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Summary

Locomotion requires energy, yet animals need to increase locomotion in order to find and consume 

food in energy-deprived states. While such energy homeostatic coordination suggests brain 

origin, whether the central melanocortin 4 receptor (Mc4r) system directly modulates locomotion 

through motor circuits is unknown. Here, we report that hypothalamic Pomc neurons in zebrafish 

and mice have long-range projections into spinal cord regions harboring Mc4r-expressing V2a 

interneurons, crucial components of the premotor networks. Furthermore, in zebrafish, Mc4r 

activation decreases the excitability of spinal V2a neurons as well as swimming and foraging, 

while systemic or V2a neuron-specific blockage of Mc4r promotes locomotion. In contrast, 

in mice, electrophysiological recordings revealed that two-thirds of V2a neurons in lamina 

X are excited by the Mc4r agonist α-MSH, and acute inhibition of Mc4r signaling reduces 

locomotor activity. In addition, we found other Mc4r neurons in spinal lamina X that are inhibited 

by α-MSH, which is in line with previous studies in rodents where Mc4r agonists reduced 

locomotor activity. Collectively, our studies identify spinal V2a interneurons as evolutionary 
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conserved second-order neurons of the central Mc4r system, providing a direct anatomical and 

functional link between energy homeostasis and locomotor control systems. The net effects of 

this modulatory system on locomotor activity can vary between different vertebrate species and, 

possibly, even within one species. We discuss the biological sense of this phenomenon in light of 

the ambiguity of locomotion on energy balance and the different living conditions of the different 

species.

Keywords

Pomc; Agrp; Mc4r; neurocircuit; spinal cord; interneurons; energy homeostasis; locomotion; 
zebrafish; mouse

Introduction

In order to survive, animals need to balance their energy homeostasis in times of food in 

abundance and when energy supplies are rare [1]. Therefore, they need to control how much 

energy they should spend on finding energy resources because locomotion during foraging 

and hunting depletes their energy stores. The central Mc4r system plays a key role in 

controlling energy homeostasis [2]. It determines the energy state of the body by responding 

to hormones like leptin, insulin or ghrelin that circulate in the blood. Two cell populations 

with antagonistic functions build the core of the Mc4r system: Pro-opiomelanocortin (Pomc) 

and Agouti-related peptide (Agrp) neurons. Pomc and Agrp neurons are located in the 

arcuate nucleus of the hypothalamus (ARC), a conserved region among vertebrates and 

named nucleus lateralis tuberis in fish [3]. Activation of Pomc neurons promotes satiety and 

increases energy expenditure through release of the Pomc-derived neuropeptide α-MSH. In 

contrast, activation of Agrp neurons and the neuropeptide they release (Agrp) promote food 

intake and decrease energy expenditure [2]. α-MSH and Agrp act as agonist and antagonist, 

respectively, at the Mc4r transmembrane receptor. Consistent with the above, deficiency of 

Mc4r results in hyperphagia and early-onset obesity in mice [4] and in humans [5]. Given 

the action of α-MSH and Agrp on Mc4r, Mc4r-expressing neurons are the direct targets of 

Pomc and Agrp neurons. However, the identity of Mc4r-expressing neurons in many brain 

sites as well as the underlying neurocircuits remain largely elusive [6].

Previous studies in rodents have demonstrated that Mc4r signaling can have diverse impacts 

on locomotion. For example, intra-peritoneal injection of the Mc4r agonist Melanotan II 

(MTII) leads to long-term increases in locomotor activity in mice [7]. Consistent with this, 

administration of the Mc4r antagonist SHU9119 results in decreased activity in mice [8] and 

Mc4r-deficient mice are hypoactive even before they become obese [9]. These findings 

suggest that activation of the Mc4r, which reflects energy surplus, promotes physical 

activity. On the other hand, chemogenetic activation of Agrp neurons in absence of food as 

well as administration of SHU9119 increases locomotion, most likely representing foraging 

[10–12].

If these effects of the melanocortin system on locomotion are due to direct innervations 

of spinal premotor circuits by Pomc and/or Agrp neurons remains currently elusive. 

Interestingly, while Pomc projections to the intermediolateral cell column (IML) of the 
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thoracic spinal cord [13] and Mc4r-dependent control of presympathetic IML neurons 

have been suggested to regulate blood pressure and insulin levels [14], locomotor 

control is largely believed to be mediated indirectly via Mc4r-expressing neurons in the 

paraventricular nucleus of the hypothalamus (PVH) [15] or Mc3r-expressing neurons in 

the lateral hypothalamus (LHA) [16]. These brain sites, in turn, act via the mesencephalic 

locomotor region and its projections to the medial reticular formation in the lower brainstem 

to eventually regulate spinal circuits [15–17].

Premotor circuitries within the spinal cord have been rather thoroughly studied both 

in mouse and zebrafish [18–21]. During locomotion, central pattern generators (CPGs) 

generate the alternating activity pattern of the left and right side of the spinal cord and 

coordinate the activities in the different segments with each other. Spinal V2a interneurons 

marked by visual system homeobox 2 (Vsx2) are an intrinsic source of excitation for 

locomotor CPGs. They are crucial for the generation of locomotor rhythm, projecting to and 

activating motoneurons that in turn cause contractions of muscles along the trunk in fish or 

muscles in the legs in mice [22–29]. Ablation of these neurons in zebrafish larvae affects 

locomotor rhythm and intersegmental coordination, showing their importance in the CPG 

network [30].

Here, we identify spinal V2a as so far unrecognized direct second-order neurons of the Mc4r 

system both in zebrafish larvae and adult mice. We show that Mc4r agonists can modulate 

the excitability of these neurons in ways consistent with their effects on locomotor behaviors 

as reported here and elsewhere.

Results

Hypothalamic Pomca neurons innervate locomotor control regions of the zebrafish spinal 
cord

Using a recently published transgenic zebrafish line exclusively labeling Pomca neurons 

of the ARC [31], we found Pomca neurons to directly project into the hindbrain and to 

enter the spinal cord from a larval standard length (SL) of 8 mm onwards (corresponding 

to 12–15 days post fertilization (dpf); Figure S1A). At 10–11 mm SL (~25–30 dpf), Pomca 

fibers from the ARC (Figure S1B–B’’) had reached trunk levels (10th somite; Figure 1A–C) 

while remaining strictly ipsilateral (Figure S1B’’’). As adults (30 mm SL; 10 months of age) 

they had reached precaudal regions up to the level of the dorsal fin. However, projections 

into more caudal spinal regions were not observed (data not shown). Notably, spinal Pomca 

projections displayed a differential dorso-ventral topology (Figure 1E) and were restricted 

to ventral regions of the spinal cord and the region surrounding the central canal, where 

locomotor circuits in vertebrates are primarily located. In contrast, no Pomca fibers were 

found in the dorsal spinal cord (Figure 1B, Supplemental Video 1). Motor circuits located 

in these ventral and central regions include V2a interneurons (Figure 1C) and motoneurons 

(Figure 1D) [28, 32], and indeed, 23% of CPG V2a interneurons labelled via a vsx2:Gal4FF 
transgene [33] were in a distance to Pomca axons below 5 μm (Figure 1B,C). Together, this 

demonstrates a preferential association of Pomc axons with ventral motor circuits but not 

with more dorsal ascending neurons. However, among V2a neurons themselves, contacts 

were not restricted to a specific dorsal or ventral subdivision (Figure 1E,F). Furthermore, 
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co-labeling of spinal Pomca axons, V2a neurons and the pre-synaptic marker SV2 revealed 

that synapses are present at the contact sites (Figure S1C).

Spinal zebrafish V2a neurons express mc4r

In light of the innervation of V2a neuron-harboring spinal regions by Pomca neurons, and 

the known function of V2a neurons during locomotion [22, 28, 29], we wondered whether 

V2a or motoneurons might be direct cellular targets of Pomc neurons. As a first step to test 

this notion, we studied whether they contain the Mc4r receptor. Via in situ hybridization, 

expression of mc4r was found in the same regions containing vsx2-positive V2a neurons 

or motoneurons (Figure 1G–I). Of the primary motoneurons, identified by their location 

and size, approximately one third displays mc4r expression (Figure 1J). Similarly, double 

labeling showed that 55% of the spinal V2a interneurons contain the Mc4r, constituting 17% 

of mc4r-positive cells in these spinal cord regions (Figure 1K,L).

