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      Abstract

    

  
      Feeding behaviors require intricately coordinated activation among the muscles of the jaw, tongue, and face, but the neural anatomical substrates underlying such coordination remain unclear. In this study, we investigate whether the premotor circuitry of jaw and tongue motoneurons contain elements for coordination. Using a modified monosynaptic rabies virus-based transsynaptic tracing strategy, we systematically mapped premotor neurons for the jaw-closing masseter muscle and the tongue-protruding genioglossus muscle. The maps revealed that the two groups of premotor neurons are distributed in regions implicated in rhythmogenesis, descending motor control, and sensory feedback. Importantly, we discovered several premotor connection configurations that are ideally suited for coordinating bilaterally symmetric jaw movements, and for enabling co-activation of specific jaw, tongue, and facial muscles. Our findings suggest that shared premotor neurons that form specific multi-target connections with selected motoneurons are a simple and general solution to the problem of orofacial coordination.
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      eLife digest

    

  
      Chewing requires highly coordinated movements of the tongue and jaw. The tongue pushes food around the mouth, keeping it within reach of the teeth, while rhythmic movements of the jaw enable the teeth to grind up food without injuring the tongue itself. However, despite the importance of tongue–jaw coordination, the neuroanatomical circuits that underlie it have not been studied in detail. Stanek et al. have now mapped these neural circuits using a cutting edge tracing technique in mice.

Muscles are activated by signals from neurons called motoneurons, which are themselves activated by signals from so-called premotor neurons. To identify the neural circuits responsible for tongue–jaw coordination, Stanek et al. injected a modified version of the rabies virus into the muscles that move the jaw and/or the tongue. This modified virus, which was also labeled with a fluorescent protein, was able to jump ‘backwards’ across the junctions between the muscles and the motoneurons, and then back to the premotor neurons. The fluorescent label allowed the neural circuits to be visualized under a fluorescence microscope.

It had been assumed that distinct populations of premotor neurons would control the activity of different muscles. However, when viruses labeled with red fluorescent protein were injected into the muscles on the left side of the jaw, while viruses with green labels were injected into the muscles on the right side, a number of premotor neurons were found to display both red and green fluorescence. This indicates that some premotor neurons control muscles on both sides of the jaw, providing an effective means of coordinating bilateral muscle activity. A similar sharing of premotor neurons was observed between motoneurons that regulate jaw opening and those that trigger tongue protrusion, and between those that regulate jaw closing and tongue retraction.

As well as providing new insights into the neuronal circuits that control the movements of the jaw and tongue, the work of Stanek et al. may have identified a general principle—namely the sharing of premotor neurons—that could be common to other circuits that produce coordinated muscle activity.
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      Introduction

    

  
      Behaviors are executed through coordinated activity of multiple groups of motor neurons and their muscle targets. Coordination of jaw and tongue muscles during feeding behaviors represents one of the most intricate mechanisms of the motor system and has been observed in a wide range of animals including humans (Gerstner and Goldberg, 1991; Thexton and McGarrick, 1994; Takada et al., 1996; Palmer et al., 1997; Ishiwata et al., 2000; Miller, 2002). Here, coordination concerns primarily the adjustment of both timing and sequence of muscle activation to enable smooth, effective jaw and tongue movements. Three basic forms of coordination are consistently observed in feeding behaviors. First, the left and right jaw muscle activities are temporally symmetric, which is necessary because the mandible is joined by ligaments at the midline. Second, during chewing the activity of the tongue and jaw muscles is held to a similar low frequency rhythm, with the tongue positioning food between the surfaces of the teeth while the jaw moves the teeth to break down food (Thexton and McGarrick, 1994; Takada et al., 1996; Hiyama et al., 2000; Naganuma et al., 2001; Yamamura et al., 2002). Third, during chewing (Gerstner and Goldberg, 1991; Liu et al., 1993; Naganuma et al., 2001), licking (Travers et al., 1997), and suckling (Thexton et al., 1998), the tongue-protruding and jaw-opening muscles are co-active during jaw opening, while tongue-retracting and jaw-closing muscles are co-active during jaw closing. This co-activation also occurs in cortically-induced fictive mastication and occurs regardless of the frequency of cortical stimulation or the intensity of sensory stimuli applied (Gerstner and Goldberg, 1991; Liu et al., 1993).

The neural architecture enabling these different yet specific forms of jaw-tongue-facial muscle coordination remain unclear. In the more extensively studied vertebrate spinal cord, the network that generates the coordinated and rhythmic muscle activity during locomotion is referred to as the central pattern generator (CPG). Separate CPGs are known to control separate limb muscles, with forelimb CPGs located in the cervical enlargement and hindlimb CPGs residing in the lumbar enlargements (Kiehn, 2011). Limb coordination occurs through interactions between these separate CPGs (Kiehn, 2011). By analogy, it is conceivable that different orofacial muscles are also controlled by different CPGs with their interaction resulting in orofacial coordination, although the evidence for well-defined jaw, face, and tongue CPGs is lacking. On the other hand, previous studies injecting two different retrograde tracers into two different cranial motor nuclei have suggested the existence of neurons projecting to both nuclei (Amri et al., 1990; Li et al., 1993; Kamogawa et al., 1994; Popratiloff et al., 2001; Kondo et al., 2006). However, due to limitations of the neural tracer technique, such as non-specific labeling of passing fibers and labeling of the entire nucleus rather than the motoneurons innervating specific muscles, whether there are common premotor neurons simultaneously innervating specific motoneuron groups enabling the above mentioned orofacial coordination remained unclear. In this study, we employed a recently established monosynaptic circuit tracing methodology to identify premotor neurons of the jaw-closing masseter and tongue-protruding genioglossus motoneurons (See ‘Materials and methods’). Analysis of the resultant labeling reveals several premotor circuit elements that are well suited for the orofacial coordination observed in feeding behaviors.






  





                
                    

    
      Results

    

  
      

    
      Transsynaptic mapping of premotor circuitry controlling the jaw-closing masseter motoneurons

    

  
      As described in the ‘Materials and methods’ and schematically illustrated in Figure 1, we have developed a mouse line, Chat::Cre; RΦGT, that enables us to inject deficient rabies virus (ΔG-RV) into desired muscles resulting in transsynaptic tracing of the corresponding premotor circuitry in neonatal mice (Takatoh et al., 2013). For further description and discussion of this method, see the ‘Materials and methods’ and associated Figure 1—figure supplement 1. The masseter is the primary jaw-closing muscle and is innervated by motoneurons located in the trigeminal motor nucleus (MoV). Masseter activity is coordinated with other muscles in multiple orofacial behaviors including suckling, chewing, biting, and vocalization (Travers et al., 1997). To investigate the premotor circuitry controlling the masseter motoneurons, we injected ΔG-RV-EGFP into the left masseter of P1 Chat::Cre; RΦGT mouse pups (Figure 1). 7 days later at P8 (P1→P8 tracing), we serial sectioned and imaged the brains to visualize the transsynaptically labeled masseter premotor neurons.

    
    
      
          
            Figure 1 with 1 supplement see all
          

    
    
            
              Download asset
              Open asset
            

    
      

    
          
          
              
              
                  
                  
                  
              
              
          
          
          
          
          
              
          
                  Schematics detailing the premotor circuit tracing strategy.

                
                
                (A) Illustration of viral injection sites used in this study. Left, the jaw-closing masseter muscle; right, the genioglossus: a muscle of the tongue controlling protrusion. (B) Genetic cross used in this study. Arrow indicates action of Cre recombinase on the RΦGT locus enabling rabies G expression in motoneurons. (C) ΔG-RV injection into a selected muscle results in infection of motor axons innervating that muscle. Complementation of the virus with endogenous rabies G in motoneurons results in transsynaptic retrograde labeling of premotor neurons. Retrograde passage is halted at one synapse due to lack of complementation in premotor neurons. Inset, pups were injected at post-natal day 1 (P1), and their brainstems were analyzed at post-natal day 8 (P8).
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Video 1 is a representative example of all serial sections from one such transsynaptic tracing experiment showing all viral-labeled regions. Figure 2 shows representative images from selected labeled regions. As a summary of the key findings, the masseter premotor circuitry contains: (1) extensive populations of neurons located bilaterally in the brainstem intermediate reticular (IRt) and lateral reticular nuclei (MdRt, PCRt), extending from caudal (Figure 2A) to rostral (Figure 2B, D) regions; (2) a large number of proprioceptive trigeminal mesencephalic neurons (MesV) (Figure 2F), and scattered second-order sensory-related neurons in the rostral and dorsal trigeminal brainstem nuclei (SpO, dPrV, Figure 2D,E); (3) numerous neurons in the region surrounding MoV (Figure 2E); (4) neurons in deep cerebellar nuclei—in particular the fastigial nucleus (DCN, Figure 2C), midbrain reticular formation (dMRf, Figure 2G) and the red nucleus (RN, Figure 2H); and (5) sparse and sporadically labeled neurons in midline and other regions, including interneurons located in ipsi- and contralateral MoV (Table 1). A much more detailed description and quantification of the labeling results for each anatomical location are shown in Table 1 (n = 5 mice). Note that due to the dense labeling of motoneurons, as well as all axon projections from labeled premotor neurons, we could not accurately quantify numbers of interneurons inside the ipsilateral MoV. Labeling in all other regions is quantified (Table 1).
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                  Representative complete premotor circuit labeling after injection of ΔG-RV-EGFP into the left masseter muscle.

                
                
                Sections were obtained from the brainstem of an 8-day-old pup 7 days after peripheral rabies injection. 80-µm serial sections are shown in sequence from caudal to the hypoglossal motor nucleus (MoXII) to the rostral end of labeling in the dorsal midbrain reticular formation (dMRf).
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                  Representative images of labeled jaw premotor neurons after ΔG-RV injection into the left masseter muscle.

                
                
                (A) Caudal brainstem showed labeling primarily in the caudal intermediate reticular formation (IRt-c) and medullary reticular formation (MdRt). (B) Rostral brainstem at the level of the facial motor nucleus (MoVII) showed extensive labeling in the rostral IRt (IRt-r) and some labeling in the gigantocellular (Gi) and parvocellular (PCRt) reticular formation. Insets, labeled neurons in the spinal trigeminal nucleus oralis (SpVo) and the lateral paragigantocellular nucleus (LPGi). This region of the brainstem contained extensive axon collaterals crossing the midline. (C–H) Labeling of other premotor neuron groups including: the deep cerebellar nuclei (DCN, C); the dorsal principal trigeminal sensory nucleus (dPrV, D); the motor trigeminal nucleus (MoV, primary infection) and surrounding trigeminal regions (collectively, PeriV) (E); the mesencephalic sensory nucleus (MesV), which extended from MoV to dorsal to the periaqueductal grey (PAG) (F); the dorsal midbrain reticular formation (dMRf, G); and the red nucleus (RN, H). Displayed side of the brainstem is indicated in each panel. Stereotaxic maps for this and all subsequent figures were obtained from the Allen Brain Institute website: www.brain-map.org.
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                Description and quantification of the distribution of masseter premotor neurons
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                    	Masseter premotor neurons
	Premotor region	% Ipsilateral	% Contralateral
	Reticular regions
	 Medullary reticular formation, caudal intermediate reticular formation	5.65 ± 0.76	5.45 ± 0.69
	 Rostral intermediate reticular formation	19.41 ± 1.61	14.68 ± 1.22
	 Parvocellular reticular formation	13.43 ± 0.98	5.32 ± 0.32
	 Lateral paragigantocellular nucleus	0.44 ± 0.03	0.17 ± 0.02
	Trigeminal sensory regions
	 Mesencephalic sensory nucleus	16.81 ± 3.98	1.11 ± 0.35
	 Peri-trigeminal zone	8.16 ± 0.59	1.91 ± 0.22
	 Dorsal principal trigeminal sensory nucleus	2.47 ± 0.70	1.31 ± 0.37
	 Spinal trigeminal nucleus, Oralis	1.78 ± 0.21	0.31 ± 0.08
	Descending control regions
	 Dorsal midbrain reticular formation	0.45 ± 0.21	0.08 ± 0.03
	 Deep cerebellar nuclei	0.18 ± 0.10	0.40 ± 0.06
	 Red nucleus	0.01 ± 0.01	0.48 ± 0.12


              
                  

              
              
              
                  	
                        
                        Extensive bilateral labeling in both caudal (level of MoXII; MdRt, IRt-c) and rostral (rostral to MoXII to caudal MoV; IRt-r, PCRt) reticular regions was observed. Trigeminal sensory-related nuclei labeling primarily included MesV, comprised of jaw muscle proprioceptive and periodontal sensory neurons, and rostral trigeminal sensory nuclei (SpVo, dPrV, and PeriV). Labeling in MesV and SpVo showed a strong ipsilateral bias. Nuclei implicated in descending control were labeled, consisting of contralateral DCN and RN, and ipsilateral dMRf, as well as LPGi. We also found scattered and sparse labeling of premotor neurons in the Gi, interneuron labeling in the contralateral MoV, lateral reticular formation, pre-Bötzinger complex (pre-BötC), medial vestibular nucleus, raphe magnus nucleus, raphe pallidus nucleus, dorsal medial tegmental nucleus, and pontine reticular nucleus. However the labeling pattern and number of neurons in these nuclei were few and not consistent across animals. Percentage of total premotor neurons in a region was calculated within sample (thereby normalizing values to tracing efficacy), and subsequent values were averaged across five mice. All values are averages ± SEM.



