FIGURE 4. Slit-lamp photographs and laser confocal microscopy scans from a patient with cytomegalovirus corneal endotheliitis
(Patient 2). (Top left) Slit-lamp photograph of the left cornea of Patient 2 at an initial visit to the hospital. (Top center) Coin-shaped
lesions and disciform edema were observed in the upper temporal region (arrowheads). (Top right) Epithelial basal cell layer in the
center of the cornea demonstrating normal results by Heidelberg Retina Tomograph 2 Rostock Cornea Module (HRT 2-RCM).
Bar = 50 pm. (Second row left) Increased intensity of Bowman layer with highly reflective tiny dots were observed. (Second row
middle) Aberrant shape of subepithelial nerves was observed (arrows). (Second row right) Subepithelial opacity with increased
reflectivity of keratocytes and highly reflective needle-shaped bodies were noted. (Bottom middle and left) Owl eye morphologic
features were detectable by HRT 2-RCM (arrows). Endothelial cell density was 1730 cells/mm?. (Bottom right) Highly reflective
round bodies were noted (arrows).

tative clinical diagnosis of CMV corneal endotheliitis, | stromal edema, because this may prevent visualization of
which may prevent further endothelial cell loss that may | the corneal endothelium layer.
happen while waiting for the PCR results. However, one We hypothesized that aggregates of highly reflective round

limitation of confocal microscopic examination is that the | bodies visualized by HRT2-RCM may correspond to the
device may not be useful for patients with severe corneal | coin-shaped lesions observed by slit-lamp biomicroscopy.
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That is, the coin-shaped lesions may correspond to necrotic
and aggregated corneal endothelial cells that are infected
with CMV. The fact that the owl eye morphologic features
are visualized better around the area of coin-shaped lesions,
but are not seen uniformly in the endothelial cell layer
(unpublished observation), also may support this hypothesis.

In conclusion, in vivo laser confocal microscopy is
capable of identifying characteristic corneal microstruc-
tural changes related to CMV corneal endotheliitis. Spe-
cifically, owl eye morphologic features and highly reflective

round bodies may be useful adjuncts for the noninvasive
diagnosis of CMV corneal endotheliitis. Additionally,
HRT2-RCM may be useful for monitoring the therapeutic
effects of systemic and topical antiviral drugs and may
provide information regarding the timing for discontinuing
medications without multiple anterior chamber tap. Fur-
ther studies using a large number of patients and including
other types of endothelial diseases are required to elucidate
fully the clinical significance of owl eye morphologic
features in CMV endotheliitis.
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Abstract

Purpose: To evaluate the effect on intraocular pressure (IOP) of increased corneal thickness after
Descemet’s stripping automated endothelial keratoplasty (DSAEK) and of non-Descemet’s stripping
automated endothelial keratoplasty (nDSAEK) as measured by four different techniques.

Methods: Twenty-four eyes (22 patients; mean age, 74.0 years) with successful DSAEK (11 eyes) or
nDSAEK (13 eyes) treatment at least 3 months prior to testing were enrolled. IOP was measured with
Goldmann applanation tonometry (GAT), dynamic contour tonometry (DCT), pneumatonometry, and
Tono-Pen XL (Tonopen). Central corneal thickness (CCT) was measured by ultrasonic pachymetry.
These data were used for statistical analysis.

Results: Mean IOP measured by GAT, DCT, pneumatonometry, and Tonopen was 14.4, 13.9, 11.2, and
13.2 mmHg, respectively, in the DSAEK group; and 15.0, 14.4, 12.5, and 14.4 mmHg, respectively, in the
nDSAEK group. Correlations between IOP and CCT were not statistically significant in either group.
Pressure measured by pneumatonometry was significantly and consistently lower than that obtained by
the other three methods.

Conclusion: For both DSAEK and nDSAEK, IOP readings by the four tonometers seem to be unrelated
to artificially thickened corneas. Jpn J Ophthalmol 2011;55:98-102 © Japanese Ophthalmological

Society 2011
Keywords:

DSAEK, endothelial keratoplasty, intraocular pressure, nDSAEK

Introduction

Over the past several years, new surgical techniques have
been reported for bullous keratopathy that replace only
the dysfunctional posterior portion of the cornea through a
scleral pocket incision.'” These techniques completely elim-
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inate surface corneal incisions and sutures, maintain much
of the cornea’s structural integrity, and induce minimal
refractive changes, suggesting distinct advantages over
standard penetrating keratoplasty. Recently, preparation of
donor tissue for this type of procedure, termed endothelial
keratoplasty, has been made easier with the utilization of an
automated microkeratome. The enhanced surgical proce-
dure with the automated microkeratome is known as
Descemet’s stripping automated endothelial keratoplasty
(DSAEK).*® Recently, we reported a successful modifica-
tion of DSAEK without Descemet’s membrane peeling for
bullous keratopathies secondary to Argon laser iridotomy;
we termed the modified procedure non-Descemet’s strip-
ping automated endothelial keratoplasty (nDSAEK).”®
After both DSAEK and nDSAEK surgery, corneal
thickness inevitably increases owing to the addition of the
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donor graft. Therefore, there is a possibility that intraocular
pressure (IOP) measurement methods dependent on
normal corneal thickness, such as Goldmann applanation
tonometry (GAT), may produce less accurate readings.
The purpose of the current study was to evaluate the
effect of both post-DSAEK and nDSAEK increased corneal
thickness on IOP readings obtained with one of the follow-
ing four techniques: GAT, dynamic contour tonometry
(DCT), non-contact pneumatonometry, and miniaturized
digital electronic tonometry (Tono-Pen XL, or Tonopen).

Patients and Methods

This prospective, cross-sectional study was approved by
the Ethical Committee of Kanazawa University Graduate
School of Medical Science and complied with the tenets of
the Declaration of Helsinki. We evaluated 24 eyes (22
patients: 6 men, 16 women; mean age, 74.0 years) that had
undergone either successful DSAEK (11 eyes) or nDSAEK
(13 eyes) treatment at least 3 months prior to testing (mean
duration, 327.0 + 167.4 days; range, 103-621 days). The
causes of the corneal edema were post-argon laser iri-
dotomy (1724, 70.8%), followed by endothelitis (3/24,
12.5%), Fuchs dystrophy (2/24, 8.3%), pseudophakia (1/24,
4.2%), and pseudoexofoliation (1/24, 4.2%). Pseudoexofo-
liation syndrome is known to cause endothelial cell loss.’
None of the patients had a previous glaucoma procedure.
All surgeries were performed by a single surgeon (A. K.).
DSAEK and nDSAEK procedures are described in detail
by Kobayashi and Yokogawa and colleagues.”*" In brief,
donor grafts for all 24 eyes were prepared with a microkera-
tome (ALTK Cbm, Moria, Antony, France) equipped with
a 300-pm head and an 8.0-mm-diameter punch (Barron
donor cornea punch, Katena Products, Denville, NJ, USA).
In 14 of the 24 cases, simultaneous cataract procedures
(phacoemulsification and intraocular lens implantation)
were performed just prior to both the DSAEK and
nDSAEXK surgery. In the nDSAEK procedures, the Des-
cemet’s membrane scoring and stripping process was totally
eliminated.

We excluded patients with clinically detectable corneal
edema or other active corneal pathology such as an epithe-
lial defect or infection. Each patient enrolled in the study
underwent a comprehensive anterior segment evaluation.
All corneas evaluated in this study were crystal clear, and
none of the participants had corneal edema clinically
detectable by slit-lamp biomicroscopy at the time of study
evaluation.

