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Cranial Visceral Afferent Pathways through the Nucleus of
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Reliability and Convergence Patterns
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Cranial visceral afferents activate central pathways that mediate systemic homeostatic processes. Afferent information arrives in the
brainstem nucleus of the solitary tract (NTS) and is relayed to other CNS sites for integration into autonomic responses and complex
behaviors. Little is known about the organization or nature of processing within NTS. We injected fluorescent retrograde tracers into two
nuclei to identify neurons that project to sites involved in autonomic regulation: the caudal ventrolateral medulla (CVLM) or paraven-
tricular nucleus of the hypothalamus (PVN). We found distinct differences in synaptic connections and performance in the afferent path
through NTS to these neurons. Anatomical studies using confocal and electron microscopy found prominent, primary afferent synapses
directly on somata and dendrites of CVLM-projecting NTS neurons identifying them as second-order neurons. In brainstem slices,
afferent activation evoked large, constant latency EPSCs in CVLM-projecting NTS neurons that were consistent with the precise timing
and rare failures of monosynaptic contacts on second-order neurons. In contrast, most PVN-projecting NTS neurons lacked direct
afferent input and responded to afferent stimuli with highly variable, intermittently failing synaptic responses, indicating polysynaptic
pathways to higher-order neurons. The afferent-evoked EPSCs in most PVN-projecting NTS neurons were smaller and unreliable but also
often included multiple, convergent polysynaptic responses not observed in CVLM-projecting neurons. A few PVN-projecting NTS
neurons had monosynaptic EPSC characteristics. Together, we found that cranial visceral afferent pathways are structured distinctly
within NTS depending on the projection target. Such, intra-NTS pathway architecture will substantially impact performance of auto-
nomic or neuroendocrine reflex arcs.
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Introduction
For many homeostatic reflexes, the principal pathway begins with
cranial visceral afferents entering the CNS at the nucleus of the
solitary tract (NTS). This afferent information is projected to
diverse sites, including efferent nuclei within brainstem, spinal
cord, and hypothalamus (Pilowsky and Goodchild, 2002; Guy-
enet, 2006). Although the simplest of these reflexes can consist of
as few as two central neurons, a broad complement of CNS nuclei
also process afferent signals that are relayed from NTS as part of
an orchestrated integration with complex behaviors (Spyer,
1990). Two prominent nuclei that play very different roles in
autonomic regulation are contained within the caudal ventrolat-

eral medulla (CVLM) (Jeske et al., 1993; Aicher et al., 1996) and
the paraventricular nucleus of the hypothalamus (PVN) (Stern,
2001; Benarroch, 2005). CVLM contains the critical intermediary
neurons in the baroreflex pathway that mediate baroreceptor-
initiated sympathoinhibition of sympathetic neurons within the
rostral ventrolateral medulla (Aicher et al., 1995). PVN receives
dense inputs from NTS (Ruggiero et al., 1994) that impact a mix
of reflex outcomes from PVN that integrate neuroendocrine,
stress, and homeostatic responses (Chen and Toney, 2003; Her-
man et al., 2003; Dampney et al., 2005; Guyenet, 2006). Neurons
in these two regions display qualitatively different responses to
baroreceptor afferent activation. CVLM neurons often display
activity patterns that closely follow the pressure profile of each
cardiac cycle (Jeske et al., 1993; Schreihofer and Guyenet, 2003),
and raising blood pressure activates c-Fos in medial NTS neurons
that send axons to CVLM (Weston et al., 2003). Such cardiovas-
cular rhythms and baroreceptor responsiveness are only ob-
served in a subpopulation of spinally projecting PVN neurons
(Chen and Toney, 2003), whereas activation of arterial barore-
ceptors evokes few activity changes in most PVN neurons (Kan-
nan and Yamashita, 1983; Duan et al., 1999). Such results are
consistent with substantially different afferent processing along
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the pathways reaching neurons within CVLM compared with
those in PVN. Because CVLM- and PVN-projecting NTS neu-
rons are distinct populations of neurons (Hermes et al., 2006), we
hypothesized that the pathway from cranial visceral afferents
through NTS have target-specific characteristics.

Here, we used fluorescent retrograde tracers to identify NTS
neurons that project to either CVLM or PVN. Confocal and elec-
tron microscopic studies found prominent anterogradely labeled
vagal afferent terminals on CVLM-projecting NTS neurons that
anatomically identified them as second-order neurons within
cranial visceral afferent pathways. In horizontal brainstem slices,
activation of afferent axons within the solitary tract (ST) evoked
short-latency, low-jitter EPSCs in all CVLM-projecting NTS neu-
rons, functional properties consistent with monosynaptic trans-
mission (Doyle and Andresen, 2001). In contrast, most PVN-
projecting NTS neurons lacked prominent anatomical inputs
from vagal afferents and displayed variable synaptic responses to
ST activation that were weaker and less reliable and that indicate
polysynaptic intra-NTS pathways from ST afferents. Together,
our findings indicate pronounced differences in the organization
and processing of cranial visceral afferent information within
NTS that vary according to the projection target. These intra-
NTS differences may strongly impact afferent signals directed to
individual autonomic or neuroendocrine reflex arcs and affect
reflex performance at a very early stage.

Materials and Methods
All animal procedures were conducted with the approval of the Institu-
tional Animal Care and Use Committee in accordance with the United
States Public Health Service Policy on Humane Care and Use of Labora-
tory Animals and the National Institutes of Health Guide for the Care and
Use of Laboratory Animals. Male Sprague Dawley rats (Charles River
Laboratories, Boston, MA; Taconic Farms, Germantown, NY) were used
in all experiments.

Retrograde tract tracing identifies specific projection neurons in NTS.
Retrograde tracers rely on somewhat different uptake mechanisms, and
individual tracers have different physical properties, including diffusivity
and differences in procedure that could influence labeling efficiency and
detection of neurons. To control for these differences, three different
retrograde tracers were used to identify NTS projection neurons: 1,1�-
dioctadecyl-3,3,3�,3�-tetramethyindocarbocyanine perchlorate (DiI)
(0.5% in ethanol; Invitrogen, Carlsbad, CA), red RetroBeads (rhoda-
mine; LumaFluor, Naples, FL), or FluoroGold (2% in saline; Fluoro-
chrome, Englewood, CO).

