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Astrocytes in the optic nerve head express putative
mechanosensitive channels

Hee Joo Choi, Daniel Sun, Tatjana C. Jakobs
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Purpose: To establish whether optic nerve head astrocytes express candidate molecules to sense tissue stretch.
Methods: We used conventional PCR, quantitative PCR, and single-cell reverse transcription PCR (RT-PCR) to assess
the expression of various members of the transient receptor potential (TRP) channel family and of the recently character-
ized mechanosensitive channels Piezol and 2 in optic nerve head tissue and in single, isolated astrocytes.

Results: Most TRP subfamilies (TRPC, TRPM, TRPV, TRPA, and TRPP) and Piezol and 2 were expressed in the
optic nerve head of the mouse. Quantitative real-time PCR analysis showed that TRPC1, TRPM7, TRPV2, TRPP2, and
Piezol are the dominant isoforms in each subfamily. Single-cell RT-PCR revealed that many TRP isoforms, TRPC1-2,
TRPC6, TRPV2, TRPV4, TRPM2, TRPM4, TRPM6-7, TRPP1-2, and Piezol-2, are expressed in astrocytes of the optic
nerve head, and that most astrocytes express TRPC1 and TRPP1-2. Comparisons of the TRPP and Piezo expression
levels between different tissue regions showed that Piezo2 expression was higher in the optic nerve head and the optic
nerve proper than in the brain and the corpus callosum. TRPP2 also showed higher expression in the optic nerve head.
Conclusions: Astrocytes in the optic nerve head express multiple putative mechanosensitive channels, in particular
the recently identified channels Piezol and 2. The expression of putative mechanosensitive channels in these cells may
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contribute to their responsiveness to traumatic or glaucomatous injury.

In glaucoma, retinal ganglion cells degenerate and die,
leading to visual impairment or blindness [1]. A leading
hypothesis for the pathogenesis of glaucoma implicates the
optic nerve head (ONH), and in particular the region of the
lamina cribrosa. The rigid lamina cribrosa is an anatomic
bottleneck, and in this region, blockage of axonal transport
as a result of increased intraocular pressure (IOP) has been
demonstrated in various species [2-4]. However, a collagenous
lamina cribrosa is not necessary for the development of glau-
coma. Mice do not contain any collagen other than collagen
IV associated with blood vessels in their ONH, yet they can
develop the disease [5-7]. In rodents, as in primates, blockage
of axonal transport has been demonstrated in the ONH region
[8,9]. In mice, as in primates, the unmyelinated axons in
the ONH are directly surrounded by a meshwork of glial
fibrillary acidic protein (GFAP)-positive astrocytes. These
astrocytes form glial tubes around the axons and organize
them into bundles [7]. In a cross section, the astrocytes form
a honeycomb structure with pores through which the axons
thread. This structure has been called the “glial lamina” [10].
The individual astrocytes that make up the glial lamina are a
unique type that is morphologically different from other white
matter astrocytes. These astrocytes are large, often spanning
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the whole diameter of the nerve, and combine their processes
to form the glial pores that separate axon bundles [7,11]. As a
response to injury, be it traumatic from optic nerve crush or
glaucomatous, the astrocytes in the ONH become reactive.
This is characterized by profound changes in morphology and
gene expression [11-18]. However, what causes astrocytes to
become reactive in glaucoma? A possible mechanism would
be that if ganglion cells are injured, e.g., by high IOP, they
release a distress signal that is picked up by astrocytes and
causes them to assume a reactive phenotype. An alternative
possibility is that astrocytes directly sense elevated IOP and
become reactive in response to the pressure. We have recently
demonstrated that a relatively mild, reversible increase of IOP
to 30 mmHg for 1 h led to morphological signs of astrocyte
reactivity 3 days later. These morphological changes even-
tually fully resolved by 6 weeks after the pressure spike
[19]. At the same time, there was no apparent damage to the
ganglion cell axons, which retained a normal structural and
ultrastructural appearance and did not show defects in axonal
transport [19]. This suggests that astrocytes can become reac-
tive without overt neuronal damage, and the elevation of IOP
in itself may be a trigger.

The question of whether the astrocytes of the optic
nerve head may be directly sensitive to pressure or stretch
has been addressed in cell culture systems. ONH astrocytes
in cell culture react to an elevation of orthostatic pressure
with changes in gene expression, cell morphology, and cell
migration [20-25]. If astrocyte cultures are subjected to


http://www.molvis.org/molvis/v21/749

Molecular Vision 2015; 21:749-766 <http://www.molvis.org/molvis/v21/749>

cyclical stretch, several pathways are induced that are also
implicated in astrocyte reactivity, such as the transforming
growth factor-B1 (TGF-B1) pathway [26].

Several candidate molecules may confer mechanosensi-
tivity on optic nerve astrocytes. One class of these molecules
are the transient receptor potential (TRP) channels. There are
28 TRP channel genes in mammals coding for transmem-
brane proteins of at least six transmembrane domains. Four
subunits assemble and form non-selective cation channels,
which are Ca?*-permeable [27]. Several members of the TRP
channels have been implicated in mechanosensation [28-31].
All TRP channels are apparently expressed in the retina, at
least at the transcript level [32]. Though the exact physiologic
role for each TRP channel in the retina is not yet known,
they obviously play important roles in visual processing, an
example being the utilization of TRPMI in ON bipolar cell
signaling [33,34]. Retinal ganglion cells express TRP chan-
nels, notably TRPV1 and TRPV2 [35], and TRPV1-mediated
Ca? influx has been shown to contribute to apoptosis in
ganglion cells subjected to elevated pressure [36]. However,
knockout or inhibition of TRPV1 is not beneficial for retinal
ganglion cells since under these conditions, the cells and their
axons are more vulnerable to glaucomatous degeneration
[37,38]. Another channel through which ganglion cell apop-
tosis may be mediated is TRPV4 [39]. The glial components
of the retina also have been shown to express TRP channels,
for example, TRPV1 in microglia [40] and retinal astrocytes,
where it mediates cytoskeletal rearrangement and cell migra-
tion in response to injury [41]. Taken together, TRP channels
may be involved in several aspects of glaucoma, such as the
direct response of ganglion cells to increased IOP, astrocyte
activation, and the production of cytokines by microglia
[28,29,42-45].

