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First published November 21, 2018; doi:10.1152/jn.00608.2018.—Ro-
dents shift their nose from side to side when they actively explore and
lateralize odors in the space. This motor action is driven by a pair of
muscles, the deflector nasi. We studied the premotor control of this
motion. We used replication-competent rabies virus to transsynapti-
cally label inputs to the deflector nasi muscle and find putative
premotor labeling throughout the parvocellular, intermediate, and
gigantocellular reticular formations, as well as the trigeminal nuclei,
pontine reticular formation, midbrain reticular formation, red nucleus,
and superior colliculus. Two areas with extensive labeling were
analyzed for their impact on nose movement. One area is in the
reticular formation caudal to the facial motor nucleus and is denoted
the nose retrofacial area. The second is in the caudal part of the
intermediate reticular region near the oscillator for whisking (the nose
IRt). Functionally, we find that optogenetic activation of glutamater-
gic cells in both areas drives deflection of the nose. Ablation of cells
in the nose retrofacial area, but not the nose IRt, impairs movement of
the nose in response to the presentation of odorants but otherwise
leaves movement unaffected. These data suggest that the nose retro-
facial area is a conduit for a sensory-driven orofacial motor action.
Furthermore, we find labeling of neurons that are immediately up-
stream of premotor neurons in the preBötzinger complex that presum-
ably synchronizes a small, rhythmic component of nose motion to
breathing.

NEW & NOTEWORTHY We identify two previously undescribed
premotor areas in the medulla that control deflection of the nose. This
includes a pathway for directed motion of the nose in response to an
odorant.

medulla; nose; orofacial; premotor; sensorimotor

INTRODUCTION

Movement of the nose is a surprisingly multifaceted behav-
ior that is controlled by a single set of muscles, the deflector
nasi (Deschênes et al. 2015; Kurnikova et al. 2017). The nose
exhibits slow deflections, such as orienting toward an odor
(Esquivelzeta Rabell et al. 2017; Kurnikova et al. 2017), as
well as small rhythmic movements locked to breathing. The
slow, orienting movements of the nose likely play a role in
olfactory navigation since lateral deflections affect air flow
between sides of the nasal cavity (Deschênes et al. 2016a) and

bilateral comparisons improve trail-tracking (Duistermars et al.
2009; Louis et al. 2008; Martin 1965; Porter et al. 2007; Steck
et al. 2010). Synchronization of movement on a breath-by-
breath cycle is seen in many types of orofacial movement and
may play a role in binding multimodal sensory inputs (Heck et
al. 2017; Kepecs et al. 2006; Kleinfeld et al. 2014a, 2014b;
Moore et al. 2013; Ranade et al. 2013; Sirotin et al. 2014;
Wachowiak 2011; Welker 1964).

Nose movement can be evoked by microstimulation in the
motor cortex (Brecht et al. 2004). Lesions in the anterior
olfactory nucleus, which is an area of the olfactory cortex that
supports commissural projections (Brunjes et al. 2005; Yan et
al. 2008) and compares odor inputs between two sides (Kikuta
et al. 2010), have been found to disrupt nose orienting toward
an odor (Esquivelzeta Rabell et al. 2017). However, the down-
stream brain stem motor circuit responsible for these motor
actions, and its candidate anatomical connections to the motor
and olfactory systems, have not been identified. In this report
we seek putative premotor nuclei for movement of the nose.
We take a combined structural and functional approach. We
perform retrograde tracing with the use of rabies virus to
identify pre-motor areas, optogenetic labeling of excitatory
neurons in these regions to confer sufficiency, and lesion
studies to confer necessity that control movement of the nose
occurs via the identified premotor pathways.

We identify two premotor areas that control movement of
the nose: an area caudal to the facial motor nucleus that we call
the “retrofacial area” and an area near the vibrissa intermediate
reticular region (IRt) oscillator that we call the “nose IRt.” We
confirm functional relevance of the identified areas by showing
that stimulation evokes nose movement, whereas ablation af-
fects movement to the lesioned side.

MATERIALS AND METHODS

Subjects

Our data were collected from 30 Long-Evans adult female rats,
200–350 g in mass, and 23 adult Vglut2-ires-cre (JAX 028863) mice.
All experimental procedures on our animals were accordance with the
Guide for the Care and Use of Laboratory Animals and have been
approved by the Institutional Animal Care and Use Committee at
University of California, San Diego.

Tracing with Replication-Competent Rabies Virus

We set up an isolated biosafety level 2 enhanced (BSL2�) facility
to perform replication-competent rabies virus injections and to house
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injected animals. The facility and our experimental protocol follow all
recommendations described in Kelly and Strick (2000). To perform
the injections, rats were anesthetized using ketamine-xylazine and
placed in a stereotaxic apparatus. We exposed the deflector nasi
muscle and checked that the correct muscle was identified by stimu-
lating with pulses of current up to 0.1 mA to evoke movement of the
nose (Deschênes et al. 2015). Finally, we used a pressure injector
(Drummond Scientific NANOJECT II) to inject a total of 2 �l of
CVS-N2c strain rabies virus (Peter Schnell Laboratory) in five spots
along the muscle. Rats were perfused at select time points between 48
and 96 h after the injection.

A total of 19 rats were injected with rabies virus (Wirblich and
Schnell 2011). Of these, the five brains collected at time points of 50,
67, 72, 61.5, and 79.5 h had no labeled cells and thus were excluded
from analysis. Additionally, two brains with time points of 96 h were
excluded from analysis because labeling in the brain stem was too
dense for processing. Finally, a brain collected at a time point of 72 h
was excluded from analysis because midline sections were missing in
histology; the labeling in this brain was consistent with observed
labeling patterns at primary labeled time points.

After perfusion, brains were extracted and placed in 30% (wt/vol)
sucrose solution. Brains were cut on a freezing sliding microtome at
60 �m and stained for cytochrome oxidase. Rabies-labeled cells were
stained using anti-rabies-L mouse antibody (Schnell Laboratory) and
revealed as dark product using a biotinylated secondary antibody, the
ABC and SG kits (Vector Laboratories). For seven of the brains, every
third section was cut at 40 �m and stained with NeuroTrace blue,
whereas rabies-labeled cells were stained using anti-rabies-L mouse
antibody and revealed in fluorescence with a secondary anti-mouse
antibody conjugated to Alexa 488 (Invitrogen A11029). In addition, in
three brains the sections were also stained for somatostatin (T-4103;
Peninsula Laboratories) to identify the location of the preBötzinger
complex (Tan et al. 2010).

