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We recently reported that social choice-induced voluntary absti-
nence prevents incubation of methamphetamine craving in rats.
This inhibitory effect was associated with activation of protein
kinase-Cδ (PKCδ)-expressing neurons in central amygdala lateral
division (CeL). In contrast, incubation of craving after forced absti-
nence was associated with activation of CeL-expressing somato-
statin (SOM) neurons. Here we determined the causal role of CeL
PKCδ and SOM in incubation using short-hairpin RNAs against
PKCδ or SOM that we developed and validated. We injected two
groups with shPKCδ or shCtrlPKCδ into CeL and trained them to
lever press for social interaction (6 d) and then for methamphet-
amine infusions (12 d). We injected two other groups with shSOM
or shCtrlSOM into CeL and trained them to lever press for metham-
phetamine infusions (12 d). We then assessed relapse to meth-
amphetamine seeking after 1 and 15 abstinence days. Between
tests, the rats underwent either social choice-induced abstinence
(shPKCδ groups) or homecage forced abstinence (shSOM groups).
After test day 15, we assessed PKCδ and SOM, Fos, and double-
labeled expression in CeL and central amygdala medial divi-
sion (CeM). shPKCδ CeL injections decreased Fos in CeL PKCδ-
expressing neurons, increased Fos in CeM output neurons, and
reversed the inhibitory effect of social choice-induced abstinence
on incubated drug seeking on day 15. In contrast, shSOM CeL
injections decreased Fos in CeL SOM-expressing neurons, de-
creased Fos in CeM output neurons, and decreased incubated drug
seeking after 15 forced abstinence days. Our results identify dis-
sociable central amygdala mechanisms of abstinence-dependent
expression or inhibition of incubation of craving.
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Social factors play a critical role in human addiction (1).
Negative social interaction promotes drug use and relapse

(2), while positive social interaction has opposite effects (3, 4).
This knowledge, together with early evidence for a role of clas-
sical and operant conditioning in addiction (5–7), led to the
development of the community reinforcement approach (8) and,
more recently, the therapeutic workplace (9, 10). The goal of
these conditioning- and choice-based behavioral treatments is to
substitute drug use with alternative nondrug social rewards (e.g.,
family support and employment) contingent, at least in part, on
cessation of or decrease in drug use (3, 8). The neurobiological
mechanisms underlying the protective effect of volitional positive
social interaction on drug use and relapse are largely unknown,
and this important facet of human addiction has not been in-
corporated into modern neuroscience investigation using pre-
clinical addiction models (1, 11).
To address this research gap, we recently developed an

operant-based rat community reinforcement model in which
drug-experienced rats can choose between intravenous (i.v.) drug
injections and social interaction with their peers (12–14). We
found that the availability of a mutually exclusive operant social
reward eliminated methamphetamine, heroin, and remifentanil self-

administration (12–14), even in rats that met criteria for addiction
(15). This protective effect persisted in socially housed rats and
occurred independent of the rats’ self-administration history (social
self-administration training before or after drug self-administration)
(12). Additionally, social choice-induced voluntary abstinence
(termed herein voluntary abstinence) decreased incubation of her-
oin craving (13) and prevented incubation of methamphetamine
craving (12). Incubation of craving refers to the time-dependent
increase in drug seeking that occurs after forced abstinence in the
homecage (16–18).
Previous studies using transgenic Cre-driver lines of mice

demonstrated that protein kinase-Cδ (PKCδ)-expressing neurons
in central amygdala (CeA) lateral subdivision (CeL) inhibit
output neurons in central amygdala medial subdivision (CeM)
that promote aversive behavior (fear conditioning), while CeL
Somatostatin (SOM)-expressing neurons promote motivated
behavior (either aversive or appetitive) by disinhibition of CeM
output neurons (19–25). These studies parallel our initial investi-
gation of mechanisms underlying the inhibitory effect of operant
social reward on incubation of methamphetamine craving, where
we found that this effect was associated with activation (indexed
by the neuronal activity marker Fos) of PKCδ-expressing neurons
in CeL and inhibition of CeM output neurons. In contrast, we found
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that after forced abstinence, incubation of methamphetamine crav-
ing was associated with activation of both CeL SOM-expressing
neurons and CeM output neurons (12).
However, since results from studies using Fos or other activity

markers are correlational, it is unknown whether activation of
CeL PKCδ neurons after voluntary abstinence plays a causal role
in the inhibition of incubation. Likewise, it is unknown whether
activation of CeL SOM neurons after forced abstinence is the
cause or the consequence of incubation of drug craving. At
present, transgenic rat Cre-driver lines that would allow us to
inhibit the activity of CeL PKCδ- and SOM-expressing neurons
and study their causal role in incubation of craving do not yet
exist. Moreover, in the abovementioned studies of CeL neuronal
subpopulations, PKCδ and SOM have been used only as ana-
tomical markers without exploration of their functional role
in behavior.
In the present study, we took an alternative approach and

examined the causal role of CeL PKCδ in preventing incubation
of methamphetamine craving after voluntary abstinence and CeL
SOM in promoting incubation of craving after forced abstinence.
For this purpose, we decreased the levels of PKCδ and SOM by
RNA interference using novel short-hairpin RNAs (shRNAs)
that we validated first in vitro and then evaluated by immuno-
histochemistry and ex vivo brain slice electrophysiology. Sur-
prisingly, these shRNAs potently decreased neuronal activity of CeL
neurons in a cell type-specific manner. We then used them to test
the causal role of CeL PKCδ and SOM neurons in the abstinence-
dependent modulation of incubation of methamphetamine craving.
We showed that shPKCδ CeL injections decreased Fos ex-

pression in CeL PKCδ neurons, increased Fos expression in CeM
output neurons, and reversed the inhibitory effect of voluntary
abstinence on incubation of drug craving. In contrast, shSOM
CeL injections decreased Fos expression in CeL SOM neurons,
decreased Fos expression in CeM output neurons, and decreased
incubation of drug craving after forced abstinence. Our results
identify dissociable central amygdala cellular mechanisms that
regulate the abstinence-dependent inhibition and expression of
incubation of craving.

