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Thermally Active TRPV1 Tonically Drives Central
Spontaneous Glutamate Release
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Central synapses spontaneously release neurotransmitter at low rates. In the brainstem, cranial visceral afferent terminals in caudal
solitary tract nucleus (NTS) display pronounced, activity-dependent, asynchronous release of glutamate and this extra release depends
on TRPV1 receptors (TRPV1�). Asynchronous release is absent for afferents lacking TRPV1 (TRPV1�) and resting EPSC frequency was
greater in TRPV1�. Here, we studied this basal activity difference by assessing thermal sensitivity of spontaneous and miniature synaptic
events in TRPV1� and TRPV1� second-order NTS neurons. The spontaneous EPSC rate decreased when temperature was decreased,
increased steeply between 30 and 42°C only in TRPV1� neurons, and was calcium-dependent. TRPV1-specific antagonist SB366791, but
not TTX, strongly attenuated thermal responses. Temperature changes failed to alter EPSC frequency in TRPV1� neurons. EPSC ampli-
tudes and decay kinetics changed little with temperature. IPSCs in these second-order NTS neurons were unaltered by temperature. Such
results suggest that activated, presynaptic TRPV1� receptors trigger continuous resting release of glutamate vesicles at physiological
temperatures only in capsaicin-responsive terminals. In mechanically isolated individual neurons harvested from medial NTS, increases
in temperature increased the rate of glutamate release only in TRPV1� neurons, whereas IPSC rates were unaffected. Cadmium failed to
block thermal increases in glutamate release, suggesting that calcium entry through TRPV1 channels may trigger glutamate release
independently of voltage-activated calcium channels. Together, our findings indicate a new form of afferent signaling in which TRPV1
channels within central terminals of peripheral afferents tonically generate glutamate release in NTS at 37°C in the absence of afferent
action potentials.

Introduction
Quiescent central synaptic terminals often spontaneously release
neurotransmitter at low rates and these events are thought to
reflect the stochastic release of primed, docked synaptic vesi-
cles. Rates of spontaneous release at rest are generally a
thousand-fold lower than quantal release rates evoked by de-
polarization and it remains uncertain whether these two types
of release are derived from a common or separate pool of
vesicles (Wasser and Kavalali, 2009). TRPV1 is an ion channel
activated in somatosensory primary afferent neurons during
noxious heat and peripheral tissue damage (Lumpkin and Ca-
terina, 2007). TRPV1 is also expressed at most presynaptic
primary afferent terminals within the brainstem at the soli-
tary tract nucleus (NTS) (Patterson et al., 2003; Sun et al.,
2009)—a location unlikely to meet harsh TRPV1 gating re-
quirements, including thermal thresholds of �43°C (Julius
and Basbaum, 2001). Recently, we found that TRPV1 regulates

activity-dependent asynchronous release from a distinct pool
of solitary tract (ST) afferent glutamate vesicles and the basal,
prestimulation release rates from TRPV1� were greater (Pe-
ters et al., 2010). This TRPV1-sensitive asynchronous pool of
vesicles could be specifically isolated pharmacologically or by
decreasing temperature and was independent of the synchro-
nous glutamate release responsible for ST-evoked EPSCs. The
presence of a unique pool of TRPV1-dependent glutamate
vesicles raises fundamental questions about the nature of the
coupling between TRPV1, glutamate release, and presynaptic
activity.

To investigate this unique vesicle population, we studied the
mechanisms governing the unsynchronized, or “autonomous,”
release of glutamate in second-order NTS neurons in relation to
TRPV1 expression and temperature. We assessed the roles of
action potentials, local circuits, and calcium entry in the genesis
of unsynchronized synaptic activity. Cooling and TRPV1 antag-
onism suppressed spontaneous EPSCs, suggesting that TRPV1
actively accelerates tonic release of glutamate from TPRV1� af-
ferent terminals. Glutamate release onto TRPV1� neurons or
GABAergic transmission was thermally insensitive. Block of af-
ferent terminal depolarization with TTX or voltage-activated cal-
cium entry with cadmium did not prevent thermally evoked,
calcium-dependent release of glutamate so that the calcium entry
for vesicle fusion and release likely occurred through TRPV1
channels. Thus, since the majority of cranial visceral afferents are
unmyelinated (Andresen et al., 2004), the presence of active
TRPV1 in most cranial afferent terminals provides a new form of
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phenotype-specific control over synaptic
signaling that generates a tonic stream of
glutamate release even in the absence of
peripheral afferent activation.

