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Abstract

Background—The high rate of comorbidity between depression and cocaine addiction suggests 

shared molecular mechanisms and anatomical pathways. Limbic structures, such as the Nucleus 

Accumbens (NAc), play a crucial role in both disorders, yet how different cell types within these 

structures contribute to the pathogenesis remains elusive. Downregulation of p11 (S100A10) 

specifically in the NAc elicits depressive like behaviors in mice but its role in drug addiction is 

unknown.

Methods—We combine mouse genetics and viral strategies to determine how the titration of p11 

levels within the entire NAc affects the rewarding actions of cocaine on behavior (6 to 8 mice per 

group) and molecular correlates (3 experiments, 5 to 8 mice per group). Finally, the manipulation 

of p11 expression in distinct NAc dopaminoceptive neuronal subsets distinguished cell type 

specific effects of p11 on cocaine reward (5 to 8 mice per group).

Results—We demonstrate that p11 knockout mice have enhanced cocaine conditioned place 

preference (CPP), which is reproduced by the focal downregulation of p11 in the NAc of wild-

type mice. In wild-type mice, cocaine reduced p11 expression in the NAc, while p11 

overexpression exclusively in the NAc reduced cocaine CPP. Finally, we identify dopamine 

receptor-1 (D1) expressing medium spiny neurons (MSNs) as key mediators of p11’s effects on 

cocaine reward.
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Conclusions—Our data provide evidence that disruption of p11 homeostasis in the NAc 

particularly in D1 expressing MSNs may underlie pathophysiological mechanisms of cocaine 

rewarding action. Treatments to counter maladaptation of p11 levels may provide novel 

therapeutic opportunities for cocaine addiction.
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Cocaine reward; p11 (s100a10); Nucleus Accumbens; conditional knock down; striato nigral 
pathway; striatopallidal pathway

Introduction

Reward-related learning is an essential conserved behavior necessary for survival, and any 

dysfunction of this system can result in serious pathologic consequences. Perturbations of 

the natural reward mechanisms can result in both depression and addictive behaviors. Major 

depressive symptoms influenced by these mechanisms include anhedonia (1), whereas 

cocaine addiction can promote depressive symptoms while simultaneously increasing 

responses to drug rewards (2–4). The high prevalence and comorbidity of these pathologies 

(5–7) emphasizes the need for a better understanding of the anatomical and molecular 

pathways that they share.

The NAc is an integrative structure essential for reward-related learning (8–10). It receives 

dopaminergic inputs from the ventral tegmental area (VTA), while NAc GABAergic 

projecting medium spiny neurons (MSNs) are divided into 2 distinct populations 

differentiated by their molecular signatures and projections. The striato-nigral neurons, 

comprising the direct pathway, express predominantly the dopamine D1 receptor, substance 

P, and dynorphin, whereas the striato-pallidal neurons, comprising the indirect pathway, 

express predominantly the dopamine D2 receptor and enkephalin. Striatonigral neurons 

appear to have a major role on the initial rewarding and locomotor-related responses to 

cocaine (11–13). Moreover, cocaine triggers a distinct molecular response in D1 expressing 

MSNs, involving the phosphorylation of ERK, histone H3, and MSK1. This is followed by 

the induction of immediate early genes as c-fos and zif-268 (14, 15). Inactivation of the 

direct pathway neurons of the NAc interferes with cocaine conditioned-place preference and 

locomotor responses (CPP) (11), while direct optogenetic activation enhances this response 

(12).

S100A10 (p11) is a small adaptor protein for several receptors and channels targeted to the 

plasma membrane (16–20). Mice lacking p11 (p11ko) show evidence of behavioral despair 

and anhedonia, consistent with a depression-like phenotype (16). Previously we identified 

the NAc as a key anatomical structure mediating the effects of p11 on depression-like 

behaviors (17). Focal downregulation of p11 in the NAc of wild type (wt) mice recapitulates 

the depressive-like symptoms observed in p11Ko mice, whereas focal restoration of p11 

with adeno-associated virus (AAV) exclusively within the NAc of p11ko mice normalized 

behavioral despair (17, 21). Given the manipulation of p11 expression altered the 

consumption of naturally rewarding substances like sucrose prompted us to investigate the 

role of p11 on drug-related reward.
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Here, we investigate the hypothesis that NAc p11 impacts behavioral responses to cocaine 

by affecting reward learning. We show that chronic cocaine treatment reduces p11 

expression in the NAc. This appears to mediate enhanced behavioral responses to cocaine, 

as p11ko mice show increased cocaine CPP. This effect is normalized by focal restoration of 

p11 expression only in the NAc of p11ko. We also show that p11 in the NAc of wild type 

mice interferes with establishment of cocaine CPP and c-fos induction by cocaine treatment, 

since these are both decreased following focal overexpression of p11 using viral vectors. 

