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NEUROSCIENCE

A neural substrate of compulsive alcohol use

Esi Domi'*%, Li Xu"?!, Sanne Toivainen', Anton Nordeman’, Francesco Gobbo?, Marco Venniro®,
Yavin Shaham®, Robert O. Messing®, Esther Visser’, Michel C. van den Oever’, Lovisa Holm',

Estelle Barbier', Eric Augier', Markus Heilig'*

Alcohol intake remains controlled in a majority of users but becomes “compulsive,”i.e., continues despite adverse
consequences, in a minority who develop alcohol addiction. Here, using a footshock-punished alcohol self-
administration procedure, we screened a large population of outbred rats to identify those showing compulsivity
operationalized as punishment-resistant self-administration. Using unsupervised clustering, we found that this
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behavior emerged as a stable trait in a subpopulation of rats and was associated with activity of a brain network
that included central nucleus of the amygdala (CeA). Activity of PKC3™" inhibitory neurons in the lateral subdivision
of CeA (Cel) accounted for ~75% of variance in punishment-resistant alcohol taking. Activity-dependent tagging,
followed by chemogenetic inhibition of neurons activated during punishment-resistant self-administration,
suppressed alcohol taking, as did a virally mediated shRNA knockdown of PKC3 in CeA. These findings
identify a previously unknown mechanism for a core element of alcohol addiction and point to a novel candidate

therapeutic target.

INTRODUCTION
Treatment of alcohol addiction, a major cause of morbidity and
mortality globally, remains challenging (1). Despite major advances
in the neuroscience of addiction, developing novel, mechanistically
based treatments has proven elusive (2). Addiction develops only in
a vulnerable minority of substance users (3), suggesting that re-
search to discover novel treatments should consider individual
differences in vulnerability for clinically relevant behaviors (4-6).
Recently, we identified a neurobiological mechanism that contrib-
utes to individual vulnerability for one of these behaviors—choice
of alcohol over a natural reward (5). We reported that pathological
alcohol choice was found in a vulnerable minority of outbred rats
and was the result of impaired y-aminobutyric acid (GABA) clear-
ance within the central nucleus of the amygdala (CeA) due to
decreased expression of the GABA transporter GAT-3. Low GAT-3
expression within CeA was also found in postmortem brain tissue
from patients with alcohol addiction. These findings converged with
previous reports implicating increased GABA transmission within
CeA in alcohol addiction (7, 8). The involvement of CeA identified
through these studies is also consistent with a recent human brain
imaging-based analysis of networks involved in alcohol addiction (9).
Another hallmark of addictive disorders is substance use
that continues despite adverse consequences, frequently called
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“compulsive use” (10). Alcohol is consumed by most people in
many parts of the world, but only a subset of users transition to
compulsive drinking (3, 11). Compulsivity can be assessed under
experimental conditions that appear to have translational validity,
using as a proxy alcohol seeking that is resistant to punishment.
For instance, a recent functional magnetic resonance imaging
study allowed participants to work for alcohol, either when this was
safe or under a high probability of punishment in the form of a mild
electric shock. In the punished condition, light social drinkers
markedly reduced or stopped their button pressing for alcohol, but
heavy drinkers did not. Punishment-resistant button pressing for
alcohol correlated with participant scores on the clinically validated
Obsessive-Compulsive Drinking Scale (12) and was associated with
increased connectivity between the anterior insula and the nucleus
accumbens [NAg; (13)]. These findings parallel data in rats, where
activity of an insula-NAc pathway has been shown to promote
alcohol self-administration that is resistant to footshock punish-
ment (14).

Although this and other animal studies have begun to identify
mechanisms behind compulsive alcohol taking (14-18), the neural
basis of individual differences in this behavior remain poorly
understood. Here, we used a footshock-punished alcohol self-
administration procedure (5, 14) to identify neural and molecular
substrates of individual differences in vulnerability for compulsive
alcohol self-administration. We screened a large population of out-
bred rats and applied unsupervised clustering to identify those in
which compulsivity, operationalized as punishment-resistant self-
administration, emerged as a stable trait. To identify brain areas
involved in compulsive alcohol self-administration, we carried out
an extensive mapping using the neuronal activity marker Fos.
Activity within a population of protein kinase C3-positive (PKC8")
inhibitory neurons in the lateral subdivision of CeA (CeL) (19)
accounted for >70% of variance in punishment-resistant alcohol
taking. Tagging and chemogenetically controlling the activity of
CeL neurons active during punishment-resistant alcohol self-
administration allowed us to examine their causal role in this be-
havior, while a short hairpin RNA (shRNA)-mediated knockdown
allowed us to probe the causal role of PKC3.
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RESULTS
Punishment-resistant alcohol self-administration emerges
in a minority of outbred rats
We screened multiple cohorts of outbred Wistar rats to assess indi-
vidual differences in vulnerability for punishment-resistant alcohol
self-administration (total: n = 301; for individual experiments and
individual data points, see figs. S1 and S2). Rats were first trained to
self-administer 20% alcohol for 12 weeks in the absence of punish-
ment until they reached stable response rates on a fixed ratio 2
(FR2) reinforcement schedule (20). Under these unpunished condi-
tions, alcohol self-administration rates were unimodally distributed
(fig. S3A). We then assessed self-administration of alcohol when its
delivery was punished with an electric footshock. When alcohol
delivery was paired with a 0.2-mA, 0.5-s shock (but not 0.1 mA),
alcohol self-administration was decreased on average (fig. S3B) as seen
previously (5), but considerable individual differences were seen.
To classify rats into punishment resistant or sensitive, we calcu-
lated for each rat a resistance score [calculated as (punished alcohol
deliveries)/(punished alcohol deliveries + mean alcohol deliveries
of the last 3 nonpunished sessions); see (2I)], obtained over 14
self-administration sessions under a 0.2-mA shock punishment
(see Materials and Methods; Fig. 1A), and examined its distribution
in the population. Distribution was initially unimodal but became
bimodal from session 6 onward (Fig. 1B; Hartigans’ dip test D = 0.04,
P =0.002). Unsupervised clustering identified two subpopulations
that responded differentially to punishment, wherein rats with a
resistance score of >0.45 were classified as “punishment-resistant”
(n =114, 38%), while those with a score of <0.45 were classified as
“punishment-sensitive” (n = 187, 62%) (Fig. 1D). The threshold was
based on a conservative limit of the second peak, identified with
Hartigans’ test of unimodality (o = 0.001); it corresponded to about
20% decrease from baseline, unpunished alcohol self-administration.
Confirmatory analyses supported that this classification resulted in
groups that robustly differed in their resistance scores [Fig. 1E;
Friedman nonparametric analysis of variance (ANOVA), group effect:
Niaz01 = 990, P < 0.001]. Bimodal distribution of self-administration
under punished conditions was stable across several cohorts (fig. S3C).
Bimodal distribution and the presence of punishment resistance
in a subpopulation of rats were specific for alcohol. In contrast,
saccharin self-administration showed a unimodal distribution and
remained sensitive to punishment until the end of the 14-day pro-
cedure (Fig. 1C) despite markedly higher unpunished response
rates for saccharin compared to those found for alcohol (fig. S4).
Baseline rates of unpunished alcohol self-administration did not
differ between rats that went on to become resistant or sensitive, as
measured by the resistance score (Fj 299 = 0.23, P = 0.63). This is in
line with previous research showing that high alcohol intake under
unpunished conditions does not predict punishment-resistant drink-
ing (22). With oral self-administration, lever pressing could poten-
tially be increased in a nonspecific manner without the reinforcer
being consumed. We therefore examined blood alcohol concentra-
tions (BACs) following punished self-administration sessions and
found that these were robustly increased in punishment-resistant
rats compared to those that were punishment sensitive (19 + 3.4
versus 3.6 + 0.6 mg/dl; to = 4.7; P < 0.001). We also found a signif-
icant correlation between BAC and the resistance score (> = 0.52,
P <0.001) (fig. S5A). Punishment-resistant and punishment-sensitive
rats did not differ in shock sensitivity, and punishment sensitivity
was not related to locomotor activity in a novel environment (fig.
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S5, B and D). In contrast, punishment-resistant rats showed a higher
motivation to obtain alcohol than sensitive rats, as shown by elevated
break points in a progressive-ratio reinforcement schedule (Fig. 1F;
t17 = 3.4; P < 0.01) (23).