CVLM injections. Rats (230 –270 g) were anesthetized with isoflurane
(4% for induction, 2% for maintenance), and tracers were pressure in-
jected (Picospritzer II; General Valve, Fairfield, NJ) as described previ-
ously (Hermes et al., 2006). Stereotaxic coordinates were 1.0 mm rostral,
1.9 –2.0 mm lateral, and 1.9 –2.0 mm ventral from calamus scriptorius.
Tracer volumes were 50 –100 nl for FluoroGold and 50 –120 nl for
rhodamine.

PVN injections. In one group of rats (40 –70 g), DiI was injected ion-
tophoretically using positive current (0.1–1 �A; 10 s on/off cycles; 1.5–3
min) as described previously (Bailey et al., 2003; Doyle et al., 2004).
Briefly, these small rats were anesthetized with intramuscular injections
(1 ml/kg body weight) of a mixture (ketamine, 56 mg/ml; xylazine, 6
mg/ml; and acepromazine, 1 mg/ml) and mounted in a stereotaxic ap-
paratus. To accommodate these small rats, the incisor bar was 5 mm
above horizontal, and stereotaxic arms canted 10° lateral from vertical.
Left PVN was targeted at coordinates of 0.4 mm rostral, 1.65 mm lateral,
and 6.75– 6.8 mm ventral to bregma in these DiI rats. In much larger rats
(230 –270 g) anesthetized with isoflurane, the stereotaxic incisor bar was
set 9 mm below horizontal, and the arms were vertical. For these rats, the
PVN coordinates were 1.9 mm caudal, 0.6 mm lateral, and 7.6 mm ven-
tral from bregma. Either rhodamine (115–320 nl) or FluoroGold (150 –

200 nl) was pressure injected into the left PVN as described previously
(Hermes et al., 2006).

In all cases, pipettes were left in place for 5 min after the injection to
minimize leakage of the tracer along the pipette track. After wound clo-
sure and monitored recovery, rats were returned to the colony. Animals
survived 6 to 9 d after rhodamine and FluoroGold injections and up to 12
weeks after DiI injections. Proper targeting of CVLM or PVN was con-
firmed post hoc by direct examination of the injection site. Inadvertent
injections outside the targeted region were excluded from study, but
injection sites in the forebrain that did not involve PVN yielded no ret-
rogradely labeled neurons in NTS (data not shown) (Hermes et al.,
2006). Distributions of labeled cell bodies within NTS for different dyes
injected into each target were similar so that all results were combined for
reporting.

Combined anterograde labeling of cranial afferents and retrograde label-
ing of NTS projection neurons. To anatomically examine cranial visceral
afferent input to NTS projection neurons, an anterograde tracer was used
to label vagal afferents and a retrograde tracer labeled a population of
NTS projection neurons. In each rat (180 –350 g), the retrograde tracer
FluoroGold was injected into either CVLM or PVN, followed by an in-
jection of the anterograde tracer biotinylated dextran amine (BDA) [5–7
�l; 10% in 0.1 M phosphate buffer (PB); Invitrogen] into the ipsilateral
nodose ganglion as described previously (Aicher et al., 1999). After the
injections, surgical wounds were sutured, and the animal was monitored
during recovery from anesthesia and then returned to the animal colony.

Perfusion and immunocytochemistry. Six to 8 d after tracer injections,
animals were overdosed with sodium pentobarbital (150 mg/kg, i.p.) and
perfused transcardially through the ascending aorta with 200 ml of hep-
arinized saline (1000 U/ml), followed by 50 ml of 3.8% acrolein in 2%
paraformaldehyde, pH 7.4, and 200 ml of 2% paraformaldehyde in 0.1 M

PB, pH 7.4. Coronal sections (40 �m for NTS, 50 �m for injection sites)
were prepared using a vibrating microtome. Alternate sections of NTS
from each case were processed for confocal and electron microscopy.

For confocal microscopy, FluoroGold was detected immunocyto-
chemically (rabbit anti-FluoroGold, 1:15,000; Chemicon, Temecula,
CA) as described previously (Aicher et al., 1995, 1997, 1999) and was
visualized using a secondary antibody conjugated to Alexa 488 (1:800;
Invitrogen). BDA was visualized with streptavidin conjugated to Alexa
546 (6.25 �g/ml; Invitrogen) in 0.1 M Tris-saline, pH 7.6, for 2 h at room
temperature. Sections were sequentially rinsed in Tris-saline, 0.1 M PB,
and 0.05 M PB and then mounted onto gelatin-coated slides. Sections
were air dried and coverslipped with Prolong Antifade Media (Invitro-
gen). For electron microscopic detection of FluoroGold and BDA label-
ing, BDA was visualized using an avidin– biotin peroxidase detection
method, and FluoroGold was detected using an immunogold method
(Aicher et al., 1995, 1997, 1999).

Afferent contacts on retrogradely labeled NTS neurons. To visualize the
overall pattern of potential afferent contacts to CVLM- and PVN-
projecting neurons, we used confocal microscopy of the complementary
fluorophores. Confocal analyses of anterogradely labeled vagal afferent
contacts onto retrogradely labeled NTS projection neurons were evalu-
ated in cases with successful labeling. Cases were deemed successful with
respect to FluoroGold if injection sites into CVLM and PVN were appro-
priately located, and retrogradely labeled neurons were found within
NTS (Hermes et al., 2006). Successful anterograde labeling with BDA
occurred when an abundance of labeled axons were seen within NTS (see
Fig. 1). Images of the relationship between FluoroGold-labeled neurons
and BDA-labeled vagal afferents were captured at 63� from 40 �m sec-
tions containing medial NTS from each animal using the single-pass,
multi-track format on the Zeiss (Thornwood, NY) LSM 510 scanning
confocal microscope. Scans were captured in medial NTS, ipsilateral to
injections, between the ST and area postrema, primarily within the dor-
somedial subnucleus of NTS. Direct appositions were identified between
BDA-labeled varicosities (defined as a profile twice the diameter of the
axon of origin) and FluoroGold-labeled cell bodies.