In addition to the spinal cord, we also assessed Pomca projections and mc4r expression 

in hindbrain regions, which also harbor V2a neurons implicated in locomotor control [33]. 

Indeed, in hindbrains of 10 mm SL larvae, we observed Pomca projections in close contact 

to V2a neurons (Figure S1D). Furthermore, we found mc4r expression in hindbrain regions 

of SL10 and younger embryos that harbor V2a neurons (Figure S1E,F).

Pomc neurons in mice have long-range projections to spinal lamina X

In mice, effects of the Mc4r system on locomotion are supposed to be largely indirect, 

involving multiple intermediate brain sites (see Introduction). This, however, does not rule 

out the co-existence of an evolutionary conserved direct ARC to spinal cord projection, 

as revealed above for the zebrafish. To test this, we first analyzed spinal projections 

of ARC Pomc (ARCPomc) neurons by genetically labeling their axonal terminals. Adult 

Pomc-Cre mice were stereotaxically injected with a Cre-dependent adeno-associated virus 

(AAV) construct containing channelrhodopsin-2 (ChR2) fused to mCherry (AAV-DIO-

ChR2-mCherry; Figure 2A). Expression of ChR2-mCherry was restricted to ARCPomc 

neurons as assessed by immunohistochemistry (Figure 2B). Analysis of brain sites known 

to be innervated by ARCPomc neurons [34], including the paraventricular nucleus of 

the hypothalamus (PVH), confirmed accurate labeling of ARCPomc projections (Figure 

S2A). As previously observed [13], we found that ARCPomc neurons innervate the 

intermediolateral cell column (IML) of the thoracic spinal cord (Figure 2C). Remarkably, in 

thoracic spinal cord sections we observed ARCPomc neuron axonal terminals surrounding 

the central canal region of Rexed’s lamina X (Figure 2C). Notably, ARCPomc neuron 

innervation of spinal lamina X was not restricted to thoracic segments as found in zebrafish 

but could be observed in all segments of the cervical, lumbar, and sacral spinal cord (Figure 

S2B). Thus, ARCPomc neurons in mice send long-range projections to lamina X at all levels 

of the spinal cord.

Mouse Mc4r neurons in spinal lamina X express Vsx2

To determine whether ARCPomc neuron spinal projections engage Mc4r-expressing 

neurons, we next performed experiments using Mc4r-t2a-Cre knock-in mice that express 

Cre-recombinase under control of endogenous Mc4r regulatory elements [35]. In these 
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studies, Mc4r-t2a-cre mice were crossed to tdTomato reporter mice (Ai9; Rosa26-CAG-
loxSTOPlox-tdTomato) [36]. In the resulting Mc4r-t2a-cre::tdTomato mice, spinal Mc4r-
expressing neurons were visualized by expression of tdTomato (Mc4r::tdTomato neurons; 

Figure 2D). In thoracic spinal cord sections, Mc4r::tdTomato neurons were located in 

multiple sites, including the dorsal horn, the IML, the VH, as well as in lamina VII 

and lamina X (Figure 2D–F, Figure S2C–E). In the IML, we found that about half of 

Mc4r::tdTomato neurons were cholinergic neurons as assessed by expression of choline 

acetyltransferase (Chat) mRNA using in situ hybridization (RNAscope method; Figure 

S2C,E), confirming prior findings [14]. In the VH, approximately 40% of Mc4r::tdTomato 
neurons were also cholinergic, as determined by Chat mRNA expression (Figure 2F). Thus, 

Mc4r-t2a-cre targets multiple spinal thoracic neurons, including cholinergic preganglionic 

sympathetic neurons in the IML and cholinergic motor neurons in the VH, consistent with 

the findings in zebrafish (Figure 1J).

To test whether, as in larval zebrafish (Figure 1K,L), the population of thoracic Mc4r-
expressing neurons in the mouse spinal cord also contains V2a interneurons, we performed 

in situ hybridization for Vsx2 mRNA in Mc4r-t2a-Cre::tdTomato mice. We found that 

about two-thirds of Mc4r::tdTomato neurons in lamina X were positive for Vsx2 (Figure 

2D,E). In contrast, in lamina VII only approximately 20% of Mc4r::tdTomato neurons were 

Vsx2-positive (Figure S2C,D). These studies demonstrate that, in mice, the majority of 

Mc4r-expressing neurons in spinal lamina X are V2a interneurons.

Locomotion of zebrafish larvae is modulated by their feeding state and the melanocortin 
system

The direct innervation of spinal motor circuits by Pomc neurons suggests that they can 

modulate locomotion in adaptation to the energy state of the animals. To test this, we 

first studied fasted versus sated zebrafish larvae (8–9 mm SL, 20–25 dpf), which were 

obtained via 1–2 days of feeding with low (< 500/day and larva; fasted) or ad libitum 

(~20,000/day and larva; sated) amounts of paramecia, respectively (Figure 3A). As expected, 

fasted larvae displayed strongly increased transcript levels of the orexigenic peptide gene 

agrp (Figure S3A). Furthermore, fasted larvae, once supplied with paramecia, consumed 

more food when compared to sated larvae (Figure 3B and S3F). The increased food intake 

correlated with increased locomotor activity, which most likely involved prey hunting and 

feeding (Figure S3G). Fasted larvae kept in larger arenas [37, 38] also displayed moderately 

increased locomotion (approximately 11%) before paramecia were supplied, most likely 

representing foraging and exploratory activity (Figure 3D), although the difference to sated 

larvae became larger after addition of prey (approximately 42%). Analysis of swim bouts 

(see Figure 3C) revealed that bout frequency, bout speed and bout distance increased in 

fasted larvae in presence of food, whereas bout duration dropped slightly (Figure S4A). 

Smaller differences between fasted and sated larvae were observed in the absence of food 

(Figure S4D). Together, these findings indicate that the energy state of the larvae affects 

both their food search- and their food intake-dependent locomotion, which is consistent 

with recent reports on the effect of energy deprivation on interbout interval durations, and 

exploratory and hunting bout types [38].
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To investigate if the Mc4r system is involved in mediating this behavior, we quantified 

locomotion during foraging and feeding with genetic or pharmacological interferences of 

Mc4r signaling. Gain of Mc4r signaling was obtained via the treatment of wild-type larvae 

with the Mc4r agonist MTII [39], or via genetic inactivation of its endogenous antagonist 

Agrp (see Figure S3C,D). In reverse, blockage of Mc4r signaling was obtained by treating 

larvae with the Mc4r antagonist SHU9119 [40], or by using formerly described mc4r 
null mutants [41]. The latter were raised under conditions not leading to size or weight 

differences compared to wild-type siblings (Figure S3E). Strikingly, in fasted larvae (which 

per se should have low Mc4r signaling), both pharmacological and genetic gain of Mc4r 

signaling led to decreased movement in presence as well as in absence of food (Figures 3E 

and S4B,E). Likewise, in sated larvae (which per se should have high Mc4r signaling), loss 

of Mc4r signaling increased locomotion in presence as well as in absence of food (Figures 

3F and S4C,F). Analysis of swim bouts showed corresponding changes in bout frequencies 

and bout distances, both of which were decreased upon elevation of Mc4r signaling in 

fasted larvae (Figure S4B,E), but increased upon blocking Mc4r signaling in sated larvae 

(Figure S4C,F). These data suggest that the Mc4r system is required to mediate energy 

state-dependent effects on foraging- and feeding-associated locomotion in zebrafish larvae. 

Furthermore, under all tested conditions, Mc4r signaling has a negative effect on locomotor 

activity, making them swim less often (reduced bout frequency) and less far (reduced bout 

distance).

Modulation of locomotor activity upon acute inhibition of ARCPomc neurons in mice

To assess behavioral consequences of decreased Mc4r signaling in mice, we acutely 

inhibited ARCPomc neurons using a chemogenetic approach. We injected a Cre-dependent 

AAV containing a mutated human glycine receptor (hGlyR AAV-FLEX-hGlyR-mCherry 

[42] into the ARC of adult Pomc-ires-Cre mice (Figure 3G). Of note, the mutated hGlyR 

receptor responds to ivermectin (IVM) instead of its natural ligand glycine. We confirmed 

hGlyR expression in ARCPomc neurons as assessed by immunohistochemistry (Figure 3G). 

Mice expressing hGlyR in ARCPomc neurons showed significantly reduced activity in 

presence of food after the administration of IVM as compared to control mice (Figure 

3H). IVM did not significantly change locomotor activity in absence of food (Figure S3H). 

