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Abstract

Histochemical examination of the dorsorostral quadrant of the rat snout revealed superficial and
deep muscles that are involved in whisking, sniffing, and airflow control. The part of M.
nasolabialis profundus that acts as an intrinsic (follicular) muscle to facilitate protraction and
translation of the vibrissae is described. An intraturbinate and selected rostral-most nasal muscles
that can influence major routs of inspiratory airflow and rhinarial touch through their control of
nostril configuration, atrioturbinate and rhinarium position were revealed.
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Introduction

Rodents with poor vision and nocturnal activity rely heavily on senses of touch and smell. In
the rat, whisking and sniffing are iterative cyclic motor features that accompany active
tactile and olfactory sensing, respectively. The whisking and sniffing rhythms can couple
during exploratory behavior (Welker, 1964; Komisaruk, 1970; Kepecs et al., 2007;
Wachowiak, 2011; Deschénes et al., 2012). Moreover, tactile sensation can also be acquired
via the rhinarium (Bracha et al., 1990), which is covered with glabrous skin and has a dense
sensory innervation (Macintosh, 1975; Silverman et al., 1986). Muscle contraction is the
principal action that determines whisking, sniffing, and changes of the nostril configuration.
Most whisking parameters (Carvell and Simons, 1990; Berg and Kleinfeld, 2003; Towal and
Hartmann, 2006; Knutsen et al., 2008), as well as other types of movements such as
translation of the vibrissae and of the entire mystacial pad (MP) (Bermejo et al., 2005; Hill
et al., 2008; O'Connor et al., 2010), are determined relative to the rat's head. Recently, we
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summarized data regarding the architecture of the muscles associated with the rat MP
(Haidarliu et al., 2010). However, the muscles in the dorsorostral quadrant (DRQ) of the rat
snout were poorly illuminated. Although many of the snout muscles of rodents were
frequently described, and their aggregate electromyogenic activity recorded (Carvell et al.,
1991; Berg and Kleinfeld, 2003; Hill et al., 2008), the specific actions of many of these
muscles remain unclear.

According to the map of muscles in the MP described by Dorfl (1982), and to known
mechanical models of the rat MP (Wineski, 1985; Hill et al., 2008; Simony et al., 2010;
Haidarliu et al., 2011), each large vibrissa is protracted by two intrinsic muscles (IMs).
However, the rostral-most vibrissae A4 and B4 are attached to only one IM, which might be
not sufficient for the protraction amplitude of these vibrissae to be the same as that for
vibrissae protracted by two IMs. Nonetheless, during whisking, all the vibrissae of the MP,
including the A4 and B4 vibrissae, whisk synchronously and with similar amplitudes
(Carvell and Simons, 1990; Bermejo et al., 2005; Hill et al., 2011). Such movement
synchrony along whisker arcs is important for encoding the spatial coordinates of object
location (Ahissar and Knutsen, 2008; Knutsen and Ahissar, 2009; Knutsen et al., 2008).
Detection of a structure in the DRQ that could act as the missing IM for the A4 and B4
vibrissae was an impetus for our study of the muscular organization of the DRQ.

Rats are obligate nose breathers, with inspired and expired air passing only through their
noses (Krinke, 2000). The shape of their nose is maintained by the bony and cartilaginous
nasal skeleton. The rat nose has a dynamic structure and a specific external and internal
organization (Bojsen-Moller and Fahrenkrug, 1971; Maier, 2002). The rat rhinarium has a
dense sensory innervation (Silverman et al., 1986), and participates in tactile exploration.
This participation was observed in experiments that required a rat to reach with its head, in
which a decision was made after a rat touched a feeder entrance with the tip of its nose
(Bracha et al., 1990). Traffic of the air during sniffing is under the control of relevant
muscles that can change the nostril configuration and the position of the rhinarium. Usually,
these muscles contract synchronously with the MP muscles, and can change the shape of the
air conducting structures, such that the re-inhalation of the expired air is reduced (Haselton
and Sperandio, 1988; Wilson and Sullivan, 1999; Kepecs et al., 2006). Thus, another aim of
this study was identification of the muscles that can cause movements of the nostril and
rhinarium, which would influence nasal aerodynamics and rhinarium-mediated active tactile
sensing in rats.