Punishment resistance is a stable individual trait

and generalizes across models

Punishment resistance and sensitivity were preserved when punish-
ment was reintroduced after allowing rats to reestablish unpunished
alcohol self-administration (Fig. 1G; Friedman nonparametric ANOVA,
group effect: Ng 16 = 13.29, P < 0.05). This observation supports the
notion that they are stable individual traits and parallels previous
observations that compulsive alcohol seeking is maintained after
prolonged periods of time (24). Punishment-resistant rats were also
less sensitive to decreasing their alcohol intake when alcohol was
adulterated with quinine (Fig. 1H; group: F} 14 = 4.58, P = 0.05, nz =
0.24; quinine concentration: Fggq = 18.34, P < 0.001, n2 = 0.56;
group X quinine concentration: Fgg4 = 2.38, P < 0.05, n’ = 0.14).
Post hoc analysis showed that resistance to quinine adulteration
was higher in punishment-resistant than in punishment-sensitive
rats at the higher quinine concentrations (150 and 200 mg/liter;
P < 0.05). We also found a significant correlation between shock
punishment and quinine resistance at 200 mg/liter (+* = 0.14,
P < 0.05). Punishment-resistant and punishment-sensitive rats did not
differ in quinine sensitivity per se (fig. S5E). Thus, aversion-resistant
alcohol taking is a stable individual trait that generalizes across dif-
ferent experimental procedures commonly used to assess it (14).

A brain network associated with punishment resistance
Our next objective was to identify neural substrates of punishment-
resistant alcohol self-administration. We carried out an activity
mapping to identify cell populations activated during punished
self-administration, as indexed by the immediate early gene Fos (25).
Rats (n = 62) were screened for punishment resistance (resistant,
n = 21; sensitive, n = 41); to control for activity merely driven by
exposure to footshock, we also included an alcohol-naive yoked
control group that received footshock but did not have access to
self-administration (n = 8). Rats were perfused 90 min after the start
of the last punished 30-min self-administration session (or after the
onset of noncontingent shock exposure for the control group), and
brains were collected for analysis of Fos immunoreactivity. We ana-
lyzed a set of brain regions thought to be involved in addiction (26),
including prelimbic (PrL) and infralimbic (IL) medial prefrontal
cortex (mPFC), orbitofrontal cortex (OFC), NAc shell (NAcSh) and
core (NAcC), central amygdala (CeA), basolateral amygdala (BLA),
periaqueductal gray (PAG), and paraventricular nucleus (PVN) and
periventricular area (PVA) of the hypothalamus (fig. S6, A and B).
To identify networks associated with punishment resistance, we
carried out a factor analysis of Fos-mapping data. To maximize
variance, we analyzed data from punishment-resistant rats showing
the least decrease from baseline (n = 9), punishment-sensitive rats
showing the largest suppression of punished alcohol responding
(n =9), and yoked rats (n = 8). Activity in CeA, NAc, and PAG
loaded on “network 1,” which accounted for 37% of total variance
in activity, while mPFC, OFC, and BLA loaded on “network 2,”
which accounted for 22% of variance (Fig. 2A; activity data and rep-
resentative sections for individual brain structures are provided in
fig. S6). Network 1 activity was higher in the punishment-resistant
than in the punishment-sensitive group and correlated positively
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Fig. 1. Punishment-resistant alcohol self-administration emerges in a minority of outbred rats. (A and B) Schematic representation of the footshock punishment
procedure and resistance score distribution of punished alcohol self-administration in the total cohort of outbred rats screened (n =301) over 14 days (color-coded). Insets
show individual distribution for days 1 to 3 and 12 to 14 of punished alcohol self-administration. (C) Resistance score distribution of punished saccharin self-administration
across 14 days (color-coded). (D) Bimodal distribution of the population of punished alcohol self-administration; 38% (n = 114) of rats were punishment resistant, while
62% (187) were punishment sensitive. (E) Mean resistance score (+SEM) during a 30-min punished self-administration session of 20% EtOH (FR2). *P < 0.001. (F) Mean
break points (£SEM) reached during a progressive ratio session of 20% alcohol in punishment-resistant (n = 10) and punishment-sensitive (n = 9) rats. *P < 0.01. (G) Mean
reinforcers (+SEM) earned during a 30-min self-administration session of punished 20% EtOH (FR2) and unpunished alcohol self-administration in punishment-resistant
(n=7) and punishment-sensitive (n=9) rats. Punishment-resistant rats obtained a significantly higher number of punished alcohol reinforcers during the last 3 days of
baseline punished self-administration (left, *P < 0.01) and when footshock punishment was reintroduced. *P < 0.001. (H) Aversion-resistant alcohol drinking in punishment-
resistant (n =7) and punishment-sensitive rats (n =9), shown by resistance to quinine adulteration of the alcohol solution (resistance score + SEM for quinine-adulterated
alcohol drinking, *P < 0.001, *P < 0.05). SA, self-administration; FR, fixed ratio; d, day; BL, baseline.
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Fig. 2. A brain network associated with punishment resistance. (A) Factor analysis using principal component extraction followed by varimax normalized rotation of
Fos immunoreactivity data identified two networks that showed highly correlated within-network activity. Network 1 consisted of CeA, PAG, NAcC, and NAcSh; network
2 consisted of OFC, PrL, IL, and BLA. (B and C) Activity of network 1, but not network 2, was increased in punishment-resistant rats (*P < 0.001) and correlated with punishment-
resistant self-administration. (D) Representative images of Fos immunohistochemistry in CeA in shock-resistant and shock-sensitive rats. Scale bar, 50 um. (E) Mean
number of Fos-immunoreactive neurons/mm? (+SEM) in shock-resistant (n =9), shock-sensitive (n=9), and yoked rats (n=8). *P < 0.001 versus the punishment-sensitive
group; *P<0.001 versus the yoked group. (F) Activity of CeA was particularly highly correlated with the resistance score. CeA, central nucleus of amygdala; PAG, periaqueductal
gray; NAcC, nucleus accumbens core; NAcSh, NAc shell; OFC, orbitofrontal cortex; PrL, prelimbic cortex; IL, infralimbic cortex; BLA, basolateral amygdala.