Another class of mechanically activated cation channels
are the proteins Piezol and Piezo2 (also known as Fam38A
and Fam38B, respectively). Expression of Piezol was discov-
ered in the bladder, colon, kidney, lung, and skin, whereas
Piezo2 seems to mediate mechanically activated currents in
dorsal root ganglion and trigeminal ganglion cells [46,47], in
epidermal Merkel cell complexes [48-52], and in zebrafish
light touch receptors [53]. Both Piezos are pore-forming trans-
membrane proteins, which are non-selective cation channels
as well [54,55]. They can apparently function independently
of accessory molecules [54]; however, in coimmunoprecipi-
tation experiments Piezol has been shown to interact with
TRPP2, which inhibits its activity [56]. Both Piezos can
also associate with stomatin-like protein 3, increasing their
sensitivity to mechanical stimuli [57]. Piezo channels also
profoundly influence cell morphology and migration [58-61].
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This is of interest in our context, because Piezo channels may
be involved in linking increased IOP to the morphological
changes that are observed in optic nerve astrocytes [19].

Here we determined the mRNA expression of TRP and
Piezo channels in the ONH of C57BL/6 mice. Astrocyte-
specific enrichment of the genes was evaluated using single-
cell RT-PCR. After that, the expression levels of the mecha-
nosensitive channel candidates that are expressed in many
ONH astrocytes were compared in different mouse strains
(C57BL/6, the glaucoma-prone DBA/2J strain, and DBA/2J
Gpnmb+ as a non-glaucomatous control of the same genetic
background as DBA/2J). Expression changes were also exam-
ined after transient elevation of the IOP, optic nerve crush,
and in glaucomatous DBA/2J mice. We found that several
subtypes of TRP channels are expressed in ONH astrocytes,
in addition to Piezol and 2.

METHODS

Animals: All animals were handled in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research, and the procedures were approved by the
Institutional Animal Care and Use Committee at Massachu-
setts Eye and Ear Infirmary. Male and female C57BL/6 mice
were purchased from Charles River Laboratories (Wilm-
ington, MA) and used at 6—8 weeks of age. Transgenic mice
(hGFAPpr-tomato) in which optic nerve and brain astrocytes
express red fluorescent protein were generated by crossing
B6;129S6-Gt(ROSA)26Sorm(CAG-uTomaotze/J mijce (Jackson
Laboratories, Bar Harbor, ME) with a mouse line expressing
Cre recombinase under the control of the human GFAP
promoter. DBA/2J mice were obtained from Jackson Labo-
ratories. We used young (preglaucomatous) DBA/2J mice
to assess the expression of the channel genes under normal
conditions. These mice were 2-3 months old. We also aged
DBA/2J mice to 10 months in our facility. DBA/2J mice
develop glaucoma with age, and at 10 months, about a third
of the animals show moderate glaucoma, and another third
have severe disease [62]. The DBA/2J Gpnmb+ mice (aged
2—4 months) were used as a genetically matched control for
DBA/2J in the experiment to examine strain-specific differ-
ences in gene expression levels. All strains used were housed
on a 12 h: 12 h light-dark cycle and given free access to water
and food.

Transient and moderate elevation of IOP: C57BL/6 mice were
anesthetized with an intraperitoneal injection of 100 mg/kg
ketamine and 20 mg/kg xylazine. The anterior chamber of
one eye was cannulated, and the IOP was raised to 30 mmHg
as described previously [19]. This level did not cause retinal
ischemia and overt damage to the optic nerve axons [19].
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The contralateral eye remained untreated and was used as
a control.

Optic nerve crush: Unilateral optic nerve crush was
performed on the C57BL/6 mice. The conjunctiva at the
superior pole of the globe was incised, and the retrobulbar
optic nerve was visualized with blunt dissection between
the external eye muscles with forceps. The optic nerve was
clamped approximately 500 pm behind the globe for 10 s with
self-closing jeweler’s forceps [11,16]. The optic nerve of the
contralateral eye served as a control.

Tissue preparation: Mice were sacrificed by CO, asphyxi-
ation followed by decapitation. The skull was opened, and
the brain was cut away, leaving the optic nerves in place.
Some whole brains of the C57BL/6 mice were sectioned into
smaller pieces and stored in RNAlater (Ambion, Carlsbad,
CA). If needed, the corpus callosum (CC) was further
microdissected from the coronal brain sections. Eyes with
optic nerves attached were dissected from the surrounding
tissue. The ONHs including the glial lamina were identified
under the dissection microscope by the transparency of their
unmyelinated axons [7]. The ONHs were separated from the
myelinated portion of the optic nerve at the myelination tran-
sition zone (approximately 120—170 um behind the sclera),
and all visible remnants of the sclera and the pigmented
epithelium were removed under microscopic control. The
ONHs and the optic nerve proper (ONP, referring to the
myelinated region of the optic nerve) were cut out and stored
in RNAlater separately. For the glaucomatous DBA/2J eyes,
the retinas were whole-mounted ganglion cell side up on type
AA nitrocellulose filters (MF-Millipore; Millipore, Billerica,
MA) and fixed in place with 4% paraformaldehyde in PBS
(1X; 8.06 mM Na,HPO,, 1.94 mM KH,PO,, 2.7 mM KCl,
137 mM NaCl, pH 7.4) for 1 h. The retina, kidney, and dorsal
root ganglia were used as positive controls for mRNA expres-
sion for several of the tested genes. Dorsal root ganglia were
harvested according to published procedures and stored in
RNAlater [63].

Grading of glaucomatous degeneration in DBA/2J mice:
Whole mounts of DBA/2J retinas were used in immunohis-
tochemistry with an antibody against neurofilaments (SM132,
Covance, Dedham, MA). Staining with this monoclonal
antibody is a sensitive marker of axon loss and can be used
to grade the severity of the ganglion cell loss in the retina
[13,64]. The fixed retinas as described above were blocked in
4% normal donkey serum and 0.1% Triton X-100 in PBS at
4 °C overnight and incubated with mouse anti-SM132 (1:100)
at 4 °C for 3 days and then visualized with a secondary anti-
body conjugated to tetramethyl rhodamine (1:200; Jackson
Immunoresearch Laboratories, West Grove, PA). Images of
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each retina were taken on a BX51 microscope equipped with
epifluorescence (Olympus, Center Valley, PA). Retinas were
graded as showing no or early glaucoma (NOE), moderate
disease (<50% axon loss), and severe disease (>50% axon
loss).

