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Abstract

Cerebellin-1 (Cbln1) and cerebellin-2 (Cbln2) are secreted glycoproteins that are expressed 

in distinct subsets of neurons throughout the brain. Cbln1 and Cbln2 simultaneously 

bind to presynaptic neurexins and postsynaptic GluD1 and GluD2, thereby forming trans-

synaptic adhesion complexes. Genetic associations link cerebellins, neurexins and GluD’s to 

neuropsychiatric disorders involving compulsive behaviors, such as Tourette syndrome, attention-

deficit hyperactivity disorder (ADHD), and obsessive-compulsive disorder (OCD). Extensive 

evidence implicates dysfunction of serotonergic signaling in these neuropsychiatric disorders. 

Here, we report that constitutive Cbln2 KO mice, but not Cbln1 KO mice, display robust 

compulsive behaviors, including stereotypic pattern running, marble burying, explosive jumping, 

and excessive nest building, and exhibit decreased brain serotonin levels. Strikingly, treatment 

of Cbln2 KO mice with the serotonin precursor 5-hydroxytryptophan or the serotonin reuptake-

inhibitor fluoxetine alleviated compulsive behaviors. Conditional deletion of Cbln2 both from 

dorsal raphe neurons and from presynaptic neurons synapsing onto dorsal raphe neurons 

reproduced the compulsive behaviors of Cbln2 KO mice. Finally, injection of recombinant Cbln2 

protein into the dorsal raphe of Cbln2 KO mice largely reversed their compulsive behaviors. Taken 

together, our results show that Cbln2 controls compulsive behaviors by regulating serotonergic 

circuits in the dorsal raphe.

INTRODUCTION

Neurodevelopmental disorders of compulsivity (Tourette syndrome and obsessive-

compulsive disorder [OCD]) and impulsivity (attention-deficit hyperactivity disorder 

[ADHD] and impulsive aggression) are characterized by behavioral disinhibition (the 

inability to resist expressing inappropriate behaviors [1,2]). These disorders are thought 
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to involve a common molecular pathway [2,3,4,5]. Similar to schizophrenia, these disorders 

contain a large genetic component [6,7], and are associated with a dysfunction of the 

serotonergic system [8,9,10].

Cbln1 and Cbln2 belong to a family of secreted proteins (Cbln1–4) that mediate assembly 

of trans-synaptic cell-adhesion complexes. Cbln1 and Cbln2 simultaneously bind to 

presynaptic neurexins and postsynaptic GluD1 and GluD2 (a.k.a. GluRδ1 and GluRδ2), 

thereby connecting presynaptic terminals to postsynaptic specializations [11,12,13,14,15] 

(reviewed in 16,17). Neurexins are expressed by three genes (NRXN1-NRXN3 in humans) 

[18,19,20,21] that are associated with multiple neuropsychiatric disorders, including 

Tourette syndrome, schizophrenia, and autism [5,6,22]. Mutations in the GluD1 gene (gene 

symbol GRID1) have also been found in schizophrenia and bipolar disorder [23,24,25,26], 

while a recent genome-wide association study linked the GRID2 gene to OCD [27]. 

Together, these data suggest that disruption of the Nrxn1/2/3-Cbln2-GluD1/2 complex may 

contribute to the pathogenesis of neuropsychiatric disorders characterized by behavioral 

disinhibition.

Although the neural mechanisms underlying neuropsychiatric disorders are poorly 

understood, dysfunction of the serotonergic system of the dorsal raphe (DR) likely plays 

a central role [2,28,29,30,31,32,33,34,35,36,37]. Recently, we used conditionally mutant 

Cbln2-mVenus reporter mice to identify Cbln2-expressing neurons in the DR and in brain 

nuclei that regulate DR neurons [38]. This led to the hypothesis that Cbln2 is involved in 

the regulation of the DR serotonergic system, and that therefore loss of Cbln2 could lead to 

dysfunction of this system and to increased behavioral disinhibition.

Here, we report that constitutive Cbln2 KO mice are hyperactive, hyperaggressive, and 

engage in compulsive behaviors, including explosive jumping and excessive nestbuilding. 

We link these behaviors to a dysfunction of the serotoninergic system by showing that 

in Cbln2 KO mice, explosive jumping and excessive nest building are ameliorated by 

treatment with the serotonin precursor 5-hydroxytryptophan or the serotonin reuptake 

inhibitor fluoxetine. Moreover, we document that the Cbln2 KO significantly decreased the 

serotonin concentration in multiple brain regions. Strikingly, simultaneous genetic deletion 

of Cbln2 in DR neurons and in neurons projecting to the DR induced explosive jumping 

in mice, while injection of recombinant Cbln2 protein into the DR of Cbln2 KO mice 

ameliorated explosive jumping. Taken together, our results reveal an unexpected control of 

compulsive behaviors by a Cbln2-dependent mechanism in the DR that regulates synapses 

formed on serotonergic neurons. Moreover, our results suggest that Cbln2 KO mice could 

serve as a translational model to study disorders of behavioral disinhibition, such as Tourette 

syndrome, OCD, and ADHD.

RESULTS

Cbln2 KO mice exhibit disinhibited, repetitive behaviors, whereas Cbln1 KO mice display 
decreased anxiety.

We tested constitutive Cbln1 and Cbln2 KO mice [15] in behavioral assays that monitor 

spontaneous activity, anxiety, and various forms of behavioral disinhibition. On a force-
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plate actometer used to measure open-field activity, both Cbln1 and Cbln2 KO mice were 

hyperactive and traveled significantly larger distances than control littermates (P=0.005; Fig. 

1a). Cbln1, but not Cbln2, KO mice additionally spent more time in the center of the field 

than control mice (adj. P=0.035, Dunnett’s post hoc; Fig. 1b), consistent with previous 

findings that whole brain and cerebellum-only Cbln1 KO mice exhibit decreased anxiety in 

the open field test [14]. Cbln2 KO mice, conversely, engaged in compulsive circling/running 

and produced significantly more rotations around the center of the open field than control 

mice, whereas Cbln1 KO mice exhibited significantly fewer rotations (P=0.008; Fig. 1c). 

Strikingly, Cbln2 KO mice often displayed an explosive jumping behavior that was absent 

from Cbln1 KO mice (see below and Supplementary Video 1). Lastly, both Cbln1 KO and 

Cbln2 KO mice exhibited significantly larger stereotypy scores, calculated by measuring a 

mouse’s activity level in a confined space (P=0.032; Fig. 1d).

We next tested anxiety-like behaviors using an elevated plus maze. Again, Cbln1 but not 

Cbln2 KO mice showed decreased anxiety. Cbln1 KO mice spent approximately twice as 

much time than control and Cbln2 KO mice in the open arms (P=0.019; Fig. 1e), spent less 

time in the closed arms (P=0.030; Supplementary Fig. S1a), and made significantly more 

entries into the open arms (P=0.042; Fig. 1f). The Cbln2 KO mice, conversely, traveled more 

than twice the distance on the elevated plus-maze (P=0.015; Fig. 1g) at approximately twice 

the velocity (P=0.013; Fig. 1h) than control and Cbln1 KO mice. Both KO mice also made 

more entries into the closed arms than control mice (P=0.039; Supplementary Fig. S1a). 

Combined, these results suggest that both Cbln1 and Cbln2 KO mice are hyperactive on the 

elevated plus maze, but that Cbln1 KO mice spend more time in the open arms than control 

or Cbln2 KO mice, whereas Cbln2 KO mice are engaged in compulsive pattern running, 

moving back and forth between the two closed arms. This assessment was confirmed by 

reviewing video recordings of the trials after data analysis was complete.