To confirm that appositions seen between BDA-labeled vagal afferents
and CVLM-projecting neurons were indeed synaptic, electron micro-
scopic analyses were conducted on CVLM-projecting neurons. Ultra-
structural analyses were not conducted on PVN-projecting neurons be-
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cause of the paucity of close appositions at the confocal level. For electron
microscopic detection of FluoroGold and BDA labeling, BDA was visu-
alized using an avidin– biotin detection method, and FluoroGold was
visualized using immunogold detection as described previously (Aicher
et al., 1995, 1997, 1999). Ultrathin sections (75 nm) from NTS regions
containing both labels were collected onto copper grids, counterstained
with uranyl acetate and Reynolds lead citrate, and examined using a
Tecnai 12 electron microscope (FEI, Hillsboro, OR). The ultrastructural
analysis was conducted on plastic-embedded sections from four animals
with optimal preservation of morphological details and maximal detec-
tion of labeling. Neurons containing immunogold labeling for Fluoro-

Gold were located and evaluated for interac-
tions with axon terminals containing BDA.
Regions of tissue containing both labels in close
proximity (�1 �m) were captured using a dig-
ital camera (2600 � 2600 pixels; Advanced Mi-
croscopy Techniques, Danvers, MA).

NTS slices for electrophysiology. On the day of
the electrophysiological experiments, rats
(200 –500 g final weight) with previous retro-
grade tracer injection were deeply anesthetized
with isoflurane. The hindbrain was removed
and placed for 1 min in cold (0 –2°C) artificial
CSF (ACSF) composed of the following (in
mM): 125 NaCl, 3 KCl, 1.2 KH2PO4, 1.2
MgSO4, 25 NaHCO3, 10 dextrose, and 2 CaCl2
[bubbled with 95%O2/5%CO2 as described
previously (Doyle and Andresen, 2001)]. The
medulla was trimmed to a 1 cm block (rostro-
caudal) centered on the caudal end of the
fourth ventricle. A wedge of tissue was removed
from the ventral surface to align the left ST with
the cutting plane when mounted in the vi-
bratome (VT-1000S; Leica, Bannockburn, IL).
Slices (250 �m) cut with a sapphire knife (Del-
aware Diamond Knives, Wilmington, DE) con-
tained the left ST in the same plane as the left
NTS. Slices were submerged in a perfusion
chamber, and all recordings were performed at
32–36°C and pH 7.4 in ACSF.

Identification and whole-cell recording from
labeled NTS neurons. Fluorescence images of
cells used in patch-clamp studies were captured
under high power on an upright microscope
(40�, Axioskop FS2�; Zeiss) equipped with a
CCD camera (Zeiss Axiocam HR) controlled
by Openlab 3.04 imaging software (Improvi-
sion, Lexington, MA). Tracer images were
overlaid with rapidly refreshed images made
from infrared illumination and differential in-
terference contrast optics (IRDIC). Patch elec-
trodes, 1.8 –3.5 M�, were guided under IRDIC
to cell bodies containing retrograde tracer.
Electrodes were filled with a solution composed
of the following (in mM): 10 NaCl, 110
K-gluconate, 20 KOH, 11 EGTA, 1 CaCl2, 2
MgCl2, 10 HEPES, 1 NaATP, and 0.1 NaGTP,
pH 7.3 (295 mOsm). Whole-cell voltage-clamp
recordings were made with Axoclamp 2A or
700B amplifiers (Molecular Devices, Palo Alto,
CA). Data were sampled at 50 –100 kHz and
filtered at 5 kHz via a Molecular Devices 1200
or 1325 analog-to-digital converter and
pClamp8 software (Molecular Devices). A con-
centric bipolar stimulating electrode (200 �m
outer diameter; Frederick Haer Company,
Bowdoinham, ME) was placed on the ST 1–5
mm from the recording site. Electrical ST stim-
uli (10 –100 �A; two to five times threshold)
were delivered from an isolated programmable

stimulator (Master-8; A.M.P.I., Jerusalem, Israel) using bursts of five
stimuli at 50 Hz repeated every 3– 6 s. Latency of ST-evoked EPSCs was
calculated as the time from stimulus artifact to the onset of the first EPSC
in each train using a differentiated trace (Doyle and Andresen, 2001).
Synaptic jitter in each neuron was calculated as the SD of latency to
repeated ST shocks (n � 20). Synaptic failures were counted as any ST
shock that failed to evoke an EPSC. Averages of EPSC amplitude ex-
cluded any failed synaptic events. The peak amplitudes of each EPSC in
response to bursts of five stimuli of at 50 Hz (EPSC1 to EPSC5) were used
to assess frequency-dependent depression (FDD) in each neuron. As

Figure 1. Confocal micrographs show close appositions between anterogradely labeled vagal afferents and retrogradely la-
beled projection neurons within medial NTS. A, An epifluorescent micrograph shows BDA labeling (red) in medial NTS after
injection into the nodose ganglion. Labeling was most intense in dorsomedial NTS (arrow) between the area postrema (AP) and
the solitary tract (st; dashed line) but was rarely seen in the dorsal motor nucleus of the vagus (DMV). Dorsal and medial orienta-
tions are indicated by arrows (bottom left). B, C, High-magnification confocal micrographs illustrate vagal afferents (red) and
retrogradely labeled projection neurons (green) to CVLM (B) and PVN (C). B1, A single FluoroGold-labeled CVLM-projecting NTS
neuron. B2, BDA-labeled vagal afferents within the same optical plane. B3, Overlay shows appositions (arrowheads) between
varicosities in vagal afferents and the CVLM-projecting neuron. C1, A single FluoroGold-labeled PVN-projecting NTS neuron. C2,
BDA-labeled vagal afferents from the same optical section. C3, Overlay shows vagal axons bypassing the PVN-projecting neuron
with no varicosities or appositions. Scale bars: A, 100 �m; B, C, 5 �m.
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with unlabeled neurons in naive slices, a small
percentage of dye-filled neurons did not re-
spond to ST stimulation. Such neurons were
excluded from additional study (PVN, n � 4;
CVLM, n � 9) because they may represent neu-
rons with ST connections damaged by slice
preparation.

Drugs. 1,2,3,4-Tetrahydro-6-nitro-2, 3-dioxo-
benzo quinoxaline-7-sulfonamide (NBQX)
was obtained from Sigma–RBI (Natick, MA).
Capsaicin was obtained from Tocris Cookson
(Ballwin, MO).

Statistical analyses. All data are presented as
averages � SEM. Statistical comparisons were
made using unpaired Student’s t test, repeated-
measures ANOVA, or one-way ANOVA fol-
lowed by Fisher’s PLSD post hoc analysis when
appropriate (see individual results; Statview
4.57; Abacus Concepts, Calabasas, CA). P val-
ues �0.05 indicated significant differences. Ex-
cept when noted, all tests included an initial
ANOVA followed by post hoc differences test-
ing, and p values cited reflect the results of the
final post hoc test.

