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Systemic or localized application of glucocorticoids (GCs) can
lead to iatrogenic ocular hypertension, which is a leading
cause of secondary open-angle glaucoma and visual impair-
ment. Previous work has shown that dexamethasone increases
zonula occludens-1 (ZO-1) protein expression in trabecular
meshwork (TM) cells, and that an antisense oligonucleotide
inhibitor of ZO-1 can abolish the dexamethasone-induced in-
crease in trans-endothelial flow resistance in cultured
Schlemm’s canal (SC) endothelial and TM cells. We have pre-
viously shown that intracameral inoculation of small inter-
fering RNA (siRNA) targeting SC endothelial cell tight junc-
tion components, ZO-1 and tricellulin, increases aqueous
humor outflow facility ex vivo in normotensive mice by
reversibly opening SC endothelial paracellular pores. In this
study, we show that targeted siRNA downregulation of these
SC endothelial tight junctions reduces intraocular pressure
(IOP) in vivo, with a concomitant increase in conventional
outflow facility in a well-characterized chronic steroid-
induced mouse model of ocular hypertension, thus represent-
ing a potential focused clinical application for this therapy in
a sight-threatening scenario.

INTRODUCTION
Glucocorticoids (GCs) have been widely used in controlling ocular
inflammation in uveitis; however, ocular hypertension (OHT) with
the risk of secondary open-angle glaucoma is a significant complica-
tion of GC therapy.1 While most patients undergo short courses of
GC therapy, in the UK an estimated up to 5% of adults undergo
long-term systemic GC use daily for more than 5 years, while up to
20% undergo GC treatment for more than 6 months.2 One third of
ophthalmic topical GC-treated patients exhibit a moderate increase
in intraocular pressure (IOP), while approximately 5% of patients
experience severe IOP increases. With intravitreal injection, these
rates are greatly increased, with OHT resulting in 25% of cases.3 In
those instances where acute steroid-induced elevations in IOP occur
in GC-dependent patients, and in which OHT cannot be controlled
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with conventional pressure-reducing medications, trabeculectomy,
laser trabeculoplasty, or shunt surgery may be required.4 These pro-
cedures all have associated risks of complications, warranting explo-
ration of alternative, less invasive methods of IOP control.

Most resistance to aqueous outflow is generated within the juxtaca-
nalicular tissues (JCTs), comprising the trabecular meshwork (TM)
and inner wall endothelium of Schlemm’s canal (SC). Endothelial
cells of the inner wall of SC form loosely organized tight junctions
(TJs), leaving discrete paracellular clefts through which aqueous can
enter the canal from the TM. A synergistic model of outflow resis-
tance generation has been proposed, in which the inner wall of SC
and the JCT region together are responsible for the bulk of conven-
tional outflow resistance generation.5 Under this model, referred to
as the funneling model of outflow resistance generation, due to the
spatial separation of SC inner wall pores, aqueous humor (AH)
moving from the JCTs into these pores must converge, or funnel,
from wide areas of tissue to discrete pores on the inner wall through
the tortuous extracellular spaces of the JCTs.5 Paracellular pores
may be the preferential flow path, but transcellular pores also
contribute to the overall outflow along the inner wall of SC.6

Increased pore density is associated with regions of higher
segmental outflow, while glaucomatous eyes are reported to have
reduced SC inner wall porosity.7,8 As such, the pore density of a re-
gion of the SC inner wall can directly influence conventional
outflow resistance generation and hydraulic conductivity. GC treat-
ment can have a range of effects on the outflow pathway, including
altering TM cell functions, extracellular matrix metabolism, and
gene expression, which may be responsible for the increase in
outflow resistance associated with GC treatment.9
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We have previously shown in normotensive mice that small inter-
fering RNA (siRNA)-mediated downregulation of TJ proteins zonula
occludens-1 (ZO-1) (encoded by the TJP1 gene) and tricellulin (en-
coded by the MARVELD2 gene) in SC endothelial cells results in a
visible opening of paracellular clefts as observed by transmission elec-
tron microscopy, increasing cleft porosity and enhancing flow of
aqueous from the TM into the lumen, thus resulting in an increase
in conventional outflow facility.10 However, it remained to be demon-
strated whether and to what extent this approach to IOP control
might be effective in an animal model displaying features of ste-
roid-induced OHT, where significant molecular pathological changes
occur within the TM to reduce outflow, and whether the concomitant
elevation in IOP could also be reduced.We investigated the efficacy of
this approach in a mouse model of dexamethasone (DEX)-induced
OHT. Sustained elevation of IOP can be induced in mice through
long-term systemic delivery of DEX using micro-osmotic pumps.
This method of inducing GC OHT has been shown to elevate IOP
significantly within 2 weeks of treatment, with a concomitant reduc-
tion in conventional outflow facility, while preserving open-angled
morphology within the anterior chamber.11–14 We have previously
shown how treatment with siRNA does not impact the open-angle
structure in the anterior chamber in rodents. We have assumed
that the same mode of action is occurring in these hypertensive ani-
mals treated with the same siRNA as was used in our previous work.10