Finally, using mice expressing CRE-recombinase in either D1- or D2-receptor neurons in 

combination with viral delivery of CRE-inducible p11-specific conditional short hairpin 

RNA (shRNA), we identified dopamine D1 expressing MSN as being critical for the 

instatement of phenotype.

Methods and Materials

Animals

Mice expressing the CRE recombinase under Drd2 (ER44) and Drd1 (Ey262) were obtained 

from the MMRRC, wildtype C57/BL6 mice from Charles River, and p11 KO in C57/BL6 

genetic background were derived and maintained at The Rockefeller University (16). Eight 

to 12-wk-old males at the beginning of each experiment were housed two to five per cage 

with ad libitum access to food and water, and maintained on a reverse 12-h light/12-h dark 

cycle.. Stereotactic surgical procedures were performed under ketamine-xylazine anesthesia. 

A total of 2 × 109 (2 µl in PBS) genomic particles of recombinant AAV vectors serotype 2 

were injected bilaterally into the Nac (anteroposterior +1.3, mediolateral ±0.9, dorsoventral 

−4.7 from bregma) over 5 min by using a microinfusion pump (World Precision 

Instruments, Sarasota, FL). Ten weeks of recovery were allowed prior to performing CPP. 

Following all behavioral procedures, injection site accuracy was determined by 

immunohistochemistry; animals with mis-targeted injections were excluded from analysis. 

All studies followed institutional guidelines for the use and care of animals.

Viral vectors

Viral vectors used: AAV2.sh.luc.YFP, AAV2.sh.luc.P11, AAV2.sh.p11.YFP, 

AAV2.lox.sh.luc.mCh, AAV2.lox.sh.p11.mCh. The non-inducible vectors were described 

before in (17). The cre inducible ShRNA vector was cloned as follows. A loxP 

(ATAACTTCGTATAGCATACATTATACGAAGTTAT) sequence was inserted at position 

25 in the H1 polIII promoter, downstream of the TATAbox. Immediately followed by the 

sequence ACCGGTTTTTTCGTACG and a second loxP sequence. Stuffer DNA, a fragment 

of GFP cloned with the primers 5’-ACCGGTCCGCCAAGCTGCAGGTG-3’ and 5’-

ACCGGTGCCGTCCTGGGGGTACAGCTTCTC-3’, was inserted between the loxP sites 

using the Age1 restriction site. The shRNAs were cloned immediately downstream of the 

second loxP site between a BglII and SpeI restriction sites. ShRNA sequences used in this 

study were: Shluc: 5’-

cccCGCTGGAGAGCAACTGCATcttcctgtcaATGCAGTTGCTCTCCAGCGttttt-3’ Shp11: 

5’- cccGGATCCTCTGGCTGTGGACActtcctgtcaTGTCCACAGCCAGAGGATCCttttt-3’
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All viral vectors were prepared as described in (22). Briefly, virus stocks were prepared by 

packaging the vector plasmids into AAV serotype 2 particles with a helper-free plasmid 

transfection system. The vectors were purified with heparin affinity chromatography and 

dialyzed against PBS. AAV titers were determined by quantitative polymerase chain 

reaction (PCR) with primers to a fragment of the AAV backbone.

Conditioned Place Preference

The place conditioning procedure was conducted as previously described (23). Ten weeks 

after surgery all mice were placed into the conditioning apparatus, which consists of three 

distinct chambers. Mice that showed any significant preference for either of the two 

conditioning chambers (<10% of all animals investigated) were excluded from the study. On 

subsequent days, animals were injected with saline (10 µl/g, i.p.) and confined to one 

chamber in the morning for 30 min and then injected with cocaine (Sigma-Aldrich, i.p.) and 

confined for 30 min to the alternate chamber in the afternoon for 2 days (two cocaine and 

two saline pairings). On the test day, mice were placed back into the apparatus in a drug-free 

state for 20 min and tested to determine which side they prefer. For the focal p11 silencing 

experiments, we used a similar paradigm with only one training session (saline or cocaine) 

per day and four training sessions per chamber.

