where reinstatement of alcohol seeking was measured in rats
during a 20min operant session, 30 min following administration
of yohimbine (1 mg/kg, i.p.) as previously described [31, 32]. Group
2 (n= 6) were administered yohimbine (1 mg/kg, i.p.) and placed
back into their home‐cage. Group 3 (n= 5) were administered
vehicle (1 ml/kg, i.p.) and placed into their home‐cage, whereas
group 4 (n= 6, naive) did not receive any intervention or alcohol
self-administration training [15, 33]. Rats underwent transcardial
perfusion 60min after the end of the reinstatement test (or
equivalent), followed by immunohistochemistry to examine CART
and Fos co-localisation within the CeA.
Experiment 3: The role of CART signalling within the CeA on stress-

induced reward seeking
Following >30 sessions of alcohol (n= 14) or sucrose (n= 17)

self-administration, rats underwent surgery for cannula implanta-
tion. Following 5–7 days recovery, rats reacquired alcohol/sucrose

self-administration to baseline levels before extinction training
began. Once extinction criteria were met, rats underwent
yohimbine-induced reinstatement testing, whereby yohimbine
(1 mg/kg i.p) was administered 30min prior to test and either
CART antibody (1:500) or vehicle (normal rabbit serum, NIS, 1:500)
was infused intra-CeA directly prior to the session in a randomised
manner. Rats were reacquired to baseline levels before under-
going extinction training and counterbalanced testing with the
opposite treatment option.
Experiment 4: The role of CART signalling within the CeA on fluid

and food consumption
Alcohol naïve rats underwent surgery for CeA cannula

implantation. Following 5–7 days recovery, intra-CeA infusions of
either CART antibody (1:500; n= 6) or vehicle (NIS, 1:500; n= 5)
were administered and rats were returned to their homecage.
Food (Laboratory chow) and fluid (water) consumption were
measured after 24 h.
Experiment 5: The role of CART signalling within the CeA

precipitating reward seeking
To determine if exogenous CART peptide drives alcohol seeking

in the absence of stress, rats were trained as per experiment 1–3.
Once extinction criteria were met, rats underwent reinstatement
testing in the absence of yohimbine. The CART 55-102 peptide (20
ng/rat) or vehicle (saline) were infused intra-CeA prior to testing
alcohol seeking (n= 11). Rats were reacquired to baseline levels
before undergoing extinction training and counterbalanced
testing with the opposite treatment option.
Experiment 6. The role of CeA CART neutralisation on the

motivation to consume alcohol
As per experiments 1–3, rats were trained to self-administer

alcohol for >30 sessions. Rats (n= 22) were then tested in a
progressive ratio paradigm (PR 3-4) in a single 2 h session
following intra-CeA CART antibody (1:500) or vehicle infusion
[34, 35]. Subsequently, rats were allowed to self-administer alcohol
(FR3) for five sessions before re-testing in a counterbalanced
manner.
Experiment 7. The role of CeA CART neutralisation on yohimbine-

induced anxiety
Rats were given access to alcohol (10% v/v) in their homecage

for 2 h (five times weekly for >30 sessions, to emulate the drinking
patterns of rats trained under operant conditions). Rats then
underwent bilateral cannulae implantation into the CeA. Following
5–7 days recovery, rats were allowed to reacquire alcohol
consumption for 3–4 days, before alcohol bottles were removed,
and rats placed into abstinence for 7–8 days (equivalent timing to
extinction) [15]. On test day, rats were administered yohimbine (1
mg/kg) 30 min prior to testing and infused intra-CeA with either
CART antibody (1:500; n= 8) or vehicle (NIS, 1:500; n= 7) directly
prior to LD box testing. Another cohort of alcohol naïve rats (that
previously underwent sucrose self-administration) were also
tested for anxiety-like behaviour following intra-CeA vehicle
infusions (NIS; 1:500) in the LD box following a similar period of
abstinence from sucrose (n= 6).