This is inferred based on findings from Tam et al.10 that siRNA tar-
geting both ZO-1 and tricellulin results in anatomical changes to
the outflow tissue in normotensive animals.

Mice treated with DEX have also been shown to have increased depo-
sition of extracellular matrix material within the TM, with elevated
levels of extracellular collagen I, fibronectin, and mucopolysaccha-
rides, and the formation of cross-linked a-smooth muscle actin net-
works.15,16 Also, of particular relevance to our TJ modulation-based
approach, GC treatment of cultured human SC endothelial cells
(SCECs) has been shown to significantly increase ZO-1 expression,
and to increase the number of TJ-containing intercellular contacts.17

Hence, this model represents a suitable means for assessment of the
modulatory effect of our approach on outflow facility, serving as a
model of OHT in POAG in general and, more specifically, of human
GC-induced glaucoma. We show herein that siRNA-mediated TJ
protein suppression enhances conventional outflow facility and re-
duces IOP in this murine model of GC-induced OHT. Potential adap-
tation of this approach to enable clinical deployment is also discussed.

RESULTS
Characterization of IOP elevation in DEX-treated mice

Wild-type C57BL/6J mice were implanted subcutaneously with mi-
cro-osmotic pumps delivering DEX at a dose of 2 mg/kg/day (n =
17), while a separate cohort of wild-type C57BL/6J mice designated
as controls were implanted with pumps containing cyclodextrin as
a vehicle control (n = 9). One day prior to pump implantation,
mice were anesthetized with isoflurane, and IOP was measured by
rebound tonometry in one eye. These measurements were repeated
weekly thereafter for 4 weeks. The changes in IOP arising from this
Molecul
treatment, and differences in population averages, are summarized
in Figure 1. The baseline IOP measurement for the vehicle-treated
group was 14.4 [13.7, 15.0] (mean [confidence interval (CI)]), and
final IOP measurement was 15.2 [14.4, 16.0], corresponding to a
non-significant change of 0.9 [�0.3, 2.0] mmHg (p > 0.05, one-way
ANOVA with Tukey’s post-test, n = 9, Figure 1A, red). For DEX-
treated animals, baseline IOP was measured as 12.8 [12.2, 13.4],
and final IOP was 17.8 [17.1, 18.4], corresponding to a significant in-
crease in IOP of 5.0 [3.9, 6.1] mmHg (p < 0.0001, one-way ANOVA
with Tukey’s post-test, n = 17, Figure 1A, blue). After 4 weeks of treat-
ment, the final IOP difference between the DEX and control groups
was 2.6 [1.6, 3.5] mmHg (p < 0.0001, unpaired t test, Figure 1A),
compared to a 1.6 [�0.7,�2.5] mmHg (p = 0.001, unpaired t test, Fig-
ure 1A) difference in IOP between the DEX and vehicle group at the
beginning of the study, before any treatment was administered. These
data confirm that DEX treatment results in a significant elevation in
IOP in these animals as compared to the vehicle controls (Figure 1B).

Targeted downregulation of TJ proteins ZO-1 and tricellulin in

normotensive C57BL/6J mice

In order to validate the efficacy of siRNA-mediated transcript sup-
pression of our target TJ proteins ZO-1 and tricellulin, we first carried
out our intraocular siRNA delivery protocol that we have previously
shown to be effective in the enhancement of outflow facility in
normotensive mice.10 Briefly, C57BL/6J normotensive animals were
treated with an intracameral injection containing 1 mg each of ZO-
1 and tricellulin targeting siRNA (T-siRNA) in one eye, while contra-
lateral control eyes received 2 mg of non-targeting siRNA (NT-
siRNA) injections. Then, at 48 h post-injection, enucleated tissue
was homogenized, RNAwas extracted, and qPCR analysis was carried
out on both NT-siRNA- and T-siRNA-treated eyes.