Results
Cranial visceral afferents contact NTS
neurons projecting to CVLM or PVN
In animals with both anterogradely la-
beled vagal afferents and retrogradely la-
beled projection neurons, we evaluated
the relationship between vagal afferent
varicosities and CVLM- or PVN-
projecting neurons in medial NTS. This
region of the NTS receives dense innerva-
tion from vagal afferents, including arte-
rial baroreceptors (Ciriello, 1983; Mende-
lowitz et al., 1992), and also contains
neurons that project to either CVLM or
PVN (Weston et al., 2003; Hermes et al.,
2006). Vagal afferent labeling was intense
within ST, and varicose fibers were found
in most subnuclei of NTS (Fig. 1A). By
confocal microscopy, BDA-labeled vagal
afferents formed varicosities that often
closely apposed the cell bodies of CVLM-
projecting NTS neurons (Fig. 1B). The
presence of axosomatic contacts with NTS
neurons is consistent with previous descriptions of various cra-
nial visceral afferents (Miller et al., 1983; Kalia and Richter, 1985;
Anders et al., 1993; Maley, 1996; Sekizawa et al., 2003; Doyle et al.,
2004). In contrast, many PVN-projecting neurons lacked evi-
dence of axosomatic appositions from varicose vagal afferents
(Fig. 1C).

To confirm that the varicose appositions viewed in confocal
images of CVLM-projecting NTS neurons were indeed ultra-
structurally defined synapses, these cases were examined by elec-
tron microscopy. Electron micrographs show the presence of
asymmetric synapses between BDA-labeled axon terminals and
FluoroGold-labeled neurons (Fig. 2). Vagal afferents formed syn-
apses with both somata (Fig. 2A) and dendrites (Fig. 2B,C) of
CVLM-projecting NTS neurons. Consistent with a high density
of vagal afferent contacts, multiple BDA-positive synaptic pro-
files were often encountered in single ultrathin sections even
through the soma (Fig. 2A). Our studies demonstrate that vagal

afferents form direct synaptic contacts with CVLM-projecting
NTS neurons, and thus such neurons were anatomically identi-
fied as monosynaptically coupled to cranial visceral afferents.
Our observations of large visceral afferent synaptic currents (see
below) coupled with previous reports of afferent synaptic termi-
nals on NTS neuron somata (Miller et al., 1983; Kalia and Richter,
1985; Anders et al., 1993; Maley, 1996; Sekizawa et al., 2003;
Doyle et al., 2004) suggest that proximal cranial visceral afferent
contacts are common and contrast the pattern of integration by
weak excitatory contacts on distal dendrites so common in other
brain regions (Bruno and Sakmann, 2006).

Identification of CVLM- and PVN-projecting neurons in
NTS slice
Projection neurons identified with fluorescent retrograde tracers
were readily visualized for recording in horizontal NTS slices
(Fig. 3A,B). Brainstems sliced horizontally for electrophysiolog-

Figure 2. Electron micrographs show BDA-labeled terminals contacting the somata and dendrites of FluoroGold-labeled
CVLM-projecting neurons. A, Two BDA-labeled axon terminals (BDA-t1, BDA-t2) form asymmetric synapses (curved arrows) with
a FluoroGold-labeled somata (FGold-p). Immunogold labeling for FluoroGold (arrowheads) was found throughout the cytoplasm.
G, Golgi apparatus. B, A FluoroGold-labeled dendrite (FGold-d) received asymmetric synapses (curved arrows) from two BDA-
labeled axon terminals (BDA-t1, BDA-t2), as well as from an unlabeled axon terminal (ut). C, A FluoroGold-labeled dendrite
(FGold-d) received an asymmetric synapse (curved arrow) from a BDA-labeled axon terminal (BDA-t) and received an apposition
from an unlabeled axon terminal (ut). Axosomatic contacts were found on 10 different neurons, in addition to 22 axodendritic
contacts. Scale bars, 500 nm.
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ical studies preserved the ST as a visible
stripe coursing rostral to caudal. In addi-
tion to the ST, the translucent outline of
the NTS and the borders of the fourth ven-
tricle provided anatomical landmarks to
identify subregions of NTS (Fig. 3C). Me-
dial NTS is bounded by the midline and
the ST and extends 	1 mm caudal to the
fourth ventricle. All recorded PVN- and
CVLM-projecting NTS neurons were scat-
tered within this region (Fig. 3D), and the
general distribution of CVLM- and PVN-
projecting NTS neurons was similar to that
observed in fixed tissue preparations of me-
dial NTS (Hermes et al., 2006). There was no
apparent topographic separation of projec-
tion neurons based on target or electrophys-
iological criteria (see below) (Fig. 3D).

Monosynaptic ST-afferent pathways to
CVLM-projecting NTS neurons
In CVLM-projecting NTS neurons (n �
22 in 14 slices), ST shocks activated large
EPSCs (Fig. 4). ST-EPSCs (Fig. 4) had re-
markably consistent waveforms and in-
variant latencies (jitter �200 �s). Bursts
of five ST shocks evoked EPSCs (EPSC1–
EPSC5) that progressively depressed in
amplitude within each burst, indicating
substantial FDD. ST shocks rarely (�1%)
failed to elicit an EPSC in CVLM-
projecting NTS neurons. Incrementing

the stimulus intensity recruited these synaptic responses in an
all-or-none manner that is consistent with activation of a single
afferent axon (Bailey et al., 2006). Consistent with previous studies
(Doyle and Andresen, 2001), NBQX completely blocked ST-EPSCs
in these CVLM-projecting cells (n � 6). Overall, the characteristics
of ST-EPSCs were typical of second-order neurons in medial NTS
and indicate a high-release probability, glutamatergic synapse
(Doyle and Andresen, 2001; Doyle et al., 2002; Bailey et al., 2006).
Thus, the results suggest that CVLM-projecting NTS neurons are
coupled to ST afferent inputs via direct, monosynaptic synapses.

