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TRPV4 channels mediate the infrared laser-evoked response in
sensory neurons. J Neurophysiol 107: 3227-3234, 2012. First
published March 21, 2012; doi:10.1152/jn.00424.2011.—Infrared
laser irradiation has been established as an appropriate stimulus for
primary sensory neurons under conditions where sensory receptor
cells are impaired or lost. Yet, development of clinical applications
has been impeded by lack of information about the molecular
mechanisms underlying the laser-induced neural response. Here, we
directly  address this  question through  pharmacological
characterization of the biological response evoked by midinfrared
irradiation of isolated retinal and vestibular ganglion cells from
rodents. Whole cell patch-clamp recordings reveal that both voltage-
gated calcium and sodium channels contribute to the laser-evoked
neuronal voltage variations (LEVV). In addition, selective blockade
of the LEVV by micromolar concentrations of ruthenium red and RN
1734 identifies thermosensitive transient receptor potential vanilloid
channels as the primary effectors of the chain reaction triggered by
midinfrared laser irradiation. These results have the potential to
facilitate greatly the design of future prosthetic devices aimed at
restoring neurosensory capacities in disabled patients.

transient receptor potential vanilloid 4; prosthesis

SENSORY PERCEPTION RELIES on the function of highly specialized
receptors, which detect a wide range of stimuli arising from our
environment and convert them into bioelectrical signals even-
tually conveyed to the brain. Although highly specialized, the
sensory receptors remain fragile, and the loss of these cells
through progressive degeneration (Saihan et al. 2009), sudden
cell damage, or age-related processes (Chen et al. 2010) cannot
be compensated. This has been overcome by the development
of sensory prostheses aiming to substitute lacking sensory
receptors. Such an approach is only possible if the central
sensory neuronal pathway is preserved. In past decades, direct
electrical stimulation of the sensory neuronal pathways proved
that central sensory input could be generated without stimula-
tion of the sensory receptors. Cochlear implants, for example,
were developed as treatment of sensorineural hearing loss,
using electrical stimulation of the auditory nerve (Haynes et al.
2009). Through the years, limitations and constraints such as
electrode deterioration and poor resolution of environmental
sound or visual perception of the existing prostheses have been
revealed. Prolonged use of electrodes turned out to be noxious,
leading to neural tissue damage and possible toxicity of elec-
trode materials (Wells et al. 2007a). Graded electrical current
spread is also observed well beyond the electrode location
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(Popovic et al. 1991). In addition, investigations into the safety
of retinal electrical stimulation showed that direct tissue con-
tact led to important retinal damage (Colodetti et al. 2007).

Over the years, infrared (IR) laser focal irradiation, which
does not require direct contact between the stimulus source and
the tissue, has been considered as an alternative approach to
stimulate primary sensory neurons under conditions with sen-
sory receptor cell deficits. In the 1970s, Fork (1971) first
demonstrated that laser emissions in the blue and green spec-
trum as well as near-IR wavelengths could be used selectively
to stimulate photosensitive neurons from the abdominal gan-
glion of marine molluscs. Later, it was demonstrated that
transient variations of the membrane potential could be evoked
through IR laser stimulations on nonphotosensitive neurons
such as those of the auditory nerves (Izzo et al. 2006, 2008),
cavernous nerve of the prostate (Fried et al. 2008), and facial
nerve (Teudt et al. 2007) without tissue damage. High spatial
resolution of the stimulus is a further advantage of optical
radiation over electrical stimulation.

Although promising, clinical developments of such ap-
proaches have been impeded by the lack of information on the
molecular mechanisms supporting the laser-evoked neural re-
sponse. According to Wells et al. (2005), photochemical ef-
fects are not involved in mid-IR optical stimulation, whereas
photomechanical effects like pressure and stretching cannot
occur when operating with short laser pulses at high energies.
More likely, transient thermal variations at the cell membrane
would be sufficient to trigger laser-induced biological re-
sponses. To address this question directly, we undertook a
pharmacological characterization of the neural response
evoked by mid-IR (1,875 mm) irradiation in retinal and ves-
tibular ganglion cells (VGCs) isolated from rodents using
whole cell patch-clamp recording. Here, we show that both
types of neurons can be stimulated reproducibly and that
neuronal responses are driven through transient receptor po-
tential vanilloid 4 (TRPV4) channels.

MATERIALS AND METHODS

Animals. Mice of the C57BL/6 strain and Wistar rats (Centre
d’Elevage Janvier, Le Genest-Saint-Isle, France) were used in the
study. All procedures were carried out in accordance with the French/
European Communities Council Directive 86/609/EEC.