We also found that hGlyR-expressing mice and control animals did not show significantly 

different activity levels in fasted condition, although in presence of food, activity levels were 

generally higher than in the absence of food (Figure S3I,J). In conclusion, ARCPomc neuron 

activity seems particularly required in fed mice and in the presence of food, promoting 

locomotor activity that is possibly involved in food intake. This is in striking contrast to 

the aforementioned response in zebrafish (compare Figure 3H with Figure 3F), in which 

under similar conditions (sated; presence of food) Mc4r signaling was required to reduce 

locomotor activity.

The Mc4r agonist MTII reduces the excitability of spinal zebrafish V2a neurons

We next investigated whether such opposing locomotor responses in zebrafish and mice 

might be associated with differences in the effects of Mc4r signaling on spinal V2a 

neurons. For zebrafish, Ca2+ imaging of V2a neuronal activity was performed in semi-intact 

hindbrain-spinal cord explants from transgenic larvae of 8–9 mm SL [43] with V2a-specific 
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GCaMP6s expression [44]. Ca2+ transients in V2a neurons of the precaudal spinal cord were 

induced by stimulating descending axons from the brainstem with an extracellular electrode 

that was placed at the first two spinal segments [28, 45] (Figure 4A). We confirmed that 

fast wash-in and wash-out of pharmacological substances was possible by bath-application 

of the sodium channel blocker tricaine (MESAB) or the cholinergic agonist carbachol 

(Figure S5E,F). Application of the Mc4r agonist MTII caused significant alterations in the 

amplitudes of Ca2+ transients in 37% (35/95) of the imaged V2a interneurons (Figure 

4B–D). Of such responding neurons, 83% (29/35) displayed decreased Ca2+ transient 

amplitudes that fully reversed upon MTII washout (Figure 4D). In contrast, in the remaining 

17% (6/35), Ca2+ transient amplitudes were increased in a non-reversible manner (Figure 

S5C,D). Of note, there was no apparent dorso-ventral topography of responsive versus 

non-responsive V2a neurons. Together, this indicates that Mc4r signaling reduces V2a 

interneuron excitability, in line with its inhibitory effect on locomotion as described above 

(Figure 3).

In most previous reports, Mc4r signaling elicits an excitatory effect on target neurons 

[31, 46–48], while reports of inhibitory effects are scarce [14, 49]. One such example are 

cholinergic neurons in the dorsal motor nucleus of the vagus (DMV) in the brainstem of 

adult mice. In those, Mc4r signaling induces a hyperpolarization via the activation of KATP 

channels, which was indicated by a reversion of the MTII effects upon co-treatment with 

the KATP blocker tolbutamide [14]. A similar mechanism might underlie the inhibitory effect 

of Mc4r signaling revealed here for V2a neurons in the zebrafish spinal cord. Thus, while 

tolbutamide treatment of the hindbrain-spinal cord explants per se had only minor effects 

(Figure S5G,H), the inhibitory effect of MTII on V2a neuronal activity was significantly 

reduced upon pre- and co-treatment with tolbutamide, reducing rates of MTII-responsive 

cells from 37% to 19% (Figure 4E,F).

Although their mc4r expression classifies spinal V2a neurons as potential direct targets 

of Pomc neurons, the described inhibition of spinal V2a neurons by Mc4r agonists could 

be mediated by network effects initiated by Mc4r signaling in pre-synaptic neurons. Of 

note, Pomca projections and mc4r expression were also found in the hindbrain (Figure 

S1D,E), known to coordinate spinal activity and locomotion [33]. To directly test whether 

Mc4r signaling mediates V2a neuron inhibition in absence of hindbrain input, MTII was 

administered to spinal preparations in which the hindbrain had been surgically separated 

(Figure 4G). Also in this experimental setting, the amplitudes of the electrically induced 

Ca2+ transients in precaudal V2a neurons were reduced upon MTII treatment (Figure 4H–J). 

Furthermore, we observed that MTII treatment reduced the amplitudes of Ca2+ transient 

in V2a neurons during fictive locomotion (Figure 4K–N). Fictive locomotion was induced 

by N-Methyl-D-Aspartate (NMDA) in spinal preparations that lacked the connection to 

the hindbrain to generate an endogenous spinal locomotor rhythm, similar as previously 

described [43]. Together, these studies demonstrate that Mc4r activation in fish can inhibit 

spinal cord V2a neurons involved in the regulation of locomotion independently of the 

hindbrain or other higher brain centers, suggesting direct effects.
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The Mc4r agonist α-MSH excites mouse V2a neurons in spinal lamina X

To characterize the functional impact of Mc4r signaling on neurons in spinal lamina X 

of mice, we next performed patch clamp recordings from Mc4r- and V2a-expressing 

neurons (Figure 5A). Transversal thoracic spinal cord slices were prepared, and neurons 

were synaptically isolated (i.e., in presence of CNQX, D-AP5, picrotoxine, and strychnine) 

to eliminate network effects. 250 nM α-MSH was bath-applied after establishment of a 

stable baseline for at least 10 minutes, and the effects on membrane potential or action 

potential firing was measured 8–10 minutes after the onset of α-MSH administration. 

Mc4r::tdTomato neurons in lamina X were selected by their position close to the central 

canal (Figure 5A). The vast majority (11 out of 13) of recorded Mc4r::tdTomato neurons 

showed significant and reversible changes in action potential frequency or membrane 

potential (Figure 5B–D). Remarkably, α-MSH excited 7 out of 13 Mc4r::tdTomato neurons 

as indicated by an increase in action potential firing or membrane depolarization, while 

4 out of 13 Mc4r::tdTomato neurons were inhibited (Figure 5B–D). Thus, α-MSH exerts 

direct and bidirectional modulatory effects on Mc4r neurons in spinal lamina X, of which 

two-thirds are V2a interneurons (Figure 2E).

To directly evaluate the functional impact of Mc4r signaling on spinal lamina X V2a 

neurons, we obtained Chx10-Cre mice [50], which were crossed with tdTomato reporter 

mice to selectively label V2a interneurons (i.e. V2a::tdTomato) for electrophysiological 

recordings (Figure 5E,F). Accurate labeling of V2a::tdTomato neurons in the thoracic spinal 

cord was confirmed by in situ hybridization (Figure 5E). Upon bath-application of α-MSH, 

7 out of 12 synaptically-isolated V2a::tdTomato neurons were excited in a reversible 

manner. In the other 5 neurons, the membrane potential and action potential firing were 

unaffected by α-MSH (Figure 5G,H). Together, these studies demonstrate that, in mice, over 

half of the V2a neurons in lamina X express functional Mc4r and are positively modulated 

by α-MSH, in line with the positive effect of Mc4r signaling on the locomotor activity of 

mice as described above (Figure 3H).

Cell-type specific disruption of Mc4r signaling in zebrafish V2a neurons affects specific 
swimming-bout characteristics

In the zebrafish and mouse locomotor activity studies described thus far (Figure 3), Mc4r 

signaling was systemically blocked throughout the entire animal. To investigate the specific 

impact of Mc4r signaling to V2a neurons on locomotion, we generated transgenic zebrafish 

larvae with V2a neuron-specific expression of a dominant-negative Mc4r (dnMc4r) variant. 

This variant harbors a D90N exchange of the evolutionary highly conserved aspartate amino 

acid residue located in the second transmembrane domain of the seven transmembrane 

receptor (Figure 6A,B). In human, MC4R D90N heterozygosity is associated with obesity 

due to the loss of Mc4r signal transduction activity [5, 51]. Expression of the corresponding 

zebrafish dnMc4r variant driven by a V2a-specific promoter [33] resulted in moderately 

increased swimming velocities of sated larvae both in the absence and presence of food 

(Figure 6C,D). In contrast, no increases were observed in corresponding double transgenics 

with V2a-specific overexpression of wild-type Mc4r (data not shown). Bout analyses 

revealed that the increase upon expression of the dominant negative version was largely 

driven by a significant increase in bout frequencies (Figure 6C,D), similar to, but weaker 
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than the effect of systemic treatment with the Mc4r antagonist SHU9119 (Figures S4 and 

6E). In contrast, average distances moved per bout, which are also increased upon SHU9119 

treatment (Figure S4), were unaffected in zebrafish with V2a-specific dnMc4r expression 

(Figure 6C,D). Together, these data indicate that the melanocortin system does, to some 

extent, modulate locomotor activity via direct effects on V2a neurons, while additional 

targets either in the spinal cord itself (Figures 1 and 2) or in higher-order centers of the brain 

[33, 52] could be involved as well.

