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Mechanisms of Prolonged Presynaptic Ca®" Signaling and
Glutamate Release Induced by TRPV1 Activation in Rat
Sensory Neurons

Yuliya V. Medvedeva, Man-Su Kim, and Yuriy M. Usachev

Department of Pharmacology, University of Iowa Carver College of Medicine, Iowa City, lowa 52242

Transient receptor potential vanilloid receptor 1 (TRPV1)-mediated release of neuroactive peptides and neurotransmitters from the
peripheral and central terminals of primary sensory neurons can critically contribute to nociceptive processing at the periphery and in
the CNS. However, the mechanisms that link TRPV1 activation with Ca*>" signaling at the release sites and neurosecretion are poorly
understood. Here we demonstrate that a brief stimulation of the receptor using either capsaicin or the endogenous TRPV1 agonist
N-arachidonoyl-dopamine induces a prolonged elevation of presynaptic [Ca*" |; and a concomitant enhancement of glutamate release at
sensory synapses. Initiation of this response required Ca*" entry, primarily via TRPV1. The sustained phase of the response was
independent of extracellular Ca>* and was prevented by inhibitors of mitochondrial Ca®" uptake and release mechanisms. Measure-
ments using a mitochondria-targeted Ca’* indicator, mtPericam, revealed that TRPV1 activation elicits a long-lasting Ca** elevation in
presynaptic mitochondria. The concentration of TRPV1 agonist determined the duration of mitochondrial and cytosolic Ca*™ signals in
presynaptic boutons and, consequently, the period of enhanced glutamate release and action potential firing by postsynaptic neurons.
These data suggest that mitochondria control vanilloid-induced neurotransmission by translating the strength of presynaptic TRPV1

stimulation into duration of the postsynaptic response.

Key words: TRPV1; capsaicin; NADA; calcium; mitochondria; DRG neurons

Introduction
The transient receptor potential vanilloid receptor 1 (TRPV1) isa
critical molecular detector of noxious signals in primary sensory
neurons. A broad range of pain-producing stimuli either directly
activate or modulate TRPV1. This includes noxious heat, pro-
tons, lipid-derived endovanilloids, and inflammatory mediators
(Caterina and Julius, 2001; De Petrocellis and Di Marzo, 2005).
Behavioral studies using TRPV1 knock-out mice or selective
TRPV1 antagonists have indicated that the receptor is involved in
the development of various chronic pain conditions, including
those associated with cancer, arthritis, irritable bowel syndrome,
and migraine (Caterina et al., 2000; Davis et al., 2000; Akerman et
al., 2004; Ghilardi et al., 2005; Jones et al., 2005; Szabo et al.,
2005). Accordingly, TRPV1 presents an attractive target for anal-
gesics, and several TRPV1 antagonists are currently under pre-
clinical investigation or clinical trials (Immke and Gavva, 2006;
Szallasi et al., 2007).

TRPVI is a nonselective cation channel with a high Ca**
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permeability, and robust Ca>" entry into the cell is a hallmark of
receptor activation (Caterina et al., 1997). At the peripheral ter-
minals of primary nociceptors, TRPV1-mediated Ca*" influx
triggers the release of neuropeptides, which contributes to the
development of neurogenic inflammation (Caterina and Julius,
2001). TRPV1 is also found in the central processes of primary
afferent neurons (Guo et al., 1999; Hwang et al., 2004), and its
expression in the dorsal horn of the spinal cord is upregulated
during chronic inflammation (Tohda et al., 2001; Luo et al.,
2004). Notably, intrathecal administration of selective TRPV1
antagonists significantly reduces pain associated with inflamma-
tion and nerve injury (Kanai et al., 2005; Christoph et al., 2006;
Cui et al., 2006). Pharmacologic targeting of TRPV1 expressed in
the CNS appears to be especially critical for alleviating pain me-
diated by central sensitization (Cui et al., 2006; Kanai et al., 2007).

Despite growing evidence for a significant role of TRPV1 in
pain transduction in the spinal cord, the mechanisms contribut-
ing to this process remain unclear. It is likely that TRPV1-
mediated effects in the spinal cord are presynaptic. Indeed,
TRPV1 colocalizes with the presynaptic protein synaptophysin,
and TRPV1-positive axonal boutons containing synaptic vesicles
have been observed by electron microscopy (Guo et al., 1999;
Hwang et al., 2004). Moreover, stimulation of the central termi-
nals of primary afferents with endovanilloids or capsaicin triggers
the release of calcitonin gene-related peptide (CGRP) and sub-
stance P and induces glutamatergic synaptic transmission (Yang
etal., 1998; Tognetto et al., 2001; Huang et al., 2002; Nakatsuka et
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al., 2002; Labrakakis and MacDermott, 2003). Although Ca?"
dynamics at the sites of transmitter release are crucial for TRPV1-
mediated responses, the mechanisms that shape presynaptic
Ca** signals in primary sensory neurons remain unknown.

Here, we used fluorescent imaging of cytosolic and mitochon-
drial Ca** in the axonal boutons of dorsal root ganglion (DRG)
neurons in conjunction with postsynaptic patch-clamp record-
ing in spinal cord (SC) neurons to examine TRPV1-mediated
signaling at sensory synapses formed between DRG and SC neu-
rons in culture. Our data demonstrate that presynaptic mito-
chondria play an important role in regulating sensory synaptic
transmission induced by TRPV1 activation.

Materials and Methods

Cell culture. DRG/SC cocultures were prepared as described previously
(Medvedeva et al., 2001). In brief, newborn (1-2 d old) Sprague Dawley
rats were killed according to a protocol approved by the University of
Towa Institutional Animal Care and Use Committee. DRGs were dis-
sected from the thoracic and lumbar segments and incubated in Pronase
E dissolved in DMEM (1 mg/ml) for 7 min at 37°C in a 10% CO, incu-
bator. Ganglia were washed twice in cold DMEM containing HEPES (20
muM; pH 7.4) and then mechanically dissociated by trituration with
flame-constricted Pasteur pipettes of decreasing diameter. The spinal
cord was dissected in small segments (~0.5 mm) and then digested in
trypsin solution (0.025% in DMEM) for 8 min at 37°C in a 10% CO,
incubator. Spinal cord segments were then washed and dissociated using
the procedure described above for DRG dissociation. Suspensions of
spinal cord and DRG cells were plated onto 25 mm glass coverslips coated
with poly-L-ornithine and laminin. Cells were grown in DMEM supple-
mented with 5% heat-inactivated horse serum, 5% fetal bovine serum,
and penicillin—streptomycin (100 U/ml and 100 ug/ml, respectively) in a
10% CO, incubator at 37°C. After 48 h, 5 uMm cytosine-A-D-
arabinofuranoside (AraC) was added to cultures for 24 h. Two days later,
cells were again treated with 5 um AraC for 24 h. Cultures were grown for
10-16 d before use; 50% of the culture medium was replaced every 5-6 d.
Lentivirus (feline immunodeficiency virus)-mediated gene transfer to
neurons. pSynaptophysin—EGFPN1 was a gift from Dr. Jane Sullivan
(University of Washington, Seattle, WA). The entire Synaptophysin—
enhanced green fluorescent protein (EGFP) coding sequence was PCR
amplified (forward primer, 5'-GCTCTAGAGCCACCATGGACGTG-
GTG-3"; reverse primer, 5-ACGCGTCGACCCGCTTTACTTG-
TACAGCTCG-3"), cut with Xbal and Sall, and inserted into the feline
immunodeficiency virus (FIV) vector plasmid pVETL-Cmcs (Johnston
etal., 1999). pPCDNA3-mtPericam was a gift from Dr. Atsushi Miyawaki
(RIKEN, Saitama, Japan). The mtPericam fragment was PCR amplified
(forward primer, 5'-GCTCTAGAGCCACCATGCTGAGCCTG-3'; re-
verse primer, 5'-GCGAATTCTTACTTTGCTGTCATCATTTG-3'), re-
leased with Xbal and EcoR], and ligated into the pVETL-Cmcs plasmid.
EGFP, Synaptophysin—-EGFP-, and mtPericam-containing FIV vectors
were prepared by the University of Iowa Gene Transfer Vector Core
(Iowa City, IA), as described previously (Johnston et al., 1999). After 5-6
d in culture, DRG/SC cocultures were incubated with the corresponding
FIV vectors (0.5-1 X 10* pfu/ml) for 4 h. Cells were used within 4—8 d
after infection. Transfection efficiency ranged from 10 to 30%.
Measurements of intracellular and mitochondrial Ca®" concentration in
axonal boutons. For both sets of imaging experiments, cells were placed in
a flow-through chamber mounted on the stage of an inverted epifluores-
cent IX-71 microscope (Olympus, Tokyo, Japan). For intracellular Ca**
concentration ([Ca?"] ;) measurements, DRG neurons were loaded with
Bis-fura or fura-FF via patch pipettes by holding neurons in the whole-
cell configuration for 3—5 min, as described previously (Usachev et al.,
2002); the pipette was withdrawn and recordings began within 20-30
min. All measurements were performed at room temperature. Patch
pipettes were filled with the following solution (in mm): 125 K-gluconate,
10 KCl, 3 Mg-ATP, 1 MgCl,, 0.2 Bis-fura or fura-FF, and 10 HEPES, pH
7.25 with KOH (290 mOsm/kg with sucrose). Fluorescence was alter-
nately excited at 340 (12 nm bandpass) and 380 (12) nm using the Poly-
chrome IV monochromator (T.I.LL.L. Photonics, Martinsried, Ger-
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many). Excitation light was reflected off a dichroic mirror (410 nm;
T.I.L.L. Photonics) and focused on the cells via a 40X oil-immersion
objective [numerical aperture (NA) 1.35; Olympus]. Emitted fluores-
cence was collected at 510 (84) nm (single band filter; Semrock, Roches-
ter, NY) using an IMAGO CCD camera (T.I.L.L. Photonics). Pairs of
340/380 nm images were sampled at 0.2 Hz (see Figs. 2, 3, 5, 6, 8) or 10 Hz
(see Figs. 1, 4). The fluorescence ratio (R = Fs,/Fs4,) was converted to
[Ca®"]; according to the following formula: [Ca*"]; = K48(R — R,,;,)/
(Riax — R) (Grynkiewicz et al., 1985). The dissociation constants (Kj)
used for Bis-fura-2 and fura-FF were 525 and 5500 nMm, respectively (Mo-
lecular Probes Handbook; Invitrogen, Carlsbad, CA). R, ;;,.» Ria0 and B
were determined by applying 10 um ionomycin in Ca?"-free buffer (1
mu EGTA) and saturating Ca®* (1.3 mm Ca®"). For Bis-fura, calibra-
tion constants were as follows: R ., = 0.15, R, ., = 1.20, and 3 = 5.85.
For fura-FF, calibration constants were as follows: R ;.. = 0.17, R, =
1.82, and B = 5.70. Fluorescence was corrected for background, as de-
termined before loading of cells with the indicators. For each experiment,
we present an image depicting Bis-fura (fura-FF) distribution (A, = 380
nm) within axons at rest, and the time course of [Ca**]; changes in
individual presynaptic boutons (indicated by white boxes). Individual
boutons are identified by different numbers and colors. The criterion for
scoring cells as capsaicin responding was capsaicin-elicited (1 um, 30 s)
mean presynaptic [Ca”*]; elevation =100% over the baseline, which was
0.11 = 0.02 u™m (n = 59 boutons/19 cells) in our studies. This criterion is
similar to those that have been described previously by us and others
(Stucky et al., 1996; Usachev et al., 2002) and has been chosen for the
following reasons: (1) biologically significant [Ca*"]; elevations (e.g.,
those that activate intracellular Ca®" targets) are generally considered to
be those that exceed 100-200 nm (Baimbridge et al., 1992; Clapham,
1995; Berridge et al., 1998; Angleson and Betz, 2001); (2) the detection of
[Ca"]; changes of <50—100 nu in such small structures as presynaptic
boutons was precluded by noise; and (3) the [Ca**]; responses to cap-
saicin defined by using this proposed criterion were completely blocked
pharmacologically by using the TRPV1 antagonist capsazepine (10 uMm;
n = 12 boutons/3 cells).

