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Abstract: (1) Background: High-tension glaucoma damages the peripheral vision dominated by
rods. How mechanosensitive channels (MSCs) in the outer retina mediate pressure responses is
unclear. (2) Methods: Immunocytochemistry, patch clamp, and channel fluorescence were used
to study MSCs in salamander photoreceptors. (3) Results: Immunoreactivity of transient receptor
potential channel vanilloid 4 (TRPV4) was revealed in the outer plexiform layer, K+ channel TRAAK
in the photoreceptor outer segment (OS), and TRPV2 in some rod OS disks. Pressure on the rod
inner segment evoked sustained currents of three components: (A) the inward current at <−50 mV
(Ipi), sensitive to Co2+; (B) leak outward current at ≥−80 mV (Ipo), sensitive to intracellular Cs+ and
ruthenium red; and (C) cation current reversed at ~10 mV (Ipc). Hypotonicity induced slow currents
like Ipc. Environmental pressure and light increased the FM 1-43-identified open MSCs in the OS
membrane, while pressure on the OS with internal Cs+ closed a Ca2+-dependent current reversed at
~0 mV. Rod photocurrents were thermosensitive and affected by MSC blockers. (4) Conclusions: Rods
possess depolarizing (TRPV) and hyperpolarizing (K+) MSCs, which mediate mutually compensating
currents between −50 mV and 10 mV, serve as an electrical cushion to minimize the impact of ocular
mechanical stress.

Keywords: mechanosensitive channel; TRPV; potassium channel; rod; temperature; patch clamping;
immunofluorescence; confocal microscopy

1. Introduction

The elevation of the intraocular pressure (IOP) is the most significant risk factor for
glaucoma [1–3], including the mean level and fluctuation [4,5]. Glaucoma patients typically
develop tunnel vision, but it is unclear why peripheral vision is more vulnerable to IOP
elevation. Except for the sustained IOP level, retinal neurons are also exposed to IOP
pulses, which are 2–3 times per second in primates [6], and the amplitude is enhanced
under elevated IOP levels. The IOP in mice shows multiple peaks during the daytime [7].
Besides the pressure, glaucoma patients often show local retinal expansion in adults, known
as optic disk cupping [8,9], and uniform retinal expansion in the case of buphthalmia in
children. The IOP and retinal stretch, as well as the pulse of arteries and the fluctuation of
local pressure, shape, and osmolarity, appear to be a suitable stimulus capable of opening
mechanosensitive channels (MSCs) [10–12]. Despite the presence of retinal MSCs [13–16]
and pressure-induced visual disorders [17–20], the role of MSCs in the outer retina under
normal and pathological conditions is largely unclear.

Glaucoma studies often focus on inner retinal neurons, while these data have also
indicated pathologies in outer retinal neurons. The retinal excitatory signal collected by
retinal ganglion cells (RGCs) is initiated from photoreceptors and mediated by bipolar cells
(BCs). In RGCs, our previous studies have shown reduced excitatory inputs upon the early
stage of IOP elevation in glaucoma models [21,22], and others’ results support the damage
by high IOP to the excitatory synapse from BCs to RGCs [23,24]. The electroretinography
(ERG) b-wave, which is widely used to monitor the function of BCs, has shown some
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changes in both glaucoma patients [25] and animal models [26,27], and these functional
changes, together with the pressure-related BC pathology [23,24] and pressure-sensitivity
of BCs [16], support the involvement of the outer retinal neurons in glaucoma. However,
the negative finding in BC populations in an earlier report [28] and the obvious pathology
of RGCs demonstrate a lower structural vulnerability of outer retinal neurons in glaucoma.
The damage to the rod ribbon synapse [29], rods, and the outer plexiform layer (OPL) [30]
that has been revealed in glaucoma mouse models is yet to be explained. MSCs may
mediate cation influxes capable of directly damaging the ultrastructure of cells [31–33],
but the role of MSCs in photoreceptors in physiological and pathological conditions is
still unclear.

Vertebrate retinal rods and the outer plexiform layer (OPL) have been reported to
express two groups of MSCs, including the vanilloid transient receptor potential chan-
nel (TRPV) [34–37] and K+ channels such as the big potassium channel (BK, also known
as the calcium- and voltage-gated large conductance potassium channel, Slo1, and KC-
NMA1) [38–40] and the two-pore domain K+ channel (K2P) TRAAK [41]. The K+ channels
give rise to leak (also called background) K+ currents to stabilize the negative resting
membrane potential and counterbalance membrane depolarization [42]. BK [43,44] and
TRAAK are gated primarily by membrane tension [43,45–49]. TRPs belong to a superfamily
of non-selective cation channels [11,12] more permeable to Ca2+ than Na+. TRPV1, TRPV2,
and TRPV4 have been shown to open upon pressure, membrane stretch, hypotonicity, or
fluid flow [10,11,50–56], with TRPV4 expressed in mammalian RGCs and the OPL [34,35]
and TRPV2 in the OPL and axons of photoreceptors in the mouse [36], rat, cat, and primate
retina [37]. K+ channels and TRPVs are activated by similar mechanical stimuli but mediate
different currents. While studies often focus on the activity of individual channels, the
combined effect has not been examined. We hypothesize that outer retinal neurons are
responsive to pressure changes and the balance between MSCs reduces the impact of
pressure-induced cation currents.

Antibodies have been widely used to identify MSCs, and the function of these channels
may be quantitatively examined by patch-clamp recording techniques. In addition, FM1-43
has been used to reveal opened MSCs, because it becomes fluorescent only after entering
the plasma membrane. It may quickly pass MSCs to label neurons in tens of seconds
to a few minutes, and studies on hair cells from the inner ear have shown that the fast
labeling of the cytoplasm is mediated by opened MSCs instead of endocytosis [57–59].
MSCs [58,59], including TRPV4 [57,60–62], contribute to the labeling in neurons. This study
used immunocytochemistry, whole-cell patch-clamp recording, and FM 1-43 fluorescence
and studied the expression and function of MSCs in the outer retinal neurons. The results
demonstrated several MSCs in the outer retina, which mediate mutually compensating
cation currents, serving to reduce the impact of pressure stress.

2. Materials and Methods
2.1. Animals

Laval tiger salamanders (Ambystoma tigrinum) were purchased from Charles D.
Sullivan, Co. (Nashville, TN, USA) and KON’s Scientific Co. Inc. (Germantown, WI, USA)
and handled as per policies on the treatment of laboratory animals of the Baylor College of
Medicine and the National Institutes of Health. The animals were dark-adapted for 1–2 h
before the experiment, and then, they were anesthetized in water containing MS222 until
they were no longer responsive to touch or water vibration. The animals were then quickly
decapitated, and the eyeballs were enucleated.

2.2. Single-Cell and Dual-Cell Patch-Clamp Recording of Photoreceptors

All procedures were performed under infrared (~1 mm) illumination with dual-unit
Nitemare (BE Meyers, Redmond, WA, USA) infrared scopes. Whole-cell patch-clamp
recording [63,64], preparation of living retinal slices [65,66], light simulation, immunoflu-
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orescence, and confocal microscopy [67,68] essentially followed procedures described in
previous publications.

Axopatch 700A and 700B amplifiers were connected to DigiData 1322A interfaces
and operated by pClamp software v9.2 and v10.3 (Axon Instruments, Foster City, CA,
USA). Patch pipettes had a 5–8 MΩ tip resistance when filled with an internal solution
containing 112 mM Cs-methanesulfonate, 12 mM CsCl, 5 mM EGTA, 0.5 mM CaCl2, 4 mM
ATP, 0.3 mM GTP, 10 mM Tris, and 0.5% Lucifer yellow, adjusted to pH 7.3 with CsOH. For
current-clamp and some voltage-clamp recordings, the pipettes were filled with internal
solutions containing 112 mM K-gluconate, 10 mM KCl, 10 mM EGTA, 10 mM HEPES,
0.5 mM CaCl2, 1 mM MgCl2, 4 mM Na2-ATP, 0.3 mM Na3-GTP, and 0.5% Lucifer yellow,
adjusted to pH 7.3 by KOH. A Cs+ -based internal solution is also a blocker for voltage-
gated K+ channels and was used for differentiating K+ channel-mediated currents. The
external Ringer’s solution contains 126 mM NaCl, 3 mM KCl, 3 mM CaCl2, 1 mM MgCl2,
and 20 mM HEPES, adjusted to pH 7.3 with 10 M NaOH. The internal solution and the
external normal Ringer’s solution yield an ECl of −59 mV at room temperature. Recorded
cells were visualized by Lucifer yellow fluorescence with LSM 510 and LSM 800 confocal
microscopes (Carl Zeiss, Oberkochem, Germany).

A photostimulator delivered light spots of a diameter of 600−1200 µm and 500 nm
wavelength (λmax = 500 nm, full width at half maximum = 10 nm) at a series of intensities
(−10 to −1 log I) to stimulate the retina via the epi-illuminator of the microscope [69–71].
Since we delivered uncollimated light beams through an objective lens of a large numer-
ical aperture (Zeiss 40x/0.75 water), the incident light could enter the retina in many
directions and, thus, had a minor photoreceptor self-screening effect [72]. The inten-
sity of unattenuated (0 in log unit (log I)) 500 nm light from a halogen light source was
4.4 × 105 photons µm−2 s−1.

Positive pressure (10–63 mmHg) steps were applied to cells during recording with a
second patch pipette placed in the opposite direction to the recording pipette with a dis-
tance of ~100 µm. The pressure applied to the pipette was calibrated by a DM8215 digital
manometer (Cole-Parmer, Vernon Hills, IL, USA) with a resolution of 0.57 mmHg [73].
In some well-studied mechano-gated channels [42], the convex membrane deformation
facilitates the opening of mechanosensitive channels. The pharmacological channel modu-
lators include TRPV4-specific agonists [34,35,74] 4α-phorbol 12,13-didecanoate (4αPDD,
2 µM), GSK1016790A (GSK, 2 µM), and RN1747 (20 µM; Tocris, Bristol, UK); TRPV4 antag-
onist RN1734 (5 µM); TRPV2 agonist 2-aminoethoxydiphenyl borate (2APB) [75,76]; BK
channel blocker iberiotoxin (IBTX, 1 µM; Tocris); and general MSC blockers ruthenium red
(RR, 25 µM) and Cd2+ (50 µM) [77–79]. Chemicals were purchased from Sigma-Aldrich
(St. Louis, MO, USA) and Tocris Bioscience, except otherwise specified.

2.3. Multi-Cell Patch-Clamp Recording of Retinal Neurons

Two EPC10 quadruplets (HEKA Instruments Inc, Holliston, MA, USA) were connected
to provide 8 amplifiers for simultaneously recording 1–8 cells, and each of the channels
could operate in either voltage- or current-clamp mode. The recording was performed
under infrared illumination (>750 nm) or dim-red light and monitored by a Nano video
camera (Stemmer Imaging AG, Puchheim, Germany). The light response of recorded
neurons was evoked with a 505 nm LED driven by a digital output channel of the EPC
amplifier. The size of the light spot was 700–1200 µm in diameter. Patch pipettes and the
microscope were controlled by Luigs & Neumann SM-10 manipulators (Luigs & Neumann
GMBH, Ratingen, Germany) with a resolution of 0.01 µm. The system had excellent
stability [80,81] and allowed moving electrodes and changing the light intensity without
vibrating the system. The light intensity was normalized with an optometer (United
Detector Technology Inc., Hawthorne, CA, USA) for consistency among experiments.
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2.4. FM 1-43 Probing for MSCs in the Open State

Light and environmental pressure were tested for whether to open MSCs permeable
to FM 1-43. Living whole retinas or retinal slices were used. For testing the effect of
light, the retinal tissue was set on a piece of cover glass and placed in a Petri dish, and a
retinal area was further chosen under confocal microscopes (LSM 510 and LSM 800; Carl
Zeiss, Oberkochen, Germany) with the dim transmission light. Then, the bath solution
was replaced with 3 µM fixable FM1-43 for 30–60 s, during which time the local area
was scanned with a 488 laser and several images were taken. Afterward, the tissue was
washed several times and more images were taken. All images were taken under the same
condition, including the pinhole size, laser intensity, gain, scanning speed, etc., and images
from the selected region, which was simultaneously exposed to FM 1-43 and the 488 nm
laser, were further compared with those from other regions to determine the effect of light
on the labeling.