Discussion

To maintain their energy balance, animals have the options to invest energy to find food or to 

reduce exploratory locomotion to save energy. Previous studies have shown that the central 

Mc4r system, which plays a key role in maintaining energy balance, has diverse effects on 

locomotion. Furthermore, several brain regions harboring Mc4r-expressing neurons such as 

the PVH and the LHA have been implicated in mediating such effects of the Mc4r system on 

locomotion.

Here, we show that in both, zebrafish and mouse, Pomc neurons of the ARC form 

direct projections into locomotor control regions of the spinal cord that harbor Mc4r-
expressing V2a interneurons as well as motoneurons. Furthermore, we not only identify V2a 

interneurons as previously unrecognized second-order neurons of the melanocortin system, 

but also show the existence of a novel, direct and evolutionary conserved mechanism of 

locomotor control in response to energy availability. In mouse, the Mc4r-expressing V2a 

interneurons, which are core elements of the CPG [23], are primarily located in lamina X 

[53, 54], a region clearly, and functionally, distinct from formerly reported Mc4r-expressing 

neurons in the IML [14, 55]. In zebrafish, these neurons are located in corresponding 

areas around the central canal (Figure 1 and 2). Notably, both in mouse and zebrafish, 

these regions also harbor other Mc4r-expressing neurons, including motoneurons, as well 

as V2a interneurons that lack the Mc4r. However, the latter, as well as the lack of 

Pomc projections into caudal-most regions of the zebrafish spinal cord, does not exclude 

melanocortin modulation of locomotion. Thus, V2a interneurons project caudally over 

several segments [56] and excitatory waves can propagate further caudal-wards in a CPG 

network-autonomous manner [57]. Furthermore, Pomc projections could release α-MSH 

also en-passant to reach even more distantly located neurons within the CPG, as formerly 

described for the mouse PVH [58].

Our electrophysiological and optophysiological recordings from spinal neurons of mouse 

and zebrafish spinal neurons confirm the functionality of the Mc4rs in both systems. The 

electrophysiological recordings in mice show complex and differential effects of α-MSH on 

different components of the spinal network. While we observed excitatory and inhibitory 

modulatory effects of α-MSH on Mc4r neurons that were otherwise unidentified, we found 

a more homogeneous and mostly excitatory effect of α-MSH on V2a neurons. Since 

V2a neurons tend to promote locomotion, the latter result is consistent with the reduced 

locomotor activity during chemogenetic inhibition of POMC neurons. Taken together, 

our mouse data clearly show that spinal neurons, in particular V2a neurons, are directly 
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modulated by α-MSH, and that modulation of the melanocortin system in vivo affects 

locomotor activity.

In zebrafish, more than half of the imaged V2a neurons did not respond to the applied 

Mc4r agonist, while the vast majority of the responding fraction displayed a diminished, 

rather than an increased excitability. The reasons for this limited number of responding 

neurons could be multifold. First, only approximately 55% of the spinal V2a neurons 

express mc4r (Figure 1L). Furthermore, according to Kimura et al. [33], most, but not all 

of the spinal cells labelled with the used vsx2:gal4ff transgene are indeed V2a neurons. 

We also lack definitive evidence that the effect of the Mc4r agonist on the excitability 

of responding V2a neurons is direct. However, it is at least to some extent independent 

of higher-order regulatory systems in the brain, as effects were also obtained with spinal 

cord explants that lacked connection to the hindbrain (Figure 4G–N). Furthermore, it is 

consistent with the attenuating effects of Mc4r signaling on locomotor activity of zebrafish 

larvae as revealed in our behavioral assays (Figures 3 and 6). Interestingly, cell type-specific 

transgenic blockade of Mc4r signaling in V2a neurons (Figure 6) of the hindbrain (Figure 

S3D,E) and spinal cord (Figures 1 and S3B’’’,C) only affected swimming bout frequencies. 

This is in line with the formerly described reduction in bout frequencies of free-swimming 

larvae in which synaptic output of V2a neurons was blocked by cell type specific expression 

of botulinum neurotoxin [59]. However, the average distance moved per bout, as also 

reduced upon systemic Mc4r inhibition throughout the entire animal, was rather unaffected 

upon V2a neuron-specific Mc4r inhibition. Together this suggests that direct melanocortin 

signaling to V2a neurons primarily affects the number of swimming events, whereas the 

power of individual swimming events is affected via Mc4r targets other than V2a neurons, 

possibly including motoneurons themselves. Neuronal activity recordings in combination 

with cell type-specific inhibition of Mc4r, similarly to those described here for V2a 

neurons, have to be performed for motoneurons to test the latter notion. Furthermore, 

studies involving co-labelling of recorded mouse and zebrafish V2a or Mc4r neurons, with 

glutamatergic, glycinergic or cholinergic markers have to reveal whether their differential 

responsiveness to Mc4r agonists (excitatory or inhibitory or not) is linked to differences in 

their neurotransmitter phenotype [60–63].

The observed differences in the behavioral responses between fish larvae and adult rodents 

might reflect evolutionary adaptations of an otherwise highly conserved system to their 

different living conditions. The main purpose of locomotion in zebrafish larvae is to search 

for and eventually ingest food for somatic growth. Therefore, (foraging) locomotion should 

be promoted when endogenous energy and Mc4r signaling levels are low but inhibited when 

they are high. In comparison, locomotion purposes in adult rodents are more complex, also 

including social activities that, in contrast to foraging, do not gain, but only cost energy. 

Therefore, in contrast to foraging, these types of locomotion should be promoted in times 

of energy surplus, likely by the associated high Mc4r signaling. Consistent with these 

fundamentally different purposes for locomotion and consequences with respect to energy 

uptake versus energy expenditure, lamina X of the mouse spinal cord harbors two different 

types of Mc4r target cells. Thus, we found 54% of them, including the V2a neurons, to 

be excited by Mc4r signaling (Figure 5), promoting locomotion in times of energy surplus, 

consistent with our (Figure 3G,H) and previously described behavioral tests [7, 9]. However, 
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31% of Mc4r target cells were inhibited by Mc4r signaling (Figure 5), possibly promoting 

foraging locomotion when energy depots are empty, consistent with the results obtained in 

other former rodent behavioral studies [10–12]. Such inhibitory effects are consistent with 

the responses also observed for V2a interneurons of the larval zebrafish spinal cord (Figure 

4E,F), and might be mediated by similar Mc4r signaling pathways as previously described 

for reciprocal regulation of sympathetic and parasympathetic neurons in mammals [14]. 

Future cell-type-specific Mc4r knockout or reconstitution analyses need to provide ultimate 

proof for the functional relevance of these co-existing up- or down-regulated Mc4r target 

cells in the mouse spinal cord.

STAR METHODS

Resource availability

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the Lead Contact, Matthias Hammerschmidt 

(mhammers@uni-koeln.de).

Materials availability—Plasmids (pT2MUASzMc4r and pT2MUASdnzMc4r) generated 

within the course of this study are available upon request.

Data and code availability—No datasets were generated within the course of this study.

Experimental model and subject details

Experimental zebrafish models—All zebrafish care and experimental procedures 

were approved by the national animal care committees (LANUV Nordrhein-Westfalen; 

8.87–51.05.20.10.234; 84–02.04.2012.A251; 84–02.04.2016.A390; City of Cologne; 

576.1.36.6.3.01.10 Be). Zebrafish of the TL and EK strain were maintained at 27°C at a 

14 h light/ 10 h dark cycle. Larvae were raised in E3 medium and fed from 5 dpf onward 

with paramecia culture. From 25 dpf onward, they were fed with live artemia. All larvae for 

behavior experiments were of both sexes in the TL background and had a SL of 8–9 mm 

(20–25 dpf). Preparations for anatomy were performed in animals with a SL of 9–10 mm 

(25–30 dpf) for technical reasons. For hindbrain-spinal cord preparations larvae with 8–9 

mm SL (20–25 dpf) were used. Experimental results were not distinguished according to 

the gender of the animals, since gender could not be determined in larvae at the age of 20 

dpf. The Tg(pomca:EGFPras)fr38Tg line was published before [31]. mc4rsa0148 mutants [41] 

were obtained from the Sanger Center, Cambridge, UK. TgBAC(vsx2:EGFP)nns1Tg [64], 

Tg(vsx2:Gal4FF)nns18Tg [33] and Tg(14xUAS:GCaMP6s)mpn101Tg [65] lines were obtained 

from RIKEN Center for Brain Science (Japan) and National Institute for Genetics (Japan). 

