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SUMMARY
The claustrum is a small nucleus, exhibiting vast reciprocal connectivity with cortical, subcortical, and
midbrain regions. Recent studies, including ours, implicate the claustrum in salience detection and attention.
In the current study, we develop an iterative functional investigation of the claustrum, guided by quantitative
spatial transcriptional analysis. Using this approach, we identify a circuit involving dopamine-receptor ex-
pressing claustral neurons projecting to frontal cortex necessary for context association of reward. We
describe the recruitment of claustral neurons by cocaine and their role in drug sensitization. In order to char-
acterize the circuit within which these neurons are embedded, we apply chemo- and opto-genetic manipu-
lation of increasingly specified claustral subpopulations. This strategy resolves the role of a defined network
of claustrum neurons expressing dopamine D1 receptors and projecting to frontal cortex in the acquisition of
cocaine conditioned-place preference and real-time optogenetic conditioned-place preference. In sum, our
results suggest a role for a claustrum-to-frontal cortex circuit in the attribution of incentive salience, allo-
cating attention to reward-related contextual cues.
INTRODUCTION

The claustrum is a small subcortical nucleus, exhibiting vast

reciprocal connectivity with large regions of cortex, as well as

with many subcortical and midbrain structures [1–8]. The func-

tion of the claustrum has been the subject of much speculation

[1–4, 9,10–12], with recent observations identifying roles for the

claustrum in salience detection and attention [8, 13–20]. The

claustrum has also been recognized as a major hub of neuromo-

dulatory action in the brain, uniquely enriched in expression of

receptors for many classes of neuromodulators, and receiving

inputs from multiple neuromodulatory structures [1–4, 21, 22].

Dopaminergic innervation of the claustrum has been indicated

from studies across mammalian species [21–25], including re-

ports of projections to the claustrum from midbrain dopamine

centers [13, 21, 22, 26, 27] as well as tyrosine hydroxylase (TH)

staining in the claustrum [21–25, 28]. Claustral expression of

dopamine receptors has been reported, as have functional re-

sponses to dopamine within the claustrum [25, 28–35]. This

dopaminergic innervation of the claustrum has been hypothe-

sized to function in supporting reinforcement and the acquisition

of reward [9, 26]. The association of dopamine reward and atten-

tion evoke the concept of incentive salience, which is defined as

a form of motivational salience, by which attention is allocated in

a dopamine-dependent manner to cues associated with reward
Current Biology 30, 1–11, Sept
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[36, 37]. The reported roles of the claustrum in salience detection

and attention, together with its dopaminergic modulation, posi-

tion the claustrum as a candidate structure for the attribution

of incentive salience.

Themost prominent long-range connectivity of the claustrum is

with frontal cortical structures. Inputs to the claustrum from frontal

cortex have been implicated in attention [5, 38, 39], whereas

claustral input to frontal structures is reported to provide robust

feedforward inhibition [40, 41]. The action of claustrum on frontal

circuits has been suggested to provide a large-scale form of

lateral inhibition, whereby claustral neurons suppress designated

cortical regions. This lateral inhibition has been proposed to

reduce the representation of irrelevant sensory information,

permitting context-specific cortical circuits to encode stimuli ac-

cording to behavioral demands [4, 13, 40].

In this study, we find that the activity of the claustrum is neces-

sary for the development of behavioral sensitization to cocaine.

We report that the claustrum receives dopamine inputs and ex-

presses dopamine receptors and that claustral neurons express-

ing D1 dopamine receptors are preferentially recruited by

cocaine. Furthermore, activity of D1R+ claustral neurons is

required for the development of cocaine conditioned-place pref-

erence (CPP), and their optogenetic activation can drive the

development of place preference. Finally, we find that D1R+

claustral neurons project to frontal cortex, and the activity of
ember 21, 2020 ª 2020 The Author(s). Published by Elsevier Inc. 1
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Figure 1. The claustrum receives dopaminergic input and inhibition of claustral neurons attenuates behavioral sensitization to cocaine

(A) Example section demonstrating the domain of viral transduction after stereotactic targeting of AAVdj-CAG-DIO-GPE2 (Cre-dependent Kir2.1) to the claustrum

region of Egr2-Cre mice.

(B) Constitutive inhibition of CLEgr2+ neurons attenuates the development of behavioral sensitization to cocaine. Egr2-Cre mice were injected bilaterally with

viruses conditionally expressing Kir2.1 (n = 9) versus GFP (n = 6) as control. Mice were habituated to an open field arena and saline injection (i.p.) for 3 days,

followed by 5 days of cocaine exposure (20 mg/kg, i.p.) (linear regression model comparing GFP to Kir2.1, *p < 0.05, **p < 0.01, ***p < 0.001).

(C) Tyrosine hydroxylase (TH) staining in the claustrum of PV-Cre:Ai9 mice. The claustrum core is defined by its rich PV+neuropil in sections from the Ai9xPV-Cre

mouse line (magenta). Staining for TH reveals catecholaminergic innervation of the claustrum (green), preferentially innervating the claustrum shell surrounding

the PV-rich core (overlay; right). The source of the saturated signal on the left side of the images is the dense TH+ innervation of the striatum.

(D) The claustrum receives dopaminergic input from midbrain dopamine neurons. Stereotactic targeting of AAV-DIO-GFP to the midbrain of DAT-Cre mice (left

panel) labels dopamine axons in the claustrum (middle; expanded view in right graphic; see also Figure S1).
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frontal-projecting claustral neurons is essential for the develop-

ment of cocaine conditioned place preference, whereas their

activation drives place preference. Our results suggest a role

for D1R-expressing frontal-projecting claustral neurons in the

attribution of incentive salience.

RESULTS

Inhibition of claustrum neurons attenuates behavioral
sensitization to cocaine
We chose to investigate the role of the claustrum in the develop-

ment of cocaine-driven behaviors because of the high efficiency

of these experimental models of drug sensitization and reward,

and their obvious societal implications. We first studied the

role of the claustrum in cocaine sensitization, a paradigm that

measures progressive increase in drug-induced behaviors, by

inhibiting the activity of claustral Egr2+ neurons (CLEgr2+) prior

to cocaine exposure. Constitutive inhibition of the claustrum

was achieved by conditional expression of the inward rectifying

K+ channel Kir2.1 in CLEgr2+, as previously characterized [13]
2 Current Biology 30, 1–11, September 21, 2020
(Figure 1). In contrast to control mice (expressing GFP in

CLEgr2+), which developed the expected locomotor sensitization

after repeated daily exposure to cocaine (20 mg/kg, i.p.), inhibi-

tion of CLEgr2+ neurons clearly limited the development of

cocaine sensitization (Figure 1B). Applying a linear regression

model that considered the interaction of experimental group

with experimental day (as explained in the STAR Methods and

Data S1) demonstrated that sensitization was impacted in claus-

trum-inhibited mice (F7,84 = 5.5, p < 0.0001, ANOVA). This effect

can be observed from the first day of cocaine exposure (albeit

not reaching statistical significance in comparison to control

mice, p = 0.06), and the distinction between control and experi-

mental mice becomes more prominent after additional expo-

sures to cocaine. This result implicates the claustrum in medi-

ating locomotor sensitization to repeated cocaine exposures.

The claustrum receives dopaminergic inputs
The identification of a role of the claustrum in cocaine sensitiza-

tionmotivated us to characterize the dopaminergic system of the

claustrum and address the role of this structure in mousemodels
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Figure 2. Dopamine receptor expression in the claustrum

(A) Representative images of single-molecule fluorescence in situ hybridization (smFISH) staining in the claustrum, demonstrating robust expression of Drd1,

contrasting with sporadic Drd2 expression.

(B) Average cellular expression of Drd1 and Drd2 in claustral cells. Student’s t test ***p < 0.001 (puncta per cell; n = 33 sections).

(C) Spatial distribution of Drd1 and Drd2 in the claustrum. Digitized representation of the distribution of Drd1+ and Drd2+ neurons in the claustrum (Drd1/Drd2

threshold R6 puncta per cell; overlay of 33 digitized sections).

