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A B S T R A C T

Purpose: To investigate the effect of repetitive magnetic stimulation (RMS) on corneal epithelial permeability in
a rabbit model of exposure keratopathy.
Methods: 61 female New Zealand White (NZW) rabbits were treated on one eye with repetitive magnetic sti-
mulation (RMS) at a frequency of 20 Hz for 15min. The other eye was untreated. Rabbit eyes were kept open for
2 h to induce acute corneal desiccation. The extent of fluorescein corneal staining was evaluated using EpiView
software and the concentration of fluorescein in the anterior chamber was determined by a fluorometer. Safety
was evaluated by electroretinogram, spectral domain optical coherence tomography (SD-OCT) and histo-
pathology. Expression pattern of corneal cell markers was determined by immunofluorescence.
Results: A significant decrease in fluorescein concentration in the anterior chamber (54 ± 8.4 ng/ml vs.
146.5 ± 18.6 ng/ml, p= 0.000001) and in corneal surface fluorescein staining score (1.7 ± 0.2 vs. 4.6 ± 0.6,
p= 0.00001) was obtained in RMS-treated eyes compared with control eyes, respectively. RMS treatment re-
duced by nearly 4 fold the percentage of corneal area with epithelial erosions by anterior segment SD-OCT. The
therapeutic effect was maintained for at least 3 months. Increased expression of epithelial tight junction protein
Zo-1 was observed in treated eyes. SD-OCT and histopathology analysis revealed no pathological changes in the
treated or non-treated eyes.
Conclusions: RMS treatment decreases epithelial corneal erosions in a rabbit model of exposure keratopathy,
with no indication of pathological changes. RMS may present a novel treatment for protection of corneal epi-
thelium from desiccation.

1. Introduction

The maintenance of ocular surface lubrication is critical for proper
corneal function, as it protects the non-keratinized corneal epithelium
from dehydration, provides nourishment to the avascular cornea and
plays a significant role in the refractive power of the cornea [1]. Tear-
film production and secretion is tightly controlled by a neural feedback
loop which involves the corneal nerves and corneal epithelial cells [2].

Exposure keratopathy is a clinical syndrome characterized by da-
mage to the cornea from dryness due to incomplete eyelid closure (la-
gophthalmos) or low blink frequency that result in evaporative tear loss
and tear film insufficiency. Patients with exposure keratopathy may
suffer from epithelial erosions, pain, foreign body or burning sensation,

blurring of vision, watering, redness and photophobia. If left untreated,
and in severe cases, exposure keratopathy might cause corneal edema,
microbial keratitis, corneal perforation, endophthalmitis and vision loss
[3–5]. Risk factors for exposure keratopathy include lid malposition,
exophthalmos, iatrogenic events such as anesthesia and ocular surgery,
trigeminal (V) and facial (VII) cranial nerve palsy, multiple sclerosis
and tumors [5–7].

The corneal epithelium is innervated by a dense network of neu-
ronal endings originating from the trigeminal nerve that mediate sen-
sory inputs of mechanical, chemical, and thermal stimuli (reviewed in
Ref. [8]). These neurons secrete trophic factors that mediate cell-cell
communication in corneal epithelial cells and contribute to the main-
tenance of corneal epithelium homeostasis and barrier functions
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[9–11]. The critical role of corneal neuronal function was demonstrated
in studies in which lesions in the trigeminal nerve caused corneal
dystrophy, and sensory denervation reduced corneal wound healing
[12,13]. In vitro studies demonstrated that the corneal neurons and
epithelial cells communicate via purinergic and glutamatergic receptors
that mediate epithelial cell wound response [14].

Transcranial Magnetic Stimulation (TMS) is a neurostimulation and
neuromodulation technique, based on the principle of electromagnetic
induction of an electric field in the brain [15]. The basic principle of
TMS is that most neuronal axons that fall within the volume of mag-
netic stimulation become electrically excited, trigger action potentials
and release neurotransmitter into the postsynaptic neurons. When TMS
pulses are applied repetitively (rTMS) they can modulate cortical ex-
citability, decreasing or increasing it, depending on the parameters of
stimulation, even beyond the stimulation duration [16]. Repetitive TMS
allows for a more sustained neurological intervention than TMS, gen-
erating lasting cortical effects that remained after the cessation of sti-
mulation [17]. Repetitive TMS has been studied in clinical trials for
non-invasive mapping of human brain physiology and for treatment of
numerous neurological and psychiatric illnesses, such as depression
(FDA approved since 2008), schizophrenia, Parkinson's disease, and
pain syndromes [18–20].