Classical descriptions of the rodent snout musculature mainly involved tissue dissection. In
the rodent snout, many parts of the M. nasolabialis profundus have been described and
compared. However, the names, as well as data on their relative development, size, origin,
and exact insertion sites, for these parts are not the same in all the studies. Such diversity
was attributed to the difficulties of rodent snout dissection (Rinker, 1954). Despite the
diversity of opinions in the literature concerning the names and specific anatomical
arrangement of facial muscles in humans and other mammals, similarities in their overall
form, origin, and insertions suggest homologies between species (Banke et al., 2001;
Breitsprecher et al., 2002; Whidden, 2002). In an anatomical study of the nasal superficial
musculoaponeurotic system, the surgical approach was thought to cause disruption of the
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anatomical nasal structures (Saban et al., 2008). Indeed, microdissection of individual
muscle fibers showed that such a procedure can cause a sudden contraction of the dissected
muscle fibers, making further muscle separation impossible (Huijing, 1999). To surmount
these past difficulties, we felt that histochemical visualization and mapping of small muscles
in the rat DRQ in situ might be more advantageous for mapping numerous small muscles
than traditional dissection method or the recent “face mask” technique (Diogo et al., 2009).

Our goal was to update and expand our knowledge of the muscle distribution and function in
the DRQ by applying special histological techniques. Serial sectioning in different planes
and muscle visualization in situ permitted us to make the initial description of the rhinarial,
intraturbinate, and pseudointrinsic muscles, and to identify three distinctive and spatially
separated areas of muscle origins in the rostral part of the rat snout. For the M. dilator nasi,
an additional function was revealed that consists in nose retraction and vibrissa protraction
which are characteristic for the first stage of the sniff cycle. The muscles we describe may
participate in the control of sniffing, whisking, and active tactile and olfactory sensing.

Materials and Methods

Rostral snout musculature of 16 male albino Wistar rats between four months and one year
old was examined. In addition, six one-week-old rats were used for preparation of the whole
head slices to reveal the attachment of muscles to the skull; these could not be obtained from
adult rats without decalcification. All the experimental procedures were conducted
according to NIH standards, and were approved by the Institute Animal Care and Use
Committee at the Weizmann Institute of Science. Rats were anesthetized intraperitoneally
with urethane [25 % (w/v); 0.65 ml/100 g body weight], perfused transcardially with 4 %
(w/v) paraformaldehyde and 5 % (w/v) sucrose in 0.1 M phosphate buffer, pH 7.4, and then
decapitated. Entire heads and lateral snout flaps were post-fixed in the solution used for
perfusion, to which additional [25 % (w/v)] sucrose was added. Muscles of the snout were
visualized after staining for cytochrome oxidase activity as strongly stained in dark-brown
structures that contained oxidized deposited diaminobenzidine, as previously described
(Haidarliu et al., 2010). Briefly, muscle arrangement was revealed in situ in histological
slices sectioned with a freezing microtome (SM 2000R; Leica Instruments, Germany) in
different planes, i.e., coronal, parasagittal or tangential, horizontal, and oblique. The first
three planes are used to determine stereotaxic coordinates of different brain structures. The
oblique plane, vertical and ~ 45° to both coronal and sagittal planes, was used mainly to
reveal rhinarial musculature. For coronal and haorizontal slicing, rostral parts of the snout
were excised and subjected to postfixation for 48 hrs. Tangential slicing was used to reveal
the muscles with their attachment sites in the rhinarium, within the entire DRQ, and in
adjacent parts of the MP. Tissue flaps that contained rostral part of the snout starting from
the philtrum and hemirhinarium, together with the MPs, were flattened in RCH44 perforated
plastic histology cassettes (Presctech.com) to prevent curling during dehydration caused by
the postfixation. The flaps were frozen and sliced as a single straightened histological
preparation, and the slices were stained for cytochrome oxidase and cover-slipped with
Kristalon (Harleco; Lawrence, KS). Structures containing collagen were visualized by
fluorescence microscopy for blue autofluorescence as described (Haidarliu et al., 2011).
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Borders of the DRQ relative to the bony landmarks and vibrissae were determined with X-
ray digital radiovisiography (Gendex Dental Systems, Des Planes, IL, USA) of the rat head
in a sagittal plane. Images of the nasal turbinates were obtained by direct photography of the
lateral walls of the nasal cavity in young, i.e., one-week-old, and adult rats.