(D)Drd1 expression is enriched toward the center of the claustrum. Two-dimensional kernel density estimation was used to demarcate regions ofmaximal density

of high expressing cells, demonstrating hotspots of receptor expression in the claustrum. see also Figure S2.
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of cocaine reward. We performed TH immunostaining in order to

study the catecholaminergic innervation of the claustrum in

mice. As a reference for the identification of the claustrum, we

contrasted TH staining with the dense neuropil of parvalbumin

(PV; labeling the claustrum core), visualized in PV-Cre:Ai9 mice

(expressing tdTomato in PV+ interneurons) [38, 42, 43]. TH-ex-

pressing neuropil was observed throughout the claustrum, and

there was reduced intensity in the PV-rich claustrum core (Fig-

ure 1C). In order to verify that the TH staining of the claustrum

corresponds to dopaminergic axons, we stereotactically tar-

geted an adeno-associated virus (AAV) conditionally expressing

GFP (AAVdj-DIO-GFP) to the midbrain of DAT-IRES-Cre knockin

mice. These mice conditionally express Cre recombinase under

the regulation of the dopamine transporter gene Slc6a3,

enabling genetic access to dopamine-producing neurons. This

strategy demonstrated dopamine inputs to the mouse claus-

trum, in a pattern similar to the one obtained by TH staining (Fig-

ure 1D). These results are further corroborated by data from the

Allen Brain Mouse Connectivity Atlas (Figure S1). Thus, multiple

sources of evidence suggest that the claustrum receives dopa-

minergic input from the midbrain, consistent with our previous

report of inputs to the claustrum from midbrain dopamine cen-

ters [13, 26, 44].

Claustral dopamine receptor expression
We next addressed the claustral expression of dopamine recep-

tors, utilizing multi-colored single-molecule in situ hybridization

(smFISH). Our results demonstrate robust cellular expression

of the Drd1 dopamine receptor in claustral neurons, as well as

sparsemodest expression ofDrd2 (Figure 2A). Claustral neurons

express on average 7.2 ± 0.6 puncta per cell of Drd1, and 3.1 ±

0.2 puncta per cell of Drd2 (Figure 2B, p < 0.0001, t test). The

threshold to define Drd1+ or Drd2+ cells was set at R6 puncta,

defining 45% ± 3% of claustral cells as Drd1+ and 15% ± 1%

as Drd2+ (Figure S2A) (p < 0.0001, t test). Although claustral

expression of Drd1 and Drd2 is uncorrelated at the single-cell

level (Figure S2B) (r2 = 0.07, p < 0.0001), the majority (60% ±

5%) of Drd2+ neurons also express Drd1, whereas a minority

(17% ± 4%) of Drd1+ neurons co-express Drd2. Studying the

spatial distribution of claustral dopamine receptor expression
in the claustrum, we observeDrd1 throughout the claustrum, en-

riched toward the middle of the claustrum, whereas the relatively

modest expression of Drd2 appears to be more evenly distrib-

uted throughout the claustrum (Figures 2C and 2D). Qualitatively

similar claustral dopamine receptor patterns were reported in a

recent study performed in rats [25].

Cocaine drives induction of immediate-early genes in
claustral Drd1+ cells
We next studied the recruitment of claustral neurons by cocaine,

by assaying immediate-early gene (IEG) expression in the claus-

trum, and its correlation with dopamine receptor expression, at

different stages of the development of behavioral sensitization

to cocaine. We addressed the expression of Fos, the canonical

IEG, as well as Egr2, which is expressed in claustral neurons

[13] and modulated by cocaine [45, 46]. Acute, repeated, and

challenge exposure to cocaine were studied, eliciting the antici-

pated sensitization of locomotion behavior (Figure 3A). Although

the claustral expression of Drd1 and Drd2 is not affected by

cocaine exposure (Figures S2C and S2D) (F2,30 = 0.69, p =

0.52 and F2,30 = 0.035, p = 0.9, respectively, one-way ANOVA),

induction of Egr2 is observed in the claustrum after acute expo-

sure to cocaine (Figure 3B) (p = 0.007, t test). Further, the expres-

sion of both Egr2 and Fos is robustly induced after repeated (p <

0.0001 for both, t test), as well as challenge cocaine exposures

(Egr2 p = 0.003, Fos p = 0.009, t test). Notably, repeated expo-

sure to cocaine drives hyper-reactivation of the transcriptional

induction of both Egr2 and Fos (Figure S3A) (sum expression:

Egr2 acute: 2.3 ± 0.4-fold induction, repeated: 4- ± 0.3-fold in-

duction; F2,23 = 8.5, p = 0.002, one-way ANOVA followed by

Tukey’s test; Fos acute: 1.3 ± 0.2-fold induction, repeated:

2.9 ± 0.2-fold induction; F2,15 = 16.1, p = 0.0002, one-way

ANOVA followed by Tukey’s test). The spatial pattern of Egr2

and Fos induction mirrors the spatial distribution of Drd1 in the

claustrum, given that these genes exhibited a broad distribution

and an apparent preference for the center of the claustrum (Fig-

ures 3C–3E). The per-cell expression of Egr2 and Fos is corre-

lated in basal conditions, as well as after exposure to cocaine

(Figures S3C–S3G), reminiscent of our recent observations

regarding IEG induction patterns in the striatum after acute
Current Biology 30, 1–11, September 21, 2020 3
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Figure 3. Cocaine drives induction of immediate-early genes in claustral Drd1+ cells
(A) Scheme depicting protocol for acute, repeated, and challenge exposure of mice to cocaine (20 mg/kg, i.p.), as well as the locomotion analyzed for these mice

(acute: n = 15, repeated: n = 12, challenge: n = 3 mice).

(B) Induction of Egr2 and Fos after acute, repeated, and challenge exposures to cocaine. Egr2: acute (0 h; n = 9, 1 h; n = 9), repeated (0 h; n = 9, 1 h; n = 9),

challenge (0 h; n = 6, 1 h; n = 8, Fos: acute (0 h; n = 6, 1 h; n = 6), repeated (0 h; n = 6, 1 h; n = 6), challenge (0 h; n = 4, 1 h; n = 6); n number refers to number of

sections analyzed. Student’s t test **p < 0.01, ***p < 0.001.

(C and D) Representative images demonstrating claustral expression of Egr2 (C) and Fos (D) in control versus after acute exposure to cocaine.

(E) Digitized spatial distribution of Egr2+ and Fos+ cells in the claustrum in control versus after acute, repeated, and challenge exposure to cocaine. Cells are color

coded according to the level of cellular expression. Egr2 threshold >4 puncta per cell, overlay of 50 digitized sections; Fos threshold >7 puncta per cell, overlay of

34 digitized sections.

(F) High-magnification 403 images depicting co-expression of Drd1, Egr2, and Fos versus Drd2, Egr2, and Fos in claustral cells under control conditions as well

as after acute exposure to cocaine.

(legend continued on next page)
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cocaine exposure [46]. Addressing the identity of neurons within

which Egr2 is expressed (Figures 3F, 3G, and S3C–S3G), we

observed enrichment of Egr2 expression within claustral dopa-

mine receptor-expressing neurons (p < 0.0001, chi-square

test). In fact, 87% ± 3% of Egr2-expressing neurons are positive

for dopamine receptor expression, in comparison to 56% ± 5%

of total claustral cells (p < 0.0001, t test). Of Egr2+ cells, 61% ±

5% are Drd1+; 17% ± 4% Drd1+Drd2+ and 9% ± 2% Drd2+,

whereas 13% ± 3% express neither Drd1 nor Drd2. In compari-

son to total claustral cells, of which 42% ± 5% express Drd1+;

9% ± 2% Drd1+Drd2+; 5% ± 1% Drd2+ and 44% ± 5% express

neither Drd1 nor Drd2 (Drd1+ p = 0.02; Drd1+Drd2+ p = 0.05;

Drd1–Drd2– p < 0.0001, t test) (Figure 3G). Egr2 expression is

most prominently observed correlated with Drd1 expression,

but a small subset of Drd2-expressing neurons (70% ± 6% of

which co-expressDrd1) also exhibit a correlation between dopa-

mine receptor expression and Egr2 expression (Figure S3D).

Furthermore, 62% ± 3% of Fos+ cells co-express Drd1, in

contrast to the background of 39%± 3%of total cells expressing

Drd1, whereas 15%± 2%of Fos+ cells co-expressDrd2, in com-

parison to 16% ± 2% of total cells expressing Drd2 (Drd1+ p <

0.0001; Drd2+ p = 0.69; t test).

