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a b s t r a c t

Our motor behavior can be affected by proprioceptive information. However, little is known about
which brain circuits contribute to this process. We have recently revealed that the proprioceptive
information arising from jaw-closing muscle spindles (JCMSs) is conveyed to the supratrigeminal
nucleus (Su5) by neurons in the trigeminal mesencephalic nucleus (Me5), then to the caudo-
ventromedial edge of ventral posteromedial thalamic nucleus (VPMcvm), and finally to the dorsal part
of granular insular cortex rostroventrally adjacent to the rostralmost part of secondary somatosensory
cortex (dGIrvs2). Our next question is which brain areas receive the information from the dGIrvs2 for
the jaw-movements. To test this issue, we injected an anterograde tracer, biotinylated dextranamine,
into the dGIrvs2, and analyzed the resultant distribution profiles of the labeled axon terminals.
Anterogradely labeled axons were distributed in the pontomedullary areas (including the Su5) which
are known to receive JCMS proprioceptive inputs conveyed directly by the Me5 neurons and to contain
premotoneurons projecting to the jaw-closing motoneurons in the trigeminal motor nucleus (Mo5).
They were also found in and around the VPMcvm. In contrast, no labeled axonal terminals were
detected on the cell bodies of Me5 neurons and motoneurons in the Mo5. These data suggest that
jaw-movements, which are evoked by the classically defined jaw-reflex arc originating from the
peripheral JCMS proprioceptive information, could also be modulated by the transcortical feedback
connections from the dGIrvs2 to the VPMcvm and Su5.
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1. Introduction

Proprioceptive signals arising from muscles are known to play a
crucial role in sensorimotor reflexes at the levels of lower brain-
stem and spinal cord. The proprioception arising from jaw-
closing muscle spindles (JCMSs) (JCMS proprioception) is conveyed
by primary afferents (spindle Me5 afferents) whose neuronal cell
bodies are located in the trigeminal mescencephalic nucleus
(Me5) (Fujio et al., 2016; for review, see Dubner et al., 1978;
Taylor, 1990). Intraaxonal labeling studies have revealed that the
rat spindle Me5 afferents ipsilaterally project not only to jaw-
closing motoneurons in the trigeminal motor nucleus (Mo5) but
also to pontomedullary regions such as the supratrigeminal
nucleus (Su5), dorsomedial part of the trigeminal principal nucleus
(Pr5) and dorsomedial part of trigeminal oral subnucleus (5Odm);
these regions contain premotoneurons projecting to the Mo5 bilat-
erally with an ipsilateral predominance (Luo et al., 1995, 2001).
These earlier findings indicate that the JCMS proprioceptive infor-
mation can directly or indirectly exert reflexive jaw-movements
(Goldberg and Nakamura, 1968; Kidokoro et al., 1968; Ohta and
Moriyama, 1986; Shigenaga et al., 1988, 1990).

We have recently demonstrated that the rat JCMS propriocep-
tive signals through the spindle Me5 afferents are conveyed to
the Su5, then to the caudo-ventromedial edge (VPMcvm) of the
ventral posteromedial thalamic nucleus (VPM) on the contralateral
side, and finally to the dorsal part (dGIrvs2) of granular insular cor-
tex (GI) rostroventrally adjacent to the rostralmost part of sec-
ondary somatosensory cortex (S2) (Fujio et al., 2016; Sato et al.,
2017; Yoshida et al., 2017). Repetitive electrical stimulation of
rat insular cortex induces rhythmical jaw movements (Zhang and
Sasamoto, 1990; Satoh et al., 2007; Maeda et al., 2014), suggesting
that, besides the shortcut sensorimotor reflex arc in the lower
brainstem which links the JCMS proprioception to motoneurons/
premotoneurons, there are pathways arising from the dGIrvs2 to
the motoneurons/premotoneurons in order to control the sensori-
motor coordination. On the other hand, it is known that the audi-
tory, visual and somatosensory cortices send transcortical feedback
pathways to the ascending relay sites conveying the sensation to
the respective cortices themselves (Diamond et al., 1969; Cole
and Gordon, 1992; Malmierca and Nuñez, 1998, 2004; Haque
et al., 2012; Tomita et al., 2012; for review, see Deschênes et al.,
1998; Nuñez and Malmierca, 2007), suggesting that there are
transcortical feedback pathways arising from the dGIrvs2 to the
VPMcvm and Su5. If there exist such pathways, jaw-movements
exerted by the jaw-reflex arc originating from orofacial primary
afferents to the motoneurons/premotoneurons could be modu-
lated through the transcortical feedback connections from the
dGIrvs2 to the VPMcvm and Su5. Thus, the goal of this study is
to examine which parts of the brain (including the lower brainstem
and the thalamus) receive the transcortical proprioceptive infor-
mation through the dGIrvs2. To this end, we injected an antero-
grade neural tracer into the dGIrvs2 and analyzed the
distribution profiles of labeled axon terminals.