RESULTS
Experiment 1: CeA CART neurons are a subset of PKCδ-expressing
neurons, but distinct from CRF-expressing neurons
We first explored the distribution and molecular phenotype of
CART cells within the CeA of mice and rats. The CeA is made up of
three main divisions: capsular (CeC), lateral (CeL) and medial
(CeM). We observed high CART expression within the CeC (52.5 ±
1.4% and 54.8 ± 1.7% for mice and rats, respectively) and CeL
(42.8 ± 1.7% and 42.8 ± 1.7% in mice and rats, respectively) with
little expression in the CeM (4.6 ± 0.3% and 2.4 ± 0.4% in mice and
rats, respectively) (Supplementary Table 2 & Supplementary
Fig. S1). Together these data suggest CART is primarily expressed
within the CeC and CeL, but not CeM divisions of the CeA and this
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is similar across rodent species. Next we examined how CART-
expressing neurons overlap with other defined populations in the
CeA (See Supplementary Table 3 for summary). Using dual
immunohistochemistry and FISH throughout the CeA, we found
that CeA CART neurons are almost exclusively a subpopulation of
PKCδ (97 ± 1%) (Fig. 1a, b), making up 34 ± 2% of all PKCδ-
expressing neurons. Nearly half (45 ± 3%) CART cells expressed
pENK (Fig. 1c, d), accounting for 19 ± 4% of all pENK expressing
cells. Further, 26 ± 2% of all CART cells expressed Drd2 accounting
for 37 ± 1% of all Drd2-expressing cells (Fig. 1e, f), and 9 ± 1%
expressed NTS making up 19 ± 1% of all CeA NTS-expressing cells,
(Fig. 1g, h). We also found CeA CART cells are almost entirely
separate from CRF-expressing neurons (1–3% overlap).

Experiment 2: CART neurons in the CeA are activated by
yohimbine and yohimbine-induced reinstatement of alcohol
seeking
To assess activity changes in CeA neurons following stress-
induced alcohol seeking, we performed dual Immunohistochem-
istry for Fos-protein and CART from iP rats which were either (1)
alcohol naïve, (2) received a vehicle or (3) yohimbine injection and
were returned to their homecage, or (4) rats which underwent
yohimbine-induced reinstatement of alcohol seeking (Fig. 2a).

Administration of yohimbine elicited reinstatement (RM two-way
ANOVA, lever × treatment interaction, F(1,10)= 22.02, p < 0.001)
specifically on the active (p < 0.0001), not inactive lever (p=
0.899, Fig. 2b). Quantitatively, a difference was observed in the
total number of CeA CART neurons across CeA subdivisions (RM
two-way ANOVA, F(2,18)= 377.2, p < 0.0001), but no main effect of
treatment (F(3,18)= 2.00, p= 0.15) or treatment × region interac-
tion (F(6,36)= 2.09, p= 0.080) was observed (Fig. 2c). CeA Fos-
protein expression was increased (RM two-way ANOVA, main
effect of CeA subdivision, F(2,54)= 21.68; treatment, F(3,54)= 37.85;
and subdivision × treatment interaction, F(6,54)= 5.89; p’s <
0.0001).
Post hoc analysis revealed increased Fos within the CeC and

CeL, but not CeM divisions of the CeA following yohimbine
administration and yohimbine-induced reinstatement of alcohol
seeking, compared to vehicle-treated and alcohol naïve controls
(all p’s < 0.001, Fig. 2d). An increase in the % of CART-positive
(CART+) CeA neurons that expressed Fos-protein was also
observed (RM two-way ANOVA, main effect of CeA subdivision,
F(2,54)= 40.98; treatment, F(3,54)= 37.46; and subdivision × treat-
ment interaction, F(6,54)= 5.86; p’s < 0.0001). Post hoc analysis
revealed % CART+ cells with Fos-protein was increased within the
CeC and CeL, but not CeM divisions of the CeA following