All IOP measurements were performed by one of two
authors (A. K., H. Y.). Pressure was measured with Gold-
mann applanation tonometry (GAT) and dynamic contour
tonometry (DCT: PASCAL, Swiss Microtechnology, Zurich,
Switzerland),"*? pneumatonometry (TX-F, Canon, Tokyo,
Japan), and Tonopen (Tono-Pen XL; Mentor Massachusetts,
Norwell, MA, USA). Measuring was conducted in the
following sequence: pneumatonometry, GAT, DCT, and
Tonopen. The time interval between measurements using

99

each technique was about 5 min. Two measurements on
average were obtained with each technique; additional mea-
surements were performed only if the difference between
the first and second measurements exceeded 2 mmHg,. For
DCT measurement, a DCT module was mounted onto a
slit-lamp biomicroscope (30SL-M, Carl Zeiss Japan, Tokyo,
Japan), after which a disposable sensor cap was attached.
After the cornea was anesthetized, the measuring tip was
aligned so that the pressure sensor was centered within the
contact zone for 3-5 s. IOP readings and the quality of the
measurement were displayed on the digital screen; a reading
of quality (Q) 1 to Q3 (with Q1 the best) was considered
acceptable. Poor readings (rated Q4 to Q5) were discarded,
and the pressure was measured again. Central corneal thick-
ness (CCT) was measured by ultrasonic pachymetry (DGH
500; DGH Technology, Exton, PA, USA). Three measure-
ments on average were used for the analysis of total corneal
thickness.

Bland-Altman plots were examined to assess agreement
between each pair of measurement methods.”” The mean
pressure measurement for each pair of methods was plotted
on the x axis, with the difference in measurements between
methods plotted on the y axis. In brief, if the two measure-
ments were nearly identical, the mean difference would be
close to zero. In addition, correlations between CCT and
pressure measurements were assessed.

Descriptive statistics were expressed as mean + standard
deviation (SD). For all analyses, P values of less than 0.05
were considered statistically significant. Sample size calcula-
tion was performed as described previously," when IOP
measured by DCT and GAT was compared.

Results

Pressure was consistently measured with good quality using
DCT (all patients scored Q3 on the quality scale). In the
DSAEK group, mean pressure measured by GAT was 14.4
+ 3.6 mmHg, by DCT 13.9 £ 3.0, by pneumatonometry 11.2
+ 3.6, and by Tonopen 13.2 + 4.1. In the nDSAEK group,
mean pressure measured by GAT was 15.0 + 3.2 mmHg, by
DCT 144 + 2.5, by pneumatonometry 12.5 £ 3.2, and by
Tonopen 14.4 £ 3.0.

Two-sided paired-difference ¢ tests and Bland-Altman
plots indicated that pressure measured by pneumatonom-
etry was significantly and consistently lower than that
obtained with the other three methods: GAT (DSAEK,
P < 0.001; nDSAEK, P < 0.001), Tonopen (DSAEK, P =
0.003; nDSAEK, P = 0.003), and DCT (DSAEK, P < 0.001;
nDSAEK, P <0.001). This was true in both the DSAEK and
nDSAEK groups (Figs. 1, 2).

In the DSAEK group, correlations between pressure and
CCT (629 + 86 pwm; mean, 627 pm,; range, 482-784 um) were
not statistically significant for any of the techniques: GAT
(r=0.371, P =0.262), DCT (r = 0.353, P = 0.287), pneuma-
tonometry (r = 0.359, P = 0.278), and Tonopen (r = 0.107, P
= 0.754). The same insignificant findings were true for the
nDSAEK group (CCT: 654 £ 40 um; mean, 660 um; range,
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584-719 pm): GAT (r =-0.169, P =0.581), DCT (r=-0.272,
P = 0.369), pneumatonometry (r = 0.036, P = 0.906), and
Tonopen (r = -0.016, P = 0.959).

Discussion

After DSAEK surgery, the cornea is significantly thicker
than normal because of the microkeratome-dissected donor
endothelial lamella, an approximately 100~ to 200-um-thick
component of posterior stromal tissue, Descemet’s mem-
brane, and endothelium, all attached to the recipient’s
posterior corneal surface. Recently, successful elimination
of the Descemet’s membrane stripping process was
documented for non-Fuchs-type bullous keratopathy (e.g.,
aniridia® and failed penetrating graft'®). This procedure is
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plasty; GAT, Goldmann applana-
tion tonometry; DCT, dynamic
contour tonometry; Tonopen,
Tono-Pen XL.

10 15 20 25 30

termed nDSAEK,”® and it has produced good clinical
outcomes marked by superior visual acuity and minimal
induced astigmatism for patients with argon laser iridotomy-
induced bullous keratopathies.

Previously, researchers were unable to demonstrate
correlations between CCT and IOP as measured by three
techniques (GAT, pneumatonometry, and DCT) in
DSAEK-treated eyes," indicating that falsely elevated
GAT readings, as expected for thick corneas, did not occur
after DSAEK treatment. Similarly, in this study we did not
find any correlation between CCT and IOP as measured by
four different techniques in either the DSAEK or nDSAEK
group, a result consistent with previous findings." Taken
together, these findings strongly suggest that high IOP read-
ings by GAT, pneumatonometry, DCT, or Tonopen should
raise a suspicion of an actually elevated pressure not only
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in DSAEK-treated eyes but also in nDSAEK-treated eyes.
In other words, both DSAEK-treated and nDSAEK-treated
thick corneas behave like normal corneas. Probably, the
attached endothelial lamella on the posterior surface of the
recipient cornea has little or no effect on the biomechanical
properties of the preexisting cornea.

In this study, we showed that pressure measured by
pneumatonometry was statistically lower than pressure
measured with other techniques (GAT, DCT, and Tonopen);
this finding was documented for both DSAEK- and
nDSAEK-treated eyes (Figs. 1, 2). In contrast, there was
no significant difference between GAT and DCT readings.
Recently, Vajaranant and coworkers' investigated 10P
after DSAEK treatment using three different techniques:
GAT, pneumatonometry, and DCT. They reported that,
unlike our results, pressure measurements by pneuma-

tonometry and DCT were significantly higher than those
obtained with GAT." Previous studies have indicated that
pressure readings obtained with DCT are higher than those
obtained with GAT, with a range of 0.74.4 mmHg in eyes
with normal corneas.”™ Also, one study reported that
pneumatonometry measurements in study subjects treated
with laser in situ keratomileusis (LASIK) were approxi-
mately 2 mmHg higher than those obtained with GAT.** We
are unsure why our pressure readings obtained with pneu-
matonometry were lower than those obtained with the
other techniques, or why DCT readings were not higher
than the GAT readings. One possible reason is that the low
number of patients in this study affected the statistical
outcome. Another possible reason is that the presence
of host Descemet’s membrane or compressed host endothe-
lium plays a role in the results obtained by pressure
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measurements with pneumatonometry or DCT. Further-
more, the thinner mean CCT in our study (DSAEK, 629 +
86 um; nDSAEK, 654 £ 40 um) compared with thicknesses
reported by Vajaranant and coworkers (701 = 68 um)™
might have influenced readings obtained with either pneu-
matonometry or DCT or both.

In conclusion, in both DSAEK- and nDSAEK-treated
eyes, IOP readings by all four techniques (GAT, DCT, pneu-
matonometry, and Tonopen) might be independent of
artificially enhanced corneal thickness in this small study.
Further investigations using a larger number of patients are
required to fully elucidate the relationship between intra-
ocular pressure readings and treatment with DSAEK or
nDSAEK.
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ARTICLE

Hormonal Regulation of Na*/K*-Dependent ATPase
Activity and Pump Function in Corneal Endothelial Cells

Shin Hatou, MD*1

Abstract: Na*- and K'-dependent ATPase (Na,K-ATPase) in the
basolateral membrane of corneal endothelial cells plays an important
role in the pump function of the corneal endothelium. We investigated
the role of dexamethasone in the regulation of Na,K-ATPase activity
and pump function in these cells. Mouse corneal endothelial cells
were exposed to dexamethasone or insulin. ATPase activity was
evaluated by spectrophotometric measurement, and pump function
was measured using an Ussing chamber. Western blotting and
immunocytochemistry were performed to measure the expression of
the Na,K-ATPase «al-subunit. Dexamethasone increased Na,K-
ATPase activity and the pump function of endothelial cells. Western
blot analysis indicated that dexamethasone increased the expression
of the Na,K-ATPase «,-subunit but decreased the ratio of active to
inactive Na,K-ATPase «;-subunit. Insulin increased Na,K-ATPase
activity and pump function of cultured corneal endothelial cells.
These effects were transient and blocked by protein kinase C
inhibitors and inhibitors of protein phosphatases 1 (PP1) and 2A
(PP2A). Western blot analysis indicated that insulin decreased the
amount of inactive Na,K-ATPase o,-subunit, but the expression of
total Na,K-ATPase «,-subunit was unchanged. Immunocytochemis-
try showed that insulin increased cell surface expression of the Na,K-
ATPase o -subunit. Our results suggest that dexamethasone and
insulin stimulate Na,K-ATPase activity in mouse corneal endothelial
cells. The effect of dexamethasone activation in these cells was
mediated by Na,K-ATPase synthesis and an increased enzymatic
activity because of dephosphorylation of Na,K-ATPase a,-subunits.
The effect of insulin is mediated by the protein kinase C, PP1, and/or
PP2A pathways.

