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Purpose: Steroid-induced glaucoma is a common form of secondary open angle
glaucoma characterized by ocular hypertension (elevated intraocular pressure [IOP])
in response to prolonged glucocorticoid exposure. Elevated IOP occurs with increased
outflow resistance and altered trabecularmeshwork (TM) function. Recently, we used an
optogenetic approach in TM to regulate the 5-phosphatase, OCRL, which contributes
to regulating PI(4,5)P2 levels. Here, we applied this system with the aim of reversing
compromised outflow function in a steroid-induced ocular hypertensionmousemodel.

Methods: Elevated IOP was induced by chronic subconjunctival dexamethasone injec-
tions in wild-type C57Bl/6j mice. AAV2 viruses containing optogenetic modules of
cryptochrome 2 (Cry2)-OCRL-5ptase and CIBN-GFP were injected into the anterior
chamber. Four weeks after viral expression and dexamethasone exposure, IOP was
measured by tonometer and outflow facility was measured by perfusion apparatus.
Human TM cells were treatedwith dexamethasone, stimulated by light and treatedwith
rhodamine-phalloidin to analyze actin structure.

Results:Dexamethasone treatment elevated IOP and decreased outflow facility in wild-
typemice. Optogenetic constructswere expressed in the TMofmouse eyes. Light stimu-
lation caused CRY2-OCRL-5ptase to translocate to plasma membrane (CIBN-CAAX-GFP)
and cilia (CIBN-SSTR3-GFP) in TM cells, which rescued the IOP and outflow facility. In
addition, aberrant actin structures formed by dexamethasone treatment were reduced
by optogenetic stimulation in human TM cells in culture.

Conclusions: Subcellular targeting of inositol phosphatases to remove PIP2 represents
a promising strategy to reverse defective TM function in steroid-induced ocular hyper-
tension.

Translational Relevance: Targeted modulation of OCRL may be used to decrease
steroid-induced elevated IOP.

Introduction

Corticosteroids are widely used in the eye
clinic owing to their anti-inflammatory and anti-
angiogenic properties.1–6 However, the therapeutic
use of glucocorticoids can cause elevated intraocular
pressure (IOP) and vision loss, called steroid-induced
glaucoma.1 An elevated IOP after dose-dependent
corticosteroid treatment can occur regardless of the

delivery route; the pathophysiology of this condition
remains unclear.7–21

Physiologic IOP is maintained by regulating the
production of aqueous humor by the ciliary body
and drainage of the aqueous humor by the trabecular
meshwork (TM). Similar to phenotypes observed in
primary open-angle glaucoma, the exposure of conven-
tional outflow cells to steroids has been reported
to induce changes to the TM that may ultimately
impair TM function. Several corticosteroid-induced
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ocular hypertension and glaucoma animal models
have already been developed.22–29 The anatomic and
physiologic features of murine Schlemm’s canal,
outflow pathway, and TM are similar to those of
humans,30 and corticosteroid induced ocular hyper-
tension has been reported to be analogous in mice and
humans.30–34 Here we used an established method
of dexamethasone-induced ocular hypertension
that mimics the effects observed in human steroid-
induced glaucoma, including decreased outflow
facility, elevated IOP, and altered actin cytoskeleton
morphology in TM cells.24,26,30,34–36

Primary cilia have recently been shown to play
a role in TM regulation of outflow facility.37 They
are immotile cellular projections that are thought
to function as sensory antenna-like organelles that
detect and transduce extracellular stimuli into intra-
cellular signals which regulate cell growth, differ-
entiation, and tissue homeostasis.38 Interestingly,
congenital glaucoma occurs in patients with Lowe
syndrome, a rare X-linked ciliopathy that presents
with congenital cataracts, renal failure, and develop-
mental delay.39 Lowe syndrome is caused by mutations
in the gene encoding for the inositol 5-phosphatase,
OCRL,40–42 which contributes to regulating cellu-
lar levels of PI(4,5)P2 by hydrolyzing PI(4,5)P2 and
PI(3,4,5)P3.41,43 The presence of PI(4,5)P2 at the
membrane can promote actin polymerization, whereas
its loss results in actin depolymerization. Because
some steroids, including dexamethasone, have been
shown to cause the formation of crossed-linked actin
networks (CLANS), we propose that targeting OCRL
to subcellular compartments will decrease the levels
of PI(4,5)P2, causing actin depolymerization and
rescuing the cytoskeletal defects produced by dexam-
ethasone exposure.