                      


              
              
              

          
          
    
    
    

The masseter premotor neurons revealed here through P1→P8 tracing likely reflect the circuits controlling suckling at this early stage, because chewing movements in mice emerge around post-natal day 12 (Westneat and Hall, 1992). On the other hand, previous studies have found that during the development of chewing, glycine switches from providing excitatory to inhibitory input onto motoneurons (Inoue et al., 2007; Nakamura et al., 2008). Thus, it is possible that the same circuitry is used to produce rhythmic suckling early in life and rhythmic chewing later in development (Langenbach et al., 1992; Westneat and Hall, 1992; Morquette et al., 2012).

To investigate whether there might be developmental changes in the masseter premotor circuitry after chewing has begun, we conducted monosynaptic rabies-mediated tracing at P8 and sampled at P15 (P8→P15 tracing) (Figure 2—figure supplement 1). A much lower efficiency of motoneuron infection from peripheral injection was observed at this later stage (19 ± 4 motoneurons labeled in P8 injected animals; 35 ± 6 motoneurons labeled in P1 injected animals; mean ± SEM, n = 3 samples per group), and the overall number of labeled premotor neurons was drastically reduced. Despite this, the labeled neurons were distributed in similar locations as those observed in the P1→P8 tracing (Figure 2—figure supplement 1B–D). Interestingly, in contrast to other regions, the number of labeled premotor neurons in the lateral paragigantocellular (LPGi) nucleus increased (Figure 2—figure supplement 1E). When normalized against the number of infected motoneurons, twice as many LGPi neurons were labeled in the P8→P15 tracing, suggesting more LPGi neurons form synapses with motoneurons, or individual LPGi neurons form synapses with more motoneurons. Due to the overall inefficiency of infection and transsynaptic spreading in P8 or older animals, all subsequent results were obtained from P1→P8 tracing experiments.






  





    
      Identifying premotor neurons that directly project to both left and right masseter motoneurons

    

  
      Because the mandible is joined by ligaments at the midline, jaw movement is obligated to be temporally symmetric on the left and right side. Trigeminal motoneurons do not themselves project bilaterally to enable such coordination (Shigenaga et al., 1988). Previously, there have been observations of commissural interneurons located inside MoV projecting to the contralateral MoV (Appenteng and Girdlestone, 1987; Ter Horst et al., 1990; Juch et al., 1993; McDavid et al., 2006), raising the possibility that these MoV interneurons might play critical role in left–right symmetry. We also observed labeled interneurons in the contralateral MoV in our tracing, however this labeling was very sparse (see Figure 3E,F, arrow heads). Additionally, previous studies using retrograde dyes have labeled some reticular neurons projecting to both the left and right MoV, suggesting that bilateral coordination may also arise from inputs other than MoV interneurons (Kamogawa et al., 1994; Yoshida et al., 2005). Our finding that masseter motoneurons on one side receive extensive premotor inputs from both ipsi- and contralateral reticular (Rt) neurons (Figure 2A–B) suggests that premotor neurons in the reticular formation may be involved in producing synchronized and symmetric jaw motor activity on both sides.
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                  Evidence for the presence of bilateral-projecting masseter premotor neurons.

                
                
                (A–F) Simultaneous tracing of left (ΔG-RV-EGFP, green) and right (ΔG-RV-mCherry, red) masseter premotor neurons. Yellow cells, which indicate bilaterally projecting premotor neurons, were observed in many brainstem regions (arrows indicate some examples) including: IRt-c (A); IRt-r and Gi (B); PCRt and the dorsal reticular region (dRt) (C); MesV, with a magnified (1.5X) view of the upper double-labeled neuron highlighting its morphology characteristic of primary afferent neurons in MesV (D); and dPrV and the peri-trigeminal region (PeriV) (E and F). Additionally, premotor interneurons were found in the contralateral MoV (arrow heads E and F). Displayed side of the brainstem is indicated in each panel. (G–H) ChAT-immunostained (red) contralateral MoV showing extensive innervation from labeled ipsilateral masseter premotor axons (green). The boxed region in G, and a line scan (right) of an orthogonal slice at the yellow dotted line are shown in H.
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Since the monosynaptic rabies virus expresses fluorescent protein at high levels, axon terminals of viral-infected neurons can be clearly visualized. When premotor neurons were labeled from viral injection into the left masseter muscle, we found that the right MoV nucleus was covered by fluorescently labeled axons (Video 1), indicating that many premotor neurons project to motor nuclei on both sides. This is consistent with previous dye tracing studies (Kamogawa et al., 1994; Yoshida et al., 2005; Kondo et al., 2006). However, because MoV contains both motoneurons and interneurons (Appenteng and Girdlestone, 1987; Ter Horst et al., 1990; Juch et al., 1993; McDavid et al., 2006), it is possible that these bilaterally projecting premotor neurons synapse with motoneurons on the ipsilateral side, and with interneurons on the contralateral side. To determine whether at least some of the contralateral projections directly innervate motoneurons, we used anti-ChAT immunostaining to visualize motoneurons in ΔG-RV-EGFP-labeled brains. Indeed, numerous GFP+ boutons from labeled left masseter premotor neurons directly contacting ChAT+ motoneurons in the right MoV (Figure 3G,H).

To further confirm the existence of neurons presynaptic to motoneurons on both sides, as well as to identify the locations of these neurons in the jaw premotor circuitry, we injected the left masseter of P1 Chat::Cre; RΦGT pups with ΔG-RV-EGFP (green), and the right masseter of the same pups with ΔG-RV-mCherry (red). Thus, if any premotor neuron provided monosynaptic input to both the equivalent left and right masseter motoneurons, it would be labeled by both red and green ΔG-RV, thereby appearing yellow. We observed many double-labeled yellow neurons in most of the premotor nuclei, including many in the caudal and rostral reticular formation (Figure 3A–C), a few primary proprioceptive neurons in the trigeminal mesencephalic nucleus (MesV) (as distinguished from interneurons by their large spherical unipolar cell bodies (Lazarov and Chouchkov, 1995; Verdier et al., 2004)) (Figure 3D and inset), neurons in dorsal principle trigeminal nucleus (dPrV) (Figure 3C,E,F), and neurons in the region above dPrV (dRt) (Figure 3C,F). The number of double-labeled neurons was relatively few (∼8%). However, this is likely a significant under-representation. The masseter is a large muscle, and the chances of virus infecting functionally equivalent muscle fibers on both sides are very low to begin with. Additionally, when taking into account the stochastic nature of viral spreading at the synapses, the actual number of bilateral-projecting premotor neurons could be much higher than what we observed. The presence of premotor neurons innervating motoneurons on both sides throughout the jaw premotor circuitry provides a simple mechanism for directly synchronizing bilateral motoneuron activities.






  





    
      Transsynaptic mapping of the premotor circuitry controlling the tongue-protruding hypoglossal motoneurons

    

  
      Suckling in neonates and chewing later in life involve not only coordination of bilateral jaw muscles, but also coordination between muscles of the jaw, the lips, and the tongue (Naganuma et al., 2001; Thexton et al., 2004). We next wanted to map the premotor circuitry controlling the tongue, which is innervated by motoneurons located in the hypoglossal motor nucleus (MoXII). The genioglossus is the main tongue-protruding muscle. Partly due to its ease of access, the genioglossus has been a primary target for many previous studies investigating orofacial behaviors, including chewing, suckling, and licking (Gerstner and Goldberg, 1991; Sawczuk and Mosier, 2001; Kakizaki et al., 2002). During rhythmic chewing, the genioglossus and masseter are activated with the same rhythm but in opposite phases, because activation of both at once could result in biting of the tongue. We investigated the premotor circuitry of the genioglossus motoneurons using a similar method as described for the masseter motoneurons (Figure 1). ΔG-RV-EGFP was injected into the left genioglossus muscle of the tongue. However, due to the small size of the tongue in P1 mice and the amount of virus necessary to infect motor axons, in most animals some of the virus injected to the left side unavoidably spread to the right genioglossus. Thus, it was not feasible to map the premotor inputs solely to the genioglossus on one side.

Video 2 is a representative example of one serially sectioned brain after ΔG-RV-EGFP-mediated transsynaptic tracing from primarily the left genioglossus muscle. Figure 4 shows representative labeling patterns from selected brainstem regions. As a summary of the key findings, the genioglossus premotor circuitry contains: (1) a large population of premotor neurons located bilaterally in the intermediate reticular formation (IRt), with fewer neurons in the lateral side of the reticular formation (in PCRt) (Figure 4A–C); (2) premotor neurons located in trigeminal sensory nuclei mainly in caudal brainstem (SpC, Figure 4A), and a few in dPrV (Figure 4E) and MesV (Figure 4F), as well as taste-related neurons in the nucleus of the solitary tract (NTS, Figure 4A–B); (3) neurons in the deep cerebellar nucleus (DCN, Figure 4D) and midbrain reticular formation (dMRf, Figure 4G), which likely provide descending inputs; and (4) scattered cells in the midline and other brainstem structures (Table 2). A much more detailed description and quantification of the labeling results for each anatomical location are shown in Table 2 (n = 5 mice).
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                  Representative complete premotor circuit labeling after injection of ΔG-RV-EGFP into the genioglossus muscle.

                
                
                Sections were obtained from the brainstem of an 8-day-old pup 7 days after peripheral rabies injection. 80-µm serial sections are shown in sequence from caudal to the hypoglossal motor nucleus (MoXII) to the rostral end of labeling in the dorsal midbrain reticular formation (dMRf).
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                  Representative images of labeled tongue premotor neurons after ΔG-RV injection into the left genioglossus muscle.

                
                
                (A) Caudal brainstem at the level of the hypoglossal motor nucleus (MoXII), illustrating primary infection of the left MoXII, and extensive labeling in IRt-c, in the spinal trigeminal nucleus caudalis (SpVc), and sparse labeling in the nucleus of the solitary tract (NTS). (B) Brainstem between MoXII and MoVII showing extensive bilateral labeling in the IRt-r, with sparse labeling in the NTS, PCRt, Gi, and pre-Bötzinger complex (pre-BötC) below the nucleus ambiguus (NA). (C) Rostral brainstem at the level of MoVII, showing labeling in the IRt-r and extending into the PCRt. Additionally, bilateral labeling of the LPGi is visible (inset). Labeled premotor axon collaterals are visible invading the central MoVII (arrow). (D–G) Other groups of labeled premotor neurons in: the DCN (D); dPrV, dRt and PeriV (E); MesV (F); and dMRf (G). Genioglossus premotor labeling was weaker in the DCN and stronger in bilateral dMRf and LPGi as compared to masseter premotor labeling. Note the dense innervation of the anterior digastric motor nucleus (Dig) with premotor axons (E, arrow). Displayed side of the brainstem is indicated in each panel.
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                Description and quantification of the distribution of genioglossus premotor neurons
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                    	Genioglossus premotor neurons
	Premotor region	% Ipsilateral	% Contralateral
	Reticular regions
	 Caudal intermediate reticular formation	18.84 ± 1.79	8.99 ± 0.78
	 Rostral intermediate reticular formation, parvocellular reticular formation	27.85 ± 0.45	24.23 ± 1.78
	 Lateral paragigantocellular nucleus	0.85 ± 0.23	0.73 ± 0.18
	Trigeminal sensory regions
	 Spinal trigeminal sensory nucleus, caudalis	4.21 ± 1.44	2.19 ± 0.70
	 Peri-trigeminal zone	2.66 ± 0.47	1.88 ± 0.30
	 Mesencephalic sensory nucleus	1.53 ± 0.31	0.59 ± 0.10
	 Spinal trigeminal sensory nucleus, oralis	0.95 ± 0.20	0.56 ± 0.06
	 Dorsal principal trigeminal sensory nucleus	0.73 ± 0.25	0.52 ± 0.13
	Descending control regions
	 Dorsal midbrain reticular formation	1.18 ± 0.38	1.21 ± 0.33
	 Deep cerebellar nuclei	0.11 ± 0.03	0.08 ± 0.02
	 Red nucleus	0.06 ± 0.04	0.05 ± 0.04


              
                  

              
              
              
                  	
                        
                        Extensive bilateral labeling was observed in a concentrated band within the IRt from the medulla to the caudal border of MoVII (IRt-c, IRt-r), after which it spread slightly into the PCRt (IRt-r, PCRt). Labeling in trigeminal sensory related nuclei was primarily in the caudal sensory nuclei, particularly in bilateral SpVc. Additional sparse labeling of neurons in trigeminal sensory-related regions was found in SpVi, dPrV, PeriV, and MesV, with the MesV labeling occurring as far rostral as dorsal to the PAG. Nuclei implicated in descending control were labeled, consisting of contralateral DCN, bilateral dMRf, and bilateral LPGi. We also found scattered and sparse labeling of premotor neurons in the Gi, nucleus of the solitary tract (NTS), rostral ventral respiratory group, lateral reticular nucleus, pre-BötC, midline raphe nuclei, superior vestibular nucleus, pontine reticular nucleus, and dorsal medial tegmental area. However, the labeling pattern and number of neurons in these nuclei were few and not consistent across animals. Percentage of total premotor neurons in a region was calculated within sample (thereby normalizing values to tracing efficacy), and subsequent values were averaged across five samples. All values are averages ±SEM.