Repetitive TMS modulates the turnover of neurotransmitters and
ion (Na+, K+, and calcium) channels and the ion balance in neuronal
systems [21,22]. In addition, rTMS has long-term effects by induction of
intra-cortical inhibitory circuits and long-lasting potentiation that lead
to cortical remodeling [16,23–25]. Animal studies demonstrated that
some of these long term effects are mediated by the induction of tran-
scription factors such as c-fos and CREB, activation of signaling path-
ways such as ERK1/2 and expression of growth factors such as BDNF
[26–28].

Recently, rTMS was reported to modulate the glutamate-mediated
blood brain barrier by neuronal activation [29] and glutamate was
shown to play a key role in the corneal epithelium wound response
[14]. Since, as indicated above, corneal epithelium health depends on
the function of corneal neurons and since repetitive magnetic stimula-
tion (RMS) was shown to affect neuronal activity, glutamate-mediated
barrier function and the expression of growth factors in the brain, we
hypothesized that RMS treatment may potentially improve the health
and barrier functions of the corneal epithelium in exposure kerato-
pathy. Here we demonstrate that RMS treatment protects corneal epi-
thelial barrier function under acute dryness conditions in rabbit eyes.

2. Materials and methods

2.1. Animals

Sixty one female New Zealand White (NZW) Rabbits age 12–14
weeks were purchased from Envigo (previously, Harlan) Laboratories,
Israel, Rehovot, and were housed at the Goldschleger Eye Research
Institute animal facility at the Sheba Medical Center. All animal pro-
cedures and experiments were conducted with approval and under the
supervision of the Institutional Animal Care Committee at the Sheba
Medical Center, Tel-Hashomer (IRB numbers 754/12, 1009/16) and
conformed to the recommendations of the Association for Research in
Vision and Ophthalmology Statement for the Use of Animals in
Ophthalmic and Vision Research. Study groups are detailed in
Supplementary Table 1.

2.2. RMS treatment

Repetitive magnetic stimulation (RMS) was applied to one eye pre-
evaluated for the absence of epithelial damage. The eye was exposed to
a single session of RMS at 20 Hz for a total duration of about 15min,
according to Epitech Mag Ltd. protocol (Supplementary Fig. 1).

2.3. Rabbit exposure keratopathy model

Corneal desiccation was performed following the protocol we pre-
viously described [30]. Briefly, rabbits were anesthetized with an in-
tramuscular injection of ketamine (35 mg/kg) and xylazine (5 mg/kg)
and eyes were kept open using 15 mm wire speculum for 140 min under
controlled temperature and humidity conditions (24 °C, 55% relative
humidity). Then, the speculums were removed and fluorescein corneal
staining was performed, followed by AS-SD-OCT imaging. Five micro-
liters of 5 mg/ml sodium fluorescein (Fluorescein® Novartis) were in-
stilled on the anesthetized rabbit corneas. After 30 s, corneas were
extensively washed with 0.9% w/v Sodium Chloride (B. Braun, Mel-
sungen AG Germany). Five minutes after fluorescein instillation, the
corneas were photographed with a SONY digital HD video camera
(HDR-SE12E) with the lens covered with a Rosco yellow (E-COLOR+).
The eyes were illuminated with a fiber optic light source illuminator
(Volpi AG intralux 6000, Schlieren, Switzerland) covered with a blue
filter (Rosco E-COLOR+). The fluorescein corneal staining was graded
using EpiView® software, as we previously described [30].

2.4. Fluorometry measurement

0.1ml taps of the anterior chamber were evaluated for fluorescein
concertation using a fluorometer (FLx800 Fluorescence Microplate
Reader, BioTek) at wavelengths of 485 nm (excitation) and 528 nm
(emission).

In preliminary studies the fluorescein concertation in the anterior
chamber differed by up to 20% between desiccated non-treated eyes
(data not shown). Hence, a positive therapeutic effect was defined as a
30% lower fluorescein concentration in anterior chamber in RMS-
treated eye vs. the contralateral non-treated eye for the therapeutic
effect duration and dose response experiments.

2.5. Spectral Domain Optical Coherence Tomography (SD-OCT)

All rabbits were tested by multicolor fundus imaging and SD-OCT
imaging of the visual streak 1 week before and 5 h after RMS treatment
and then every 2-week following treatment. Three rabbits completed a
follow-up of 1 year. Rabbits were anesthetized as indicated above. Eye
drops of 0.5% tropicamide (Fisher Pharmaceuticals Labs) were applied
before image acquisition. Eyes were subjected to OCT imaging with
Spectralis® Multicolor OCT (Heidelberg Engineering, Heidelberg,
Germany), as we previously described [31,32]. Rabbits were placed on
a platform with the visual streaks (3mm ventral to the optic nerve
head, ONH) located at the center of the image. Duration of the proce-
dure was approximately 15min per eye. Rectangular scans were per-
formed with 768 A-scan per B-scan, with a total of 25 B-scan per frame.