For one of the largest muscles of the rat snout whose insertion site is within the DRQ (M.
dilator nasi), the effect of direct electrical stimulation of the muscle belly was studied.
Intramuscular electrical stimulation was applied through the tungsten microelectrodes (125
pum shaft diameter, ~ 30 pm tip diameter), that were inserted through the skin and directed
toward muscle belly. The position of the electrode was adjusted using a stereotaxic device
(SR-6; Narishige, Tokyo, Japan). The stimulus (AC, 10 V, 50 Hz) was applied for 1to 2 s in
order to obtain a sustained contraction. Similar voltages were used to stimulate individual
facial muscles in humans and monkeys (Waller et al., 2006), as well as to elicit visible
contractions of the vibrissa muscles in rats (Sinis et al., 2009). To verify the position of the
electrode tip, a stronger current (AC, 20 V, 50 Hz, 4 s) was applied, and the same
histochemical method was used to visualize the lesion site.

A Nikon Eclipse 50i fluorescent microscope, equipped with low magnification objectives of
2x and 1x, was used to obtain bright-field and autofluorescence images that were
subsequently imported into Adobe Photoshop software (version CS) for the preparation of
figures. Only minimal adjustments in the contrast and brightness of the images were made.

Muscles involved in control of nostril and nose movements

The rostral-most prominent part of the rat nose, known as the rhinarium, contains the
nostrils (Fig. 1). In highly-magnified photographs of the rhinarium, nostrils were directed
caudolaterally, and were separated by nasal tubercles. Nasal tubercles were prominent and
covered with epidermal ridges of which circular arrangement was seen both by light and
fluorescent microscopy, and was reminiscent of the whorls characteristic for fingerprints
(Fig. 1B). This finding is consistent with the pattern of ridges revealed on the snout pad
surfaces after treatment with India ink by Macintosh (1975). In the rostral region of the
rhinaria, nostrils had a semicircular shape. Caudally, they narrowed, and had a slit-like
shape. Within the vestibulum nasi, the rostral edge of the atrioturbinate (AT), described by
Silverman et al. (1986) as a prominent bulge, crossed the vestibulum at an angle of ~ 45° to
the sagittal plane. Within the nasal cavity, AT extended caudally for ~ 2 mm, then
continued in the caudal direction for another 5 to 6 mm now designated as maxilloturbinate

(Fig. 2).

In the DRQ of adult rats, only soft tissues were represented (Fig. 3A). To preserve the
cytochrome oxidase activity, histological slicing of the entire DRQ was performed with a
freezing stage on the microtome and without preliminary decalcification. The borders of the
DRQ were distinct in tangential slices of the rat snout (Fig. 3B). The DRQ was located
rostral to the MP, and appeared limited caudally by a vertical plane passing through the forth
vibrissal arc, and ventrally, by a horizontal plane passing through the vibrissal rows C. The
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DRQ possesses a complex structural organization of the muscles that is schematically shown
in the Figure 4.

Structures that might initiate movements of the rhinarium and nose, i.e., lateral and vertical
deflections, as well as retraction, were studied in horizontal and tangential slices of the rat
snout. In the dorsal-most horizontal slices of the DRQ, the origin of the M. transversus nasi
was seen along the midline on the dorsum nasi (Fig. 5) which is consistent with the classical
descriptions of this muscle in rodents (Rinker, 1954). Muscle fibers were directed laterally,
then ventrally, and inserted into the corium of the rostral part of the upper lip, and into
dorsal part of the MP bilaterally. Muscle insertions into the upper lip corresponded to the
atrial part of the nose. Thus contraction of the M. transversus nasi might pull the upper lip
dorsally, which will also result in a slight caudo-dorsal shift of the rhinarium.

In horizontal slices cut at vibrissa row A, a large muscle, known as M. dilator nasi (Meinetz,
1944; Klingener, 1964; Ryan, 1989), was revealed (Fig. 6). This muscle originated from the
maxilla, rostral to the edge of the Foramen infraorbitale, and from the dorsal surface of the
zygomatic plate, and was inserted by a thin flat tendon into the aponeurosis above the nasal
roof cartilage (Fig. 7A). Based on the geometry of the entire M. dilator nasi, which is clearly
seen in a horizontal slice of the rat head, and on the direction of its numerous muscle fibers
and long tendon, a function of this muscle might be lateral deflection and/or retraction of the
nose in addition to a previously defined nostril dilatation. Nose deflections caused by the M.
dilator nasi might be much quicker and more precise than the nose movements caused by
turning the entire head for enlarging the field of the air sampled during sniffing. This
conjecture was supported by data obtained during unilateral and bilateral electrical
stimulation of the M. dilator nasi in anesthetized rats (Fig. 7B). Unilateral stimulation
resulted in a slight rhinarium retraction and turning of the nose to the side of stimulation,
with simultaneous ipsilateral protraction of the rostral vibrissal arcs (Fig. 7C and D).
Bilateral stimulation resulted in retraction and a slight dorsal deflection of the nose tip and
bilateral vibrissa protraction that imitated the first stage of the sniff cycle.