Results
In the experiments described below, we investigated the causal
role of CeL PKCδ and SOM in incubation of methamphetamine
seeking after either voluntary abstinence or forced abstinence.
First, in experiment 1, we developed short-hairpin RNAs to se-
lectively knock down PKCδ and SOM by RNA interference (SI
Appendix, Figs. S1 and S2) and validated their effectiveness in
cultured cell lines. Second, we validated their efficacy in rat
brains by injecting the AAV viruses encoding the shRNAs con-
structs (and their controls; SI Appendix, Fig. S3) using immu-
nohistochemistry (after novel context-induced Fos expression)
and ex vivo whole-cell clamp electrophysiology. In experiment 2,
we tested whether incubation of methamphetamine craving after
voluntary abstinence would be restored by knocking down CeL-
PKCδ, resulting in increased activity of CeM output neurons. In
experiment 3, we tested whether incubation of methamphet-
amine craving after forced abstinence would be decreased by
knocking down CeL-SOM, resulting in decreased activity CeM
output neurons.

Development and Validation of shPKCδ and shSOM Viruses. We ini-
tially developed short-hairpin RNAs to selectively knock down
PKCδ and SOM by RNA interference. We first validated the
effectiveness of these shRNAs in cultured cell lines (SI Appendix,
Figs. S1 and S2). For PKCδ, we tested two different constructs
(shPKCδ 4-1 and shPKCδ 2-1; SI Appendix, Fig. S1), and only the
sh4-1 sequence is conserved in the rat. Therefore, this is the
sequence we chose to move forward into AAV viral vectors
expressing a Nuc-eYFP reporter. We tested the AAVs viruses

encoding shCtrlPKCδ or shPKCδ in vitro using primary cortical
neurons that use epifluorescence for Nuc-eYFP detection (SI
Appendix, Fig. S3A). For SOM, we tested three different con-
structs (shSOM1, shSOM2, and shSOM3; SI Appendix, Fig. S2),
and based on our data we moved shSOM2 into AAV viral vec-
tors expressing a Nuc-eYFP reporter. We tested the AAVs
viruses encoding shCtrlSOM or shSOM in vitro using primary
cortical neurons that use epifluorescence for Nuc-eYFP detec-
tion (SI Appendix, Fig. S3B).
In experiment 1A, we used immunohistochemistry to validate

their efficacy in rat brain following viral delivery by injecting
shCtrlPKCδ or shPKCδ (n = 6; within-subjects design) into the
CeL (0.75 μL) either 2 or 4 wk before novel context exposure.
We injected each rat with shCtrlPKCδ in one hemisphere and
shPKCδ in the other hemisphere (counterbalanced). On test day,
we placed the rats into a novel context (spherical container with
fresh bedding and colorful toys) to induce Fos expression, and 90
min later we collected tissue for viral expression and Fos, PKCδ,
and Fos + PKCδ double-labeling in CeL. We found that CeL
shPKCδ injections significantly decreased CeL PKCδ levels
(paired t test, t5 = 6.1, P = 0.002); these injections also modestly
decreased Fos and Fos + PKCδ expression, but these effects did
not reach statistical significance (paired t test, t5 = 2.1 and 2.2,
P = 0.086 and 0.081) (Fig. 1 A and B and SI Appendix, Table S1,
for statistical results). We determined the distribution of viral
expression by the presence of GFP immunoreactivity (SI Ap-
pendix, Fig. S4A). Because shPKCδ modestly reduced Fos ex-
pression, we hypothesized that PKCδ knockdown would reduce
the excitability of CeL PKCδ neurons. To test this hypothesis, we
performed whole-cell current clamp recordings in CeL and ex-
amined the effect of shPKCδ on intrinsic excitability (Fig. 1C).
CeL neurons expressing shPKCδ showed reduced firing in re-
sponse to depolarizing current injections compared with CeL
neurons expressing the shCtrlPKCδ. The analysis showed a Cur-
rent x shRNA type interaction (F19,247 = 4.37, P < 0.001). There
was no difference in resting membrane potential between the
two groups (P > 0.05).
In experiment 1B, we similarly validated the shSOM virus. We

bilaterally injected the shCtrlSOM or shSOM viruses (n = 5 per
group, between-subjects design) into CeL (0.375 μL) 4 wk before
novel context exposure. Using immunohistochemistry, we found
that shSOM but not shCtrlSOM decreased CeL SOM levels
(unpaired t test, t8 = 5.4, P = 0.001) and Fos expression (t8 = 5.1,
P = 0.001) but not Fos + SOM (t8 = 1.9, P = 0.10) (Fig. 1 D and
E). We determined the distribution of viral expression by the
presence of GFP immunoreactivity (SI Appendix, Fig. S4C). Since
shSOM reduced Fos expression, we hypothesized that SOM
knockdown would reduce the excitability of CeL SOM neurons.
To test this possibility, we performed whole-cell current clamp
recordings in CeL SOM neurons to examine the effect of shSOM
on intrinsic excitability (Fig. 1F). CeL neurons expressing shSOM
showed reduced firing in response to depolarizing current in-
jections compared with CeL neurons expressing shCtrlSOM. The
analysis showed a main effect of shRNA type (F1,13 = 7.03, P =
0.02). Additionally, at rest, CeL shSOM neurons were more
hyperpolarized than shCtrlSOM neurons (t11 = 3.5, P = 0.005).

