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Effect of valproic acid on functional bleb morphology
in a rabbit model of minimally invasive surgery

Zhu Li Yap

Farah llyana Ibrahim,’ Tina T Wong @'

ABSTRACT

Purpose To determine the effect of valproic acid (VPA)
on bleb morphology and scar characteristics in a rabbit
model of minimally invasive glaucoma surgery (MIGS).
Methods Nine New Zealand white rabbits were
subjected to MIGS with intraoperative implantation

of the PreserFlo MicroShunt. Rabbits were then
administered with subconjunctival injections of
phosphate buffered saline (PBS) (n=4) or with VPA
(n=5). Bleb morphology was examined by slit-lamp
biomicroscopy and in vivo confocal microscopy.
Postoperative day 28 tissues were examined by
immunohistochemical evaluation and label-free
multiphoton microscopy to visualise the collagen matrix,
by terminal deoxynucleotidyl transferase dUTP nick-end
labelling assay and immunofluorescent labelling for Ki67
expression to detect apoptosis and cell growth, and by
real-time quantitative PCR to measure Col7al, Fn, and
Smadé transcript expression.

Results VPA-treated blebs were detectable on day

28, while the PBS-treated blebs were not detectable

by day 14. VPA-treated blebs were diffuse, extended
posteriorly with near normal conjunctival vascularity
and featured a combination of reticular/blurred stromal
pattern with evidence of relatively large stromal cysts.
Instead of the deposition of thick, disorganised collagen
fibres characteristic of the PBS bleb, the VPA bleb
contained conspicuously thinner collagen fibres which
were associated with similarly thinner fibronectin fibres.
In corroboration, Col/7aT and Fn mRNA expression

was reduced in the VPA blebs, while increased Smadé
expression implicated the disruption of the transforming
growth factor beta pathway. Apoptosis and cell growth
profiles appeared similar with both treatments.
Conclusions The results support the application of VPA
to enhance bleb morphology associated with good bleb
function in MIGS with no apparent cytotoxicity.

INTRODUCTION

Glaucoma is an irreversible optic neuropathy and
a major cause of blindness globally. Elevated intra-
ocular pressure (IOP) is the main risk factor for
glaucoma, and reducing IOP is the only known
effective modifiable factor in managing and slowing
its progression.! Treatment may include topical
medications, lasers or glaucoma filtration surgery
(GFS). GFS is generally considered the gold stan-
dard for providing the most reliable IOP reduction.
Conventional GFS is an incisional procedure where
a small part of the trabecular meshwork and/or
adjacent corneoscleral tissue is removed to provide
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a drainage route for aqueous humour to exit under-
neath the conjunctiva. GFS include the recently
introduced microinvasive or minimally invasive
glaucoma surgery (MIGS), which as the name
implies, is considered to be less invasive.” > MIGS
includes the use of ab externo devices to create an
outflow shunt for the aqueous humour from the
anterior chamber (AC) into the subconjunctival
space. As the subconjunctival space is inherently
prone to fibrosis, a major obstacle to GFS and ab
externo MIGs is therefore the high risk of scarring
which leads to failure of these procedures.

The formation of scars, composed mainly of
disorganised collagen, not only blocks the ability of
the surgically created fistula to drain fluid from the
AC but also may disturb conjunctival architecture,
which in turn disrupt normal blood and lymphatic
vasculatures necessary for fluid drainage.* To
control scarring, adjunct agents that reduce the
amount of fibrotic collagen deposited are routinely
administered  intraoperatively. Mitomycin C
(MMQC) is the most commonly used antifibrotic
adjunct for both conventional surgeries and MIGS.’
Although MMC is highly effective in reducing the
postoperative scarring response, surgeries continue
to fail. A 2-year follow-up study indicated a failure
rate of 43.4% in American—Asian patients who had
undergone intraoperative treatment with MMC.®
Moreover, MMC is associated with serious adverse
effects by causing non-specific cytotoxicity, leading
to the development of thin, avascular blebs that are
prone to hypotony, blebitis and endophthalmitis.” ®
A safer and more effective antifibrotic therapy is
therefore an unmet need for GFS and MIGS.*

Valproic acid (VPA) is a small molecule drug
widely used for the treatment of neurological disor-
ders, with potential efficacy for numerous diseases.’
In particular, VPA has been recognised as potential
antifibrotic therapy.'” We have also demonstrated
that VPA was effective in reducing collagen produc-
tion in the mouse model of conjunctival scarring via
upregulation of Smadé in vivo.'' In this study, we
evaluated the capacity of VPA to modulate collagen
morphology in a rabbit model of MIGS based on
the PreserFlo MicroShunt.'? This is an ab externo
implant that promises to bridge the gap between
trabecular bypass/ablative procedures and tradi-
tional GFS. The PreserFlo creates a subconjunctival
bleb, similar to GFS, and, given the requirement for
extensive conjunctival dissection, is subject to the
risk of subconjunctival fibrosis. We reveal that VPA
treatment promoted a bleb appearance associated
with good filtration function as well as modulated
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the content and organisation of the collagen matrix in the
postoperative scar by preventing the deposition of thick and
disorganised collagen fibres. These findings therefore support
the application of VPA as an effective antifibrotic agent for ab
externo MIGS.