For testing the effect of environmental pressure, a pressure chamber was built by
connecting a bottle to a stable air supply and a vent monitored with a digital manometer
with a resolution of 0.57 mmHg (DM8215; Cole-Parmer, Vernon Hills, IL, USA) [73]. Retinal
tissues of the experimental group were placed in the chamber and incubated in FM 1-43
for 60 s, and control tissues were handled similarly except in the open air. After several
washes, all tissues were fixed and mounted for examination. Images of the experimental
and control groups were taken under the same condition. The fluorescence was examined
with a 488 nm argon laser and a 550–630 nm bandpass emission filter [82] with Zeiss
confocal software. Fixable FM 1-43 (FM 1-43FX) was purchased from Invitrogen (F-35355;
Waltham, MA, USA).

2.5. Antibodies and Immunocytochemistry

The preparation of vertical retinal sections and double- and triple-labeling followed
our published experimental protocols [16,68,71,83–85]. Polyclonal rabbit anti-TRPV4 (LS-
C135 [16], 1:200) was purchased from LifeSpan Biosciences, Inc. (Seattle, WA, USA). It was
raised against rat TRPV4 (Q9ERZ8, aa853-871, peptide immunogen sequence: CDGHQQ-
GYAPKWRAEDAPL). LS-C135 provided the best signal-to-noise ratio in the primate
retina [16] and showed a similar specificity as LS-A8583 and LS-C94498 for labeling reti-
nal TRPV4, which has been confirmed in TRPV4-knockout mice [34]. Polyclonal rabbit
anti-TRPV2 (1:200, PC421; MilliporeSigma, Burlington, MA, USA) was produced with
a synthetic peptide containing the amino acids 744–761 of rat TRPV2. It recognized the
~98 kDa (doublet) vanilloid receptor-like protein-1 in the rat spinal cord extract (vendor’s
data), consistent with TRPV2 [75]. Goat anti-TRAAK (C-13) polyclonal antibody (1:100, sc-
11324; Santa Cruz Biotechnology, Inc., Dallas, USA) was an affinity-purified goat polyclonal
antibody raised against peptide mapping at the C-terminus of TRAAK of human origin. It
recognized a single band of ~47 KDa (vendor’s data), consistent with TRAAK [86]. Two
calbindin D-28k antibodies were used, one of which was a rabbit polyclonal antibody raised
against the recombinant rat calbindin D-28k (CB) protein purchased from Swant (CH-1723,
Marly 1, Switzerland) (CB38, 1:1000) [87,88], and the other was a mouse monoclonal anti-
body purchased from Sigma and produced with the bovine kidney calbindin-D (C9848,
clone CB955, 1: 200) [87,88]. Other antibodies included goat calretinin antiserum (CG1,
1:1000, Swant [89,90]; AB149, 1:1000, MilliporeSigma) and polyclonal guinea pig anti-GABA
(1:1K, AB175; Chemicon, Temecula, CA, USA) [91]. The staining pattern of the calbindin
and calretinin antibodies was similar to previous studies, confirming the specificity.

Zeiss confocal microscopes (LSM 510 and LSM 800; Carl Zeiss, Oberkochen, Germany)
and Zeiss imaging software were used for taking and analyzing images. Recorded cells
were visualized by Lucifer yellow fluorescence or/and neurobiotin labeling. A series of
optical sections were often made over a targeted cell or region. The airy scan, as well as
the regular line and frame scan, were used for some morphological studies, which could
provide the best confocal resolution (30 nm per pixel and a step of 150–180 nm).
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2.6. Statistics

Data were analyzed with Sigmaplot v11.0 (Systat, Point Richmond, CA, USA), Clamp-
fit v9.2 and v10.3 (Axon Instruments, Foster City, CA, USA), and Microsoft Excel v1708
(Microsoft Co., Redmond, WA, USA) and presented as the mean ± s.e.m. Regression
analysis and Student’s t-test were performed, and the two-tailed p-value was reported in
all cases. The peak amplitude of the responses (R) of photoreceptors to pressure stimuli
(P) was well fit to an exponential rise to the maximum function f(P) = Rmax (1-eˆ((−b/P)).
The data collection was completed before data analysis and was independent of data
interpretation. The α level for rejecting the null hypothesis was 0.05.

3. Results
3.1. The Immunoreactivities of the Mechanosensitive Potassium and Non-Selective Cation Channel
in Outer Retinal Neurons

We first examined the immunoreactivity of several MSCs in the retina. Rods and
cones were differentiated by the shape of the outer segment (OS). Calbindin D-28k (Calb)
antibody was used to label the OS, soma, and axon terminal (Figure 1) [92,93] of single
and double cones. Calretinin (Calr) and GABA antibodies brightly labeled the soma and
processes of horizontal cells [90] (Figure 1D), and calretinin also stained some ON-bipolar
cells on the soma, Landoit’s club, dendrites, and axons (Figure 1A,B,D). In retinas triple-
labeled for TRPV2, calbindin, and calretinin, TRPV2 signals were primarily found in the
outer retina (Figure 1A), which brightly revealed half disks in the rod OS, cone OS, and the
outer plexiform layer (OPL), including half dendrites of horizontal cells (HCs) identified
by calretinin and GABA antibodies [91] (Figure 1E,F). One OS of double cones was labeled
brighter, while the cytoplasmic membrane of the rod OS was negative for TRPV2.

In retinas triple-labeled for TRPV4, calbindin, and calretinin, TRPV4 immunoreactivity
appeared as large and fine puncta, and the former was primarily in the OPL and the
latter in the terminals of cones and rods, the IPL, and somas in the ganglion cell layer
(GCL) (Figure 1B). The immunoreactivity of TRAAK was primarily present in the OS of
photoreceptors, and it brightly revealed the OS of single cones and clearly labeled the rod
OS. Some smaller puncta were present in the OPL and IPL. These data demonstrate that
each of the MSCs has a unique distribution pattern, and their proportion varies among the
neurons and cellular compartments with the rod OS disks, rod OS membrane, cone OS,
OPL, and the axon terminals of photoreceptors, IPL, and GCL expressing TRPV2, TRAAK,
TRPV2-TRAAK, TRPV2-TRPV4-TRAAK, and TRPV2-TRPV4, respectively.

3.2. Pressure-Evoked Currents in Rods

To determine the function of MSCs in the retina, we first examined photoreceptors
for the response to the mechanical and osmotic pressure (Figure 2). Rods (n = 9) are
recorded with a patch pipette containing a Cs+- (Figure 2B) or a K+-based (Figure 2C)
internal solution, and recorded cells were labeled with Lucifer yellow. In healthy rods that
could generate normal light responses, the dynamic pressure applied to rod soma and the
OPL with a patch pipette and the osmotic pressure focally applied directly to rods with a
pipette or in the bath all evoked sustained responses in rods, demonstrating the mechanical
responsiveness of rods. We further used the reverse potential of the pressure-evoked
current, its dependence on K+, and the effect of synaptic blocker Co2+ and a general MSC
blocker ruthenium red (RR) to determine the type and location of MSCs involved (n = 18)
(Figure 2).
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Figure 1. The expression of several MSCs in the salamander retina. Confocal images show the retina slice triple-labeled 
for calbindin D-28k (Calb), calretinin (Calr), and TRPV2 (A,E,F) or TRPV4 (B) or probed for TRAAK (C). (A) TRPV2 
antibody brightly labels the outer plexiform layer (OPL), half disks in the rod outer segment (OS) (white arrow), and cone 
OS (black arrow) and weakly reveals some processes in the inner plexiform layer (IPL) and somas in the ganglion cell 
layer (GCL). (B) Bright TRPV4-immunoreactive puncta are mostly present in the OPL and terminals of cones (black arrow, 
(b5)), while weaker TRPV4 signals are visible in somas and dendrites of horizontal cells (HCs, (b1)), bipolar cells (BCs) 
(b2), the basal membrane of rods and putative rod axon terminals (white arrow, (b3,b4)), the inner plexiform layer (IPL), 
and somas in the GCL. (C) TRAAK antibody labeled the OS of single cones (black arrow) the most brightly, and it clearly 
revealed the OS of rods (white arrow). Weaker TRAAK signals are sparsely present in the OPL and IPL. (D) Calretinin 
antibody heavily labeled HCs and clearly labeled some BCs. (E) Calretinin-labeled soma of HCs positive for TRPV2. (F) 
At the OPL focal plane, nearly half dendrites of HCs that are identified by calretinin (F2) and GABA ((F3), red) are labeled 
for TRPV2 (F1) (white double-arrow). (F1,F2) display the blue and green channels of (F3), respectively. OSL: outer segment 
layer; ISL: inner segment layer; RGC: retinal ganglion cell. Scale bars: 20 μm. 
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Figure 1. The expression of several MSCs in the salamander retina. Confocal images show the retina slice triple-labeled for
calbindin D-28k (Calb), calretinin (Calr), and TRPV2 (A,E,F) or TRPV4 (B) or probed for TRAAK (C). (A) TRPV2 antibody
brightly labels the outer plexiform layer (OPL), half disks in the rod outer segment (OS) (white arrow), and cone OS (black
arrow) and weakly reveals some processes in the inner plexiform layer (IPL) and somas in the ganglion cell layer (GCL).
(B) Bright TRPV4-immunoreactive puncta are mostly present in the OPL and terminals of cones (black arrow, (b5)), while
weaker TRPV4 signals are visible in somas and dendrites of horizontal cells (HCs, (b1)), bipolar cells (BCs) (b2), the basal
membrane of rods and putative rod axon terminals (white arrow, (b3,b4)), the inner plexiform layer (IPL), and somas in the
GCL. (C) TRAAK antibody labeled the OS of single cones (black arrow) the most brightly, and it clearly revealed the OS
of rods (white arrow). Weaker TRAAK signals are sparsely present in the OPL and IPL. (D) Calretinin antibody heavily
labeled HCs and clearly labeled some BCs. (E) Calretinin-labeled soma of HCs positive for TRPV2. (F) At the OPL focal
plane, nearly half dendrites of HCs that are identified by calretinin (F2) and GABA ((F3), red) are labeled for TRPV2 (F1)
(white double-arrow). (F1,F2) display the blue and green channels of (F3), respectively. OSL: outer segment layer; ISL: inner
segment layer; RGC: retinal ganglion cell. Scale bars: 20 µm.
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Figure 2. Pressure-evoked currents in rods. Rods are recorded in voltage-clamp mode with a patch pipette filled with an internal
solution containing Cs+ 137 mM (B) or K+ 132 mM (C) and labeled with Lucifer yellow (A). (B) A rod responds to light steps with
outward currents (B1) at different holding potentials (Vh), and the short dynamic pressure pulses applied with a puffer pipette to
the soma of the rod elicited primarily inward currents (Ipi) (B2). Ruthenium red (RR) shifted the reversal potential from−50 mV
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to ~ −20 mV and unmasked a non-selective cation conductance (Ipc) (B3). (C1) Longer pressure steps were applied to the
outer plexiform layer and evoked currents reversed around −50 mV. (C2) In the presence of synaptic blocker Co2+, the
evoked current was primarily outward (Ipo). (C3) In the presence of Co2+ and RR, the evoked current reversed at ~10 mV,
unmasking a non-selective cation conductance (Ipc). (C4) The outward current was washed back. (C5) In a hypotonic
bath solution, a hypertonic puffer solution was applied with a dynamic pressure step and induced a slow decrease in the
non-selective cation conductance (triangle), which was reversed around −20 mV and superimposed on an outward current
(dot). (C6) The same dynamic pressure from the same puffer pipette caused a rather small outward current on a clean patch
pipette placed at the same distance. (D) The response of a rod to both light and pressure recorded with a Cs+-containing
internal solution. The results demonstrate three major components of the pressure-evoked current in rods.