Reconstruction and Alignment

We used Neurolucida software (MBF Bioscience) to create full
three-dimensional reconstructions of labeled cell body locations in all
brains that had labeled cells. Brains were annotated by outlining key
brain stem structures visible in cytochrome staining. In brains with
alternating NeuroTrace sections, nucleus ambiguus and the inferior
colliculus were outlined based on the cytoarchitecture. Finally, in
brains with somatostatin labeling, the preBötzinger complex was
identified as the area with higher somatostatin-positive cell density.
One brain was fully annotated with all midbrain and hindbrain
structures described in Paxinos and Watson (1986). All outlined
structures are listed in Table 1.

Table 1. Structure and fiber names and abbreviations

Abbreviation Structure Name

5N Trigeminal motor nucleus
7N Facial motor nucleus
AP Anterior pretectal nucleus
Amb Nucleus ambiguus
DMSp5 Dorsomedial spinal trigeminal nucleus
Dk Nucleus of Darkschewitz
DR Dorsal raphe nucleus
Forel Fields of Forel
IO Inferior olive
Gi Gigantocellular reticular nucleus
GiA Gigantocellular reticular nucleus, alpha part
GiV Gigantocellular reticular nucleus, ventral part
GP Globus pallidus
HDB Nucleus of the horizontal limb of the diagonal band
Hipp Hippocampus
IC Inferior colliculus
IMLF Interstitial nucleus of the mediolateral formation
iTg Intertrigeminal nucleus
IRt Intermediate reticular nucleus
KF Kölliker-Fuse nucleus
LDT Laterodorsal tegmental nucleus
LH Lateral hypothalamic area
LPB Lateral parabrachial nucleus
LPBE Lateral parabrachial nucleus, pars externa
LPGi Lateral paragigantocellular nucleus
LRt Lateral reticular nucleus
MCPO Magnocellular preoptic nucleus
MPB Medial parabrachial nucleus
MdD Medullary reticular nucleus, dorsal part
MdV Medullary reticular nucleus, ventral part
MiTg Microcellular tegmental nucleus
mRT Midbrain reticular formation
Mx Matric region of the medulla
NLOT Nucleus of the lateral olfactory tract
NPCom Nucleus of the posterior commissure
PAG Periaqueductal gray
PCRt Parvicellular reticular nucleus
PCRtA Parvicellular reticular nucleus, alpha part
PH Posterior hypothalamic area
PMnR Paramedian reticular nucleus
PPTg Posterior pretectal nucleus
PR Prerubral field
PR5VL Principal sensory trigeminal nucleus, dorsomedial part
PaR Pararubral area
PnC Pontine reticular nucleus, pars caudalis
PnO Pontine reticular nucleus, pars oralis
Pr5 Principal sensory trigeminal nucleus
PreBötC PreBötzinger complex
pCom Precommissural nucleus
RIP Raphe interpositus nucleus
RMg Raphe magnus nucleus
RN Red nucleus
ROB Raphe obscurus nucleus
RPa Raphe pallidus
RtTg Reticulotegmental nucleus of the pons
SC_InG Superior colliculus, inferior gray
SC_SuG Superior colliculus, superior gray
SNC Substantia nigra, pars compacta
SNL Substantia nigra, pars lateralis
SNR Substantia nigra, pars reticularis
SPTg Subpeduncular tegmental nucleus
SPVmu Spinal trigeminal nucleus, pars muralis
Sol Nucleus of the solitary tract
SpVI Spinal trigeminal nucleus, pars interpolaris
SpVC Spinal trigeminal nucleus, pars caudalis
SpVO Spinal trigeminal nucleus, pars oralis
Su5 Supratrigeminal nucleus
SubC Subcoeruleus nucleus

Continued

Table 1. —Continued

Abbreviation Structure Name

Tu Olfactory tubercle
VLL Ventral nucleus of the lateral lemniscus
VP Ventral pallidum
VTA Ventral tegmental nucleus
Ve Vestibular nuclei
ZI Zona incerta

Abbreviation Fiber tract name

7n Facial tract
ac Anterior commissure
f Fornix
fr Fasciculus retroflexus
ml Medial lemniscus
mlf Medial longitudinal fasciculus
pc Posterior commissure
scp Superior cerebellar peduncle
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First, a reference atlas was created by averaging six reconstructed
brains (Chen et al. in press). The facial motor nucleus (7N), facial
motor tract (7n), lateral reticular nucleus (LRt), trigeminal motor
nucleus (5N), and inferior olive (IO) were used for aligning the stacks

to a single ‘reference’ stack using an affine transform. Average center
positions for all traced structures across stacks were then calculated.
A midline plane was determined as a fit to the midpoints between only
the alignment structures, and structure positions for the atlas were
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rotated such that they were set symmetrically about the midline.
Finally, structure shapes were calculated by aligning and averaging
each structure individually. The final symmetrical reference atlas was
constructed by placing each averaged structure at its average position
bilaterally. In a final step, each of the reconstructed brains was aligned
to the “alignment” structures in the reference atlas using an affine
transform with a scaling range between 99% and 101%.

Data Analysis

Retrograde tracing cell counts were calculated from the aligned
reconstructions. Cell counts were done by reslicing the aligned data
sets at a thickness of 15 �m and assigning each marked cell to the
traced and reconstructed region. To account for gaps in traced regions
that come from smoothing the reconstruction, cells that did not fall
within any traced boundary were assigned to the boundary to which
they were nearest. If a cell was within an overlap of two boundaries,
it was assigned to the boundary where it was more deeply embedded.
An example of a single section with cells colored by assigned region
is shown in Supplemental Fig. S1B. (Supplemental Material for this
article is available online at the Journal of Neurophysiology website.)
Cell count analysis was performed using custom scripts written in
Python.

Cell density was evaluated by computing a kernel density
estimate with a 200-�m bandwidth Gaussian kernel on each full
volume. Maximum contours in steps of 10% of labeling were
defined by density areas greater than a threshold corresponding to
the 10th percentile of the density individually by stack. To evaluate
maximally overlapping areas across different labeled brains, vol-
umes in which at least four stacks had a overlap of at least 15%
maximum density were constructed. A Gaussian mixture model
with two components was fit to all cells within this maximum
density volume, with weights assigned as the inverse of the number
of labeled cells per brain to ensure equal contribution of each
labeled brain. Aikake and Bayesian information criteria for the
Gaussian mixture model were evaluated for models of one, two,
and three components to determine optimal fit.