Slicing of the snout in an oblique plane that lay parallel to the edges of the nasal openings
and at an angle of ~ 45° to the sagittal plane, revealed two muscles that might move the
nose (rhinarium) in the vertical plane (Fig. 8A). The rostral muscle strip originated from the
rhinarium, and the caudolateral muscle strip from the septum nasi and ventromedial part of
the lateral nasal cartilage. The fibers of both these muscles were directed ventral, and passed
rostral to the origins of the Partes mediae superior et inferior of the M. nasolabialis
profundus (Fig. 8B). In coronal slices of the DRQ (Fig. 8C), it was seen that these fibers
were inserted into the rostral part of the upper lip close to the philtrum bilaterally.
Contraction of these two, previously unnamed muscles will pull the rhinarium and the
ventral wall of the nostrils ventrally, simultaneously uplifting the rostral part of the upper
lip, and resulting in nostril dilatation. We propose naming the new muscles M. depressor
rhinarii and M. depressor septi nasi.

In the rostral-most coronal slices, in the middle of the dorsal part of the rhinarium, a tiny
muscle was observed (Fig. 9A) that originated from the glabrous skin of the dorsal half of
the rhinarium. It extended from the border with the nasal tubercles, and was inserted into the
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skin of the dorsum nasi (Fig. 9B). This muscle can pull the rhinarium dorsally. We propose
to name it M. levator rhinarii.

Muscles of the DRQ involved in vibrissa movements

Superficial slices of the DRQ contained epidermis, roots of pelage hairs, multiple interlacing
muscle fibers, a mesh of fibrillary elements of connective tissue, and four to six nasal
vibrissae (Fig. 10A). In a few following slices, pelage hairs disappeared, and muscle fibers
of the Mm. nasolabialis et maxillolabialis were observed coming from the caudal between
rows of vibrissae (Fig. 10B). In these slices, highly divergent fibers of the posterior slips of
the Pars interna of the M. nasolabialis profundus, like ones previously described in cricetid
rodents (Rinker, 1954), also appeared from the rostral and were inserted into the corium of
the MP of the rats (Fig. 10B). In the DRQ, the fibers of these two muscle groups (the Mm.
nasolabialis et maxillolabialis and Pars interna of the M. nasolabialis profundus)
interdigitated, and in some places interconnected with each other.

In the next four to five slices, a separate muscle slip was seen that, according to Rinker
(1954), might also belong to the most posterior part of the Pars interna of the M.
nasolabialis profundus (Fig. 11). This muscle slip originated from the lateral wall of the
nasal cartilage, passed 1 to 2 mm caudally, and fanned into a few bundles. Some of the
bundles were directed toward the vibrissa follicles of rows A and B. Small fascicles of such
bundles, each of which was composed of a few muscle fibers, were attached to the capsules
of the A4 and B4 vibrissae (Fig. 12). Other muscle fibers passed toward the corium in close
vicinity to rows A and B of vibrissae in the MP, and formed rosette-like contacts with the
superficial collagenous layer of the skin. A part of the fibers of the Pars interna of the M.
nasolabialis profundus was directed ventrocaudal, and was inserted into the skin in vicinity
of the vibrissae in rows C and D (Fig. 10B). Capsular attachments of this part of the muscle
in the rows C or D were not observed. Therefore, these muscle slips, in addition to the Partes
mediae superior et inferior of the M. nasolabialis profundus, can participate in vibrissa
protraction and can diminish the vertical spread of the vibrissae during protraction of the
vibrissae, as previously described (Sachdev et al., 2002; Brecht et al., 2006; Grant et al.,
2009).

Until now, only IMs were known to attach directly to the vibrissa capsules. One of the slips
of the P. interna of the M. nasolabialis profundus can be considered a pseudointrinsic
muscle (PIM), based on its origin from the nasal cartilage and its insertion into the vibrissa
capsules and surrounding corium (Figs. 11 and 12). Its belly was seen in only a few
consecutive parasagittal slices, i.e., up to five, 60 um thick slices, of the rat snout. The PIM
insertion sites were seen on both the distal, as well as on the central segments of the follicle,
close to the slings of the relevant IMs. Thus, this muscle can participate in vibrissa
protraction, as well as in its translation.