                      


              
              
              

          
          
    
    
    






  





    
      Genioglossus premotor neurons also provide inputs to specific facial and jaw-opening motoneurons

    

  
      Very interestingly, from the genioglossus transsynaptic tracing experiments, we observed that a large cohort of axon collaterals from these tongue-protruder premotor neurons projected to the motoneurons innervating the jaw-opening digastric muscle (anterior portion), which are located in the accessory trigeminal motor nucleus (Dig) medial and ventral to the main MoV (Figure 4E, arrow). Furthermore, many genioglossus premotor axons were observed projecting into the central MoVII, but not other divisions of MoVII, on both sides of the brainstem (Figure 4C, arrow; Figure 5C). It is known that motoneurons in this central MoVII supply the posterior digastric muscle (jaw-opening and swallowing), the platysma muscle (jaw-depressing and lip-lowering), and the lower lip muscle (Ashwell, 1982; Hinrichsen and Watson, 1984). To further examine whether these collateral projections indeed form synapses onto Dig or central MoVII motoneurons, we conducted anti-ChAT immunostaining on brainstems after ΔG-RV-EGFP tracing from the genioglossus. Using high-resolution confocal microscopy, we observed GFP+ boutons directly contacting ChAT+ motoneurons in both the central MoVII (Figure 5C,D) and the Dig (Figure 5A,B). These findings confirm that subsets of genioglossus premotor neurons simultaneously provide inputs to digastric and/or platysma/lower lip motoneurons. Considering many previous experimental observations of the co-activation of these muscles (Gerstner and Goldberg, 1991; Liu et al., 1993; Travers et al., 1997; Thexton et al., 1998; Naganuma et al., 2001), for example tongue protrusion always involves concomitant opening of the jaw and movement of the lower lip, such specifically shared premotor neurons are the simplest mechanism to generate co-activation of their target motoneurons.
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                  Premotor axon boutons onto ChAT+ motoneurons revealing direct premotor control of multiple motor groups.

                
                
                (A) ChAT-immunostained (red) jaw-opening digastric (Dig) motoneurons showing innervation from labeled genioglossus premotor axons (green). (B) The boxed region in A, and a line scan (right) of an orthogonal slice at the yellow dotted line in A. (C) ChAT-immunostained central MoVII showing innervation from labeled genioglossus premotor axons. (D) The boxed region in C, and a line scan (right) of an orthogonal slice at the yellow dotted line in C. (E) ChAT-immunostained left MoXII showing innervation from labeled left masseter premotor axons. (F) The boxed region in E, and a line scan (right) of an orthogonal slice at the yellow dotted line in E. (G) ChAT-immunostained right MoXII showing innervation from labeled left masseter premotor axons. (H) The boxed region in G, and a line scan (right) of an orthogonal slice at the yellow dotted line in G.
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      Masseter premotor neurons also provide inputs to tongue-retractor motoneurons in dorsal MoXII

    

  
      After observing genioglossus premotor neurons also innervating lip-lowering and jaw-opening motoneurons, we wondered if this type of multi-target connectivity was also employed by masseter premotor neurons. Previous studies using retrograde tracers discovered the existence of neurons which project to both MoV and MoXII nuclei (Amri et al., 1990; Li et al., 1993; Travers et al., 2005). The masseter exhibits some degree of synchronous activity with tongue-retractor muscles during feeding behavior (Kakizaki et al., 2002), although they are not as tightly coordinated as the digastric and genioglossus muscles. Tongue-retractor motoneurons are located in the dorsal MoXII, as compared to tongue-protruder genioglossus motoneurons which are located in the ventral MoXII (McClung and Goldberg, 1999). We thus re-examined the MoXII in ChAT-immunostained sections after ΔG-RV infection of the left masseter muscle (Figure 5E–H). We found that indeed a few masseter premotor axons specifically innervated dorsal MoXII (Figure 5E,G), and formed boutons opposing both contralateral and ipsilateral motoneurons located in this region (Figure 5F,H). Thus, shared premotor neurons innervating both jaw-closing and some tongue-retracting motoneurons could indeed facilitate the co-activation of these two muscles.






  





    
      Distinct and common premotor loci for masseter and genioglossus motoneurons

    

  
      From the circuit-tracing results described above, it is immediately apparent that masseter and genioglossus motoneurons receive distinct sensory-related inputs. The masseter neurons receive extensive MesV-derived proprioceptive and SpVo-derived somatosensory inputs, and the genioglossus neurons primarily receive SpVc-derived somatosensory inputs (compare Figure 2D,F with Figure 4A,F), while both motoneuron populations receive sensory-related input from dPrV. Additionally, genioglossus motoneurons receive taste-related inputs from the NTS (Figure 4B, inset), while no labeling in the NTS was observed in the masseter premotor circuit. However, in the rostral reticular formation where many of the premotor neurons for both muscles are located, these populations are distributed in a similar pattern, suggestive of spatial intermingling of these two groups of premotor neurons.

To more directly compare the spatial distributions of jaw and tongue premotor inputs, we injected ΔG-RV-EGFP (green) into the left genioglossus and ΔG-RV-mCherry (red) into the left masseter muscle of Chat::Cre; RΦGT pups (Figure 6; Video 3; Video 4). We focus our comparison on spatial distribution rather than the absolute numbers of labeled-neurons due to varying levels of infection in the two muscles across different samples.
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                  Representative images from experiments simultaneously tracing both genioglossus (green) and left masseter (red) premotor neurons.

                
                
                (A) Caudal brainstem at the level of MoXII, showing a rough spatial segregation between the two premotor populations in the IRt-c, with masseter premotor neurons more ventrally situated as compared to genioglossus premotor neurons. (B) Brainstem at the level between MoXII and MoVII, showing mostly genioglossus premotor neurons present in this region. (C) Brainstem at the level of MoVII, showing spatial intermingling of the two premotor populations. Axon collaterals crossing the midline are visible from both genioglossus and masseter premotor neurons. Genioglossus axon collaterals are visible extending into the central MoVII. (D) Labeling patterns at the level of MoV in dPrV, dRt (region just above dPrV), supra trigeminal nucleus (SupV), and inter-trigeminal region (IntV). Masseter premotor axon collaterals (red) extend into the contralateral MoV, while genioglossus premotor axon collaterals (green) extend into the Dig (arrows). Displayed side of the brainstem is indicated in each panel.
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                This video cannot be played in place because your browser does support HTML5 video. You may still download the video for offline viewing.
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                  Comparison of masseter (ΔG-RV-mCherry) and genioglossus (ΔG-RV-EGFP) premotor circuitry.

                
                
                Sections were obtained from the brainstem of an 8-day-old pup 7 days after peripheral rabies injection. 80-µm serial sections are shown in sequence from caudal to the hypoglossal motor nucleus (MoXII) to the rostral end of labeling in the dorsal midbrain reticular formation (dMRf).



          
                  
                      
                    https://doi.org/10.7554/eLife.02511.015
                      
                  
          
              
          
          
          
          
          
    
    
    

    
    
      
          
            Video 4
          

    
    
            
              Download asset
            

    
      

    
          
          
          
          
              
              
                  
              
                This video cannot be played in place because your browser does support HTML5 video. You may still download the video for offline viewing.
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                  Pseudocolored movie of masseter (ΔG-RV-mCherry) and genioglossus (ΔG-RV-EGFP) premotor circuitry.

                
                
                Sections were obtained from the brainstem of an 8-day-old pup 7 days after peripheral rabies injection. 80-µm serial sections are shown in sequence from caudal to the hypoglossal motor nucleus (MoXII) to the rostral end of labeling in the dorsal midbrain reticular formation (dMRf). Images are pseudocolored such that masseter infection is visible in magenta, and genioglossus infection is visible in yellow.
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In the caudal-most IRt at the level of MoXII, masseter premotor neurons are situated ventrally to the labeled genioglossus premotor neurons (Figure 6A). At the level just rostral to the MoXII, sparsely labeled masseter premotor neurons are spatially intermixed with densely labeled genioglossus premotor neurons in the IRt (Figure 6B). At the level of the MoVII and MoV, there is extensive spatial overlap between the two populations of premotor neurons in the reticular region (IRt and PCRt, Figure 6C), and in regions surrounding MoV (Figure 6D). Notably, these regions in the reticular formation have previously been found to contain central pattern generating circuitry for jaw and tongue movements (Chandler and Tal, 1986; Lund, 1991; Nakamura and Katakura, 1995; Morquette et al., 2012). However, even when the premotor pools were intermixed, we never observed double-labeled neurons; they remain distinct populations, avoiding simultaneous activation of these two muscles which could result in biting of one's own tongue.






  





    
      Neurotransmitter phenotypes of jaw and tongue premotor neurons in the brainstem reticular nuclei

    

  
      The majority of the masseter and the genioglossus premotor neurons are located in the intermediate reticular region (IRt) between the level of MoXII and the rostral end of MoV. Because the rostral portion of this region between the inferior olive and MoV is thought to contain CPGs for jaw and tongue movements (Chandler and Tal, 1986; Lund, 1991; Nakamura and Katakura, 1995; Morquette et al., 2012), we wanted to determine the potential output signs of labeled premotor neurons. To do this, we conducted a series of in situ hybridization experiments to examine the neurotransmitter phenotypes while simultaneously immunostaining for EGFP expressed in ΔG-RV-EGFP-labeled premotor neurons. We focused our analysis on known markers for glutamatergic neurons (vesicular glutamate transporter 2: vGluT2), GABAergic neurons (glutamic acid decarboxylase 1 and 2: GAD1 and GAD2 mixed probe [GAD1/2]), and glycinergic neurons (glycine transporter 2: GlyT2). We additionally tested neurons for tryptophan hydroxylase 2 (Tph2) expression as a marker for serotonergic neurons, since we found some premotor neurons in the midline Raphé which is a source of serotonin in the brain.

We performed these in situ-immuno analyses on brains 7 days post ΔG-RV injection. We found that both the masseter and genioglossus premotor neurons in IRt are of mixed transmitter phenotypes, that is they can be either excitatory (vGluT2+), or inhibitory (GAD1/2+ or GlyT2+) (Figure 7A–H). These mixed phenotypes are also true for premotor neurons in most other regions in brainstem (data not shown). Due to viral toxicity, a portion of GFP+ neurons in these regions did not hybridize with any markers. Therefore, we could not reliably quantify the relative percentage of each type of neuron. However, in all samples examined, we only detected vGluT2+ neurons in the cerebellar DCN and the midbrain dMRf (Figure 7I–L), with a notable absence of GAD1/2+ or GlyT2+ neurons in these regions (data not shown) suggesting that the descending inputs from cerebellum and midbrain to jaw and tongue motoneurons are primarily excitatory.
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                  Neurotransmitter phenotypes of labeled premotor neurons.