First, when a K+ internal solution was used (Figure 2C), pressure steps applied to
the OPL evoked a current reversed around −50 mV, and Co2+ blocked the inward current
component (Ipi) at <−50 mV, and the residue current was purely outward (Ipo) at≥−80 mV.
In the presence of Co2+ and RR, the evoked current reversed at ~10 mV, revealing another
component, a non-selective cation conductance (Ipc). The results indicate that the pressure-
evoked current consists of three components: a chemical synapse-mediated inward current, an
outward leak current, and a non-selective cation current. Second, when a Cs+-based internal
solution was used to block some potassium channels (Figure 2B), applying dynamic pressure
to the soma of rods elicited mainly inward currents with negligible outward currents and
a reversal potential near −50 mV, supporting that Ipo is mediated by mechanical sensitive
K+ channels. Ruthenium red (RR) with both K+- and Cs+-based internal solutions shifted
the reversal potential of the evoked current from ~ −50 mV to ≥−20 mV, consistently
revealing a non-selective cation current. Third, osmotic pressure applied with a hypertonic
puffer solution (Figure 2C5) induced a slow decrease in the non-selective cation conductance,
and its late phase reversed around −20 mV. This, consistent with the morphological data,
indicates that TRPV4 is present in rods. The pressure–response curve of rods was well fit to an
exponential function f(P) = 16.66 (1−eˆ ([−4.45P])) (two-tail p < 0.002) and saturated at ~0.5 psi
(25.9 mmHg) at the membrane potential level (−40 mV). To estimate the physical artifact of
the puffer solution on the recording pipette, we compared the response of a recording tip
with and without a cell attached, and we found that the artifact was a rather small sustained
outward current without a reversal potential (Figure 2C6). The data together indicate that
rods are responsive to pressure and osmotic changes, and the pressure-evoked currents Ipi,
Ipo, and Ipc are mediated by presynaptic neurons, mechanosensitive K channels in rods, and
mechanosensitive TRPVs in rods, respectively.

To understand the role of TRPV2 in the outer segment (OS), we further focally applied
pressure to the OS of rods and cones. In the presence of internal Cs+, both rods (Figure 3A–E)
and cones (Figure 3F–I) showed the pressure-evoked closure of a non-selective cation current
reversed at −5 to 0 mV (Figure 3D,I). The response was enhanced by the increase of the
extracellular Ca2+ concentration [Ca2+]o (Figure 3A,B,E). The pressure response was saturated
around 0.5 psi, with a τ value of ~0.22 psi (τ = 1/b) (Figure 3C,H). The data, together with
those in Figure 1, indicate that in the presence of internal Cs+, the pressure on the outer
segment of photoreceptors closes the cation conductance in line with TRPV2.
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Figure 3. Response of photoreceptors to pressure applied to the outer segment. (A,B,F,G) depict
the pressure-evoked current. With the internal Cs+ blockage of K+ channels, the pressure causes a
sustained decrease in the cation conductance in a rod (A,B), which reverses at ~5 mV ((D), at 0.5 psi)
and saturates at ~0.5 psi (C). (E) The amplitude of the pressure-evoked current at −30 mV (diamond)
and 20 mV (square) increases upon increasing the extracellular Ca2+ concentration ([Ca2+]o) (two-
tailed p = 0.0229 and 0.0002, respectively). The pressure–current response curve was well fit to an
exponential rise to the maximum function. The two-tailed p for Rmax is 0.0001, and p for b is 0.0004.
F and G show the pressure-evoked current in a cone at −30 mV (G) and 20 mV (F), which reverses
near 0 mV (I), and the pressure–current response curve (H) was well fit to two exponential functions.
For the upper equation (−30 mV), the two-tailed p for Rmax and b is 0.0001 and 0.0020, respectively.
For the lower equation (20 mV), the two-tailed p for Rmax and b is 0.0080 and 0.0442, respectively. The
data indicate that the extracellular pressure applied to the outer segment causes the closure of TRPV2
in the outer segment of photoreceptors.

3.3. The Effect of the Pharmacological and Thermal Modulation of Mechanical Sensitive Channels
on the Light Response of Rods

Then, we examined the effect of the modulation of MSCs on the light response of
rods (Figure 4). The TRPV2 agonist 2APB depolarized the resting potential (RP) by 10.44%
(3.07–8.7 mV, p = 0.001, n = 7) and reduced the amplitude of the light responses by 13.29%
(two-tail p = 0.037, n = 7). The MSC blocker RR decreased the amplitude of the light response
in some rods (−42.84%, two-tailed p = 0.134, n = 4), while the changes in the RP also varied
among the cells (p = 0.473). TRPV4 agonists GSK and 4αPDD weakly hyperpolarized the
RP by 4.97% (0.38–3.7 mV, two-tailed p = 0.02, n = 6) without significantly reducing the
light response (−20%, p = 0.113). TEA is a blocker for most potassium channels. It largely
depolarized rods (32.85 mV, two-tailed p < 0.0001, n = 4) and reduced the light response by
23.72% (two-tailed p = 0.007, n = 4). The BK channel blocker IBTX enhanced the amplitude
of the light response of some rods. The data demonstrate that modulating retinal MSCs
could variably affect the RP and light response of rods, while the overall effect of the TRPV
and K channels are generally mutually antagonizing.
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Figure 4. The effect of modulators of the mechanical sensitive ion channels on the light response of rods. Rods were
recorded for the light response in current-clamp mode. (A,B) Three to four rods were simultaneously recorded with the
multi-cell patch-clamp technique. TRPV2 agonist 2APB weakly depolarizes rods and slightly reduces the light response (A).
The K+ channel blocker TEA largely depolarizes rods and reduces the light response. (B) TRPV4 channel agonists GSK
and 4aPDD slightly hyperpolarize rods (the highlighted trace). (C) The light response in a rod was largely and reversibly
reduced by ruthenium red (RR). (D) A blocker for BK channels, IBTX, enhances the light response of a rod. The two traces
in each panel in C and D were recorded 2–3 min apart. (E) The light-evoked potentials recorded at eight light intensities are
larger at 23 ◦C than at 31 ◦C and severely disrupted at 43 ◦C. (B–E) Membrane potentials were maintained at ~−40 mV.
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Most MSCs are temperature sensitive. Here, we tested the effect of a temperature
change on the light response of rods. At room temperature (~22 ◦C), rods showed the
largest amplitude of light-evoked potentials at the resting potential level. The amplitude
reduced when the temperature was raised to 31–33 ◦C, and a temperature of 40–44 ◦C
severely disrupted the light response and transiently enhanced the baseline noise. The
latter effect was not reversible. This result is in line with our previous observations. In the
past more than 20 years, our laboratory has used salamander retinas for vision research,
and we noticed that the retinal function and structure were often less healthy in summer
compared with those in winter, including the less organized tissue structure, the “spotty”
look of somas, and the difficulty to record larger light responses. These data together
demonstrate the thermosensitivity of visual signals, further supporting the presence of
MSCs in rods.

3.4. FM 1-43-Identified Open Channels in the Outer Segment (OS) of Photoreceptors

Furthermore, we investigated the role of MSCs in intact photoreceptors (Figure 5)
with FM 1-43 fluorescence. First, we examined how the amount of FM 1-43-labeled open
MSCs were related to light. In flat-mount retinas (Figure 5A–D) (n = 5) or slice preparations
(n = 7), a retinal region was selected and focused under dim transmission light. Then,
3 µM FM 1-43 was applied to the bath for 50 s, during which time only the selected region
was scanned by a 488 nm laser and imaged several times. After washing away FM 1-43,
more images were taken from the selected area and compared with images from the
surrounding areas. The results showed that the selected area exhibited a nearly perfect
square shape clearly distinguishable from the surrounding region after 20 s, indicating
that the light enhances the channel opening. From 50 s to 2 min, all OSs of photoreceptors
in the selected area were brightly fluorescent, while labeled OSs in other regions were
rather sparse (Figure 5C). At 49 min, more OSs of double cones in surrounding regions
(Figure 5C2,C3) were labeled than those of rods. The data indicate that rods and cones
possess FM 1-43-permeable channels, which may be opened by light and closed in darkness.
The 488 nm laser scanning was normal and brief. The effects of light onset and offset were
not distinguished.
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Figure 5. The modification of light (A–D) and pressure (E,F) (28 mmHg, (E)) on the FM 1-43-labeled
open channels. (A) A selected area during the incubation of FM 1-43 at the focal plane of the outer
segment (OS). (A1–A4) were taken from 0 s, 20 s, 50 s (begins wash), and 2 min after applying
the drug, respectively (B) The OPL of the selected area after 20 min. (C) Other areas at the OS
plane after 49 min, showing a low density of labeled rods (C1) and single and double cones (C2,C3).
Labeled double cones are less restricted to the selected region. All images in A to C were taken
under the same conditions. (D) A large region including the selected area (white square) after 66 min.
The green channel in (D1,D2) shows FM 1-43, and the red channel in D1 is the Nomarski image.
The data indicate that the 488 nm laser illumination opened some channels permeable to FM 1-43.
(E) A piece of the flat-mount retina was simultaneously exposed to 3 µM FM 1-43 plus 28 mmHg for
80 s compared with the other piece from the same eye that was exposed to the same drug without
the pressure (F). (E1–E3) and (F1–F3) are images from different locations. (E3,F3) were taken from
the edge of the tissue. The fluorescence is the brightest in the outer segment and enhanced by the
pressure. All images in (E,F) were taken under the same conditions. Scale bars: 20 µm. The data
indicate that light and pressure open channels permeable to FM 1-43.

Second, we examined how pressure affects the amount of the FM 1-43-labeled open
MSCs in photoreceptors (n = 5) (Figure 5E,F). In the retina exposed simultaneously to 3 µM
FM 1-43 in the bath and an environmental pressure of 28 mmHg for 80 s, the fluorescence
in the OS of photoreceptors was much brighter than that in the control retina treated
with 3 µM FM 1-43 in the open air for 80 s. It indicates that the pressure opens MSCs,
allowing FM 1-43 to pass. Notably, FM 1-43 fluorescent signals mostly highlighted the
somatic membrane instead of the disk membrane of rods (Figure 5A), indicating that the
labeling of FM 1-43 probably does not involve TRPV2 in the disk of the rod OS. Although a
488 nm laser is not fully comparable with normal light signals, these data demonstrate that
the pressure-enhanced labeling of the FM 1-43-permeable channels is comparable to the
light-induced labeling, and the channel opening is likely physiological and could affect the
photocascade and generate visual noise.

4. Discussion
4.1. Rods and Presynaptic Neurons Express Mechanical Sensitive Channels

MSCs have been reported in the OPL and photoreceptors (Table 1), and previous
studies have shown some glaucoma-induced damage to rod ribbons [29,30], BC inputs,
and BC synapses in RGCs [21–24]. However, how MSCs in outer retinal neurons mediate
pressure responses under normal and glaucomatous conditions is not clear. Consistent
with previous observations [16], this study revealed immunoreactivities of several types
of MSCs in the OPL and photoreceptors. Our data further showed that photoreceptors
respond to pressure with sustained currents mediated by two families of MSCs, and
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the results demonstrate that the vertebrate outer retina expresses functional MSCs and
probably contributes to the glaucomatous pathophysiology in photoreceptors and BCs.