Locomotor Sensitization

Mice were habituated to the locomotor chamber equipped with an infrared tracking system 

(16” L × 16” W × 12” H, Med associates, Inc.) for 1 h before the day1 injection. 

Ambulatory distance on habituation day was used to assign mice to saline or cocaine groups 

in order to have groups with similar distributions. Mice received a 10 mg/kg daily 

intraperitoneal cocaine (Sigma-Aldrich) or 0.9% saline injection for 5 days (volume of 

injection was 10 µl/g). Ambulatory distance was immediately measured for 1 h and the data 

from the first 10 min were presented. After 1 day of withdrawal from the last cocaine/saline 

injection (day 7), mice received an injection of cocaine (10 mg/kg) and locomotor activity 

recorded. On completion, mice were sacrificed to extract total mRNA.

Quantitative Real Time PCR

Immediately after the last behavioral test, mice were sacrificed with a pentobarbital and the 

brains quickly extracted into ice-cold PBS. Nac (core and shell) was microdissected under 

the microscope and stored on RNA-later (Ambion). RNA extraction was performed using 

Trizol reagent (invitrogen) and cDNAs produced from 1 µg of mRNA using iScript reverse 

trancriptase (Bio-Rad) according to manufacturers instructions. The primers used for p11 

were (5’-gcgacaaagaccacttgaca-3’ and 5’-cactggtccaggtccttcat-3’) and for the housekeeping 

gene glyceraldehydes-3-phosphate dehaydrogenase (GAPDH) were (5’-

cctgcaccaccaactgcttag-3’ and 5’-ctgtggtcatgagcccttcc-3’). Real-time PCR mixture contained 

SYBR-PCR mix (Applied Biosystems), primers to a final concentration of 0.1 pM, and 

adequate dilutions of cDNA. Reaction was performed in triplicate using a ABI Prism 7000 

machine (Applied Biosystems) at universal cycling conditions. Cycle threshold (CT) values 

were determined by automated threshold analysis with ABI Prism version 1.0 software.
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Immunohistochemistry

Mice were deeply anesthetized and perfused transcardially with 0.1 M PBS (pH 7.4) 

containing 0.1% heparin, followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 

7.4). The brains were removed, postfixed overnight, washed in phosphate buffer at 4°C, and 

cryoprotected in phosphate buffer containing 30% sucrose. Free floating sections at 20 or 40 

µm were generated on a freezing microtome. Primary antibodies used were anti-p11 (1:200; 

goat antibody; R&D Systems), anti-EGFP (ab290, 1:10,000; Abcam, Inc., Cambridge, MA), 

and anti-c-Fos (K-25, 1:1000; Santa Cruz Biotech) anti-RFP (1:1000; rabbit antibody, 

Rockland-inc), anti-CRE (2D8, 1:1000, mouse antibody, Millipore), anti-substance-P 

(1:400, rabbit antibody; Millipore) and anti-Met-enkepahlin (1:250, rabbit antibody, Abcam, 

Inc.). Secondary biotinilated antibodies, Vectastain Elite ABC kit, Mouse on Mouse kit and 

Avidin-Streptavidin blocking reagents were from Vector Laboratories. Blue DAB reagent 

contained 0.05% DAB, 0.05% Cobalt Chloride, 0.05% Nickel Ammonium Sulfate and 

0.015% hydrogen peroxide. Brown DAB reagent contains 0.03% DAB and 0.015% 

hydrogen peroxide. Fluorescent secondary antibodies (Alexa-conjugated donkey anti-rabbit 

and donkey anti-mouse) were from Invitrogen.