Cell preparations. Retinal ganglion cells (RGCs) were isolated
from postnatal days 2-4 (P2-P4) mice using the Thy-1 antibody-
mediated plate adhesion immunopanning technique, and their speci-
ficity was confirmed using RGC Brn3a immunoassay according to
previously described procedures (Kamei et al. 2005). VGCs were
explanted from P5-P9 rats and dissociated according to previously
described procedures (Dayanithi et al. 2007).



Electrophysiological recordings. Whole cell patch-clamp record-
ings (current-clamp configuration) were performed at room tempera-
ture (22-24°C) using a computer-controlled Axopatch 200B amplifier
(Axon Instruments, Molecular Devices, Sunnyvale, CA) and digitized
using a Digidata 1322A as previously described (Chabbert et al.
2001). Patch electrodes (5—6 M(); microhematocrit tubes; Bris Vitrex
Medical) were filled with an intracellular solution (140 mM KClI, 15
mM NaC, 10 mM glucose, 10 mM HEPES, 5 mM EGTA, 3 mM ATP,
1 mM GTP; pH 7.4, 300 mosM). For whole cell recordings, neurons
were bathed in extracellular solution: 135 mM NaCl, 5 mM KCl, 1
mM MgCl,, 2 mM CaCl,, 10 mM glucose, 10 mM HEPES, and 15
mM Na,HCO;, pH 7.4, 300 mosM. Removal of calcium from the bath
was performed through local and transient exchange of the bathing
solution by calcium-free external solution (0 Ca®>* and 2 mM EGTA)
through a homemade gravity perfusion system. Studied neurons were
first selected on morphological criteria (refringence), resting mem-
brane potential (—60.0 = 5 mV, n = 30 VGCs; =359 £ 5mV,n =
18 RGCs), and excitability [ability to fire action potentials (APs) in
response to depolarizing current injections of 200 pA for 1 s]. The
lack of cell damage following the IR laser irradiation was determined
by the lack of sustained variations of the resting membrane potential,
the ability of the cell to exhibit repetitive laser-evoked neuronal
voltage variations (LEVV) over minutes, and the ability of the
recorded cells to fire APs on injection of depolarizing currents
following the pharmacological assessments. For evaluation of each
LEVYV component, amplitude of the humplike component was deter-
mined as the difference between resting membrane potential (mean of
5 ms before irradiation) and amplitude of the voltage 5 ms after the
onset of the response. Mean peak amplitude of the spikelike compo-
nent was determined relative to resting membrane potential. In the
figures, each trace represents individual record rather than averaged
traces.

IR laser stimulation. Sensory neurons were stimulated with a diode
laser (Sheaumann Laser, Marlborough, MA) emitting at a wavelength of
1,875 nm. The stimulation system was mounted on an air-cooling block
and operated at room temperature. The laser beam was guided through a
multimode fiber of 105-um diameter and mounted on a micromanipula-
tor to control fine positioning during the experiments. For better precision
and alignment (165 = 10 wm) to the target cells, visible light was coupled
before laser stimulation. A control board (DAQ; PCI-6221; National
Instruments) was used to tune all laser-stimulation parameters (radiant
exposure, pulse duration, and repetition rate) and to record simultane-
ously the electrophysiological signals with a LabVIEW program. During
all experiments, the optical power at the fiber output was maintained at
230 mW, and the duration of single pulses was increased from 1 to 15 ms
until obtaining of the LEVV. In the two types of sensory neurons,
complete LEVV response (including the humplike and the spikelike
component; see RESULTS) was always obtained for pulse durations from 7
to 10 ms. This corresponds to a radiant exposure at the output optical fiber
ranging from 20 to 60 J/cm® (on a circular surface obtained from a radius
~50 wm).

Estimation of temperature changes yield by the IR laser irradiation.
To estimate the temperature changes of the bath, a fluorescent tem-
perature-sensitive dye (LDS 698; Exciton, Dayton, OH) was used as
previously described (Coppeta and Rogers 1998; Kim et al. 2009).
LDS 698 is active in the range 20-100°C and was used at a
concentration of 10 uM. To calibrate the fluorescence intensity
changes of the LDS 698 dye on temperature fluxes, the bath without
any cells was maintained within a temperature range of 20-50°C by
a heater controller (Harvard Apparatus, Les Ulis, France). Tempera-
ture measurements were carried out in similar conditions as occur
during experiments (same fiber position, initial bath temperature,
saline bath, and radiant exposure range).

