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ABSTRACT
The nucleus of the solitary tract (NST) processes gusta-

tory and related somatosensory information rostrally and

general viscerosensory information caudally. To compare

its connections with those of other rodents, this study in

the C57BL/6J mouse provides a subnuclear cytoarchitec-

tonic parcellation (Nissl stain) of the NST into rostral,

intermediate, and caudal divisions. Subnuclei are further

characterized by NADPH staining and P2X2 immunoreac-

tivity (IR). Cholera toxin subunit B (CTb) labeling revealed

those NST subnuclei receiving chorda tympani nerve (CT)

afferents, those connecting with the parabrachial nucleus

(PBN) and reticular formation (RF), and those intercon-

necting NST subnuclei. CT terminals are densest in the

rostral central (RC) and medial (M) subnuclei; less dense

in the rostral lateral (RL) subnucleus; and sparse in the

ventral (V), ventral lateral (VL), and central lateral (CL)

subnuclei. CTb injection into the PBN retrogradely labels

cells in the aforementioned subnuclei; RC and M provid-

ing the largest source of PBN projection neurons. Pontine

efferent axons terminate mainly in V and rostral medial

(RM) subnuclei. CTb injection into the medullary RF labels

cells and axonal endings predominantly in V at rostral and

intermediate NST levels. Small CTb injections within the

NST label extensive projections from the rostral division

to caudal subnuclei. Projections from the caudal division

primarily interconnect subnuclei confined to the caudal

division of the NST; they also connect with the area post-

rema. P2X2-IR identifies probable vagal nerve terminals in

the central (Ce) subnucleus in the intermediate/caudal

NST. Ce also shows intense NADPH staining and does

not project to the PBN. J. Comp. Neurol. 522:1565–1596,

2014.

VC 2013 Wiley Periodicals, Inc.
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The brainstem nucleus of the solitary tract (NST) is a

second-order subnuclear complex that processes both

gustatory and related somatosensory and general vis-

cerosensory, peripheral afferent information in its

respective rostral and caudal regions. By forming con-

nections that differentially engage pathways ascending

to the pontine parabrachial nucleus (PBN) and project

locally to the reticular formation (RF) or intranuclearly

within NST, the NST subnuclei mediate taste percep-

tion, salivation, lingual/facial movements, swallowing,

and esophagogastrointestinal reflexes. Previously
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reported in other rodents, afferents and efferents of the

NST subnuclei are only beginning to be addressed in a

murine model (for review see Whitehead and Finger,

2008; rat: Contreras et al., 1982; Ross et al., 1985;

Altschuler et al., 1989; Cunningham and Sawchenko,

1989; Herbert et al., 1990; Travers and Norgren, 1995;

Hayakawa et al., 2003; May and Hill, 2006; hamster:

Whitehead and Frank, 1983; Whitehead, 1990; mouse:

Zaidi et al., 2008; Wang and Bradley, 2010).

The mechanisms of gustatory coding have been well

described for the peripheral taste system, where the

molecular receptors for bitter, sweet, and umami sens-

ing have been identified in specific cell types within the

taste buds of transgenic mice (Nelson et al., 2001; for

review see Chandrashekar et al., 2006). However, the

topographic localization of quality-specific or multiqual-

ity taste areas in the NST remains elusive. In part, this

is due to the unclear documentation of cytoarchitec-

tonic and subnuclear delineation of labeled NST cells

(Sugita and Shiba, 2005; see also Damak et al., 2008;

Yamamoto et al., 2011; cf. Ohmoto et al., 2008; Chen

et al., 2011). Similarly, in caudal NST of mouse,

although general viscerosensory primary afferent termi-

nations and associated circuits are located primarily

caudal to rostral gustatory NST (Paton, 1998a,b; Ma

et al., 2002; Zhang et al., 2006), cytoarchitectonic sub-

nuclear parcellation related to visceral functions has

not been described in detail. A standard reference for

the entire NST would facilitate comparisons in both

gustatory and related viscerosensory pathways 1)

among normal and transgenic strains of mice and 2)

between connectional patterns of and molecular marker

expression in subnuclei of the NST.

To further these aims, the present study in the C57BL/

6J mouse provides a cytoarchitectonic (Nissl stain) parcel-

lation of the entire NST, including its caudal, general vis-

cerosensory region, into subnuclei as presented in a

standard coronal series of sections relative to the obex.

Previously published reports, including brain atlases specif-

ically in rodents helped inform the present scheme for the

mouse NST. Nissl material is supplemented by two che-

moarchitectonic markers to characterize further the pres-

ently defined NST subnuclei in intermediate and caudal

divisions of NST, P2X2 (neurotransmitter receptor for ATP)

immunopositivity to demonstrate probable vagal nerve

(esophageal) afferent input via the solitary tract into NST

at the obex/area postrema (AP) level (Ohmoto et al.,

2008) and nicotinamide adenine dinucleotide phosphate

(NADPH)-diaphorase to identify NST subnuclei comparable

to those in the rat (Herbert et al., 1990). Moreover, by

Abbreviations

Amb ambiguus nucleus
AP area postrema
C central canal
CI caudal interstitial nucleus of the medial longitudinal fasciculus
CT chorda tympani nerve
Cu cuneate nucleus
DC dorsal cochlear nucleus
DMSp5 dorsomedial spinal trigeminal nucleus
DPGi dorsal paragigantocellular nucleus
DT dorsal tegmental nucleus
ECu external cuneate nucleus
Gi gigantocellular reticular nucleus
GiA gigantocellular reticular nucleus, alpha
GiV gigantocellular reticular nucleus, ventral part
Gr gracile nucleus
GrC granular layer of cochlear nuclei
In intercalated nucleus of medulla
IRt intermediate reticular nucleus
K K€olliker-Fuse nucleus (of pons)
LC locus coeruleus
Li linear nucleus
LPGi lateral paragigantocellular nucleus
LRt lateral reticular nucleus
LRtPC lateral reticular nucleus, parvicellular part
LVe lateral vestibular nucleus
m5 motor root of the trigeminal nerve
mlf medial longitudinal fasciculus
MdD medullary reticular nucleus, dorsal part
MdV medullary reticular nucleus, ventral part
MVe medial vestibular nucleus
MVeMC medial vestibular nucleus, magnocellular part
MVePC medial vestibular nucleus, parvocellular part
NST nucleus of the solitary tract
P7 perifacial zone
Pa5 paratrigeminal nucleus
PBN parabrachial nucleus (of pons)
PBN-L parabrachial nucleus, lateral division
PBN-M parabrachial nucleus, medial division
PCRt parvocellular reticular nucleus
PCRtA parvocellular reticular nucleus, alpha

PMn paramedian reticular nucleus
PnC pontine reticular nucleus, caudal part
PPy parapyramidal nucleus
Pr prepositus nucleus
Pr5DM principal sensory trigeminal nucleus, dorsomedial part
Pr5VL principal sensory trigeminal nucleus, ventrolateral part
py pyramidal tract
RAmb retroambiguus nucleus
RF reticular formation (of medulla)
RMg raphe magnus nucleus
Ro nucleus of Roller
ROb raphe obscurus nucleus
RPa raphe pallidus nucleus
RVL rostroventrolateral reticular nucleus
SO superior olive
Sp5C spinal trigeminal nucleus, caudal part
Sp5I spinal trigeminal nucleus, interpolar part
Sp5OVL spinal trigeminal nucleus, oral part
SpVe spinal vestibular nucleus
Su5 supratrigeminal nucleus
T solitary tract
T5 spinal trigeminal tract
VCP ventral cochlear nucleus, posterior part
4V or IV 4th ventricle
5N motor trigeminal nucleus
7N facial nucleus
10N or X vagal motor nucleus
12N or XII hypoglossal nucleus
NST subnuclei
Ce central subnucleus
CL caudal lateral subnucleus
COM commissural subnucleus
DL dorsal lateral subnucleus
M medial subnucleus
PC parvicellular subnucleus
RC rostral central subnucleus
RL rostral lateral subnucleus
RM rostral medial subnucleus
V ventral subnucleus
VL ventral lateral subnucleus
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utilizing the anterograde and retrograde transport of chol-

era toxin subunit B (CTb; Luppi et al., 1990; Angelluci

et al., 1996), several key connections were mapped in

NST: 1) NST subnuclei receiving chorda tympani nerve

(CT; innervating anterior tongue fungiform and anterior

posterolateral tongue foliate taste buds) afferent endings;

these results supplement the P2X2 material; 2) NST sub-

nuclei exhibiting efferent and afferent connections with

the PBN; 3) the medullary RF; and 4) NST subnuclei that

interconnect the rostral/intermediate and caudal divisions

of the NST. Schematic illustrations summarizing CT (White-

head and Frank, 1983; Fig. 1) and central gustatory struc-

tures (Whitehead and Finger, 2008, Fig. 14) examined in

the present study have been described. This CTb analysis

also reveals the brainstem source of presynaptic viscero-

motor (superior salivatory nucleus) efferents passing in the

CT. A portion of these results has been previously reported

(Bartel et al., 2007; Ganchrow et al., 2007).

Figure 1. A–P are a representative rostrocaudal series of coronal, Nissl-stained sections through the NST in the C57BL/6J mouse. In this

figure and Figures 6–12, 14, 16, 17 numbers adjacent the photomicrographic or schematic sections indicate the distance (mm) of each

section from the obex (50.0) as defined here (see Materials and Methods). A–F: Rostral division of NST. G,H: Rostralmost part of the

intermediate division of NST. I,J: Transitional zone between caudal and intermediate divisions of NST. K–P: Caudal division of NST. Sche-

matics accompanying each section are adapted from Paxinos and Franklin (2001) and indicate the location of NST (circumscribed with a

continuous thick line) relative to other medullary structures. In all photomicrographs and schematics, dorsal is upward and lateral is to the

left of the section. For abbreviations see list. Scale bars 5 100 lm.

Mouse NST atlas and connections
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MATERIALS AND METHODS

Animals
Forty-four C57BL/6J mice, ages 6–20 weeks, of 20–

40 g GBW were utilized in this study (Jackson Labora-

tory, Bar Harbor, ME). All laboratory procedures were

approved by the University of California at San Diego

Laboratory Animal Care and Use Committee and the

University of Colorado Denver Anschutz Medical Cam-

pus Institutional Animal Care and Use Committee and

followed the National Institutes of Health Guide for the

care and use of laboratory animals. Five animals

received CTb (highly purified B subunit isolated from

Vibrio cholerae type Inaba 569B, product 103B; List

Biological, Campbell, CA) injections into the CT in the

middle ear; 11 animals received injections into the

PBN; and 11 animals received injections into the medul-

lary RF ventromedial to the rostral NST, the pontine RF,

or the vestibular nuclear complex. Finally, for surveying

intranuclear connections, eight animals received injec-

tions into the NST targeting either the rostral or the

Figure 1. (Continued)
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caudal divisions (defined below). Two mice were utilized

to prepare a cytoarchitectonic atlas based on routine

Nissl staining (cresyl violet) of the NST. Four additional

animals were utilized for reduced NADPH-diaphorase

(Sigma-Aldrich, St. Louis, MO; catalog No. N5130) stain-

ing of the NST, according to the protocol of Gonzalez-

Zulueta et al. (1999) and as previously described by

Scherer-Singler et al. (1983). To optimize the view of

NADPH staining along the rostral–caudal extent of the

NST, the brains of two of these animals were sectioned in

the horizontal plane. Cresyl violet-stained sections adja-

cent to the sections stained for NADPH aided in identify-

ing NST subnuclei revealed with the latter stain (see for

rat Herbert et al., 1990). Finally, medullary tissue from

three animals was prepared for immunoreactivity (IR) for

P2X2, an ionotropic receptor for ATP that is expressed on

taste cells (Hayato et al., 2007), on both primary afferent

gustatory and primary afferent general viscerosensory

nerve fiber membranes (Bo et al., 1999; Atkinson et al.,

2000; Finger et al., 2005; Ishida et al., 2009) and on their

terminals within the gustatoviscerosensory NST (Kanjhan

et al., 1999; Yao et al., 2001; Bartel, 2012).