Key Words: corneal endothelium, insulin, ouabain, protein kinase C,
protein phosphatase, Na*- and K*-dependent ATPase

(Cornea 2011;30(Suppl. 1):S60-S66)

A single layer of endothelial cells in a well-arranged mosaic
pattern covers the posterior surface of the Descemet
membrane in the cornea.! Corneal hydration is primarily
determined by the balance between penetration of the aqueous
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humor across the corneal endothelium into the stroma and
subsequent pumping of the fluid out of the stroma. The
accumulation of fluid in the stroma resulting from disturbance
of this balance may lead to bullous keratopathy, which is
characterized by an edematous cornea with reduced
transparency.’

Total pumping activity for the removal of fluid from the
cornea is determined by the number of endothelial cells and
the pump function of each cell. Given that human corneal
endothelial cells have a limited proliferative capacity,
endothelial dystrophies, ocular trauma, corneal graft rejection,
and insults associated with intraocular surgeries may result in
corneal endothelial cell loss and permanent damage. Re-
placement of the corneal endothelium by keratoplasty is
currently the only established therapeutic approach for
recovery of endothelial cell number. Pseudophakic or aphakic
bullous keratopathy, Fuchs endothelial dystrophy, and failed
corneal grafts remain common indications for keratoplasty,
accounting for approximately 60% of the total number of such
procedures.’™ Activation of the pump function in the
remaining endothelial cells is a potential alternative approach
to recovery of the total pumping activity in the cornea, so long
as the total number of such cells is within an acceptable range.
However, therapeutic approaches to the activation of corneal
endothelial cells remain to be established.

The Na'- and K'-dependent ATPase (Na,K-ATPase)
expressed in the basolateral membrane of corneal endothelial
cells is primarily responsible for the pump function of the
corneal endothelium.! The Na,K-ATPase pump site density in
the corneal endothelium was found to be increased in eyes
affected by moderate guttata. Na,K-ATPase pump site density
showed an initial increase, a sudden marked decrease, and
a subsequent gradual decline associated with the end stage of
disease in patients with Fuchs endothelial dystrophy.” These
observations indicate that certain conditions can induce
a compensatory increase in Na,K-ATPase pump site density
and, presumably, in endothelial pump function. They also
suggest the existence of a regulatory mechanism, or
mechanisms, for the control of total Na,K-ATPase activity
in the corneal endothelium.

Several studies have shown that glucocorticoids stim-
ulate Na,K-ATPase activity through multiple complex mech-
anisms, including gene  expression, transcription,
translocation, and enzymatic activity, in a variety of tissues.®
Although the results of experimental studies concerning the
effects of glucocorticoids on corneal endothelial damage do
not show any close correlations,”™" topical glucocorticoids
have been clinically used for the treatment of corneal
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endothelial disorders. Indeed, steroid administration seemed to
increase endothelial pump function and ameliorate stromal
edema in a patient with bullous keratopathy secondary to Sato
refractive surgery.'” In contrast, clinical observations of
a higher incidence of persistent corneal edema after vitrectomy
and other surgical procedures for patients with diabetes
mellitus have suggested that abnormal corneal endothelial
function is associated with diabetes mellitus.”*'® Specular
microscopic studies have shown morphological abnormalities,
such as lower endothelial cell density and increased endo-
thelial pleomorphism, in patients with types 1 and 2 diabetes
mellitus.'®>’ Some clinical studies have shown that diabetic
patients tend to have slightly thicker corneas and a reduced
recovery rate from hypoxia-induced corneal edema.?®! These
observations led us to the idea that Na,K-ATPase activity and
pump function of the corneal endothelium may be affected by
several hormones, such as glucocorticoids or insulin.

In this review, we outline methods for measuring the
enzymatic activity and pump function of Na,K-ATPase in
cultured mouse corneal endothelial cells. This is followed by
a review of the roles of dexamethasone and insulin in
controlling the enzymatic activity and pump function of Na,K-
ATPase in corneal endothelial cells. Additionally, we present
the mechanisms by which dexamethasone or insulin might
affect Na,K-ATPase activity.

MEASUREMENT OF Na,K-ATPase
ENZYME ACTIVITY

Corneal endothelial cells were cultured with or without
dexamethasone, insulin, staurosporine, GF109203X, or oka-
daic acid. To measure Na,K-ATPase enzyme activity, ouabain
(final concentration, 1 mM) or vehicle was added to cell
cultures and incubated for 30 minutes at 37°C. After further
addition of adenosine triphosphate (final concentration, 10 mM),
the adenosine triphosphate hydrolysis reaction catalyzed by
Na,K-ATPase released phosphate. The concentration of
phosphate was determined by spectrophotometric measure-
ment with ammonium molybdate. The Na,K-ATPase activity
was calculated as the difference in phosphate concentration
between cells with and without ouabain.

MEASUREMENT OF ELECTRICAL Na,K-ATPase
PUMP FUNCTION

To measure pump function, cells cultured on Snapwell
inserts were placed in an Ussing chamber. The endothelial cell

surface side was in contact with 1 chamber and the Snapwell
membrane side was in contact with another chamber. If Na, K-
ATPase was active, then a short-circuit current would be
evoked by active sodium and potassium flux. After the short-
circuit current had reached a steady state, ouabain was added.
The pump function attributable to Na,K-ATPase activity was
calculated as the difference in short-circuit current measured
before and after the addition of ouabain (Fig. 1).

DEXAMETHASONE STIMULATES
Na,K-ATPase ACTIVITY

Mouse corneal endothelial cells were exposed to 10 uM
dexamethasone for various periods and Na,K-ATPase activity
was then measured. Dexamethasone increased Na,K-ATPase
activity in a time-dependent manner, with this effect being
significant (P < 0.05; Student # test) at 6 hours and maximal at
48 hours (Fig. 2). The stimulatory effect of dexamethasone on
Na,K-ATPase activity was also concentration dependent
(Fig. 2).%* The stimulatory effect of dexamethasone on pump
function was time dependent, being significant at 24 hours and
maximal at 48 hours (Fig. 3A),* and concentration dependent,
which was apparent at 1 or 10 uM (Fig. 3B).>? These results
were similar to those obtained for Na,K-ATPase activity.