T-siRNA-injected eyes showed significant downregulation of both
ZO-1 and tricellulin transcript levels, when compared to NT-
siRNA-treated eyes. 2�DDCt values are presented below, representing
fold change in relative gene expression of these TJ proteins of interest.
For ZO-1, intracameral injection with T-siRNA led to a significant
mean fold change in relative gene expression of 0.7 [0.5, 0.8] (mean
[CI) (p < 0.001, n = 12, Figure 2A), and tricellulin showed a significant
mean fold change in relative gene expression of 0.6 [0.4, 0.9] (p < 0.01,
one-sample t test to theoretical mean of 1, n = 11, Figure 2A), repre-
senting a 30% and 40% average reduction in transcript levels, respec-
tively. These data suggest that the TJs ZO-1 and tricellulin are success-
fully downregulated at the outflow tissue following a single
intracameral injection with T-siRNA.

Effect of TJ downregulation on IOP in vehicle-treated mice

To evaluate whether downregulation of ZO-1 and tricellulin was an
effective means of lowering IOP in normotensive mice, all mice
were anesthetized and IOP was measured again in both eyes to ac-
quire baseline measurements after vehicle micro-osmotic pump treat-
ment and prior to injection with siRNA. Mice were then treated with
an intracameral injection containing T-siRNA in one eye, while
contralateral control eyes received NT-siRNA injections. At 48 h
ar Therapy: Methods & Clinical Development Vol. 20 March 2021 87
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Figure 1. Summary of IOP changes in vehicle and

dexamethasone (DEX)-treated mice

(A) Change in IOP after 4 weeks of vehicle (red, n = 9) or

DEX (blue, n = 17) delivery via a micro-osmotic pump.

Dashed arrows represent the differences between pop-

ulation average at baseline and after treatment, while solid

arrows represent the average change in IOP per mouse

after treatment. (B) Cello plots show the IOP increase

(mmHg) following treatment with either cyclodextrin

vehicle (red) or DEX (blue) for 4 weeks. The white line

represents the geometric mean, the dark red/blue bands

indicate the 95% CI, and the light red/blue regions are the

distributions of the data. Each data point represents the

IOP increase (mmHg) for each individual animal. p values

are represented by asterisks.
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post-injection, mice were anesthetized and IOP was once again
measured by rebound tonometry. To account for the variation in
the pre-treatment baseline IOP values, IOP data are presented as
the change in IOP between pre- and post-treatment measurements
in both NT-siRNA- and T-siRNA-treated eyes. The changes in IOP
arising from this siRNA injection, and differences in population aver-
ages before and 48 h after treatment, are summarized in Figure 2 for
vehicle-treated animals and Figure 3 for DEX-treated animals.

T-siRNA-injected eyes showed a significant average reduction in IOP
of 1.0 [�1.6, �0.3] mmHg as compared to pre-treatment IOP mea-
surement averages (13.6 [13.3, 13.9] versus 14.5 [14.2, 14.9] mmHg,
p < 0.01, n = 9, Figures 2B and 2C, green). NT-siRNA-injected eyes
showed no significant average change in IOP in these animals, �0.0
[�0.4, 0.2] mmHg, as compared to pre-treatment IOP measurement
88 Molecular Therapy: Methods & Clinical Development Vol. 20 March 2021
averages of (14.2 [14.0, 14.5] versus 14.3 [14.1,
14.6] mmHg, p > 0.05, n = 9, Figures 2B and
2C, orange). At 48 h post-treatment, a signifi-
cant difference in IOP of �0.7 [�0.1, �1.2]
mmHg (p = 0.02, two-way unpaired t test, Fig-
ure 2C) was shown between the NT-siRNA and
T-siRNA groups compared to a non-significant
difference in IOP of 0.2 [�0.2, 0.6] mmHg (p >
0.05, two-way unpaired t test, Figure 2C) be-
tween the groups at the beginning of the study,
before treatment was administered. These data
confirm that T-siRNA treatment in this
vehicle-treated group results in a significant
reduction in IOP compared to the NT-siRNA
group (Figure 2B).

Effect of TJ downregulation on ex vivo

conventional outflow facility in vehicle-

treated mice

In normotensive vehicle control mice, T-siRNA
induced an increase in conventional outflow fa-
cility (C) of 38 [5, 81] % (p = 0.029, Figure 2D)
as compared to NT-siRNA. Changes in facility
were determined by performing ex vivo perfu-
sions using the iPerfusion system.17 This facilitated comparison of
C between paired contralateral T-siRNA- and NT-siRNA-treated
eyes in normotensive vehicle (n = 6) mice.