Polysynaptic ST-afferent pathways to PVN-projecting
NTS neurons
ST shocks activated EPSCs in all ST-coupled PVN-projecting
NTS neurons (n � 24 in 16 slices). The pattern of ST-evoked
EPSCs, however, varied widely both within and across individual
neurons (Figs. 5, 6). Most commonly in PVN-projecting neu-
rons, ST shocks evoked EPSCs with quite variable latencies on
repeated activation (e.g., jitter, 707 �s in Fig. 5). ST shocks often
failed to elicit any response at all in these neurons (Fig. 5A, Fail-
ures). In addition, the shape and amplitude of ST-EPSCs varied
substantially within individual neurons. High synaptic jitter and
frequent synaptic failures are consistent with a polysynaptic path-
way of transmission from ST afferents to PVN-projecting NTS
neurons and imply the presence of intervening interneurons
(compare Figs. 4, 5). Interestingly, a minority of PVN-projecting
NTS neurons (5 of 24) had ST-evoked EPSC characteristics that
closely resembled ST-evoked responses of CVLM-projecting
neurons (Fig. 6). Thus, synaptic properties of most PVN-
projecting NTS neurons were consistent with an indirect, poly-
neuronal pathway from ST, but some neurons had synaptic re-

Figure 4. CVLM-projecting NTS neurons exhibit large invariant ST synaptic responses con-
sistent with direct monosynaptic connections from cranial visceral afferents. A, Overlaid traces
of ST-evoked EPSCs (for clarity, limited to 10 traces) in a representative CVLM-projecting NTS
neuron. ST-evoked EPSCs had very few failures and consistent latency (3.2 ms). The low vari-
ability in EPSC latency (45 �s jitter) is clearly evident for the first EPSC in the expanded timescale
below. B, Top shows neuron in A under fluorescence illumination (arrow). Note the accumula-
tion of retrograde tracer (rhodamine beads) throughout the cell body and proximal process.
Scale bar, 10 �m. Bottom shows IRDIC image of the same neuron with recording pipette
(arrow).

Figure 3. Fluorescent retrograde label injected into either CVLM or PVN marked NTS projection neurons in nearly horizontal
slices of brainstem. Low-power fluorescence images of representative horizontal NTS slices with previous tracer injection into
CVLM (A; rhodamine) or PVN (B; DiI). Labeled neurons were distributed throughout the medial NTS. CVLM injections generally
labeled more NTS neurons than did PVN injections. C, IRDIC low-power image of a typical horizontal NTS slice preparation showing
typical landmarks such as solitary tract and fourth ventricle (4V). Stimulating electrode on ST and typical recording electrode
placement are also shown. D, Line drawing shows the relative location of recorded NTS neurons: monosynaptic CVLM-projecting
(black triangles; n�22), monosynaptic PVN-projecting (red circles; n�5), and polysynaptic PVN-projecting (green squares; n�
19). Scale bars, 200 �m.
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sponses consistent with direct contact with ST synapses. All
synaptic responses activated in PVN-projecting neurons by ST
stimulation were abolished by NBQX (data not shown), whether
higher order (n � 8) or second order (n � 4).

EPSC jitter discriminates CVLM- from
PVN-projecting neurons
Comparing across the groups of labeled projection neurons, the
ST synaptic transmission characteristics were remarkably uni-
form across individual neurons for the cohort of CVLM-
projecting NTS neurons within medial NTS compared with the
widely varying properties of afferent transmission to PVN-
projecting neurons. Within individual CVLM-projecting NTS
neurons, the ST-EPSC1 latency varied over only a few tens of
microseconds, resulting in sharply narrow latency distributions
(Fig. 7A), but similar histograms for PVN-projecting neurons
commonly spanned several milliseconds (Fig. 7B). Inspection of
response to multiple successive ST shocks revealed frequent syn-
aptic failures only in PVN-projecting neurons (Fig. 7B). Quanti-
tatively across all labeled neurons (Fig. 7C), the absolute EPSC
latency poorly distinguished CVLM- from PVN-projecting neu-
rons because the two populations spanned nearly identical ranges
of latency values: approximately from 1 to 10 ms within each
group. However, no CVLM-projecting neurons (Fig. 7C, black
triangles) had an ST-EPSC synaptic jitter �158 �s, despite EPSC
latencies as great as 9 ms. In higher-order PVN-projecting NTS
neurons (Fig. 7C, green squares), the EPSC latency was never �4
ms, approximately double the EPSC latency arriving at second-
order, CVLM-projecting neurons. This relatively high EPSC la-
tency value is consistent with participation of an intervening NTS
interneuron. Conversely, note that EPSC latency and jitter values
for five PVN-projecting neurons (Fig. 7C, red circles) were sim-
ilar to the values for CVLM-projecting neurons, and such PVN-
projecting neurons were considered second order (Fig. 6).

Low-amplitude EPSCs and high failure rates characterize the
ST–NTS–PVN pathway
ST afferents form uncommonly uniform, unusually high release
glutamatergic synapses onto second-order NTS neurons (Bailey
et al., 2006). Such high release synapses are prone to strong syn-
aptic depression at high rates of activation (Trussell, 1999; Zucker
and Regehr, 2002). In CVLM-projecting NTS neurons, bursts of
five closely timed ST shocks (50 Hz) evoked ST-EPSCs with suc-
cessively smaller amplitudes (Fig. 8A,B) that reached an average
FDD of �50%. High FDD is common in NTS neurons directly
coupled to the ST (Doyle and Andresen, 2001). In contrast to
higher-order PVN-projecting NTS neurons, identical bursts of
ST shocks evoked significantly smaller EPSC1s than those found
in CVLM-projecting or PVN-projecting second-order neurons
( p � 0.04) (Fig. 8A). Higher-order PVN-projecting NTS neu-
rons did not display FDD, i.e., successive EPSC1 to EPSC5 am-
plitudes were equivalent within the 50 Hz burst of ST stimulation
( p � 0.05) (Fig. 8B). Interestingly, low-jitter, second-order
PVN-projecting NTS neurons had FDD characteristics that were
quantitatively similar to CVLM-projecting NTS neurons (Fig.
8A,B). Last, the rates of synaptic failure in higher-order PVN-
projecting neurons were substantially higher (16.5 � 3.8% for
EPSC1) than for second-order neurons whether CVLM-
projecting or PVN-projecting (0.5 � 0.2 and 0.3 � 0.3% respec-
tively; p � 0.003 for EPSC1). Interestingly, the mean failure rates
for higher-order, PVN-projecting neurons were uniformly high
for all EPSCs within the burst of stimuli (Fig. 8C, EPSC1–EPSC5).