Surgery and CTb injections
Animals were initially calmed in a bell jar containing

isoflurane vapors (Piramal Healthcare, Bethlehem, PA;

lot No. A11D11A), then anesthetized with pentobarbital

(45–70 mg/kg, i.p., Hospira, Lake Forest, IL; list No.

3778) and placed on a warming platform, and their

heads were stabilized with a nose clamp and lower bar

assembly that accommodates the upper incisors. CTb

injections were administered through a glass micropip-

ette (tip diameter 15–20 lm) attached to and advanced

by a micromanipulator (Fine Science Tools, San Fran-

cisco, CA). In five animals, the CT was reached in a lat-

eral approach to the middle ear by incising the

tympanic membrane and pulling ventrally on the mal-

leus, thereby exposing the nerve. The CT was slightly

crimped with No. 5 surgical forceps to maximize antero-

grade transganglionic and retrograde transport of CTb

via injury-filled fibers (see, e.g., Luppi et al., 1990), and

0.05 ml CTb (1mg/ml, suspended in sterile distilled

water) and the label was ejected via the micropipette

onto the nerve. Subsequently, the external auditory

meatus was filled with surgical wax to maintain expo-

sure of the CT to the CTb bathing the middle ear.

The PBN injections of CTb consisted of stabilizing the

mouse’s head by an approach described previously

(Beckman and Whitehead, 1991). The occipital bone

then was removed with rongeurs and the midline cere-

bellum aspirated to expose the dorsal surface of the

medulla and caudal pons. The PBN was targeted

visually, relative to the NST, based on surface features

of the dorsolateral pons (for more detail see Whitehead,

1990). Six animals were injected using an iontophoretic

pump (BAB-500; Kation Scientific, Minneapolis, MN) at

a setting of 5 seconds on/5 seconds off (square anodal

pulses), at 4 lA for 2–10 minutes. Five additional ani-

mals were PBN-injected using a Picospritzer (General

Valve, Fairfield, NJ). These latter injections were made

with 50 pulses at 9 msec each and 20 psi. For all PBN

injections, micropipette tip diameters were 8–20 lm,

and the 1 mg/ml CTb concentration was suspended in

16.5% methylene blue and 83.5% distilled water. In gen-

eral, electrophoretic injections yielded smaller and

denser injection sites, generating the cases depicted in

the present article.

The RF was approached by surgically exposing the

medulla as described above and targeting the rostral

RF based on its location ventral and ventromedial to

the rostral pole of NST. The latter reference point was

localized based on its relationship to a consistent dis-

tinctive blood vessel on the dorsolateral surface of the

medulla. In some cases, RF localization was aided fur-

ther by using coordinates in the Paxinos and Franklin

(2001) mouse atlas, i.e., measuring distances rostral to

the visible AP and lateral to the midline. Rostral and

caudal divisions of the NST were targeted as described

above and also by reference to the AP. The AP was

also injected. All CTb injections into RF and NST were

iontophoretic, using the same pulse and timing parame-

ters as with PBN iontophoretic injections.

Perfusion and tissue processing
Animals survived for 24–72 hours after CTb injections,

after which they were anesthetized, the blood was

flushed transcardially with phosphate-buffered saline

(pH 7.4), and the animals were perfused transcardially

with 4% paraformaldehyde in phosphate buffer (pH 7.4).

The brain was blocked and the coronal plane established

by a transverse cut through the midbrain perpendicular

to rostral–caudal axis of the brain and to the surface on

which its ventral aspect (consisting principally of the

inferior temporal lobes and the pons) rests (with the spi-

nal cord removed at the upper cervical level; Whitehead,

1988). The blocked tissue was transferred briefly into

fresh perfusate and stored overnight in 40% sucrose.

Coronal, 40-lm-thick sections between the high cervical

spinal cord and midbrain inferior colliculus were cut on a

freezing microtome (American Optical, Buffalo, NY).

Three animals that did not receive CTb injections

were used for P2X2 immunoreactivity. After perfusion,

the brainstem was postfixed in 4% paraformaldehyde in

phosphate buffer (pH 7.4) for 3 hours at room tempera-

ture. The tissue was then cryoprotected overnight with

20% sucrose in 0.1 M phosphate-buffered saline (PBS;

Mouse NST atlas and connections
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pH 7.4) at 4�C. On the next day, the brainstem was

mounted in OCT compound (optimal cutting tempera-

ture; Fisher Scientific, Pittsburgh, PA), and 40-lm free-

floating sections were cut on a cryostat.

CTb Immunocytochemistry
Free-floating tissue sections were reacted for the

immunocytochemical demonstration of CTb using goat

anti-CTb (List Biological Laboratories, catalog No. 703;

1:10,000) primary antibody overnight at 4�C on a rotat-

ing shaker. Bound antibody was revealed by reacting

the free-floating sections with biotinylated rabbit anti-

goat IgG (Vector, Burlingame, CA; catalog No. BA-5000;

1:200) secondary antibody for 1 hour, followed by reac-

tion in 0.3% hydrogen peroxide and diaminobenzidine

(MP Biomedicals, Solon, OH; catalog No. 98068) for 4

minutes. Rinses with phosphate-buffered saline (pH 7.4)

separated each step of the immunocytochemical proto-

col. Sections were mounted on albumin-gelatin-coated

slides and counterstained with either Giemsa (EMD

Chemicals, Billerica, MA; catalog No. 620G-75; which

darkens the CTb reaction product while rendering the

cytoarchitecture visible) or cresyl violet (Chroma-Gesell-

schaft, Munich, Germany; catalog No. 1A396) for Nissl

staining. In some cases, alternate sections were either

solely CTb reacted or solely Nissl stained. Control tis-

sue was immunonegative in cases in which CTb was

not applied to the CT or injected intracranially.

P2X2 immunocytochemistry
After three 10-minute washes in 0.1 M PBS (pH 7.4),

the tissue sections were incubated in blocking solution

(3% normal goat serum, 1% bovine serum albumin, 0.3%

Triton in PBS) for 1 hour at room temperature. The sec-

tions were then incubated overnight at 4�C with the

rabbit anti-P2X2 primary antibody (Alomone, Jerusalem,

Israel; catalog No. APR-003; 1:500). Sections were

washed three times in PBS and incubated for 2 hours

with Alexa 568 goat anti-rabbit secondary antibody

(Invitrogen, Eugene, OR; catalog No. A11011; 1:400).

After three 10-minute washes in PBS, the sections were

rinsed in 0.1 M phosphate buffer and then incubated

with green fluorescent Nissl fluorophore (Molecular

Probes, Eugene, OR; catalog No. N-21480; 1:200) at

room temperature for 20 minutes. The tissue sections

were washed twice in phosphate buffer, mounted onto

Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA),

and coverslipped with Fluoromount G (Southern Bio-

technology Associates, Birmingham, AL).

P2X2 antibody characterization
P2X2 antibody was made in rabbits against a syn-

thetic peptide to the C-terminal domain of the rat P2X2

sequence (for more details regarding the antibody see

Table 1). According to the manufacturer’s technical

information, a single band at 80 kD was detected on

Western blots from PC12 lysates. This antibody has

been verified by staining taste tissues from mice in

which the P2X2 receptor was genetically deleted; no

signal was detected (Finger et al., 2005). In addition,

this antibody has been characterized in the rostral

medulla of C57BL/6J mice (Bartel, 2012). The P2X2

staining in the current study, namely, reactivity localized

to fiber regions within the NTS as well as a scattering

of motor neurons in more ventral regions, is consistent

with the staining pattern previously described (Bartel,

2012). Omission of the P2X2 antibody resulted in no

apparent fluorescent signal. This confirmed that the

secondary signal normally results from binding to the

primary antibody (data not shown).

Images were acquired with an Olympus Fluoview con-

focal laser scanning microscope and 320 oil objective,

0.80 numerical aperture, or 310 objective, 0.40 numer-

ical aperture. For each image, the channels were col-

lected sequentially with a single wavelength excitation

and then merged to produce the composite double-

label image. This prevents the issue of bleed-through as

a result of side-band excitation of the fluorophores.

NST atlas
For preparing a cytoarchitectonic atlas of the NST,

two control brains were perfused and sectioned similarly

TABLE 1.

Antibody Characterization

Antibody Immunogen Host, type Manufacturer Dilution

Primary Cholera toxin subunit B from
Vibrio cholerae

Goat, polyclonal List Biological, catalog No. 703 1:10,000

Secondary Goat IgG Rabbit, polyclonal Vector, catalog No. BA-5000 1:200
Primary P2X2 Rabbit, polyclonal Alomone, 1:500

Synthetic peptide to rat product No.
C-terminus APR-003
(SQQDSTSTDPKGLAQL)

Secondary Rabbit IgG, Alexa 568 Goat, polyclonal Invitrogen, catalog No. A11011 1:400

D. Ganchrow et al.
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to the CTb cases, and a caudorostral Nissl series cover-

ing the �2 mm extent of the NST, from 1 mm caudal to

1 mm rostral to the obex, was stained with cresyl violet.

To characterize the NST further, and for comparison with

Nissl staining, four additional control animals were per-

fused and sectioned as described above for NADPH-

diaphorase staining, two in the coronal plane, two in the

horizontal plane. In the present report, “obex” is defined

as that section that most closely indicates the transition

from the central canal into the fourth ventricle. In most

instances, the obex coincides with the rostral pole of the

AP (see Contreras et al., 1982; Kalia and Sullivan, 1982;

Herbert et al., 1990; Corson et al., 2012). Working inde-

pendently under microscopic (Eclipse E800; Nikon, Mel-

ville, NY) observation and photomicrographic analysis,

two of the present investigators parcellated the NST into

subnuclei based on Nissl or NADPH staining intensity,

cell packing density, shape and size of cells, neuropil

features, and location relative to the solitary tract and

surrounding brain nuclei. NST nomenclature is based, in

part, on that described for hamster (Whitehead, 1988)

and mouse (Paxinos and Franklin, 2001). Descriptions of

viscerosensory NST subnuclei in mouse (Ram�on y Cajal,

1972) and rat (Herbert et al., 1990) also informed the

present investigation. Eight (of 31) representative sec-

tions in the caudorostral series were selected to prepare

the atlas presented here. Original photomicrographic

images have been adjusted for gamma (or contrast) and

corrections made for evenness of background and color

balance (Adobe Photoshop).