Targeted downregulation of TJ proteins ZO-1 and tricellulin in

DEX-treated mice

After demonstrating above that siRNA-mediated transcript suppres-
sion of our target TJ proteins ZO-1 and tricellulin was effective in
normotensive mice, we wanted to also validate this approach in
siRNA-treated hypertensive DEX-treated animals. A cohort of mice
was administered DEX daily for 4 weeks in order to induce OHT,
and then individuals were administered a single intracameral injec-
tion of both T-siRNA andNT-siRNA as above. At 48 h post-injection,
enucleated tissue was homogenized, RNA was extracted, and qPCR
analysis was carried out, as in the normotensive cohort of mice.



Figure 2. Summary of relative fold gene expression of TJ proteins, IOP, and facility changes after intracameral siRNA injection in vehicle control animals

(A) Amean fold change in relative gene expression of 0.7 [0.5, 0.8] (p < 0.001, one-sample t test to theoretical mean of 1, n = 12) and 0.6 [0.4, 0.9] (p < 0.01, one-sample t test

to theoretical mean of 1, n = 11) is shown in both ZO-1 and tricellulin protein transcripts, respectively. Error bars represent minimum/maximum values, the 95%CI is shown by

bounds of box, and the horizontal line represents the median. (B) Cello plots showing the change in IOP (mmHg) 48 h post-treatment with either non-targeting siRNA (NT-

siRNA) (orange) or siRNA targeting ZO-1 and tricellulin (T-siRNA) (green). The white line represents the geometric mean, the dark orange/green bands indicate the 95% CI,

and the light orange/green regions are the distributions of the data. Each data point represents the change in IOP (mmHg) for each individual animal. (C) Summary of changes

in IOP and outflow facility after treatment with intracameral injection of T-siRNA (green, n = 9) or NT-siRNA (orange, n = 9) in vehicle-treatedmice. Differences in ex vivo outflow

facility (C) 72 h after treatment are shown via green arrows. Dashed arrows represent the differences between population average pre-treatment and 48 h post-treatment,

while solid arrows represent the average change in IOP per mouse after treatment. (D) Intracameral injection of T-siRNA targeting ZO-1 and tricellulin is shown to significantly

increase conventional outflow facility in treated eyes as compared to contralateral control eyes receiving NT-siRNA in vehicle normotensive animals, with an increase of 38 [5,

81] % (mean [95% CI]) (p = 0.029, n = 6 pairs). The white line represents the geometric mean, the dark blue bands indicate the 95% CI, and the light blue regions are the

distribution of the data. Each data point represents the difference in C between contralateral eyes with 95% CI. p values are represented by asterisks.
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Figure 3. Summary of relative fold gene expression of TJ proteins, IOP, and facility changes after intracameral siRNA injection in DEX-treated animals

(A) A mean fold change in relative gene expression of 0.6 [0.2, 1.0] (p < 0.05, one-sample t test to theoretical mean of 1, n = 8) and 0.4 [0.1, 0.6] (p < 0.01, one sample t test to

theoretical mean of 1, n = 6) was shown in both ZO-1 and tricellulin protein transcripts, respectively. Error bars represent minimum/maximum values, the 95%CI is shown by

bounds of box, and the horizontal line represents the median. (B) Cello plots showing the change in IOP (mmHg) 48 h post-treatment with either NT-siRNA (orange) or

T-siRNA (green). The white line represents the geometric mean, the dark orange/green bands indicate the 95% CI, and the light orange/green regions are the distributions of

the data. Each data point represents the change in IOP (mmHg) for each individual animal. (C) Summary of changes in IOP and outflow facility after treatment with intracameral

injection of siRNA targeting ZO-1 and tricellulin (T-siRNA, green, n = 17) or NT-siRNA (orange, n = 17) in DEX-treated mice. (D) These cello plots show the significant increase

in conventional outflow facility following treatment with T-siRNA compared to contralateral control eyes receiving NT-siRNA in DEX-treated animals, with an increase of 63

[20, 122] % (mean [95%CI]) (p = 0.0071, n = 8 pairs). The white line represents the geometric mean, the dark blue bands indicate the 95%CI, and the light blue regions are the

distribution of the data. Each data point represents the difference in C between contralateral eyes with 95% CI. p values are represented by asterisks.
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T-siRNA-injected eyes showed significant downregulation of both
ZO-1 and tricellulin gene expression, when compared to NT-
siRNA-treated eyes. Following a once-off intracameral injection of
T-siRNA, ZO-1 showed a significant mean fold change in relative
gene expression of 0.6 [0.2, 1.0] (mean [CI]) (p < 0.05, one-sample
t test to theoretical mean of 1, n = 8, Figure 3A). and tricellulin showed
a significant mean fold change in relative gene expression of 0.4 [0.1,
0.6] (p < 0.01, n = 6, Figure 3A), representing a 40% and 60% mean
reduction in transcript levels, respectively. These data suggest that
T-siRNA has greater potential for TJ downregulation in the DEX-
treated animals as compared to the normotensive control group.