Multiple ST paths converge onto higher-order,
PVN-projecting NTS neurons
Despite receiving smaller-amplitude EPSCs, ST stimulation often
activated multiple, distinct ST-synchronized inputs to higher-
order, PVN-projecting NTS neurons (Fig. 9). In all cases, analysis

Figure 5. PVN-projecting NTS neurons exhibit highly variable synaptic responses to ST con-
sistent with afferent transmission from cranial visceral afferents through polysynaptic path-
ways. A, Overlaid traces of ST-evoked EPSCs (for clarity, limited to 10 traces) in a representative
PVN-projecting NTS neuron. PVN-projecting neurons exhibited ST-evoked EPSCs that were very
inconsistent in latency and amplitude. In this neuron, many ST shocks produced no EPSC, i.e.,
synaptic failures indicated by flat ST-synched trace. The mean latency was 5.2 ms but initiation
of the EPSC was highly variable, as highlighted in the expanded timescale (bottom) of the first
EPSC traces (707 �s jitter). These ST-evoked EPSC characteristics are consistent with an indirect
path from ST afferents through polysynaptic excitatory connections. B, Top shows a fluores-
cence image of a recorded neuron (arrow) showing the accumulation of retrograde tracer (rho-
damine beads) throughout the cell body and proximal processes. The bottom shows the same
cell under IRDIC with recording pipette (arrow). Scale bar, 10 �m.

Figure 6. Some PVN-projecting NTS neurons display low-jitter ST-EPSC responses indicating
direct, monosynaptic connections from cranial visceral afferents. A, Overlaid current traces of
ST-evoked EPSCs (for clarity, limited to 10 traces) in a representative PVN-projecting NTS neuron
strongly resemble those typical in NTS neurons projecting to CVLM (see Fig. 4). Latencies of
ST-evoked EPSCs had low jitter, consistent with a direct path from ST. B, Top is a fluorescence
image of the neuron recorded in A showing the accumulation of retrograde tracer (rhodamine
beads) throughout the cell body and proximal processes. Bottom shows the same neuron under
IRDIC with recording pipette (arrow). Scale bar, 10 �m.

11898 • J. Neurosci., November 15, 2006 • 26(46):11893–11902 Bailey et al. • Output Specific Intra-NTS Pathway Organization



of the timing of individual ST-synchronized inputs identified
them as arising from indirect, polysynaptic pathways from ST
(Fig. 9A). Such analysis revealed that each input had unique la-
tency/jitter characteristics as well as independent incidents of

failure (Fig. 9A). Distributions of event latencies within individ-
ual neurons segregated into wide and nonoverlapping event clus-
ters (Fig. 9A). The behavior of these convergent intra-NTS inputs
resembled the performance of single polysynaptic inputs to
higher-order, PVN-projecting neurons. Generally, failure rates
across all second-order neurons were quite low (Fig. 9B, shaded
inset), but higher failure rates in higher-order neurons ranged
upward to approach two-thirds of events (Fig. 9B), a finding
consistent with poor likelihood for successful transmission
through intervening interneurons. Note that such high-jitter, ST-
synched polysynaptic inputs were never observed in second-
order NTS neurons projecting to either CVLM or PVN. The find-
ing of convergent inputs to higher-order PVN neurons activated
by single shocks suggest that these ST stimuli must simulta-
neously activate multiple, different intra-NTS pathways. Such
contrasting results in higher-order NTS neurons strengthen the
impression that second-order NTS neurons predominantly re-
ceive only single ST inputs despite stimuli that activate multiple
ST afferent pathways.

Figure 7. CVLM-projecting NTS neurons were monosynaptically coupled to ST, whereas
PVN-projecting neurons were primarily coupled through polysynaptic pathways via NTS inter-
neurons. A, In a representative CVLM-projecting NTS neuron, ST stimuli always evoked an EPSC
(top left). The EPSC latency was highly consistent, as highlighted in traces in which the first EPSC
in the burst is shown on an expanded timescale (top right). A histogram of EPSC latencies shows
a narrow distribution of values, with a total range of �500 �s and a calculated jitter of 63 �s.
B, In a representative higher-order PVN-projecting NTS neuron (top left), ST shocks evoked
EPSCs at highly variable latencies and variable amplitudes, and note that a large proportion of
ST shocks failed to evoke synaptic events (top right). The latency histogram for this neuron
showed a very broad distribution of response latencies that covered a range of over 2000 �s
with a jitter of 432 �s. C, The summary relationship between jitter and latency for CVLM-
projecting (black triangles) and those for second-order (red circles) and higher-order (green
squares) PVN-projecting NTS neurons shows that, although absolute latency ranges were fairly
similar, high jitters were found only in the PVN-projecting neurons. All CVLM-projecting neu-
rons plus five PVN-projecting neurons had the low jitter values (�200 �s, below dashed line)
that were consistent with direct, monosynaptic ST input. Most PVN-projecting neurons had very
high jitters and were thus coupled through complex polysynaptic pathways to afferent inputs.

Figure 8. Summary of the EPSC amplitude changes to the burst of five ST stimuli clearly
distinguished second from higher-order NTS neurons, whether projecting to CVLM or to PVN. A,
Second-order CVLM-projecting (n � 22) and PVN-projecting (n � 5) NTS neurons expressed
similar amplitudes throughout the ST burst from EPSC1 to EPSC5. Higher-order PVN-projecting
NTS neurons (n � 19) had significantly smaller EPSC1 amplitudes compared with CVLM-
projecting and second-order PVN-projecting neurons ( p � 0.035). B, FDD comparisons be-
tween higher-order and second-order neurons are even clearer in plots of these relationships
normalized to the EPSC1 amplitude. Higher-order PVN-projecting NTS neurons showed no FDD.
This minimal change in EPSC amplitude within burst is different than the robust FDD changes in
second-order CVLM-projecting and second-order PVN-projecting neurons ( p � 0.01). C, Fail-
ure rates were quite low in second-order PVN and CVLM-projecting neurons and significantly
greater in the higher-order PVN-projecting NTS neuron group at first and second positions
within the burst of five shocks ( p �0.018). All statistical comparisons are post hoc comparisons
(Fisher’s PLSD test) after repeated measures or one-way ANOVA when appropriate.
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Myelinated and unmyelinated ST pathways activate
CVLM- and PVN-projecting neurons
In previous studies, we have shown that ST afferent pathways
arising from myelinated and unmyelinated neurons can be dis-
tinguished by their susceptibility to blockade by the TRPV (va-
nilloid receptor) agonist capsaicin (Doyle et al., 2002; Jin et al.,
2003). Namely, EPSCs mediated by unmyelinated afferents are
typically blocked, whereas EPSCs mediated by myelinated affer-
ents are unaffected. In the present studies, capsaicin (200 nM)
blocked ST-evoked EPSCs in two of four CVLM-projecting neu-
rons tested and in two of three second-order PVN-projecting
neurons tested (traces not shown). EPSCs in the remaining neu-

rons were unaffected by capsaicin treatment. Capsaicin also
blocked ST-evoked polysynaptic EPSCs in three of five cases in
higher-order, PVN-projecting neurons. Thus, both myelinated
and unmyelinated cranial visceral afferents activate pathways to
PVN- and CVLM-projecting neurons.