Statistical analysis
Cells in each NST subnucleus, and in the vagal motor

nucleus, were measured in atlas sections with Image Pro

Plus (version 5.1.0.2; Media Cybernetics, Silver Spring,

MD). Measurements were obtained from digital photomi-

crographic images, acquired at 3100 magnification, that

were enlarged on the computer monitor to 3800, with the

subnucleus of interest positioned within the field of view of

the computer monitor. A 10 3 10 grid of 100 squares,

superimposed on the monitor’s display was subsequently

made visible. Twenty squares were randomly selected, and

within each square only cells showing a nucleolus were

measured. Squares selected for cell measurements were

determined by a random number generator that derives

sets of two digit integers from atmospheric noise

(www.random.org). The first and second digits were used

to identify the column and row of each square to be ana-

lyzed. If the square fell outside of the subnucleus of inter-

est, the next integer in the randomly derived set was used

until 20 squares within the subnucleus were obtained.

Measurements of cell (somal) area (lm2) and diameter

were compiled over three or four sequential histological

sections for each subnucleus of NST. Mean cell area 6 SD

was determined for a total of 868 cells in all NST subnuclei

and the vagal motor nucleus. Preliminary analysis indicated

that the variance of somal area across NST subnuclei was

not homogeneous, so somal area was tested by a nonpara-

metric Kruskal-Wallis ANOVA (Statext v1.0; www.statext.-

com). Least significant difference between mean ranks

post hoc comparisons of somal area between subnuclei

were applied following a significant ANOVA (Siegel and

Castellan, 1988).

Subnuclear analysis of retrogradely labeled NST cells

after CTb injections in the NST, AP, PBN, or medullary

RF was carried out thus: single sections were sampled

at atlas levels 11.0, 10.80, 10.50, 10.25, 0.0,

20.12, 20.48, and 20.72 (see Fig. 1), and cells were

counted by an investigator blind to the nature of the

injection site. Under microscopic observation at a mag-

nification of 3400, for each section, the subnucleus of

interest was positioned in the approximate center of

the microscopic field by viewing through the left eye-

piece. An ocular reticle that was prepositioned over the

center of the field with one edge parallel to the medul-

lary midline raphe was then viewed through the right

eyepiece and focused. The reticle was viewed after cen-

tering the area of interest through the left eyepiece of

the microscope to avoid bias in selecting cells to count.

The number of retrogradely labeled cells as well as the

total number of cells within that subnuclear field (3,600

lm2) were counted. Generally, only cells with a visible

nucleus that was unfilled by CTb reaction product were

counted. Counts also included a very small minority of

heavily labeled cells with indistinct nuclei but that dis-

played a full somal envelope with the label extending

into at least two filled primary dendrites. These raw

counts were converted into estimates of the true num-

bers of labeled and unlabeled cells by applying the

Abercrombie equation (Abercrombie, 1946). This calcu-

lation takes into account diameter measurements from

the unlabeled and labeled cells. In the present applica-

tion, the measurements, obtained in Image Pro Plus (as

described above), were derived from areal tracings of

the somal outlines. To apply the Abercrombie equation

to our data we made the assumption that that the pro-

files that we traced were near the midportion of the

cells and that the cells were spherical. The same statis-

tical tests applied in comparing somal area across NST

subnuclei were used to compare the proportions of ret-

rogradely labeled cells across subnuclei. Level of signifi-

cance was set at P� 0.05. The degree of retrograde

labeling of cells is plotted on drawings as a qualitative

representation of the quantitative analysis summarized

above. For plotting retrogradely labeled cells and

anterograde labeling of endings, each triangle

Mouse NST atlas and connections
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represents the location of four cell bodies, and each

dot represents the location of five endings (Figs. 6, 8,

10, 11, 14, 16, 17). In cases with NST or AP injections,

the degree of labeling within each NST subnucleus or

non-NST medullary nucleus was then calculated as a

percentage of the total for each case and represented

as different sized dots in Figure 13.

RESULTS

Atlas of NST subnuclei: Nissl
cytoarchitecture

Figure 1A–P presents a rostrocaudal series of coronal

sections through the NST in the C57BL/6J mouse.

High-magnification photomicrographs are of Nissl-

stained sections through the NST in a representative

intact case. Each photomicrograph is accompanied by a

lower magnification schematic section at the same

level, adapted from Paxinos and Franklin (2001), show-

ing the topographic relation of the NST to surrounding

medullary structures. Numbers accompanying each pho-

tomicrograph/schematic pair indicate distances (mm)

from the obex [(0.0), as defined here; see Materials and

Methods] in the fixed and sectioned brain.

The mouse NST extends the length of the medulla. It

begins rostrally in the dorsolateral medulla at the level

of the cochlear nuclei, immediately ventral to the ves-

tibular nuclei, where the NST indents the medial spinal

trigeminal nucleus (Fig. 1A,B). The NST extends cau-

dally with a medial inclination to meet, first, the lateral

border of the fourth ventricle (Fig. 1G,H), then, subse-

quently, the contralateral NST, the caudal poles of the

NST merging at the midline beneath the AP and nucleus

gracilis (Fig. 1K–P). The NST is oval in transverse sec-

tion at rostral and intermediate rostrocaudal levels; it

becomes triangular in cross section caudally. The

nucleus is distinguishable by its mostly smaller and

more densely packed neurons compared with non-NST

neurons in the immediately surrounding areas of the

medulla. Moreover, the paucity of myelinated axons in

the NST renders it readily identifiable with phase

microscopy in unstained sections of the medulla (data

not shown; see also Whitehead, 1988). Within the NST,

groups of neurons exhibit differences in somal area,

packing density, or staining intensity that are guides to

parcelling the nucleus into subnuclei by inspection. The

range of somal areas in subnuclei of the NST, and in

the vagal motor nucleus, is shown in Figure 2.

For the purpose of dividing the NST cytoarchitectoni-

cally into its component subnuclei, we defined three

major divisions of the NST. The rostral division of the

NST is here defined as beginning at its rostral pole

(11.0, with reference to the obex; Fig. 1A,B) and

extending caudally for a distance of 0.7 mm, to 10.3,

that level at which the nucleus shifts medially,

approaching close to and nearly abutting the fourth

ventricle. The intermediate division begins with the level

at which the nucleus first borders the fourth ventricle

(10.25; Fig. 1G,H) and continues caudally to the obex

(0.0; Fig. 1I,J). The caudal division of the NST continues

caudally from the obex and merges with the contralat-

eral NST below the AP, the caudal pole of NST (21.0)

lying above the central canal (Fig. 1O,P). These three

regional divisions do not have abrupt cytoarchitectonic

borders but, rather, successively transition one into the

other (Fig. 1). Specifically for the rostral division (Fig.

1A,C,E), cytoarchitecture and CT projection data to the

NST in mouse informed the outlined bordering of NST

subnuclei. Subnuclear cytoarchitecture in intermediate

and caudal divisions (Fig. 1G,I,K,M,O) of the NST is pre-

sented without outlined borders.

Rostral division of the NST
The rostral central (RC) subnucleus (Fig. 1A,C,E,G)

extends for 0.75 mm, throughout the rostral division of

the NST, and is transitional with the medial (M) subnu-

cleus (see below) in the intermediate division of NST at

10.25 (Fig. 1G). RC lies medial to the solitary tract and

directly ventral to the vestibular nuclear complex that

occupies the dorsolateral medulla at rostral levels. RC

is characterized by a dense collection of small to

medium-sized neurons (mean cell area 5 76.2 6 16.8

[SD] lm2, n 5 60 cells; Fig. 2) that are distinctly smaller

than those characterizing the dorsally adjacent vestibu-

lar complex.

The rostral lateral (RL) subnucleus (Fig. 1A,C,E) is

located in the rostralmost �0.70 mm of NST, lateral to

RC, and is topographically continuous with the caudal

lateral (CL) subnucleus (see below) in the intermediate

division of the NST (Fig. 1G). In the rostralmost 0.2 mm

of the NST, the solitary tract insinuates incompletely

between RL laterally and RC medially. RL is character-

ized by small and medium-sized neurons (mean cell

area 5 81.1 6 23.0 lm2, n 5 60 cells; Fig. 2), more

loosely distributed than those of RC.

The rostral medial (RM) subnucleus (Fig. 1A–C,E)

occupies the medialmost region of the NST and is char-

acterized by a sparse concentration of cells. Somata

are heterogeneous in size, i.e., relatively small-diameter

cells staining lightly for Nissl substance, medium-sized

cells, and some few neurons with large cell bodies

(mean cell area 5 92.1 6 38.5 lm2, n 5 61 cells). Ros-

tral to the obex, larger, more darkly staining cells of the

rostral vagal motor nucleus (X) are embedded within

RM (Fig. 1C,E). The dorsal motor nucleus of the vagus,

although not a subnucleus of the NST, is outlined in
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Figure 1 and subsequent figures. RM is topographically

continuous with the parvicellular (PC) subnucleus (see

below) in the intermediate division of the NST (Fig. 1G).

The ventral (V) subnucleus occupies the ventral half

of the NST in the rostral and intermediate divisions

(Fig. 1A,C,E,G,I) and continues caudally throughout the

caudal division of the NST (Fig. 1K,M,O; see below). V

is characterized by loosely distributed cells, some of

which are larger (mean cell area 5 93.8 6 28.9 lm2,

n 5 120 cells; Fig. 2) than any in the immediately dorsal

RC subnucleus. V directly overlies the medullary RF, a

region with even larger and more widely spaced neu-

rons with a distinct multipolar morphology.

Intermediate division of the NST
The medial (M) subnucleus (Fig. 1G,I,K,M,O) is topo-

graphically continuous with RC, occupying �1.22 mm

in the intermediate and caudal divisions of the NST. M

is characterized by an overall denser cellularity than the

surrounding subnuclei and consists of predominantly

small to medium-sized neurons. Specifically, M is distin-

guished by a collection of relatively larger neurons

(mean cell area 5 84.5 6 27.2 lm2, n 5 65 cells; Fig. 2)

than in RC.

The caudal lateral (CL) subnucleus (Fig. 1G,I,K,M,O) is

topographically continuous with RL in the intermediate

division and continues caudally throughout the caudal

Figure 2. Histograms illustrating the frequency distributions of somal areas (lm2) of cells measured in subnuclei of the murine NST and in

the vagal motor nucleus. All of the subnuclei sampled overlap in areal measurements of small cells. However, the ventral subnuclei (V and

VL) and the parvicellular (PC) subnucleus contain populations of larger cells not seen in RC, RL, DL, and COM, the latter four subnuclei distin-

guished by cells of relatively uniform small to medium size. The vagal motor nucleus (X) has the largest cells. For abbreviations see list.
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division of the NST, lying lateral to the solitary tract. CL

is characterized by a less dense arrangement of cells

than M subnucleus, which medially abuts the former.

CL is distinguished from RL by a broader distribution of

somal sizes, including some larger cells (mean cell area-

5 90.2 6 44.3 lm2,n 5 91 cells; Fig. 2).