To compare mouse functional experiments with the tracing results
from rat data, the rat atlas was aligned to mouse volumes with an
affine transform and allowable scaling up to 40%. An identical
transform was applied to the results of the Gaussian fit to obtain an
estimate of the location of the two putative premotor areas.

Lesions in Rats

Eight rats were injected with concentrated Sindbis-152-GFP virus
(G. Patrick laboratory, UCSD) to drive expression virus at the injec-
tion site and cause cell death after 4–5 days (Moore et al. 2013).
When tested in culture, the virus infected �90% of cells, and thus we
expect that a majority of cells at the injection site take up the virus. An
additional three rats were electrolytically lesioned by lowering a
stainless steel electrode into the caudal IRt area and passing current of
300 �A for 5 s.

Rats were implanted with a head bar for head fixation and a
thermocouple (model 5TC-TT-K-36-36; Omega Engineering) to mon-
itor breathing 2 days after virus injection. Rats were placed in the
setup for acclimation once before testing and were tested for evoked
nose movement in response to odor 5 days after virus injection. For
testing, bedding odor was presented alternately on either side of the
snout (Ganguly and Kleinfeld 2004; Kurnikova et al. 2017).

Video data were collected via a high-speed camera (Basler A602f)
using custom code written in MATLAB and standard LabChart
functions. Rats were perfused and brains sectioned on a freezing
microtome. For Sindbis virus lesions, 30-�m horizontal sections were
stained for NeuN (MAB377; Millipore), and the lesion site was
identified by the area of cell death as evidenced by a lack of
NeuN-stained cells. For electrolytic lesions, 60-�m sections were
stained with Neutral red, and the lesion site was identified as a hole or
obvious damage to the tissue. Three-dimensional reconstructions of
the lesion site in every third section were made using Neurolucida and
were further processed using custom code in Python.

Lesions in Mice

Ten Vglut2-ires-cre mice (JAX 028863) were injected with
AAV8-mCherry-flex-dTA (UNC Vector Core) virus to drive ex-
pression of diphtheria toxin subunit A in glutamatergic cells at the
injection site. Mice were implanted with a head bar for head
fixation and a fast-time NTC thermistor (MEAS-G22K7MCD419;
Measurement Specialties) to monitor breathing (McAfee et al.
2016) 3– 4 wk after virus injection. Mice were placed in the setup
for acclimation at least once before testing and were tested for
evoked nose movement 5– 6 wk after virus injection. For testing,
bedding odor was presented alternately on either side of the snout
Ganguly and Kleinfeld 2004; (Kurnikova et al. 2017).

Video data were collected via a high-speed camera (Basler
A602f) using custom code written in MATLAB and standard

Fig. 1. Key premotor areas identified by retrograde tracing from the deflector nasi (d. nasi). A: diagram of the experimental procedure. The deflector nasi was
injected with N2c replication-competent rabies virus (CVS-N2c RV), and rats were perfused at primary, secondary, or tertiary time points. B: examples of labeling
in the facial motor nucleus (7N) at primary, secondary, and tertiary time points. Motoneurons remain intact at all time points. C: reconstructions of labeled
motoneurons and motoneuron dendrites in the facial motor nucleus. Cell bodies and dendritic fields were found in the dorsolateral part of 7N. Colors correspond
to individual time points (colors in A). Top, primary labeled time points (grayscale); middle, secondary labeled time points (red-green); bottom, tertiary labeled
time points (blues). D, dorsal; V, ventral; M, medial; L, lateral. D: example of premotor labeling in the retrofacial area at a 64-h time point in a sagittal section
~1.7 mm lateral of midline. Labeled cells are revealed in dark product, whereas structures are identified in a cytochrome oxidase (CO) stain. IRt, intermediate
reticular nucleus; LRt, lateral reticular nucleus; 7n, facial tract. E: reconstructions of premotor labeling in the retrofacial area in 6 rats at secondary labeled time
points. Left, reconstructions of labeled cells in a 200-�m-thick coronal slice at 10.7 mm caudal of bregma. Right, 10% maximum density contours in the same
coronal slice. Secondary time points shown are 51 h (purple), 53 h (red), 61 h (orange), 64 h (yellow), 64 h (light green), and 67 h (green). Four of six contours
(53, 64, 64, and 67) overlap in the nose retrofacial (nRF) region. Amb, nucleus ambiguus; IO, inferior olive; SpVI, Spinal trigeminal nucleus, pars interpolaris;
Ve, vestibular nucleus. F: example of premotor labeling in the nose intermediate reticular (nIRt) area at a 64-h time point ~1.5 mm lateral of midline. Labeled
cells are revealed in dark product, whereas structures are identified in a CO stain. Gi, gigantocellular reticular nucleus. G: reconstructions of premotor labeling
in the caudal IRt/Gi area in 6 rats at secondary labeled time points. Left, reconstructions of labeled cells in a 200-�m-thick coronal slice at 11.5 mm caudal of
bregma. Right, 10% maximum density contours in the same coronal slice. Secondary time points shown are 51 h (purple), 53 h (red), 61 h (orange), 64 h (yellow),
64 h (light green), and 67 h (green). Four of six contours overlap for 51, 61, 64, and 67 h in the caudal IRt/Gi area (nIRt). H: 3-dimensional display of a
2-component Gaussian mixture model fit to the high-density labeled area in 6 rats. Reconstructed cells are shown as small spheres. Centroids of the 2 labeled
areas are shown as large black spheres. Three-sigma radius ellipsoids are shown in magenta. Two areas emerge from the fit: a more rostral area that we call the
nRF area and a more caudal nose area on the border of Gi and IRt that we call the nIRt area. Centroids are located (rostral/caudal, M/L, D/V) at (�10.7 mm,
1.7 mm, 7.8 mm) for the retrofacial area and at (�11.5 mm, 1.5 mm, 7.7 mm) for the nIRt. Forty-five degree (left) and sagittal (right) projections of the data
are displayed. 5N, trigeminal motor nucleus; I: diagram of proposed nose motion circuit based on the results of premotor labeling from the d. nasi muscle.
Motoneurons located in the dorsolateral facial motor nucleus (7Ndl) send projections to the ipsilateral deflector nasi muscle and receive input from the ipsilateral
nRF and nIRt premotor areas.
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LabChart functions. Mice were perfused and brains sectioned at 25
�m. Sections were stained for NeuroTrace blue (N21479; Thermo-
Fischer), and the size and location of the injection site were
estimated by the tdTomato labeling in nonglutamatergic cells.
Three-dimensional reconstructions of labeled cells and key struc-
tures in every third section were made using Neurolucida. All
reconstructions were aligned to a single selected mouse brain using
procedures from Chen et al. (in press) and were displayed and
compared using custom code in Python.

