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Cellular/Molecular

Distinct Calcium Sources Support Multiple Modes of
Synaptic Release from Cranial Sensory Afferents

Jessica A. Fawley, “Mackenzie E. Hofmann, and “Michael C. Andresen
Department of Physiology and Pharmacology, Oregon Health & Science University, Portland, Oregon 97239

Most craniosensory afferents have unmyelinated axons expressing TRP Vanilloid 1 (TRPV1) receptors in synaptic terminals at the
solitary tract nucleus (NTS). Neurotransmission from these synapses is characterized by substantial asynchronous EPSCs following
action potential-synched EPSCs and high spontaneous rates that are thermally sensitive. The present studies blocked voltage-activated
calcium channels (CaV) using the nonselective CaV blocker Cd** or the specific N-type blocker w-conotoxin GVIA to examine the calcium
dependence of the synchronous, asynchronous, spontaneous, and thermally gated modes of release. In rat brainstem slices containing
caudal NTS, shocks to the solitary tract (ST) triggered synchronous ST-EPSCs and trailing asynchronous EPSCs. Cd*™ or GVIA efficiently
reduced both synchronous and asynchronous EPSCs without altering spontaneous or thermal-evoked transmission. Activation of
TRPV1 with either the selective agonist resiniferatoxin (150 pm) or temperature augmented basal SEPSC rates but failed to alter the
synchronous or asynchronous modes of release. These data indicate that calcium sourced through TRPV1 has no access to the synchro-
nous or asynchronous release mechanism(s) and conversely that CaV-sourced calcium does not interact with the thermally evoked mode
of release. Buffering intracellular calcium with EGTA-AM or BAPTA-AM reduced asynchronous EPSC rates earlier and to a greater extent
than synchronous ST-EPSC amplitudes without altering sEPSCs or thermal sensitivity. Buffering therefore distinguishes asynchronous
vesicles as possessing a highly sensitive calcium sensor located perhaps more distant from CaV than synchronous vesicles or thermally
evoked vesicles from TRPV1. Together, our findings suggest separate mechanisms of release for spontaneous, asynchronous and syn-
chronous vesicles that likely reside in unique, spatially separated vesicle domains.
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Most craniosensory fibers release glutamate using calcium entry from two sources: CaVs and TRPV1. We demonstrate that
calcium segregation distinguishes three vesicle release mechanisms. Most surprisingly, asynchronous release is associated with
CaV and not TRPV1 calcium entry. This reveals that asynchronous release is an additional and separate phenotypic marker of
unmyelinated afferents rather than operated by TRPVI. The functional independence of the two calcium sources expands the
regulatory repertoire of transmission and imbues these inputs with additional modulation targets for synaptic release not present
at conventional CaV synapses. Peptides and lipid mediators may target one or both of these calcium sources at afferent terminals
within the solitary tract nucleus to independently modify release from distinct, functionally segregated vesicle pools. j

ignificance Statement

chronous synaptic transmission (Atlas, 2013; Kaeser and Regehr,
2014; Stanley, 2016). At many synapses, synaptic events are also
released asynchronously and can persist for up to seconds after
the initial action potential (Peters et al., 2010; Evstratova et al.,
2014; Kaeser and Regehr, 2014; Iremonger and Bains, 2016). Ad-

Introduction
Membrane depolarization triggers intracellular calcium influx
that initiates the process of vesicle fusion and exocytosis for syn-

Received March 28, 2016; revised June 23, 2016; accepted July 9, 2016.

Author contributions: J.A.F. and M.CA. designed research; J.A.F. and M.E.H. performed research; J.A.F. analyzed
data; J.A.F. and M.C.A. wrote the paper.

This work was supported by National Institutes of Health Grant HL-105703 to M.C.A. The content is solely the
responsibility of the authors and does not necessarily represent the official views of the National Heart, Lung and
Blood Institute or the National Institutes of Health.

The authors declare no competing financial interests.

Correspondence should be addressed to Dr. Jessica A. Fawley, Department of Physiology and Pharmacology,
Oregon Health & Science University, Portland, OR 97239-3098. E-mail: fawley.jessica@gmail.com.

DOI:10.1523/JNEUR0SCI.1028-16.2016
Copyright © 2016 the authors  0270-6474/16/368957-10$15.00/0

ditional, spontaneous synaptic transmission events continue in
the absence of action potentials or despite block of voltage-
activated calcium channel (CaVs) (Evstratova et al., 2014). This
raises the possibility that different vesicle release mechanisms
(e.g., calcium sensors) govern the different modes of neurotrans-
mission. Although synaptotagmin I is accepted as the crucial cal-
cium sensor for synchronous release (Stidhof, 2014), consensus is
lacking as to the molecular machinery underlying asynchronous
and spontaneous release (Yao et al., 2011; Kaeser and Regehr,
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2014; Kavalali, 2015). One crux of the de- A
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bate revolves around whether all modes of :
transmission arise from a common set of
vesicles and release sensors.

In the brainstem, visceral nerve trunks,
such as the vagus, converge to form the
solitary tract (ST) of craniosensory axons
that synapse directly on caudal solitary
tract nucleus (NTS) neurons (Andresen
and Kunze, 1994). These afferents are
overwhelmingly (~90%) C-type fibers
that express the TRP vanilloid subtype
1 receptor (TRPV1"). Calcium entry
through N-type CaVs is largely responsi-
ble for triggering glutamatergic ST-EPSCs
from both TRPV1" and TRPV1™ afferents
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spontaneous release compared with their
myelinated, TRPV1™ counterparts (Peters  figure 1, Two protocols reveal multiple forms of glutamate release from single TRPVT* ST afferents. Three original traces are

et al., 2010). Repeated ST activation dra-
matically depresses the amplitudes of
ST-EPSCs but enhances asynchronous re-
lease. These simultaneous results are in-
consistent with a single, shared pool of
vesicles for synchronous and asynchro-
nous responses. Furthermore, activation
of presynaptic CB1 depresses both evoked
and asynchronous EPSCs without altering
spontaneous or thermal facilitation of re-
lease, evidence suggesting independent,
highly selective GPCR control of the dif-
ferent modes of release at single synapses
(Fawley et al., 2014, 2015). Because CaV's
and TRPV1 occupy the same ST terminals, we designed studies to
investigate whether the calcium from the two sources could in-
teract across different modes of release.