                
                
                In situ hybridization in combination with rabies tracing showing glycinergic (A and E) GABAergic (B and F), and glutamatergic (C and G) premotor neurons to masseter and genioglossus motoneurons. Serotinergic neurons were found in the midline Raphé in both premotor tracing studies (D and H). Premotor neurons observed in descending regions, including the dMRf (I and J) and DCN (K and L) were glutamatergic.
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      Discussion

    

  
      In this study, we used a monosynaptic rabies virus-based tracing technology to systematically map the premotor circuitry for jaw-closing (masseter) and tongue-protruding (genioglossus) muscles. The premotor wiring diagrams for these two motoneuron groups are summarized in Figure 8D. Our results provide the anatomical framework for future functional dissection of the neural control of orofacial behaviors. Moreover, we found that in both cases, some premotor neurons traced from one muscle also form synaptic boutons onto distinct motoneurons located in different motor nuclei. These results uncover a set of simple premotor circuit configurations that are ideally suited to orchestrate the orofacial coordination observed in previous behavioral studies as discussed in detail below.
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                  Summary of premotor circuit tracing results and models for circuit mechanisms underlying several aspects of motor coordination.

                
                
                (A) Models for ensuring bilaterally symmetric jaw movements. (A1) Previous model based on interactions of independent CPGs on each side of the brainstem. (A2) A model based on this study; signals from one CPG are relayed to motoneurons on both sides through premotor neurons. Dashed circle indicates the possibility of jaw premotor neurons being part of the CPG or distinct targets of the CPG. (B) Models for inter-muscular co-activation. (B1) Previous model based on interactions between muscle-specific premotor CPGs. (B2) A model based on this study: inter-muscular co-activation could occur through a subpopulation of shared premotor neurons that provide the same input to multiple motor groups. (C) Models for anti-phase activation of antagonistic muscles. (C1) A CPG-interaction model based on reciprocal inhibition of muscle-specific CPGs. (C2) A hypothetical model extending from the in situ results and intracellular recordings conducted in previous studies. An interconnected rhythm-generating network could provide both excitatory and inhibitory outputs onto motoneurons. Blue neurons fire to activate masseter motoneurons and inhibit excitatory output onto genioglossus motoneurons (blue rhythmic activity trace), while green neurons fire to activate genioglossus motoneurons and inhibit masseter motoneurons (anti-phase green rhythmic activity trace). (D) A summary diagram of the various shared and distinct premotor nuclei containing neurons projecting to the masseter or genioglossus motoneurons. Green represents inputs to genioglossus motoneurons, while blue represents inputs to masseter motoneurons. Thickness of line denotes percentage of premotor inputs arising from a specific nucleus as determined in Tables 1 and 2. Large solid line: >30%; medium solid line: 10–30%; small solid line: 1–10%; dotted line: <1%.
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      Implications for bilateral coordination of jaw muscles

    

  
      Because the mammalian mandible is connected by ligaments at the midline, the output of left and right jaw motoneurons must be temporally symmetric. Even when humans chew more on one side, the contralateral masseter is simultaneously activated to a comparable extent (Moore, 1993; Peyron et al., 2002). By analogy to the studies investigating spinal locomotion circuits, one model of bilateral coordination involves the interaction between the jaw CPGs in the left and right brainstem (Figure 8A1). Studies investigating the rhythm-generating properties of the brainstem after midline transection have supported this theory through the finding that sufficient circuitry exists on both sides of the brainstem to independently generate a rhythmic output (Chandler and Tal, 1986; Ihara et al., 2013).

Previous studies have implicated commissural interneurons located inside MoV and bilaterally projecting neurons extending axons to both left and right MoV in some brainstem regions as a potential source of bilaterally coordinated inputs (Appenteng and Girdlestone, 1987; Ter Horst et al., 1990; Juch et al., 1993; Kamogawa et al., 1994; Yoshida et al., 2005; McDavid et al., 2006). We also labeled a sparse number of interneurons in the contralateral MoV (Figure 3E,F). Furthermore, we observed axon terminals of premotor neurons transsynaptically labeled from left masseter motoneurons extensively innervating the contralateral (right) MoV (Figure 6C) and forming boutons opposing motoneurons (Figure 3G,H), supporting the existence of large numbers of bilaterally projecting premotor neurons. Using two-color rabies-mediated tracing, we confirmed that premotor neurons that synapse onto left and right masseter motoneurons were present in many brainstem regions. It thus appears that the jaw premotor circuit includes the simplest configuration for bilateral coordination: a single premotor neuron that synapses on equivalent ipsilateral and contralateral motoneurons.

Interestingly, these neurons are especially prevalent in the reticular formation region previously identified as containing the jaw CPG (Chandler and Tal, 1986; Chandler et al., 1990; Lund, 1991; Nakamura and Katakura, 1995; Morquette et al., 2012). This organization could facilitate bilateral synchrony and symmetry, either independently of or in concert with interactions between CPGs, by enabling the output of the jaw CPG on one side to activate jaw muscles on both sides (Figure 8A2). In this model, the premotor neurons that transmit the CPG signals can be either part of the CPG (dashed circle in model) or immediately downstream of the CPG, and can include neurons projecting either unilaterally or bilaterally to the MoV (Figure 8A2).






  





    
      Implications for coordination of co-activated muscles

    

  
      Tongue activity is tightly coordinated with jaw and facial muscle activity during feeding behaviors in a variety of mammals, including humans (Westneat and Hall, 1992; Takada et al., 1996; Ishiwata et al., 2000; Yamamura et al., 2002). More specifically, the tongue-protruding genioglossus is active in phase with the jaw-opening digastric muscle and with the orbicularis oris of the lips under a wide range of conditions (Liu et al., 1993; Takada et al., 1996), and the tongue-retracting styloglossus is often active in phase with the jaw-closing masseter muscle (Kakizaki et al., 2002). Previous work studying body muscle coordination in vertebrates and invertebrates showed that distinct CPGs which control motoneurons of different body segments may interact with each other to effect cross-muscle coordination (Cang and Friesen, 2002; Briggman and Kristan, 2008; Smarandache-Wellmann et al., 2014). Because orofacial muscles are innervated by different groups of motoneurons located in MoXII, MoV, or MoVII, respectively, an analogous model would be that orofacial muscle co-activation is achieved by interaction between different CPGs that drive distinct motoneuron pools (Figure 8B1). Our study discovered that axon collaterals from labeled genioglossus premotor neurons also innervate MoV motoneurons supplying the jaw-opening anterior digastric muscles, as well as the motoneurons located in the central part of the MoVII. The central MoVII supplies the posterior digastric muscle (jaw-opening and swallowing), the platysma muscle (which depresses the jaw and draws down the lower lip), and the lower lip muscle (Munro, 1974; Ashwell, 1982; Hinrichsen and Watson, 1984), which are all activated when the tongue is protruding (Figure 5). Additionally, we found that axon collaterals from labeled masseter premotor neurons also innervate motoneurons located in the dorsal MoXII, previously shown to innervate tongue-retractor muscles (McClung and Goldberg, 1999). Our results indicate that specific premotor neurons simultaneously innervating multiple different groups of motoneurons provides the simplest circuit mechanism for enabling orofacial muscle co-activation (Figure 8B2). It is likely that such common premotor neurons are located in IRt because the majority of labeled jaw or tongue premotor neurons are located in that region.






  





    
      Implications for anti-phase coordination of antagonistic muscles

    

  
      During chewing, the tongue-protruding genioglossus and jaw-closing masseter are generally active with the same rhythm but in opposite phases to prevent biting of the tongue. Again, this could in theory be achieved by mutual inhibition of their separate CPGs, which might have similar rhythm-generation properties (Figure 8C1). Here, we found that many premotor neurons for these two antagonist motor groups are located in a spatially intermixed pattern (especially those situated between the caudal end of MoVII and the rostral end of MoV) (Figure 6C). As this region is within the region proposed to contain the CPG for chewing (Chandler and Tal, 1986; Nozaki et al., 1986; Ihara et al., 2013), our findings suggest that premotor neurons for different orofacial muscles are embedded within the same rhythm-generating network. Furthermore, previous studies examining intracellular potentials have found that masseter motoneurons receive rhythmic inhibitory and excitatory signals (Goldberg et al., 1982), while genioglossus motoneurons receive only rhythmic excitatory signals (Sahara et al., 1988). In the reticular region previously implicated in rhythm generation, we found that premotor neurons consisted of both excitatory and inhibitory neurons. Thus, we propose a hypothetical model consistent with these results whereby premotor neurons in an extended rhythmogenic network could have the same rhythm but could have opposite phases of activity through local circuit interactions, resulting in rhythmic excitation of masseter motoneurons and anti-phase excitation of genioglossus motoneurons and inhibition of masseter motoneurons (Figure 8C2).






  





    
      Other nuclei of interest

    

  
      There were three particularly interesting findings regarding premotor nuclei labeled through our masseter and genioglossus rabies tracing experiments that deserve more detailed discussion.

The NTS (nucleus of the solitary tract) is thought to play a major role in taste processing (Bradley and Grabauskas, 1998). Previous tracing studies have suggested that the NTS contains neurons which project directly to the hypoglossal nucleus (Aldes, 1980; Borke et al., 1983; Travers and Norgren, 1983; Dobbins and Feldman, 1995; Ugolini, 1995; Fay and Norgren, 1997). Our results support these findings, revealing that some NTS neurons provide monosynaptic input onto tongue-protruding genioglossus motoneurons (Figure 4B). While sparse, this input could play a central role in the well-established taste reactivity test (Grill and Norgren, 1978b), which has been used extensively in assessing the interaction of taste processing and ingestive behaviors (Flynn, 1995). These stereotypic responses to controlled tastes have been found to be independent of cortical areas, and highly consistent across animals, suggesting that there may be a brainstem substrate for these behaviors (Grill and Norgren, 1978a). Our finding of a direct innervation of tongue motoneurons by NTS neurons may be one such neural substrate.

The labeling of neurons in the DCN (deep cerebellar nuclei) was somewhat surprising. The DCN had not previously been implicated in directly contacting masseter or genioglossus motoneurons of the brainstem in the neonate. Furthermore, where DCN axons project into the brainstem in non-murine species, the projection path is known to be primarily ipsilateral, with only sparse contralateral projections (Cohen et al., 1958; Ruigrok and Voogd, 1990). Previous retrograde or transsynaptic tracing studies in rodents did not comment on any deep cerebellar nuclei labeling, even in polysynaptic tracing experiments (Travers and Norgren, 1983; Fay and Norgren, 1997; Kolta et al., 2000). By contrast, in our transsynaptic studies we found that the fastigial nucleus of the DCN provides inputs onto contralateral masseter motoneurons in the early postnatal mouse (Figure 2C). Additionally, we observed that a small number of neurons in both the fastigial and dentate nuclei of the DCN provide inputs onto genioglossus motoneurons (Figure 4D, Video 2). Recently, the Allen Brain Institute published their adult mouse brain connectivity study (Oh et al., 2014). We consulted their connectivity atlas for tracing from the fastigial and dentate nuclei of the DCN. Interestingly, fastigial neurons give rise to a major contralateral projection pathway (as well as ipsilateral projections) and sparse fastigial axon terminals can be seen inside the contralateral MoV (Allen Mouse Brain Connectivity Atlas, 2014a; Oh, et al., 2014). Furthermore, tracing results from either the fastigial or the dentate nucleus revealed sparse axon terminals inside MoXII (Allen Mouse Brain Connectivity Atlas, 2014b; Oh, et al., 2014). Although these DCN innervations of contralateral MoV and MoXII are sparse in adult mice, it is possible that in newborn mice there are transiently more connections. Notably, in our P8→P15 masseter tracing experiment, we did not observe any labeling in the DCN, supporting such transient projections from DCN to masseter and genioglossus motoneurons during early development.

Finally, labeling of bilaterally projecting MesV primary afferent neurons, although very few, was another unexpected finding. In our P8→P15 tracing study, we only observed ipsilateral MesV neurons labeled. Thus, such bilaterally projecting MesV neurons could be another case that only transiently exists in neonatal animals.

In summary, our study revealed a set of premotor connection configurations well-suited to enable multi-muscle coordination and bilateral symmetry observed in feeding behaviors. Shared premotor neurons simultaneously providing inputs onto multiple groups of motoneurons innervating specific muscles may be a common circuit mechanism for motor coordination. It would be interesting to examine how these specific connections are established during development, and whether sensory inputs and CPG inputs converge on these coordinating premotor neurons to control both reflexes and centrally-induced movements. Additionally, we provide high-resolution maps of premotor nuclei for these jaw and tongue motoneurons including sensory-related inputs and descending inputs. An important goal of future studies is to develop molecular tools that allow specific functional manipulation of individual groups of premotor neurons to establish their roles in controlling and coordinating a variety of orofacial behaviors.






  








  





                
                    

    
      Materials and methods

    

  
      All experimental protocols were approved by the Duke University Institutional Animal Care and Use Committee.



