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Abstract 

A recent study showed that p11 expressed in cholinergic interneurons (CINs) of the nucleus accumbens 

(NAc) is a key regulator of depression-like behaviors. Dopaminergic neurons projecting to the NAc are 

responsible for reward-related behaviors, and their function is impaired in depression. The present study 

investigated the role of p11 in NAc CINs in dopamine responses to rewarding stimuli. The extracellular 

dopamine and acetylcholine (ACh) levels in the NAc were determined in freely moving male mice using 

in vivo microdialysis. Rewarding stimuli (cocaine, palatable food and female mouse encounter) induced 

an increase in dopamine efflux in the NAc of wild-type mice. The dopamine responses were attenuated 

(cocaine) or abolished (food and female mouse encounter) in constitutive p11 KO mice. The dopamine 

response to cocaine was accompanied by an increase in ACh NAc efflux, whereas the attenuated 

dopamine response to cocaine in p11 KO mice was restored by activation of nicotinic or muscarinic 

ACh receptors in the NAc. Dopamine responses to rewarding stimuli and ACh release in the NAc were 

attenuated in mice with deletion of p11 from cholinergic neurons (ChAT-p11 cKO mice), whereas gene 

delivery of p11 to CINs restored the dopamine responses. Furthermore, chemogenetic studies revealed 

that p11 is required for activation of CINs in response to rewarding stimuli. Thus, p11 in NAc CINs 

plays a critical role in activating these neurons to mediate dopamine responses to rewarding stimuli. The 

dysregulation of mesolimbic dopamine system by dysfunction of p11 in NAc CINs may be involved in 

pathogenesis of depressive states. 

 

Significance Statement 

p11 is a critical regulator of CIN activity as measured by the dopamine response of the mesolimbic 

dopamine pathway to rewarding stimuli. p11 is required for reward-mediated NAc CIN activation and 

induction in ACh release, resulting in the enhancement of dopamine release. The reduction of p11 

expression in NAc CINs is tightly associated with anhedonia as well as other depression-like symptoms 

of behavioral despair. To improve therapeutic efficacy of antidepressants for anhedonia, a new type of 

antidepressant directly or indirectly acting on the mesolimbic dopamine pathway needs to be developed. 
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For this purpose, therapeutic strategies that increase the function of p11 and its signaling pathway in 

NAc CINs may have an impact on antidepressant efficacy. 
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Introduction 

Depressive patients show a variety of mood-related symptoms: increased negative affect (e.g., depressed 

mood, guilt, anxiety) and decreased positive affect [e.g., anhedonia (loss of interest or pleasure), 

decreased motivation] (Clark and Watson, 1991). Although antidepressants, which upregulate serotonin 

and/or noradrenaline neurotransmission, effectively alleviate negative affect, they are relatively 

ineffective at improving positive affect (Shelton and Tomarken, 2001; Craske et al., 2016). The 

ineffectiveness can be explained by the fact that anhedonia is associated with a deficit in the dopamine 

reward circuit (Der-Avakian and Markou, 2012; Russo and Nestler, 2013). Since anhedonia is a 

predictor of poor long-term outcomes including poor treatment response and suicide (Craske et al., 

2016), further understanding of the neurobiology of anhedonia in depression is required to improve 

therapeutic efficacy of current antidepressant treatments. 

 p11 (S100A10) is a member of the S100 EF-hand protein family, and is known to play pivotal 

roles in the pathophysiology of depression (Svenningsson et al., 2006; Svenningsson et al., 2013). 

Extensive studies on the function of p11 revealed that p11 potentiates serotonin neurotransmission via 

multiple mechanisms including recruitment of 5-HT1B and 5-HT4 receptors at the cell surface 

(Svenningsson et al., 2006; Warner-Schmidt et al., 2009), and regulates depression-like behaviors and 

responses to antidepressants (Svenningsson et al., 2013; Medrihan et al., 2017). Constitutive p11 

knockout (KO) mice show depression-like behaviors, including increased behavioral despair and 

anhedonia (Svenningsson et al., 2006; Warner-Schmidt et al., 2009; Alexander et al., 2010). p11 is 

expressed in various brain regions (Milosevic et al., 2017), and p11 expressed in the nucleus accumbens 

(NAc) (Alexander et al., 2010; Warner-Schmidt et al., 2012), cerebral cortex (Schmidt et al., 2012; Seo 

et al., 2017b), hippocampus (Egeland et al., 2010; Oh et al., 2013; Medrihan et al., 2017) and habenula 

(Seo et al., 2017a) affects depression-like behaviors via a variety of neural mechanisms. Furthermore, in 

depressed patients, the expression of p11 is reduced in the anterior cingulate cortex and NAc 

(Svenningsson et al., 2006; Alexander et al., 2010). 

The NAc receives dopaminergic input from the ventral tegmental area (VTA) and has been 

implicated as a key brain region of the reward system (Russo and Nestler, 2013; Hu, 2016). In the NAc, 
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p11 is expressed in a cell-type specific manner: low levels in medium spiny neurons (MSNs) and high 

levels in cholinergic interneurons (CINs) (30-fold higher than non-cholinergic neurons) 

(Warner-Schmidt et al., 2012). p11 in CINs has been shown to be a key regulator of depression-like 

behavior: (1) mice with p11 knockdown in NAc show depression-like behaviors (Alexander et al., 2010) 

and (2) p11 knockout mice in choline acetyltransferase (ChAT) cells (ChAT-p11 cKO mice) show 

depression-like behaviors and the behaviors are rescued by overexpression of p11 in NAc CINs 

(Warner-Schmidt et al., 2012).  