with the resistance scores (Fig. 2, B and C; group: Fy, 16 = 19.26, P <
0.001, 1% = 0.55, r* = 0.68, P < 0.001). Within network 1, Fos activity
in CeA was higher in the resistant rats (Fig. 2, D and E; group:
F,,3=26.2,P<0.001, n2 =0.69; post hoc: P < 0.001; resistant versus
both sensitive and yoked) and showed particularly high correlation
with punishment resistance, accounting for 76% of variance in
behavior (Fig. 2F; * = 0.76, P < 0.001).

In contrast, activity within network 2 did not differ between
punishment-resistant and punishment-sensitive rats (fig. S6C).
Activity of PVA and PVN did not load onto either of the networks and
also did not differ between punishment-resistant and punishment-
sensitive rats. This lack of differential activity in structures mediating
neuroendocrine responses to stress (i.e., PVN and PVA) was paral-
leled by a lack of group difference in corticosterone levels (fig. S5C).

Activity of CeA ensembles is necessary for
punishment-resistant self-administration
We next examined whether neuronal activity in CeA plays a causal role
in punishment resistance. To address this, we used a viral-mediated
targeted recombination in active population (TRAP) approach (27, 28)
and selectively tagged ensembles of CeA neurons that were active
during punished alcohol self-administration.

Rats (n = 64) were screened for punishment resistance, and un-
supervised clustering identified punishment-resistant (n = 23) and
shock-sensitive rats (n = 41). All resistant rats were used for tagging
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CeA ensembles, and sensitive rats (n = 18) were used for control
experiments. Rats received CeA injections of a mixture containing
two vectors: One was always AAV-Fos:CreER"?, and the other was
either a Cre-dependent hM4Di-mCherry or an mCherry control
vector (fig. S7A). After viral vector surgeries, animals were returned
to their home cage, and 3 weeks were allowed for vectors to express, as
previously described (29). Rats then underwent 5 days of daily punished
alcohol self-administration followed by systemic 4-hydroxytamoxifen
(4TM) injections [2 hours after starting the last punishment ses-
sion, as previously described (27, 29, 30)]. Another 3 weeks were
then allowed for selective expression of the hM4Di DREADD in
CeA neurons activated during punished self-administration. After
five additional days of daily punished alcohol self-administration
sessions, punishment-resistant rats expressing hM4Di-mCherry or
the mCherry control vector received clozapine N-oxide (CNO), the
synthetic ligand for hM4Di. To maximize specificity, CNO was
microinjected directly into the CeA [1 mM per 0.3 pl per side as
described (31)] 15 min before the punishment session (Fig. 3, A to C).

CNO injections decreased neuronal activity in CeA associated
with punishment-resistant alcohol self-administration, as shown by
the total number of activated (Fos-expressing) CeA neurons and
double-labeled neurons positive for both Fos and mCherry, without
affecting the number of mCherry-positive neurons neither in con-
trol nor in hM4Dij-expressing rats (Fig. 3, D and E; t;5 = 5.6, P < 0.001;
t15 = 2.2, P < 0.05; t;5 = 1.5, P = 0.17). This was accompanied by a
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Fig. 3. Activity of CeA ensembles is necessary for punishment-resistant self-administration. (A) Schematic overview of the experimental design. (B) Virus injection
site and cannula placement (scale bar, 2 mm). (C) Schematic representation of the TRAP approach. (D and E) Representative images of CeA photomicrographs showing
Fos immunoreactivity (green) and mCherry colabeling in control (n = 8) and hM4Di (n = 9). Scale bar, 50 um. Mean number of Fos-immunoreactive neurons (+SEM), mean
number of mCherry immunoreactive neurons (+SEM), and mean number of Fos* mCherry-immunoreactive double-labeled neurons/mm? *P < 0.001, *P < 0.05. (F) Mean
number of alcohol-reinforced lever presses (+SEM) during the 30-min test in control (n=11) and hM4Di (n = 12) punishment-resistant CNO injected rats. *P < 0.001,
#p<0.01. (G) Mean resistance score (+SEM). *P < 0.01. BL, baseline; 4TM, 4-hydroxytamoxifen; CNO, clozapine N-oxide.

decrease in punishment-resistant self-administration (Fig. 3F;
vector type: Fj 5 = 5.2, P < 0.05, n2 = 0.2; punishment condition:
Fi21 =34.6, P <0.001, n2 = 0.62; vector type x punishment condi-
tion: Fy = 12.9, P < 0.001, n2 = 0.38). Post hoc analyses showed
that alcohol self-administration was lower in punishment-resistant
rats expressing hM4Di than in mCherry controls (P < 0.001) and
their own baseline (P < 0.01). Resistance scores were also lower in
hM4Di-expressing rats (0.27 + 0.03) than in controls (0.43 + 0.02)
(Fig. 3G). Behavioral specificity of the chemogenetic manipulation
was supported by a lack of CNO effect in mCherry controls and a
lack of effect on general locomotor activity (fig. S10A). Thus, activity
of neuronal ensembles within CeA promotes punishment-resistant
alcohol self-administration.