Mitochondrial Ca** concentration ([Ca**],,,) was measured using
the mitochondria-targeted Ca®" indicator mtPericam (Nagai et al.,
2001; Filippin et al., 2003). To visualize axonal boutons, DRG neurons
overexpressing mtPericam were loaded with tetramethylrhodamine
10,000 molecular weight dextran (Rhod10K) (Invitrogen) via patch pi-
pettes (200 pm). mtPericam fluorescence was excited at 410 (12) nm
using the Polychrome IV monochromator (T.L.L.L. Photonics). Excita-
tion light was reflected off a dichroic mirror (505 nm; Chroma Technol-
ogy, Rockingham, VT) and focused on the cells via a 60X oil-immersion
objective (NA 1.40; Olympus). Emitted fluorescence was collected at 530
(50) nm (single band filter; Semrock) using an IMAGO CCD camera
(T.I.L.L. Photonics) at the sampling rate of 0.2 Hz. At 410 nm, a decrease
in mtPericam fluorescence corresponds to a [Ca®*]_, increase.
[Ca®*],,, changes were presented as —AF/F, = — (F — F,)/F,, where Fis
current fluorescence intensity, and F,, is fluorescence intensity in the
resting cell.

The duration of the cytosolic (or mitochondrial) Ca" response was
calculated at 5% of the net [Ca*"]; (or [Ca®*]_,) increase. Data are
presented as mean * SEM.

Electrophysiology. Whole-cell patch-clamp recordings were obtained
using a patch-clamp amplifier Axopatch 200B and an analog-to-digital
converter Digidata 1322A (Molecular Devices, Union City, CA). Data
were collected (filtered at 2 kHz and sampled at 5 kHz) and analyzed
using the pClamp 9 software (Molecular Devices). Patch pipettes were
pulled from borosilicate glass (3—5 m(); Narishige, Tokyo, Japan) on a
Sutter Instruments (Novato, CA) P-87 micropipette puller and filled
with the following solution (in mm): 125 K-gluconate, 10 KCI, 3 Mg-
ATP, 1 MgCl,, 5 EGTA, and 10 HEPES, pH 7.25 adjusted with KOH (290
mOsm/kg with sucrose). The standard extracellular recording solution
contained the following (in mwm): 140 NaCl, 5 KCl, 1.3 CaCl,, 0.4 MgSO,,
0.5 MgCl,, 0.4 KH,PO,, 0.6 Na,HPO,, 3 NaHCO,, 10 glucose, and 10
HEPES, pH 7.35 with NaOH (310 mOsm/kg with sucrose). In a number
of experiments (see Figs. 5-8, 9A-E), action potentials were blocked by
adding 1 um tetrodotoxin (TTX) and by replacing 105 mm NaCl with
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choline-Cl in the extracellular solution (low-Na */TTX). Glutamate re-
lease from DRG neurons was studied by recording EPSCs from SC neu-
rons voltage clamped at —60 mV in the presence of 10 um bicuculline and
2 M strychnine. For the analysis, frequencies of spontaneous EPSCs
(sEPSCs) were averaged over 15 s intervals, unless indicated otherwise.
Evoked EPSCs in SC neurons were elicited using a glass extracellular
stimulating electrode (0.2—0.4 ms pulse) positioned near the cell body of
a nearby DRG neuron. For Ca®" current recordings, extracellular NaCl
and KCl were replaced with tetraethylammonium-Cl, and 1 um TTX was
added to extracellular solution; K * in the pipette solution was replaced
with Cs © (Cs-gluconate). Voltage-gated Ca?™ currents (VGCCs) were
evoked by step depolarizations from —60 to 0 mV (50 ms, every 20 s).

Immunocytochemistry. DRG-SC cocultures overexpressing EGFP
were stained with monoclonal mouse anti-bassoon (1:500; catalog
#VAM-PS003; StressGen/Assay Designs, Ann Arbor, MI) and tetrameth-
ylrhodamine isothiocyanate (TRITC)-labeled donkey anti-mouse serum
(1:200; Jackson ImmunoResearch, West Grove, PA), as described previ-
ously (Usachev et al., 2002). For the triple-labeling experiments, EGFP-
transfected neurons were stained with monoclonal mouse anti-
postsynaptic density-95 (PSD-95) (1:400-1:800; catalog #75-028;
NeuroMab, Davis, CA) and polyclonal rabbit anti-Synaptophysin (1:
200; catalog #sc-9116; Santa Cruz Biotechnology, Santa Cruz, CA);
Alexa555-labeled goat anti-mouse serum and Alexa633-labeled goat
anti-rabbit serum (1:200; Invitrogen) were used as secondary antibodies.
EGFP [A,, = 488 nm; A, = 515 (10) nm], TRITC [A_ = 543 nm; A, =
580 (20) nm], Alexa555 [A., = 543 nm; A,,,, = 580 (20) nm], and Al-
exa633 (A, = 633 nm; A, > 660 nm) fluorescence was observed using
an Olympus BX61 microscope equipped with the Fluoview 300 laser-
scanning confocal imaging system and a 60X oil-immersion objective
(NA 1.40).

Reagents. Bis-fura and fura-FF were obtained from Invitrogen; bicu-
culline,  capsaicin,  capsazepine, = CGP37157 [7-chloro-5-(2-
chlorophenyl)-1,5-dihydro-4,1-benzothiazepin-2(3H)-one], CNQX,
pL-AP-5, N-arachidonoyl-dopamine (NADA), SB-366791 (4’-chloro-3-
methoxycinnamanilide), and tetrodotoxin were from Tocris Bioscience
(Ellisville, MO); ionomycin and Ru360 [(u)[(HCO,)(NH;),Ru],OCl;]
were from Calbiochem (San Diego, CA); agatoxin IVA was from Bachem
(Torrance, CA); and w-conotoxin GVIA was from Alomone Labs
(Jerusalem, Israel). All other reagents were purchased from Sigma (St.
Louis, MO). Given that Ru360 rapidly loses its activity in solution, it was
prepared daily and added to the patch pipette at supramaximal concen-
tration (100 um).