To determine whether dexamethasone affects NaK-
ATPase expression in corneal endothelial cells, we exposed the
cells to dexamethasone for 48 hours and measured the expression
of total Na,K-ATPase o,-subunit and phospho-Na,K-ATPase
o-subunit by Western blot analysis. Phospho-Na,K-ATPase
o-subunit is considered to be the inactive state of the Na,K-
ATPase o;-subunit. Levels of the Na,K-ATPase o;-subunit and
phospho-Na,K-ATPase o;-subunit were measured and are
presented as relative amounts compared with the signal intensities
for B-actin (Fig. 4A).>* Dexamethasone increased the expression
of total Na,K-ATPase o;-subunit in a concentration-dependent
manner, whereas it did not alter the expression of the phospho-
Na,K-ATPase a;-subunit (Figs. 4B, C)*?; therefore, the ratio of
phospho-Na,K-ATPase «,-subunit expression to total NaK-
ATPase o;-subunit expression was decreased in a concentration-
dependent manner (Fig. 4D).*

INSULIN TRANSIENTLY ACTIVATES Na,K-
ATPase
To determine whether insulin affects Na,K-ATPase
activity in corneal endothelial cells, we exposed the cells
to 0.1 wM insulin for various periods and measured the

£ .
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FIGURE 1. Representative trace of short- :.3 -
circuit current (microamperes per well) g - )
obtained with cell monolayers in an 3 s50 - Pump function
Ussing chamber. The insert well mem- 3 -
brane growth area was 4.67 cm?. Pump § -
function attributable to Na,K-ATPase § -
activity was calculated as the difference @ 0 ™ : Y e . . : 1
in sho);t-circuit currents obtained before 0 10 20 3.0 40 5.0 6.0 70
and after the addition of ouabain. Ouabain Time (sec)
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FIGURE 2. Effect of dexamethasone on Na,K-ATPase activity in
cultured mouse corneal endothelial cells. A, Cells were
incubated in the absence (circles) or presence (triangles) of
10 uM dexamethasone for the indicated times and then
assayed for Na,K-ATPase activity. *P < 0.05 versus the
corresponding value for cells incubated without dexametha-
sone (Student t test). B, Cells were incubated with the
indicated concentrations of dexamethasone for 48 hours and
then assayed for Na,K-ATPase activity. *P < 0.01 for the
indicated comparisons (Student t test). Modified with permis-

sion from Hatou et al.>?

Na,K-ATPase activity. Insulin had a transient stimulatory
effect on NaK-ATPase activity, with this effect being
significant at 6 and 12 hours. After 12 hours, Na,K-ATPase
activity returned to baseline levels. The stimulatory effect of
insulin on Na,K-ATPase activity was also concentration
dependent (Fig. 5).*?

We next examined whether insulin affects the pump
function of corneal endothelial cells. Insulin at 0.1 pM
increased the ouabain-sensitive pump function of the corneal
endothelial cells compared with control cells. This effect of
insulin was statistically significant (P < 0.05) at 6 hours. The
stimulatory effect of insulin on pump function was concen-
tration dependent, and these results were similar to the results
obtained for Na,K-ATPase activity (Fig. 6).”*

PROTEIN KINASE C MEDIATION OF INSULIN-
INDUCED Na,K-ATPase ACTIVATION
To test whether the stimulatory effect of insulin on
Na,K-ATPase activity was mediated by protein kinase C
(PKC), we examined the effects of staurosporine and
GF109203X. The increase in Na,K-ATPase activity induced
by insulin was significantly inhibited (P < 0.01) by
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FIGURE 3. Effect of dexamethasone on the pump function of
cultured mouse corneal endothelial cells. A, Cells were
incubated in the absence (circles) or presence (squares) of
10 pwM dexamethasone for the indicated times and then
assayed for pump function (microamperes per square centi-
meter). *P < 0.05 versus the corresponding value for cells
incubated without dexamethasone (Student t test). (B) Pump
function (microamperes per square centimeter) attributable to
Na,K-ATPase activity was determined 48 hours after incubation
of cells in the presence of the indicated concentrations of
dexamethasone (black). Ouabain-independent short-circuit
current (white) is also presented, which did not change
significantly with the indicated concentrations of dexameth-
asone. Data are means * SDs of values from 4 replicate
experiments. *P < 0.05 for the indicated comparisons (Student
t test). Modified with permission from Hatou et al.?

staurosporine and GF109203X (Fig. 7).>* We next examined
whether okadaic acid affected the Na,K-ATPase activation
induced by insulin. The activity of Na,K-ATPase in
conjunction with 0.1 pM insulin was significantly reduced
(P < 0.01) in the presence of 1 wM okadaic acid (Fig. 7).

We exposed cells to 0.1 uM insulin for 6 hours and then
measured the expression levels of total NaK-ATPase o;-
subunit and phospho-Na,K-ATPase «;-subunit by Western
blotting to determine whether insulin affected Na,K-ATPase
expression in corneal endothelial cells. Although there was no
statistically significant difference in the expression of total
Na,K-ATPase a;-subunit (Fig. 8A, B),* insulin significantly
decreased (P << 0.05) the ratio of phospho-Na,K-ATPase o-
subunit expression to total Na,K-ATPase a;-subunit (Fig. 8C).**
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FIGURE 4. Western blot analysis of
Na,K-ATPase «;-subunit and phos-
pho-Na,K-ATPase a;-subunit expres-
sion. A, Representative signals of
expression. Top: Na,K-ATPase «;-
subunit. Middle: phospho-Na,K-AT-
Pase «4-subunit. Bottom: B-actin.
The relative intensity of each band
with respect to B-actin was mea-
sured and expressed as a ratio. B,
Cells were incubated with the in-
dicated concentrations of dexa-
methasone for 48 hours and then
assayed for expression of the Na,K-
ATPase «;-subunit. Data are means
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et al.??

In the presence of staurosporine, GF109203X, and okadaic acid,
the expression of total Na,K-ATPase a;-subunit was unchanged;
however, insulin-induced dephosphorylation of the NaXK-
ATPase o;-subunit was diminished.

Immunocytochemistry was employed to determine
whether the effects of insulin changed cell surface expression
of the NaK-ATPase «,-subunit. Insulin-treated corneal
endothelial cells expressed more Na,K-ATPase «,-subunit at
their lateral cell membranes compared with control cells. In the
presence of inhibitors, such as GF109203X, Na,K-ATPase o;-
subunit expression at the lateral cell membrane was observed
to be decreased (Fig. 9A-C).*

DISCUSSION

We have shown that dexamethasone increases Na,K-
ATPase activity and pump function in cultured corneal
endothelial cells. Changes in Na,K-ATPase activity and pump
function were strongly correlated under various experimental
conditions. Our results support the stimulatory effect of dexa-
methasone on Na,K-ATPase activity in corneal endothelial cells.

Our results further suggest that the regulation of Na,K-
ATPase activity by dexamethasone in corneal endothelial cells
was mediated by Na,K-ATPase subunit synthesis. Na,K-
ATPase is the largest protein complex in the family of P-type
cation pumps, and its minimum functional unit is a heterodimer
of the - and B-subunits.>* Ewart and Klip® reported that the
activation of Na,K-ATPase by steroid hormones seemed to be
mediated by the synthesis of new «- and B-subunits. In our

© 2011 Lippincott Williams & Wilkins

study, dexamethasone increased the proportion of active-state
Na,K-ATPase «;-subunits and the total number of Na,K-
ATPase «y-subunits. The antiphospho-Na/K-ATPase o,
antibody we used recognizes the Na,K-ATPase a;-subunit
only when phosphorylated at Ser-18. Phosphorylation at Ser-
18 triggers endocytosis of Na,K-ATPase «;-subunits and
results in inhibition of Na,K-ATPase activity.>>*¢ Dexameth-
asone may prevent Na,K-ATPase o;-subunits from Ser-18
phosphorylation and thereby increase the proportion of active-
state Na,K-ATPase o;-subunits.

Our results showed that insulin increased Na,K-ATPase
activity and pump function in cultured corneal endothelial
cells, but the observed effect of insulin on Na,K-ATPase
activity was transient. A lack of insulin in type 1 diabetes
mellitus or a chronic reduced level of insulin signaling because
of insulin resistance in type 2 diabetes mellitus is essential for
the pathogenesis of corneal abnormalities in diabetes.