Materials and Methods
Brainstem slices. Horizontal brainstem slices
(250 �m) were prepared from adult male
Sprague Dawley rats (�160 g) under isoflurane
anesthesia, as previously described, using
cooled artificial CSF (aCSF) containing the fol-
lowing (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 at 300
mOsm (Doyle and Andresen, 2001; Peters et
al., 2008). All animal procedures were ap-
proved by the Institutional Animal Care and
Use Committee and conformed to the guide-
lines of the National Institutes of Health pub-
lication “Guide for the Care and Use of
Laboratory Animals.”

Slice recordings. NTS slices were perfused with
aCSF at 34–35°C, with temperature controlled
using an in-line system (TC2BIP with HPRE2;
Cell MicroControls). Bath temperature was con-
tinuously measured immediately downstream to
the slice. Details for visualized recordings were as
previously described (Peters et al., 2010). Record-
ing electrodes (2.1–3.2 M�) were filled generally
with a low Cl� (10 mM, ECl � �69 mV), intra-
cellular solution which contained the following
(in mM): 6 NaCl, 4 NaOH, 130 K-gluconate, 11
EGTA, 1 CaCl2, 1 MgCl2, 10 HEPES, 2 Na2ATP,
and 0.2 Na2GTP. The intracellular solution was
pH 7.3 and 296 mOsm. Neurons were voltage
clamped at VH � �60 mV with a MultiClamp
700B amplifier (Molecular Devices) in open,
whole-cell configuration. Liquid junction po-
tentials were not corrected. Signals were fil-
tered at 10 kHz and sampled at 30 kHz using
pClamp (version 9.4; Molecular Devices). In
experiments targeting GABA-mediated IPSCs,
glutamate receptor antagonists, NBQX (20 �M,
2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo-
[f]quinoxaline-2,3-dione), and AP-5 (D-2-
amino-5-phosphonopentanoate; 50 �M) were
added and pipette Cl � content of the intracel-
lular solution was adjusted to 54 mM and IPSCs
were directed inward (ECl � �22 mV). Distal
ST shocks (200 �m concentric electrode; Fred-
erick Haer) identified second-order neurons
by analysis of latency SD (jitter) of �200 �s
(Doyle and Andresen, 2001) with ST shocks
delivered every 6 s (duration 100 �s; Master-8;
AMPI). At the end of each recording, capsa-
icin (100 nM) determined vanilloid sensitiv-
ity—TRPV1� or TRPV1�.

Isolated neurons. Neurons were mechani-
cally dissociated from horizontal slices (Jin et
al., 2009). Standard external solution con-
tained the following (in mM): 150 NaCl, 5 KCl,
1 MgCl2, 2 CaCl2, 10 HEPES, and 10 glucose