Results
We used a DRG/SC coculture system that has been widely used as
a model for studying the first sensory synapse (Gu and Macder-
mott, 1997; Usachev et al., 2002; Tsuzuki et al., 2004; Sikand and
Premkumar, 2007). This culture system (Fig. 1 A) allowed us to
monitor cytosolic Ca*" concentration ([Ca**],) in presynaptic
boutons and to record EPSCs under highly defined conditions.
As in vivo, DRG and SC neurons grown in coculture formed
glutamatergic synaptic connections that were sensitive to the
non-NMDA receptor antagonist CNQX (Fig. 1B). Also,
w-conotoxin GVIA (1 um) blocked the evoked EPSCs by 81 =+
2% (n = 5) (Fig. 1C), consistent with the important role of
N-type VGCCs in triggering glutamate release at the first sensory
synapse in the dorsal horn of the spinal cord (Bao et al., 1998;
Heinke et al., 2004). We also found that the selective inhibitor of
the P/Q-type Ca?* channels agatoxin IVA (200 nm) blocked the
evoked EPSCs by 18 = 5% (n = 5; data not shown), whereas the
L-type channel inhibitor nimodipine (5 uM) was without effect
(n = 4; data not shown).

The majority of presynaptic boutons on the central processes
of primary afferent neurons are of the en passant type, with a
diameter of 1-2 um and a length of 1-4 um (Semba et al., 1985;
Maxwell and Rethelyi, 1987; Hwang et al., 2004). In our system,
axonal boutons of similar size were identified in DRG neurons
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loaded with the Ca*" indicator Bis-fura (Fig. 1 D). The presyn-
aptic vesicular protein synaptophysin localized to these struc-
tures, as determined by imaging synaptophysin—-EGFP fusion
protein that was transferred to neurons using the lentivirus (Fig.
1D) (102 of 105 boutons/11 cells analyzed contained synapto-
physin—-EGEFP) or by staining cells with a synaptophysin-specific
antibody (Usachev et al., 2002). Figure 1E shows electrically
evoked [Ca®"]; responses recorded from axonal boutons labeled
with Bis-fura and synaptophysin—EGFP. Axonal boutons were
also immunoreactive for another presynaptic protein, bassoon
(Fig. 1 F) (76 of 78 boutons/10 cells analyzed stained positively for
bassoon). Moreover, we found that the majority of axonal bou-
tons were associated with the postsynaptic protein PSD-95 (Fig.
1G) (70 of 76 boutons/8 cells analyzed were associated with
PSD-95 immunofluorescence, and 68 of these boutons were as-
sociated with both PSD-95 and synaptophysin immunofluores-
cence). In these two latter cases, axonal boutons were visualized
by overexpressing EGFP in DRG neurons, as described previ-
ously (Usachev et al., 2002).

Capsaicin induces prolonged presynaptic [Ca>"]; elevation
and enhancement of synaptic activity

The resting [Ca**]; in axonal boutons was 0.11 * 0.02 uM (n =
59 boutons/19 cells). A 30 s application of 1 M capsaicin elicited
a robust elevation of presynaptic [Ca®"|;in 72% of the small-to-
medium size DRG neurons (n = 19 cells). Only capsaicin re-
sponders (with a mean presynaptic [Ca*"]; elevation =100%
above baseline) were analyzed throughout the study. In these
cells, presynaptic [Ca>*]; peaked at 4.05 = 0.31 uM (range, 0.4—
7.5 uM; n = 47 boutons/14 cells) (Fig. 2A). After capsaicin re-
moval, [Ca®"]; rapidly recovered to a new steady-state level rang-
ing between 0.5 and 1.5 um. This delayed phase of the Ca**
response ([Ca**]; plateau) typically lasted >10-15 min. At 5 and
10 min after stimulation, the [Ca*™|; plateau was 0.78 = 0.09 and
0.48 * 0.07 uM, respectively, and the duration of the capsaicin-
induced Ca*™ response was 15.7 * 1.4 min (n = 47 boutons/14
cells; calculated at 5% of the net [Ca®™ ], increase).

In parallel experiments, we monitored glutamate release by
recording sEPSCs in SC neurons. These experiments were done
in the presence of the GABA , receptor-selective antagonist bicu-
culline (10 M) and the glycine receptor antagonist strychnine (2
uM). Capsaicin application (1 uM, 30 s) induced a >150-fold
increase in the sEPSC frequency (from 0.27 = 0.07 Hz at rest to
42.45 *= 7.64 Hz during the first 15 s of the stimulation; n = 6)
(Fig. 2 B). Capsaicin induced no response in the cultures contain-
ing only spinal cord neurons (n = 4; data not shown). As in the
case of presynaptic [Ca®"]; elevation, the enhanced release of
glutamate was observed long after the capsaicin washout, with
sEPSC frequencies 5 and 10 min after stimulation still at 1.74 =
0.47 and 1.03 = 0.42 Hz, respectively (n = 6) (Fig. 2C,D). In
contrast, capsaicin-induced action potential firing and depolar-
ization in the DRG neurons rapidly diminished during drug
washout (Fig. 2 B). Both the elevation in [Ca®"]; (n = 12 bou-
tons/3 cells; data not shown) and the synaptic responses (n = 4)
(Fig. 2 E) were blocked by the TRPV1-selective antagonist capsaz-
epine (10 uM). Combined application of the NMDA receptor
antagonist DL-AP-5 (50 uM) and the NKI receptor antagonist
L-703,606 [cis-2-(diphenylmethyl)-N-[(2-iodophenyl)methyl]-
1 azabicyclo[2.2.2]octan-3-amine oxalate salt] (1 um) did not
affect the sEPSC frequency (n = 3; data not shown), whereas
CNQX (10 uM) completely and reversibly inhibited sEPSCs (n =
6) (Fig. 2 F), suggesting that the synaptic response was mediated
by non-NMDA glutamate (most likely AMPA) receptors.
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Figure 1. Excitatory synaptic transmission and presynaptic [Ca*" ], measurements in DRG/SC coculture. A, Phase-contrast
image of a DRG neuron (asterisk) and two SCneurons (arrows) grown in culture for 12 d. B, C, The effects of CNQX (10 wum; B) and
w-conotoxin GVIA (w-CnTx, T um; €) on evoked EPSCs. Representative EPSC traces made before and during drug treatment are
superimposed. D, E, Neurons were transfected with synaptophysin—EGFP (Syn-EGFP) using the lentivirus and subsequently
loaded with Bis-fura via a patch pipette. D shows the distribution of Bis-fura (A, = 380 nw; left) and synaptophysin—EGFP (A,
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Long-lasting presynaptic [Ca
signaling and synaptic activity induced
by the endovanilloid NADA

We next examined the ability of the endog-
enous TRPV1 agonist NADA to elevate
presynaptic [Ca®"]; and modulate sensory
synaptic transmission. NADA is found in
various regions of the CNS and is thought
to be a product of the condensation of ara-
chidonic acid with dopamine or tyrosine
(Huang et al., 2002; Starowicz et al., 2007).
NADA activates both cloned and native
TRPV1 with a potency that is slightly lower
than that of capsaicin and induces the re-
lease of CGRP from cultured trigeminal
sensory neurons and from dorsal spinal
cord slices (Huang et al., 2002; Price et al.,
2004; Millns et al., 2006).

In the DRG/SC coculture system,
NADA (5 uM, 30 s) evoked a robust bipha-
sic presynaptic [Ca®"]; response (Fig. 3A)
similar to that triggered by capsaicin (Fig.
2A). The initial rapid [Ca*"]; rise from the
resting level of 0.14 % 0.06 uM to the peak
concentration of 4.41 + 0.38 um (n = 31
boutons/6 cells) was followed by a [Ca*" ]
plateau phase that often lasted for >15
min. The overall duration of the NADA-
induced [Ca’®"]; elevation in axonal bou-
tons was 17.58 = 1.16 min (n = 31 bou-
tons/6 cells). A selective TRPV1 antagonist,
SB-366791 (10 uM) (Gunthorpe et al.,
2004), blocked presynaptic [Ca**]; eleva-
tion elicited by NADA (Fig. 3B) (n = 19
boutons/3 cells). Another TRPV1 antago-
nist, capsazepine (10 uM), had similar ef-
fect (n = 14 boutons/3 cells; data not
shown).