Insulin has been shown to stimulate electrogenic sodium
transport in a variety of cells.®*”*® In most cases, the increase
in Na" transport is thought to be a result of the stimulation of
Na,K-ATPase. There have been various advocated mecha-
nisms of insulin action, including changes in the kinetic
properties of the enzyme,*’® an increase in the intracellular
Na" concentration that leads to subsequent pump stimula-
tion,*** and an increase in the pump concentration at the cell
surface by serum- and glucocorticoid-dependent kinase.**
Regardless of whether insulin stimulates pump activity by
a previous increase in cytosolic Na”, its affinity for Na*, or in-
pump availability at the cell surface, the insulin receptor
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FIGURE 5. Effect of insulin on Na,K-ATPase activity in cultured
mouse corneal endothelial cells. A, Cells were incubated in the
absence (circles) or presence (triangles) of 0.1 pM insulin for
the indicated times and then assayed for Na,K-ATPase activity.
Data are means = SDs of values from 4 replicate experiments.
*P < 0.05 versus the corresponding value for cells incubated
without insulin (Student t test). B, Cells were incubated with
the indicated concentrations of insulin for 6 hours and then
assayed for Na,K-ATPase activity. Data are means * SDs of
values from 4 replicates of 4 representative experiments. *P <
0.05, **P < 0.01 for the indicated comparisons (Student t test).
Modified with permission from Hatou et al.**

signaling cascades must be involved.® These signaling cascades
include those mediated by protein kinases, such as PKC. PKC
is thought to trigger the rapid action of insulin on Na,K-ATPase
and to be involved in the stimulation of Na,K-ATPase by insulin
in muscle cells.® In our study, Western blot analysis suggested

FIGURE 6. Effect of insulin on the

80

that the stimulation of Na,K-ATPase activity by insulin in
corneal endothelial cells was associated with a decrease in the
levels of the inactive state of the Na,K-ATPase o-subunit.
Na,K-ATPase activation by insulin seemed to be mediated by
PKC, protein phosphatase 1 (PP1), and/or PP2A. The
immunocytochemistry results indicated that insulin increased
cell surface expression of the Na,K-ATPase «,-subunit, and
the presence of inhibitors, such as GF109203X, decreased its
expression.

In conclusion, we have shown that dexamethasone and
insulin increase Na,K-ATPase activity and pump function in
corneal endothelial cells. Furthermore, our results support
a model in which Na,K-ATPase activation by dexamethasone is
mediated by Na,K-ATPase subunit synthesis and an increase in
the proportion of Na,K-ATPase o,-subunits in the active state. In
contrast, the observed effect of insulin on Na,K-ATPase activity
was transient. This may be because Na,K-ATPase activation by
insulin in corneal endothelial cells was mediated by an increase
in the active state of the Na,K-ATPase «;-subunits via PKC,
PP1, and/or PP2A pathways, but not by Na,K-ATPase subunit
synthesis. A lack of insulin in type 1 diabetes mellitus or
a reduced level of insulin signaling caused by insulin resistance
in type 2 diabetes mellitus may play a role in the pathogenesis of
corneal abnormalities in diabetes. Pharmacological manipulation
of dexamethasone or insulin in corneal endothelial cells is
a potential therapeutic approach for increasing the pump
function in corneal endothelial cells.
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In Vivo Confocal Microscopic Evidence of Keratopathy
in Patients with Pseudoexfoliation Syndrome

Xiaodong Zbheng,' Atsushi Shiraishi," Shinichi Okuma," Shiro Mizoue," Tomoko Goto,">
Shiro Kawasaki,' Toshibiko Uno,"> Tomoko Miyoshi,"> Alfredo Ruggeri,*

and Yuichi Obashi'

Purpost. To measure the density of cells in different layers of
the cornea and to determine whether morphologic changes of
the subbasal corneal nerve plexus are present in eyes with the
pseudoexfoliation (PEX) syndrome.

MEersoDSs. Twenty-seven patients with unilateral PEX syndrome
and 27 normal controls were investigated. All eyes underwent
corneal sensitivity measurements with an esthesiometer and in
vivo confocal microscopic study. Densities of the epithelial,
stromal, and endothelial cells were measured. The density and
tortuosity of the subbasal corneal nerve plexus were also eval-
uated.

Resurts. Eyes with PEX syndrome had significantly lower cell
densities in the basal epithelium (P = 0.003), anterior stroma
(P = 0.007), intermediate stroma (P = 0.009), posterior stroma
(P = 0.012), and endothelium (P < 0.0001) than in the corre-
sponding layers of normal eyes. PEX eyes also had lower
subbasal nerve densities and greater tortuosity of the nerves
than normal eyes. Fellow eyes of patients with PEX also had
significantly lower densities of the basal epithelial and endo-
thelial cells than the normal eyes. Corneal sensitivity was sig-
nificantly decreased in PEX eyes, and this was significantly
correlated with the decrease of basal epithelial cell and sub-
basal nerve densities.

Concrusions. These results have shed light on understanding of
the pathogenesis of decreased corneal sensitivity in eyes with
PEX syndrome. PEX syndrome is probably a binocular condi-
tion for which keratopathy of the fellow eye also requires
observation. (Invest Ophthalmol Vis Sci. 2011;52:1755-1761)
DOI:10.1167/i0vs.10-6098

he pseudoexfoliation (PEX) syndrome is a common age-

related disorder of the extracellular matrix and is fre-
quently associated with severe chronic secondary open angle
glaucoma and cataract."™® The prevalence of PEX syndrome
varies widely in different racial and ethnic populations. In
addition, the prevalence of PEX is dependent on the age and
sex distribution of the population examined, the clinical crite-
ria used to diagnose PEX, and the ability of the examiner to

From the 'Department of Ophthalmology, Ehime University
School of Medicine, Ehime, Japan; *Department of Ophthalmology,
Takanoko Hospital, Ehime, Japan; *Department of Ophthalmology, Red
Cross Hospital in Matsuyama, Ehime, Japan; and ‘Department of Infor-
mation Engineering, University of Padua, Padua, Italy.

Submitted for publication June 22, 2010; revised October 8, 2010;
accepted November 1, 2010.

Disclosure: X. Zheng, None; A. Shiraishi, None; S. Okuma,
None; S. Mizoue, None; T. Goto, None; S. Kawasaki, None; T. Uno,
None; T. Miyoshi, None; A. Ruggeri, None; Y. Ohashi, None

Corresponding author: Xiaodong Zheng, Department of Ophthal-
mology, Ehime University School of Medicine, Toon City, Ehime 791-
0295, Japan; xzheng@m.ehime-u.ac.jp.

Investigative Ophthalmology & Visual Science, March 2011, Vol. 52, No. 3

Copyright 2011 The Association for Research in Vision and Ophthalmology, Inc.

52

detect early stages and more subtle signs of PEX. For example,
the highest rates in studies of persons older than 60 years of
age have been reported to be approximately 25% in Iceland
and more than 20% in Finland.>* The ocular manifestation of
PEX syndrome is the production and progressive accumulation
of abnormal extracellular fibrillar material in almost all the
inner wall tissues of the anterior segment of the eye. This
characteristic alteration predisposes the eye to a broad spec-
trum of intraocular complications including phacodonesis and
lens subluxation, angle closure glaucoma, melanin dispersion,
poor mydriasis, blood-aqueous barrier dysfunction, posterior
synechiae, and other related complications.'™®

The PEX syndrome is associated with corneal endotheliopa-
thy, and this has been suggested to be the cause of the so-called
atypical non-guttata Fuchs endothelial dystrophy.>® PEX en-
dotheliopathy, a slowly progressing disease of the corneal
endothelium, is usually bilateral but is often asymmetrical. It
can lead to early corneal endothelial cell decompensation,
which can then induce severe bullous keratopathy, a vision-
threatening disorder.

Clinical signs of PEX syndrome include decreased corneal
sensitivity, thinning of the central corneal thickness, and im-
paired tear film stability.””® However, the underlying cause of
these clinical findings has not been well investigated, possibly
because objective and accurate in vivo examination techniques
are not available.

Recent advances in imaging technology have improved the
ability of these instruments to diagnose different ocular dis-
eases. The Rostock Cornea Module (Heidelberg Engineering,
Heidelberg, Germany), consisting of a contact lens system
attached to the Heidelberg Retina Tomograph II (Heidelberg
Engineering), is such an instrument. It uses laser scanning
technology to investigate the cornea at a cellular level, and
structures such as the subbasal nerve plexus, which cannot be
seen by slitlamp microscopy, can be clearly seen.'*"!

In vivo confocal microscopy (IVCM) was used by Martone
et al.'? to examine one eye with PEX syndrome, and noncon-
tact IVCM was used by Sbeity et al."® to study PEX, PEX-
suspect, and normal eyes. However, there has not been a
detailed and quantitative study of the morphologic changes in
the corneas of eyes with PEX syndrome.

