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INTRODUCTION

Four specific aims were proposed in the original grant application

A.

Develop a new confocal microscope that can be used in living eyes to
understand the earliest stages of trauma, laser injuries, and disease. We
believed that a compact, portable confocal microscope could be developed that
will replace the slit lamp biomicroscope and ophthalmoscopes which are used in
routine ophthalmic exams, and which will provide much more needed information
about laser damage, trauma, and other diseases in soldiers.

Evaluate drugs to prevent retinal damage after laser injury. The pathogenesis of
damage by trauma and laser is poorly understood. Pain and damage can disable
people hours after injury, and being able to assess damage immediately will
permit the appropriate assignment of personnel and aid in the prediction of
subsequent disability. We proposed to use the confocal microscope to study eye
damage after laser injury and to evaluate drugs such of calcium channel
blockers, glutamate inhibitors, and PAF inhibitors for their effects on preventing
and treating laser damaged tissue.

Study traumatic and non-traumatic glaucoma to determine its pathogenesis.
Glaucoma occurs as the result of trauma, as well as the result of an inherited
condition. We proposed to use the confocal microscope to determine whether
the outflow of fluid inside the eye has been changed, and to follow changes in
the optic nerve, retinal vessels, nerve fiber layers, and in the ganglion cells.
Study drugs that will prevent the recurrence ocular herpes. Approximately 80% of

adults have been infected with herpes virus, and 20 - 25% of these will develop



clinical disease in the form of cold sores, sun poisoning, or ocular disease. The

ocular disease causes extreme morbidity and blindness. Recurrences of herpes

are more common in times of stress, and the effective prevention of recurrences

would be of critical importance.
GENERAL STATUS REPORT

We have made solid achievements in developing a small, compact, portable
confocal microscope for examination of the cornea. With some additional development
this microscope will also permit the detailed cellular examination of skin and retina. We
expect that it will be usable for the early detection of vesicants and irritants to the skin
and cornea, and that the precise cellular documentation of early damage can give a
prognosis for how disabled a soldier will be at later times. Similarly, we think that
adapting this to the retina will permit similar early detection of laser injury and, more
important, an appraisal of future disability. The ability to diagnose both infectious and
chemical damage of the cornea, skin, and retina at an early stage with enough visual
detail with a light, rugged instrument usable by a corpsman could be a very significant

benefit to the Army. We hope that we will be able to continue this development.

Il. STUDIES AND RESULTS

A. Study a new confocal microscope that can be used in living eyes to understand

the earliest stages of trauma, laser injuries, and disease

During our first year of study, we were able, for the first time to make cellular
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observations in the living eye following injury. We found that laser injury to the cornea is
first recognizable as an increase in the refractile properties of the nuclei of the cells
immediately beneath the injury site. This response, which appears within hours, occurs
in the cells that eventually become fibroblastic. Thus, the nuclear changes may be the
earliest predictor of the fibroblastic response. These studies constitute one phase of the
confocal project, which focused on optimizing the optics of the instrument and
developing a new mechanical mount that can be used with human as well as animal
subjects. Design changes increased the available light and improved image contrast.
Observation of human eyes in vivo showed that this confocal microscope can be used
on an “as needed” basis and that scanning through the depths of the tissues is rapid
and without undue stress to the subject. Animal studies showed that the confocal
microscope can be used to repeatedly return to a particular site within the eye in order
to follow changes over several weeks. Increased light scattering in ocular tissues or
media, as may occur after injury, often limits the type of information that can be
obtained using current diagnostic tools such as the slit lamp biomicroscope. With the
confocal microscépe, however, objective information concerning infectious and
inflammatory events at the cellular level may be easily obtained to facilitate real-time,
non-invasive diagnosis of clinical ocular disease. We made substantial design changes
both to the optics of the real-time confocal microscope and to its mechanical support for
human and animal research.

In the second year of our studies, we reported that we were able to obtain
images of the endothelial layer of the cornea in human subjects. This monolayer of cells

is the most important in maintaining normal corneal thickness and transparency.



Confocal examination revealed the endothelial white bodies organized into a generally
hexagonal arrangement, Cells formed a continuous mosaic with dark, often unclear
borders between cells. A process was developed using image analysis employing
digital filtering techniques and morphological operations to accurately determine the
size and location of each cell. We also reported that improvements permitted the
identification in patients of infectious organisms, fungus, bacteria, and Acanthamoeba.
This identification could be carried out in 3 to 5 minutes and treatment could be initiated
immediately. This instrument was also modified to be more rugged, and should make it
possible to move the confocal microscope into positions for immediate determination of
treatment for injured military personnel. Additional modifications allowed us to
incorporate immunofluorescence capabilities to the microscope. Animal studies proved
that it was possible to utilize the confocal microscope in conjunction with fluorescein-
labeled antibody to herpes virus and to visualize virus infected cells.

In the third year of our studies, we reported that we were able to produce full-
thickness, three-dimensional reconstruction from multiple optical sections of the normal
in vivo human cornea. This allowed visualization of structures that were not apparent in
conventional optical sections or in single confocal sections because of limited density of
the object. We also reported that a much smaller, rugged microscope was produced
which is 4 inched by 4 inched by 6 inched long. The optical design is also stable and
daily adjustments are unnecessary,

The confocal microscope discussed and used in the previous year's report,
consisted of a single-sided disk-type design. This design permits the microscope to

operate with a minimum number of mirrors. This factor is desirable since mirrors
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introduce the unwanted possible effects of misalignment, degraded image from surface
debris, and degradation of the mirrored surface. Additionally, the single-sided disk-
design avoids any disk alignment difficulties since the same set of pinholes are used in
both directions of the light path. The body of this microscope was approximately
rectangular with a height and width of 18 cm and a body length of 40 cm.

During the use of the single-sided disk confocal microscope, it became apparent
that image contrast and illumination were decreasing. Examination of the microscope
revealed that the semi-silvered mirror which reflects the illuminating light forward,
toward the objective, had decreased reflectivity and greater transmission of the light
through the semi-silvered mirror. The mirror was removed and the transmission of the
light, which should have been 50%, was measured. The transmission was found to be
80% in the central portion of the mirror. The increased transmission of light through the
mirror was found to decrease contrast and image brightness by reducing the amount of
light which reached the specimen, and permitting an increased amount of light which
was reflected by the solid surface of the single-sided disk to reach the camera sensor.
We speculate that the high energy photons from the 300 watt xenon arc removed the
semi-silver coating in the central portion of this integral mirror.

Although the mirror could easily be replaced, a permanent solution to this serious
problem was sought. Technological advances and decreased costs of supplies
permitted the construction of a new confocal microscope of the tandem scanning
design. Our new confocal microscope incorporates many practical design
modificationist. Specifically, the semi-silvered mirror is placed posterior to the disk in

the light path. This protects the mirror from direct exposure to the high energy photons



which were thought to have damaged the mirror in the previous single-sided disk
design. Secondly, the diameter of the Nipkow disk was reduced in size. Third, we
designed a very stable mounting system for the disk which requires only an initial
alignment and no further adjustments after the manufacture of the confocal microscope
“box”. Thus, these advances permitted a confocal microscope which is a cube
measuring roughly 12 cm per side. This marked reduction in size reduces
manufacturing costs of the microscope, increases the manuervability and useability of
the confocal microscope, and increases the potential for true portable use of the
microscope.

A new objective for the microscope was obtained which permitted the
examination depth to increase from .65 mm to 1.5 mm through the specimen.
Furthermore, the objective posseses a higher numerical aperture (NA), which provides
a brighter, higher contrast, high resolution image.

1. Corneal damage after exposure to ultra-violet and short wave length lasers
and ultraviolet light

During the first year of this grant, we studied the effects of an excimer laser
which is a 193 nm argon-fluoride laser used to remove tissue from the anterior corneal
stroma. A major postoperative response has been the development of a subepithelial
fibrotic haze, which has been seen in all animals including primates and humans. We
used the confocal microscope to investigate the cellular level corneal changes in vivo
during the first week after excimer laser ablation in rabbits. We found that within 4

hours or the laser procedure, the nuclei of degenerating keratocytes in the superficial
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stroma had become highly reflective and condensed. While the cells generally retained
their parallel orientations, uniformity had decreased. Mild edema contributed to the
generalized haze in the otherwise empty background. At 31 hours, cell density was
reduced. Surviving cells remained round to oval in shape. By then, much of the edema
had cleared, coincident with full re-epithelialization. At 4 days, the distinction between
the fibrous and cellular elements had become increasingly blurred.

Increasing the depth of laser ablation was associated with a more protracted
initial phase of keratocyte degeneration and a delay in the onset of scar formation. This
contrasts with the degenerative changes in corneas with shallow ablations.

After the epithelium healed, it was found to be thicker than it was in the pre-
ablated state. The cell size was variable and slightly smaller than before treatment.
Superficial cells were also more irregular in shape. Beneath the epithelium of the
ablated area, the subepithelial stroma showed dense fibroplasia and scarring. The
posterior stroma of the ablated corneas was essentially identical to untreated corneas.
No abnormalities of the éorneal endothelium were found, nor were there any detectable
changes in Descemet’'s membrane.

In the second year of this study, we reported the results of a study in rabbits that
were treated bilaterally with the excimer laser and assigned to three treatment groups:
pretreatment for one day with the PAF inhibitor LAU 0603, FML (fluorometholone, a
mild ophthalmic steroid), or BSS (balanced salt solution, an inactive vehicle control).
Treatment was started immediately after laser ablation and administered five times a
day in an observer-masked study. Eyes were examined three times a week for eight

weeks. We found that the 0.05% PAF inhibitor did not have any effect on the prevention



of corneal haze, but the use of the steroid FML prevented the appearance in a
significant number of eyes. The animals with moderate to severe (grade 3 to 4) haze
were then randomized to be treated with either the FML or BSS. The eyes were treated
five times a day for seven additional weeks. We found that even the delayed use of the
FML was effective in resolving the corneal haze.

2. Tear component contribution to damage

In the third year, our studies were directed to determining if the haze was being
caused by something produced in the tears rather than as a direct result of the laser
itself. We performed excimer laser ablation on rabbits, and immediately after treatment
and before the eyelids could be blinked, one eye of each animal had a polymethyl
methacrylate contact lens glues to the ablation area using tissue adhesive, in order to
prevent the tears from reaching the wounded area. The other eye served as a control.
Lenses were removed from the corneas at varying times, from one day to six weeks.
We found that when the contact lens was allowed to remain on the cornea for only one
day, both corneas developed minimal but similar haze.

We believed that the tears are involved in the process of producing the haze
seen after even very superficial and short-term laser beam impingement on the cornea.
To this end, we have been assessing methods for analyzing the tears from individual
humans or animals without the necessity of pooling tears in order to obtain sufficient
quantities for analyses, including capillary electrophoresis and matrix-assisted laser
desorption/ionization mass spectrometry (MALDI). Analyzing tear samples smaller that
1 ul, we have found differences in the tears of individuals before and after laser

treatment of the cornea. Some of the peaks are unique to pre-laser tears and others



are unique to post-laser treatment tears. Identification of the peaks is still in process.
3. Substance P in tears

This year, we have been studying other substances identified in the tears,
especially P in human tears measured by laser desorption mass spectrometry and
immunoassay. Substance P is a neuropeptide that promotes secretion by exocrine
glands (1) and may act as a neurotransmitter or modulator in the central and peripheral
nervous system (2). A substance P-like material is present in homogenates of the
choroid, retina, optic nerve, optic nerve head, uvea, iris sphincter region, iris dilator and
ciliary body, conjunctiva, whole upper eyelid, lacrimal gland, Harderian gland, and
extraorbital muscle of the rabbit eye (3,4,5). In the densely innervated cornea (6),
sensory fibers are positive for substance P (3). Substance P normally is not present or
is present only in very low amounts in the aqueous humor of rabbits (5), but a peptide
with substance P-like immunoreactivity is released into the aqueous humor when the
trigeminal nerve is stimulated (7).

In lacrimal gland sections from rats, guinea pigs, and monkeys, nerve fibers that
are immuno-histochemically positive for substance P or substance P-like material are
located around blood vessels and ducts (8, 9). Based on these findings, Nikkinen et al.
(9) and Matsumoto et al. (8) suggested that substance P may be an important
modulator of lacrimal gland secretion. In support of this, Williams et al. (10)
demonstrated that the number of nerves staining positively for substance P or
substance P-like material in rat lacrimal glands declines as the animal ages, and
suggested that the decline in substance P-containing nerves corresponds with and may

be a contributing factor to reduced tear output in older animals. Another possible role
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of substance P may be in promoting cellular growth (11, 12) and the production of
extracellular matrix (11).

Substance P has recently been detected in human nasal lavage fluid (13).
Because lacrimal secretions contribute to nasal fluids via the tear drainage system, it is
reasonable to suspect that substance P also occurs in tears.

Methods. In this study, we used matrix-assisted desorption/ionization mass
spectrometry (MALDI) and the enzyme-linked immunoabsorbant assay (ELISA) to
determine whether substance P can be detected in human tears. MALDI was
employed because it is sensitive to the low femtomole range, requires less than a
microliter of sample, and is tolerant of salts and other impurities in the complex mixtures
typical of body fluids (14). ELISA was used to confirm the MALDI results.

Unstimulated tears (approximately 10 wl/min) were collected from the inferior cul-
de-sac with fire-polished 10 ul micropipettes. After collection, tears were either used
immediately or stored in capped, 400 ul polyethylene micro centrifuge tubes at -20°C.
Tears were collected from one eye of each of 12 healthy subjects. Subjects age
ranged from 26 to 60 years. Six subjects were men and six were women. Eight
subjects had normal eyes, i.e. were disease-free and did not wear contact lenses; four
subjects had been diagnosed with dry eye syndrome. Dry eyes were associated with
wearing contact lenses for two subjects, with rheumatoid arthritis for one subject, and
with an unknown etiology to another subject, although the latter subject had mild
anterior blepharitis, possible insufficient night-time lid closure, and a familial history of
arthritis and lupus. Five of the eight subjects with normal eyes were excimer laser

photo refractive keratectomy (PRK) patients, and their tears were collected before
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surgery and on the first and/or second day after PRK. Seven postoperative samples
were collected, but one preoperative sample was lost. Thus, a total of 18 tear samples
were analyzed.

For MALDI, each tear sample was mixed 1:100, v:v, with matrix. The matrix was
freshly prepared daily by dissolving an excess of a-cyano-4-hydroxycinnamic acid
(Aldrich Chemical Co., Milwaukee, WI) in HPLC-grade acetonitrile containing 0.1%
trifluoroacetic acid and diluting the result solution 1:1, v:v, with an aqueous solution of
0.1% trifluoroacetic acid. A 0.5 ul aliquot of tear-matrix solution was spotted on a
stainless steel plate and allowed to air-dry for a few min until crystals of matrix and
embedded protein formed (15). The plate was then introduced into a linear MALDI
time-of-flight mass spectrometer (Voyager™ Biospectrometry™ Workstation,
PerSeptive Biosystems, Framingham, MA) for analysis. The final mass spectrum
generated from the analysis of each sample was averaged over 256 individual single-
pulse spectra.