The majority of glutamatergic synaptic transmission in the
NTS is from unmyelinated afferents. Understanding synaptic
transmission at these synapses is essential to determine how dif-
ferential signaling impacts autonomic and homeostatic reflexes.
To specifically assess the calcium domains of CaVs and TRPV1,
we tested the contribution of each to the multiple modes of glu-
tamate release: spontaneous, asynchronous, and synchronous re-
lease. Our approach focused on blocking CaVs and activating
TRPV1 to examine the effects on each mode of release. We also
used intracellular buffers to capture entering calcium to test the
calcium sensitivities of the vesicle release mechanisms. The re-
sults distinguish CaV and TRPV1 as mode-specific calcium
sources that surprisingly have no cross talk between their vesicle
pools. The separate mechanisms of release suggest that spontane-
ous, asynchronous, and synchronous vesicles reside in unique,
spatially separated vesicle domains. The expression of a hetero-
geneous mix of microdomain and nanodomain synaptic process-

paired t test, n = 5).

overlaid. A, The ST protocol measures three distinct modes of glutamate release. In control conditions, SEPSCs are frequent (left,
Basal) and 5 shocks to the ST (50 Hz, every 6 s, arrows) trigger five synchronous ST-EPSCs that are followed by increased asynchro-
nous EPSCs (right, Async). B, ST-EPSCs reflect synchronized release with small latency jitter (74.5 s in this example), indicating a
monosynaptic response from a single ST afferent axon (intensity recruitment profile not shown). €, Histogram (100 ms bins) of
events over 5 min (50 trials). Basal EPSCrates are measured 1 before ST stimulation. Async release is measured as the netincrease
in EPSCeventsin the 15 following the last ST-EPSC above the basal rates (events above the red line). Async release decays rapidly
and returned to prestimulus basal levels after 6 5. D, We tested thermal responses with a separate protocol in which bath temper-
atures were raised and lowered in slow ramps. Temperature ranged from 32°Cto 36°C (red line). This reproducibly increased and
decreased the SEPSC rate (black filled line). E, Thermal sensitivity was gauged by the slope of a linear regression fit of the log
SEPSC frequency versus temperature (1000/T (°K)). A-F, Measured in a single representative neuron that was TRPV1" and
responded positively to capsaicin (data not shown). F, In five additional neurons, thermal responses were first measured as
sEPSCand again after 1 um TTX to isolate mEPSCs. The rates of SEPSCs at each temperature were not different from mEPSCs
(p=10.7, paired t test,n = 5), and the slope of the thermal sensitivities (data not shown) was also not different (p = 0.3,

ing mechanisms as part of the C-fiber craniosensory phenotype
provides multiple targets for both endogenous signaling and
pharmacological interventions to modulate autonomic function.

Materials and Methods

Animals. All animal procedures were approved by the Institutional Ani-
mal Care and Use Committee at Oregon Health and Science University
and conform to the guidelines of the National Institutes of Health pub-
lication Guide for the care and use of laboratory animals. Male Sprague
Dawley rats (150-300 g, Charles Rivers Laboratory) were housed under a
12 h/12 h light/dark cycle. Hindbrains were removed under deep anes-
thesia (5% isoflurane) and slices prepared as previously described (Doyle
and Andresen, 2001). Briefly, a wedge of ventral brainstem was removed
to tilt it so that horizontal slices (250 wm thick) contained 1-3 mm
segments of the ST in the same plane as the caudal NTS neurons
(VT-1000S vibrating microtome, Leica Microsystems; and sapphire
blade, Delaware Diamond Knives). Slices were submerged in a perfusion
chamber, and all recordings were performed in an ACSF composed of the
following (in mm): 125 NaCl, 3 KCI, 1.2 KH,PO,, 1.2 MgSO,, 25
NaHCO;, 10 glucose, and 2 CaCl,, bubbled with 95% O,/5% CO,, pH
7.4,300 mOsm. The chamber was continuously perfused (1.5-2 ml/min)
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verify that sSEPSC were equivalent to miniature
glutamate release (mEPSCs).

Solitary tract afferent activation. Trains of 5
shocks (50 Hz, 100 us duration) were delivered
to the ST every 6 s via a concentric bipolar stim-
ulating electrode (200 wm outer tip diameter;
Frederick Haer) placed on the ST >1 mm from
the recorded neuron using a Master-8 isolated
programmable stimulator (A.M.P.I.). The
latency from the stimulus shock to the onset
of the first EPSC evoked in each burst was
measured and averaged across =30 ST shocks.
The jitter is calculated as the SD of the
latency (Doyle and Andresen, 2001). ST-
evoked EPSCs have abrupt, all-or-none re-
cruitment intensity profiles and jitter values
<200 s, indicating that these are monosynap-
tic inputs activated by a single afferent axon
(Bailey etal., 2008). Neurons that received only
high jitter responses (>200 us) were consid-
ered higher-order and not studied further. The
presence of asynchronous EPSCs following
bursts of ST shocks was indicative of TRPV1*
classification, but all neurons were tested with
100 nMm capsaicin at the end of the experiment
to verify sensitive (TRPVIT) or insensitive
(TRPV1 ) afferents (Doyle and Andresen,
2001; Bailey et al., 2006a; Peters et al., 2010).