We performed a cell count in the retrofacial area in all lesioned
animals, and in five contralateral side sections as control, using a
cell-counting algorithm in Neurolucida. We counted all NeuroTrace
blue-labeled cells in a single section ~1.0 mm lateral of midline,
manually adjusting counting parameters to ensure reasonable results
in each instance. Cell-counted regions of interest (ROI) were aligned
to each other by applying translation parameters from the three-
dimensional alignment, with no rotation to avoid affecting the cell
density.
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Optogenetic Stimulation in Mice

Thirteen Vglut2-ires-cre mice (JAX 028863) were injected with
AAV8-flex-ReaChR-citrine (Addgene no. 50955; Salk Vector Core)
virus to drive expression of red-shifted channelrhodopsin (ReaChR) in
glutamatergic cells at the injection site. An additional five control
mice, i.e., negative for Cre, were injected with the same virus as a
sham injection. Sham-injected mice were tested as blind controls
along with the positive mice, to avoid bias in LED placement during
comparison of results. Mice were implanted with a head bar for head
fixation and a fast-time NTC thermistor (MEAS-G22K7MCD419;
Measurement Specialties) to monitor breathing (McAfee et al. 2016)
2 wk after virus injection. Mice were placed in the setup for accli-
mation at least once before testing and were tested for evoked nose
movement 3 wk after virus injection. For optogenetic stimulation, a
Mightex 2-channel LED controller (SLC-MA02-U; Mightex Systems)
was used to drive a 617-nm Luxeon LED (Lumileds LXM2-PH01-
0070), placed in the ear, at 355 mA with 10-ms pulses. Video data
were collected via a high-speed camera (Basler A602f) using custom
code written in MATLAB and standard LabChart functions.

Mice were perfused and brains sectioned at 30 �m. Sections were
stained for NeuroTrace far red (N21483; Thermo-Fischer), and the
injection site was identified by the citrine label in cell membranes.
Three-dimensional reconstructions of labeled cells and key structures
in every third section were made using Neurolucida and were further
processed using custom code in Python. All reconstructions were
aligned to a single selected mouse brain using procedures from Chen
et al. (in press) and were displayed and compared using custom code
in Python.

RESULTS

Tracing with Rabies Virus

We identified putative premotor areas and pre2motor areas,
i.e., immediately upstream of premotor areas, for nose motion
by retrograde tracing using replication-competent rabies virus
from the deflector nasi muscle (Fig. 1A). At all time points,
corresponding to different levels of retrograde transport, cells
in the facial motor nucleus appeared intact (Fig. 1B). In
addition, motor neurons and their dendritic fields were found in
the dorsal lateral portion of the facial motor nucleus (Fig. 1C),
which is consistent with the reported location of motoneurons
for the deflector nasi (Deschênes et al. 2016a). Thus we are
confident that all observed labeling is from the injected muscle,
with no contamination from virus spillover.

Key Premotor Areas for the Deflector Nasi

We aligned all brains to a common reference atlas of the
brain stem (Chen et al. in press). Retrograde labeling was
found across extensive regions of the hindbrain and midbrain.
We consider first two regions with particularly dense second-
ary labeling across all brains. An example of labeled cells in an
area just caudal to the facial motor nucleus, denoted the nose
retrofacial (nRF) region, is shown in Fig. 1D, whereas an
example of labeling in a more caudal region, denoted the nose
intermediate reticular formation (nIRt), near the location of the
vibrissa IRt (Moore et al. 2013), is shown in Fig. 1F. Recon-
structions across all animals showed consistent labeling in each
of these two regions across all rats at the secondary time point.
A subset of four of the six rats at secondary time points had
high-density labeling in the retrofacial region, as revealed by
overlapping reconstructed cells and 10% density contours (Fig.
1E and Supplemental Fig. S2, A–C). A different subset of four
of six rats had high-density labeling in the nIRt region (Fig. 1G
and Supplemental Fig. S2, D–F). In summary we found a
stretch of labeling in the medulla on the border of the IRt and
gigantocellular reticular formation that has high density among
at least four of six injected rats. To quantify the region of
labeling, we fit a Gaussian mixture model to the high-density
labeled area across all rats (Supplemental Fig. S2I), which
implies that the labeled premotor areas can best be described
as two loci of high-density labeling (Fig. 1H). The two
overlapping areas are entered on the coordinates: (rostral-
caudal � �10.7 mm, medial-lateral � 1.7 mm, dorsal-ven-
tral � �7.8 mm) for the nRF and (�11.5 mm, 1.5 mm,
�7.7 mm) for the nIRt. When scaled to mice, these coor-
dinates are approximately (�6.9 mm, 1.0 mm, �5.4 mm)
for the nose retrofacial area and (�7.3 mm, 0.9 mm, �5.1
mm) for the nIRt.