RNA preparation and cDNA synthesis: Tissues from the
brain, CC, retina, ONP, kidney, and dorsal root ganglia
were removed from the RNAlater solution and immediately
placed in the lysis buffer. Due to the small amount of tissue
from the ONHs, three ONHs were pooled together to extract
RNA for one sample. The total RNA of the brain, CC, retina,
ONP, kidney, and dorsal root ganglia was extracted using the
RNeasy Plus Mini Kit (Qiagen, Valencia, CA), whereas the
total RNA of the ONH was extracted using the RNeasy Plus
Micro Kit (Qiagen) due to the small tissue volume. The purity
and quantity of RNA were assessed using the NanoDrop 2000
(Fisher Scientific, Pittsburgh, PA), and the RNA integrity
was determined on the BioAnalyzer (Agilent Technologies,
Santa Clara, CA). Only the RNA samples that had a 260/280
ratio >1.8 and an RNA integrity number (RIN) higher than 5
(mean RIN of 8.16+0.27) were used for cDNA synthesis. Ten
nanograms of RNA from the ONHs was reverse-transcribed
using the Ovation qPCR System (NuGen, San Carlos,
CA), whereas 25 ng of RNA samples from the brain, CC,
retina, ONP, kidney, dorsal root ganglia, and some ONH
were reverse-transcribed using the SuperScript First-Strand
Synthesis System (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions.

Conventional and quantitative PCR: Primers were designed
for TRPCI-7, TRPM1-8, TRPVI-6, TRPPI-3, TRPAI,
Piezol-2, and glyceraldehyde 3-phosphate dehydrogenase
(Gapdh) to span at least one intron/exon boundary using
NCBI’s Primer-BLAST. Primer sequences for some TRP
channels were taken from a published study [65]. Primer
sequences are given in Appendix 1. To determine the presence
of putative mechanosensitive channels, conventional PCR
was performed with AmpliTaq Polymerase in the GeneAmp
PCR System 9700 (Applied Biosystems, Carlsbad, CA).
Three microliters of undiluted cDNA was used to amplify the
TRP and Piezo sequences in a 20 pl reaction volume. Gapdh
was used as a positive control. The thermocycling conditions
were as follows: 9 min at 94 °C, followed by 40 cycles of
30 s at 94 °C, 30 s at 56 °C, and 2 min at 68 °C. The final
elongation step was 7 min at 68 °C. After conventional PCR,
the amplicons were resolved on 1.5% agarose gels. Bands
were excised from the gels and purified using a QIAquick
gel extraction kit (Qiagen). The purified DNA was sequenced
in the Sequencing Core Facility of the Massachusetts Eye and
Ear Infirmary. For the TRP channel genes that had detectable
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expression in the ONH, quantitative PCR primers were
designed as described above. Information about some primer
sequences was obtained from PrimerBank [66] (Appendix
2). The primer and probe sets of TagMan assays were
purchased from Applied Biosystems for the Piezo channels
and reference genes (Appendix 3). The cDNA samples that
were synthesized using the Ovation qPCR System (NuGen,
San Carlos, CA) were diluted at 1:50 and used for quantita-
tive PCR on a StepOnePlus qPCR thermocycler (Applied
Biosystems). For the cDNA samples that were synthesized
using the SuperScript First-Strand Synthesis System (Invit-
rogen), 1:2 and 1:10 DNA dilutions were prepared to detect
the genes for Piezo and TRPP, respectively. Each reaction
for the SYBR Green-based assay contained 2 pl DNA, 1 pl
of a mixture of forward and reverse primers, 5 ul of SYBR
Green PCR Master Mix (Applied Biosystems), and 1 pl of
distilled deionized (dd) water. For TagMan assays, 4 pl of
cDNA was added to 16 pl of the Master Mix containing 1 pl
of a predesigned primer/probe set, 10 pl of TagMan Gene
Expression Master Mix (Applied Biosystems), and 5 pl of
dd water. The quantitative PCR conditions were as follows:
10 min at 95 °C, followed by 40 cycles of 15 s at 95 °C and 1
min at 60 °C. Melting curve analysis following SYBR Green-
based detection confirmed the specificity of the amplifica-
tion and the absence of nonspecific amplification and primer
dimers. Genomic DNA was removed during RNA extrac-
tion using a gDNA Eliminator spin column in the RNeasy
Plus Micro and Mini Kits, and the primers that cross intron/
exon boundaries were used to avoid amplifying genomic
DNA. Some samples omitting the reverse transcription step
(NRT controls) were run to confirm that no genomic DNA
contamination was detected. Gapdh was used as a reference
gene in most quantitative PCR experiments since the expres-
sion level in the ONH is stable after an increase in IOP or
optic nerve crush [15,16]. For a comparison of the TRPP and
Piezo expression levels between different tissues, however,
peptidylprolyl isomerase A (Ppia) was used as a reference
gene instead of Gapdh because previous in situ hybridiza-
tion studies showed that Gapdh mRNA level in neurons is
much higher than that in glial cells in the brain [67,68]. The
expression stability of three reference genes, Gapdh, Ppia,
and B-actin (Actb), between four tissues (ONH, brain, CC, and
ONP) was analyzed with Normfinder [69] and BestKeeper
[70]. Both software identified Ppia as the best reference gene
for the experiment. At least three biologic replicates (mostly
five to six samples) were used for each condition, and all
samples were run in triplicate with non-template control.

Isolation of single astrocytes and single-cell RT-PCR:
Collection of individual astrocytes and single-cell RT-PCR
were performed according to a protocol first established to
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isolate retinal neurons [71-73]. Two ONHs of the C57BL/6
mice were incubated for 25 min in Hank’s balanced salt solu-
tion (HBSS) containing 21 U/ml papain (Worthington, Lake-
wood, NJ) and L-cysteine (10 mg/ml), and then washed with
HBSS containing 10% horse serum and 60 U/ml DNase. The
tissue was triturated with a series of heat-polished Pasteur
pipettes to dissociate it into single astrocytes. Under a Zeiss
Axiovert 200 (Carl Zeiss Microscopy, Peabody, MA) micro-
scope, single astrocytes were visualized and aspirated with
a silanized glass micropipette and then expelled into sterile
PBS with 2% bovine serum albumin (BSA) for washing.
Then the cell was transferred with a new glass micropipette
into a thin-wall reaction tube containing reaction buffer and
all the outer primers. A sample of washing buffer (2% BSA
in PBS) was also taken as a negative control. The reverse
transcription and the first-round PCR were done in the same
tube using AMV Reverse Transcriptase and Tfl polymerase
(Access RT-PCR System, Promega, Madison, WI). A second
round of PCR was run with nested primers for each gene. The
TRP channel genes and Piezol and 2 that had been examined
in the conventional PCR experiments were tested again. In
addition, we tested each isolated cell for the expression of
GFAP to verify that the cell was an astrocyte, and for the
expression of myelin basic protein (MBP) and CD45, as nega-
tive controls, to ensure that the cell was not contaminated
with other components of the ONH such as oligodendrocytes
or microglia. One-sixtieth of the first-round reaction product
was used as a template, and the target sequence was amplified
using AmpliTaq Polymerase. Primer sequences and amplicon
sizes are given in Appendix 1.