MATERIALS AND METHODS

Rabbit model of MIGS

All animal experiments were approved by the Institutional
Animal Care and Use Committee and treated in accordance
with the Association for Research in Vision and Ophthalmology
Statement on the Use of Animals in Ophthalmic and Vision
Research. New Zealand White (NZW) rabbits (2.0-2.4kg),
12-14 weeks old, were acclimatised for 7 days before surgery
at the SingHealth Experimental Medical Centre (Singapore
General Hospital, Singapore). The rabbits were anaesthetised
with a combination of ketamine (Ketaset; Fort Dodge Animal
Health, Southampton, UK) and medetomidine HCI (Domitor;
Pfizer Animal Health, Sandwich, UK). A fornix-based conjunc-
tival flap was raised and blunt dissection of the subconjunctival
space was performed approximately 3 mm along the limbus and
5 mm posteriorly. The AC was deepened by injecting 0.2 mL of
basal salt solution on a 30 G needle, and the PreserFlo implant
(Santen, Japan) was then inserted as per manufacturer’s instruc-
tions. PreserFlo MicroShunt, manufactured and provided by
InnFocus, is an implantable glaucoma drainage device made of
a flexible poly(styrene-block-isobutylene-block-styrene) polymer
with a tube of 350 um outer diameter and a lumen of 70 pm.'?
It has triangular fins that prevent migration of the tube into the
AC. The device is designed to be implanted under the subcon-
junctival/Tenon space. A 25 G, 1mm blade created the start
of a sclerostomy 2.5 mm behind the limbus, followed by a 25
G needle which was used to create a tunnel entry into the AC
and completing the sclerostomy. The implant was then placed
with 2.5 mm in the AC and 3 mm sitting on the sclera within
the conjunctival pocket. Watertight closure of the conjunc-
tival incision was performed using 10-0 nylon via purse-string
sutures and, where necessary, a mattress suture. Only the left
eye of each rabbit was operated on, and the surgical procedure
was performed at the same site superiorly in each animal. One
drop each of guttae chloramphenicol and Betnesol-N (Glaxo
Wellcome, Uxbridge, UK) ointment was instilled at the end of
surgery. The operated eyes were treated with 1X subconjunctival
injections of 0.1 mL volume of phosphate buffered saline (PBS)
or 300 ug/mL VPA at the following postoperative time points:
day 0, 1, 2, 3, 4, 5, 6,7, 10, 14 and 21. Topical antibiotic and
steroid drops were administered daily in both groups for 3 weeks
postoperatively. The animals were sacrificed on day 28 and eyes
were enucleated for further analyses (PBS, n=4; VPA, n=3).

Primary rabbit conjunctival fibroblast cell culture

Primary conjunctival fibroblasts were obtained from the eyes of
NZW rabbits and cultured as described previously."® Treatment
with increasing concentrations of VPA (Sigma-Aldrich Co., St.
Louis, Missouri, USA) was carried out for 72 hours for real-time
quantitative PCR analysis and for 5 days for real-time cell prolif-
eration evaluation.

Real-time quantitative PCR (qPCR)

For mRNA analyses of the rabbit model, a small portion of the
operated conjunctiva was excised on day of sacrifice (day 28).
A similar area of unoperated conjunctiva in the contralateral
eye of each rabbit was harvested to obtain baseline value for

calculation of fold change in transcript expression. Both rabbit
conjunctival tissues and fibroblasts were processed and analysed
by qPCR as described previously.'* Samples were collected in
RNAlater solution (Life Technologies, Carlsbad, California,
USA) and lysed using the Vibra-Cell ultrasonic processor
VCX130 (Sonics & Materials, Connecticut, USA). Total RNA
was recovered with Trizol Reagent (Invitrogen Corp, California,
USA) and the RNeasy kit (Qiagen, Valencia, California, USA)
as described previously.'* Total RNA was reverse-transcribed
into cDNA using random hexamer primers (Invitrogen Corp)
with Superscript III reverse transcriptase (Invitrogen Corp). All
qPCR reactions comprising the Power SYBR Green PCR Master
Mix (Applied BioSystems, California, USA) were performed in
triplicate in volumes of 10 uL in 384-well microtitre plates and
run using the Roche LightCycler 480 System (Roche Diagnostics
Corp, Indianapolis, USA). All mRNA levels were measured as CT
threshold levels. Rnal18s1 was determined to be the most suit-
able housekeeping gene of four analysed (Actb, Rna18s1, Gapdh
and Rpl13a) using the NormFinder software.” Value for each
operated eye was calculated as fold change relative to the corre-
sponding contralateral unoperated eye by the 27T method.
Primers used were Rnal8sl-forward, 5’-CTTTGGTCGCTC
GCTCCTCTCC-3’, and Rna18s1-reverse, 5> TCTGATAAATGC
ACGCATCCCACAC-3’; Collal-forward, 5’-CGATGGCTTC-
CAGTTCGAGT-3’; Collal-reverse, 5-CTACGCTGTTCTTG-
CAGTG-3’ Fnl-forward, 5’-GGATGTTCCCTCCACA
GTTCA-3’, and Fnl-reverse, 5>"TGGTCCGCCTAAAACCAT-
GT-3’; Smadé6-forward, 5>-ACCAACTCCCTCATCACTGC-3’,
and Smad6-reverse, 5’- GTCGTACACGGCGTAGAGG-3’.