Thus, cocaine exposure preferentially recruits Drd1+ claustral

neurons, driving robust induction of IEG expression within them.

Notably, this IEG induction is sensitized by repeated exposure to

cocaine.

Activity of claustral D1R+ neurons is essential for the
acquisition of cocaine CPP and drives the development
of real-time place preference
The enrichment of cocaine-induced IEG expression within Drd1+

neurons suggests that these neurons might be involved in the

development of cocaine preference. In order to functionally inter-

rogate the role of claustral Drd1+ neurons in the development of

CPP for cocaine (Figure 4A), we bilaterally injected Cre-depen-

dent viral constructs to the claustrum region of D1-Cre mice

(transgenic mice expressing the Cre recombinase under the

regulation of the Drd1 promoter) (Figure 4B). Using this

approach, we obtained transduction efficiency of 20%–53% of

claustral neurons across a variety of viral constructs, with mini-

mal leakage to the striatum (for delineation of expression do-

mains, see Figures 4B and S4). We initiated analysis of the role

of claustral Drd1+ neurons in supporting cocaine CPP by consti-

tutively inhibiting their firing through conditional expression of

Kir2.1 (Figures 4C and S4A). Although the control group of

mice (conditionally expressing GFP) developed preference for

the cocaine-associated context, mice expressing Kir2.1 in claus-

tral D1R+ neurons failed to develop CPP (control p < 0.0001;

Kir2.1 p = 0.26; paired t test). In order to clarify whether the ac-

tivity of claustral neurons is required for the acquisition of

cocaine CPP or its expression, we utilized conditional chemoge-

netic inhibition (with the DREADD hM4Di, as previously charac-

terized [13]). To address the role of claustral Drd1+ neurons in

acquisition of cocaine preference, mice were exposed to the

hM4Di ligand CNO (10 mg/kg, i.p.) prior to cocaine conditioning
(G) Distribution of Drd1+ or Drd2+ cells as a fraction of Egr2+ cells versus total

and 9% ± 2% Drd2+, whereas 13% ± 3% express neither Drd1 nor Drd2. In com

5% ± 1% Drd2+ and 44% ± 5% express neither Drd1 nor Drd2. *p < 0.05, ***p <
(Figures 4D and S4B). Although control groups of mice (condi-

tionally expressing GFP and treated with CNO, or expressing

hM4Di and treated with saline) developed CPP (GFP/CNO p =

0.01; hM4Di/saline p = 0.003, paired t test), selective inhibition

of claustral Drd1+ neurons during acquisition of cocaine prefer-

ence attenuated the development of CPP (p = 0.37, paired t

test). A different cohort of mice was used to test the role of claus-

tral Drd1+ neurons in the expression of cocaine CPP. In this

experiment, after an initial test to verify the development of

prominent CPP, mice were subject to an additional conditioning

round and exposed to CNO prior to a final preference test. Both

control and experimental groups of mice developed CPP (WT:

F2,12 = 34.9, p < 0.0001; hM4Di: F2,8 = 24, p = 0.0004, two-way

ANOVA using the between-subjects factor of the mouse and

within-subjects factor of the experiment day), and claustral inhi-

bition had no effect on the expression of CPP (Figures 4E and

S4C). Thus, claustral Drd1+ neurons are selectively recruited to

support the acquisition of cocaine preference, but their activity

is dispensable for its expression.

If the claustrum plays a role in the attribution of incentive

salience, we expect mice to develop preference for a context

coupled to activation of the claustrum. To address this question,

we studied the capacity of claustral neurons to drive the devel-

opment of real-time CPP for optogenetic stimulation (rtCPP

[47]). In this experiment, mice were placed in a 3-compartment

chamber and closed-loop optogenetic stimulation of claustral

neurons was triggered whenever the mouse entered a defined

compartment (Figure 4F). Bilateral expression of ChR2 in claus-

tral Drd1+ neurons drove the development of optogenetic real-

time preference for the compartment coupled to optogenetic

stimulation (Figure 4G) (F3,21 = 3.5, p = 0.003, two-way ANOVA

using the between-subjects factor of the mouse and within-sub-

jects factor of the experiment day; for location of virus transduc-

tion and fiber placement see Figure S4D). Preference for the

laser-coupled side developed during the first session of stimula-

tion, and continued to develop on a consecutive day of stimula-

tion. Furthermore, a preference test performed on the following

day (in the absence of laser stimulation) demonstrated retention

of conditioned preference for the chamber coupled to optoge-

netic stimulation.

Thus, claustral Drd1+ neuronal activity is required for the

acquisition of cocaine conditioned-place preference, whereas

activation of these neurons is sufficient to support real-time

place preference. When considered in light of the cumulative

literature connecting the claustrum with salience detection and

selective attention [13–19], these results support a role for the

claustrum in attribution of incentive salience to cocaine-associ-

ated contextual cues.

Frontal-projecting claustral neurons are enriched for
Drd1+ expression, required for acquisition of cocaine
CPP and support the development of real-time place
preference
The bilateral communication of the claustrum with frontal cortex

is the most prominent feature of claustral long-range
claustral cells. Of Egr2+ cells, 61% ± 5% are Drd1+; 17% ± 4% Drd1+Drd2+

parison, of all claustral cells, 42% ± 5% express Drd1+; 9% ± 2% Drd1+Drd2+;

0.0001; t test; see also Figure S3.

Current Biology 30, 1–11, September 21, 2020 5



A B F G

C D E

Figure 4. Activity of claustral D1R+ neurons is essential for the acquisition of cocaine CPP and drives the development of real-time place

preference
(A) Scheme of experimental paradigm for testing conditioned-place preference for cocaine. The arena is comprised of two compartments, distinct in the pattern

printed on the walls, as well as the texture of the flooring. The initial preference ofmice for either context is tested, after which themice are repeatedly conditioned,

daily, for 3 days, to cocaine (10 mg/kg, i.p.) in one context versus saline (i.p.) in the other context. On the final day, the preference of the mice for either

compartment is tested.

(B) Representative example of selective conditional virus-mediated expression in the claustrum of a D1-Cre mouse.

(C) Constitutive inhibition ofDrd1+ claustral neurons prevents the development of cocaine conditioned-place preference (CPP). Time spent in the cocaine-paired

context is plotted, with the bar demonstrating the group mean, and individual mice depicted as connected circles (GFP control n = 7; Kir2.1 n = 7, paired t test).

(D) Selective chemogenetic inhibition of claustral Drd1+ neurons during acquisition blocks the development of cocaine CPP. Exposure to CNO (10 mg/kg, i.p.)

30 min prior to cocaine conditioning inhibited the development of CPP in mice expressing the hM4Di DREADD in claustralDrd1+ neurons. A control group of mice

expressing GFP in claustral neurons developed CPP, as did a second control group, expressing hM4Di and exposed to saline prior to cocaine conditioning (GFP/

CNO n = 5; hM4Di/saline n = 7; hM4Di/CNO n = 7, paired t test; see Data S1).

(E) Selective chemogenetic inhibition of Drd1+ claustral neurons during expression of CPP does not impact the expression of CPP. Both control and hM4Di-

expressing groups of mice were initially tested and, after an additional day of conditioning, re-tested after exposure to CNO, which did not impact the devel-

opment of CPP (control n = 7; hM4Di n = 5, WT n = 7; hM4Di n = 5, linear regression model including the mouse and day effects; see Data S1).

(F) Scheme of layout of real-time optogenetic place conditioning experiment. Following recovery from surgery for virus transduction and fiber optic cannula

implantation, the initial preference of mice was tested in a 3-chamber arena. On the following days, closed-loop optogenetic stimulation was delivered every time

the mouse crossed into the stimulation-paired context (parameters: 20 Hz (duty cycle 5 ms on/45 ms off) for 1 s on/3 s off, 5 mA). On the test day, the mice were

queried for their side preference.