Fig. 1 The molecular phenotype of CeA CART cells. a CART protein (green) expression in the rat CeA reveals strong overlap in expression
with PKCδ (grey), (b) with 97% of all CART-positive cells co-expressing PKCδ and 34% of all PKCδ cells co-expressing CART. c CART protein
(green) expression in the pENK-IRES-Cre::Ai14 (tdTomato, red) mouse CeA reveals strong, but not full overlap in expression with
proenkpephalin (pENK/tdt), (d) with 45% of all CART+ cells co-expressing pENK/tdt and 19% of all pENK/tdt cells co-expressing CART.
RNAscope analysis of CART mRNA (Cartpt, green) expression in the rat CeA reveals partial overlap in expression with the (e–f) D2 dopamine
receptor (Drd2, grey), with 26% of all Cartpt+ cells co-expressing Drd2 and 19% of all Drd2+ cells co-expressing Cartpt and (g–h) neurotensin
mRNA (Nts, grey), with 9% of Cartpt+ cells expressing Nts, and 19% of Nts+ cells expressing Cartpt. i CART protein (green) expression in the CRF-
IRES-Cre::Ai14 (CRF/tdt, red) mouse CeA reveals very little overlap in expression with corticotrophin releasing factor (CRF), (j) with 1% of all
CART+ cells co-expressing CRF and 3% of all CRF+ cells co-expressing CART. Scalebar= 40 μm. Arrows indicate representative cells; double
arrows indicate double-labelled cells. Data are expressed as mean (see Supplementary Table 2 for further quantification).
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Fig. 2 Yohimbine-induced reinstatement of alcohol seeking activates CART neurons within the CeA. a Timeline for alcohol operant
training and testing prior to Fos analysis. b Active (open circle) and Inactive lever (closed circle) responses during the last three sessions of
extinction (EXT) and yohimbine-induced reinstatement of alcohol seeking (REIN) for the reinstatement test group. RM two-way ANOVA, active
lever, EXT vs. REIN, ****p < 0.0001. c No difference in the number of CART neurons expressed in the capsular (CeC), lateral (CeL) or medial
(CeM) divisions of the CeA were observed between alcohol naïve (NAV), vehicle (VEH), yohimbine-treated (YOH) or rats which underwent
yohimbine-induced reinstatement of alcohol seeking (REIN). d Increased expression of Fos in CeC and CeL, but not CeM divisions of the CeA
were observed in YOH and REIN rats compared to NAV and VEH controls. e Increased percentage of CART+ cells that co-express Fos were
observed in the CeC and CeL, but not CeM of YOH and REIN rats compared to NAV and VEH controls. f Representative confocal images
comparing Fos expression throughout the CeC, CeL and CeM divisions of VEH and REIN rats. g High magnification representative confocal
images comparing Fos and CART expression within the CeA of VEH and REIN rats. h Following yohimbine administration in the homecage
(YOH), CART+ neurons represent ~35% of Fos+ neurons in the CeC, ~29% of Fos+ neurons in the CeL and ~29% of all CeA Fos+ neurons. i
Following yohimbine-induced reinstatement of alcohol seeking (REIN), CART+ neurons represent ~49% of Fos+ neurons in the CeC, ~42% of
Fos+ neurons in the CeL and ~40% of all CeA Fos+ neurons. Two-way-way ANOVA, ***p < 0.001, n= 5–6/group. Data are expressed as mean ±
SEM. BLA basolateral amygdala, IHC immunohistochemistry. Scale bars= 250 μm (F) and 50 μm (g).
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yohimbine administration and yohimbine-induced reinstatement
of alcohol seeking compared to vehicle-treated and naïve controls
(all p’s < 0.001, Fig. 2e). Further, CART activation accounted for
34.8 ± 1% of all Fos-positive (Fos+) cells in the CeC, 29.3 ± 1% of all
Fos+ cells in the CeL and 29.1 ± 1% of all Fos+ cells induced by
yohimbine in the homecage (Fig. 2h). In comparison CART
activation accounted for 49.0 ± 1% of all Fos+ cells in the CeC,
42.3 ± 1% of all Fos+ cells in the CeL and 40.5 ± 1% of all Fos+ cells
associated with yohimbine-induced reinstatement of alcohol
seeking (Fig. 2i).