 Cholinergic tone in the mesolimbic dopamine system plays an important role in behavioral 

responses to psychostimulants and natural reward (Hoebel et al., 2007; Williams and Adinoff, 2008). In 

the NAc, psychostimulants increase the activity of CINs (Berlanga et al., 2003; Witten et al., 2010) and 

ACh release (Consolo et al., 1999). Feeding induces a gradual increase in ACh, which is known to have 

a role in the onset of satiation (Hoebel et al., 2007). Effects of cholinergic neurotransmission on 

responses to psychostimulants and natural reward-related behaviors are highly dependent on 

physiological and experimental conditions (Consolo et al., 1999; Gonzales and Smith, 2015) and 

contradictory (Hikida et al., 2001; Hoebel et al., 2007; Witten et al., 2010; Grasing, 2016). Graising et al. 

proposed a threshold model to explain the inverted U-shape dose response of ACh, in which moderate 

activation of CINs increases the reward probability, whereas activation of CINs above a certain 

threshold reduces it (Grasing, 2016).  

p11 KO mice show altered cocaine conditional place preference (CPP) (Arango-Lievano et al., 

2014; Thanos et al., 2016), suggesting that p11 plays a pivotal role in the regulation of reward. However, 

a role for p11 in NAc dopamine neurotransmission has not been established. Therefore, we investigated 

the role of p11 in dopamine neurotransmission in the NAc and prefrontal cortex (PFC) after exposing 

mice to cocaine or to natural rewards. The present study demonstrates that p11 is required to activate 

CINs to increase ACh release in response to rewarding stimuli in the NAc, leading to activation of the 

mesolimbic (VTA-NAc) dopamine system. 
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Materials and methods 

Animals 

Male constitutive p11 KO (Svenningsson et al., 2006), ChAT-Cre (GENSAT, GM60) and ChAT-p11 

cKO (Warner-Schmidt et al., 2012) mice at 8-12 weeks of age were used. ChAT-p11 cKO mice were 

generated by breeding floxed p11 mice with ChAT-Cre mice (Warner-Schmidt et al., 2012). Mice were 

housed 2-5 per cage and maintained on a 12-h light/dark cycle (lights on from 7:00 am to 7:00 pm) with 

access to standard mouse chow and water ad libitum. All mice used in this study were handled in 

accordance with the Guide for the Care and Use of Laboratory Animals as adopted by the US National 

Institutes of Health, and the specific protocols were approved by the Institutional Animal Care and Use 

Committee. All efforts were made to minimize the number of animals used.  

 

Drugs 

Cocaine (Takeda Pharmaceutical companies, Osaka, Japan), nicotine (Sigma-Aldrich, St. Louis, MO), 

oxotremorine (Sigma-Aldrich), dihydro-ß-erythroidin (DHßE; Sigma-Aldrich), atropine 

(Sigma-Aldrich) and clozapine N-oxide (CNO; Cayman Chemical, Ann Arbor, MI) were dissolved in 

Ringer’s solution for local infusion. 

 

Surgery and brain dialysis 

Microdialysis was performed with an I-shaped cannula. Microdialysis probes were implanted in the 

unilateral NAc (exposed length 1.5 mm) or PFC  (exposed length 3.5 mm) of 12-week-old mice under 

pentobarbital (50 mg/kg i.p.) and xylazine (8 mg/kg i.p.) anesthesia and local application of 10% 

lidocaine. The coordinates of the implantation into the NAc were A/P +1.4 mm, L/M 0.6 mm from the 

Bregma and V/D 4.5 mm from the dura at an angle of 0° in the coronal plane (Figure 1a). The 

coordinates of the implantation into the PFC were A/P +1.9 mm, L/M 0.3 mm from the bregma and V/D 

2.8 mm from the dura at an angle of 0° in the coronal plane (Figure 1b). After surgery, the mice were 

housed individually in plastic cages (30×30×40 cm). 

 Microdialysis experiments were conducted 24-48 h after implantation of the probe, as 
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previously described (Kaneko et al., 2016). An on-line approach for real-time quantification 

of dopamine was used, in which the probes were perfused with Ringer’s solution at a flow rate of 2.0 

μl/min. The 20 min sample fractions collected through dialysis probes were directly injected to 

high-performance liquid chromatography using a reverse-phase column (150×4.6 mm; Supelco LC18, 

Bellefonte, PA) with electrochemical detection. An EP-300 pump (EICOM, Kyoto, Japan) was used in 

conjunction with an electrochemical detector (potential of the first cell, +180 mV; potential of the 

second cell, -180 mV) (ESA, Chelmsford, MA). The mobile phase was a mixture of 4.1 g/L sodium 

acetate adjusted to pH 5.5, 50 mg/L Na2EDTA, 140 mg/L octanesulfonic acid and 10% methanol. The 

flow rate was 0.4 ml/min. The detection limit of assay was about 0.3 fmol per sample (on-column). The 

composition of the Ringer’s solution (in mM) was: NaCl 140.0, KCl 4.0, CaCl2 1.2, and MgCl2 1.0. At 

the end of the experiment, the mice were given an overdose of sevoflurane and brains were fixed with 

4% paraformaldehyde via intracardiac infusion. Coronal sections (50 μm) were cut and dialysis probe 

placement was localized using the atlas of Paxinos and Franklin (Paxinos and Franklin, 2001) as 

reference. Mice in which dialysis probes were misplaced, were not included in data analysis. 