(G) Optogenetic stimulation of claustral Drd1-expressing neurons drives the development of real-time CPP (n = 8, linear regression model including the mouse

and day effects; see Data S1). *p < 0.05, **p < 0.01, ***p < 0.001. See also Figures S4 and S5D.
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connectivity [8, 13, 40, 43, 48–50]. Frontal inputs to the claustrum

have been associated with salience detection and selective

attention [8, 13, 15–19]. Moreover, claustral inputs to frontal cor-

tex have been implicated in feedforward inhibition, putatively

increasing contrast of cortical activity, favoring the representa-

tion of stimuli prioritized for attention [40]. The majority of claus-

tral neurons are excitatory projection neurons, positive for

expression of Slc17a7/vGlut1 [13]. Accordingly, claustral D1R+

neurons constitute a subpopulation of claustral projection neu-

rons (Figures 5A and 5B) (89% of all claustral cells and 93% of

Drd1+ cells express vGlut1). Utilizing retrograde-trafficking AAV

viruses, we selectively accessed claustral neurons projecting

to frontal cortical regions (orbitofrontal cortex [OFC] and anterior

cingulate cortex [ACC]) (Figures 5C and 5D). Studying the dopa-

mine receptor expression profile of frontal projection neurons,

we find that dopamine-receptor expressing claustral neurons

constitute a subset of frontal-projecting claustral neurons.
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Whereas frontal-projecting neurons capture 58% ± 3% of total

claustral cells, 92% ± 1% of Drd1+ and 94% ± 4% of Drd2+

claustral neurons project to frontal cortex (Figures 5E, 5F, and

S5A). This result demonstrates that the claustral projection to

frontal cortex is selectively enriched with dopamine sensitivity

(p < 0.0001 for both Drd1+ and Drd2+, chi-square test), poten-

tially functioning to promote cocaine-driven behavior. In order

to address this possibility, we targeted frontal-projecting claus-

tral neurons by stereotactic injection of a retro-transporting ret-

roAAV-iCre bilaterally to the ACC and OFC, intersected with

bilateral injection of AAV-DIO-hM4Di virus to the claustrum. We

tested the role of frontal-projecting neurons in the acquisition

of cocaine CPP, by conditionally inhibiting their activity during

cocaine place conditioning (Figures 5G and S5B). Whereas con-

trol groups developed prominent CPP (GFP/CNO p = 0.04;

hM4Di/saline p = 0.0007, paired t test), conditional inhibition of

frontal-projecting claustral neurons significantly attenuated the
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Figure 5. Frontal-projecting claustral neurons are enriched forDrd1+ expression, required for acquisition of cocaineCPP anddrive the devel-

opment of real-time place preference

(A) Representative low-magnification 103 images of smFISH staining, demonstrating co-expression of Drd1 and vGlut1 in claustral neurons.

(B) Venn diagram quantifying the percentage of vGlut1+ and Drd1+ of total claustral neurons. 89% of claustral cells are vGlut1+, whereas 56% are Drd1+, 93% of

Drd1+ are vGlut1+, whereas 59% of vGlut1+ neurons are Drd1+ (of all = 48.6% Drd1+vGlut1+, 41% Drd1–vGlut1+, 3.5% Drd1+vGlut1–, 6.9% Drd1–vGlut1–).

(C) Schematic representation of strategy of retrograde labeling of claustral neurons projecting to frontal cortical structures. The retrogradely transporting virus

retro-AAV-iCre was injected bilaterally into the anterior cingulate cortex (ACC) and orbitofrontal cortex (OFC) of mice and intersected with transduction of the

claustral region with viruses conditionally expressing hM4Di-mCherry, GFP, or ChR2.

(D) Representative example of expression in the claustral region of retroAAV-iCre-targeted mice intersected with transduction of the claustral region with a virus

conditionally expressing hM4Di-mCherry.

(E) Representative high-magnification 403 images of smFISH staining, demonstrating co-expression of Drd1 with retrogradely labeled claustral neurons.

(F) Venn diagram quantifying the percentage of Drd1+ versus retrogradely labeled claustral neurons, of total claustral neurons. 58% of claustral cells were

retrogradely labeled, within which were found 92%± 1%ofDrd1+ cells and 94%± 4%ofDrd2+ cells (of all = 39.5%Retro–Drd1–Drd2–, 30.2%Retro+Drd1–Drd2–,

21.4% Retro+Drd1+Drd2–, 4.1% Retro+Drd1+Drd2+, 2.1% Retro–Drd1+Drd2–, 2% Retro+Drd1–Drd2+, 0.5% Retro–Drd1–Drd2+, 0.2% Retro–Drd1+Drd2+).

(G) Selective chemogenetic inhibition of frontal-projecting claustral neurons during encoding inhibits CPP (GFP control n = 6; hM4Di saline n = 6; hM4Di CNO n =

7, paired t test; see also Data S1).

(H) Optogenetic stimulation of claustral neurons projecting to the ACC and OFC drives the development of real-time CPP (n = 6, linear regressionmodel including

the mouse and day effects). *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S5 and Data S1.
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acquisition of cocaine CPP (p = 0.24, paired t test). Thus, frontal-

projecting claustral neurons are enriched for Drd1 expression

and mediate the allocation of cocaine context association. We

were further interested in addressing the capacity of frontal-pro-

jecting claustral neurons to support the allocation of incentive

salience, using the real-time CPP paradigm (Figure 5H). Similar

to our observations with D1-Cre mice, optogenetic stimulation

of claustral neurons projecting to frontal cortex drove the devel-

opment of rtCPP (Figure 5H) (F3,15 = 6.1, p = 0.006, two-way

ANOVA using the between-subjects factor of the mouse and

within-subjects factor of the experiment day; for location of viral

transduction and fiber placement see Figure S5C). A control

group of mice expressing GFP in place of ChR2 did not develop

preference for the laser-paired side (Figure S5D) (F3,9 = 0.73, p =

0.56, two-way ANOVA using the between-subjects factor of the

mouse and within-subjects factor of the experiment day).

In sum, activity of frontal-projecting claustral neurons subject to

dopaminemodulation is crucial for the acquisitionof cocaineCPP.

The activity of this neuronal population is also sufficient for
inducing real-time place preference. Together, these results indi-

cate the existence of a dopamineD1R-dependent claustro-frontal

projection pathway supporting the acquisition of incentive

salience.

DISCUSSION

The claustrum has been demonstrated to function in salience

detection and attention and hypothesized to be involved in

reward and reinforcement. In addition, the claustrum is recog-

nized for its extensive neuromodulatory input. We find that inhi-

bition of the activity of CLEgr2+ neurons attenuates behavioral

sensitization to cocaine, providing the first functional association

of the claustrum with cocaine-elicited behaviors. We observe in-

puts to the claustrum from midbrain dopamine regions, consis-

tent with a number of previous reports [13, 21–27]. Addressing

the expression of dopamine receptors in the claustrum, we

observe broad expression of Drd1, as well as sparse expression

of Drd2. Thus, in contrast to the striatum where a balance exists
Current Biology 30, 1–11, September 21, 2020 7
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between neurons expressing the Gs-coupled D1 dopamine re-

ceptor and neurons expressing the Gi-coupled D2 dopamine re-

ceptor [46], the claustrum is biased toward excitatory D1R activ-

ity. The claustral dopamine receptor composition we observe is

supported by qualitative published observations [25, 29–34].

Exposing mice to cocaine, we observed robustly induced, and

broadly correlated expression of the IEGs Egr2 and Fos within

claustral neurons. Consistent with these observations, induction

of Fos expression in claustral neurons has been reported after

acute exposure to amphetamine in a novel environment [51],

as well as after exposure to a cocaine paired environment [52].

We find that cocaine-induced IEG induction occurs preferentially

within claustral dopamine-expressing neurons, providing sup-

port for the notion that recruitment of claustral neurons by

cocaine depends on the expression of dopamine receptors

within them. Furthermore, we find that IEG expression is prefer-

entially correlated to Drd1 expression. These results implicate

the claustrum in the encoding of cocaine experience and allude

to a role of the claustrum in incentive salience. Incentive salience

is defined as the requirement for attentional resources to be allo-

cated toward a salient context that is associated with a reward

[37]. Repeated exposure to drugs of abuse is anticipated to

sensitize the recruitment of brain structures involved in the allo-

cation of incentive salience [37, 53]. Consistent with this notion,

we observe sensitization of the net induction of IEG expression in

the claustrum after repeated exposure to cocaine, further asso-

ciating the claustrum with attribution of incentive salience.

To address a role for the claustrum in the acquisition and

expression of drug reward, we utilized the cocaine CPP assay.

We focused on the role ofDrd1+ neurons, aswe found these neu-

rons to be those most robustly recruited by cocaine experience.

