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Cilia on neurons play critical roles in both the development and function of the central 

nervous system (CNS). While it remains challenging to elucidate the precise roles for 

neuronal cilia, it is clear that a subset of G-protein-coupled receptors (GPCRs) 

preferentially localize to the cilia membrane. Further, ciliary GPCR signaling has been 

implicated in regulating a variety of behaviors. Melanin concentrating hormone receptor 

1 (MCHR1), is a GPCR expressed centrally in rodents known to be enriched in cilia. 

Here we have used MCHR1 as a model ciliary GPCR to develop a strategy to 

fluorescently tag receptors expressed from the endogenous locus in vivo. Using 

CRISPR/Cas9, we inserted the coding sequence of the fluorescent protein mCherry into 

the N-terminus of Mchr1. Analysis of the fusion protein (mCherryMCHR1) revealed its 

localization to neuronal cilia in the CNS, across multiple developmental time points and 

in various regions of the adult brain. Our approach simultaneously produced fortuitous 

in/dels altering the Mchr1 start codon resulting in a new MCHR1 knockout line. 

Functional studies using electrophysiology show a significant alteration of synaptic 

strength in MCHR1 knockout mice. A reduction in strength is also detected in mice 

homozygous for the mCherry insertion, suggesting that while the strategy is useful for 

monitoring the receptor, activity could be altered. However, both lines should aid in 

studies of MCHR1 function and contribute to our understanding of MCHR1 signaling in 

the brain. Additionally, this approach could be expanded to aid in the study of other 

ciliary GPCRs.  

 
 

Keywords: Cilia, hypothalamus, paraventricular nucleus, arcuate nucleus, nucleus 

accumbens, olfactory bulb,  
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Introduction 

G protein-coupled receptors, GPCRs, comprise a large family of signaling 

proteins that function throughout the body (Drake, Shenoy, & Lefkowitz, 2006; 

Marinissen & Gutkind, 2001). Many of these receptors are still considered “orphan” or 

lack identified ligands, and the cellular localization for many is also unknown due to a 

lack of good antibodies or epitope availability within in vivo contexts (Michel, Wieland, & 

Tsujimoto, 2009). Of the non-olfactory GPCRs, approximately 10% have been found to 

preferentially localize to a signaling compartment called the primary cilium (Berbari, 

Johnson, Lewis, Askwith, & Mykytyn, 2008; Kroeze, Sheffler, & Roth, 2003; McIntyre, 

Hege, & Berbari, 2016; Schou, Pedersen, & Christensen, 2015). These small 

microtubule-based appendages serve as signaling centers on most mammalian cell 

types, including neurons throughout the central nervous system (Berbari, O'Connor, 

Haycraft, & Yoder, 2009). Approaches and tools are needed to reveal the significance of 

GPCR sub-cellular localization and subsequent impacts on in vivo signaling and 

physiological roles. 

Mouse alleles that express fluorescently tagged ciliary GPCRs have the potential 

to be a useful alternative to antibody labeling. However, fluorescently tagged ciliary 

GPCR mouse models are limited. It is challenging to produce fusion alleles that do not 

interfere with ligand binding, cilia localization, or downstream signaling. Intracellular C-

terminal tags could interfere with intracellular signaling proteins or with ciliary 

localization sequences in the third intracellular loop (Berbari, Johnson, et al., 2008). 

CiliaGFP mice express the GPCR, somatostatin receptor 3 (SSTR3) tagged with GFP on 

the C-terminal. While SSTR3-GFP cilia localization is retained, male mice are infertile 
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suggesting its expression impacts cilia or flagella function (O'Connor et al., 2013). The 

GFP tag in another ciliary GPCR reporter, rhodopsin-GFP, is also located on the C-

terminal and has normal expression patterns in mice but homozygosity results in retinal 

degeneration (Chan, Bradley, Wensel, & Wilson, 2004). In addition to tagged GPCRs, 

transgenic cilia membrane associated reporter alleles like Arl13b-mCherry or 

Arl13bmCherry-GECO1.2 are broadly expressed perhaps outside of their endogenous 

patterns and levels, which may also influence cilia associated phenotypes and signaling 

processes (Bangs, Schrode, Hadjantonakis, & Anderson, 2015; Delling et al., 2016). 

Thus, mice with fusion tagged GPCRs whose expression is driven from the endogenous 

locus may serve as useful tools to understand the role that ciliary localization plays in 

receptor signaling. However, they should be carefully screened for both proper 

expression and function. These types of tools could provide several additional 

advantages over antibody labeling. One benefit of fusion alleles is the ability to assess 

the subcellular localization of GPCRs when antibodies are not available or under any 

conditions that may inhibit antibody binding, such as ligand binding or epitope altering 

post-translational modifications associated with signaling (Patwardhan, Cheng, & Trejo, 

2021). Extracellular fluorescent fusion proteins are also beneficial for monitoring 

dynamic localization in live imaging approaches and monitoring internalization (Jenkins 

et al., 2011; McEwen et al., 2007).  