Drugs. TTX, Ni/Cd, Gd**, and 2-aminoethoxydiphenyl borate
(2-ABP) were obtained from Sigma-Aldrich (Lyon, France). Ammo-
niated ruthenium oxychloride 1430 (ruthenium red), 2,4-dichloro-N-
isopropyl-N-(2-isoopylaminoethyl)benzenesulfonamide (RN 1734),

and capsazepine were obtained from Tocris Bioscience (Bristol,
United Kingdom). Drugs were applied to the bathing medium in the
vicinity of the cell by puff or by using a fast gravity perfusion system.

Real-time PCR assay. Total RNA from isolated cell cultures (RGC
and VPN) was extracted by RNeasy Mini Kit (Qiagen, Courtaboeuf,
France) according to the manufacturer’s protocol. The same amounts of
total RNA were employed for first-strand cDNA synthesis by using the
Verso ¢cDNA Kit (Thermo Fisher Scientific, Illkirch-Graffenstaden,
France). Real-time PCR was performed using LightCycler FastStart
DNA MasterPLUS SYBR Green I Kit (Roche Diagnostics, Meylan,
France). Amplifications from RGCs (mouse Trpvl, 5'-CATGTCTG-
GAGCTGTTCAAGTTC-3" and 5'-CGTTGGTGTTCCAGGTAG-
TCCA-3'; Trpv2, 5'-AGCTGACTGGACTGCTAGAGTAC-3' and 5'-
TGGATGTGAACATTCGCTCCAT-3"; Trpv3, 5'-TAGGCTCCAG-
CAATGAATGCCC-3" and 5'-ACACAGCCGCGAAGATGCGCT-3';
TRPV4, 5'-CTATCTGTGTGCCATGGTCATC-3" and 5'-AGAGA-
CAACCACCAGCACAGAG-3'; Actin, 5'-CTGGGCCTCGTCAC-
CCACATA-3" and 5'-GACCCAGATCATGTTTGAGACCTT-3") and
VGCs (rat Trpvl, 5'-CATGTCTGGAGCTGTTCAAGTTC-3" and 5'-
CATTGGTGTTCCAGGTAGTCCA-3"; Trpv2, 5'-AACTGACTG-
GACTGCTAGAATAC-3" and 5'-GCTCCTCTTCTCTATGGC-
GATGT-3'; Trpv3, 5'-GCTCCAGCAATGAAAGCCCAC-3" and 5'-
ATACAGCCGCGAAGATGCACT-3"; Trpv4, 5'-CTATCTGTGTG-
CCATGGTCATC-3' and 5'-AGACACAACCACCAGCACTGA G-3';
Actin, 5'-CTCTGAACCCTAAGGCCAACC-3" and 5'-GAGTCCAT-
CACAATGCCAGTG-3") were normalized to 18s ribosomal RNA lev-
els. During the experiments, each sample was investigated in triplicate.
The primers have been tested on control tissues (Kunert-Keil et al. 2006)
before experiments.