Here, we express the cryptochrome 2 (CRY2)/CIBN
optogenetic system in the TM of steroid-induced
ocular hypertension mice eyes and show that regulat-
ing localization of the OCRL 5-phosphatase domain
(5-ptase) to specific subcellular compartments reduces
IOP and increases outflow facility. In addition,
aberrant actin structures formed by dexamethasone
treatment were decreased by optogenetic stimulation in
human TM (HTM) cells in culture.

Methods

Reagents

Alexa568-Phalloidin and ProLong Gold Antifade
Mountant with DAPI were purchased from Invit-

rogen (Carlsbad, CA). Dexamethasone (D2915) was
purchased from Tocris.

Animals

All in vivo experiments followed the guidelines
of the Association for Research in Vision and
Ophthalmology Statement for the Use of Animals in
Ophthalmic and Vision Research and were approved
by the Institutional Animal Care and Use Commit-
tee of Stanford University School of Medicine. All
wild-type (C57BL/6j) mice were purchased from The
Jackson Laboratories (Bar Harbor, ME). To avoid age-
related variability, all mice were within the same age
range. Mice were kept under a 12-hour light/dark cycle
and had free access to water and food. Ketamine injec-
tions were based on mouse body weight (100 mg/kg).
Mice were anesthetized by isoflurane for the blue light
exposure and tonometer readings. Oxygen flow was set
to 2 L/min; isoflurane was 1% and delivered by nose
cone.

Cell Culture

HTM cells were obtained from cadaveric corneas
(Indiana Lions Eye Bank, Nora, IN); characterization
and culturing protocols were based upon established
methodology in the field.44,45

DNA Plasmid and Transfection

CIBN-EGFP-CAAX and mCherry-CRY2-OCRL
were generously provided by Pietro de Camilli (Yale
University). Somatostatin receptor 3 (SSTR3) ciliary
targeting sequence was cloned into CIBN-EGFP as
previously described.46 Lipofectamine 3000 (Invitro-
gen) or polyethylenimine (Sigma, St Louis, MO) was
used to transfect optogenetic constructs or subclone
them separately into AAV2.

Immunofluorescence

Cells grown on eight-well chamber slides were
activated using a 488-nm blue laser as described
previously46 and fixed in 4% PFA for 10 minutes
at room temperature. Cells were permeabilized with
0.2% Triton X-100 and incubated with rhodamine-
phalloidin (Invitrogen R415) diluted 1:200 in block-
ing solution (0.5% bovine serum albumin, 10% normal
goat serum in phosphate-buffered saline) for 1 hour at
room temperature.
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Quantification of CLANs Positive Cells

Cells were imaged and counted according to the
method described by Filla et al.47 In brief, cells stained
with rhodamine-phalloidin were imaged using a 20×
objective. Cells with three bright spokes of actin
filaments that connected at a point were considered to
have CLANs. The total number of cells in an image
expressingCIBN-CAAX-GFP and the total number of
CLANs-positive cells expressing CIBN-CAAX-GFP
were counted in an n of 3 replicate studies with approx-
imately 40 cells per group (blue light, no light) counted
for each replicate.

Confocal Microscopy and Live Cell Imaging

Imaging was performed with a Zeiss LSM880
confocal microscope (Carl Zeiss Meditec, Jena,
Germany). Using 2% of total laser output, blue laser
was administered by taking a Z-stack picture with the
single 488-nm (for CIBN-GFP) channel, followed by
time series Z-stack scanning of the mCherry channel
for at least 10 minutes. ImageJ was used to quantify
the intensity of mCherry-CRY2-OCRL in various
experiments by measuring both the area and total
fluorescence intensity in the selected area of interest
(v1.47v, NIH, Bethesda, MD).