Real-time cell proliferation analysis

The xCelligence real time cell analyser (Roche Diagnostics
GmbH, Penzberg, Germany) was used to assess cell prolifera-
tion according to manufacturer’s instructions. Fibroblasts were
seeded onto the E-Plate 96 (Roche Diagnostics GmbH) wells
at 1000 cells/well in normal culture medium, in quadruplicate.
Adherent cell growth/density was monitored continuously for up
to 5 days.

Live imaging of rabbit eyes

Postoperative observations were performed at 2 and 4 weeks
before sacrifice. Rabbits were anaesthetised before imaging was
performed. Slit-lamp microscopy was performed using Righton
LED slit-lamp MWS50D (Right Mfg Co, Japan). In vivo confocal
microscopic examinations of blebs were performed using Hrt3
microscope (Heidelberg Engineering, Heidelberg, Germany).

Immunohistochemical evaluation of cryosections

During enucleation, the upper lid was removed together with
the whole eye to preserve the bleb and superior conjunctiva.
Each tissue sample was fixed with paraformaldehyde and then
placed in a slurry of optimal cutting temperature compound
in cryomold before freezing in dry ice and storage in a —80°C
freezer until ready for sectioning using the MicromHMS550
(Carl Zeissd). Cryosections (5 pm) were then subjected to histo-
chemical or immunofluorescent analyses. Histochemical evalua-
tion of operated conjunctival cryosections of the bleb area was
performed by staining with H&E or picrosirius red as described
previously.'

The Masson trichrome stain kit was purchased from Electron
Microscopy Sciences (Hatfield, Pennsylvania, USA) and used
according to the manufacturer’s instructions. Polarisation micros-
copy for picrosirius red-stained cryosections was performed
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using the Nikon Eclipse Ti microscope (Nikon Instruments, New
York, USA). Immunostaining for Collal and fibronectin (FN)
were performed using antibodies from Abnova Corp. (Littleton,
Colorado, USA) and Abcam plc (Cambridge, UK), respectively.
Labelling by primary antibodies was detected using secondary
antibodies conjugated to Alexa Fluor-594 (red fluorescence) or
Alexa Fluor-488 (green fluorescence), both obtained from Invit-
rogen Corp. (Thermo Fisher Scientific, Waltham, Massachusetts,
USA). Nuclei were visualised by mounting the cells in DAPT (4,
6-diamidino-2-phenylindole)-containing Vectashield mounting
medium (Vector Laboratories, California, USA). Labelled tissues
were visualised using the Nikon Eclipse Ti confocal microscope
(Nikon Instruments).

Terminal deoxynucleotidyl transferase dUTP nick-end
labelling (TUNEL) assay and costaining with Ki67 on
cryosections

End labelling of exposed 3’-OH ends of DNA fragments with
fluorescein-12-dUTP on cryosections was performed using the
DeadEnd Fluorometric TUNEL System according to the manu-
facturer’s instructions (Promega, Madison, USA). The TUNEL
assay was combined with staining for Ki67 using antibody
obtained from Abcam plc (Cambridge, UK). Labelling by the
Ki67 primary antibody was detected using goat anti-rabbit IgG
secondary antibody conjugated to Alexa Fluor 568 (A-11011)
obtained from Invitrogen Corp. (Thermo Fisher Scientific).
Staining of the cell nucleus was achieved by mounting the cryo-
sections in DAPI-containing Vectashield mounting medium
(Vector Laboratories). Sections were visualised using the Nikon
Eclipse Ti confocal microscope (Nikon Instruments).

Multiphoton microscopy

Images of unstained cryosections were acquired on a fully auto-
mated, programmable, multiphoton imaging platform (Genesis
200; HistoIndex Pte, Singapore). Laser excitation was carried
out at 780 nm, and forward-scatter two-photon excitation (TPE)
and second harmonic generation (SHG) signals were detected
simultaneously using dedicated photomultiplier tubes for each
channel at 550 and 390 nm, respectively, and by using a dichroic
mirror (450DCLP, Omega) to separate TPE from SHG. Images
were acquired at 20X with 512x512 pixel resolution with 2%
frame averaging feature, and each image had a dimension of
200x200 um?. TPE sensitivity was set to 0.75, and SHG sensi-
tivity to 0.65. A bandpass filter with centre wavelength at 550 nm
and bandwidth of 88 nm was set in front of the TPE photode-
tector. Laser baseline power was set at 0.45. The laser beam with
horizontal polarisation was used for excitation.