In deeper slices of the DRQ, the fibers of the third layer, i.e., the fibrous mat, of the MP
collagenous skeleton passed mainly in the rostrocaudal direction. More medial, muscle
fibers of the Pars interna profunda of the M. nasolabialis profundus, a retractor of vibrissae
in rows A and B, were observed, as described (Haidarliu et al., 2010).
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Muscles involved in aerodynamics control

In coronal slices that corresponded to the vestibulum nasi, an intraturbinate muscle (ITM)
was revealed that had not been previously described (Fig. 13). Its fibers originated from the
lateral wall of the nostrils, passed medial within the AT, and were inserted into the AT
cartilage (Figs. 13B and C).

The appearance of the AT differed from that of the maxillo- and nasoturbinate. The AT was
semitransparent, flexible, and separated by an isthmus from the maxilloturbinate (Fig. 2).
Bones were not seen in the AT, whereas the rat maxilloturbinate and nasoturbinate contain
flat bones (Uraih and Maronpot, 1990; Cho et al., 2000).

In more caudal coronal slices, which contained the Ductus nasolacrimalis at the base of the
maxilloturbinate, ITM was not detected. At this level, the origins of the Partes anterior et
interna of the M. nasolabialis profundus were seen attached to the outer wall of the nasal
cartilage (Fig. 14). The roof and lateral nasal cartilages were not connected to each other,
therefore contraction of the Partes anterior et interna of the M. nasolabialis profundus would
pull the lateral nasal cartilage outward, which would result in dilation of the nostrils.
Simultaneously, the base of the AT could be pulled laterally, which would change the angle
and the distance of the AT relative to the septum. As a result, the air streams within the nasal
cavity can be modified.

Discussion

Involvement of rostral snout muscles in active olfactory and tactile sensing

The musculature in the DRQ is functionally related to whisking, sniffing, and airflow
control, which are important for active touch and olfaction in the rat. Whisking and sniffing
are external manifestations of coordinated rhythmic motor activity that involves head, chest,
mystacial pad, and nose movements (Deschenes et al., 2012). Here, we revealed that the
rostral-most muscles that originated from the ventral part of the rhinarium, and from the
rostral end of the septum and ventral wall of the vestibulum nasi, were inserted into the
upper lip (Figs. 8A and C). In rats, the geometry of these muscles led to the supposition that
their contraction may cause ventral deflection of the septum and rhinarium, and a
simultaneous uplifting of the upper lip. Rats may also perform dorsal deflection of the nose
and rhinarium by contracting M. dilator nasi (Fig. 7), and M. levator rhinarii (Fig. 9),
respectively. All these muscles can participate in fine control of active touch by moving up
and down nasal tubercles (Fig. 1), which are supplied with circularly arranged densely
innervated epidermal ridges (Macintosh, 1975).

Taking into consideration traditional descriptions of rodent snout musculature, the PIM
revealed here may represent a separate slip of the Pars interna of the M. nasolabialis
profundus (Figs. 11 and 12). Insertion of posterior slips of the Parsinterna into the MP was
reported (Rinker, 1954), but the location of the insertion sites was not. We suppose that the
fibers of this slip portion were also divergently directed caudolateral, and were inserted into
the capsules of the vibrissae A4 and B4, as well as into the corium in the vicinity of these
vibrissae. We referred to this muscle slip as pseudointrinsic, because although it was
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inserted into the vibrissa capsules, like an intrinsic muscle, it originated from the nasal
cartilage, i.e., outside the MP, like an extrinsic muscle.

According to Klingener (1964), in Dipodoids, a strain of mice that habit grasslands, deserts,
and forests, the Pars interna is divided into two parts: a small and deep part that inserts into
the tendon of the M. dilator nasi, and a larger and superficial part that runs posterodorsally
over the M. dilator nasi onto the dorsal rostrum. However, according to Rinker (1954), the
Pars interna of rodents consists of the following three parts. The most superficial aspect
passes caudodorsally onto the bridge of the nose. The least superficial part reaches the
bridge of the nose and the tendon of the M. dilator nasi. The most posterior aspect enters the
MP and also attaches to the lateral border of the same tendon. Our findings confirmed that
there are three distinct parts of the Pars interna of the M. nasolabialis profundus. Recently,
we further described the fourth part, the deepest portion of the Pars interna as a slip that
spread caudally and was inserted into the fibrous mat (Haidarliu et al., 2010). The majority
of these muscle slips are involved in active tactile and olfactory sensing, and their activity
can be modulated by touching (Mitchinson et al., 2011), smelling (Johnson et al., 2003;
Wachowiak, 2011), and probably also tasting (Katz et al., 2001; Bahar et al., 2004).