 For analysis of ACh, the microdialysis probes were perfused with Ringer’s solution at a flow 

rate of 1.0 μl/min. The 10 min dialysate fractions were collected, and ACh content was detected using 

HPLC-ECD system with AC-GEL separation column (2.0 ID X 150 mm) with a platinum working 

electrode (Eicom-USA, CA) as previously reported (Virk et al., 2016). ACh content in each dialysate 

sample was determined using subsequent standards with known amounts of ACh. The threshold for 

detection was 2.44 fmol/min ACh. Neostigmine (100 nM) was added to the dialysis solution to establish 

continuous ACh efflux.  

 

ChAT cell-specific expression of p11, rM4D(Gi-DREADD) and rM3D(Gs-DREADD) using AAV 

vectors 

For overexpression of p11 in ChAT cells of the NAc in ChAT-p11 cKO mice, 

AAV-loxP-RFP/stop-loxP-p11 (2.7×1012 virus molecules/ml) and its control vector, 

AAV-loxP-RFP/stop-loxP-YFP (5.2×1012 virus molecules/ml), were used (Warner-Schmidt et al., 2012). 
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RFP was expressed in Cre recombinase-negative cells such as MSNs, and p11 or YFP was expressed in 

ChAT cells of the NAc, where the Cre recombinase was expressed under control of ChAT promoter. 

For chemogenetic modulation of ChAT cell functions, rAAV2/hsyn-DIO-rM3D(Gs)-mCherry 

(6.6×1012 virus molecules/ml), rAAV2/hsyn-DIO-rM4D(Gi)-mCherry (3.7×1012 virus molecules/ml) and 

its control vector, rAAV2/Ef1a-DIO-mCherry (3.2×1012 virus molecules/ml), purchased from University 

of North Carolina (UNC) Vector Core, were used. 

Viruses were infused bilaterally into the NAc in ChAT-p11 cKO mice at 8 weeks old, under 

pentobarbital (50 mg/kg i.p.) and xylazine (8 mg/kg i.p.) anesthesia and local application of 10% 

lidocaine.  The coordinates of the infusions into the NAc were A/P +1.4 mm, L/M ±0.6 mm from the 

bregma, and V/D 3.7 mm from the dura at an angle of 0° in the coronal plane. All infusions were 

performed using a 5 μl Hamilton syringe with a 33 G needle attached at a rate of 0.1 μl/min. To prevent 

reflux after infusion, the injection needle was left in the place for 15 min. The needle was withdrawn a 

short distance (0.3 mm) every 3 min, and this procedure was repeated until the needle was completely 

removed. Four weeks later, the microdialysis probe was implanted and in vivo microdialysis assessments 

were performed. 

 

Rewarding stimuli 

Cocaine infusion: Cocaine infusion at 1 μM into the NAc induced the increase of extracellular 

dopamine (150-200 % of basal level), which is similar to the increase of dopamine in the NAc induced 

by systemic cocaine administration (at low to moderate doses) with rewarding effects (Brown et al., 

1991; Tourino et al., 2012). During the experimental period, cocaine at 1 μM was infused into the NAc 

or PFC through the dialysis membrane for 140 min after obtaining three stable consecutive samples of 

dopamine differing by <10%.  

Palatable food: After microdialysis probe implantation, flavored serial food (Asahi Food & Healthcare 

Co., Tokyo, Japan), to which mice exhibit palatability, was introduced to the mice in the acrylic box 24 h 

before the start of the experiment to promote habituation (Kawahara et al., 2013). Flavored serial food 

was removed 1 h before the start of experiments on the day of the experiments, whereas mice had free 
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access to regular food. During the experimental period, after obtaining three stable consecutive samples 

of dopamine, regular food was removed and then mice were exposed to palatable food for 20 min. 

Exposure to a female mouse: During the experimental period, male mice were exposed to female 

C57BL/6N mice at the same age, purchased from Japan SLC (Shizuoka, Japan), after obtaining three 

stable consecutive samples of dopamine. Female mice enclosed in a clear acrylic cage (10×10×20 cm) 

with 1 cm slits were placed in the plastic cage (30×30×40 cm) of male mouse for 20 min, and thereafter 

the female mouse and the clear acrylic cage were removed.  

 

Immunohistochemistry 

Mice were deeply anesthetized with sodium pentobarbital and transcardially perfused with 4% 

paraformaldehyde in phosphate buffer (0.1 M, pH 7.4). Three to four hours after perfusion, the brains 

were removed and further fixed with 4% paraformaldehyde overnight at 4˚C. Coronal sections of the 

NAc (50 μm in thickness) were cut with a vibrating blade microtome (VT1000S, Leica Microsystems, 

Nussloch, Germany). Sections were processed for immunohistochemistry using the free-floating method, 

as described previously (Fukuda et al., 1996). Sections were incubated with a goat anti-p11 (S100A10) 

antibody (Cat# AF2377, RRID:AB_2183469; 1:200 dilution; R&D Systems, Minneapolis, MN) or a 

goat anti-ChAT antibody (Cat# AB144P, RRID:AB_2079751; 1:500 dilution; Millipore, Temecula, CA) 

for 1 week at 20°C. Antibody binding was visualized with Alexa Fluor 488 or 647-conjugated donkey 

anti-goat IgG (1:800 dilution; Jackson ImmunoResearch Laboratories, West Grove, PA). Sections were 

mounted using antifade media (Vectashield; Vector Laboratories, Burlingame, CA) and examined with a 

confocal laser-scanning microscope, LSM 5 PASCAL (Zeiss, Oberkochen, Germany) or FV-1000 

(Olympus, Tokyo, Japan). 