Statistical analysis

All data are expressed as mean=SD. Where only two treat-
ment conditions were compared, the significance of differences
between the two conditions was determined by the two-tailed
Student t-test using Microsoft Excel V.5.0 software. Statistical
significance was defined as a p value of <0.05.

RESULTS

Effective VPA concentration for rabbit model of MIGS

We have previously shown that mRNA expression of Collal
was effectively suppressed by VPA in primary mouse conjunc-
tival fibroblasts and that the optimum dosage determined in
vitro was also effective when used in vivo in the mouse model of
conjunctival scarring.'' To determine the optimum dose of VPA
for inhibition of Collal expression in the rabbit, we performed
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Figure 1 VPA dosage for inhibition of Co/7a7 expression in primary
rabbit conjunctival fibroblasts. (A) Real-time PCR analysis of Col1a1
mRNA in fibroblasts treated with increasing concentrations of VPA
for 72 hours. Data are presented as mean fold change+SD relative to
untreated cells. *P value comparing fold mRNA between treatment
with 300 pg/mL VPA and untreated controls is shown. (B) Real-time
cell proliferation analysis of fibroblasts treated with increasing
concentrations of VPA. Data are presented as mean cell index+SD of
triplicates. VPA, valproic acid.

a similar titration study of VPA on primary cultures of rabbit
conjunctival fibroblasts. Similar to the mouse, VPA at a concen-
tration of 300 pg/mL (or 2mM) significantly reduced Collal
mRNA expression by a mean of 1.88-fold (figure 1A) without
affecting real-time cell growth measured over a period of 5 days
(figure 1B). Hence, subsequent investigation of VPA for antifi-
brotic activity in the rabbit model of MIGS was performed using
VPA at 300 300 pg/mL.

Bleb morphology by slit-lamp microscopy
The rabbit model of MIGS was performed using the PreserFlo
MicroShunt and treatment with VPA involved a total of 11
subconjunctival injections over the course of 3 weeks. A single
unmasked observer evaluated the effect of VPA on tissue
morphology at the operated site by slit-lamp microscopy. Blebs
were recorded as being present or absent. Quantitative estima-
tion of the bleb area was not performed as we considered it to
be too inaccurate given that injections in both groups continued
up to day 21. The characteristic tubular structure of the implant
in the operated area may be observed from its position under
the conjunctiva and Tenon’s capsule (arrows, figure 2). The bleb,
resulting from aqueous outflow from the AC into the subcon-
junctival space through the distal end of MicroShunt, may be
observed as a diffused, elevated subconjunctival fluid pocket
in the proximity of the implant (arrowheads, figure 2). In the
tissue treated with PBS, there was no observable bleb by day 14
as the operated area appeared flat, suggesting that scarring had
occurred as early as 2 weeks postsurgery (figure 2). On the other
hand, an observable, posteriorly diffused, fluid-filled bleb may
be detectable in the proximity of the implant in the VPA-treated
eye for up to 28 days postsurgery (arrowheads, figure 2).
Notably, the area over the implant outlet in the day 28 PBS-
treated tissue was highly vascularised, in comparison with the
visibly less vascularised bleb area in the VPA-treated eye (arrow-
head, figure 2). In general, the blood vessels that traverse the
VPA-treated bleb area were also finer than those in the PBS-
treated bleb. These observations suggest that VPA was effective
in maintaining bleb survival and modulates the vascularisation in
the rabbit model of MIGS.

Bleb stroma organisation by confocal microscopy

Confocal microscopy has been used to correlate bleb appear-
ance and function.” Significant positive correlating features for
good bleb function in patients include large cyst size and reduced
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Day 21

Day 28

Figure 2  Slit-lamp biomicroscopy of the operated conjunctivas in

the rabbit model of minimally invasive glaucoma surgery. Rabbits were
treated by subconjunctival injections of PBS or 300 pg/mL VPA for up to
3 weeks. Eyes of the same rabbit eye injected with either PBS or VPA
were imaged on a weekly basis up to day 28. The MicroShunt may be
observed in the subconjunctival space overlying the sclera (arrows).
Observable blebs are indicated by arrowheads. Prominent blood vessels
may be observed crossing over the area near the distal end of the
MicroShunt (asterisks). PBS, phosphate buffered saline; VPA, valproic
acid.

vascular vessel density and tortuosity. We therefore examined
the day 28 operated conjunctiva by confocal microscopy to
determine the stromal organisation after treatment with VPA.
The subconjunctival stromal matrix was profoundly distinct
between the PBS-treated and VPA-treated eyes. The PBS-treated
conjunctival stroma consisted of a compact and hyper-reflective
pattern with densely packed fibres. Moreover, PBS treatment
resulted in very small cysts being formed. In contrast, the VPA-
treated matrix consisted of a combination of a reticular stromal
pattern characterised by loose criss-crossed fibres (figure 3A)
and a blurred stromal pattern (figure 3B). The VPA-treated