    
      Animals and tracing paradigm

        Request a detailed protocol
    

  
      We employed a previously described monosynaptic rabies-virus-based technique (Wickersham et al., 2007a; Callaway, 2008; Arenkiel and Ehlers, 2009) adapted to selectively trace neurons that directly synapse onto primary motoneurons (Stepien et al., 2010; Takatoh et al., 2013). Briefly, we used a knock-in mouse line containing CAG-loxP-STOP-loxP-rabies-G-IRES-TVA at the Rosa26 locus (RΦGT) (Takatoh et al., 2013) crossed with a mouse line that expresses Cre recombinase under the control of the choline acetyltransferase (ChAT) gene (Chat::Cre mouse, JAX Stock #006410). The resultant male and female pups were heterozygous for both alleles (Chat::Cre;RΦGT), and thus expressed the rabies glycoprotein (rabies-G) in all cholinergic neurons, including motoneurons (Figure 1B). Injection of a rabies virus expressing a fluorophore in place of the glycoprotein (green: ΔG-RV-EGFP; or red: ΔG-RV-mCherry) (Wickersham et al., 2007b) into the primary muscle (jaw-closing masseter or tongue-protruding genioglossus, Figure 1A) infected motoneurons targeting that muscle (Figure 1C, left). In the case of the masseter injections, animals which showed infection of the overlying skin as evident by fluorescence were excluded from analysis. Subsequent complementation of this virus by rabies-G in motoneurons enabled transsynaptic, retrograde travel of the virus into presynaptic partners (Figure 1C, right).

The monosynaptic rabies virus is deficient for the rabies-G in its genome, resulting in an inability for the virus to spread into presynaptic neurons of the source-infected cells unless it is complemented (Etessami et al., 2000). Additionally, rabies virus infects neurons potentially through binding to the neuronal cell adhesion molecule (NCAM) or other neuronal receptors irrespective of neurotransmitter phenotype, size, or morphology, enabling an unbiased assessment of presynaptic populations (Thoulouze et al., 1998; Ugolini, 2010).

As a caveat to our premotor tracing strategy, if any premotor neurons expressed ChAT, rabies virus could be complemented again, resulting in spurious two-step labeling. A previous study has reported small numbers of cholinergic neurons in the intermediate reticular region of the brainstem that project to MoV and MoXII (Travers et al., 2005). To investigate whether there were any ChAT+ masseter or genioglossus premoter neurons labeled in our experiments, we conducted anti-ChAT immunostaining on samples infected with rabies. We found that only approximately 1–3 cells in the reticular regions in the samples we examined were labeled (Figure 1—figure supplement 1). Additionally, such rare labeling was inconsistent in terms of rostral–caudal position across samples, suggesting that secondary jumping from such neurons would be very sparse with inconsistent labeling patterns. We therefore focused our quantification and analysis on the premotor regions consistently labeled across all samples.






  





    
      Viral injections

        Request a detailed protocol
    

  
      ΔG-RV was prepared and injected as previously described (Takatoh et al., 2013). Briefly, male and female mouse pups at postnatal day 1 (P1) were anesthetized by hypothermia, and were injected with 200–400 nL of ΔG-RV into either the masseter muscle or the genioglossus muscle of the tongue (Figure 1A). 1 week post-infection (Figure 1C, inset), mice were deeply anesthetized, transcardially perfused with 4% paraformaldehyde (PFA) in 1X phosphate-buffered saline (PBS), post-fixed overnight in 4% PFA, and cryoprotected in 30% sucrose solution in PBS. Brain samples were embedded in Optimal Cutting Temperature compound (OCT, Tissue-Tek) and frozen for at least 24 hours at −80°C. Optimal survival times for maximal labeling were assessed prior to collection of results. Periods longer than 1 week resulted in an increase in glial infiltration and cell debris in the motor nuclei suggesting massive cell death, while periods shorter than 5–6 days post-infection resulted in a significant decrease in transsynaptically labeled neurons.






  





    
      Histology

        Request a detailed protocol
    

  
      Tissue preparation and immunostaining were conducted as previously described (Takatoh et al., 2013). 80-µm thick sections were analyzed for tracing results, while ChAT immunostained samples were sectioned at 60 µm. Antibodies used were: goat anti-ChAT (1:1000, Millipore), rabbit anti-GFP (1:1000, Abcam), rabbit anti-RFP (1:1000, Rockland), Alexa488 anti-rabbit (1:1000, Jackson ImmunoResearch), Alexa594 anti-goat (1:1000, Jackson ImmunoResearch), Alexa488 anti-goat (1:1000, Jackson ImmunoResearch). In situ hybridization was performed as previously described with each probe being applied to every sixth 20-µm thick section (Hasegawa et al., 2007). GAD1, GAD2, GlyT2, vGluT2, and Tph2 probes were created as previously described (Takatoh et al., 2013). All probes were chosen based on whether they are known to be expressed in the brainstem regions of interest as seen in samples from the Allen Brain Atlas at www.brain-map.org. In addition to immunostaining and in situ hybridization, all sections were stained with DAPI (1:2000) to visualize the nuclei of all cells.






  





    
      Image Acquisition

        Request a detailed protocol
    

  
      Samples were imaged as previously described (Takatoh et al., 2013) using a Zeiss 710 inverted confocal microscope at 20X resolution. High resolution bouton images (Figure 3G–H; Figure 5) were obtained as 100X z-stacks. Full-field views of axon collaterals entering central facial, digastric, and contralateral trigeminal nuclei were obtained using a Zeiss inverted epifluorescent microscope at 10X resolution.






  





    
      Quantitative analysis

        Request a detailed protocol
    

  
      Infected premotor neurons in each of the brainstem areas were counted manually through serial sections. At least 5 animals were used for quantification. Final results were reported as percent of total premotor neurons labeled, thus normalizing each value to the overall infection level of that sample. Means were calculated from five samples each with primary infection of the masseter or genioglossus. All data are presented as mean percent of total neurons labeled ± standard error of the mean (SEM). Videos were generated using Adobe Photoshop CS6 to align all serial sections and export frames into an MP4 format. The videos were subsequently compressed using proprietary software.






  








  





                
                    
  Add a comment
  + Open annotations. The current annotation count on this page is being calculated.



                
                    

    
      References

    

  
      	
      
          	
                Aldes LD


          (1980)
      
      
      
      
            Afferent-projections to the hypoglossal nuclei in the rat and cat

      
      
          The Anatomical Record 196:A7–A7.

      
      
      
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Allen Mouse Brain Connectivity Atlas


          (2014)
      
      
      
            Fastigial nucleus tracing available from: http://connectivity.brain-map.org/projection/experiment/siv/127650431?imageId=127650785&imageType=TWO_PHOTON,SEGMENTA%20TION&initImage=TWO_PHOTON&x=18920&y=11225&z=3
      
      
      
          Fastigial nucleus tracing available from: http://connectivity.brain-map.org/projection/experiment/siv/127650431?imageId=127650785&imageType=TWO_PHOTON,SEGMENTA%20TION&initImage=TWO_PHOTON&x=18920&y=11225&z=3.

      
      
      
            
              http://connectivity.brain-map.org/projection/experiment/siv/127650431?imageId=127650785%26imageType=TWO_PHOTON%2cSEGMENTA%20TION%26initImage=TWO_PHOTON%26x=18920%26y=11225%26z=3
            

      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Allen Mouse Brain Connectivity Atlas


          (2014)
      
      
      
            Dentate nucleus tracing available from: http://connectivity.brain-map.org/projection/experiment/siv/268389532?imageId=268390024&imageType=TWO_PHOTON,SEGMENTA%20TION&initImage=TWO_PHOTON&x=22373&y=12465&z=3
      
      
      
          Dentate nucleus tracing available from: http://connectivity.brain-map.org/projection/experiment/siv/268389532?imageId=268390024&imageType=TWO_PHOTON,SEGMENTA%20TION&initImage=TWO_PHOTON&x=22373&y=12465&z=3.

      
      
      
            
              http://connectivity.brain-map.org/projection/experiment/siv/268389532?imageId=268390024%26imageType=TWO_PHOTON%2cSEGMENTA%20TION%26initImage=TWO_PHOTON%26x=22373%26y=12465%26z=3
            

      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Amri M
	
                Car A
	
                Roman C


          (1990)
      
      
            Axonal branching of medullary swallowing neurons projecting on the trigeminal and hypoglossal motor nuclei: demonstration by electrophysiological and fluorescent double labeling techniques
      
      
      
      
          Experimental Brain Research 81:384–390.

      
          
              
            https://doi.org/10.1007/BF00228130
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Appenteng K
	
                Girdlestone D


          (1987)
      
      
            Transneuronal transport of wheat germ agglutinin-conjugated horseradish peroxidase into trigeminal interneurones of the rat
      
      
      
      
          The Journal of Comparative Neurology 258:387–396.

      
          
              
            https://doi.org/10.1002/cne.902580307
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Arenkiel BR
	
                Ehlers MD


          (2009)
      
      
            Molecular genetics and imaging technologies for circuit-based neuroanatomy
      
      
      
      
          Nature 461:900–907.

      
          
              
            https://doi.org/10.1038/nature08536
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Ashwell KW


          (1982)
      
      
      
      
            The adult mouse facial nerve nucleus: morphology and musculotopic organization

      
      
          Journal of Anatomy 135:531–538.

      
      
      
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Borke RC
	
                Nau ME
	
                Ringler RL


          (1983)
      
      
            Brain-Stem afferents of hypoglossal neurons in the rat
      
      
      
      
          Brain Research 269:47–55.

      
          
              
            https://doi.org/10.1016/0006-8993(83)90961-7
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Bradley RM
	
                Grabauskas G


          (1998)
      
      
            Neural circuits for taste. Excitation, inhibition, and synaptic plasticity in the rostral gustatory zone of the nucleus of the solitary tract
      
      
      
      
          Annals of the New York Academy of Sciences 855:467–474.

      
          
              
            https://doi.org/10.1111/j.1749-6632.1998.tb10607.x
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Briggman KL
	
                Kristan WB


          (2008)
      
      
            Multifunctional pattern-generating circuits
      
      
      
      
          Annual Review of Neuroscience 31:271–294.

      
          
              
            https://doi.org/10.1146/annurev.neuro.31.060407.125552
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Callaway EM


          (2008)
      
      
            Transneuronal circuit tracing with neurotropic viruses
      
      
      
      
          Current Opinion in Neurobiology 18:617–623.

      
          
              
            https://doi.org/10.1016/j.conb.2009.03.007
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Cang J
	
                Friesen WO


          (2002)
      
      
      
      
            Model for intersegmental coordination of leech swimming: central and sensory mechanisms

      
      
          Journal of Neurophysiology 87:2760–2769.

      
      
      
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Chandler SH
	
                Tal M


          (1986)
      
      
      
      
            The effects of brain stem transections on the neuronal networks responsible for rhythmical jaw muscle activity in the guinea pig

      
      
          The Journal of Neuroscience 6:1831–1842.

      
      
      
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Chandler SH
	
                Turman J Jnr
	
                Salem L
	
                Goldberg LJ


          (1990)
      
      
            The effects of nanoliter ejections of lidocaine into the pontomedullary reticular formation on cortically induced rhythmical jaw movements in the guinea pig
      
      
      
      
          Brain Research 526:54–64.

      
          
              
            https://doi.org/10.1016/0006-8993(90)90249-B
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Cohen D
	
                Chambers WW
	
                Sprague JM


          (1958)
      
      
            Experimental study of the efferent projections from the cerebellar nuclei to the brainstem of the cat
      
      
      
      
          The Journal of Comparative Neurology 109:233–259.

      
          
              
            https://doi.org/10.1002/cne.901090207
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Dobbins EG
	
                Feldman JL


          (1995)
      
      
            Differential innervation of protruder and retractor muscles of the tongue in rat
      
      
      
      
          The Journal of Comparative Neurology 357:376–394.

      
          
              
            https://doi.org/10.1002/cne.903570305
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Etessami R
	
                Conzelmann KK
	
                Fadai-Ghotbi B
	
                Natelson B
	
                Tsiang H
	
                Ceccaldi PE


          (2000)
      
      
      
      
            Spread and pathogenic characteristics of a G-deficient rabies virus recombinant: an in vitro and in vivo study

      
      
          The Journal of General Virology 81:2147–2153.

      
      
      
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Fay RA
	
                Norgren R


          (1997)
      
      
            Identification of rat brainstem multisynaptic connections to the oral motor nuclei in the rat using pseudorabies virus. II. Facial muscle motor systems
      
      
      
      
          Brain Research Brain Research Reviews 25:276–290.

      
          
              
            https://doi.org/10.1016/S0165-0173(97)00027-1
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Flynn FW


          (1995)
      
      
            Applications of taste reactivity to the study of the neural-hormonal controls of ingestive behavior
      
      
      
      
          Neuroscience and Biobehavioral Reviews 19:109–120.