Thus, the purpose of this study was to examine the under-
lying pathogenesis of PEX keratopathy and to obtain evidence
to explain clinical findings such as the decreased corneal sen-
sitivities observed in patients with PEX syndrome. To accom-
plish this, we used IVCM to determine cell densities in different
corneal layers of eyes with PEX syndrome and their clinically
unaffected fellow eyes. These findings were compared with
those in normal control eyes. The nerve densities in the sub-
basal layer were also analyzed, and their relationship with the
alterations of clinical corneal sensitivity were analyzed.
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SuBjECTS AND METHODS

Subjects

We studied 27 patients (16 men, 11 women; mean age, 74.4 = 6.3
years; age range, 65-90 years) with diagnoses of unilateral PEX syn-
drome. In all eyes, exfoliation material (XFM) was seen by slit-lamp
microscopy at the pupillary border or on the anterior lens capsule.
Eyes with PEX syndrome were placed in the PEX group, and clinically
normal fellow eyes were placed in the PEX fellow eye group. Age- and
sex-matched normal subjects (16 men, 11 women; mean age, 72.7 =
6.5 years; age range, 61-92 years) were also studied. One eye from the
normal control group was randomly selected and used in the statistical
analyses. Exclusion criteria included Stevens-Johnson syndrome, lym-
phoma, sarcoidosis, corneal dystrophy, injury, inflammation, systemic
therapy with drugs with known corneal toxicity; treatment with top-
ical anti-glaucoma drugs, steroids, or NSAIDs; contact lens wear; pre-
vious ocular surgery; and other ophthalmic diseases.

The procedures used conformed to the tenets of the Declaration of
Helsinki. Informed consent was obtained from all subjects after an
explanation of the nature and possible consequences of the proce-
dures. The protocol used was approved by the Ethics Committee of
Ehime University School of Medicine.

Corneal Sensitivity Measurements

Measurement of the corneal sensitivity was performed with a Cochet-
Bonnet nylon thread esthesiometer, as described.'* The examination
was begun with a 60-mm length of nylon filament applied perpendic-
ularly to the central cornea, and the tests were continued by shorten-
ing the filament by 5 mm each time until the subject felt the contact of
the filament. Each subject was measured twice with a between-test
interval of at least 5 minutes, and the average of two measurements
was used for the statistical analyses.

In Vivo Confocal Microscopy

IVCM was performed on all subjects with the Rostock Corneal Module
of the Heidelberg Retina Tomograph II (HRTII-RCM; Heidelberg Engi-
neering). After topical anesthesia with 0.4% oxybuprocaine (Santen
Pharmaceuticals, Osaka, Japan), the subject was positioned in the chin
and forehead holder and instructed to look straight ahead at a target to
make sure that the central cornea was scanned. The objective of the
microscope was an immersion lens (magnification X63; Zeiss, Chester,
VA) covered by a polymethylmethacrylate cap (TomoCap; Heidelberg
Engineering). Comfort gel (Bausch & Lomb, Berlin, Germany) was used
to couple the applanating lens cap to the cornea. The polymethylmeth-
acrylate cap was applanated onto the center of the cornea by adjusting
the controller, and in vivo digital images of the cornea were seen on
the monitor screen. When the first layer of superficial epithelial cells
was seen, the digital micrometer gauge was set to zero, and then a
sequence of images was recorded as the focal plane was gradually
moved toward the endothelium. Each subject underwent scanning
three times at intervals of at least 15 minutes.

The laser source of the HRT-II RCM is a diode laser with a wave-
length of 670 nm. Two-dimensional images consisting of 384 X 384
pixels covering an area of 400 X 400 um were recorded. The digital
resolution was 1.04 um/pixel transversally and 2 um/pixel longitudi-
nally, as stated by the manufacturer.

Image Analyses

Central corneal images of all subjects were taken, and the three
best-focused images from the superficial epithelium, basal epithelium,
subbasal nerve plexus, anterior stroma, intermediate stroma, posterior
stroma, and endothelium were selected for analyses. The selected
images were randomly presented to two masked observers (XZ, SO)
for evaluation. All data are presented as averages of three images.

53

IOVS, March 2011, Vol. 52, No. 3

Cell Density Analyses

Morphologic characteristics and densities in the different layers of
the cornea in the PEX and PEX fellow eyes were assessed and
compared with those of normal controls. Superficial epithelial cells
were identified as polygonal cells with clearly visible cell borders,
bright cytoplasm, and dark nuclei. Basal epithelial cells were iden-
tified as the layer just above the amorphous-appearing Bowman
membrane. Basal cells had bright borders, a uniform shape, and
nonhomogeneous cytoplasm. The anterior stroma was identified as
the first layer immediately beneath the Bowman membrane, and the
posterior stroma was identified as the layer just anterior to the
Descemet membrane and the endothelium. The intermediate
stroma was defined as the layer halfway between the anterior and
posterior stroma.’® The corneal endothelium consisted of a2 mono-
layer of regularly arranged hexagonal cells with dark borders and
bright reflecting cytoplasm.

After selecting a frame of the image and manually marking the
cells inside the frame (>50 cells), cell densities were calculated
automatically by the software installed in the instrument. Cells
partially contained in the area analyzed were counted only along the
upper and right margins. The results are expressed in cells per
square millimeter.

Analyses of Subbasal Nerve Plexus

The subbasal nerve plexus layer is located between the Bowman
membrane and the basal epithelial layer through which numerous
nerve fibers pass. The density and tortuosity of the subbasal nerve
plexus were analyzed as described.'*'® Two parameters were ana-
lyzed: the long nerve fiber density (LNFD) was determined by dividing
the number of long nerves by the image area (0.16 mm?), and the nerve
branch density (NBD) was determined by dividing the total number of
long nerves and their branches by the image area. Nerve tortuosity was
classified into 4 gradings: grade 1 = approximately straight nerves;
grade 4 = very tortuous nerves with significant convolutions through-
out their course.'$

Statistical Analyses

Data were analyzed with statistical software (JMP, version 8.0 for
Windows; SAS Japan Inc., Tokyo, Japan). All data are expressed as
the mean = SD. The differences of cell densities between PEX eyes
and normal controls or between PEX fellow eyes and normal con-
trols were evaluated with two-tailed Student’s t-tests. The differ-
ences of cell densities between PEX eyes and their fellow eyes were
evaluated by paired f-tests. The Wilcoxon rank sum test was used to
compare the values of corneal sensitivity, LNFD, NBD, and the
nerve tortuosity between PEX patients and normal controls. Spear-
man’s correlation was used to determine the correlation among the
parameters of basal epithelial cell density, subbasal nerve density,
and corneal sensitivity. P < 0.05 was considered statistically signif-
icant.

RESULTS

The mean age was not significantly different between patients
with PEX and normal controls (two-tailed Student’s #tests, P =
0.725). Eyes with PEX showed typical whitish exfoliation ma-
terial on the pupillary border or on the anterior lens capsule on
slitlamp examination. Pigmented keratoprecipitates and slight
folding of Descemet membrane were also detected in some
patients. Fellow eyes of PEX eyes and normal control eyes
appeared normal by slitlamp microscopy.

Corneal Sensitivity

The mean corneal sensitivity was 47.8 = 5.6 min for PEX eyes
and 53.7 £ 4.9 mm for PEX fellow eyes. This difference was
significant (P = 0.005; Wilcoxon rank sum test). Mean corneal
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sensitivity was 55.6 * 4.7 mm for the normal control subjects,
and the corneas of eyes with PEX were significantly less sen-
sitive than those of normal control eyes (P < 0.0001). The
difference in corneal sensitivity between PEX fellow eyes and
normal controls was not significant (P = 0.378).

Cell Densities

The density of the corneal superficial epithelial cells was
872.6 £ 95.3 cellsy/mm?, and that for the basal epithelial cells
was 4829.7 + 462.1 cells/mm? in PEX eyes. Densities for the
corresponding layers in PEX fellow eyes were 910.4 * 80.8
cells/mm? and 4996.7 = 438.7 cells/mm?, and densities for the
normal control eyes were 886.4 * 101.7 cells/ymm? and
5446.4 * 639.9 cells/mm?®. The density of the basal epithelial
cells was significantly lower for PEX eyes and PEX fellow eyes
than for the control eyes (P = 0.003 and P = 0.015, respec-
tively; two-tailed Student’s t-tests; Fig. 1). The difference in the
density of the basal epithelial cells between PEX eyes and PEX
fellow eyes was not significant (P = 0.589; paired #-test).
Differences in the densities of the superficial epithelial cells
among the three experimental groups also were not significant
(Fig. 1.