Figure 1. Temperature strongly augmented spontaneous glutamate release in TRPV1� compared with TRPV1� second-
order NTS neurons. A, Original traces of sEPSCs from representative neurons (left, TRPV1�; right, TRPV1�) show that TRPV1�
neurons typically had higher spontaneous EPSC rates than TRPV1� neurons at each temperature. B, Temperature (upper trace)
rapidly and reversibly changed spontaneous EPSC rates in a TRPV1� (filled circles), but not in a TPRV1� (unfilled circles), neuron.
Frequency points are counts �10 s bins, expressed as average frequency. Note that A and B are from same neurons. C, Aggregate
summary for temperature responses of seven TRPV1� (filled circles) and six TRPV1� (unfilled circles) neurons, displayed as
means�SEM. On average (two-way, repeated-measures ANOVA), temperature increased frequency in TRPV1� ( p�0.001) but
not in TRPV1� ( p � 0.2). sEPSC amplitudes increased slightly in TRPV1� ( p � 0.001). Decay time constants of sEPSCs (single
exponentials, data not shown) declined similarly ( p � 0.15) in both TRPV1� and TRPV1�, decreasing from 3.12 to 1.78 � 0.09
ms from 25 to 38°C. D, In the absence of action potentials (1 �M TTX), mEPSC frequency increased with temperature. The
TRPV1-selective antagonist SB366791 (10 �M, n � 5; left, unfilled squares) significantly decreased mEPSC activity at tempera-
tures �33°C ( p � 0.001, two-way repeated-measures ANOVA). In separate TRPV1� neurons (n � 7; right) temperature
sensitivity of mEPSC frequency was reduced ( p � 0.001, two-way repeated-measures ANOVA) by reducing bath Ca 2� (right)
from control of 2 mM (filled circles) to 1 mM (unfilled squares) Average values within neurons were binned in 3°C intervals and
represented by their midrange. Asterisks mark significant differences. E, In a representative current-clamp example of five

4

TRPV1� neurons, synaptic potential rates increased substan-
tially with temperature (expanded plots in ovals, right) and
action potentials increased accordingly. Two of five neurons
inactivated at the highest temperatures.
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(pH was adjusted to 7.4 with Tris-OH). A fine
vibrated pipette dispersed neurons from the
same region as that recorded in slices (Jin et al.,
2004). All experiments began at room temper-
ature (�22–23°C). Neurons were continu-
ously superfused with a Y-tube system with
complete exchanges within 20 ms (Murase et
al., 1989). The in-line heating element con-
trolled bath temperature, which was detected
at the cell’s location with a miniature tempera-
ture probe (TH-10Kmp; Cell MicroControls).
Testing suggested that this probe likely under-
estimated temperature shifts experienced by
cells. The probe sensing dimensions (0.45 	 2
mm) were much larger than neurons and tem-
perature dropped steeply lateral to the flow
center. Recordings were performed using Mul-
tiClamp 700B, pClamp, and electrodes filled
with the following (in mM): 70 CsMeSO4 70
CsCl, 5 tetraethylammonium chloride, 10
EGTA, 2 NaATP, 0.3 NaGTP; and pH adjusted
to 7.2 with Tris-OH. Neurons were voltage
clamped to �60 mV and currents sampled at
20 kHz.

Data analysis. pClamp 9 and Mini Analysis
(Synaptosoft) analyzed data off-line. Synaptic
waveform values (decay-time constant and
amplitude) and baseline values across each
group were compared statistically using a min-
imum of 1 min at each condition using the
Friedman repeated-measures ANOVA on ranks
(frequency, decay time constant, and amplitude)
or repeated-measures ANOVA (baseline, ampli-
tude, and latency) with post hoc pairwise multiple
comparisons (Holm-Sidak method, SigmaStat).
All data are represented as mean � SEM and p �
0.05 was considered significant.

Drugs. Capsaicin, NBQX, AP-5, TTX (1 �M),
and SB366791 were obtained from Tocris Bio-
science and gabazine (SR-95531, GABAA an-
tagonist) from Sigma-RBI. Except where
specifically noted otherwise, all recordings
were made in 10 �M gabazine to isolate gluta-
matergic EPSCs.

Results
Glutamate vesicles released from ST affer-
ent terminals produce a background of
spontaneous EPSC (sEPSC) activity that
was higher in certain second-order NTS
neurons under equivalent conditions
(33°C) (Fig. 1A). Neurons contacted by
ST afferents that were activated by 100 nM