 

Statistical Analysis  

The data are displayed as the mean ± S.E.M. For analyses of microdialysis data, all values were 

expressed as a percentage of the basal values (100%) for each group, obtained as the average of three 

and six stable baseline samples for dopamine and ACh, respectively. The values obtained after rewarding 
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stimuli were compared with the basal values using mixed linear models with time as a covariate, and 

Bonferroni’s correction was applied for multiple comparisons using the SAS MIMED procedure 

(Version 9.4, SAS Institute, Cary, NC, USA). Repeated measures two-way ANOVA were used to 

compare the experimental groups (JMP Pro, SAS Institute). The basal values of dopamine and/or its 

metabolites were compared with unpaired Student's t-test (Table 1), and the effects of clozapine-N-oxide 

(CNO) on dopamine levels in ChAT-p11 cKO mice with Gs DEADD viral injection were compared with 

one-way ANOVA followed by Neuman-Keuls post hoc test (Figure 6b). The analyses were performed 

using Prism 5.0 software (GraphPad, San Diego, CA, USA). p < 0.05 was considered to be significant. 

Details of the statistical analysis are listed in Table 2. 
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Results 

Dopamine responses to rewarding stimuli in the NAc and PFC of constitutive p11 KO mice 

The levels of dopamine in the NAc in response to a drug of abuse, cocaine, and exposure to natural 

rewarding stimuli, a palatable food or female mouse, were determined with in vivo microdialysis. The 

basal extracellular levels of dopamine and its metabolites [3,4-dihydroxy-phenylacetic acid (DOPAC) 

and homovanillic acid (HVA)] in the NAc and PFC were similar between wild-type (WT) and 

constitutive p11 KO (p11 KO) mice (Table 1). Cocaine infusion (1 μM) into the NAc increased the 

levels of dopamine to 150% of control in the NAc of WT mice, but the dopamine response to cocaine 

infusion was largely attenuated in p11 KO mice (Figure 1c). Exposure to a palatable food or female 

mouse increased the dopamine levels similarly to cocaine infusion in the NAc of WT mice (Figure 1d-e). 

The dopamine response to the palatable food or female mouse was abolished in the NAc of p11 KO 

mice. In the PFC, all the rewarding stimuli increased the dopamine levels to the same extent in WT and 

p11 KO mice (Figure 1f-h). These results indicate that p11 is selectively involved in the regulation of 

the mesolimbic (VTA-NAc) dopamine system, but not in the regulation of the mesocortical (VTA-PFC) 

dopamine system.  

 

Effects of a nicotinic or muscarinic receptor agonist on the attenuated dopamine response to 

cocaine in the NAc of constitutive p11 KO mice 

p11 is highly expressed in NAc CINs (Warner-Schmidt et al., 2012) and is involved in the regulation of 

ACh release (Virk et al., 2016). In addition, ACh has been shown to stimulate dopamine release via 

activation of α4β2 nicotinic ACh receptors (nAChRs) (Wonnacott et al., 2000; Hamada et al., 2004) and 

M5 muscarinic receptors (Bendor et al., 2010; Kuroiwa et al., 2012) at dopaminergic axon terminals. 

These observations suggest that p11 regulates mesolimbic dopamine release by regulating cholinergic 

signaling at dopaminergic axon terminals We therefore investigated whether activation of nAChRs or 

muscarinic receptors could restore the dopamine responses to cocaine in the NAc of p11 KO mice 

(Figure 2a-b). When cocaine was co-infused into the NAc (1 μM) with either nicotine (1 μM) or the 

non-selective muscarinic receptor agonist, oxotremorine (0.1 μM), it was able to increase the dopamine 
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levels in the NAc of p11 KO mice, similarly to those of WT mice. Infusion of either nicotine (1 μM) or 

oxotremorine (0.1 μM) alone did not affect the levels of dopamine in the NAc of WT or p11 KO mice. 

These results suggest that lack of p11 may reduce ACh release and ACh-mediated effects, resulting in 

the attenuation of the dopamine responses to cocaine in the NAc of p11 KO mice.  

 

Role of p11 in NAc CINs in the dopamine responses to rewarding stimuli 

To directly investigate the role of p11 in choline acetyltransferase (ChAT) expressing cells, the 

dopamine responses to rewarding stimuli were evaluated in the NAc of ChAT cell-specific p11 KO mice 

(ChAT-p11 cKO mice), which were obtained by mating p11 floxed mice with ChAT-Cre mice 

(Warner-Schmidt et al., 2012). The basal extracellular levels of dopamine in the NAc were not affected 

by deletion of p11 in ChAT cells (Table 1). Cocaine infusion (1 μM) into the NAc or exposure to a 

palatable food or female mouse increased the extracellular levels of dopamine in the NAc of control 

mice (ChAT-Cre-/- p11flox/flox mice) (Figure 3). The dopamine responses to the rewarding stimuli were 

attenuated or completely abolished in the NAc of ChAT-p11 cKO mice (ChAT-Cre+ p11flox/flox mice). 

These results indicate that p11 in ChAT cells plays a critical role in the dopamine responses to 

rewarding stimuli.  