Dexamethasone-Induced Ocular
Hypertension

Dexamethasone-induced ocular hypertension
was generated according to published proto-
cols.24,26,34–36,48 A 10 mg/mL solution of dexam-
ethasone (Sigma D2915) was prepared using sterilized
d-water. For the subconjunctival injections, the lower
eyelid was retracted and the conjunctiva gently pulled
away from the surface of the globe using forceps.
Then, 20 μL of the dexamethasone suspension was
injected immediately under the conjunctiva over 20 to
25 seconds using a 32G needle. The subconjunctival
injections were performed weekly in both eyes of each
animal.

Intraocular Injection

Intraocular injections were performed as previ-
ously described by Wang et al.49 Briefly, AAVs with
optogenetic constructs were injected into the anterior
chamber of the eye under ketamine anesthesia. As
a local anesthetic, 1 drop of 0.5% proparacaine
hydrochloride (Bausch & Lomb, Tampa, FL) was
applied to each eye. To create a small aperture to the
anterior chamber, the cornea was punctured using a

sterile 33G needle (STERiJECT) under a dissection
microscope (Nikon, Tokyo, Japan). After removing
the needle, a fine borosilicate glass capillary (World
Precision Instruments 1B150-4; Sarasota, FL) was
connected to a Hamilton syringe using polyethylene
tubing and passed through the same hole to introduce
a small air bubble. The capillary was slowly removed
and filled with 2-μL viral constructs (1010 infectious
U/μL) diluted in Fast Green blue dye to monitor the
injection through the puncture site. The capillary was
then reinserted, and the anterior chamber filled with
the distinct blue tint of the virus. The glass capillary
was kept in position tomonitor the pattern of the stain-
ing. To prevent leakage of the virus and to seal off the
puncture site, the air bubble was gently moved to the
insertion site. At the end of the procedure, neomycin
was applied to decrease the risk of infection.

Measurement of IOP

The Icare TonoLab tonometer (TV02; Icare Finland
Oy, Espoo, Finland) was used to measure the IOP.
Briefly, mice were anesthetized by nose cone delivery
of isoflurane and oxygen. Each eye received 1 drop
of proparacaine topical anesthesia, and the IOP was
measured 1minute later. Themean of five readings was
recorded as the IOP.

Mouse Eye Perfusion Apparatus

For the eye perfusion, mice were anesthetized and
treated when necessary (optogenetic activation) and
subsequently sacrificed by cervical dislocation. Within
10 minutes of death, mouse eyeballs were enucleated
and perfused immediately.

The eye perfusion apparatus was designed as previ-
ously described.50,51 As shown in Figure 1B, a 5-mm-
long 33G needle (TSK Laboratory, Tochigi, Japan)
attached to a micromanipulator was introduced into
the anterior chamber. The needle was connected to
a rigid and noncompliant tube (Lectro-cath) attached
to a three-way stopcock. The three-way stopcock was
connected to a calibrated glassHamilton syringe driven
by a New Era syringe pump (Syringe Pump, Farming-
dale, NY) on one hub and an MLT1199-BP trans-
ducer (AD Instruments, Colorado Springs, CO), which
was connected to an amplifier by a Transducer Cable
Kit (AD Instruments), on the other. The Ampli-
fier/PowerLab system (AD Instruments) was connected
to a computer running the LabChart8 software (AD
Instruments), which integrated with custom pumping
software to control the pump flow within a range from
0.001 to 2120.000 mL/h. Before each experiment, the
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Figure 1. Overview of Cry2-CIBN optogenetic system. Schematic
representation of the optogenetic recruitmentmodel of mCh-CRY2-
5-ptase to primary cilium or plasma membrane after blue light
illumination. Optogenetic activation recruits cytosolic mCh-CRY2-5-
ptase to its dimerization partner EGFP-CIBN, which is targeted to
specific subcellular compartments.

perfusion apparatus was filled with sterile Dulbecco’s
phosphate-buffered saline and calibrated.

The pressure before cannulation was zero refer-
enced; the pressure after cannulation was transduced
into the anterior chamber by the pressure transducer.
The low-speed flow rate was controlled by the syringe
pump and automatically adjusted according to the
feedback between the LabChart8 software and the
pumping software. When the pressure reached a stable
value, outflow from the anterior chamberwas recorded.
To maintain a constant and stable IOP over 10 minutes
for each pressure value, the eye displayed a constant
pressure of 10 to 35 mm Hg (Y-value) and related
flow rate (X-value). X1 and Y1 indicate a paired
perfusion pressure and its corresponding IOP (10, 15,
20, 25, and 30 mm Hg). The IOP was then plotted
against its corresponding stable flow rate, where the
slope indicates conventional outflow facility and the Y-
intercept the uveoscleral outflow independent of IOP.
Average outflow facility of perfused eyes with flow rate
(μL/min) on the Y-axis plotted against IOP (in mm
Hg) on the X-axis represents the perfusion plot of IOP
versus flow rate.