The ITM in rats is described here for the first time (Fig. 13). This muscle arises from the
lateral nasal cartilage. Its fibers are directed medial, pass within the AT, and are inserted into
the intraturbinate cartilage. ITM-mediated changes in the configuration of the AT could
result in the free portion of AT being able to baffle air-streams such that expired gas would
be directed laterally, thus less likely to be re-inspired, and inspired air would occur mostly
from the rostral (Wilson and Sullivan 1999). During inspiration, the airflow can be baffled
such that most of it would be sampled near the rostral part of the snout, be directed into the
nostrils, and then through the dorsal medial stream, toward the ethmoidal compartment of
the nasal cavity (Fig. 2). We suggest that such a mechanism can occur in parallel to the
previously described improvement of odorant detection when the air flow-rate over the
nostril increases during sniffing (Sobel et al., 2000; Zhao et al., 2005; Oka et al., 2009).
During normal respiration, only ~ 2 % of the particle flow in the inspired air reaches the
olfactory receptors in humans (de Vries and Stuiver, 1961), and ~1 % in dogs (Marshall and
Moulton, 1981). In dogs, during sniffing for olfaction, the dorsal meatus acts as a major
bypass for odorant-bearing inspired air (Craven et al., 2007).

Spatial distribution of muscle origins in the DRQ

Most muscles of the DRQ originate from nasal cartilages. Traditionally, the term M.
nasolabialis profundus designates a large group of muscles in the rostral part of the snout
that are spatially separated and fulfill different functions. Based only on dissection, most
muscles of the DRQ appear to originate from the lateral nasal cartilage and premaxilla
between the incisors (Meinertz, 1944; Rinker, 1954; Klingener, 1964; Ryan, 1989).
However, by using serial sectioning, we identified three distinctive and spatially separated
areas of the muscle origins in the rostral part of the rat snout that can be seen in a
summarizing figure (Fig. 4).

One area was comprising rhinarium and ventral poles of the septal and lateral nasal
cartilages (Figs. 8 and 9; green encircled area in Fig. 4). Originating in this area are two
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symmetric rostral muscles (Mm. depressor septi nasi et depressor rhinarii), and one muscle
attached to the dorsal rhinarium (M. levator rhinarii). These muscles can move the
rhinarium up and down, and pull the rostral end of the septum ventrally, enlarging the
nostrils, raising the upper lip, and changing the air flow through the nose.

Another area covered the lateral wall of the nasal cartilage, and extended up to the
dorsorostral end of the premaxilla (blue encircled area in Fig. 4). The most numerous group
of muscles, which are parts of the M. nasolabialis profundus, originate in this area. This
group of muscle slips includes the Pars anterior, Pars interna, i.e., its most superficial,
superficial, deep, and caudal (posterior) slips, Partes maxillares superficialis et profunda, as
well as the PIM and ITM. In most publications, only the origins and insertion sites of these
muscles were mentioned (Meinertz, 1944; Rinker, 1954; Klingener, 1964; Ryan, 1989). A
function for this muscle group was not clear. We suggest that the principal function of this
muscle group is nostril dilatation, because all these muscles originate on the outer wall of
the lateral nasal cartilage, and their insertion sites are located in the corium around the nose.
Since the insertion sites of these muscles were located more lateral than their origins, muscle
contractions should pull the lateral nasal cartilage outward, so that the nostril becomes
dilated. Some of these muscles, i.e., a few slips of the Pars interna and PIM, were inserted
into MP and could cause simultaneous nasal dilation and vibrissal protraction. Such a dual
effect of facial muscle contraction was hypothesized by Wineski (1985). In this group, only
three muscles had other functions. The ITM changes the configuration of the AT, and the
airflow pattern. The Partes maxillares superficialis et profunda participate in retraction and
rostral translation of the vibrissae.

The third area is located on the rostral part of the processus alveolaris of the premaxilla, and
involves septum intermusculare (pink encircled area in Fig. 4). From this area arise Partes
mediae superior et inferior of the M. nasolabialis profundus (Figs. 8A and B). The two latter
muscles were represented by seven large flat muscle slips that penetrated between the rows
of vibrissae, three directed to the dorsal, and four to the ventral compartment of the MP, and
were inserted into the corium of the MP. Contraction of these muscles initiates the first
phase of protraction of the vibrissae, and pulls the MP rostral, which causes rostral
translation of the vibrissae (Hill et al., 2008).