Tg(mnx1:GFP)ml2Tg [66], Tg(UAS-E1b:nfsb-mCherry)c264 [67] and nacre −/− mutants [68] 

were previously described. agrpfr28 mutant zebrafish were generated during the course of 

this study by introducing double strand breaks using Transcription activator-like effectors 

(TALEN) [69]. TALEN were assembled as described earlier [70] using the Golden Gate 

Kit (Addgene). The forward Repeat Variable Diresidue (RVD) sequences targeting agrp 
exon 2 were NH, NH, NI, NH, HD, NI, HD, HD, NG, NG, NH, NI, NI, NI, NG and 

the reverse RVD’s were HD, NG, NG, HD, NG, NI, NH, NG, NI, NG, HD, NG, NG, 
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NG, NG. Targeting constructs were cloned into the pCS2TAL3-DD und pCS2TAL3-RR 

vectors. TALEN constructs were in vitro transcribed after Not1 linearization using the SP6 

mMessage mMachine kit (Ambion). Stable agrp mutant lines were generated by standard 

injection and screening procedures. The TALEN targeting agrp exon 2 caused an 8-base pair 

deletion at nucleotide position 179 to 186 (NM_001328012) and thereby the generation of a 

stop codon leading to a premature of the Agrp peptide after amino acid residue 56. Zebrafish 

larvae expressing dominant-negative Mc4r (dnMc4r) were generated by injecting a Nucleo 

Bond Xtra Midi purified plasmid (Machery-Nagel) containing Tol2 sites (pT2MUASMCS, 

zTrap) with inserted wild-type or D90N-modified zebrafish Mc4r together with transposase 

mRNA (Tol2Kit) into eggs from vsx2:Gal4FF transgenics. Larvae of F1 generation were 

used for experiments and genotyped to confirm that they contain the dnMc4r. Genomic 

alignments were performed using MegaX software [71].

Experimental mouse models—All mice procedures were conducted in compliance with 

protocols approved by local government authorities (Bezirksregierung Köln). Permission to 

maintain and breed mice was issued by the Department for Environment and Consumer 

Protection - Veterinary Section, Cologne, North Rhine-Westphalia, Germany. All animal 

procedures were performed in accordance with NIH guidelines. Pomc-Cre [72], Pomc-
ires-Cre [73], Mc4r-t2a-Cre [35], Chx10-Cre [50], and tdTomato (Ai9) [36] mice were 

maintained on a mixed background and have been described previously. All Cre driver and 

Cre reporter mice were used in the heterozygous state. For histological studies mice between 

8 and 12 weeks were used. For electrophysiological studies mice between 5 and 12 weeks 

were used.

Method details

Larval zebrafish feeding experiments and video recordings—We selected for 

larvae that were able to swim at 4 dpf. From 5 dpf on, they were transferred to plastic 

mouse cages filled with 200 mL of paramecia suspension. They were fed with 50 mL 

paramecia solution per day until they reached a standard length of 8–9 mm for behavior 

experiments (20–25 dpf). For low-food condition, paramecia were removed the evening 

before the experiment and < 500 paramecia/larva were remaining. For high-food conditions 

larvae were fed ad libitum with paramecia (20,000 paramecia/larva) until 30 minutes before 

the experiment started. For drug treatments, Melanotan II (MTII, Sigma) or SHU9119 

(Tocris) were applied at 10 μM (final concentration) in system water, until 30 minutes 

before the recordings. Larvae were transferred in groups of 4 animals to a custom build 

recording arena with 102 mm diameter and 4 mm depth and dark-field illumination. A 

camera (Sony, HDR-CX240) was positioned above the recording chamber in a distance of 

400 mm and a movie was recorded with 25 fps. Recordings were performed in a sound 

proof, air-conditioned room and recoding chambers were filled with fish-facility water. 

Locomotion was determined for 30 minutes without food and afterwards paramecia were 

introduced into the setup with a tubing system to record feeding behavior for additional 

30 minutes. Trajectories of larvae were determined using Ctrax [74] and errors were 

removed by manual supervision with the fixerror script provided by the developers in Matlab 

(Mathworks). Velocity and total distance moved was calculated in RStudio from consecutive 

coordinates of the larvae as the sum per minute or sum per 30 minutes, respectively. Swim 
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bouts were determined using the peakfinder function in Matlab. Bouts were defined as rise 

in velocity over 6 mm/s. Bout duration was defined as the time between two velocity peaks. 

Bout speed was defined as prominence of the velocity peak. The bout distance contained the 

distance moved during bout + interbout.

Zebrafish in situ hybridizations—Colorimetric whole-mount in situ hybridization 

(WISH) of zebrafish spinal cords was carried out as described [31]. In short, 4% PFA 

(Sigma) fixed spinal cords were extracted from 10–11 mm SL larvae (25–30 dpf) and stored 

in methanol at −20°C. After rehydration they were digested with proteinase K (Genaxxon, 

10 μg/mL stock, 1:1000) for 10 minutes and post-fixed with 4% PFA. Samples were blocked 

2 hours in hybridization buffer (50% formamide, 2x SSC, 50 μg/μL heparin, 5 mg/mL 

torula-RNA (Sigma, R6625), 0.5% tween20, 5% dextransulfate, DEPC treated water). 

Digoxigenin (DIG, Roche) labeled probes against mc4r and vsx2 (from IRBOp991H0310D) 

were incubated in hybridization buffer containing 10% dextransulfate (Sigma) overnight 

at 55 °C. Probes were washed off for total of 6 hours with SCC buffer with decreasing 

ionic strength. Tissue was blocked with 10% Blocking Reagent (Roche) in PBS for 2 hours 

following anti-DIG-AP antibody (Roche, 1:1000) in blocking solution overnight at 4 °C. 

The antibody was washed off for 6 hours and tissue was incubated in Nitro blue tetrazolium 

chloride (NBT) / 5-Brom-4-chlor-3-indoxylphosphat (BCIP) (Roche) solution in staining 

buffer (1:50) for 16 hours at 16°C with agitation in a 24-well plate.

Zebrafish immunohistochemistry and retrograde labeling—Zebrafish spinal cords 

of 10–11 mm SL (25–30 dpf) were extracted after removal of muscles and vertebral spines 

and 3 hours fixation with 4% PFA. They were stored in 100% methanol at −20°C over night, 

rehydrated and incubated in PBST (1% tritonX100, Sigma) for 3 hours at room temperature 

and blocked in PBST (0.5% tritonX100) with 10% fetal calf serum for 2 hours. The primary 

antibody against GFP (A10262, 1:500) and SV2 (AB_2315387, DSHB) was incubated in 

blocking solution for 2–3 days at 4°C with gentle agitation.

Retrograde labeling of axial motoneurons was performed using dye injections with 

tetramethylrhodamine-dextran (3000 MW; Thermo Fisher Scientific, D3308) along the pre-

caudal part of the body [63].

For immunohistochemistry following colorimetric WISH for immunohistochemistry on 

sections, samples were cryoprotected in 30% sucrose in PBS, embedded in O.C.T 

cryomedium (Sakura® Finetek) and frozen at −30°C. Transverse coronal plane 20 μm thick 

sections were cut with a Leica cryostat. Sections were blocked with 10% FCS in PBST 

and incubated with primary antibody (JL-08, 1:500). Primary antibodies were detected by 

anti-chicken-Alexa488, anti-mouse-Alexa647 or anti-rabbit-Alexa555 (abcam).

Imaging and quantification in zebrafish—Colorimetric images of in situ 

hybridisations were taken with an Axio Imager M2 and using the Axiocam ICc1 (Zeiss). 

Fluorescent images were taken with an upright confocal microscope (LSM7, Zeiss). 

Merging of channels and processing of images was performed in Fiji (Image J, NIH).
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Ca2+ imaging in zebrafish hindbrain-spinal cord explants

Explant preparation: Tg(vsx2:Gal4FF)nns18Tg were crossed to 

Tg(14xUAS:GCaMP6s)mpn101Tg fish in a nacre background [75] to reduce pigmentation. 