Effect of TJ downregulation on IOP in DEX-treated mice

To evaluate whether downregulation of ZO-1 and tricellulin was an
effective means of lowering IOP in OHT mice, all mice were anesthe-
tized and IOP was measured again in both eyes to acquire baseline
measurements after DEX micro-osmotic pump treatment and prior
to injection with siRNA. Mice were then treated with an intracameral
injection containing T-siRNA in one eye, while contralateral control
eyes received NT-siRNA injections. At 48 h post-injection, mice were
anesthetized and IOP was once again measured by rebound tonom-
etry. DEX-treated mice showed a significant average reduction in
IOP in T-siRNA-injected eyes of 1.9 [�2.6, �1.2] mmHg as
compared to pre-treatment IOP measurement averages (15.0 [14.3,
15.6] versus 16.9 [16.5, 17.3] mmHg, p < 0.0001, n = 17, Figures 3B
and 3C green). NT-siRNA-injected eyes showed no significant
average change in IOP in these animals of 0.13 [-0.7, 0.4] mmHg,
as compared to pre-treatment IOP measurement averages (16.9
[16.5, 17.3] versus 17[16.6, 17.4] mmHg, p > 0.05, n = 17, Figures
3B and 3C, orange). At 48 h post-treatment in the DEX-treated ani-
mals, the final IOP difference between the NT and T-siRNA groups
was �1.9 [�1.4, �2.4] mmHg (p < 0.0001, two-way unpaired t test,
Figure 3C), compared to �0.2 [�0.7, 0.4] mmHg (p < 0.05, two-
way unpaired t test, Figure 3C) difference in IOP between the groups
at the beginning of the study, before treatment was administered.
These data confirm that siRNA treatment in these DEX-treated ani-
mals results in a significant reduction in IOP compared to the NT-
siRNA group (Figure 3B).

Effect of TJ downregulation on ex vivo conventional outflow

facility in DEX-treated mice

In DEXmice, eyes injected with T-siRNA had a significant increase in
C of 63 [20, 122] % (p = 0.0071, n = 8 pairs, Figure 3D) over contra-
lateral NT-siRNA-injected control eyes.

DISCUSSION
We have previously shown that downregulation of the TJ-associated
proteins ZO-1 and tricellulin at the SC inner wall leads to an in-
crease in the number of open SC endothelial paracellular clefts, as
well as an increase in C in normotensive wild-type mice.10 In the
current study, we aimed to validate this approach in a disease
setting using a murine model of steroid-induced OHT. Specifically,
we wanted to assess the utility of this approach for IOP reduction in
a model of chronic steroid-induced elevation in IOP, as is often
Molecul
observed in GC-dependent patients resistant to the use of conven-
tional pressure-reducing topical medications, and where surgical
intervention may be the only current option to reduce IOP. We
wanted to determine whether C could be increased in the DEX
model and, additionally, to investigate whether downregulation of
ZO-1 and tricellulin reduced IOP.