Experiment 3: CeA CART neutralisation reduces yohimbine-
induced alcohol, but not sucrose seeking
PKCδ cells within the CeA are predominantly interneurons [8].
Therefore, as CART neurons are a specific PKCδ subpopulation, to
determine whether CeA CART signalling is necessary for
yohimbine-induced reward seeking we examined intra-CeA CART
neutralisation (via CART 55-102 antibody) on yohimbine-induced

alcohol and natural reward (sucrose) seeking. Administration of
yohimbine elicited reinstatement of alcohol seeking, which was
attenuated by administration of the neutralising CART antibody
directly within the CeA (RM two-way ANOVA, treatment × lever
interaction F(2,32)= 17.10, p < 0.0001, post hoc analysis EXT vs. VEH
p < 0.0001, VEH vs. CART Ab p < 0.0001, Fig. 3a, b). This effect was
specific to the CeA, with no effect of CART Ab administration in
anatomical controls (RM two-way ANOVA, treatment × lever
interaction F(2,16)= 24.78, p < 0.0001, post hoc analysis EXT vs.
VEH p < 0.0001, VEH vs. CART Ab p > 0.9999). Administration of
yohimbine elicited reinstatement of sucrose seeking, while
microinjection of the neutralising CART antibody directly within
the CeA did not alter yohimbine-induced sucrose seeking
either within the CeA (RM two-way ANOVA, treatment × lever
interaction F(2,16)= 9.087, p < 0.01, post hoc analysis EXT vs. VEH
p < 0.001, VEH vs. CART Ab p= 0.150) or in anatomical controls
(EXT vs. VEH p < 0.05, VEH vs. CART Ab p > 0.9999, Supplementary
Fig. S2).

Fig. 3 CART signalling within the CeA in necessary, but not sufficient for reinstatement of alcohol seeking. a Rats received an infusion of
either CART antibody (Ab) or vehicle (VEH) prior to yohimbine-induced reinstatement of alcohol seeking. Systemic administration of
yohimbine precipitated reinstatement of alcohol seeking on the active lever (open circles), but not inactive lever (closed circles) compared to
the last 3 days of extinction responding (EXT). Infusion of the CART Ab attenuated yohimbine-induced reinstatement of alcohol seeking (b)
when administered within the CeA, (c) but not in surrounding regions (anatomical controls). d Cannula placements for CART Ab
administration in within the CeA (green, n= 9) and anatomical controls (red, n= 5) for yohimbine-induced reinstatement of alcohol
seeking relative to bregma. e Rats received an infusion of either CART peptide (55-102) or VEH prior to reinstatement of alcohol seeking.
Administration of CART 55-102 did not precipitate alcohol seeking when administered (f) within the CeA or (g) in anatomical controls. h
Cannula placements for CART 55-102 administration within the CeA (green, n= 6) and anatomical controls (red, n= 5). RM two-way ANOVA
with Bonferroni post hoc analysis ***p < 0.001, ****p < 0.0001. Data are expressed as mean ± SEM.
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Experiment 4. CeA CART neutralisation does not alter
homecage food or fluid consumption
To further assess the impact of CeA CART signalling on food and
water intake, we examined homecage consumption following
intra-CeA CART neutralisation or vehicle administration. Unpaired
t-test showed no difference in food intake (t(9)= 0.8794, p= 0.402)
or water intake (t(9)= 1.42, p= 0.189) over a 24 h period
(Supplementary Fig. 3).

Experiment 5. CeA CART peptide does not precipitate alcohol
seeking
While CeA CART neutralisation reduced stress-induced alcohol
seeking, to determine whether CeA CART signalling is sufficient to
drive reinstatement of alcohol seeking (in the absence of stress),
we administered exogenous CART peptide (CART 55-102) within
the CeA prior to reinstatement testing. Intra-CeA administration of
CART 55-102 peptide failed to elicit reinstatement of alcohol
seeking (RM two-way ANOVA, treatment × lever interaction (F(2,20)
= 0.286, p= 0.754, Fig. 3e, f) or in anatomical controls (treat-
ment × lever interaction (F(2,28)= 1.146, p= 0.332, Fig. 3g, h).

Experiment 6. CeA CART signalling does not alter motivation for
alcohol consumption
To determine whether the reduction in stress-induced alcohol
seeking observed following CeA CART neutralisation was due to a
reduction in the motivational drive to consume alcohol, we tested
CeA CART signalling in a progressive ratio task (PR3-4 schedule)
[35]. The neutralising CART antibody did not alter breakpoint for
alcohol responding following intra-CeA administration (Paired t-
test, t(15)= 1.251, p= 0.233, Fig. 4), or in anatomical controls
adjacent to the CeA (t(7)= 1.268, p= 0.245).