Cbln2 KO mice exhibit increased, and Cbln1 KO mice decreased, aggressive behavior.

Using the resident/intruder test to assess aggressive behavior, we found that Cbln1 KO 

mice initiated significantly fewer attacks compared to control mice, whereas Cbln2 KO 

mice initiated significantly more attacks (P=0.026; Fig. 1i). The same trend was seen in the 

latency to initiate the first attack, with Cbln1 KO mice showing a longer, and Cbln2 KO 

mice a shorter, latency to attack compared to control mice, although these trends did not 

reach statistical significance (P=0.086; Fig. 1i). We also observed that male Cbln2 KO mice 

tended to engage in violent aggressive behaviors towards littermates when group-housed, 

resulting in injury or death if not separated. These same mice sometimes displayed a “hard 

to handle” phenotype – struggling, jumping, and attempting to bite in response to human 

handling [2,39].

Cbln2, but not Cbln1, KO mice engage in compulsive marble burying, explosive jumping, 
and excessive nest building.

We next examined compulsive behaviors using marble burying and nest building tests 

[2,32,33,34]. In the marble burying test, which measures compulsive digging, Cbln2 KO 

mice buried significantly more marbles than control or Cbln1 KO mice (P=0.032; Fig. 1j). 

Moreover, we observed that when placed in an open field arena, Cbln2 KO mice exhibited 
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compulsive, novelty-induced explosive jumping (Fig. 1k; Supplementary Video 1). Because 

this behavior was most pronounced in mice aged 4–6 weeks [31], we quantified explosive 

jumping in 1-month-old mice. Explosive jumping was rarely detected in control and Cbln1 

KO mice, but regularly observed in Cbln2 KO mice (P=0.0002) (Fig. 1k).

Nest building is a normal important mouse behavior that is often used to assess general 

health and basic cognitive function (Fig. 1l) [40]. We provided single-housed male mice 

with nest building material (a square cotton “nestlet”) and scored the nest quality 24 hours 

later, but observed no differences between Cbln1 KO, Cbln2 KO, and control mice (Fig. 

1m). However, when we provided the mice with a cardboard tube for burrowing in addition 

to nestlets, we found that some mice used the tube as additional nesting material, eventually 

creating massive nests. We quantified this ‘excessive’ nest building by assigning each nest a 

score from 0–3 based on the percentage of tube a mouse had incorporated into the nest (Fig. 

1n). Control and Cbln1 KO mice incorporated ~10–50% of the tube material into a nest, 

whereas Cbln2 KO mice incorporated 80–100% (P<0.0001; Fig. 1o).

Cbln1 or Cbln2 deletions do not induce depression-like behaviors.

We next tested the Cbln1 and Clbn2 KO mice for anhedonia and learned helplessness 

using the sucrose preference and forced swim tests [41]. In the sucrose preference test, 

we measured how much water vs. a 2% sucrose solution, offered as a free choice, a 

mouse consumed. No difference between control, Cbln1 KO, and Cbln2 KO mice was 

detected, suggesting that the Cbln1 or Cbln2 KO mice do not suffer from anhedonia 

(Supplementary Fig. S1b). Similarly, the forced swim test revealed no differences between 

control, Cbln1 KO, and Cbln2 KO mice in the time spent immobile or the latency to 

immobility (Supplementary Fig. S1c). Combined, these results show that genetic deletion of 

Cbln1 or Cbln2 has no effect on depression-like behaviors in mice.

Genetic deletion of Cbln2, but not of Cbln1, decreases the forebrain serotonin 
concentration.

Based on our behavioral results, we hypothesized that the Cbln2 KO might affect the 

brain’s serotoninergic or dopaminergic systems that are linked to compulsive behaviors 

[28,42,43]. To test this hypothesis, we measured the serotonin and dopamine concentrations 

in the prefrontal cortex (PFC) and striatum of littermate control, constitutive Cbln1 KO, 

and Cbln2 KO mice by ELISA. Compared to control mice, the serotonin concentration 

was unchanged in the PFC and striatum of Cbln1 KO mice, but significantly decreased 

in the PFC (~40%; P=0.005) and striatum (~50%; P=0.0015) of Cbln2 KO mice (Fig. 

2a). Conversely, the dopamine concentration was unchanged in the PFC, but significantly 

increased in the striatum of both Cbln1 and Cbln2 KO mice compared to control mice 

(P=0.0004; Fig. 2b), with a ~70% increase in Cbln1 KO mice (adj. P<0.0002, Dunnett’s 

post hoc) and a ~30% increase in Cbln2 KO mice (adj. P=0.055, Dunnett’s post hoc) 

(Fig. 2b). Previous studies showed that hyperactivity and motor stereotypy are caused by 

increased dopaminergic activity in the forebrain [28,43]. The presence of these behaviors in 

both Cbln1 and Cbln2 KO mice (Fig. 1) is therefore consistent with, and supported by, the 

increased dopamine concentration in the striatum.
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To further characterize the serotonergic system in Cbln2 KO mice, we measured with 

ELISAs in a new cohort of Cbln2 KO and littermate control mice the concentrations of 

5-HT and the 5-HT metabolite 5-hydroxyindoleacetic acid (5-HIAA) in multiple brain 

regions. These experiments confirmed that the concentration of 5-HT was significantly 

decreased in the PFC (~50%; P=0.0044), striatum (~30%; P=0.0069), and hippocampus 

(~40%; P=0.0366), but was unchanged in the amygdala and dorsal raphe (DR) of Cbln2 

KO mice (Fig. 2c). 5-HIAA was unchanged in most brain regions except for the striatum 

(~30% decrease; P=0.0255) (Fig. 2c). Thus, the Cbln2 KO impairs the serotoninergic system 

in multiple brain regions.

Increasing the serotonin levels in Cbln2 KO mice reverses explosive jumping and 
excessive nest building phenotypes.

Previous studies have linked explosive jumping and excessive nest building to decreased 

serotonin signaling and demonstrated that these behaviors are rescued by administration of 

the serotonin precursor, 5-hydroxytryptophan, or of serotonin reuptake inhibitors [29,31,37]. 

We therefore tested if explosive jumping and excessive nest building could also be rescued 

in Cbln2 KO mice by increasing the brain’s serotonin levels. We measured baseline jumping 

in an open field in 1-month-old mice, injected the mice 7 days later intraperitoneally with 

saline, 10 mg/kg 5-hydroxytryptophan, or 10 mg/kg fluoxetine, and placed the mice back 

into the arena after a 30 min recovery period to measure post-treatment jumping (Fig. 2d). 

As above (Fig. 1k), at baseline Cbln2 KO mice engaged in massively increased explosive 

jumping compared to control mice (P<0.0001; Fig. 2e) 5-hydroxytryptophan or fluoxetine 

greatly reduced explosive jumping in Cbln2 KO mice (P<0.0001 for both), whereas saline 

had no effect (Fig. 2e).

To determine if excessive nest building by Cbln2 KO mice is also due to decreased 

serotonin signaling, we again first measured baseline nest building for 4 days. Every day, 

single-housed mice were offered 9 grams of cotton nesting material, nests were removed 

after 24 hours and the amount of unused nesting material was weighed; the mice were 

then given 9 grams of new cotton nesting material. After 4 days of baseline measurements, 

mice were then given a 2% sucrose control solution or a 2% sucrose solution containing 

fluoxetine (50 mg/kg), and nest building was measured again for 4 days. Similar to our 

earlier observations (Fig. 1o), Cbln2 KO mice engaged in excessive nest building, using 

significantly more cotton than control littermates at baseline and in the 2% sucrose control 

group (P=0.0018; Fig. 2f). Fluoxetine significantly decreased nest building behavior in both 

control and Cbln2 KO mice (P<0.0001; Fig. 2f), such that after fluoxetine treatment, control 

and Cbln2 KO mice were no longer statistically significantly different. In these experiments, 

we used a slightly different protocol for measuring nest building than in the experiments 

described above (Fig. 1l–1o) to enable a faster experimental throughput. Combined, these 

results support the hypotheses that deletion of Cbln2 impairs the serotonergic system in 

the brain, and that the resulting decrease in serotonin concentration induces compulsive 

behaviors in Cbln2 KO mice.
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Cbln2 is expressed in a subset of serotonergic DR neurons.