The synaptic event collection protocol be-
gan with a standard test sequence in which 1's
of basal spontaneous EPSCs was collected fol-
lowed by delivery of a train of five ST shocks
(50 Hz) to record ST-EPSCs and a poststimu-
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Figure2.  ST-EPSCamplitudes and asynchronous rates depend on the external calcium gradient. 4, In 2 mm external Ca%*, an ST shock
intensity of 0.1 mA recruited a single fixed amplitude ST-EPSC (gray trace, left). Increasing the shock intensity to 0.2 mA recruited a second,
increased amplitude, compound ST-EPSC (black). The recruitment of the larger, compound ST-EPSC evoked increases in asynchronous
responses (right) compared with when a single input was activated. Histograms count events in 100 ms bins over 2 min with sequential
stimulusiterations each 6 5. B, Reducing the external calcium concentration to 1mm Ca 2™+ in the same neuron reduced ST-EPSCamplitudes
(p<<0.01, ttest) at both stimulation intensities (0.1mA, gray; 0.2 mA, black) as well as basal and asynchronous sEPSC rates (p << 0.01, KS
test). €, Increases in ST-EPSCamplitude resulted in proportional increases in Async rates whether it was increased by recruitment (ST shock
intensity) or calcium gradient. A—C, From the same representative neuron. D, In aggregate, amplitudes of the ST-EPSCs and asynchronous

events increased in proportion to the calcium gradient across five neurons.

with ACSF with the temperature held at 32°C within 1°C using an inline
heating system (TC2BIP with HPRE2 and TH-10 Km bath probe, Cell
MicroControls). Bath temperature was continuously measured immedi-
ately downstream to the slice.

Voltage-clamp recordings. Neurons in the medial NTS within 250 um
rostral of obex and medial to the ST were selected. Patch electrodes
(2-3.5 M{)) were pulled from borosilicate glass and filled with an intra-
cellular solution composed of the following (in mwm): 6 NaCl, 4
NaOH,130 K-gluconate, 11 EGTA, 2 CaCl,, 2 MgCl,, 10 HEPES, 2 Na,
ATP, 0.2 Na, GTP, pH adjusted to 7.3-7.32. Neurons were visualized
using infrared differential interference contrast optics (Zeiss Axioskop
FS2). Recordings were made with a Multiclamp 700B and pClamp 9.2
software (Molecular Devices), and neurons were voltage-clamped to
—60 mV. Synaptic currents were sampled at 20 kHz and digitally filtered
at 10 kHz. Liquid junction potentials were corrected. All recordings were
performed in the presence of gabazine (SR-95531, 3 um, R&D Systems).
Calcium channel antagonists (cadmium 100 pm Cd?*", w-conotoxin
GVIA 1 uM, R&D Systems) were used to block CaV. The ultra-potent
TRPV1 selective agonist, resiniferatoxin (RTX, 150 pm, R&D Systems)
and the cell-permeable forms of calcium chelators BAPTA-AM (10-20
uM, R&D Systems) and EGTA-AM (10 uM, Invitrogen) were used in
select experiments. TTX (1 um) was used in a subset of experiments to

-100 -200 -300
ST-EPSC (pA)

lus period lasting 4.9 s (total cycle length of 6 5).
This sequence was repeated for a minimum of
50 successive trials (5 min) at each test condi-
tion. Basal release was gauged by the mean
event rate across these iterated trials. For ST-
evoked (synchronous) release, the amplitudes
of the successive first EPSCs (ST-EPSC1) in
each train of five were measured across these
same trials. Asynchronous release was mea-
sured for each trial as events exceeding the
preceding basal or prestimulus period. Thus,
events were counted in the 1 s following the last
ST-EPSC (i.e., the postsynchronous rate) ex-
pressed as counts/1 s. The asynchronous com-
ponent was calculated as the net rate change
(the postsynchronous event rate — the pre-
stimulus basal rate) and averaged across the iterative trials within a given
test period. The basal EPSC rate, ST-EPSC amplitudes, and asynchro-
nous rate were measured continuously. For comparisons, the same num-
ber of trial iterations were compared between control and drug (generally
20 trials over 2 min measured after 10 min of drug). The collected EPSCs
were analyzed in 10 s bins using MiniAnalysis (Synaptosoft). For statis-
tical comparisons, values were tested for normal distributions, and ap-
propriate parametric or nonparametric statistics were used, including
Kolmogorov—Smirnov (KS) tests of interevent intervals and sEPSC am-
plitudes, ¢ tests (two group comparisons) or one-way/two-way repeated-
measures ANOVA with post hoc comparisons for more than two groups.

Thermal sensitivity was determined following the initial ST stimula-
tion protocol. Spontaneous EPSC (sEPSC) activity was recorded during
two ramps in bath temperature separated by 2 min (Fawley et al., 2014,
2015). After the second ramp, testing returned to the ST-EPSC synaptic
event collection protocol throughout the initial drug application. After
10 min of drug application, the thermal ramp protocol was repeated.
Slow increases in bath temperature were generated using an inline heater
that changed the bath temperature 4°C over 3 min from control (32°C) to
36°C and then back to 32°C. These ramps produced near steady-state
changes in sEPSC rates. Bath temperature values were averaged over 10 s
and sEPSC rates averaged across the same 10 s intervals (Clampfit, Mo-
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lecular Devices). Arrhenius relations were
calculated by plotting the log of the event fre-
quency against the transformed temperature
(1000/T (°K)), and the slope of this relation
determined by linear regression offered a mea-
sure of the thermal sensitivity. Thermal testing
was not performed on NTS neurons with
TRPV1™ ST afferent responses (low basal
sEPSC rates, no asynchronous release) as pre-
vious tests established their limited thermal
sensitivity (Peters et al., 2010; Shoudai et al.,
2010).