Discussion
NTS connects extensively and reciprocally with many brain areas
that impact the autonomic system, and these links provide broad
integration between homeostatic and behavioral networks
(Pilowsky and Goodchild, 2002). Neurons in the CVLM and
PVN regions receive cranial visceral primary afferent informa-
tion originating from NTS but serve very different integrative
roles (Saper, 2002; Benarroch, 2005). Here, we report substantial
systematic differences in the organization and processing of cra-
nial visceral afferent information within NTS that varied by the
CNS destination of the NTS neuron output. Using complemen-
tary anatomical and electrophysiological techniques, we charac-
terized the intra-NTS links between cranial visceral afferent in-
puts and two distinct populations of projection neurons: one
output to brainstem, CVLM, and the other to forebrain, PVN.
Electrophysiological studies found that ST transmission to
CVLM-projecting NTS neurons conformed to the performance
expectations of simple, direct monosynaptic contacts, and this
functional characterization directly mirrored our neuroanatomi-
cal results, i.e., second-order neurons. Afferent pathways that
reached most PVN-projecting NTS neurons, however, per-
formed with polysynaptic characteristics, a finding that indicates
that ST afferent information takes a more convoluted intra-NTS
pathway to higher-order, PVN-projecting neurons.

NTS is a highly heterogeneous nucleus (Andresen and Kunze,
1994; Travagli et al., 2006). Multiple histologically defined sub-
regions within the caudal NTS correspond only loosely to specific
afferent inputs, neurochemical markers, or efferent destinations
(Kalia and Fuxe, 1985; Ruggiero et al., 1994). This fundamental
diversity of NTS makes it challenging to tease apart the underly-
ing synaptic and cellular processes that provide the interconnec-
tions between neurons within a pathway. Our studies are the first
to use both the afferent and efferent context to define specific
groups of NTS neurons. This approach has identified differential
patterns of pathway connectivity and function, and together
shows a physically interleaved network of projection-specific co-
horts of NTS neurons that span multiple topographical subre-
gions within NTS.

Cranial afferent intra-NTS pathways: target-specific
reliability and convergence patterns
Our studies provide functional performance assays consistent
with robust monosynaptic contacts of ST cranial visceral affer-
ents onto CVLM-projecting NTS neurons. ST transmission pro-
duced large-amplitude, time-invariant EPSCs that depressed at
modest frequencies and rarely failed to generate an EPSC.
Changes in stimulus intensity recruited these monosynaptic re-
sponses in an all-or-none manner, consistent with activation of
single ST axons to each CVLM-projecting neuron (Bailey et al.,
2006). Likewise, the low-jitter ST-EPSCs in the present studies
closely resemble the synaptic performance of NTS neurons iden-
tified anatomically using anterogradely labeled cranial primary
afferent terminals (Doyle and Andresen, 2001).

Interestingly, our electron micrographs revealed the presence
of multiple axosomatic synaptic contacts that corresponded to
confocal images of vagal afferent labeled varicosities on CVLM-
projecting neurons. The multiple afferent somatic contacts found

Figure 9. Higher-order, PVN-projecting NTS neurons received variable-latency EPSCs, and
often multiple distinct ST inputs indicated convergence on these single neurons. A, In a repre-
sentative higher-order, PVN-projecting neuron, a single ST shock elicited two, high-jitter syn-
aptic responses that were distinctly separated by latency. As was typical of these polysynapti-
cally coupled neurons, multiple individual EPSCs could be discerned at different latencies in each
sweep (A, inset). The upper set of current traces shows seven overlaid responses to ST-EPSC
bursts (current traces with synaptic failures have been removed for clarity). The inset expands
the set of traces to overlay the responses only to the initial ST shock of each burst of five ST shocks
(full response displayed above). Ovals mark the regions of analysis for the two unique synaptic
inputs to this neuron. The histogram in the bottom portion of A displays the distributions for the
latency values detected for the shorter-latency ST response (open oval) and the longer-latency
response (gray oval). Note that this analysis produced two discrete clusters of latency values
that reflect the two independent inputs. The jitters for multiple inputs to higher-order PVN
neurons were always in the polysynaptic range (�200 �s). B, Summary of failure rates and the
relationship to synaptic jitter for all NTS projection neurons. Failure rate is expressed as the
percentage of ST shocks failing to evoke a synaptic response. Second-order PVN- and CVLM-
projecting NTS neurons expressed very low rates of synaptic failure (inset). Failure rates in-
creased with jitter in higher-order neurons, and thus more complex pathways unreliably trans-
mit afferent signals to higher-order PVN-projecting neurons.
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on CVLM-projecting neurons contrasts with our previous work
(Aicher et al., 1999) showing that vagal afferent synapses on un-
identified NTS cell bodies were extremely rare (one axosomatic
compared with 295 axodendritic). However, individual afferent
axons can branch extensively within NTS (Donoghue et al., 1981;
Davies and Kubin, 1986), and some individual afferents deliver
multiple terminal contacts onto the soma and proximal dendrites
of single second-order NTS neurons (Anders et al., 1993). Such
proximal somatodendritic contacts are consistent with other ob-
servations (Miller et al., 1983; Kalia and Richter, 1985; Chan et al.,
2000; Sekizawa et al., 2003; Doyle et al., 2004). Synaptic responses
recorded in somata isolated from medial NTS suggest that axo-
somatic terminals share similar afferent pharmacological profiles
with those found in more intact preparations (Jin et al., 2004a,b).