Eyes were perfused over 50minutes at increments of
IOP. To determine the outflow facility of each sample
and the association between IOP and corresponding
outflow rate, the modified Goldmann equation (F =
C*IOP + U) was used. In this equation, C is the
conventional outflow rate. GraphPad Prism was used
to plot the recorded flow rates and the corresponding

IOPs, and the conventional outflow rate (C) of each
sample was calculated.

AAV2-S-Vector Construction and Production

AAV2-s vector was designed to target theHTMcells
as described by Prosseda et al.,46,52 and viral purifi-
cation were routinely prepared by the triple plasmid
transfection method as previously described by Wang
et al.49 and Lock et al.,53 respectively. Briefly, capsid (p-
Acg2), transgene, and helper (p-helper) plasmids (ratio
1:1:1) were transfected using PolyJet In Vitro DNA
Transfection Reagent in HEK293 cells. Viral particles
were collected by precipitation in 40% polyethylene
glycol and purified by cesium chloride density gradi-
ent. Viral particles were dialyzed, and AAV2-s titer
determined by SYBR green quantitative PCR amplifi-
cation using primers and probes detecting the promoter
and transgene of the transgene cassette with DNase-I-
resistant vector genome copies as a reference.

Statistical Analysis

Statistical analyses were performed using Graph-
pad8 (Prism) software. Results are expressed as mean
values ± standard error of the mean. Statistical analy-
ses were performed using linear regression analysis
for outflow facility measurement, and unpaired t-tests
were used to compare the means of two indepen-
dent groups such as in vivo (outflow facility and IOP
between control vs. DEX-treated mice). Paired t-tests
were used for comparison of blue light illuminated
versus nonilluminated eyes of each mouse transduced
with optogenetic viruses as indicated. A P value of less
than 0.05 was considered statistically significant and is
indicated by an asterisk.

Results

Optogenetic Targeting of OCRL
5-Phosphatase to Subcellular Compartments

To determine whether subcompartmental distri-
bution of OCRL may influence outflow facility in a
steroid-induced ocular hypertension mouse model,
we adapted an optogenetic system developed by
Idevall-Hagren and Decamilli.54 The optogenetic
system consists of the 5-ptase domain of OCRL
fused to one of the optogenetic dimerization partners,
CRY2 (hereafter referred to as CRY2-5-ptaseOCRL).
CRY2 can subsequently be directed by light stimu-
lation in a time- and location-specific manner to its
dimerizing partner CIBN, which can be targeted to
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Figure 2. Optogenetic recruitment of OCRL to the plasma membrane and primary cilia and viral infection of the TM. (A) Stimulation with
blue light recruits Cry2-OCRL-mCherry to CIBN-CAAX-GFP localized at the plasma membrane (top). Similarly, blue light stimulation causes
Cry2-OCRL-mCherry to move to CIBN-SSTR3-GFP targeted at primary cilia (bottom). (B) AAV2-s viral constructs containing the relevant
optogenetic constructs: AAV2-s-CRY2-5-ptaseOCRL and AAV2-s-CIBN-EGFP-CAAX or AVV2-s-CIBN-EGFP-SSTR3were injected into the anterior
chamber of mice and incubated for 4 weeks. Viral infection was observed in the TM. Scale bar = 20 μm.

different subcellular compartments (Fig. 1A).46 Impor-
tantly, the specificity and reversibility of this system
allows for the systematic activation of an enzyme,
such as the OCRL 5-ptase, owing to its accumula-
tion in the region of interest. In addition to targeting
the plasma membrane (Fig. 2A, top), we modified
the optogenetic targeting CIBN construct to specif-
ically target the CRY2-5-ptaseOCRL to the primary
cilia (Fig. 2A, bottom) to study its functional role
in modulating ciliary phosphoinositide levels.46 For
this purpose, we replaced the CIBN-EGFP-CAAX
CAAX-box with the ciliary targeting sequence
found within the third intracellular loop of the
G protein-coupled receptor somatostatin recep-
tor 3 (indicated as SSTR3).55,56 Using viruses to
express these constructs in the TM of mice eyes
(Fig. 2B) allowed us to analyze the effect of plasma
membrane and ciliary phosphoinositide levels in
modulating IOP.