Data analysis: The 2"*2°T method was used to analyze quan-
titative PCR data. Statistical comparisons of the expression
levels of the TRP and Piezo genes were performed with the
ACt values that were averages of three technical replicates.
Statistical significance between the control and experimental
groups was determined using a two-tailed Student ¢ test
whereas one-way ANOVA was used for comparisons between
multiple groups, followed by a Tukey post-hoc test. For the
data analysis of gene expression in various mouse strains
(C57BL/6, DBA/2J, DBA/2J Gpnmb+), Kruskal-Wallis
ANOVA and the Mann-Whitney test were used as the non-
parametric alternative due to the small sample size of DBA/2J
Gpnmb+ mice (n=3). Similarly, the Wilcoxon signed-rank test
and the Mann-Whitney test were used to analyze results in
different models of optic nerve damage (n=3 for each condi-
tion). All statistical analyses were performed using OriginPro
(OriginLab, Northampton, MA) and MATLAB (MathWorks,
Natick, MA). p<0.05 was considered statistically significant.
To present relative gene expression in a graph, each ACt
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value was transformed by the 2-*4°T calculation. All data are
expressed as the mean + standard error of the mean (SEM).

RESULTS

Putative mechanosensitive channels are expressed in the
ONH: To examine whether astrocytes in the ONH can
directly sense an increase in IOP, we first determined the
presence of putative mechanosensitive channels in the ONH
using conventional PCR. The TRP and Piezo channels were
chosen as the candidate genes because they have been impli-
cated in mechanosensation in other tissues [30,31,46,74]. The
mammalian TRP family is subdivided into six subfamilies.
Five (TRPC, TRPM, TRPV, TRPA, and TRPP) of the six
TRP subfamilies and two Piezo channels were examined in
the ONH of the C57BL/6 mice. TRPML was not examined in
this study because the TRP subfamily functions as an intra-
cellular channel in endosomes and lysosomes [74]. Figure
1 and Table 1 show that most TRPC and TRPM channels
(except TRPC7, TRPMS5, and TRPMS), two TRPV channels
(TRPV2 and 4), TRPA1, TRPP1-3, and both Piezo channels
are expressed in the ONH. TRPP1 and TRPP2 as used here
are polycystic kidney disease 1 (PKD1), a TRP-associated
protein interacting with TRPP2, and PKD2, respectively.
Although three TRPP channels (TRPP2, TRPP3, and TRPP5)
are reported in mammals [27], TRPP5 (PKD2L2) was not
examined because its expression is mainly restricted to the
testes [75] whereas TRPP3 (PKD2L1) is widely expressed
[76-78].

Given the role that TRPV1 plays in retinal ganglion
cells and astrocytes, we were surprised that no TRPV1 tran-
scripts were detectable in the optic nerve head. However, in
several preparations of cDNA from the ONH, TRPVI was
undetectable, whereas in cDNA from the brain and the whole
retina assayed under the same conditions a clear signal was
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detected (Appendix 4). RNA transcripts for TRPC7, TRPVS,
TRPV6, TRPMS, and TRPMS8 were also detected in positive
control tissues such as the brain, retina, kidney, and dorsal
root ganglia (Appendix 4). We then sought to determine
which channels are highly expressed on the mRNA level in
the ONH of C57BL/6 mice. Therefore, quantitative real-time
PCR was performed to determine the relative significance of
each mechanosensitive channel that was detected in conven-
tional PCR (Table 1). The expression levels of the TRPAI
and TRPP3 channels were extremely low in our preliminary
study; thus, both genes were not further examined. In each
biologic replicate, the mRNA levels of each TRP and Piezo
gene were normalized to one gene in the same subfamily that
showed a moderate expression level, and then the values of
the normalized expression level were averaged to obtain the
mean and the SEM.

As shown in Figure 2A, TRPCI is the most abundant
isoform in the TRPC subfamily. The relative mRNA level
was 227.70+84.82 (n=6) compared to TRPC2 expression,
and the gene expression was significantly higher than that of
all other TRPC channels (p<0.001). The expression levels of
TRPC3 and TRPC6 were about 20% of the level of TRPC2.
The mean of the TRPC4 mRNA level was similar to TRPC2,
but there was high variation among the biologic replicates.
One-way ANOVA showed there was no significant difference
among the TRPC2, TRPC3, TRPC4, TRPCS, and TRPC6
isoforms except between TRPC2 and TRPCS. TRPCS showed
the lowest expression, and the mRNA level was significantly
lower than TRPC2 expression (p<0.01).

Despite the high variation among the biologic repli-
cates, TRPM7 is obviously the most abundant isoform in the
TRPM subfamily, followed by TRPM3 and TRPM6 (Figure
2B, TRPM7: 38.24+10.67, TRPM3: 6.96+1.98 compared to
TRPM6; n=6) although the gene expression levels of TRPM3

Figure 1. Expression of candidate
mechanosensitive genes in the
mouse optic nerve head. Twenty-
five transient receptor potential
(TRP; seven TRPC, eight TRPM,
six TRPV, TRPA, three TRPP) and
two Piezo channels were examined
using conventional PCR. Eighteen

TRP (six TRPC, six TRPM, two TRPV, TRPA, three TRPP) and both Piezo channels were detected. Gapdh was used as a control. M, DNA

length marker (100 bp ladder).
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and TRPM6 were not significantly different. The mean of
TRPM4 expression was about 9% of TRPC6, and TRPM1
and TRPM2 showed low expression. The mRNA levels of
TRPM2 and TRPM4 were significantly lower than those of
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TRPM3, TRPM6, and TRPM7 (p<0.001), but there was no
significant difference between TRPM2 and TRPM4. TRPM6
expression was significantly lower than TRPM7 expres-
sion (p<0.01). The TRPMI1 data are not presented in Figure

TABLE 1. SUMMARY OF TRP AND P1EZ0 CHANNEL MRNA EXPRESSION.