Figure 3  In vivo confocal microscopy of the day 28 operated
conjunctivas in the rabbit model of minimally invasive glaucoma
surgery. The same eyes examined by slit lamp in figure 2 were also
imaged by confocal microscopy on day 28. (A) Visualisation of matrix
organisationand cyst characteristics. Unencapsulated cysts are marked
by *, while an example of an encapsulated cyst is marked by #. (B)
Visualisation of the stromal vasculature in the PBS-treated tissue; the
course of a tortuous vessel was marked by the series of red arrowheads.
In the VPA-treated tissue, two visible fine vessels were indicated by
separate red arrowheads. PBS, phosphate buffered saline; VPA, valproic
acid.

stromal meshwork of fibres was peppered with numerous
cysts which were larger in size, and predominantly unencapsu-
lated (figure 3A). With regard to the vasculature, blood vessels
may be detected coursing through the hyper-reflective matrix
in a tortuous manner in the PBS-treated tissue (figure 3B). In
contrast, blood vessels detected in the VPA-treated bleb area
appeared to be mainly straight (figure 3B). These observations
suggest that VPA may enhance bleb function by promoting a bleb
stroma consisting of looser connective tissue, larger-sized cysts
and less tortuous vascular structure.

Bleb extracellular matrix (ECM) organisation by histochemical
evaluation

We further examined the effect of VPA on collagen architecture
in the operated conjunctiva by immunohistochemical analyses.
Under the light microscope, operated tissue cryosections stained
with H&E, which highlighted the ECM in pink, confirmed that
there were fundamental alterations in the VPA-treated ECM
compared with PBS control. Whereas the PBS-treated bleb
featured thick and disorganised ECM, the VPA-treated bleb is
characterised by thinner and relatively more organised array of
ECM fibres (figure 4A).

Next, we visualised the collagen matrix using Masson’s
trichrome staining, which uses three dyes to identify multiple
tissue structures. Weigert’s iron haematoxylin, Biebrich scarlet
and aniline blue, applied sequentially, allow nuclei (black), cell
cytoplasm (red) and collagen fibres (blue) to be distinguished,
respectively.'® This method, although not specific to fibrillar
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PBS

VPA

Picrosirius Red

Figure 4 Histochemical and multiphoton visualisation of collagen
characteristics in the rabbit model of minimally invasive glaucoma
surgery treated with VPA. Serial frozen sections of the day 28
postoperative conjunctiva treated with either PBS or VPA were
visualised via the indicated microscopy methods. The conjunctival
cryosections were stained with (A) H&E, (B) Masson’s trichrome or (C)
picrosirius red. The cryosections were stained with H&E and Masson's
trichrome (A,B) were viewed under light microscopy, while the
cryosection stained with picrosirius red (C) was viewed via polarised
microscopy. The stain-free cryosections were also viewed using
multiphoton microscopy where the distribution of collagen fibres was
revealed by green SHG signals. Scale bar=100 pm. PBS, phosphate
buffered saline; S, sclera; SHG, second harmonic generation; TPE, two-
photon excitation; VPA, valproic acid.

collagen, is a commonly used collagen staining method for detec-
tion of fibrosis. Strikingly, similar pathologies were revealed by
the trichrome stain, which showed abundant, thick collagen fibre
deposition labelled in blue in the PBS-treated tissue, versus the
predominantly fine collagen fibres present in the VPA-treated
tissue (figure 4B).

Picrosirius red staining has been shown to be highly specific
for fibrillar collagens when imaged under circularly polarised
light."”” Considered as one of the gold standards in collagen
imaging, this method reveals collagen bundles as red, orange,
yellow or green fibres against a black background.'” Using this
method, we again detected the pervasiveness of the thick and
disorganised collagen fibre bundles in the PBS-treated tissue, as

opposed to the conspicuously thinner collagen fibres in the VPA-
treated bleb (figure 4C).

We further examined the collagen matrix using label-free
multiphoton microscopy, which is also considered a gold stan-
dard for imaging collagen in tissues.'® ' This method, which is
not limited by variability in staining protocols, clearly revealed
the stark contrast in collagen fiber characteristics between the
two treatment conditions (figure 4D). The SHG signals reit-
erated the aforementioned histochemical detections with high
fidelity, confirming the induction of thick collagen fibres in the
PBS-treated tissue versus the fine collagen fibres in the VPA-
treated bleb.

Collagen and FN colocalisation, apoptosis and cell growth by
immunofluorescent evaluation

We verified the differential collagen structures due to VPA
treatment by immunofluorescent staining of the conjunc-
tival cryosections with antibodies specific for type I collagen
(COL1A1). The development of thicker collagen fibres in the
PBS-treated conjunctiva and the permeation of the VPA-treated
bleb by thinner and more diffusely distributed collagen fibres
were confirmed (figure 5A). Coimmunofluorescence analysis
with antibodies specific to FN, another key fibrosis-associated
protein, revealed FN to be closely associated with COL1A1. In
fact, FN colocalised with majority of the collagen fibres and were
also conspicuously thinner in the VPA-treated bleb compared
with the PBS-treated counterpart (figure 5A).