Dopamine acts on D1Rs through activation of the stimulatory

Gs-coupled signaling pathway. Therefore, we studied the impact

of inhibiting neuronal excitation in these neurons (through consti-

tutive expression of the Kir2.1 inward-rectifying K+ channel) or

activation of Gi-coupled signaling by stimulation of the inhibitory

DREADD hM4Di.We observe that constitutive inhibition of claus-

tral Drd1-expressing neurons attenuates cocaine CPP. Howev-

er, this experiment does not define whether the activity of the

claustrum is important for the acquisition or the expression of

cocaine preference. To address this, we applied chemogenetics

for inhibition of the claustrum during either acquisition or expres-

sion of cocaine CPP. We find that the activity of claustral Drd1+

neurons is selectively required for the acquisition of cocaine

CPP, while being dispensable for the expression of CPP. As a

nucleus supporting incentive salience, stimulation of claustral

neurons would be anticipated to drive the development of place

preference for the context in which the stimulation was engaged.

Indeed, we observe clear development of real-time place prefer-

ence for laser stimulation upon direct optogenetic stimulation of

claustral neurons. It is worth mentioning the report of ‘‘spatial

cells’’ in the anterior claustrum of the rat [54], as well as the report

that claustral neurons projecting to the medial entorhinal cortex

are recruited during the encoding of contextual memories [20].

Thus, activity of claustral neurons is recruited during the encod-

ing of context. In the course of attribution of incentive salience,

reward-associated contexts likely gain enhanced representation

in the claustrum, in a process hijacked by psychostimulants to

support sensitization and drug preference.
8 Current Biology 30, 1–11, September 21, 2020
The claustrum functions as a hub, associating subcortical neu-

romodulatory inputs and frontal cortical regions. The major pro-

jection of the claustrum extends to the ACC and OFC, frontal

structures that are strongly associated with salience, attentional

allocation, and drug reward [55–62]. Recent evidence implicates

claustro-cortico-claustral networks in attention [3,4, 13, 38, 40]

and salience [12, 15, 16, 63]. Our results are suggestive of a

role for dopaminergic innervation of the claustrum in incentive

salience. We further found that dopamine-receptor-expressing

claustral neurons project to frontal cortex. In order to pursue

the role of the claustrum as a hub supporting the allocation of

incentive salience, we addressed the role of frontal-projecting

claustral neurons in the development of cocaine CPP. Similar

to the observation with D1-Cre mice, we found that the activity

of frontal-projecting claustral neurons is required for the acquisi-

tion of cocaine CPP. Furthermore, optogenetic activation of fron-

tal-projecting claustral neurons is sufficient to induce context

preference. These experiments provide a broader perspective

on the role of the claustrum in attribution of incentive salience,

overlaying the dopaminergic input to the claustrum onto the fron-

tal projection of the claustrum. Intriguingly, inhibition of claustral

neurons projecting to the mPFC has recently been reported to

attenuate impulsive behavior induced by exposure of rats to

the psychostimulant methamphetamine [64]. These results are

consistent with our observations, as they provide additional sup-

port for a role of frontal-projecting claustral neurons in mediating

the action of psychostimulants.

Thus, cocaine recruits claustral neurons expressing dopamine

receptors, and this recruitment is sensitized by repeated cocaine

exposure. Claustral neurons expressing dopamine receptors

project to frontal cortex and support the acquisition of cocaine

and real-time place preference. There is a large body of literature

relating to the nucleus accumbens as the central integrator of

reward, supporting its role in incentive salience in reinforcement

and drug addiction. This raises the question of how our results

regarding the role of the claustrum in place preference, and

our proposal that the claustrum functions in incentive salience,

could relate to the established role of the nucleus accumbens.

Although this is largely a topic for future investigation, our

perspective is that the functional anatomy of the NAc, with its

convergence of dopaminergic, cortical, hippocampal, and

amygdalar inputs, and its simple subcortical output, supports

its function in reinforcement learning. In contrast, the claustrum

exhibits rich reciprocal connectivity with cortex, primarily frontal

and association regions, an architecture more amenable to sup-

porting ‘‘online’’ modulation of salience and attention. The claus-

trum might act to direct attention to reward-related salient cues,

promoting the development of a strong association between the

reward and its context. The frontal projection of the claustrum

has been reported to drive robust feedforward inhibition,

dramatically shaping the activity pattern of frontal neurons [40].

Potentially, cocaine-driven allocation of cortical resources in-

creases incentive salience to drug-associated cues by sup-

pressing the activity of frontal cortical resources directed to

other, competing objectives. This function might be mediated

by dopamine receptors expressed on frontal-projecting claustral

neurons, supporting the development of preference for drug-

associated contextual cues. Additional circuits, involving direct

action of dopamine on frontal cortex, might also function in
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incentive salience and might further interact with a dopamine-

driven claustro-frontal circuit.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-TH Merck Millipore Cat#AB152; RRID: AB_390204

donkey anti-rabbit IgG H&L Alexa Fluor 488 Abcam Cat#ab150065

Bacterial and Virus Strains

AAVdj-DIO-eGFP Vector core facility of the Edmond and Lily

Safra Center for Brain Sciences

N/A

AAVdj-EF1a-DIO-Kir2.1-t2A-zsGreen Stanford viral core facility N/A

AAV2-hSyn-DIO-hM4D(Gi)-mCherry UNC AV-4-500a

AAV2-hSyn-DIO-hM4D(Gi)-mCherry Vector core facility of the Edmond and Lily

Safra Center for Brain Sciences

N/A

retroAAV-CKII-iCre Vector core facility of the Edmond and Lily

Safra Center for Brain Sciences

N/A

AAV9-CAGGS-FLEX-ChR2-TdTomato UPENN AV-9-18917P

Deposited Data

Original data have been deposited

to Mendeley Data

This paper https://doi.org/10.17632/4d6wm9ggkr.1;

https://doi.org/10.17632/cf8kzg53m2.1;

https://doi.org/10.17632/xbh3bnt3gk.1;

https://doi.org/10.17632/3w6j9hwcmy.1;

https://doi.org/10.17632/kfjhvvpfj6.1;

https://doi.org/10.17632/5f4999f44m.1;

https://doi.org/10.17632/t549jrw4p3.1

Experimental Models: Organisms/Strains

PVcre:Ai9 The Jackson Laboratory Stock No. 017320; Stock No:007909;

RRID: IMSR_JAX:017320;

RRID: IMSR_JAX:007909

DAT-IRES-cre The Jackson Laboratory Stock No:006660;

RRID: IMSR_JAX:006660

Krox20-Cre (Egr2-CRE) The Jackson Laboratory Stock No:025744;

RRID: IMSR_JAX:025744

D1-cre The Jackson Laboratory Stock No:37156-JAX;

RRID: MMRRC_037156-JAX

Oligonucleotides

Probe- Mm-EGFP RNAscope� Cat#400281

Probe- Mm-Slc17a7-C2 RNAscope� Cat#416631-C2

Probe- Mm-Egr2 RNAscope� Cat#407871

Probe- Mm-Drd1a-C2 RNAscope� Cat#406491-C2

Probe- Mm-Drd1a-C3 RNAscope� Cat#406491-C3

Probe- Mm-Fos-C3 RNAscope� Cat#316921-C3

Software and Algorithms

The R Project for Statistical Computing https://www.r-project.org software

Photoshop, Illustrator, and InDesign Adobe, San Jose, CA

CellProfiler Broad Institute
RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Ami Citri

(ami.citri@mail.huji.ac.il).
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Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
Original data have been deposited to Mendeley Data under the following: https://doi.org/10.17632/4d6wm9ggkr.1; https://doi.org/

10.17632/cf8kzg53m2.1; https://doi.org/10.17632/xbh3bnt3gk.1; https://doi.org/10.17632/3w6j9hwcmy.1; https://doi.org/10.

17632/kfjhvvpfj6.1; https://doi.org/10.17632/5f4999f44m.1; https://doi.org/10.17632/t549jrw4p3.1. Data is also available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice described in this study were C57BL/6 inbredmice purchased fromHarlan Laboratories or transgenic mouse lines, as indicated.