In parallel experiments, NADA (5 uM,
30 s) dramatically enhanced excitatory
synaptic activity, yielding an increase of
sEPSC frequency from 0.36 = 0.12 Hz at
rest to 33.51 * 7.65 Hz (Fig. 3C-E) (n =
7). As in the case of capsaicin (Fig. 2 B-
D), the sEPSC frequency remained ele-
vated long after the removal of agonist

<«

= 475 nm; right) in axons of DRG neurons. E depicts [Ca 2+]i

elevations in presynaptic boutons that were elicited by a train
of action potentials (APs; 1 s at 10 Hz; vertical arrow) using
extracellular field stimulation (Usachev et al., 2002). White
boxes in Dindicate boutons from which [Ca2 ];changes were
recorded and plotted in £. [Ca*]; changes in individual bou-
tons are indicated by different colors. F, Neurons were trans-
fected with EGFP using the lentivirus, fixed, and stained for the
active zone protein bassoon (tom Dieck et al., 1998). The
merged image shows bassoon localization in axonal varicosi-
ties of a DRG neuron. G, Neurons were transfected with EGFP
using the lentivirus, fixed, and stained for the postsynaptic
protein PSD-95 (red) and the presynaptic protein synaptophy-
sin (Syn, blue). The merged image demonstrates the associa-
tion of both proteins with axonal boutons.
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Figure 2.  (Capsaicin induces prolonged presynaptic [Ca*]; elevation and enhancement of synaptic transmission in
DRG/SC coculture. A, Capsaicin application (caps, T um, 30s) induced long-lasting [Ca*]; elevation in presynaptic boutons
(white boxes; left) of a DRG neuron loaded with Bis-fura. [Ca*]; changes in individual boutons are indicated by different
numbers and colors. The dotted line shows resting [Ca 2+]i. B, Capsaicin (1 um, 30s) induced a transient depolarization and
action potential firing in DRG neurons (top left) and a robust and long-lasting increase of excitatory synaptic activity (bottom
left). Recordings were obtained in parallel experiments that used either the current-clamp (top left) or voltage-clamp
(bottom left; V4 of —60 mV) techniques, and traces were aligned on the same timescale. The inset (right) shows SEPSC
recordings on an expanded timescale for the timeframe indicated by the asterisk. €, D, Summary of the effects of capsaicin
(1 jam, 3055) on the frequency of SEPSCs derived from experiments like that shown in B. Cand D depict the same set of data
using different frequency and timescales for clarity. Each data point was obtained by averaging the sEPSC frequency during
the 15 s of recording and is presented as mean == SEM. E, The capsaicin-induced synaptic response was blocked by 10 m
capsazepine (5 min pretreatment). Recordings shown in B and E were obtained from the same cell (40 min between
capsaicin applications). F, CNQX (10 ) completely and reversibly blocked the capsaicin-induced synaptic response.
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from the extracellular medium. For exam-
ple, the frequencies were still at 2.83 = 0.66
and 1.95 * 0.72 Hz when measured at 5 and
10 min, respectively, after NADA applica-
tion (n = 7) (Fig. 3D,E). The NADA effect
was blocked by the non-NMDA receptor an-
tagonist CNQX (10 um; n = 3) (Fig. 3F) and
by the TRPV1 antagonists SB-366791 (10
uM; n = 6) (Fig. 3G) and capsazepine (10
uM; 1 = 4; data not shown). Thus, like cap-
saicin, NADA induces long-lasting presyn-
aptic [Ca®™]; elevation in DRG neurons and
a concomitant enhancement of glutamater-
gic synaptic activity at the sensory synapse.

Vanilloid-induced presynaptic Ca** entry
does not require VGCCs

Vanilloids could potentially induce Ca*™"
entry into axonal boutons both directly, via
the TRPV1 channel, and indirectly, by trig-
gering depolarization and activation of
voltage-gated Ca®" channels. To examine
the contribution of VGCCs to the TRPV1-
mediated response, we compared presynap-
tic [Ca®*]; elevations elicited by two se-
quential capsaicin applications (1 uMm, 10 s,
with 20 min between applications) in con-
trol (no additional treatment) (Fig. 4A) and
after blockade of VGCCs by 200 um Cd*™
during the second capsaicin application
(Fig. 4B). At 200 pm, Cd** completely
blocked whole-cell voltage-gated Ca** cur-
rents (n = 7; data not shown) but had no
effect on capsaicin-induced currents in DRG
neurons (n = 4; data not shown). In control
experiments, the amplitude of the second
Ca’" response (A,) was slightly smaller than
that of the first one (A,), with an A,/A, ratio
of 86 = 9% (n = 14 boutons/4 cells). This
decrease could be a consequence of incom-
plete TRPV1 recovery from desensitization
(Koplas et al., 1997). A comparable decrease
in the amplitude of [Ca®"]; elevation was
observed when cells were treated with Cd>*
(200 uM) during the second capsaicin appli-
cation (A,/A, = 81 = 7%; n = 12 boutons/5
cells; p = 0.68, Student’s ¢ test), indicating
that VGCCs play a negligible role in
capsaicin-induced Ca’”" entry. Accordingly,
treatment with Cd** did not prevent a pro-
nounced increase in synaptic activity in-
duced by capsaicin (Fig. 4C); the frequency
of SEPSC reached 41 = 13 and 37 = 13 Hz
(n = 3) during the initial 15 s of the response
in the absence or presence of 200 uMm Cd?t,
respectively.

In an additional series of experiments,
the capsaicin-induced propagation of elec-
trical activity and activation of VGCCs was
prevented by blocking neuronal excitation.
This block was achieved by adding 1 um
TTX to the extracellular solution and simul-
taneously reducing external Na * concentra-
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Figure 3.  The endovanilloid NADA elicits prolonged presynaptic [Ca*]; elevation and a concomitant enhancement of synaptic transmission in DRG/SC coculture. A, [Ca® "], changes (right)
induced by NADA (5 rm, 305) were recorded from two boutons (white boxes, left) of a DRG neuron loaded with Bis-fura. B, The selective TRPV1 antagonist SB-366791 (10 wum, 5 min pretreatment)
blocked NADA-evoked [Ca* ]; elevation in presynaptic boutons. A 30 min wash of the antagonist partially restored the NADA effect. , NADA application (5 um, 30's) induced a strong and prolonged
enhancement of excitatory synaptic activity. Postsynaptic currents were recorded from SC neurons voltage clamped at —60 mV. D, E, Summary of the NADA (5 um, 30 ) effects on the frequency of
SEPSC, as derived from experiments like that shown in €. D and E show the same set of data plotted using different frequency and timescales for clarity. Each data point was obtained by averaging
SEPSC frequency during 15 s of recording and is presented as mean == SEM. F, CNQX (10 um) blocked the NADA (5 um, 30 s)-induced response, indicating that non-NMDA glutamate (most likely
AMPA) receptors mediated the postsynaptic currents. G, The effect of NADA (5 um, 30 s) was almost completely blocked by the TRPV1 antagonist SB-366791 (10 wm; 5 min pretreatment).
Postsynaptic recordings made after 4 and 10 min of antagonist washout show partial recovery of the NADA-evoked response.

tion to 35 mM by equimolar substitution with choline (this
solution will henceforth be termed low-Na */TTX). Under
these conditions, action potentials were completely blocked,
and only a negligible depolarization developed in response to
capsaicin (3 = 1 mV;n = 7) (Fig. 4 D). The addition of TTX (1
puM) alone did not prevent the capsaicin-induced firing of
action potentials (7 of 10 cells tested), consistent with the
expression of TTX-resistant voltage-gated Na ™ channels in a
large proportion of capsaicin-responsive DRG neurons (Gold

et al., 1996). As shown in Figure 4E, the suppression of elec-
trical activity and depolarization by incubation in low-Na "/
TTX did not prevent a rapid, capsaicin-induced [Ca*"]; rise in
the presynaptic boutons: A,/A, ratio was 80 = 7% (n = 12
boutons/4 cells; p = 0.62, Student’s ¢ test relative to control in
Fig. 4A). Together with the results of the Cd** experiments,
these findings suggest that Ca®" influx via TRPV1 is the major
route of presynaptic Ca*"* entry in response to stimulation
with vanilloids.



Medvedeva et al. @ Mitochondria and TRPV1-Mediated Synaptic Activity

S 4}
2 |
& 2f
® !
O,
0_
S 4
= i
=2
@® !
O,
0" "mm'caps B caps
m— C 2t
I C2DS

200 pA

1st

2nd

10 s

=
; g
lIowNa /TTXJ 3

2 min

D

e
W caps W caps

BN caps Il Caps
—

lowNa /TTX

Figure4. Voltage-gated Ca" channels are not required for capsaicin-induced presynaptic [Ca*" ], elevation and enhance-
ment of synaptic activity. A, B, Presynaptic [Ca*]; responses in DRG neurons were studied during two sequential applications of
capsaicin (caps, 1 um, 105, 20 min between applications). A shows an experiment in which no additional treatments were made,

J. Neurosci., May 14, 2008 - 28(20):5295-5311 = 5301

The sustained phase of the presynaptic
[Ca®*], response does not depend on
either extracellular Ca** or the
endoplasmic reticulum Ca>" stores

The initial vanilloid-induced rapid [Ca*"];
elevation was followed by a sustained
[Ca*"], plateau (Figs. 2A, 3A). A distinct
presynaptic [Ca*"]; plateau was also ob-
served in response to either depolarization
or intense stimulation using action po-
tentials (supplemental Fig. 1, available at
www.jneurosci.org as supplemental mate-
rial). This phenomenon did not depend on
the type of Ca?" indicator used, because
similar responses were observed using a
low-affinity (fura-FF, K of ~5.5 um) and
intermediate-affinity (Bis-fura, K, of
~525 nM) Ca** indicators (Fig. 5, com-
pare A with B-D). We wanted to further
explore the nature of the [Ca** ], plateau in
presynaptic boutons. To prevent the
spread of electrical excitation induced by
vanilloids and, thus, to minimize the influ-
ence of extrasynaptic TRPV1, all of the fol-
lowing experiments were performed using
low-Na */TTX solution, unless indicated
otherwise.