Densities of the cells in the three stromal layers of PEX eyes,
PEX fellow eyes, and normal control eyes are shown in Figure 2.
Compared with normal controls, the cell densities of PEX eyes
were significantly lower in all three layers of the stroma (anterior
stroma, P = 0.007; intermediate stroma, P = 0.009; posterior
stroma, P = 0.012; two-tailed Student’s ftests). The densities in
these three stromal layers in PEX fellow eyes were also lower, but
the decrease was not significant (P = 0.196; P = 0.261; P = 0.08;
respectively; Fig. 2).

Endothelial cell densities were 2240.7 * 236.6 cells/
mm?, 2386.6 + 200.8 cellsymm?, and 2738.7 * 233.2 cells/
mm? for PEX eyes, PEX fellow eyes, and normal eyes, re-
spectively. Differences between PEX eyes and normal
controls (P < 0.0001; two-tailed Student’s t-test; Fig. 1) and
between PEX fellow eyes and normal controls were signifi-
cant (P = 0.001). The difference in endothelijal cell density
between PEX and PEX fellow eyes was not significant (P =
0.754; paired t-test).

There was a higher degree of pleomorphism and
polymegethism in PEX eyes than in control eyes. The coef-
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FiGure 1. Corneal epithelial and endothelial cell densities of eyes
with PEX syndrome, their clinically unaffected fellow eyes, and eyes of
normal control subjects. *P < 0.01; *P < 0.05.
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FIGURE 2. Cellular densities of anterior, intermediate and posterior
stroma of eyes with PEX syndrome, their clinically unaffected fellow
eyes, and eyes of normal control subjects. *P < 0.01; *P < 0.05.

ficient of variation (CV) of the cell area was 45.2% = 8.7%,
and the percentage of hexagonal cells (HEX) in PEX eyes
was 30.5% * 10.3%. Both values are significantly different
from those of normal control eyes (CV, 30.6% * 5.6%, P =
0.016; HEX, 50.3 *= 6.8%, P = 0.008; two-tailed Student’s
test). PEX fellow eyes also showed a similar tendency of
increased pleomorphism and polymegethism, but the differ-
ences were not statistically significant.

Subbasal Nerve Plexus

The LNFD and NBD were significantly decreased in PEX eyes
(17.4 * 6.3 and 32.2 *+ 8.3 nerves/mm?, respectively) com-
pared with those in normal controls (35.9 = 8.2 and 72.2 *
8.8 nerves/mm?; P < 0.0001 and P < 0.0001, respectively;
Wilcoxon rank sum test; Fig. 3). PEX fellow eyes also had
decreased LNFD and NBD, but these changes were not
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FIGURE 3. Subbasal LNFD and NBD in eyes with PEX syndrome, their
clinically unaffected fellow eyes, and eyes of normal control subjects.
*P < 0.01.



1758 Zheng et al.

significantly different from those of the controls (31.5 = 7.8
and 69.9+9.4 nerves/mm?; P = 0.093 and P = 0.301).

Confocal images of PEX eyes showed extremely tortuous
nerve fibers, thinning of nerves, short nerve sprouts, fewer
branches from the main nerve trunk, and highly reflective
inflammatory infiltrates in close vicinity of the subbasal nerves.
Representative confocal images of the three groups are shown
in Figure 4. In PEX eyes, 85.2% (23 of 27 eyes) had grade =3
subbasal nerve tortuosity, and the degree of tortuosity in PEX
eyes was significantly higher than that of the controls (3.2 £
0.7 vs. 1.6 * 0.6; P < 0.0001; Wilcoxon rank sum test). The
degree of tortuosity in PEX fellow eyes was also greater than
that of normal controls, although the difference was not sig-
nificant (2.1 £ 0.9 vs. 1.6 = 0.6; P = 0.054).

It was our impression that PEX eyes had more inflammatory
cells, including dendritic cells, infiltrating the subbasal cell
layer and anterior stroma, and these changes were more severe
in eyes with decreased subbasal nerve densities and lower
corneal sensitivities (Fig. 4).

Correlation between Corneal Sensitivity and
Subbasal Nerve Density and Basal Epithelial
Cell Density

Spearman’s correlation analyses showed that there was a
significant positive correlation between corneal sensitivity
and the subbasal nerve densities (LNFD, r = 0.764, P <
0.0001; NBD, r = 0.634, P < 0.0001; Spearman correlation
coefficient). Corneal sensitivity was also significantly and
positively correlated with basal epithelial cell density and

55

IOVS, March 2011, Vol. 52, No. 3

FiGure 4. In vivo confocal micro-
scopic images of the subbasal nerve
plexus in patients with PEX syn-
drome and a normal control subject.
(A) Representative image from a nor-
mal control subject showing sub-
basal nerve plexus with long nerve
fibers running parallel to the Bow-
man layer. The nerve fibers appeared
to be straight with minimal tortuos-
ity. The subbasal LNFD was 31.3
nerves/mm?, and the nerve tortuos-
ity was grade 1. (B) Representative
image from a PEX syndrome eye
showing very tortuous nerves with
significant convolutions throughout
their course. The tortuosity grade
was 4. Note the intensive infiltration
of dendritic cells (arrows) in close
vicinity of the nerve fibers. (C) Con-
focal image of the subbasal nerve
plexus of another PEX eye showing
the thinning of the nerves, short
nerve sprouts, fewer branches from
the main nerve trunk, and signifi-
cantly decreased nerve density. The
LNFD was 6.3 nerves/mm> Arrows:
dendritic cell infiltration. (D) Confo-
cal image of a PEX fellow eye show-
ing moderately tortuous subbasal
nerve plexus with a tortuosity grade
of 3 and an LNFD of 18.8.

significantly and negatively correlated with subbasal nerve
tortuosity (Table 1).

Confocal Microscopic Detection of
Hyperreflective Material

IVCM showed hyperreflective material, probably XFM, in the
subbasal epithelial layer or the anterior stroma of 22 of the 27
PEX eyes (81.5%). The hyperreflective material was also ob-
served abundantly in the endothelia of all PEX eyes. Five of 27
(18.5%) PEX fellow eyes showed hyperreflective deposits in
the subbasal epithelial layer or anterior stroma, and 14 of 27
(51.9%) had endothelial surface deposits of hyperreflective
material. In sharp contrast, none of the normal eyes showed
hyperreflective material in the subbasal epithelial or anterior

TaBlE 1. Correlation among Corneal Sensitivity, Subbasal Nerve
Fiber Density, Tortuosity, and Basal Epithelial Cell Density

Corneal Sensitivity

Spearman Correlation

Coefficient P
Long nerve fiber density 0.7640 <0.0001*
Nerve branch density 0.6341 <0.0001*
Subbasal nerve fiber tortuosity —0.8250 <0.0001*
Basal epithelial cell density 0.6971 <0.0001*

* Statistically significant.
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FIGURE 5. Confocal microscopic im-
ages showing XFM in the subbasal
nerve plexus layer of a patient with
PEX syndrome. (A) Nerve fiber thin-
ning with tortuous morphology can be
seen (arrowhead), and XFM (arrows)
is seen in close vicinity of the patho-
genic nerve fibers. (B) Hyperreflective
deposits (arrows) indicative of XFM
can be seen in the subbasal amor-
phous layer of the cornea of another
patient in the PEX eye group.

stromal layers, and only two (7.4%) had a small amount of
hyperreflective material on the endothelial surface (Figs. 5, 6).