Transgenic lines included Ai9xPV-Cre (PV-Cre mice crossed to the reporter mouse line Ai9, expressing Cre-dependent tdTomato),

DAT-Cre, Egr2-Cre and D1-Cre. All mice were maintained on a 12-hour light-dark cycle in a specific pathogen-free (SPF) animal fa-

cility with free access to food and water. All experimental procedures, handling, surgeries and care of laboratory animals used in this

study were approved by the Hebrew University Institutional Animal Care and Use Committee (IACUC).

Sex and ages
Connectivity experiment

Male, 6 weeks old at the time of virus injections.

Behavioral sensitization to cocaine experiment

Male, aged 6-8 weeks old at the time of virus injections.

Single molecule fluorescence in situ hybridization experiments

Male, aged 5-7 weeks old.

Conditioned place preference experiments

Male, aged 6-8 weeks old at the time of virus injections.

Optogenetics experiments

Male, aged 8-12 weeks old at the time of virus injections and cannula implantation.

Each experiment was conducted on homogeneous cohorts and individual mice were randomly assigned to experimental groups.

METHOD DETAILS

Immunohistochemistry
Mice were anesthetized with 5% isoflurane, followed by rapid decapitation. Brains were removed and fixed in 4% PFA overnight at

4�C. On the following day, brains were thoroughly rinsed in a 0.9%NaCl Phosphate buffered saline (PBS) solution and sectioned on a

Vibratome (7000 smz-2) at 60mM thickness in the coronal plane. Two series of sections were collected from each brain, resulting in

two copies of brain slices at 120mm apart, corresponding to the division of the mouse brain atlas (as in [65]). In order to stain for TH,

floating section immunohistochemistry was performed. Sectioned brain slices werewashed twice in PBS, followed by blocking in 3%

normal horse serum and 0.3% Triton X-100 in PBS for 1 hour. Sections were then incubated overnight at 4�C in a rabbit anti-TH pri-

mary antibody (TH antibody Merck Millipore, cat. #AB152, final dilution to 1:500 in 3% normal horse serum). 16 hr later the sections

were washed three times in PBS. Washes were followed by 2 hours of incubation at room temperature with donkey anti-rabbit IgG

H&L Alexa Fluor 488 (Abcam; catalog No. ab150065; final dilution to 1:500) in 3% normal horse serum. Finally, the sections were

washed three times in PBS and then counterstained with DAPI (Roche; catalog No. 10-236-276; final dilution 1:1000 in PBS) to detect

cell nuclei and then quickly washed twice, mounted onto slides and covered.

Image acquisition
Slides were scanned on a high-speed fully-motorized multi-channel light microscope (Olympus IX-81) in the microscopy unit of

the Alexander Silberman Institute of Life Sciences. 10X magnification (NA = 0.3), 20X magnification (NA = 0.5) or 40X magnifi-

cation (NA = 0.6). Green and red channels exposure times were selected for optimal clarity and were kept constant within each

brain series. DAPI was acquired using excitation filters of 350 ± 50nm, emission 455 ± 50nm; GFP excitation 490 ± 20nm, emis-

sion 525 ± 36; mCherry/tdTomato excitation 555 ± 25nm, emission 605 ± 52nm. Figures were prepared using Photoshop, Illus-

trator, and InDesign (Adobe, San Jose, CA). Figures showing stained brain tissue were adjusted using a uniform brightness/

contrast mask created in linear-mode in Photoshop, and applied consistently to all slices within a single brain. Images were

then scaled or cropped to improve data presentation and increase signal visibility. Digitization was performed from raw, non-

adjusted images.

Stereotactic surgery and virus injections
Mice were anesthetized by IP injection of ketamine (75 mg/kg) and medetomidine (1 mg/kg). Following validation of the depth of

anesthesia, mice were secured in a stereotaxic apparatus (David KOPF instruments, Tujunga CA). Following incision of the scalp,
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a small hole wasmade in the skull using a fine drill burr (model 78001, RWD Life Science, San Diego CA). A microsyringe (33GAHam-

ilton syringe, Reno, NV) loadedwith the virus was lowered into the target structure. The viral tracer was injected at 50-100nl/min via an

UltraMicroPump (World Precision Instruments, Saratosa, FL), following which the microsyringe was left in the tissue for 5 minutes

after the termination of the injection before being slowly retracted. Finally, the incision was closed with bioadhesive and the animals

were injected with saline (for hydration), antisedan (to negate the anesthesia) and rimadyl (analgesic) and recovered under gentle

heating. Coordinates for stereotactic injection were based on the Paxinos and Franklin mouse brain atlas [66]. The coordinates

used for claustral injections were LM: ± 2.8mm, RC: 1mm, DV: �3.7mm relative to Bregma. Unless noted otherwise, viruses were

prepared at the vector core facility of the Edmond and Lily Safra Center for Brain Sciences, as described previously [43].

Midbrain dopamine inputs to the claustrum
Inputs to the claustrum frommidbrain dopamine neurons were analyzed by stereotactic targeting of AAV-DIO-GFP to themidbrain of

DAT-Cre mice. Coordinates used to target the SN were (relative to Bregma) LM: ± 1.3mm, RC: �3mm, DV: �4.75mm (Figure 1D).

These results were further corroborated by publicly available data found on the online repository of the Allen Mouse Brain Connec-

tivity Atlas (experiments: 158314987; 267538735; 165975096; 264696942; 158914182). Images from two experiments (158314987,

158914182) are shown in Figure S1.

Behavioral sensitization to cocaine
The experimental group of CLEgr2+ inhibition comprised of (n = 9) Egr2-Cremalemice, aged 6-8weeks, whichwere bilaterally injected

with 100nl AAVdj-CAG-DIO-GPE2 (Kir2.1) to the claustrum, (LM: ± 2.8mm, RC: 1mm, DV:�3.7). As a control group, (n = 6) Egr2-Cre

male mice, 6-8 weeks old, were injected with 100nl AAVdj-CAG-DIO-eGFP to the same coordinates. Animals were randomly

assigned to control and experimental group.

Before the start of an experiment, mice were acclimated to the animal facility for 5 days, followed by 3 days of experimenter

handling once daily. Animals were then subjected to three days of intraperitoneal (IP) saline injections (250 ml/injection) and trans-

ferred to a video-recorded open field arena for 15 minutes (as in [45, 67]). Mice received cocaine (IP, 20 mg/kg freshly dissolved

in 0.9% saline to 2 mg/ml, injected at a volume of 10 ml/kg), transferred to the open field arena for 15 minutes to measure locomotor

behavior. Locomotor activity was assessed in sound- and light- attenuated open-field chambers. Mice were placed individually in a

clear, dimly lit Plexiglas box (303 303 30 cm) immediately after the IP injection of saline or cocaine. Activity was monitored with an

overhead video camera for a total of 15 minutes while the mice were in the open field chamber using Ethovision software (Noldus,

Wageningen, Netherlands). Cocaine was purchased from the pharmacy at Hadassah Hospital, Jerusalem. No experimental mice

were excluded from analysis.

Single molecule fluorescence in situ hybridization
Mice

Animals were sacrificed either directly from the homecage (0hr) or 1hr following their first exposure to cocaine (20 mg/kg, IP; ‘Acute’).

‘Repeated 1hr’ mice were sacrificed an hour after their 5th daily exposure to cocaine, compared to ‘Repeated 0hr’, which received

4 days of cocaine, and were sacrificed on the 5th day directly from home cage. ‘Challenge’ mice were sacrificed after 21 days of

abstinence from repeated exposure to cocaine, either directly from the homecage (0hr) or 1hr after one final re-exposure to cocaine.

n = 3mice in each group. In all experiments 0hr and 1hr are different groups ofmice, from the same cohort. Sections: Egr2: Acute (0hr;

n = 9, 1hr; n = 9), Repeated (0hr; n = 9, 1hr; n = 9), Challenge (0hr; n = 6, 1hr; n = 8), Fos: Acute (0hr; n = 6, 1hr; n = 6), Repeated (0hr; n =

6, 1hr; n = 6), Challenge (0hr; n = 4, 1hr; n = 6),Drd1: Acute (0hr; n = 6, 1hr; n = 6), Repeated (0hr; n = 6, 1hr; n = 6), Challenge (0hr; n = 4,

1hr; n = 5),Drd2: Acute (0hr; n = 6, 1hr; n = 6), Repeated (0hr; n = 6, 1hr; n = 6), Challenge (0hr; n = 4, 1hr; n = 5). Cells: Egr2: Acute (0hr;

n = 2428, 1hr; n = 2392), Repeated (0hr; n = 2082, 1hr; n = 2242), Challenge (0hr; n = 1793, 1hr; n = 2326), Fos: Acute (0hr; n = 1632,

1hr; n = 1581), Repeated (0hr; n = 1353, 1hr; n = 1507), Challenge (0hr; n = 1150, 1hr; n = 1714); Drd1: Acute (0hr; n = 1638, 1hr; n =

1626), Repeated (0hr; n = 1397, 1hr; n = 1456), Challenge (0hr; n = 1231, 1hr; n = 1439), Drd2: Acute (0hr; n = 1586, 1hr; n = 1577),

Repeated (0hr; n = 1414, 1hr; n = 1521), Challenge (0hr; n = 1205, 1hr; n = 1499). vGlut1/Drd1: n = 2 slices: cells: n = 1494. RetroAAV:

Mice: n = 2, Slices: n = 4; cells n = 4860.