Horizontal cells (HCs) have not been previously reported to be mechanoresponsive.
Our data showed that the pressure-evoked current consisted of a Co2+-sensitive inward
current component at <−50 mV (Ipi) and a Co2+-insensitive component, which indicates
that rods and some presynaptic cells both possess MSCs. Meanwhile, our immunological
results revealed strong TRPV2 signals in the OPL. Some calretinin/GABA-positive HCs [91]
expressed TRPV2 (Figure 1), which may explain Ipi if assuming that TRPV2 in the OPL
is also closed by pressure as in the rod OS (Figure 3; also see below) and a negative
feedback synapse is formed from HCs to rods [90,94–96]. Further investigation is required
to determine the cell types possessing TRPV2 signals in the OPL, in addition to GABAergic
HCs [92–97]. TRPV4 is expressed in primate bipolar cells [16], and data from this study
(Figure 1B) are generally consistent with the previous report.

Table 1. Mechanosensitive channels in the outer retina.

Channel Location

TRAAK Photoreceptor inner segments, INL (ACs, BCs), mouse [41]
TRAAK INL, RGL, Müller, mouse [98]

BK Rod terminals, salamander [38]
BK Rods, salamander [39]
BK Photoreceptors, goldfish [40]

TRPV2 (VRL1) Photoreceptor axon terminals, IPL, and OPL in rat, cat, primate [37]
TRPV2 Photoreceptor axons, OPL, mouse [36]

TRPV4 OPL, IPL, Müller, mouse [34]
TRPV4 OPL, IPL, pig [35]
TRPV4 OPL, IPL, BCs, RGCs, Müller, primate [16]

Note: INL: inner nuclear layer; AC: amacrine cell; BC: bipolar cell; GCL: ganglion cell layer; OPL: outer plexiform
layer; IPL: inner plexiform layer.

4.2. Pressure-Evoked Currents in Rods Are Compartmental and Involve at Least Three Generators

After blocking Ipi, pressure on the inner segment of rods activated an outward leak
conductance (Ipo) at ≥−80 mV accountable by K+ channels such as BK and TRAAKs and a
cation conductance reversed around 10 mV (Ipc) partially accountable by TRPV4 and TRPV2.
Vertebrate photoreceptors have been reported to express BK [38–40], TRAAK [41], and
TRPV2 [36,37], and the OPL expresses TRPV4 [16,34,35]. The co-expression, function, and
interaction of these channels have not been clarified before. Our data, consistent with these
reports, demonstrate that pressure may simultaneously open the two families of channels,
which mediate mutually compensating currents in the same rod. BK is sensitive to internal
Cs+ blockage [99], while TRAAK is less sensitive [100,101]. However, considering the
presence of TRAAK in the OS, we thought that the contribution of TRAAK to Ipo could
hardly be fully excluded.

Interestingly, when pressure was applied to the outer segment, it closed the cation
conductance reversed around 0 mV. Meanwhile, in contrast to the previous study, we
observed TRPV2 in some disks of photoreceptors and TRPV4 in the OPL. The data together
demonstrate that the outer and inner segments of rods do not uniformly express TRPV2
and TRPV4. Pressure-induced cation currents from the inner and outer segments showed
an opposite polarity, and this mechanism likely critically serves to reduce the impact of the
pressure on rods.

4.3. Pressure-Evoked Mutually Compensating Currents in Rods

As mentioned above, the currents evoked by pressure on the inner segment (Ipc) and
the outer segment are mutually compensating. The former is the opening of a cation con-
ductance with a reversal potential of 10 mV, while the latter is the closure of a cation conduc-
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tance with a reversal potential of ~0 mV accountable by TRPV2. TRPV2′s closure is account-
able by its location, which is on the disk of the OS rather than the cytoplasmic membrane.

The currents evoked by pressure on the inner or outer segment itself are also mutually
compensating. First, Ipi is the inward current at <−50 mV, Ipo is the outward current at
≥−80 mV, and Ipc is the inward current at <10 mV. This mechanism is anticipated to
effectively reduce the mechanoelectrical noise in rods. Second, the environmental pres-
sure caused the opening of some channels in the OS (Figure 5), while TRPV2 appeared
to be closed. The former is likely to involve the opening of BK and TRAAK channels
(Figures 1 and 4, and Table 1), serving to antagonize the effect of TRPV2. In our results,
FM 1-43 signals were the brightest in the cytoplasmic membrane of rods, and TRAAK
(Figure 1) [40] and BK [38–40] were not found in the disk of the OS; thus, FM 1-43 presum-
ably enters the cells via these K+ channels on the cytoplasmic membrane of the OS.

Rods respond to extracellular hypertonicity with the closure of cation currents resem-
bling Ipc except for the opposite polarity, supporting the expression of TRPV4 [102,103].
TRPV4 has been shown to be sensitive to RR, while our Ipc is a residue component after RR
blockage. RR is a general blocker for MSCs, and whether TRPV4 in this species has a unique
structure is unclear. TRPV4 is also opened at a warm temperature of around 27 ◦C [104,105].
In our results, photocurrents in rods were reduced by the opening of TRPV4 with the spe-
cific agonist 4αPDD and heating from 23 to 31 ◦C (Figure 4). The data together support
that TRPV4 is present in rods and mediates pressure-evoked cation currents.

Neurons are required to cope with mechanical stress like other eukaryotic cells. Our
data together indicate that for normal rods at −50 to 10 mV, mechanosensitive K+ channels
and mechanosensitive TRPVs mediate mutually compensating mechanoelectrical currents,
which may serve as an electrical cushion to minimize the impact of mechanical disturbance
on visual signals. The compensation is present between the presynaptic and postsynaptic
neurons and between the inner and outer segments of rods; thus, any unbalanced expres-
sion of the two families of MSCs and damage to the synapses are anticipated to cause
pathological responsiveness of neurons to mechanical stresses.

Multiple MSCs are expressed in the central nervous system of mammals. Since
pressure and osmolarity may fluctuate under physiological and pathological conditions,
we propose that the compensation or balance between the two families of MSCs in neural
networks is important for performing normal neuronal functions, and the mechanism is
likely reserved for vertebrates, including mammals. Whether losing such balance involves
the pathogenesis of glaucoma is worthy of further research.

4.4. Mechanosensitive Channels Involve the Maintenance of the RP, While TRPV2 Probably Also
Involves Phototransduction

BK, TRAAK, and TRPVs are known to mediate cation currents. How they affect the
function of rods is not clear. K+-permeable MSCs often mediate leak/sustained currents,
while our data showed that Ipo, Ipi, and Ipc of rods are all sustained. These data, consistent
with our pharmacological studies (Figure 4), indicate that changes in the environmental
pressure may modify the resting membrane potential (RP) of photoreceptors to affect
neurotransmitter release. Notably, in our results, modulators of MSCs, except for RR
and TEA, could only weakly modify the RP and photocurrents of rods, which is likely
due to the mutually compensating effects of the same MSCs located at different neurons
or compartments.

TRPs are used to detect light signals in drosophila photoreceptors [106], and TRPM1
has been found to mediate the light response in mammalian ON-bipolar cells [107,108].
However, TRPs in the vertebrate retina have not been reported to involve the phototrans-
duction cascade in photoreceptors. Mammalian glaucoma models have showed damages
to the ribbon synapses of rods and the OPL [29,30], and the mechanism is not well under-
stood. We observed clear TRPV2 signals in rod discs, heating from 33 to 44 ◦C severely
disrupted the light response of some rods, and RR showed profound reversible suppression
on the light response of some rods. These data suggest that the normal function of TRPV2
is probably required for the phototransduction cascade in vertebrate rods.
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4.5. Rigid Shape of the OS of Normal Rods Likely Helps to Open TRPV2 in Rod Disks

TRPV2 has been reported in photoreceptor axons and the OPL in the mouse [36], rat,
cat, and primate retina [37]. It is also expressed in immune cells, mediates the phagocytosis
of the retinal pigmental epithelium (RPE), and plays an important role in photoreceptor re-
generation related to macular degeneration [109,110]. However, the functional significance
of TRPV2 in retinal neurons is largely unknown. Like previous studies, our morphological
data revealed the expression of TRPV2 in the OPL and axons of photoreceptors. In addition,
we observed TRPV2 in some disks of the rod OS.

Our results revealed that in the presence of internal Cs+, applying pressure perpendic-
ular to the OS could close the cation conductance in rods, and this appears to indicate that
normal TRPV2 is in an open state and pressure closes TRPV2. The rigid cylinder shape
of the rod OS seems to be capable of opening TRPV2 if the disk membrane where TRPV2
resides is extended by attaching to the cytoplasmic membrane. The attachment has been,
indeed, observed [111,112], though rod disks have often been described as closed struc-
tures. In biochemical studies, wild-type rat TRPV2 has been reported to be fully open [113],
and the spatial structure of the agonist-free full-length TRPV2 molecule [75] shows larger
upper and lower gates compared with agonist-opened TRPV1. The channel opening is
thought to involve the location of some lipid molecules [75,114]. TRPV2 is sensitive to
mechanical stresses and other factors [56,76,115,116], though it has a temperature threshold
of 53 ◦C [115,117]. In our results, the TRPV2-immunoreactive signal in rods (Figure 1) is
nearly perfectly horizontal, flat, and perpendicular to the vertical axis of rods, supporting a
positive tension presented along the disk surface. Meanwhile, pressure primarily enhances
the FM 1-43 signal near the cytoplasmic membrane of the OS. These data together support
the idea that TRPV2 in the disks of the rod OS may open under physiological conditions
and close upon pressure due to the location, while the mechanical sensitive K+ channels in
the cytoplasmic membrane may open upon pressure like typical MSCs [11,42,49,118].

Mammalian retinal cones have a rigid shape like salamander rods [92], and our recent
data have shown that the PNA shell of mammalian cones has unique and variable structures
(not published). While central vision is less vulnerable in glaucoma, whether the rigid shell
structure of cones is protective against pressure-induced damage is still unknown.

Aquatic animals have a much higher opportunity to experience changes in the outer
ocular pressure than humans. The rigid shape of the OS of rods and cones in the salamander
retina could probably improve the pressure tolerance of photoreceptors, and the opened
TRPV2 appears to be able to compensate the pressure-induced Ipi and Ipc in the soma and
outer plexiform layer, adding an extra layer of protection.

This study does not include all the MSCs found in the outer retina. The rod IS also
expresses Piezo1 and TRP canonical 1 (TRPC1) [119,120]. Piezo1 in the dorsal root ganglion
neurons mediates rapidly adapting mechanically induced cation currents, which reverse
around 10 mV [121,122]. TRPV4 has been known as an osmotic sensor [103,122–125],
and hypotonicity evoked clear cation currents in rods in our results, which support the
expression of TRPV4 in rods. However, TRPV4 immunoreactivity in rod somas and
putative axonal terminals are weak; thus, our data themselves could not exclude Ipc to be
contributed by Piezo1, TRPC1, and/or other channels permeable to Na+ and/or Ca2+. In
contrast, TRPC1 [119] and Piezo1 [120,126–128] were not found to affect the light response
of rods, which, in line with their location, indicates that they are not critically involved in
the pressure-induced cation currents and the light- and pressure-induced opening of MSCs
that we observed in the rod OS. This work reported pressure-evoked currents and analyzed
current generators. In the rod OS, we identified TRPV2 and TRAAK and interpreted
the pressure-evoked closure of Na+, Ca2+-permeable cation channels by the closure of
TRPV2 because of its location and permeability, and if similar channels were present in
the cytoplasmic membrane of the rod OS, they should have been opened by the pressure.
Meanwhile, 2APB shows the effect on the light response and membrane potential of rods,
which, consistent with immunological results, supports the expression of TRPV2 in rods.
Although other channels like TRPV1 and TRPV3 are also responsive to 2APB [129], they
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have not been reported in photoreceptors. RGCs express TRPV1 [14], while a potential
effect of 2APB on RGCs is less likely to affect the light response of photoreceptors. In
addition to MSCs, photoreceptors also express other electrical current generators that are
mechanical insensitive [130]. Due to the co-expression of multiple types of ion channels in
individual cells and the limitation of MSC modulators, further studies are required to fully
characterize the activity of individual MSCs in rods and cones.