Results

Chronic cocaine administration downregulates p11 expression in the NAc

Given our prior work demonstrating the importance of p11 specifically in the NAc for 

control of depression-like behaviors, we hypothesized that NAc p11 may also influence 

responses to drugs of abuse, such as cocaine. To this end, we first asked whether chronic 

cocaine treatment modulates the expression of endogenous p11 within the NAc of wt mice 

(Figure S1A). Following cocaine administration in an open field (7 days, 10mg/Kg), p11 

protein was downregulated in both substance P expressing D1 MSN (Figure 1A, 1B), and in 

enkepahlin expressing D2 MSN (figure 1C, D), as demonstrated by a reduction in the 

number of cells co-expressing p11 and enkephalin or substance P after cocaine 

administration when compared to saline controls (n=5 for both groups). Because the context 

of cocaine administration can elicit different molecular adaptations, we measured the 

expression of p11 mRNA following two distinct behavioral paradigms of chronic cocaine 

administration: locomotor sensitization and CPP. In the locomotor sensitization paradigm, 

two groups of mice were injected with intraperitoneal saline (n=10) or cocaine (n=10), and 

immediately placed in an open field where their ambulatory activity was recorded for 10 

minutes. This procedure was repeated daily for 5 days. On day 7, mice were challenged with 

cocaine or saline and placed on the same test environment (Figure 1E). On test day, 

ambulatory distance was increased by 33% in the cocaine group when compared to day 1, as 

expected (Figure 1F). Immediately following the last test, the NAc was dissected to analyze 

RNA transcripts levels. We found that p11 transcripts were robustly downregulated in NAc 

biopsies from mice exposed to chronic passive administration of cocaine when compared to 

vehicle controls (Figure 1G). In the CPP paradigm, we tested a higher cocaine concentration 

(20 mg/kg) to determine whether p11 downregulation was dependent upon cocaine dosage. 

Mice were injected daily with cocaine or saline before being placed in the corresponding 

paired chamber (Figure S1B). After 2 days of conditioning, the mice were tested for CPP, 

preference for the cocaine paired side was confirmed, and each mouse received 3 additional 
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doses of cocaine or saline before the NAc was dissected (Figure S1C). We found the relative 

p11 mRNA levels were again significantly reduced in the cocaine treated group to the same 

degree that the one observed in the locomotor sensitization test (Figure S1G). Therefore, 

chronic cocaine administration reduces p11 mRNA and protein expression in the NAc, 

particularly in D1- and D2-expressing MSNs.

Loss of p11 increases the rewarding effects of cocaine

To explore whether downregulation of NAc p11 in wt mice in response to cocaine is a 

potential mediator of the behavioral response to cocaine administration, we used CPP as a 

measure of the initial rewarding effect of cocaine in p11ko and wt littermates. Despite being 

a reliable and widely used behavioral correlate for measuring reward, raw CPP scores can be 

highly variable between animal cohorts (24, 25) Therefore, we have only compared CPP 

scores with the internal control for each experiment. Here, we chose a CPP paradigm 

consisting of 2 days of conditioning with 7.5 mg/kg cocaine, a minimal dose that can 

produce physiological and biochemical cocaine responses (26). Using this modified 

procedure, we found that p11ko mice injected in the NAc bilaterally with AAV vectors 

expressing the control protein yellow fluorescent protein (AAV-YFP) exhibit an increased 

CPP score when compared to wt littermates (Figure 2B). Therefore, p11ko mice are more 

sensitive to CPP at this cocaine dose compared to wt littermates.

Overexpression of p11 in the NAc reduces cocaine reward

Since cocaine administration reduces p11 expression in the NAc and p11ko mice 

demonstrated increased cocaine CPP compared with wt controls, we hypothesized that 

restoring NAc p11 expression might reverse this behavioral response. We have previously 

shown that depression-like behaviors in p11ko mice can be reversed by focally restoring p11 

in the NAc using AAV-mediated gene transfer (17). Using a similar paradigm, p11ko and wt 

littermates were injected bilaterally in the NAc (Figure 2C,D) with the AAV-p11 viral 

vectors ten weeks before CPP training (Figure 2A). As predicted, focal restoration of p11 

expression in the NAc of p11ko mice reduced cocaine CPP score to wt levels (Figure 2B). 

This effect is not exclusive to p11ko mice, as wt mice receiving AAV-p11 in the NAc also 

had significantly lower CPP score relative to AAV-YFP injected wt controls (Figure 2B). 