Staining

The smFISH protocol was implemented according to manufacturer guidelines (ACD RNAscope fresh frozen tissue pretreatment and

fluorescent multiplex assay manuals; catalog #320513, #320293; as in Gonzales 2019). Mice were deeply anesthetized with isoflur-

ane, decapitated, their brains rapidly removed and briefly washed in ice-cold PBS. Brains were then placed in molds containing OCT

embedding medium (Scigen Scientific Gardena, CA 90248 U.S.A) and snap frozen on dry ice. Embedded brains were sectioned on a

Leica CM1950 cryostat into 14m sections, mounted onto SuperfrostTM Plus slides (#J1800AMNZ) and stored at �80�C. Adjacent
sections (at ~0.8 ± 0.3 from Bregma) were processed for probe hybridization. All probes and kits were purchased from Advanced

Cell Diagnostics (Mm-Egr2 #407871, Mm-EGFP #400281, Mm-Drd1a-C2 #406491-C2, Mm-Drd1a-C3 #406491-C3 (targeting the

Drd1a isoform), Mm-Drd2-C2 #406501-C2, Mm-Slc17a7-C2#416631-C2, Mm-Fos-C3#316921-C3, Fluorescent Multiplex Reagent

Kit #320850). Slides were counterstained with DAPI for 30 s and coverslipped with mounting medium (Lab VisionTM PermaFluorTM

Aqueous Mounting Medium, #TA-030-FM). Sections were imaged with the Hermes high definition cell-imaging system using a 10x

0.4NA and 40X 0.75NA objectives, to capture 5 Z stack images in each of 4 different channels-475/28 nm (FITC), 549/15 nm (TRITC),

648/20 nm (Cy5) & 390/18 nm (DAPI). Single images for each channel were obtained usingMaximum Intensity Z-projection in ImageJ.
e3 Current Biology 30, 1–11.e1–e6, September 21, 2020
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Maximum intensity images were merged, and the claustrum region was manually cropped using ImageJ according to the Franklin

and Paxinos Mouse brain atlas, Third edition [66]. Images were analyzed using the CellProfiler speckle counting pipeline [68].

The boundaries of the claustrumwere defined for coronal sections located 0.8 ± 0.3mm rostral to Bregma, adhering to the following

criteria, with subtle adjustment according to cues obtained from cell density and morphology:

Medio-lateral axis

The claustrum is approximate to the corpus callosum, defining a clear border between the striatum and the claustrum. The lateral

extent of the claustrum is defined as one third of the length between the corpus callosum and the lateral border of the cortex.

Dorso-ventral axis

the dorsal boundary of the claustrum is defined as the ventral tip of the broad aspect of the corpus callosum, at a position where a

vertical tangent would meet the convex curvature of the corpus callosum. The ventral boundary of the claustrum is horizontal to the

dorsal curve of the anterior commissure.

Conditioned place preference
Apparatus

Each place conditioning apparatus consists of an open field enclosed in separate light- and sound-attenuating chambers. General

activity and location in the open field was monitored by video recording. The floor of the open field consisted of interchangeable

halves made of one of two textures. The combination of floor textures was selected on the basis of calibration studies observing

that mice spend an average of about 50% time on each floor type during preference tests. Thus, the apparatus is ‘‘unbiased.’’ Spe-

cifically, the floors are either of a rough ‘‘crushed ice’’ texture, coupled with walls on which appear black dots versus a smooth floor

texture coupled with walls on which appear vertical black lines. Prior to and following each session the open field and floors was

cleaned using a solution of 5% virusolve.
Experiment Viruses Coordinates: n# Strain

Constitutive inhibition AAVdj-DIO-eGFP ±2.82,1,-3.69 GFP = 7 D1- Cre

AAVdj-CAG-DIO-GPE2 (Kir2.1) Kir2.1 = 7

Chemogenetic inhibition during acquisition AAV2-hSyn-DIO-hM4Di ±2.82,1,-3.69 GFP/CNO = 5 D1- Cre

hM4Di/Saline = 7

hM4Di/CNO = 7

Chemogenetic inhibition during expression AAV2-hSyn-DIO-hM4Di ±2.82,1,-3.69 WT = 7 D1- Cre

hM4Di/CNO = 5

Chemogenetic inhibition during acquisition retroAAV-CKII-iCre AAV2-hSyn-

DIO-hM4Di

ACC: ± 0.25,1,-1.75 GFP/CNO = 6 WT

OFC: ± 1,2.55,-2.4 hM4Di/Saline = 6

CLA: ± 2.8,1,-3.7 hM4Di/CNO = 7
Procedures
An unbiased conditioning procedure consists of the following phases:

Handling

30-min sessions. Pre-conditioning bias test: a single 20min test session is conducted during whichmice are allowed to freely explore

the open field with half of the arena containing the ‘‘crushed ice’’ floor and dots walls and half of the arena containing the ‘‘smooth’’

floor and straight lines walls. Conditioning: 3 days 2 session/day. Mice are randomly assigned to one of two groups, pairing cocaine

(10 mg/kg IP) to either the ‘crushed ice’ or ‘smooth’ contexts, while saline conditioning (10 ml/kg) occurred on the opposite context.

On all sessions, mice have access to the entire apparatus with the same floor and walls type on both sides. Post-conditioning bias

test: identical to Pre-conditioning. Each CPP experiment was performed on a different group of mice, where Pre-conditioning and

Post-conditioning bias test was measured within the same group of mice. For chemogenetic inhibition during conditioning, CNO

(10 mg/kg, IP) was injected 30min prior to cocaine. For chemogenetic inhibition during expression, mice went through the regular

CPP protocol, including a retrieval test, following which they were subject to another conditioning day and finally, to an additional

test 30min after CNO (10 mg/Kg, IP) injection. A single mouse from the h4MDi retroAAV-CRE CNO group was excluded as no infec-

tion was observed upon validation.

Optogenetics
Surgery

At 8-12 weeks of age mice were stereotactically injected for real-time CPP (rtCPP) experiments. The first experimental cohort con-

sisted of D1-Cre male mice (n = 8) stereotactically injected with 80nl of AAV9-CAGGS-FLEX-ChR2-TdTomato (purchased from

the UPENN virus core) to the claustrum region (LM: 2.82, RC: 1, DV: �3.7). The second experimental cohort consisted of WT
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c57/bl6 mice (n = 6) stereotactically injected with 200nl retroAAV-CKII-iCre to the ACC (LM: ± 0.25, RC: 1.1, DV: �1.9) and OFC

(LM: ± 1, RC: 2.55, DV: �2.4) and 80nl of AAV9-CAGGS-FLEX-ChR2-TdTomato stereotactically injected to the claustrum region

(LM: ± 2.82, RC: 1, DV: �3.7). The control group consisted of 4 WT c57/bl6 mice stereotactically injected with 200nl retroAAV-

CKII-iCre to the ACC (LM: ± 0.25, RC: 1.1, DV: �1.9) and OFC (LM: ± 1, RC: 2.55, DV: �2.4) and 80nl of AAV9-CAGGS-FLEX-

ChR2-TdTomato stereotactically injected to the claustrum region (LM: ± 2.82, RC: 1, DV: �3.7). Silica multimode fiber optic can-

nula (200-mm core; 240-mm outer diameter) mounted in a 1.25-mm zirconia ferrule (Doric lenses) were slowly lowered into the brain

bilaterally following virus injection (LM: ± 2.82, RC: 1, DV: �3.65), and cemented in place such that the fiber tip was located above

the claustrum.