The parvicellular (PC; Fig. 1G,I,K,M) subnucleus is

topographically continuous with RM subnucleus and lies

medial to the vagal motor nucleus (V; see below) in the

intermediate division of the NST. PC continues caudally

into the caudal division of the NST, where it lies

between the M and commissural (COM, see below) sub-

nuclei at the level of the AP. PC is characterized primar-

ily by a loose collection of pale-staining neurons (mean

cell area 5 103.8 6 37.0 lm2, n 5 78 cells). Sometimes

PC neuropil exhibits moderate NADPH-diaphorase stain-

ing but qualitatively less intensely than the RC or Ce

subnuclei (see below; Fig. 3; see also for rat Herbert

et al., 1990, Fig. 1, p. 544; Broussard et al., 1995).

Caudal division of the NST
The central (Ce) subnucleus, lying ventrolateral to M

subnucleus, is a restricted, especially densicellular,

round region with relatively darkly staining, round

somata in Nissl material (Figs. 1I,K,M, 3D,F). The cells

Figure 3. Coronal sections through rostral (A,B) and caudal (C–F) divisions of NST showing the differential staining of subnuclei with

NADPH-diaphorase. Nissl-stained sections (B,D,F) are immediately adjacent to NADPH-diaphorase stained sections (A,C,E). In caudal NST

at 20.48 (E,F), and the transition zone between caudal and intermediate divisions of NST at 10.05 (C,D) relative to the obex (0.0), partic-

ularly intense, deep-blue NADPH-diaphorase staining is evident within neuropil of Ce subnucleus. In rostral NST at 10.80 (A,B) relative to

the obex, RC subnucleus exhibits moderate NADPH-diaphorase staining. Qualitatively moderate NADPH-diaphorase staining is seen in PC

and M in C,E. For abbreviations see list. Scale bar 5 200 lm.
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vary in size but are predominantly medium sized (mean

cell area 5 87.3 6 34.1 lm2, n 5 65 cells). At the ros-

tral AP/obex level, the maximum width of Ce is �200

lm (Figs. 1I, 3C–F, 4B). At this level and extending cau-

dally, Ce is characterized by a distinctive, relatively

more intense NADPH-diaphorase staining of its neuropil

compared with surrounding NST subnuclei (Figs. 3C,E,

4A) At the obex level and caudally, Ce also is character-

ized by relatively intense P2X2 IR in preterminal axons

and in endings (varicosities; Fig. 5). Some of these end-

ings appear to arise from probable vagal nerve, P2X2-

immunopositive afferents in the solitary tract (Fig. 5A,

inset).

The dorsal lateral (DL) subnucleus (Fig. 1I–K) is topo-

graphically continuous with CL and is present primarily

at the level of the obex, extending �0.12 mm caudal to

the obex. DL is distinctively elongated; is oriented dor-

somedially to ventrolaterally; and contains densely

packed, darkly stained somata. DL is further character-

ized by a narrow distribution of small to medium-sized

neurons (mean cell area 5 82.4 6 18.5 lm2, n 5 40

cells; Fig. 2).

The ventral lateral (VL) subnucleus (Fig. 1G–N)

extends �0.73 mm in the NST, with its greater portion

lying caudal to the obex. VL neurons are moderately

concentrated, and more darkly staining than cells in the

V subnucleus. VL further is characterized by a small

but distinct subset of the largest neurons of the NST,

contributing to a relatively large average cell body diam-

eter (mean cell area 5 103.5 6 36.8 lm2, n 5 80 cells;

Fig. 2).

The ventral subnucleus (V), present in the rostral and

intermediate divisions of NST also extends into the cau-

dal division of NST. In the caudal NST, V occupies the

greater portion of the ventral sector of the NST, ventral

to M and Ce, medial to VL, and ventromedial to CL sub-

nuclei. V tapers in size caudally and ends just before

the caudalmost pole of the NST (Fig. 1K,M,O).

The commissural (COM) subnucleus (Fig. 1F–H), ini-

tially described for the mouse by Ram�on y Cajal (1972),

extends caudally from the obex, initially lying ventrome-

dial to the PC subnucleus of the NST, and medial and

dorsomedial to the distinctively larger, darker staining

cells of the vagal motor (X) and hypoglossal (XII) nuclei.

In the C57BL/6J mouse at the level of the AP, and in

keeping with Ram�on y Cajal’s description, COM extends

dorsally from the central canal to the base of the AP

and medially to the midline. COM contains relatively

small (mean cell area 5 82.1 6 33.3 lm2, n 5 24 cells)

cells as well as cell-sparse regions of neuropil above

the central canal (Fig. 1F–H) through which COM fibers

cross the midline to terminate in contralateral COM

(Ram�on y Cajal, 1972, Fig. 306, Golgi preparation,

p. 738). There is sometimes not a clearcut separation

between the ventralmost cells of COM and similarly

sized cells lying, respectively, medial and dorsomedial

to X and XII nuclei. These small cells appear to be a

medial extension of the intercalated nucleus.

Kruskal-Wallis ANOVA of somal area (rf. Fig. 2)

across NST subnuclei is significant (H 5 48.8, df 5 10,

P� 0.05). Post hoc comparisons indicate that the

somal area of RC is significantly (P� 0.05) smaller than

that of V, VL, and PC subnuclei. Additionally, RL somal

area is significantly smaller than that of VL and PC

subnuclei, and M area is smaller than that of VL

(P� 0.05).

The larger somata of the vagal motor nucleus (X;

mean cell area 5 203.5 6 91.6 lm2, n 5 124 cells)

serve as a distinct referent in contrast to the surround-

ing smaller cells of the NST, from 10.8 to the caudal

pole of the NST (Fig. 1C,E,G,I,K,M,O). At levels 10.5 to

Figure 4. NADPH-diaphorase staining of NST subnuclei in a hori-

zontal section (A). The adjacent section is Nissl stained (B).

Intense staining highlights the Ce subnucleus and motor X

nucleus. Less intense NADPH-diaphorase staining is present in M

and RC subnuclei. The solitary tract is devoid of staining. For

abbreviations see list. Scale bar 5 100 lm.
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10.8, X cells lie embedded within the RM subnucleus

of NST (Fig. 1C,E). These rostralmost large, darkly

stained cells embedded within RM resemble in size and

staining intensity those definitively identified as X far-

ther caudally. Furthermore, they are distinguished from

cells of the superior salivatory nucleus; the latter, retro-

gradely labeled by application of CTb to the chorda

tympani, are located rostroventral to the NST (see

below; cf. for rat: Contreras et al., 1980, Fig. 4, p. 380

and Fig. 10, p. 390; for hamster Whitehead and Frank,

1983, Fig. 2, p. 382). However, we cannot rule out the

possibility that some cells in X at rostral NST levels

include inferior salivatory nucleus neurons some of

which, in the rat, lie within or medially adjacent the

Figure 5. Confocal images of P2X2-IR in the caudal NST at the level of the area postrema, approximately 10.06 (A,B) and 20.18 (C,D) rela-

tive to the obex. A,B and C,D are the same sections immunolabeled for P2X2 (red channel) and Nissl fluorescence. NST cytoarchitecture as

seen in B,D was achieved by successively converting the Nissl fluorophore channel to gray scale and inverting in Photoshop. A,C show P2X2-

IR (red) localized within solitary tract (T) fibers of probable vagal nerve origin at these caudal levels. The white dot in A indicates the location

of the inset at higher magnification showing P2X2-immunopositive solitary tract fibers directly entering Ce (white outline) and exhibiting par-

ticularly intense P2X2-IR in preterminal axons and in endings (varicosities) within Ce. Also note that DL and X are relatively P2X2 immunoneg-

ative. An asterisk indicates the same blood vessel in C,D. For abbreviations see list. Scale bars in A 5 100 lm in A-D; 50 lm in inset.
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Figure 6. A–I: Qualitative plots of the relative density of CTb-labeled endings (dots) in the NST after chorda tympani nerve (CT, arrow,

uppermost schematic) labeling. The schematic in this and the subsequent figures of plotted label are adapted from Paxinos and Franklin

(2001). Primary afferent endings in the NST are concentrated at rostral levels in the dorsal half of RC. Sparser distributions are present in

RL of the rostral division of the NST, i.e., at 11.0, 10.8, and 10.5 relative to the obex, and in the intermediate and caudal divisions in

M, VL, V, and CL. Single, retrogradely labeled cells (triangles) of the superior salivatory nucleus lie medioventral to the RM subnucleus of

the NST, at 10.8 to 11.0 rostral to the obex; their numbers as shown are a qualitative estimate. For abbreviations see list. Scale

bar 5 100 lm.
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medial portion of the rostral NST (cf. for rat: Contreras

et al., 1980, Fig. 8, p. 386, and Fig. 10, p. 390; Kim

et al., 2004, Figs. 1 and 2, pp. 29–30; Rezek et al.,

2008, Figs. 2, 3, pp. 267–268).

NST subnuclei: NADPH staining and P2X2

immunoreactivity
NADPH histochemistry specifically stains subregions

of the NST and is virtually absent from most of the

immediately surrounding brainstem nuclei. The specific

pattern of NADPH staining in the mouse supports the

present parcellation of the NST into subnuclei; some

subnuclei are stained, staining that follows the same

boundaries as in the Nissl material, and other subnuclei

are unstained. NST NADPH staining was evident in the

rostral division, where it lightly but distinctly stains the

neuropil of the RC subnucleus and, to a lesser extent,

the RM subnucleus (Fig. 3A,B). Other subnuclei rostrally

are unstained. Motor X cells are intensely stained. In

the caudal division, NADPH staining is generally more

intense, with light staining in M, moderate staining in

PC, and intense staining that precisely delineates Ce.

DL, CL, and COM are very lightly stained; VL and V are

mostly unstained (Fig. 3C–E). Apart from the NST, the

AP stains moderately. Motor X, as in the rostral divi-

sion, stains intensely.

In horizontal sections through the dorsal half of the

NST, the size, shape, and extent of the nuclear complex

are evident by its differential staining. Ce, in particular,

presents as an intensely stained oval cell group that

bridges the intermediate and caudal divisions (Fig. 4A).

The horizontal view also shows the consistency and

coextensiveness of light NADPH staining of RC and M.

As in the transverse sections, PC exhibits moderate

staining; COM, DL, and CL exhibit faint staining; and

the solitary tract is clearly evident by its absence of

stain.

In addition to intense P2X2 IR within the Ce subnu-

cleus (see above under Caudal division of the NST),

moderate P2X2 fiber IR coincides with the PC subnu-

cleus. Subnucleus M is lightly populated with P2X2-

immunopositive fibers. Motor X contains rare P2X2

fibers; motor XII contains none (Fig. 5).

Chorda tympani projections to the NST
Figures 6 and 7 are representative cases summariz-

ing data in those animals (n 5 5) receiving CTb injec-

tions of the CT nerve in the middle ear. In Figure 6, the

relative distribution of CTb-labeled, terminal projection

field endings is plotted qualitatively as dots throughout

the rostrocaudal extent of the NST. Primary afferent

endings extend for �1.12 mm in the NST and are con-

centrated mainly at levels rostral to and including the

obex; in the rostralmost 0.50 mm (i.e., rostral division)

of the NST, the dorsal half of the RC subnucleus

receives the densest degree, and the RL subnucleus a

relatively sparser distribution of anterior tongue taste

afferent inputs. CTb-labeled axons are typically seen as

smooth and are lightly labeled in the present material

(not illustrated), and presumed terminals are seen as

ovoid swellings on or distributed among the axons and

display a distinctly dense, punctate appearance (Fig.