We chose to generate an N-terminal fusion GPCR allele using CRISPR/Cas9 of 

the known ciliary melanin concentration receptor 1 (MCHR1) and directly assess the 

impact of this fusion allele on receptor expression, localization and function. While 

MCHR1 is enriched in primary cilia, many questions remain about how MCHR1 function 
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is impacted by its ciliary localization. In rodents, MCHR1 is the only known receptor for 

the neuropeptide melanin-concentrating hormone (MCH). MCH is produced by neurons 

found in both the hypothalamic zona incerta and the lateral hypothalamus that project 

widely throughout the brain (Bittencourt et al., 1992; Engle et al., 2018; Saito, Cheng, 

Leslie, & Civelli, 2001). The broad innervation of MCH fibers and expression pattern of 

MCHR1 allows it to impinge on several different behavioral processes including feeding, 

drinking, addiction, mating, sleep, and maternal behaviors (Diniz & Bittencourt, 2017). 

While it is clear that MCH pathway manipulation in various brain regions impacts 

behavior, how this neuropeptide and its receptor act at the cellular level to influence this 

wide array of behaviors remains unclear. For example, does MCHR1 dynamically 

change its cilia localization upon ligand addition? Some ciliary GPCRs and signaling 

machinery have been found to dynamically localize to the compartment in heterologous 

expression systems and cell lines, but it is unclear if they do so in vivo (Green et al., 

2016; Shinde, Nager, & Nachury, 2020; Ye, Nager, & Nachury, 2018). How does ciliary 

localization impact G protein-coupling and neuronal activity? How does ciliary 

localization of MCHR1 impact behaviors like feeding, sleep and reward? New tools to 

study the MCHR1 receptor would help answer these questions and be valuable for a 

wide variety of research involving not only MCH signaling but may also reveal general 

themes in regards to neuronal ciliary signaling.  

Using a CRISPR/Cas9 mediated approach, we have generated a novel 

fluorescently N-terminal mCherry tagged Mchr1 reporter allele that allows for monitoring 

of MCHR1 localization during development, as well as a new Mchr1 knockout allele. 

Here we demonstrate that the resulting fusion protein, mCherryMCHR1, faithfully matches 
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the known neuroanatomical expression pattern and subcellular localization of MCHR1. 

We further show that an 8bp deletion including the Mchr1 start codon is sufficient to 

abolish MCHR1 detection by immunofluorescence and alter synaptic activity. We also 

provide evidence that in the homozygous condition, expression of mCherryMCHR1 also 

slightly reduces synaptic activity, revealing the need for properly controlled approaches 

when tagging ciliary proteins. Future studies will determine how certain behaviors may 

impact the subcellular localization of MCHR1 as well as the signaling ability of 

mCherryMCHR1. 

 

Results and Discussion  

Generation of mCherryMCHR1 reporter and MCHR1 knockout 

Fluorescent epitope tags provide additional means for the study of GPCRs and for 

understanding GPCR subcellular localization (Ehrlich et al., 2018; Lu et al., 2009; 

Scherrer et al., 2006). In cell culture systems this is frequently accomplished through 

transfection with fluorescently tagged proteins. However, these in vitro systems may not 

reveal in vivo localization. For example, the GPCR melanocortin receptor 4 (MC4R) was 

recently found to be ciliary only in in vivo approaches (Siljee et al., 2018). We sought to 

use CRISPR/Cas9 mediated genome editing to insert a coding sequence in-frame with 

a protein, with the understanding that insertion/deletions (in/dels) may be generated in 

some off-spring, providing an allelic series or additional null alleles from a single round 

of injections. To test this possibility, we targeted the start codon of Mchr1, located in the 

first of its two exons, to insert the coding sequence for the mCherry fluorescent protein 

(Shaner et al., 2004). An 836bp PCR product with 57bp homology arms was injected 
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into mouse embryos. The addition of an N-terminal hemagglutinin (HA) signal sequence 

allows the fusion protein to be threaded through the endoplasmic reticulum, allowing it 

to maintain its transmembrane spanning properties and properly localize to the 

membrane (Figure 1a) (Lu et al., 2009). From a single round of injections, we obtained 

a founder animal carrying the mCherry insertion, and 3 other animals with in/dels out of 

a total of 50 pups screened. The mCherry positive founder was heterozygous for two 

changes, one allele possessed the correct in-frame insertion, and the other an 8bp 

deletion creating a presumptive Mchr1 null allele. The resulting offspring possessed 

either the mCherry-Mchr1 fusion allele (hereafter denoted as Mchr1ch), or the in/del 

allele as determined by PCR amplification (hereafter denoted as Mchr1-) (Figure 1b). 