To determine how Cbln2 affects the serotonin system, we analyzed Cbln2 expression in 

serotonergic neurons by immunohistochemistry. Neurons in the DR and median raphe (MR) 

provide most serotoninergic inputs to the forebrain [44,45]. The DR is divided into dorsal 

(DRD), ventral (DRV), intrafascicular (DRI), and posterodorsal (PDR) subnuclei [45]. Using 

Cbln2-mVenus reporter mice [38], we observed Cbln2+ neurons throughout the DR and MR, 

with the highest density observed in the DRV and DRI (Fig. 3a, 3b). Since serotonergic 

neurons comprise only 25–50% of neurons in the DR and 20–30% of neurons in the 

MR [44], we stained Cbln2-mVenus brain sections for tryptophan hydroxylase 2 (TPH2), 

the rate-limiting enzyme for serotonin synthesis. In the DRV and DRI, 53% and 59% of 

TPH2+ neurons, respectively, co-expressed Cbln2, while 94% and 92% of Cbln2+ neurons 

were TPH2+ (Fig. 3b; Supplementary Table S1). In the PDR, 54% of TPH2+ neurons 

co-expressed Cbln2, and 69% of Cbln2+ neurons were TPH2+, although both cell types 

exhibited a much lower density than in the DRV and DRI. Little co-expression was observed 

in other raphe nuclei (Fig. 3c; Supplementary Table S1). Together, these results show that 

Cbln2 is expressed in >50% of serotoninergic neurons in the DRV and DRI, and that nearly 

all (>90%) of the Cbln2-expressing neurons in these subnuclei are serotonergic.

Conditional deletion of Cbln2 from serotonergic neurons alone does not reproduce the 
constitutive Cbln2 KO phenotype.

The robust expression of Cbln2 in serotonergic neurons of the DR raises the possibility 

that Cbln2 expression in serotonergic neurons is essential for serotonergic signaling. To test 

this possibility, we crossed conditional Cbln2 KO mice with SERT-Cre mice that selectively 

express Cre-recombinase in serotonergic neurons [46]. However, deletion of Cbln2 from 

serotonergic neurons failed to induce explosive jumping, even though in this experiment 

Cbln2 is deleted not only from serotonergic neurons, but also from some non-serotonergic 

neurons that express SERT transiently during development [47](Supplementary Fig. S2). 

This result indicates that the loss of Cbln2 from serotonergic output synapses does not cause 

the observed phenotype.

Cbln2 is expressed in a subset of neurons that project to the DR.

Since the loss of Cbln2 from serotonergic neurons alone did not explain the phenotype, 

we asked whether it was possible that Cbln2 was involved in the tight regulation of 

serotonin neurons by input synapses derived from non-serotonergic nuclei of the brain 

[30,45,48,49,50,51,52]. In order to test if Cbln2 is expressed in neurons that regulate the 

activity of serotonergic neurons in the DR, we injected the retrograde tracer cholera toxin 

B (CTB) into the DR of Cbln2-mVenus mice and quantified the number of CTB+/Cbln2+ 

double-positive neurons throughout the brain. Similar to previous studies [45,48], neurons 

with abundant projections to the DR were observed in the PFC, hypothalamus, lateral 

habenula, and the interpeduncular nucleus (Fig. 3d–3k; Supplementary Fig. S3). CTB+ 

neurons were also observed in regions where Cbln2 was not expressed or where no CTB/

Cbln2 co-expression was observed and were therefore not included in this analysis.

In the PFC, we observed abundant CTB+ neurons in the agranular insula (AI), orbital 

frontal (ORB), anterior cingulate (ACC), prelimbic (PrL), and limbic (IL) areas (Fig. 3d–
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3h). Although Cbln2 is highly expressed in these areas [38], the number of CTB+/Cbln2+ 

double-positive neurons varied. The greatest overlap was found in the AI (Fig. 3e) and the 

lateral (ORBl) and ventral (ORBv) subregions of the ORB (Fig. 3f) (Supplementary Table 

S2). Cbln2 was also expressed in CTB+ neurons of the ACC (Fig. 3g), PrL (Fig. 4h), IL, and 

medial ORB, but at lower levels (Supplementary Table S2). CTB+/Cbln2+ double-labeled 

neurons were found at lower density in the motor cortex, claustrum, and the retrosplenial 

cortex (Supplementary Table S2). Outside of the cortex, large numbers of CTB+/Cbln2+ 

neurons were observed in the lateral habenula (LHb) (Fig. 3i, 3j; Supplementary Table 

S2), which sends direct excitatory projections to the DR [45,53]. Moreover, neurons in the 

interpeduncular nucleus (IPN) that form inhibitory projections to the DR [45] were densely 

labeled by CTB. Since neurons in the medial habenula (MHb) primarily project to the 

IPN [53,54] and express high levels of Cbln2 [55], Cbln2 may exert indirect regulatory 

control over DR neurons via the MHb-IPN pathway. In addition to this indirect inhibitory 

input, a small number of CTB+ neurons that co-expressed Cbln2 were also observed in 

the MHb, suggesting the MHb also provides direct excitatory input to the DR (Fig. 3k; 

Supplementary Table S2). Interestingly, these CTB+ neurons were only found in the superior 

portion of the ventrolateral MHb and in region “X,” which is thought to contain a mixture 

of MHb and LHb neurons [56], and therefore may function as a unique regulator of DR 

activity. In addition, CTB+/Cbln2+ double-labeled neurons were observed in the preoptic 

and periventricular nuclei of the hypothalamus, although at lower density than in the cortex 

or habenula (Supplementary Table S2). Combined, these results show that Cbln2 is highly 

expressed in important input hubs to the DR and may therefore play a role in regulating the 

top-down control of serotonin neurons.

Cbln2 KO alters the synaptic proteome of the DR without decreasing the density of 
synapses or neurons.

To determine if loss of Cbln2 affects the number of serotonergic neurons, we quantified 

the density of serotonergic and of total neurons in the DR using immunohistochemistry 

for TPH2 and NeuN in Cbln2 KO mice, but found no change (Supplementary Fig. S4). 

Moreover, the TPH2 immunofluorescence signal intensity of neurons was also unchanged.

Next, we quantified the number of excitatory synapses in the DR by immunohistochemistry 

for the vesicular glutamate transporters vGluT1 and vGluT2. Again, we detected no change. 

The size or density of vGluT1+ or vGluT2+ puncta on TPH2+ neurons in the DRV, 

which represent inputs arising largely from the PFC and LHb, respectively [51], were 

indistinguishable between control and Cbln2 KO mice (Fig. 4a–d).