ChAT-positive cells or axon fibers in the NAc correspond to CINs, and therefore p11 in NAc 

CINs likely regulates the dopamine responses. However, there is a possibility that p11 expressed in 

ChAT cells of other brain regions such as basal forebrain cholinergic neurons 

and pontomesencephalic cholinergic neurons may indirectly affect the VTA-NAc dopamine system. To 

rule out this possibility, p11 was overexpressed in CINs by injecting AAV-loxP-RFP/stop-loxP-p11 

(AAV-p11) in the NAc of ChAT-p11 cKO mice (Warner-Schmidt et al., 2012), and the dopamine 

responses to rewarding stimuli were evaluated. Injection of p11 overexpressing virus (AAV-p11) into the 

NAc induced the expression of RFP in ChAT-Cre-/- cells such as medium-sized spiny neurons and 

GABAergic interneurons (Figure 4a). In ChAT-Cre+ cells, p11 was expressed in RFP-negative 

large-sized neurons. As control virus, AAV-loxP-RFP/stop-loxP-YFP (AAV-YFP) was injected into the 

NAc. YFP expression induced by ChAT-Cre was indeed observed in RFP-negative ChAT expressing 
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cells (Figure 4b). These immunohistochemical analyses revealed that p11 is selectively overexpressed in 

NAc CINs. Overexpression of p11, but not of YFP, in NAc CINs restored the dopamine responses to 

rewarding stimuli in the NAc of ChAT-p11 cKO mice (Figure 4c-e). These results suggest that NAc 

CINs have the ability to regulate the mesolimbic dopamine reward system via p11-dependent 

mechanisms. 

 

Role of p11 in NAc CINs in the cocaine-induced ACh release 

Pharmacological analyses suggested that p11 in NAc CINs is required for the dopamine responses to 

rewarding stimuli presumably via mechanisms involving ACh release from CINs and activation of 

dopaminergic terminals by ACh. We therefore measured the extracellular levels of ACh after cocaine 

infusion in the NAc of WT and ChAT-p11 cKO mice (Figure 5). Cocaine infusion (1 μM) into the NAc 

increased the levels of ACh to 130-140% of control in the NAc of WT mice, but failed to increase them 

in the NAc of ChAT-p11 cKO mice. These results confirm that cocaine induces the release of ACh from 

CINs and that p11 is essential for the cocaine-induced release of ACh. It is likely that the released ACh 

together with the inhibition of dopamine transporter by cocaine increases the extracellular levels of 

dopamine in the NAc. 

 

Effects of chemogenetic activation of NAc CINs on the dopamine responses to cocaine in 

ChAT-p11 cKO mice.   

Our studies using p11 KO and ChAT-p11 cKO mice with pharmacological and viral tools strongly 

suggested that cholinergic regulation of dopamine release is attenuated following deletion of p11 in NAc 

CINs. Next we investigated whether chemogenetic activation of NAc CINs may restore the attenuated 

dopamine responses to cocaine in ChAT-p11 cKO mice. Gs-DREADD (AAV-DIO-rM3D(Gs)-mCherry) 

or control (AAV-DIO-mCherry) virus was injected into the NAc of ChAT-p11 cKO mice. After 4 weeks 

of Gs-DREADD viral injection, mCherry was expressed in ChAT-positive large-sized neurons in the 

NAc (Figure 6a), suggesting the expression of rM3D(Gs) in CINs. Clozapine-N-oxide (CNO) was 

locally infused into the NAc via the microdialysis probe. CNO infusion of 3 μM did not affect the basal 
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levels of dopamine in ChAT-p11 cKO mice with Gs-DREADD viral injection (Figure 6b). CNO infusion 

at a higher concentration (10 μM) increased the average of dopamine levels at 40, 60 and 80 min of 

CNO infusion in the NAc of ChAT-p11 cKO mice with Gs-DREADD viral injection, but not with 

control viral injection. These results suggest that chemogenetic activation of CINs alone induces the 

release of dopamine in the NAc, only when a high concentration of CNO (10 μM) was infused. 

We next evaluated the effects of chemogenetic activation of CINs on the dopamine responses to 

cocaine. After observing that CNO infusion (3 μM) for 140 min did not affect the basal levels of 

dopamine, cocaine infusion (1 μM) into NAc was started. Cocaine infusion together with CNO infusion 

(3 μM) induced the dopamine responses in the NAc of ChAT-p11 cKO mice with Gs-DREADD viral 

injection (Figure 6c). Restoration of dopamine responses was not achieved in animals treated with 

Gs-DREADD plus cocaine without CNO or in animals treated with mCherry plus cocaine/CNO. These 

results suggest that activation of CINs is required for dopamine responses to rewarding stimuli in the 

NAc, and that p11 is essential for CIN activation. 

 

Effects of chemogenetic inhibition of NAc CINs on the dopamine responses to cocaine in 

control mice.   