Initial analysis showed that the endogenous mCherry fluorescence could not be 

detected, and requires antibody amplification (Figure S1). Immunostaining with 

mCherry antibodies revealed co-localization with antibody labeling for MCHR1 in 

heterozygous and homozygous animals, but not in wildtype littermates (Figure 1c). We 

further find that mCherry labeling co-localizes with adenylate cyclase 3 (ADCY3), a 

marker for neuronal primary cilia (Figure S2a). To confirm ciliary localization, we 

crossed Mchr1+/ch mice with mice that possess a conditional loxP flanked intraflagellar 

transport 88 (Ift88F) allele, which allows cre mediated cilia ablation (Haycraft et al., 

2007). We then targeted cilia loss to GABAergic neurons using a Gad2iresCre allele 

(Taniguchi et al., 2011; Ramos et al., 2021). We then assessed mCherryMCHR1 ciliary 

localization in the nucleus accumbens (NAc), where MCHR1 expression is abundant 

(Diniz et al., 2020; Ramos et al., 2021; Taniguchi et al., 2011). Heterozygous 

Gad2iresCre:Ift88+/F mice show robust mCherryMCHR1 and ADCY3 cilia co-localization 
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(Figure S2a). In homozygous Gad2iresCre:Ift88F/F mice, both ciliary mCherryMCHR1 and 

ADCY3 is largely abolished (Figure S2b) (Bowie & Goetz, 2020; Koemeter-Cox et al., 

2014; Ramos et al., 2021). These results support the potential utility of the N-terminus 

tagged MCHR1 allele to assess a specific subcellular localization of a ciliary GPCR in 

vivo.   

While the lack of robust fluorescence limits the use of mCherryMCHR1 in live 

imaging approaches, the mCherry epitope provides a tool that allows for labeling with 

other antibodies and visualization the expression pattern of endogenous levels of this 

ciliary GPCR. Additionally, by including an HA-signal the protein is properly processed 

by the cell, and correctly localizes to the cilia. This type of extracellular, N-terminal tag, 

could therefore improve the ability to perform surface labeling and monitor 

internalization of ciliary GPCRs following stimulation as well as specific ciliary vs non-

ciliary protein-protein interactions through the use of epitope based enrichment 

approaches like immunoprecipitations (Jenkins et al., 2011; McEwen et al., 2007; 

Schumacher-Bass et al., 2014). Previous work using viral approaches has found that 

mCherry tagged ciliary targeting constructs were visible without antibody amplification in 

vivo, suggesting this approach would work (McIntyre et al., 2012; McIntyre, Joiner, 

Zhang, Iniguez-Lluhi, & Martens, 2015). However, this approach uses the endogenous 

promotor, and not a viral promoter which may affect expression levels. The need for 

immunolabeling to visualize mCherryMCHR1 is however consistent with another recent 

ciliary GPCR fusion mouse model, the  MC4R-GFP mouse, in which endogenous 

fluorescence of GFP  could not be visualized, but ciliary labeling was identifiable with 

GFP antibodies (Siljee et al., 2018). Interestingly, another ciliary GPCR, GPR88, when 
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fused with the brighter fluorescent protein VENUS, can be visualized in cilia without 

antibody amplification in some regions, although this receptor appears to be ciliary in 

some cell types and non-ciliary in others (Ehrlich et al., 2018). While ciliary fluorescence 

is visible in other targeted mouse models with fluorescent C-terminal tags, for example, 

SSTR3:GFP, Ar13b:GFP, and Arl13b:mCherry, these are all transgenic alleles which 

may express increased levels of the cilia tagged protein conducive to direct 

visualization. It is unclear if these types of alleles impinge on normal cilia signaling and 

functions (Bangs et al., 2015; Delling et al., 2016; O'Connor et al., 2013). Given that 

ciliary GPCRs may have low levels of endogenous expression, and that mCherry may 

not be an optimal fluorescent protein, fusion strategies may be more effective with 

newer, brighter fluorescent proteins (Campbell et al., 2020). 

In backcrossing the founder line, allele with the 8bp-deletion in Mchr1 also 

resulted in a germline transmission. The small difference in PCR product size can be 

separated on an agarose gel, however identifying homozygous wildtype and 

homozygous deletion animals requires product purification followed by sequencing to 

confirm the deletion (Figure 2b, c). Given the small number of base pairs altered, and 

separation of DNA bands on agarose gels, we have used a breeding strategy of 

heterozygous (Mchr1+/-) crossed to homozygous (Mchr1-/-) mice, as the two bands 

running together in heterozygous mice produce a visible difference (Figure 2b). To 

verify that the 8bp deletion was sufficient to induce protein loss, we performed 

immunostaining with an antibody that recognizes the C-terminal tail of MCHR1. 

Whereas MCHR1 co-localizes with ADCY3 in Mchr1+/- mice, no MCHR1 signal is 

detected in Mchr1-/- mice (Figure 2d). The lack of staining with an antibody to the c-
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terminal tail provides support that a truncated protein is not produced. In total, the 

approach to insert a N-terminal fluorescent protein using CRISPR/CAS9 has an added 

benefit in that it is possible to produce both a reporter line and a knockout mouse line 

for the same receptor in a single injection attempt. We next sought to determine if N-

terminal fusion altered the cilia localization or expression pattern in mCherryMCHR1 mice.  