Conventional PCR Single-cell o
Gene RTg—P CR Quantitative PCR cc _—
ONH ONH ONH
astrocyte ONP
TRPC channels
TRPC1 + + + nt nt nt
TRPC2 + + nt nt nt
TRPC3 + - + nt nt nt
TRPC4 + - + nt nt nt
TRPC5 + - + nt nt nt
TRPC6 + + + nt nt nt
TRPC7 - - nt nt nt nt
TRPYV channels
TRPVI1 - - nt nt nt nt
TRPV2 + + + nt nt nt
TRPV3 - - nt nt nt nt
TRPV4 + + + nt nt nt
TRPVS - - nt nt nt nt
TRPV6 - - nt nt nt nt
TRPM channels
TRPM1 + - + nt nt nt
TRPM2 + + + nt nt nt
TRPM3 + - + nt nt nt
TRPM4 + + + nt nt nt
TRPM5S - - nt nt nt nt
TRPM6 nt nt nt
TRPM7 + nt nt nt
TRPMS - - nt nt nt nt
TRPA channel
TRPALI + - nt nt nt nt
TRPP channels
TRPP1 (PKD1) +
TRPP2 (PKD2) +
TRPP3 (PKD2L1) + - nt nt nt nt
Piezo channels
Piezol (Fam38a) +
Piezo2 (Fam38b) +

All results were obtained from C57BL/6 mice or, in the case of the single cell RT-PCRs, from a transgenic, red fluorescent protein-
expressing strain that is on the C57BL/6 genetic background. +, signal detectable; -, signal not detectable; nt, not tested; ONH, optic nerve

head; ONP, optic nerve proper; CC, corpus callosum.
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2B because only one biologic replicate showed TRPMI
expression.

Our conventional PCR results revealed that only two
isoforms of the TRPV subfamily, TRPV2 and TRPV4, are
expressed in the ONH (Figure 1). TRPV2 showed higher
expression than TRPV4 in each biologic replicate, and the
difference in averaged gene expression (n=6) was statistically
significant (p<0.05). Members of the TRPP subfamily were
first found in a study of human polycystic kidney disease.
TRPP1 is thought of as a mechanical sensor, and this protein
interacts with the Ca?*-permeable cation channel TRPP2. In
the ONH, the expression level of TRPP2 was significantly
higher than TRPP1 (Figure 2D, TRPP2: 10.28+1.73; n=6,
p<0.05). Piezo channels have been intensively studied in
many species and tissues to investigate their functions, but
research on the expression and function of Piezos in the retina
and the ONH has not been conducted. In the present study,
both Piezo channels were expressed in the ONH (Figure 1),
and Piezo2 expression was significantly lower than that of
Piezol in the region (Figure 2E, Piezo2: 0.09+0.03 compared
to Piezol; n=6, p<0.001).

Expression of TRP and Piezo channels in ONH astrocytes:
Although astrocytes are the major cell type present in the
mouse ONH, the ONH contains other components such as
retinal ganglion cell axons, microglia, and blood vessels. To
examine which subtypes of the mechanosensitive channels

755

that were detected in the whole ONH tissue (Figure 1 and
Figure 2) are expressed in astrocytes, we modified our cell
dissociation protocol that has been used to isolate subtypes
of retinal neurons to perform single-cell RT-PCR on isolated
astrocytes. With this protocol, we succeeded in obtaining
morphologically intact ONH astrocytes as shown in Figure
3A.

We assayed all five TRP subfamilies and both Piezos
in single astrocytes dissociated from the ONH of five wild-
type C57BL/6 mice. Only cells that tested positive for the
expression of GFAP, but negative for MBP and CD45 were
considered for data (n=23, Table 2). TRPC1 (87%), TRPP1
and 2 (78%), and TRPM7 (52%) and Piezo2 (43%) were
the most commonly expressed subtypes. RNA transcripts
of TRPC2, TRPC6, TRPV2, TRPV4, TRPM2, TRPM4,
TRPMS6, and Piezol were also detected in ONH astrocytes.
The astrocyte in Figure 3A showed expression of TRPC1-2,
TRPV2, TRPM7, and TRPP1-2, which are highly expressed
in the ONH tissue as shown in Figure 2, as well as Piezo2,
which is highly expressed in isolated ONH astrocytes as
presented in Table 2 (Figure 3B). The results of the single-
cell RT-PCR experiments are summarized in Table 2. A
previous study implicated TRPCI as a component of mecha-
nosensitive channels [79], and our present data also showed
that TRPCI is highly expressed in the ONH (Figure 2A) and
detected in single astrocytes. However, recent studies have
questioned whether TRPC1 is directly gated by pressure
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TABLE 2. EXPRESSION OF TRP AND P1EZO CHANNELS IN SINGLE ONH ASTROCYTES (N=23).

Gene Number of astrocytes (%) Gene Number of astrocytes (%)

TRPC1 20 (87%) TRPP1 18 (78%)

TRPC2 5(22%) TRPP2 18 (78%)

TRPC6 3 (13%) Piezol 5 (22%)

TRPV2 3 (13%) Piezo2 10 (43%)

TRPV4 4 (17%)

TRPM2 1 (4%)

TRPM4 2 (9%)

TRPM6 7 (30%)

TRPM7 12 (52%)

Single-cell RT-PCR was performed on individual astrocytes dissociated from the ONH of C57BL/6. 33 ONH astrocytes from five
C57BL/6 mice were examined and only pure astrocytes (n=23) that were not contaminated with other cell components such as oligoden-

drocytes were used for gene expression analysis.

or stretch. Smooth muscle cells of TRPC1-deficient mice
showed no significant differences in mechanosensation
compared to cells from wild-type mice [80]. In addition,
co-overexpression of TRPC1 and TRPC6 in African green
monkey kidney (COS) or Chinese hamster ovary (CHO) cells
failed to confirm the mechanosensitivity of these channels
[81]. Though it is possible to identify astrocytes from wild-
type mice based on their morphology and the mRNA expres-
sion for GFAP, we performed an additional experiment using
the ONHs from a transgenic mouse strain that expresses red
fluorescent protein in all astrocytes as further proof that
the isolated cells are astrocytes. This mouse strain is on the
C57BL/6 genetic background (see Materials and Methods).
We isolated seven individual astrocytes from three mice of

this strain and tested them for the expression of TRPP1-2 and
Piezol-2 and the control genes (Gfap, Mbp, and CD45). As
expected, the majority expressed TRPP1 and TRPP2 (seven
of seven cells), Piezo2 (five of seven cells). Piezol was found
in two of seven cells.