To prepare the standard solutions, substance P was obtained commercially (Cat
# S 6883, Sigma Chemical Co. St. Louis, MO) and reconstituted in physiologically
balanced, unpreserved sterile salt solution (Alcon Laboratories, Inc., Fort Worth, TX) at
concentrations ranging from 10 to 10?M (1.35 picograms/ml). Balanced salt solution
containing sodium, potassium, calcium, and magnesium salts was used, because it is
similar to the aqueous phase of tears. Aliquots of the standard substance P solutions
were mixed with the a-cyano-4-hydroxycinnamic acid matrix and processed for mass
spectrometry in the same manner as the tear samples.

Results. To construct the mass spectra for the tear samples and substance P
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standards, the ratio of mass to charge (m/z) was plotted on the abscissa and signal
intensity in arbitrary units was plotted on the ordinate (Figs. 1 and 2). Figure 1is a
spectrum of a human tear sample. In Figure 2 (top), a part of the spectrum from Figure
1 was enlarged to show substance P at m/z = 1351 and oxidized substance P at m/z =
1366; for comparison , spectra of a subsample of the tears from Figure 1 with
substance P added (Fig. 2, middle) and a substance P standard(Fig. 2, bottom) were
included. All of the 18 tear samples analyzed with MALDI showed a well-defined peak
in the m/z range from 1343.7 to 1355.9 or from 1356.9 to 1364.7. These results
corresponded to an average m/z of 1349.8 + 1.13 for protonated substance P [M + H]"
and 1361.2 + 0.54 for oxidized substance P [M + O + H}]+ obtained from the 14 mass

spectra of substance P standards with concentrations ranging from 10“M to 102 M.

Figure 1. A MALDI mass spectrum of

substance P (m/z = 1360) naturally
occurring in undiluted tears collected

from a healthy 28-year-old man who

2000+ .
}LGlf:uur did not wear contact lenses and who

14700
1360 |L‘yl+H|¢

P d was asymptomatic for dry eye

Relative lntensity

syndrome. Lys+H and Lys+2H are

d u lysozyme and its doubly protonated

A

T Thm W s s oo w1 e uwe e  TOrM, respectively (2).

m/z
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Figure 2. Top: The mass spectrum of substance P (m/z
= 1351) in human tears from Figure 1. Middle: Tears
from the same subject with substance P added at a

concentration of 10-12 M. Bottom: Substance P

10000~ Human tear with
substance P, 10'? M, added

standard at a concentration of 10'° M in saline solution.

Relative lateasity

In each tracing, the peak at m/z = 1366 is oxidized

substance P. In the bottom tracing, the peak at m/z =

Substance P
standard, 100" M

e 1389 is the potassium adduct of substance P; the

e PR, P e PRy vame ves s potassium is provided by the saline solution.
m/z

A few other peaks in Figures 1 and 2 were tentatively identified. In Figure 1,
peaks with m/z = 14,700 and m/z = 7360 appeared to be the singly protonated and
doubly protonated ions of lysozyme, because they coincided with these peaks in the
mass spectrum of the enzyme, as previously reported (16). In the mass spectrum of
the substance P standard (Fig. 2, bottom), the low intensity peak at m/z = 1389
probably was the potassium adduct of substance P, which was contributed by the
balanced salt solution. The difference in the m/z between the peak for substance P
and the peak for the adduct was 38 mass units, which was within experimental error for
the measurement of potassium at 39 mass units. When the standard solution was
added to tears (Fig. 2, middle), the potassium-adduct peak was absent from the
spectrums and presumably was suppressed. Other peaks in Figure 1 and 2 were
identified.

An Enzyme Immunoassay Kit (Cat # 583751, Cayman Chemical, Ann Arbor, Ml)
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for substance P was used for ELISA analysis of tears. Tears from one eye of one
subject (a woman) were collected and frozen at -20°C until 100 .l had been obtained,
then pooled and divided equally into two wells of the test plate, in accordance with
manufacturer’s directions. The analysis was performed in duplicate. Substance P was
detected in both replicates. The concentration of substance P in the tears from this
subject was 125 pg/ml (9.26 x 10"'M).

These findings demonstrate that substance P is a component of the tears
obtained from normal eyes of men and women ranging in age from 26 to 60 years, from
eyes fitted with contact lenses, from eyes with dry eye syndrome, and from eyes 1 to 2
days after excimer laser refractive surgery. However, we have not yet determined
whether the concentration of substance P in tears varies with sex age, or eye
conditions, and the source of substance P and its role in tears remain to be discovered.
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Evaluate drugs to prevent retinal damage after laser injury

It was not possible, as of the date of this report, to construct an adequate retinal

objective for the confocal microscope. Three objectives were designed and constructed

by optical engineers, however, each lens proved to be inadequate. Patient movement,

decreased depth of field, varying dioptric corrections of the eyes, and varying lengths of

the globes, proved to be a challenge in the design of these lenses. Further attempts at

designing a retinal objective will continue in the future.
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C. Study traumatic and non-traumatic gléucoma to determine its pathogenesis

Glaucoma is a disease that involves two separate pathologic processes. In those
forms of the disease in which intraocular pressure is elevated, damage to the trabecular
meshwork of the eye has occurred. For active duty military, the most important
etiologies for this damage are related to ocular trauma and its primary and secondary
effects on the trabecular meshwork. Within the retired military population, the separate
etiologies contributing to trabecular meshwork damage in chronic open angle glaucoma
(the most common form of glaucoma, particularly in the elderly) are most important.

We spent the first year establishing the laboratory and acquiring the necessary
equipment to evaluate optic disc compliance as a measure of the mechanical behavior
of the structural tissues of the optic disc. Initial mechanical testing sessions using the
LDT scanning laser ophthalmoscope suggest that variability may be sufficient to allow
pixel by pixel mapping of the optic disc surface changes.

In the second year, we reported that seven monkeys were imaged following the
onset of glaucoma, and several more were into the lasering phase. Over 5000 images
were obtained and saved in their entirety to optical discs. Image alignment and data
processing has progressed through preliminary forms. Studies were also begun to
determine the overall tilt that occurs in the posterior pole of the eye following acute
pressure elevations, as well as the regional behavior of the surface of the optic nerve
head and peri-papillary retina.

In the third year, we reported that we were analyzing preliminary results from two

large experiments in which the confocal scanning laser ophthalmoscope was used to
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study the onset of glaucomatous damage to the tissues of the optic nerve head.

During the last year of the study, we have been analyzing the preliminary results
from two large experiments in which the confocal scanning laser ophthalmoscope has
been used to study the onset of glaucomatous damage to the tissues of the optic nerve

head. The following is an account of our progress.

1) Study 01 (our laboratory numbering system): Previously entitled:
Characterization of early, middle, and late changes in the surface of the optic
nerve head in experimental glaucoma by confocal scanning laser
ophthalmoscopy; now referred to as the LSU Experimental Glaucoma Study
(LEGS) . The first study our laboratory has embarked upon is the characterization of
the progressive changes in the optic nerve head surface that occur throughout the
course of typical "glaucomatous" damage. Our goal in this study is to develop an
extensive library of confocal scanning laser ophthalmoscopic images in which normal
variation as well as early, middle and late glaucomatous changes are well catalogued.
These images will then become the data base from which statistical strategies for the
detection of optic nerve head change will be constructed. Finally, once we have decided
on the proper way to detect change, these images will allow us to definitively describe
the observed phenomena. That is, we hope to provide the first extensive description of
the pattern of optic nerve head surface change that occurs in glaucomatous damage

using images acquired with a confocal scanning laser ophthalmoscope (CSLO).
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Table 1. Schedule of LEGS Imaging Sessions

Pre-laser Post-Laser
Monkey1 2 3 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
1C oo 06 R B AN
1D o oo E R REERENENEREBERENETSR
1E o o R B B R EEEENEEERNREEENEENEEREENENENER
1F o oo M AR AR B EE N EREERNEENENNESRN
1C o060 B B EEREDR
11 ®© 60O N N A EEEEENNENENENENREEREERERRHR
1J o0 0 I BN A EENEEEEEEREEREENEN N
1K o 6 O N BN E R EEERN
1. o 66 A RN
1N oo oM ENEDR
10 o o0 NN EEEENEENEBNHN:
1P ¢ © 6 5l I I I E B E N BB NN

In the LEG study (Table 1), both normal eyes of 12 monkeys were imaged in

three individual imaging sessions (performed on three separate days), separated by at

least 2 weeks (the pre-laserimaging sessions). The trabecular meshwork of one eye

(study eye) of each monkey was then treated with Argon Laser to induce elevated IOP.

The ONHs of both eyes of each monkey (the study eye and the normal contralateral

eye) were then imaged every 2 weeks (the post-laser imaging sessions) through the

onset and progression of glaucomatous damage in each monkey’s study
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Table 2. LEGS Imaging Session Observation Points

Observation # Images Observation Point Experimental Conditions

Eye Point Acquired _I1OP 10/15 degree image __EKG-linked
Study Eye 01 6 Physiologic 10 degree EKG
- 02 6 Physiologic 15 degree EKG
03 6 IOP 10, 60 min 10 degree non-EKG
04" 6 IOP 10, 60 min 15 degree non-EKG
05 6 I0P 10, 90 min 10 degree EKG
06 6 IOP 10, 90 min 15 degree EKG
07 4 ONH stereo photographs
Contralatera! 1 6 Physiologic 10 degree non-EKG
Normal Eye 12* 6 Physiologic 15 degree non-EKG
13 4 ONH stereo photographs

* Subset of images to be used in Phase 1
|

At each LEGS imaging session, six CSLO images of the ONH were acquired at
each of a series of eight CSLO-observation points and four standard stereoscopic
photographs were acquired at each of two additional stereo photographic-observation
points (Table 2). Each imaging session observation point of the LEG study thus
represents a longitudinal library of images obtained within one set of experimental
conditions. The LEGS library is actually a series of libraries which can each be
processed separately and then compared. Overall, the LEGS libraries were designed to
include 1) images that characterize the variability inherent to imaging an unchanging
eye over time (images of each study eye at each of its three pre-laser imaging sessions
and images of each contralateral normal eye at a variable number (7 to 23) of pre- and
post-laser imaging sessions) and 2) images that characterize the onset and progression
of true glaucomatous ONH surface change (images of each study eye at each of its

post-laser imaging sessions).
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Strategies for image alignment and data processing have progressed through
many preliminary forms. Figure 1 demonstrates the location of reference regions within
an CSLO image, the LSU regional analysis strategy and our global summary parameter
Mean Position of the Disc (MPD). An example of the Minimum Detectable Change for a
series of LSU regional parameters and MPD is demonstrated in Table 3. The
magnitude and location of the onset of statistically significant glaucomatous damage
are demonstrated for the same parameters in Table 4.

During the past year, all images from observation points 03, 04,11 and 12 (Table
2) for all imaging sessions for all monkeys (Table 1 - a total of 4056 digital images)
have been registered using the LDT software and the data has been exported to our
SAS statistical programs within our laboratory computer. We are now in the process of
constructing statistical strategies within the SAS software for the statistical
determination of optic nerve surface change.

3) Study 04 (our laboratory numbering system): Regional Compliance of the
Normal and Glaucomatous Monkey Optic Disc. The second major study we have
begun is a direct follow up to the work on compliance testing we have previously
published. Our principal goals are to define the overall tilt that occurs in the posterior
pole of the eye following acute pressure elevations, as well as the regional behavior of
the surface of the optic nerve head and peripapillary retina.

This study, as well as study 01 above, utilizes the system for rapid confocal
scanning laser image acquisition and data analysis that was described in our previous

progress report and is now fully operational in our laboratory. Our system allows us to
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acquire 6 to 10 images of the optic nerve head at a given observation point (any point in
time at which we wish to characterize the position and/or configuration of the surface of
the nerve head). Each image is then "registered" or "aligned" to a reference image for
that eye and the elevation value for each pixel location is transferred to our Silicon
Graphics INDY, where data are automatically entered into SAS statistical software, and
mean data for each pixel value are generated for the 6 to 10 images. At present, the
data for the 6 images we routinely require at an observation point are processed and
available to us in 10 minutes as an "Observation Point summary form" (example in
addendum). In addition we have now built the ability to look at the results of one
complete compliance testing session with the position of the ONH tissues at each
observation point (relative to position at the BASELINE observation point) color
mapped (Figure 2).

This study has implemented a group of protocols in which the optic nerve head
was imaged at a series of observation points at low and high intraocular pressure. The
study is now completed and consists of a total of 83 compliance tests, performed on 16
eyes of 12 monkeys. All images from each compliance testing session have now been
registered (approximately 4000 images) and the data again exported to our SAS
statistical programs. We are in the middle of an extensive statistical analysis of the data
from which we hope to construct simple, parameters that are sensitive to small, IOP-
induced changes in the ONH.

1. In vivo confocal microscopy of the movement of micro beads through
aqueous outflow pathway for the study of glaucoma and its pathogenesis.

Glaucoma is a heretogeneous group of heterogeneous group of diseases, all of
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which lead to optic nerve damage and visual loss usually as a result of increased
pressure in the eye caused by impaired fluid outflow.1 The most prevalent type, primary
open-angle glaucoma, is a leading cause of blindness throughout the world."* The
prevalence of open-angle glaucoma was reported to be 6.3% in a group of elderly
persons in California.* Another study showed that the prevalence varies from country to
country in northern Europe.® Although the cause of this blinding eye disease remains
unknown, the population at risk is growing, particularly with the aging of the “baby
boomer” generation in the United States. It has been estimated that nearly 2.5 million
persons in the U.S. will be afflicted with this disorder by the turn of the century.®

In open-angle glaucoma, restriction of the outflow of aqueous humor from the
interior of the eye to the venous drainage system is thought to involve impeded
passage through a narrow cleft of loose fibrous tissue, the trabecular meshwork.
Recently, a gene has been discovered that encodes a trabecular meshwork protein,
and a mutation of this gene appears to be associated with patients who have primary
open-angle glaucoma.® Possible causes of failure of outflow, and hence the damaging
rise in intraocular pressure, include pathologic changes in the structure of the
meshwork and/or obstruction of the aqueous pathway by collapse of the channels
carrying fluid away from the meshwork.”” It has also been suggested that not all cases
of glaucoma are caused by the same mechanism. Diagnosis and determination of the
prognosis for a given patient require intraocular pressure measurements, visual fields
testing, and evaluation of the anterior chamber angle. Studies in rabbits and monkeys
involving experimental manipulation of intraocular pressure are inconclusive in their

elucidation of the outflow mechanisms.' ' To date, direct evaluation of the structures
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of the aqueous outflow pathway at the cellular level has not been possible; with the new
confocal microscopy methodology described in this study, such an approach may
become practical and useful in both diagnosis and the determination of optimal therapy.