 

mCherryMCHR1 expression in the brain at different ages 

To determine if the Mchr1+/ch allele maintains an endogenous expression pattern, we 

performed a temporal analysis in hypothalamic feeding centers of the brain where it is 

known to be expressed (Engle et al., 2018). mCherryMCHR1  is clearly detected in both 

the  arcuate nucleus (ARC) and paraventricular nucleus (PVN) of the hypothalamus in 

mice at postnatal day 0 (P0) (Figure 3a and 3b), consistent with MCHR1 localization to 

neuronal cilia in the hypothalamus (Bansal et al., 2019; Berbari, Johnson, et al., 2008; 

Berbari, Lewis, Bishop, Askwith, & Mykytyn, 2008; Green, Gu, & Mykytyn, 2012). To 

assess the localization of mcherryMCHR1 during development and maturation of feeding 

behaviors, we also imaged brain sections from postnatal day 7 (P7), day 30 (P30), and 

adult mice (Figure 3a and 3b). mCherryMCHR1 localization is detected in neuronal cilia of 

both the ARC and PVN neurons at all ages as has been previously reported (Diniz et 

al., 2020). To confirm the reporter allele was also consistently observed in cilia that 

express endogenous MCHR1, we co-labeled ARC and PVN sections from Mchr1+/ch 

mice with an MCHR1 antibody. At all timepoints in both the ARC and PVN, 

mCherryMCHR1 efficiently co-labeled the same cilia as the MCHR1 antibody (Figure 3) 

and MCHR1 was not detected in cilia without mCherry colocalization. As 
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immunostaining was done in heterozygous animals, these data confirm complete 

matching allelic expression. Given the detectable expression from P0 to adult ages, the 

reporter thus provides a platform for monitoring developmental changes in these 

neuronal cilia over time as well as under specific behavioral, genetic and 

pharmacological conditions associated with the MCH signaling axis such as sleep, 

olfaction, parenting behaviors, and reward (Adams et al., 2011; Ahnaou et al., 2008; 

Alhassen et al., 2019; Chung et al., 2009; Diniz & Bittencourt, 2017; Hopf, Seif, Chung, 

& Civelli, 2013; Verret et al., 2003).  

Since we saw no overt differences with regards to mCherryMCHR1 localization 

across development in the hypothalamus, we next focused on assessing localization in 

other adult brain regions known to express MCHR1. To further examine mCherryMCHR1 

expression, we analyzed mCherry localization in the CA1 of the hippocampus, nucleus 

accumbens (NAc), ventral tegmental area (VTA), olfactory tubercle (OT), olfactory bulb 

(OB), and in the epithelial cells lining the 3rd ventricle (Figure 4a-g). In all of these 

regions mCherry antibodies labeled cilia projecting from NeuN labeled neuronal cell 

bodies. In the NAc, ciliary mCherryMCHR1 is highly abundant in neurons. However, in the 

ventral tegmental area (VTA), co-labeling for the dopaminergic neuron marker tyrosine 

hydroxylase (TH) reveals sparse labeling of mCherryMCHR1. Further confirming the 

fidelity of the reporter allele to endogenous expression, mCherry labeling colocalizes 

with MCHR1 antibody labeling in all regions imaged (Figure S3). Taken together these 

data support the conclusion that mCherryMCHR1 recapitulates the endogenous 

expression pattern. These results also support a conclusion that MCHR1 is a ciliary 

enriched GPCR throughout the central nervous system, in contrast to another neuronal 
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ciliary GPCR, GPR88 (Ehrlich et al., 2018). Thus, this new mcherry-Mchr1 fusion allele 

can serve as a way to monitor and further identify MCHR1 expression and subcellular 

localization, particularly when antibody labeling of the endogenous protein is a 

challenge.  

 

Functional Impact of N-terminal tagged mCherryMCHR1 

We then sought to assess potential functional impacts of mcherryMCHR1 on neuronal 

activity. We performed comparative slice physiology experiments with tissue micro-

electrode arrays focused on assessing field recordings from CA1 of the ventral 

hippocampus where MCHR1 is expressed. We first determined the input/output curves 

of CA1 following stimulation of CA3 Schaffer collaterals in Mchr1+/-, Mchr1-/-, Mchr1+/ch, 

and Mchr1ch/ch mice to assess basal synaptic transmission. The input-output curves 

demonstrated a significant reduction in activity in Mchr1-/- mice compared to Mchr1+/- 

mice (Two-way ANOVA, main effects of genotype; F(1, 20)=48.77, p <0.0001, input; 

F(9, 180) = 155.2, p<0.0001, and interaction;   F (9, 180) = 34.97, p < 0.0001. n = 5 

Mchr1+/-, Mchr1-/- mice, 2 slices from each animal) (Figure 5a). We also detect a small, 

but statistically significant reduction in synaptic strength in Mchr1ch/ch compared to 

Mchr1+/ch mice (Two-way ANOVA, main effect of genotype; F(1, 19)=5.541, p <0.0295, 

input; F(9, 171)=82.74 p<0.0001, and an interaction;   F (9, 171) = 2.046, p < 0.0371. n 

= 5 Mchr1+/ch, 6 Mchr1ch/ch mice, 1-2 slices from each animal) (Figure 5b). We then 

tested presynaptic function by determining if paired pulse facilitation (PPF) was altered 

in Mchr1-/- and Mchr1ch/ch mice. PPF is a form of short-term synaptic plasticity providing 

an indirect measure of glutamate release probability at these synapses and changes in 
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PPF have been observed in conditional cilia loss mouse models (Berbari et al., 2014; 