Expression differences in TRP and Piezo channels between
the C57BL/6 and DBA/2J strains: To determine strain-specific
differences in TRP and Piezo gene expression, we repeated
the quantitative PCR experiments on DBA/2J Gpnmb+ and
DBA/2J with no or early glaucoma (NOE). The first and
second most highly expressed genes in each TRP subfamily
and Piezos that were detected in the ONH astrocytes (Table
2) were examined, and the averaged mRNA levels of each

Figure 3. Single-cell RT-PCR analysis of TRP and Piezo channel genes in single optic nerve head astrocytes. A: A representative picture
of acutely dissociated astrocytes. This cell has the thick, elongated cell body and long primary processes that are the morphology of optic
nerve head astrocytes observed in vivo. Scale bar, 20 pm. B: 25 transient receptor potential (TRP; seven TRPC, six TRPV, eight TRPM,
one TRPA, three TRPP) and two Piezo channel genes were examined. The astrocyte in A expresses TRPC1-2, TRPV2, TRPM7, TRPP1-2,
and Piezo2 channels. Glial fibrillary acidic protein (GFAP) was used as an astrocyte marker. MBP, an oligodendrocyte marker. CD45, a
microglia marker. M, DNA length marker (100 bp ladder).
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group were normalized to the same gene of C57BL/6 that
is presented in Figure 2. Statistical significance between
the three groups was determined using Kruskal-Wallis
ANOVA followed by a Mann—Whitney test. The C57BL/6
mice showed higher expression levels of TRPC1, TRPC2,
and TRPM7 than the DBA/2J Gpnmb+ and DBA/2J mice
(Figure 4A,B). Interestingly, the expression levels of TRPM6
and both Piezos in the DBA/2J mice were higher compared
to the C57BL/6 and DBA/2J Gpnmb+ strains (Figure 4B,E).
The TRPV and TRPP channels showed similar expression
levels in the three mouse strains (Figure 4C,D).

Expression of TRPP and Piezo channels in different tissue
regions. We wondered how the expression levels in the ONH
compare with those of other central nervous system (CNS)

© 2015 Molecular Vision

structures, and especially with white matter tracts such as the
corpus callosum and the myelinated part in the optic nerve
proper (ONP). To address the question, the total RNA was
extracted from four tissue regions in the C57BL/6 mice: the
ONH, brain, CC, and ONP.

Conventional PCR showed that all the tissues examined
expressed TRPP1-2 and Piezol-2 (Figure 1, Figure 5A, and
Table 1). Interestingly, two bands for Piezo2 were detected
in the brain, CC, and ONP, suggesting the presence of splice
variants in the regions. The weak band appeared at 220-240
bp, shorter than the expected amplicon product (299 bp, upper
band). Sequencing confirmed that it was a splice variant of
223 bp. We aligned this sequence with the predicted transcript
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Figure 4. Comparison of TRP and Piezo channel mRNA levels in the optic nerve head between C57BL/6 (n=6, gray bars) and DBA/2J
(n=6, black bars) strains. Normal DBA/2J mice with no or early glaucoma were used in this experiment. DBA/2J Gpnmb+ (n=3, white bars)
mice were used as another control for DBA/2J. Expression of eight transient receptor potential (TRP) (A-D) and two Piezo (E) genes that
were detected in astrocytes dissociated from the optic nerve head were determined with quantitative real-time PCR. Data represent fold
differences relative to the same genes of C57BL/6. Significant expression differences for each gene between the three groups were assessed
using Kruskal-Wallis ANOVA followed by a Mann—Whitney test. *p<0.05. Error bar, mean + SEM.
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variants of Piezo2 and found it was identical with transcript
variant X8 (accession number: XR 3860006).

Next, we performed quantitative PCR to compare the
expression levels of TRPP and Piezo between the four tissue
regions. For this comparison experiment, the total RNA
extracted from the ONHs was reverse-transcribed to cDNA
using the SuperScript First-Strand Synthesis System that had
been used for cDNA synthesis of the brain, CC, and ONP.
This ruled out the possibility that using two different reverse-
transcription kits could cause different levels of amplification
from the same sample. TRPP1 showed a tendency for higher
expression levels in the ONH compared to the brain, CC,
and ONP (Figure 5B, brain: 0.31+0.11, CC: 0.34+0.07, ONP:
0.39+0.10, n=6 for the ONH and ONP, n=5 for the brain and
CC), but only the expression difference between the ONH and
the brain was significant. TRPP2 showed a similar expres-
sion pattern. The highest expression of TRPP2 was found in
the ONH, and the expression levels were significantly lower
in the brain, CC, and ONP compared to the ONH (brain:
0.17+0.05, CC: 0.24+0.03, ONP: 0.45+0.05, n=6 for the ONH
and ONP, n=5 for the brain and CC). There was also a differ-
ence in TRPP2 expression between the brain and the ONP.
Taken together, the ONH showed higher expression of TRPP1
and 2 than other gray and white matter regions.

As for Piezol, there were no expression difference
between the four tissue regions except between the brain and
the ONP (Figure 5C). The brain showed the lowest level of
Piezo2 expression compared to the three other regions. The
mRNA level for Piezo2 in the brain was about 15% of the
level in the ONH (0.1440.08, n=5, p<0.01). Piezo2 expression
was also low in the CC compared to the ONH (0.45+0.07,
n=5), but the expression difference between the brain and the
ONH was not significant. The ONP showed high expression
levels of both Piezos, and there were no significant differ-
ences for Piezol and Piezo2 between the ONH and the ONP.