To assess whether neurons that comprise these ensembles are
local or project to targets outside the CeA, we visualized their main
axonal projections. The AAV5 serotype hijacks the anterograde
axonal transport system leading to mCherry expression in brain areas
that receive projections from CeA neurons that were active during
punished alcohol self-administration. Only direct monosynaptic
targets of these neurons are expected to be labeled, as previous tracing
experiments did not find transsynaptic transduction with this AAV
serotype (32). Using this approach, we found that neuronal ensembles
tagged in an activity-dependent manner during punishment-resistant
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alcohol self-administration were composed of both intrinsic and pro-
jecting neurons. Specifically, we identified local inputs to the CeM, as
well as monosynaptic projections to the bed nucleus of stria terminalis
(BNST) and the ventrolateral subdivision of the PAG (vIPAG) (fig. S8).

Punishment resistance is driven by activity of PKC5*
inhibitory neurons in CeA

CeA function relies on complex local microcircuits, which are, in
part, defined by neurochemically identified neuronal populations
(33). Our next objective was to examine whether CeA neurons that
promote punishment-resistant alcohol self-administration map onto
one of these populations. We carried out double-labeling immuno-
histochemistry to identify activated (Fos-positive) cells that also
expressed PKCS or somatostatin (SOM). These markers label two
largely nonoverlapping populations of GABAergic cells that together
constitute most CeA neurons (34). Opposing functions of PKC3
and SOM cells in the CeA have previously been shown in condi-
tioned fear, pain modulation, appetitive behaviors, and addiction-
related behaviors (35-39).

Within the CeL, Fos expression associated with punishment-
resistant alcohol self-administration was exclusively colocalized with
PKCS3 labeling (Fig. 4A) and did not label SOM* neurons (fig. S9A).
The number of cells positive for Fos and PKC8 and double-labeled
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Fig. 4. Punishment resistance is driven by activity of PKC3* inhibitory neurons in CeA. (A) Representative images of CeA photomicrographs showing Fos (green) and
PKC3 (red) immunoreactivity colabeling [scale bars, 200 um (left) and 50 um (right)] in punishment-resistant (n = 10) and punishment-sensitive (n = 9) rats. (B to D) Mean
number of cells (+SEM) positive for Fos, PKCS, and double-labeled cells/mm? *P < 0.001, *P < 0.05, *P < 0.01. (E) Mean fold change in Prkcd mRNA levels in punishment-

resistant (n =8) and punishment-sensitive (n = 6) rats, measured by gPCR. *P < 0.01.

for both markers was significantly increased in CeL in punishment-
resistant versus punishment-sensitive rats (Fig. 4, B to D; t;6 = 4.72,
P <0.001; t16 = 2.87, P < 0.05; t16 = 3.3, P < 0.01). Prkcd mRNA was
also higher in punishment-resistant rats (Fig. 4E; f;, = 3.4, P < 0.01).
Last, the number of cells double-positive for Fos and PKCS was sig-
nificantly higher in the CeL of punishment-resistant rats than yoked
control (fig. S9B), showing that increased Fos in PKC§-expressing
neurons is not merely due to shock exposure.

Thus, punishment-resistant alcohol self-administration is spe-
cifically associated with activity of PKC&-expressing GABAergic
CeL neurons. This population overlaps with cells that have been
called “CeL-off” neurons, because they can gate behavioral respons-
es to aversive stimuli through inhibition of centromedial (CeM)
CeA outputs to the brainstem (33); for instance, silencing PKC§-
expressing CeL neurons increases conditioned freezing (36).

A mechanistic role of CeA-PKC5 in punishment-resistant
alcohol self-administration

PKCS has been used as a phenotypic marker to identify CeL-off
cells, but is also of functional interest itself, as it is an intracellular
signaling enzyme (40) and is involved in both alcohol potentiation
of tonic GABA currents (41) and activation of adenylyl cyclase 7,
which can, in turn, drive Fos induction (42). Elevated PKC$ expres-
sion in CeL of punishment-resistant rats suggests the possibility
that up-regulated PKCS signaling contributes to punishment
resistance (39).
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To examine this possibility, we knocked down PKC3 expression
in CeA using an shRNA (39) and examined the consequences for
punishment resistance. To maximize power, we established a stable
baseline of punished alcohol self-administration in a cohort of 124 rats
and then selected for the viral manipulation punishment-resistant rats
showing the least decrease from baseline (n = 37) and punishment-
sensitive rats showing the largest suppression of punished alcohol
responding (n = 38). The remaining 49 rats were sacrificed. Punishment-
resistant and punishment-sensitive rats were injected into CeA with an
shRNA AAV vector targeting PKC3 or a scrambled control vector
(Fig. 5A and fig. S7B). We validated viral expression in the CeA
and confirmed that the knockdown was successful using both
RNAscope in situ hybridization and quantitative polymerase chain
reaction (qPCR) (Fig. 5, B and C; Mann-Whitney U test, U=11,
P<0.05,U=9, P<0.05).