2.6. Anterior Segment Spectral Domain Optical Coherence Tomography
(AS-SD-OCT)

Spectralis Multi Color Blue Peak OCT plus (Heidelberg) equipped
with anterior segment module was used to assess the anatomy of the
cornea, as we previously described [30]. AS-SD-OCT imaging was
performed following fluorescein staining. Rectangular scans of the
central cornea were performed with 1024 A-scans per B-scan, with a
total of 21 B scans per frame. To evaluate percentage of corneal area
with an epithelial defect, the length of the corneal section (LCS) and the
total length of epithelial defects (LED) in each B-scan were measured
using Image J (v, 1.48, National Institutes of Health, Bethesda, MD,
USA). The LCS and LED from all B-scans were summed up and the
percentage of corneal area with an epithelial defect was calculated by
the formula: AS-SD-OCT Score=100X Sum [LED1-21]/Sum [LCS1-
21], as we previously described [30]. The LEDs and LCSs were mea-
sured by three observers and only measurements that were agreed upon
by all three observers were included.
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2.7. Intraocular pressure (IOP) measurement

IOP measurements were performed using a TONO-PEN XL
Tonometer (Reichert, Inc., USA) under anesthesia. The measurement
included covering of the instrument tip with a purpose-made cup, ca-
libration of the instrument per manufacturer instructions and gently
touching the cornea with the tip of the tonometer. Five readings were
taken and the average value was recorded.

2.8. Electroretinogram (ERG) recording

Rabbits were anesthetized as indicated above. ERGs were recorded
from both eyes simultaneously using corneal contact lens ERG-jet
electrodes (Micro Components, Universo Pastique, Switzerland) as we
previously described [32]. Dark-adapted ERG was performed following
2 h dark adaptation. Light-adapted ERG was tested after 10min light
adaptation. Light intensities were 0.023, 0.25, 2.4, 4.4 and 23.5 cd-s/
m2.

2.9. Histology

Rabbits were sacrificed 5 h, 1 day, 1 week, 1 month, 2 months and 6
months following treatment, and their eyes were fixed in 3.7% for-
maldehyde for 24 h, followed by embedding in paraffin [31,32]. Sec-
tions were stained with H&E and carefully examined for any changes in
eye structure.

2.10. Immunofluorescence of eye sections

Paraffin sections were incubated following citrate buffer antigen
retrieval with antibodies detailed in Supplementary Table 2 followed by
extensive washes in PBS and incubation with fluorescently labeled
secondary antibodies detailed Supplementary Table 2.

TUNEL staining was performed following manufacturer instructions
(In Situ Cell Death Detection Kit, TMR red, Roche). Briefly, following
rehydration, sections were incubated in permeabilisation solution
(0.1% Triton X-100, 0.1% sodium citrate) for 2min on ice, followed by
incubation with the TUNEL reaction mixture for 1 h at 37 °C.

All sections were counterstained with 4′,6-Diamidino-2-pheny-
lindole (Vector, Laboratories, Burlingame CA) and examined and pho-
tographed by a fluorescent microscope (Olympus BX51).

Corneal epithelial cell apoptosis and proliferation were determined
by counting the number of TUNEL-positive and Ki67-positive corneal
epithelial cells, respectively, in the entire cornea section, divided by the
length of the cornea, using Image J.

2.11. Immunofluorescence of whole-mount cornea tissues

Under a dissecting microscope (Leica Wild M690; Wild Herring,
Herring, Switzerland), the retina, lens, and iris were discarded and six
radial incisions were made in each cornea. Each cornea was fixed in situ
in PBS with 3.7% formaldehyde for 5min, and then was permeabilized
with acetone for 3min at −20 °C. Subsequently, the corneas were
washed in PBS with 1% Triton X-100 and 1% dimethyl sulfoxide
(DMSO; PTD buffer). Corneas were incubated in 1% BSA diluted in PTD
buffer for 1 h followed by incubation with a solution containing rat
anti-rabbit ZO-1 antibody (dilution 1:100, clone R40.76, Millipore) for
16 h with agitation at 4 °C. The tissues were extensively washed with
PTD buffer, incubated with FITC-conjugated secondary antibody
(Sigma) for 1 h at 4 °C. The whole-mount cornea tissues were mounted
epithelial side up on a slide, counter-stained with DAPI and examined
with a confocal microscope (Leica TCS SP5 II.)