CeL PKCδ Knockdown Reversed the Inhibitory Effect of Voluntary
Abstinence on Incubation of Craving. We previously showed that
the inhibitory effect of voluntary abstinence on incubation of
methamphetamine craving is associated with increased Fos ex-
pression in CeL PKCδ neurons and reduced Fos expression in
CeM output neurons (12). In experiment 2, we investigated
whether CeL PKCδ mediates this inhibitory effect. The experi-
ment consisted of three phases (Fig. 2A): social self-administration
training (6 d, 60 s interaction) followed by CeL shCtrlPKCδ or
shPKCδ injections, methamphetamine self-administration (12 d, 6 h/d,
0.1 mg/kg/infusion), and relapse tests 1 d (30-min session) after
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the last self-administration session and after 15 d (90-min ses-
sion) of voluntary abstinence.
Training and voluntary abstinence. The rats increased the number of
social and methamphetamine rewards during training, and there
were no group differences during this phase (Fig. 2B and SI
Appendix, Table S1, for statistical results). CeL shCtrlPKCδ, and
shPKCδ injections had no effect on the rats’ strong preferences
for social reward over methamphetamine (Fig. 2C). The analysis
of the preference score showed a significant effect of session
(F9,189 = 5.0, P < 0.001), but not shRNA type or session ×
shRNA type interaction (P values > 0.05).
Relapse tests. The results of the 30-min day 1 test and the first
30 min of day 15 test showed that the rats in the shPKCδ but

not shCtrlPKCδ condition sought methamphetamine more on
abstinence day 15 than on day 1 (Fig. 2D). The statistical anal-
ysis, which included the between-subjects factor of shRNA type
(shCtrlPKCδ or shPKCδ) and the within-subjects factors of
abstinence day (1, 15) and lever (active or inactive) showed a
significant interaction between the three factors (F1,21 = 4.3, P =
0.050). We also analyzed the data from the 90-min day 15 relapse
test session using the factors of shRNA type and session minute
(30, 60, and 90 min) (SI Appendix, Fig. S5A). This analysis
showed significant interaction between the two factors (F2,42 =
3.7, P = 0.032). These results indicate that shPKCδ but not
shCtrlPKCδ increased the response to the methamphetamine cues
during the first 30 min of testing but had no effect on within-session
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Fig. 1. shPKCδ and shSOM validation. (A) Timeline of the experiment (shPKCδ). We injected six male rats with shCtrlPKCδ into the CeL of one hemisphere and
shPKCδ into the other hemisphere (counterbalanced) either 2 or 4 wk prior to novel context-induced Fos expression. (B) shPKCδ effect on Fos expression and
PKCδ levels in CeL. (Left) Representative CeL photomicrographs of shCtrlPKCδ (Top) and shPKCδ (Bottom) viral expression, Fos, and PKCδ expression (n = 6).
Virus is shown in green, Fos is shown in white, and PKCδ is shown in green. (Scale bars, 50 μm.) (Right) Cell counting graph (reporting also individual data) for
Fos, PKCδ, and double-labeled neurons. (C). Electrophysiology validation. The first panel shows a representative photomicrograph of recorded cells. (Scale
bars, 10 μm.) The second panel shows example traces showing spiking activity in response to a depolarizing somatic current injection in CeL neurons
expressing either shCtrlPKCδ or shPKCδ. The third panel shows input–output curve demonstrating spiking activity output in response to depolarizing steps of
current input in CeL neurons expressing either shCtrlPKCδ or shPKCδ. The fourth panel shows summary data showing resting membrane potential of recorded
CeL neurons expressing either shCtrlPKCδ or shPKCδ. (D) Timeline of the experiment (SOM). We injected two groups of male rats (n = 5) bilaterally with
shCtrlSOM or shSOM into the CeL 4 wk prior to novel context-induced Fos expression. (E) shSOM effect on Fos expression and SOM levels in CeL. (Left)
Representative CeL photomicrographs of shCtrlSOM (Top) and shSOM (Bottom) viral expression and Fos and SOM expression (n = 5 per group). Virus is shown
in green, Fos is shown in white, and SOM is shown in red. (Scale bars, 50 μm.) (Right) Cell counting graph (reporting also individual data) for Fos, SOM, and
double-labeled neurons. (F). Electrophysiology validation. The first panel shows a representative photomicrograph of recorded cells. (Scale bars, 10 μm.) The
second panel shows example traces showing spiking activity in response to a depolarizing somatic current injection in CeL neurons expressing either shCtrlSOM

or shSOM. The third panel shows input–output curve demonstrating spiking activity output in response to depolarizing steps of current input in CeL neurons
expressing either shCtrlSOM or shSOM. The fourth panel shows a summary graph showing resting membrane potential of recorded CeL neurons expressing
either shCtrlSOM or shSOM. *, different from shCtrl control viruses, P < 0.05. See also SI Appendix, Figs. S1–S3. Statistical details are included in SI Appendix,
Table S1.
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extinction learning. We report the extent of viral expression for
these experiments in SI Appendix, Fig. S4B.
Immunohistochemistry.After the 90-min day 15 relapse test, we first
assessed virus expression (Fig. 2E). We then analyzed Fos ex-
pression, PKCδ and SOM protein levels, and double-labeled Fos +
PKCδ and Fos + SOM (Fig. 2 F–I). For Fos, CeL shPKCδ in-
jections decreased Fos in CeL and increased Fos in CeM (Fig.
2 F and G). The statistical analysis showed a significant inter-
action of shRNA type × amygdala subregion (CeL, CeM)
(F1,21 = 44.4, P < 0.001). For PKCδ, CeL shPKCδ injections
decreased PKCδ protein levels in CeL but not CeM (Fig. 2 F and
H), as indicated by a shRNA type × amygdala subregion inter-
action (F1,21 = 39.8, P < 0.001). For SOM, CeL shPKCδ injec-
tions had no effect on SOM protein levels in either CeL or CeM
(P values > 0.05) (Fig. 2 F and H). For Fos + PKCδ double-
labeling, CeL shPKCδ injections decreased Fos in PKCδ neurons
in CeL but not CeM, as indicated by a significant shRNA type ×
amygdala subregion interaction (F1,21 = 26.9, P < 0.001) (Fig. 2 F
and I). For Fos + SOM double-labeling, CeL shPKCδ injections
had no effect on Fos expression in SOM neurons in CeL or CeM.
The statistical analysis showed a main effect of amygdala sub-
region (F1,21 = 92.1, P < 0.001), reflecting higher expression of
Fos + SOM in CeL but no effects of shRNA type or interaction
between the two factors (P values > 0.05) (Fig. 2 F and I).