Larvae of 8–9 mm SL (20–25 dpf) were incubated in ice-cold Ringer solution (NaCl: 134 

mM, KCl: 2.9 mM, MgCl2 × 6H2O: 1.2 mM, CaCl2 × 2H2O: 2.1 mM, HEPES: 10 mM, 

Glucose: 10 mM, pH = 7.8 with NaOH 10 M, 290 mOSm, bubbled with air for 3 hours at 

18°C) mixed with homogenized Ringer-ice cubes and hindbrain-spinal cord explants were 

prepared as described [45]. The skull was removed and a cut at the level of the midbrain was 

performed, removing the forebrain containing the POR. Afterwards, dorsal trunk muscles 

and vertebral spines were removed and the hindbrain with the connected spinal cord was 

exposed to Ringer solution. The preparation was mounted with the dorsal side up on a 

Sylgard (Dow Corning) surface and was surrounded by a plastic chamber with wall degree 

of 30° and a volume of 1 mL. For preparations lacking the hindbrain, the preparation was 

cut between the hindbrain and the first 2 vertebral spines. The preparation was kept in 

position with 37°C warm, 1.5% low-melting point agarose (Biozym) in ringer solution. 

At the spinal cord from segment 1 to 12, all agarose was removed. The preparation was 

kept in a flow of air bubbled ringer solution at room temperature with a flow of 1 ml / 

minute generated by a peristaltic pump. Drugs were bath applied for 5 minutes in bubbled 

Ringer solution and then washed out with 10 mL Ringer solution. Melanotan II acetate 

(MTII, Sigma) was applied at 4–5 μM in bubbled Ringer solution, Tolbutamide (Sigma) 

at 2 μM and tricaine (Ethyl 3-aminobenzoate methanesulfonate, Sigma) at 0.2 mg/mL. For 

the pharmacologically stimulated preparation (fictive locomotion), 10 μM NMDA (Tocris) 

and 7 μM Tubocurarine (Sigma) was applied at and throughout the whole recording. For 

spinal cord explants without connectivity to the hindbrain, the preparation was performed as 

described above. Additionally, a cut was made between the hindbrain and the first segments 

of the spinal cord to rule out influence of hindbrain circuits. A 10x water-immersion 

objective from an Axioscop2 (Zeiss) was positioned above the first 4–8 spinal cord segments 

and GCaMP6s fluorescence intensity was recorded with 2 Hz and 200 ms exposure time 

using the Axiovision software (Zeiss).

Electrical stimulation: Spinal central pattern generators and motor circuits in the spinal 

cord were activated by electrical stimulation through a glass electrode made from 

borosilicate glass capillaries with filament (WPI) with a fire-polished tip opening of about 

50–60 μm. The electrode was positioned on the dorsal surface of the CNS at the first two 

segments of the spinal cord as described in [43, 45] between hindbrain and spinal cord 

with a custom build micromanipulator fixed on the microscope stage. Every 90 seconds a 

stimulus with 18 repetitions of a 50 ms rectangular pulse with an amplitude of 0.6 to 1.2 mA 

was given for 25 minutes with a Stimulus Generator (Universal digital stimulator MS 501) 

connected to a Universal Stimulus Isolator (Model 401). After recording baseline activity for 

5 minutes, the drug was applied for 5 minutes. After 5 minutes, the drug was washed out 

again. Calcium levels during washout were recorded for additional 15 minutes.

Analysis of GCaMP6s fluorescence: Ca2+ imaging movies were motion corrected using 

Stackreg plugin [76] and a region of interest was drawn around single neurons and it’s mean 

gray value determined in Fiji (ImageJ, NIH). Data was imported into Matlab (Mathworks) 
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and amplitude of calcium level increases during one electrically evoked swim bout was 

determined using the peakfinder function. Recordings that contained calcium-level increases 

without electrical stimulation or movies that could not be motion corrected were excluded. 

V2a neurons were excluded, when the peak amplitude during baseline conditions was not 

stable.

Mouse surgery—Mice were anesthetized with isoflurane, received an i.p. bolus of 

Buprenorphin, and were placed into a stereotaxic apparatus (Kopf). Hair at the surgical 

site was removed and a local anesthetic agent (Lidocaine) was applied to the skin. The 

skull surface was exposed through a skin incision and a small drill hole was made. 

AAV1-FLEX-ChR2(H134R)-mCherry (Addgene, #20297) or AAV10-DIO-hGlyR-mCherry 

[42] were injected into the ARC of Pomc-Cre or Pomc-ires-Cre, respectively, mice 

(coordinates, bregma: AP: −1.45 mm, DV: −5.9 mm, ML: 0.25 mm; 200 – 300 nl) using a 

micromanipulator (Grass Technologies, model S48 stimulator). As control for the locomotor 

activity studies, AAV8-CAG-GFP (Addgene, #37825) was injected. The virus was delivered 

at 20–50 nl per min. For postoperative care, animals were injected intraperitoneally with 

Meloxicam and received tramadol in the drinking water. Mice were inspected twice daily. 

Body weight and health of the animals were carefully monitored until the end of the 

experiment. Mice with missed injections or incomplete hits were excluded from analysis 

after post hoc examination of mCherry expression.

Mouse brain tissue preparation for histology—Animals were terminally 

anesthetized and transcardially perfused with phosphate-buffered saline (PBS) followed by 

10% neutral buffered formalin (PFA). Brains and spinal cord were removed, stored in the 

same fixative for a minimum of 2 h, transferred into 20% sucrose at 4 °C overnight. Brains 

were cut into 30 μm sections on a freezing microtome (Leica) coronally into four equal 

series. A single series of sections per animal was used in the histological studies. Spinal 

cords were subdivided into four segments (cervical, thoracic, lumbar and sacral) and cut into 

20 μm transverse sections using a cryostat. Nine sections per animal were used for analysis.

Mouse Immunohistochemistry—Brain or spinal cord sections were washed in PBS 

with Tween-20, pH 7.4 (PBST) and blocked in 3% normal donkey serum in PBST for 

1 h at room temperature. Sections were then incubated overnight at room temperature 

in blocking solution containing primary antiserum (rat anti-mCherry, Life Technologies 

M11217, 1:1,000; rabbit anti-Pomc precursor, Phoenix Pharmaceuticals H-029–30, 1:1,000). 

The next morning, sections were extensively washed in PBS and then incubated in Alexa-

fluorophore secondary antibody (Molecular Probes, A-21206, A-21209, all 1:1,000) for 

1 h at room temperature. After several washes in PBS, brain sections were mounted on 

gelatin-coated slides. Spinal cord sections were counterstained and coverslipped with DAPI 

containing mounting medium (VECTASHIELD® Antifade Mounting Medium with DAPI, 

Cat# H-1200, Vector Laboratories).

RNAscope on mouse spinal cord sections—On the day before the assay, spinal cord 

sections were incubated overnight at 60°C. One section from each animal was mounted to 

be used as negative control. Fluorescent in situ hybridization for Vsx2, Chat and tdTomato 
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mRNA detection was performed using RNA scope technique. Reagents were purchased 

from Advanced Cell Diagnostics (Hayward, CA), if not mentioned otherwise. In brief, 

sections were pre-treated for 10 min in hydrogen peroxide (Cat# 322381) at RT, followed by 

submersion in Target Retrieval (Cat# 322000) for 8 min at 98–99°C. The slides were rinsed 

twice in autoclaved Millipore water and quickly dehydrated in 100% ethanol. After air 

drying, a hydrophobic barrier was made around the sections using an ImmEdge hydrophobic 

barrier pen. The incubations were performed at 40°C, using the HybEz Hybridization 

System for Manual Assays. Sections were incubated for 40 min with protease IV (Cat# 

322381), followed by probe hybridization for 2 h. C1-probe for Vsx2, no dilution, (Cat# 

438341) and C3- probe for tdTomato (Cat# 317041-C3), diluted 1:50, or C2-probe for 

Chat (Cat# 408731-C2) and C3-probe for tdTomato, both diluted 1:50 in probe diluent 

(Cat# 300041) were used. A 3-plex positive (Cat# 320881) and a 3-plex negative (Cat# 

320871) control probes were processed in parallel with the target probes to assess the 

quality of the assay. Probe hybridization was followed by 2×2 min washes in Wash buffer 

(Cat# 310091). The manufacturer protocol for RNAscope® Multiplex Fluorescent v2 Assay 

(Cat# 323110) was followed for the remaining steps (amplification and detection). Briefly, 

AMP1 and AMP2 were incubated for 30 min, followed by AMP3 incubation for 15 min. 