2.12. Statistical analysis

Normality of data was tested by the Shapiro-Wilk test. Wilcoxon

signed ranks test was used to assess the effect of RMS treatment on
fluorescein concertation in anterior chamber, corneal surface fluor-
escein staining score, the percentage of corneal area with epithelial
erosions by AS-OCT. The difference in the ratio between treated vs. non
treated eyes between RMS treatments at output 40% and 50% was as-
sessed by Mann-Whitney. Kaplan - Meier estimate was used to evaluate
the duration of RMS therapeutic effect. To test the significance of RMS
effect on Schrimer's test and IOP, Wilcoxon signed-ranks test was used
for pairwise comparisons at each time point. Friedman Test was used
for testing the significance of change in Schrimer's test between time
points. One way ANOVA analysis was performed to evaluate the effect
of RMS treatment on ERG, with Bonferroni correction for multiple
comparisons. All analyses were performed using SPSS for windows
version 20.0. Differences were considered significant if p < 0.05.

3. Results

3.1. Evaluation of RMS treatment efficacy

3.1.1. Determination of fluorescein penetration through the corneal
epithelial barrier in rabbit eyes

To test the effect of RMS treatment on corneal epithelium barrier
integrity we selected sodium fluorescein as the model-penetrating
agent. We chose to use fluorescein due to its common use in clinical
setting for diagnosis of corneal epithelial damage, high ocular safety
profile (used daily in clinical practice), its hydrophilic nature, and the
fact that its concentration in the anterior chamber can be measured
with good precision and reproducibility using a fluorometer. In healthy
eyes, the baseline corneal permeability of this hydrophilic substance is
low, due to the corneal barrier function. As shown in Supplementary
Fig. 2, fluorescein concentration in the anterior chamber (AC) increased
with time, with a peak at 60min following dye application. Fluorescein
concentration in the anterior chamber was significantly higher, by up to
70 fold, in desiccated eyes as compared with healthy-non treated eyes.

The concentration of fluorescein found in the AC of the rabbits
presented similar dynamics to those found in a study on human eyes in
which permeation of healthy eyes was compared with that of eyes with
compromised corneal epithelium [33].

3.1.2. RMS treatment protects corneal epithelium under desiccation
conditions

Next, we examined the effects of RMS treatment on corneal epi-
thelium health. For this aim, 36 rabbits were treated in one eye with
RMS 1hr prior to desiccation and fluorescein application. The con-
tralateral eye was not treated with RMS and was used as control. Both
eyes were left open for 140min to induce eye desiccation as detailed in
“Materials and Methods” section. Rabbits treated with RMS at 40%
output intensity presented with significantly reduced fluorescein pe-
netration into the anterior chamber following desiccation, by nearly 3-
fold (mean ± standard error (SE): 176.0 ± 26.8 ng/ml vs.
56.7 ± 13.0 ng/ml for control vs. RMS treatment, respectively,
Wilcoxon signed ranks test p= 0.0004, n= 16). Similarly, rabbits
treated with RMS treatment at 50% presented with significantly lower
fluorescein penetration into the anterior chamber following desiccation
(121.3 ± 25.0 ng/ml vs. 51.9 ± 11.3 ng/ml for control and treated
eyes, respectively, Wilcoxon signed ranks test p= 0.001, n=20).
There was no significant difference in the ratio between treated vs. non
treated eyes between the two treatment groups (Mann-Whitney
p=0.132). Taken together, RMS treatment significantly reduced
fluorescein penetration into the AC following desiccation, by nearly 3-
fold (146.5 ± 18.6 ng/ml vs. 54 ± 8.4 ng/ml for control and treated
eyes, respectively, Wilcoxon signed ranks test p value= 0.000001,
Fig. 1A).

In addition, rabbit eyes were examined by a fluorescent slit lamp
microscope. Following 140min of desiccation, significant corneal
fluorescein staining was evident in control eyes, reflecting
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discontinuities in the tear film and damage to the corneal epithelium
(Fig. 1C). Fluorescein corneal staining was quantified using the Epiview®
software as describe in the “Material and Methods” section. In rabbits
treated with RMS at 40% and 50% output intensity, the fluorescein
staining score was significantly lower in treated eyes compared with the
contralateral non-treated eyes (mean ± SE: 1.8 ± 0.5 for RMS 40%
vs. 5.5 ± 0.94 for control, Wilcoxon signed ranks test p value
p=0.007, n= 10; 1.6 ± 0.2 for RMS 50% vs. 4.1 ± 0.7 for control,
Wilcoxon signed ranks test p value p= 0.001, n=20). There was no
significant difference in the ratio between treated vs. non treated eyes
between the two treatment groups (Mann-Whitney p=0.53). Taken
together, the fluorescein staining score in control eyes ranged between
0.5 and 11.9 [mean ± SE, 4.6 ± 0.6, Fig. 1B]. By contrast, RMS
treated eyes presented significantly reduced fluorescein corneal
staining with fluorescein staining score ranging between 0.1 and 5.4
(mean ± SE, 1.7 ± 0.2, Wilcoxon signed ranks test p value
p=0.00001, Fig. 1B).

