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There is an urgent need for early diagnosis in medi-
cine, whereupon effective treatments could prevent
irreversible tissue damage. Acute anterior chamber
inflammation is the most common form of uveitis and
a major cause of vision loss. The proximity of the iris
vasculature to the light-permeable cornea and its in-
volvement in ocular inflammation make it an ideal
target for noninvasive molecular imaging. To accom-
plish this, carboxylated fluorescent microspheres
(MSs) were conjugated with recombinant P-selectin
glycoprotein ligand-1 and systemically injected in en-
dotoxin-induced uveitic animals. MS adhesion in the
microcirculation of the anterior and posterior cham-
ber was visualized by intravital microscopy and scan-
ning laser ophthalmoscopy. In iritic animals, signifi-
cantly higher numbers of recombinant P-selectin
glycoprotein ligand-1-conjugated MSs adhered to the
endothelium (P = 0.03) matching the increase in leu-
kocyte adhesion. Conjugated MSs specifically inter-
acted with firmly adhering leukocytes, allowing
quantification of the endogenous immune response.
Topical eye drop treatment with dexamethasone (P <
0.01) or cyclosporine A (P < 0.01) significantly low-
ered MS adhesion in iris vessels. Surprisingly, topical
dexamethasone significantly reduced MS interaction
in the fundus vessels (P < 0.01), while cyclosporine
A did not. In vivo MS accumulation preceded clini-
cal signs of anterior uveitis and leukocyte adhesion
in iris vasculature. This work introduces noninva-
sive subclinical detection of endothelial injury in
the iris vasculature, providing a unique opportu-

nity for quantifying vascular injury and immune
response in vivo. (Am J Patbol 2010, 177:39—48; DOI:
10.2353/ajpath.2010.100007)

Uveitis is the most common form of inflammatory eye
disease and a major cause of vision loss." Uveitis can
affect any part of the eye, including the choroid and iris,
and is characterized by the accumulation of leukocytes in
ocular tissues.® Acute anterior uveitis is the most com-
mon form of uveitis. Early detection of ocular vascular injury
would help to establish the diagnosis, whereupon effective
treatments such as corticosteroids could halt inflammation
before irreversible structural damages occur.

Clinically, iritis presents itself with nonspecific signs,
such as blurred vision, conjunctival congestion, or oph-
thalmalgia. Complications of iritis include cataract and
secondary glaucoma. Precise evaluation of the iris vas-
culature in fluorescein angiography is complicated by its
pigmentation and the considerable amount of constitutive
leakage under normal conditions. Iris indocyanine green
angiography visualizes details of the vascular pattern in
the iris, providing a useful means to study its structure
and hemodynamics in normal and newly formed iris ves-
sels.® However, these existing techniques detect disease
at an established stage, when structural damage is either
present or inevitable. Techniques that would allow eval-
uation of leukocyte-endothelial interaction in the iris or
choriocapillaris flow or identification of specific molecular
changes in patients are not available.
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An established model of acute ocular inflammation is
the endotoxin-induced uveitis (EIU), caused by systemic
lipopolysaccharide (LPS) injection.* In this model both
posterior and anterior chambers (AC) show a pro-
nounced inflammatory response, allowing quantitative
comparison of the time course and extent of vascular
injury in the iris with the vasculitis in the posterior cham-
ber. Intravital imaging of the AC inflammation has pro-
vided invaluable insights into ocular immunology.®—2

Recently, we introduced a novel imaging technique for
detection of endothelial surface molecules in acute ocu-
lar inflammation.®'° Our approach is founded on certain
aspects of leukocyte-endothelial interaction, a common
component in the pathogenesis of various ocular dis-
eases. Leukocytes normally do not interact with the en-
dothelium of blood vessels, save for occasional tethering.
However, at sites of inflammation, endothelial cells ex-
press adhesion molecules, such as P-selectin that facil-
itate the multistep leukocyte recruitment cascade.'’ The
steps of the recruitment process include tethering, roll-
ing, firm adhesion, and transmigration into the extravas-
cular space.’®' The main selectin ligand, P-selectin
glycoprotein ligand-1 (PSGL-1), is a 240-kd disulfide-
bonded homodimeric mucin-like glycoprotein, which is
expressed on myeloid cells and a subset of lympho-
cytes.' PSGL-1 binds to all three selectins, P-, E-, and
L-selectin, and mediates leukocyte interaction with endo-
thelial cells, platelets, and other leukocytes.'®'® Under
flow conditions, PSGL-1 interaction with P-selectin on the
surface of activated endothelium mediates tethering and
rolling.'”'® By designing adhesion molecule-conjugated
fluorescent microspheres (MSs) that target specific en-
dothelial surface molecules in combination with noninva-
sive imaging we showed early endothelial injury in ocular
microvessels of live animals.® 918

In this work, we use our new molecular imaging ap-
proach to detect earliest signs of iritis in vivo and correlate
the injury in the AC with that in the retinal and choroidal
vasculature. Furthermore, we use our adhesion molecule-
conjugated imaging agents to quantify and follow up on
the treatment success of current anti-iritis agents.

Materials and Methods

Endotoxin-Induced Uveitis

All experiments were performed in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research and were approved by the Animal
Care and Use Committee of the Massachusetts Eye & Ear
Infirmary. Male Lewis rats (8—10 weeks old) were ob-
tained from Charles River (Wilmington, MA). Iritis was
induced in rats by injecting 100 ug of LPS (Salmonella
typhimurium; Sigma Chemical, St. Louis, MO) diluted in
100 wl of sterile saline into one hind footpad of each
animal.* Control animals received a footpad injection of
vehicle (saline). Animals were maintained in an air-con-
ditioned room with a 12-hour light-dark cycle and were
given free access to water and food until used in the
experiments.
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Figure 1. Schematic of the in vivo molecular imaging approach to quantitate
endothelial injury in the iridal microcirculation. Carboxylated fluorescent micro-
spheres are conjugated with protein G, using a carbodiimide reaction and
subsequently coated with “FC” coupled rPSGL-1. To reduce nonspecific inter-
action, the free regions are blocked with albumin. The rPSGL-1-conjugated
microspheres are then injected systemically in live animals. The iridal microcir-
culation is then imaged in live animals using epifluorescence intravital
microscopy.