7A–C). In the intermediate and caudal divisions, addi-

tional sparse endings are seen in M, VL, V, and CL sub-

nuclei, with the caudalmost terminal projection field

Figure 7. Terminal projection field endings (black/brown) of the

chorda tympani, after labeling with CTb, are concentrated in the

rostral NST (A–C); same case as plotted in Figure 6. Photomicro-

graphs show that endings are most dense in RC (asterisks in

B,C), less so in RL (arrowheads in A,B), and absent in other NST

subnuclei. Caudal to the obex (D), some endings reach VL (arrow-

heads). Arrows in A show the preganglionic somata of the supe-

rior salivatory nucleus labeled by retrograde transport of CTb. For

abbreviations see list. Scale bar 5 100 lm.
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evident at 0.12 mm below the obex level (Figs. 6, 7D,

arrowheads). In addition, at the rostralmost level of the

NST (11.0, 10.8), CTb-labeled somata of the superior

salivatory nucleus are seen, lying immediately medio-

ventral to the RM subnucleus of the NST (Figs. 6, 7A).

This latter labeling results from retrograde transport of

CTb within distally projecting preganglionic parasympa-

thetic fibers that contribute to the CT.

Figure 8. A–I: Qualitative plots of retrogradely labeled NST projection cells to the PBN (triangles), and the PBN projection field in NST and

RF (dots), after CTb injection (diagonal lines, uppermost schematic) into the PBN proper. The injection site extends laterally to include the

medial portion of the K€olliker-Fuse nucleus (K), and medially into the locus ceruleus (LC) and the dorsolateral tegmentum (DT). NST-PBN

projection cells are located mainly in RC and M and are less concentrated in V and RL, with the fewest projection cells seen in VL, RM,

and CL. Rostral to the obex, terminal projection field endings in NST predominate in the V and RM subnuclei and in the RF immediately

subjacent to the NST. Rostral and caudal to the obex, sparser endings are seen in RL, DL, CL, and VL, including minor projections to the

ventral sector of RC and M in the NST. For abbreviations see list. Scale bar 5 100 lm.
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NST-PBN connections
Analysis of 11 cases in which the dorsolateral pons

was targeted for CTb labeling shows that eight mice

had partial or complete injections into the PBN com-

plex. Results in cases with retrograde and anterograde

labeling in the NST and subjacent RF after partial PBN

injections are consistent with those in which PBN was

essentially completely injected. Figure 8 shows results

in a case in which the PBN proper was CTb injected.

The rostrocaudal extent of the injection is 1.2 mm. The

uppermost schematic in Figure 8 also indicates that the

injection extends laterally to include the medial portion

of K€olliker-Fuse nucleus and medially into the locus cer-

uleus and the dorsolateral tegmentum, including the

pontine RF. Though large, the injection site spares the

rostral- and caudolateralmost parts of the lateral divi-

sion of the PBN (data not shown). As qualitatively plot-

ted in Figure 8, throughout the 1.72 mm rostrocaudal

extent of the NST, RC and M show the densest concen-

tration of retrogradely labeled somata (Fig. 8, triangles).

In general, the distribution of retrogradely labeled cells

throughout RC and M is not limited to particular regions

and therefore differs from the dense target of chorda

tympani preterminals and endings within the dorsal

halves of RC and M (cf. Figs. 6, 7). Compared with RC

and M, relatively fewer retrogradely labeled somata are

evident in V and RL, with the fewest labeled somata

seen in the RL, PC, CL, and RM subnuclei of the NST

(Figs. 8, 9); Ce, COM, and DL somata are essentially

unlabeled. ANOVA of the proportion of retrogradely

labeled cells (n 5 342 total cells, labeled and unlabeled)

sampled across NST subnuclei is significant

(H 5 32.117, df 5 9, P� 0.05). Among the retrogradely

labeled cells sampled, 53% (37 of 69 neurons) are iden-

tified in RC and M.

Large CTb injections into the PBN also reveal termi-

nal projections within the NST. In the rostralmost 0.75

mm (i.e., rostral and anterior intermediate divisions) of

the NST, projections from the PBN and pontine RF form

endings that predominate in V and RM subnuclei (Figs.

8, dots; 9A,B) and extend heavily into the RF immedi-

ately subjacent to the NST. Rostral and caudal to the

obex in the NST, sparser endings are evident in the RL,

CL, DL, and VL subnuclei; minor projections also are

seen in the ventral sector of RC and M (Fig. 8).

Retrograde labeling in the NST after a small CTb

injection into a lateroventral sector of the medial para-

brachial nuclei (Fig. 10) is generally consistent with that

following an injection into the larger PBN proper (Fig.

8). The uppermost schematic in Figure 10 shows that

the injection extends medioventrally to include the lat-

eral dorsal tegmental nucleus, locus ceruleus, and

medial vestibular nucleus (connections related to these

latter sites are not presented). The injection extends

0.6 mm rostrocaudally. As qualitatively plotted (Fig. 10,

triangles), retrogradely labeled somata are identified

mainly in RC and M, with fewer cells in the ventral (V

Figure 9. Photomicrographs of retrogradely labeled NST somata,

and projection field terminations in the NST (outlined) after a

large CTb injection of the PBN proper (Fig. 8, uppermost sche-

matic); same case as plotted in Figure 8. In the rostral and inter-

mediate divisions (A–C) and continuing caudally to the

transitional zone between caudal and intermediate divisions of

NST at the obex (D), retrogradely labeled cells are densely con-

centrated in RC and M and, as seen here, are qualitatively fewer

in RL, CL, VL, V, and RM. Labeled terminal projection field end-

ings (asterisks in A,B) in the rostral NST predominate in subnu-

cleus V (see higher magnification inset in B). Sections A,B,C,D

were Nissl counterstained with cresyl violet or Giesma. The

Giesma stain renders the CTb reaction product black. Sections

depicted are from the same or adjacent sections as those in Fig-

ure 8. For abbreviations see list. Scale bars in C 5 100 lm in

A-D; 50 lm in inset.
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and VL) and PC subnuclei. ANOVA of the proportion of

retrogradely labeled cells (n 5 323 total cells, labeled

and unlabeled) sampled across NST subnuclei does not

achieve significance (H 5 7.96, df 5 9, P� 0.05). The

small size of this PBN injection is reflected in the sam-

pling of NST subnuclei; only 2.6% (nine of 339 neurons)

Figure 10. A–I: Qualitative plots of retrogradely labeled NST cells (triangles) after a small CTb injection into the lateroventral sector of the

medial parabrachial nuclei (uppermost schematic, diagonal lines). The injection also includes the lateral dorsal tegmental nucleus, locus

ceruleus, and medial vestibular nucleus. Within the NST, retrogradely labeled somata are mainly in RC and M, with fewer cells in V, and

VL. Also, sparse terminal projections (dots) are seen mainly in V, RC, and M within the rostral and anterior intermediate divisions of the

NST. For abbreviations see list. Scale bar 5 100 lm.
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Figure 11. A–I: Qualitative plots of retrogradely labeled NST, medullary RF projection cells immediately subjacent to the NST (open trian-

gles), and the RF projection field in the NST (dots) after CTb injection into the medullary RF (uppermost schematic, diagonal lines; sche-

matic adapted from Paxinos and Franklin, 2001). The injection site extends from a medial sector of medial vestibular nucleus (Mve)

ventrally to above the nucleus ambiguus (Amb) and does not invade NST. Rostral to the obex, retrogradely labeled somata in the NST sub-

nuclei predominate in V and to a lesser degree in RC. Along the entire rostrocaudal extent of the NST, fewer labeled somata are evident

in RL, RM, and VL. RF terminal projection field endings in the NST predominate in V and to a lesser degree in RC, CC, RL, CL, DL, and

RM. Retrogradely labeled cells and terminal endings also are evident in the RF subjacent to the V subnucleus of NST. For abbreviations

see list. Scale bar 5 100 lm.
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of the cells are labeled; six of these nine labeled cells

are in RC and M. Finally, sparse terminal projections of

pontine cells (dots) are seen mainly in V and RC/M

within the rostral 0.75 mm (i.e., rostral and anterior

intermediate divisions) of NST.

NST-medullary RF connections
Nine cases exhibited injections into the medullary RF

subjacent to the rostral division of the NST. Differences

in the size and reticular subdivision of the injection are

reflected in the number of NST cells labeled but are

consistent for the localization of retrograde labeling to

identified NST subnuclei. Four additional control cases

exhibited injections restricted to the vestibular nuclear

complex or rostral pontine RF; few or no NST cells are

retrogradely labeled in these latter cases (not shown).

Figure 11 illustrates a representative CTb injection

into the RF, 0.50 mm (i.e., at the level of the rostral

division of the NST) rostral to the obex. The rostrocau-

dal extent of the injection is 0.6 mm. The injection site

extends dorsally, from a medial sector of medial vestib-

ular nucleus (Mve), to ventrally, above nucleus ambi-

guus (Amb), and does not invade the NST (Fig. 11,

uppermost schematic; see also Fig. 12A). As qualita-

tively plotted in Figure 11 (triangles), in the rostralmost

0.75 mm (i.e., rostral and anterior intermediate divi-

sions) of the NST, most retrogradely labeled somata are

seen in V and to a lesser degree in smaller somata in

RC (Figs. 11A–C, 12). Along the entire rostrocaudal

extent of the NST, the fewest labeled somata are evi-

dent in RL, RM, VL, and COM subnuclei. Kruskal-Wallis

ANOVA of the proportion of retrogradely labeled cells

(n 5 323 total cells, labeled and unlabeled) sampled

across NST subnuclei is not significant (H 5 12.058,

df 5 9, P� 0.05). Sixty-one percent (11 of 18 neurons)

of these labeled cells are identified in the V

subnucleus.

Mirroring its degree of afferent source from the V

subnucleus, medullary RF terminal projection field end-

ings (Figs. 11, dots; 12) predominate in V and to a

lesser degree in RC, M, RL, CL, DL, PC, and COM in

the NST. Finally, the RF immediately subjacent to the

rostral NST shows interconnectivity, limited to a 0.36-

mm extent rostrad from the injection site (data not

shown).

Intra-NST connections
In six cases, the injected CTb label is entirely con-

fined to the rostral division (three cases), transition

zone between intermediate and caudal divisions (two

cases) or caudal (one case) division of the NST. In one

additional case, the AP was injected (Fig. 13).

Figure 14 illustrates labeling resulting from an injec-

tion centered in the rostral division of the NST (see

also Fig. 13, case R-1). The injection site coincides with

the medial half of the nucleus, 0.5 mm rostral to the

obex, and involves a medial portion of RC (Fig. 15A,B),

RM, and V subnuclei. Immediately rostral to the injec-

tion site, e.g., at 10.8 mm relative to the obex, both

retrograde cellular and anterograde axonal terminal

labeling are evident in the RL, RC, RM, and V subnuclei

(Figs. 13, 15C).