In a previous study, we found that the Cbln2 KO alters the synaptic proteome in multiple 

forebrain regions [15]. This finding motivated us to test whether the Cbln2 KO changes 

the expression of select synaptic proteins and of TPH2 in the DR (Fig. 4e–f). Consistent 

with the immunohistochemistry data, the levels of TPH2 were unchanged in Cbln2 KO 

mice. Moreover, the levels of the serotonin-1A (5-HT1A) receptor, which functions as 

an inhibitory autoreceptor of serotonergic neurons [57], were also not altered. However, 

the levels of GluA2, an AMPA-receptor subunit, were increased ~35% in Cbln2 KO 

mice (P=0.0101), and the levels GluN1 and GluN2A, two NMDA-receptor subunits, were 
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increased ~40% (P=0.0494) and ~60% (P=0.0464), respectively. Conversely, the levels of 

another NMDA-receptor subunit, GluN2B, were decreased ~30%, but this change was not 

statistically significant (P=0.0879; Fig. 4e–f).

Cbln2 KO decreases the density of vGluT3+ serotonergic synapses in the anterior 
cingulate cortex.

Does the Cbln2 KO alter the development of serotonergic axons and target synapses? To 

address this question we first quantified SERT+ axons and SERT+ puncta in multiple brain 

regions. We detected no changes in the density of SERT+ axons and the density and size 

of SERT+ puncta in Cbln2 KO mice in the anterior cingulate cortex (Fig. 4g–k), striatum, 

CA1 region of the hippocampus, or basolateral amygdala (Supplementary Fig. S5). We 

then examined the effect of Cbln2 deletion on excitatory synapses arising from serotonergic 

DR neurons, using immunohistochemistry for the vesicular glutamate transporter vGluT3, 

which exhibits limited expression in the brain overall, but is expressed in most serotonergic 

neurons of the DR and MR [58,59,60]. vGluT3 enhances vesicular packaging of serotonin 

and is targeted to a subset of serotoninergic nerve terminals [33,61,62], suggesting that 

presynaptic vGluT3-containing varicosities represent a subtype of serotoninergic synapses. 

Synapses containing SERT (a marker for serotonergic neurons) but lacking vGluT3 (SERT+/

vGluT3−) and synapses containing both SERT and vGluT3 (SERT+/vGluT3+), therefore, 

represent two functional classes of serotoninergic synapses. We quantified the density and 

size of SERT+/vGluT3− and SERT+/vGluT3+ puncta in the mPFC, focusing on the ACC 

(Fig. 4j–k). Compared to control littermates, the relative density of SERT+/vGluT3− puncta 

was increased in Cbln2 KO mice by ~20% (P=0.0015), whereas the relative density of 

SERT+/vGluT3+ puncta was decreased by ~40% (P=0.0005; Fig. 4j–k). We also observed 

a small (~12%) but significant decrease in the size of SERT+/vGluT3+ synapses in Cbln2 

KO mice compared to control mice (P=0.0117), but detected no difference in the size of 

SERT+/vGluT3− synapses between the two groups (Fig. 4j–k).

Together, these data suggest that the Cbln2 deletion causes a shift in the molecular properties 

of serotonergic synapses in the mPFC.

Conditional deletion of Cbln2 both from the DR and from neurons projecting to the DR is 
required to induce explosive jumping.

We showed earlier that the Cbln2 KO phenotype is not due to a loss of Cbln2 from 

serotonergic DR neurons (Supplementary Fig. S2). However, Cbln2 functions as a secreted 

trans-synaptic organizer that could be supplied to DR synapses by the presynaptic inputs 

onto the serotonergic neurons even if Cbln2 expression is deleted from these neurons. To 

test this possibility, we used a viral strategy that selectively deletes Cbln2 in (1) neurons 

in the DR, (2) neurons projecting to the DR, or (3) both types of neurons. We then 

examined the mice for explosive jumping. To selectively delete Cbln2 from DR neurons, we 

stereotactically injected adeno-associated viruses (AAVs) expressing active (Cre) or inactive 

mutant Cre-recombinase (ΔCre; control) under control of the synapsin-1 promoter into the 

DR of conditional Cbln2 KO mice at P18–P21. To selectively delete Cbln2 from neurons 

projecting to the DR, we injected retrograde AAVs (rAAVs) expressing Cre under control 

of the synapsin-1 promoter [63]. Finally, to delete Cbln2 both from DR neurons and from 
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neurons projecting to the DR, we injected both AAV-syn-Cre and rAAV-Syn-Cre into the DR 

(Fig. 5a, 5b; Supplementary Fig. S6). Two weeks later, we placed the mice in an open field 

arena and measured explosive jumping.

Selective deletion of Cbln2 in DR neurons alone using a viral strategy did not induce 

explosive jumping, consistent with our genetic results (Figs. 5c, S2). Selective deletion 

of Cbln2 in neurons projecting to the DR also did not replicate the explosive jumping 

phenotype (Fig. 5c). However, deletion of Cbln2 from both the DR neurons and the neurons 

projecting to the DR produced explosive jumping (P<0.0001; Fig. 5c). Thus, loss of Cbln2 

from the serotonergic circuit of the DR underlies explosive spontaneous jumping activity as 

a proxy for compulsive behaviors.

Infusion of recombinant Cbln2 into the DR decreases explosive jumping in Cbln2 KO mice.

The observation that either presynaptic or postsynaptic expression of Cbln2 in the DR 

maintains its function is surprising, raising the question whether Cbln2 is truly required for 

the normal function of a serotonergic circuit in the DR that controls compulsive behaviors. 

An alternative hypothesis might be that Cbln2 also performs a broader action outside 

of the DR in the neurons synapsing onto serotonergic DR neurons. To address this key 

question, we were inspired by previous studies showing that in Cbln1 KO mice, application 

of recombinant Cbln1 protein onto Purkinje cells rescues the motor deficits [64,65]. This 

amazing finding suggested that the effect of the genetic Cbln1 deletion is rapidly reversible 

by simple addition of extrinsic Cbln1 protein. Thus, we asked whether a similar rescue 

might be produced by application of recombinant Cbln2 into the DR of constitutive Cbln2 

KO mice.

We stereotactically injected either vehicle (control) or recombinant His-tagged Cbln2 (4 

μg/μl) into the DR of 1 month-old constitutive Cbln2 KO mice, and used antibodies against 

the His-tag and TPH2 to visualize the distribution of Cbln2 protein among serotonergic 

neurons after 2–14 days (Fig. 5d; Supplementary Fig. S7). In Cbln2 treated mice, Cbln2-His 

immunoreactivity was observed throughout the DR at 2- and 4-days post-injection, with a 

punctate pattern on the dendrites and cell bodies of TPH2+ neurons. The Cbln2-His signal 

was significantly diminished by day 7, and undetectable by day 14.

To determine if introducing Cbln2 protein into the DR rescues the explosive jumping 

phenotype of constitutive Cbln2 KO mice, we measured baseline jumping of Cbln2 KO mice 

in an open field arena, stereotactically injected vehicle or Cbln2-His (4 μg/μl) into their 

DR 7 days later, and examined explosive jumping again at 4 days post-injection. Strikingly, 

explosive jumping was significantly decreased in Cbln2-treated mice compared to baseline 

(adj. P=0.013, Sidak’s post hoc), whereas explosive jumping was not significantly changed 

in the vehicle-treated mice (Fig. 5e). This finding, combined with the results described 

above, indicates that Cbln2 directly regulates a serotonergic circuit in the DR, and that 

dysfunction of this regulation causes behavioral disinhibition, including explosive jumping.
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DISCUSSION

Recent genetic studies have associated the genes encoding Cbln2 and its binding partners, 

neurexins and GluD1/2, with Tourette syndrome and other disorders of behavioral 

disinhibition, such as ADHD and OCD [5,6,7,22,23,25,26,27]. Abundant evidence suggests 

that decreased brain serotonin signaling contributes to the pathogenesis of these disorders 

[2,29,31,32,36,37]. Here, we report that Cbln2 regulates the circuits of the DR that control 

serotonergic signaling throughout the brain, thus connecting the human genetics to the 

phenotype of disorders of behavioral disinhibition. Loss of Cbln2 induced compulsive 

behaviors in mice, such that the mice became hyperactive, engaged in stereotypic 

movements, exhibited continuous explosive jumping in a novel environment, and built 

excessive nests. This phenotype was associated with a robust decrease in serotonin 

concentrations in multiple forebrain regions. Remarkably, the phenotype was only induced 

when Cbln2 was deleted from both DR neurons and Cbln2-expressing neurons that form 

synapses onto DR neurons. In constitutive Cbln2 KO mice that exhibit compulsive jumping 

behavior, injection of Cbln2 protein into the DR alone partly rescued the phenotype. 