3.1.3. RMS treatment prevents corneal epithelium erosions as determined by
AS-SD-OCT

We have previously demonstrated that AS-SD-OCT may be used to
evaluate corneal lesions following desiccation in rabbit eyes in vivo
[30]. As shown in Fig. 2, RMS treatment reduced by nearly 4-fold the
percentage of corneal area with an epithelial defect as determined by
AS-SD-OCT imaging analysis. RMS treated eyes had significantly
smaller epithelial defects compared to control non-treated eyes (2.1%
[SE=0.87] vs 7.8% [SE= 2.4], Wilcoxon Signed-Rank Test
p=0.012).

3.1.4. RMS treatment protects corneal epithelium tight junction structures
under desiccation conditions

Next, we evaluated the effect of RMS treatment on corneal epithe-
lium tight junctions (TJs). Staining for Zonula occledens-1 (Zo-1) de-
monstrated that the RMS treatment protected Zo-1 positive TJ struc-
tures in corneal epithelium under desiccation conditions. In control

eyes (that underwent desiccation with no RMS treatment), the pattern
of Zo-1 staining was discontinuous and patchy, and areas lacking Zo-1
expression were observed (Fig. 3A, highlighted with a white asterisk).
By contrast, in RMS-treated desiccated corneas, a continuous pattern of
ZO-1 immunoreactivity around the perimeter of corneal epithelial cells
was demonstrated (Fig. 3B).

3.1.5. The therapeutic effect of a single RMS treatment lasts for at least 3
months

To examine the long-term effect of RMS treatment, seven rabbits
were treated with RMS on one eye at the baseline time point, followed
by exposure to desiccation conditions of both eyes every two weeks.
The proportion of rabbits demonstrating a positive therapeutic effect
(as defined in the "Materials and Methods" section 2.4) was determined
at each time point. The therapeutic effects of a single RMS treatment
were maintained for at least 3 months in all rabbits (Fig. 4). Two rabbits
demonstrated significantly longer (11 month) duration of therapeutic
effect.

3.1.6. Dose response of RMS treatment
Next, we determined the minimal effective magnetic stimulation

intensity required for protecting corneal epithelium from desiccation.
To this aim, rabbits were treated with RMS at lower intensities (10 and
1% output intensity). As shown in Table 1, the minimal magnetic sti-
mulation intensity resulting in>80% of the rabbits presenting with
successful treatment is 40% output intensity.

3.2. Evaluation of RMS treatment safety

3.2.1. Bio-microscopy analysis demonstrates no pathological changes
following RMS treatment

Five rabbits underwent a comprehensive complete ophthalmic slit-
lamp biomicroscopy clinical-grade examination by a senior ophthal-
mologist (a retina specialist) before and following RMS treatment on
one eye at 40% (2 rabbits) and 50% (3 rabbits) RMS output intensity at

Fig. 1. RMS treatment significantly reduced fluorescein penetration into the AC and corneal staining in desiccated eyes.
In each rabbit, one eye was non-treated (control) and the second eye was treated with RMS prior to desiccation of both eyes. A- Fluorescein concentration in the
anterior chamber was measured 60min after application of fluorescein (n= 36; Mean ± SE). B- Fluorescein corneal staining score was determined using EpiView®
software [30] (n=30; Mean ± SE). C- Representative images of fluorescein corneal staining of both eyes of a rabbit, one eye was not treated (Control) and the
second eye was treated with RMS (Treatment) prior to desiccation of both eyes.
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1 day, 1, 2, 5 and 9 weeks. In all eyes (treated and contralateral controls
eyes) of all rabbits, no pathological findings were observed in any of the
ocular tissues: eyelids, conjunctiva, cornea, anterior and posterior
chambers, iris, pupil, lens, angle, vitreous body, optic nerve, optic disc
(data not shown).

In addition, SD-OCT analysis of the posterior segment demonstrated

no pathological findings in any of the rabbits tested at the time points
indicated in the “Materials and methods” section. No retinal detach-
ment or choroidal hemorrhages or any other pathologies were de-
monstrated in any of the treated or contralateral control eyes following
40% or 50% RMS treatments. Retinal thickness was measured in 10
rabbits. There were no significant differences in retinal thickness be-
tween the different time points following RMS treatment (all p > 0.05,
Supplementary Tables 3 and 4).