We further investigated whether the inhibition of NAc CINs by Gi-DREADD could suppress the 

dopamine response to cocaine infusion in the NAc of ChAT-Cre mice injected with Gi-DREADD virus 

(AAV-DIO-rM4D(Gi)-mCherry) or control virus (AAV-DIO-mCherry). In ChAT-Cre mice expressing 

Gi-DREADD, CNO infusion (3 μM) into the NAc attenuated the dopamine response to cocaine infusion 

(1 μM). CNO infusion into the NAc of ChAT-Cre mice without Gi-DREADD expression did not affect 

the dopamine response to cocaine infusion. 
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Discussion 

In this study, we demonstrated that p11 expressed in CINs of the NAc is a critical regulator of the 

dopamine reward system. In vivo microdialysis analyses in constitutive p11 KO mice revealed that lack 

of p11 induced the attenuation of dopamine responses to rewarding stimuli including a drug of abuse and 

natural rewards. The attenuation of the dopamine responses in the mesolimbic (VTA-NAc) dopamine 

system, but not in the mesocortical (VTA-PFC) dopamine system, suggested the importance of p11 in 

the NAc. The dopamine responses were attenuated in ChAT-p11 cKO mice, and the attenuated responses 

were restored by the overexpression of p11 in NAc CINs, indicating the critical role of p11 in NAc CINs. 

Furthermore, lack of p11 in NAc CINs results in the attenuation of ACh release in response to cocaine 

and the subsequent decrease in nicotinic and muscarinic ACh receptor signaling at dopaminergic 

terminals, leading to the suppressed dopamine responses to cocaine and possibly other rewarding stimuli. 

The function of p11 in CINs was confirmed by the chemogenetic studies: CIN activation by 

Gs-DREADD restored the dopamine responses in ChAT-p11 cKO mice, whereas CIN inhibition by 

Gi-DREADD suppressed the dopamine response in control (ChAT-Cre) mice. Thus, p11 in NAc CINs is 

required for the dopamine response of the mesolimbic rewarding system. These findings provide 

insights into the neural mechanisms of anhedonia in depression. 

 

Selective regulation of the mesolimbic dopamine pathway by p11 

p11 regulates the dopamine response to rewarding stimuli in the mesolimbic dopamine pathway, but not 

in the mesocortical dopamine pathway. Selective regulation of the mesolimbic dopamine pathway is 

enabled by action of p11 in CINs of the NAc. PFC receives cholinergic innervation from the basal 

forebrain (Ballinger et al., 2016), and ChAT cells in the basal forebrain also express p11 (Milosevic et al., 

2017). Although p11 in ChAT cells of the basal forebrain is deleted in ChAT-p11 cKO mice, the deletion 

of p11 did not alter the dopamine response in the mesocortical dopamine pathway. A possible role for 

p11 in the cholinergic neurons of the basal forebrain needs to be explored in other brain functions such 

as cognition (Ballinger et al., 2016). Furthermore, the fact that the lack of p11 in VTA dopamine neurons 

of p11 null mice did not affect the dopamine responses in the mesocortical dopamine pathway suggests a 
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limited role for p11 in regulating the activity of the dopaminergic neurons of the VTA. In fact, this 

interpretation is consistent with the low expression of p11 in the VTA (Milosevic et al., 2017). Thus, p11 

in CINs is a critical regulator of the dopamine response to rewarding stimuli in the mesolimbic 

dopamine pathway. 

 

Functional role of p11 in the regulation of CIN activity and ACh release in the NAc 

Cholinergic tone in the mesolimbic dopamine system plays an important role in behavioral responses to 

psychostimulants and natural reward (Hoebel et al., 2007; Williams and Adinoff, 2008). It has been 

demonstrated that silencing CIN activity induces depression-like behaviors and that p11 in NAc CINs 

shows antidepressant effects (Warner-Schmidt et al., 2012). Our findings indicate that, in the NAc, 

activation of CINs and the subsequent release of ACh are required for dopamine responses to rewarding 

stimuli, and that p11 is essential for CIN activation in response to reward. It is likely that ACh released 

from CINs in a p11-dependent manner activates the dopamine release machinery via activation of α4β2 

nAChRs (Wonnacott et al., 2000; Hamada et al., 2004) and M5 muscarinic receptors (Bendor et al., 

2010; Kuroiwa et al., 2012) at dopaminergic axon terminals, leading to the enhancement of the increase 

in extracellular dopamine induced by cocaine, a dopamine reuptake inhibitor. Furthermore, 

p11-dpenendent activation of CINs and ACh release seems to be optimal to enhance the dopamine 

reward probability, because the inverted U-shape threshold model suggests that activation of CINs 

above a certain threshold reduces it (Grasing, 2016). This is in line with a previous report that basal ACh 

release is unchanged in ChAT-p11 cKO mice (Virk et al., 2016). Interaction of p11 with its binding 

proteins such as the 5-HT1B receptor, 5-HT4 receptor and mGluR5 are required for antidepressant action 

(Svenningsson et al., 2006; Warner-Schmidt et al., 2009; Lee et al., 2015), but the precise p11-mediated 

mechanisms for CIN activation were unknown. The interaction of p11 with 5-HT1B receptors in CINs 

may induce the inhibition of CIN activity (Virk et al., 2016), but this mechanism cannot explain our 

findings. Future studies should determine the molecular mechanisms by which p11 and presumably the 

p11 complex may activate CINs. 
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Role of p11 in CINs of the NAc in anhedonic behaviors of depression 

Anhedonia is a core symptom of depression. It has been shown that anhedonia is associated with a 

deficit in the mesolimbic dopamine circuit (Der-Avakian and Markou, 2012; Russo and Nestler, 2013). 