Immunohistochemistry. For in situ experiments, eyes and vestibular
ganglions were explanted from adult mice and rats, respectively, and
then fixed. For both in situ and in vitro immunostaining, tissues were
fixed by immersion for 1 h in 4% paraformaldehyde in PBS (0.1 mM,
pH 7.4). Then, in situ samples were embedded in 4% agarose, and
40-um thick sections were cut using a vibrating blade microtome
(Vibratome Series 1000; Technical Products International, St. Louis,
MO). Free-floating sections and cultures were then permeabilized in
Triton X-100 for 1 h, 4% in PBS for adult tissue, and 1% in PBS for
in vitro samples. A following preincubation in blocking solution
(0.5% fish gelatin, 0.5 and 0.1% Triton X-100 for adult and culture,
respectively, in PBS) prevented nonspecific binding. Samples were
then incubated with the following primary antibodies: anti-Brn3a
(goat polyclonal; dilution 1:200; Sigma-Aldrich), anti-TRPV1 (rabbit
polyclonal IgG, 2233; dilution 1:100; Tocris Bioscience), anti-
TRPV2 (rabbit anti-vanilloid receptor-like protein 1; dilution
1:200; AB5398P; Chemicon International, Millipore, Molsheim,
France), anti-TRPV3 (mouse monoclonal; ab85022; dilution 1:100;
Abcam), and anti-TRPV4 (rabbit polyclonal; ab39260); dilution 1:200;
Abcam). Mouse monoclonal anti-neurofilament (200 kDa, dilution
1:350; clone N52; Sigma-Aldrich, St. Louis, MO), rabbit polyclonal
serum anti-TRPV4, and goat polyclonal serum anti-Brn3a were ap-
plied for 48 h rotating at 4°C in the corresponding blocking solution.
For control, investigated primary antibody was omitted. Secondary
antibodies revealed specific labeling with Alexa-conjugated donkey
anti-mouse, -rabbit, or -goat sera (1:200; Molecular Probes, Eugene,
OR). Samples mounted on slides were observed with a Zeiss 5 LIVE
DUO laser-scanning confocal microscope (Zeiss, Le Pecq, France).
Human eye-cups obtained from Laboratoire Biologie Ingénierie et
Imagerie de la Greffe de Cornée (Saint Etienne, France) were embed-
ded in paraffin and cut into 5-um sagittal sections. Sections were
deparaffinized, hydrated, and incubated for 20 min in a saturation
buffer (PBS, 0.3% Triton X-100, 30% Semliki Forest virus) and
overnight with the primary antibody, anti-TRPV4 (rabbit polyclonal,
ab39260, 1:200; Abcam). The secondary antibody, Alexa-conjugated
donkey anti-rabbit (1:1,000; Molecular Probes), was diluted in PBS
and Hoechst and incubated 1 h at room temperature. Sections were
then mounted on slides and observed with a Zeiss ApoTome.
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Fig. 1. Midinfrared (mid-IR) laser stimulation induces transient membrane poten-
tial variations in sensory neurons. Illustration of phasic (/eft traces) and tonic (right
traces) laser-evoked neuronal voltage variations (LEVV) obtained in 12 retinal
ganglion cells (RGCs; A) and 25 vestibular ganglion cells (VGCs; B) evoked by
7- and 10-ms laser stimulations (black boxes) at 1,875 nm, respectively.
C: illustration of the synchronized acquisition of the laser stimulus (gray area) and
the laser-evoked neuronal response that reveals the humplike and spikelike com-
ponents of the LEVV. Each trace represents individual record.

RESULTS

Mid-IR laser stimulations trigger transient membrane po-
tential variations in sensory neurons. Isolated RGCs and ves-
tibular primary neurons (VGCs) were irradiated using an
1,875-nm IR laser. LEVVs were obtained in RGCs and VGCs
for pulse durations from 7 to 10 ms at laser power of 230 mW.
As illustrated in Fig. 1, either single (phasic) or repetitive
(tonic) spike responses could be evoked in RGCs (Fig. 1A) and
VGCs (Fig. 1B) depending on the duration of the irradiation.
LEVVs usually displayed an initial humplike depolarization
(mean maximum amplitude: 10 = 4 mV, n = 12 RGCs and
10 = 5 mV, n = 25 VGCs), on top of which a spikelike
component (mean peak amplitude: 30 = 5 mV, n = 12 RGCs
and 35 mV * 5 mV, n = 25 VGCs) occurred (Fig. 1C). The
humplike depolarization phase always started within the 1st ms
after the onset of the irradiation. Conversely, occurrence of the
spike component could be delayed up to 10 ms under our
irradiation conditions. LEVVs could be evoked repetitively for
several minutes in the two cell types without cell damage.
Visual control of the preparation did not reveal any movement
of recorded cells nor of the external solution during the
irradiation pulses. In a fraction of recorded VGCs (16%, n =
4) a small hyperpolarization of 3 ms preceded the spike

component of the LEVV (Fig. 5A4). Such hyperpolarization
response was never observed in the RGCs.