DISCUSSION

The manifestations of PEX syndrome in the anterior segment
are widely known to affect intraocular surgery with poor
mydriasis and intensive postoperative inflammation. The
fact that aggregates of XFM can be identified in autopsy
specimens of the heart, lung, liver, kidney, and other organs

FIGURE 6. Representative confocal
microscopic images of the endothe-
lial layers of PEX syndrome eye, PEX
fellow eye, and normal control eye
group. (A) Normal subject with reg-
ularly arranged hexagonal endothelial
cells. (B) PEX eye showing increases in
pleomorphism and polymegethism
and decrease in cell density. Intense
hyperreflective materials indicative of
XFM can be seen. (C) PEX fellow eye
showing similar changes of endothelial
cells and deposition of XFM.

IVCM of the Cornea in PEX Syndrome
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in patients with ocular PEX suggests that the ocular PEX
syndrome is part of a general systemic disorder.* 7 In fact,
PEX syndrome has been reported to be associated with
cardiovascular diseases, chronic cerebral disorders, Alzhei-
mer disease, and acute cerebrovascular events.’”®> Two sin-
gle nucleotide polymorphisms in the lysyl oxidase-like 1
(LOXLI) gene have been recently identified as strong ge-
netic risk factors for PEX syndrome and PEX glaucoma.'®
IVCM with the HRTII-RCM provides a new imaging method
that allows rapid, noninvasive, high-resolution, and microstruc-
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tural examination of the cornea.'®!! Only two studies have
used IVCM to study the corneas of patients with PEX syn-
drome. Martone et al.’* reported the findings in one case, and
they reported that ICVM can detect hyperreflective deposits
and dendritic cells infiltrating the basal epithelial cell layer.
Fibrillar subepithelial structures were found, and the endothe-
lial layer showed cellular anomalies. In a prospective observa-
tional case series, Sbeity et al.'®> used noncontact IVCM to
detect XFM on the lens surfaces and corneal endothelia of PEX
eyes and their fellow eyes.

Our study was the first to use IVCM to investigate cell
densities in different layers of the cornea and to determine
alterations of subbasal nerve density and tortuosity in PEX and
PEX fellow eyes. Our results showed a significant decrease in
the densities of the corneal endothelial cells in PEX eyes and
their fellow eyes, which is in agreement with earlier observa-
tions by specular microscopy.®'®?° In addition, the clear con-
focal images allowed us to detect pleomorphisms and
polymegethisms of the endothelial cells. All PEX eyes and
51.9% of PEX fellow eyes showed deposits of hyperreflective
material in the endothelium, indicative of either pigment gran-
ules or XFM. In agreement with Sbeity et al.,'> we believe that
the pleomorphic and irregular deposits found on the corneal
endothelium most likely represent XFM rather than pigment
granules, which are round and uniform in size.'® In addition, a
number of patients who had no visible pigment keratoprecipi-
tates on slitlamp microscopy were found to have abundant
large and irregular hyperreflective deposits on the endothelium
in the confocal images.

PEX syndrome-associated corneal endotheliopathy has
been suggested to be caused by one or a combination of the
following alterations: hypoxic changes in the anterior cham-
ber, accumulation of extracellular matrix, fibroblastic changes
of the endothelium, and increased concentration of TGF-8.17?
Our confocal microscopic findings suggest that the XFM, pos-
sibly at different stages of the normal course of PEX, may be
deposited on the endothelium or may migrate from the endo-
thelial cells that undergo fibroblastic changes. Our findings also
showed that hyperreflective materials are found not only on
the endothelium of PEX eyes but also in their fellow eyes,
indicating that the fellow eyes might be at a preclinical stage of
PEX syndrome. A bilateral decrease in the endothelial cell
counts and morphologic alterations of endothelium support
the idea that PEX is a binocular and systemic abnormality.
Patients with unilateral PEX syndrome may have asymmetric
manifestation of this slowly progressing disease.

Of clinical significance was our finding that the decreased
stromal cell densities observed by IVCM could possibly explain
the report that the central corneas of PEX eyes were thinner
than those of normal subjects.® The pathogenesis of the de-
crease of stromal cell density in PEX eyes warrants future
study. Because XFM deposits were simultaneously observed in
the anterior stroma of PEX eyes, we suggest that the XFM may
be somehow causative for this alteration, perhaps by inducing
apoptosis of the keratocytes. Other pathogenic factors, such as
altered levels of cytokines or chemokines in the cornea, could
also be responsible, and this definitely warrants future investi-
gation. In addition, PEX fellow eyes also had lower cell counts
in the stroma, although the difference was not statistically
significant. We suggest that the cause of the binocular differ-
ences in our study might have been because the two eyes were
at different stages of the PEX process, and PEX fellow eyes may
still be at a preclinical stage of PEX syndrome.

Other important findings were found in the subbasal nerve
plexus. Our results showed that the subbasal nerve density was
significantly lower and the nerves were mostly tortuous, with
beading and thinning in PEX eyes. Interestingly, PEX fellow
eyes also had similar alterations, though the changes were not
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significant. These findings support the idea that PEX syndrome
is a binocular abnormality that is expressed in both eyes but to
different degrees. The important clinical significance of our
study is that our correlation analyses showed that the de-
creased subbasal nerve density and increased tortuosity were
significantly correlated with decreased corneal sensitivity.
These results provide evidence, for the first time, that the
cause of the decreased corneal sensitivity in eyes with PEX
syndrome is the decreased subbasal nerve density. For patients
with PEX syndrome, it would be practical and feasible to
examine corneal sensitivity to assess the severity of PEX kera-
topathy and perhaps to predict the progression of PEX syn-
drome. In addition, detection of the morphologic changes in
cell densities and subbasal nerve abnormalities by IVCM in the
fellow eyes indicates that it is a sensitive tool for the diagnosis
of preclinical stage of PEX syndrome. Our findings showed that
PEX keratopathy may develop before any clinically visible XFM
deposits are detected on the lens capsule or iris. If these
findings are confirmed, then keratopathy may be the first event
of the ocular complications of PEX syndrome. These findings
also indicate that clinically unaffected fellow eyes of patients
with PEX syndrome are probably at risk for PEX syndrome, and
more frequent ophthalmologic examinations are necessary.

This study has increased our understanding of the keratopa-
thy of this most likely systemic abnormality. Whether the
alternations of the subbasal corneal nerves are primary or
secondary changes of the disease must be determined. Because
of the increase in the elastic microfibril components and im-
balances in the matrix metalloproteinases (MMPs) and tissue
inhibitors of MMP in eyes with PEX syndrome, PEX fibrils
accumulate in the tissues.’”® Our findings that XFM deposits
were frequently observed close to the subbasal epithelial layer
or anterior stroma support the idea that besides an abnormal
aggregation of elastic microfibrils into exfoliation fibers (the
elastic microfibril hypothesis),’ > other extracellular matrix
components, such as basement membrane components, may
possibly interact and become incorporated into the composite
XFM (the basement membrane hypothesis).?? In addition, our
observation of an infiltration of dendritic cells in close vicinity
of the subbasal nerve plexus layer indicates the possibility that
accumulation of extracellular XFM may induce inflammatory
responses, which then recruit antigen-presenting cells such as
immunocompetent dendritic cells. This excessive deposition
of XFM and infiltration of dendritic cells may play a role in the
neuropathy of the subbasal nerve plexus, resulting in de-
creased corneal sensitivity in patients with PEX syndrome.

Some limitations were present this study. First, the IVCM
scans a very small area of the cornea, which may generate
biases among different portions of scanning of different
groups. As mentioned, efforts were taken to scan the center of
the cornea of each subject. In addition, we also confirmed our
findings by scanning the midperipheral and peripheral por-
tions of the cornea (data not shown).

Second, IVCM images may not represent the true histologic
changes of the cornea. By applying the same criteria for image
evaluation, we can conclude that the differences between the
studied groups were still detected. Furthermore, it was our
impression that fewer keratocytes were seen in the stromas of
corneal specimens obtained from PEX syndrome patients with
penetrating keratoplasty.

Future investigations, including a thorough and quantitative
analysis of the exfoliation material by confocal imaging, are
needed. In addition, the correlations between IVCM findings
with endothelial barrier function should be determined. If the
confocal findings can provide clues for preclinical stages of
endothelial barrier dysfunction of the cornea in PEX syndrome,
their clinical significance can be used in designing an early
treatment protocol.