capsaicin (TRPV1�) had higher rates of
sEPSCs than TRPV1� neurons (Peters et
al., 2010). Compared with controls at 33°C, sEPSC activity decreased
in TRPV1� neurons when bath temperature was decreased and
increased when temperature was raised. Thus, the rate of spontane-
ous EPSCs closely followed changes in bath temperature only in
TRPV1� NTS neurons (Fig. 1B), with the greatest changes nearest a
physiological 37°C. In contrast, in TRPV1� NTS neurons, the
sEPSC rate was typically low at 33–34°C and changed little with
temperature changes. Temperature-induced changes were rapid
in frequency, showed no signs of diminishing over time, and were
fully reversible. Event amplitudes and decay time constants
(postsynaptic measures) changed similarly with weak associa-

tions with TRPV1 subtype, suggesting that presynaptic properties of
TRPV1� terminals were the most temperature-sensitive (Fig. 1C).
Consistent with this idea, the TRPV1-selective antagonist SB366791
attenuated temperature-induced increases in mEPSC rate in
TRPV1� neurons (n � 5, p � 0.001, two-way repeated-measures
ANOVA) (Fig. 1D).

The inward flux of cations through open TRPV1 channels
should promote glutamate release by depolarizing ST synaptic
terminals, triggering voltage-activated processes and/or calcium
permeation via TRPV1. To test whether voltage-activated Na�

channels contributed to basal release, we applied 1 �M TTX and
measured spontaneously occurring miniature EPSCs (mEPSCs)

Figure 2. Temperature did not alter GABA release at second-order NTS neurons. A, Application of NBQX and AP-5 at 25°C greatly
reduced total spontaneous synaptic activity (sEPSCs � sIPSCs; upper trace) and increases in temperature failed to substantially
alter the remaining sIPSCs (lower three traces). B, Counts of spontaneous IPSCs (triangles) changed little with temperature. Right,
Temperature-evoked increases in total synaptic events (mEPSCs � mIPSCs; circles) were prevented by glutamate antagonists,
indicating that in this neuron, sIPSCs were temperature insensitive (triangles). Note that gabazine eliminated the remaining
events (data not shown) and these IPSCs were inwardly directed in our conditions. C, On average across TRPV1� second-order
neurons (n � 4), temperature produced no significant changes in mIPSC (triangles) frequency ( p � 0.18) or amplitude ( p �
0.27), and small decreases in time constant (tau, p � 0.01). Asterisk marks significant differences.

14472 • J. Neurosci., October 27, 2010 • 30(43):14470 –14475 Shoudai et al. • TRPV1-Driven Miniature Glutamate Release



(Fig. 1D). Similar to sEPSCs, changes in temperature produced new
steady levels of mEPSC activity that persisted at each temperature in
TRPV1� neurons. Although the mean sEPSC and mEPSC re-
sults are based on separate studies of two different groups of
TRPV1� neurons, the mEPSC average temperature relationship
was quantitatively similar to that for sEPSCs. Like the sEPSCs,
mEPSC amplitudes increased only slightly and decay time constants
decreased with temperature ( p�0.001, data not shown). Reduction
of external calcium from 2 to 1 mM decreased the mEPSC rate
and the response to temperature (Fig. 1 D). Under current
clamp, synaptic potential activity increased steeply with tem-

perature in all cells and increased action
potential activity in most (three of five
neurons) (Fig. 1 E). Together, our re-
sults suggest that temperature acts on
TRPV1 at ST afferents to promote vesic-
ular glutamate release independent of ac-
tion potential activity.

Second-order NTS neurons gener-
ally receive both excitatory and inhibi-
tory synaptic contacts. To test whether
IPSCs were temperature-sensitive, we
recorded miniature synaptic events in
TRPV1� neurons (Fig. 2A). Counts of total
synaptic activity—mEPSCs and miniature
IPSCs (mIPSCs)—increased in direct pro-
portion to temperature (Fig. 2B, right).
However, blockade of glutamate receptors
with NBQX and AP-5 reduced synaptic ac-
tivity to a low level of remaining IPSCs that
were insensitive to temperature changes
(Fig. 2A,B). On average (n � 4), mIPSC
frequency, amplitudes, and kinetics were
minimally altered within the range of 25°C
to 38°C (Fig. 2C). Together, these results in
slices indicate that substantial temperature
sensitivity in NTS required TRPV1—a fac-
tor only expressed presynaptically within
one type of ST afferent terminal but not
present postsynaptically or in presynaptic
GABAergic terminals.