Koemeter-Cox et al., 2014; Pachoud et al., 2010). The PPF ratio was determined at 4 

different inter-stimulus intervals (ISIs: 10, 30, 100, 300ms). The PPF ratio did not differ 

between Mchr1+/- and Mchr1-/- mice across the range of ISI (Two-Way ANOVA, main 

effect of genotype, F (1, 17) = 0.2434, p = 0.6281, main effect of ISI, F (3,51) = 185.1, 

p<0.0001. n=5 mice per genotype, 1-2 slices per mouse). (Figure 5c). Similarly, the 

PPF ratio did not differ between Mchr1+/ch and Mchr1ch/ch mice (Two-Way ANOVA, main 

effect of genotype, F(1, 20) = 0.4206, p= 0.524, main effect of ISI, F (3,60) = 245.3, 

p<0.0001. n=5-6 mice per genotype, 2 slices per mouse) (Figure 5d).  

The reduction in output strength in Mchr1-/- mice compared to Mchr1+/- 

littermates, with no difference in PPF, is consistent with previously published results 

using MCHR1 knockout mice (Pachoud et al., 2010). The slight reduction in synaptic 

strength in Mchr1ch/ch mice suggests that the fusion of mCherry to the N-terminus 

reduces some, but not all of the functional activity of MCHR1 in these mice. Whether 

this is due to a reduction in the amount of the receptor expressed or its functional 

activity needs to be further determined. Behavioral studies may help elucidate the 

function of mCherryMCHR1. While MCHR1 knockout mice have normal body weights 

on regular chow, they were originally found to be resistant to diet induced obesity (Chen 

et al., 2002; Marsh et al., 2002). We do not detect differences in body weight in either 

Mchr1ch/ch or Mchr1-/- mice, suggesting a similarity there. Future studies looking at diet 

induced obesity would help clarify the functionality of the fusion mCherryMCHR1 

receptor. Together these results show that using an N-terminal fusion approach is 

effective for monitoring GPCR trafficking and doesn’t alter ciliary localization. Further, in 
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the heterozygous state the expression of mCherryMCHR1 exhibits similar 

electrophysiological profiles as heterozygous MCHR1 knockout mice suggesting these 

animals may be suitable to functional studies in which receptor localization can also be 

studied. The method employed in this paper provided the added benefit of generating a 

new Mchr1 knockout allele. Finally, these results do provide a note of caution when 

either assessing a GPCR tagged allele or an allele used to visualize a cell compartment 

like the cilium.    

 

 

Methods 

Targeting Construct and Mouse Allele Generation 

To generate the hemagglutnin (HA)-Signal sequence-mCherry-Mchr1 mouse we first 

PCR-amplified an 843bp fragment from the plasmid pENTR/D-topo-HA-mCherry-B2AR. 

The primer pair - 

HDR Forward: 5’-ctccactccagggagcaggcgacctgcaccggctgcggccgcatgaagacgatcatc-3’ 

HDR Reverse: 5’-ggggccagtggacagcaacgaggcttgcagatccataccggtcttgtacagctcgtc-3’ 

were designed to each consist of 36bp adjacent to the translation initiation codon of 

Mchr1 followed by 21 base-pairs of homology in the template mCherry plasmid (Paix et 

al., 2017). The resulting PCR product with the reporter flanked by 36 base-pair Mchr1-

homology regions was purified with a Quagen MinElute PCR Purification Kit (28004) for 

injection. Mouse embryos (from Bl6/SJL F1 hybrid parents), pronuclear injection final 

concentration: 30ng/ul Cas9 (PNABio)+0.6uM each of crRNA/TracrRNA (guide 

sequence gctgcatggatctgcaagcc – Dharmacon, Lafayette, CO.). PCR template 5ng/ul. 
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Potential transgenic animals were screened by PCR-amplification using genomic 

primers outside of the targeting fragment sequence and the products directly sequenced 

to identify correct homologous insertions of the HA-signal sequence-mCherry reporter at 

the endogenous Mchr1 locus (Figure 1a).  

 

Mice 

All procedures were approved by the Institutional Animal Care and Use Committees at 

the University of Florida and Indiana University-Purdue University Indianapolis. Mice 

were housed on a standard 12-hour light dark cycle and given food and water ad 

libitum. Mice were weaned and housed with same-sex littermates after postnatal day 

21. Ear punches were taken for genotype analysis by polymerase chain reaction.  

Mchr1+/ch founders were crossed to C57Bl6/j mice from the University of Florida 

colony to generate the colony. Only Mchr1+/ch mice were used for IHC expression 

analysis. Experiments used both male and female mice and no differences between 

sexes were noted. To examine mCherryMCHR1 localization in a cilia knockout model, 

Mchr1+/ch mice were bred to a previously generated line crossing Gad2iresCre 

(Gad2tm2(cre)Zjh ; Jax stock 010802) mice with floxed Ift88 (Ift88tm1Bky/J ; Jax stock 022409) 

mice (Haycraft et al., 2007; Ramos et al., 2021; Taniguchi et al., 2011) 

Mchr1+/- mice were also backcrossed to C57BL6/J (Jax stock 000664) mice. 