Taken together, our data indicate that the reduction in endogenous NAc p11 expression 

following chronic cocaine contributes to drug-evoked pathological behaviors, which can be 

overcome by the ectopic expression of p11 directly in the NAc.

p11 overexpression reduces c Fos induction in response to cocaine

Chronic or acute treatment with psychostimulants have been reported to induce the 

expression of the immediate early gene c-fos, a well-characterized biomarker of neuronal 

and behavioral changes elicited by cocaine administration (27, 28). Therefore, we examined 

whether p11 overexpression alters cocaine induced c-Fos expression (Figure 3). To this end, 

wt mice were injected in the NAc (Figure 3A) with either AAV-YFP or AAV-p11 

overexpressing vectors, treated for 10 days with cocaine (10mg/kg) or saline, and analyzed 2 

hrs after the last injection. As expected, mice injected with the control AAV-YFP virus 

responded to cocaine administration with a robust c-Fos induction in YFP-positive neurons 
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(Figure 3). In contrast, NAc neurons infected with the AAV-p11 failed to upregulate c-Fos 

expression in response to cocaine administration (Figure 3B, C). This set of data is 

consistent with our observations that overexpressing p11 in the NAc reduces sensitivity to 

cocaine reward.

P11 effect on cocaine CPP is mediated by D1 receptor containing neurons in the NAc

Specific neuronal subtypes within the NAc may discriminate the behavioral responses to 

drugs of abuse. For instance, optogenetic activation of NAc D1-expressing MSNs enhances 

cocaine CPP, whereas optogenetic activation of D2-expressing MSNs attenuates cocaine 

CPP (12). Furthermore, optogenetic inhibition of ChAT-expressing neurons blocks cocaine 

CPP (29). Within the NAc, p11 is highly expressed in cholinergic (ChAT) interneurons, and 

it is also present at lower levels in MSN (Figure S1A), with roughly equal expression levels 

in dopamine D1 or dopamine D2 containing neurons (Figure 1) (21). Consistently, cocaine 

administration produces a strong activation of D1-expressing MSNs in the NAc, as 

demonstrated by the induction of c-fos and other immediate early genes (12, 14), an effect 

that we found to be dependent upon p11 expression (Figure 3).

In order to determine if the effect of Nac p11 on cocaine CPP is mostly driven by either 

neuronal subsets, we developed a novel Cre inducible AAV vector, lox.sh.p11, to selectively 

express small hairpin RNAs downstream of a floxed STOP cassette (Figure 4A, Figure S2a). 

Previous reports have demonstrated efficient transcription of small RNAs from the Pol III 

H1-promoter following alteration of the sequence of the 24 nucleotides following the TATA 

box element, as long as the proper distance is maintained (30). Therefore, we replaced the 

16 bp immediately downstream of the TATA box element by a 34 bp loxP element, 

followed by 300 bp of stuffer DNA (STOP cassette), a second loxP, and finally the sequence 

for the shRNA (Figure 4A, Figure S2a). In the absence of Cre recombinase the STOP 

cassette prevents the transcription of the shRNA. After recombination of the loxP elements, 

the stuffer DNA is eliminated and the shRNA can be transcribed (Figure 4A, B). The 

resulting sequence after recombination contains 16 extra nucleotides between the TATA box 

element and the shRNA sequence but the additional distance does not appear to affect the 

efficiency of the transcription of the shRNA as demonstrated by a comparable silencing 

efficiency of the lox.sh.p11 vector and the original sh.p11 vector (Figure 4B). This new 

AAV vector allows for conditional p11 gene downregulation when combining the cell type 

specificity of BAC-Cre transgenic lines with the anatomical precision of stereotactic AAV 

delivery.

To specifically silence p11 in different neuronal populations of the NAc, we injected either 

lox.sh.p11 or lox.sh.luc AAV vectors into the NAc of two different transgenic mouse lines 

which express Cre-recombinase from two different promoters. Dopamine D2-receptor BAC-

Cre mice (D2-Cre) target striatopallidal, enkephalin expressing MSNs (Figure S3) and 

ChAT neurons (14, 31) and dopamine D1-receptor BAC-Cre mice which target striatonigral, 

substance P expressing MSNs as previously characterized (Figure S3) (31). First, we 

controlled that a similar proportion of Cre positive cells can be infected in both D1 and D2 