Taken together, in agreement with our previous findings (12),
voluntary abstinence prevented incubation of craving in rats
injected with the shCtrlPKCδ control virus. More importantly,
knockdown of PKCδ in the CeL with shPKCδ reversed the in-
hibitory effect of voluntary abstinence on incubation of meth-
amphetamine craving by decreasing the activity of CeL PKCδ
neurons and increasing the activity of CeM output neurons.

CeL SOM Knockdown Decreased Incubation of Methamphetamine
Craving after Forced Abstinence. We previously showed that in-
cubation of methamphetamine craving after forced abstinence
was associated with increased Fos expression in CeL SOM
neurons and increased Fos expression in CeM output neurons
(12). In experiment 3, we determined whether decreasing CeL
SOM levels will decrease incubation of methamphetamine
craving after forced abstinence. The experiment consisted of two
phases (Fig. 3A): CeL shCtrlSOM or shSOM injections, followed
by methamphetamine self-administration (12 d, 6 h/d, 0.1 mg/kg/
infusion) and relapse tests 1 d (30-min session) after the last self-
administration session and after 15 d (90-min session) of forced
abstinence.
Training. The rats increased the number of methamphetamine
infusions during training, and there were no group differences
during this phase (Fig. 3B and SI Appendix, Table S1, for sta-
tistical results) (P values > 0.05).
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Appendix, Figs. S1, S3, and S4.
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Relapse tests. The results of the 30-min day 1 test and the first 30
min of day 15 test showed that the rats in the shCtrlSOM but
not shSOM condition sought methamphetamine more on absti-
nence day 15 than on day 1 (Fig. 3C). The statistical analysis
showed a significant shRNA type × abstinence day interaction
(F1,24 = 13.0, P = 0.001). We also analyzed the data from the
90-min day 15 relapse test session using the factors of shRNA type
and session minute (SI Appendix, Fig. S5B). This analysis showed
significant interaction between the two factors (F2,48 = 10.7, P <
0.001). These results indicate that shSOM but not shCtrlSOM
decreased the response to the methamphetamine cues during the
first 30 min of testing but had no effect on within-session ex-
tinction learning. We reported the extent of viral expression for
these experiments in SI Appendix, Fig. S4D.
Immunohistochemistry.After the 90-min day 15 relapse test, we first
assessed virus expression (Fig. 3D). We then analyzed Fos ex-
pression, PKCδ and SOM protein levels, and double-labeled Fos +
PKCδ and Fos + SOM (Fig. 3 E–H). For Fos, CeL shSOM in-
jections decreased Fos expression in both CeL and CeM (Fig. 3
E and F). The statistical analysis showed a main effect of shRNA
type (F1,24 = 10.05, P = 0.004) but not of amygdala subregion or
an interaction between the two factors (P values > 0.05). For
PKCδ, CeL shSOM injections had no effect on PKCδ protein
levels in either the CeL or CeM (P values > 0.05) (Fig. 3 E and
G). For SOM, CeL shSOM injections decreased SOM protein
levels in CeL but not CeM, as indicated by a significant interaction

between shRNA type × amygdala subregion (F1,24 = 15.4, P =
0.001) (Fig. 3 E and G). For Fos + SOM double-labeling, CeL
shSOM injections decreased Fos expression in SOM neurons in
CeL but not CeM, as indicated by a significant shRNA type ×
amygdala subregion interaction (F1,21 = 16.8, P < 0.001) (Fig. 3 E
and H). For Fos + PKCδ double-labeling, CeL shSOM injections
had no effect on Fos + PKCδ double-labeling in CeL or CeM. The
analysis showed a main effect of amygdala subregion (F1,24 =
254.1, P < 0.001), reflecting higher expression of Fos + PKCδ in
CeL than in CeM, but no significant effects of shRNA type or an
interaction between the two factors (P values > 0.05) (Fig. 3 E
and H).
Taken together, knockdown of SOM in the CeL with shSOM

decreased incubation of methamphetamine craving after forced
abstinence by decreasing the activity of CeL SOM neurons and
CeM output neurons.

Discussion
Our study identified CeL PKCδ and SOM neurons as critical
components of dissociable central amygdala microcircuits con-
trolling abstinence-dependent inhibition and expression of in-
cubation of methamphetamine craving (Fig. 4). Our study also
introduces two viral tools for studying the functional role of
the PKCδ enzyme and the SOM peptide in different neuronal
populations in multiple brain areas of nontransgenic rats and
potentially other species.
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We recently showed that the inhibitory effect of social reward
on incubation of methamphetamine craving is correlated with
increased Fos expression in CeL PKCδ neurons and reduced Fos
expression in CeM output neurons. In contrast, incubation of
methamphetamine craving after forced abstinence was corre-
lated with increased Fos expression in both CeL SOM neurons
and CeM neurons (12). Based on these correlational Fos ex-
pression data and studies on the functional heterogeneity of the
CeL and CeM (19), we postulated that CeL PKCδ and SOM
neurons play dissociable roles in incubation of drug craving
after voluntary abstinence versus forced abstinence. Testing
the involvement of central amygdala PKCδ or SOM in in-
cubation of drug craving required the development of new
tools to selectively inhibit PKCδ or SOM CeL neurons because
the lack of transgenic rat Cre-lines prevents the use of opto-
genetic or chemogenetic modulators to selectively inhibit these
cell types.
We found that shPKCδ CeL injections decreased neuronal

activity in PKCδ neurons in CeL and increased activity of CeM
output neurons, resulting in reversal of the inhibitory effect of
voluntary abstinence induced by social choice on incubation of
craving. In contrast, shSOM CeL injections decreased Fos ex-
pression in both CeL SOM neurons and CeM output neurons,
resulting in inhibition of incubation of craving after forced ab-
stinence in homecage. Our results are consistent with previous
studies using transgenic mice showing that CeL PKCδ-expressing
neurons inhibit CeM output neurons that promote aversive be-
haviors, while CeL SOM-expressing neurons promote aversive or
appetitive behaviors by disinhibition of CeM output neurons
(20–25).
However, direct long-range projections from CeL SOM neu-