Figure 12. Photomicrographs of retrogradely labeled NST somata

and projection field terminations in the rostral division of the NST

(outlined) after CTb injection into the medullary RF (same case as

in Fig. 11). The dorsal portion of the injection site (dashed line in

A) medially borders the rostral medial subnucleus (RM) of NST. In

A–C, retrogradely labeled NST somata predominate in V (arrow-

heads) and are larger than the more sparsely labeled cells in RC

(thin arrows). Labeled RF projection field endings (asterisks in A–

C) are scattered in subnucleus V of the NST. Retrogradely labeled

cells also are present in the RF (arrows in B,C) immediately sub-

jacent to the V subnucleus of the NST. Sections B,C are lightly

Nissl counterstained. For abbreviations see list. Scale bar 5 100

lm.
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Caudal to the injection site, retrograde cellular label-

ing is located only nearby caudally, e.g., at 0.25 mm ros-

tral to the obex, that is, at the rostral level of the

intermediate division (Fig. 14), primarily in RC, PC, VL,

and V (Figs. 13, 15D). Anterograde labeling, however,

extends more caudally than retrograde labeling; endings

are present as far caudally as 20.72 mm relative to the

obex (Fig. 14). Specifically, within the caudal division,

anterograde labeling is present in DL, CL, M, PC, COM,

and VL subnuclei (Fig. 13). The endings located in M

largely exclude and surround Ce (Fig. 15D). Outside the

NST, anterograde labeling is present in motor X, motor

XII, and the RF (Fig. 14). Rostrally, in the pons, labeled

endings are present in the PBN but are sparse and

faint (data not shown). Labeling dorsal to the NST, attrib-

utable to the track of the pipette containing CTb, is also

present in the vestibular nuclei (Fig. 14).

Two other CTb injections into the rostral NST (Fig.

13, cases R-2, R-3) also involve RM and V subnuclei.

Compared with the previous case, the injection sites

are located slightly more caudally in the rostral division,

i.e., both at 0.35 mm rostral to the obex (Fig. 13).

Nevertheless, these latter cases demonstrate similar

rostral and caudal connections within the NST. In the

rostral division, labeled cells and axonal endings are

present in subnuclei RL, RC, RM, and V; cells predomi-

nate in V in both cases. In the intermediate division,

labeled cells are located mainly in subnuclei that con-

tinue into (V subnucleus) or lie nearby (VL and M sub-

nuclei) injected subnuclei. Outside the NST, endings

Figure 13. Intra-NST connections.

D. Ganchrow et al.
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extend into motor X and the RF. In case R-2 (Fig. 13),

the injection is larger and centered more ventrally; its

anterograde labeling also reaching motor V, VII, and XII

nuclei and nucleus ambiguus. In general, results of

injections in RM, V, and RC in the rostral division indi-

cate that most NST projection cells to these subnuclei

Figure 14. A–F: Qualitative plots of retrogradely labeled somata (triangles) and projection field terminals (dots) in the NST and surrounding

brainstem regions after CTb injection confined within the rostral division of the NST. The injection site involves RM and the medial half of

RC and V (see also Fig. 13, case R-1). Intra-NST connections are evident as labeled cells rostral and immediately caudal to the injection

site. Intra-NST terminal projections also extend rostral and caudal to the injection site, essentially overlapping the distribution of retro-

gradely labeled cells. In addition, some labeled endings extend farther caudally than labeled cells, i.e., throughout the full extent of the

caudal division of the NST, becoming sparse at the caudal pole. For abbreviations see list.
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are not located caudal to the obex. Moreover, and in

contrast to the source of NST projections to RM, V,

and RC, these latter subnuclei exhibit terminal projec-

tions throughout all subnuclei in all divisions of the NST

(Fig. 13).

Figure 16 illustrates labeling resulting from an injec-

tion confined to the transitional zone bridging caudal

and intermediate divisions of the NST. The injection site

is centered medially in the NST at the level of the obex

(0.0; Fig. 13, case I-1) and includes PC and the medial

half of M. Rostral to the injection site and within the

rostral division of the NST, only anterograde labeling is

evident. Labeled axonal endings are moderate in RM

and sparse in RC and V subnuclei (10.5; Figs. 13,

16A). Outside the NST at the level of its rostral division,

labeled endings are present in the RF; motor VII, motor

X, and motor XII nuclei; and nucleus ambiguus (data

not shown). At the level of the pons are sparse endings

in PBN (data not shown). At the rostral pole (10.25) of

the intermediate division, and immediately caudal

(20.12, caudal division) to the injection site, retro-

gradely labeled cells and endings predominate in PC,

M, and V subnuclei (Figs. 13, 16B,D,E). Farther caudally

within the caudal division (20.48, 20.72) of the NST,

axonal endings continue to be evident in PC, M, and V

and also COM subnuclei (Fig. 13). Terminal field projec-

tions are also evident in the contralateral NST at the

level of the AP and caudally (0.0 to 20.72). Outside

the NST at levels below the obex, endings are present

in the AP (20.12, 20.48; Fig. 16).

An additional CTb injection (Fig. 13, case I-2), also at

the level of the obex, showed a similar pattern of

labeled connections involving many of the same NST

subnuclei and extra-NST projections as in case I-1

Figure 15. Photomicrographs of the injection site and rostrally and caudally transported labeling in the case plotted in Figure 14. A,B:

Injection site at low and high magnification essentially fills the medial half of the rostral NST. Labeled endings extend ventrally into the RF

(arrows). C: Retrogradely labeled cells (arrowheads) and labeled axonal endings (arrows) within the rostral division of the NST, 0.3 mm ros-

tral to the injection site (10.8 relative to the obex), predominate in RM, RC, and V. D: Labeled cells (arrowheads) and endings (arrows) in

the rostralmost level of the intermediate division of the NST, 0.25 mm caudal to the injection site (10.25 relative to the obex), are pres-

ent in M and V; endings essentially fill M. Transported label mostly spares Ce. Labeled axons and endings are also present in X. For abbre-

viations see list. Scale bar in D 5 100 lm in B-D, 200 lm in A.
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(Fig. 13). The injection site was smaller and slightly

more dorsal than that in the previous case. Thus, by

contrast, extra NST projections did not include motor

VII or motor XII nuclei or nucleus ambiguus. As in case

I-1, the rostral division of the NST contains only antero-

gradely labeled axonal endings, here present only in

RM. Within the intermediate division immediately rostral

to the injection site, and the caudal division,

Figure 16. A–F: Qualitative plots of retrogradely labeled somata (triangles) and projection field terminals (dots) in the NST and surrounding

brainstem regions after CTb injection into the transitional zone between caudal and intermediate divisions of the NST. The injection site

involves M and PC at the level of the obex. Retrogradely labeled cells were confined to the caudal division and were limited in extent to

0.25 mm rostral, and 0.48 mm caudal to the injection site, respectively. Intra-NST labeled axonal endings were more extensive, reaching

both the rostral pole (not shown), where they predominated medially; throughout the caudal division, where they predominated in M, PC,

and V; and at the caudal pole, in COM. Endings of NST projections within the medulla were seen in the area postrema, the RF, motor X

and XII nuclei, and nucleus ambiguus. For abbreviations see list.
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retrogradely labeled cells and endings are present in

PC, M, VL, and V subnuclei. Projections also are seen

in DL, CL, and COM (Fig. 13, case I-2).

A CTb injection within the caudal division of the NST

is located near the caudal pole of the NST, centered in

COM at 20.90 relative to the obex (Fig. 13, case C-1).

Projections, only, are evident rostrally in the intermedi-

ate and rostral (only in RM subnucleus) divisions. In

contrast, both retrogradely labeled cells and endings

are restricted to the caudal division of the NST. Labeled

cells are identified in CL, PC, and COM subnuclei, at

20.72 and 20.48 relative to the obex. Axonal endings

are present in M, PC, and COM subnuclei immediately

rostral to the injection site.

An injection of the rostral AP (20.12; Fig. 13, case

AP) results in both retrogradely labeled cells and

labeled axonal endings restricted to the caudal division

of the NST, in PC, M, VL, and V subnuclei (Fig. 13).

Labeled cells are seen from 20.12 to 20.72 caudal to

the obex (0.0; Fig. 17). Endings extend from the caudal

pole of the NST to the obex (0.0) but no farther ros-

trally; DL and CL subnuclei also exhibit endings at the

obex level. The pons was not evaluated in this case.

DISCUSSION

Anterior tongue afferents of NST subnuclei
Comparing the gustatory NST across studies that

vary in labeling technique or method of tongue stimula-

tion sometimes is hampered by using only regional

(e.g., rostral, lateral, anteromedial) descriptions. Table 2

compares the terminology of NST subnuclei in the pres-

ent study with that in previous selected studies in

rodents.

With the cytoarchitectonic subnuclear parcellation of

the entire NST in mouse as a referent, the CT was

selected to demonstrate the full extent of the anterior

tongue fungiform/anterior posterolateral foliate taste

bud projection field in NST that includes a minor soma-

tosensory component (rat: Contreras et al., 1982; ham-

ster: Whitehead and Frank, 1983). The present CTb

injection data indicate that the chorda tympani nerve

(CT) terminates most densely in the dorsal halves of RC

and M; is relatively less dense in RL; and is least dense

in V, VL, and CL subnuclei of the NST. Based on recent

studies in the rat showing extensive overlap of the sub-

nuclear targets in NST of CT and greater superficial

petrosal (GSP) branches of the facial and glossopharyn-

geal (IX) nerves (May and Hill, 2006; Corson et al.,

2012), it is expected that further studies in the mouse

will show that terminal field projections of GSP and IX

nerves similarly will show extensive overlap in RC and

RL and less so in VL subnuclei of the rostral and inter-

mediate divisions of NST; CT projects farther caudally

into VL and M subnuclei in the rostral portion of the

caudal division of NST (this report; cf. rat: Corson

et al., 2012).

Table 3 summarizes anterior tongue projections to

the NST in the present study with previous reports in

rodents in which detailed photomicrographs and termi-

nal field projection plots clearly depict the distribution

of label or evoked response in the NST. Included in

Table 3 are targets in the NST using whole-mouth tast-

ant stimulation. In mouse, it can be seen that the pres-

ent Ctb labeling data provide the fullest rostrocaudal

extent of the CT terminal projection field in NST and

may relate to the nature of the tracer used. Ctb is

reportedly more efficient at labeling axonal projections

by anterograde transport than other labeling methods

Figure 17. A–D: Qualitative plots of retrogradely labeled somata

(triangles) and projection field terminals (dots) in the NST after

CTb injection confined to the area postrema caudal to the obex

(shaded area in the dorsal median plane at 20.12). Retrogradely

labeled cells were mostly confined to the NST at the level of the

injection site, primarily in M and PC. Labeled axonal endings

were confined the caudal division of the NST, where they were

distributed throughout its extent, primarily in PC and also in M,

VL, V, and COM. For abbreviations see list.
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(Vercelli et al., 2000), although this may apply more to

primary afferent axons than to axons of labeled CNS

neurons. Also, methodological and strain differences

notwithstanding, it may be that most murine studies

have not included in their analyses the anterior tongue

projections to the M, VL, and V subnuclei in intermedi-

ate and caudal divisions of NST. In rat, it appears that

the fuller extent of the CT terminal projection field in

NST usually is obtained with transported markers

applied to the CT, as in the present study, or injected

into the geniculate ganglion vs. anterior tongue injec-

tion or whole mouth, taste stimulation.