3.2.2. Histopathology analysis of the posterior segment demonstrates no
adverse effects of RMS treatment

To further evaluate the safety of RMS treatment, twenty five rabbits
were sacrificed at various time points following RMS treatment as in-
dicated in the "Materials and methods" section. No gross or microscopic
changes or inflammatory reactions were observed in any of the treated
eyes, in either 40% (n=11) or 50% (n= 14) output intensity or in the
contralateral non-treated control eyes. As shown in Supplementary
Tables 5 and 6, there were no significant differences in the thickness of
retinal photoreceptor outer nuclear layer (ONL), inner nuclear layer
(INL) or ganglion cell density. Furthermore, no significant changes were
detected in central corneal thickness or endothelial cell count in RMS
treated vs. non-treated eyes.

Fig. 2. RMS treatment reduced the percentages of corneal area with an epithelial defect as determined by AS-SD-OCT.
Representative AS-SD-OCT images of RMS treated (A) and contralateral non treated eye (B) following desiccation. AS-SD-OCT was performed and the percentages of
corneal area with an epithelial defect was determined as described in the “Materials and Methods” section (C). Data are presented as mean ± SE (n= 8).

Fig. 3. RMS treatment protect TJ structure under desiccation conditions.
Whole-mounted rabbit corneas removed immediately following acute desicca-
tion conditions from control non-treated (A) and RMS-treated eyes (B) were
stained with an antibody directed against Zo-1 (green). Cell nuclei were
counterstained with DAPI (blue). An area with patchy Zo-1 staining is high-
lighted with a white asterisk in the representative image of a control eye (A).
N=4 each group.
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3.2.3. RMS does not significantly affect tear secretion
To determine the effect of RMS treatment on tear secretion,

Schrimer's test was performed in three rabbits. As shown in Fig. 5, there
were no significant changes in tear secretion following 50% RMS

treatment (all P-values > 0.11). There were no significant differences
in the Schrimer's test scores between time points in each group (control:
p= 0.711; RMS: p= 0.07).

3.2.4. RMS has no significant effect on retinal function
To determine the effect of RMS treatment on retinal function, both

eyes of three rabbits were tested by electroretinogram (ERG) 1 week
before and at various time points following 50% RMS treatment on one
eye. ERG testing assesses photoreceptor (a-wave component) and
second-order neuron (b-wave component) function [34–36]. The
function of cones and rods can be assessed by performing the test under
light or dark adaptation, respectively [36,37]. As shown in
Supplementary Figs. 3 and 4, RMS treatment had no significant effect
on a-wave (p= 0.667, p=0.612) or b-wave (p=0.817, p= 0.977)
recordings under dark or light adaptations, respectively.

3.2.5. RMS has no significant effect on intraocular pressure (IOP)
IOP was measured in control and RMS treated eyes before RMS

treatment and at various time points following RMS treatment in 3
rabbits (Fig. 6). IOP was below 21 mmHg throughout the follow-up
period and no significant changes in IOP were recorded between con-
trol and RMS treated eyes (all p > 0.29).

3.2.6. RMS treatment has no effect on rabbit general health and weight
Rabbits were monitored weekly for general health and weight by a

veterinarian. All rabbits presented with good general health. As shown
in Fig. 7, no weight loss was recorded following RMS treatment.

3.2.7. Effect of RMS treatment on corneal epithelial apoptosis
Corneal cell apoptosis rate was determined by TUNEL staining. In

all groups very few cells were TUNAL-positive, with a mean of less than
11 cells/10mm corneal length (Fig. 8). Although the mean TUNEL-
positive cells/10mm cornea was lower in the RMS group at 1 day and 1
week following treatment compared with the contralateral non-treated
eyes, this difference was not statistically significant (Fig. 8G, all
p > 0.11).

3.2.8. Effect of RMS on corneal epithelial cell proliferation and
differentiation

Corneal cell proliferation was determined by staining with a Ki67

Fig. 4. A single RMS treatment protects corneal epithelium for at least 3
months.
The percentage of rabbits with positive therapeutic effect is plotted against
months following a single RMS treatment in a Kaplan–Meier estimator (n= 7).

Table 1
Dose response of RMS treatment efficacy.

Output intensity Successful treatment (No. of rabbits) % Successful therapy

50% 17/20 85
40% 15/16 94
10% 3/5 60
1% 1/3 33

Rabbits were treated with a single RMS treatment at indicated output intensity,
followed by desiccation for 140 minutes and fluorescein application. Treatment
was considered successful if the fluorescein concentration in the anterior
chamber was at least 30% lower in RMS treated eye compared with the con-
tralateral non-treated eye, as described in "Materials and methods" section 2.4.