Dexamethasone-Induced Ocular
Hypertension Model

To elevate the IOP, we used dexamethasone to
induce ocular hypertension in mice, as other investi-
gators have done previously.24,26,30,35,36 Dexametha-
sone was administered once weekly over 4 weeks by
subconjunctival injections into both eyes (Fig. 3A). We
monitored the IOP using rebound tonometry. Tonome-
ter readings at 4 weeks showed a marked increase in
the IOP in dexamethasone-treated eyes (18–22 mm
Hg), compared with normal baseline untreated IOP
(13–16 mm Hg) (Fig. 3B), supporting the validity of
the dexamethasone IOP model. At 4 weeks, perfusion
analysis of eyes of the dexamethasone treated group
demonstrated a significant decrease in outflow facility
(1 nL/min/mmHg) compared with wild-type untreated
eyes (5 nL/min/mm Hg), confirming the efficacy of the
model (Figs. 3C, D).
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Figure 3. Dexamethasone (DEX) increases IOP by decreasing outflow facility. (A) DEX was administered by weekly subconjunctival injec-
tions using a 33G needle with a Hamilton syringe. (B) Tonometer readings showing the difference in IOP between wild-type (WT) and
dexamethasone-treated mice (C) Perfusion plots of mouse eyes injected with dexamethasone and WT untreated controls. (D) DEX-treated
eyes demonstrate a significantly lower outflow facility than those without exposure. (n = 5 mice per group, unpaired Student t-test).

Optogenetic CRY2-5-PtaseOCRL Stimulation
Reverses Dexamethasone’s Effect on Outflow
Facility

To determine whether CRY2-5-ptaseOCRL recruit-
ment to the plasma membrane or primary cilia could
modulate outflow facility in pathological conditions,
we tested plasma membrane and ciliary optogenetic
recruitment in the dexamethasone model. Mice were
injected with viral vectors containing the relevant
optogenetic constructs: AAV2-s-CRY2-5-ptaseOCRL
and AAV2-s-CIBN-EGFP-CAAX or AVV2-s-CIBN-
EGFP-SSTR3 and incubated for 4 weeks. Simulta-
neously, to generate high IOP, dexamethasone was
injected subconjunctivally into both eyes once weekly
until the termination of the 4-week viral transduc-
tion period. At this time, one eye was optogenet-
ically activated using a blue 450-nm 10-mW laser,
and the other eye served as a control. Importantly,
both the plasma membrane and ciliary targeting
constructs significantly decreased IOP an average
of 5 mm Hg in the optogenetically activated eyes
(Figs. 4A, D). Perfusion data supported the results
of the tonometer readings, as the light activated
membrane targeting construct significantly increased
outflow facility compared with no light exposure (1.2±
0.3 nL/min/mm Hg and 3.7 ± 1.0 nL/min/mm Hg,
respectively; P = 0.0158; n = 8 mice) (Figs. 4B, C) and
the light-activated ciliary targeting viral constructs also
had significantly increased outflow facility compared
with no light exposure (1.6 ± 0.6 nL/min/mm Hg and

7.0 ± 1.5 nL/min/mm Hg, respectively; P = 0.0165;
n of 5 mice) (Figs. 4E, F).

Optogenetic OCRL Regulation Modulates
Actin After Dexamethasone Stimulation In
Vitro

Steroid exposure produces IOP elevation57 owing
to extracellular matrix accumulation in the conven-
tional outflow pathway and TM stiffening. Cytoskele-
tal morphology is an indication of cell stiffness, and
dexamethasone exposure induces CLANs formation
in TM cells.58 Using fluorescently tagged phalloidin,
we also observed that acute treatment of HTM cells
with dexamethasone (10 μM) significantly increased
CLANs formation (Fig. 5A).