Transient membrane potential variations rely on voltage-
gated sodium and calcium channels. To determine the type of
ionic channels involved in the generation of RGC and VGC
responses, we used several pharmacological reagents. Bath
application of TTX (10 uM), a specific blocker of the voltage-
gated sodium channels (Brugeaud et al. 2007), reversibly
abolished the spikelike component of the LEVV in the two cell
types (n = 4 RGCs and n = 7 VGCs; Fig. 2A). This effect
identified the spikelike component of the LEVV as a sodium-
based AP. Subsequent application of Ni/Cd solution (500 uM),
a widely used blocker of the low-threshold voltage-gated
calcium channels (Chambard et al. 1999), slightly affected
(14 = 6%; n = 3 RGCs and n = 7 VGCs) the remaining
humplike component of the LEVV (Fig. 2B). Direct applica-
tion of Ni/Cd on the LEVV prevented the generation of the
sodium-based AP (Fig. 2C), suggesting that it mostly relied on
a calcium influx in the cells through voltage-gated calcium
channels. This was confirmed by complete block of the LEVV
when calcium was removed from the bathing solution (n = 6
VGCs; Fig. 2D). Note that residual depolarizing component
remained despite removal of external calcium.
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Fig. 2. Tonic components of LEVV evoked in the sensory neurons. Each panel
is composed of individual LEVV traces in control saline solution (expected for
B, left traces) following application of the tested drugs (middle traces) and the
merge of control vs. drug tests (right traces). A: effect of bath applications of
TTX (10 wM) unmasks the TTX-sensitive Na*-mediated component of the
LEVV in a RGC (n = 4 RGCs and 7 VGCs). B: subsequent bath application
of Ni/Cd solution (500 uM) on a VGC unmasks the small Ni/Cd-sensitive
Ca?"-mediated component of the LEVV and reveal a large TTX- and Ni/Cd-
resistant component (n = 3 RGCs and 7 VGCs). C: direct application of Ni/Cd
solution on a VGC suppresses both the Na™- and the Ca**-mediated compo-
nents of the LEVV unmasking the residual component (n = 3 RGCs and 2
VGCs). D: removal of external calcium (0 Ca**/2 mM EGTA) from the
bathing solution abolishes the LEVV in a VGC (n = 6 VGCs). Note that a
residual depolarizing component remained despite removal of external cal-
cium. Scale in D applies to all panels.



TRPC channels are not involved in the IR laser-evoked re-
sponse in sensory neurons. Transient receptor potential canonical
(TRPC) channels were previously reported to mediate light-
evoked calcium responses in intrinsically photosensitive RGCs
(ipRGCs; Hartwick et al. 2007). Bath applications of either
2-APB (100 uM; n = 2 RGCs and n = 2 VGCs) or Gd*>*
(10-100 uM; n = 3 RGCs and n = 2 VGCs), two widely used
blockers of the TRPC channels, did not affected the LEVV
evoked in both cell types (Fig. 3, A and B). This observation
indicated that the TRPC channels were not required for the gen-
eration of the LEVV in these sensory neurons.

TRPV4 channels mediate the IR laser-evoked response in sen-
sory neurons. It has been recently proposed that AP generation by
pulsed laser stimulation of nerve tissue or neurons is thermally
mediated either through thermoradiating or thermomechanical
processes (Wells et al. 2007a,b). To test this hypothesis, we
investigated whether thermosensitive TRPV channels were in-
volved in the LEVVs evoked in sensory neurons. We first
searched for the presence of TRPV1-4 channels mRNA in our
preparations of RGC and VGC neurons (Fig. 4). RT-PCR inves-
tigations using specific primers (see MATERIALS AND METHODS)
revealed that TRPV channel mRNAs were differentially ex-
pressed with similar patterns in the two types of sensory neurons.
In the RGCs, TRPV2 and TRPV4 mRNAs displayed the major
expression, whereas neither the expression of TRPV1 nor TRPV3
was significant (Fig. 44 and B). Similarly, in VGCs, both TRPV4
and TRPV2 mRNAs displayed high levels of expression, whereas
the expression of neither TRPV1 nor TRPV3 mRNAs was sig-

nificant (Fig. 4, C and D).
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Fig. 3. The transient receptor potential canonical (TRPC) channels are not
involved in the generation of the LEVV in the RGCs and the VGCs. Each
panel is composed of LEVV traces in control saline solution (left traces)
following application of the tested drugs (middle traces) and the merge of
TTX-resistant vs. 2-aminoethoxydiphenyl borate (2-ABP) or Gd** tests,
respectively (right traces). A: application of 2-ABP (100 uM), a selective
TRPC channel antagonist, subsequently to TTX (10 uM) does not affect the
residual, RGC component of the LEVV evoked in a RGC (n = 2 RGCs and
2 VGCs). B: gadolinium (10 and 100 uM) does not affect the residual
component of the LEVV in a VGC (n = 3 RGCs and 2 VGCs). Note that in
that specific recording, the remaining spikelike deflection despite the presence
of TTX may result from a noncomplete block of the voltage-gated sodium
channel population.