To confirm the labeling centroids, we repeated the clustering
analysis using a point-by-point density-based clustering algo-
rithm, DBSCAN (Ester et al. 1996). We found that a broad
region of parameter space yields two clusters in the labeling.
At the biologically plausible agglomeration parameter � � 200
�m and minimum neighborhood size N � 50, we obtained
clusters centered at (�10.5 mm, 1.8 mm, �7.9 mm) and
(�11.4 mm, 1.6 mm, �7.7 mm), close to the clustering

Fig. 2. Medullary labeling from the deflector nasi. A: example putative premotor areas labeled at secondary time points. Left, labeling in the ipsilateral trigeminal
nuclei is most dense in the dorsal part of the spinal trigeminal nucleus pars oralis (SpVO) and pars interpolaris (SpVI). The section displayed is 2.9 mm lateral
to midline, ipsilateral to the injection. Middle, labeling in the medullary reticular nuclei (MdD and MdV). The section displayed is 1.8 mm lateral to midline,
ipsilateral to the injection. IRt, intermediate reticular nucleus; LRt, lateral reticular nucleus; SpVc, spinal trigeminal nucleus, pars caudalis). Right, labeling in
the parvocellular reticular nucleus (PcRt). The section displayed is 2.5 mm lateral to midline, ipsilateral to the injection. Labeling density increases at the tertiary
time points, suggesting additional circuits involved in pre2motor control. Structures are outlined from cytochrome oxidase (CO) stain; rabies-labeled cells are
revealed in dark product. FN, facial motor nucleus. B: example putative pre2motor areas labeled at tertiary time points, as in A. Left, the section displayed is 2.9
mm lateral to midline, ipsilateral to the injection. Middle, the section displayed is 1.8 mm lateral to midline, ipsilateral to the injection. Right, the section displayed
is 2.5 mm lateral to midline, ipsilateral to the injection. C: example sections showing no labeling in preBötzinger complex (pBöt) at secondary time point (64
h). Cells are stained with NeuroTrace blue, and rabies-labeled cells are revealed in green. Structures are annotated from the atlas of Paxinos and Watson (1986).
Amb, nucleus ambiguus. D: sections, cut at 200 �m, from reconstruction of premotor (secondary) labeling in the preBötzinger complex (red circled area).
Location of preBötzinger complex is identified from somatostatin stain. No labeling is observed at secondary time points. 7N, facial motor nucleus. E: example
sections showing dense labeling in preBötzinger complex at a tertiary time point (77 h). Cells are stained with NeuroTrace blue, and rabies-labeled cells are
revealed in green. Structures are annotated from the atlas of Paxinos and Watson (1986). F: sections from reconstruction of pre2motor (tertiary) labeling in the
preBötzinger complex (red). Location of preBötzinger complex is identified from somatostatin stain. Dense labeling is shown at tertiary time points. G: example
data of labeled neurons with somata indicated by colored dots, asigned as in Fig. 1 D, F, and H: bar chart of labeled cell count (logarithmic scale) in the medulla.
Counts for ipsilateral (top) and contralateral (bottom) sides are shown. No labeling outside of the facial motor nucleus was observed at the primary time points.
Labeling across all areas increases dramatically at the tertiary time points (77 h). Structure abbreviations are defined in Table 1; nose retrofacial area (nRF) and
nose intermediate reticular formation (nIRt) cell counts are included in the IRt. I: proposed circuit for control of nose motion. Motoneurons in the dorsal lateral
facial nucleus (7Ndl) send input to the d. nasi and receive input from premotor areas. We hypothesize that premotor areas nRF and nIRt receive respiratory input
from the preBötzinger complex.
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obtained by the Gaussian mixture model (Supplemental Fig.
S2, G–I).

Although not all animals had labeling in each of the two
key areas, the emergence of the labeling is not a matter of
delayed transport. Critically, of the two earliest time points
in which labeling was very sparse, the 53-h time point
showed labeling in the nRF area, whereas the 51-h time
point showed labeling in the nIRt. We propose that both the

nRF and nIRt are likely to be premotor areas, although it is
possible that they project to disparate subsets of motoneu-
rons in the facial motor nucleus.

Extensive Premotor and Pre2motor Labeling in Other Brain
Areas

Hindbrain. Beyond the dense labeling in the nRF and nIRt,
labeling from the deflector nasi was found in multiple areas of
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the medulla at both secondary and tertiary time points (Fig. 2).
At secondary time points, brain stem reticular formation had
dense ipsilateral labeling in the parvocellular, gigantocellular,
intermediate, and dorsal and ventral medullary subdivisions, as
well as weaker contralateral labeling in all these areas (Fig. 2,
A, G and H). Only sparse labeling is observed in the contralat-
eral nRF and nIRt. At tertiary time points, both ipsilateral and
contralateral labeling increased dramatically (Fig. 2, B, G and
H, and Supplemental Fig. S3).

The trigeminal nuclei also had ipsilateral labeling at second-
ary time points, most notably in the ventral parts of spinal
trigeminal nuclei interpolaris and oralis (Fig. 2A). Some ani-
mals at the secondary time points also showed labeling in
subnucleus caudalis. At tertiary time points, the trigeminal
nuclei were densely labeled both ipsilaterally and contralater-
ally (Fig. 2H).

At secondary time points, we observed sparse pre2motor
labeling bilaterally in the pontine reticular formation oralis and
caudalis, subcoeruleus nucleus, Kölliker-Fuse nucleus, and
supratrigeminal nucleus. At tertiary time points, labeling den-
sity increased throughout the pontine reticular formation oralis
and caudalis, subcoeruleus nucleus, and Kölliker-Fuse nucleus.
In addition, dense labeling was observed bilaterally in the deep
cerebellar nuclei, the lateral and medial parabrachial nuclei, the
pedunculopontine tegmental nucleus, and the intertrigeminal
nucleus (Supplemental Figs. S3 and S4).

PreBötzinger complex. We single out this region in light of
past data showing that the preBötzinger complex drives the
oscillator for whisking (Moore et al. 2013). We observed no
labeling at the secondary time points and dense labeling at
tertiary time points (Fig. 2, C–F). This pattern of labeling is
consistent with the circuit hypothesis that the preBötzinger
complex provides inputs to a variety of premotor areas to drive
orofacial motion coordination to breathing. Based on their
locations, both the retrofacial and caudal IRt are likely candi-
dates to receive input from the preBötzinger complex (Tan et
al. 2010). We thus propose that the nRF and nIRt provide
premotor input to the facial motor nucleus and that one or both
regions receive input from the preBötzinger complex to syn-
chronize nose motion to breathing (Fig. 2I).

Midbrain. We found premotor labeling in the contralateral
superior colliculus (Supplemental Fig. S4, A and B) and red
nucleus (Supplemental Fig. S4, E and F), as well as in the
midbrain reticular formation and periaqueductal gray at sec-

ondary time points (Supplemental Fig. S3C). We also found
premotor labeling bilaterally in the interstitial nucleus of the
medial lemniscus and ipsilaterally in the nucleus of Darksche-
witz (Supplemental Figs. S3C and S4I). This labeling pattern is
similar to tracing results from the facial motor nucleus (Hattox
et al. 2002; Isokawa-Akesson and Komisaruk 1987), which
labeled inputs to the vibrissa system, consistent with a similar
circuit structure for control of whisking and nose motion.