We have shown significant downregulation of TJ protein transcript
levels in both normotensive and hypertensive DEX-treated mice
following a single intracameral injection of T-siRNA. A greater reduc-
tion in both ZO-1 and tricellulin relative gene expression is seen in the
DEX-treated cohort in response to T-siRNA compared to that in
normotensive animals. We have shown in the DEX model of OHT
that such animals also exhibit a greater reduction in IOP than do
normotensive animals after siRNA treatment. We additionally
demonstrated that this therapeutic approach significantly increases
C in both this hypertensive model and in normotensive vehicle con-
trols, with a greater relative change seen in hypertensive animals.
The data suggest that higher IOP may lead to a greater efficacy of
this approach, as an increased pressure gradient across the SC inner
wall may facilitate increased opening of paracellular pores upon TJ
downregulation. The data also further emphasize the role that paracel-
lular pores at the SC inner wall play in pathological reductions in
outflow facility, and corresponding IOP elevation. T-siRNA-injected
DEX-treated eyes show an average IOP decrease of approximately
2 mmHg, representing twice that measured in normotensive controls
(approximately 1mmHg).While the level of themean increase in C in
normotensive animals reported herein of 38% is lower than the mean
increase of 113% previously reported in Tam et al.,10 perfusions were
carried out 72 h post-treatment here as compared to 48 h previously to
facilitate in vivo tonometric IOP readings carried out at 48 h post-
treatment here. This lesser effect size is understandable, as the tran-
sient nature of siRNA-mediated downregulation results in reduced
target downregulation with longer times post-treatment. As the
DEX model is known to increase TJ protein expression, including
ZO-1,18 we thus propose that siRNA-mediated knockdown of TJs is
more effective in an environment with greater TJ expression, as there
is a greater availability of TJ mRNA for siRNA to bind to. It is also
possible that there is a greater number of closed or occluded paracel-
lular pores with upregulated ZO-1, and therefore a greater potential
number of pores that can be opened. We have also shown that T-
siRNA has a greater effect in the DEX-treated mice compared to the
normotensive C57BL/6J control group. There is a mean fold change
in relative ZO-1 and tricellulin expression of 0.6 and 0.4, respectively,
in the DEXmice, compared to 0.7 and 0.6 in the normotensive group.
The data accrued in this study show that siRNA-mediated downregu-
lation of TJs in the anterior chambers of thismurinemodel ofOHThas
a greater effect than is observed in normotensive animals. Significant
reduction in IOP is achieved through increasing the facility of the con-
ventional outflow pathway, demonstrating that this potential
approach to therapy could show efficacy in treatment of OHT.

In regard to the potential of this approach for clinical application, the
downregulatory effects of siRNA are transient in nature, with levels of
ar Therapy: Methods & Clinical Development Vol. 20 March 2021 91
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ZO-1 and tricellulin transcripts returning to normal over a number of
days.10 Should repeated administration be required to reduce IOP
appropriately, a minimally invasive approach has been reported for
periodic retrograde introduction of low-molecular-weight com-
pounds into SC via the episcleral veins, and this could be used for
non-invasive delivery of siRNAwithout adaptation (Retroject, Chapel
Hill, NC, USA). Moreover, Dillinger et al.19 have recently shown that
coating nanoparticles with hyaluronan more efficiently targets siRNA
to TM and SC endothelial cells in view of the fact that such particles
bind to the cell surface antigen CD44, present in greater quantities on
cells of the outflow tissues. In conclusion, this study demonstrates in a
well-characterized model of steroid-induced OHT a proof of concept
of an siRNA-based therapeutic approach for IOP reduction.

MATERIALS AND METHODS
Animal husbandry

Animals and procedures used in this study were carried out in accor-
dance with the regulations set out by the Health Products and Regu-
latory Authority (HPRA) and the Association for Research in Vision
and Ophthalmology (ARVO) statement for the use of animals in
ophthalmic and vision research. C57BL/6J animals were used for
DEX implantations. Both male and female animals were used in these
studies. Animals were housed in specific pathogen-free environments
in the University of Dublin, Trinity College, and all injections and
IOP measurements complied with the HPRA project authorization
no. AE19136/P017. Sample size was calculated for both control and
treated animals separately. Treated animals had the potential to be
exposed to varied levels of DEX, depending on how successfully the
DEX was administered by the micro-osmotic pump during the 4-
week treatment period. As this could cause variability in response
to siRNA treatment, the effects of the T-siRNA would be expected
to exhibit greater variation in the treated animals compared to the
control group. To account for this and the fact that not all DEX
mice would be expected to survive to the final 4-week time point
due to DEX tolerability issues, the sample size for the treated group
was twice that of the control group. The starting sample size was
n = 10 for control animals and n = 20 for treated animals. The osmotic
mini pumps are sold in packs of 10, and so n = 10 would not be suf-
ficient for the DEX-treated group. The final sample size of n = 9 for
control animals and n = 17 for treated animals was published below
for the IOP and perfusion experiments. The sample size used for
qPCR experiments was calculated separately. The number of normo-
tensive animals used was n = 12 and n = 10 for the DEX-treated
animals.