Cre lines (43,8% and 44,3% respectively) (figure S2b,c). Then, we confirmed in vivo the 

selective downregulation of p11 in Cre-expressing cells in D1-Cre (Figure 4C, Figure S2d) 
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and D2-Cre (Figure S2e) injected mice. Importantly, both BAC-Cre lines were able to 

develop reliable cocaine CPP, confirming normal striatal function as previously reported 

(32). Therefore, we analyzed cocaine CPP (8 days conditioning cocaine dose: 7.5mg/kg) in 

these BAC-Cre mice engineered to produce cell type-specific loss of p11 in the NAc. We 

compared their behavior to wt littermates injected with the previously characterized sh.p11 

vector (17) to globally downregulate p11 in the entire NAc. As predicted by the increase in 

cocaine CPP observed in p11ko mice (Figure 2B), global silencing of p11 in the NAc 

increased cocaine CPP (Figure 4D). In clear contrast, specific silencing of p11 in D2-

expressing NAc MSNs and cholinergic interneurons did not have an effect on cocaine CPP 

(Figure 4D). Only the specific silencing of p11 in D1-expressing MSNs of the NAc 

increased robustly cocaine CPP compared with control mice (Figure 4D), indicating that p11 

within this cell type is a major molecular determinant of biochemical and behavioral 

responses to chronic cocaine. It should be noted that the Cre-mediated induction achieved 

with these vectors was specific to activation of the shRNA, while the second cassette 

produced the reporter gene (mCherry) that was independent of Cre-expression. Therefore, 

AAV transduction and reporter expression were equivalent in all animals, regardless of Cre 

expression, with only activation of the shRNA limited to the Cre expressing cells (Figure 

S1), further confirming that the effect on cocaine CPP was specific to p11 inhibition in D1-

Cre labeled neurons and not due to a non-specific effect of viral transduction or marker gene 

expression.

Discussion

The NAc integrates signals from different regions of the limbic system in order to fine-tune 

the response to affective and reward-related stimuli. As a result, the NAc is at the center of 

sustained research efforts to identify common molecular pathways to psychiatric disorders 

such as drug addiction and depression. The small adaptor protein p11 has been previously 

described as an important modulator of depressive-like behaviors (16, 17, 21). Here, we 

characterize a cell-type specific role of p11 in dopamine D1 expressing MSNs in the NAc 

for the initial reward-related response to cocaine. In addition to their depressive-like 

phenotypes, we show that p11ko mice also have an increased sensitivity to the rewarding 

effects of cocaine. Using viral vectors, we identify the NAc as the core brain region 

mediating this effect. In conjunction with promoter specific-Cre transgenic mice, we 

developed a lox.shRNA viral strategy that allowed us to target p11 knock-down in specific 

cell-types within the NAc. We then demonstrated that p11 action on cocaine behaviors was 

largely due to modulation of striato-nigral neurons expressing dopamine D1 receptors, but 

not D2 receptors.

Our finding that p11 specifically in NAc D1 receptor-expressing striatonigral MSNs regulate 

responses to cocaine reward is consistent with a number of studies that identified these same 

neurons as primary mediators of the reinforcing effects of cocaine (11, 12, 33). Using the 

same transgenic line to express Cre inducible channelrhodopsin-2 in cell type specific 

MSNs, Lobo and colleagues demonstrated that direct optogenetic activation of striatonigral 

neurons in the NAc during cocaine conditioning enhances cocaine reward measured by CPP 

(12). Using the substance P promoter, a different marker for striatonigral neurons, in 

addition to conditional tetanus toxin transgenic mice, Hikida and colleagues demonstrated 
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that inhibiting synaptic transmission in striatonigral neurons inhibits cocaine CPP (11). 

Nonetheless, the consequences to cocaine-induced behaviors from altering either dopamine 

receptor or downstream signaling molecule function in these neurons remain complex. 

Dopamine D1 receptor is necessary for other behavioral responses to cocaine, such as 

locomotor sensitization (13), but mice lacking D1 receptors develop CPP in response to 

cocaine (34, 35). In a similar manner, blocking c-fos induction in D1-receptor MSNs affects 

locomotor sensitization but not the establishment of CPP (28). Our findings reinforce the 

hypothesis that striatonigral neurons are necessary for developing cocaine CPP, and that 

titration of p11 expression is sufficient to modulate this effect. A variety of functions have 

been attributed to p11, which could influence activity of striatonigral neurons in response to 

cocaine. P11 is best known for its role as a regulator of surface expression of membrane 

proteins such as serotonin receptors 5HT1b and 5HT4 (16, 18), ion channels (19, 20, 36, 

37), and its protein partner Annexin A2 (38). More recently, p11 was described to have a 

nuclear function and regulate gene transcription through SMARCA3 (39). Future 

anatomical, biochemical and electrophysiological studies of p11 function within the D1-

expressing cells are necessary to fully understand the signaling mechanisms leading to the 

conditioning behavior.