Conclusions

The DRQ of the rat snout is involved in active tactile and olfactory sensing. The DRQ
contains muscles that are involved in whisking, sniffing and air flow control. Rostral
vibrissae of the MP can be protracted and translated by muscles originating from the nasal
cartilage, and inserted into the vibrissa capsules in rows A and B, and into the corium of
both the dorsal and ventral compartments of the MP. Lateral and caudal nose movements
can be initiated by the M. dilator nasi that is inserted into the roof cartilage of the nose.
Contraction of the revealed ITM can change the angle of the free portion of the AT relative
to the nasal wall and septum, so that the intranasal inspiratory and/or expiratory airflow
patterns can be modified. Two rostral-most muscles can participate in the active rhinarial
touch.
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Abbreviations

AT atrioturbinate

DRQ dorsorostral quadrant
IM intrinsic muscle

ITM intraturbinate muscle
MP mystacial pad

PIM pseudointrinsic muscle
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Figure 1.
Morphology of the rat rhinarium. (A) Anterior view of the rat rhinarium. Boxed area shows

the borders of the region that corresponds to B after this rat snout was subjected to
histological treatment. (B) Autofluorescence of a nasal tubercle superficial slice (60 pm
thick) stained for cytochrome oxidase activity. 1, regio suprarhinarica; 2, nostrils; 3, sulcus
medianus (philtrum); 4, paramedian ridges; 5, nasal tubercles (pads); 6, atrioturbinate; 7,
epidermal (friction) ridges arranged as a whorl, with the centre of the whorl (8) in the
ventrolateral part of each tubercle. M, medial; V, ventral. Scale bars are 1 mm in (A), and
0.2 mm in (B).
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Figure 2.
Light microscopy of the right lateral wall in the nasal cavity of an adult rat. 1, nostril; 2,

atrioturbinate; 3, isthmus; 4, nasoturbinate; 5, maxilloturbinate; 6, ethmoturbinates. R,
rostral; V, ventral. Scale bar =1 mm.
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Figure 3.
A sagittal radiovisiogram of the rostral area of the head (A), and light microscopy of a

parasagittal snout slice stained for cytochrome oxidase activity (B) in adult rats. Black lines
in (B) show the borders of the DRQ. 1, rhinarium; 2, nostril; 3, upper lip; 4, upper incisives;
5, short pieces of stainless steel tubes threaded by the A4 and B4 vibrissae at their proximal
ends; 6, nasal bones; 7, lower incisives; 8, atriturbinate; 9, rostral pole of the premaxilla. R,
rostral; V, ventral. Scale bars =1 mm.
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Figure4.
Schematic representation of muscles related to the dorsorostral part of the rat snout.

Encircled areas comprise origins of the following muscles: green area, rhinarial muscles;
pink area, two extrinsic whisker protractors; and blue area, most of the parts of the M.
nasolabialis profundus. 1, ventromedial part of the lateral nasal cartilage; 2, M. levator
rhinarii; 3, septal cartilage; 4, atrioturbinate; 5, atrium; 6, insertion site of the M. dilator
nasi; 7, ITM; 8, 10, 11, and 12, the most superficial, superficial, posterior, and
pseudointrinsic portions, respectively, of the Pars interna of the M. nasolabialis profundus;
9, origin of the Pars interna profunda; 13, M. transversus nasi; 14, belly of the M. dilator
nasi; 15, rhinarium; 16, Pars anterior of the M. nasolabialis profundus; 17, M. depressor
septi nasi; 18, M. depressor rhinarii; 19 and 20, origins of the Partes mediae superior et
inferior, and 21 and 22, of the Partes maxillares profunda et superficialis, respectively, of the
M. nasolabialis profundus. Marked black circles represent mystacial vibrissae.
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Figure5.
Light microscopy of a horizontal slice of the dorsal part of a 1-week-old rat snout. (A) A

slice of the whole snout; (B) and (C), higher magnifications of the boxed areas in (A) and
(B), respectively. a, the dorsal-most straddler; Al - A4, the dorsal-most row of vibrissae. 1,
septum; 2, olfactory bulb; 3, striated fibers of the M. transversus nasi. Scale bars are 1 mm
in (A) and (B), and 0.1 mm in (C).
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Figure6.
Light microscopy of a horizontal slice of an adult rat snout in the plane of the vibrissa

follicles in row A. a, follicle of the dorsal-most straddler; Al - A4, vibrissa follicles of row
A; M, medial; R, rostral. 1, belly, and 2, tendon of the M. dilator nasi. Scale bar = 1 mm.
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Figure7.
Anatomical location and effect of electrical stimulation of the M. dilator nasi. (A)