Results
Three forms of glutamate release in
TRPV1' neurons
In recordings of medial NTS neurons,
bursts of 5 ST shocks evoked EPSCs with
strong frequency-dependent depression
that triggered prominent asynchronous
release trailing behind each ST burst (Fig.
1A, C). The stability in the timing of the
ST-EPSC (i.e., jitter, <200 us) indicated a
monosynaptic event (Fig. 1B) with a uni-
form amplitude consistent with activation
of a single afferent axon (Doyle and An-
dresen, 2001; Bailey et al., 2006b). After
ST-evoked responses were measured, sep-
arate tests evaluated the thermal sensitiv-
ity of sEPSCs. Brief temperature ramps
promptly and reversibly increased the rate
of sEPSCs (Fig. 1D) with a steep Arrhenius
relationship (Fig. 1E). These thermally
evoked changes in sEPSC rates reflect
local presynaptic actions on these ST ter-
minals as TTX had no effect on the rates
measured at 32°C and 36°C (Fig. 1F).
These distinct modes of glutamate tr-
ansmission (synchronous, asynchronous,
and thermally triggered) rely on rises in
presynaptic calcium levels from two cal-
cium entry sources: CaVs and TRPV1.
The amplitude of ST-EPSC responses
is proportionate to the number of asyn-
chronous events (Peters et al., 2010).
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Figure 3.  N-type calcium channels underlie evoked and asynchronous glutamate release. 4, Exposure to the N-type
selective antagonist GVIA (1 wm, gray) blocked ST-EPSC responses in this TRPV1™ NTS neuron (Ctrl, black). B, A diary plot
of stable ST-EPSC amplitudes of the first EPSC demonstrates that GVIA inhibited amplitudes after 3 min and led to a full
transmission block. C, Three overlaid current traces in each panel indicate that GVIA does not alter basal activity, but Async
rates were strongly attenuated. Responses to ST burst stimuli (arrowhead) were removed for clarity. D, Histogram of SEPSCs
across 2 min demonstrates that the burst of Async activity was effectively eliminated by GVIA. The selective N-type channel
blocker GVIA (1 wum) blocked most synchronous and asynchronously released glutamate. E, Across neurons (n = 7), GVIA
suppressed both ST-EPSC amplitudes (p < 0.0, paired ¢ test) and asynchronous release rates (p = 0.02, paired ¢ test).
Despite this suppression, basal rates were unaltered (p = 0.4, paired t test). F, Similarly, across neurons (n = 5), the
nonselective CaV blocker Cd>™ (100 um) reduced ST-EPSCamplitudes (p = 0.04, paired t test) and Async rates (p = 0.002,
paired t test). Cd®™ did not alter basal release rates (p = 0.9, paired t test). CaV contributes to synchronous and asyn-
chronous release but does not contribute to the spontaneous mode of glutamate release. *Significance from Ctrl (p <
0.05). A-D, Responses are from a single representative neuron that was TRPV1™ and responded positively to capsaicin

Thus, in some neurons, increasing the  (datanotshown).
shock intensity recruited additional ST in-

puts resulting in a larger, compound ST-EPSC that was accom-
panied by additional asynchronous events (Fig. 2A). Similarly,
alterations in the external calcium concentration in these same
neurons proportionally changed the asynchronous responses
trailing those ST-EPSCs (Fig. 2B). Thus, changes in the calcium
gradient changed the amplitudes of both single and compound
synchronous ST-EPSCs as well as the associated asynchronous
activity (Fig. 2C,D).

CaVs contribute to evoked, but not spontaneous,

glutamate release

Conventional synchronous release of neurotransmitter relies on
action potentials invading the presynaptic terminal to trigger
CaVs that result in local increases in calcium entry. To examine
the contribution of CaVs to synchronous and spontaneous re-
lease, we compared the multiple forms of transmission during
exposure to highly selective and nonselective CaV blockers. The

selective N-type CaV blocker w-conotoxin (1 um GVIA) rapidly
reduced synchronous ST-EPSC amplitudes, often leading to a full
block of evoked transmission (Fig. 3A,B). Only three neurons
were completely blocked by GVIA, but, in most cases (n = 4 of 7),
reduced amplitude ST-EPSCs persisted even after 20 min GVIA
superfusion, suggesting that some ST axons used additional
CaVs (Mendelowitz et al., 1995). GVIA increased latencies of
ST-EPSCs (control, 4.4 £ 0.3 ms vs GVIA, 4.6 = 0.3 ms, paired ¢
test, p = 0.02, n = 7) and increased synaptic failures by 57 *= 17%
(p <0.01, paired ¢ test), suggesting that N-type CaVs contribute
to ST axonal conduction. Likewise, in separate experiments, the
nonselective CaV blocker Cd** reliably depressed ST-EPSCs af-
ter 7 min (Fig. 3F), but other neurons were not fully blocked
(100% failures) until up to 19 min Cd*" exposure. Cd** in-
creased latencies of ST-EPSCs (6.0 = 0.5 vs 6.3 £ 0.6 ms, paired
t test, p = 0.05, n = 5) and increased failure rates (60 * 239%,
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Figure4. (CaV-sourced calcium does not contribute to thermally released glutamate. 4, Small ramps in bath temperature