rons to downstream central amygdala targets like bed nucleus of
stria terminalis and periaqueductal gray contribute to aversive
motivated behaviors (26, 27) and potentially appetitive behaviors
as well (28). Therefore, the inhibitory effect of CeL shSOM in-
jections on incubation after forced abstinence could be due to
the inhibitory effect of these injections on activity of these mo-
tivationally relevant long-range projections. Additional evidence
for the bidirectional nature of CeL PKCδ and SOM neurons is
their opposite roles in pain modulation: activation of CeL PKCδ
neurons increases pain, while activation of CeL SOM neurons
decreases pain (29).
Our results expand our understanding of the role of CeL PKCδ

and SOM neurons in motivated behaviors. Previous mouse trans-
genic studies established a role of PKCδ- and SOM-expressing
neurons in different behaviors. In contrast, the current findings

establish a causal role of the PKCδ and the SOM in the CeL in
motivated behavior. An unexpected finding was that our viral
constructs not only decreased the levels of PKCδ and the SOM
but also potently decreased neuronal activity in a cell type-specific
manner. Based on the previous literature described above, this
inhibitory effect on cell activity likely mediates the effects of the
viral manipulations on incubation of drug craving.
In conclusion, we identified abstinence-dependent, cell type-

specific, central amygdala microcircuit mechanisms that bidi-
rectionally control incubation of methamphetamine craving after
either voluntary abstinence or forced abstinence. Our results
expand our understanding of the critical role of central amygdala
in incubation of drug craving after forced abstinence (17, 18, 30,
31), relapse after food choice-induced voluntary abstinence (32),
and the incentive motivational effects of drug and nondrug re-
wards (33, 34). Finally, it is well established that exposure to
drug-associated cues increases amygdala activity in human drug
users (35, 36). Additionally, human imaging studies reported that
in drug users, changes in resting-state functional connectivity of
amygdala-related circuits are associated with relapse risk (37, 38).
We hope that our study will inspire clinical studies to determine
whether social-based treatment approaches like the community
reinforcement approach (8) and the therapeutic workplace (9) will
restore normal amygdala function, resulting in reduced long-term
relapse risk.

Materials and Methods
Subjects.We used male Sprague–Dawley rats (Charles River, n = 108; 36 social
partners) weighing 150 to 175 g upon arrival. For experiments 1A and 1B, we
housed rats two per cage. For experiments 2 and 3, we housed rats two per
cage for 2 to 3 wk and then individually housed them for the duration of the
experiment starting 1 wk prior to either social (experiment 2) or metham-
phetamine (experiment 3) self-administration. In experiment 2, we randomly
assigned the rats to the “resident (drug user)” and “social partner (drug
naïve)” groups. We maintained all rats on a reverse 12-h light/dark cycle
(lights off at 9:30 AM) with free access to standard laboratory chow and
water. Our procedures followed the guidelines outlined in the Guide for the
Care and Use of Laboratory Animals (39). Our study was approved by the
NIDA Intramural Research Program Animal Care and Use Committee. We
excluded 23 rats due to sickness (n = 3) or viruses’ misplacement (n = 20).

Surgery. We performed all surgeries before methamphetamine self-
administration training. We anesthetized the rats with isoflurane (5% in-
duction; 2 to 3%maintenance) and injected ketoprofen (2.5mg/kg, s.c. Butler
Schein) after surgery and the following day to relieve pain and decrease
inflammation. We allowed the rats to recover from surgery for 4 to 5 d
before training.
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Fig. 4. Schematic illustration of the dissociable CeA mechanisms mediating abstinence-dependent expression or inhibition of incubation of methamphet-
amine craving. (A) A putative central amygdala microcircuit that promotes incubation of drug craving after forced abstinence: active CeL somatostatin (SOM)
neurons activate CeM output neurons (via disinhibition) and promote incubation. (B) A putative central amygdala microcircuit that inhibits incubation of drug
craving after voluntary abstinence: active CeL PKCδ neurons inhibit CeM output neurons and inhibit incubation. CeL, CeM, central amygdala lateral and
medial subdivision; BLA, basolateral amygdala. Full circle indicates active neurons, and empty circle indicates inactive neurons. PKCδ neurons (green), SOM
neurons (red), output neurons (blue) neurons, and other neurons (yellow).
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I.V. Catheterization.We inserted Silastic catheters into the jugular vein, which
passed s.c. to the midscapular region and attached to a modified 22-gauge
cannula cemented to polypropylene mesh (Sefar). We flushed the catheters
daily with sterile saline containing gentamicin (4.25 mg/mL; APP Pharma-
ceuticals) during the experiments.

Viral Injections. We injected viruses to selectively knockdown either PKCδ or
SOM in CeL. We set the nose bar at −3.3 mm and used the following co-
ordinates from Bregma (40), based on pilots and previous studies (30, 32):
anterior-posterior (AP), −2.5 mm; medial-lateral (ML), ± 4.5 mm; dorsal-
ventral (DV), −8.5 mm. We injected either 0.75 μL (experiments 1A and 2)
or 0.375 μL (experiments 1B and 3) of virus in CeA over 5 min and left the
needle in place for 5 min. We used 10 mL Nanofil syringes (World Precision
Instruments) with 33-gauge needles, attached to an UltraMicroPump (UMP3)
with SYS-Micro4 Controller (World Precision Instruments). We used different
virus volumes to limit shSOM spread to the CeM. In experiments 1A (uni-
lateral counterbalance) and 2 (bilateral), we used either shCtrlPKCδ (scAAV1-
shCtrl-CMV-IE-Nuc-eYFP; Titer: 3.24E + 12 vg/mL) or shPKCδ (scAAV1-shPKCδ-
CMV-IE-Nuc-eYFP; Titer: 2.56E + 12 vg/mL). In experiments 1B and 3 (both
bilateral), we used either shCtrlSOM (AAV1-SYN1-Nuc-eYFP-miR-30a-(shCtrl);
Titer: 2.1E + 10 vg/mL) or shSOM (AAV1-SYN-Nuc-eyFP-miR30a-(shSOM);
Titer: 2.1E + 10 vg/mL).