      
          
              
            https://doi.org/10.1016/0149-7634(94)00025-V
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Gerstner GE
	
                Goldberg LJ


          (1991)
      
      
            Genioglossus EMG activity during rhythmic jaw movements in the anesthetized guinea pig
      
      
      
      
          Brain Research 562:79–84.

      
          
              
            https://doi.org/10.1016/0006-8993(91)91189-8
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Goldberg LJ
	
                Chandler SH
	
                Tal M


          (1982)
      
      
      
      
            Relationship between jaw movements and trigeminal motoneuron membrane-potential fluctuations during cortically induced rhythmical jaw movements in the guinea pig

      
      
          Journal of Neurophysiology 48:110–138.

      
      
      
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Grill HJ
	
                Norgren R


          (1978a)
      
      
            The taste reactivity test. II. Mimetic responses to gustatory stimuli in chronic thalamic and chronic decerebrate rats
      
      
      
      
          Brain Research 143:281–297.

      
          
              
            https://doi.org/10.1016/0006-8993(78)90569-3
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Grill HJ
	
                Norgren R


          (1978b)
      
      
            The taste reactivity test. I. Mimetic responses to gustatory stimuli in neurologically normal rats
      
      
      
      
          Brain Research 143:263–279.

      
          
              
            https://doi.org/10.1016/0006-8993(78)90568-1
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Hasegawa H
	
                Abbott S
	
                Han BX
	
                Qi Y
	
                Wang F


          (2007)
      
      
            Analyzing somatosensory axon projections with the sensory neuron-specific Advillin gene
      
      
      
      
          The Journal of Neuroscience 27:14404–14414.

      
          
              
            https://doi.org/10.1523/JNEUROSCI.4908-07.2007
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Hinrichsen CF
	
                Watson CD


          (1984)
      
      
            The facial nucleus of the rat: representation of facial muscles revealed by retrograde transport of horseradish peroxidase
      
      
      
      
          The Anatomical Record 209:407–415.

      
          
              
            https://doi.org/10.1002/ar.1092090321
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Hiyama S
	
                Iwamoto S
	
                Ono T
	
                Ishiwata Y
	
                Kuroda T


          (2000)
      
      
            Genioglossus muscle activity during rhythmic open-close jaw movements
      
      
      
      
          Journal of Oral Rehabilitation 27:664–670.

      
          
              
            https://doi.org/10.1046/j.1365-2842.2000.00560.x
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Ihara Y
	
                Nakayama K
	
                Nakamura S
	
                Mochizuki A
	
                Takahashi K
	
                Inoue T


          (2013)
      
      
            Coordination of NMDA-induced rhythmic activity in the trigeminal and hypoglossal nerves of neonatal mice in vitro
      
      
      
      
          Neuroscience Research 75:138–149.

      
          
              
            https://doi.org/10.1016/j.neures.2012.11.003
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Inoue T
	
                Nakamura S
	
                Takamatsu J
	
                Tokita K
	
                Gemba A
	
                Nakayama K


          (2007)
      
      
            Postnatal changes of local neuronal circuits involved in activation of jaw-closing muscles
      
      
      
      
          Archives of Oral Biology 52:317–320.

      
          
              
            https://doi.org/10.1016/j.archoralbio.2006.10.012
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Ishiwata Y
	
                Ono T
	
                Kuroda T
	
                Nakamura Y


          (2000)
      
      
            Jaw-tongue reflex: afferents, central pathways, and synaptic potentials in hypoglossal motoneurons in the cat
      
      
      
      
          Journal of Dental Research 79:1626–1634.

      
          
              
            https://doi.org/10.1177/00220345000790081701
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Juch PJ
	
                Minkels RF
	
                van Willigen JD


          (1993)
      
      
            Inhibitory commissural connections of neurones in the trigeminal motor nucleus of the rat
      
      
      
      
          Archives of Oral Biology 38:1083–1091.

      
          
              
            https://doi.org/10.1016/0003-9969(93)90170-Q
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Kakizaki Y
	
                Uchida K
	
                Yamamura K
	
                Yamada Y


          (2002)
      
      
            Coordination between the masticatory and tongue muscles as seen with different foods in consistency and in reflex activities during natural chewing
      
      
      
      
          Brain Research 929:210–217.

      
          
              
            https://doi.org/10.1016/S0006-8993(01)03392-3
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Kamogawa H
	
                Manabe K
	
                Kondo M
	
                Naito K


          (1994)
      
      
            Supra- and juxtatrigeminal inhibitory premotor neurons with bifurcating axons projecting to masseter motoneurons on both sides
      
      
      
      
          Brain Research 639:85–92.

      
          
              
            https://doi.org/10.1016/0006-8993(94)91767-1
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Kiehn O


          (2011)
      
      
            Development and functional organization of spinal locomotor circuits
      
      
      
      
          Current Opinion in Neurobiology 21:100–109.

      
          
              
            https://doi.org/10.1016/j.conb.2010.09.004
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Kolta A
	
                Westberg KG
	
                Lund JP


          (2000)
      
      
            Identification of brainstem interneurons projecting to the trigeminal motor nucleus and adjacent structures in the rabbit
      
      
      
      
          Journal of Chemical Neuroanatomy 19:175–195.

      
          
              
            https://doi.org/10.1016/S0891-0618(00)00061-2
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Kondo M
	
                Tsuboi Y
	
                Yamamoto T
	
                Inage T
	
                Iwamoto Y
	
                Kamogawa H


          (2006)
      
      
            The location of brainstem neurons with bilateral projections to the motor nuclei of jaw openers in the cat
      
      
      
      
          Neuroscience Letters 403:250–255.

      
          
              
            https://doi.org/10.1016/j.neulet.2006.05.006
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Langenbach GE
	
                Brugman P
	
                Weijs WA


          (1992)
      
      
      
      
            Preweaning feeding mechanisms in the rabbit

      
      
          Journal of Developmental Physiology 18:253–261.

      
      
      
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Lazarov NE
	
                Chouchkov CN


          (1995)
      
      
            Immunocytochemical localization of tyrosine hydroxylase and gamma-aminobutyric acid in the mesencephalic trigeminal nucleus of the cat: a light and electron microscopic study
      
      
      
      
          The Anatomical Record 242:123–131.

      
          
              
            https://doi.org/10.1002/ar.1092420116
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Li YQ
	
                Takada M
	
                Mizuno N


          (1993)
      
      
            Premotor neurons projecting simultaneously to two orofacial motor nuclei by sending their branched axons. A study with a fluorescent retrograde double-labeling technique in the rat
      
      
      
      
          Neuroscience Letters 152:29–32.

      
          
              
            https://doi.org/10.1016/0304-3940(93)90475-Z
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Liu ZJ
	
                Masuda Y
	
                Inoue T
	
                Fuchihata H
	
                Sumida A
	
                Takada K
	
                Morimoto T


          (1993)
      
      
      
      
            Coordination of cortically induced rhythmic jaw and tongue movements in the rabbit

      
      
          Journal of Neurophysiology 69:569–584.

      
      
      
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Lund JP


          (1991)
      
      
      
      
            Mastication and its control by the brain stem

      
      
          Critical Reviews in Oral Biology and Medicine 2:33–64.

      
      
      
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                McClung JR
	
                Goldberg SJ


          (1999)
      
      
            Organization of motoneurons in the dorsal hypoglossal nucleus that innervate the retrusor muscles of the tongue in the rat
      
      
      
      
          The Anatomical Record 254:222–230.

      
          
              
            https://doi.org/10.1002/(SICI)1097-0185(19990201)254:23.0.CO;2-B
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                McDavid S
	
                Lund JP
	
                Auclair F
	
                Kolta A


          (2006)
      
      
            Morphological and immunohistochemical characterization of interneurons within the rat trigeminal motor nucleus
      
      
      
      
          Neuroscience 139:1049–1059.

      
          
              
            https://doi.org/10.1016/j.neuroscience.2006.01.031
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Miller AJ


          (2002)
      
      
            Oral and pharyngeal reflexes in the mammalian nervous system: their diverse range in complexity and the pivotal role of the tongue
      
      
      
      
          Critical Reviews in Oral Biology and Medicine 13:409–425.

      
          
              
            https://doi.org/10.1177/154411130201300505
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Moore CA


          (1993)
      
      
      
      
            Symmetry of mandibular muscle activity as an index of coordinative strategy

      
      
          Journal of Speech, Language, and Hearing Research 36:1145–1157.

      
      
      
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Morquette P
	
                Lavoie R
	
                Fhima MD
	
                Lamoureux X
	
                Verdier D
	
                Kolta A


          (2012)
      
      
            Generation of the masticatory central pattern and its modulation by sensory feedback
      
      
      
      
          Progress in Neurobiology 96:340–355.

      
          
              
            https://doi.org/10.1016/j.pneurobio.2012.01.011
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Munro RR


          (1974)
      
      
            Activity of the digastric muscle in swallowing and chewing
      
      
      
      
          Journal of Dental Research 53:530–537.

      
          
              
            https://doi.org/10.1177/00220345740530030401
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Naganuma K
	
                Inoue M
	
                Yamamura K
	
                Hanada K
	
                Yamada Y


          (2001)
      
      
            Tongue and jaw muscle activities during chewing and swallowing in freely behaving rabbits
      
      
      
      
          Brain Research 915:185–194.

      
          
              
            https://doi.org/10.1016/S0006-8993(01)02848-7
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Nakamura S
	
                Inoue T
	
                Nakajima K
	
                Moritani M
	
                Nakayama K
	
                Tokita K
	
                Yoshida A
	
                Maki K


          (2008)
      
      
            Synaptic transmission from the supratrigeminal region to jaw-closing and jaw-opening motoneurons in developing rats
      
      
      
      
          Journal of Neurophysiology 100:1885–1896.

      
          
              
            https://doi.org/10.1152/jn.01145.2007
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Nakamura Y
	
                Katakura N


          (1995)
      
      
            Generation of masticatory rhythm in the brainstem
      
      
      
      
          Neuroscience Research 23:1–19.

      
          
              
            https://doi.org/10.1016/0168-0102(95)90003-9
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Nozaki S
	
                Iriki A
	
                Nakamura Y


          (1986)
      
      
      
      
            Localization of central rhythm generator involved in cortically induced rhythmical masticatory jaw-opening movement in the guinea pig

      
      
          Journal of Neurophysiology 55:806–825.

      
      
      
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Oh SW
	
                Harris JA
	
                Ng L
	
                Winslow B
	
                Cain N
	
                Mihalas S
	
                Wang Q
	
                Lau C
	
                Kuan L
	
                Henry AM
	
                Mortrud MT
	
                Ouellette B
	
                Nguyen TN
	
                Sorensen SA
	
                Slaughterbeck CR
	
                Wakeman W
	
                Li Y
	
                Feng D
	
                Ho A
	
                Nicholas E
	
                Hirokawa KE
	
                Bohn P
	
                Joines KM
	
                Peng H
	
                Hawrylycz MJ
	
                Phillips JW
	
                Hohmann JG
	
                Wohnoutka P
	
                Gerfen CR
	
                Koch C
	
                Bernard A
	
                Dang C
	
                Jones AR
	
                Zeng H


          (2014)
      
      
            A mesoscale connectome of the mouse brain
      
      
      
      
          Nature 508:207–214.

      
          
              
            https://doi.org/10.1038/nature13186
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Palmer JB
	
                Hiiemae KM
	
                Liu J


          (1997)
      
      
            Tongue-jaw linkages in human feeding: a preliminary videofluorographic study
      
      
      
      
          Archives of Oral Biology 42:429–441.

      
          
              
            https://doi.org/10.1016/S0003-9969(97)00020-4
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Peyron MA
	
                Lassauzay C
	
                Woda A


          (2002)
      
      
            Effects of increased hardness on jaw movement and muscle activity during chewing of visco-elastic model foods
      
      
      
      
          Experimental Brain Research 142:41–51.

      
          
              
            https://doi.org/10.1007/s00221-001-0916-5
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Popratiloff AS
	
                Streppel M
	
                Gruart A
	
                Guntinas-Lichius O
	
                Angelov DN
	
                Stennert E
	
                Delgado-Garcia JM
	
                Neiss WF


          (2001)
      
      
            Hypoglossal and reticular interneurons involved in oro-facial coordination in the rat
      
      
      
      
          The Journal of Comparative Neurology 433:364–379.