Pharmacological investigations were subsequently con-
ducted to test for the direct involvement in the LEVV of the
TRPV channel subtypes expressed in the RGCs and VGCs.
Bath applications of ruthenium red (10 uM), a general TRPV
channel blocker, completely abolished the LEVV evoked in
both the RGCs (n = 3) and VGCs (n = 5; Fig. 5A). This
indicated that TRPV channels mediated the LEVV in sensory
neurons. Capsazepine (10 wM), a specific TRPV1 channel
blocker, did not affect the LEVV evoked in the RGCs (n = 2)
and in the VGCs (n = 4; Fig. 5B), consistent with the
nonsignificant expression levels of TRPV1 in both neuron
types (Fig. 4). Conversely, RN 1734 (3.2 uM in VGC and 5.2
uM in RGCs), a specific TRPV4 channel blocker (Angelico
and Testa 2010; Vincent et al. 2009), prevented the induction
of LEVV in both RGCs (n = 4; Fig. 5C) and VGCs (n = 7;
Fig. 5D). Altogether, these results indicated that the TRPV4
channels mediate the LEVV in the two types of sensory neurons.
The electrically evoked neural responses were not affected on
application of ruthenium red or RN 1734 (data not shown). In our
hands, SKF-96365 given as a potent TRPV?2 blocker (Vriens et al.
2009) significantly altered the voltage-induced excitability of the
VGCs, preventing any investigation of the involvement of TRPV?2
into the LEVV in this neuronal type.

Tissue and cell expression of TRPV4. Tissue and cell ex-
pressions of the TRPV4 protein were studied using specific
antibodies in transverse sections of adult mouse retinas and rat
vestibular ganglions in RGCs and VGCs isolated from neonate
rodent tissues as well as in adult human retina (Fig. 6). In the
adult mouse retina, TRPV4 immunostaining was found in the
RGCs and the inner plexiform layers (Fig. 6A). RGCs dis-
played similar TRPV4 protein expression at membrane level in
the cell cytosol and neurites in isolated neonate RGCs (Fig.
6B). In adult human retina (Fig. 6C), RGCs also exhibited
TRPV4 immunostaining, suggesting a conserved expression
of TRPV4 in RGCs across species. In the vestibular ganglion,
TRPV4 immunostaining was observed in the cytosol and in the
periphery of the soma, suggesting membrane expression of the
TRPV4 channels (Fig. 6D). On isolated neonate VGCs,
TRPV4 expression seems to be restricted to the cell bodies, as
neuritis were not immunolabeled (Fig. 6F).

Local temperature changes evoked by the laser irradiation.
To assess the ability of the laser irradiations to alter significantly
the temperature of the bath we measured, in a bath without
neurons, the fluorescence variations of LDS 698, a temperature-
sensitive dye, on laser irradiations in the range of those that
triggered LEVV in sensory neurons. Laser irradiations of 20 J/cm?
(i.e., 7-ms pulse duration) evoked mean temperature variations of
10 £ 2°C (n = 10). This confirmed that the local temperature
jumps evoked by the IR laser irradiation were within the activa-
tion range of the TRPV4 channels (Giiler et al. 2002; Watanabe et
al. 2002).

DISCUSSION

Present data directly demonstrate that the neuronal responses
observed in the RGCs and VGCs on IR laser irradiation
originates from TRPV4 channel activation. In addition, we
show that TRPV4 channels are expressed in the two types of
sensory neurons in our culture preparation as well as in adult
tissues. Finally, we confirm that the local temperature jumps
evoked by the IR laser irradiation are suitable for the activation
of the TRPV4 channels.
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TRPV channels, besides their sensitivity to vanilloids, also
display temperature sensitivity. The sequence of activation of
the TRPV channels according to their heat threshold reported
in expression systems such as HEK 293 cells (Watanabe et al.
2002) and Xenopus oocytes (Giiler et al. 2002) is as follows:
TRPV4 >27°C, TRPV3 >32°C, TRPV1 >43°C, and TRPV2
>53°C (Caterina 2007; Noél et al. 2009). In our preparation,
the mean temperature reached during the laser irradiation
(37 £ 2°C; n = 10) was above the TRPV4 activation thresh-
old, therefore supporting a thermal activation of the TRPV4
channels. Complete demonstration will, however, require mea-
suring the effective temperature change at the cell membrane
level during the laser exposure. Other means of cell activation
such as mechanical stimulation or photoactivation are unlikely
to take place. Under the present paradigm, no movement of the
recorded cells or of the surrounding bathing medium could be
seen under visual control. Photoactivation would require the
expression of photosensitive pigments. ipRGCs containing
melanopsin have been shown to represent 1-2% of the mam-
mal RGCs in rodents and 0.2% in humans (Dacey et al. 2005;
Do and Yau 2010). Although it cannot be excluded that some
ipRGCs may have been included in the recorded cells, the
action spectrum of melanopsin (A, = 480 nm; Qiu et al.
2005) prevents any photoactivation by the IR laser wavelength
used in our study. Moreover, as shown by the lack of effect of
2-APB and Gd*", the TRPC pathway reported to mediate cell
excitations in the ipRGCs (Hartwick et al. 2007) does not
contribute to the IR LEVV in the RGCs and VGCs.