To ascertain whether the VPA treatment regime caused undue
cytotoxicity above control, we compared the VPA-treated tissues
with PBS-treated counterparts for signs of apoptosis and cell
proliferation. To detect apoptotic cells undergoing DNA degra-
dation, we examined the conjunctival cryosections by TUNEL
assay. Surprisingly, both PBS-treated and VPA-treated blebs
featured prominent TUNEL positivity in the conjunctival epithe-
lium, with much fewer TUNEL-positive cells in the stroma and
episclera (figure 5B). Otherwise, there was no apparent differ-
ence in the level of apoptosis between the PBS control and
VPA-treated tissue. The capacity for cellular regeneration in
the day 28 operated tissues was visualised by immunostaining
the cryosections with antibodies against Ki67, a cellular marker
for proliferation. Conspicuous numbers of Ki67-positive cells
were detected underneath the epithelium, with some colocalisa-
tion with TUNEL-positive cells occurring in the epithelium and
stroma in both PBS-treated and VPA-treated tissues (figure SB).
These observations indicate that VPA did not suppress cell
proliferation and suggest that the capacity for cellular recovery
is not disrupted as cell proliferation coexisted with cell death in
the treated tissues, a phenomenon similarly observed in the PBS
control.

Taken together, the day 28 postoperative conjunctival pathol-
ogies were consistent with VPA being able to suppress the forma-
tion of thick and disorganised collagen/FN fibre bundles which
are characteristic of the PBS-treated operated conjunctiva. This
VPA effect occurred in a tissue background consisting of cells
undergoing apoptosis and cell proliferation that similarly existed
in the PBS-treated control.

Fibrotic gene expression in the rabbit model of MIGS

Reduced collagen and FN distribution in the VPA-treated bleb
suggests that collagen and FN expression may be suppressed by
VPA. We therefore proceeded to determine whether the quantity
of collagen and FN transcripts in the operated rabbit conjunc-
tivas were modulated by VPA. Indeed, the expression of both
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res i

B Ki67/ DAPI

PBS

VPA

Figure 5 Immunofluorescent visualisation of collagen and FN
characteristics, apoptosis and cell proliferation in the rabbit model of
minimally invasive glaucoma surgery. (A) Serial cryosections of the
same eyes examined in figure 4 were colabelled with antibodies specific
for COL1A1 and FN. (B) Serial cryosections of the same eyes were
colabelled with fluorescein-12-dUTP (green) as marker for apoptosis
and antibody specific for Ki67 (red) as marker for proliferation. Nuclei
were visualised by DAPI staining (blue). Images were taken by confocal
microscopy. Scale bar=100 pm. CE, conjunctival epithelium; FN,
fibronectin; PBS, phosphate buffered saline; S, sclera; TUNEL, terminal
deoxynucleotidyl transferase dUTP nick-end labelling; VPA, valproic acid.

Collal and Fn genes in the day 28 rabbit tissues were signifi-
cantly reduced by 2.02-fold and 1.51-fold, respectively, on
VPA treatment when compared with PBS controls (figure 6). As
Smad6 induction was implicated in the inhibition of Collal by
VPA in the mouse model of conjunctival scarring,’ we further
probed whether Smad6 expression was also modulated in the
rabbit model. Smad6 mRNA was significantly induced by 1.11-
fold with VPA treatment, corroborating the previous finding
in the mouse model. Hence, VPA was consistent in its capacity
to modulate fibrotic changes in the ECM of the postoperative
conjunctiva.

DISCUSSION

We show for the first time that VPA was effective in promoting
a postoperative bleb morphology known to be associated with
good bleb function in a rabbit model of MIGS. We further
demonstrate that this effect may be attributed to the capacity of
VPA to reduce the expression of key fibrosis-associated proteins

Laboratory science
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Figure 6 Gene expression in the rabbit model of minimally invasive
glaucoma surgery treated with VPA. Rabbit conjunctiva tissues from
both contralateral unoperated and implanted eyes were harvested on
day 28 postsurgery and were subjected to analyses by real-time PCR for
(A) Col1al, (B) Fn and (C) Smadé. Values shown were calculated as fold
changes from contralateral unoperated levels. Each symbol represents
one rabbit eye (PBS, n=4; VPA, n=5). The mean fold change+SD for
each condition is indicated by the horizontal bars. The fold difference

in expression calculated as a ratio between the means of PBS and VPA
expression is also indicated. *P<0.05. PBS, phosphate buffered saline;
VPA, valproic acid.

type I collagen and FN, and involved disruption of the TGF-8
signalling pathway.

The conjunctiva contains a collagen network that provides
structure and strength to its role as a physical protective barrier
against foreign material and infection. This ECM network is
supported by fibroblasts residing within the stromal matrix,
which remains quiescent when the tissue is undisturbed. When
injured, such as in GFS, these fibroblasts are activated and
have the capacity to transform the ECM network into one that
consists of dense and disorganised collagen, the main mecha-
nism for GFS failure.”?* To determine whether VPA was able to
modulate the fibrotic ECM, we have evaluated the postoperative
conjunctival stromal organisation by various techniques, namely,
live imaging and immunohistochemical analyses.