Importantly, Cbln1 was not functionally redundant with Cbln2, as deletion of Cbln1 had 

no effect on the serotonergic system and did not produce disinhibition behaviors.

Based on its similarity to the human condition and established animal models, we propose 

the Cbln2 KO mouse as a translational model to study disorders of behavioral disinhibition. 

The validity of animal models of human mental disorders is assessed using three criteria: 

(1) face validity: how similar is the animal phenotype to the human disorder, (2) construct 

validity: how well do the behavioral assays used measure the behavioral features of the 

human disorder, and (3) predictive validity: to what extent therapeutics used to treat 

symptoms in the human disorder alleviate the symptoms in the animal model [41]. We 

showed that Cbln2 KO mice engaged in a number of behaviors that (1) are homologous to 

the human disorder, (2) have been observed in mouse models of Tourette syndrome, OCD, 

and ADHD, and (3) have been linked to dysfunction of the serotonergic system and are 

treated by increasing brain serotonin. Specifically, we showed that Cbln2 KO mice were 

hyperactive, aggressive, and displayed motor stereotypy, all of which are characteristic of 

human patients and of mouse models of Tourette syndrome [66,67], OCD [32,34,36,37], 

and ADHD [28]. These symptoms are commonly treated with serotonin reuptake inhibitors 

and/or psychostimulants, both of which increase the concentration of serotonin in brain 

[28,43], which also alleviated the disinhibition symptoms of Cbln2 KO mice.

Cbln2 KO mice also engaged in compulsive marble burying and excessive nest building, 

which are well-established assays for stereotypic and compulsive goal-directed behaviors 

observed in Tourette syndrome and OCD. Both behaviors have been used to validate mouse 

models of OCD [2,34,36,37]. Moreover, both behaviors are partly rescued by increasing 

the brain serotonin concentration using treatments with 5-hydroxytryptophan or serotonin 

reuptake inhibitors [2,32,34,36,37]. We similarly found that treatment with the serotonin 

reuptake inhibitor fluoxetine significantly reduced excessive nest building in Cbln2 KO 

mice.
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Lastly, Cbln2 KO mice engaged in compulsive pattern running and explosive jumping, 

which model compulsive and repetitive motor actions characteristic of Tourette syndrome 

and OCD [34,36,37]. Interestingly, mice lacking the neuropeptide PACAP also engaged in 

compulsive and explosive jumping, which similar to the Cbln2 KO mice was significantly 

reduced following IP injection of 5-hydroxytryptophan or fluoxetine [29,31]. These findings, 

along with the rescue of the excessive nest building phenotype by fluoxetine, supports 

the hypothesis that the decrease in brain serotonin induced by the Cbln2 KO results in 

disinhibited behaviors characteristic of Tourette syndrome and OCD. Taken together, our 

data thus show that the Cbln2 KO mouse has face, construct, and predictive validity as a 

translational model for Tourette syndrome, OCD, and ADHD.

Summary.

Viewed together, our data show that a trans-synaptic adhesion molecule, Cbln2, functions 

as a fundamental regulator of synapses on serotonergic neurons in the DR. Loss of Cbln2 

causes behavioral disinhibition, manifesting as compulsive spontaneous jumping, excessive 

nest building, increased marble burying, and stereotypic movements. These results suggest 

a pathway by which mutations in genes related to the Cbln2-based trans-synaptic adhesion 

complex, namely neurexins, cerebellins, and GluDs, might predispose to neuropsychiatric 

disorders with a strong compulsive component, and establish the Cbln2 KO mouse as a 

model system for neuropsychiatric disinhibition symptoms.

MATERIALS AND METHODS

Mouse handling and husbandry.

All experiments were performed with male and female young adult, C57/Bl6/SV129 hybrid 

mice. All animal procedures conformed to National Institutes of Health’s Guidelines for 
the Care and Use of Laboratory Animals and were approved by the Stanford University 

Administrative Panel on Laboratory Animal Care. Sample sizes were chosen based prior 

studies from our lab [15,38,55].

Immunohistochemistry.

Experiments were carried out as described previously [38] and in the Extended Materials 

and Methods. 3-week-old Cbln2-mVenus mice were used for retrograde tracing and co-

labeling experiments, and at least two mice and four sections per mouse were used for 

analysis. 1-month-old male Cbln2 KO and control littermates were used for axon and 

synapse quantification experiments in Fig. 4. For each synaptic marker, data were collected 

from 3 mice/genotype, 3 sections/mouse. The density of vGluT1+ and vGluT2+ synapses 

was first normalized to the area of TPH2-labeled tissue and then to the density observed 

in the controls. The density of SERT+ and vGluT3+ synapses was first normalized to 

the area of SERT-labeled axons and then to the density observed in the controls. SERT+ 

axon density was quantified using the DEFiNE plugin for ImageJ/Fiji [68] and was first 

normalized to the area of the region of interest and then to the density observed in the 

controls. 1-month-old male and female Cbln2 KO mice were used for the Cbln2-His 

labeling experiments. Two mice and four sections per mouse were collected for each 

time point in the Cbln2 treated group and for the vehicle treated group. Images were 
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collected using a Nikon A1R confocal with a 60X objective and analyzed using NIS-

Elements Advanced Research software (Nikon Instruments) or ImageJ/Fiji (NIH). The 

following antibodies were used in this study: monoclonal mouse anti-6xHis (1:200; 75-169 

NeuroMab; RRID: AB_10673446), polyclonal rabbit anti-Cre-Recombinase (1:250, 257 003 

Synaptic Systems; RRID: AB_2619968), polyclonal chicken anti-GFP (1:1000; GFP-1020 

Aves Labs; RRID: AB_10000240), polyclonal guinea pig anti-NeuN (1:500; ABN90P 

Millipore; RRID: AB_2341095), polyclonal rabbit anti-TPH2 (1:1000; NB100-74555 

Novus; RRID: AB_2202792), monoclonal mouse anti-SERT (1:200; NBP1-78989 Novus; 

RRID: AB_11006862), polyclonal guinea pig anti-vGluT1 (1:500; AB5905 Millipore; 

RRID: AB_2301751), polyclonal guinea pig anti-vGluT2 (1:500; AB2251 Millipore; RRID: 

AB_1587626), and polyclonal rabbit anti-vGluT3 (1:500; 135 203 Synaptic Systems; RRID: 

AB_887886).

Retrograde tracing.

Adult (P30–P40) Cbln2-mVenus mice were anesthetized with tribromoethanol (125–200 

mg/kg), and 1ul (0.5 μl at each depth) of 0.25% cholera toxin-B (CTB) conjugated to Alexa 

647 (ThermoFisher Scientific) was stereotactically injected into the dorsal raphe at a flow 

rate of 0.15 μl/min (coordinates from Bregma: ML: 0 mm, AP: −4.5 mm, DV: −2.8 mm and 

−3.5 mm). Mice were sacrificed after 3 weeks and sections were analyzed by fluorescence 

microscopy following the protocol described in the Extended Materials and Methods.