Although our pharmacological data designate TRPV4 chan-
nels as the main effectors in the induction of LEVV, the
involvement of other TRPV channels can be discussed. TRPV4
is indeed the most prominently expressed TRPV channel in
RGCs. Despite a slight expression of the TRPV1 mRNA:s, this
channel type does not contribute to the LEVV, as illustrated by
the lack of effect of capsazepine. Likewise, in VGCs, TRPV1
channels that display slight mRNA expression do not contrib-

Fig. 4. Expression and quantification of transient receptor
potential vanilloid (TRPV) 1-4 channel transcripts in pri-
mary cell cultures of sensory neurons. RT-PCR (A and C)
and real-time PCR (B and D) of mouse RGCs, 10 days in
vitro (10 div; A and B), and rat VGCs, 6 div (C and D), both
reveal major expression of TRPV2 and TRPV4 mRNAs.
Amplifications were normalized to 18s ribosomal RNA
levels. Each RT-PCR and real-time PCR was performed
twice using 1 culture of RGCs or VGCs prepared from 15
mice or 5 rats, respectively.
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ute to the LEVV. Conversely, TRPV2 and TRPV4 are both
strongly expressed in this cell type. Although the TRPV4
channels have been clearly shown to control the LEVV in
VGCs and RGCs, we were unable to assess pharmacologically
the involvement of TRPV2 in this process because of the lack
of specificity of the available TRPV2 blockers. Even though
the temperature changes (10 = 2°C) evoked under the present
paradigm do not reach the activation threshold >53°C for
TRPV?2 (Caterina 2007; Noél et al. 2009), it cannot be ruled out
that higher temperature elevations would activate this channel
subtype. Generally, it can be assumed that any TRPV channels
would contribute to the IR laser-evoked responses as long as
the temperature changes at the cell membrane reach their
respective activation threshold and that they are sufficiently
expressed at the cell membrane to alter efficiently the mem-
brane voltage on activation. Although we verified that TRPV4
channels are expressed both by neonate and adult RGCs and
VGCs, expression of TRPV1-2 in RGCs varies during devel-
opment (Leonelli et al. 2009). Although scarcely present in
neonate RGCs, they are both strongly expressed in the later
phase of retinal development in the RGC layer. Therefore, it
cannot be excluded that the expression of these additional
TRPYV channel types may enhance the excitation range of the
RGCs to local temperature changes. However, presently, no
evidence suggesting involvement of TRPV channels other than
TRPV4 in laser-induced biological responses of sensory neu-
rons has been reported.

Our findings that TRPV4 channels are essential to the
induction of LEVVs and that specific voltage-gated calcium
and sodium channel blockers abolish the spikelike component
of the response allow us to propose a cellular cascade for the
LEVYV (Fig. 7): on activation, TRPV4 channels allow calcium
influx to the cell cytosol. This cation entry drives a membrane
depolarization suitable to activate low-threshold voltage-gated
calcium channels, leading to further depolarization and subse-
quent activation of voltage-gated sodium channels. Altogether,
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Fig. 5. TRPV4 channels mediate the LEVV in sensory neurons. Each panel is
composed of LEVYV traces in control saline solution (/eft traces) and following
application of the indicated tested drugs (right traces). A: illustration of the
complete block of the LEVV by ruthenium red (10 uM), a general TRPV
channel blocker in a VGC (n = 3 RGCs and 5 VGCs). B: capsazepine (10
M), a TRPV1 channel blocker, does not affect LEVV in a RGC (n = 2 RGCs
and 4 VGCs). C: RN 1734 (5.2 uM), a specific TRPV4 channel blocker,
completely abolishes the LEVV in RGCs (n = 4). D: RN 1734 (3.2 uM)
prevents the LEVV in VGCs (n = 7). Scale in D applies to B-D.