We found that, once initiated, the pre-
synaptic Ca’" response was not affected by
the removal of extracellular Ca** (Fig. 5B)
(n = 25 boutons/4 cells), suggesting the
involvement of an intracellular Ca**
source during the plateau phase. In soma
of DRG neurons, at least two intracellular
Ca’* compartments could potentially
contribute to the capsaicin-induced
[Ca*"], responses. These are the endoplas-
mic reticulum (ER) Ca?" stores (Liu et al.,
2003; Karai et al., 2004) and mitochondria
(Dedov and Roufogalis, 2000). Capsaicin
has been reported to release Ca*™ from the
ER Ca** stores in DRG neurons, and this
response persisted in the absence of extra-
cellular Ca?" (Liu et al., 2003; Karai et al.,
2004). However, we found that capsaicin

<«

whereas the experiment shown in B involved the addition of
200 um Cd 2™ to the extracellular solution before and during
the second application. [Ca " J; traces obtained from individ-
ual boutons (white boxes) are indicated by different numbers
and colors (black and gray). €, sEPSCs were recorded from an
SCneuron voltage clamped at —60 mV during two sequential
applications of capsaicin (1 um, 105, 20 min between applica-
tions), either with no additional treatment (left) orin the pres-
ence of 200 um Cd2™ (right). D, Reduction of extracellular
Na ™ concentration to 35 mm and addition of 1 e TTX (low-
Na */TTX) completely blocked the generation of action poten-
tials in response to capsaicin (1 um, 30's; left). This effect was
reversible, as shown on the right. Both recordings are from the
same DRG neuron (30 min between capsaicin applications). E,
Exposure to low-Na */TTX buffer did not affect capsaicin-
evoked (1 wm, 10's, 20 min between applications) [Ga" I
responses in axonal boutons (white boxes) of DRG neurons.
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Figure5.  Properties of the vanilloid-induced presynaptic [Ca *; plateau in DRG neurons. 4, Presynaptic [Ca* ]; recordings using fura-FF demonstrated a characteristic [Ca** ], plateau phase
in response to capsaicin (caps; n = 11 boutons/4 cells). All the recordings were done in low-Na */TTX buffer. B, €, The [Ca 2+]i plateau phase did not depend on extracellular Ca 2+ (B), whereas the
initiation of capsaicin-induced [Ca?* ], elevation required Ca2* influx (C). In these experiments, DRG neurons were loaded with Bis-fura, as indicated on the images (left). D, Capsaicin-induced
presynaptic [Ca 2Jr]i changes were recorded in Bis-fura-loaded DRG neurons before (left) and after (right) the treatment with the SERCA inhibitor CPA (5 M, 20 min pretreatment).

failed to trigger presynaptic [Ca’"]; elevation in Ca*"-free me-
dium, whereas subsequent readdition of extracellular Ca’" re-
stored the response (Fig. 5C) (n = 35 boutons/7 cells). Cyclopia-
zonic acid (CPA) (5 uM) is a selective inhibitor of the sarco-
endoplasmic reticulum Ca**-ATPase (SERCA); it depletes Ca*™
stores and essentially eliminates any additional Ca*™ release from
or uptake by the stores (Thomas and Hanley, 1994; Verkhratsky,
2005). Although CPA modulates electrically evoked [Ca*"];
transients in DRG neurons (Usachev and Thayer, 1999; Lu et al.,
2006), capsaicin-induced presynaptic [Ca**]; plateau was not
significantly affected by the drug (Fig. 5D) (n = 15 boutons/4
cells). CPA did, however, slow the clearance of presynaptic
[Ca**]; transients induced by trains of action potentials (8 Hz,
1-3 s), indicating that functional ER Ca”" stores are present in
axonal boutons. In these experiments, [Ca®"]; decay was fitted
with a monoexponential function, and the time constants were
found to be 2.4 £ 0.2 s in control and 4.4 = 0.7 s after treating
cells with 5 uMm CPA for 20 min ( p < 0.01, paired Student’s ¢ test;
n = 18 boutons/4 cells; data not shown). Thus, CPA-sensitive
Ca’" stores are present in the axonal boutons of DRG neurons in
which, together with the plasma membrane Ca*"-ATPase (Usa-
chev et al.,, 2002; Gover et al., 2007), the stores are involved in

clearing small presynaptic [Ca*"]; loads (<400-500 nwm) in-
duced by short trains of action potentials. However, the Ca**
stores are not likely to mediate the sustained presynaptic [Ca*"];
elevation (plateau) that follows large Ca** loads induced by in-
tense TRPV1 stimulation.

Mitochondria control the presynaptic [Ca**]; plateau and
sustained synaptic activity

Mitochondria are highly concentrated in presynaptic terminals
in which, in addition to producing ATP, these organelles can
regulate presynaptic [Ca*"]; and synaptic plasticity (Zucker and
Regehr, 2002; Hollenbeck, 2005; Wimmer et al., 2006). The func-
tion and mechanisms of Ca** transport by presynaptic mito-
chondria vary substantially among synapses and are likely spe-
cialized according to the signaling needs at a particular synapse
(Tang and Zucker, 1997; Billups and Forsythe, 2002; Jonas et al.,
2003; Levy et al., 2003; Yang et al., 2003; Garcia-Chacon et al.,
2006). Factors contributing to such specialization include the
number and the architecture of presynaptic mitochondria, their
proximity to the active zones and Ca** channels, and the pres-
ence of other Ca** clearance mechanisms that compete with
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mitochondria for Ca®* (Nguyen et al., 1997; Zenisek and Mat-
thews, 2000; Guo et al., 2005).

Mitochondria buffer and release Ca®" via distinct mecha-
nisms causing Ca’>* to cycle across the mitochondrial mem-
branes (Babcock and Hille, 1998; Friel, 2000; Thayer et al., 2002).
Ca** uptake is mediated by the mitochondrial uniporter and is
driven by the mitochondrial membrane potential AW, (—150 +
—180 mV) (Nicholls and Ward, 2000). Thus, we blocked Ca**
uptake by either depolarizing mitochondria with the electron
chain inhibitor antimycin A1 or applying the selective uniporter
inhibitor Ru360. Antimycin Al dissipates the proton gradient,
which can reverse the mode of operation of F,, Fy ATP-synthase,
so that it pumps H™ out of the matrix while consuming ATP
(Nicholls and Budd, 2000; Toescu and Verkhratsky, 2003). To
prevent ATP depletion, the selective inhibitor of the ATP syn-
thase oligomycin B was added in these experiments. The com-
bined treatment with 0.3 wMm antimycin and 1 uM oligomycin
virtually eliminated the presynaptic [Ca*"]; plateau (Fig. 6,
compare A, B). Another consequence of mitochondrial mem-
brane depolarization was a significant increase in the ampli-
tude of the Ca®" response, from 5.02 * 0.32 uM in control
cells (n = 48 boutons/17 cells) to 7.82 = 0.83 uM in cells
pretreated with antimycin plus oligomycin (n = 17 boutons/4
cells; p < 0.001, Student’s ¢ test). Ru360 is membrane imper-
meable and thus was applied via the patch pipette along with
the Ca®" indicator. Blockade of the Ca®" uniporter with
Ru360 also markedly reduced the duration of the Ca*" signal
(Fig. 6 E) and increased the amplitude of the Ca*™" response to
6.74 = 0.64 uM (n = 26 boutons/7 cells; p < 0.05, Student’s ¢
test relative to control). These observations suggest that mito-
chondria limit the amplitude and prolong the duration of the
capsaicin-induced presynaptic [Ca’"]; elevation. Given that
Ca’" buffering by mitochondria could potentially interfere
with the analysis of presynaptic Ca** influx mechanisms, we
repeated the experiments with Cd** (Fig. 44, B) under the
conditions in which mitochondrial Ca** uptake was blocked
by the combined treatment with 0.3 uM antimycin and 1 uMm
oligomycin. As shown in supplemental Figure 2 (available at
www.jneurosci.org as supplemental material), treatment with
Cd*" had no effect on the capsaicin-induced presynaptic
[Ca®*]; elevation recorded in the presence of these mitochon-
drial inhibitors, which is consistent with the results described
in Figure 4.

Under physiological conditions, Ca*" efflux from mitochon-
dria in neurons is mediated primarily by the mitochondrial Na */
Ca** exchanger (Baron and Thayer, 1997; David, 1999; Co-
legrove et al., 2000; Garcia-Chacon et al., 2006). We found that a
selective inhibitor of the mitochondrial Na*/Ca®" exchanger,
CGP37157 (10 um), abolished the capsaicin-induced presynaptic
[Ca**]; plateau in DRG neurons (Fig. 6C,E). Because this drug
can inhibit Ca** influx (Baron and Thayer, 1997), it was applied
after the washout of capsaicin. Interestingly, the washout of
CGP37157 was accompanied by a secondary [Ca*"]; elevation
(Fig. 6C). This secondary presynaptic [Ca*]; rise likely results
from the release of Ca™ that was trapped previously within mi-
tochondria by the CGP37157 treatment. A similar secondary
[Ca**]; transient during the CGP37157 removal has been also
reported in the cell body of DRG neurons (Baron and Thayer,
1997).