Author Contributions: J.-J.P. contributed to the study design, data acquisition, data analysis and
interpretation, and drafting and revising the paper; F.G. contributed to data acquisition and analysis;
and S.M.W. contributed to the funding and laboratory support, manuscript revision, and approval of
submission. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Institutes of Health EY 004446 and EY 019908
and Retina Research Foundation (Houston, TX) to S.M. Wu, NIH Vision Core EY 02520, Research to
Prevent Blindness, Inc (New York, NY), and Knights Templar Eye Foundation (Flower Mound TX) to
J.J.P. or the Ophthalmology Department.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Acknowledgment: We thank Xiao-Long Jiang in the Jan and Dan Duncan Neurology Research
Institute of Texas Children’s Hospital, Houston, Texas, USA, for the theoretical and technical guidance
on the multi-cell patch-clamp technology used in Figure 4.

Conflicts of Interest: The authors declare no conflict of interests.

References
1. Quigley, H.A. Glaucoma. Lancet 2011, 377, 1367–1377. [CrossRef]
2. Harasymowycz, P.; Birt, C.; Gooi, P.; Heckler, L.; Hutnik, C.; Jinapriya, D.; Shuba, L.; Yan, D.; Day, R. Medical Management of

Glaucoma in the 21st Century from a Canadian Perspective. J. Ophthalmol. 2016, 2016, 6509809. [CrossRef] [PubMed]
3. Wostyn, P.; De Groot, V.; Audenaert, K.; De Deyn, P.P. Are intracranial pressure fluctuations important in glaucoma? Med.

Hypotheses 2011, 77, 598–600. [CrossRef] [PubMed]
4. Caprioli, J.; Coleman, A.L. Intraocular pressure fluctuation a risk factor for visual field progression at low intraocular pressures in

the advanced glaucoma intervention study. Ophthalmology 2008, 115, 1123–1129. [CrossRef] [PubMed]
5. Asrani, S.; Zeimer, R.; Wilensky, J.; Gieser, D.; Vitale, S.; Lindenmuth, K. Large diurnal fluctuations in intraocular pressure are an

independent risk factor in patients with glaucoma. J. Glaucoma 2000, 9, 134–142. [CrossRef]
6. Downs, J.C.; Burgoyne, C.F.; Seigfreid, W.P.; Reynaud, J.F.; Strouthidis, N.G.; Sallee, V. 24-hour IOP telemetry in the nonhuman

primate: Implant system performance and initial characterization of IOP at multiple timescales. Invest. Ophthalmol. Vis. Sci. 2011,
52, 7365–7375. [CrossRef]

7. Sugimoto, E.; Aihara, M.; Ota, T.; Araie, M. Effect of light cycle on 24-hour pattern of mouse intraocular pressure. J. Glaucoma
2006, 15, 505–511. [CrossRef]

8. Sigal, I.A.; Flanagan, J.G.; Tertinegg, I.; Ethier, C.R. Finite element modeling of optic nerve head biomechanics. Invest. Ophthalmol.
Vis. Sci. 2004, 45, 4378–4387. [CrossRef]

9. Shin, D.H.; Bielik, M.; Hong, Y.J.; Briggs, K.S.; Shi, D.X. Reversal of glaucomatous optic disc cupping in adult patients. Arch.
Ophthalmol. 1989, 107, 1599–1603. [CrossRef]

10. Kang, L.; Gao, J.; Schafer, W.R.; Xie, Z.; Xu, X.Z.C. elegans TRP family protein TRP-4 is a pore-forming subunit of a native
mechanotransduction channel. Neuron 2010, 67, 381–391. [CrossRef]

11. Liu, C.; Montell, C. Forcing open TRP channels: Mechanical gating as a unifying activation mechanism. Biochem. Biophys Res.
Commun. 2015, 460, 22–25. [CrossRef] [PubMed]

12. Xiao, R.; Xu, X.Z.C. elegans TRP channels. Adv. Exp. Med. Biol. 2011, 704, 323–339. [PubMed]
13. Krizaj, D. Polymodal Sensory Integration in Retinal Ganglion Cells. Adv. Exp. Med. Biol. 2016, 854, 693–698. [PubMed]
14. Sappington, R.M.; Sidorova, T.; Ward, N.J.; Chakravarthy, R.; Ho, K.W.; Calkins, D.J. Activation of transient receptor potential

vanilloid-1 (TRPV1) influences how retinal ganglion cell neurons respond to pressure-related stress. Channels 2015, 9, 102–113.
[CrossRef]

15. Nilius, B.; Szallasi, A. Transient receptor potential channels as drug targets: From the science of basic research to the art of
medicine. Pharmacol. Rev. 2014, 66, 676–814. [CrossRef] [PubMed]

16. Gao, F.; Yang, Z.; Jacoby, R.A.; Wu, S.M.; Pang, J.J. The expression and function of TRPV4 channels in primate retinal ganglion
cells and bipolar cells. Cell Death Dis. 2019, 10, 364–1576. [CrossRef] [PubMed]

http://doi.org/10.1016/S0140-6736(10)61423-7
http://doi.org/10.1155/2016/6509809
http://www.ncbi.nlm.nih.gov/pubmed/27895937
http://doi.org/10.1016/j.mehy.2011.06.043
http://www.ncbi.nlm.nih.gov/pubmed/21767918
http://doi.org/10.1016/j.ophtha.2007.10.031
http://www.ncbi.nlm.nih.gov/pubmed/18082889
http://doi.org/10.1097/00061198-200004000-00002
http://doi.org/10.1167/iovs.11-7955
http://doi.org/10.1097/01.ijg.0000212275.57853.c2
http://doi.org/10.1167/iovs.04-0133
http://doi.org/10.1001/archopht.1989.01070020677026
http://doi.org/10.1016/j.neuron.2010.06.032
http://doi.org/10.1016/j.bbrc.2015.02.067
http://www.ncbi.nlm.nih.gov/pubmed/25998730
http://www.ncbi.nlm.nih.gov/pubmed/21290304
http://www.ncbi.nlm.nih.gov/pubmed/26427477
http://doi.org/10.1080/19336950.2015.1009272
http://doi.org/10.1124/pr.113.008268
http://www.ncbi.nlm.nih.gov/pubmed/24951385
http://doi.org/10.1038/s41419-019-1576-3
http://www.ncbi.nlm.nih.gov/pubmed/31064977


Cells 2021, 10, 1288 17 of 20

17. Pang, J.J. Roles of the ocular pressure, pressure-sensitive ion channel, and elasticity in pressure-induced retinal diseases. Neural
Regen Res. 2021, 16, 68–72. [CrossRef]

18. Patel, N.; Pass, A.; Mason, S.; Gibson, C.R.; Otto, C. Optical Coherence Tomography Analysis of the Optic Nerve Head
and Surrounding Structures in Long-Duration International Space Station Astronauts. JAMA Ophthalmol. 2018, 136, 193–200.
[CrossRef]

19. Zhou, D.; Wei, W.; Tian, B.; Wang, C.; Shi, X.; Jiao, X. Observation and management of retinal changes related to diving in
professional divers. Chin. Med. J. 2014, 127, 729–733.

20. Mowatt, L.; Foster, T. Sphenoidal sinus mucocele presenting with acute visual loss in a scuba diver. BMJ Case Rep. 2013, 2013.
[CrossRef]

21. Frankfort, B.J.; Khan, A.K.; Tse, D.Y.-Y.; Chung, I.; Pang, J.-J.; Yang, Z.; Gross, R.L.; Wu, S.M. Elevated intraocular pressure causes
inner retinal dysfunction before cell loss in a mouse model of experimental glaucoma. Invest. Ophthalmol. Vis. Sci. 2013, 54,
762–770. [CrossRef]

22. Pang, J.J.; Frankfort, B.J.; Gross, R.L.; Wu, S.M. Elevated intraocular pressure decreases response sensitivity of inner retinal
neurons in experimental glaucoma mice. Proc. Natl. Acad. Sci. USA 2015, 112, 2593–2598. [CrossRef] [PubMed]

23. Berry, R.H.; Qu, J.; John, S.W.; Howell, G.R.; Jakobs, T.C. Synapse Loss and Dendrite Remodeling in a Mouse Model of Glaucoma.
PLoS ONE 2015, 10, e0144341. [CrossRef] [PubMed]

24. El-Danaf, R.N.; Huberman, A.D. Characteristic patterns of dendritic remodeling in early-stage glaucoma: Evidence from
genetically identified retinal ganglion cell types. J. Neurosci. 2015, 35, 2329–2343. [CrossRef] [PubMed]

25. Velten, I.M.; Horn, F.K.; Korth, M.; Velten, K. The b-wave of the dark adapted flash electroretinogram in patients with advanced
asymmetrical glaucoma and normal subjects. Br. J. Ophthalmol. 2001, 85, 403–409. [CrossRef] [PubMed]

26. North, R.V.; Jones, A.L.; Drasdo, N.; Wild, J.M.; Morgan, J.E. Electrophysiological evidence of early functional damage in
glaucoma and ocular hypertension. Invest. Ophthalmol. Vis. Sci. 2010, 51, 1216–1222. [CrossRef]

27. Drasdo, N.; Aldebasi, Y.H.; Chiti, Z.; Mortlock, K.E.; Morgan, J.E.; North, R.V. The s-cone PHNR and pattern ERG in primary
open angle glaucoma. Invest. Ophthalmol. Vis. Sci. 2001, 42, 1266–1272.

28. Vickers, J.C.; Schumer, R.A.; Podos, S.M.; Wang, R.F.; Riederer, B.M.; Morrison, J.H. Differential vulnerability of neurochemically
identified subpopulations of retinal neurons in a monkey model of glaucoma. Brain Res. 1995, 680, 23–35. [CrossRef]

29. Fuchs, M.; Scholz, M.; Sendelbeck, A.; Atorf, J.; Schlegel, C.; Enz, R.; Brandstätter, J.H. Rod photoreceptor ribbon synapses in
DBA/2J mice show progressive age-related structural changes. PLoS ONE 2012, 7, e44645. [CrossRef]

30. Fernandez-Sanchez, L.; de Sevilla Muller, L.P.; Brecha, N.C.; Cuenca, N. Loss of outer retinal neurons and circuitry alterations in
the DBA/2J mouse. Invest. Ophthalmol. Vis. Sci. 2014, 55, 6059–6072. [CrossRef]

31. Persson, A.K.; Kim, I.; Zhao, P.; Estacion, M.; Black, J.A.; Waxman, S.G. Sodium channels contribute to degeneration of dorsal root
ganglion neurites induced by mitochondrial dysfunction in an in vitro model of axonal injury. J. Neurosci. 2013, 33, 19250–19261.
[CrossRef]

32. Barsukova, A.G.; Forte, M.; Bourdette, D. Focal increases of axoplasmic Ca2+, aggregation of sodium-calcium exchanger, N-type
Ca2+ channel, and actin define the sites of spheroids in axons undergoing oxidative stress. J. Neurosci. 2012, 32, 12028–12037.
[CrossRef] [PubMed]

33. Harris, J.J.; Attwell, D. The energetics of CNS white matter. J. Neurosci. 2012, 32, 356–371. [CrossRef] [PubMed]
34. Ryskamp, D.A.; Witkovsky, P.; Barabas, P.; Huang, W.; Koehler, C.; Akimov, N.P.; Lee, S.H.; Chauhan, S.; Xing, W.;

Rentería, R.C.; et al. The polymodal ion channel transient receptor potential vanilloid 4 modulates calcium flux, spiking rate, and
apoptosis of mouse retinal ganglion cells. J. Neurosci. 2011, 31, 7089–7101. [CrossRef] [PubMed]

35. Taylor, L.; Arner, K.; Ghosh, F. Specific inhibition of TRPV4 enhances retinal ganglion cell survival in adult porcine retinal
explants. Exp. Eye Res. 2016, 154, 10–21. [CrossRef] [PubMed]

36. Gilliam, J.C.; Wensel, T.G. TRP channel gene expression in the mouse retina. Vis. Res. 2011, 51, 2440–2452. [CrossRef] [PubMed]
37. Yazulla, S.; Studholme, K.M. Vanilloid receptor like 1 (VRL1) immunoreactivity in mammalian retina: Colocalization with

somatostatin and purinergic P2 × 1 receptors. J. Comp. Neurol. 2004, 474, 407–418. [CrossRef]
38. Xu, J.W.; Slaughter, M.M. Large-conductance calcium-activated potassium channels facilitate transmitter release in salamander

rod synapse. J. Neurosci. 2005, 25, 7660–7668. [CrossRef]
39. Pelucchi, B.; Grimaldi, A.; Moriondo, A. Vertebrate rod photoreceptors express both BK and IK calcium-activated potassium

channels, but only BK channels are involved in receptor potential regulation. J. Neurosci. Res. 2008, 86, 194–201. [CrossRef]
40. Sakaba, T.; Ishikane, H.; Tachibana, M. Ca2+ -activated K+ current at presynaptic terminals of goldfish retinal bipolar cells.