To better understand the mechanisms
of action of TRPV1 and reduce the possibil-
ity of interactions with adjacent neurons, we
mechanically isolated medial NTS neurons
using a microharvesting approach that re-
tained functioning synaptic terminals (Jin et
al., 2010). All neurons displayed glutama-
tergic and GABAergic events. Raising
temperature of the perfusion solution
increased mEPSC activity substantially in
many isolated neurons (Fig. 3A,B). The
timing of temperature changes was esti-
mated using a probe placed close to the
recorded neuron. The frequency of
mEPSC activity closely followed changes
in temperature (Fig. 3B,C). The values for
temperature registered at the cell location
were consistently �5°C lower in single cell
experiments than in slices and we likely
underestimated the actual temperatures
at the cells. Outflow temperatures of
35°C reached 29 –30°C near the cell loca-

tion but moving the probe closer to the outlet did not reduce the
difference and we conclude that, most likely, the probe is too large
to accurately register the temperature. Note that all neurons with
highly temperature-dependent mEPSCs also responded to capsaicin
with increases in mEPSC frequency (Fig. 3B, lower right).
Temperature-insensitive neurons were capsaicin-insensitive (results
not shown). On average across neurons (Fig. 3D), temperature se-
lectively increased mEPSC frequency of TRPV1� neurons (n � 10)
but not in TRPV1� neurons (n � 5). The mIPSC frequency was
not changed by temperature whether recorded in TRPV1� or
TRPV1� neurons (Fig. 3D). The amplitudes of mEPSCs or

Figure 3. Temperature-sensitive TRPV1� synaptic responses were preserved in isolated NTS neurons. A, Rates of mEPSC
activity (1 �M TTX) in mechanically dispersed NTS neurons at room temperature (23°C) increased substantially with temperature.
A probe placed close to the position of the isolated cell registered a rise and then fall in temperature that evoked an increase and
decrease of mEPSC rate in this representative TRPV1� neuron. B, Temperature increases reversibly increased mEPSCs (black bars),
as did capsaicin (CAP; 100 nM, dashed-border bar). C, The average mEPSC rate (20 s bin) increased linearly with temperature in this
range for this neuron. Gabazine (10 �M) was present throughout. A–C were taken from same neuron. Note that the large probe
likely underestimated actual temperature at neuron. D, In aggregate average, only mEPSC frequency for TRPV1� (n � 10
neurons; filled circles) was steeply temperature-sensitive, whereas TRPV1� mEPSCs (n � 5 neurons, unfilled circles) and mIPSCs
(n � 8 neurons, triangles) from both TRPV1� and TRPV1� types were insensitive. Amplitudes were uniformly unaltered. Group
data are means � SEM. *p � 0.02. EPSCs isolated using gabazine (10 �M) and IPSCs isolated in NBQX and AP-5.

Shoudai et al. • TRPV1-Driven Miniature Glutamate Release J. Neurosci., October 27, 2010 • 30(43):14470 –14475 • 14473



mIPSCs in isolated neurons were insensitive to temperature
(Fig. 3D).

TRPV1 channels are more permeable to Ca�2 than to Na�

(Caterina et al., 1997; Chung et al., 2008). Capsaicin activation of
TRPV1 triggered glutamate release onto NTS neurons indepen-
dent of voltage-activated Ca�2 channels (VACC) (Jin et al.,
2004). To test whether VACC contributed to temperature-
activated glutamate release, we measured mEPSC increases to
temperature step increases in isolated NTS neurons and added
Cd 2� (100 �M) to block all VACCs nonselectively. Rising tem-
peratures evoked rapid increases in mEPSCs frequency (Fig. 4),
even in the presence of Cd 2�. Temperature-evoked increases in
mEPSC rates, on average (n � 7) (Fig. 4B), more than doubled
( p � 0.02), and these increases were similar with and without
Cd 2� present ( p � 0.80). Amplitudes of mEPSCs were unaltered
by temperature or Cd 2� ( p � 0.1). Together, our results suggest
that temperature activates TRPV1 channels, which allow calcium
entry into the terminals to increase the rate of glutamate release
and this process does not require VACCs.