Fig. 5. RMS treatment has no significant effect on tear secretion.
Three rabbits were tested by Schrimer's test before (pre) and at indicated time
points [1 day (1d); 1 week (1w); 5 weeks (5w) and 9 weeks (9w)] following
RMS treatment at 50% output intensity on one eye in 3 rabbits. The con-
tralateral eyes were not treated and used as control. Wilcoxon signed-ranks test
p-Value for each time point is indicated in the graph.

Fig. 6. RMS treatment at 50% output intensity has no significant effect on
IOP.
IOP was measured in both eyes of 3 rabbits before (baseline) and at indicated
time points following RMS treatment on one eye in the treated (RMS, triangles)
and in the non-treated contralateral eyes (control, squares). Measurements were
performed at indicated time points (x-axis). Data are presented as mean ± SE.
IOP measurements were performed using a TONO-PEN XL Tonometer
(Reichert, Inc., USA). Five readings were taken and the average value was re-
corded. W-weeks. Wilcoxon signed-ranks test p-Value for each time point is
indicated in the graph.
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antibody. In all groups, very few cells were Ki67-positive, with a mean
of less than 10 cells/10mm corneal length (Fig. 9). There were no
significant differences between the groups at 4 h, one day and one week
following RMS treatment (all p > 0.1, Fig. 9G).

In addition, there were no substantial differences in the expression
patterns of epithelial cell markers between groups in those time points,
including: p63 that is specifically expressed in corneal stem cells in the
basal and suprabasal layers in the limbus and mostly in the basal layer
in the cornea; cytokeratin-3 which was expressed throughout the cor-
neal epithelium and in the upper epithelium layers in the limbus;
Cytokeratin 14 that was confined to the limbal cells in the basal and
supra-basal layers in all groups, suggesting the RMS treatment did not
significantly affect the differentiation pattern of cornel epithelium cells
(data not shown).

3.2.9. Effect of RMS on corneal epithelial gap junction and adherens
junction

No substantial differences were observed in the expression patterns
of the gap junction marker connexin 43 and adherens junction marker
integrin β1 between treatment and control groups at 4 h, 1 day and 1

week following RMS treatment. Connexin 43 staining was observed
throughout the corneal and limbal epithelium, whereas integrin β1 was
more strongly expressed in the basal and supra-basal epithelial cell
layers in the cornea and was confined to the basal cells in the limbus
(Fig. 10 and data not shown).

4. Discussion

In this study we report that RMS treatment protects corneal epi-
thelial barrier function under repeated, severe and acute desiccation in
rabbit eyes. Corneal fluorescein staining, the widely used clinical
testing for corneal surface health was significantly lower in RMS treated
eyes and significantly less fluorescein penetrated through the cornea
into the anterior chamber, strongly suggesting that RMS treatment
protected corneal epithelial cells from the desiccation stress. AS-OCT
imaging demonstrated significantly less erosions under desiccation
conditions in treated eyes compared with control eyes, further sup-
porting the ability of RMS to protect corneal epithelial cells from de-
siccation.

The formation of TJs between adjacent epithelial cells at the apical
plasma membrane forms the physical and functional corneal epithelial
barrier [38]. Zonula occludens-1 (Zo-1) is one of the major protein
components of TJs and plays a key role in TJ formation and main-
tenance and in maintaining corneal epithelial barrier function [38–40].
The major role that Zo-1 plays in corneal TJ formation prompted us to
examine the effect of RMS treatment on Zo-1 expression pattern in
whole-mounted corneas. Our results suggest that RMS treatment ame-
liorating the loss of these inter-cellular structures under desiccation
conditions. To the best of our knowledge this study demonstrates for
the first time such effect of RMS on corneal cells.

As epithelial cell health and barrier function depends on a cross talk
with the trigeminal nerve endings [12,14], it is plausible that RMS
treatment activated the trigeminal nerve that innervates the cornea
[41], leading to secretion of neurotransmitters and neurotrophic factors
that mediated the epithelial resistance to desiccation stress. Even
though no significant changes were observed in tear secretion by
Schrimer's test between RMS and control eyes, we cannot exclude the
possibility that RMS therapeutic effects may be mediated by the acti-
vation of the pterygopalatine ganglion cells that mediate the para-
sympathetic innervation of the lacrimal gland and conjunctival goblet
cells [42]. Recent translational studies by the Palanker group in rabbits

Fig. 7. RMS treatment has no significant effect on rabbit eight gain.
Rabbits were weighed weekly at indicated weeks following RMS treatment.
Data are presented as mean ± SE. Number of rabbits weighed at each time
point is indicated above the graph.