Quantal release properties from ST synapses, including
baroreceptors, are remarkably homogeneous (Bailey et al., 2006).
The synaptic characteristics of ST-EPSCs to CVLM-projecting
NTS neurons were remarkably similar and consistent with a high
glutamate release probability. This simplest possible intra-NTS
pathway structure, ST afferents directly exciting projection neu-
rons, was the only form of transmission elicited by ST shocks that
we observed in CVLM-projecting NTS neurons and in a minority
of PVN-projecting NTS neurons. High release, proximal ST ex-
citatory synapses may contribute to a high safety factor for trans-
mission to second-order NTS neurons. This presents a funda-
mentally different model for synaptic integration than the
common CNS paradigm of excitatory synaptic inputs arriving on
distal dendrites that individually are quite weak and ineffectual
(Bruno and Sakmann, 2006).

In contrast to CVLM-projecting neurons, our confocal and
electrophysiological analyses suggest that most PVN-projecting
neurons do not receive direct input from visceral afferents. The
polysynaptic ST pathway to PVN-projecting NTS neurons
evoked smaller-amplitude EPSCs that were more variable in tim-
ing, with little FDD. Repeated ST shocks intermittently failed to
evoke a synaptic response in higher-order PVN-projecting NTS
neurons. Thus, ST–NTS–PVN pathways generally include inter-
vening interneurons, i.e., a polysynaptic intra-NTS pathway. Sur-
prisingly, single ST shocks often activated multiple intra-NTS
pathways that converged onto single, higher-order PVN-
projecting NTS neurons. Receipt of multiple, convergent ST-
associated synaptic inputs to higher-order NTS neurons may ob-
scure timing signals from ST afferents and could represent
multiple afferent modalities. Interestingly, such convergent, ST-
synched inputs were not observed in second-order NTS neurons.
A few PVN-projecting NTS neurons displayed monosynaptic ST
synaptic responses similar to those in CVLM-projecting neurons.
It should be noted that neither anatomical nor electrophysiolog-
ical studies are likely to detect all synaptic contacts so there is
potential for false negatives, undetected physical or functional
contacts. The differences in intra-NTS organization suggest sys-
tematic differences in local network connections to higher-order
neurons. The polysynaptic intra-NTS pathways detected for a
majority of PVN-projecting NTS neurons would provide a rela-
tively diffuse afferent signal with inconsistent timing and
strength.

Functional implications for afferent pathway performance
CVLM and PVN are key sites associated with autonomic control
circuits. The substructure organizing the path to CVLM-
projecting neurons was direct and converted afferent action po-
tentials into particularly powerful EPSCs. Synaptic tests of
CVLM-projecting neurons revealed innervation likely to arise

from a single afferent. Together, the structural organization im-
plied by these synaptic results predicts a remarkably uniform and
direct relationship to afferent inputs that should provide a high
safety factor (large amplitude) for successfully passing discrete,
high-fidelity information to CVLM. Such an intra-NTS pathway
organization is quite consistent with reported activity patterns of
neurons within CVLM. Activating the aortic depressor nerve,
which contains aortic baroreceptors, triggered tightly synchro-
nized spikes in CVLM neurons, and many commonly show syn-
chronization to natural arterial baroreceptor activity (Jeske et al.,
1993). The neurons within CVLM are likely GABAergic interneu-
rons that provide rapid inhibition of sympathetic premotor neu-
rons within the rostral ventrolateral medulla during the barore-
flex (Aicher et al., 2000; Schreihofer and Guyenet, 2003). Clearly,
the fidelity of afferent transmission (close correspondence be-
tween afferent spikes and second-order EPSCs) would be signif-
icantly degraded by intervening excitatory or inhibitory inputs of
different timing. The major synaptic features that we measured in
CVLM-projecting NTS neurons support such fidelity, including
reliable, large-amplitude ST-EPSCs and an absence of convergent
direct afferent or polysynaptic inputs.

The intra-NTS polysynaptic pathway to PVN-projecting NTS
neurons performed in a varied and complex manner. In contrast
to second-order neurons, higher-order PVN-projecting neurons
had multiple, converging ST-synchronized synaptic events, indi-
cating that more than one ST afferent input arrives via separate,
polysynaptic intra-NTS paths. Even one ST shock triggered a
chaotic barrage of synaptic inputs that arrived scattered across
time and, when repeated, failed on different trials. An important
aspect of the safety factor for afferent information going forward
was relatively low (small-amplitude EPSCs), and thus successful
transmission to PVN was less likely. In addition, if more than one
afferent converges onto these neurons, then these polysynapti-
cally coupled, PVN-projecting neurons will convey mixed affer-
ent information and provide sensory integration at the level of
NTS. In most PVN neurons in vivo, activation of arterial barore-
ceptors evokes temporally diffuse, weak cardiovascular afferent
signals (Kannan and Yamashita, 1983), responses that were quite
consistent with the intra-NTS transmission properties observed
in most PVN-projecting NTS neurons. In contrast, a subpopula-
tion of spinally projecting PVN neurons are both synchronized to
cardiovascular rhythms and highly responsive to baroreflex acti-
vation (Chen and Toney, 2003). Such characteristics raise the
possibility that this small population of neurons may be activated
by second-order PVN-projecting NTS neurons. Although we fo-
cused discussions of PVN and CVLM function primarily in rela-
tion to cardiovascular system targets, both of these regions con-
tribute substantially to many other homeostatic systems, and
these pathways consist of similarly heterogeneous neurons that
anatomically overlap and intermix with cardiovascular circuits
(Kubin et al., 2006). Despite this functional diversity, afferent
processing patterns were quite uniform for the NTS–CVLM
pathway compared with signals directed to PVN.

We delineated key functional distinctions that arise from the
local organization of intra-NTS pathways. These pathway char-
acteristics impact the quality and strength of cranial visceral af-
ferent information reaching NTS output neurons. The transla-
tion of synaptic inputs into action potentials, however, will
depend on postsynaptic neuron characteristics. Thus, excitatory
synaptic current amplitude is one aspect of safety factor for faith-
ful transmission (propagating action potentials), but reliable out-
put will also depend on postsynaptic properties such as potas-
sium channel expression that differs substantially across NTS
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neurons (Bailey et al., 2002). Such postsynaptic characteristics of
the NTS projection neurons may further transform and tune the
character of the cranial visceral afferent information transmitted
to distant targets.
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