Between each amplification step, 2×2 min washes were performed. Afterwards a TSA Plus 

amplification (Perkin Elmer, Cat# NEL760001KT) protocol was used. C1- and C2-probe 

tyramide fluorophore was Fluorescein and C3-probe fluorophore was Cy3. DAPI was used 

for counterstaining and VECTASHIELD® Antifade Mounting Medium with DAPI (Cat# 

H-1200, Vector Laboratories) was used to coverslip the sections.

Fluorescence imaging and quantification in mouse—Images were captured using 

a fluorescent microscope (Keyence BZ-9000), equipped with a 20x objective (CFI Plan 

Apo λ20x, NA 0.75). Filter set includes a filter with excitation wavelength of 562/40 nm 

and an emission wavelength of 624/40 nm (Alexa A-21209, Cy3), a filter with excitation 

wavelength of 472.5/30 nm and an emission wavelength of 520/35 nm (Alexa A-21206, 

Opal520) and a filter with excitation wavelength of 377/50 nm and an emission wavelength 

of 447/60 nm (DAPI). Laser intensities for the different channels were kept constant 

throughout the imaging process. The channels were fused using ImageJ (NIH) software 

and images were cropped and edited with regards to brightness and contrast. Settings were 

applied equally across all images from both immunofluorescence and RNAscope studies. To 

analyze RNAscope images, positive cells in each channel within Lamina VII or X, IML, or 

VH of thoracic spinal cord sections were manually counted.

Mouse electrophysiology

Spinal cord slice preparation: Mice were deeply anesthetized and decapitated. A 

laminectomy was performed and the spinal cord was quickly removed into ice-cold cutting 

solution consisting of (in mM): 92 choline chloride, 30 NaHCO3, 25 Glucose, 20 HEPES, 

10 MgSO4, 2.5 KCl, 1.25 NaH2PO4, 5 sodium ascorbate, 3 sodium pyruvate, 2 thiourea, 

0.5 CaCl2 oxygenated with 95% O2/5% CO2, measured osmolarity 310–320 mOsm/l. The 

dura mater, the dorsal and the ventral roots were removed. Transversal slices of the thoracic 

segment were cut at 200–300 μm thickness with a Campden vibratome (Model 7000smz-2) 

and incubated in oxygenated cutting solution at 34 °C for 10 min. Slices were transferred to 
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oxygenated aCSF consisting of (in mM; 126 NaCl, 21.4 NaHCO3, 2.5 KCl, 1.2 NaH2PO4, 

1.2 MgCl2, 2.4 CaCl2, 10 glucose) at 34 °C for 30 min, and stored in the same solution at 

room temperature (20–24 °C) for at least 60 min prior to recording.

Perforated patch clamp recordings: Perforated patch clamp experiments were performed 

essentially as described previously [77, 78]. Brain slices were continuously superfused 

with carbogenated aCSF at a flow rate of ~2.5 ml/min (recording chamber volume: ~2 

ml). aCSF contained (in mM): 125 NaCl, 2.5 KCl, 2 MgCl2, 2 CaCl2, 1.2 NaH2PO4, 

21 NaHCO3, 10 HEPES, and 5 Glucose adjusted to pH 7.2 with NaOH. To reduce 

synaptic input, it contained 10−4 M PTX (picrotoxin, P1675, Sigma Aldrich), 50 μM 

DL-AP5 (DL-2-amino-5-phosphonopentanoic acid, BN0086, Biotrend), 10 μM CNQX (6-

cyano-7-nitroquinoxaline-2,3-dione, C127, Sigma-Aldrich) and 5 μM strychnine (S8753, 

Sigma Aldrich). Current-clamp recordings of spinal Mc4r::tdTomato neurons V2a::tdTomato 
neurons were performed at ~32°C in the perforated patch clamp configuration. Neurons 

were visualized with a fixed stage upright microscope (BX51WI, Olympus, Hamburg, 

Germany) using 40x and 60x water-immersion objectives (LUMplan FL/N 40x, 0.8 

numerical aperture, 2 mm working distance; LUMplan FL/N 60x, 1.0 numerical aperture, 2 

mm working distance, Olympus) with infrared differential interference contrast optics [79] 

and fluorescence optics. Spinal Mc4r::tdTomato neurons and V2a::tdTomato neurons were 

identified according to their anatomical location and their tdTomato fluorescence. Electrodes 

with tip resistances between 4 and 6 MΩ were fashioned from borosilicate glass (0.86 mm 

inner diameter; 1.5 mm outer diameter; GB150–8P; Science Products) with a vertical pipette 

puller (PP-830; Narishige, London, UK).

Perforated patch experiments were conducted using protocols modified from Horn et al. 

[80] and Akaike et al. [81]. Recordings were performed with pipette solution containing (in 

mM): 140 K-gluconate, 10 KCl, 10 HEPES, 0.1 EGTA, 2 MgCl2 adjusted to pH 7.2 with 

KOH. ATP and GTP were omitted from the intracellular solution to prevent uncontrolled 

permeabilization of the cell membrane [82]. The patch pipette was tip filled with internal 

solution and back filled with internal solution, which contained the ionophore amphotericin 

B (A4888; Sigma) to achieve perforated patch recordings and 0.02 % fluorescein-dextran 

(3000 MW, D3305, Invitrogen, Eugene, OR, USA) to monitor the stability of the perforated 

membrane. Amphotericin B was dissolved in dimethyl sulfoxide (DMSO; D8418, Sigma) 

to a concentration of 40 μg/μl following published protocols [83, 84]. The ionophore 

was added to the modified pipette solution shortly before use. The final concentration 

of amphotericin B was ~500–600 μg/ml. Amphotericin solutions were prepared from 

undissolved weighed samples (stored at 4°C protected from light) on the day of the recoding 

day. During the perforation process access resistance (Ra) was constantly monitored and 

experiments were started after Ra had reached steady state (~15–20 min) and the action 

potential amplitude was stable. To monitor the integrity of the perforated patch recording, Ra 

was tracked over the course of the experiment. A change to the whole-cell configuration was 

also indicated by fluorescein-dextran fluorescence in the cell body.

α-MSH (M4135; Sigma-Aldrich) was bath-applied (in aCSF, flow rate ~2.5 ml·min−1) at a 

concentration of 250 nM for ~10 min. We found that the basic firing properties of spinal 

Mc4r::tdTomato neurons and V2a::tdTomato neurons, and their responsiveness to α-MSH 
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were not homogeneous. Therefore, we used the 3 σ-criterion and a neuron was considered 

α-MSH responsive if the change in action potential firing frequency or membrane potential 

induced by α-MSH was three times larger than the standard deviation. Membrane potentials 

and action potential frequencies were measured for 2 min under control conditions and 

8–10 min after the begin of α-MSH application. For each neuron, the 2 min measuring 

times for control and α-MSH application were each divided into 12 bins of 10 s intervals 

to calculate means and respective standard deviations of action potential frequencies or 

membrane potentials.

Mouse locomotion assay—Starting 3–4 weeks after AAV injections, mice were singly 

housed, handled, and habituated to the test chamber. Mice were tested for locomotion in 

30-minute trials 8 hours into the light phase (2PM). Ivermectin (IVM) was administered 

at a dose of 5 mg/kg via i.p. injection 24 hours prior to the assay. IVM was dissolved 

in a vehicle mix (60% propylene and 40% glycerol formal) at 5 mg/ml. Food was placed 

manually into the cage prior to the test phase. For analysis, the total distance travelled in 

both the x and y axis was detected using infrared light and calculated using Activity Monitor 

(Med Associates, Vermont USA).

Quantification and statistical analysis

Statistical analysis was performed in GraphPad Prism or InstantClue [85]. To determine 

differences between normally distributed experimental groups data were analyzed using the 

Student’s two-tailed t-test or ANOVA for more than 2 groups. Differences were considered 

to be significant for p < 0.05 and significance levels are indicated in the figure legends. 