reversibly augmented the SEPSC rate in a representative TRPV1™ NTS neuron and were unaffected during GVIA (1 wm). The
ST stimulation protocol is performed during the initial wash-on of GVIA (broken axis). B, GVIA reduced the amplitude of
ST-EPSCs in this neuron. C, Thermal relationships of sEPSC rate were unchanged by GVIA in this neuron. Sensitivity to
temperature was gauged by the slope of linear regression fits of the log SEPSC frequency versus temperature (1000/T (°K))
for control (black squares, black line) and GVIA (gray circles, red line). D, Across neurons (n = 5), GVIA did not alter
temperature sensitivity (6.4 == 1.2vs —6.4 = 2.3, p = 0.9, paired t test). These data suggest that CaV-sourced calcium
does not influence thermal release.
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Figure 5. Thermal activation selectively triggers basal glutamate release in TRPV1™ NTS neurons. A, Increasing bath
temperature to 36°C increased basal but not Async rates of sEPSCs in this representative TRPV1™ NTS neuron. ST responses
are not shown for clarity (arrowhead, ST). B, A histogram plot (100 ms bins) shows that increases to bath temperature
uniformly elevate SEPSCs (both before and after stimulus) with the net Async rate unaltered. C, Across neurons (n = 9),
basal events (left) doubled (p << 0.001, paired t test), whereas asynchronous events (right) were unaffected (p = 0.6,
paired t test). Calcium entry triggered by thermal activation of TRPV1 does not contribute to asynchronous glutamate
release. *Significance from Ctrl (p << 0.05).
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p <0.01, paired ¢ test). The time course of
ST-EPSC suppression and failures was
generally similar between CaV blockers.
Despite effective block of CaV-dependent
synchronous release, neither GVIA (Fig.
3E) nor Cd** (Fig. 3F) altered basal spon-
taneous EPSC rates in the same neurons.
Thus, unlike uniform reductions of all
modes of glutamate transmission in re-
duced external calcium (Fig. 2), the ab-
sence of changes in sEPSCs during CaV
block suggests that spontaneous and
synchronous release rely on different
calcium sources and that calcium enter-
ing the terminal via CaVs has no direct
access to vesicles destined for spontane-
ous release.

CaVs do not contribute to thermally
triggered glutamate release

TRPVI activation by thermal challenges
alters sEPSC rates in a calcium-depen-
dent manner (Shoudai et al., 2010; Fawley
etal., 2015). Over the same thermal range,
the amplitude of the synchronous, CaV-
mediated release process is unaltered
(Shoudai et al., 2010; Fawley et al., 2015;
Hofmann and Andresen, 2016). This sug-
gests that TRPV1 calcium does not con-
tribute to synchronous glutamate release.
To test the reciprocal relationship (i.e.,
does calcium entry through CaVs interact
with the thermally operated vesicles), we
tested thermal responses with and with-
out calcium entry through CaVs (Fig. 4).
At times when GVIA reduced ST-EPSC
amplitudes and asynchronous rates, spo-
ntaneous EPSC rates and thermal sensi-
tivity remained unchanged (Fig. 4). The
selective action of GVIA indicates that
calcium entry through CaVs discretely
mobilizes a set of vesicles that is inde-
pendent from the thermally operated
vesicle pool.

TRPV1 does not contribute to
asynchronous release

Asynchronous events are augmented for
a full second following bursts of evoked
ST-EPSCs (Fig. 1). To determine whether
elevations in TRPV1-sourced calcium
could likewise contribute to this release
process, we raised bath temperature from
32°C to 36°C while continuously moni-
toring asynchronous release (Fig. 5). This
4°C increase nearly doubled the basal
sEPSC rate, but both ST-EPSC amplitu-
des and asynchronous release remained
unchanged (Fig. 5C). Similarly, low-level
TRPV1 agonist activation with 150 pm
RTX more than doubled basal sEPSC rate
but did not alter evoked ST-EPSC ampli-
tudes or asynchronous rates (Fig. 6C).
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To control for the possibility that a satu-
ration of the asynchronous release process
might prevent augmentation in the 2 mm
external Ca®" condition, we halved exter-
nal Ca*" to 1 mm (Fig. 7). The responses
to low RTX in reduced Ca** produced a
similar pattern of elevated basal sEPSC
rates with no change in ST-EPSC am-
plitudes or asynchronous responses (Fig.
7C). Thus, all maneuvers to elevate
TRPV1-sourced calcium entry failed to al-
ter ST-EPSC amplitudes or asynchronous
rates while doubling basal events (Fig.
7C). Together, these tests demonstrate
that the calcium entering through TRPV1
discretely activates a vesicle pool that is
distinct from both the synchronous and
asynchronous pools.

Asynchronous release is most
vulnerable to terminal calcium
chelation

To gate vesicle release, calcium must dif-
fuse from the entry channel to the sensor
mediating release (Stanley, 2016). To in-
vestigate the calcium sensitivity of multi-
ple modes of release, we assessed the
action of intracellular calcium buffers on
the basal, synchronous, and asynchro-
nous modes of release (Fig. 8). The AM
esters of EGTA and BAPTA gradually dif-
fuse into cell structures before dissociat-
ing to actively bind calcium. Introduction
of EGTA-AM modestly reduced the am-
plitudes of evoked ST-EPSCs (Fig. 8A),
but not basal spontaneous EPSC rates
(Fig. 8B,C). The earliest indication of
EGTA-AM action was often a sharp re-
duction of the asynchronous release rate
that was disproportionately suppressed
compared with ST-EPSC amplitudes (Fig.
8D). Extending exposure to EGTA-AM
beyond 10 min failed to increase effects on
transmission (Fig. 8D). BAPTA-AM sim-
ilarly and disproportionately suppressed
asynchronous release rates (Fig. 8F).
BAPTA-AM effects on ST-EPSCs contin-
ued after 10 min, and amplitudes were sig-
nificantly more depressed after 20 min
(68 = 10% control, p = 0.05, one-way
repeated-measures ANOVA). However,
the effects for both chelators compared at
extended time points (10 and 20 min)
were comparable (p = 0.5, two-way
repeated-measures ANOVA). At times
when EGTA-AM and BAPTA-AM re-
duced synchronous and asynchronous re-
sponses, thermally triggered sEPSCs were
unaltered (Fig. 9). Together, these data
indicate substantial differences in the exo-
cytotic mechanisms and/or the calcium
sensitivity between the vesicle pools.
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Figure6. Vanilloid activation of TRPV1 does not alter asynchronous glutamate release. 4, In a representative TRPV1* neuron,
the selective vanilloid agonist RTX (150 pu, gray) increased basal SEPSC rates (p << 0.01, KS test) but not asynchronous events
(Async, p = 0.5, t test). ST-EPSC responses (arrowhead) are removed for clarity. B, SEPSC activity increased uniformly but did not
alter the netincrease in SEPSCs during the Async period. C, Across neurons (n = 6), RTX increased basal event rates (left, p = 0.04,
paired t test) but did not affect the rates of Async release (right, p = 0.3, paired t test). Vanilloid activation of TRPV1 does not affect
asynchronous glutamate release. *Significance from Ctrl (p << 0.05).