Viral Vector Plasmid Construction.
shPKCδ.Wedesigned short hairpin RNAs (shRNAs) from the sequence formouse
PKCδ mRNA (NCBI Accession No. NM_011103.3) using an siRNA selection
program from the Whitehead Institute. The 19-nucleotide sequences we
identified targeting mouse PKCδ were sh4-1, GGACAAAGGCCGCTTCGAA, and
sh2-1, GGTGTTGATTGACGATGAT. Only the sh4-1 sequence is conserved in the
rat, and this is the one we used for the experiment described below. As a
control we used a sequence, GCGCTTAGCTGTAGGATTC, which does not align
with any knownmammalian gene in a BLAST search. We designed a stem-loop
structure incorporating the 19-nucleotide target sequence (41) and synthe-
sized complementary oligonucleotides encoding PKCδ shRNAs (Operon); next
we annealed and cloned the construct into the lentiviral expression vector
pLL3.7 (42).

We produced the lentivirus using a Virapower Kit (Invitrogen). Viral titers
that we determined by p24 ELISA (Zeptometrix) were ∼8 × 107 pg/mL for all
viruses. We determined knockdown efficiency by infection of mouse L-M(TK-)
cells with lentivirus at 1 pg of p24 antigen per cell (∼1 infectious unit). We
determined PKCδ protein levels by Western blot analysis using a goat anti-
PKCδ antibody (Santa Cruz Biotechnology, 1:1,000 to 1,500 dilution;
RRID:AB_670776) followed by goat anti-rabbit-peroxidase (Chemicon;
1:1,000 dilution; RRID:AB_390191) and visualized protein bands by enhanced
chemiluminescence (Pierce Biotechnology). We scanned images of blots and
calculated the optical density of each immunoreactive band using Fiji. We
measured the amount of immunoreactivity in each sample as the slope of the
line determined by optical density values measured at four different protein
amounts (2.5, 5, 7.5, and 10 μg).
shSOM. We used the program shRNA Retriever maintained by Ravi Sachid-
anandam at Icahn School of Medicine, NY, to identify three shRNA sequences
targeting the 3′UTR of somatostatin (SOM) into the vector pPRIME-GFP
(Addgene no. 11657). We validated these shRNAs in HEK293 cells plated at
a density of 3 × 105 cells per well in 12-well plates. The next day we
cotransfected cells with an shSOM vector and a transgene encoding so-
matostatin with its 3′-UTR using Lipofectamine 2000 (Invitrogen). Seventy-
two h after transfection, we extracted RNA using RNeasy Lipid Tissue Mini
Kit (QIAGEN), reverse transcribed RNA samples using the High Capacity
cDNA Synthesis Kit (Invitrogen), and determined knockdown efficiency by
qPCR using GUSB mRNA for normalization. We performed qPCR using a
TaqMan Gene Expression Assay Kit (Applied Biosystems) with probes for
SOM (Rn00561967_m1) and GUSB (Hs00939627_m1), using a ViiA 7 Real-
Time PCR System (Applied Biosystems).

We tested three different constructs (shSOM1, shSOM2, and shSOM3), and
based on our data we used shSOM2 for the experiment described below. As a
control we used the GCCGCGATTAGGCTGTTATAA sequence (43, 44) (Addgene
no. 71384). We normalized SOM gene expression to the GUSB control sample.

AAV Packaging Vectors to shRNAs Delivery.
shPKCδ. We amplified the expression cassettes for the shRNAs driven by the
murine U6 promoter from the pLL3.7 backbones by PCR and used to replace
the MluI restriction fragment containing the Nluc shRNA cassette of pscAAV-
mU6-shRNA(Nluc)-CMV-IE-Nuc-eYFP [Addgene no. 104986 (45)] using ligation-
independent cloning. This resulted in pscAAV-shCtrl-CMV-IE-Nuc-eYFP
(shCtrlPKCδ; Addgene no. 135563) and pscAAV-shPKCδ-CMV-IE-Nuc-eYFP rat

(shPKCδ; Addgene no. 135562). We verified the insert-containing clones by
sequencing and restriction digest prior to packaging virus.
shSOM.We amplified themiR30a cassettes for the shRNAs by PCR and inserted
downstream as a transcriptional fusion to the nuclear-localized eYFP re-
porter driven by the synapsin promoter in pAAV-SYN1-Nuc-EYFP (Addgene
no. 135567), using ligation-independent cloning. We verified the insert-
containing clones by sequencing and restriction digest prior to packaging
virus. This resulted in pAAV-SYN1-Nuc-eYFP-miR-30a (shCtrlSOM; Addgene no.
135564) and pAAV-SYN-Nuc-eYFP-miR30a (shSOM; Addgene no. 135565).

We packaged all four AAV plasmids as AAV1 serotype particles using triple
transfection method as previously described (46). We titered the vectors by
droplet digital PCR.
Drugs. We received (+)-methamphetamine-HCl (methamphetamine) dis-
solved in saline from the NIDA pharmacy. We used a unit dose of 0.1 mg/kg/
infusion for self-administration training based on previous studies (12,
32, 47).
Immunohistochemistry. Immediately after the behavioral tests, we anesthetized
the rats with isoflurane and perfused them transcardially with ∼100 mL of
0.1 M phosphate-buffered saline (PBS) (pH 7.4) followed by ∼400 mL of 4%
paraformaldehyde (PFA) in PBS. We removed the brains and postfixed them
in 4% PFA for 2 h before transferring them to 30% sucrose in PBS for 48 h
at 4 °C. We froze the brains in dry ice and stored them at −80 °C. We
cut coronal sections (40 μm) of the amygdala (AP bregma level of −1.92
to −2.76 mm) using a Leica cryostat. We collected the tissues in cryoprotectant
(20% glycerol and 2% DMSO in 0.1 M PBS, pH 7.4) and stored them at −80 °C
until further processing.