At tertiary time points, we observed increased labeling
across the midbrain, including bilaterally in superior colliculus
(Supplemental Fig. S4, C and D), red nucleus (Supplemental
Fig. S4, G and H), midbrain reticular formation, raphe magnus
nucleus, paralemniscal nucleus, periaqueductal gray (Supple-
mental Fig. S3C). We also observe the appearance of labeled
cells in the substantia nigra reticular part and lateral part, zona
incerta, fields of Forel, prerubral fields, nuclei of the posterior
commissure, and ventral tegmental area (Supplemental Fig.
S3C). Tertiary midbrain labeling was denser contralaterally but
present on both sides.

Forebrain. At tertiary time points, we observed labeling in
the forebrain, including bilateral labeling in motor, prefrontal,
and sensory cortical areas (Supplemental Fig. S5, A and B),
lateral hypothalamic area (Supplemental Fig. S5C), posterior
hypothalamic area, and sparse labeling in the ipsilateral ventral
pallidum, the ipsilateral globus pallidus, ipsilateral nucleus of
the horizontal limb of the diagonal band, and in the ipsilateral
lateral habenula (Supplemental Fig. S5D). In one example we
observed sparse labeling in the ipsilateral nucleus of the lateral
olfactory tract and the ipsilateral magnocellular preoptic nu-
cleus, and dense labeling in the ipsilateral olfactory tubercle
(Supplemental Fig. S5, C and D). These putative pre2motor
projections are candidate areas for descending motor pathways
from the olfactory system and motor cortex. Anterograde
tracing could be used to determine specific pathways by which
these areas send inputs to the nose motion control.

Optogenetic Stimulation Evokes Nose Deflection Independent
of Sniffing

Cells in the nRF area send primarily glutamatergic projec-
tions to the facial motor nucleus, whereas motoneurons them-
selves do not express vesicular glutamate transporter 2
(vGluT2) in perinatal mice (Takatoh et al. 2013) or in adult
mice (Deschênes et. al. 2016b). We optogenetically stimulate
the glutamatergic population of cells in the nRF and nIRt areas

Fig. 3. Optogenetic stimulation in nose retrofacial (nRF) and nose intermediate reticular (nIRt) areas evoke nose movement. A: diagram of the experimental setup.
Transgenic mice were injected with an AAV virus (AAV-flex-ReaChR-mCit) to drive expression of red-shifted channelrhodopsin (ReaChR) in glutamatergic
cells at the injection site. Nose movement was monitored by high-speed video in head-fixed mice, while breathing was monitored with a thermistor implanted
in the nasal cavity. Stimulation was done by ReaChR stimulation with an LED through the ear canal. B: example histological identification of an injection site
in the nRF area. Cell bodies were stained with NeuroTrace blue (cyan) and monomeric citrine (mCit)-labeled cells in yellow. C: example trace of lateral nose
motion (blue), vertical nose motion (black), and breathing (red). The nose deflects laterally and upward after stimulation with a 10-ms LED pulse. Injection site
is shown in B. D, top: example average lateral nose motion response to stimulation at 5 (dark red), 10 (red), and 20 ms (light red), with current adjusted such
that the power remains constant across parameters. Bottom, example average lateral nose motion response to stimulation with 10-ms pulses at stimulation values
of 46 (dark blue), 62 (medium blue), 72 (blue), and 80 lumens (light blue). E: axons (yellow) labeled in the dorsolateral facial motor nucleus after
AAV-flex-ReaChR-citrine injection into the nRF area. Cell bodies were stained with NeuroTrace Blue (cyan). Injection site is shown in B. F: average lateral nose
peak position after stimulation with a 10-ms pulse as a function of cell counts in the nRF and nIRt areas. Each point is the average from a single mouse. Linear
fits are shown in magenta. G: average traces of lateral nose movement, vertical nose movement, and breathing rate after stimulus onset. Trials were selected by
movement variance before stimulation onset and �0.5-Hz breathing rate change as compared before and 100 ms after stimulation onset. Effective stimulation
sites (magenta), less effective stimulation sites (orange), and least effective stimulation sites (gray) are defined from the functional data. Sham injections (black)
were done in Cre-negative mice. H: 3-dimensional reconstructions of ReaChR injection centroids. Sagittal (top) and horizontal (bottom) views are shown. Colors
are drawn from the functional results in G. Centroids of effective stimulation sites (magenta) tend to overlap with the nRF and nIRt regions. I: color coding of
all effective stimulation sites from rostral (blue) to caudal (red). J: breathing rate pre- vs. poststimulation. Stimulation of some injection sites showed a slight
increase in breathing rate, but on most trials the breathing rate remained constant. K: peak lateral nose deflection as a function of change in breathing rate
poststimulation. Flat profile of the graph indicates that lateral nose movement evoked by stimulation does not depend on eliciting a change (�) in breathing rate.
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of mice to determine the effects of their stimulation on nose
motion We inject AAV-flex-ReaChR, a red-shifted channel-
rhodopsin (Lin et al. 2013), into Vglut-cre mice to drive
expression of ReaChR at the injection site (Fig. 3A). For an
injection site in the retrofacial area (Fig. 3B), labeled axons
were found in the dorsolateral part of the facial motor nucleus
(Fig. 3E), and light stimulation through the ear evoked lateral
and vertical movement of the nose (Fig. 3C). No change in the
profile of evoked movement was observed for changing stim-
ulus duration at constant power, and an increase in peak

amplitude of movement was observed for increasing stimulus
intensity (Fig. 3D).