A 1mMCa™ ST
Ctrl Basal /' / Async

20 pA|_

ST 100 ms
RTX Basal \ Async

//

_ 6
o ) N
= N N
g = =
et e— o
i B € .
© [7)]
@ <
0
o“}i\"\‘

Figure 7.  Low external calcium does not reveal vanilloid action on asynchronous glutamate release. A, In a representative
TRPV1™ neuron, the selective vanilloid agonist RTX (150 pu, gray) increased basal rates ( p << 0.01, KS test) from control (black) but
not asynchronous events (Async, p = 0.4, ttest). ST-EPSC responses (arrowhead) are removed for clarity. B, RTX increased overall
SEPSCactivity, but the netincrease of SEPSCs during the Async period over the basal period is unchanged. C, Across neurons (n = 5),
RTXincreased basal SEPSCs (left, p = 0.04, paired t test) but did not affect the amplitude of ST-EPSCs (middle, p = 0.1, paired t test)
or rates of Async release (right, p = 0.8, paired ¢ test). Vanilloid activation of TRPV1 does not increase asynchronous glutamate
release, even when the probability of glutamate release was reduced. *Significance from Ctrl (p < 0.05).
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Figure 8.  Calcium buffering preferentially reduces asynchronous release rates. 4, In a representative TRPV1" NTS neuron, 10

min exposure to the cell-permeable calcium chelator EGTA-AM (10 wum, gray) modestly reduced the amplitudes of synchronous
ST-EPSCs (p = 0.02, t test). Arrowhead indicates ST shock. B, Histogram plot (100 ms bins) shows that Async release was nearly
eliminated by EGTA-AM treatment, simultaneous with the ST-EPSCaffect. €, In the same neuron, EGTA-AM reduced Async rates to
the same rate as basal EPSCs (p = 0.5, KS test) while basal sEPSC rates were unaltered (p = 0.2, KS test). D, Across neurons (n =
10), EGTA-AMssignificantly reduced Async events from control by 6 min exposure (p << 0.01, two-way repeated-measures ANOVA).
The proportional suppression of Async was greater than ST-EPSC amplitudes at all time points after 6 min (p << 0.01, two-way
repeated-measures ANOVA). After 10 min exposure to EGTA-AM, ST-EPSC amplitude was significantly reduced (p << 0.01, two-
way repeated-measures ANOVA). In a subset of cells (n = 7), 20 min exposure to EGTA-AM was similar to 10 min exposure for both
ST-EPSCamplitude (p = 0.7, one-way repeated-measures ANOVA) or Async event rates (p = 0.3, one-way repeated-measures
ANOVA). E, On average (n = 10), 10 min of EGTA-AM had no effect on basal events (p = 0.1, paired ¢ test) and a modest reduction
of evoked ST-EPSCamplitude (p = 0.003, paired t test) but halved asynchronous release (p = 0.002, paired t test). F, The calcium
chelator BAPTA-AM (1020 wm) similarly affected these modes of glutamate release. At 10 min, BAPTA-AM did not alter basal
rates (p = 0.1, paired t test), minimally but significantly reduced ST-EPSCamplitudes (p = 0.03, paired t test), and reduced Async
rates by more than half (p = 0.004, paired ¢ test). BAPTA-AM showed the same preferential suppression of Async events as
EGTA-AM compared with ST-EPSCs and basal rates ( p << 0.01, two-way repeated-measures ANOVA). *Significantly different from
Ctrl. **Significantly different from Ctrl and basal. ***Significantly different from Ctrl, ST-EPSC, and basal.

CaVs only contribute to synchronous release on TRPVI™
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tation of sEPSCs during the asynchro-
nous period. GVIA exposure effectively
blocked synchronous ST-EPSCs, whereas
basal sSEPSC rates were unaffected. Such
neurons are not thermally sensitive and
do not respond to vanilloid agonists (Pe-
ters etal., 2010; Shoudai et al., 2010). Sim-
ilar to TRPV1" neurons, EGTA-AM or
BAPTA-AM (Fig. 10D) modestly reduced
evoked synchronous amplitudes with no
effect on basal rates.

Discussion

Current concepts of the neurotransmitter
release process are primarily derived from
studies of model systems, including the
neuromuscular junction, the squid giant
synapse, and the calyx of Held (Atlas,
2013; Kaeser and Regehr, 2014; Kavalali,
2015). The release process hinges on the
entry of calcium and its interaction with
the calcium sensors that govern release
(Stanley, 2016). Different patterns of syn-
aptic release likely reflect different molec-
ular components governing the release
process (Raingo et al., 2012; Evstratova et
al., 2014). The present study focused on
synaptic transmission from unmyelinated
craniosensory afferents at NTS neurons
that display multiple modes of glutamate
release. The unmyelinated phenotype of
ST afferents expresses an additional cal-
cium source, TRPV]I, at its central termi-
nations (Guo et al., 1999; Cavanaugh et
al., 2011). Here we evaluated the interac-
tion of calcium entry via conventional
CaVs and unconventional TRPV1 on the
different forms of glutamate release. Our
chief findings support fully independent
release mechanisms: (1) Calcium entry
through CaVs triggered highly synchro-
nized release (ST-EPSCs) but did not
contribute to spontaneous or thermally
triggered release. (2) Conversely, activa-
tion of TRPV1-sourced calcium increased
spontaneous EPSCs without affecting
the asynchronous or synchronous release
components. (3) Asynchronously rele-
ased vesicles were the most vulnerable to
calcium chelation, whereas basal and
thermally triggered modes of glutamate
release were impervious. (4) Myelinated
(TRPV1") ST afferents had calcium re-

afferents

ST afferents lacking TRPV1 have myelinated axons (Jin et al.,
2004), are relatively rare, and have indistinguishable synchro-
nous release compared with TRPV1™ afferents (Andresen and
Peters, 2008). Neurons receiving these afferents serve as a natural
“control” for comparison to the C-fiber TRPV1™ afferent pheno-
type. In TRPV1™ neurons, spontaneous EPSCs rates were low
and the evoked ST-EPSC amplitudes depressed substantially dur-
ing the train of five ST shocks similar to the patterns of TRPV1"
afferents (Fig. 10 vs Fig. 1). TRPV1™ afferents lack the augmen-

sponse profiles resembling TRPV1™ afferents for the synchro-
nous component of release but lacked the thermal and
asynchronous modes of glutamate release. Overall, our results
support the view that TRPV1" ST terminals consist of a hetero-
geneous vesicle release landscape.