Viral injection site verification. We selected four series of sections of each rat
and used immunofluorescence to determine viral injection sites. We re-
peatedly rinsed free-floating sections in PBS (3 × 10 min) and incubated them
for 2 h in 0.5% PBS-Tx with 10% normal horse serum (NHS). We then in-
cubated all sections for at least 48 h at 4 °C in chicken anti-GFP primary
antibody (1:1,000; Aves Labs Inc., RRID: AB_2307313) diluted in 0.5% PBS-Tx
with 2%NHS. After rinsing the sections in with PBS, we incubated them for 4 h
in 0.5% PBS-Tx with 2% NHS and donkey anti-chicken Alexa Fluor 488
(1:500; Jackson ImmunoResearch, 703-545-155; RRID: AB_2340375). We then
rinsed the sections in PBS, mounted them onto gelatin-coated glass slides,
air-dried, and cover-slipped with antifade mounting medium (Vectashield).

Fos, PKCδ and SOM triple-labeling.We selected four series of sections of each
rat and used immunofluorescence to double-label Fos with either PKCδ or
SOM (experiment 1) or triple-label Fos with PKCδ and SOM (experiments 2
and 3). We used the same protocol described above, except that we used
different antibodies. Primary antibodies were rabbit anti-Fos (1:1,000, Cell
Signaling Technology, Phospho-c-Fos, 5348S; RRID: AB_10013220), mouse anti-
PKCδ primary antibody (1:1,000, BD Biosciences, 610398, RRID:AB_397781),
and rat anti-SOM (1:1,000, Millipore, MAB354, RRID:AB_2255365); secondary
antibodies were donkey anti-rabbit Alexa Fluor 594 (1:500, Jackson Immuno
Research, 711-585-152; RRID: AB_2340621), donkey anti-mouse DyLight Fluor
405 (1:500, Jackson Immuno Research, 715-475-150, RRID: AB_2340839), and
donkey anti-rat Alexa Fluor 647 (1:500, Jackson Immuno Research, 712-605-
153, RRID: AB_2340694).

Image acquisition and quantification. We used an ORCA-Flash 4.0 Digital
camera (Hamamatsu, C11440-42U30) attached to a Zeiss Axio Scope Imager
M2 using Micro-Manager 1.4 software (Open Imaging) to collect the images.
We captured each image using a 10× (for viral placements) or 20× objective
(for triple-labeling). We quantified the total number of Fos (white), PKCδ
(green), and SOM (red) positive cells in CeL and CeM. For each rat, we
quantified cells in two hemispheres of four sections, and we averaged the
counts to give a mean number of each immunoreactive cell type. In the serial
sections, we considered a cell immunopositive if it showed a neuron-like
shape after we adjusted the pictures to match contrast and brightness us-
ing Fiji. We performed the image-based quantification in a blind manner.
The mean interrater reliability (MV and TIR) for experiments 1A and 1B and
experiments 2 and 3 were r = 0.85, 0.86, 0.85, and 0.81, P < 0.05. For viral
injection site verification (SI Appendix, Fig. S4), we plotted each injection at
50% opacity so that overlap of injection sites is apparent with increased
color intensity.

Ex Vivo Electrophysiology. We deeply anesthetized rats with isoflurane (60 to
90 s) and then rapidly removed their brains. We cut coronal sections (250 μm)
containing the amygdala using a vibratome (Leica VT1000) in an ice-cold
cutting solution containing (in mM) 92 NMDG, 20 Hepes, 25 glucose,
30 NaHCO3, 1.2 NaH2PO4, 2.5 KCl, 5 Na-ascorbate, 3 Na-pyruvate, 2 thiourea,
10 MgSO4, and 0.5 CaCl2, saturated with 95%O2, 5% CO2, pH 7.3 to 7.4, 305 to
310 mOsm/kg. Slices recovered for a minimum of 30 min at 22 °C in artificial-
CSF containing (in mM) 126 NaCl, 2.5 KCl, 1.2 MgCl2, 2.4 CaCl2, 1.2 NaH2PO4,
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21.4 NaHCO3, 11.1 glucose, 3 Na-pyruvate, and 1 Na-ascorbate. We recorded
at 32 to 35 °C in the same solution that was bath-perfused at 2 to 3 mL/min.
The intracellular solution contained (in mM), 115 K-gluconate, 20 KCl, 1.5
MgCl2, 10 Hepes, 0.025 EGTA, 2 Mg-ATP, 0.2 Na2-GTP, and 10 Na2-phos-
phocreatine, pH 7.2 to 7.3, 285 to 290 mOsm/kg.

We identified virus-expressing cells using scanning-disk confocal micros-
copy (Olympus FV1000). We used differential interference contrast optics to
identify and record from CeL neurons. We used an Axopatch 200B amplifier
(Molecular Devices) and Axograph X software (Axograph Scientific) to record
and collect the data, which we filtered at 10 kHz and digitized at 4 to 20 kHz.
We monitored series resistance (Rs) and input resistance (Rin) with injection
of hyperpolarizing current (20 pA, 500 ms); we excluded data if these pa-
rameters changed >20% during data acquisition. We measured repetitive
firing using depolarizing current steps (800-ms duration, 50 to 450 pA, 20-pA
increments for shPKCδ experiment, 800-ms duration, 50 to 190 pA, 20-pA
increments for shSOM experiment).

Self-Administration Chambers. We combined a standard Med Associates self-
administration chamber with a custom-made social-partner chamber sepa-
rated by a guillotine door. Each chamber had a discriminative stimulus on the
right panel (white houselight) that signaled the availability of the social
reward-paired lever and a discriminative stimulus on the left panel (red lens)
that signaled the availability of the drug-paired lever located on the left side.
There was also an inactive lever on the left side. A white cue light was located
above the drug-paired lever and a tone cue above the social-paired lever (12–14).