      
          
              
            https://doi.org/10.1002/cne.1145
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Ruigrok TJ
	
                Voogd J


          (1990)
      
      
            Cerebellar nucleo-olivary projections in the rat: an anterograde tracing study with Phaseolus vulgaris-leucoagglutinin (PHA-L)
      
      
      
      
          The Journal of Comparative Neurology 298:315–333.

      
          
              
            https://doi.org/10.1002/cne.902980305
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Sahara Y
	
                Hashimoto N
	
                Kato M
	
                Nakamura Y


          (1988)
      
      
            Synaptic bases of cortically-induced rhythmical hypoglossal motoneuronal activity in the cat
      
      
      
      
          Neuroscience Research 5:439–452.

      
          
              
            https://doi.org/10.1016/0168-0102(88)90028-4
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Sawczuk A
	
                Mosier KM


          (2001)
      
      
            Neural control of tongue movement with respect to respiration and swallowing
      
      
      
      
          Critical Reviews in Oral Biology and Medicine 12:18–37.

      
          
              
            https://doi.org/10.1177/10454411010120010101
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Shigenaga Y
	
                Yoshida A
	
                Tsuru K
	
                Mitsuhiro Y
	
                Otani K
	
                Cao CQ


          (1988)
      
      
            Physiological and morphological characteristics of cat masticatory motoneurons–intracellular injection of HRP
      
      
      
      
          Brain Research 461:238–256.

      
          
              
            https://doi.org/10.1016/0006-8993(88)90255-7
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Smarandache-Wellmann C
	
                Weller C
	
                Mulloney B


          (2014)
      
      
            Mechanisms of coordination in distributed neural circuits: decoding and integration of coordinating Information
      
      
      
      
          The Journal of Neuroscience 34:793–803.

      
          
              
            https://doi.org/10.1523/JNEUROSCI.2642-13.2014
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Stepien AE
	
                Tripodi M
	
                Arber S


          (2010)
      
      
            Monosynaptic rabies virus reveals premotor network organization and synaptic specificity of cholinergic partition cells
      
      
      
      
          Neuron 68:456–472.

      
          
              
            https://doi.org/10.1016/j.neuron.2010.10.019
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Takada K
	
                Yashiro K
	
                Sorihashi Y
	
                Morimoto T
	
                Sakuda M


          (1996)
      
      
            Tongue, jaw, and lip muscle activity and jaw movement during experimental chewing efforts in man
      
      
      
      
          Journal of Dental Research 75:1598–1606.

      
          
              
            https://doi.org/10.1177/00220345960750081201
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Takatoh J
	
                Nelson A
	
                Zhou X
	
                Bolton MM
	
                Ehlers MD
	
                Arenkiel BR
	
                Mooney R
	
                Wang F


          (2013)
      
      
            New modules are added to vibrissal premotor circuitry with the emergence of exploratory whisking
      
      
      
      
          Neuron 77:346–360.

      
          
              
            https://doi.org/10.1016/j.neuron.2012.11.010
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Ter Horst GJ
	
                Copray JC
	
                Van Willigen JD
	
                Liem RS


          (1990)
      
      
            Contralateral projections of cells in the motor trigeminal nucleus of the rat
      
      
      
      
          Neuroscience Letters 113:260–266.

      
          
              
            https://doi.org/10.1016/0304-3940(90)90594-Y
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Thexton AJ
	
                McGarrick JD


          (1994)
      
      
            The electromyographic activities of jaw and hyoid musculature in different ingestive behaviours in the cat
      
      
      
      
          Archives of Oral Biology 39:599–612.

      
          
              
            https://doi.org/10.1016/0003-9969(94)90136-8
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Thexton AJ
	
                Crompton AW
	
                German RZ


          (1998)
      
      
            Transition from suckling to drinking at weaning: a kinematic and electromyographic study in miniature pigs
      
      
      
      
          The Journal of Experimental Zoology 280:327–343.

      
          
              
            https://doi.org/10.1002/(SICI)1097-010X(19980401)280:53.0.CO;2-Q
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Thexton AJ
	
                Crompton AW
	
                Owerkowicz T
	
                German RZ


          (2004)
      
      
            Correlation between intraoral pressures and tongue movements in the suckling pig
      
      
      
      
          Archives of Oral Biology 49:567–575.

      
          
              
            https://doi.org/10.1016/j.archoralbio.2004.02.002
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Thoulouze MI
	
                Lafage M
	
                Schachner M
	
                Hartmann U
	
                Cremer H
	
                Lafon M


          (1998)
      
      
      
      
            The neural cell adhesion molecule is a receptor for rabies virus

      
      
          Journal of Virology 72:7181–7190.

      
      
      
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Travers JB
	
                Norgren R


          (1983)
      
      
            Afferent projections to the oral motor nuclei in the rat
      
      
      
      
          The Journal of Comparative Neurology 220:280–298.

      
          
              
            https://doi.org/10.1002/cne.902200303
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Travers JB
	
                Dinardo LA
	
                Karimnamazi H


          (1997)
      
      
            Motor and premotor mechanisms of licking
      
      
      
      
          Neuroscience and Biobehavioral Reviews 21:631–647.

      
          
              
            https://doi.org/10.1016/S0149-7634(96)00045-0
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Travers JB
	
                Yoo JE
	
                Chandran R
	
                Herman K
	
                Travers SP


          (2005)
      
      
            Neurotransmitter phenotypes of intermediate zone reticular formation projections to the motor trigeminal and hypoglossal nuclei in the rat
      
      
      
      
          The Journal of Comparative Neurology 488:28–47.

      
          
              
            https://doi.org/10.1002/cne.20604
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Ugolini G


          (1995)
      
      
            Specificity of rabies virus as a transneuronal tracer of motor networks: transfer from hypoglossal motoneurons to connected second-order and higher order central nervous system cell groups
      
      
      
      
          The Journal of Comparative Neurology 356:457–480.

      
          
              
            https://doi.org/10.1002/cne.903560312
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Ugolini G


          (2010)
      
      
            Advances in viral transneuronal tracing
      
      
      
      
          Journal of Neuroscience Methods 194:2–20.

      
          
              
            https://doi.org/10.1016/j.jneumeth.2009.12.001
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Verdier D
	
                Lund JP
	
                Kolta A


          (2004)
      
      
            Synaptic inputs to trigeminal primary afferent neurons cause firing and modulate intrinsic oscillatory activity
      
      
      
      
          Journal of Neurophysiology 92:2444–2455.

      
          
              
            https://doi.org/10.1152/jn.00279.2004
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Westneat MW
	
                Hall WG


          (1992)
      
      
            Ontogeny of feeding motor patterns in infant rats: an electromyographic analysis of suckling and chewing
      
      
      
      
          Behavioral Neuroscience 106:539–554.

      
          
              
            https://doi.org/10.1037/0735-7044.106.3.539
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Wickersham IR
	
                Finke S
	
                Conzelmann KK
	
                Callaway EM


          (2007a)
      
      
            Retrograde neuronal tracing with a deletion-mutant rabies virus
      
      
      
      
          Nature Methods 4:47–49.

      
          
              
            https://doi.org/10.1038/nmeth999
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Wickersham IR
	
                Lyon DC
	
                Barnard RJ
	
                Mori T
	
                Finke S
	
                Conzelmann KK
	
                Young JA
	
                Callaway EM


          (2007b)
      
      
            Monosynaptic restriction of transsynaptic tracing from single, genetically targeted neurons
      
      
      
      
          Neuron 53:639–647.

      
          
              
            https://doi.org/10.1016/j.neuron.2007.01.033
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Yamamura K
	
                Narita N
	
                Yao D
	
                Martin RE
	
                Masuda Y
	
                Sessle BJ


          (2002)
      
      
            Effects of reversible bilateral inactivation of face primary motor cortex on mastication and swallowing
      
      
      
      
          Brain Research 944:40–55.

      
          
              
            https://doi.org/10.1016/S0006-8993(02)02705-1
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Yoshida A
	
                Yamamoto M
	
                Moritani M
	
                Fukami H
	
                Bae YC
	
                Chang Z
	
                Sugiyo S
	
                Takemura M
	
                Park KP
	
                Shigenaga Y


          (2005)
      
      
            Bilateral projection of functionally characterized trigeminal oralis neurons to trigeminal motoneurons in cats
      
      
      
      
          Brain Research 1036:208–212.

      
          
              
            https://doi.org/10.1016/j.brainres.2004.12.042
              
          
      
      
          	
            Google Scholar
          


      

    







  





                
                    

    
      Decision letter

    

  
      
    	
          
            
          
              Peggy Mason

              Reviewing Editor; University of Chicago, United States

            

          

        


  eLife posts the editorial decision letter and author response on a selection of the published articles (subject to the approval of the authors). An edited version of the letter sent to the authors after peer review is shown, indicating the substantive concerns or comments; minor concerns are not usually shown. Reviewers have the opportunity to discuss the decision before the letter is sent (see review process). Similarly, the author response typically shows only responses to the major concerns raised by the reviewers.





Thank you for sending your work entitled “Monosynaptic premotor circuit tracing reveals neural substrates for oro-motor coordination” for consideration at eLife. Your article has been favorably evaluated by a Senior editor and 3 reviewers, one of whom, Peggy Mason, is a member of our Board of Reviewing Editors.

The Reviewing editor and the other reviewers discussed their comments before we reached this decision, and the Reviewing editor has assembled the following comments to help you prepare a revised submission.

This is an important and interesting study that uses an elegant approach to investigate the brainstem premotor circuitry responsible for oro-motor coordination. Transgenic mice expressing rabies glycoprotein (G) in cholinergic neurons received injections of rabies virus expressing a fluorophore (in place of G) in their masseter muscles and/or genioglossus muscles. This resulted in retrograde labeling of premotor neurons projecting directly to the motoneurons of these muscles. Many of the findings reported here reproduce or confirm previously reported results, but innovate in 2 ways. Firstly, as pointed out by the authors, the methods used eliminate the possibility that some of the retrograde labelling results from having the tracer taken up by fibers passing by the injection site. Secondly, they allow direct comparison of the distributions of masseteric and genioglossus premotor circuitries. Several novel findings emerge from this study: premotor neurons have bilateral projections to masseteric motoneurons; premotor neurons innervate both the jaw and tongue muscles and are intermingled in the same regions of the reticular formation; a strong premotor innervation of genioglossus motoneurons from NTS. In summary, the findings provide evidence that the connectivity of premotor neurons might underlie coordination of orofacial muscles.

While the reviewers were unanimous that this manuscript tells an exciting, interesting and original story, the manuscript could be further strengthened by discussion and re-framing of several issues as follows: 1) At the age that the experiments were done, P1→P8, there is only suckling and swallowing, no chewing. The circuitry for ingestion is likely to change between the time studied (P1→P8) and the emergence of chewing. Indeed, the authors' previous paper in Neuron shows that vibrissal premotor circuitry changes extensively with emergence of exploratory whisking. The results should be interpreted in this light. And the authors should refer to the suckling CPG rather than the masticatory CPG. The labeling observed appears to be perfectly suited to suckling – opening mouth and lips to latch on, tasting milk, sucking, and swallowing.

2) The authors use “synchronization” and “coordination” loosely (Synchronization is maintenance of relative phase. Coordination involves modulation of muscle amplitude or timing (where modulation can be maintenance of amplitude or relative phase or changes in amplitude or relative phase) in order to achieve some goal. For example, during stage 1 food transport, jaw and tongue muscles are very differently coordinated than during mastication, but still well coordinated, and show variation in relative phase. In contrast, during mastication, jaw and tongue muscles are pretty well synchronized, but, again, their amplitude and relative phase of activity are constantly modulated to achieve the goal of chewing efficiently without biting the tongue. Thus, coordination and synchronization are not the same. These terms should be defined and used consistently and correctly.

3) Additional information about the methodology should be provided. Remember that there are no length constraints in eLife. Our hope is that all the information needed by a reader to understand what was done is contained in the Methods section. Therefore, please address the following methodological issues: a) How can the authors ensure that only monosynaptic projections are labeled? This is particularly worrisome in light of the cerebellar labeling. The adult cerebellum does not contain projections from DCN to motoneurons, even motoneurons in the brainstem. The cerebellar DCN labeling raises doubt that neurons are traveling retrogradely across a single synapse from the motoneuron.

b) Does the virus infect all cells equally independently of their size, metabolism or activity level?

c) How was the survival time determined? What are the consequences of having a too short or too long survival time?

d) Please motivate the use of VGluT2 (rather than VGluT1 or VGluT3) to mark glutamatergic neurons.

e) Is the virus injected through the skin when injected in the masseters? If yes, this should be stated clearly in the methods and the authors should consider the fact that some facial motoneurons (and their premotor connections) will be infected with the virus as well in this case.