Measurement of serotonin and dopamine by ELISA.

Concentrations of serotonin, 5-HIAA, and dopamine were measured in tissue samples 

using Serotonin High Sensitive ELISA kit (Eagle Biosciences), 5-HIAA ELISA kit (Novus 

Biologicals), and Dopamine ELISA kit (Eagle Biosciences), respectively, according to 

the manufacturer’s instructions. Monoamine concentrations were first normalized to the 

concentration of total protein in the sample and then to the values in the control samples. 

Samples were collected from 6 mice/genotype, and 3 samples/genotype were tested in 

two separate assays. In the first set of experiments, tissues were taken from ~1-month-

old littermate control, Cbln1 KO, and Cbln2 KO mice (Fig. 2a–b); in the second set of 

experiments, tissues were taken from ~1-month-old littermate control and Cbln2 KO mice 

(Fig. 2c).

Immunoblotting.

Experiments were carried out as described previously [15] and in the Extended Materials 

and Methods. Samples were prepared from microdissections of the dorsal raphe taken from 

~1-month-old Cbln2 KO mice and control littermates. Intensity values for each protein of 

interest were first normalized to β-actin and then to the values in the control samples. 

Samples were collected from 6 mice/group. The following antibodies were used in this 

study: monoclonal mouse anti-β-actin (1:5000; A1978 Sigma-Aldrich; RRID: AB_476692), 

polyclonal rabbit anti-GluA1 (1:500; PC246 Millipore; RRID: AB_564636), monoclonal 

mouse anti-GluA2 (1:1000; MAB397 Millipore; RRID: AB_2113875), polyclonal rabbit 

anti-GluA4 (1:1000; AB1508 Millipore; RRID: AB_90711), monoclonal mouse anti-

GluN1 (1:500; 114011 Synaptic Systems; RRID: AB_887750), monoclonal mouse anti-

GluN2A (1:500; 75-288 Neuromab; RRID: AB_2315842), monoclonal mouse anti-GluN2B 
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(1:500; 75-097 Neuromab; RRID: AB_10673405), polyclonal rabbit anti-HTR1A (1:1000; 

PA5-99483 Thermo Fisher Scientific; RRID: AB_2818416), and polyclonal rabbit anti-

TPH2 (1:1000; NB100-74555 Novus; RRID: AB_2202792).

Stereotaxic injections.

Viral injections were carried out on Cbln2Flox/Flox mice aged P18–P21. Mice were 

anesthetized with tribromoethanol (125–200 mg/kg), and viral solution was injected (0.5 

μl at each depth) into the DR at a flow rate of 0.15 μl/min (coordinates from Bregma: 

ML: 0 mm, AP: −4.5 mm, DV: −3.0 mm and −3.4 mm). AAVs packaged into AAV-DJ 

capsids and using the synapsin promoter to drive expression of GFP and either inactive Cre-

recombinase (AAV-DJ-Syn-ΔCre-GFP) or active Cre-recombinase (AAV-DJ-Syn-Cre-GFP) 

and retrograde AAV packaged into the rAAV-retro2 capsid and using the synapsin promoter 

to drive expression of active Cre-recombinase (rAAV-retro-Syn-Cre-GFP) were purchased 

from the Neuroscience Gene Vector and Virus Core at Stanford University. Explosive 

jumping behavior was assessed 2 weeks after injection. Injections of recombinant Cbln2 

protein (tagged and purified with 6xHis) were carried out on Cbln2 KO mice aged P35–P40. 

Either vehicle (control) or a 4 μg/μl solution of recombinant Cbln2-His was injected (0.5 μl 

at each depth) into the DR at a flow rate of 0.15 μl/min, using the same coordinates as above. 

Explosive jumping behavior was assessed 4 days after injection.

Mouse behavior.

To generate Cbln1 KO or Cbln2 KO mice, homozygous Cbln1flox/flox or Cbln2flox/flox mice 

were crossed with transgenic mice expressing Cre-recombinase under control of the nestin 

promoter (Jackson Labs), as described previously [15]. All behavior experiments were done 

using male littermate control, Cbln1 KO, and Cbln2 KO mice aged 2–4 months, excepted 

where noted (see also Extended Materials and Methods). For the conditional knockout 

experiments, male and female Cbln2Flox/Flox mice were used. Where applicable, mice were 

randomly assigned to treatment groups. All experiments were carried out between 7am–

7pm. Mice were moved from the holding facility to the testing room at least 1h before 

testing began. All behavior assays were conducted and analyzed by researchers blind to 

genotype. Detailed descriptions of behavior assays are found in the Extended Materials and 

Methods.

Statistics.

All statistical analysis was done using GraphPad Prism 6. Graphs depict mean ± S.E.M. 

Neuron, axon, and puncta quantifications were analyzed with Student’s t-test and significant 

differences are reported as p-values. ELISA measurements and behavior assays comparing 

control, Cbln1 KO, and Cbln2 KO mice were analyzed by one-way Kruskal-Wallis analysis 

of variance (ANOVA) for group differences and significant differences are reported as 

p-values. Differences between control and individual KO groups were then determined using 

Dunnett’s post hoc test, correcting for multiple comparisons, and are reported as adjusted p-

values. ELISA measurements, immunoblots, and behavior comparing control and Cbln2 KO 

mice were analyzed by Student’s t-test and significant differences are reported as p-values. 

For the rescue experiments with 5-hydroxytryptophan or fluoxetine, data were analyzed 

by two-way ANOVA for group comparisons and significant differences are reported as 
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p-values. Within group treatment comparisons were then determined using Tukey’s post hoc 

test, correcting for multiple comparisons, and significant differences are reported as adjusted 

p-values.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Cbln2 KO mice, but not Cbln1 KO mice, exhibit compulsive jumping and nestbuilding 
behaviors
(a–d) Open field measurements of the spontaneous behaviors of Cbln1 and Cbln2 KO 

mice on a force-plate actometer (15 min trials; Cbln1 KO, n=8; Cbln2 KO, n=12; controls, 

n=12). (a) Total distance traveled shows that both Cbln1 and Cbln2 mice are hyperactive 

(**P=0.0049, ANOVA). (b) Time spent in the center of the open field suggests that Cbln1 

KO mice, but not Cbln2 KO mice, exhibit decreased anxiety (P=0.0981, ANOVA; Cbln1 

KO v. Ctrl. adj. *P=0.035, Dunnett’s post hoc). (c) Cbln2 KO mice engage in compulsive 

circling/running with more rotations than control mice, whereas Cbln1 KO mice make 

significantly fewer rotations (**P=0.008, ANOVA). (d) Measurements of the movement 

intensity in one place shows that both Cbln1 KO and Cbln2 KO mice display increased 

motor stereotypy compared to controls (*P=0.032, ANOVA).
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(e–h) Elevated plus maze analyses show that Cbln1 (n=8) but not Cbln2 KO mice (n=9) 

display decreased anxiety compared to controls (n=10), whereas Cbln2 but not Cbln1 KO 

mice are hyperactive and engage in compulsive running. (e) Cbln1 KO mice spend more 

time in the open arms (*P=0.0188, ANOVA) and (f) make more entries into the open arms 

(*P=0.0424, ANOVA). (g) Cbln2 KO mice travel more than twice the distance (*P=0.0145, 

ANOVA) on the elevated plus maze with (h) twice the speed (*P=0.0131, ANOVA) than 

control or Cbln1 KO mice.