Procedures.
Social self-administration. We trained rats to self-administer a social partner
during daily 40-min sessions (20 trials per session, 60 s) using a discrete trial
design. The trials started with the illumination of the social-paired houselight
followed 10 s later with insertion of the social-paired active lever; we allowed
the resident rat a maximum of 60 s to press the lever on a fixed-ratio-1 (FR1)
reinforcement schedule before it retracted and the houselight turned off.
Successful lever presses caused the retraction of the active lever, followed by a
20-s tone cue and opening of the guillotine door. The resident rat was
subsequently allowed to interact with the social partner for 60 s until the
houselight turned off, at which point the guillotine door closed and we
manually replaced both rats in their appropriate chambers. We recorded the
number of successful trials and inactive lever presses (12–14).
Drug self-administration.We trained rats to self-administer methamphetamine
during six 1-h sessions that were separated by 10-min off periods under an
FR1 20-s timeout reinforcement schedule. We limited the number of infusions
to 15/h. The sessions began with the presentation of the red light and 10 s
later with insertion of the drug-paired active lever; the red light served as a
discriminative stimulus for drug availability. At the end of each 1-h session,
the red light was turned off, and the active lever was retracted (48).
Voluntary abstinence. We conducted the discrete choice sessions during the
voluntary abstinence using the same parameters used during social and
methamphetamine self-administration training.We allowed the rats to choose
between the social- and drug-paired levers in a discrete trial choice procedure
for 10 sessions over 14 d. We divided each 120-min choice session into 15
discrete trials that were separated by 8 min (12–14). Each trial began with
presentations of the discriminative stimuli for social interaction and meth-
amphetamine, followed 10 s later by insertion of the levers paired with the
rewards. Rats could then select one of the two levers. If rats responded within
6 min, they only received the reward associated with the selected lever. Each
reward delivery was signaled by the social or drug-associated cue, retraction of
both levers, and turning off the discriminative cues. If rats failed to respond on
either active lever within 6 min, both levers were retracted, and the discrim-
inative stimuli were turned off with no reward delivery.
Forced abstinence.After the completion of the training phase, we kept the rats
in their homecage and handled them 3–4 times per week (48).
Relapse tests. The relapse test in the presence of drug cues consisted of 30-
or 90-min sessions. The sessions began with the presentation of the
methamphetamine-paired discriminative cue, followed 10 s later by insertion
of the methamphetamine-paired lever. Active lever presses during testing,
the operational measure of drug seeking in incubation of craving and relapse
studies (17, 49), caused contingent presentations of the light cue previously
paired with methamphetamine infusions but not methamphetamine.

Specific Experiments.
Experiment 1A: shPKCδ validation.

Immunohistochemistry.We injected six rats with shCtrlPKCδ into the CeL of one
hemisphere and shPKCδ into the other hemisphere (0.75 μL; counterbalanced)
either 2 or 4 wk before novel context exposure. We combined the 2- and 4-wk
data because we observed similar viral expression. On test day, we placed the
rats into a novel context (spherical container with fresh bedding and color-
ful toys) to induce Fos expression and 90 min later anesthetized the rats
with isoflurane, perfused them, and extracted their brains for subsequent
immunohistochemistry assays.

Electrophysiology.Weperformedwhole-cell current clamp recordings in CeL
and examined the effect of the viruses (shCtrlPKCδ n = 7 cells/5 rats; shPKCδ
n = 9 cells/5 rats) on intrinsic properties.
Experiment 1B: shSOM validation.

Immunohistochemistry. We injected two groups of rats (n = 5 per group)
bilaterally with shCtrlSOM (0.375 μL) or shSOM into the CeL 4 wk before novel
context exposure. We selected the 4-wk time point period based on our data
with the shPKCδ. On test day, we placed the rats into the novel context to
induce Fos expression and 90 min later deeply anesthetized the rats, per-
fused them, and extracted their brains.

Electrophysiology.Weperformedwhole-cell current clamp recordings in CeL
and examined the effect of the viruses (shCtrlSOM n = 9 cells/5 rats; shSOM n =
6 cells/5 rats) on intrinsic properties.
Experiment 2: Effect of shPKCδ on incubation of methamphetamine craving after
voluntary abstinence.

Training. We first trained rats to self-administer social interaction (6 ses-
sions, 20 trials per session) and then trained them to self-administer meth-
amphetamine (12 sessions, 6 h per session; 0.1 mg/kg/infusion).

Voluntary abstinence. We determined social interaction versus methamphet-
aminepreference for 10 dover 14d, preceding theabstinence day 15 relapse test.

Relapse tests. We tested the rats for methamphetamine seeking under
extinction conditions on abstinence days 1 and 15. The duration of the test
session was 30 min on abstinence day 1 to minimize carryover effect of
extinction learning, which may decrease drug seeking on day 15 testing.
Immediately after the 90-min day 15 relapse test, we anesthetized the rats
and perfused them.We extracted the brains and processed the tissue for viral
expression and for Fos expression, PKCδ and SOM protein levels, and double-
labeled expression in CeL and CeM.
Experiment 3: Effect of shSOM on incubation of methamphetamine craving after
forced abstinence.

Training.We trained rats to self-administer methamphetamine (12 sessions,
6 h per session; 0.1 mg/kg/infusion).

Forced abstinence. After the day 1 relapse test, we returned the rats to their
homecage for 14 d and handled them three to four times per week.

Relapse tests. The tests were identical to those reported in experiment 2.

Statistical Analysis. We used factorial ANOVAs and t tests using Statistical
Package for the Social Sciences (SPSS) (IBM, version 25, GLM procedure). We
followed significant main and interaction effects (P < 0.05, two-tailed) with
post hoc tests (Fisher PLSD). We only report significant effects critical for data
interpretation and indicate results of post hoc analyses in the figures. For
choice data, we performed the statistical analyses on preference score (num-
ber of social rewards/[number of social reward + number of methamphet-
amine infusions]). In SI Appendix, Table S1, we provide a complete report of
the statistical results. No statistical methods were used to predetermine sample
sizes, and our sample sizes are based on our previous studies (12, 13). Data
distribution was assumed to be normal, but this was not formally tested.

Data Availability. Materials, datasets, and protocols are available upon re-
quest from M.V. or Y.S.
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