The white-light confocal microscope provides in vivo cellular level analysis of
events such as fibroblast activation and epithelial wound healing. Confocal microscopic
measurement and morphological characterization of cells in the living eye allow precise
identification of phenotype for both tissue cells and cells of immune origin.”*"'?* White-
light confocal microscopy is non-destructive, permitting repeated in vivo observations of
cellular processes, such as migration of inflammatory cells from the vascular space,
fibroblastic activation of cells, and the response to chemical manipulation and disease
processes, over time. '>'°

The outflow pathway in the rabbit has structural components analogous to those
of the primate; fluid drains from the anterior chamber into a fibrous meshwork, thence
into the aqueous plexus, and finally into venous collecting channels. The aqueous
plexus -- Fontana’' s space in rabbits, Schlemm’s canal in primate -- has been difficult to
separate from the trabecular meshwork as a cause of increased intraocular pressure,
because it has not been possible to directly observe changes in its dimensions or the
through-flow into the aqueous drainage system in the living eye. In this study, we
demonstrate that, with confocal microscopy, it is possible to observe micro beads
injected into the anterior chamber of normal rabbit eyes moving in the anterior chamber
and in the aqueous plexus. By measuring the differential velocity of flow in these

structures, the presence of an intervening resistance, probably the fibrous trabecular

meshwork, may be inferred.
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Animal care and treatment in this investigation were in compliance with the

ARVO Resolution on the Use of Animals in Research. New Zealand white rabbits (2-3

kg) were anesthetized by intramuscular injection of ketamine hydrochloride (30 mg/kg)

and xylazine (6 mg/kg). A 6-0 suture to adjust eye position was attached to a

superficial location approximately at the 12:00 o'clock position. The rabbits were

wrapped in a pad to maintain body temperature and positioned on their side in a

specially designed holder. The eyelids were held open by a wire speculum.

An aliquot of 7.4 x 10° micro beads/mi in water was diluted with sterile 0.9%

NaCl, such that a 5-.! aliquot contained 3.7 x 10* micro beads. For each observation, a

5 ul aliquot was injected into the anterior chamber of the rabbit eye over a period of 5

minutes (Fig. 1). The micro beads (Bangs Laboratories, Inc., Fishers, Indiana) were

made of polystyrene without surface functional groups and contained a black organic

nonpermeable material. The micro beads were 2.5 um + 10% in diameter, with a

density of 1.05 g/ml.

thickness of the layer is exaggerated for visibility.

TRANSOUCER]

Fig.1. Schematic diagram of ocular preparation for
confocal microscopy of micro bead movement through
the anterior chamber and agueous plexus. A needle
inserted across a corneal diameter allowed measurement
of the intraocular pressure during injection of 5-.1 aloquot
of a sodium chloride solution containing the micro beads.
Intraocular pressure was held constant by the saline
column. The objective of the confocal microscope was
moved around to visualize the aqueous outflow pathway.
The layer of methy! cellulose used as an optical coupler
is indicated by the lined segment between the objective

of the confocal microscope and the corneal surface; the
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For confocal microscopy, as in previous studies on humans and animals,'® the
cornea was covered with an optically thin layer of 10% methyl cellulose and the convex
surface of the objective was brought into position. Images were viewed as the plane of
focus was moved through the tissue in increments of a few microns, with the confocal
microscopic images viewed in real-time on a video monitor (Sony Medical Monitor) and
recorded through a CCD camera (Videoscope, Washington, DC) onto S-VHS tape for
later playback and analysis.' '

To determine the average velocity of the micro beads in the anterior chamber
and Fontana’s space, individual frames were captured from S-VHS videotape every 0.2
seconds on an Epic 2MEG (Epic, Buffalo Grove, lllinois) frame grabber and transferred
to Optimas software (Optimas Corp., Seattle, Washington). Pixel to micrometer
conversion was made for the images. Instantaneous velocity for each time point was
calculated by determining the change in position for each time point; mean velocity was
calculated as the average of all of the instantaneous velocity calculation for each time
and position.

At the conclusion of the experiment, the animals were killed by an overdose of
sodium pentobarbital. The eye was initially fixed by immersion in a fixation solution,
frozen, and prepared for cryostat sections (7 um). Dark field microscopy and
photography were performed using a Leica research microscope.

RESULTS

Rabbits were anesthetized and 9-0 sutures (30 xm diameter) were placed at the

corneoscleral limbus (the junction between the cornea and the sclera) to identify the

area during confocal microscopy. A 23-gauge needle with a constriction half way along
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its length and having small holes above and below the constriction was introduced
transcorneally, avoiding contact with the iris (Fig. 1). One end of the needle was
connected by polyethylene tubing to a 10-ul syringe and the other end to a reservoir
containing Ringer's solution and a pressure transducer to prevent changes in
intraocular pressure. Micro beads were injected into the anterior chamber slowly over 5
minutes. The objective of the confocal microscope was carefully brought into position.
A thin layer of 10% methyl cellulose was used as an optical coupler; there was not
direct contact between the eye and microscope. The three layers of the cornea
(epithelium, stroma, and endothelium) were identified.” 2™

As the objective of the confocal microscope was moved across the corneal
surface toward the periphery where the cornea meets the sclera, micro beads were
observed in the aqueous humor just posterior to the endothelium (Fig. 2) and at the
anterior surface of the iris (not depicted). The vessels of the conjunctiva and the flow of
red blood cells and cells of immune origin were noted as the plane of focus moved
downward at the corneoscleral limbus. Micro beads in the anterior chamber were
recorded on video tape for up to 20 seconds. The mean velocity of the micro beads in
the anterior chamber was determined to be 7.2 um/sec + 0.38 um/sec (n=5).

Micro beads that had been injected into the anterior chamber were observed in
vivo by confocal microscopy in the aqueous plexus (Fontana’s space) (Fig. 3). The
mean velocity of the micro beads in Fontana’s space was found to be 64.3 um/sec +
3.1 um/sec (n=5) (Fig. 3), which was significantly faster than the rate in the anterior
chamber (p > 0.01). Confocal microscopy showed the opaque suture, which was

approximately 30 wm in diameter, above Fontana’s space; the diameter of Fontana’s
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space varied from 30 to 50 um. A venous collecting channel was seen to open directly
into this space (Fig. 3). Histological analysis (Fig. 4) also identified the connection
between the aqueous plexus and the venous collecting channels seen in vivo by
confocal microscopy (Fig. 3). An accumulation of micro beads in Fontana’s space was
identified in frozen sections, and the variable diameter of this space previously
measured by confocal microscopy was verified (Fig. 4). The appearance of these
structures as seen by confocal microscopy, as well as our histological results, are
corroborated by an earlier histological study of the rabbit outflow pathway."”’
DISCUSSION

The clinical ability to visualize the outflow apparatus in the glaucomatous eye in
humans may lead to increased understanding of the disease, the ability to diagnose the
early signs of the disease, and based on the site of the outflow abnormality, the
individualization of therapy to the specific type of glaucomatous pathology. Glaucoma
is treated by several modalities, including drugs, laser surgery, and filtration surgery; the
ability to visualize the outflow pathway provides a direct means of observing the
therapeutic effects. Some of the mechanisms that cause various types of glaucoma,
such as the elevated intraocular pressure induced by the therapeutic use of
corticosteroids, may be different from the mechanism that causes primary open-angle
glaucoma. Modification of this technique to improve our understanding of the dynamics
of aqueous humor outflow in humans may lead to improved therapeutic measures. The
ability to correlate structural changes in the trabecular meshwork and Schiemm’s canal
in the living human eye with the type of glaucoma could provide new insights into this

blinding eye disease.
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Additionally, this new application of confocal microscopy, in conjunction with the
appropriate tracers (or stains), will give us a unique new experimental tool to evaluate
the flow of aqueous humor in glaucoma. For the first time, we can directly evaluate the
rate of movement of aqueous humor through the anterior chamber angle. This also
provides a potentially powerful tool to evaluate the effect of new glaucoma drugs with
respect to their ability to change the structural resistance (flow) of the components that
make up the outflow pathway. In particular, confocal microscopy may be useful to
better understand the contribution of uveoscleral outflow to the intraocular pressure

regulation, which is not well understood.'® '
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Figure 3
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FIGURE LEGENDS

Fig. 2. Confocal micrograph of micro beads in the anterior chamber. The corneal
endothelial cells (E) can be seen in outline. To view both the central and peripheral
areas of the anterior chamber, the objective was moved over the corneal surface with
adjustments for changes in corneal thickness. The outflow meshwork (not shown) was

identified by its loose fibrous structure.

Fig. 3.  Confocal micrographs of the movement of a single micro beadsin the fluid-
filled space of Fontana. (A) This view shows bead movement beginning at an arbitrary
time and location denoted by the parallel solid white lines. (B) The time is 1.5 sec after
the view in (A), and the bead has moved 70.2 um, giving a velocity of 83.8 um/sec. ©
The bead has moved an additional 87.2 «m, giving a velocity of 81.2 um/sec. A venous
collecting channel (CC) and its opening into the space are visible in all three views.

Compare the view in © with Figure 4. S, Fontana’s space. Bar, 75 um.

Fig. 4. Seven-micron-thick cryostat sections of the anterior chamber angle of the
rabbit eye depicting the fluid and the flow structures. Top. Two collecting channels
(CC) are seen to course outward from areas of the plexus close to Fontana’s space (S).
Note the ciliary processes (CP) at the bottom of the figure. The junction of the cornea
(on the left) with the sclera (on the right), known as the corneoscleral limbus, is defined
by the termination of Descemet's layer (D), which underlies only the cornea and does

not extend beneath the sclera. AC, anterior chamber. (Magnification, x 130). Bottom.
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In a higher magnification, the micro beads are visible just below Descemet'’s layer (D)
and in Fontana's space (S), and the tubular nature of the collecting channels (CC) can

be seen. D, Descemet's membrane (Magnification, x 328).
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D. Study drugs that will prevent the recurrences of herpes

Recurrent herpes, both in the eye and elsewhere, is a major problem. There are
some 500,000 cases of ocular herpes reported in the United States, and genital and
labial herpes also represent a major clinical problem.

Systemic antiviral drug reduce the frequency of genital herpes while they are
being administered, and prevent sores from developing, however, they do not prevent
shedding of the virus and the infection of partners or the spread of disease. Systemic
antivirals do not prevent recurrences of ocular herpetic disease. We believe that virus
reactivates on the ganglion cells and travels to the periphery, where in the genitalia,
shedding results; in the eye, even small amounts of virus produce corneal disease. The
goal in both genital and ocular disease is to find a way to stop reactivation in the neural
ganglia.

1. Thymidine kinase inhibitors. During the first year of our studies, we reported
that we obtained a new thymidine kinase inhibitor, 9-(4-hydroxybutyl) -N*-phenylguanine
(or HBPG) from a collaborator at the University of Massachusetts Medical Center. Our
first step was to determine the pharmacokinetics of this compound in the squirrel
monkey. We found that the drug had a true elimination half-life of 12.5 hours when it
was administered intra peritoneally, and determined that it was not stored in the fat.

In the second year, we tested HBPG in squirrel moneys to determine whether it
was effective in reducing the clinical corneal recurrences of herpes virus. Based on our
pharmacokinetic studies, we decided to treat the animals every eight hours with either
HBPG suspended in corn oil or corn oil placebo. We pre-treated the animals with either

drug or placebo, and then subjected than to a cold-stress for a short period of time to
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induce ocular recurrences. We found that the frequency of recurrent herpetic keratitis in
the HBPG-treated monkeys was lower than in the corn oil-treated monkeys. We also
tested the HBPG in our mouse model of heat stress-induced reactivation, and found
that the frequencies of infectious virus found in the tears and trigeminal ganglia were
statistically significantly lower in HBPG-treated animals as compared to the placebo-
treated animals, and the viral DNA expression in the trigeminal ganglia was also
significantly lower. Attempts will be made by our consultant to produce a more soluble
form of the HBPG because further studies are limited be the solubility of the drug.

2. Beta blockers. Also in the first year, we reported that we were studying beta
blockers to reduce reactivation of virus from latency. The first compound that we tested
was propranolol. In a mouse model or heat-stress reactivation of herpes, we
determined that the animals treated with propranolol had a lower rate of shedding
infectious virus in their tears than mice treated with placebo. We also determined that
propranolol suppressed viral reactivation from the trigeminal ganglion s well as reduced
the viral DNA in the trigeminal ganglia.

During the second year, we studied the effect of propranolol on spontaneous
recurrences of ocular herpetic keratitis in the rabbit. Twenty one days after infection,
rabbits were randomized to be treated either with propranolol twice a day or saline. We
found that there was a significant difference in the ocular recurrences in the rabbits that
were treated with the propranolol.

During the second year, we also tested another beta blocker, timolol maleate, in
the mouse model. We found that pretreatment reduced the frequency that infectious

virus was found in the tears and in the trigeminal ganglion.
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During the third year, we treated the propranolol in our squirrel monkey model of
recurrent herpetic keratitis. We were not able to show any effect of the propranolol, we
believe, because of the very low recurrence rate of keratitis that we encountered. Using
the mouse model of heat stress-related recurrences, we tested other beta adrenergic
receptor blocking agents: penbutolol, betaxolol, metoprolol and ICI 118,551. Each of
these agents, with the exception of penbutalol showed significant activity in inhibiting
stress-induced viral reactivation.

At the end of the past grant year, we had just embarked on studies designed to
determine if a variety of adrenergic receptor agonists could induce a viral reactivation
and to determine if such a reactivation was related in a functional and physiological
way, to our previous observations with beta adrenergic receptor agonists. In
preliminary experiments, we had failed to find any activity of norepinephrine
administered to mice at a concentration of 0.01 mg per animal per day. Additional
studies with norepinephrine, isoproterenol, and ephedrine have yielded promising new
results. These adrenergic receptor agonists when given to mice which are latent for
HSV-1 were found to statistically significantly increase the frequency of viral shedding
from the eyes of mice (Table 1). changes were made in the drug delivery system in that
slightly higher concentrations of the receptor agonists were used and the duration of
treatment was increased from 3 days to 5 days.