PKCS§ knockdown significantly decreased both PKCS and Fos
expression associated with punished alcohol self-administration
and the number of double-labeled cells (Fig. 5D; Fos group: F ;s = 26.2,
P <0.001, n* = 0.59; knockdown: F; 15 = 13.76, P < 0.001, n* = 0.43;
PKCS3 group: Fy 13 = 24.7, P < 0.001, 1 = 0.57; knockdown: F, 15 = 6.2,
P <0.05,1" =0.25; Fos" + PKCS" group: Fy 15 = 44.5, P < 0.001,1° = 0.71;
knockdown: F; 13 = 11.03, P < 0.01, 1% = 0.37). Decreased PKC$
expression resulted in decreased punishment-resistant alcohol
self-administration (Fig. 5E; Friedman nonparametric ANOVA,
group: N5 75 = 170.4, P < 0.001); post hoc comparisons showed that
punishment-resistant PKC8 knockdown rats obtained fewer punished
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Fig. 5. A mechanistic role of CeA-PKC3 in punishment-resistant alcohol self-administration. (A) Experimental design. (B) Virus injection site (scale bar, 2 mm) and
mean fold change in Prkcd mRNA levels following a viral-mediated knockdown (n =8 per group). *P < 0.05. (C) Expression of Prkcd in the CeA measured by RNAscope.
Brown dots represent the expression of Prkcd [scale bars, 2 mm (left), 50 um (right), and 5 um (inset)] (n = 8 per group). *P < 0.05. (D) Representative images of CeA photo-
micrographs (scale bar, 50 um) showing Fos (blue), PKCS (magenta) immunoreactivity, and yellow fluorescent protein (YFP) colabeling. Mean number of cells positive
(+SEM) for Fos, PKC3, and double-labeled cells in punishment-resistant (n = 6 per group) and punishment-sensitive (n =5 per group) rats/mm?. *P < 0.001, *P < 0.001, *P < 0.05,
*P <0.01. (E) Mean number of alcohol-reinforced lever presses (+SEM) during the 30-min punishment session control in punishment-resistant (n = 19) and punishment-
sensitive rats (n = 19) receiving shCtrl, or shRNA knockdown of PKC3 (n=18; n=19). #p <0.001. (F) Mean resistance score (+SEM). *P < 0.001.

reinforcers than scrambled punishment-resistant controls (P < 0.001).
PKCd knockdown also selectively decreased the resistance score in
punishment-resistant rats (Fig. 5F; group X treatment: F; 7; = 18.3,
P < 0.001, n* = 0.2); post hoc comparisons showed that resistance
scores were significantly lower in punishment-resistant rats with a
PKCS$ knockdown than scrambled controls (P < 0.001). PKC$S
knockdown did not affect control behaviors (fig. S10B). Thus,
PKCd-mediated signaling in CeL promotes punishment-resistant,
compulsive-like alcohol self-administration.

DISCUSSION

To search for neural substrates of individual differences in com-
pulsive alcohol use, we studied footshock-punished alcohol self-
administration in outbred rats. The population distribution of
punished responding for alcohol was initially unimodal but became
bimodal over time. Ultimately, about one-third of rats showed resist-
ance to punishment. This was specific for alcohol self-administration,
while saccharin self-administration remained unimodally distributed
and sensitive to punishment. The emergence of punishment resist-
ance was not the result of differences in alcohol exposure or sensi-
tivity to shock and generalized to another model of aversion
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resistance—quinine adulteration. These findings are in line with
and extend previous reports (14, 21). Our unsupervised clustering
of punishment resistance over time in a large cohort of outbred rats
indicates that this behavior is a stable individual trait and offers a
model for studying its neural substrates. It is presently unknown
whether emergence of punishment resistance in a subpopulation of
rats reflects preexisting vulnerability or what has been referred to as
“stochastic individuality” (43).

Alcohol addiction is a complex condition. A research domain
criteria-based (44) view seeks to deconstruct it into functional
domains that can be studied to identify underlying mechanisms
and guide the development of mechanism-based, personalized treat-
ments (45). In this framework, an impaired ability to control alcohol
use despite negative consequences is one among several interacting
susceptibility factors. Rather than operating in isolation, it is likely
to promote the development and maintenance of alcohol addiction
by interacting with factors such as incentive salience, negative rein-
forcement (26, 45), choice of alcohol over natural rewards (5, 46),
lack of access to such rewards (2, 46), or development of habits
(10, 24, 47).

We found that activity in a network encompassing CeA, NAc, and
PAG strongly correlated with punishment resistance. In contrast,
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overall activity of network 2, which consisted of PFC, OFC, and
BLA, did not correlate with this behavior. However, when regions
were analyzed individually, we also found a robust increase of OFC
neuronal activity in punishment-resistant rats. This is in agreement
with previous work on the role of OFC in alcohol seeking and
compulsive drug taking (48-50) and suggests that OFC activity may
contribute to punishment-resistant alcohol self-administration.

Within network 1, Fos expression in the CeA accounted for ~75%
of variance in punishment-resistant alcohol self-administration.
Chemogenetic inhibition of activated CeA neurons selectively de-
creased this behavior, suggesting that putative ensembles of these
neurons play a causal role in punishment resistance (25). These
findings converge with previous observations implicating CeA in
other alcohol addiction-related behaviors, including alcohol preference,
withdrawal- or dependence-induced escalation of self-administration,
and choice of alcohol over natural rewards (5, 7, 8, 51, 52).

Recently, the mPFC and insula have also been shown to play a
role in punishment-resistant alcohol drinking through interactions
with subcortical and brainstem connections (14, 17, 53). It is pres-
ently unknown how CeA interacts with these brain areas to produce
punishment-resistant alcohol taking. However, a candidate node
for this interaction is the PAG, which receives inputs from CeA,
mPFC, and insula and modulates the balance between active and
passive responses to aversive stimuli (33, 54). A role for CeA-PAG
interactions in punishment resistance would be consistent with a
recently proposed role of CeA and its projections in negative urgency,
i.e., acting rashly when in distress (55). It would also be in line with
findings of a recent human brain imaging study, which identified
the activity of a network connecting the OFC to subcortical regions,
including the CeA and the brainstem as a correlate of alcohol use
problems (9).

Both neurons intrinsic to CeA (36) and those projecting outside
this structure were activated during punishment-resistant alcohol
self-administration. Among the latter were neurons that showed
direct monosynaptic connections with the BNST (56) and the
ventrolateral column of the PAG (57). It is presently unknown how
activity within inhibitory CeA microcircuits and its outputs, respec-
tively, contributes to behavioral outcomes. For instance, depending
on the intrinsic neuronal properties and topographic distribution,
inhibitory CeA neurons target multiple PAG columns that, in turn,
mediate different coping strategies in response to threat or stress
(57, 58).