Neurosci. Res. 1997, 27, 219–228. [CrossRef]
41. Fink, M.; Lesage, F.; Duprat, F.; Heurteaux, C.; Reyes, R.; Fosset, M.; Lazdunski, M. A neuronal two P domain K+ channel

stimulated by arachidonic acid and polyunsaturated fatty acids. EMBO J. 1998, 17, 3297–3308. [CrossRef] [PubMed]
42. Enyedi, P.; Czirjak, G. Molecular background of leak K+ currents: Two-pore domain potassium channels. Physiol. Rev. 2010, 90,

559–605. [CrossRef] [PubMed]
43. Kim, Y.; Bang, H.; Gnatenco, C.; Kim, D. Synergistic interaction and the role of C-terminus in the activation of TRAAK K+

channels by pressure, free fatty acids and alkali. Pflugers Arch. 2001, 442, 64–72. [CrossRef]
44. Maingret, F.; Fosset, M.; Lesage, F.; Lazdunski, M.; Honore, E. TRAAK is a mammalian neuronal mechano-gated K+ channel. J.

Biol. Chem. 1999, 274, 1381–1387. [CrossRef] [PubMed]

http://doi.org/10.4103/1673-5374.286953
http://doi.org/10.1001/jamaophthalmol.2017.6226
http://doi.org/10.1136/bcr-2013-010309
http://doi.org/10.1167/iovs.12-10581
http://doi.org/10.1073/pnas.1419921112
http://www.ncbi.nlm.nih.gov/pubmed/25675503
http://doi.org/10.1371/journal.pone.0144341
http://www.ncbi.nlm.nih.gov/pubmed/26637126
http://doi.org/10.1523/JNEUROSCI.1419-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/25673829
http://doi.org/10.1136/bjo.85.4.403
http://www.ncbi.nlm.nih.gov/pubmed/11264127
http://doi.org/10.1167/iovs.09-3409
http://doi.org/10.1016/0006-8993(95)00211-8
http://doi.org/10.1371/journal.pone.0044645
http://doi.org/10.1167/iovs.14-14421
http://doi.org/10.1523/JNEUROSCI.2148-13.2013
http://doi.org/10.1523/JNEUROSCI.0408-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22933787
http://doi.org/10.1523/JNEUROSCI.3430-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22219296
http://doi.org/10.1523/JNEUROSCI.0359-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21562271
http://doi.org/10.1016/j.exer.2016.11.002
http://www.ncbi.nlm.nih.gov/pubmed/27816538
http://doi.org/10.1016/j.visres.2011.10.009
http://www.ncbi.nlm.nih.gov/pubmed/22037305
http://doi.org/10.1002/cne.20144
http://doi.org/10.1523/JNEUROSCI.1572-05.2005
http://doi.org/10.1002/jnr.21467
http://doi.org/10.1016/S0168-0102(97)01155-3
http://doi.org/10.1093/emboj/17.12.3297
http://www.ncbi.nlm.nih.gov/pubmed/9628867
http://doi.org/10.1152/physrev.00029.2009
http://www.ncbi.nlm.nih.gov/pubmed/20393194
http://doi.org/10.1007/s004240000496
http://doi.org/10.1074/jbc.274.3.1381
http://www.ncbi.nlm.nih.gov/pubmed/9880510


Cells 2021, 10, 1288 18 of 20

45. Maingret, F.; Patel, A.J.; Lesage, F.; Lazdunski, M.; Honore, E. Lysophospholipids open the two-pore domain mechano-gated K(+)
channels TREK-1 and TRAAK. J. Biol. Chem. 2000, 275, 10128–10133. [CrossRef] [PubMed]

46. Patel, A.J.; Lazdunski, M.; Honore, E. Lipid and mechano-gated 2P domain K(+) channels. Curr. Opin. Cell Biol. 2001, 13, 422–428.
[CrossRef]

47. Patel, A.J.; Honoré, E.; Maingret, F.; Lesage, F.; Fink, M.; Duprat, F.; Lazdunski, M. A mammalian two pore domain mechano-gated
S-like K+ channel. EMBO J. 1998, 17, 4283–4290. [CrossRef]

48. Lesage, F.; Terrenoire, C.; Romey, G.; Lazdunski, M. Human TREK2, a 2P domain mechano-sensitive K+ channel with multiple
regulations by polyunsaturated fatty acids, lysophospholipids, and Gs, Gi, and Gq protein-coupled receptors. J. Biol. Chem. 2000,
275, 28398–28405. [CrossRef]

49. Cox, C.D.; Bavi, N.; Martinac, B. Origin of the Force: The Force-From-Lipids Principle Applied to Piezo Channels. Curr. Top.
Membr. 2017, 79, 59–96.

50. Suzuki, M.; Mizuno, A.; Kodaira, K.; Imai, M. Impaired pressure sensation in mice lacking TRPV4. J. Biol. Chem. 2003, 278,
22664–22668. [CrossRef]

51. Alessandri-Haber, N.; Yeh, J.J.; E Boyd, A.; A Parada, C.; Chen, X.; Reichling, D.B.; Levine, J.D. Hypotonicity induces TRPV4-
mediated nociception in rat. Neuron 2003, 39, 497–511. [CrossRef]

52. Li, W.; Feng, Z.; Sternberg, P.W.; Xu, X.Z. A C. elegans stretch receptor neuron revealed by a mechanosensitive TRP channel
homologue. Nature 2006, 440, 684–687. [CrossRef] [PubMed]

53. Loukin, S.; Zhou, X.; Su, Z.; Saimi, Y.; Kung, C. Wild-type and brachyolmia-causing mutant TRPV4 channels respond directly to
stretch force. J. Biol. Chem. 2010, 285, 27176–27181. [CrossRef] [PubMed]

54. Ciura, S.; Liedtke, W.; Bourque, C.W. Hypertonicity sensing in organum vasculosum lamina terminalis neurons: A mechanical
process involving TRPV1 but not TRPV4. J. Neurosci. 2011, 31, 14669–14676. [CrossRef] [PubMed]

55. Ryskamp, D.A.; Jo, A.O.; Frye, A.M.; Vazquez-Chona, F.; Macaulay, N.; Thoreson, W.B.; Križaj, D. Swelling and eicosanoid
metabolites differentially gate TRPV4 channels in retinal neurons and glia. J. Neurosci. 2014, 34, 15689–15700. [CrossRef]

56. McGahon, M.K.; Fernández, J.A.; Dash, D.P.; McKee, J.; Simpson, D.A.; Zholos, A.V.; McGeown, J.G.; Curtis, T.M. TRPV2
Channels Contribute to Stretch-Activated Cation Currents and Myogenic Constriction in Retinal Arterioles. Invest. Ophthalmol.
Vis. Sci. 2016, 57, 5637–5647. [CrossRef]

57. Meyers, J.R.; MacDonald, R.B.; Duggan, A.; Lenzi, D.; Standaert, D.G.; Corwin, J.T.; Corey, D.P. Lighting up the senses: FM1-43
loading of sensory cells through nonselective ion channels. J. Neurosci. 2003, 23, 4054–4065. [CrossRef]

58. Drew, L.J.; Wood, J.N. FM1-43 is a permeant blocker of mechanosensitive ion channels in sensory neurons and inhibits behavioural
responses to mechanical stimuli. Mol. Pain 2007, 3, 1. [CrossRef]

59. Gale, J.E.; Marcotti, W.; Kennedy, H.J.; Kros, C.J.; Richardson, G.P. FM1-43 dye behaves as a permeant blocker of the hair-cell
mechanotransducer channel. J. Neurosci. 2001, 21, 7013–7025. [CrossRef]

60. Zanini, D.; Gopfert, M.C. TRPs in hearing. Handb. Exp. Pharmacol. 2014, 223, 899–916.
61. Asai, Y.; Holt, J.R.; Geleoc, G.S. A quantitative analysis of the spatiotemporal pattern of transient receptor potential gene

expression in the developing mouse cochlea. J. Assoc. Res. Otolaryngol. 2010, 11, 27–37. [CrossRef] [PubMed]
62. Lee, J.-H.; Park, C.; Kim, S.-J.; Kim, H.-J.; Oh, G.-S.; Shen, A.; So, H.-S.; Park, R. Different uptake of gentamicin through TRPV1

and TRPV4 channels determines cochlear hair cell vulnerability. Exp. Mol. Med. 2013, 45, e12. [CrossRef]
63. Pang, J.J.; Gao, F.; Paul, D.L.; Wu, S.M. Rod, M-cone and M/S-cone inputs to hyperpolarizing bipolar cells in the mouse retina. J.

Physiol. 2012, 590, 845–854. [CrossRef] [PubMed]
64. Gao, F.; Pang, J.J.; Wu, S.M. Sign-preserving and sign-inverting synaptic interactions between rod and cone photoreceptors in the

dark-adapted retina. J. Physiol. 2013, 591, 5711–5726. [CrossRef] [PubMed]
65. Wu, S.M. Synaptic connections between neurons in living slices of the larval tiger salamander retina. J. Neurosci. Methods 1987, 20,

139–149. [CrossRef]
66. Werblin, F.S. Transmission along and between rods in the tiger salamander retina. J. Physiol. 1978, 280, 449–470. [CrossRef]
67. Pang, J.J.; Gao, F.; Barrow, A.; Jacoby, R.A.; Wu, S.M. How do tonic glutamatergic synapses evade receptor desensitization? J.

Physiol. 2008, 586, 2889–2902. [CrossRef]
68. Pang, J.J.; Gao, F.; Wu, S.M. Ionotropic glutamate receptors mediate OFF responses in light-adapted ON bipolar cells. Vis. Res.

2012, 68, 48–58. [CrossRef]
69. Maple, B.R.; Wu, S.M. Glycinergic synaptic inputs to bipolar cells in the salamander retina. J. Physiol. 1998, 506 Pt 3, 731–744.

[CrossRef]
70. Pang, J.J.; Gao, F.; Wu, S.M. Segregation and integration of visual channels: Layer-by-layer computation of ON-OFF signals by

amacrine cell dendrites. J. Neurosci. 2002, 22, 4693–4701. [CrossRef]
71. Pang, J.J.; Gao, F.; Lem, J.; Bramblett, D.E.; Paul, D.L.; Wu, S.M. Direct rod input to cone BCs and direct cone input to rod BCs

challenge the traditional view of mammalian BC circuitry. Proc. Natl. Acad. Sci. USA 2010, 107, 395–400. [CrossRef] [PubMed]
72. Field, G.D.; Rieke, F. Mechanisms regulating variability of the single photon responses of mammalian rod photoreceptors. Neuron

2002, 35, 733–747. [CrossRef]
73. Guha, A.; Barrow, R.M.; Balachandar, R. An experimental and numerical study of water jet cleaning process. J. Mater. Process.