Because tight regulation of PI(4,5)P2 plays a signif-
icant role in modulating actin reorganization,59,60
we analyzed whether optogenetic CRY2-5-ptaseOCRL
recruitment to the plasma membrane could rescue
CLANs formation. To investigate this issue, HTM cells
were transiently transfected with CRY2-5-ptaseOCRL
and CIBN-EGFP-CAAX after dexamethasone treat-
ment. Cells were stimulated with light as described
above, given 10 minutes to allow for cytoskeleton
reorganization, then fixed with 4% PFA and stained
with phalloidin. We observed that CRY2-5-ptaseOCRL
recruitment to the plasma membrane following blue
light activation reduced the disorganized actin array
and CLANs (13.0% ± 1.2% CLANs positive cells)
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Figure 4. Dexamethasonemousemodel with optogenetic reversal of IOP and outflow resistance. (A) Tonometer reading of steroid-treated
mouse eyes expressing AAV2-s-CIBN-CAAX and mCh-CRY2-5-ptaseOCRL showed a decreased IOP if they were stimulated with blue light
compared with those without light exposure. (B) Perfusion plots without andwith blue light exposure and (C) the calculated outflow facility
showed that blue light exposure increased outflow facility for the membrane construct. Similarly, (D) tonometer readings of steroid treated
mouse eyes expressing AAV2-s-CIBN-SSTR3 and mCh-CRY2-5-ptaseOCRL with blue light exposure had a decreased IOP. (E) Perfusion plots
with and without blue light exposure and (F) the calculated outflow facility showed that blue light exposure increased outflow facility for
the ciliary construct. (n = 8 mice and 5 mice for CAAX and SSTR3 constructs respectively, paired Student t-test). OD, right eye; OS, left eye.

compared with transfected nonilluminated HTM cells
(36.0% ± 2.6% CLANs-positive cells) (Fig. 5B, C;
P = 0.0013; n of 3 independent experiments, count-
ing 40 cells per group). These results support the
idea that OCRL subcellular localization can modulate
cytoskeletal abnormalities caused by dexamethasone
exposure.

Discussion

Glaucoma is an optic neuropathy that can lead to
irreversible vision loss if its primary risk factor, IOP, is
not controlled. There has been increased awareness in
recent years that medications, such as corticosteroids,
used to treat other diseases can cause severe side
effects, including the development of elevated IOP, that
can lead to neuropathy categorized as glaucoma. The
mechanism(s) in the conventional outflowpathway that
underlie elevated IOP after steroid exposure is unclear.
However, studies suggest that it might at least in part
occur because corticosteroid medications can cause
changes at the cellular level, including the formation
of CLANs,61–65 an increase in nucleus and cell size,66

altered expression of extracellular matrix proteins,67–76
inhibition of proliferation, migration,65 and the phago-
cytic activity77–80 required to clear debris from the
filter-like tissue.

Previous studies in animal models have shown that
treatment with steroid medications can elevate the
IOP. Our present study demonstrates that treatment
of wild-type mice with dexamethasone for 4 weeks is
well-tolerated and sufficient to create a steroid-induced
ocular hypertension model. These mice exhibited a
significant decrease in outflow facility as measured by
our perfusion system, resulting in increased an IOP by
tonometry, consistent with the accepted characteristics
of steroid-induced ocular hypertension.

Optogenetics provides a novel approach to resolv-
ing the function of proteins in disease pathogenesis.
The 5-ptase domain of OCRL was cloned to light-
sensitive CRY2 and expressed with its ligand (CIBN).54
This system targets the enzyme domain to the plasma
membrane, which dephosphorylates its PI(4,5)P2 and
essentially depletes it of the lipid. We recently modified
this system to target the 5-ptase specifically to the
primary cilia, which depletes PI(4,5)P2 only in the
ciliary shaft.46 This recruitment is specifically targeted
to subcellular compartments without affecting whole
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Figure 5. Optogenetic modulation of actin morphology after dexamethasone (DEX) stimulation in vitro. (A) Rhodamine-phalloidin shows
the effect of DEX treatment (10 μM for 4 hours) on actin cytoskeleton organization compared with an untreated control. CLANs were identi-
fied as three bright actin filament spokes forming vertices as indicated by the white triangles. (B) HTM cells expressing CRY2-5-ptaseOCRL
and CIBN-EGFP-CAAX were treated with dexamethasone, exposed to blue light, fixed, and treated with rhodamine-phalloidin. (C) Samples
optogenetically activated by blue light had a reduced number of CLANs positive cells compared with samples without blue light exposure.
Scale bar = 20μm. (n = 3, unpaired Student’s t-test).

cellular pathways. The system can provide novel insight
into signaling mechanisms and their role in disease
pathogenesis.