Current antidepressants are relatively ineffective for treating anhedonia (Craske et al., 2016), probably 

because depressive patients are treated with antidepressants primarily acting on 5-HT and/or 

noradrenaline transmission (Dunlop and Nemeroff, 2007). To develop a new type of antidepressant 

effective for anhedonia, it is extremely important to elucidate the mechanism by which the mesolimbic 

dopamine reward circuit is dysregulated in depression. In this study, we clearly demonstrated that p11 in 

NAc CINs is a critical regulator of the mesolimbic dopamine response to rewarding stimuli. The 

findings suggest that p11, which is required for activation of CINs and the ACh release in response to 

rewarding stimuli, plays a pivotal role in the pathophysiology of anhedonia in depression (Svenningsson 

et al., 2006).  

 Deletion of p11 in ChAT cells, p11 knockdown in the NAc or silencing NAc CINs induces 

anhedonic behavior, and overexpression of p11 in NAc CINs reverses anhedonic behavior in 

constitutive p11 KO mice (Alexander et al., 2010; Warner-Schmidt et al., 2012). In addition, p11 

expression in the NAc is reduced in depressed patients (Svenningsson et al., 2006; Alexander et al., 

2010). Thus, the reduction of p11 expression in NAc CINs is tightly associated with anhedonia as well 

as other depression-like symptoms of behavioral despair. Therapeutic strategies that increase the 

expression of p11 and the signaling of the p11 complex in NAc CINs may have impact on current 

antidepressant treatment. 

 

 In conclusion, p11 is a critical regulator of CIN activity as measured by the dopamine response 

of the mesolimbic dopamine pathway to rewarding stimuli. p11 is required for reward-mediated NAc 

CIN activation and induction in ACh release, resulting in the enhancement of dopamine release. To 

improve therapeutic efficacy of antidepressants for anhedonia, a new type of antidepressant directly or 

indirectly acting on the mesolimbic dopamine pathway needs to be developed. For this purpose, p11 and 

its complex in the NAc CINs may be good therapeutic targets. 
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Figure legends 

Figure 1. The dopamine response to rewarding stimuli in the NAc and PFC of constitutive p11 KO 

mice. 

(a,b) Representative location of a microdialysis probe placed in the mouse NAc (a) and PFC (b) 

(Paxinos and Franklin, 2001). The position of dialysis membrane is indicated with yellow color. (c-h) 

The effects of cocaine infusion (1 μM) into the NAc (c) or PFC (f), exposure to palatable food (d,g), 

and exposure to female mice (e,h) on the extracellular levels of dopamine (DA) in the NAc (c,d,e) and 

PFC (f,g,h) of wild-type (WT) and constitutive p11 KO mice. The DA levels were determined with in 

vivo microdialysis. The basal values for each group were obtained as the average of three stable baseline 

samples, and all values are calculated as a percentage of the basal values within the same group (100%). 

Data represent mean ± S.E.M. *p<0.05, ** p<0.01, ***p<0.001 vs. WT mice; two-way ANOVA and 

Bonferroni multiple comparison test. †p<0.05, ††p<0.01, †††p<0.001 vs. the basal levels of dopamine in 

the same group. The number of mice is indicated in parentheses. 

  

Figure 2. The dopamine response to cocaine infusion in the NAc in constitutive p11 KO mice is 

restored by nicotinic or muscarinic receptor stimulation in the NAc.  

Effects of local infusion of cocaine (1 μM) and/or nicotine (1 μM) (a) or cocaine (1 μM) and/or 

non-selective muscarinic receptor agonist, oxotremorine (0.1 μM) (b) into the NAc on the extracellular 

levels of dopamine (DA) in the NAc of constitutive p11 KO mice. The dose of nicotine or oxotremorine 

without effects on the dopamine levels was used. Data for cocaine infusion alone were reproduced from 

Fig. 1a for comparison. The basal values for each group were obtained as the average of three stable 

baseline samples, and all values are calculated as a percentage of the basal values within the same group 

(100%). Data represent mean ± S.E.M. ** p<0.01, ***p<0.001 vs. the cocaine group; two-way ANOVA 

and Bonferroni multiple comparison test. †p<0.05, †††p<0.001 vs. the basal levels of dopamine in the 

same group. The number of mice is indicated in parentheses under each experimental condition. 

 

Figure 3. The dopamine response to rewarding stimuli in the NAc of ChAT-p11 conditional 
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knockout (cKO) mice. 

 The effects of cocaine infusion (1 μM) into the NAc (a), exposure to palatable food (b), and exposure to 

female mice (c) on the extracellular levels of dopamine (DA) in the NAc of wild-type (WT; ChAT-Cre-/- 

p11flox/flox) and ChAT-p11 cKO (ChAT-Cre+ p11flox/flox) mice. The basal values for each group were 

obtained as the average of three stable baseline samples, and all values are calculated as a percentage of 

the basal values within the same group (100%). Data represent mean ± S.E.M. *p<0.05, **p<0.01, 

***p<0.001 vs. WT mice; two-way ANOVA and Bonferroni multiple comparison test. †p<0.05, ††p<0.01, 
†††p<0.001 vs. the basal levels of dopamine in the same group. The number of mice is indicated in 

parentheses. 

 

Figure 4. Overexpression of p11 in ChAT cells of the NAc restores the dopamine response to 

rewarding stimuli in ChAT p11 cKO mice.  