Last, we found that CeA neurons promoting punishment-resistant
alcohol taking were all PKC3-expressing neurons in CeL. Although
functional diversity has recently been suggested for these cells (59),
a population of them can gate signaling from CeM outputs to their
targets, including the PAG (33, 36). Punishment-resistant rats
showed increased Fos activity, specifically in PKC8-expressing CeL
neurons, and had also increased Prkcd expression. A possible inter-
pretation of these findings is that PKC&-expressing CeL neurons
promote continued alcohol self-administration despite punishment
because they inhibit CeA outputs that, in turn, mediate behavioral
inhibition associated with aversive stimuli (33). The demonstration
that a PKC3 knockdown in CeA decreased punishment-resistant
alcohol intake additionally points to PKC3-mediated signaling in
this structure as a potential mechanism behind individual differ-
ences in vulnerability for compulsive alcohol taking. Because PKC3
is also expressed in the human CeA (60), this mechanism is poten-
tially accessible for medications.
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MATERIALS AND METHODS

Animals

Adult male Wistar rats (Charles River, Germany) weighing 225 to
250 g at the beginning of the experiments were used. Rats were pair-
housed (except during the two-bottle free-choice drinking) in a
temperature-controlled (21°C) and humidity-controlled environ-
ment with a reversed 12-hour light-dark cycle. Rats were given free
access to chow and tap water for the duration of the experiment and
were weighed at least once a week. All behavioral testing was
conducted during the dark phase of the light-dark cycle. A detailed
timeline of experimental training and testing can be found in fig. S1. The
studies were conducted in accordance with the EU Directive 010/63/EU,
as implemented in Swedish law, and was approved by the National
Committee for Animal Research in Sweden and the Local Ethics
Committee for Animal Care and Use at Linkoping University.

Behavioral equipment
Operant training and testing were performed in 32 identical operant
chambers (30.5 cm X 29.2 cm x 24.1 cm; Med Associates Inc., St. Albans,
VT, USA) housed in sound-attenuating cubicles. Each operant
chamber was equipped with two retractable levers positioned laterally
to a liquid cup receptacle.

Alcohol self-administration

Operant- and drug-naive rats were trained to self-administer 20%
(v/v) alcohol without sucrose/saccharin fading as described previ-
ously (20, 61). Briefly, rats were first trained on an FR1 5s time-out
(TO) schedule to self-administer 20% alcohol during 30-min sessions.
The lever associated with alcohol was extended to mark the onset of
the session and to signal alcohol availability. Pressing once was re-
inforced by the delivery of 100 pl of 20% alcohol in water in the
adjacent drinking well and initiated a concomitant 5-s time-out period
signaled by the illumination of the cue light above the lever. Responses
during the TO period were recorded but had no programmed
consequences. Sessions were conducted 5 days a week until self-
administration rates stabilized, defined as a minimum of 20 sessions
and no change greater than 15% in the total number of reinforcers
earned during the last three sessions. Once a stable self-administration
baseline was reached, the FR was increased and a minimum of
20 FR2 sessions were performed until stabilization of performance.

Footshock-punished alcohol self-administration

Alcohol taking despite adverse consequences was assessed as re-
sponding for alcohol when its delivery was associated with a foot-
shock punishment. Briefly, conditions were identical to baseline
self-administration (i.e., 30-min sessions), but each completed FR2
ratio (i.e., two responses) was paired with a footshock (0.1 to 0.2 mA,
0.5 s), contingent with the delivery of a volume of 100 pl of 20%
alcohol in water in the adjacent drinking well. The resistance score
was calculated as follows: (punished alcohol deliveries)/(punished
alcohol deliveries + mean alcohol deliveries of the last three non-
punished sessions) (2I). Each rat in the yoked group received the
same number of electric footshocks as a corresponding punishment-
resistant rat. Saccharin self-administration was performed under
the same conditions as for alcohol self-administration.

Footshock-punished saccharin self-administration
Briefly, rats were trained to self-administer 0.2% saccharin in 30-min
sessions on an FR1 5s TO schedule of reinforcement. Once a stable
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self-administration baseline was reached (a total of 15 FR2 sessions),
the punished saccharin self-administration procedure was identical
to alcohol self-administration.

Pain sensitivity
Animals were placed in the operant chamber, and footshock was
delivered starting at 0.05 mA and increasing shock intensity by 0.05 mA
every 30 s. Footshock threshold was defined as a jump with all four
paws off the grid.

Progressive ratio schedule of reinforcement

The motivation to obtain alcohol was assessed using a progressive
ratio schedule (5, 23). Conditions were identical to baseline self-
administration, except that the response requirement to receive a
single alcohol reinforcer was increased within the session according
to the following formula: 1, 2, 3, 4, 6, 8, 10, 12, 16, 20, 24, 28,32 ....
The self-administration session terminated once 30 min had elapsed
without a reinforcer being obtained. The breakpoint was defined as
the last completed response requirement during the progressive
ratio test.

Quinine adulteration

Resistance to consuming alcohol despite adverse consequences was
additionally assessed using quinine adulteration (15, 62). Punishment-
sensitive rats were allowed to recover their alcohol lever pressing
after removing the footshock. Then, alcohol was mixed with in-
creasing concentrations of quinine (10, 25, 50, 75, 100, 150, and
200 mg/liter) during FR2 alcohol self-administration for a minimum
of three test sessions per quinine concentration to ensure stability of
the behavior. Compulsive-like behavior was assessed as the resist-
ance score in alcohol self-administration after addition of quinine:
(quinine-adulterated alcohol deliveries)/(quinine-adulterated al-
cohol deliveries + mean alcohol deliveries of the last three baseline
sessions).

Two-bottle free-choice drinking

As a control for taste reactivity to quinine, consumption of and
preference for water and quinine were measured using a two-bottle
free-choice continuous access (63). Previously grouped housed rats
were single-housed during this experiment. Rats had access to one
bottle of the test solution of quinine (5, 10, 25, and 50 mg/liter) and
one bottle of water for 24 hours. Bottles were weighted every day at
the same hour, and the position of the bottles was alternated to
control for a potential side preference. Preference score for the test
solution was calculated as follows: (volume of adulterated solution
ingested)/(volume of adulterated solution + water).