this sequence of events allows generation of sodium-based APs
in the cells forming the optic and vestibular nerves following
IR laser stimulation. Given that expression of ion channels in
VGCs is heterogeneous (Chabbert et al. 2001; Kalluri et al.
2010), the small prespike hyperpolarization in a fraction of
recorded VGCs likely reflects a different ion channel compo-
sition in this subpopulation. Because of minimal species dif-
ferences in TRPV4 amino acid sequences (Nilius et al. 2004)
and the similar TRPV4 protein expression in rodent and adult
human RGCs, it is likely that the TRPV4-based process of
laser-evoked cell response in these cells could apply to human
tissue. The apparent innocuousness of IR lasers for the stimu-
lation of primary sensory neurons in culture suggests that IR
laser irradiation, at least in range of the wavelengths and laser
power used in the present study, may be a convenient way to
stimulate properly these sensory ganglion cells in a prosthesis
approach. However, although the present study indicates that

sensory neurons can be repetitively irradiated without altera-
tion of their passive membrane properties, the long-lasting
consequences of repetitive high-rate stimulations will need to
be explored further. Demonstration that excitable cells express-
ing TRPV channels may be targeted by local and controlled
temperature changes also opens novel technical possibilities,
specifically regarding the development of nanotechnology.
Recent elegant experiments have indeed demonstrated that
changes in the membrane potential of hippocampal neurons
that express TRPV1 could be achieved through magnetic-field
heating of nanoparticles (Huang et al. 2010). Bringing the in
vivo proof of concept of the feasibility to excite neurons using
IR laser excitation will require solving some important ques-
tions such as how to define the optimal location for irradiation
of target cells. The irregular expression of TRPV channels
along the neuron soma (illustrated by the selective expression
of TRPV4 at the soma of adult rat VGCs) as well as the fact
that some sensory neurons (vestibular and auditory ganglion
cells) are myelinated can also influence the sensitivity of the
sensory neurons to IR laser stimulation. In any case, the present
demonstration should open novel therapeutic opportunities,
particularly in the field of the sensory neuroscience, as TRPV4
channels have now been demonstrated in retinal, vestibular,
and auditory ganglion cells (Shen et al. 2000).

In previous experiments on cardiomyocytes, Dittami and
colleagues (2011) brought evidence that IR irradiation (in the
same energy range of that used in present study) may also
modulate the calcium mitochondrial uniporter (mCU). Brief
and repetitive IR irradiations significantly increased cytosolic
calcium in these cells. Subsequently, the same research group
proposed that a similar mechanism may support the IR stimu-
lation of vestibular hair cells that led to excitation of the
vestibular afferents in the Toadfish crista ampullaris (Rajguru
et al. 2011). Following this interesting observation, it cannot be
discarded that the mitochondrial pathway may also be activated
in the sensory neurons on IR irradiation. However, it has to be
noticed that under present experimental conditions, the re-
moval of the external calcium was sufficient to abolish the
LEVV, although a residual depolarizing component remained.
This suggests that any IR activation of the mCU may modulate
but not be sufficient to drive the LEVV of sensory neurons.
Moreover, IR irradiations that activated the hair cells in the
experiments of Rajguru et al. (2011) were inefficient on the
vestibular afferents. This also suggests that the mechanisms
supporting the biological responses to the IR irradiation may
differ depending on the cell type. Additional investigations
using calcium microfluorimetry technique should allow assess-
ment of the respective weight of these two cellular pathways in
the induction of the LEVV. In the same way, investigations
using the voltage-clamp configuration of the patch-clamp tech-
nique should allow further investigation of the ionic nature of
the current that flows through the TRPV4 channel during the
laser irradiation. This will help to test whether different chan-
nel types participate to the neuron response or to gather
indications on the voltage sensitivity of the TRPV4 channel in
Sensory neurons.
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Fig. 6. Immunolocalization of TRPV4 using specific
antibodies in slices of 2-mo mouse retina (A), RGCs
[postnatal days 2-4 (P2-P4) animals, 5 div, 3 experi-
ments; B], and human RGC (C; 2 experiments). Pres-
ence of TRPV4 was also demonstrated in 2-mo Wistar
rat vestibular ganglion (D; 2 experiments) and isolated
VGC PS5 animals (E; 3 experiments) without and with
N52 staining. TRPV4 (red), N52 (green), Brn3a, a spe-
cific RGC transcriptional factor, and Hoechst (blue) are
shown. Scale bar of 10 wm applies to all. OPL, outer
plexiform layer; IPL, inner plexiform layer; GCL, gan-
glion cell layer; INL, inner nuclear layer.
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