Fig. 8. RMS treatment has no significant effect on apoptosis rate in desiccated eyes.
Rabbit corneal sections were analyzed for apoptosis using TUNEL staining at 4 h (A & B, 4 h, n=4), 1 day (C & D, 1d, n=3) or 1 week (E & F, 1w, n=3) following
desiccation. Representative images of non-treated control eyes (A, C, E) and contralateral RMS treated eyes (B, D, F) are shown. Scale – 100 μm. G- Quantification of
TUNEL-positive cells. Data are presented as mean number of TUNEL positive cells/10mm cornea± SE. Wilcoxon signed-ranks p-values for comparison of RMS
treated and contralateral non-treated eyes at each time point are presented.
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followed by clinical trials suggest that electric stimulation of the la-
crimal gland and afferent nerves may alleviates dry eye symptoms
[43–45]. Another possibility to be explored in future studies is a direct
effect of RMS on the corneal epithelial cells. Studies in rabbits de-
monstrated that application of continuous electrical stimulation
(100mV/mm) on the eye lid increased the rate of epithelial healing
following epithelium removal [46].

Our findings demonstrated that a single RMS treatment protected
the cornea for at least three months of repeated desiccation, suggesting
that the treatment may have a significant long-term therapeutic effect.
Repetitive trans-cranial Magnetic stimulation (rTMS) treatments have
also been demonstrated to have short and long term effects on the
central nerve system. Long term effects of rTMS treatment were sug-
gested to be mediated by induction of changes in gene and protein
expression [23,26,28,47–49]. The effects of RMS corneal treatment may
be mediated by secretion of neurotrophic factors from the activated

trigeminal nerve that may induce short and long-term changes in the
corneal epithelium [14]. One possible candidate is the trigeminal nerve
neuropeptide substance P that was shown to enhance corneal epithelial
cell attachment in vitro by inducing E-cadherin expression [50]. Sub-
stance P also induces DNA synthesis and corneal epithelial cell growth
in-vitro [51,52]. A second candidate may be calcitonin gene-related
peptide (CGRP) that is expressed in the trigeminal ganglion cells in
animals and in humans [53] and was shown to induce prolonged pro-
liferative effects in corneal epithelial cells in vitro [52]. The rabbit
model established here will enable future studies to decipher the mo-
lecular mechanisms underlying the short- and long-term RMS ther-
apeutic effects in the cornea.

RMS treatment was performed in awake animals without inducing
any apparent pain, retinal or corneal side effects. Comprehensive safety
testing performed in 60 rabbits showed no adverse effects and no in-
dication of any pathological findings in the structure or function of the

Fig. 9. RMS treatment has no significant effect on cell proliferation in desiccated eyes.
Rabbit corneal sections were analyzed for number of cells in the cell cycle by staining for Ki67 at 4 h (A & B, 4 h, n= 4), 1 day (C & D, 1d, n= 3) or 1 week (E & F,
1w, n=3) following desiccation. Representative images of non-treated control eyes (A, C, E) and contralateral RMS treated eyes (B, D, F) are shown. Scale – 100 μm.
G− Quantification of Ki67-positive cells. Data are presented as mean number of Ki67 positive cells/10mm cornea± SE. Wilcoxon signed-ranks test was used for
comparison of RMS treated and contralateral non-treated eyes at each time point.

Fig. 10. RMS treatment has no significant effect on connexin43 or Integrin β1 expression pattern.
Rabbit corneal sections were analyzed at 4 h (A & B, G& H, 4 h, n= 4), 1 day (C & D, I & J, 1d, n=3) or 1 week (E & F, K & L, 1w, n= 3) following desiccation for
connexin 43 (red, A-F) or Integrin β1 (green, G - L) expression pattern. Blue- DAPI counter staining. Scale – 50 μm.

I. Sher, et al. The Ocular Surface 18 (2020) 64–73

71

Downloaded for Anonymous User (n/a) at Tel Aviv University from ClinicalKey.com by Elsevier on March 22, 2021.
For personal use only. No other uses without permission. Copyright ©2021. Elsevier Inc. All rights reserved.



rabbits' retina or cornea, including OCT imaging, electrophysiology
measurement of retinal function, bio-microscopy and histology ana-
lyses.

Our findings suggest that RMS treatment may protect the cornea
from severe desiccation stress with no adverse effects. Hence, RMS may
present an efficient and safe treatment for patients with exposure ker-
atopathy. The RMS treatment may ameliorate the discomfort, pain and
reduced vision in these patients. The translation of our findings to dry
eye disease associated with tear film instability remains to be de-
termined. Furthermore, RMS may be applicable for treatment of other
conditions where epithelium surface integrity is impaired such as dia-
betic neuropathy [54]. Future studies will be aimed at deciphering the
molecular mechanism underlying RMS therapeutic effects and its ap-
plication in corneal neuropathies.
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