Synchronous EPSC transmission conforms to a release gating
configuration consistent with single nanodomain relationships be-
tween CaVs and calcium sensors within all ST afferent terminals
(TRPV1' and TRPV1™). The lack of effect of TRPV 1-operated cal-
cium influx on asynchronous release not only suggests that little
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calcium escapes from the TRPV1-operated A
nanodomain but, more importantly, that
asynchronous release from these ST affer-
ents is an association with the unmyelinated
phenotype rather than directly operated by
TRPVI. Asynchronous release is consistent
with alonger diffusion path of calcium from
the CaVsindicating that the vesicle pools are
in a microdomain, rather than nanodo-
main, configuration with CaVs. TRPV1
provides a second calcium source that gov-
erns a tightly coupled, functionally segre-
gated vesicle pool within its nanodomain.
The contrasting profiles of synaptic release
dependent on two calcium entry sources

Fawley et al. @ TRPV and CaV Differ in Calcium Synaptic Domains

Protocol

EGTA-AM

Temp ('C)

15 35
Time (min)

40 45 50

predicates separate calcium domains and B D

distinct release mechanisms that appear in- 6 m Ctrl: -11.0 12 .
compatible with a uniform, single-vesicle ® ECTA:-144 o T ® -8

pool hypothesis. E 4 3 3 2
CaV-sourced calcium drives o 5 T - g g -4
synchronous vesicle release E 5 -4 =

The amplitudes of ST-EPSCs are an index = =

of the probability of release from the read- 0 0

ily releasable pool of vesicles. These syn- 3.24 327 (‘}S\ ,\}@ C}S\ ,\>~®
chronous EPSCs conform to parabolic 1000/Temp (°K) ({/@"\} ‘??«‘?\
variance-mean amplitude relationships £2

indicating that ST axons have a high prob-
ability of release (~90% in 2 mMm external
Ca’") and activate an average of 18 active
zone release sites (Bailey et al., 2006b; An-
dresen and Peters, 2008; Peters et al.,
2008). Interestingly, even multiple con-
vergent ST inputs perform independently
(Peters et al, 2011; McDougall and
Andresen, 2013), which implies that ST
synaptic release zones are quite self-
contained with clear spatial delimitations. The broad-spectrum
CaV blocker Cd** completely blocked all ST-EPSCs, whereas
specific N-type CaV block reduced ST-EPSCs by ~75% regard-
less of TRPV1 status confirming that CaV2.2 predominates in ST
transmission (Mendelowitz et al., 1995). CaV block also increased
ST latency, suggesting that CaVs contribute significantly to axonal
conduction. The rapid, temporally synchronized ST-EPSCs appear
to be similar to conventional synchronous release models where
tight spatial coupling (~10 s of nanometers) within a nanodomain
intimately links the calcium source (CaVs) with the vesicle release
machinery (Schneggenburger and Neher, 2005; Simms and
Zamponi, 2014). The inability of either calcium chelator to substan-
tially reduce synchronous amplitudes is consistent with a nanodo-
main release structure (Simms and Zamponi, 2014).

Figure 9.

Calcium summates over longer diffusion distances for
asynchronous vesicle release
The rate of asynchronous release appears to reflect the sum of cal-
cium entry through CaVs. To date, this phenomenon has made it
difficult to resolve the calcium source for asynchronous vesicle re-
lease because any agonist action that affects the synchronous pool
proportionately alters the magnitude of asynchronous release rates
(Fawley et al., 2011, 2014). Congruent with this, the present studies
demonstrate that CaV block reduced ST-EPSC amplitudes and pro-
portionally reduced asynchronous release.

Periodic bursts of ST activation must exceed 2—3 shocks de-
livered at >25 Hz to trigger asynchronous release rates exceeding

Calcium buffering fails to alter thermally released glutamate. A, EGTA-AM (10 mm) did not alter thermally triggered
SEPSCs in a representative TRPVT™ NTS neuron. The sEPSC frequency (black, filled line) effectively tracked temperature in control
similarly to EGTA-AM (gray box). At the axis break, the ST stimulation protocol showed that the ST-EPSCamplitudes and Async were
reduced (results not shown). B, The thermal sensitivity was measured as the slope of the log SEPSC frequency against the inverse
temperature (Kelvin) relationship and was unaltered from control (black squares, black line) by EGTA-AM (gray circles, red line). €,
On average (n = 6), EGTA-AM did not alter thermal sensitivity (—8.6 = 0.8 vs — 8.9 = 1.4, p = 0.8, paired ¢ test). D, Across
neurons (n = 5), BAPTA-AM also did not alter thermal sensitivity (—5.9 = 0.4vs — 6.4 == 1.3, p = 0.7, paired t test). These
results indicate that thermally triggered vesicles are closely coupled to the TRPV1 receptor.