Ca’" release from the matrix can also be mediated by the
mitochondrial permeability transition pore (MPT or PTP) (Ni-
cholls and Budd, 2000; Thayer et al., 2002; Newmeyer and
Ferguson-Miller, 2003), and the voltage-dependent anion chan-
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nel, which is the principal molecular component of the MPT, has
been implicated in synaptic plasticity (Jonas et al., 1999; Levy et
al., 2003; Jonas, 2004). We therefore examined the effect of the
MPT inhibitor cyclosporin A (CsA) on the capsaicin-induced
[Ca**]; elevation. As summarized in Figure 6 E, treatment with 5
uM CsA did not change the duration of the presynaptic [Ca**];
response (17.2 = 1.3 min; n = 30 boutons/4 cells) compared with
that of the control (17.8 *= 1.2 min; n = 48 boutons/17 cells).
Combined with a complete elimination of the plateau phase by
CGP37157 (Fig. 6C,E), these data suggest that the mitochondrial
Na */Ca*" exchanger is the major route of Ca®" efflux from
presynaptic mitochondria in sensory neurons.

Capsaicin-induced Ca*™ uptake by and its subsequent release
from presynaptic mitochondria should be accompanied by cor-
responding changes in [Ca**],,. To monitor [Ca**],,, we ex-
pressed the mitochondrial Ca®" indicator mtPericam (Nagai et
al., 2001; Filippin et al., 2003) in DRG neurons using lentivirus as
a vector. Before the experiments, transfected DRG neurons were
loaded with Rhod10K via the patch pipette to enable visualization
of axonal boutons. Imaging using mtPericam and Rhod10K re-
vealed clusters of mitochondria in the presynaptic boutons (Fig.
6D). Application of 1 uM capsaicin (30 s) elicited a rapid increase
in [Ca*"],,, followed by a slow decay to the prestimulus level.
The mitochondrial and cytosolic Ca** responses were of similar
duration (Fig. 6 E). CGP37157 treatment blocked Ca*™" efflux
from the mitochondrial matrix, and [Ca®* ], remained elevated
as long as the agent was present (Fig. 6 D). Washout of CGP37157
restored Ca*" release from mitochondria until [Ca**],, fully
recovered to the resting level.

We further probed the capability of mitochondria to accumu-
late Ca*™ after TRPV1 activation by using the protonophore car-
bonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP)
(Brocard etal., 2001). This agent rapidly and reversibly dissipates
the proton gradient, causing the mobilization of mitochondrial
Ca’* into the cytosol. To isolate mitochondrial Ca*" release
from potential Ca*" influx, we used Ca*" -free (EGTA at 0.1 mm)
extracellular buffer during FCCP application. Virtually no
changes in [Ca*"]; were observed when the mitochondrial Ca**
content was probed with 5 um FCCP in resting cells (Fig. 6 F). In
contrast, FCCP treatment immediately after capsaicin applica-
tion induced a robust [Ca*" ], elevation. Thus, presynaptic mito-
chondria are nearly empty at rest but rapidly accumulate Ca*" in
response to TRPV1 activation.

We next examined how the disruption of mitochondrial Ca**
cycling affects vanilloid-induced synaptic activity (Fig. 7A,B).
We found that the blockade of mitochondrial Ca** uptake by
combined treatment with 0.3 uM antimycin Al and 1 uM oligo-
mycin B markedly reduced the duration of the capsaicin-induced
postsynaptic response, causing it to return to the prestimulus
level (0.31 = 0.07 Hz; n = 7) within 5-6 min after capsaicin
washout (Fig. 7B-D,F). In contrast, the sEPSC frequency in
controls remained elevated long after capsaicin application
was terminated (Fig. 7A, C, D, F). For example, the sSEPSC fre-
quencies were 2.45 * 0.45 and 0.96 = 0.20 Hz at 5 and 10 min
after stimulation, respectively, compared with 0.23 = 0.07 Hz
atrest (n = 10). Another consequence of inhibiting mitochon-
drial Ca" buffering was a more frequent release of glutamate
during the first 15 s of stimulation (Fig. 7E). Overall, our data
indicate that mitochondria play an important role in the reg-
ulation of neurotransmission at sensory synapses after TRPV1
activation.
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Figure6. Mitochondria mediate vanilloid-induced presynaptic [Ca*" ]; plateau in DRG neurons. 4, B, Presynaptic [Ca>* ]; changes induced by capsaicin application (caps; 1 um, 30's) in control
cells (A) and n cells treated with 0.3 umantimycin ATand 1 wm oligomycin B (B). Dotted lines indicate presynaptic [Ca*]; levels at rest. Treatment with antimycin and oligomycin (Ant+0l) started
5 min before stimulation with capsaicin (B). All of the recordings were done in low-Na */TTX buffer. C, The role of the mitochondrial Na */Ca?* exchange in the generation of the capsaicin-induced
(1w, 305) presynaptic[Ca " ], plateau was examined using the exchange inhibitor CGP37157 (10 um). All of the recordings were done in low-Na * /TTX buffer. The drug was applied immediately
after capsaicin removal. The washout of the drug was accompanied by a secondary [Ca > *; elevation, which likely resulted from mitochondrial Ca® " release. For these experiments, the total area
under the [Ca 2™ ]; trace, including the initial transient [Ca 2™ ]; elevation and the second phase after the (GP37157 washout, was 14.4 = 1.1 ws*min (n = 14 boutons/6 cells). For comparison, the
areaunder the [Ca 2+]itraces recorded in response to capsaicin under control conditions was 16.7 = 1.4 um*min (n = 48 boutons/17 cells; p = 0.27, Student’s t test, CGP37157 vs control). D, DRG
neurons transfected with mtPericam were subsequently loaded with Rhod 10K via a patch pipette. Merged image on the left shows distribution of mtPericam (green) and Rhod 10K (red). [Ca* ], ,
responses to two sequential capsaicin applications (1 tum, 30 s, 30 min between applications) were studied in three boutons (white boxes). No additional treatment was applied during the first
response (lefttrace), whereas the cell was treated with 10 um CGP37157 during the second response (right trace). Drug applications are shown by horizontal bars under the traces. [Ca® ], changes
inindividual boutons are indicated by different colors and numbers. E, The duration of capsaicin-induced presynaptic cytosolic (white and gray bars) and mitochondrial (black bars) Ca®* responses
was obtained from experiments like those shown in A—D. The bars represent 48 boutons and 17 cells for the control, 17 boutons and 4 cells for the effects of 0.3 m antimycin and 1 v oligomycin
(Ant+0I), 26 boutons and 7 cells for treatment with Ru360 (100 rum), 26 boutons and 10 cells for treatment with CGP37157 (10 wum, CGP), 30 boutons and 4 cells for the treatment with 5 um CsA,
and 14 boutons and 5 cells for mtPericam (control) measurements. ***p << 0.001, one-way ANOVA with Bonferroni's post hoc test relative to the Bis-fura control. F, Effects of FCCP (5 wum) on
presynaptic [Ca* ], in unstimulated cell (left) and after stimulation with capsaicin (right; 1 tum, 30 s). FCCP applications were separated by 10 min, and Ca** was omitted from the extracellular
solution (EGTA at 0.1 mw) during the FCCP treatments (n = 23 boutons/5 cells).
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Figure 7. Inhibition of mitochondrial Ca>* uptake results in shortening of vanilloid-
induced synapticactivity. 4, B, Representative postsynaptic responses to capsaicin (caps; 1 um,
30'5) in the absence (A) or presence of 0.3 wm antimycin A1and 1 m oligomycin B (B) were
recorded from SC neurons voltage clamped at —60 mV in low-Na */TTX buffer. Antimycin and
oligomycin were added 5 min before capsaicin application. €, D, Summary of the antimycin and
oligomycin (Ant+0l) effects on the sEPSC frequency obtained from experiments like those
described in A and B. Cand D display the same data sets using different frequency and time-
scales. Histograms representing the SEPSC frequency mean values for control conditions (n =
10; white bars) and for the antimycin plus oligomycin treatments (n = 7; gray bars) are super-
imposed. Each data point was obtained by averaging the sEPSCfrequency during 15 s of record-
ing and subtracting the resting SEPSC frequency. Capsaicin treatment (30 s) was started at t =
0 min (horizontal bar). The horizontal dotted line in C indicates the mean sEPSC frequency
during the first 15 s of capsaicin application in controls. E, F, Cumulative probabilities of SEPSC
interevent intervals were plotted for the control (n = 10; solid line) and antimycin plus oligo-
mycin conditions (n = 7; dashed line) during the peak of the response (E; first 15 s of capsaicin
application) and 5 min after capsaicin application (F; 30 sinterval centered at 5 min). p << 0.001
for both time points, Kolmogorov—Smirmov test (K-S test).