Horizontal slice of the head of a 7-day-old rat. 1, belly, and 2, tendon of the M. dilator nasi;
3, septum; 4, vibrissa row A; 5, olfactory bulb. Scale bar = 1 mm. (B) Light microscopic
view of a snout tangential slice that contains an electrolytic lesion (6) caused by stimulating
electrode in the belly of the M dilator nasi (1) in an adult rat. Inset: higher magnification of
the lesion site (6). R, rostral; V, ventral. Scale bar = 0.2 mm. (C) Anesthetized rat with the
head fixed in a stereotactic device. 7, nasal piece of the headholder without ear bars; 8,
guides that contain muscle stimulating electrodes. (D) Nose deflection during electrical
stimulation (AC, 10 V, 50 Hz) of the right M. dilator nasi.
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Figure8.
Appearance of the rostral-most muscles in the rat snout in different planes: oblique (A),

horizontal (B), and coronal (C). Slice shown in (B) was obtained by cutting the snout at the
level shown by a solid horizontal line in (A). 1, rhinarium; 2, M. depressor rhinarii; 3. M.
depressor septi nasi; 4, Partes mediae superior et inferior of the M. nasolabialis profundus;
5, septal cartilage; 6, atrioturbinate; 7, incisive; 8, medial end of the lateral nasal cartilage; 9,
philtrum. A4-C4, vibrissa follicles. Scale bars are 1 mm in (A) and (C), and 0.5 mm in (B).
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Figure9.
Coronal (A) and oblique (B) view of the M. levator rhinarii (1) in adult rats. 2, atrium; 3,

rostral splitted part of the septal cartilage; 4, M. depressor rhinarii; 5, M. depressor septi
nasi; 6 rhinarium; 7, tuberculum nasi; 8, atrioturbinate; 9, roof cartilage; 10, lateral nasal
cartilage; 11, M. transverses nasi. RM, rostromedial; V, ventral. Scale bars = 1 mm.
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Figure 10.
Light microscopy of tangential slices of the DRQ of an adult rat snout at ~0.3 mm (A) and

~0.45 mm (B) from the surface of the skin. 1, rostrum; 2, atrium; 3, nasal vibrissae; 4, Pars
interna superficialis, 5, Pars anterior, and 6, posterior slips of the Pars interna of the M.
nasolabialis profundus; 7, fascicles of the Mm. nasolabialis et maxillolabialis. A4 - C4,
vibrissa follicles; R, rostral; V, ventral. Scale bars =1 mm.
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Figure 11.
Light microscopy of a tangential slice of an adult rat snout cut at ~0.6 mm from the surface

of the skin. 1, PIM; 2, atrioturbinate; 3, dorsal meatus; 4, ventral meatus; 5, rostrum; 6, roof
cartilage; 7, lateral nasal cartilage. A4, B4, vibrissa follicles; R, rostral; V, ventral. Scale bar
=1mm.
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Figure 12.
Light microscopic view of the PIM (1) insertion sites on the capsule (3) of the vibrissa B4 in

an adult rat parasagittal slice cut at ~0.8 mm from the surface of the skin. (A) An entire
slice. (B) Higher magnification of boxed area in (A). (C) Higher magnification of boxed
area in (B). 2, IM. A4 - C4, vibrissa follicles; R, rostral; V, ventral. Scale bars are 1 mm in
(A) and (B), and 0.1 mm in (C).
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Figure 13.
Light microscopy of a coronal slice prepared from a tissue block containing the lateral wall

of the atrium. (A) An entire slice; (B) and (C) Higher magnifications of the boxed areas in
(A) and (B), respectively. 1, atrioturbinate; 2, dorsal meatus; 3, ventral meatus; 4, ITM; 5,

intraturbinate cartilage; 6, site of contact between collagenous structures of the muscle and
cartilage. M, medial; V, ventral. Scale bars are 1 mm in (A), and 0.1 mm in (B) and (C).
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Figure 14.
Light microscopy of an adult rat coronal slice (A) that contains origins (1) of the Partes

anterior et interna of the M. nasolabialis profundus. (B) and (C) Higher magnifications of
the boxed areas in (A) and (B), respectively. 2, septal cartilage; 3, ductus nasolacrimalis; 4,
maxilloturbinate; 5, roof cartilage; 6, lateral nasal cartilage; 7, sites of muscle attachment to
the nasal cartilage. M, medial; V, ventral. Scale bars are Imm in (A), 0.2 mm in (B), and 0.1
mm in (C).
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