Plasma corticosterone analysis

Blood samples were collected from the tail vein after rats were clas-
sified as punishment resistant and punishment sensitive. Samples
were collected into heparin-coated tubes and centrifuged for 5 min
at 2000g to separate the plasma. Plasma was transferred into new
tubes and stored at —80°C until further analysis. Corticosterone was
extracted by adding five parts of ethyl acetate (Thermo Fisher
Scientific Inc., Waltham, MA, USA) to each plasma sample. The
organic solvent layer was first transferred to a water-prefilled tube
and then to a second tube. This procedure was repeated twice before
the samples were dried in a vacuum concentrator. Samples were re-
dissolved in assay buffer from the DetectX Corticosterone Enzyme
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Immunoassay Kit (Arbor Assays, Ann Arbor, MI, USA). Thereafter,
the manufacturer’s instructions were followed.

Blood alcohol concentration
Blood was collected from the lateral tail vein of punishment-resistant
and punishment-sensitive rats immediately after the 30-min session.
The colorimetric ethanol (EtOH) assay kit from Sigma-Aldrich
(Stockholm, Sweden) was used according to the manufacturer’s
instructions to determine BAC.

Locomotor reactivity to novelty

Reactivity to novelty (64, 65) was assessed using six identical standard
locomotor activity testing chambers (44.5 cm x 44.5 cm x 30.5 cm; Med
Associates Inc., St. Albans, VT, USA) housed in sound-attenuating cu-
bicles during a single 30-min session. In accordance with a previous
study (65), we classified rats within the upper quartile of locomotor
activity (n = 7) as high responders, whereas the lower quartile
(n = 8) was classified as low responders.

Surgery

All surgeries were performed after 14 days of punished alcohol
self-administration. Animals were anesthetized with isoflurane (2 to
3%, Baxter) and injected with buprenorphine [0.03 mg/kg, subcuta-
neously (sc)] 30 min before surgery to relieve pain. Ketoprofen
(5 mg/kg, sc) was injected after surgery and the following day to
relieve pain and reduce inflammation. Animals were allowed to
recover from surgery for 1 week and were then reexposed to the
footshock punishment procedure 3 weeks later to allow the viral
expression. We excluded a total of 13 rats because of cannula or
injection misplacement.

Viral injections

For viral microinjections into the CeA, we used the following coordi-
nates based on pilots referring to the rat brain atlas (66) and previ-
ous studies (39, 67): antero-posterior (AP), —2.5 mm; medio-lateral
(ML), +4.5 mm; and dorso-ventral (DV), —8.5 mm. To knock down PKCS8
expression, we injected either shPKC3 (scAAV;-shPKC3-CMV-
IE-Nuc-eYFP; titer: 2.56 x 10'?) or shCtrl (scAAV;-shCtrl-CMV-
IE-Nuc-eYFP; titer: 3.24 x 10'?) bilaterally into CeA at a volume of
0.75 ul per side at a flow rate of 0.25 ul per min followed by an addi-
tional 5 min to allow diffusion as previously described (39).

For the viral-based TRAP approach, we used the following viral
mixture: AAV;s-Fos:CreERT? (titer: 1.2 x 10™), with either AAV;5-hSyn-
DIO-hM4Di-mCherry (titer: 7.0 x 10'%; Addgene 44362) or AAV5-hSyn-
DIO-mCherry (titers: 5.0 x 10" to 6.0 x 10'%, Addgene 50459). The
viral mixture (AAV-Fos:CreERT* and Cre-dependent AAV; 1:500
ratio; AAV-Fos:CreERT?; final titer of 2.4 x 10'%) was injected bilater-
ally into the CeA. Each side received 0.5 ul at a flow rate of 0.25 ul
per minute followed by an additional 5 min to allow diffusion.

Cannula implantation

We implanted the guide cannulas (26 gauge; Plastics One) 2 mm
above the CeA bilaterally using the following coordinates: AP, —2.5 mm;
ML, 4.5 mm; and DV, —6.4 mm. Cannulas were anchored to the
skull with jeweler’s screws and dental cement (Paladur, Agnthos).

4TM treatment
The 4TM treatment (H6278, Sigma-Aldrich) was dissolved as previous-
ly described (29, 68). The final solution contained 4TM (2.5 mg/ml),
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5% dimethyl sulfoxide, and 1% Tween 80 in saline. Animals received
4TM (25 mg/kg, intraperitoneally) 2 hours after the punishment session.

Chemogenetic inhibition

CNO (4936, TOCRIS) was dissolved in artificial cerebrospinal fluid
(3525, TOCRIS) as previously described (69, 70) at a concentration
of 1 mM. Rats received 0.3 pl per side through the 33-gauge injec-
tors (2 mm below the cannula placement) at a rate of 0.15 pl/min,
15 min before the punishment session.

RNA extraction and qPCR

Brains were rapidly removed, and amygdala samples were dissected
from a 2-mm-thick coronal slice taken in a Kopf brain slicer, as
previously described (71), and stored at —80°C. RNA was extracted
using the RNeasy Plus Mini Kit (74136, Qiagen), following the
manufacturer’s instructions. Total RNA was reverse-transcribed
into cDNA using the High-Capacity cDNA Reverse Transcription
Kit (4368814, Life Technologies, Carlsbad, CA). The reactions were
run on the Veriti 96-Well Fast Thermal Cycler (Life Technologies,
Carlsbad, CA). Inventoried TagMan gene expression assay probes
(Prkcd: Rn00440891 and Gapdh: Rn4308313; Life Technologies,
Carlsbad, CA) were used to assess the expression of the target gene
on an ABI 7900HT Fast Real-time PCR system (Life Technologies,
Carlsbad, CA). Prkcd expression was quantified by normalizing the
data to the endogenous reference gene Gapdh, using RQ Manager
1.2 (Life Technologies, Carlsbad, CA) by calculating an RQ (relative
quantification) value using 2T analysis (72).