(a) Immunohistochemical detection of RFP (red) and p11 (green) in the NAc of ChAT-p11 cKO mice 

injected with p11 overexpressing virus [AAV-loxP-RFP/stop-loxP-p11, (AAV-p11)] into the NAc. RFP is 

expressed in ChAT-Cre-/- cells, and p11 was expressed in ChAT-Cre+ cells. In images with low 

magnification (left panel), RFP-positive area in the shell of the NAc corresponds to the area of viral 

injection. In images with high magnification (right panel), p11 is overexpressed in RFP-negative 

neurons. Arrows indicate cells overexpressing p11. (b) Immunohistochemical detection of RFP (red), 

YFP (green) and ChAT (blue) in the NAc of ChAT-p11 cKO mice injected with control virus 

[AAV-loxP-RFP/stop-loxP-YFP (AAV-YFP)]. RFP was expressed in ChAT-Cre-/- cells, and YFP was 

expressed in ChAT-Cre+ cells. YFP expression overlapped with ChAT staining. Arrow indicates 

ChAT-positive cholinergic interneurons expressing YFP. (c,d,e) The effects of cocaine infusion (1 μM) 

into the NAc (c), exposure to palatable food (d), and exposure to female mice (e) on the extracellular 

levels of dopamine (DA) in the NAc of ChAT-p11 cKO mice injected with control (AAV-YFP) or p11 

overexpressing (AAV-p11) virus. The basal values for each group were obtained as the average of three 

stable baseline samples, and all values are calculated as a percentage of the basal values within the same 

group (100%). Data represent mean ± S.E.M. *p<0.05, **p<0.01, ***p<0.001 vs. ChAT-p11 cKO mice 
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with control virus injection; two-way ANOVA and Bonferroni multiple comparison test. †p<0.05, 
††p<0.01, †††p<0.001 vs. the basal levels of dopamine in the same group. The number of mice is 

indicated in parentheses. 

 

Figure 5. The ACh responses to cocaine infusion in the NAc of ChAT-p11 cKO mice. 

The extracellular levels of ACh in the NAc were measured with in vivo microdialysis after infusion of 

cocaine (1 μM) into the NAc of wild-type (WT; ChAT-Cre-/- p11flox/flox) and ChAT-p11 cKO (ChAT-Cre+ 

p11flox/flox) mice. The basal values for each group were obtained as the average of six stable baseline 

samples, and all values are calculated as a percentage of the basal values within the same group (100%). 

Data represent mean ± S.E.M. *p<0.05 vs. WT mice; two-way ANOVA and Bonferroni multiple 

comparison test. †p<0.05, ††p<0.01, †††p<0.001 vs. the basal levels of ACh in the same group. The 

number of mice is indicated in parentheses under each experimental condition. 

 

Figure 6. Activation of ChAT cells in the NAc using a chemogenetic technique restores the 

dopamine response in ChAT p11 cKO mice.   

(a) Immunohistochemical detection of mCherry (red) and ChAT (green) in the NAc of ChAT-p11 cKO 

mice injected with Gs-DREADD virus [AAV-DIO-rM3D(Gs)-mCherry (AAV-rM3D(Gs))] into the NAc. 

In images with low magnification (left panel), mCherry-positive cells are aparsely dstributted in the NAc 

(arrow head). In images with high magnification (right panel), mCherry is expressed in ChAT-positive 

cholinergic interneurons. Arrows indicate ChAT-positive cholinergic interneurons expressing 

rM3D(Gs). (b) The effects of clozapine N-oxide (CNO) infusion at 3 or 10 μM into the NAc on the 

extracellular levels of dopamine (DA) in the NAc of ChAT-p11 cKO mice injected with control 

[AAV-DIO-mCherry (AAV-mCherry)] or Gs-DREADD virus. The DA levels were determined as the 

average of those at 40, 60 and 80 min of CNO infusion. Data represent mean ± S.E.M. **p<0.01; 

one-way ANOVA and Newman-Keuls multiple comparison test. (c) The effects of CNO infusion (3 μM) 

into the NAc on the cocaine-induced increases in dopamine (DA) in the NAc of ChAT-p11 cKO mice 

injected with control (AAV-mCherry) or Gs-DREADD virus. The basal values for each group were 
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obtained as the average of three stable baseline samples, and all values are calculated as a percentage of 

the basal values within the same group (100%). Data represent mean ± S.E.M. *p<0.05, **p<0.01, 

***p<0.001 vs. ChAT-p11 cKO mice with control virus injection; two-way ANOVA and Bonferroni 

multiple comparison test. †p<0.05, ††p<0.01, †††p<0.001 vs. the basal levels of dopamine in the same 

group. The number of mice is indicated in parentheses under each experimental condition. 

 

Figure 7. Inhibition of ChAT cells in the NAc using a chemogenetic technique suppresses the 

dopamine response in control mice.   

Gi-DREADD virus [AAV-DIO-rM4D(Gi)-mCherry (AAV-rM4D(Gi))] or control virus 

[AAV-DIO-mCherry (AAV-mCherry)] was injected into the NAc of ChAT-Cre mice. The effects of 

clozapine N-oxide (CNO) infusion (3 μM) into the NAc on the cocaine-induced increases in dopamine 

(DA) in the NAc were examined. The basal values for each group were obtained as the average of three 

stable baseline samples, and all values are calculated as a percentage of the basal values within the same 

group (100%). Data represent mean ± S.E.M. *p<0.05, **p<0.01, ***p<0.001 vs. ChAT-p11 cKO mice 

with control virus injection; two-way ANOVA and Bonferroni multiple comparison test. ††p<0.01, 
†††p<0.001 vs. the basal levels of dopamine in the same group. The number of mice is indicated in 

parentheses under each experimental condition. 
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