4) The input from NTS to genioglossus but not masseter premotor neurons is striking. It is also very important as it is a potential substrate for the “taste reactivity” responses described by Grill and Norgren. These responses are innate, hardwired for particular tastes (modifiable but hard-wired to start with), independent of forebrain, and are used extensively to study liking vs wanting in rodents. The circuitry outlined here is very exciting in light of the importance of taste reactivity to diverse behavioral studies. The NTS premotoneuronal input to genioglossus is such an important finding and really should be included in the in the Discussion.

5) The cerebellar labeling is puzzling on a few accounts. In addition to #3a above, the masseter labeling is contralateral. We just don't understand this. While the data are what the data are, this is a puzzle that is worth noting. If the authors have any speculation on what is going on here, they should share it. In addition, genioglossus injections caused a very lateral labeling pattern (surely dentate) in the cerebellum. This is strange as one would expect labeling in the vermis and not in the lateral lobes. Again, the data are what the data are but these unexpected observations should be discussed.
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      Author response

    

  
      1) At the age that the experiments were done, P1→P8, there is only suckling and swallowing, no chewing. The circuitry for ingestion is likely to change between the time studied (P1→P8) and the emergence of chewing. Indeed, the authors' previous paper in Neuron shows that vibrissal premotor circuitry changes extensively with emergence of exploratory whisking. The results should be interpreted in this light. And the authors should refer to the suckling CPG rather than the masticatory CPG. The labeling observed appears to be perfectly suited to suckling – opening mouth and lips to latch on, tasting milk, sucking, and swallowing.

We thank the reviewers for pointing out that the neonatal tracing (P1→P8) likely represents suckling premotor circuitry as chewing appears later in life. We have accordingly pointed this out in the Results section We also cited previous studies that found that over the time period when chewing behavior develops, glycine switches from being excitatory onto motoneurons to being inhibitory (Inoue et al., 2007; Nakamura et al., 2008), suggesting the possibility that the same circuitry used to produce rhythmic suckling early in life may be reconfigured to produce rhythmic chewing later in development (Langenbach et al., 1992; Westneat and Hall, 1992; Morquette et al., 2012), although this issue is still up for debate.

Furthermore, we conducted rabies-mediated transsynaptic tracing at a later developmental stage (P8→P15 tracing). Since chewing movements first emerge around post-natal day 12 (Westneat and Hall, 1992), sampling at P15 should reveal chewing related premotor circuitry. These results are shown in the newly added supplemental figure (Figure 2–Figure Supplement 1).

For the P8→P15 tracing, we observed a much lower efficiency of viral infection of motoneurons (19±4 motoneurons labeled in P8 injected animals, as compared to 35±6 motoneurons labeled in P1 injected animals; mean ± SEM, n=3 samples per group), and thus the overall number of labeled premotor neurons was drastically reduced. Despite this, the labeled neurons were distributed in similar locations as those observed in the P1→P8 tracing (Figure 2–Figure Supplement 1B-D). Interestingly, in contrast to other regions, labeling of premotor neurons in the LPGi was increased (compare Figure 2–Figure Supplement 1B to Figure 2E). This is similar to that observed in our lab’s previous work by Takatoh et al., 2013, except that in the whisker premotor circuitry, LPGi labeling transitioned from none to many across development, whereas for masseter premotor circuitry, LPGi labeling transitioned from few to many across development (see Figure 2–Figure Supplement 1). It will be interesting in the future to functionally test the role of LPGi neurons presynaptic to different cranial motor neurons. Due to the low infection and low spreading efficiency, we did not further pursue P8→P15 tracing for other experiments. This explanation has been added to the Results section.

2) The authors use “synchronization” and “coordination” loosely (Synchronization is maintenance of relative phase. Coordination involves modulation of muscle amplitude or timing (where modulation can be maintenance of amplitude or relative phase or changes in amplitude or relative phase) in order to achieve some goal. For example, during stage 1 food transport, jaw and tongue muscles are very differently coordinated than during mastication, but still well coordinated, and show variation in relative phase. In contrast, during mastication, jaw and tongue muscles are pretty well synchronized, but, again, their amplitude and relative phase of activity are constantly modulated to achieve the goal of chewing efficiently without biting the tongue. Thus, coordination and synchronization are not the same. These terms should be defined and used consistently and correctly.

We thank the reviewers for the clarification, and have changed the use of these words accordingly throughout the manuscript.

3) Additional information about the methodology should be provided. Remember that there are no length constraints in eLife. Our hope is that all the information needed by a reader to understand what was done is contained in the Methods section. Therefore, please address the following methodological issues: a) How can the authors ensure that only monosynaptic projections are labeled? This is particularly worrisome in light of the cerebellar labeling. The adult cerebellum does not contain projections from DCN to motoneurons, even motoneurons in the brainstem. The cerebellar DCN labeling raises doubt that neurons are traveling retrogradely across a single synapse from the motoneuron.

We apologize for not describing the methods more thoroughly, and all questions are great questions. We have included detailed description (methodological description, references, as well as some results) to address all the questions (a-e) raised by the reviewers.

Could there be secondary jumping of the rabies virus in our approach? This is a very good concern. In our experiments, complementation of the virus is limited to occurring solely in cholinergic neurons, which express the rabies-G induced by the ChAT-Cre transgene. While this primarily limits complementation to within motoneurons, there are also central cholinergic neurons located in the reticular regions of the brainstem, and a previous retrograde tracing study found that some of these neurons project to the MoV and MoXII (Travers et al., 2005). When we performed anti-ChAT staining on the viral-labeled brain samples, we observed occasional and rare labeling of cholinergic premotor neurons located in the reticular formation (about 1∼3 per brain). This is now described in detail in the Methods section as a caveat, and the representative results of the anti-ChAT staining are shown in Figure 1–Figure Supplement 1.

These rare labeled central cholinergic premotor neurons in theory could enable the rabies virus to be complemented again and travel one more step to pre-premotor neurons. However, the location of these rarely-labeled neurons were highly variable across the brainstem between samples, suggesting that even if jumping occurred, the labeled pre-premotor neurons may not exhibit a consistent labeling pattern (in terms of both number and location of presynaptic contacts). In addition, the brains were sampled 7 days after initial viral infection. Because it takes time for the virus to replicate and be complimented by the rabies glycoprotein, the chance of secondary “jumping” is further diminished. Nevertheless, we indeed observed some sparse inconsistent labeling in various regions of brainstem (as mentioned in the results). Our quantitative analyses (Tables 1 and 2) were performed only on consistently labeled brainstem regions.

Problems with cerebellar DCN labeling: the reviewers are absolutely right with the concerns of cerebellar DCN labeling. First of all, we should have been more precise about where we observed the labeling in the DCN. The masseter premotor study consistently labeled neurons in the contralateral fastigial nucleus of the DCN, whereas the genioglossus premotor study sparsely labeled neurons in the ipsilateral fastigial and dentate nuclei of the DCN. We looked into this issue further. We are fortunate that the Allen Brain Institute just published their “Mouse Brain Connectivity Atlas” which included anterograde tracing studies from the fastigial and dentate nuclei of the DCN. Importantly, fastigial neurons send a major projection contralaterally in addition to an ipsilateral projection, and a few axons can be seen projecting into the contralateral MoV even in the adult mouse (see images below, Author response image 1, obtained from the Allen Institute at connectivity.brain-map.org). Furthermore, a few axons from both the fastigial and dentate nuclei can be observed inside the MoXII (see images below from the Allen Institute at connectivity.brain-map.org). These sparse innervations in the adult raise the possibility that in neonatal mice there is a transient more elaborate projection from DCN to cranial motor nuclei that is later largely pruned away, but was detected by our P1→P8 transsyanptic tracing. Additionally, we noted that our late-stage P8→P15 tracing did not label any neurons in DCN, consistent with a transient synaptic contact between DCN neurons and masseter or genioglossus motoneurons at early neonatal stage. This explanation has been added to the Discussion.
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b) Does the virus infect all cells equally independently of their size, metabolism or activity level?

We added references about primary infection and spreading of the rabies virus in the Methods. Briefly, both the infection and spreading of rabies virus are exclusively dependent on the rabies-G protein (Etessami et al., 2000). Rabies-G binds to synapse-localized molecules, such as the neuronal cell adhesion molecule (NCAM) (Thoulouze et al., 1998), after which the virus is internalized through endocytosis. Studies of rabies viral infection have shown a lack of preference in transmission for neurotransmitter phenotype or cell body distance from initially infected neurons, and rabies has been shown to infect neurons of various cell soma sizes and activity levels, as reviewed by Gabriella Ugolini (Ugolini, 2010). Description of the rabies virus has now been included in the Methods.

c) How was the survival time determined? What are the consequences of having a too short or too long survival time?

The survival/sampling time was primarily determined by the toxicity of the rabies virus and the extent of transsynaptic labeling. When sampling at shorter time points post-infection (4∼5 days), we observed significantly fewer labeled premotor neurons. When sampling at time points longer than one week post-infection (8∼9 days), we see an increase in glial cell infiltration in the motor nucleus, loss of labeled motor neurons and presence of cell debris suggesting that rabies has caused death of infected neurons. This explanation has now been included in the Methods.

d) Please motivate the use of VGluT2 (rather than VGluT1 or VGluT3) to mark glutamatergic neurons.

The primary reason for using vGluT2 instead of vGluT1 or vGluT3 to examine transmitter phenotypes of labeled premotor neurons was based on the expression patterns of these three genes as shown in the Allen Brain Atlas. While vGluT1 is an important marker for MesV neurons, we were primarily interested in assessing neurotransmitter phenotypes in the reticular formation, where vGluT2 is extensively expressed. By contrast, vGluT1 is only expressed in small number of neurons and largely absent in reticular formation prevalent, and vGluT3 is expressed in very few neurons in the brainstem. We have now included this rationale for the probes used in the Methods.

e) Is the virus injected through the skin when injected in the masseters? If yes, this should be stated clearly in the methods and the authors should consider the fact that some facial motoneurons (and their premotor connections) will be infected with the virus as well in this case.

We apologize for not providing enough detail with regards to peripheral injection. Yes, the virus is injected through the skin into the masseter muscle. Hence there was the possibility of the virus leaking out and infecting facial motor axons passing through underneath the skin. When harvesting the mouse after tracing, we examined the tissue at the injection site under a fluorescence microscope, and excluded samples that showed infection of the dermal and epidermal tissues. Additionally, we did not observe any ectopic motoneurons labeled by rabies in the facial motor nucleus or any other cranial motor nuclei when we examined our serial sections. We have now included this explanation in the Methods.

4) The input from NTS to genioglossus but not masseter premotor neurons is striking. It is also very important as it is a potential substrate for the “taste reactivity” responses described by Grill and Norgren. These responses are innate, hardwired for particular tastes (modifiable but hard-wired to start with), independent of forebrain, and are used extensively to study liking vs wanting in rodents. The circuitry outlined here is very exciting in light of the importance of taste reactivity to diverse behavioral studies. The NTS premotoneuronal input to genioglossus is such an important finding and really should be included in the in the Discussion.

We appreciate the reviewers’ insight on the importance of this finding. We have added summary sentences according to reviewers’ suggestion. We also included a magnified image of the NTS labeling in Figure 4A, and have further discussed it in the Discussion citing these references mentioned by the reviewers.

5) The cerebellar labeling is puzzling on a few accounts. In addition to #3a above, the masseter labeling is contralateral. We just don't understand this. While the data are what the data are, this is a puzzle that is worth noting. If the authors have any speculation on what is going on here, they should share it. In addition, genioglossus injections caused a very lateral labeling pattern (surely dentate) in the cerebellum. This is strange as one would expect labeling in the vermis and not in the lateral lobes. Again, the data are what the data are but these unexpected observations should be discussed.

The reviewers are absolutely right about the surprising and somewhat puzzling labeling of premotor neurons in cerebellar nuclei. Previous tracing experiments have found some contralateral projections from the deep cerebellar nuclei in the cat (Cohen et al., 1958) and rat (Ruigrok and Voogd, 1990). And as mentioned above (see response to #3a), recent anterograde tracing experiments conducted by the Allen Institute in the adult mouse from the fastigial nucleus show a major contralateral projection pathway with a few axons innervating the contralateral MoV (see attached images from connectivity.brain-map.org). Thus, it appears that the mouse has a more prominent contralateral projection from fastigial nucleus. Additionally, sparse processes are also visible extending into the MoXII from both the fastigial and dentate tracing by the Allen Institute. It is possible that the deep cerebellar nuclei are connected to motoneurons only temporarily during development (see response to 3a). We have included extended discussion on this labeling pattern in the Discussion, as per the reviewers’ suggestion.
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