Piezo?2 is upregulated in optic nerve injury: It was previously
reported that the expression of numerous genes changes in
the ONH after exposure to elevated IOP in vivo [14,15,17]. If
the gene expression of putative mechanosensitive channels in
the ONH can also be altered, it could make the region more
or less sensitive to IOP. Therefore, we examined whether the
expression of TRPP1-2 and Piezol-2 also changes in three
mouse models of optic nerve damage, including glaucoma.

To examine the effect of a mild and transient elevation
in IOP on the TRPP and Piezo expression levels, a mouse
model of elevated IOP that was demonstrated in our recent
work was used [19]. At various time points after an elevation
of IOP (1 h, 3 days, 1 week), changes in the TRPP and Piezo
mRNA levels were examined. Second, an optic nerve crush
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injury model was chosen to assess the effect of severe damage
to axons and glia on the channel expressions at various time
points after injury (1 day, 3 days, 1 week, 3 weeks). Last,
glaucomatous DBA/2J mice were used to determine how the
expression levels of TRPP and Piezo change in spontaneous
glaucoma.

For the TRPP channels, no upregulation was seen in the
three mouse models. TRPP1 was downregulated 1 week after
short-term elevation in IOP (Figure 6A), and TRPP1 and 2
were downregulated 1 day after the optic nerve crush injury
(Figure 6C), but the gene expression changes were not signifi-
cant. Piezol did not show obvious up- or downregulation in
any of the three models except 3 days after the crush injury,
but Piezo2 showed considerable changes in gene expression.
One hour after the elevation of IOP, Piezo2 was downregu-
lated, and the expression level was about 40% of the contra-
lateral control (Figure 6B). In the optic nerve crush model,
Piezo2 showed a tendency to be upregulated at most recovery
intervals (3 days, 1 week, 3 weeks) although the increases in
gene expression were not significant (3 days: 22.43+18.48, 1
week: 7.7842.35, 3 weeks: 10.39+4.65 compared to the contra-
lateral control; n=3, Figure 6D). The Piezo2 mRNA levels
3 days after the optic nerve crush displayed high variation
among the biologic replicates. Piezo2 expression also showed
a tendency to be upregulated in moderate and severe glau-
coma in the DBA/2J mice, and the relative expression levels
were 5.86+3.08 and 7.81+1.92, respectively (n=3). Note that
all relative expression levels seen in Figure 6 are presented
on a log, scale to show up- and downregulation of the genes
compared to the control groups.

DISCUSSION

In this study, we addressed the question of whether ONH
astrocytes possess the molecular equipment to sense
mechanical stress directly. The motivations for this question
were twofold. First, in vitro studies of cultured ONH astro-
cytes demonstrated that they react to an increase in ortho-
static pressure or to stretch imparted by growing the cells
on deformable membranes and subjecting them to cyclical
stretch. It was demonstrated that elevating the orthostatic
pressure over a culture of ONH astrocytes induces upregula-
tion of intermediate filament genes such as Gfap and vimentin
[20] and decreases gap junctional coupling by connexin-43
[21]. Rogers and colleagues analyzed the proteome of ONH
astrocytes under various conditions of cyclical strain and
identified more than 500 differentially expressed proteins,
among them several that are associated with astrocyte activa-
tion [26,82].

758


http://www.molvis.org/molvis/v21/749
http://www.ncbi.nlm.nih.gov/nuccore/XR_386006

Molecular Vision 2015; 21:749-766 <http://www.molvis.org/molvis/v21/749>

N AR
A S&ELL L
M L& & o
500 -
Brain 300 =
-- (==
500 | W -
CC y
300 -
L
500 | s -
ONP
300 =
- -
- C— ONH
1.0 * [ Brain
T * ok &= cC
Z 1.25 - Rk = ONP
o
: |
=i
.g 1.00 A
=
)
g 0.75
; *%
¢ 0.50 -
£
o
o, 0.25
14
[
0.00
TRPP1 TRPP2
C 7. [ ONH
FodkRk [ Brain
T * . cc
zZ 6 EEE ONP
o
2 5
(]
2
& 49
£
< 3 *
%
E 27 .
o X%
9 11 *
& Iﬁ =
0
Piezo1 Piezo2

© 2015 Molecular Vision

Figure 5. Comparison of TRPP and Piezo channel expression
between different tissues. Expression of TRPP1-2 and Piezol-2
channels in the optic nerve head, brain, corpus callosum, and optic
nerve proper of C57BL/6 mice was determined with conventional
(A) and quantitative real-time PCR (B and C). A: TRPP1-2 and
Piezol-2 were expressed in all the tissues examined. Two splice
variants of the Piezo2 gene were detected. B and C: TRPP and
Piezo mRNA levels in four different tissues are presented as the fold
difference relative to the same gene expression in the optic nerve
head (n=6 for the ONH and ONP, n=5 for the brain and CC). Signifi-
cant expression differences for each gene between four tissues were
analyzed using ANOVA. *p<0.05, **p<0.01, and ***p<0.001. ONH,
optic nerve head; CC, corpus callosum; ONP, optic nerve proper.
Error bar, mean + standard error of the mean (SEM).
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Our second motivation for the present study was the
recent observation that even a short and relatively mild
increase in IOP (30 mmHg for 1 h) leads to morphological
signs of astrocyte reactivity in the ONH in the absence of
obvious damage to the ganglion cell axons [19]. This suggests
that the astrocytes may be reacting to some stimulus that
occurs before there is damage to the optic nerve axons, and
the pressure itself could be such a stimulus. We hypothesized
that astrocytes may directly sense tissue stretch with mecha-
nosensitive channels.