Breeders for experimental animals were Mchr1+/- mice crossed with Mchr1-/-. In both 

lines, homozygous Mchr1ch/ch and Mchr1-/- mice are fertile and develop normally. For 

electrophysiology experiments wildtype mice are Mchr1+/-. Both male and female mice 
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were used for electrophysiology recordings, but sex differences were not specifically 

tested.  

All Mice were genotyped by extracting DNA from tail clippings with Extracta DNA 

Prep for PCR – Tissue (Quanta Biosciences) and specified products amplified using 2x 

KAPA buffer. To genotype Mch1+/ch mice the following primers were used: Mchr1 FOR, 

5’-gctcaagctccggacaaggc-3’, Mchr1 REV 5’-caatgtgaaattatcctggccatc-3’, and mCherry 

REV 5’-ttggtcaccttcagcttgg-3’. With this reaction, the predominate PCR products are 

191bp for the wildtype allele (Mchr1 Forward & Mchr1 Reverse) and 324bp for the 

mCherry modified allele (Mchr1 Forward & mCherry Reverse). However, a 952bp PCR 

product can be produced by the Mchr1 primers encompassing the entire mCherry 

protein. For genotyping Mchr1-/- knockout mice only Mchr1 FOR and Mchr1 REV 

primers were used. The bands observed for genotypes are a 191bp band for wildtype 

alleles and 183bp for knockout alleles. To discriminate homozygous wildtype (Mchr1+/+) 

from homozygous knockout (Mchr1-/-), Sanger sequencing using genomic DNA obtained 

from the tail clippings was used. Genomic DNA was amplified using a Expand High 

Fidelity PCR protocol (Roche, 11732650001). To prepare for sequencing amplified DNA 

was gel purified using QIAquick Gel Extraction Kit (QIAGEN, 28706) and prepared 

according to specifications by GeneWiz (South Plainfield NJ). Sequencing results were 

analyzed using SnapGene (GSL Biotech, San Diego, CA).  

Both strains will be made available to the research community for use.  

 

Fixation and Tissue Processing for Immunofluorescence 
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Samples were harvested when mice were P0, P7, P30 and 8-12 weeks old. Mice were 

anesthetized with 0.1 ml/ 10 g of body weight dose of 2.0% tribromoethanol (Sigma 

Aldrich, St. Louis, MO) and transcardially perfused with PBS followed by 4% 

paraformaldehyde (Affymetrix Inc., Cleveland, OH). Brains were postfixed in 4% 

paraformaldehyde for 24 hours at 4°C and then cryoprotected using sucrose in PBS for 

16–24 hours. Cryoprotected brains were embedded in Optimal Cutting Temperature 

compound (Fisher Healthcare, Houston, TX) and sectioned in a freezing cryostat at a 

thickness of 10-35 µm. 

 

Immunofluorescence 

Immunofluorescence experiments were carried out in both labs using differing methods 

for detection of primary cilia was performed as previously described (Bansal et al., 

2019). Briefly, blocking was done with PBS containing either 2% Donkey or Goat serum, 

0.3% titron X-100, 1% BSA, and 0.02% Sodium azide (Dot Scientific) for 30-60 minutes 

in a moist chamber. After incubation, primary antibodies diluted in blocking solution 

were added to sections and slides were cover slipped using parafilm and incubated 

overnight at 4°C in a humidified chamber. On day 2, after three 5-minutes washes, 

secondary antibodies diluted in blocking were added to sections and slides were 

incubated for 60 min away from light. After two washes, nuclei were stained with 

Hoechst 33342 1:1000 (Thermo Fisher Scientific, Waltham, MA, United States) and 

slides were cover slipped using slow fade prolong antifade (Invitrogen, Carlsbad, CA, 

United States) and sealed with nail polish. Primary cilia were stained using anti-

adenylate cyclase III (ADCY3) (mouse, EnCor MCA-1A12 1:1000; rabbit, EnCor RPCA-
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ACIII 1:2000), anti-MCHR1 (rabbit, Invitrogen 711649 1:250) and anti-mCherry 

(chicken, NOVUS NBP2-25158 1:250; chicken, EnCor CPCA-mCherry 1:1000) 

antibodies. Cells were stained using anti-NeuN (mouse, Millipore MAB377 1:1000) and 

anti-tyrosine hydroxylase (mouse, R&D Systems MAB7566 1:500). Fluorescent-

conjugated secondary antibodies (ThermoFisher Scientific, Catalog numbers, goat anti-

rabbit 488 A-27034; goat anti-rabbit 594, A-11012; goat anti-mouse IgG1 594, A-21225; 

goat anti-mouse IgG2a 488, A-21131; goat anti-mouse IgG2a 594, A-21135; goat anti-

chicken 488, A-11039) were applied (at 1:1000 dilution). Additional secondary 

antibodies include Alexa Fluor 488-conjugated AffinPure Donkey Anti-Chicken 

(1:800)(Jackson ImmunResearch 703-545-155), and Alexa Fluor 647 donkey anti-rabbit 

(1:1000)(Thermo Fisher Scientific A31573). 