2. Results

2.1. BDA injection sites

For injections of an anterograde tracer, biotinylated dex-
tranamine (BDA) into the dGIrvs2, this structure was identified
by recording large field potentials in response to electrical stimula-
tion of the contralateral masseter nerve (Fig. 1A) and by recording
large unit responses during a passive, sustained jaw-opening
(Fig. 1B) as in our previous study (Sato et al., 2017). Then, a small
injection of BDA was made in the recording site in eleven rats, and

the location of the injection sites was finally confirmed histologi-
cally. In all of the eleven cases the BDA injection sites covered at
least a part of the dGIrvs2, they were mostly confined to the
dGIrvs2 in three cases (R407, R608, R622) (e.g., Fig. 1C–F, H–J). In
a representative case (R407), the injection site was well confined
in the dGIrvs2, but slightly extended into the ventral GI (Fig. 1C–
F, H); it mainly covered layers IV and V, and outer part of layer
VI of the GI (Fig. 1C–F). However, the injection site did not extend
ventrally into the dysgranular insular cortex, caudodorsally into
the S2, and dorsally into the S1 (Fig. 1C–F, H).

2.2. Anterogradely labeled axons in lower brainstem

In the three cases (R407, R608, R622), the anterogradely BDA-
labeled axon fibers and terminals were distributed in a very similar
pattern in the lower brainstem. In a representative case (R407),
rostrally in the mesencephalon (Fig. 2A), a large number of labeled
axon fibers were found in the cerebral peduncle and a moderate
number of labeled axons in the lateral tegmental field ventrolateral
to the superior colliculus on the side ipsilateral to the BDA injec-
tion site. In addition, a small number of labeled axon terminals
were ipsilaterally seen in the substantia nigra and the periaque-
ductal gray. However, no axons were labeled in the rostral and
middle levels of Me5.

At the level of pons (Fig. 2B–E), labeled axon fibers further des-
cended ipsilaterally in the longitudinal fasciculus of pons, and then
in the pyramidal tract. At the rostral level of pons, a large number
of labeled axon terminals and a moderate number of them were
ipsilaterally found in the pontine nuclei and the dorsal part of para-
brachial nucleus, respectively (Fig. 2B). A considerable number of
labeled axon terminals were found contralaterally in the Su5, espe-
cially in its lateral part (Figs. 2C, D, 3). They were also seen almost
contralaterally in the rostro-dorsomedial part of Pr5 (Fig. 2C, D).
However, no axons were labeled in the Mo5 and the caudal level
of Me5 (Fig. 2B–D). At the caudal level of pons, a considerable num-
ber of labeled axon terminals were almost contralaterally seen in
the 5Odm (Fig. 2E) and the dorsolateral part of lateral reticular for-
mation adjacent to the 5Odm. A large number of labeled axon ter-
minals were densely seen in the rostralmost level of solitary tract
nucleus (Sol), especially in its lateral part, bilaterally but with a
contralateral predominance (Fig. 2E). Interestingly, a large number
of labeled axon fibers extended from the ipsilateral pyramidal
tract, passed in the rostral ventromedial nucleus which contains
the raphe magnus nucleus, and traveled laterally towards the con-
tralateral Su5, Pr5 or 5Odm (Fig. 2D, E). However, no labeled axon
terminals were seen in the rostral ventromedial nucleus.

At the level of medulla oblongata (Fig. 2F–I), a large number of
labeled axon fibers further descended in the ipsilateral pyramidal
tract. A moderate number of labeled axon terminals were seen
almost contralaterally in the rostral part of Sol, especially in its lat-
eral part (Fig. 2F), but no labeled axon terminals in the middle and
caudal levels of Sol (Fig. 2G–I). A small number of axon terminals
were also labeled contralaterally in the medial region of the dorso-
medial part of trigeminal interpolar subnucleus (5Idm) and in the
dorsolateral part of lateral reticular formation adjacent to the 5Idm
(Fig. 2F). In the trigeminal caudal subnucleus (5C), a number of
labeled axon terminals were contralaterally seen mainly in the
dorsomedial part of superficial layer in the rostral level of 5C
(Fig. 2G, H), but only a few labeled axons in the caudal level of
5C (Fig. 2I). At the caudalmost level of 5C, a large number of labeled
axon fibers extending from the ipsilateral pyramidal tract were
seen in the pyramidal decussation (Fig. 2I); They slightly traveled
laterally towards the dorsomedial part of contralateral 5C, and
mainly traveled caudodorsally to enter the contralateral pyramidal
tract dorsal to the central canal at the upper cervical level (not
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