Data is shown as mean ± Confidence Interval for anatomy and behavior data as indicated 

in the figure legend. Statistics on Ca2+ imaging in V2a neurons was performed using the 

paired t-test. In graphs, columns with the same superscript letter (a,b,c) are not significantly 

different (p>0.05). Capital N shows independent replicates of the experiment, n shows the 

individuals of each independent N.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Pomca neurons target spinal (pre-)motor circuits in zebrafish larvae
(A) Schematic illustration of the imaged region. (B-D) Immunohistochemistry of 

pomca:EGFPras crossed to vsx2:Gal4FF; UAS-E1b:nfsb-mCherry transgenic larvae of 10–

11 mm standard length (SL). B shows lateral view of whole mount spinal cord preparation; 

upper panel shows maximum intensity projection; for boxed region, single plane images 

are shown below (see also Supplemental Video 1 for Z-stack). C and D show transverse 

sections of the spinal cord. (C) Pomca projections are in proximity (arrow) or more 

distant (arrowhead) to V2a neurons. (D) Motoneurons backfilled with rhodamine-dextran 

in proximity to Pomca projections. (E) Dorso-ventral topology of Pomca projections in 

transverse sections of the spinal cord at SL 10. Position of ascending neurons adapted from 

Pedroni and Ampatzis [63]. (F) Dorso-ventral quantification of Pomca and V2a contacts. 

(G-I) Colorimetric in situ hybridization for mc4r, vsx2 and gfp (in mnx1:GFP transgenic 
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animal) on spinal transverse sections at 9–10 mm SL. (J) Lateral view of whole mount spinal 

cord at 9 mm SL stained with colorimetric in-situ hybridization against mc4r. Motoneurons 

without signal (arrowhead) and with signal (arrow) are magnified in the right panel. (K) 

mc4r colorimetric in situ hybridization signal overlapped with fluorescence of V2a neurons 

of vsx2:GFP transgenic animal. Right panels show magnified views of exemplary neurons of 

indicated categories from different sections. (L) Quantification of co-localization in images 

as in (K) and the defined regions of interest (ROI, right panel). N = 3 animals, n = 9 

spinal cord sections. cc, central canal; D, dorsal; P, posterior; M, medial; L, lateral; n.s., not 

significant. See also Figure S1.
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Figure 2: Mouse ARCPomc neurons send long-range projection to spinal lamina X, where Vsx2 
marks Mc4r-expressing neurons
(A) Schematic illustrating Cre-dependent labelling of ARCPomc neuron axonal terminals 

with ChR2-mCherry. (B) Colocalization of Pomc protein in ChR2-mCherry-positive 

ARCPomc neurons. (C) ChR2-mCherry immunolabeling of ARCPomc neuron projections in 

the thoracic spinal cord in lamina X and in the IML. (D-F) Colocalization of Vsx2 and Chat 
RNA in Mc4r::tdTomato neurons in lamina X and in the VH of the thoracic spinal cord. 

(E, F) Summary of Mc4r::tdTomato neurons in spinal lamina X that express Vsx2 RNA 
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(E) and in VH neurons that express Chat. ARC, arcuate nucleus of the hypothalamus; IML, 

intermediolateral cell column. See also Figure S2.

Reinoß et al. Page 27

Curr Biol. Author manuscript; available in PMC 2022 February 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Manipulation of the Mc4r system affects locomotor activity in zebrafish and mice
(A) Behavior paradigm for video recordings of fasted or sated larvae at 8–9 mm SL. (B) 

Representative trajectories of 5 minutes high magnification video recordings of a fasted and 

sated larva in the presence of paramecia (prey), with individual paramecia uptake events 

indicated by purple circles. (C) Plot shows velocity over time and the threshold (dashed 

line, 6 mm/s) to detect a swim-bout. (D) Plots depicting increased locomotion of fasted 

compared to sated larvae during foraging and feeding (N = 12). (E) Distance travelled in 

presence of food in fasted and sated (F) larvae (* = p<0.05, ** = p<0.01, N = 12). (G) 

Experimental schematic in mice (left) and expression of Cre-dependent AAV-FLEX-hGlyR-

mCherry in ARCPomc neurons (right) as determined by immunolabeling. (H) effects of 

hGlyR/Ivermectin-induced inhibition of mouse ARCPomc neurons on locomotor activity in 

presence of food. See also Figures S3–S4.
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Figure 4: Zebrafish spinal networks respond to the Mc4r agonist MTII
(A) Schematic illustration of the hindbrain-spinal cord preparation (in blue) and exemplary 

still of Ca2+ transients in spinal V2a neurons of vsx2:Gal4FF; 14xUAS:GCaMP6s larvae of 

8–9 mm SL fasted for one day, with settings allowing simultaneous recordings in all dorso-

ventral planes of the spinal cord. (B) Exemplary recording of individual V2a interneuron 

showing decreased Ca2+ transients upon bath application of 4–5 μM MTII. Horizontal 

bars indicate when MTII, vertical bars when the electrical stimuli (Stim) were applied. 

Shaded areas (A,B,C) indicate when Ca2+ transients were quantified for panels (D,I,M). 

(C) Percentages of V2a neurons responding to applied MTII according to 3-σ criterion 
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(see STAR methods). (D) Percentages of V2a neurons in which evoked Ca2+ transients 

were reduced by MTII in a reversible manner. (E,F) The K-ATPase blocker tolbutamide 

(Tolb, 2 μM) had no major effect on Ca2+ transients (p = 0.81), but prevented the normally 

decreasing effect of MTII (p = 0.01). (G-J) Schematic illustration of hindbrain-spinal cord 

preparation for electrical stimulation with section (dashed line) between hindbrain and 

spinal cord (G), percentages of V2a neurons responding to applied MTII (H), fluorescence 

values for V2a neurons with a reversible negative response (I), and exemplary recording 

of individual electrically stimulated V2a interneuron (J). (K-N) Schematic illustration of 

hindbrain-spinal cord preparation for 10 μM NMDA stimulation with section between 

hindbrain and spinal cord (K), percentages of V2a neurons responding to applied MTII 

(L) fluorescence values for V2a neurons with a reversible negative response (M), and 

exemplary recording of individual NMDA-stimulated V2a interneuron. Tubocurarine was 

used to prevent muscle contractions. Columns show mean ± confidence intervals; columns 

with the same superscript letter (a,b,c) are not significantly different (p>0.05); * = p<0.05, 

** = p<0.01. See also Figure S5.
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Figure 5: Mouse Mc4r and V2a neurons in spinal lamina X respond to α-MSH
(A) Schematic illustration of the electrophysiological recordings from lamina X 

Mc4r::tdTomato neurons (left) and Biocytin-streptavidin staining of a recorded 

Mc4r::tdTomato neuron (right). (B,C) Rate histograms with the respective original 

recordings showing the inhibitory (B) and excitatory (C) effects of α-MSH on action 

potential frequency of lamina X Mc4r::tdTomato neurons. (D) Distribution of excitatory, 

inhibitory, and no responses (left) and relative effects of α-MSH on action potential 

frequencies or membrane potentials of spontaneously active or silent Mc4r::tdTomato 
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neurons (right). (E) V2a::tdTomato neurons in Chx10-Cre::tdTomato mice as assessed by 

Vsx2 in situ hybridization. (F) Biocytin-streptavidin staining of a recorded V2a::tdTomato 
neuron. (G) Rate histogram with the respective original recording showing the excitatory 

effect of α-MSH on a V2a::tdTomato neuron. (H) Distribution of excitatory responses (left) 

and relative effects of α-MSH on action potential frequencies or membrane potentials of 

spontaneously active or silent V2a::tdTomato neurons (right).

The α-MSH (250 nM) effect was measured 8–10 minutes after starting the bath application. 

Neurons were classified as responders when the change in action potential frequency or 

membrane potential was 3x larger than standard deviation. CC, central canal; DH, dorsal 

horn; VH, ventral horn.
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Figure 6. Disruption of Mc4r signaling in zebrafish V2A neurons modulates swimming behavior
(A) Schematic illustration of a dominant negative Mc4r with a D90N amino acid exchange. 

(B) Alignment indicates that Mc4r D90N mutation is localized in a highly conserved 

region. (C,D) Swimming behavior of vsx2:Gal4FF; UAS:Mc4r(D90N) double transgenic 

larvae and non-transgenic controls in absence of food (C) and with food (D) showed 

significant differences in swim bout frequencies (N = 8 animals, * = p<0.05, ** = p<0.01, 

error bars show confidence intervals). (E) Comparison of effects of V2a-specific dnMc4r / 
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Mc4r(D90N) (N=8) with the effects of the Mc4r antagonist SHU9119 (N=12; see Figure 

S4), each relative to the corresponding controls.
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