Further analysis of the results obtained using the adrenergic receptor agonists
reveals that norepinephrine and isoproterenol are agonists which act on the beta
adrenergic receptors whereas ephedrine is a receptor agonist of mixed activity for both

alpha and beta adrenergic receptors. It is of interest that these compounds (Table 2)
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which have activity for the beta receptors or for alpha beta receptors have a significant
effect in stimulating a viral reactivation.

In a preliminary study completed just at the end of the current grant year, we
investigated the relationship between corneal epithelial nerves and viral reactivation
stimulated by adrenergic receptor agonists. Mice which were latent for HSV-1 were
treated with a dilute solution of sodium hydroxide. This treatment causes the superficial
most layer of epithelial cells to peel off and cauterizes the epithelial nerve endings.
Latent mice treatment with sodium hydroxide and control mice were given injections of
norepinephrine, and the frequency of viral shedding at the ocular surface determined. It
was found within two weeks after hydroxide treatment the frequency of viral shedding
was significantly reduced in the eyes of animals which had been treated with the dilute
sodium hydroxide (Table 3). These preliminary results indicate that there is a direct
connection between the effect of the adrenergic receptor agonists on receptor-
expressing cells and the shedding of virus from the nerve endings in the corneal

epithelium. Further studies on this observation are in progress.
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Viral Reactivation Following Adrenergic Receptor Agonists Treatment

Infectious Virus Percent

Treatment (+ Eyes/Total Eyes) Positive
Norepinephrine 4/11 36
Isoproterenol 4/10 40
Ephedrine 4/12 33
Placebo 0/12 0
Stress 8/14 57

Latent mice were treated three times daily (0.02 mg/ml) for five days by

intraperitoneal injection and tested for ocular shedding of virus on days 3,

5, and 7. The stressed mice were tested for virus 24 hours after thermal

treatment.
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Table 2
Receptor Agonist Specificity and Viral Reactivation
Receptor Specificity
] Effect on Reactivation
Agonist Mixed Beta (+ induces; - no effect)
Norepinephrine + +
Isoproterenol + +
Ephedrine + +
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Table 3
Requirement for Epithelial Nerve in the Agonist Induced Viral Shedding
Infectious Virus Percent
Treatment (+ Eyes/Total Eyes) Positive
Dilute NaOH 3/20 15
Saline 10/22 45

Latent mice were topically treated with 0.001M NaOH or saline. Two weeks
later they were given [P injections of norepinephrine as indicated in Table 1
above and viral shedding determined on days 3, 5, and 7.
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Abstract

9-(4-Hydroxybutyl)-N>-phenylguanine (HBPG) is a new viral thymidine kinase inhibitor that we tested for the
ability to prevent recurrences of herpetic keratitis. Eighteen squirrel monkeys (Saimiri scuireus) were infected in both
corneas with the Rodanus strain of herpes simplex virus type | (HSV-1). All corneas showed typical dendritic keratitis
3 days after infection. followed by spontaneous healing. On day 21, the monkeys were randomized into two coded
groups and ocular examinations were begun. One group received intraperitoneal (i.p.) injections of HBPG, 150
mg/kg, in a corn oil suspension every 8 h, and the other group received i.p. injections of the corn oil vehicle only. On
day 22. recurrences were induced by reducing the temperature of the room in the late afternoon so that a low of 18°C
was achieved during the night. After the morning treatment, room temperature was raised to the normal ambient
temperature (24-27°C), and treatment was discontinued. Treatment was reinstituted on day 27, the room temperature
was lowered again on day 28, and treatment was again discontinued as before. Third and fourth cycles of treatment
and cold stress were begun on days 34 and 69. Ocular examinations were continued until day 73, at which point the
code was broken. We found that the HBPG treatment significantly reduced the number of corneas with recurrences
during the treatment periods, compared with recurrences in untreated, cold-stressed ‘animals (P = 0.01).
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1. Introduction

The herpes viruses are common pathogens in
humans and a variety of animal species (Straus et
al., 1985; Mertz, 1990). Herpes simplex virus type
1 (HSV-1) and herpes simplex virus type 2 (HSV-
2) infect epithelial and mucosal surfaces, causing
painful lesions and considerable emotional stress
(Whitley, 1990). It is well known that, coincident
with acute herpes infection, the virus enters the
nervous system and that viral latency and the
potential for reactivation and recurrent disease
are a lifelong threat (Mertz, 1990; Roizman and
Kaplan, 1992).

Many years ago, we developed the first effective
antiviral for the topical treatment of ocular HSV-
1 infection (Kaufman, 1962; Kaufman and Mal-
oney, 1962; Kaufman et al, 1962). Since then,
numerous anti-herpetic drugs have been designed
and tested; the current armamentarium includes
thymidine analogs, arabinonucleosides, and vari-
ous acyclonucleosides (Elion, 1985; Beyer et al.,
1989; Mansuri and Martin, 1991; Lapucci et al,,
1993). Virtually all of the drugs that are presently
available shorten the duration of acute herpes
infection of end organs such as the ocular surface
and the genital tract.

A major goal in antiviral drug development is
the design of chemotherapeutic agents that specifi-
cally inhibit viral reactivation from latency. Be-
cause HSV-1 achieves latency in the nervous
system and because reactivation from latency de-
pends on certain viral enzymes, many investiga-
tors have sought to target virally encoded
enzymes with drugs that inactivate or compete
with viral synthetic mechanisms (Elion, 1985; Leib
et al,, 1990; Nsiah et al., 1990; Kaufman et al,,
1991; Bourne et al., 1992; Lapucci et al., 1993;
Taylor et al., 1994). Viral thymidine kinase has
been widely studied in this regard (Nutter et al.,
1987; Martin et al., 1989a,b; Spadari and Wright,
1989; Klein and Czelusniak, 1990; Kim et al.,
1993), and thestatus of inhibitors of this enzyme
has been reviewed (Wright, 1994). Inhibitors of
HSV thymidine kinase were first proven to be
effective in preventing viral reactivation in an in
vitro explant-cocultivation model of latently in-
fected murine trigeminal ganglia (Leib et al.,
1990). i

Some of the currently available chemotherapeu-
tic agents have been shown to be effective in
reducing HSV-1 and HSV-2 recurrences in very
specific circumstances (Park et al., 1979; Saral et
al., 1981; Straus et al., 1984; Douglas et al., 1984;
Meyrick Thomas et al.,, 1985, Spruance et al.,
1988; Rooney et al., 1993). For example, acyclovir
is effective in reducing the viral recurrence rate in
patients with urogenital HSV-2 infection (Corey
et al., 1982; Douglas et al., 1984; Mindel et al.,
1984, 1988; Straus et al., 1984; Gold and Corey,
1987). Similarly, acyclovir is effective in reducing
the frequency of recurrences of oral-facial HSV-1
(Spruance et al., 1988; Rooney et al., 1993). Un-
fortunately, neither systemic nor topical acyclovir
has been proven effective in preventing ocular
recurrences of HSV-1 infection (Sanitato et al.,
1984; Collum et al.,, 1986). Barney and Foster
(1994) found that acyclovir reduced the recurrence
rate of ocular herpes after keratoplasty, but
steroids were used after the surgery and antivirals
are known to reduce recurrence rates after topical
corticosteroid administration. Legmann and
Langston (1995) presented a non-randomized, ret-
rospective study of a small group of patients who
seemed to have fewer recurrences when given oral
acyclovir, and there is an NIH-sponsored study
(Herpetic Eye Disease Study) in progress to deter-
mine if oral acyclovir is useful in preventing her-
petic recurrences. To date, however, there are no
conclusive data that establish the value of acy-
clovir in preventing ocular herpetic recurrences in
patients who are not treated with steroids.

Recently, we have been successful in synthesiz-
ing a compound that potently and specifically
inhibits herpetic viral thymidine kinases (Xu ct
al.,, 1995). This compound, 9-(4-hydroxybutyl)-
NZ2-phenylguanine (HBPG), has physicochemical
properties that make it suitable for testing in vivo
HBPG has been found to be active in preventing
HSV-1 reactivation in a mouse model of heat
stress-induced reactivation (Gebhardt et ul.
1996). Using our recently described primate
model of hypothermic induction of HSV-1 reacu-
vation (Varnell et al., 1995), we tested HBPG tor
the ability to reduce ocular recurrences of herpetic
keratitis in monkeys.
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Fig. 1. Diagram of experimental design. Monkeys were treated every 8 h with i.p. injection of 150 mg/kg HBPG or corn oil. At the
time of the fifth injection. the ambient temperature was reduced to 16-18°C for a period of 16 h, during which time two additional
treatments were given. Eyes were examined every morning at 08:00 (X) for several days before, during, and several days after the

period of hypothermic stress (see Fig. 3).
2. Materials and methods
2.1. Animals

Eighteen male or female young adult squirrel
monkeys (Saimiri scuireus) weighing 0.46-1.08 kg
were used. All animals were handled in accor-
dance with the NIH guidelines on the care and
use of animals in research, the Association for
Research in Vision and Ophthalmology Statement
for the Use of Animals in Ophthalmic and Vision
Research, and the approval of the Institutional
Animal Care and Use Committee of the LSU
Medical Center in New Orleans. The monkeys
had previously been used in breeding research but
had not been involved in any infectious disease
research.

2.2. Pharmacokinetic studies

Four monkeys were given single i.p. injections
of 150 mg/kg HBPG in corn oil suspension (10
mg/ml) and bled 2, 5, 8 and 10 h later. Two
monkeys were given single intravenous (i.v.) injec-
tions of 40 mg/kg HBPG dissolved in 90"
dimethylsulfoxide (10 mg/ml), and bled 0.5, 1, 2
and 3 h later. The primates were anesthetized with
10-40 mg/kg intramuscular ketamine prior to
injection of the drug, and were reanesthetized as
necessary for phlebotomy from the femoral vein.
No more than 0.2 ml of blood was removed at

each time point. Plasma was separated, frozen,
and subjected to analysis for HBPG content. Di-
luted plasma samples were analyzed by high-per-
formance liquid chromatography (HPLC) on a
C8 reverse-phase column, and concentrations of
HBPG were calculated from the absorbance of
the compound at 275 nm. Details of the condi-
tions have been published (Xu et al., 1995).

2.3. Efficacy trial

The corneas of the 18 squirrel monkeys were
anesthetized with a drop of proparacaine hy-
drochloride (Alcaine, Alcon, Humacao, PR). The
superficial corneal epithelium was minimally trau-
matized with a 27-gauge needle, after which 25 ul
of Rodanus strain HSV-1 was dropped into the
conjunctival cul-de-sac, and the eyelids were gen-
tly rubbed over the cornea for 10 s. The corneas
were stained with fluorescein (Fluor-I-Strip,
Wyeth-Ayerst, Philadelphia, PA) 3 days after in-
fection and the presence of herpetic keratitis was
verified in all corneas by slit-lamp biomicroscopic
examination. Based on the pharmacokinetic data,
we decided to use 150 mg/kg HBPG, i.p. every 8
h, and to inject drug or vehicle a total of five
times before lowering the room temperature.

Fig. 1 illustrates the experimental design. To
induce recurrences with hypothermic stress, the
room temperature was lowered at 16:00. Drug
treatment was continued two additional times
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(midnight and 08:00), and the desired low temper-
ature was noted at 06:00. Corneas were examined
at 08:00, and the room temperature was raised to
the normal level. Animals were exposed to four
cycles of temperature stress, with treatments start-
ing on days 21, 27, 34 and 69. A cross-over study
was not undertaken in order to avoid any drug
carryover from a possible depot of drug that
might slowly dissolve. Each animal was followed
serially because it is known that the numbers of
recurrences decrease with time after infection. The
corneal evaluations were done in a masked man-
ner so that the observer had no knowledge of the
treatments.

2.4. Statistical methods

The outcome was expressed as a binary variable
with the value 1 if an eye had a typical herpetic
lesion, 0 if it did not. The dependent variable was
the treatment, either HBPG or the vehicle. The
analyses were conducted separately for the time
during. treatment and the time of no treatment.
The analysis was a Wilcoxon rank sums test using
a correction for a normal approximation with a
continuity correction for the two sample case (i.e.
the two levels of the treatment, HBPG and the
vehicle (Siegel, 1956)).

3. Results

Plasma from HBPG-treated animals was ana-
lyzed by HPLC to measure the time course of
drug residence in the circulation. The results of
1.v. dosing (Fig. 2(A)) showed an elimination half-
life of 1.05 h and a volume of distribution, 0.83
I/kg, that indicated uniform distribution of the
drug throughout body tissues. By contrast, after
..p. mjection, HBPG had an apparent plasma
half-life of 12.5 h (Fig. 2(B)), indicating that
elimination of the drug was dependent on the
absorption rate from the peritoneal cavity. The
prolonged plasma half-life suggested that i.p. in-
jection at convenient dosing intervals would
provide adequate and consistent concentrations of
drug at the target site, the trigeminal ganglion.
Intravenous dosing would have been impossible,

given the short half-life of the administered drug
and the volume of fluids required for i.v. adminis-
tration in such small animals. Indeed, the dosing
frequency by the i.p. route was chosen in order to
achieve higher peak drug concentrations at steady
state than was possible with a single dose.

The dosing frequency was chesen to cause a
degree of cumulation of drug in the plasma at
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Fig. 2. (A) Plasma concentration of HBPG in two squirrel
monkeys that had been given a single i.v. injection of 40 mg/kg
HBPG dissolved in 90% dimethylsulfoxide shows an elimina-
tion half-life of 1.05 h and a volume of distribution of 0.83
l/kg. (B) Plasma concentration of HBPG in four squirrel
monkeys that had been given a single i.p. injection of 150
mg/kg HBPG in corn oil shows an apparent half-life of 12.5 h.
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Table 1

Recurrent epithelial herpetic keratitis in squirrel monkeys infected with HSV-1 strain Rodanus

Treatment? No. of observations® Eyes

Eye lesion days

Recurrent lesions

No recurrent lesions

Corn oil 432 9/18
HBPG 372 10/18

9/18 47
8/18 19

2 HBPG 150 mg/kg i.p. every 8 h on PI days 21, 22, 27, 28, 34, 35, 69, 70, 71 and 72, and at 08:00 on PI days 23, 29, 36 and 73;

corn oil given i.p. on same schedule.

b Total eyes examined over all days of study (PI days 16-73).

steady state and to reduce the peak-to-trough
variation during the reactivation protocol. By be-
ginning drug treatments before lowering the tem-
perature, the plasma concentration of drug would
be near steady state (about 4 half-lives). Assuming
that the plasma concentration just before the next
dose, a, is given by a=b exp(—0.693/t'?)t,
where b is the peak concentration and ¢ is the
dosing interval, the extent of cumulation with a
dosing frequency of 8 h is 2.8, i.e. /(b — a). Thus,
the peak plasma concentration at steady state
would be 14 uM (2.8 x 5 uM (see Fig. 2(B)) and
the trough would be 9 uM.