 

Imaging 

Images were captured using a Leica SP8 confocal microscope in resonant scanning 

mode in the Berbari lab, or with a Nikon TiE-PFS-A1R confocal microscope equipped 

with a 488 nm laser diode with a 510-560 nm band pass filter, and a 561nm laser with a 

575-625 nm band pass filter in the McIntyre lab. Confocal Z-stacks were processed with 

Nikon Elements software and NIH ImageJ software.  

 

Slice Preparation and Extracellular recordings. 

For extracellular recordings adult (4-7 weeks) male and female Mchr1+/-, Mchr1-/-, 

Mchr1+/ch, and Mchr1ch/ch mice were deeply anesthetized with isofluorane and then 

decapitated. Brains were removed into ice�cold cutting artificial cerebrospinal fluid 
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(ACSF) containing 124 mM NaCl, 26 mM NaHCO3, 3 mM KCl, 1.25 mM KH2PO4, 2 mM 

CaCl2, 10 mM glucose, and 1 mM MgSO4 bubbled with 95% O2/5% CO2. Coronal 

hippocampal slices were made (300 μM) using a Leica VT 1000S (Leica Biosystems, 

Wetzlar, Germany) vibrating microtome. Slices were incubated at 37°C in recording 

ACSF (124 mM NaCl, 26 mM NaHCO3, 3 mM KCl, 1.25 mM KH2PO4, 2 mM CaCl2, 10 

mM glucose, and 1 mM MgSO4) bubbled with 95% O2/5% CO2 for 1 hr prior to 

recording.  

Slices were placed onto MED‐P501A 16‐channel multielectrode arrays (Alpha 

MED Scientific Inc., Osaka JP) with the CA1 pyramidal cell layer positioned directly over 

the array contacts. Recordings were made at 32°C in recirculating recording ACSF 

bubbled with 95% O2/5% CO2. Evoked potentials were captured using MED64 hardware 

and Mobius software (MED64 system, Alpha MED Scientific Inc., Osaka JP). Synaptic 

field potentials were evoked by stimulation of the SC pathway at a contact located in 

stratum radiatum. For every slice, we analyzed data from a recording channel in CA1 

that was representative of responses across multiple channels within the same slice as 

to avoid biases in choosing responses at the extremes. Using data from the input/output 

(IO) curve, stimulus intensity was determined for paired pulse facilitation (PPF) 

experiments as the input that produced an evoked field response amplitude 30-40% of 

the maximum response (generally 20-40 μA, 0.2 ms). IO curves were generated by 

measuring field excitatory postsynaptic potentials (fEPSPs) following stimulus inputs 

ranging from -10 to -100 µV in 10 µV increments. PPF ratios were measured for 10, 30, 

100 and 300 ms inter-stimulus intervals and determined by dividing the second fEPSP 

(fEPSP-2) by the first fEPSP (fEPSP-1).  
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Figure Legends 

Figure 1: Generation of mCherryMchr1 N-terminal fusion allele 

Targeting Mchr1 to generate an mCherry fusion allele (a) Schematic of genomic 

targeting with HA tagged mCherry N-terminal start of the coding region of Mchr1. 

Genotyping primers locations are indicated by pink arrows. (a’) Mchr1 FOR (P1) and 

Mchr1 REV (P2) produce a 191bp product from the wildtype (WT) allele, while (a’’) 

Mchr1 FOR (P1) and mCherry REV produce a 324bp product in the modified allele. (b) 

Genomic PCR genotyping for wildtype  (Mchr1+/+), heterozygous (Mchr1+/Ch), and 

homozygous (Mchr1Ch/Ch) mice with C57bl6/j positive control DNA and H2O negative 

control. Molecular weight marker is the first lane on left. (c) Immunofluorescence in the 

olfactory bulb for MCHR1 (green) and mCherry (magenta) in wildtype (Mchr1+/+), 

heterozygous (Mchr1+/ch) and homozygous mCherry (Mchr1ch/ch). Ciliary co-localization 

of mCherry and MCHR1 labeling is detected in Mchr1+/ch and Mchr1ch/ch mice, but no 

mCherry labelling is seen in wildtype controls. Nuclei are labeled with DAPI in blue. 

Scale bars = 10µm  

 

Figure 2: Characterization of an Mchr1 knockout allele due to an 8 bp deletion  

This allele was generated as a by-product of targeting Mchr1 to insert the coding region 

for mCherry. (a) Schematic of Mchr1 genomic sequence highlighting the wildtype 

sequence (left) and the resulting sequence from the deletion (right). Red boxes highlight 

the reference sequence and the predicted sequence following deletion of the 8bp.  (b) 

Genomic PCR gel electrophoresis genotyping, using the Mchr1 FOR and Mchr1 REV 
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primers, of animals from Mchr1+/- x Mchr1-/- breeding. C57bl6/j positive control DNA 

(Pos) and H2O negative control (Neg) were used. (c) Sanger sequence trace files from 

a Mchr1+/+ mouse (top) and a Mchr1-/- mouse (bottom) with the red box highlighting the 

predicted sequences in (a) and the pink box highlighting the 8 deleted base pairs. (d) 

Immunofluorescence for MCHR1 (green) and neuronal cilia protein ADCY3 (magenta) 

shows loss of staining in Mchr1-/- brain sections of olfactory bulb compared to Mchr1+/-. 