Non-invasive imaging techniques by slit-lamp biomicroscopy
and in vivo confocal microscopy are well-established clinical
assessment tools for postoperative bleb morphology.** Slit-lamp
biomicroscopy provides rapid macroscopic visualisation of the
surgical outcome. Several studies have reported on the structural
and morphological features of a successful bleb that are discern-
ible by the slit lamp, and these have led to the development of
bleb grading systems to classify blebs and manage their prog-
ress.” 2" On the other hand, in vivo confocal imaging allows the
microstructure of filtering blebs to be viewed and provides details
on the internal structural pattern of successful blebs. Qualities
of the subconjunctival scar organisation revealed by confocal
microscopy that correlated well with bleb morphology and func-
tion include blood vessel characteristics, stromal tissue pattern
and stromal cyst appearance.® ?* ** Together, these two imaging
techniques have provided a robust combination of macroscopic
and microscopic indicators of surgical success, including a diffuse
bleb with low elevation, minimal vascularisation, absence of
tortuous conjunctival vessels, evidence of stromal cysts without
capsule and reticular stromal pattern,* 25727 2?30

In this study, the blebs in the rabbit model of MIGS, where
visible, were diffuse and tended to extend posteriorly from the
proximity of the distal end of the implant. Notably, the presence
of blebs in the later time points, particularly day 28, may only
be observed in tissues treated with VPA. Early scarring in PBS
controls is consistent with findings observed by other groups
using a rabbit model.*'=** Given the diffuse appearance and the
fact that bleb assessments are relatively subjective, with the risk
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of interobserver and/or intraobserver variability, we have not
performed bleb survival analyses. Instead, we focused on the
evaluation of bleb qualities deemed to be associated with func-
tional blebs.

Many previous studies have reported that unfavourable bleb
development was characterised by increased vascularisation and
tortuous vessels.”’ **7 Hence, bleb vascularity is an important
early parameter to assess failure. In our study, the blebs treated
with VPA generally featured less vascularity when viewed by
slit-lamp biomicroscopy, particularly with respect to blood
vessels crossing laterally across the bleb area. Moreover, when
comparing the thickest blood vessels between the two condi-
tions, it is obvious that the vessels in the VPA-treated tissue
were thinner than in the PBS control, particularly on day 28.
Although corkscrew vessels were detectable in both PBS-treated
and VPA-treated bleb by slit lamp, in vivo microscopy of the
day 28 tissues revealed straight and finer-looking vessels in the
VPA bleb compared with the tortuous vessels typically seen in
the PBS control. The reduced vascularisation and tortuosity of
the involved vessels in the day 28 VPA bleb, as seen by slit-lamp
biomicroscopy and in vivo confocal microscopy, may be indic-
ative of an effective filtering bleb at 4 weeks. The vessels with
narrower diameter in the VPA bleb may further correlate with
good bleb function.”

The stromal fibre organisation, invisible to slit-lamp biomi-
croscopy but visible by in vivo confocal microscopy, has been
correlated with bleb function. Four stromal patterns that are
distinguishable by in vivo confocal microscopy, namely, trabec-
ular, reticular, compact/hyper-reflective and blurred, have been
described.* ? ** The trabecular pattern, associated mainly with
MMC-treated blebs,”’ ** was not observed in the blebs in this
study. The compact/hyper-reflective stroma, characterised by
very densely packed, hyper-reflective fibres, was observed in the
PBS-treated tissue. As this pattern was typically associated with
bleb failure,*** the likelihood of the PBS treatment resulting in
a non-functioning bleb before day 28 corroborated the slit-lamp
biomicroscopic image. A combination of reticular and blurred
stromal patterns may be observed in the VPA-treated tissue. In
patients, the reticular pattern was significantly correlated with
good bleb function,** while also reported to be common to the
later postoperative tissue, regardless of the bleb function.*

As normal conjunctiva also appeared to be characterised by a
reticular stromal fibre arrangement, it was speculated that the
reticular pattern may reflect the normalisation of superficial
tissue architecture as wound healing process nears or achieves
completion.” Taking into account these considerations, our
interpretation of the reticular stromal pattern associated with
VPA treatment is that it prevents gross alteration in stromal
organisation, and in so doing, maintains bleb function. On the
other hand, the blurred stroma was reported to be typically
present in the early first 2-3 months’ postoperative tissue, and
mainly associated with a reticular pattern.*?’ We therefore infer
that VPA may delay the wound healing process so that the oper-
ated tissue takes on the appearance of the early postoperative
period in the rabbit model, whereas obvious advanced scarring
has already occurred in the PBS-treated tissue.