Mitochondria set the duration of synaptic activity in a
manner that depends on the strength of presynaptic TRPV1
stimulation

The data described above suggest that stimulation of presynaptic
TRPV1 induces a biphasic response. During the initial phase,
Ca** entry mediated primarily by TRPV 1 results in the elevation
of presynaptic [Ca*"]; and glutamate release. A significant por-
tion of Ca’" entering the cell is then taken up by presynaptic
mitochondria. Subsequently, this Ca®" is gradually transported
from the matrix back to the cytosol, providing a long-lasting
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supply of presynaptic Ca*" for glutamate release during the sus-
tained phase of the response, until Ca*" is eventually extruded
from the cell by the plasma membrane Na*/Ca®" exchangers
and Ca®*"-ATPases (supplemental Fig. 3, available at www.
jneurosci.org as supplemental material). Given that the rate of
Ca** efflux from mitochondria is essentially constant and inde-
pendent of Ca?" load (Nicholls, 2005), this model predicts that
the duration of the synaptic response is determined by stimulus
strength and the amount of Ca’" initially captured by
mitochondria.

To test this idea, we examined [Ca*"],, [Ca®*],, and
sEPSC responses induced by low (0.1 uMm) and high (1 um)
concentrations of capsaicin [Ky of ~0.7 um (Caterina et al.,
1997)]. First, we compared presynaptic [Ca**],,, changes in-
duced by the low and high capsaicin concentrations. Some-
what surprisingly, we found that capsaicin was able to induce
a pronounced [Ca®"] , elevation even at low concentration
(0.1 uMm) (Fig. 8A). Both the amplitude and duration of mito-
chondrial Ca®" responses were significantly increased by rais-
ing capsaicin concentration from 0.1 to 1 um (Fig. 8 A, C). The
relative changes in mtPericam fluorescence evoked by 0.1 and
1 uM capsaicin were 26 = 1 and 35 * 2%, respectively (p <
0.001, paired Student’s t test; n = 18 boutons/4 cells). The
durations of mitochondrial Ca*" elevations induced by 0.1
and 1 uM capsaicin were 4.4 = 0.5 and 18.2 = 0.9 min, respec-
tively (p < 0.001, paired Student’s t test; n = 18 boutons/4
cells). Raising capsaicin concentration also markedly in-
creased the duration of the cytosolic Ca*™ responses in axonal
boutons (7.1 £ 0.7 min for 0.1 uM capsaicin and 19.6 £ 0.9
min for 1 uM capsaicin; p < 0.001, paired Student’s ¢ test; n =
10 boutons/3 cells), and the plateau phase became much more
pronounced (Fig. 8 B,C). We found no significant differences
in the amplitudes of the presynaptic [Ca’"]; elevations that
were elicited by 0.1 um capsaicin (4.59 £ 1.08 uMm) and 1 um
capsaicin (4.87 = 0.89 uM; n = 10 boutons/3 cells; p = 0.83,
paired Student’s ¢ test). This suggests that Ca** buffering by
mitochondria sets the limit of the presynaptic [Ca®"]; in-
crease. We additionally verified these findings using a low-
affinity Ca®* dye, fura-FF. Again, no significant differences
were found among the [Ca®*|; responses: the amplitudes were
4.99 * 0.52 and 5.66 * 0.48 uMm for 0.1 and 1 uM capsaicin,
respectively (n = 19 boutons/3 cells; p = 0.07, paired Stu-
dent’s t test).

Comparison of the postsynaptic responses induced by 0.1 and
1 uM capsaicin revealed that the sSEPSC frequencies during the
initial phase of the response were similar for both capsaicin con-
centrations (Fig. 9B, D). However, synaptic activity induced by
0.1 uM capsaicin returned to the prestimulus level within 3—4
min, whereas the synaptic response induced by 1 um capsaicin
lasted >10 min (Fig. 9A—C,E). These results are consistent with
the [Ca’"]; imaging data (Fig. 8) and suggest that stronger
TRPV1 activation enables greater calcium loading of presynaptic
mitochondria and, consequently, a more prolonged mitochon-
drial Ca®™ release that maintains presynaptic [Ca*"]; elevation
and synaptic activity.

How do TRPV1- and mitochondria-dependent presynaptic
[Ca*"]; elevation and glutamate release translate into the elec-
trical activity exhibited by postsynaptic SC neurons under
physiological conditions? To address this question, we used
current clamp to record postsynaptic potentials during stim-
ulation with 0.1 or 1 uMm capsaicin. The standard extracellular
recording solution ([Na*] of 140 mM, no TTX added) was
used in these experiments. Treatment with capsaicin (30's, 0.1
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or 1 um) triggered intense firing of action
potentials by the postsynaptic cell (Fig.
9F), and this was blocked by 10 um
CNQX (n = 3; data not shown). The re-
sponse to 0.1 uM capsaicin subsided
within 3—5 min after stimulation (n = 4),
whereas stimulation with 1 uM capsaicin
resulted in postsynaptic neurons firing
action potentials for >10 min (n = 8).
This prolonged activity depended on mi-
tochondria and was markedly shortened
by treatment with 0.3 uM antimycin plus
1 uMm oligomycin (n = 6; data not
shown).

Discussion

TRPV1-mediated release of neurotrans-
mitters and peptides from nociceptive ter-
minals is thought to contribute to the de-
velopment of pain hypersensitivity.
However, signaling pathways that link
TRPV1 activation with neurosecretion re-
main poorly understood. Here, we have
identified the mechanisms that shape pre-
synaptic [Ca>"]; signals and regulate gluta-
mate release in primary sensory neurons in
response to TRPV1 activation. Based on
our data, we propose a model that is sum-
marized in Figure 9F. Initiation, but not
maintenance, of the response requires
Ca** influx, primarily through TRPVI.
Ca’* entry elevates presynaptic [Ca’™"];
and triggers glutamate release. Ca>" is rap-
idly sequestered by presynaptic mitochon-
dria and then gradually transported back to
the cytosol via Na/Ca*" exchange. This
process is responsible for the prolonged
presence of Ca>™ at the site of transmitter
release, and the more Ca*” is taken up by
mitochondria during the stimulus, the
longer the duration of the presynaptic
[Ca?*] plateau, glutamate release, and
synaptic activity. Thus, mitochondria store
information about the strength of presyn-
aptic stimulation and translate it into the
duration of postsynaptic activity.

TRPV1 mediates presynaptic Ca>" entry
during onset of the

vanilloid-induced response

Activation of TRPV1 causes depolariza-
tion and action potential firing by pri-
mary afferents. Therefore, at least two
routes for Ca*" entry should be consid-
ered: voltage-gated Ca’*" channels and
TRPV1. Presynaptic N-type VGCCs are
responsible for evoked EPSCs at these
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Figure 8. Raising capsaicin concentration increases the duration of the presynaptic [Ca*]; plateau in DRG neurons. 4, B,
Presynaptic mitochondrial (4) and cytosolic (B) Ca>* responses were elicited by 30s applications of 0.1and 1 m capsaicin (caps;
30 min between applications), respectively. All of the experiments were done in low-Na ™ /TTX buffer. Recordings obtained from
individual boutons are indicated by different colors and numbers. C, The durations of capsaicin-induced presynaptic mitochon-
drial (gray bars) and cytosolic (white bars) Ca 2+ responses were obtained from experiments like those shownin Aand B, and bars
represent 18 boutons and 4 cells for the mtPericam measurements and 10 boutons and 3 cells for the Bis-fura experiments.
(apsaicin concentration is indicated under the graph. ***p <C0.001, paired Student’s t test.

synapses (Fig. 1C) (Heinke et al., 2004). In contrast, VGCCs  synapses. Our data are in agreement with earlier findings
contributed little to capsaicin-induced presynaptic [Ca®"];  showing that capsaicin-induced [Ca*"]; transients in periph-
elevation and glutamate release (Fig. 4), possibly because of  eral terminals of the cornea and vanilloid-activated glutama-
Ca’*/calcineurin-dependent inhibition of VGCCs (Wu etal.,  tergic synaptic transmission in brainstem slices are indepen-
2005). Thus, the TRPV1 channel is likely the major route me-  dent of VGCCs (Marinelli et al., 2002; Gover et al., 2003; Jin
diating vanilloid-induced presynaptic Ca** influx at sensory et al., 2004).
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Mitochondria control the sustained phase of
the vanilloid-induced response

The rapid initial elevation of presynaptic
[Ca*™]; was followed by a prolonged [Ca**];
plateau accompanied by an enhancement of
glutamate release. Presynaptic [Ca*"]; levels of
~0.5-1 puM during the plateau phase are con-
sistent with the [Ca*"]; requirements for asyn-
chronous transmitter release at other synapses,
a process that is likely controlled by a high-
affinity (K, of ~1 uM) Ca*™ sensor (Angleson
and Betz, 2001). The sustained [Ca*"]; increase
was independent of extracellular Ca** and was
not mediated by the ER Ca?" stores. Instead,
our results strongly suggest that this phase of
the TRPV1-mediated response was controlled
by presynaptic mitochondria. The proposed
presynaptic function of mitochondria (Fig. 9F)
may also help to explain the previous observa-
tions by several groups that brief TRPV1 acti-
vation triggers long-lasting release of glutamate
and prolonged synaptic activity in the spinal
cord and brainstem slices (Ueda et al., 1993;
Yang et al., 1998; Marinelli et al., 2002, 2003;
Nakatsuka et al., 2002).