Technol. 2011, 211, 610–618. [CrossRef]

http://doi.org/10.1074/jbc.275.14.10128
http://www.ncbi.nlm.nih.gov/pubmed/10744694
http://doi.org/10.1016/S0955-0674(00)00231-3
http://doi.org/10.1093/emboj/17.15.4283
http://doi.org/10.1074/jbc.M002822200
http://doi.org/10.1074/jbc.M302561200
http://doi.org/10.1016/S0896-6273(03)00462-8
http://doi.org/10.1038/nature04538
http://www.ncbi.nlm.nih.gov/pubmed/16572173
http://doi.org/10.1074/jbc.M110.143370
http://www.ncbi.nlm.nih.gov/pubmed/20605796
http://doi.org/10.1523/JNEUROSCI.1420-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21994383
http://doi.org/10.1523/JNEUROSCI.2540-14.2014
http://doi.org/10.1167/iovs.16-20279
http://doi.org/10.1523/JNEUROSCI.23-10-04054.2003
http://doi.org/10.1186/1744-8069-3-1
http://doi.org/10.1523/JNEUROSCI.21-18-07013.2001
http://doi.org/10.1007/s10162-009-0193-8
http://www.ncbi.nlm.nih.gov/pubmed/19834762
http://doi.org/10.1038/emm.2013.25
http://doi.org/10.1113/jphysiol.2011.224113
http://www.ncbi.nlm.nih.gov/pubmed/22219344
http://doi.org/10.1113/jphysiol.2013.260984
http://www.ncbi.nlm.nih.gov/pubmed/24000179
http://doi.org/10.1016/0165-0270(87)90046-X
http://doi.org/10.1113/jphysiol.1978.sp012394
http://doi.org/10.1113/jphysiol.2008.151050
http://doi.org/10.1016/j.visres.2012.07.012
http://doi.org/10.1111/j.1469-7793.1998.731bv.x
http://doi.org/10.1523/JNEUROSCI.22-11-04693.2002
http://doi.org/10.1073/pnas.0907178107
http://www.ncbi.nlm.nih.gov/pubmed/20018684
http://doi.org/10.1016/S0896-6273(02)00822-X
http://doi.org/10.1016/j.jmatprotec.2010.11.017


Cells 2021, 10, 1288 19 of 20

74. Vriens, J.; Watanabe, H.; Janssens, A.; Droogmans, G.; Voets, T.; Nilius, B. Cell swelling, heat, and chemical agonists use distinct
pathways for the activation of the cation channel TRPV4. Proc. Natl. Acad. Sci. USA 2004, 101, 396–401. [CrossRef] [PubMed]

75. Huynh, K.W.; Cohen, M.R.; Jiang, J.; Samanta, A.; Lodowski, D.T.; Zhou, Z.H.; Moiseenkova-Bell, V.Y. Structure of the full-length
TRPV2 channel by cryo-EM. Nat. Commun. 2016, 7, 11130. [CrossRef]

76. Juvin, V.; Penna, A.; Chemin, J.; Lin, Y.L.; Rassendren, F.A. Pharmacological characterization and molecular determinants of
the activation of transient receptor potential V2 channel orthologs by 2-aminoethoxydiphenyl borate. Mol. Pharmacol. 2007, 72,
1258–1268. [CrossRef]

77. Hamilton, N.B.; Kolodziejczyk, K.; Kougioumtzidou, E.; Attwell, D. Proton-gated Ca(2+)-permeable TRP channels damage
myelin in conditions mimicking ischaemia. Nature 2016, 529, 523–527. [CrossRef]

78. Clapham, D.E. SnapShot: Mammalian TRP channels. Cell 2007, 129, 220. [CrossRef]
79. Leffler, A.; Linte, R.M.; Nau, C.; Reeh, P.; Babes, A. A high-threshold heat-activated channel in cultured rat dorsal root ganglion

neurons resembles TRPV2 and is blocked by gadolinium. Eur. J. Neurosci. 2007, 26, 12–22. [CrossRef]
80. Jiang, X.; Wang, G.; Lee, A.J.; Stornetta, R.L.; Zhu, J.J. The organization of two new cortical interneuronal circuits. Nat. Neurosci.

2013, 16, 210–218. [CrossRef]
81. Wang, G.; Wyskiel, D.R.; Yang, W.; Wang, Y.; Milbern, L.C.; Lalanne, T.; Jiang, X.; Shen, Y.; Sun, Q.Q.; Zhu, J.J. An optogenetics-

and imaging-assisted simultaneous multiple patch-clamp recording system for decoding complex neural circuits. Nat. Protoc.
2015, 10, 397–412. [CrossRef] [PubMed]

82. Falcone, S.; Cocucci, E.; Podini, P.; Kirchhausen, T.; Clementi, E.; Meldolesi, J. Macropinocytosis: Regulated coordination of
endocytic and exocytic membrane traffic events. J. Cell Sci. 2006, 119, 4758–4769. [CrossRef]

83. Pang, J.J.; Wu, S.M. Morphology and immunoreactivity of retrogradely double-labeled ganglion cells in the mouse retina. Invest.
Ophthalmol. Vis. Sci. 2011, 52, 4886–4896. [CrossRef] [PubMed]

84. Pang, J.J.; Gao, F.; Wu, S.M. Light responses and morphology of bNOS-immunoreactive neurons in the mouse retina. J. Comp.
Neurol. 2010, 518, 2456–2474. [CrossRef] [PubMed]

85. Zhang, J.; Yang, Z.; Wu, S.M. Development of cholinergic amacrine cells is visual activity-dependent in the postnatal mouse
retina. J. Comp. Neurol. 2005, 484, 331–343. [CrossRef]

86. Fink, M.; Duprat, F.; Lesage, F.; Reyes, R.; Romey, G.; Heurteaux, C.; Lazdunski, M. Cloning, functional expression and brain
localization of a novel unconventional outward rectifier K+ channel. EMBO J. 1996, 15, 6854–6862. [CrossRef] [PubMed]

87. Fischer, A.J.; Foster, S.; Scott, M.A.; Sherwood, P. Transient expression of LIM-domain transcription factors is coincident with
delayed maturation of photoreceptors in the chicken retina. J. Comp. Neurol. 2008, 506, 584–603. [CrossRef]

88. Zhang, H.; Cuenca, N.; Ivanova, T.; Church-Kopish, J.; Frederick, J.M.; MacLeish, P.R.; Baehr, W. Identification and light-dependent
translocation of a cone-specific antigen, cone arrestin, recognized by monoclonal antibody 7G6. Invest. Ophthalmol. Vis. Sci. 2003,
44, 2858–2867. [CrossRef]

89. Schiffmann, S.N.; Cheron, G.; Lohof, A.; D’Alcantara, P.; Meyer, M.; Parmentier, M.; Schurmans, S. Impaired motor coordination
and Purkinje cell excitability in mice lacking calretinin. Proc. Natl. Acad. Sci. USA 1999, 96, 5257–5262. [CrossRef]

90. Zhang, J.; Zhang, A.J.; Wu, S.M. Immunocytochemical analysis of GABA-positive and calretinin-positive horizontal cells in the
tiger salamander retina. J. Comp. Neurol. 2006, 499, 432–441. [CrossRef]

91. Zhang, J.; Yang, Z.; Wu, S.M. Immuocytochemical analysis of spatial organization of photoreceptors and amacrine and ganglion
cells in the tiger salamander retina. Vis. Neurosci. 2004, 21, 157–166. [CrossRef] [PubMed]

92. Pang, J.J.; Yang, Z.; Jacoby, R.A.; Wu, S.M. Cone synapses in mammalian retinal rod bipolar cells. J. Comp. Neurol. 2018, 526,
1896–1909. [CrossRef] [PubMed]

93. Zhang, J.; Wu, S.M. Immunocytochemical analysis of photoreceptors in the tiger salamander retina. Vision Res. 2009, 49, 64–73.
[CrossRef] [PubMed]

94. Thoreson, W.B.; Babai, N.; Bartoletti, T.M. Feedback from horizontal cells to rod photoreceptors in vertebrate retina. J. Neurosci.
2008, 28, 5691–5695. [CrossRef] [PubMed]

95. Deniz, S.; Wersinger, E.; Schwab, Y.; Mura, C.; Erdélyi, F.; Szabo, G.; Rendon, A.; Sahel, J.-A.; Picaud, S.; Roux, M.J. Mammalian
retinal horizontal cells are unconventional GABAergic neurons. J. Neurochem. 2011, 116, 350–362. [CrossRef] [PubMed]

96. Boije, H.; Shirazi, F.S.; Edqvist, P.H.; Hallbook, F. Horizontal Cells, the Odd Ones Out in the Retina, Give Insights into Development
and Disease. Front. Neuroanat. 2016, 10, 77. [CrossRef]

97. Wu, S.M. Synaptic transmission in the outer retina. Annu. Rev. Physiol. 1994, 56, 141–168. [CrossRef]
98. Hughes, S.; Foster, R.G.; Peirson, S.N.; Hankins, M.W. Expression and localisation of two-pore domain (K2P) background leak

potassium ion channels in the mouse retina. Sci. Rep. 2017, 7, 46085. [CrossRef] [PubMed]
99. Cecchi, X.; Wolff, D.; Alvarez, O.; Latorre, R. Mechanisms of Cs+ blockade in a Ca2+-activated K+ channel from smooth muscle.

Biophys. J. 1987, 52, 707–716. [CrossRef]
100. Kanda, H.; Ling, J.; Tonomura, S.; Noguchi, K.; Matalon, S.; Gu, J.G. TREK-1 and TRAAK Are Principal K(+) Channels at the

Nodes of Ranvier for Rapid Action Potential Conduction on Mammalian Myelinated Afferent Nerves. Neuron 2019, 104, 960–971.
[CrossRef]

101. Piechotta, P.L.; Rapedius, M.; Stansfeld, P.J.; Bollepalli, M.K.; Erhlich, G.; Andres-Enguix, I.; Fritzenschaft, H.; Decher, N.; Sansom,
M.S.P.; Tucker, S.J.; et al. The pore structure and gating mechanism of K2P channels. EMBO J. 2011, 30, 3607–3619. [CrossRef]

http://doi.org/10.1073/pnas.0303329101
http://www.ncbi.nlm.nih.gov/pubmed/14691263
http://doi.org/10.1038/ncomms11130
http://doi.org/10.1124/mol.107.037044
http://doi.org/10.1038/nature16519
http://doi.org/10.1016/j.cell.2007.03.034
http://doi.org/10.1111/j.1460-9568.2007.05643.x
http://doi.org/10.1038/nn.3305
http://doi.org/10.1038/nprot.2015.019
http://www.ncbi.nlm.nih.gov/pubmed/25654757
http://doi.org/10.1242/jcs.03238
http://doi.org/10.1167/iovs.10-5921
http://www.ncbi.nlm.nih.gov/pubmed/21482641
http://doi.org/10.1002/cne.22347
http://www.ncbi.nlm.nih.gov/pubmed/20503422
http://doi.org/10.1002/cne.20470
http://doi.org/10.1002/j.1460-2075.1996.tb01077.x
http://www.ncbi.nlm.nih.gov/pubmed/9003761
http://doi.org/10.1002/cne.21578
http://doi.org/10.1167/iovs.03-0072
http://doi.org/10.1073/pnas.96.9.5257
http://doi.org/10.1002/cne.21116
http://doi.org/10.1017/S0952523804042075
http://www.ncbi.nlm.nih.gov/pubmed/15259567
http://doi.org/10.1002/cne.24456
http://www.ncbi.nlm.nih.gov/pubmed/29667170
http://doi.org/10.1016/j.visres.2008.09.031
http://www.ncbi.nlm.nih.gov/pubmed/18977238
http://doi.org/10.1523/JNEUROSCI.0403-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18509030
http://doi.org/10.1111/j.1471-4159.2010.07114.x
http://www.ncbi.nlm.nih.gov/pubmed/21091475
http://doi.org/10.3389/fnana.2016.00077
http://doi.org/10.1146/annurev.ph.56.030194.001041
http://doi.org/10.1038/srep46085
http://www.ncbi.nlm.nih.gov/pubmed/28443635
http://doi.org/10.1016/S0006-3495(87)83265-4
http://doi.org/10.1016/j.neuron.2019.08.042
http://doi.org/10.1038/emboj.2011.268