Experiment 7. CeA CART signalling mediates yohimbine induced
anxiety-like behaviour after alcohol consumption
To determine whether the reduction in stress-induced alcohol
seeking observed was due to a reduction in anxiety-like behaviour
caused by stress and alcohol withdrawal interactions, we next
examined the role of CeA CART signalling in yohimbine-induced
anxiety-like behaviour. We have previously shown that low dose
yohimbine induces anxiety-like behaviour in alcohol experienced
animals to a greater degree than alcohol naïve littermates [15]. In
line with this, administration of yohimbine in alcohol experienced

rats increased latency to enter the light compartment (F(2,18)=
5.65, p= 0.0124, Bonferroni post-hoc analysis Naïve vs. VEH, p=
0.0165, Fig. 5d) and decreased % time spent in the light side of the
light–dark box, suggesting an increase in anxiety-like behaviour
(One-way ANOVA, F(2,18)= 5.587, p= 0.0130, Bonferroni post-hoc
analysis, Naïve vs. VEH, p= 0.0480, Fig. 5e). Intra-CeA CART
neutralisation reversed the anxiety-like behaviour induced by
alcohol withdrawal and yohimbine. Specifically, intra-CeA CART
antibody administration reduced the latency to enter the light
compartment (VEH vs. CART, p= 0.0185) and increased time spent
in the light compartment (VEH vs. CART, p= 0.0103) to a level
similar to alcohol naïve controls (Fig. 5).

DISCUSSION
Dysregulation of the balance between pro-stress and anti-stress
systems has been implicated as a hallmark of AUD [1, 36] and the
CeA is a key brain region critically involved in mediating these
stress and alcohol related behaviours [2, 36]. The CeA expresses
multiple neuropeptides that impact anxiety-like and alcohol
seeking behaviours [3], and our data identify a novel role for the
neuropeptide CART in stress-induced alcohol seeking. Specifically,
we firstly show CeA CART neurons are primarily localised within
the CeC and CeL, but not CeM divisions of the CeA, where they
express PKCδ, but are distinct from CRF cells. Secondly, CeA
CART cells are activated by yohimbine (stress) and stress-induced
alcohol seeking; and thirdly, CeA CART neutralisation attenuated
stress-induced alcohol, but not sucrose, seeking. Finally, our data
reveal that CeA CART neutralisation does not influence the
motivational drive for alcohol but acts to reduce anxiety-like
behaviour driven by stress (yohimbine) during abstinence from
alcohol. Together these data suggest CeA CART signalling
contributes to stress-induced alcohol seeking by reducing
anxiety-related behaviours induced by stress × alcohol abstinence
interactions.
The CeA is divided into three main subregions, the CeC, CeL and

CeM. Neurons located within the CeC and CeL form local
inhibitory microcircuits that either inhibit or disinhibit major
output projection neurons of the CeM [10, 11]. The CeC/CeL
consist of two non-overlapping populations distinguished by their
expression of PKCδ and SOM [3, 11]. Recent studies have shown a
high degree of overlap between SOM, CRF, NTS, pDYN and

Fig. 4 CeA CART signalling does not alter the motivation to consume alcohol. a Rats received an infusion of either CART antibody (Ab) or
vehicle (VEH) prior to progressive ratio of alcohol consumption testing. Administration of CART Ab did not alter breakpoint when
administered (b) within the CeA or (c) in anatomical controls. d Cannula placements for CARTAb administration within the CeA (green, n= 14)
and anatomical controls (red, n= 8) relative to bregma. Two-tailed paired t-test. Data are expressed as mean ± SEM.
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tachykinin 2 expressing cells [6, 8]. While expression analysis
suggests pENK, the oxytocin receptor [37], Calcitonin Related
Polypeptide Alpha [6, 38] and to a lesser degree D2 dopamine
receptors [39], colocalise with PKCδ+ cells in the CeA. To
determine if CART expression overlaps with PKCδ+ cells, we
examined CART/PKCδ co-expression using immunohistochemistry.
We observed CART neurons were almost exclusively a subpopula-
tion of PKCδ+ cells in the CeA (>97%), making up over one-third of
all PKCδ cells. As pENK, D2 dopamine receptors, NTS and CRF also
overlap with PKCδ [7], we subsequently examined their overlap
with CART using immunohistochemistry or FISH. In line with
previous reports on the phenotype of PKCδ cells, we observed
substantial overlap with pENK (~45%) and D2 (~26%), lesser
overlap with NTS (~9%) and very little overlap with CRF (<1%). To
our knowledge this is the first description of a PKCδ subpopulation
with such high specificity and highlights a novel population that
warrants interrogated in relation to anxiety and reward seeking
behaviours. This has been made possible with the recent
development of a novel CART-Cre mouse [40–42].
While CeA PKC epsilon (PKCε) has been extensively studied in