Tonometric IOP measurement

For analysis of the effect of DEX on IOP, weekly measurements
were performed by rebound tonometry (TonoLab, Icare). Mice
were anaesthetized with 3% isoflurane at 1 L/min for 2 min in an
induction chamber, and then moved to a head holder delivering iso-
flurane at the same rate. At 3 min after induction of anesthesia, five
consecutive IOP measurements (constituting an average of six read-
ings each) were taken in the right eye and averaged. For measure-
ment of IOP pre- and post-siRNA treatment, mice were anaesthe-
92 Molecular Therapy: Methods & Clinical Development Vol. 20 March
tized again, as above, and three IOP measurements (constituting
an average of six readings each) were made at three different time
points in both eyes (eye 1, minutes 3, 5, and 7 after anesthesia;
eye 2, minutes 4, 6, and 8 after anesthesia). The average IOP mea-
surement at each time point was used to fit a line and interpolate
IOP at minute 5 to allow for measurement of IOP in both eyes while
accounting for the IOP lowering effect of anesthesia over time.
Micro-osmotic pump implantation

DEXmicro-osmotic pumps (model 1004, Alzet) were implanted as in
Whitlock et al.11 The DEX was water-soluble (D2915; Sigma-Al-
drich), contained cyclodextrin (1.36 g per 100 mg of DEX), and was
dissolved in PBS. Vehicle-treated mice received pumps containing
cyclodextrin (C4555; Sigma-Aldrich) alone. DEX was delivered at
2 mg/kg/day. Adult C57BL/6J mice of 10–12 weeks of age were anaes-
thetized with 3% isoflurane at 1 L/min, and the surgical site was
shaved and disinfected with chlorhexidine swabs. Mice were injected
intramuscularly with 0.05mg/kg buprenorphine (Buprecare, Animal-
care) and subcutaneously with 5 mg/kg enrofloxacin (Enrocare, Ani-
malcare). An incision wasmade between the scapulae, a subcutaneous
pocket was created by blunt dissection, and the pump was inserted.
The incision was closed using surgical glue (Surgibond, RayVet).
After pump implantation, mice were housed singly and diet was sup-
plemented with Complan (Nutricia Advanced Medical Nutrition) to
prevent GC-induced weight loss. Weight was monitored weekly, with
any mice losing more than 20% body weight overall, or 10% body
weight in 1 week, required to be euthanized.
Intracameral injection of siRNA

Ourmethod for intracameral delivery to the anterior chamber has been
described in detail previously.10 Briefly, for siRNA injection, mice were
anesthetized with 3% isoflurane at 1 L/min. Pupils were dilated with
2.5% tropicamide and 2.5% phenylephrine eye drops. Glass micro-cap-
illaries (outer diameter, 1 mm; inner diameter, 0.58 mm; World Preci-
sion Instruments) were pulled using a micropipette puller (Narishige
PB-7). Under microscopic control, a pulled blunt-ended micro-glass
needle (tip diameter, ~100 mm) was first used to puncture the cornea
to withdraw AH by capillarity. Immediately after puncture, a pulled
blunt-endedmicro-glass needle attached to a 10-mL syringe (Hamilton,
Bonaduz) held in a micromanipulator (World Precision Instruments)
was inserted through the puncture, and 1.5 mL of PBS containing
1 mg of ZO-1 siRNA and 1 mg of tricellulin siRNA was administered
into the anterior chamber to give a final concentration of 16.84 mM.
Contralateral eyes received an identical injection of 1.5 mL containing
the same concentration of NT siRNA. Fusidic gel was applied topically
to the eye as antibiotic and Vidisic gel was also applied topically as a
moisturizer. Furthermore, 5 mg/kg enrofloxacin antimicrobial (Baytril,
Bayer Healthcare) was injected subcutaneously.
siRNAs

All in vivo pre-designed siRNAs used in this study were synthesized by
Ambion and reconstituted as per the manufacturer’s protocol. siRNA
identification numbers are as follows: mouse ZO-1 siRNA (ID no.
2021



Table 1. Primer sequences used in real-time PCR reactions

Primer pair Forward (50 to 30) Reverse (50 to 30)

ZO-1 CGCTCTCGGGAGATGTTTAT GTTTCCTCCATTGCTGTGCT

Tricellulin AGGCAGCTCGGAGACATAGA TCACAGGGTATTTTGCCACA

b-Actin GGGAAATCGTGCGTGACAT GTGATGACCTGGCCGTCAG

www.moleculartherapy.org
s75175), mouse MARVELD2 siRNA (ID no. ADCSU2H). Silencer
negative control siRNA (Ambion) was used as a non-targeting control.