Cells 2021, 10, 1288 20 of 20

102. Liedtke, W.; Tobin, D.M.; Bargmann, C.I.; Friedman, J.M. Mammalian TRPV4 (VR-OAC) directs behavioral responses to osmotic
and mechanical stimuli in Caenorhabditis elegans. Proc. Natl. Acad. Sci. USA 2003, 100, 14531–14536. [CrossRef] [PubMed]

103. Strotmann, R.; Harteneck, C.; Nunnenmacher, K.; Schultz, G.; Plant, T.D. OTRPC4, a nonselective cation channel that confers
sensitivity to extracellular osmolarity. Nat. Cell Biol. 2000, 2, 695–702. [CrossRef] [PubMed]

104. Chung, M.K.; Lee, H.; Caterina, M.J. Warm temperatures activate TRPV4 in mouse 308 keratinocytes. J. Biol. Chem. 2003, 278,
32037–32046. [CrossRef] [PubMed]

105. Guler, A.D.; Lee, H.; Iida, T.; Shimizu, I.; Tominaga, M.; Caterina, M. Heat-evoked activation of the ion channel, TRPV4. J.
Neurosci. 2002, 22, 6408–6414. [CrossRef] [PubMed]

106. Minke, B.; Cook, B. TRP channel proteins and signal transduction. Physiol. Rev. 2002, 82, 429–472. [CrossRef]
107. Audo, I.; Kohl, S.; Leroy, B.P.; Munier, F.L.; Guillonneau, X.; Mohand-Saïd, S.; Bujakowska, K.; Nandrot, E.F.; Lorenz, B.;

Preising, M.; et al. TRPM1 is mutated in patients with autosomal-recessive complete congenital stationary night blindness. Am. J.
Hum. Genet. 2009, 85, 720–729. [CrossRef]

108. Koike, C.; Obara, T.; Uriu, Y.; Numata, T.; Sanuki, R.; Miyata, K.; Koyasu, T.; Ueno, S.; Funabiki, K.; Tani, A.; et al. TRPM1 is
a component of the retinal ON bipolar cell transduction channel in the mGluR6 cascade. Proc. Natl. Acad. Sci. USA 2010, 107,
332–337. [CrossRef]

109. Barro-Soria, R.; Stindl, J.; Müller, C.; Foeckler, R.; Todorov, V.; Castrop, H.; Strauß, O. Angiotensin-2-mediated Ca2+ signaling in
the retinal pigment epithelium: Role of angiotensin-receptor-associated-protein and TRPV2 channel. PLoS ONE 2012, 7, e49624.
[CrossRef]

110. Link, T.M.; Park, U.; Vonakis, B.M.; Raben, D.M.; Soloski, M.J.; Caterina, M.J. TRPV2 has a pivotal role in macrophage particle
binding and phagocytosis. Nat. Immunol. 2010, 11, 232–239. [CrossRef]

111. Volland, S.; Hughes, L.; Kong, C.; Burgess, B.L.; Linberg, K.A.; Luna, G.; Zhou, Z.H.; Fisher, S.K.; Williams, D.S. Three-dimensional
organization of nascent rod outer segment disk membranes. Proc. Natl. Acad. Sci. USA 2015, 112, 14870–14875. [CrossRef]

112. Ding, J.D.; Salinas, R.Y.; Arshavsky, V.Y. Discs of mammalian rod photoreceptors form through the membrane evagination
mechanism. J. Cell Biol. 2015, 211, 495–502. [CrossRef]

113. Dosey, T.L.; Wang, Z.; Fan, G.; Zhang, Z.; Serysheva, I.I.; Chiu, W.; Wensel, T.G. Structures of TRPV2 in distinct conformations
provide insight into role of the pore turret. Nat. Struct. Mol. Biol. 2019, 26, 40–49. [CrossRef]

114. Zubcevic, L.; Herzik, M.A.; Jr Chung, B.C.; Liu, Z.; Lander, G.C.; Lee, S.Y. Cryo-electron microscopy structure of the TRPV2 ion
channel. Nat. Struct. Mol. Biol. 2016, 23, 180–186. [CrossRef]

115. Shibasaki, K. Physiological significance of TRPV2 as a mechanosensor, thermosensor and lipid sensor. J. Physiol. Sci. 2016, 66,
359–365. [CrossRef] [PubMed]

116. Qin, N.; Neeper, M.P.; Liu, Y.; Hutchinson, T.L.; Lubin, M.L.; Flores, C.M. TRPV2 is activated by cannabidiol and mediates CGRP
release in cultured rat dorsal root ganglion neurons. J. Neurosci. 2008, 28, 6231–6238. [CrossRef]

117. Sawamura, S.; Shirakawa, H.; Nakagawa, T.; Mori, Y.; Kaneko, Y. TRP Channels in the Brain: What Are They There For? In
Neurobiology of TRP Channels, 2nd ed.; Emir, T.L.R., Ed.; CRC Press/Taylor & Francis: Boca Raton, FL, USA, 2017.

118. Arnadottir, J.; Chalfie, M. Eukaryotic mechanosensitive channels. Annu. Rev. Biophys. 2010, 39, 111–137. [CrossRef]
119. Molnar, T.; Barabas, P.; Birnbaumer, L.; Punzo, C.; Kefalov, V.; Krizaj, D. Store-operated channels regulate intracellular calcium in

mammalian rods. J. Physiol. 2012, 590, 3465–3481. [CrossRef]
120. Bocchero, U.; Falleroni, F.; Mortal, S.; Li, Y.; Cojoc, D.; Lamb, T.; Torre, V. Mechanosensitivity is an essential component of

phototransduction in vertebrate rods. PLoS Biol. 2020, 18, e3000750. [CrossRef] [PubMed]
121. Xiao, R.; Xu, X.S. Mechanosensitive Channels: In Touch with Piezo. Curr. Biol. 2010, 20, R936–R938. [CrossRef] [PubMed]
122. Coste, B.; Mathur, J.; Schmidt, M.; Earley, T.J.; Ranade, S.; Petrus, M.J.; Dubin, A.E.; Patapoutian, A. Piezo1 and Piezo2 are essential

components of distinct mechanically activated cation channels. Science 2010, 330, 55–60. [CrossRef] [PubMed]
123. Mizuno, A.; Matsumoto, N.; Imai, M.; Suzuki, M. Impaired osmotic sensation in mice lacking TRPV4. Am. J. Physiol. Cell Physiol.

2003, 285, C96–C101. [CrossRef]
124. Liedtke, W.; Friedman, J.M. Abnormal osmotic regulation in trpv4-/- mice. Proc. Natl. Acad. Sci. USA 2003, 100, 13698–13703.

[CrossRef] [PubMed]
125. Liedtke, W.; Choe, Y.; Marti-Renom, M.A.; Bell, A.M.; Denis, C.S.; Sali, A.; Hudspeth, A.J.; Friedman, J.M.; Heller, S. Vanilloid

receptor-related osmotically activated channel (VR-OAC), a candidate vertebrate osmoreceptor. Cell 2000, 103, 525–535. [CrossRef]
126. Choi, H.J.; Sun, D.; Jakobs, T.C. Astrocytes in the optic nerve head express putative mechanosensitive channels. Mol. Vis. 2015, 21,

749–766.
127. Baxter, S.L.; Keenan, W.T.; Athanas, A.J.; Proudfoot, J.A.; Zangwill, L.M.; Ayyagari, R.; Liebmann, J.M.; Girkin, C.A.;

Patapoutian, A.; Weinreb, R.N. Investigation of associations between Piezo1 mechanoreceptor gain-of-function variants and
glaucoma-related phenotypes in humans and mice. Sci. Rep. 2020, 10, 19013–76026. [CrossRef]

128. Morozumi, W.; Inagaki, S.; Iwata, Y.; Nakamura, S.; Hara, H.; Shimazawa, M. Piezo channel plays a part in retinal ganglion cell
damage. Exp. Eye Res. 2020, 191, 107900. [CrossRef]

129. Gao, L.; Yang, P.; Qin, P.; Lu, Y.; Li, X.; Tian, Q.; Li, Y.; Xie, C.; Tian, J.-B.; Zhang, C.; et al. Selective potentiation of 2-APB-induced
activation of TRPV1-3 channels by acid. Sci. Rep. 2016, 6, 20791. [CrossRef]

130. Cervetto, L.; Lagnado, L.; Perry, R.J.; Robinson, D.W.; McNaughton, P.A. Extrusion of calcium from rod outer segments is driven
by both sodium and potassium gradients. Nature 1989, 337, 740–743. [CrossRef]

http://doi.org/10.1073/pnas.2235619100
http://www.ncbi.nlm.nih.gov/pubmed/14581619
http://doi.org/10.1038/35036318
http://www.ncbi.nlm.nih.gov/pubmed/11025659
http://doi.org/10.1074/jbc.M303251200
http://www.ncbi.nlm.nih.gov/pubmed/12783886
http://doi.org/10.1523/JNEUROSCI.22-15-06408.2002
http://www.ncbi.nlm.nih.gov/pubmed/12151520
http://doi.org/10.1152/physrev.00001.2002
http://doi.org/10.1016/j.ajhg.2009.10.013
http://doi.org/10.1073/pnas.0912730107
http://doi.org/10.1371/journal.pone.0049624
http://doi.org/10.1038/ni.1842
http://doi.org/10.1073/pnas.1516309112
http://doi.org/10.1083/jcb.201508093
http://doi.org/10.1038/s41594-018-0168-8
http://doi.org/10.1038/nsmb.3159
http://doi.org/10.1007/s12576-016-0434-7
http://www.ncbi.nlm.nih.gov/pubmed/26841959
http://doi.org/10.1523/JNEUROSCI.0504-08.2008
http://doi.org/10.1146/annurev.biophys.37.032807.125836
http://doi.org/10.1113/jphysiol.2012.234641
http://doi.org/10.1371/journal.pbio.3000750
http://www.ncbi.nlm.nih.gov/pubmed/32667916
http://doi.org/10.1016/j.cub.2010.09.053
http://www.ncbi.nlm.nih.gov/pubmed/21056836
http://doi.org/10.1126/science.1193270
http://www.ncbi.nlm.nih.gov/pubmed/20813920
http://doi.org/10.1152/ajpcell.00559.2002
http://doi.org/10.1073/pnas.1735416100
http://www.ncbi.nlm.nih.gov/pubmed/14581612
http://doi.org/10.1016/S0092-8674(00)00143-4
http://doi.org/10.1038/s41598-020-76026-0
http://doi.org/10.1016/j.exer.2019.107900
http://doi.org/10.1038/srep20791
http://doi.org/10.1038/337740a0

	Introduction 
	Materials and Methods 
	Animals 
	Single-Cell and Dual-Cell Patch-Clamp Recording of Photoreceptors 
	Multi-Cell Patch-Clamp Recording of Retinal Neurons 
	FM 1-43 Probing for MSCs in the Open State 
	Antibodies and Immunocytochemistry 
	Statistics 

	Results 
	The Immunoreactivities of the Mechanosensitive Potassium and Non-Selective Cation Channel in Outer Retinal Neurons 
	Pressure-Evoked Currents in Rods 
	The Effect of the Pharmacological and Thermal Modulation of Mechanical Sensitive Channels on the Light Response of Rods 
	FM 1-43-Identified Open Channels in the Outer Segment (OS) of Photoreceptors 

	Discussion 
	Rods and Presynaptic Neurons Express Mechanical Sensitive Channels 
	Pressure-Evoked Currents in Rods Are Compartmental and Involve At Least Three Generators 
	Pressure-Evoked Mutually Compensating Currents in Rods 
	Mechanosensitive Channels Involve the Maintenance of the RP, While TRPV2 Probably Also Involves Phototransduction 
	Rigid Shape of the OS of Normal Rods Likely Helps to Open TRPV2 in Rod Disks 

	References