alcohol consumption and seeking [43, 44], PKCδ+ populations are
yet to be examined, with studies primarily focusing on their role in
anxiety and fear conditioning paradigms using transgenic mouse
models [4, 6, 10, 11, 45]. Contrasting evidence suggests
optogenetic stimulation of PCKδ cells is either anxiolytic [5] or
anxiogenic [46] in the light/dark box, elevated plus maze and
open field assays. Therefore, we sought to determine whether CeA
CART cells were activated by yohimbine (stress) and stress-
induced alcohol seeking. We used yohimbine, an α2-adrenoceptor
antagonist that increases noradrenaline release [47], as it has been

posited as an ideal translational tool for examining alcohol and
stress interactions [48]. In healthy human subjects, alcohol and
yohimbine have additive effects on subjective reports of intoxica-
tion and anxiety [49], while yohimbine increases craving in
humans with AUD [50]. Furthermore, yohimbine has been used
extensively in animal models of stress × alcohol interactions
[33, 51–55]. Previous studies have suggested yohimbine may
simply act to enhance cue reactivity, with rats reinstating lever
pressing irrespective of reward (food) delivery [56]. However, long-
term alcohol experience plus subsequent abstinence contribute to
the anxiogenic properties of yohimbine [15], suggesting that in
our model of alcohol seeking, yohimbine acts as an acute
anxiogenic stressor, contributing to reinstatement of alcohol
seeking. The CeA is strongly activated by stressors that induce
alcohol reinstatement, including footshock [12, 14], yohimbine
[13, 15, 33, 57, 58] and yohimbine-induced reinstatement of
alcohol seeking [15, 33]. Our previous studies have shown limited
‘activation’ of CRF neurons following yohimbine-induced rein-
statement of alcohol seeking [15], thus, we examined whether the
distinct, but adjacent CeA CART neurons may represent a novel
population of cells within the CeA which is activated by stress-
induced alcohol seeking. Indeed, we observed robust activation of
CeA, primarily localised within the CeC and CeL, but not CeM
division of the CeA. Further, CeA CART cells in the CeC and CeL
were activated both in response to yohimbine administration
within the homecage and following stress-induced alcohol
seeking.
CART signalling has previously been implicated separately in

anxiety and alcohol consumption/seeking [18–22, 24]. The CeA
is suggested as a site of anxiogenic CART actions, with acute