RNAscope in situ hybridization assay
Rats were sacrificed 1 day after completion of behavioral experi-
ments. Brains were removed, flash-frozen, and stored at —80°C until
further processing. After equilibration in a cryostat (CM 3050S)
at —20°C for 2 hours, we collected 12-pum brain slices at approxi-
mately bregma —2.4 mm (66) and mounted the slices directly onto
SuperFrost Plus slides (Thermo Fisher Scientific).
3,3’-Diaminobenzidine (DAB) in situ hybridization assay was per-
formed using RNAscope 2.5 HD Detection Reagents-BROWN assay
(catalog no. 322310, Advanced Cell Diagnostics), according to the
user manual for fresh frozen tissue. Briefly, brain slices were fixed in
10% neutral-buffered formalin (Thermo Fisher Scientific) for 15 min
at 4°C and dehydrated in 50, 70, 100, and 100% ethanol (EtOH).
Brain slices were then treated with protease solution (pretreatment 4) at
room temperature for 20 min. After three washes with 1x phosphate-
buffered saline (PBS), brain slices were incubated with the target probe
for Prkcd mRNA (catalog no. 441791, Advanced Cell Diagnostics;
GeneBank accession number NM_011103.3) at 40°C for 2 hours in
the HybEZ oven (Advanced Cell Diagnostics). Next, brain slices were
incubated with preamplifier, amplifier, and labeled probes at 40°C
(AMP1, AMP3, and AMP5 for 30 min; AMP2, AMP4, and AMP6
for 15 min). Sections were then incubated with DAB substrate at
room temperature for 10 min to visualize the mRNA signal. After
counterstaining with 50% hematoxylin followed by 0.02% ammonia
water, sections were dehydrated in 70%, 95%, and, finally, 100% EtOH.
Sections were merged in xylene solution (3 min) and coated with
quick-hardening mounting medium (catalog no. 03989, Sigma-
Aldrich) and covered with cover slides (Thermo Fisher Scientific).
Images of brain sections were acquired through a Leica Aperio
CS2 digital pathology slide scanner. Aperio ImageScope software
(v12.3) was used to analyze the images. Amygdala region was selected
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and magnified equally to 40x objective lens. We assume that each
brown dot represents a single molecule of mRNA. Dark brown stain-
ing dots were counted using Image]J software in a blinded manner.
Results were reported as mRNA molecule per cells in a 0.04-mm®*-
size window.

Fluorescent immunohistochemistry

Rats were anesthetized using isoflurane 90 min after the start of the
footshock session (day 15) and transcardially perfused with 0.9%
saline followed by 4% paraformaldehyde (PFA). Brains were re-
moved and postfixed in 4% PFA for 2 hours and then transferred
into 30% sucrose solution at 4°C until sinking. Coronal brain sec-
tions (20 pm) of the amygdala (AP bregma level of —1.92 to —2.92 mm)
were collected using a Leica cryostat and stored in cryoprotectant
(20% glycerol and 30% ethylene glycol in 0.1 M PBS) at —20°C until
further processing.

To verify the viral injection site and cannula placement, we se-
lected four series of sections from each rat, rinsed in PBS (3 x 10 min),
and then mounted them onto SuperFrost Plus slides, air-dried, and
cover-slipped with antifade mountant with 4',6-diamidino-2-
phenylindole (DAPI) (P36962, Invitrogen).

For Fos, PKCS, and SOM immunofluorescence staining, floating
brain sections were washed in PBS (3 x 10 min) and then blocked in
a solution of 4% bovine serum albumin and 0.2% Triton X-100
dissolved in PBS for 1 hour at room temperature. For labeling Fos,
PKCS8, and SOM, the following antibodies were used: rabbit anti-cFos
[1:1000; ab190289, Research Resource Identifier (RRID): AB_2737414,
Abcam], mouse anti-PKC3 (1:500; 610398, RRID: AB_397781, BD
Biosciences), and mouse anti-SOM (1:100; GTX71935, RRID: AB_383280,
GeneTex). Sections were incubated with primary antibodies over-
night at 4°C. After rinsing in PBS three times, the sections were
incubated for 2 hours at room temperature with the following
secondary antibodies: goat anti-rabbit DyLight 405 (1:200; 35550,
RRID: AB_1965945, Thermo Fisher Scientific), donkey anti-rabbit
Alexa Fluor 488 (1:200; A-21206, RRID: AB_2535792, Thermo Fisher
Scientific), goat anti-mouse Alexa Fluor 568 (1:200; A-11004, RRID:
AB_2534072, Thermo Fisher Scientific), and goat anti-mouse Alexa
Fluor 647 (1:200; A-21235, RRID: AB_2535804, Thermo Fisher Sci-
entific). Sections were rinsed in PBS three times, mounted on slides,
and cover-slipped with Antifade Mountant DAPI (P36962, Invitrogen)
or the Antifade Mountant (P36961, Invitrogen).

Images for viral expression and cannula placement were acquired
through a Leica DMi8 fluorescence microscope with a 10x objective
lens. All Fos, PKC$, and SOM immunofluorescence images were
acquired through a Zeiss LSM 800 upright confocal microscope
using a 20x objective lens. We quantified the total number of
Fos-, PKC§-, DAPI-, and mCherry-positive cells in CeA in a man-
ner blinded to the experimental condition. For each rat, labeled cells
were quantified from two hemispheres of three sections, and we
averaged the counts to give a mean number of each immunoreactive
cell type. All images were adjusted to match contrast and brightness
in Fiji software; cells were identified by DAPI immunostaining.

Statistical analysis

Data were first examined for homogeneity of variances using
Levene’s test. When deviation from homogeneity of variances was
detected, nonparametric analysis was used. Hartigans’ dip test for
unimodality (73) implemented in R (https://cran.r-project.org/web/
packages/diptest/) and UniDip Python package was used to test
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unimodality of one-dimensional distributions. Intervals were cal-
culated with UniDip at the a = 0.05 level. Unsupervised clustering
was performed using the “Density-based spatial clustering of appli-
cations with noise” (DBSCAN) algorithm (74), as implemented in
the scikit-learn (sklearn) Python package. DBSCAN clustering
determines the number of clusters in an unsupervised manner. All
other data were analyzed with STATISTICA, StatSoft 13.0 RRID:
SCR_014213) using Student’s ¢ test or ANOVA, with factors for the
respective analysis indicated in conjunction with its results. Post hoc
analyses were conducted when appropriate using Newman-Keuls
test. A factor analysis was performed using principal component
extraction followed by normalized varimax rotation. Correlation
analysis between resistance scores and Fos expression in the CeA
were performed using the Pearson correlation value. The accepted
level of significance for all tests was P < 0.05.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/34/eabg9045/DC1

View/request a protocol for this paper from Bio-protocol.
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