Notwithstanding the absence of formally defined NST

subnuclei in some previous studies, it may be con-

cluded from Table 3 that the CT in rodents projects to

similar locations in the NST, mainly to its rostral divi-

sion as described here. Studies are consistent in that

the caudal extent of the CT terminal projection field

reaches to the obex, whereas the projections at the

rostral pole of the NST abut and/or extend into the

dorsomedial cap of spinal trigeminal nucleus oralis (also

in cat; Nomura and Mizuno, 1981, 1983). Supporting

the results above, our analysis of coordinates reported

for single-unit responses in the rostral division of the

NST to tongue taste stimulation in C57BL/6J mice

(McCaughey, 2007) suggests that taste-responsive cells

were located in the rostral one-fourth of the RC subnu-

cleus. Similarly, in rat, whole-tongue, taste-solution

stimulation of fungiform, foliate, and circumvallate taste

buds evoked responses in the lateral half of the rostral

NST at the ‘rostral poles of the NTS’ (Monroe and Di

Lorenzo, 1995, p. 252).

NST connections with PBN
The present data in C57BL/6J mouse indicate that

relatively large iontophoretic CTb injections that

included the recently described gustatory (Tokita et al.,

2011) and expected tongue tactile/viscerosensory

regions of lateral and medial parabrachial nuclei in the

C57BL/6J mouse retrogradely labeled cells in RC and

M, V, RL, VL, PC, CL, and RM subnuclei of NST, with

RC and M providing the largest source of PBN afferents

from NST (cf. Sprague-Dawley rat: Karimnamazi et al.,

2002). Similarly, a small injection into the lateroventral

sector of the medial parabrachial nuclei also showed

that mainly RC and M cells, and fewer cells in V, VL,

and PC subnuclei, were retrogradely labeled. This

smaller injection might have missed taste-responsive

neurons located in more dorsal and medial regions of

the medial parabrachial nuclei and may account for the

relative paucity of retrogradely labeled cells in the NST

TABLE 2.

Comparative Cytoarchitectonic Parcellation in Selected Regions of NST in Rodents

Mouse Hamster Rat

Present study; Zaidi
et al., 20081

Whitehead,
19881–3

Torvik, 19561,2 Kalia and Sullivan, 1982; Ross et al., 1985;
Cunningham and Sawchenko, 1989;
Zhang and Ashwell, 2001a1,4

Herbert et al.,
19901

Central Central Medial7 Intermediate,8 Central4

(RC, Ce5,6) (RC and CC) central9 ,5,10

Commissural Medial Commissural Commissural
Dorsolateral(DL) Dorsolateral Lateral7 Dorsolateral —11

Lateral (RL and CL) Lateral (RL and CL) Lateral Interstitial
Medial Caudal central Medial Medial Medial
Parvicellular5 Medial Medial commissural Parvicellular5

(PC) Medial Medial Medial,8

Rostral medial7 central10

Ventral Ventral Ventral —11

Ventrolateral Ventrolateral Lateral Ventrolateral Ventrolateral

1Nissl.
2Silver.
3Golgi.
4See Discussion.
5Distinguished by moderate to dark staining for NADPH-diaphorase.
6Distinguished by intense P2X2 immunoreactivity.
7Medial and lateral divisions of NST.
8According to Kalia and Sullivan (1982).
9According to Zhang and Ashwell (2001).
10Identified in Nissl material and its specific projection to nucleus ambiguus as distinct from within the medial subnucleus of Kalia and Sullivan

(1982).
11According to Herbert et al. (1990), dorsolateral and ventral subnuclei are not distinguishable from ventrolateral nucleus proper in Nissl (thionin)

stain.
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subnuclei (cf. our Fig. 10 with Tokita et al., 2012, Fig.

9, p. 1552; see also Travers et al., 2007). In general,

the present results are consistent with fluorescent

marker and autoradiographic data in the same mouse

(Tokita et al., 2009), Sprague-Dawley and Wistar rat

(Halsell et al., 1996; Harrer and Travers, 1996; Williams

et al., 1996; Gill et al., 1999; Travers and Hu, 2000;

Hermes et al., 2006), and Syrian hamster (Whitehead,

1990) strains showing that injections either restricted

to the midcentral PBN and including the superior cere-

bellar peduncle of the “waist” area (Halsell and Travers,

1997) or including structures surrounding PBN proper

consistently label RC, RM, RL, and V subnuclei of NST.

M, PC, and COM subnuclei in the caudal division of

NST are more heavily labeled after injections centered

in lateral PBN (Whitehead, 1990). Notably, in these

studies in rodents, although the proportions of labeled

cells in these subnuclei might differ slightly, RC cells

TABLE 3.

Anterior Tongue Projections to, Immunoreactivity, and Transgene Expression in NST in Rodents

Rodent strain Technique Extent1 and/or location2 in NST Citation

Mouse
C57BL/6NCr1BR HRP-injected anterior tongue �0.48 mm1,*; �0.15 mm1,** Kachele and Lasiter, 1990
C57BL/6J P2X2 immunolabeling RC2 Bartel et al., 2007
GAD1-EGFP Fos-like immunoreactivity to whole mouth,

taste stimulation
Medial third, rostral NST2 Travers et al., 2007

Wild-type Fos-like immunoreactivity to linoleic acid on
the tongue

Central and ventrolateral, rostral
NST2

Gaillard et al., 2008

tr1r3-WGA WGA transgene expression RC (dorsal half)2 Ohmoto et al., 2008
C57/1bl6 Pseudorabies virus 823-injected fungiform

papillae
RC>RL, CL> V>M, RM2,3 Zaidi et al., 2008

P2X double
knockout
and wild type

Fos-like immunoreactivity to whole mouth,
taste stimulation

1.2 mm1,2; rostral and caudal
divisions of NST

Stratford and Finger, 2011

C57BL/6J CTb-labeled CT 1.1 mm1 RC, M> RL>V, VL, CL2 Present study
Hamster
Syrian HRP applied to CT 2.4 mm1; dorsal half, rostral

NST> lateral half, caudal NST2
Whitehead and Frank, 1983

Syrian Anterior tongue, taste stimulation and NST
electrophysiology

RC, RL2 McPheeters et al., 1990

Rat
Albino Intermediate facial nerve avulsion; Nauta

silver method
Medial and lateral divisions,

rostral NST2
Torvik, 1956

Sprague-Dawley [3H]proline- or leucine-injected geniculate
ganglion

2.5 mm1,*; lateral division of
mainly rostral NST2,4,5

Contreras et al., 1982

Sprague-Dawley HRP applied to CT 2.8 mm1,*; lateral>medial
division of mainly rostral
NST2,4,6

Hamilton and Norgren, 1984

Sprague-Dawley Whole mouth, taste stimulation and NST
electrophysiology

0.4 mm1; rostrocentral NST2 Ogawa et al., 1984

Sprague-Dawley Fos-like immunoreactivity to whole mouth,
taste stimulation

RC, rostral NST Harrer and Travers, 1996

Wistar DiI applied to facial nerve, or inserted into
anterior tongue

VL, V (obex/AP levels)2,7 Zhang and Ashwell, 2001

Sprague-Dawley CTb-injected anterior tongue 1.4 mm1,*; dorsal two-thirds, ros-
trolateral NST

Hayakawa et al., 2003

Sprague-Dawley Tetramethylrhodamine dextran amine
applied to CT

�0.35 mm1,*; rostral NST2 May and Hill, 2006

Sprague-Dawley Biotinylated dextran amine applied to CT 3.0 mm1,*; RC, RL, VL2 Corson et al., 2012

1Rostrocaudal extent in NST notwithstanding absence or difference in definition of the obex compared with the present study.
2Localization in NST subnuclei or regions of NST. Relative degree of projections in NST subnuclei listed as dense to sparse.
3NST subnuclear nomenclature of Ganchrow et al. (2007) and the present study.
4NST divisions of Torvik (1956).
5Terminal projection field concentrated dorsoventrally (coronal sections).
6Dorsoventral terminal projection field in lateral NST> dorsal concentration in medial NST (coronal sections).
7NST subnuclear nomenclature of Kalia and Sullivan (1982; see Table 1). Rostral NST was not examined.

*As determined from horizontal schematics or images.

**Dorsoventral plane as calculated from horizontal sections.
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provide at least one-half of the NST projection cell pop-

ulation to the PBN (cf. in hamster: Cho and Li, 2008).

Cumulatively, these reports complement earlier antero-

grade silver degeneration (Norgren and Leonard, 1973)

and autoradiographic (Norgren, 1978; Hamilton and

Norgren, 1984) studies showing that the taste-

responsive region in rostralmost NST, at the level of the

dorsal cochlear nucleus, projects to medial and lateral

divisions of PBN.

Herbert et al. (1990) reported that in Sprague-

Dawley rats after large WGA-HRP pressure injections

that include most of the PBN complex, at levels rostral

to the obex, many retrogradely labeled cells in NST are

located in the “intermediate” subnucleus (nomenclature

of Kalia and Sullivan, 1982). The intermediate subnu-

cleus in rat topographically lies ventromedial to the soli-

tary tract and dorsolateral to central subnucleus but

cannot be identified in mouse in the present report.

Interestingly, analysis of their schematic rostralmost

NST sections at �1.7–2.9 mm rostral to the obex (cf.

Paxinos and Watson, 2007) shows that, ipsilaterally,

most of NST proper is retrogradely labeled (Herbert

et al., 1990, Fig. 2I,K, p. 545). Consistent with their ret-

rograde labeling data, injections covering the lateral

two-thirds of rostral NST result in extensive anterograde

axonal and terminal labeling in lateral and medial

regions of PBN (Herbert et al., 1990, Figs. 19, 20, pp.

561–562, and Fig. 31, p. 575). Unfortunately, cytoarchi-

tectonic Nissl delineation of NST subnuclei at more ros-

tral levels is not shown, and a rostrolateral (RL)

subnucleus is not described in their report. Neverthe-

less, the present authors suggest that the Herbert and

coworkers’ and the present data in rostral NST are con-

gruent in that “RC” and “RL” project to PBN (cf. Her-

bert et al., 1990, Fig. 2I,K, p. 545 and our Figs. 8, 10;

see also Paxinos and Franklin, 2001, Figs. 85, 88; and

Jones, 2005: Allen online brain map atlas, Mus muscu-

lus, coronal data set Fig. 17c,e).

Similarly, in caudal NST, retrograde and anterograde

evidence in the Herbert et al. (1990) study indicate that

ventrolateral (VL) subnucleus at the AP level projects to

the lateral and medial parabrachial nuclei continuous

with as well as within K€olliker-Fuse nucleus (Herbert

et al., 1990, Fig. 2, p. 545, and Fig. 14, p. 556). These

results are consistent with this report in mouse showing

that caudal VL at the AP/obex level receives CT affer-

ents and projects to PBN (cf. Figs. 6–9, this report). VL

also may independently project to K€olliker-Fuse nucleus

(cf. Herbert et al., 1990; our Fig. 9).