Lateral and upward nose movement, a signature of activity of
the deflector nasi, was evoked after light stimulation in 8 of 13
mice, whereas no movement at all was evoked in the non-cre
control mice (Fig. 3, E–H). In off-target injection sites, we
observed a small lateral nose movement but no consistent upward
nose movement (Fig. 3G). Thus the movement of the nose could
be an effect of pulling other muscles in the snout. We find that
effective stimulation sites have centroids in the nRF and caudal

Fig. 4. Lesions in nose retrofacial area (nRF) but not nose caudal intermediate reticular formation (nIRt) disrupt nose odor response. A: diagram of the rat testing
setup. Bedding odor was presented on alternate sides, and nose position was monitored using high-speed video in a head-restrained rat. Rats were tested 5 days
after Sindbis virus (Sindbis-152-GFP) injection or electrolytic lesion. B: example histological section to confirm location of Sindbis virus injection (green). NeuN
stain (red) used to establish region of cell death. 7N, facial motor nucleus; Amb, nucleus ambiguus. C: example trace of lateral nose position response to odor
presentation in a rat lesioned with Sindbis virus in the retrofacial area. The nose deflects toward the nonlesioned side when an odor is presented on the nonlesioned
side but does not deflect toward the lesioned side when an odor is presented on that side. D: average trace of lateral nose position toward presented bedding odor.
Averages are shown for 4 conditions: contralateral side from all lesions (gray), ipsilateral side for noneffective electrolytic lesion (green), ipsilateral side for
noneffective Sindbis lesion (blue), and ipsilateral side for effective Sindbis lesion (gold). Error bars are SE. E: average peak nose position of ipsilateral (rectified)
nose motion averaged between 350 and 450 ms post-odor stimulus presentation. Average values for individual rats are shown for 4 conditions: contralateral side
from all lesions (gray), ipsilateral side for noneffective electrolytic lesion (green), ipsilateral side for noneffective Sindbis lesion (blue), and ipsilateral side for
effective Sindbis lesion (gold). F: average histograms of the lateral nose positions for noneffective electrolytic lesion (green), noneffective Sindbis lesion (blue),
and effective Sindbis lesion (gold). These histograms were computed over all ongoing motions to show that movement in general is not impaired by the lesion.
G: 3-dimensional reconstructions of lesion locations. Slices cut at 400 �m are shown in the horizontal, coronal, and sagittal planes. C, caudal; R, rostral; D, dorsal;
V, ventral; M, medial; L, lateral. Locations of the nRF and nIRt are outlined in magenta. Effective lesion sites overlap with the nRF region and not the nIRt region.
H: 3-dimensional reconstruction of the location of the overlap of all effective lesions (gold). Locations of the nRF and nIRt are outlined in magenta. All effective
lesions overlap in the nRF area. 7n, facial tract; IO, inferior olive; LRt, lateral reticular nucleus; SpV, spinal trigeminal nucleus; Ve, vestibular nucleus.

213DEFLECTING THE NOSE

J Neurophysiol • doi:10.1152/jn.00608.2018 • www.jn.org

Downloaded from www.physiology.org/journal/jn by ${individualUser.givenNames} ${individualUser.surname} (137.110.034.187) on January 10, 2019.



Fig. 5. Glutamatergic cell lesions in retrofacial area disrupt nose odor response. A: diagram of the mouse testing setup. Bedding odor was presented on alternate
sides and nose position monitored using high-speed video in a head-restrained mouse. vGluT2-ires-cre mice were tested 5–6 wk after AAV-tdTom-flex-DTA
injection. B: example histological section to confirm location of virus injection based on the locations of Cre-negative cells (red). To confirm cell death in a region
of interest in the nose retrofacial (nRF) area, NeuroTrace blue-stained cells (blue) were counted using an automated algorithm (cyan). C: example trace of lateral
nose position response to odor presentation in a mouse lesioned with DTA in the nRF area. The nose deflects toward the nonlesioned side when an odor is
presented on the nonlesioned side but does not deflect toward the lesioned side when an odor is presented on that side. D: average trace of lateral nose position
toward presented bedding odor. Averages are shown for 3 conditions: contralateral side from all lesions (gray), ipsilateral side for noneffective lesion (blue), and
ipsilateral side for effective lesion (gold). E: average peak nose position of ipsilateral (rectified) nose motion averaged between 250 and 300 ms post-odor stimulus
presentation. Effective lesions (gold) were defined as mice in which the average peak position was less than all control side (black) averages. Noneffective DTA
lesions (blue) had an average peak position similar to control side averages. F: ratio of cell density in the region of interest (ROI) in the nRF area vs. cell density
in the surrounding area (gray). Mice with a behavioral reduction in nose response (gold) showed a reduced cell count compared with the control side (black)
(T statistic � �2.5, P � 0.035) and compared with noneffective lesions (blue) (T statistic � �2.4, P � 0.044), whereas noneffective lesions showed no change
compared with the control side (T statistic � �0.8, P � 0.47). G: average histograms of the lateral nose positions for noneffective Sindbis lesion (blue) and
effective Sindbis lesion (gold). H: definition of region of interest for cell count in nRF and surround region displayed in a slice reconstruction 1.0 mm lateral
of midline. 7n, facial tract; 7N, facial motor nucleus; LRt, lateral reticular nucleus. I: 3-dimensional reconstruction of the location of the overlap of all effective
lesions (gold). Locations of the nRF and nose intermediate reticular formation (nIRt) are outlined in magenta. All effective lesions overlap in the nRF area. J:
3-dimensional reconstructions of lesion locations. Slices cut at 400 �m are shown in the horizontal, coronal, and sagittal directions. C, caudal; R, rostral; D,
dorsal; V, ventral; M, medial; L, lateral. Locations of the nRF and nIRt are outlined in magenta.
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nIRt regions (Fig. 3, H and I). We also considered the lateral
evoked nose movement as a function of number of cells counted
within the nRF and nIRt regions in each mouse. We found that
both cell count in the nRF region and cell count in the nIRt region
predict lateral nose movement response (F statistic � 4.5, P �
0.05 and F statistic � 8.3, P � 0.02, respectively), and the
combination of the two cell counts predicts the lateral nose
response well (F statistic � 13.6, P � 0.0004), with coefficients
of 0.0019 mm/cell (P � 0.03) in the nRF and 0.0014 mm/cell
(P � 0.004) in the nIRt (Fig. 3F).

Movement of the nose occurs during sniffing (Kurnikova et
al. 2017), and thus we examined whether nose movement
evoked by stimulation is a result of triggering a sniffing bout.
We found that although at some injection sites an increase in
breathing rate is evoked by stimulation (Fig. 3J), the amplitude
of nose movement is independent of change in breathing rate
(Fig. 3K). We conclude that optogenetic stimulation of gluta-
matergic cells in both the nRF and in the nIRt can evoke nose
movement independently of a change in breathing rate.