Here we demonstrate that cocaine administration reduces endogenous p11 within the NAc. 

We have previously shown that p11 expression is also reduced in the NAc of human patients 

with major depression and that p11ko mice show depression-like phenotypes (16, 17). 

Moreover we identified the NAc as the key brain region sensitive to p11 homeostasis in 

which p11 loss exerts pro-depressive effect, most specifically, through the cholinergic 

(ChAT positive) interneuron population that are the only source of acetylcholine for MSNs 

of the ventral striatum (17, 21). The role of ChAT cells in cocaine CPP is complex and 

appears to be dependent on the time and behavioral context. Long-term inactivation of 

ChAT neurons in the NAc using a targeted toxin strategy increases cocaine CPP 

dramatically (40), whereas short-term light inactivation of ChAT interneurons during the 

training sessions produces a stark decrease in cocaine CPP (29). Up to this point, we do not 

know how the loss of p11 affects the excitability of ChAT cells, but the models we use in 

this study (transgenic mice and shRNA injections) have long term consequences that are not 

reversible. Here, we show that downregulation of p11 in D2-containing neurons has no 

apparent effect on cocaine CPP, and since ChAT neurons express the dopamine D2 receptor 

(41, 42), this suggests that p11 in NAc ChAT cells is less crucial for the cocaine CPP 

phenotype than for depression-like behaviors. However, it is possible that alteration of p11 

only in ChAT neurons may yield a demonstrable phenotype not observed when p11 is 

downregulated in all D2 expressing neurons. Further studies to inactivate p11 exclusively in 

ChAT neurons may clarify this question.

The identification of molecular and anatomical pathways common to addiction and 

depressive disorders could be useful for the development of new therapeutic strategies for 

these illnesses. However, therapies that improve addictive behaviors may also promote 

depressive symptoms and vice versa. Important questions remain to be addressed before 

understanding the molecular underpinnings of these two highly co-morbid disorders. We 

previously suggested p11 as a therapeutic target to treat major depressive disorders (MDD). 
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Our present results suggest that reduced NAc p11 is not only associated with MDD but also 

with enhanced cocaine reward, and that strategies to increase p11 expression and/or activity 

of downstream binding partners in the NAc may decrease the susceptibility to cocaine abuse 

in addition to the previously observed therapeutic benefits for depression-like behaviors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Chronic cocaine treatment reduces the expression of p11 in the NAc
Chronic cocaine treatment reduces p11 expression on substance P (SP) expressing D1 MSN 

(A) Representative immunohistochemistry of SP and p11 expression in NAc of saline and 

cocaine treated C57BL/6 mice. The white arrows indicate MSN co-expressing SP and p11, 

the yellow arrows indicate cells expressing SP and no detectable p11. (B) Quantification of 

cells expressing detectable levels of p11 among SP positive cells. Data are presented as 

mean ± SEM and analyzed using a two tailed paired T test (p<0.01) scale bar represents 10 

µm. Chronic cocaine treatment reduces p11 expression on enk expressing D2 MSN (C) 
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Representative immunohistochemistry of enk and p11 expression in NAc of saline and 

cocaine treated mice. White arrows indicate MSN co-expressing enk and p11, yellow arrows 

indicate cells expressing SP and no detectable p11. (D) Quantification of cells expressing 

detectable levels of p11 among enk positive cells. Data are presented as mean ± SEM and 

analyzed using a two tailed paired T test (p<0.01). (E) Experimental timeline. Adult 

C57BL/6 mice (n=10) were treated for 5 days with IP injections of 10 mg/kg of cocaine or 

saline in an open field arena and challenged on day 7 with cocaine or saline in the same 

context. (F) Cocaine treated mice display classical locomotor sensitization during the first 10 

minutes of exposition to the drug contrary to saline treated mice. Data are presented as mean 