Discussion
The present results revealed profound differences in the regula-
tion of autonomous release of glutamate vesicles between two
classes of afferent terminals at second-order NTS neurons. Our
new findings include the following: (1) physiological tempera-
tures (�36 –38°C) drive high rates of spontaneous glutamate re-
lease only from TRPV1� afferent terminals; (2) TRPV1� and
GABAergic terminals are nearly temperature insensitive; (3) tem-

perature responses involved calcium-dependent, tonic glutamate
release without a requirement for voltage-gated Na� or Ca 2�

channel activity; and (4) TRPV1-specific antagonism attenuated
thermally evoked glutamate release, suggesting that TRPV1 con-
trols this pool of vesicles.

TRPV1 receptors on presynaptic ST terminals confer promi-
nent temperature sensitivity to spontaneous glutamate release.
The steep sensitivity of sEPSC and mEPSC regulation between 30
and 40°C only in TRPV1� terminals contrasts with similar
evoked synchronous release at these same ST terminals (Peters et
al., 2010). In fact, regulation of the synchronous vesicle pool is
indistinguishable in most respects between TRPV1� and
TRPV1� ST terminals (Andresen and Peters, 2008; Peters et al.,
2010). The temperature sensitivity of mEPSC rates from
TRPV1� terminals on NTS neurons greatly exceeds that of
AMPA-mediated EPSCs in other central neurons (Hestrin et al.,
1990) and the peripheral discharge from cranial afferents, includ-
ing baroreceptors, is much less temperature-sensitive (McQueen
and Eyzaguirre, 1974). At physiological temperatures, the abso-
lute sEPSC rate at TRPV1� ST neurons averaged �25 mEPSCs
per second—a rate 20 –30-fold greater than TRPV1� neurons,
which had a rate typical of most central synapses (Wasser and
Kavalali, 2009). This high rate of release was diagnostic of
TRPV1� terminals in NTS. Single ST afferent axons contribute
�20 somatodendritic synaptic contacts, whether from TRPV1�
or TRPV1� afferents (Andresen and Peters, 2008). The attenua-
tion of autonomous release to low levels during cooling and
TRPV1 block suggests that most sEPSCs arise from ST afferents.
Likely other glutamate terminals, including from NTS interneu-
rons, contributed to our total activities, but evidence suggests
that their numbers are relatively low compared with ST contacts
(McDougall et al., 2009). FM1-43 tracking of multiple individual
terminals on NTS neurons shows that capsaicin and potassium
depolarization activated the same terminals (Jin et al., 2010), a
finding consistent with colocalization of the TRPV1-dependent
pool with the depolarization-evoked vesicle pool.

TRPV1 contains a nonselective cation pore that is gated by
heat (typically �40°C), protons (pH, �5), and/or vanilloid
chemicals to transduce potentially harmful conditions (Lumpkin
and Caterina, 2007)— conditions unlikely to exist within the
normal CNS. Interestingly, TRPV1 blockers are multimodal with
different potencies for thermal versus vanilloid gating (Garami et
al., 2010) and this may explain why there is only partial block of
release by SB-366791 (Peters et al., 2010). TRPV1 thermosensi-
tivity likely arises from a unique portion of the pore that func-
tions independently of the capsaicin binding/gating motif (Yang
et al., 2010). We found previously that low temperature was al-
ways more effective than pharmacological blockade (Peters et al.,
2010). This is consistent with a relative resistance of TRPV1 ther-
mal responses to many high affinity vanilloid blockers (Garami et
al., 2010), and the more complete block at low temperatures sug-
gests that most glutamate terminals are likely afferent in origin.
Our results suggest important distinctions among evoked, asyn-
chronous, and spontaneous vesicle release but with certain com-
mon elements in their control. All glutamate release modes show
similar dependence on external Ca 2� entry (Peters et al., 2010).
However, VACCs similarly contribute to synchronous and asyn-
chronous release but are not required for spontaneous release.
Spontaneous synaptic events are considered to be random vesicle
fusions that closely correlate with evoked events (Hestrin, 1992).
Our present results show that activity-independent release from
ST terminals is actively controlled by TRPV1. Spontaneous syn-
aptic signals influence dendritic protein synthesis patterns and