Because phosphoinositides are known to play criti-
cal roles in a wide range of biological processes, includ-
ing membrane trafficking from the plasma membrane
and regulating actin cytoskeletal organization,59,60,81
we used the steroid-induced ocular hypertensionmodel
to assess the efficiency with which optogenetic regula-
tion of phosphoinositide signaling counteracts the
negative effect of dexamethasone. We observed that
treatments to direct OCRL subcellular localization to
the plasma membrane reversed the negative effects of
prolonged dexamethasone exposure and decreased the
IOP to nearly normal levels, suggesting that PI(4,5)P2
pools play a critical role in this mechanism of regulat-
ing IOP. Interestingly, targeting the enzymatic activity
of OCRL to primary cilia produced a similar positive
effect. Primary cilia are of well-known importance in
sensing flow and regulating cell homeostasis37; our
results suggest that intraciliary regulation is critical to
modulating phosphoinositide function. Therefore, the

regulation of phosphoinositides at both the plasma
membrane and within primary cilia may participate in
a converging downstream pathway, which affects cell
behavior, cytoskeletal organization, homeostasis, and
ultimately IOP.

PI(4,5)P2 acts as a key factor in remodeling the actin
cytoskeleton by regulating the activity of a number
of actin-binding proteins that control the assembly
of actin microfilaments.82,83 The present report shows
that dexamethasone causes severe morphological alter-
ations in HTM cells. The cellular changes that we
observed in the dexamethasone steroid-induced ocular
hypertension model included a marked increase in
CLANS.Dexamethasone-treated cells have been previ-
ously shown to have defects in actin,62,65 and other
studies have linked the formation of CLANs in TM
cells to steroid treatment.64,66 In addition, Filla et al84
showed that PI(4,5)P2 colocalized at CLANs in TM
cells treated with dexamethasone. The formation of
CLANs is thought to significantly decrease cell plastic-
ity,85 andmathematical models predicting that the stiff-
ness of actin filaments in CLANs is increased by two
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orders of magnitude support this notion.86 However,
the exact mechanism and pathways regulating CLANs
formation have yet to be determined.

Optogenetic recruitment of the OCRL 5-ptase,
which aimed to regulate PI(4,5)P2 pools at the plasma
membrane or within cilia, produced actin depoly-
merization in dexamethasone-treated HTM cells.
This result suggests that phosphoinositide regulation
overcame the influence of dexamethasone to induce
the cytoskeletal alterations responsible for the decrease
in aqueous outflow and increase in IOP; therefore,
actin represents the framework upon which IOP seems
to be mediated. Other studies support this notion,
particularly those focused on actin depolymerizing
agents or Rho kinase inhibitors. Rho kinase inhibitors,
which are among the few drugs currently under inves-
tigation for use in glaucoma, have been shown to
control IOP by modulating cytoskeletal organization
and decreasing the number of stress fibers and focal
adhesions, which provide the cell flexibility necessary
to regulate IOP.87

In conclusion, our study supports the hypothesis
that cytoskeletal alterations and formation of CLANs
act as the driving force behind the effects on outflow
facility and IOP observed in the steroid-induced ocular
hypertension model in vivo. Steroid medications may
impair diverse actin-regulatory proteins, resulting in a
TM cell and tissue environment which is stiffer and
less able to dynamically regulate outflow. Subcom-
partmental targeting of OCRL enabled us to improve
cell plasticity and thus outflow facility in the steroid-
induced ocular hypertension model. This improvement
coincided with a significant decrease in the number of
CLANs observed in cultured HTM cells. Our study
therefore provides a novel framework for a therapeu-
tic approach based on lipid signaling and demonstrates
the urgent need for future studies to determine the
exact pathways involved in OCRL-dependent CLANs
formation.
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