basal sEPSC rates (Peters et al., 2010). This threshold of CaV
activity is consistent with a spillover of calcium entering through
CaVs escaping from nanodomains to trigger release from more
distant asynchronous vesicles. The maximal activation occurred
at 10 ST shocks across a wide range of stimulation frequency
(Peters et al., 2010) and may represent the saturation point of
calcium binding at a release sensor protein for asynchronous
vesicles. Chelators intercepted terminal calcium, which dispro-
portionately reduced asynchronous release, similar to other cen-
tral synapses (Atluri and Regehr, 1998; Iremonger and Bains,
2007). Because the accumulation of free chelator is gradual, the
earliest responses likely represent lower levels of buffer concen-
tration than the later, steady-state responses. This suggests that
vesicles destined for asynchronous release may have a higher af-
finity for calcium than either synchronous or spontaneous re-
lease. This also suggests that asynchronous vesicles are located
outside of CaV nanodomains so that chelation effectively cap-
tured diffusing CaV-sourced calcium before it reached asynchro-
nous release sites. Having both a nanodomain and microdomain
signal governed by a single channel on unmyelinated afferents
may boost synaptic efficacy for these afferents that are seemingly
silent (i.e., no action potentials) under resting physiological con-
ditions (Andresen et al., 2012). Calcium buffering successfully
reduced asynchronous release independent of synchronous re-
lease. Together, these data provide evidence that multiple vesicle
pools with unique release characteristics are an element of the
synaptic phenotype of unmyelinated craniovisceral afferents.
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terminal depolarization (Hofmann et al.,
2014) rather than a direct action of TRPV1
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on the synchronous vesicle pool. Together,
these calcium dynamics clearly delineate the
spontaneous from the synchronous form of
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Afferent signaling using two calcium
sources and multiple modes of release
Our studies distinguished a heteroge-
neous landscape within TRPV1 express-
ing ST afferent terminals. These terminals
possess at least three functionally distinct
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Figure 10.

paired t test). *Significance compared with Ctrl.

TRPV1-sourced calcium drives thermally evoked sEPSCs

Spontaneous release is unaffected by TTX block of action potentials
(Peters et al., 2010); thus, exposure to CaV blockade, as expected,
had no effect on SEPSC rate. TRPV1 activation with RTX or temper-
ature, on the other hand, robustly elicits SEPSCs without actions on
the other modes of glutamate release. The thermal sensitivity of
spontaneous release is remarkably resilient and remains unchanged,
even with prolonged exposure to chelators. An additional,
non—TRPV1-operated mode of vesicle release may be indicated by
the inability of cooling to reduce sEPSC rates below that found for
TRPV1™ afferents. This proposition is supported by our observation
that the low sEPSC rates from TRPV1™ afferents are unchanged by
CaV block or chelation. This could represent a conserved mode of
release from all ST afferents. The insensitivity of ST-evoked or asyn-
chronous responses to TRPV 1 activation suggests that there is either
an insufficient magnitude of calcium influx through TRPV1 to trig-
ger these CaV-associated vesicles or that there is a high degree of
calcium sequestration within a TRPV1 nanodomain with no spill-
over to asynchronous calcium microdomains. This lack of interac-
tion between TRPV1-sourced calcium and evoked glutamate release
substantiates the hypothesis that the ST-EPSC block that accompa-
nies robust TRPV1 activation is a secondary consequence of the

EGTA/BAPTA-AM

2)
Q7 o
«’((,Q)

(alcium interventions interrupt evoked glutamate release from TRPV1™ ST afferents. A, Two original traces are
overlaid from a TRPV1™ afferent. In control conditions (Ctrl, top traces), basal SEPSC rates are low and not augmented in what is
considered the asynchronous period (Async, p = 0.3, KS test) after 5 shocks to the ST (arrowheads) trigger five ST-EPSCs. Exposure
to GVIA (gray, 1 um) greatly reduced or blocked ST-EPSC amplitudes. This set of responses is representative of the typical evoked
and spontaneous synaptic profile of the TRPV1™ response phenotype. B, GVIA blocked most synchronous glutamate (p < 0.01,t
test). €, Averaging across neurons (n = 5), GVIA substantially reduced ST-EPSCamplitudes (p = 0.04), and this was not different
compared with TRPV1™ afferents (p = 0.8, two-way repeated-measures ANOVA). Basal events were unaffected by GVIA (p =
0.2, paired ttest). D, Both buffers had generally similar effects on TRPV1™ transmission and so were combined in this small sample
of the relatively rare TRPV1™ phenotype (10% of all neurons): EGTA-AM (n = 2) and BAPTA-AM (n = 3). Buffering reduced
ST-EPSC amplitudes by a modest 10%, which was significant (0.03, paired ¢ test) without altering basal SEPSC rates (p = 0.2,

release modules that selectively exocytose
mode-specific glutamate vesicles (e.g.,
synchronous release can be deeply de-
pleted at the same time that asynchronous
release is amplified). Two sources of cal-
cium entry govern synaptic transmission
at these synapses; CaVs and TRPV1 chan-
nels. CaV supports synchronous release in
a tightly coupled nanodomain, whereas
bursts of ST activation foster calcium
spillover into a microdomain that trig-
gers release of asynchronous vesicles.
> This single calcium source configura-
? tion accounts for proportional changes of
synchronous and asynchronous release
during CaV block and the high sensitivity
of the asynchronous pool to intraterminal
calcium chelation. TRPV1-sourced cal-
cium stays within a nanodomain and has
no access to asynchronous vesicles, even
though this form of release is only evident
in unmyelinated ST afferents. We con-
clude that synchronous, asynchronous,
and TRPVl-operated vesicles occupy
functional domains with calcium sources
that are highly segregated with remark-
able autonomy. This segregation of cal-
cium accounts for presynaptic GCPR CB1
to independently target the CaV calcium domain, depressing
both synchronous and asynchronous release without altering
TRPV1-mediated release (Fawley et al., 2014). The NTS region is
rich in peptide signals, and their GPCR targets remain largely
unexplored (Andresen and Kunze, 1994; Chaudhri et al., 2008).
The targeting of glutamate release modes differentially by GPCRs
enriches transmission control and may have important func-
tional consequences in differentiated autonomic regulatory path-
ways during health and disease.
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