± SEM and analyzed using a two tailed paired T test (p<0.05). (G) Cocaine treated mice 

decrease mRNA expression levels of p11 in the NAc when compared to saline treated mice 

as measured by qPCR (p<0.01).;
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Figure 2. P11 in NAc modulates cocaine CPP
(A) Experimental timeline. P11 KO and wt littermates were injected in the NAc with 

AAV2.p11 or AAV2.YFP, 10 weeks later mice were submitted to cocaine (7.5 mg/kg) CPP 

as described in the materials and methods section. (B) Control injected p11KO show 

increased CPP compared to control injected wt littermates. Focal restoration of p11 in the 

NAc of p11 KO normalizes cocaine CPP scores. Focal overexpression of p11 in the NAc of 

wt mice reduces their CPP score compared to control injected wt. Data (means ±SEM n=6–8 

per group) were analyzed using 2 way ANOVA. Effect of genotype F(1, 27)= 6.87, p=0.015; 

effect of injected virus F(1, 27)=13.65, p=0.0011; interaction F(1, 27)=0.65, NS. Post hoc 

comparison (Tukey HSD test) **p<0.01. (C) Representative histological analysis of 

injection sites. Black scale bar, 1mm. Insert is a magnification showing p11 expression on 

AAV.p11 injected p11KO. (D) Cartoon shows the location of the viral injection sites at the 

indicated coordinates from Bregma according to Franklin and Paxinos (2008).
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Figure 3. P11 overexpression prevents cocaine induced c Fos activation in the NAc
(A) The position of the NAc region used for quantification is indicated by grey square at 

1.18 mm from Bregma according to Franklin and Paxinos (2008). (B) c-Fos 

immunoreactivity in the NAc core of control (AAV-YFP) or AAV-p11 infected mice 2 hrs 

after the last saline or cocaine injection of a 10 day treatment. White arrows indicate 

infected cells, note strong c-Fos induction after cocaine treatment in YFP infected cells, and 

decreased c-Fos induction by cocaine in p11 infected neurons. Scale bar 50 µm. (C) 

quantification of c-Fos positive cells within the infected area. Data (means ±SEM n=6–10 

per group) were analyzed using two way ANOVA. Effect of injected virus F(1, 28)= 9.23, 

p=0.0055; effect of drug treatment F(1, 28)= 11.46, p=0.0024; interaction F(1, 28)= 0.16, NS. 

Post hoc comparison (Tukey HSD test) **p<0.01.

Arango-Lievano et al. Page 16

Biol Psychiatry. Author manuscript; available in PMC 2015 November 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. D1 receptor expressing MSNs mediate the effect of NAc p11 on cocaine CPP
(A) Scheme of the Cre inducible shRNA expression system used to selectively silence p11 

expression. (B) HEK 293 cells were transfected with the indicated constructs and probed for 

p11 expression 72hrs later. In the presence of Cre lox.sh.p11 construct silences p11 with a 

similar efficiency than the constitutively active sh.p11. (C) D1-Cre mice injected in the NAc 

with Cre inducible AAV2-lox.sh.p11 or control AAV2-lox.sh.luc, viral spread at the site of 

the injection was determined by RFP staining, an adjacent slice was stained for Cre in 

brown, and p11 in blue. Right panel is a magnification of the double staining in the infected 

area (white square), white arrows indicate cells expressing Cre and p11 in control injected 

mice, yellow arrows indicate cells expressing p11 alone and blue arrows indicate cells 

expressing Cre alone. Scale bar is 50 µm. (d) Ten week old D1-Cre or D2-Cre mice were 

injected in the NAc with Cre inducible AAV2-lox.sh.p11 or control AAV2-lox.shluc, wt 

littermates were injected with AAV2-sh.p11 or AAV2-sh.luc 10 weeks later mice were 

submitted to cocaine (7.5mg/kg) place conditioning as described in the materials and 

methods section. Data (means ±SEM n=5–10 per group) were analyzed using two way 

ANOVA. Effect of injected virus F(1, 45)= 5.06, p=0.0301; effect of genotype F(2, 45)= 1.45, 

NS; interaction F(2, 45)= 0.42, NS. Post hoc comparison (Tukey HSD test) *p<0.05; 

**p<0.01.
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