iPerfusion

Outflow facility measurements with iPerfusion were carried out as
described in Sherwood et al.17 Mice were culled by cervical disloca-
tion, and eyes were enucleated immediately and stored in PBS at
room temperature to await perfusion (~20 min). Both eyes were
perfused simultaneously using two independent perfusion systems
as described previously. Briefly, each eye was affixed to a support us-
ing a small amount of cyanoacrylate glue and submerged in a PBS
bath regulated at 35�C. The eye was cannulated via the anterior cham-
ber with a 33G beveled needle (NanoFil, #NF33BV-2, World Preci-
sion Instruments) under a stereomicroscope using a micromanipu-
lator. The iPerfusion system comprises an automated pressure
reservoir, a thermal flow sensor (SLG64-0075, Sensirion), and a
wet-wet pressure transducer (PX409, Omegadyne) in order to apply
a desired pressure, measure flow rate out of the system, and measure
the IOP, respectively. The perfusate was PBS containing Ca2+, Mg2+,
and 5.5 mM glucose, and was filtered through a 0.22-mm filter (VWR
International) prior to use. Following cannulation, eyes were perfused
for 30 min at 8 mmHg to allow the eye to acclimatize. Subsequently,
nine discrete pressure steps were applied from 4.5 to 21 mmHg, while
flow and pressure were recorded. Stability was defined programmat-
ically, and data were averaged over 5 min at steady state. A non-linear
model was fit to flow-pressure data to account for the pressure depen-
dence of outflow facility in mouse eyes. This model was of the form
Q = CrP(P/Pr)

b, where Q and P are the flow rate and pressure, respec-
tively, and Cr is the outflow facility at reference pressure Pr, which is
selected to be 8 mmHg (the approximate physiological pressure drop
across the outflow pathway). The power law exponent b quantifies the
non-linearity in the Q-P response and thus the pressure dependence
of outflow facility. The data analysis methodology described in Sher-
wood et al.17 was applied in order to analyze the treatment effect,
while accounting for measurement uncertainties, and statistical sig-
nificance was evaluated using the paired weighted t test described
therein.

qPCR

An optimized dissection method was used to enrich the number of
endothelial cells from SC present in the homogenized tissue solution
used for RNA extraction. The anterior segment was removed 2–
3 mm anterior and posterior to the limbus, leaving a ring of tissue con-
taining the outflow tissue at the iridocorneal angle, and any remnants
of corneal and iris tissues. This results in minimal TJ transcripts arising
from non-outflow tissues in our sample, such as from corneal endo-
Molecul
thelia and epithelia. Total RNA was extracted from this homogenized
tissue solution using the RNeasy mini kit (QIAGEN) according to
the manufacturer’s protocol. The RNA concentration of each sample
was quantified using a NanoDrop ND-100 spectrophotometer, and
equal concentrations were reverse transcribed into cDNA using a
high-capacity cDNA reverse transcription kit (Applied Biosystems).
A SensiFAST SYBR Hi-ROX kit (Bioline) was used according to man-
ufacturer’s protocol along with ZO-1, tricellulin, and b-actin primer
pairs and loaded onto a 96-well plate (Applied Biosystems). The plate
was run on a StepOnePlus real-time PCR system (Applied Biosystems).
Primer pair sequences can be found in Table 1. The threshold cycle (Ct)
values of treated and untreated tissue samples from each sample were
determined and averages were calculated. The mean normalized
expression (DCt) of RNA encoding ZO-1 and tricellulin TJ proteins
was determined and analyzed. Normalized gene expression was calcu-
lated by using the following equation: DCt = Ct(gene of interest) �
Ct(housekeeping genes). Normalization was carried out with the
b-actin housekeeping gene. DDCt was calculated by subtracting the
treated sample from the control sample: DDCt = DCt(treated sample)
� DCt(control sample). The 2�DDCt method was then used to calculate
relative fold gene expression for each sample pair. A 2�DDCt value of 1
represents no change in relative fold gene expression. A value above 1
represents upregulation of the gene of interest, and a value below 1 rep-
resents downregulation of the gene of interest.
Statistical analysis

A one-way ANOVA with Tukey’s post-test was performed to deter-
mine the statistical significance of IOP elevation in the DEX versus
vehicle animals over time following intracameral injection with
siRNAs. All IOP analysis was carried out using a two-tailed unpaired
Student’s t test, unless otherwise stated. Outflow facility calculations
were based on a weighted, paired, two-tailed t test. qPCR analysis
was performed using a one-sample t test with a hypothetical value
of 1, representing no change in relative gene expression.
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