(i) In the resident/intruder test, Cbln1 KO mice (n=8) exhibit decreased aggression, initiating 

fewer attacks (left) with a longer latency to attack (right) compared to control mice 

(n=10; *P=0.0262, ANOVA). In contrast, Cbln2 KO mice (n=9) show increased aggression, 

initiating more attacks (left) with a shorter latency to attack (right; P=0.0864, ANOVA).

(j) Cbln2 KO mice (n=19) but not Cbln1 KO mice (n=9) exhibit compulsive marble burying 

behavior as compared to control mice (n=16) (*P=0.0321, ANOVA).

(k) Cbln2 KO mice (n=14; 1 month old) display frequent compulsive, novelty-induced 

explosive jumping behaviors when placed in an open field (force-plate actometer), which 

is not observed in Cbln1 KO mice (n=8) or control mice (n=10) (***P=0.0002, ANOVA). 

Left, composite image depicting a Cbln2 KO mouse before (1) and during (2) an explosive 

jump; right, summary graph of the number of explosive jumps during a 15 min trial. See 

Supplementary Video for further information.

(l & m) Cbln1 KO (n=8), Cbln2 KO (n=9), and control mice (n=10) exhibited similar nest 

building behaviors during a 24 h period when given a cotton nestlet. Left, example images 

showing how basic nest building was scored; right, summary graph depicting basic nest 

building scores.

(n & o) Cbln2 KO mice (n=9) engage in compulsive excessive nest building, whereas 

Cbln1 KO mice (n=8) fail to build large nests compared to control mice (n=10) when 

given a cardboard tube as a nest building material (****P<0.0001, ANOVA). Left, example 

images explaining how excessive nest building was scored; right, summary graph depicting 

excessive nest building scores.

Data are means ± SEM.
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Figure 2: Compulsive behaviors in Cbln2 KO mice are due to serotonergic dysfunction
(a & b) The serotonin (5-HT) concentrations in the prefrontal cortex (**P=0.0050, ANOVA) 

and the striatum (**P=0.0015, ANOVA) are massively decreased in Cbln2 but not Cbln1 KO 

mice (a), whereas the dopamine concentrations are increased in the striatum (***P=0.0004, 

ANOVA) but not prefrontal cortex in Cbln1 and Cbln2 KO mice (b). Serotonin and 

dopamine were measured by ELISA (n=6 samples for each genotype).

(c) Concentrations of 5-HT and the 5-HT metabolite 5-HIAA in multiple brain regions. 

Monoamine concentrations in Cbln2 KO mice are expressed as a percentage control 

values. Compared to control, 5-HT concentrations in Cbln2 KO mice are decreased in the 

prefrontal cortex (**P=0.0044, Student’s t-Test), striatum (**P=0.0069, Student’s t-Test), 

and hippocampus (*P=0.0366, Student’s t-Test), but are unchanged in the amygdala and 
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dorsal raphe. 5-HIAA concentrations are decreased in the striatum (*P=0.0255, Student’s 

t-Test) but are unchanged in the other brain regions in Cbln2 KO mice.

(d & e) Explosive jumping behaviors of Cbln2 KO mice are suppressed by treatment with 

the serotonin precursor 5-hydroxytryptophan (5-HTP) or the serotonin reuptake inhibitor 

fluoxetine. (d) Experimental strategy. 1-month old mice were placed in an open field arena 

for 15 min to assess baseline explosive jumping behavior. 7 days later, the mice were 

injected with either saline or 10 mg/kg 5-HTP (or in a separate experiment, saline or 10 

mg/kg fluoxetine), allowed to recover for 30 min, and were then placed back into the arena 

for 15 min to monitor explosive jumps. (e) At baseline, Cbln2 KO mice engage in increased 

jumping behaviors compared to control mice (genotype: ****P<0.0001, two-way ANOVA). 

Left, 5-HTP treatment (administered i.p.) dramatically decreases explosive jumping in Cbln2 

KO mice (adj. ****P<0.0001, Tukey’s post hoc), whereas saline administration has no 

significant effect (saline n=14; 5-HTP n=20). In contrast, 5-HTP has no effect on jumping 

behaviors in control mice (saline n=15; 5-HTP n=15). Right, fluoxetine suppresses explosive 

jumping in Cbln2 KO mice, whereas again saline has no effect (saline n=18; fluoxetine 

n=16) (adj. ****P<0.0001, Tukey’s post hoc). As before, fluoxetine and saline have no 

effect on jumping behaviors in control mice (saline n= 23; fluoxetine n=18)

(f) Excessive nest building is significantly reduced following chronic oral treatment with 

the serotonin reuptake inhibitor fluoxetine. Mice were given 9 g of cotton nesting material 

every day for 4 consecutive days and the average daily amount of material incorporated 

into their nest was measured. Following baseline measurement, mice were given 2% sucrose 

or 50mg/kg/day fluoxetine in 2% sucrose and nest building was again quantified. Cbln2 

KO mice used significantly more nesting material than Ctl mice at baseline and in the 

2% sucrose condition (genotype: **P=0.0018, two-way ANOVA), and nest building was 

significantly reduced in both groups following fluoxetine treatment (****adj. P<0.0001, 

Sidak’s post hoc) (control mice; n=10 sucrose group; n=13 fluoxetine group; Cbln2 KO 

mice: n=11 sucrose group, n=16 fluoxetine group).

Data shown are mean ±SEM.
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Figure 3: Cbln2 is expressed both in serotonergic neurons in the dorsal raphe (DR) and in 
non-serotonergic neurons projecting to the DR
(a) Coronal section from a Cbln2-mVenus reporter mouse showing Cbln2 expression in the 

raphe nuclei. Cbln2+ neurons were found primarily in the ventral (DRV) and interfascicular 

(DRI) subdivisions of the dorsal raphe, with few neurons observed in the dorsal (DRD) and 

posterodorsal (PDR) subregions. Cbln2+ neurons were also observed in the median raphe 

(MR) and paramedian raphe (PMR).

(b) Double labeling of neurons for Cbln2 (green) and tryptophan hydroxylase 2 (TPH2; 

magenta) in the DRV and DRI. Cbln2 expression was visualized using an antibody to GFP.

(c) Same as in (b) but showing the median raphe (MR) and the paramedian raphe (PMR).

(d) Coronal section of the mPFC from a Cbln2-mVenus reporter mouse following injection 

of the retrograde tracer cholera toxin B (CTB) into the DR.

(e–h) Higher magnification images of the boxed areas in panel d illustrating that Cbln2+ 

neurons that are CTB+ and thus project to the DR were observed in the agranular insular 
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cortex (AI; e), orbital frontal cortex (ORB; f), and to a lesser degree, the anterior cingulate 

cortex (ACC; g). However, although both Cbln2+ and CTB+ neurons were observed in the 

prelimbic (PrL) and infralimbic (IL) cortical areas, there was almost no overlap between the 

two populations (arrowheads = double-positive neurons).

(i) Same as d, but at a more caudal level to illustrate the presence of CTB+ and Cbln2+ 

neurons in the lateral (LHb) and medial (MHb) habenula.

(j) A large number of CTB+ neurons that project to the DR were observed in the LHb and 

most of these neurons were co-labeled for Cbln2.

(k) Only a small number of CTB+ neurons were observed in the MHb and nearly all of these 

neurons were co-labeled for Cbln2.