Optogenetics equipment

A blue laser (MBL-FN-437-200mW, CNI laser), was connected to 1x2 Intensity Division Fiberoptic Rotary Joint (FRJ_1x2i_SMA-

2FC_0.22, Doric). Two 50cm Mono Fiberoptic Patchcord (MFP_200/230/900-0.37_0.5m_FC-ZF1.25(F), Doric) were connected to

the implanted cannulae with a zirconia connection sleeve (1.25mm, Doric).

Real-time CPP

A 3-chamber compartment was used. The north chamber had a smooth floor and walls textured with black and white vertical stripes,

while the south chamber had a grid floor and white walls with black dots. The central chamber lacked discerning features and was

meant to increase the division between the lateral chambers. Either the north or south chambers were paired with laser stimulation of

the claustrum, counterbalanced within each experimental group. Themouse’s position was calculated in real time with Ethovision XT

11.5 software. The laser (5mW) was illuminated in a cycle of 1second on / 3second off for the duration that themouse remained in the

laser-paired chamber (as in [69]). All experimental sessions were 20min long. For each real-time CPP experiment repeated-measure-

ments were performed on the same group of mice. No experimental mice were excluded from analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics and Data Analysis
R version 3.6.1 was used for all statistical analysis and graphical representations using ‘ggplot20. Description of the statistical analysis
models and results for each of the figures is summarized in Data S1.

smFISH Statistics
For the smFISH IEG probes, selection of ‘expressing’ cells was performed as follows: Addressing control data, removing non-ex-

pressing cells (cells expressing 0-1 puncta), the remaining cells were binned equally into three groups based on the per-cell expres-

sion levels, and the top 33% cells were defined ‘robust expressors’. Thus cells qualified as ‘expressors’ for a given IEG if they ex-

pressed at least the following number of puncta per cell: Egr2 - 5, Fos- 8. For Drd1, Drd2 & vGlut1 expression, cells were

considered to be positive if they expressed at least 6 puncta per cell (relevant to Figures 2, 3, 5, and S2).

Expression density (Figure 2D) was calculated using Two-Dimensional Kernel Density Estimation with the function ‘geom_densi-

ty_2d’ in R. This function estimates two-dimensional kernel density with an axis-aligned bivariate normal kernel, evaluated on a

square grid, while displaying the result with contours. The regions of highest density, within which at least 10% of the ‘robust expres-

sors’ cells are found, were selected. This process was performed independently for each one of the replicas and the selected con-

tours plotted and overlaid (as in [46]).

In order to evaluate the impact of cocaine experience on induction of IEG expression (Figure 3B), we utilized a Student’s t test. We

further addressed the sensitization of fold-induction of Egr2 and Fos following repeated exposure to cocaine (Figures S3A and S3B)

utilizing ANOVA followed by Tukey’s test. Evaluation of the effect of long term exposure to cocaine on Drd1 and Drd2 expression

(Figures S2C and S2D) was performed using ANOVA. Correlations between IEG expression and dopamine receptor expression levels

(Figures S3C–S3G) were analyzed by developing a linear model of the data, including the effect of the contribution of individual mice.

The resulting coefficient of fit for the gene (relevant probe for eachmodel) and R2 are reported within the figure. Comparison of the fits

between control and cocaine conditions was performed using a mixed-effect model including the random effect of the mouse and

fixed effect of treatment (±cocaine) and gene, as well as the interaction treatment:gene. A significant interaction indicates that the

slopes differ between conditions (see also Data S1).

Comparison of the proportions of Egr2+ cells expressing combinations of dopamine receptors (Drd1+ / Drd2+ / Drd1+&Drd2+ /

Drd1-&Drd2-) to their total distribution in the population was performed using a chi-square analysis (p < 0.0001; Figure 3F) demon-

strating that the proportions were distributed differently between Egr2+ cells and the total population. This was followed by a t test to

identify the particular fractions which were significantly enriched (or depleted) in the Egr2+ cell population. Comparison of the enrich-

ment within the Egr2+ cell population in contrast to the total cellular population was also performed for each individual data point

(acute/chronic/challenge ± cocaine) implementing a model including the effects of the mouse and condition (experiment and treat-

ment). ANOVA analysis demonstrated enrichment of Drd1+ expression within the Egr2+ population without significant effect of the

interactions with experiment and treatment, indicating that the enrichment in the Egr2+ population is independent of these conditions

(data not shown; see also Data S1).

Venn diagrams were created in order to represent the fraction of total claustral cells expressing each probe (Figures 5B and 5F)

using ‘‘eulerr’’ package in R. The area of the external circle within each panel represents the total number of cells analyzed (based

on DAPI staining) while the internal circles represent the fraction of total cells represented by each population.
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Behavior Statistics
In order to evaluate the significance of the impact of Kir2.1 expression on development of behavioral sensitization (Figure 1B), we

applied a mixed-effect linear regression model including the mouse as a random effect as well as group and injection day as fixed

effects and their interaction. The effect of the manipulation is evaluated by the interaction, representing the difference between the

test and control groups in the induction of locomotion following cocaine. Interaction p values of ANOVA and model coefficients are

reported in the Data S1.

In order to evaluate the impact of inhibition of claustral neurons on the development of cocaine CPP (Figures 4C, 4D, and 5H) we

applied a paired Student’s t test, since the objective of the experiment was to address the capacity of each group of mice (exper-

imental or control) to develop CPP (see also Data S1). We further probed the statistics of these experiments, utilizing a preference

score (post-test minus pre-test scores) and also performed ANOVA to comparatively address the magnitude of induction of CPP be-

tween groups within the same experiment. We used a linear model addressing preference score (pre-test minus post-test) as the

dependent variable and testing for the effect of group. This analysis identifies differences in the magnitude of CPP between the

Kir2.1 D1-CRE experimental group and the GFP control group (F1,12 = 7.02, p = 0.021, linear model addressing preference score

(pre-test minus post-test) as the dependent variable and testing for the effect of group (Kir2.1 versus GFP), Figure 4C). With regard

to the h4MDi D1-CRE and retroAAV experiments – we performed an ANOVA analysis including the effect of the groups as well as the

pre-test score of each condition. The differences between the experimental h4MDi-CNOgroup and the control groupsGFP-CNOand

h4MDi-saline fell slightly short of providing a significant p value (Figure 4D: F2,15 = 3, p = 0.08, Figure 5H: F2,16 = 2.71, p = 0.09). There-

fore, in order to further validate our conclusion that CPP developed in the control groups, but failed to develop in the experimental

group, we simulated CPP score data and tested for the probability of obtaining these results in a random sampling. For each con-

dition we generated a reference set of random preference score and evaluated the probability of obtaining the observed results by

chance. The procedure was performed as following: in order to control for the specific bias of preference in each condition we used

the same pre-test scores as in the experiment and sample random post-test values. The range of values used for random sampling

were: maximum value as observed in the experiment and minimum value of 1200 minus max value. For each random sample we

calculated the differences post-test minus pre-test score. After repeating this process for all samples in each condition we calculated

the mean preference score for this condition. We repeated this process for 10,000 iterations to obtain a distribution of random data.

p value was defined as the probability of the experimental data to be found within the randomly distributed data (Figure 4D: h4MDi/

CNO p = 0.24; h4MDi/Saline p = 0.0007; GFP/CNO p = 0.007, Figure 5G: h4MDi/CNO p = 0.2; h4MDi/Saline p = 0.0008; GFP/CNO

p = 0.08).

To address the significance of claustrum inhibition on expression of cocaine CPP (involving repeated-measures, Figure 4E) we

applied a separate linear regression model for each mouse group. We included both mouse and day effects. The effects of interest

are day effects representing the change in the score between pre-test to each of the other days. Similarly, addressing the impact

of inhibition of claustral neurons projecting to frontal cortex on the development of CPP (Figures 4G, 5I, and S5D), we applied a

separate linear regression model for each mouse group. We included both mouse and day effects. The effects of interest are day

effects representing the change in the score between pre-test to each of the other days. In both test groups (Figures 4G and 5I;

see also Data S1) we observed significant day effects whereas no significant day effect was observed in the control group

(Figure S5D, see also Data S1).
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