Besides the stromal fibre patterns, the stromal cystic spaces
were also evaluated. While there is presently no agreement on
whether encapsulated cysts in the stroma were correlated with
bleb function, multiple studies have confirmed that the evidence
of stromal cysts without capsules and a large total stromal cyst
area correlated with good bleb function.*?’ ** In the VPA-treated
blebs, both unencapsulated and encapsulated cystic spaces were
observed concurrently. However, the most outstanding feature is

the markedly larger size of the stromal cysts in the VPA-treated
bleb compared with the mainly small cysts visualised in the PBS-
treated tissue. Overall, on the basis of these slit lamp and in vivo
confocal images, we hypothesise that the evidence of reduced
vascularisation and reticular/blurred stromal pattern with large
stromal cysts in the VPA-treated bleb is indicative of aqueous
outflow in a functional bleb.

Histological evaluations generally corroborate with in vivo
confocal microscopy to suggest that a loosely arranged connec-
tive tissue is a key feature of functioning filtration blebs in
patients.”®™*° On the other hand, failed blebs are associated
with extensive collagen production leading to a dense scar
tissue obstructing the sclerostomy.*®**° Moreover, the failed
scar matrix was described as containing many fibroblasts, much
ground substance, parallel oriented collagen fibres, and contrac-
tile smooth muscle actin within the fibroblasts.*' In the present
study, the major phenotype highlighted from immunohistochem-
ical examinations is the presence of thick, disorganised collagen
fibre bundles in the PBS-treated tissue matrix. The thick collagen
fibres may be a reflection of high induction of collagen expres-
sion, as verified by the mRNA measurements. Fibre orientation,
on the other hand, is an intriguing issue which may be related
to the direction of movement of fibroblasts that synthesise
them.** ¥ It is plausible therefore that there was a high degree
of randomness in cell paths in the PBS-treated tissue in order to
give rise to the apparent loss of fibre orientation. The implica-
tion then is that triggered fibroblasts in the tissue treated only
with PBS may have behaved in a rather aggressive (high collagen
expression) and chaotic (disorganised collagen assembly)
fashion during wound healing. The existence of such a turbulent
phase, on top of vascular damage caused by the surgery, may
potentially lead to hypoxic foci and overexpression of proan-
giogenic factors,* ** which then result in the development of
disorganised, tortuous blood vessel networks observed, similar
to those described in tumours.*® In contrast, the VPA-treated
tissue matrix consisted of fine collagen fibres that appeared to
much more aligned in parallel to the conjunctival surface. This
collagen fibre phenotype, visible only in immunohistology and
multiphoton microscopic examination, suggests that VPA may
reduce the full impact of stimulation on fibroblasts. One of
these stimuli may be TGF-B2, whose profibrotic stimulation of
collagen production by conjunctival fibroblasts may be blocked
by VPA." We also confirmed that VPA upregulated Smadé, an
inhibitor of the TGF-B signalling pathway,*” in corroboration
with our previous findings in a mouse model of conjunctival
scarring.'' Another possible mechanism for the prevention of
excessive collagen deposition by VPA may be the capacity of this
drug to also cause reduction of FN expression. FN is well estab-
lished to play a key role in collagen assembly,*® ** and its reduc-
tion by VPA may be expected to downgrade collagen assembly.
Indeed, decreased FN deposition was apparent in the visibly
thinner FN fibrils found in close association with the collagen
network. As both collagen and FN are also major constituents
of the blood vessel wall,*® the influence of VPA on collagen and
FN expression on conjunctival stromal fibroblasts may extend
to cells supporting the vasculature, thus explaining the thinner
blood vessels observed. It is also possible that VPA may modu-
late the development of vascular abnormalities by reducing
hypoxia through restraining the inflammatory response, which
has a high metabolic demand for oxygen.’' Overall, the distinct
histological differences between PBS-treated and VPA-treated
postoperative conjunctiva provide the evidence for the capacity
of VPA to ameliorate the fibrotic phenotype, including vascular
remodelling.
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Based on the apoptotic and cell proliferation profiles in the
treated tissues, VPA used at the regime described did not cause
any greater damage to the operated conjunctiva compared with
treatment with PBS, nor did it suppress the capacity of the post-
operative tissue to regenerate by cell proliferation. We suspect
that the presence of apoptotic signals, which appeared particu-
larly extensive in the conjunctival epithelium regardless of treat-
ment condition, is likely due to physical disturbance caused by
the multiple injections performed over the course of 3 weeks.
However, any damage to the epithelium is expected to be short
term, or may not occur at all, since proliferating cells, some of
which were overlapping with apoptotic cells, were detected in the
epithelium. Moreover, majority of the proliferating cells, likely
fibroblasts, lurked in areas underlying the apoptotic epithelium.
Given that stromal fibroblasts can directly influence the prolif-
eration and differentiation of adjacent epithelial tissues through
the provision of ECM and paracrine-acting growth factors and
cytokines, any epithelial damage will likely be rapidly repaired.

MIGS are fast becoming ubiquitous, with safety and efficacy
studies already being reported.’? ** Despite the advent of these
novel devices, the surgical technique continues to require the
administration of cytotoxic MMC to mitigate fibrosis. With the
present study demonstrating the potential capacity of VPA to
support good bleb function without apparent cytotoxicity in a
rabbit model of MIGS, the outlook is promising for the potential
alternatives to MMC in the future.
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