Fig. 5 CeA CART signalling mediates anxiety-like behaviour following alcohol consumption. Alcohol experienced rats consumed an
average of (a) 1.3 g/kg alcohol per session (b) with a ~90% preference across 35 limited access 2 h sessions of two bottle choice. c Alcohol
experienced (alcohol) and alcohol naïve (naïve) rats received an injection of yohimbine and infusion of either CART antibody (CART Ab) or
vehicle (VEH) prior to light–dark box testing. d, e Alcohol experienced rats administered VEH, showed a decrease in % time spent in the light
side and increased latency to enter the light compared to alcohol naïve VEH-treated rats. Intra-CeA CART Ab administration in alcohol
experienced rats restored the time spent in the light side and latency to enter the light side to levels observed in alcohol naïve rats. f Cannula
placements for VEH administration in alcohol naïve rats (n= 6, green), VEH administration in alcohol experienced rats (n= 7, grey) and CART
Ab administration in alcohol experienced rats (n= 8, blue) relative to bregma. One-way ANOVA, *p < 0.05, **p < 0.01. Data are expressed as
mean ± SEM.
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(24–48 h) alcohol withdrawal increasing CeA CART immunoreac-
tivity while CeA CART neutralisation reduced acute alcohol
withdrawal-induced anxiety [28]. These data suggest CeA CART
signalling may underpin stress × alcohol interactions within the
CeA, which are thought to drive relapse behaviour. Therefore, we
examined whether endogenous CeA CART signalling mediates
stress-induced alcohol seeking behaviours. We found that intra-
CeA administration of a CART neutralising antibody significantly
reduced yohimbine-induced alcohol seeking. These data were
specific to intra-CeA administration, with adjacent CART antibody
administration failing to reduce alcohol seeking behaviours.
Further, this effect was specific to alcohol, with no differences
observed in stress-induced natural reward (sucrose) seeking, nor
any difference observed in homecage food or water consumption.
As the CeA is important for both the valence/motivation of

alcohol reward [3] and anxiety-like behaviour [4], we postulated
the role of CeA CART in stress-induced alcohol seeking is likely
driven through one or both of these mechanisms. We tested rats
on a PR schedule of reinforcement for alcohol and for anxiety-like
behaviour in the light/dark box paradigm. Intra-CeA CART
neutralisation did not alter the motivation to obtain and consume
alcohol but did reduce anxiety-like behaviour driven by yohimbine
during abstinence from alcohol. These data are in line with our
previous findings that yohimbine elicits a greater anxiety-like
response in alcohol experienced iP rats compared to alcohol naïve
littermates [15], and implicate CeA CART signalling in this
interaction. Our data also align with studies showing CeA CART
signalling regulates anxiety-like behaviours induced by acute
withdrawal [28]. We extend these findings to show CeA CART
signalling is important for stress-induced alcohol seeking after
protracted abstinence (7–8 days), through a reduction in anxiety-
like behaviour presumably induced by stress × alcohol interac-
tions. Further our findings suggest CeA CART signalling does not
impact the motivation to consume alcohol. In line with this, recent
findings have suggested CeA Nts neurons (only 9% overlap with
CeA CART) are not involved in anxiety-like behaviour, but drive
alcohol consumption via promoting positive valence and reinfor-
cement [59].
Examination of discrete CeA populations in rats have been

hindered by a lack of genetic tools available. Recently Venniro
et al. developed shRNA tools to probe the role of CeA PKCδ in
incubation of drug craving, showing shRNA knockdown of PKCδ
cells in the CeA did not alter self-administration, voluntary
abstinence or cue-induced relapse of methamphetamine seeking
on day 1 of abstinence, but increased responding after 15 days of
voluntary abstinence [9]. As the abstinence from drug taking in
this paradigm is voluntary, the anxiety levels evoked likely differ.
However, the ability of PKCδ inhibition to increase incubation of
drug craving, together with our findings, suggests that within the
CeA PKCδ population, distinct peptides may diverge in their
influence over relapse behaviour under different conditions, or in
response to different drugs of abuse, however further investiga-
tion is required.

CONCLUSIONS
In summary, here we first identify CART cells as a discrete
subpopulation of PKCδ cells within the CeA. Examination of CeA
CART signalling showed they are robustly activated by, and
functionally regulate, stress-induced alcohol seeking. Our data
show that this action is not mediated through a reduction in the
motivation for alcohol, but a reduction in stress-induced anxiety-
like behaviour during abstinence from alcohol. Together our data
suggest yohimbine (stress) causes release of endogenous CART
within the CeA that contributes towards the reinstatement of
alcohol seeking; however, exogenous CART administration within
the CeA does not precipitate alcohol seeking in the absence of
stress. Examination of the CART neuropeptide system has been

hindered by lack of known receptor(s) and specific genetic tools
[17]. Recently, two orphan receptors have been implicated as
potential receptors for CART, GPR160 [60] and GPR68 [61]. Moving
forward, understanding these receptors, their interactions with
CART, and their role in anxiety and alcohol seeking behaviours
may provide novel insights for the treatment of AUD.
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