Nuclei are labeled with DAPI in blue. Scale bars = 10µm  

 

Figure 3: mCherryMCHR1 ciliary localization in the developing and adult mouse 

hypothalamus  

Immunofluorescence for mCherry (magenta) and MCHR1 (green) in male Mchr1+/ch 

heterozygous hypothalamic section at P0, P7, P30 and Adult (a) arcuate nucleus (ARC) 

and (b) paraventricular nucleus (PVN).  Hoechst nuclei are blue. Scale bars = 10μm. 

 

Figure 4: mCherryMCHR1 expression matches ciliary localization throughout the 

adult mouse brain  

Immunofluorescence for mCherry (magenta) and neuronal markers NeuN or TH 

(yellow) in various regions of adult male Mchr1+/ch sections demonstrate fusion allele 

cilia localization in (a) CA1 region of the hippocampus, (b) the nucleus accumbens, (c) 

ventral tegmental area, (d) olfactory tubercule, (e) glomerular layer of the olfactory bulb 

(f) granule layer of the olfactory bulb and (g) motile cilia of the 3rd ventricle. Nuclei are 

labeled with DAPI in blue. Scale bars = 10µm  
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Figure 5: Functional impact on neuronal activity of Mcrh1-/- and Mcrh1ch/ch alleles  

Electrophysiology was used to evaluate the functional consequence of the 8bp deletion 

(Mchr1-/-) and homozygous expression of mCherryMCHR1 (Mchr1ch/ch). (a) Average 

input/output (I/O) curves from Mchr+/- (solid squares) and Mchr1-/- (open squares) mice. 

Significant differences are detected by Two-way ANOVA with main effects of genotype, 

F(1, 20)=48.77, p <0.0001, and input strength, F(9, 180) = 155.2, p<0.0001. A 

significant effect is also detected. F (9, 180) = 34.97, p < 0.0001. n = 5 Mchr1+/-, Mchr1-/- 

mice, 2 slices from each animal). Insets are representative traces from input/output 

determination using local field potential (LFP) recordings. Scale bar = 200μV/20ms. (b) 

Average input/output (I/O) curves from Mchr1+/ch (solid triangles) and Mchr1ch/ch (open 

triangles) mice. Significant differences are detected by Two-way ANOVA with main 

effects of genotype, F(1, 19)=5.541, p <0.0295 and input,  F(9, 171)=82.74 p<0.0001. 

An interaction effect is also detected, F (9, 171) = 2.046, p < 0.0371. n = 5 Mchr1+/ch, 6 

Mchr1ch/ch mice, 1-2 slices from each animal. (c) Paired-pulse facilitation (PPF) 

computed at all inter-stimulus intervals was not significantly different between Mchr1+/- 

and Mchr1-/- mice (Two-Way ANOVA, main effect of genotype, F (1, 17) = 0.2434, p = 

0.6281, main effect of ISI, F (3,51) = 185.1, p<0.0001. n=5 mice per genotype, 1-2 

slices per mouse). Insets show representative trials. Scale bars = 100μv/100ms. (d) 

Paired-pulse facilitation (PPF) computed at all inter-stimulus intervals was not 

significantly different between Mchr1+/ch and Mchr1ch/ch mice (Two-Way ANOVA, main 

effect of genotype, F(1, 20) = 0.4206, p= 0.524, main effect of ISI, F (3,60) = 245.3, 

p<0.0001. n=5-6 mice per genotype, 2 slices per mouse).  
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Supplemental Figure Legend 

Supplemental Figure 1: Endogenous fluorescence mCherryMCHR1 is not detected 

Immunofluorescence image of both antibody-labeled and unlabeled mCherry. Whereas 

the mCherry antibody is able to bind to the protein as detected in the 488 channel, 

endogenous fluorescence is not detected in the 547 channel. Labeling for MCHR1 

specifically reveals co-localization with antibody labeled mCherry.  Scale bar = 10µm 

Hoechst nuclei are blue.  

 

Supplemental Figure 2: IFT88 loss disrupts mCherryMCHR1 ciliary localization.  

Immunofluorescence staining for mCherry and ADCY3 in the nucleus accumbens, 

where endogenous MCHR1 expression is high, of Mchr1+/ch:Gad2iresCre:If88+/F and 

Mchr1+/ch:Gad2iresCre:Ift88F/F mice. (a) In wildtype mice (If88+/F), mCherryMCHR1 and 

ADCY3 are co-localized in cilia structures. (b) In IFT88 knockout mice (Ift88F/F), ciliary 

labeling of both mCherry and ADCY3 is absent in neurons expressing Gad2iresCre. DAPI 

nuclei are blue. Scale bars = 10µm 

 

Supplemental Figure 3: mCherryMCHR1 expression matches MCHR1 localization 

throughout the adult mouse brain. Immunofluorescence for mCherry (magenta) and 

MCHR1 (green) in male Mchr1+/ch adult mice in (a) CA1 of hippocampus (CA1) and (b) 

nucleus accumbens. Hoechst nuclei are blue. Scale bars = 10μm. 
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