As an effort to understand the mechanisms by which
elevated IOP in glaucoma is linked to retinal ganglion cell
damage and death, several studies have been conducted to
find stretch-activated ion channels, including TRP channels,
in the retina and the ONH, which convert membrane strain to
biologic signals [32,35-37,39-41,83-88]. For instance, mouse
retinal ganglion cells express TRPV4, and sustained activa-
tion of this channel using TRPV4 agonists leads to apoptosis

© 2015 Molecular Vision

of the ganglion cells [39]. Immunohistochemistry performed
on vertical retina sections and primary cultures also showed
TRPP2 expression in mouse retinal ganglion cells [86]. In
particular, TRPV1 mRNA and protein are expressed in
several cell types in the retina, such as microglia, photorecep-
tors, amacrine cells, retinal ganglion cells, and astrocytes,
and pressure-induced calcium influx through the TRPV1
channel has been described [36,40,89-92]. Many subfamilies
of TRP channels have been implicated in mechanosensation
[30,31]. As a step toward seeking putative mechanosensitive
channels in ONH astrocytes, we determined the mRNA
levels of most TRP subfamilies, and of the directly mecha-
nosensitive Piezo channels. We were particularly interested
in the latter because of the involvement of Piezo channels in
cell morphology, adhesion, and migration [55]. Astrocytes in
the optic nerve react to an increase in IOP with changes in
morphology, suggesting that the astrocytes become mobile,
or at least rearrange their processes [13,19].
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Our results show that many TRP channels and both
Piezos are expressed in the ONH, and single-cell RT-PCR
demonstrated the presence of TRPC1-2, TRPC6, TRPV2,
TRPV4, TRPM2, TRPM4, TRPM6-7, TRPP1-2, and
Piezol-2 in ONH astrocytes (Table 1 and Table 2). Of these,
the direct mechanosensitivity of TRPCI is questioned [80,81],
and it does not seem to form functional homomeric chan-
nels, though it can interact with other TRPs to form Ca?*-
permeable channels [93-96]. Interestingly, a transcript of
TRPV4 was detected in ONH astrocytes, which is reported
as the calcium entry channel expressed in retinal ganglion
cells and activated by hypotonic stimulation [39]. Ryskamp
et al. showed that TRPV4 immunoreactivity is not detected in
ONH astrocytes, but only one TRPV4 antibody was used in
the study [39]. Therefore, it would be valuable to reexamine
the expression of TRPV4 protein in ONH astrocytes using
other TRPV4 antibodies if possible although many commer-
cial antibodies against mammalian TRP channels show poor
quality [32]. Somewhat surprisingly, we were unable to detect
transcripts for TRPV1 either in cDNA from whole optic nerve
heads or in dissociated single astrocytes, though the retina
and the brain yielded a clear signal for this transcript. TRPV1
has been found in ONH astrocytes by a combination of in situ
hybridization and immunohistochemistry [91], whereas in
another study, using only immunohistochemistry, researchers
concluded that the TRPV1 protein in the optic nerve head was
localized to the axons [35]. The TRPM7 protein is expressed
in the mouse cone outer segments [32], and the channel has
also been implicated in mechanosensation in various cell
types and can be directly activated by mechanical stress
[97-100]. Most astrocytes acutely isolated from the ONH
also express TRPP1 and TRPP2, which are known to play
an important role in mechanosensation in kidney epithelial
cells [101]. TRPP2 can form a Ca?-permeable cation channel
by itself, and TRPPI, a large integral protein, interacts with
TRPP2 as a receptor part of a receptor-ion channel complex.
Most importantly, ONH astrocytes express Piezol and 2,
which have recently been established as essential compo-
nents of distinct stretch-activated channels in mammals [46].
The expression levels of TRPP channels and Piezo2 in the
optic nerve are higher compared to the brain and the CC,
suggesting possible higher sensitivity to pressure in the
region. In addition, Piezo2 expression increases during the
progress of glaucoma in DBA/2J mice whereas a less severe
injury such as a mild elevation in IOP within a short dura-
tion does not induce Piezo2 upregulation, indicating that the
glaucomatous ONH might be more sensitive to IOP elevation.

A transient, moderate increase in the IOP (30 mmHg for
1 h) leads to signs of astrocyte reactivity in the ONH but does
not apparently damage the ganglion cells [19]. However, a
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persistently elevated IOP is well known to lead to ganglion
cell degeneration and death. Could astrocytes link elevated
IOP to retinal ganglion cell injury? Mechanically-induced
increase in intracellular calcium concentrations has been
demonstrated for astrocytes [41,102,103]. Whether ONH
astrocytes react in this way in vivo remains to be tested.
Activated astrocytes may release ATP, which could trigger
neuronal death of retinal ganglion cells. Acute elevation in
IOP induces an increase in extracellular ATP concentra-
tion [104,105], and retinal ganglion cells express P2XRs,
members of ionotropic (P2X) ATP-gated receptors, which
are associated with neuroinflammation and neuronal death
[44,106-109]. A recent study suggested mechanosensitive
ATP release through pannexin channels, mainly pannexin
1, in ONH astrocytes [87]. Although pannexins open upon
membrane stretch [85,87,110], they may not be directly
gated by stretch [111,112] and require the involvement of
an upstream directly mechanosensitive channel. Another
potential mechanism linking astrocyte activation to ganglion
cell pathology involves the endothelin system. Astrocytes
in culture react to stretch with increased secretion of endo-
thelin-1 [103]. Given the involvement of the endothelin
system in glaucoma [17,113], and the ability of endothelin-1
to induce optic neuropathy [114], stretch-induced endothelin
secretion by ONH astrocytes may contribute to ganglion cell
pathology. None of these mechanisms, of course, would rule
out the direct influence of elevated IOP on retinal ganglion
cells, possibly mediated by TRP channels that could occur
independently of astrocyte reactivity in the optic nerve.

APPENDIX 1. PRIMERS USED FOR
CONVENTIONAL AND SINGLE-CELL RT-PCR.

Conventional PCR primers are indicated by an asterisk (¥).
Nested PCR with two pairs of primers (outer and inner) was
used for single-cell RT-PCR experiments. Information of
some primer sequences for TRP channels was obtained from
a previous study [50] and PrimerBank [51], and the primers
are indicated with a dagger () and a double dagger (%),
respectively. PrimerBank IDs are presented with the cited
primer pairs. To access the data, click or select the words
“Appendix 1.”

APPENDIX 2. QUANTITATIVE RT-PCR PRIMERS
FOR AMPLIFICATION OF TRP CHANNELS AND
REFERENCE GENES.

Information of some primer sequences was obtained from
PrimerBank [51] and the primers are indicated by an asterisk
(*) with PrimerBank ID. To access the data, click or select the
words “Appendix 2.”
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APPENDIX 3. SETS OF PRIMERS AND PROBES
FOR TAQMAN REAL-TIME PCR.

To access the data, click or select the words “Appendix 3.”

APPENDIX 4. VALIDATION OF CONVENTIONAL
PCR PRIMERS.

Primers for TRP channels that were not detected in the ONH
were tested in other positive control tissues. M, DNA length
marker (100 bp ladder); DRG, dorsal root ganglia. To access
the data, click or select the words “Appendix 4.”
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