Figure 4. Temperature-activated TRPV1 release of glutamate is calcium-dependent. Raising
temperature substantially increased mEPSC frequency in this representative isolated TRPV1�
neuron (A, p � 0.01), even in the presence of the nonselective calcium channel antagonist
Cd 2� (100 �M, dashed-border box). On average (B, n � 7 neurons), Cd 2� did not change the
evoked increase in mEPSC rate to raising temperature from 23 to 30°C (p � 0.7). Amplitudes
were unaltered by Cd 2� ( p � 0.2). Gabazine (10 �M) present throughout. Capsaicin response
not shown. *p � 0.02, from control.
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postsynaptic receptivity to subsequent evoked events (Sutton et
al., 2004). The much higher rates of TRPV1� sEPSCs and their
regulation by peptides (Appleyard et al., 2005; Peters et al., 2008)
may represent a robust ST afferent signal that helps to phenotyp-
ically differentiate NTS neurons (Bailey et al., 2002).

The physiological consequences of spontaneous glutamate
signaling in NTS are not clear, but contrasts between A- and
C-fiber afferents are apparent. First, this tonic glutamate signal
arises from C-type afferents that are often physiologically silent
under normal circumstances. Second, unmyelinated cranial vis-
ceral afferents represent up to 90% of all afferents arising from
different organs (Andresen et al., 1978; Jammes et al., 1982;
Kubin and Davies, 1995). From one typical visceral afferent
source common to medial NTS, 75% of aortic baroreceptors
were unmyelinated and inactive at normal blood pressures
(Andresen and Kunze, 1994). Thus, C-fiber baroreceptors repre-
sent physiologically silent afferents (Jones and Thorén, 1977); a
finding similar for other organs (Coleridge and Coleridge, 1984).
Since activity-dependent processes importantly shape and main-
tain patent synaptic connections (McKinney et al., 1999; Poo,
2001; Sutton et al., 2004), TRPV1-dependent, activity-independent
generation of glutamate transmission may maintain the afferent sig-
naling from C-type axons.

References
Andresen MC, Kunze DL (1994) Nucleus tractus solitarius: gateway to neu-

ral circulatory control. Annu Rev Physiol 56:93–116.
Andresen MC, Peters JH (2008) Comparison of baroreceptive to other af-

ferent synaptic transmission to the solitary tract nucleus. Am J Physiol
Heart Circ Physiol 295:H2032–H2042.

Andresen MC, Krauhs JM, Brown AM (1978) Relationship of aortic wall
baroreceptor properties during development in normotensive and spon-
taneously hypertensive rats. Circ Res 43:728 –738.

Andresen MC, Doyle MW, Bailey TW, Jin YH (2004) Differentiation of
autonomic reflex control begins with cellular mechanisms at the first
synapse within the nucleus tractus solitarius. Braz J Med Biol Res
37:549 –558.

Appleyard SM, Bailey TW, Doyle MW, Jin YH, Smart JL, Low MJ, Andresen
MC (2005) Proopiomelanocortin neurons in nucleus tractus solitarius
are activated by visceral afferents: regulation by cholecystokinin and opi-
oids. J Neurosci 25:3578 –3585.

Bailey TW, Jin YH, Doyle MW, Andresen MC (2002) Vanilloid sensitive
afferents activate neurons with prominent A-type potassium currents in
nucleus tractus solitarius. J Neurosci 22:8230 – 8237.

Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD, Julius D
(1997) The capsaicin receptor: a heat-activated ion channel in the pain
pathway. Nature 389:816 – 824.
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