Retrofacial Area Lesion, But Not nIRt Lesion, Affects Nose
Odor Response

To establish the functional significance of the identified areas,
we aimed to test whether ablating the nRF area can affect the nose
movement response to odor presentation. Because the nRF area is
dense with fiber tracts, we chose Sindbis virus as a lesioning
method to kill cells without damaging the passing fibers (Fig. 4,
A–D). We also include analysis from electrolytic lesions in the
nIRt region. We found that three of the Sindbis virus-lesioned rats
had a reduced average peak nose deflection compared with the
control averages (Fig. 4, E and F). Three-dimensional reconstruc-
tions of effective lesion positions show that all effective lesions
were in the nRF area, whereas noneffective lesions flanked the
region (Fig. 4, G and H). The average traces for each condition
show that there was no change in the shape of the nose response
for the noneffective lesions, whereas the nose motion response for
nRF-lesioned animals was greatly reduced (Fig. 4D). Finally, we
considered the distribution of all nose positions for the lesioned
vs. control animals. We found that on a longer timescale, the
lesioned animals were still able to move their nose both to the
control side and lesioned side (Fig. 4F). As a note, it is possible
that lesions with a larger extent would cause an asymmetry of
motion of the nose; however, we cannot increase the size of the
Sindbis virus lesions without risk of damaging the facial motor
nucleus. Our present data show that lesions of the nRF area can
disrupt nose movement response to odor without completely
removing the ability of the rat to move the nose to the affected
side.

As a further control for lesion to the retrofacial area, we
aimed to confirm that ablating the glutamatergic cells in the
nRF area can affect the nose movement response to odor
presentation. We chose to use adult mice for these experiments
given the robust expression achieved with Vglut-cre mice and
our need to label exclusively excitatory cells. A cre-dependent
diphtheria toxin subunit a (DTA) virus, AAV-tdTom-flex-
DTA, was injected into the vicinity of the nRF to ablate
vGluT2-expressing cells (Fig. 5, A and B). Critically, we
observed a reduced nose motion response to odor presentation
in five of the nine lesioned mice (Fig. 5, C–G). All effective
injections were centered in the nRF area (Fig. 5, H–J). In
addition, we found that the cell count was reduced in a region
of interest (Fig. 5, F and H) in the retrofacial area compared
with both the control side and with animals with no change in
nose movement.

DISCUSSION

We have identified two key premotor areas for controlling
nose motion, an area caudal to the facial motor nucleus that we
call the retrofacial area (nRF) and an area near the vibrissa IRt
oscillator that we call the nose IRt (nIRt). Anatomically, the
nRF and nIRt have the densest labeling at secondary time
points and are consistently labeled across different animals
(Fig. 1, E–H, and Supplemental Fig. S2). We have established
that glutamatergic inputs from both of these areas can drive
motion of the nose (Fig. 3); however, only the nRF area is
involved in the nose response to odor (Figs. 4 and 5). The
proposed nose motion circuit based on this work is summarized
in Fig. 6.

Our data show that although the nose moves in general after
lesion of the nRF, it has reduced response to ipsilateral odorant
presentation. This suggests that nRF is part of a pathway from the
olfactory bulb that mediates bilateral odor comparisons, presum-
ably involving the anterior olfactory nucleus (AON) (Esquivelzeta
Rabell et al. 2017). The AON is part of a network that mediates
complex odor processing and sends and receives projections from
areas including the olfactory bulb, motor and piriform cortex,
hippocampus, olfactory tubercle, and lateral hypothalamus
(Brunjes et al. 2005; Davis and Macrides 1981; Haberly and Price
1978; Moyano and Molina 1980; Price et al. 1991; Scott et al.
1980). In our labeling results we saw no evidence of pre- or
pre2motor projections directly from the AON; however, several
known targets of the AON, including the olfactory tubercle and
lateral hypothalamic area, had tertiary labeling. We propose that
pathways through the lateral hypothalamic area or the olfactory
tubercle are potential candidates to relay olfactory information to
the nRF area.

Fig. 6. Circuits for orofacial motor control. Diagram
shows the hypothesized circuit for control of nose mo-
tions via the deflector nasi (d nasi; magenta) and the
known circuit for vibrissa motor control (blue). Mo-
toneurons in the facial motor nucleus send projections
to the muscles and receive inputs from premotor areas.
Premotor areas receive inputs from the preBötzinger
complex to drive synchronization to breathing. 7Ndl,
dorsal lateral facial nucleus; nRF, nose retrofacial area;
nIRT, nose intermediate reticular formation; vIRt,
vibrissa intermediate reticular formation.
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We have also provided evidence that the preBötzinger com-
plex sends putative premotor input to the nose premotor neu-
rons. The nIRt is located near the vibrissa IRt (vIRt) (Moore et
al. 2013), whereas the nRF is located in a similar location
previously described as a respiratory area (Anderson et al.
2016); thus both areas are positioned such that they may
receive respiratory inputs. Past work on orofacial and respira-
tory circuits in the medulla has pointed to the hypothesis that
orofacial movement is linked to breathing via a signal from the
preBötzinger complex to a premotor area (Del Negro et al.
2018; Kleinfeld et al. 2014b; Tan et al. 2010). Thus a circuit
motif might involve a premotor area that drives motor neurons
in the facial motor nucleus and receives input from the pre-
Bötzinger complex that drives the synchronization of move-
ment to breathing. In our work we have characterized the
contribution of glutamatergic inputs from the nRF and nIRt
areas to nose motion. However, whisking generation is known
to occur via an inhibitory oscillator that is positioned similarly
to the nose caudal IRt.

The action of the nose deflector muscle consists of pulling
the nasal cartilage in the caudal direction (Deschênes et al.
2015). There is no antagonistic muscle that pulls the cartilage
rostrally. When the right and left muscles are equally activated
in a synchronous manner, the resulting motion is an upward
deflection of the nose. Unequal activation of these muscles
produces upward and lateral deviation of the nose. Thus lateral
nose deflection to the right, which is associated with odor
delivery to the right side of the nose, likely results from
activation of nose deflector motoneurons in the right facial
nucleus and inhibition or disfacilitation of the contralateral
pool of nose deflector motoneurons. It follows that there should
exist inhibitory connections between the left and right pools of
premotor neurons in the nRF or the nIRt, or between these
premotor regions and the contralateral pool of nose deflector
motoneurons. Determination of the cell types involved in
control of nose movement and potential contribution of inhib-
itory drive to nose motion would allow integration of this
medullary circuit to the ones that control sniffing and whisking
(Moore et al. 2013, 2014).
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