All nine monkeys randomized to the HBPG-
treated group and six of the nine monkeys ran-
domized to the vehicle-treated group had at least
one incident of recurrent herpetic keratitis during
the observation period (Table 1 and Fig. 3). Dur-
ing the treatment periods, the frequency of
corneas showing specific recurrent herpetic kerati-
tis was significantly lower in the HBPG-treated
group than in the untreated control group (P =
0.01, Wilcoxon rank sums test). In the periods
before and after treatment, there were no signifi-
cant differences in the frequency of herpetic ker-
atitis between the two treatment groups (before:
P =0.6536; after: P=10.1106).

Three monkeys died during the study, one on
the night of day 28 when the temperature was
lowered to 16°C, one on the night of day 34, and
one during the night of day 69. Although all three
events were associated with treatment periods (6,
3, and 3 consecutive doses, respectively), the vet-
erinarian who performed the post mortem exami-
nations did not find any gross or histologic
findings suggesting HBPG toxicity. He found

non-specific changes suggesting hypoglycemia/
shock/possible stroke that could have been related
to the low temperature. Further studies of drug
toxicity will be required in the future.

4. Discussion

It is essential to demonstrate the safety and
efficacy of drugs that target viral enzyme systems
in primate species before testing these drugs in the
clinical setting. In the present study, we used a
model of hypothermic stress in primates (Varnell
et al., 1995). In this model, latently infected squir-
rel monkeys subjected to brief intervals of lowered
ambient temperatures (to approximately 18°C) ex-
hibited a significantly greater number of corneal
herpetic lesions compared with latently infected
animals maintained in an ambient temperature
range of 24-27°C. The results of the present
study provide evidence that a new drug, HBPG,
which inhibits viral thymidine kinase, is effective
in preventing viral reactivation and recrudescence
of ocular viral disease in hypothermically stressed
primates. These results support and broaden our
previous investigations with this and related com-
pounds (Xu et al., 1995; Gebhardt et al., 1996).

Xu et al. (1995) demonstrated that HBPG is an
effective inhibitor of HSV-1 thymidine kinase in
vitro and provided convincing evidence that this
compound achieves effective systemic distribution
and plasma levels, making it an ideal candidate
for further study as an antiviral. Subsequently,
Gebhardt et al. (1996) showed that HBPG is
effective in reducing viral reactivation in a murine
model; they demonstrated a reduced frequency of
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Fig. 3. The animals were examined only on the numbered days after infection; they were not examined on weekends or during the
period of post-infection (PI) day 39 through PI day 64. X denotes days of treatment. Vehicle-treated group = nine monkeys (18
eyes). HBPG-treated group = nine monkeys (18 eyes) through PI day 28, eight monkeys (16 eyes) through PI day 34, seven monkeys
(14 eyes) through PI day 69, and six monkeys (12 eyes) to end of study. On PI day 35, the room temperature could not be lowered
to the desired range of 16-18°C; a low of 20°C was attained. On PI days 35, 36 and 37, no recurrent keratitis was seen in either

group.

ocular shedding of infectious virus, as well as
reduced synthesis of viral DNA in the trigeminal
ganglion, the site of viral latency, in HBPG-
treated animals compared with untreated con-
trols. In the present study, however, corneas were
not cultured for the presence of herpesvirus be-
cause swabbing the eyes can damage the cornea
and cause other trauma which may mimic viral
lesions or perhaps even induce viral shedding.
Research into antiviral drugs has been focused
on compounds that shorten the duration of acute
infection and the destructive effects of the virus in
the infected organs (Elion, 1985; Beyer et al.,
1989; Mansuri and Martin, 1991; Lapucci et al.,
1993). For HSV-1 and HSV-2, a major thrust of
drug development is aimed at preventing viral
reactivation. An especially desirable goal is to
develop a safe, nontoxic, effective antiviral that
can be self-administered and that can prevent
viral reactivation in carriers of latent her-
pesviruses. For many years, we have focused our
attention on the design and testing of antiviral
compounds directed against metabolic pathways
that are involved in viral synthesis and assembly
during reactivation from latency (Kaufman,

1993), and we believe that viral thymidine kinase
inhibitors that do not affect host enzymes have
great potential for both safety and efficacy. For
example, we tested the thymidine kinase inhibitor

_ 5’-ethynylthymidine and found that this drug sup-

pressed ocular recurrences of HSV-1 (Kaufman et
al., 1991). Unfortunately, in order to achieve the
desired effect, the drug had to be administered i.p.
every 4 h for many days. Our present study with
HBPG in primates provides a stimulus for further
investigation into the use of such compounds in
preventing viral reactivation in the clinical setting.
Ultimately, it should be possible to provide pa-
tients with an oral medication that can be taken
routinely in circumstances where viral reactivation
is a likely event.
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ABSTRACT
Purpose: To compare trifluridine eye drops. cidofovir eye drops. and penciclovir ophthalmic
ointment for the treatment of herpes simplex virus type 1 (HSV-1) keratitis.
Methods: New Zealand white rabbits were infected with the McKrae strain of HSV-1. Three
days after virus inoculation, the rabbits were randomized to treatment with either 1%
trifluridine, 0.2% cidofovir, 3% penciclovir ointment, or phosphate-buffered saline (PBS:
control) on various schedules. The severity of keratitis was graded in a masked fashion.
Results: Treatment with any of the antiviral drugs resulted in significantly less severe keratitis
than treatment with PBS. There was no statistically significant difference between eyes given
trifluridine two, four, or seven times a day and eyes given cidofovir two times a day (P=.056,
P=.426, P=.189 respectively, F-test, ANOVA).Cidofovir twice a day was significantly more
effective than penciclovir given either two or four times a day (P=.0001, P=.002
respectively). Even with once-a-day dosage, all three drugs were significantly more effective
than PBS (P=.0001 for all). There was no significant difference between once-a-day
trifluridine and cidofovir treatments (P=.1692). Trifluridine administered five times a day was
as effective as 1% cidofovir.
Conclusions: Trifluridine was highly effective in this rabbit model, even when given only once
a day. Cidofovir was as effective as trifluridine. Cidofovir and penciclovir may prove to be
effective treatments for epithelial keratitis, and clinical trials of the three drugs with lower

treatment frequencies appear to be warranted.
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The rabbit provides a model of HSV keratitis that involves the multiplication of HSV in
the rabbit corneal epithelium with the production of dendrites and is similar to the infection in
humans. Studies using this model have been predictive of results in humans, and the relative
potencies of drugs determined in this model have paralleled those seen in human studies. !
The purpose of our study was to compare two of the newer antiviral drugs, penciclovir and
cidofovir, with trifluridine, which one of us (H.E.K.) introduced as an effective antiviral 34
years ago,3 and to determine the frequency of drug administration needed for effective therapy.
There are theoretical reasons suggesting that these newer drugs may persist for a longer period
of time in ocular tissues and could, therefore, be administered less frequently than trifluridine.

Trifluridine is a substituted nucleoside similar to thymidine.5 For the drug to become
active, it must be phosphorylated by cellular thymidine kinase (a relatively rate limiting step),
and then additionally phosphorylated by the more rapidly acting cellular enzymes. The primary
action of trifluridine is inhibition of DNA polymerase; it may also act within the cell to block
the synthesis of thymidilic synthetase. As approved by the Food and Drug Administration
(FDA), the package insert suggests appli,cation of one drop of trifluridine every 2 hours during
waking hours, up to a maximum daily dosage of nine drops. Trifluridine has been found to
inhibit the growth of adenovirus in tissue culture.

Penciclovir (9-[4-hydroxy-3-hydroxymethylbut-1-ylJguanine) (and its better absorbed
oral prodrug, famciclovir, which is hydrolyzed to penciclovir) is a nucleoside similar to
acyclovir. Famciclovir has been approved by the FDA for use in treating herpes zoster and
appears to reduce post-zoster pain.6 Like trifluridine, penciclovir is initially phosphorylated by

cellular thymidine kinase and then rapidly phosphorylated to the triphosphate.7 Also like
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trifluridine, penciclovir is an inhibitor of DNA polymerase, but it is more selective than
trifluridine. Although the active triphosphate of penciclovir is somewhat less inhibitory toward
DNA polymerase than the acyclovir triphosphate, penciclovir persists in the cell for a
significantly longer period of time and. therefore, requires less frequent administration. For
this reason, it seemed like a good candidate for a long-acting topical antiviral.

Cidofovir (1-[(S)-3-hydroxy-2-(phosphonomethoxy)propyl]cytosine; HPMPC), unlike
trifluridine and penciclovir, is a phosphonate. Like foscarnet. cidofovir already has the first
phosphate in place and then rapidly acquires two additional phosphates without the need for
thymidine kinase.®? Phosphonates inhibit DNA polymerase, but changes in thymidine kinasc
do not cause resistance to develop.lo Cidofovir is significantly toxic when given in high
concentrations and when given frequently as a topical medication, and it is highly nephrotoxic
when given systemically.” To be used systemically, cidofovir requires concomitant
administration of probenecid to reduce active secretion of the drug into the renal tubules. Like
penciclovir, cidofovir also seems to persist in tissues for a long time. 1213
The purpose of this study was to compare the effectiveness of these three drugs --

trifluridine, cidofovir, and penciclovir -- in a variety of dosage regimens for the treatment of

herpes keratitis in the rabbit eye.

MATERIALS AND METHODS
New Zealand white rabbits (2-3 kg) of both sexes were used. All animals were handled
in accordance with the NIH guidelines on the care and use of animals in research, the

Louisiana State University Medical Center Institutional Animal Care and Use Committce
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guidelines and approvals, and the Association for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic and Vision Research.

Drugs used in this study included 1% trifluridine drops (Viroptic, Glaxo Wellcome,
Research Triangle Park, North Carolina), 0.2% or 1% cidofovir solution formulated in our
laboratory from cidofovir powder supplied by Gilead Scientific (Foster City, California), and
3% penciclovir ointment formulated in our laboratory from powder supplied by SmithKline
Beecham (King of Prussia, Pennsylvania). Control eyes were treated with phosphate-buffered
saline (PBS).

HSV-1 strain McKrae was propagated in primary rabbit kidney cells and titered in CV-
1 cells. Rabbit corneas were anesthetized with proparacaine hydrochloride, the superficial
corneal epithelium was lightly scarified with a 27-gauge needle, and 25 ul of virus suspension
was dropped onto the cornea in order to synchronize the initial appearance and severity of
keratitis. The lids were gently rubbed over the cornea for 15 seconds.

Three days after virus inoculation, the corneas were stained with fluorescein, and the
severity of keratitis was graded on a scale of 0 to 4 as follows: 0 = normal cornea; 1 =
epithelial ulceration involving 1/4 of the epithelial area; 2 = epithelial ulceration involving 1/2
of the epithelial area; 3 = epithelial ulceration involving 3/4 of the epithelial area ; 4 = total
epithelial involvement. Rabbits were randomized to groups of comparable severity, and
treatment was administered in a coded manner.

In one study designed to compare a variety of treatment regimens, there were six drug
treatment groups consisting of 16 eyes each and one control group with 14 eyes. Eyes were

graded through day 14 after inoculation. Treatments were:
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trifluridine 1% drops, twice a day at 8 am and 8 pm:

trifluridine 1% drops, four times a day at 8 am. 12 noon. 4 and 8 pm;

trifluridine 1% drops, seven times a day at 8 am. 10 am, 12 noon, 2, 4, 6, and 8 pm;
cidofovir 0.2% drops, two times a day at 8 am and 8 pm:

penciclovir 3% ointment, two times a day at 8 am and 8 pm;

penciclovir 3% ointment, four times a day at 8 am, 12 noon, and 4 and 8 pm; and

phosphate-buffered saline (PBS) (control). two times a day at 8 am and 8 pm.

In a second study designed to compare the efficacy of a single daily treatment, there
were three drug treatment groups and one control group consisting of 20 eyes each. Eyes were
graded through day 10 after inoculation. Treatments were:

trifluridine 1% drops, once a day:

cidofovir 0.2% drops, once a day;

penciclovir 3% ointment, once a day; and

PBS control, once a day.

In both studies, treatment was given beginning after examination on postinfection day 3
through postinfection day 9. Corneas were stained with fluorescein and examined with the slit

lamp daily, and the severity of keratitis was graded in a masked fashion.

A third study was undertaken to test the efficacy of a higher concentration of cidofovir

eye drops utilizing 20 eyes in each group. Eyes were graded through day 7 after inoculation.
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Treatment groups were:
trifluridine 1% drops, five times a day at 8 and 10:30 am, 1, 3:30, and 6 pm
cidofovir 1% drops, two times a day at 8 am and 6 pm

PBS control, two times a day at 8 am and 6 pm.

STATISTICAL ANALYSIS

The outcome variable was the severity of keratitis grade. The drug treatment regimens
as described in the methods section were the dependent variable. Variability due to rabbit
differences within treatments was controlled for by application of a repeated measures design
in the analysis of variance (ANOVA). Comparisons between the keratitis severity score means
for each drug regimen were conducted by protected t-tests on least square means derived from
the ANOVA. 6 All P values stated were derived from these tests; the ANOVA and all
subsequent comparisons of treatment means were conducted using programs and procedures

from the Statistical Analysis System larlgu.elge.17

RESULTS
In the initial study, all treatments with trifluridine, cidofovir, or penciclovir resulted in
statistically less severe herpetic keratitis than treatment with PBS (control) (P=.0001 for all
comparisons, Table 1 and Figure 1). Twice-a-day and four-times-a-day regimens of
penciclovir were equally effective (P=.6217). There was no difference in the effectiveness of
trifluridine given two, four, or seven times a day (twice a day vs. four times a day, P=.2652,

twice a day vs. seven times a day, P=.5504; four times a day vs. seven times a day,
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P=.6048) nor was there any difference in efficacy between cidofovir given twice a day and
trifluridine given twice a day (P=.0563). Although all treatments were effective in promoting
healing of herpetic keratitis, none prevented spontaneous recurrences, even while treatment
was still continuing. All groups showed spontaneous recurrences after treatment was stopped.

Once-a-day treatment with trifluridine, cidofovir, or penciclovir resulted in significantly
less severe keratitis than treatment with PBS (P=.0001 for all three comparisons, Table 2 and
Figure 2).

Trifluridine and cidofovir treatment resulted in significantly less severe keratitis than
treatment with penciclovir at all tested dosage schedules (trifluridine twice a day vs.
penciclovir twice a day, P=.0001; trifluridine four times a day vs. penciclovir four times a
day, P=.0212; cidofovir twice a day vs. penciclovir twice a day, P=.0001).

Treatment with 1% cidofovir twice a day and 1% trifluridine five times a day resulted
in rapid healing of the keratitis soon after treatment was initiated. On each study day, treatment
with either drug resulted in significantly less severe keratitis than treatment with PBS
(P=.0001); however, there was no significant difference in the severity of keratitis in eyes
treated with either trifluridine or cidofovir (Table 3 and Figure 3).

Mild to moderate punctate keratitis was noted with trifluridine treatment seven times a
day, with all penciclovir ointment treatments, and with the 1% cidofovir treatment. The

punctate keratitis appeared 4 to 5 days after the start of treatment.

COMMENT

In this model, it was possible to show that both trifluridine and cidofovir given as
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infrequently as once a day were very effective for treating HSV keratitis, even with treatment
beginning 72 hours after infection when the lesions were well established.!®!° This finding
suggests the possibility that trifluridine is being used clinically more frequently than is
necessary. When corticosteroids are being administered, frequent dosage of trifluridine may be
needed because corticosteroids reduce the antiviral effect of all these drugs. In general,
however, it may be that the antivirals are being administered more frequently in clinical
practice than is actually required.

The comparison studies showed that topical penciclovir is slightly less effective than
trifluridine or cidofovir and seems to offer no real advantages. Cidofovir and trifluridine were
equally effective against HSV keratitis and are also reported to be effective against ocular

adenovirus infection, 132922
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FIGURE LEGENDS

Figure 1. Comparison of the severity of keratitis in rabbits infected with McKrae strain HSV-1
in both eyes and treated with one of the three drugs on various dosage schedules. Treatment
was begun after the evaluation on postinfection day 3 and continued through day 9. Trcatments
with either 1% trifluridine drops. 0.2% cidofovir solution. or 3% penciclovir ointment were

administered in a coded manner, and all grading was done in a masked manner.

Figure 2. Comparison of severity of keratitis in rabbits infected with McKrae strain HSV-1 in
both eyes and treated with one of the three drugs on a once-a-day schedule. Treatment was
begun after the evaluation on postinfection day 3 and continued through day 9. Treatments
with either 1% trifluridine drops, 0.2% cidofovir solution, or 3% penciclovir ointment were

administered once a day, in a coded manner, and all grading was done in a masked manner.

Figure 3. Comparison of severity of keratitis in rabbits infected with McKrae strain HSV-1 in
both eyes and treated with 1% cidofovir twice a day or 1% trifluridine five times a day.
Treatment was begun on postinfection day 3 and continued through day 7. Drug trcatments

were coded and all grading was done in a masked manner.
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Abstract

In preliminary studies of the development of tear analysis methodology that may eventually be useful in the clinical setting, the authors evaluated
various protocols for analyzing rabbit tears by capillary zone electrophoresis (CZE). Conditions included the use of a 50-mM monosodium phos-
phate buffer, pH 2.5, or a 400-mM sodium borate buffer, pH 8.9, both with ultraviolet (UV) detection, as well as a 50-mM borate buffer, pH 8.5,
with laser-induced fluorescence (LIF) detection of ATTO-TAG™ CBQ (Molecular Probes, Inc., Eugene, OR, U.S.A.) derivatized tears. All CZE analy-
ses were performed with a P/ACE System 2100 instrument equipped with System Gold software (Beckman Instruments, Fullerton, CA, U.S.A.), using
a 50 pm x 57 cm (50 cm to the window) fused-silica capillary, at 25 °C, with constant voltage of 20 kV for UV detection and 11 kV for LIF detection.
Tear samples were collected from normal rabbit eyes by means of 10-pL glass micropipets. The volume of each sample was approximately 2 pL.
Analysis using the phosphate buffer with UV detection produced as many as 35 peaks in each sample, of which 11 peaks were readily discerned.
This compared favorably with sodium dodecy! sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis, which produced 32 bands with sil-
ver staining and 11 quantifiable bands with Coomassie brilliant blue staining. Many of the tear protein components have yet to be identified. CZE
analysis with the high-ionic-strength borate buffer with UV detection produced only four peaks, and the low-ionic-strength borate buffer with LIF
detection produced only six peaks. CZE analysis was completed in less than 1 hr, compared with 7-8 hr for SDS-PAGE. In summary, CZE analysis of
tear fluid is comparable to CZE analysis of other bodily fluids and shows great potential for use in clinical diagnosis as well as for enhancing our un-
derstanding of the cellular actions of tears on the front of the eye.

Tear fluid has many constituents."? The nature of
these constituents affects the health of the front sur-
face of the eye* is diagnostic for some types of ocular
pathology,” and may play a role in the management of
corneal wound healing.®!! In addition, tear collection
with glass micropipets is noninvasive, inexpensive,
quick, and easy. However, the volume of tears that can
be collected from typical, unstimulated, normal eyes
and in the case of certain diseases (e.g., dry eye syn-
drome) is limited to about 1 pL/min, resulting in the
need to pool tear samples in previous studies. Stimula-
tion increases tear volume by more than 50-fold,"” but it
also dramatically changes the number and variety of
protein constituents in tear fluid."”® Because of these lim-
itations, the study of tear components has been compli-
cated.

Indexing terms

As noted above, studies of tear constituents have
often been based on pooling of tear samples from a
single donor or many donors to achieve an adequate
volume of 10 pL or more of each sample type.'*'* Rel-
atively large sample volumes are needed if subse-
quent procedures involve purification and/or isolation
or if the sensitivity of the analytical technique is lim-
ited.''8 Most of the analytical techniques used in the
study of tears are time consuming, requiring many
hours or days to process samples. However, with
CZE, it is possible to perform a quantitative, nonde-
structive analysis of 2 pL of unpurified sample in less
than 1 hr, with sensitivities of 10° M or better.'**

The ultimate objective of these studies is to de-
velop methods for analyzing human tears by CZE for
clinical diagnostic purposes; however, the first phase of

Tear fluid, capillary electrophoresis, laser-induced fluorescence, rabbit

Abbreviations

CZE, capillary zone electrophoresis; UV, ultraviolet; LIF, laser-induced fluorescence; SDS-PAGE, sodium dodecy! sulfate-poly-

acrylamide gel electrophoresis
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RABBIT TEAR FLUID continued

this work has been to develop methods for experimen-
tal studies. Also, there is much information on tear com-
position,?! lacrimal gland function,?# corneal structure
and innervation, %' and corneal wound healing**3? al-
ready available for the rabbit model. This report de-
scribes the authors’ initial work on method develop-
ment for analyzing rabbit tears using CZE.

Experimental conditions and instrumentation

Tear collection and sample preparation

Tears were collected by gently pulling down the
lower eyelid and collecting the liquid pooled in the
lower fornix by capillary action into a fire-polished,
sterile, 10-uL glass micropipet. Care was taken not to
touch the surface of the eye or the soft tissue lining the
inside of the eyelid to avoid stimulating reflex tears.'*
Each sample collected in this manner consisted of ap-
proximately 2 pL of tears. The sample was then either
used immediately or expelled into a plastic microvial,
capped, wrapped with Parafilm™ (American National
Can Co., Greenwich, CT, U.S.A.), and stored at -20 °C.

Tear samples were used either undiluted or di-
luted. Use of undiluted tears was convenient because it
was quick and simple, but there were two drawbacks.
First, the volume of an undiluted tear sample was only
approximately 2 pL, which would be insufficient for
many CZE instruments. Second, evaporation of the
aqueous phase of the tears after about an hour ad-
versely affected the analysis, and further injections led
to plugging of the column with partially solidified mat-
ter that was sometimes difficult to remove.

Diluted tear samples were expanded with distilled
water without noticeably altering migration times. As
expected, increasing the dilution decreased peak ampli-
tude, but adequate sensitivity for major peaks appeared
to be retained with dilutions as high as 10 volumes.
Centrifugation of a diluted sample for 15 min at 1400
rpm to settle cellular material and other debris did not
appear to alter the migration rates or peak detection.

CZE

For detection of tear proteins with UV light, two
run buffers were used: 400 mM sodium borate, pH 8.9,
or 50 mM monosodium phosphate, pH 2.5. The selec-
tion of a high-ionic-strength borate buffer was based on
the observation that both serum proteins and hemo-
globin variants are effectively separated by a high-ionic-
strength borate buffer.3** For detection with LIF, the
run buffer was 50 mM sodium borate, pH 8.5. Samples
analyzed with LIF were diluted fivefold with distilled
water and mixed with ATTO-TAG CBQ reagent contain-
ing 3-(4-carboxybenzoyl)-2-quinolinecarboxaldehyde at
room temperature for 30 min to form fluorescent isoin-
doles from the amine side groups of the tear proteins.*

Estimates of reproducibility were calculated from
migration times of individual peaks. For samp_les run in
phosphate buffer with UV detection, migration times
were obtained for each of 11 peaks in five samples,
with two to six consecutive injections of each sample.
For samples run in borate buffer with UV detection, mi-
gration times were determined for each of four peaks in
10 tear samples, with two or three consecutive injec-
tions of each sample. Reproducibility was not estimated
for tear samples run in borate buffer with LIF detection,
because of inadequate replication. Of the eight samples
analyzed under these conditions, only two had two in-
jections each, and six samples were injected only once
each.

All analyses were performed on a P/ACE System
2100, operating under System Gold software. Uncoated
50 pm x 57 cm (50 cm to the window) fused-silica capil-
lary columns were used at 25 °C. A constant voltage of
20 kV was used with UV detection and 11 kV with LIF
detection. UV detection used the 214-nm wavelength,
and LIF detection used an argon ion laser excitation
beam with a 488-nm wavelength, with detection of light
at 520 nm.

Before each run, the column was prerinsed with
0.1 N sodium hydroxide regenerator solution (Beckman
Instruments) for 2 min, followed by distilled water for 4
min. Next, the column was pretreated with run buffer
for 2 min, followed by hydrostatic injection of sample
contained in polyolefin microvials (Beckman Instru-
ments) for 8 sec to introduce approximately 12 nL into
the column.

SDS-PAGE

Rabbit tears were analyzed by SDS-PAGE for
comparison with the CZE results. Tears from normal
rabbit eyes were collected as described above, cen-
trifuged briefly, and stored at -80 °C. For analysis, a
tear sample was thawed and diluted with 50 pL of 1%
SDS and 25 pL of 3x reducing sample buffer, supple-
mented with dithiothreitol, and applied to a 14.5%
acrylamide gel. The gel retained rabbit tear proteins
ranging in molecular weight from approximately 6 to
150 kD, while optimizing their separation. After elec-
trophoretic separation was complete, silver staining
was used to detect the maximum number of protein
bands, and Coomassie brilliant blue was used for quali-
tative protein determination. Expendable supplies for
SDS-PAGE analysis were obtained from Fisher Scientific
(Pittsburgh, PA, U.S.A) and Bio-Rad (Hercules, CA,
US.A).. )

Densitometric scanning of cellophane-sealed and
dried gels was done with a Microtek (Redondo Beach,
CA, US.A) ScanMaker IIHR flatbed scanner. in
grayscale, with 720-dpi resolution, and equipped with
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FIGURE 1 CZE electropberogram of rabbit tears performed us-
ing 50 mM phosphate running buffer, pH 2.5, at 20 kV and

23 °C. with UV detection at 214 nm. At least 35 peaks are seen
in this profile. Relative migration rates were determined for the
peaks numbered 1 through 11 (see Table 1).

Table 1

MIGRATION CHARACTERISTICS FOR 11 PEAKS OBSERVED IN ELECTRO-
PHEROGRAMS OF RABBIT TEARS RUN IN 50 MM MONOSODIUM PHOS-
PHATE BUFFER, PH 2.5, AT 20 KV AND 23 °C

Peaks
Statistics* 1 2 3 4 5 6 7 8 9 10 1N

Mean 8.6 9.5 10.7 18.019.1 20.2 21,9 23.8 25.6 35.6 353
sD 08 09 13 20 25 31 37 42 47 50 52
%RSD 1.7 2.1 1.7 23 24 32 34 35 37 52 47
*Mean. average migration time for N = five samples with two to six

injections each; SD. standard deviation; %RSD, relative migration
rate.

Adobe Photoshop™ 3.0 (Adobe Systems, Inc., Seattle,
WA, U.S.A) and ScanMaker Plug-In 2.13 software.
Saved images were analyzed in accordance with Chow
and Evans®” using NIH Image 1.60 software (National
Institutes of Health, Bethesda, MD, U.S.A.). To deter-
mine the relative amount of protein in each band, the
area under the peak for each band was divided by the
integral value of the entire scanned lane, and the quo-
tient was converted to percent total protein.

Results
CZE with 50 mM phospbate buffer and UV detection

The CZE analysis of rabbit tears with 50 mM phos-
phate buffer at pH 2.5 resulted in good resolution of a
large number of peaks. At least 35 peaks can be seen in
the representative electropherogram shown in Figure 1.
Of the peaks detected with this buffer, 11 could be dis-
tinguished in each of five samples analyzed. Average
migration time, standard deviation, and relative migra-
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FIGURE 2 CZE electropherogram of rabhit tears performed 1s-
ing 400 mM borate running buffer. pH 8.9. ar 20 k3 and
23 °C. with UV detection at 214 nm.

tion rate for each of the 11 peaks are shown in Table 1.
Although examination of average migration times and
standard deviations indicates that the migration times
for several of the peaks may overlap and that. on aver-
age, peak 11 might appear before peak 10. these indica-
tions are artifacts due to sampling, arising primarily be-
cause no attempt was made to account for ditferences
in electroosmotic flow. Run time with this buffer, at 20
kV, was 45-50 min.

Peak 11 was collected electrostatically from four
consecutive injections and contained a single protein.
according to subsequent analysis by laser desorption.
time-of-flight mass spectrometry. Trypsin digest of the
protein produced 16 fragments, two of which. when
compared with entries in the OWL.r27.1 database (RW
Nelson, Department of Chemistry and Biochemistry,
Arizona State University, Tempe, AZ. U.S.A.: personal
communication), appeared to match with mouse crypt-
dins, members of the family of mammalian defensins in-
volved in immunity to infection and neoplasia. How-
ever, this rate of matching was considered inadequate,
and the identity of this protein remains uncertain.

CZE with 400 mM borate buffer and UV detection

The 400-mM borate buffer at pH 8.9 with UV de-
tection yielded a distinctive electropherogram of rabbit
tears (Figure 2), consisting of four well-detined peaks
and a mass of poorly resolved material. On average. at
20 kV and 75-80 pamps of current, peaks 1. 2. 3. and 4
appedred at approximately 8.3 + 0.6, 10.2 £ 1.0. 10.5 £
1.1, and 12.6 + 1.3 min (mean * standard deviation), re-
spectively. Relative migration rates, without controlling
for differences in electroosmotic flow, were 3.3, 7.0%,

J. CAP.ELEC vud 11997 3




RABBIT TEAR FLUID continued
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FIGURE 3 CZE electropberograms of rabbit tears performed us-

ing 400 mM borate running buffer. at various pHs, at 20 kV
and 23 °C. with UV detection at 214 nm.

6.7%, and 8.7%, respectively. In some samples, a few
small peaks appeared at approximately 6-7 min (Figure
2), and others appeared after 20 min. Although varia-
tions in peak size, shape. and migration rate were ap-
parent among samples, the basic pattern of peaks, as il-
lustrated in Figure 2, was maintained. Separations with
this buffer were complete in 25-30 min.

Use of the borate buffer at other pHs ranging from
7.0 to 10.5 resulted in poorer resolution and/or separa-
tion of peaks, as illustrated in Figure 3 for pHs 8.5, 8.9,
9.5, and 10.0. Also with this buffer, lower voltage re-
sulted in longer separation times and higher risk of
sample degradation after the second injection, whereas
voltages higher than 20 kV raised the current load over
100 pamps, increasing the risk of joule heating and de-
naturation of the sample within the column.

CZE with 50 mM borate buffer and LIF detection

Analysis of derivatized rabbit tear proteins using a
50-mM borate buffer at pH 8.5 with LIF detection re-
sulted in electropherograms with six principal peaks
(Figure 4. Separations obtained with this buffer and LIF
detection were comparable to separations obtained
with the high-ionic-strength borate buffer at about the
same pH with UV detection, although the LIF detection
protocol produced two additional peaks and a different
peak profile. No attempt was made to determine migra-
tion times, standard deviations, and relative rate of mi-
gration of peaks obtained by LIF detection because, of
the eight samples analyzed, only two were injected
more than once.

Absorbance (x 10°%)
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FIGURE 4 CZE electropberogram of rabbit tear protein deriva-
tized with ATTO-TAG CBQ, performed using 50 mM borate
running buffer. pH 8.5, at 11 kV and 23 °C. with LIF detec-
tion.

Bands
Average %
Bands total protein Molecular weight
1 30-56 85,000
2 76-127 66,000
3 43-58 53,000
4 25-29 44,000
56 16-21 34,000136,080
7 -— 26000
] - 22,000/23,000
L ] 19.7-206 18,000
10 17-134 10,000/12,000
11 122-151 6,008

FIGURE 5 A 14.5% SDS-PAGE gel of molecular weight stan-
dards from about 6 kD to 116 kD (lane 1) and rabbit tear pro-
teins (lane 2). Numbered bands in lane 2 correspond to band
numbers in the table. Stained with Coomassie brilliant blue.

SDS-PAGE

Examination of silver-stained gel slabs indicated 32
protein bands from undiluted, pooled tears of normal rab-
bit eyes. Of these 32 bands, 11 were quantifiable when
gels were stained with Coomassie brilliant blue (Figure 5).
Sample preparation, electrophoresis, postseparation stain-
ing, drying of the gel, and densitometric scanning required
about 7-8 hr with the use of commercially prepared gels.
Two more hours would have been required if the gel slabs
had been prepared in the laboratory. Software analysis of
the scanning data to obtain the percent total protein and
estimated molecular weights (Figure 5) required an addi-
tional 2 hr. In fact, the requirement for about 10 pL of
undiluted tears per lane provided only one analytical run.
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piscussion

Of the three methods developed for the CZE anal-
vsis of rabbit tears. the method involving the 50-m.Y
bhosphate buffer, pH 2.5. with UV detection provided
(he best separations. The detection of about 35 peaks in
rabbit tears by CZE compared favorably with the 32
bands detected by silver-stained SDS-PAGE. Interest-
ingly, 11 peaks from CZE and 11 bands from SDS-PAGE
were analvzable. However, whether the proteins repre-
sented by the 11 CZE peaks correspond in any way to
the proteins represented by the 11 SDS-PAGE bands is
not vet known. Another similarity between these analyt-
ical methods is that intact. native proteins can be recov-
ered for further study from both CZE and SDS-PAGE. al-
though this can be accomplished perhaps somewhat
more easily and efficiently. in less time, with automated
fraction collection in CZE. Further detection of included
proteins in a collected fraction can be analyzed rapidly
using time-of-flight mass spectrometry.

Run time with the phosphate buffer was slightly
longer than that with either of the borate buffers. but
run time for each of the three methods was less than 1
hr. including preparation time for samples analyzed
with LIF detection. Clearly, CZE run times of less than 1
hr are an improvement over the 7-8 hr needed to ac-
quire densitometric scans for comparable samples run
on SDS-PAGE. CZE runs times of tears might be reduced
to less than 30 min by using smaller diameter col-
umns.”

Guzman et al.*® included human tears in their dis-
cussion of the use of CZE of body fluids in clinical diag-
nosis. Chen et al.* used CE/LIF to determine glucose
levels in human tears as a possible noninvasive way to
monitor serum levels of glucose in diabetes mellitus.
The present authors’ methods for the analysis of tear
fluid with phosphate buffer at pH 2.5 are comparable to
those for CZE analyses of urine***! and saliva.*** in
that all of these body fluids can be obtained by nonin-
vasive methods and samples can be used undiluted and
unpurified. Furthermore, run times are 1 hr or less. In
other diagnostic situations, methodology may be more
problematic. Whether undiluted, unpurified sweat,
which also can be collected noninvasively and in which
electrolyte concentrations are diagnostic for cystic fibro-
sis.” can be successfully analyzed by CZE seems to be
undetermined. Other bodily fluids, such as blood, cere-
brospinal fluid. bile, and kidney dialysate, involve non-
trivial invasive methods for sample collection, ad/ld
blood samples must be separated into at least serum or
plasma before analysis with CZE.

The fact that CZE separations of rabbit tear pro-
teins with either low- or high-ionic-strength borate
buffers at moderately high pH yielded only a few well-

defined peaks (Figures 2 and 5) suggests two correlated
conclusions. First, each of these peaks probably repre-
sents multiple. comigrating proteins. Second, routine
profiling of tears by CZE under these conditions is not
feasible, since it does not provide resolution of the con-
stituents. Although UV detection and either butfer
would allow individual peaks to be collected and ftur-
ther analyzed, further utilization of tear proteins follow-
ing LIF detection is severely restricted. owing primarily
to the fact that the derivatized proteins cannot be read-
ily converted back to their original state. Thus. analysis
of tears under conditions for LIF detection may be use-
ful primarily for detecting substances that are present at
very low concentrations in tears.

Conclusion

A method was developed for rapid. easy. and rea-
sonably informative analysis of rabbit tears. using CZE
with UV detection and phosphate buffer at pH 2.5. The
development of this method will allow us to identity in-
dividual constituents of rabbit tears and to investigate
the effects of these constituents on ocular wounding.

Tears are the extracellular fluid that bathes the
front of the eye and contains growth-stimulating and
regulatory proteins. Studies begun in the authors™ lubo-
ratory have shown that variations in tear constituents
are observed from individual to individual and may be
associated with specific ocular conditions. As reported
here, rapid, accurate analysis of small volumes of tear
fluid is feasible. Extending this study to specific condi-
tions, such as inflammation, could make tear analysis
practical on a clinical basis.
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Abstract

Purpose. To determine whether substance P is present in
human tears.

Methods. Tear samples (1-2 nl) were collected from one eye
of each of 12 subjects. Two of the eyes had dry eye syndrome,
two wore contact lenses and had dry eye syndrome, and eight
were normal. Five of the eight normal eyes were scheduled to
undergo excimer laser refractive surgery, and tears were col-
lected from these eyes before and after surgery. Tear samples
were analyzed by laser desorption mass spectrometry. Pooled
samples from one individual were subjected to enzyme-linked
immunoabsorbent assay.

Results. Laser desorption mass spectra of the 18 tear samples
displayed well defined peaks with mass to charge (m/z) ratios
ranging from 1343.7 to 1355.9 and/or 1356.9 to 1364.7, corre-
sponding to an average m/z of 1349.8 * 1.13 for protonated
substance P and 1361.2 * 0.54 for oxidized substance P
obtained from 14 mass spectra of standards formulated with
substance P concentrations ranging from 10-4 M to 10-'2 M.
As confirmation, an enzyme-linked immunoabsorbent assay
performed twice on pooled tears from one eye detected sub-
stance P in both replicates at a concentration of 125 pg/ml
(9.26 X 10-"" M).

Conclusions. These findings demonstrate that substance P is a
component of tears obtained from normal eyes of men and
women ranging in age from 26 to 60 years, from eyes fitted
with contact lenses, from eyes with dry eye syndrome, and
from eyes 1 and 2 days after excimer laser refractive surgery.
Whether the concentration of substance P in tears varies with
sex, age, or eye condition, the source of substance P in tears,
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and its role in tears remains to be discovered. Curr. Eye Res.
16: 960-963, 1997.
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Substance P is a neuropeptide that promotes secretion by exo-
crine glands (1) and may act as a neurotransmitter or modula-
tor in the central and peripheral nervous system (2). A sub-
stance P-like material is present in homogenates of the
choroid, retina, optic nerve, optic nerve head, uvea, iris
sphincter region, iris dilator and ciliary body, conjunctiva,
whole upper eyelid, lacrimal gland, Harderian gland, and
extraorbital muscle of the rabbit eye (3, 4, 5). In the densely
innervated cornea (6), sensory fibers are positive for sub-
stance P (3). Substance P normally is not present or is present
only in very low amounts in the aqueous humor of rabbits (5),
but a peptide with substance P-like immunoreactivity is
released into the aqueous humor when the trigeminal nerve is
stimulated (7).

In lacrimal gland sections from rats, guinea pigs, and mon-
keys, nerve fibers that are immunohistochemically positive for
substance P or substance P-like material are located around
blood vessels and ducts (8, 9). Based on these findings, Nikki-
nen et al. (9) and Matsumoto et al. (8) suggested that substance
P may be an important modulator of lacrimal gland secretion.
In support of this, Williams et al. (10) demonstrated that the
number of nerves staining positively for substance P or sub-
stance P-like material in rat lacrimal glands declines as the ani-
mal ages, and suggested that the decline in substance P-
containing nerves corresponds with and may be a contributing
factor to reduced tear output in older animals. Another possible
role of substance P may be in promoting cellular growth (11,
12) and the production of extracellular matrix (11).

Substance P has recently been detected in human nasal
lavage fluid (13). Because lacrimal secretions contribute to

Received on January 28, 1997; revised and accepted on April 30, 1997
© Oxford University Press



Substance P in human tears

nasal fluids via the tear drainage system, it is reasonable to sus-
pect that substance P also occurs in tears.

In this study, we used matrix-assisted desorption/ionization
mass spectrometry (MALDI) and the enzyme-linked immuno-
absorbant assay (ELISA) to determine whether substance P
can be detected in human tears. MALDI was employed
because it is sensitive to the low femtomole range, requires less
than a microliter of sample, and is tolerant of salts and other
impurities in the complex mixtures typical of body fluids (14).
ELISA was used to confirm the MALDI results.

Unstimulated tears (approximately 1 wl/min) were collected
from the inferior cul-de-sac with fire-polished 10-p] micropi-
pettes. After collection, tears were either used immediately or
stored in capped, 400-.l, polyethylene microcentrifuge tubes
at —20°C. Tears were collected from one eye of each of 12
healthy subjects. Subject age ranged from 26 to 60 years. Six
subjects were men and six were women. Eight subjects had
normal eyes, i.e. were disease-free and did not wear contact
lenses; four subjects had been diagnosed with dry eye syn-
drome. Dry eyes were associated with wearing contact lenses
for two subjects, with rheumatoid arthritis for one subject. and
with an unknown etiology in another subject, although the lat-
ter subject had mild anterior blepharitis, possible insufficient
night-time lid closure, and a familial history of arthritis and
lupus. Five of the eight subjects with normal eyes were exci-
mer laser photorefractive keratectomy (PRK) patients, and
their tears were collected before surgery and on the first and/or
second day after PRK. Seven postoperative samples were col-
lected, but one preoperative sample was lost. Thus, a total of 18
tear samples were analyzed.

For MALDI, each tear sample was mixed 1:100, v:v, with
matrix. The matrix was freshly prepared daily by dissolving an
excess of a-cyano-4-hydroxycinnamic acid (Aldrich Chemical
Co., Milwaukee, WI) in HPLC-grade acetonitrile containing
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0.1% trifluoroacetic acid and diluting the resulting solution
1:1, v:v, with an aqueous solution of 0.1% trifluoroacetic acid.
A 0.5 pl aliquot of tear-matrix solution was spotted on a stain-
less steel plate and allowed to air-dry for a few min until crys-
tals of matrix and embedded protein formed (15). The plate
was then introduced into a linear MALDI time-of-flight mass
spectrometer (Voyager™ Biospectrometry™ Workstation, Per-
Septive Biosystems, Framingham, MA) for analysis. The final
mass spectrum generated from the analysis of each sample was
averaged over 256 individual single-pulse spectra.

To prepare the standard solutions, substance P was obtained
commercially (Cat # S 6883, Sigma Chemical Co. St. Louis.
MO) and reconstituted in physiologically balanced, unpreserved
sterile salt solution (Alcon Laboratories, Inc., Fort Worth, TX) at
concentrations ranging from 10— to 10-12 M (1.35 picograms/
ml). Balanced salt solution containing sodium, potassium. cal-
cium, and magnesium salts was used, because it is similar to the
aqueous phase of tears. Aliquots of the standard substance P
solutions were mixed with the a-cyano-4-hydroxycinnamic
acid matrix and processed for mass spectrometry in the same
manner as the tear samples.

To construct the mass spectra for the tear samples and sub-
stance P standards, the ratio of mass to charge (m/z) was plot-
ted on the abscissa and signal intensity in arbitrary units was
plotted on the ordinate (Figs. 1 and 2). Figure | is a spectrum
of a human tear sample. In Figure 2 (top), a part of the spec-
trum from Figure 1 was enlarged to show substance P at m/z =
1351 and oxidized substance P at m/z = 1366; for comparison.
spectra of a subsample of the tears from Figure 1 with sub-
stance P added (Fig. 2, middle) and a substance P standard
(Fig. 2, bottom) were included. All of the 18 tear samples ana-
lyzed with MALDI showed a well-defined peak in the m/z
range from 1343.7 to 1355.9 or from 1356.9 to 1364.7. These
results corresponded to an average m/z of 1349.8 + 1.13 for

2500~
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Figure 1. A MALDI mass spectrum of substance P (m/z = 1360) naturally occurring in undiluted tears collected from a healthy 28-year-old
man who did not wear contact lenses and who was asymptomatic for dry eye syndrome. Lys+H and Lys+2H are lysozyme and its doubly pro-
tonated form, respectively (2).
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Figure 2. Top: The mass spectrum of substance P (m/z = 1351) in

human tears from Figure 1. Middle: Tears from the same subject with
substance P added at a concentration of 10-'? M. Bottom: Substance
P standard at a concentration of 10-'* M in saline solution. In each
tracing, the peak at m/z = 1366 is oxidized substance P. In the bottom
tracing, the peak at m/z = 1389 is the potassium adduct of substance
P: the potassium is provided by the saline solution.

protonated substance P [M + H]* and 1361.2 * 0.54 for oxi-
dized substance P [M + O + H]* obtained from the 14 mass
spectra of substance P standards with concentrations ranging
from 10— M to 10-12 M.

A few other peaks in Figures 1 and 2 were tentatively identi-
fied. In Figure 1. peaks with m/z = 14,700 and m/z = 7360
appeared to be the singly protonated and doubly protonated
ions of lysozyme. because they coincided with these peaks in
the mass spectrum of the enzyme, as previously reported (16).
In the mass spectrum of the substance P standard (Fig. 2, bot-
tom), the low intensity peak at m/z = 1389 probably was the
potassium adduct of substance P, which was contributed by
the balanced salt solution. The difference in the m/z between
the peak for substance P and the peak for the adduct was 38
mass units, which was within experimental error for the mea-
surement of potassium at 39 mass units. When the standard
solution was added to tears (Fig. 2, middle), the potassium-
adduct peak was absent from the spectrum and presumably was
suppressed. Other peaks in Figures | and 2 were unidentified.

An Enzyme Immunoassay Kit (Cat # 583751, Cayman
Chemical, Ann Arbor, MI) for substance P was used for ELISA
analysis of tears. Tears from one eye of one subject (a woman)
were collected and frozen at —20°C until 100 pl had been
obtained, then pooled and divided equalily into two wells of
the test plate, in accordance with the manufacturer’s direc-

tions. The analysis was performed in duplicate. Substance P
was detected in both replicates. The concentration of sub-
stance P in the tears from this subject was 125 pg/ml (9.26 X
10-'" M).

These findings demonstrate that substance P is a component
of the tears obtained from normal eyes of men and women
ranging in age from 26 to 60 years, from eyes fitted with con-
tact lenses, from eyes with dry eye syndrome. and from eyes 1
and 2 days after excimer laser refractive surgery. However, we
have not yet determined whether the concentration of sub-
stance P in tears varies with sex, age. or eye condition. and
the source of substance P and its role in tears remain to be
discovered.
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Abstract

Glaucoma. a group of diseases characterized by increased fluid pressure within the eye, is a
leading cause of blindness. Open-angle glaucoma. the most common form. involves
impairment of a complicated outflow pathway comprising minute. highly specialized
structures that regulate the movement of fluid from the anterior chamber of the eye through
the aqueous plexus and into venous collecting channels. This study demonstrates the
feasibility of using confocal microscopy to visualize the structures of the outflow pathway in
the living mammalian eve. The velocity of microbeads was measured in the anterior chamber
and the fluid- filled aqueous plexus: the reduced velocity in the anterior chamber suggests
resistance to flow, probably in the intervening trabecular meshwork. This new approach may
be used to identify specific alterations in the outtlow pathway in the living eye. leading to 4

new understanding of glaucoma and its treatment.
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Glaucoma is a heterogeneous group of diseases. all of which lead to optic nerve damage and
visual loss usually as a result of increased pressure in the eye caused by impaired fluid
outflow!. The most prevalent type, primary open-angle glaucoma, is a leading cause of
blindness throughout the world!™*. The prevalence of open-angle glaucoma was reported to
be 6.3% in a group of elderly persons in California*. Another study showed that the
prevalence varies from country to country in northern Europe3. Although the cause of this
blinding eve disease remains unknown. the population at risk is growing, particularly with
the aging of the "baby boomer” generation in the United States. It has been estimated that
nearly 2.5 million persons in the U.S. will be afflicted with this disorder by the turn ot the
century”.

In open-angle glaucoma. restriction of the outflow of aqueous humor from the interior
of the eye to the venous drainage system is thought to involve impeded passage through a
narrow cleft of loose fibrous tissue, the trabecular meshwork. Recently, a gene has been
discovered that encodes a trabecular meshwork protein, and a mutation of this gene appears
to be associated with patients who have primary open-angle glaucomaG. Possible causes of
failure of outflow, and hence the damaging rise in intraocular pressure, include pathologic
changes in the structure of the meshwork and/or obstruction of the aqueous pathway by
collapse of the channels carrying fluid away from the meshwork’™. It has also been
suggested that not all cases of glaucoma are caused by the same mechanism. Diagnosis and
determination of the prognosis for a given patient require intraocular pressure measurements.
visual fields testing, and evaluation of the anterior chamber angle. Studies in rabbits and
monkeys involving experimental manipulation of intraocular pressure are inconclusive in

10.11

their elucidation of the outflow mechanisms . To date, direct evaluation of the structures
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of the aqueous outflow pathway at the cellular level has not been possible: with the new
confocal microscopy methodology described in this study, such an approach may become
practical and useful in both diagnosis and the determination of optimal therapy.

The white-light confocal microscope provides in vivo cellular level analysis of events
such as fibroblast activation and epithelial wound healing. Confocal microscopic
measurement and morphological characterization of cells in the living eye allow precise
identification of phenotype for both tissue cells and cells of immune origin’"®-!2"14. White-
light confocal microscopy is non-destructive, permitting repeated in vivo observations of
cellular processes, such as migration of inflammatory cells from the vascular space,
fibroblastic activation of cells, and the response to chemical manipulation and disease

processes, over time!3-16.

The outflow pathway in the rabbit has structural components analogous to those of the
primate; fluid drains from the anterior chamber into a fibrous meshwork, thence into the
aqueous plexus, and finally into venous collecting channels. The aqueous plexus -- Fontana's
space in rabbits, Schlemm's canal in primates -- has been difficult to separate from the
trabecular meshwork as a cause of increased intraocular pressure, because it has not been
possible to directly observe changes in its dimensions or the through-flow into the aqueous
drainage system in the living eye. In this study, we demonstrate that, with confocal
microscopy, it is possible to observe microbeads injected into the anterior chamber of normal
rabbit eyes moving in the anterior chamber and in the aqueous plexus. By measuring the
differential velocity of flow in these structures, the presence of an intervening resistance.

probably the fibrous trabecular meshwork, may be inferred.
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Results

Rabbits were anesthetized and 9-0 sutures (30 um diameter) were placed at the
comeoscléral limbus (the junction between the cornea and the sclera) to identify the area
during confocal microscopy. A 23-gauge needle with a constriction half way along its length
and having small holes above and below the constriction was introduced transcorneally,
avoiding contact with the iris (Fig. 1). One end of the needle was connected by polyethylene
tubing to a 10-u! syringe and the other end to a reservoir containing Ringer’s solution and a
pressure transducer to prevent changes in intraocular pressure. Microbeads were injected into
the anterior chamber slowly over 5 minutes. The objective of the confocal microscope was
carefully brought into position. A thin layer of 10% methylcellulose was used as an optical
coupler; there was no direct contact between the eye and the microscope. The three layers of -
the cornea (epithelium, stroma, and endothelium) were identified’-%12:13,

As the objective of the confocal microscope was moved across the corneal surface
toward the periphery where the cornea meets the sclera, microbeads were observed in the
aqueous humor just posterior to the endothelium (Fig. 2) and at the anterior surface of the
iris (not depicted). The vessels of the conjunctiva and the flow of red blood cells and cells of
immune origin were noted as the plane of focus moved downward at the corneoscleral
limbus. Microbeads in the anterior chamber were recorded on video tape for up to 20
seconds. The mean velocity of the microbeads in the anterior chamber was determined to be
7.2 um/sec + 0.38 um/sec (n=5).

Microbeads that had been injected into the anterior chamber were observed in vivo by
confocal microscopy in the aqueous plexus (Fontana’s space) (Fig. 3). The mean velocity of

the microbeads in Fontana’s space was found to be 64.3 um/sec + 3.1 um/sec (n=3) (Fig.
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3), which was significantly faster than the rate in the anterior chamber (p > 0.01). Confocal
microscopy showed the opaque suture, which was approximately 30 um in diameter, above
Fontana's space; the diameter of Fontana's space varied from 30 to 50 um. A venous
collecting channel was seen to open directly into this space (Fig. 3). Histological analysis
(Fig. 4) also identified the connection between the aqueous plexus and the venous collecting
channels seen in vivo by confocal microscopy (Fig. 3). An accumulation of microbeads in
Fontana’s space was identified in frozen sections, and the variable diameter of this space
previously measured by confocal microscopy was verified (Fig. 4). The appearance of these
structures as seen by confocal microscopy, as well as our histological results, are

corroborated by an earlier histological study of the rabbit outflow pathway!’.

Discussion

The clinical ability to visualize the outflow apparatus in the glaucomatous eye in
humans may lead to increased understanding of the disease, the ability to diagnose the early
signs of the disease, and based on the site of the outflow abnormality, the individualization of
therapy to the specific type of glaucomatous pathology. Glaucoma is treated by several
modalities, including drugs, laser surgery, and filtration surgery; the ability to visualize the
outflow pathway provides a direct means of observing the therapeutic effects. Some of the
mechanisms that cause various types of glaucoma, such as the elevated intraocular pressure
induced by the therapeutic use of corticosteroids, may be different from the mechanism that
causes primary open-angle glaucoma. Modification of this technique to improve our
understanding of the dynamics of aqueous humor outflow in humans may lead to improved

therapeutic measures. The ability to correlate structural changes in the trabecular meshwork
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and Schlemm’s canal in the living human eye with the type of glaucoma could provide new
insights into this blinding eye disease.

Additionally, this new application of confocal microscopy, in conjunction with the
appropriate tracers (or stains), will give us a unique new experimental tool to evaluate the
flow of aqueous humor in glaucoma. For the first time, we can directly evaluate the rate of
the movement of aqueous humor through the anterior chamber angle. This also provides a
potentially powerful tool to evaluaté the effect of new glaucoma drugs with respect to their
ability to change the structural resistance (flow) of the components that make up the outflow
pathway. In particular, confocal microscopy may be useful to better understand the
contribution of uveoscleral outflow to the intraocular pressure regulation, which is not well

understood!8-19,

Methods

Animal care and treatment in this investigation were in compliance with the ARVO
Resolution on the Use of Animals in Research. New Zealand white rabbits (2-3 kg) were
anesthetized by intramuscular injection of ketamine hydrochloride (30 mg/kg) and xylazine (6
mg/kg). A 6-0 suture to adjust eye position was attached to a superficial location
approximately at the 12:00 o’clock position. The rabbits were wrapped in a pad to maintain
body temperature and positioned on their side in a specially designed holder. The eyelids
were held open by a wire speculum.

An aliquot of 7.4 x 10° microbeads/ml in water was diluted with sterile 0.9% NaCl,
such that a 5-ul aliquot contained 3.7 x 104 microbeads. For each observation, a 5-ul aliquot

was injected into the anterior chamber of the rabbit eye over a period of 5 minutes (Fig. 1).
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The microbeads (Bangs Laboratories, Inc., Fishers, Indiana) were made of polystyrene
without surface functional groups and contained a black organic nonpermeable material. The
microbeads were 2.5 um + 10% in diameter, with a density of 1.05 g/ml.

For confocal microscopy, as in previous studies on humans and animals'4-16, the
cornea was covered with an optically thin layer of 10% methylcellulose and the convex
surface of the objective was brought into position. Images were viewed as the plane of focus
was moved through the tissue in increments of a few microns, with the confocal microscopic
images viewed in real-time on a video monitor (Sony Medical Monitor) and recorded through
a CCD camera (Videoscope, Washington. DC) onto S-VHS tape for later playback and
analysisl“'“s.

To determine the average velocity of the microbeads in the anterior chamber and
Fontana’s space, individual frames were captured from S-VHS videotape every 0.2 seconds
on an Epic 2MEG (Epic, Buffalo Grove, Illinois) frame grabber and transferred to Optimas
software (Optimas Corp., Seattle, Washington). Pixel to micrometer conversion was made
for the images. Instantaneous velocity for each time point was calculated by determining the
change in position for each time point; mean velocity was calculated as the average of all of
the instantaneous velocity calculations for each time and position.

At the conclusion of the experiment, the animals were killed by an overdose of
sodium pentobarbital. The eye was initially fixed by immersion in a fixation solution, frozen,

and prepared for cryostat sections (7 um). Dark field microscopy and photography were

performed using a Leica research microscope.
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Figure Legends

Fig. 1 Schematic diagram of ocular preparation for confocal microscopy of microbead
movement through the anterior chamber and aqueous plexus. A needle inserted across a
corneal diameter allowed measurement of the intraocular pressure during the injection of a
5-pl aliquot of a sodium chloride solution containing the microbeads. Intraocular pressure
was held constant by the saline column. The objective of the confocal microscope was moved
around to visualize the aqueous outflow pathway. The layer of methylcellulose used as an
optical coupler is indicated by the lined segment between the objective of the confocal

microscope and the corneal surface; the thickness of the layer is exaggerated for visibility.

Fig. 2 Confocal micrograph of microbeads in the anterior chamber. The corneal

endothelial cells (E) can be seen in outline. To view both the central and peripheral areas of
the anterior chamber, the objective was moved over the corneal surface with adjustments for
changes in corneal thickness. The outflow meshwork (not shown) was identified by its loose

fibrous structure.

Fig. 3 Confocal micrographs of the movement of a single microbead in the fluid-
filled space of Fontana. (A) This view shows bead mbvement beginning at an arbitrary time
and location denoted by the parallel solid white lines. (B)l The time is 1.5 sec after the view
in (A), and the bead has moved 70.2 um, giving a velocity of 83.8 um/sec. (C) The bead
has moved an additional 87.2 um, giving a velocity of 81.2 um/sec. A venous collecting

channel (CC) and its opening into the space are visible in all three views. Compare the view
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in (C) with Figure 4. S, Fontana's space. Bar. 75 um.

Fig. 4 Seven-micron-thick cryostat sections of the anterior chamber angle of the
rabbit eye depicting the fluid and flow structures. Top. Two collecting channels (CC) are
seen to course outward from areas of the plexus close to Fontana’s space (S). Note the
ciliary processes (CP) at the bottom of the figure. The junction of the cornea (on the left)
with the sclera (on the right), known as the corneoscleral limbus, is defined by the
termination of Descemet's layer (D), which underlies only the cornea and does not extend
beneath the sclera. AC, anterior chamber. (Magnification. x 130). Bottom. In a higher
magnification, the microbeads are visible just below Descemet’s layer (D) and in Fontana’s

space (S), and the tubular nature of the collecting channels (CC) can be seen. D, Descemet’s.

membrane. (Magnification, x 328).