Scale bars = 500 μm (a, d, i), and 100 μm (b–c, e–h, j–k). Abbreviations: AMY, amygdala; 

ATg, anterior tegmental nucleus; Aq, cerebral aqueduct; HY, hypothalamus; mlf, medial 

longitudinal fascicle; MO, motor cortex; TH, thalamus.
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Figure 4: The constitutive Cbln2 KO increases glutamate receptor levels in the dorsal raphe and 
decreases the vGluT3 content of serotonergic nerve terminals in the anterior cingulate cortex 
without changing synapse densities
(a & c) Representative immunofluorescence images of sections from the dorsal raphe (DR) 

of control (top) and Cbln2 KO (bottom) mice aged P30–35. Sections were co-labeled with 

TPH2 (magenta) to identify serotonergic neurons and vGluT1 (a) or vGluT2 (c) to mark 

excitatory puncta (green). Cutouts show single-channel images of the boxed region. Scale 

bar = 20 μm.

(b & d) Summary graphs showing that deletion of Cbln2 has no effect on the density 

(top) or size (bottom) of vGluT1+ (b) or vGluT2+ (d) puncta on TPH2+ neurons in the 

DR. All data are means ± S.E.M.; synaptic puncta density was normalized to the area 
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of TPH2-labeled tissue and to the levels observed in the controls. Statistical analysis was 

performed by Student’s t-Test (n = 3 sections/mouse, 3 mice/genotype).

(e & f) The Cbln2 KO induces an increase in the levels of the AMPAR subunit GluA2 

(*P=0.0101, Student’s t-test) and of the NMDAR subunits GluN1 (*P=0.0494, Student’s 

t-test) and GluN2A (*P=0.0464, Student’s t-test) in the dorsal raphe (e, representative 

immunoblots; f, summary graphs). Proteins from littermate control and Cbln2 KO mice aged 

P30–35 were analyzed by quantitative immunoblotting. Data are means ± S.E.M. (n=6 mice/

group); data were normalized first to the levels of β-actin as an internal loading control, and 

then to the controls.

(g) Schematic showing the location of the anterior cingulate cortex (ACC) sections shown 

and quantified in h–k.

(h & i) Loss of Cbln2 has no effect on the density of axons or puncta expressing serotonin 

reuptake transporter (SERT) in the ACC. (h) Representative fluorescence images showing 

SERT antibody labeling in the ACC of ~1 month old control (left) and Cbln2 KO (right) 
mice. Inserts show a high magnification example of SERT+ puncta. Scale bars = 25 μm. 

(i) Summary graphs showing the density of SERT+ axons (left) and puncta (right) in the 

ACC of control and Cbln2 KO mice. Data shown are means ± S.E.M. Axon density 

was quantified using the DEFiNE plugin for ImageJ. Axon and puncta density were first 

normalized to the area of the region of interest and then to the levels observed in the 

controls. Statistical analysis was performed by Student’s t-test (n = 3 sections/mouse, 3 

mice/genotype).

(j & k) Loss of Cbln2 increases the relative density of synaptic puncta expressing 

serotonin reuptake transporter (SERT) but not vGluT3, but decreases the density and size 

of presynaptic puncta expressing both SERT and vGluT3 on axons projecting from the 

DR to the ACC. (j) Representative images showing antibody labeling of SERT (green) 

and vGluT3 (magenta) in sections of ACC taken from ~1 month old control (left) and 

Cbln2 KO mice (right). Scale bars = 25 um. (k) Summary graphs showing an increase in 

the percentage of SERT+ puncta that lack vGluT3 (SERT+/vGluT3− puncta; **P=0.0015, 

Student’s t-Test), and a decrease in the percentage of SERT+ puncta that contain vGluT3 

(SERT+/vGluT3+ puncta; ***P=0.0005, Student’s t-Test) in the ACC of Cbln2 KO mice 

compared to control (top). Additionally, there was a small but significant decrease in the size 

of the SERT+/vGluT3+ puncta in the Cbln2 KO mice (*P=0.0117, Student’s t-test) but not in 

the SERT+/vGluT3− puncta (bottom). Data shown are means ± SEM and were normalized to 

the levels observed in the controls (n = 3 sections/mouse, 3 mice/genotype).
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Figure 5: Cbln2 deletions induce explosive jumping of mice when Cbln2 is ablated both from DR 
neurons and from neurons projecting to the DR, while explosive jumping in Cbln2 KO mice can 
be rescued by stereotaxic injection of recombinant Cbln2 protein into the DR
(a) Schematic showing the site of stereotaxic virus injections into the DR of Cbln2 

cKO mice (left), and representative image showing expression of GFP (green) following 

injection of AAV-retro-Cre + AAV-Syn-Cre-GFP into the DR of Cbln2 cKO mice (right). 
Serotonergic neurons are co-labeled with TPH2 (magenta). Scale bar = 100 μm.

(b) Table showing the combination of viruses used and the resulting genotype.

(c) Combined deletion of Cbln2 from neurons projecting to the DR and from neurons in 

the DR (AAV-retro-Cre + AAV-Cre; n=23) produces explosive jumping behavior. Explosive 

jumping was rarely observed in control mice (AAV-ΔCre; n=18), following deletion of 

Cbln2 from only the DR (AAV-Cre; n=14), or following deletion of Cbln2 only from 
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neurons projecting to DR (AAV-retro-Cre; n=18). ***P=0.0002, ANOVA. Data are means ± 

SEM.

(d) Representative images showing the distribution of injected Cbln2-His protein (or 

vehicle), labeled with anti-His antibody (green), in the DR 2 days post-injection. 

Serotonergic neurons are labeled with TPH2 (magenta). Higher magnification images show 

the puncate pattern of Cbln2-His labeling on the dendrites and cell bodies of TPH2+ neurons 

(right), which is absent in the vehicle treated sections (left). Scale bars = 100 um, and 20 um 

in higher magnification images.

(e) (left) Schematic depicting the experimental protocol. (right) Explosive jumping was 

significantly decreased in Cbln2 KO mice following injection of recombinant Cbln2-His 

protein into the DR compared to baseline (adj.*P=0.0127, Sidak’s post hoc) and vehicle 

injected mice (treatment: P=0.0291, two-way ANOVA). Vehicle treated mice n=7, Cbln2 

treated mice n=9. Data shown are mean ± SEM.

Seigneur et al. Page 27

Mol Psychiatry. Author manuscript; available in PMC 2022 February 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	RESULTS
	Cbln2 KO mice exhibit disinhibited, repetitive behaviors, whereas Cbln1 KO mice display decreased anxiety.
	Cbln2 KO mice exhibit increased, and Cbln1 KO mice decreased, aggressive behavior.
	Cbln2, but not Cbln1, KO mice engage in compulsive marble burying, explosive jumping, and excessive nest building.
	Cbln1 or Cbln2 deletions do not induce depression-like behaviors.
	Genetic deletion of Cbln2, but not of Cbln1, decreases the forebrain serotonin concentration.
	Increasing the serotonin levels in Cbln2 KO mice reverses explosive jumping and excessive nest building phenotypes.
	Cbln2 is expressed in a subset of serotonergic DR neurons.
	Conditional deletion of Cbln2 from serotonergic neurons alone does not reproduce the constitutive Cbln2 KO phenotype.
	Cbln2 is expressed in a subset of neurons that project to the DR.
	Cbln2 KO alters the synaptic proteome of the DR without decreasing the density of synapses or neurons.
	Cbln2 KO decreases the density of vGluT3+ serotonergic synapses in the anterior cingulate cortex.
	Conditional deletion of Cbln2 both from the DR and from neurons projecting to the DR is required to induce explosive jumping.
	Infusion of recombinant Cbln2 into the DR decreases explosive jumping in Cbln2 KO mice.

	DISCUSSION
	Summary.

	MATERIALS AND METHODS
	Mouse handling and husbandry.
	Immunohistochemistry.
	Retrograde tracing.
	Measurement of serotonin and dopamine by ELISA.
	Immunoblotting.
	Stereotaxic injections.
	Mouse behavior.
	Statistics.

	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:

