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Purrosk. The cornea is richly innervated by the trigeminal ganglion (TG) and its function
supported by secretions from the adjacent lacrimal (LG) and meibomian glands (MG). In
this study we examined how pigment epithelium-derived factor (PEDF) gene deletion
affects the cornea structure and function.

MerHoDs. We used PEDF hemizygous and homozygous knockout mice to study effects of
PEDF deficiency on corneal innervation assessed by beta tubulin staining, mRNA expres-
sion of trophic factors, and PEDF receptors by adjacent supporting glands, corneal sensi-
tivity measured using a Cochet-Bonnet esthesiometer, and tear production using phenol
red cotton thread wetting.

Resurrs. Loss of PEDF was accompanied by reduced corneal innervation and sensitivity,
increased corneal surface injury and tear production, thinning of the corneal stroma and
loss of stromal cells. PEDF mRNA was expressed in the cornea and its supporting tissues,
the TG, LG, and MG. Deletion of one or both PEDF alleles resulted in decreased expres-
sion of essential trophic support in the TG, LG, and MG including nerve growth factor,
brain-derived neurotrophic growth factor, and GDNF with significantly increased levels
of NT-3 in the LG and decreased EGF expression in the cornea. Decreased transcrip-
tion of the putative PEDF receptors, adipose triglyceride lipase, lipoprotein receptor—
related protein 6, laminin receptor, PLXDC1, and PLXDC2 was also evident in the TG,
LG and MG with the first three showing increased levels in corneas of the Pedf"”~ and
Pedf~~ mice compared to wildtype controls. Constitutive inactivation of ERK1/2 and Akt
was pronounced in the TG and cornea, although their protein levels were dramatically
increased in Pedf~~ mice.

Concrusions. This study highlights an essential role for PEDF in corneal structure and
function and confirms the reported rescue of exogenous PEDF treatment in corneal
pathologies. The pleiotropic effects of PEDF deletion on multiple trophic factors, recep-
tors and signaling molecules are strong indications that PEDF is a key coordinator of
molecular mechanisms that maintain corneal function and could be exploited in thera-
peutic options for several ocular surface diseases.

Keywords: cornea, corneal nerves, tear, lacrimal gland, meibomian gland, trigeminal
ganglion, corneal sensitivity, MAPK pathway, ERK1/2, AKT, corneal epithelium, PEDF
knockout, neurotrophic factors: NGF, BDNF, NT-3, GDNF, EGF, PEDF receptors: laminin
receptor, ATGL, PLXDC1, PLXDC2, LRP6

he cornea is a dome-shaped transparent structure that
allows light to enter the eye and lies directly in front
of the iris and pupil. Unlike most tissues in the human
body, the cornea contains no blood vessels and receives
nutritive, trophic, and homeostatic support from the lacrimal
gland tear fluid, meibomian gland (MG), aqueous humor,
and nerve fibers from the trigeminal ganglion that innervate
it.!3
The cornea is one of the most richly innervated tissues
in the body with nerves emanating from the trigeminal
ganglion. Major nerve bundles lose their myelin sheath
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soon after entering the corneal stroma at the limbus.*> The
nerves then penetrate upward and terminate at the corneal
epithelium to form nerve fiber networks for each layer of
the tissue.>’ Corneal nerves are exquisitely sensitive and
respond to damaging external stimuli by inducing protec-
tive blinking and by stimulating tear production and secre-
tion.® These nerves also deliver many neurotrophic factors
(NTFs) to the cornea that enable wound healing and provide
balance to the corneal microenvironment.??1°

Pigment epithelium-derived factor (PEDF or Serpin F1) is
a neurotrophic molecule that is important to corneal nerve
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function.! This glycoprotein is a noninhibitory member of
the serpin protease inhibitor family of genes and was first
discovered in the eye in 1989.!2 Since then, it is shown to be a
multifunctional glycoprotein with established neurotrophic,
antiangiogenic, anti-inflammatory, and tumor suppressive
properties and is widely distributed in almost all tissues of
the body.’*-!7 In the adult human eye, PEDF exists in the
retina, choroid, ciliary body, and the corneal epithelium and
endothelium.’®

The protein exerts its biological function by binding
to one of several putative receptors. Adipose triglyceride
lipase (ATGL),' low-density lipoprotein receptor-related
protein 6 (LRP6) also known as Wnt coreceptor,? the
plexin domain containing 1 (PLXDC1) and 2 (PLXDC2),*!
and the laminin receptor (LR)?***> have all been identified
as putative receptors through which PEDF transduces its
signals. There is growing evidence for PEDF as a therapeu-
tic agent in various ophthalmic diseases including AMD,**
diabetic retinopathy,'¥ glaucoma,?® and diabetic keratopa-
thy,?® mainly through its neurotrophic 44 amino acid domain
(44-mer)?’ and antiangiogenic 34-mer.?®

In corneal nerve injury, topical treatment with PEDF in
conjunction with DHA promote corneal nerve regeneration
and improves SP-positive nerve density in diabetic mice.?® It
was also found that subconjunctival injections of PEDF or its
44-mer Nterminal bioactive peptide increases corneal nerve
density in HSV-1-infected mice?® and in postoperative nerve
injury.?

PEDF can exert its neurotrophic and neuroprotective
effects by inducing expression of other NTFs including the
neurotrophin family, glial cell line-derived factor family
and neurokines.?' NTFs play a crucial role in the growth,
survival, differentiation and regeneration of neurons in
both the central and peripheral nervous systems.*> The
neurotrophin family including nerve growth factor (NGF),
brain-derived neurotrophic growth factor (BDNF), and
neurotrophin-3, -4/5 (NT-3, NT-4/5)%34 are all expressed in
various parts of the cornea and play key roles in corneal
physiology and regeneration. NGF is mainly localized to
the basal epithelial layer of the human limbus, BDNF in all
epithelial layers of the cornea, limbus and the limbal stro-
mal cells while NT-3 and NT-4 are detected in the uppermost
layer of the cornea epithelium and limbus.?> Together these
trophic factors work to support the function of the cornea.

In the regenerating corneal epithelium, an up-regulation
of NGF and GDNF expression is consistent with the progress
of corneal sub basal nerve recovery.® After lamellar flap
surgery, expression levels of BDNF are increased in the
cornea, and this correlates positively with increased nerve
regeneration.’” Treatment with NGF plus DHA after photore-
fractive keratectomy in rabbits yielded faster corneal nerve
recovery compared to vehicle controls,®® whereas topical
administration of NGF eyedrops can promote corneal epithe-
lium wound healing and improve tear function to main-
tain ocular surface homeostasis.>®> NGF and BDNF also
have therapeutic potential for several neurodegenerative
diseases, including glaucoma,® spinal cord injury,* and
Alzheimer’s disease.*> GDNF, a vitally important member
of the GDNF family of ligands is also important to corneal
nerve growth and regeneration.>%>44 GDNF and its recep-
tors are distributed in the basal layer of the limbal epithelium
and activates neuroprotective signaling cascades for corneal
nerve growth function.”

Because several studies show that exogeneous PEDF
treatment promotes nerve regeneration,®3° the question
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that begs to be answered then is does a deficiency in PEDF
have negative effects on corneal nerve growth and tissue
function? This article focuses on the impact of a loss of
one or both PEDF alleles on nerve innervation and function
of the cornea and expression of other corneal-dependent
trophic support from the lacrimal glands (LG) and MG using
a PEDF knockout mouse model.

MATERIALS AND METHODS
PEDF Deficient Mouse Colonies

The PEDF deficient mice (Pedf’/ ., Pedf” 7) used in these
experiments were derived from a C57BL/6 mouse strain
background and generated by Regeneron Pharmaceuticals.
They were a gift to our laboratory by Professor Cai (Sun
Yat-sen University, Guangzhou, China).> PEDF homozygous
knockout (KO) mice were bred with C57BL/6 females to
obtain PEDF heterozygotes (Pedf”~) which were crossed
to give homozygous (Pedf”’~) knockouts. C57BL/6 male
and female wildtype mice were purchased from Vital River
(Beijing, China) and used as controls in the experiments
below. All animal studies used age-, gender-, and weight-
matched wildtype mice as controls and five to eight mice
enrolled in each group in the studies. We used only male
mice in this study to remove potential variability caused by
the estrous cycle. Estrogen is known to alter the function of
several glands including those supporting the cornea. The
trigeminal ganglion is particularly rich in estrogen receptors,
and estrogen has been shown to affect nerve growth from
the trigeminal ganglion (TG) and secretion of neurotrophic
factors in tears. 1047

Animal Care

Animal care and experimental procedures were carried out
according to the ARVO Guidelines for the Use of Animals
in Ophthalmic and Vision Research. Mice were purchased
from SPF Biotechnology Co., Ltd. (Beijing, China), housed
and bred at the Laboratory Animal Center of the Tianjin
Medical University Eye Institute, Tianjin Medical University
Eye hospital (Tianjin, China). Mice were kept in a 12- hour
on/off light cycle and fed standard mouse chow and water ad
libitum. Mice were bred and pups genotyped as previously
described.*® The PCR primers used for genotyping Pedf /",
Pedf”~ are as follows:

PEDF Forward: 5'-AAGACCTCAAGTCAAGGGTC-3;
PEDF Reverse: 5'-CTGCCTCCCTGCACTGTCTC-3';
Vector Forward: 5'-TCATTCTCAGTATTGTTTTGCC-3';
Vector Reverse: 5'-CATAAGGACCAGTTTCTCTCC-3'.

Corneal Nerve Length Measurement

Mice in all groups (wt, Pedf”~, Pedf"~) were sacrificed at
each developmental time point (two, four, six, and 12 weeks
of age; n = 8 mice/age group/time point). These time points
were chosen to provide regular time intervals within a three-
month developmental period to allow us to determine patho-
logically events occurring in the cornea immediately after
eye opening (PN12-13) to adult stage (12 weeks). Corneas
were dissected for nerve length measurements and the TG,
LG, and meibomian glands (MG) dissected and stored at
—80°C for PCR or Western blot analysis.
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Eyes were dissected, fixed in 4% paraformaldehyde (PFA)
for one hour and corneas dissected along the sclerocorneal
rim in ice-cold paraformaldehyde PFA. Four equidistant
radial cuts were made in the corneas and samples washed
three times (10 minutes each) in PBS containing 0.3% Triton-
X 100 (Solarbio, Beijing, China), then incubated for two
hours at room temperature in block solution containing 5%
goat serum (Solarbio, Beijing, China), 1% BSA (Solarbio) and
0.3% Triton-X 100 diluted in PBS (PBS-TX) to block nonspe-
cific antigen binding. The corneas were then incubated
at 4°C overnight in rabbit anti-8 tubulin antibody (1:500;
Abcam, Cambridge, MA, USA) diluted in block solution with
constant shaking. After three extensive washes (one hour
each) using PBS-TX, corneas were incubated with Alexa
Fluor 488 goat anti-rabbit IgG (H+L; 1:300) (Abcam) diluted
in block solution at 4°C overnight with constant shaking,
followed by several PBS-TX washes (three times, one hour
each). The corneas were then flat mounted onto glass slides
using Prolong Gold Antifade Mountant (ThermoFisher, St.
Louis, MO, USA) with the endothelium face oriented ante-
riorly. Serial and consecutive fluorescent images of the
corneal nerves were taken using a laser scanning confocal
microscopy (Zeiss LSM800; Zeiss, Oberkochen, Germany).
Corneas were imaged using an objective x5 and an inten-
sity of 3%, and images were acquired using the tiles scan
function to encompass the entire cornea. Fifteen serial opti-
cal Z-plane frames were taken at a constant depth of 5
pm to visualize all nerves in the cornea epithelium and
stroma. The Z-stacked series were merged to render images
representing a 75 pm depth of the corneal nerve archi-
tecture from the surface of each cornea. Confocal acquisi-
tion settings and immunolabeling procedures were all held
constant among the groups at each developmental age and
samples prevented from photobleaching using an anti-fade
mountant.

To measure total stromal nerve length in the central and
peripheral corneal stroma, a circled area of the same size was
drawn to fit the central region of the cornea at each devel-
opmental stage. We used the same area of measurement for
groups at each age but slightly increased the circle size to
fit the central cornea to accommodate increased cornea size
with aging. The length of each of the large nerves was then
traced and calculated within the circle (central nerves) and
outside the circle (peripheral nerves) using the manual trace
function of NIH ImageJ software and its NeuronJ Plugin.
Total nerve length was calculated in millimeters according
to scale as described.? Peripheral nerve measurements were
taken in all four corneal quadrants outside the circle. Aver-
ages were taken for corneas in each group and the data for
eight corneas/group were graphically presented as the aver-
age total nerve length in the central or peripheral cornea at
each developmental stage per group.

Corneal Sensitivity, Tear Production, and Injury

Corneal sensitivity among the experimental and control
mouse groups was measured using Cochet-Bonnet esthe-
siometer (Luneau Ophthalmologie, Chartres Cedex, France)
as described.’® Mice were tested at two, four, six, and 12
weeks of age using nylon monofilaments with a maxi-
mal length of 60 mm and diameter of 0.12 mm. The
central cornea of each eye was touched once using the full-
length filaments and then by reducing the monofilament
by 5mm for successive measurements when there was no
blink response until one was achieved.’! Each monofilament
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length was measured four times and a positive response was
considered when more than half of the measurements in
each length caused a blink response (n = 8/group).

Tear production at two, four, six, and 12 weeks of age
was measured using the phenol red cotton threads (Jing-
ming, Tianjin, China) technique as previously described.>
Briefly, the threads were held with a pair of jeweler forceps
and placed in the lateral cantus of the eye for 30 seconds.
Red wetting of the threads by tears was measured in millime-
ters and tear production calculated as the average of three
replicate measurements for each eye (n = 8/group).

To measure injury to the corneal epithelium, 2uL of
1% fluorescein sodium solution (Alcon, Geneva, Switzer-
land) was instilled into the inferior conjunctival sac of
each mice in the three groups (n = 8/group) at four
weeks of age. After 30 seconds, corneas were photographed
under a slim-lamp with cobalt blue light. Corneal fluores-
cein staining scores based on fluorescent intensities were
used to assess the extent of corneal injury as previously
described.>?

Corneal Thickness Measurements and
Quantification of Stromal Cell

To measure the corneal epithelial and stromal thickness,
whole eyeballs were collected from wt, PEDF”~, and
Pedf~/~ at four weeks of age, fixed in 4% paraformaldehyde
at room temperature overnight, dehydrated with a graded
series of ethanol (100%-80%) and embedded in paraf-
fin. Paraffin-embedded tissue sections of 6 ym thickness
were stained with hematoxylin and eosin (H&E) for stan-
dard histology examination using bright-field microscopy
at magnification x20 and x40 (Olympus BX51; Olympus,
Tokyo, Japan). Total cornea and stromal thickness measure-
ments were taken from three sections/mouse/group (n = 5
mice/group; 15 sections/group) at three separate intervals
in the central cornea using ImageJ Software.’* Stromal cells
were counted using NIH ImageJ multipoint function in three
H&E corneal sections/mouse (15 sections) and the average
presented graphically.

Gene Expression mRNA Levels

The TG, LG, MG, and cornea were harvested and evaluated
by PCR for expression of the neurotrophic/growth factors
NGF, BDNF, NT-3, GDNF, and EGF and the five putative
PEDF receptors (PEDF-R) LRP6, ATGL, PLXDC1, PLXDC2,
and LR for all animals enrolled in the study. Samples were
harvested when the mice were two weeks of age (n =
3/group) when corneal innervation pathology was evident
and each sample from these cornea support tissues eval-
uated in triplicate by quantitative PCR. All primers used
in these analyses were designed using GenBank sequences
and Primer Design software. Total RNA from mouse tissues
was isolated using universal RNA purification kit (EZBio-
science, Roseville, MN, USA) according with the manufac-
turer’s protocol and concentration and quality of RNA exam-
ined spectrometrically(Nanodrop 2000; ThermoFisher). RNA
1 pg RNA was used to synthesize cDNA using the Color
Reverse Transcription Kit (EZBioscience) according to the
manufacturer’s guidance. Quantitative RT-PCR (qPCR) was
performed in triplicates for each sample using SYBR Green
(EZBioscience). PCR parameters used were as follows:
cDNA: 300 ng; Primer: 0.5 pM; Cycle number: 35 after a Hot
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Start at 95°C for 10 minutes. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as an internal reference
in each reaction, and 244¢; calculated from the cycle thresh-
old (ct) values of the reference and target genes were used
for relative quantitation and graphical representation of gene
expression changes.

Protein Analyses

Corneas or trigeminal ganglions tissues were harvested
when the mice were two weeks of age and mouse samples
(n = 3/group) evaluated in triplicate by Western blots to
determine expression and phosphorylation of ERK and AKT
signaling molecules. Protein was extracted from the three
separate pooled groups in cold RIPA buffer containing
PMSF (Solarbio) and phosphatase inhibitor (Cell Signaling
Technology, Danvers, MA, USA) for 20 minutes and total
protein concentration measured using Bicinchoninic Acid
(BCA) protein assay (Cwbiotech, Jiangsu, China). Ten micro-
grams of protein for each sample were separated by 12%
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(EpiZyme, Shanghai, China) for one hour, and gels were
transblotted to a polyvinylidene fluoride membrane (Milli-
pore, Burlington, MA, USA). Membranes were subsequently
blocked in 5% nonfat dry milk (BD Difco; BD Bioscience,
Franklin Lakes, NJ, USA) for two hours at room tempera-
ture, then incubated overnight at 4°C in one of the follow-
ing primary antibodies: p-ERK (1:1000), p-Akt (1:1000), ERK
(1:1000), Akt (1:1000) (Cell Signaling Technology) and g-
actin (Abcam; 1:5000), which was used as an internal refer-
ence. Membranes were then washed and further incubated
in an appropriate secondary antibody for two hours at room

Pedf* B

Pedf*-

wt Pedf*-
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temperature. The processed blots were developed using
Immobilon ECL reagent (Millipore) and imaged using a
transilluminator (Tanon, Shanghai, China). The membranes
were then stripped in Stripping Buffer (Cwbiotech, Shang-
hai, China), and reprobed with another primary anti-
body used or actin. Proteins band densities were calcu-
lated using NIH Image] software and the average protein
estimation taken for graphical representation of protein
levels.

Statistical Analysis

GraphPad Software (GraphPad Prism7.0; La Jolla, CA, USA)
was used for statistical analysis and mapping charts. The
Shapiro-Wilk normality test was used to verify the normal
distribution of the data. A one-way analysis of variance
was used for multigroup comparisons. An unpaired sample
t-test was used to compare the results of various ages
in a group. Statistical significance was determined when
P < 0.05.

REsuULTS

PEDF Deletion Results in Disruption of Corneal
Nerve Growth

Because PEDF or a PEDF bioactive peptide can reduce
corneal nerve degeneration,?® we analyzed whether corneal
stromal nerve distribution and length were affected in
PEDF knockout mice. We compared total stromal nerve
length in the central and peripheral cornea among wild-
type, Pedf”~ and Pedf”/~ mice at various developmen-
tal stages between two to 12 weeks of age. Our analy-

Pedf”
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(9]

N
a

6wk

Total Nerve Length
Central Cornea (mm)
s @ 8

2
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=)

Avg Nerve Length
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Ficure 1. (A) Representative 8 Tubulin-3 (green) labeled whole-mount images depicting nerve growth in the corneal in wt, Pedf"/~ and
Pedf™ /= mice ages two to 12 weeks (Scale bar: 500 pm). (B) Examples of stromal nerve length measured in the central (circled area) and the
four quadrants of the peripheral cornea in the flat mounts. The larger nerves were traced (magenta) and measured in both areas using the
NIH Image] tracer function (Scale bar: 500 uM). (C,D) Comparisons of the average total nerve length in the central and peripheral cornea
among PEDF deficient mice and the control groups. In the Pedf~~ mice, significant decreases in stromal nerve length was detected between
two to 12 weeks in the central and 412 weeks in the peripheral corneas. In the Pedf"/~, nerve loss was seen by six to 12 weeks in the central
and 12 weeks in the peripheral corneas (n = 8 mice/group). Data are expressed as the mean + SD. *P < 0.05; **P < 0.01; **P < 0.001;

=P < 0.0001
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(A) Corneal Sensitivity measured using a Cochet-Bonnet esthesiometer. Significant changes in corneal sensitivity appeared

between four to 12 weeks of age for Pedf/~ and six to 12 weeks for Pedf'/~ mice compared to age-matched C57BL/6 controls. The
greatest difference in corneal sensitivity for both PEDF genotypes was evident at 12 weeks of age with the decrease more pronounced in the
Pedf~/~ mouse corneas relative to controls (n = 8 mice/group). Data are expressed as the mean + SD. *P < 0.05; **P < 0.001; **P < 0.0001.
(B) Tear levels, measured using phenol red cotton thread wetting, are increased in Pedf~/~ mice at six and 12 weeks of age compared to
age-matched wildtype C57BL/6 controls. Hemizygous PEDF KO mice did not show significant differences in tear levels relative to wildtype
(n = 8 mice/group). Data are expressed as the mean £ SD. **P < 0.01; ***P < 0.001. (C) Representative images of corneal fluorescein
staining in age-matched PEDF deficient and wildtype mice. The staining shows increased corneal surface retention of the fluorescein dye
indicative of injury with loss of PEDF (age: four weeks old). (D) Increased fluorescein staining scores indicate damage to the corneal surface
with deletion of either one or both PEDF alleles compared to wt. Severity of injury was greater when both PEDF alleles were absent (n = 8

mice/group; age: four weeks old). Data are expressed as the mean + SD. *P < 0.05; ***P < 0.0001.

ses show a visible decrease in nerve innervation in the
central cornea stroma with loss of PEDF relative to age-
matched wild-type controls at all developmental ages stud-
ied (Fig. 1A). The nerve length in the central cornea
showed a significant decrease in total central corneal nerve
length with deletion of both PEDF alleles (Pedf~~), at all
developmental stages analyzed (Fig. 1B). In the Pedf”~
mice, a similar effect was detected at six weeks of age and
by the twelfth week both heterozygous and homozygous
knockouts showed reduction in nerve length by 52.9% (P
< 0.001) in Pedf*~ and 61.6% (P < 0.0001) in Pedf/~,
mice compared to wildtype controls (Fig. 1C). There was a
more slowly developing decrease in peripheral nerve length
in corneas of the Pedf”~ mice with the greatest difference
detected at six weeks by 22.1% (0.01) and 12 weeks by 35.4%
(P < 0.001). Even the Pedf“ ~ mice showed a significant
decrease in nerve length by the twelfth week (Fig. 1D).

Loss of PEDF Promotes a Decrease in Corneal
Sensitivity

Corneal sensitivity in PEDF deficient mice was also assessed
at two to 12 weeks of age using the classic Cochet-Bonnet

esthesiometer technique. As the normal cornea develops
there is an increase in corneal innervation that should corre-
late with increased sensitivity. We noted that the corneas of
PEDF deficient mice were significantly less responsive than
wildtype controls between four to 12 weeks of age and never
showed the large developmental increase in sensitivity seen
with the increased corneal innervation in the wildtype mice
(Fig. 2A). Corneal sensitivity was 27.4% (P < 0.05), 62.2%
(P < 0.0001), and 75.3% (P < 0.0001) less in Pedf~~ mice
than controls at four, six, and 12 weeks, respectively and in
the Pedf“ ~ mice by 47.5% (P < 0.0001) at six weeks and
42.7% (P < 0.0001) at 12 weeks less than their age-matched
wildtype. Consistent with the difference in nerve innerva-
tion pattern (Fig. 1), corneal sensitivity was delayed and less
acute with loss of a single PEDF allele compared to deletion
of both.

Tear Production is Increased With PEDF
Deficiency
We next evaluated tear secretion among the groups using

the phenol red cotton thread measurements and found
that mice that completely lacked PEDF expression had
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Ficure 3. (A) Representative light microscopic images of H&E stained corneas of C57BL6 wt, Pedf/~ and Pedf~ mice at four weeks
of age. (B) Higher magnification (x80) images of corneas of the three groups. (C) Total corneal thickness measurements by NIH Image]J
indicate that corneas were thinner in the PEDF homozygous knockout mice compared to hemizygous and wildtype. (D) Loss of corneal
thickness was due to a decrease in corneal stroma depth with deletion of both PEDF alleles. (E) Reduction in corneal stroma cell numbers
is evident in both PEDF deficient genotypes with severity greater in the PEDF/~ mice (n = 5 mice/group). Data are expressed as the mean

=+ SD. *P < 0.05; *P < 0.01.

significantly increased tearing over their wildtype counter-
parts by 130% (P < 0.0001) and 55.2% (P < 0.01) at six and
12 weeks of age, respectively (Fig. 2B). However, animals
that lost a single PEDF allele did not show a significant
increase in tear volume relative to controls.

Injury to the Corneal Epithelium Accompanies
PEDF Gene Deletion

With a loss of innervation and decreased sensitivity of the
cornea in PEDF deficient mice, we evaluated the sever-
ity of injury to this tissue with the constitutive endoge-
nous absence of PEDF expression. Our measurements show
increased retention of fluorescein, a marker indicative of
epithelial damage, on the corneal surface compared to
controls (Fig. 2C, D). In the representative images, wild-
type corneas have relatively weak fluorescent staining of the
epithelial layer but greater fluorescein retention was evident
on the epithelial surface of Pedf”~ and Pedf”/~ mice by
131% (P < 0.0001) and 189.6% (P < 0.0001), respectively,

compared to wildtype mice indicating a marked increase in
corneal surface damage in the absence of PEDF. Thus the
loss of expression of neuroprotective PEDF results in corneal
surface damage with severity greater when both alleles are
absent.

PEDF Deficiency Results in Structural
Modification of the Cornea

When we compared the corneal thickness in hemi- and
homozygous PEDF knockout mice, we noted a visible differ-
ence in the stromal layer compared to controls (Fig. 3A).
There was also a visible loss of stromal cells in the Pedf~/~
corneas compared to the wildtype corneas (Fig. 3B). Our
measurements indicate that the total corneal thickness in
Pedf~~ mice at 4 weeks of age was reduced by 10.7% (p <
0.05), with the stromal thickness alone (~11.4%; p < 0.05)
accounting for this reduction relative to controls (Fig. 3C, D).
No significant difference in stromal thickness was seen with
a loss of a single PEDF allele. The number of stromal cells
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FiGure 4. PEDF mRNA expression levels in the TG, LG, MG, and cornea tissues of C57BL6 wildtype and Pedf!/~ mice. (A) The PCR gel
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calculated from the average ct values of triplicate analyses per animal with one ct value difference representing a twofold change (n = 3
mice/tissue/group; two weeks old). Data are expressed as the mean £ SD.

in Pedf ¥/~ and Pedf~ were reduced by 27.0% (p < 0.05)
and 39.3% (p < 0.01), respectively compared to wildtype
controls (Fig. 3E).

Expression of Corneal trophic Support Decreases
in the Absence of PEDF

We used tissues at the two-week time point as representa-
tive of corneal nerve pathology, seen at all stages between
two to 12 weeks in PEDF deficient mice, to study expres-
sion of trophic support to the cornea from the TG, LG, and
MG and their expression of the PEDF receptors. The LG and
MG are both innervated by the TG and support the ocular
surface and its physiological functions. Loss of PEDF may
interfere with the cornea trophic support function of these
glands.

PEDF mRNA was expressed in the normal mouse TG,
LG, MG and cornea with comparatively lower levels in the
wildtype cornea and in the corresponding Pedf"”~ tissues
as expected (Fig. 4). In the cornea and its supporting
glands, PEDF mRNA levels were reduced by approximately
one qPCR cycle representing a twofold decrease (~50%)
in expression with a loss of one PEDF allele (Pedf+/ D)
compared to wildtype mice.

Given the neuroprotective function of PEDF, we next
assessed how a loss of this factor influences expression of
other trophic epithelial support to the cornea including NGF,
BDNF, NT-3, GDNF and EGF from the TG, LG, and MG. In
the TG, NGF and NT-3 were the most negatively affected and
notably reduced to near depletion when both PEDF alleles
were absent (P < 0.01). Pedf"”~ mice showed similar trends
as well, although to a lesser extent. BDNF was decreased
by 2.36- and 2.82-fold (P < 0.05) in Pedf"~ and Pedf /",
respectively compared to wildtype while GDNF and EGF
showed no significant expression changes to wildtype in the
TG (Fig. 5A).

In LG samples, NGF, BDNF, and GDNF were all signif-
icantly reduced in expression levels in both Pedf”~

and Pedf/~ samples, whereas NT-3 showed significantly
increased levels in both compared to wildtype (Fig. 5B).
BDNF expression was most severely affected in the LG in
both PEDF genotypes but in all cases, these changes were
more pronounced in the homozygous PEDF KO. There was
no significant expression level changes in EGF in this tissue.

Similarly, levels of four neurotrophic factors were
decreased in the Pedf”~ MG with the most acute change
in expression detected in GDNF compared to wildtype
(Fig. 5C). Changes in EGF expression in both PEDF geno-
types were unremarkable and modulations in NGF and
GDNF levels in Pedf”~ were not significant.

In the cornea, expression levels of all trophic factors
examined except BDNF were significantly decreased in
both PEDF genotypes with NT-3 undetectable. The most
severely downregulated trophic factor was BDNF in the
Pedf~~ mouse corneas compared to wildtype (Fig. 5D). The
only significantly detectable difference in expression of EGF
among the tissues relative to wildtype controls was observed
in the corneas by ~1.2-fold (P < 0.05) decrease in both PEDF

genotypes.

PEDF Receptors are Downregulated With PEDF
Gene Deletion

We also investigated how deletion of the PEDF gene impacts
expression of five putative PEDF-Rs, namely ATGL, LRPO,
PLXDC1, PLXDC2, and LR,'®1%2223 which are important
to the neurotrophic or antiangiogenic functions of PEDF.
Our results showed that all five PEDF-R were expressed
and transcribed at varying levels in the TG, LG, MG, and
cornea. Expression of all were significantly decreased in
these tissues with loss of one or both PEDF alleles except
for in the cornea. In the TG of both PEDF genotypes, levels
of LRP6 and PLXDC1 were barely detected whereas ATGL,
PLXDC2, and LR, although decreased, were the most highly
expressed in the PEDF-deficient mice compared to wildtype
(Fig. 6A).
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Ficure 5. Expression of the cornea supporting factors NGF, BDNF, NT-3, GDNF, and EGF in (A) TG, (B) LG, (C) MG, and (D) cornea in
PEDF-deficient mice compared to wildtype controls. NGF, BDNF, and GDNF were near depletion in one or more of the tissues. A significant
decrease in EGF was detected in the corneas of PEDF deficient mice. NT3 expression levels were increased in the LG only and undetectable
in the cornea. The magnitude of expression level changes in all trophic factors was greater when both PEDF alleles were deleted. Y-axis:
FC to wt: Fold change to wildtype (n = 3 mice/tissue/group; age: 2 weeks). Data are expressed as the mean £ SD. *P < 0.05; **P < 0.01;

=P < 0.001; ##**=P < 0.0001.

Similar trends of decreased receptor transcription
occurred in the LG where levels of all five receptors were
downregulated in both PEDF genotypes relative to wildtype
and the most severe decrease seen for PLXDC2 expression
(Fig. 6B). In the MG, expression of ATGL and PLXDC1 were
at their lowest levels with 4.40- and 5.4-fold differences (P
< 0.001), respectively in Pedf”~, whereas ATGL showed
~twofold (P < 0.05) decreased expression in Pedf"~ mice
compared to wildtype (Fig. 6C). LRP6, PLXDC2 and LR tran-
scription levels were also significantly downregulated but to
a lesser extent with loss of either one or both PEDF alle-
les. Interestingly, in the cornea levels of ATGL, LRP6 and
LR were all significantly upregulated in the Pedf/~ mice,
whereas PLXDC1 and PLXDC2 were undetectable (Fig. 6D).
LR was the only receptor that showed a significant upregu-
lation in expression in both PEDF genotypes compared to
wildtype. Thus all five receptors appeared to be targets of
regulation in the constitutive absence of PEDF expression.

ERK and Akt Activation is Reduced When the
PEDF Gene is Deleted

Considering the close relationship between the TG and
the corneal nerves, we examined activation of two signal-
ing molecules, ERK and Akt, previously shown to trans-
mit PEDF neuroprotective signals in the retina and other
tissues.!"'455 In the TG, ERK and Akt proteins appeared as
isoform doublets at ~42/44 kDa and ~54/60 kDa, respec-
tively. Phosphorylation of both ERK1(p-ERK; 44kDa) and

ERK2(p-ERK; 42kDa) was decreased in the TG by 57.2% (P <
0.01) and 65.4% (P < 0.01), respectively, and that for Akt (p-
Akt; 60 kDa) by 75.2% (p < 0.001) in Pedf~~ mice compared
to wildtype. Phosphorylation of the lower Akt isoform (p-
Akt; 54 kDa) was relatively undetectable in the PEDF knock-
out TGs. Although ERK and Akt activation was dramatically
decreased in the PEDF KO compared to wt, the reverse was
seen for their protein levels. ERK1/2 protein levels for both
isoforms were increased by 37.3%/41.2% (P < 0.05) and Akt
60kDa isoform levels by 18.9% (P < 0.05) in the Pedf*/ ~ mice
relative to age-matched wildtype controls (Figs. 7A, 7B).

In the cornea, phosphorylation of ERK1 and ERK2 was
decreased by 51.8% (P < 0.001) and 47.8% (P < 0.05),
respectively, with PEDF gene deletion. Similar to the TG,
ERK1 protein levels were increased by 23.3% with no signif-
icant change in ERK2 protein levels in Pedf/~ relative to
wildtype controls (Fig. 7C). Only the 60kDa Akt isoform was
detected in the cornea and both its activation and protein
levels in this tissue remained unchanged between the wild-
type and Pedf”~ mice (Fig. 7D). In summary, in the PEDF
KO mice there was a significant increase in ERK protein
levels but a decrease in its activation in both the TG and
cornea. The same was true for Akt in the TG but not in the
cornea with PEDF gene deletion.

DISCUSSION

The cornea and its adjacent supporting glands are densely
innervated by fibers of the trigeminal ganglion. The devel-
opment and maintenance of this innervation is critical to
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Ficure 7. Expression and phosphorylation of ERK and Akt proteins in the trigeminal ganglion and cornea of Pedf~~ and C57BL6 wildtype
mice. (A, B) Representative Western blots and densitometry measurements of ERK and Akt protein levels and their activation in the TG of
wildtype and Pedf~/~ mice. (C, D) Representative Western blots and densitometry analysis of ERK and Akt protein and their phosphorylation
in the cornea. The B-actin was used as an internal reference for loading efficiency and densitometry analyses. ERK protein levels were
increased while its activation was reduced in both the TG and cornea of the Pedf ™ mice relative to controls. Akt protein and phosphorylation
levels showed a similar profile in the TG but showed no detectable differences in the cornea (n = 3 mice/tissue/group; age: two weeks old).
Data are expressed as the mean + SD of triplicate measurements. *P < 0.05; **P < 0.01; **P < 0.001.



Investigative Ophthalmology & Visual Science

Effects of PEDF Gene Deletion on Ocular Surface

the function of the cornea and are under the regulation of
several neurotrophic factors. One of the key neurotrophic
factors regulating the ocular surface is PEDFE. Originally
described as a neuronal differentiation factor and neurite
promoting agent for retina tumors, PEDF is shown to have
neurotrophic activity in the retina and in several other tissues
where it protects neurons in neurodegenerative conditions
and promotes their differentiation, thereby allowing them to
extend neurites and axons.!!">>~57 PEDF is active in the CNS,
where it promotes survival and axon growth in spinal motor
neurons as well as survival of cerebellar granules cells and
retinal neurons in degenerative conditions. It is also active
in the PNS where it promotes dorsal column axon regener-
ation and cell survival in dorsal root ganglion neurons after
injury, as well as corneal nerve regeneration,!'!-26,58-61

This protein is highly expressed in the limbus,!! and in
this study we also showed that PEDF is expressed in the
TG, the LG, and MG and to a lesser extent in the cornea.
Previous studies showed that treatment with PEDF, or its
bioactive 44-mer N-terminal peptide, promotes functional
regeneration of damaged corneal nerves in several animal
models. For example, in rabbits, exogenous PEDF induced
a threefold increase in subepithelial corneal nerves after
corneal stromal dissection and recovered corneal sensitiv-
ity by ~75%.3%-% Our studies complement the regeneration
studies and show that in the absence of PEDF there are
severe consequences to corneal nerve development in both
hemizygous and homozygous PEDF knockout mice, with the
homozygous showing more severe effects.

In addition to the anatomical changes in corneal inner-
vation, PEDF deletion has multiple functional consequences
to the cornea including a failure to show the normal devel-
opmental increase in corneal sensitivity. Although this effect
was more acute in the PEDF homozygous knockout, it was
still pronounced after deletion of a single PEDF allele. A
strong correlation between corneal sensitivity and PEDF
is supported by other published studies. For example, in
diabetic keratopathy exogenous treatment with PEDF and
docosahexaenoic acid after diabetic eyes were wounded
resulted in a significant recovery of corneal sensitivity, tear
production, corneal epithelial nerve regeneration, and accel-
eration of corneal wound healing.?

In both the hemizygous and homozygous PEDF knock-
out mice, we observed a significant level of corneal surface
injury. Evidence for a role of PEDF in supporting epithe-
lial wound healing was previously reported after experi-
mental nerve damage in rabbits.®? In that study,?® PEDF was
given after nerve damage for eight weeks and in addition to
promoting nerve regeneration and recovery of corneal sensi-
tivity, there was accelerated corneal wound healing indi-
cating a strong correlation between PEDF expression and
corneal wound healing. Our study highlights a critical role
for PEDF in reducing corneal surface injury, given that the
levels of EGF, a key corneal wound healing factor,’> was not
significantly modulated in the corneal supporting glands and
was downregulated in corneas of the PEDF knockout mice
relative to controls.

The depletion of NGF in the TG, LG, and cornea and the
decreased expression of EGF after PEDF gene deletion, as
well as the relatively lowered PEDF levels in the cornea are
likely to be a set of key coordinating mechanisms to the
overall lack of corneal epithelial repair in the PEDF deficient
mice. Although several have shown that exogenous treat-
ment with PEDF supports corneal nerve regeneration and
wound healing, our study shows that deletion of the PEDF

1
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gene disrupts the corneal nerve innervation and surface
integrity, emphasizing the importance of this gene to ocular
surface health and function.

Although it could be argued that PEDF deficiency has
a direct effect on trigeminal ocular neuron differentiation
and nerve extension, an alternate consideration is that the
disruption of corneal nerve innervation is augmented by the
decreasing expression of other important corneal support-
ing factors such as NGF and NT-3 in the trigeminal ganglion
as a response to PEDF gene deletion. Besides, several of the
known PEDF receptors also show a decrease in transcrip-
tional regulation in corneal supporting glands with deletion
of the PEDF gene implying that multiple upstream events
requiring neurotrophic-receptor support coordinate corneal
nerve growth and function.

Similarly, we cannot at present distinguish the direct
effects of PEDF loss on corneal sensitivity and injury from
those resulting from the subsequent decrease in expression
of other trophic support and wound healing factors normally
present on the corneal surface from lacrimal and meibo-
mian gland secretions. Nonetheless, studies showing that
PEDF treatment restores several corneal pathologies argue
for a direct PEDF coordination of signals promoting corneal
health.

With a loss of corneal innervation in PEDF deficient mice,
there was also a loss of corneal stromal thickness. The
tissues in our study were paraffin embedded and therefore
dehydrated with a graded series of ethanol, which would
have removed any potential swelling of the cornea caused by
the surface barrier injury noted in the PEDF-deficient mice.
Thus the decrease in stromal thickness is most likely due to
loss of innervation and stromal cells, as well as loss of PEDF.
The PEDF protein is well known to have collagen binding
sites®® and especially strong affinity to type 1 collagen in
the corneal stroma.®® Collagen type 1 is predominant in the
corneal stroma and forms collagen fibrils with type III and
V. Type VI collagen occurs as fine filaments in the interfib-
rillary matrix of the stroma.?” Loss of PEDF is then likely to
interfere with collagen 1 interactions leading to a decrease
in stromal thickness. The decrease in thickness noted may
reflect a loss in stromal cells, innervation, PEDF, and the
overall trophic support.

Given the deleterious effects of PEDF deletion on corneal
health, we expected to see a decrease in tear production
in the PEDF knockout mice; however, PEDF deficiency had
the opposite effect. PEDF is normally found in measurable
levels in human tear fluid where its role is linked to main-
taining ocular surface health.’® The concentration of this
protein, however, increases in the tears of dry eye patients
where it was shown to suppress the expression of inflam-
matory cytokines such as IL-18, IL-6, TNF-o, and IL17A.%7
The increase in tear production in the PEDF knockout mice
in our study could potentially be due to a compensatory
attempt by the LG, in the absence of PEDF, to increase
levels of ocular surface support, such as NT3, a trophic
factor that showed increased expression in the LG of PEDF
knockout mice compared to controls. Increased tears in the
PEDF-deficient mice are also a potentially important mecha-
nism to dampen down inflammation at the corneal surface.
The increased expression of three of the PEDF receptors
in the cornea, ATGL, LRPG, and LR, are also likely changes
that compensate for the loss of PEDF by increasing the
corneal response to glandular secretions of trophic and anti-
inflammatory support in ways that would improve corneal
function and surface environment in the absence of PEDF.
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Figure 8. A Schematic summarizing our findings and effects of PEDF gene deletion on the structure and function of the cornea in mice.

One mechanism by which PEDF exerts its biological
activity is through activation of the MAPK and AKT path-
ways.!! We have shown previously that exogeneous PEDF
treatment activates members of the MAPK and AKT path-
ways to mediate its neuroprotective activity in diabetic reti-
nas.!> In the present study, PEDF deficiency had the reverse
effect on these signaling pathways and their cognate activat-
ing kinases resulting in increased translation of ERK1/2 in
the TG and cornea but an acute decrease in its phosphory-
lation in both tissues. ERK activation is critically linked to
the cell’s translation and transcription machineries through
many downstream transcription factors that regulate cell
cycle, cell differentiation, and cell survival genes®®-7° and
was recently implicated as essential in promoting corneal
wound healing.”'"73 It could be argued that the observed
reduction in ERK phosphorylation when PEDF is absent
may be a direct effect of PEDF deficiency and the subse-
quent downregulation of its receptors. On the other hand,
however, because ERK1/2 can also be activated by NGF and
other neurotrophic factors, its inactivation could be a result
of PEDF-induced decreases in levels of other neurotrophic
molecules and receptors or because of a concerted effect
from loss of PEDF and decreased levels of these factors.
Regardless of whether its effect is direct or indirect, this
study implicates both PEDF and the MAPK pathway in
mechanisms that control corneal nerve growth and func-
tion. Lack of PEDF similarly increased AKT protein levels
and decreased its activation in the TG, but these changes
were not evident in the cornea. This may well be because the
cornea receives other AKT stimulating factors via increased
tear levels from the lacrimal gland.

From our data, our proposed model suggests that with
a loss of endogenous PEDF ligand, levels of PEDF-Rs are
decreased, resulting in the inactivation of key PEDF down-
stream signals via ERK1/2 and AKT, which might lead to a
cascade of transcriptional events that has a negative effect

on many corneal trophic supporting factors and proteins
involved in corneal function. This, in turn, could result in the
disruption of corneal nerve innervation, decreased corneal
sensitivity, thinning of the corneal stroma, loss of stromal
cells and a compensatory increase in nutrient and trophic
laden tear volume to mitigate these events (Fig. 8).

Overall our results show that PEDF, PEDF receptors, and
several neurotrophic factors are expressed in the corneal
supporting tissues of the TG, LG and the MG and that PEDF
is an essential molecule for the development and mainte-
nance of corneal nerve growth and the health and function
of the ocular surface. The pleiotropic effects of its removal
on multiple factors, receptors and signal pathways suggest
that it serves as a master integrator of many factors important
for maintaining this tissue and can be exploited as a poten-
tial therapeutic option for corneal nerve pathology and other
ocular surface diseases.
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