With respect to pontine terminal field projections to

V subnucleus, the likely source of the endings is either

the PBN proper or the pontine RF. Evidence favoring an

RF source is that the NST endings are dense only after

PBN injections that also include the adjacent RF. More-

over, the anterograde labeling in the pons nearby the

injection sites extends into the motor trigeminal

nucleus (data not shown) and is coextensive with label-

ing of cells and endings in the RF extending throughout

the pons and rostral medulla. In addition, although we

cannot entirely rule out the interpretation that some

minor, linearly appearing labeling in the NST after pon-

tine injection may be axon collaterals or dendrites of

retrogradely labeled somata of other NST subnuclei,

this would represent a minor portion of the terminal

field appearance of CTb labeling in the rostral subdivi-

sion of NST. Golgi-Cox/Nissl preparations in hamster

NST show that the dendritic spread in the coronal plane

of RC cells predominantly remains confined within RC,

with rare invasion into the dorsalmost region of ven-

trally adjacent V subnucleus (Whitehead, 1988; see

also in hamster: Davis, 1988). The average dendritic

length of biocytin-filled rostral NST neurons in rat is

�600 lm, but only �20% (12 of 58 cells) of neurons

exhibit dendritic spread ventrally in the coronal plane

(King and Bradley, 1994). Therefore, V and, to a lesser

extent, RM subnuclei in NST are targeted for feedback

from the PBN or pontine RF.

NST connections with the RF
Injections of the RF ventral to the rostral NST retro-

gradely labeled cells in RC, M, and V (Figs. 10, 11).

This establishes for the mouse a local intramedullary

circuit whereby certain NST subnuclei engage premotor

effectors that, in turn, e.g., activate muscles involved in

feeding behavior or modulate autonomic outflow (see

also for mouse: Zaidi et al., 2008; hamster: Whitehead

et al., 2000; rat: Norgren, 1978; Becker, 1992; Kinzeler

and Travers, 2008). This local circuitry includes premo-

tor cells in RC (and the RF) that are NADPH-diaphorase

positive (Travers and Travers, 2007), consistent with

the present NADPH-diaphorase staining of RC in mouse.

With respect to RC, tranganglionic viral labeling initiated

in fungiform taste buds indicates that these RC cells

are distinct from those in RC that project to the PBN in

that the two projection neuron types receive inputs

from different geniculate ganglion cell types (Zaidi

et al., 2008; see also Yamamoto et al., 2011). The pres-

ent data suggest that RC-RF projection cells are scat-

tered within the ventral half, whereas geniculate

ganglion-RC projection cells are densely packed within

the dorsal half of RC (cf. Figs. 6, 11). Thus, the RC neu-

ronal population might possibly be distinguished by a

segregation of ascending pontine- and local

intramedulla-projecting neurons. The present report

indicates that, in contrast to RC, the V subnucleus

receives a very minor CT input, located only at the
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obex level. Though similar to RC with respect to projec-

tions to the subjacent RF in the rostral NST, subnucleus

V appears to be more strongly reciprocally linked to the

RF by receiving predominant RF terminal field projec-

tions (cf. Figs. 6, 11). In other rodents, subnucleus V

also receives taste RC and RL afferents (cf. in mouse:

Zaidi et al., 2008; hamster: Whitehead et al., 2000; rat:

Norgren, 1978; Becker, 1992). Thus, to different

degrees, the RC and V subnuclei link the gustatory

anterior tongue-rostral NST to the medullary RF and

brainstem circuitry mediating reflexive oromotor

responses (Beckman and Whitehead, 1991; Halsell

et al., 1996; Nasse et al., 2008; Zaidi et al., 2008).

With regard to the caudal NST, anterograde transport

in the present study established that the caudal division

of the NST in mouse also projects to the RF at that

level. Caudal NST projections to the subjacent RF have

also been demonstrated in cat (Morest, 1967), a con-

nection mediating general visceromotor outflow.

The central subnucleus (Ce) and P2X2 IR in
caudal NST

Ce in the mouse, as in the “central” subnucleus (Ce)

of rat, is characterized by a distinctive, relatively more

intense NADPH-diaphorase staining of its neuropil com-

pared with surrounding NST subnuclei (Herbert et al.,

1990, Fig. 1A,B, p. 544; Broussard et al., 1995, Fig.

1C,F, p. 2075; Sang and Goyal, 2001, Figs. 2F, 3B, pp.

G194–G195). Other histochemical markers for Ce in

rodents include 1) calbindin IR (mouse: Okada et al.,

2008; rat: Zhang and Ashwell, 2001; 2) glutamate

decarboxylase 67 and GABAA expression (mouse:

Okada et al., 2008; rat: Broussard et al., 1996) and

GABAA-IR (rat: Terai et al., 1997); and 3) calretinin and

substance P immunonegativity relative to surrounding

NST subnuclei (rat: Zhang and Ashwell, 2001). Ce in rat

has specific connections with ambiguus/periambiguus

nuclei and does not project to the PBN (Ross et al.,

1985; Cunningham and Sawchenko, 1989; Herbert

et al., 1990, Figs. 1A, 2G,H, 4, 5, pp. 544–548).

P2X2, an ionotropic receptor for ATP, was used in

the present study to characterize further the subnuclei

of mouse caudal NST. P2X2-IR is localized to many

fibers of the solitary tract of probable vagal nerve ori-

gin at intermediate/caudal levels and is particularly

intense in solitary tract preterminal axons and endings

within the Ce subnucleus. Consistent with this, CTb or

WGA applied to the subdiaphragmatic esophagus of

rat labels vagal nerve afferents that end in and form

axodendritic synapses within Ce (Altschuler et al.,

1989; Hayakawa et al., 2003). Other studies have

shown that P2X2-IR is evident in vagal ganglion cells

and distal processes innervating esophageal and intes-

tinal mucosa involved in gastrointestinal function such

as mechanoreceptive-elicited peristalsis (mouse: Kes-

tler et al., 2009; rat: Wang and Neuhuber, 2003). Cen-

trally, P2X2-IR is seen in the rat solitary tract at caudal

NST levels, where vagal axons predominate, and, in an

unidentified, round field ventromedial to the solitary

tract that appears to coincide with the region of Ce as

shown here (Atkinson et al., 2000; see also for rat:

Kanjhan et al., 1999; Yao et al., 2001). Vagal nerve

transection significantly reduces the intensity of P2X2

IR in this field in NST compared with the intact contra-

lateral side (Atkinson et al., 2000). Based on the

cytoarchitectonic parcellation and P2X2 IR presented

here for the caudal (viscerosensory) division of NST

and results in rat (Kalia and Sullivan, 1982; Higgins

et al., 1984), it is expected that vagal sensory affer-

ents in mouse will project to Ce, M, VL, V, COM, and

possibly CL subnuclei (cf. in rat: Contreras et al.,

1982; Hamilton and Norgren, 1984).

Thus, as in rat, the vagus nerve and Ce of mouse

may form part of the afferent limb of an ATP neuro-

transmitter-P2X2 receptor-based circuit whose efferent

limb is completed by innervation of the esophageal

musculature by way of ambiguus nucleus. Whether Ce

of mouse specifically exhibits connections with the

esophageal motoneuronal pool in ambiguus nucleus is

not known; anterograde endings are evident in ambi-

guus nucleus after an RF injection that includes Ce sub-

nucleus (data not shown here; see in rat: Ross et al.,

1985; Cunningham and Sawchenko, 1989; Herbert

et al., 1990). The present results are consistent with

the aforementioned neural circuit in that 1) CT projec-

tions target only the dorsal regions of M and RC that

lie dorsal to Ce (cf. Figs. 1, 6, 7) and 2) the region

occupied by Ce lying ventromedial to the solitary tract

does not project to PBN (cf. Figs. 1, 8, 9D).

Intranuclear connections within the NST
As well as receiving CT afferents and directly projec-

ting to the PBN and RF, the subnuclei of the rostral

division of the NST may process intranuclear informa-

tion within NST proper. With respect to possible intra-

rostral division connections, this report on C57BL/6J

mouse shows that the CT projection field is restricted

to the dorsal half of RC, whereas RC projection cells to

PBN are more uniformly distributed throughout this sub-

nucleus. In addition, the ventral sector of RC receives a

projection from the PBN proper. Arguably, then, some

projection cells to PBN in the ventral halves of RC may

be at least “third-order” neurons within their regions in

the sense that they do not directly receive CT afferents.

Alternatively, although not exclusively, the ventral

D. Ganchrow et al.

1592 The Journal of Comparative Neurology |Research in Systems Neuroscience



sector of RC may include, in part, afferents of the

greater superficial petrosal branch (GSP) of the facial

nerve, because the GSP terminal projection field in NST

overlaps and extends more ventrally than that of the CT

(rat: May and Hill, 2006; cf. Corson et al., 2012). In

addition, in the rostrocentral subdivision (hamster and

rat nomenclature) of NST in the GIN transgenic mouse,

CT terminal field axons and endings are distributed

immediately dorsal to GABAergic cells in the ventral

subdivision (Wang and Bradley, 2010). This suggests

that, at least in rostral NST, GABA-mediated inhibitory

interneurons lie in close proximity to second-order gus-

tatory cells but does not rule out the possibility of con-

vergent inhibitory afferentation of NST cells by different

peripheral taste nerves (Suwabe and Bradley, 2009;

Corson et al., 2012).

To what degree do anterior and posterior tongue

regions interact in NST? In general, the present results

show that subnuclei covering the medial half of rostral

and intermediate divisions of the NST project within all

three divisions of the NST. Specifically, medial RC, RM,

and V subnuclei in the rostral division and medial M

and PC subnuclei at the obex level exhibit axonal end-

ings extending as far caudally as 20.72 within the cau-

dal division of NST. Inasmuch as RC and M subnuclei

receive peripheral taste afferents, taste-activated neu-

rons may possibly engage general viscerosensory cells

either by direct or by interneuronal connections. Fluo-

rescent marker, CTb, and HRP injection studies in rat

(Halsell et al., 1996; Karimnamazi et al., 2002) and

hamster (Whitehead et al., 2000; cf. also in hamster:

Travers, 1988; Beckman and Whitehead, 1991) show

connections between RC and gastric distention-

responsive regions in (what the present authors inter-

pret to be) M and PC subnuclei at the obex/AP level.

Conversely, caudal division afferents of the rostral divi-

sion appear to be minimal and are reflected by sparse

obex, COM subnucleus, or rostral AP efferents to the

rostral division of the NST (Fig. 13; Morest, 1960; Her-

bert et al., 1990) Notwithstanding the limited number

of CTb injections within the caudal division proper

reported here, it is suggested that the rostral division

commands a top-down influence on viscerosensory NST

via direct or interneuronal connections (Beckman and

Whitehead, 1991).

In conclusion, intranuclear connections within the

NST revealed with the present Ctb labeling were dem-

onstrated with anterograde labeling that was sometimes

more extensive in distribution than could be verified by

expected retrograde labeling of cells after appropriate

placement of injection sites. This could be explained by

the observation that, in the present application, Ctb

appears more efficient at anterograde labeling of axons

than retrograde labeling of cell bodies and possibly

related to differential distribution of membrane sites of

entry of the marker (Vecelli et al., 2000). Future study

of the details of intra-NST connections with CTb utilizing

additional survival times or with other markers is war-

ranted. The present report is intended to facilitate such

studies.
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