Previous studies showed that mitochondria
speed up recovery from synaptic depression
and contribute to the long-term potentiation at
central synapses (Billups and Forsythe, 2002;
Levy et al., 2003) and control posttetanic po-
tentiation at neuromuscular synapses (Tang
and Zucker, 1997; Yang et al., 2003; Garcia-
Chacon et al., 2006). It is generally agreed that
Ca** uptake by presynaptic mitochondria is
mediated by the mitochondrial Ca>* uniporter
(Tang and Zucker, 1997; David et al., 1998; Bil-
lups and Forsythe, 2002). Which mechanisms
are responsible for Ca*" efflux from mitochon-

<«

capsaicin (n = 8; gray bars) and 1 um capsaicin (n = 10; white bars)
are superimposed. Data points were obtained by averaging sEPSC
frequency during 15 s of recording and by subtracting the resting
SEPSC frequency. The histograms for 1 um capsaicin were replotted
from Figure 7, Cand D (control), for comparison with results obtained
in 0.1 um capsaicin experiments. D, E, Cumulative probabilities of
SEPSC interevent intervals were calculated at the peak of the re-
sponse (D; first 15 s of capsaicin application) and 5 min (E; 30 s inter-
val centered at 5 min) after stimulation. Graphs for 1 m capsaicin
(solid lines; n = 10) were replotted from Figure 7, £ and F (control),
for comparison with data for 0.1 um capsaicin (dashed lines; n = 8).
p = 0.17and p < 0.001 for 15 s and 5 min, respectively, Kolmogor-
ov—Smirnov test. F, Amodel of presynaptic [Ca 2+]i signaling medi-
ated by TRPV1 and mitochondria in DRG neurons. The duration of the
mitochondria-dependent [Ca** ], plateau and of glutamate release
depends on the strength of presynaptic stimulation. Consequently,
0.7 pum capsaicin (weak stimulus) produces only a short postsynaptic
electrical discharge (top trace), whereas 1 um capsaicin (strong stim-
ulus) induces long-lasting firing of action potentials by postsynaptic
SC neurons (bottom trace). In the presented experiments, both re-
cordings of postsynaptic potentials were obtained from the same SC
neuron using current clamp. Capsaicin applications (0.1 or 1 um,
30 s; 30 min between applications) are indicated by the horizontal
bars under the traces.
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dria is less clear. MPT can mediate Ca*" release from mitochon-
dria (Ichas et al., 1997) and has been implicated in synaptic plas-
ticity in the hippocampus (Levy et al., 2003). In motor nerve
terminals, the mitochondrial Na*/Ca*" exchanger is likely the
predominant pathway for Ca*™ release (David, 1999; Yang et al.,
2003; Garcia-Chacon et al., 2006), although Na *-independent
Ca?" release from mitochondria has also been reported (Zhong
et al, 2001). Our work identifies the mitochondrial Ca**
uniporter and Na "/Ca®" exchanger as the principal mediators of
mitochondrial Ca™ cycling in the axonal boutons of DRG neu-
rons. Disruption of Ca®" uptake by mitochondrial inhibitors
eliminated the [Ca’*]; plateau and significantly shortened
capsaicin-induced synaptic activity. The arrest of Ca*" efflux
from mitochondria by CGP37157 (Fig. 6 D) and the absence of a
cyclosporin A effect (Fig. 6 E) indicate that Na*/Ca*" exchange
is the major route of Ca** mobilization from mitochondria at
this synapse.

Mitochondria markedly prolonged the presynaptic Ca**
signal and limited the presynaptic [Ca®"]; peak elevation (Fig.
6, compare A, B). Accordingly, raising the capsaicin concen-
tration from 0.1 to 1 uM resulted in little change to the ampli-
tude of the [Ca®]; response but led to a significant augmen-
tation of the mitochondrial Ca** signal (Fig. 8A). A >300%
increase in the duration of [Ca®*],,, elevation appears some-
what disproportionate to the observed 25% increase in
[Ca*"],,, amplitude. However, one must consider the com-
plexity of the relationship between the total and free mito-
chondrial Ca*" concentration. In the matrix, Ca*™ is heavily
buffered through the reversible formation of insoluble Ca-
phosphate salts (Babcock and Hille, 1998; Pivovarova et al.,
1999; Nicholls, 2005), which limits [Ca”]mt elevation to
~1-2 uM, whereas the total mitochondrial calcium content
continues to rise (David, 1999; Chalmers and Nicholls, 2003).
Another consequence of calcium precipitation within mito-
chondria is a marked slowing of [Ca®*],,, recovery attribut-
able to the continuous release of Ca* from phosphate pre-
cipitates as Ca*" is extruded from the matrix into the cytosol
(David, 1999). Thus, the stimulation intensity and the magni-
tude of Ca®" entry strongly affect the duration of mitochon-
drial Ca** elevation and, in the context of the sensory synapse,
the duration of both the presynaptic [Ca®*]; response and
synaptic activity.

Presynaptic TRPV1, mitochondria, and

nociceptive processing

TRPV1 is found in the spinal cord and in other CNS regions
(Szallasi et al., 2006). Putative TRPV1 agonists in the CNS
include protons, anandamide, NADA, and lipoxygenase prod-
ucts, and the effects of these endogenous compounds depend
on the phosphorylation state of the receptor (Tognetto et al.,
2001; Huang et al., 2002; Bhave and Gereau, 2004; Premkumar
et al., 2004; De Petrocellis and Di Marzo, 2005). We found
that, like capsaicin, NADA induced a prolonged presynaptic
[Ca*"]; elevation and synaptic activity at sensory synapses
(Fig. 3). Although the question of which signals activate
TRPV1 in vivo remains a matter of debate, numerous studies
imply the importance of spinal cord TRPV1 for pain process-
ing. Indeed, the receptor is significantly upregulated in the
dorsal horn during chronic inflammation (Tohda et al., 2001;
Luo et al.,, 2004), and intrathecal administration of either se-
lective TRPV1 antagonists or small interfering RNAs that tar-
get TRPV1 produced strong analgesic effects in animal models
of inflammatory, neuropathic, and visceral pain (Kelly and
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Chapman, 2002; Kanai et al., 2005; Christoph et al., 2006).
Moreover, significant CNS penetration of orally administered
TRPV1 antagonists was required to attenuate pain mediated
by central sensitization (Cui et al., 2006).

The identity of the signaling pathways that are invoked by
TRPV1 in the spinal cord remains unclear. The fact that the re-
ceptor is found presynaptically suggests that it is involved in the
regulation of synaptic transmission (Guo et al., 1999; Hwang et
al., 2004). Here we establish a mechanistic link between TRPV1
activation, presynaptic Ca>* signaling, and prolonged synaptic
activity at sensory synapses. The proposed role of presynaptic
mitochondria (Fig. 9F) may become especially prominent when
TRPV1 is sensitized by prostaglandin E,, bradykinin, and other
pain mediators produced in the spinal cord after injury or inflam-
mation (Svensson and Yaksh, 2002; Wang et al., 2005; Sikand and
Premkumar, 2007). TRPV1- and mitochondria-mediated release
of glutamate may contribute to the temporal and spatial summa-
tion of multiple synaptic inputs and, importantly, may trigger
action potential firing by SC neurons (Fig. 9F ). TRPV1 activation
also induces the release of substance P and CGRP in the dorsal
spinal cord (Tognetto et al., 2001; Huang et al., 2002), and both
these peptides may contribute to central sensitization (Khasabov
etal., 2002; Sun et al., 2004). According to our model, mitochon-
dria would sustain the accumulation of these peptides in the spi-
nal cord.

The proposed mechanisms may also apply to TRPV1-
mediated signaling at the periphery. Like the central terminals,
peripheral terminals are rich in mitochondria, express TRPV1,
and can release glutamate, substance P, and CGRP (Heppel-
mann et al.,, 1990; Carlton, 2001; Richardson and Vasko,
2002). It is therefore conceivable that mitochondria prolong
the release of these mediators from peripheral terminals to
facilitate neurogenic inflammation in response to noxious
stimulation or injury. Indeed, intradermal administration of
various electron transport inhibitors, including antimycin,
have been shown to attenuate hyperalgesia in several pain
models (Joseph and Levine, 2006).

Finally, it is likely that the role of mitochondria is not limited
to the responses associated with TRPV1. Intensified activity of
primary nociceptors triggered by a broad range of pain mediators
after tissue or nerve injury would almost inevitably lead to a large
accumulation of Ca*™ in the central and peripheral terminals and
to the recruitment of mitochondria. Thus, the function of pre-
synaptic mitochondria that is described here may have an impact
on multiple aspects of pain processing in the spinal cord and at
the periphery.
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