Treatments

To reduce inflammation, animals were topically treated with
dexamethasone (Dex, ophthalmic suspension 0.1%, 5 ml;
American Alcon Laboratories, Inc. Fort Worth, TX) or cyclo-
sporine A eye drops (CsA, ophthalmic suspension 0.1%, 10
ml; American MEEI, Boston, MA), six times within 24 hours.

MS Preparation

Yellow-green carboxylated fluorescent MSs (2 um, Poly-
sciences, Inc., Warrington, PA) were covalently conju-
gated to protein G (Sigma), using a carbodiimide-cou-
pling kit (Polysciences, Inc.).'™® MSs were incubated with
nonimmune mouse IgG (mlgG, Southern Biotech, Bir-
mingham, AL, catalog no. 0102-14), or recombinant P-
selectin glycoprotein ligand-1 (rPSGL-1, Y’s Therapeu-
tics, Burlingame, CA) for 2 hours at room temperature on
a rotary shaker and subsequently washed with PBS and
bovine serum albumin (0.1%). Subsequently, MSs were
washed again in PBS and sonicated before use in vivo.
3 X 10® MSs were injected in each animal (Figure 1).

Quantification of the rPSGL-1 on the MS
Surface

The average number of rPSGL-1 molecules on the MS
surfaces was determined using flow cytometry, as de-
scribed previously.'® Briefly, nonfluorescent MSs (10%/ml,
Polysciences, Inc.) conjugated to rPSGL-Ig (Y’s Thera-
peutics) were incubated with fluorescein isothiocyanate
(FITC)-conjugated mouse anti-human rPSGL-1 (KPL-1) or
its isotype-matched control (BD Biosciences, Franklin
Lakes, NJ) for 30 minutes, centrifuged at 4000 X g for 5
minutes, washed twice, and resuspended into PBS. The
fluorescence intensity of 10* MSs was measured on a
FACScan (Coulter EPICS XL), equipped with the System



Work Il software. The surface expression was presented
as the mean channel fluorescence on a logarithmic scale.

In parallel, calibration beads (Quantum Simply Cellu-
lar, Bangs Laboratories, Fishers, IN) were coated with
reference fluorescence antibodies, as described previ-
ously.” Four different populations of MSs with known
densities of binding sites for Fc were coated with goat
anti-mouse IgG. Uncoated MSs were used as a control. A
calibration curve was constructed based on the mean
fluorescence intensity of the MSs.

In Vivo Evaluation of MS Adhesion in the Iridal,
Retinal, and Choroidal \Vessels

Rats were anesthetized with xylazine hydrochloride (10 mg/
kg) and ketamine hydrochloride (50 mg/kg). To evaluate MS
adhesion in the iridal vessel in normal and EIU animals, a
3-CCD color digital video camera (HDR-HC9; Sony, Japan),
combined with a stereo microscope (Leica; Germany) was
used to record continuous high-resolution iridal images. An
argon blue filtering light was used as the excitation light.

To evaluate MSs in the choriocapillaris, a scanning
laser ophthalmoscope (SLO; HRA2; Heidelberg Engi-
neering, Dossenheim, Germany) was used to make con-
tinuous high-resolution fundus images, with a regular
emission filter for fluorescein angiography, as the excita-
tion (441 nm) and emission (486 nm) maxima of the MSs
are comparable with that of sodium fluorescein. MSs
were injected 24 hours after LPS treatment and images
were recorded 30 minutes after MS injection.

Upon completion of the fundus imaging, pupils were
constricted with topical 4% pilocarpine hydrochloride
ophthalmic solution (15 ml, Falcon, Ltd. Fort Worth, TX).
Animals were placed on the platform of the anatomy
stereomicroscope, allowing flexible positioning of the an-
imals in relation to the lens. Conjugated MSs (3 x 108/ml
in saline) were continuously injected into the tail vein
within 1 minute through a 30-gauge 0.5-inch needle.
Thirty minutes after the initial injection of the conjugated
MSs, the number of free-flowing MSs in the iridal vessels
of normal and EIU rats was substantially diminished,
presumably due to the interaction of the MSs with the
endothelium of the vessels throughout the body. This
allowed us to conveniently identify and quantify accumu-
lated MSs in the iridal vessels as distinct stationary fluo-
rescent marks with high contrast against the nonfluores-
cent background.

In Vivo Quantification of the Interacting Imaging
Agents

The number of adherent MSs was obtained from 1-minute
sections of video recordings. Live images (720p, 29.97
frames/s) were captured using QuickTime 7 Pro software
(Apple Inc., Cupertino, CA) and stored as .mov container
using the Apple Intermediate Codec. The files were then
imported into ImagedJ 1.410 (Java 1.60_15)."° To subtract
free-flowing MSs as well as reduce noise, up to 80 con-
secutive frames were averaged using Imaged’s z-stack
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processing option. The outcome was then converted
from RGB to 8-bit and a threshold was set to reveal the
high-intensity fluorescent particles. To distinguish parti-
cles that are close to each other as individual entities,
images were processed using Imaged’s Watershed func-
tion. Quantification of the number of MSs was achieved
using the Analyze Particle function.

Ex Vivo Evaluation of Accumulated MSs and
Leukocytes

To prepare iridal, retinal and choroidal flat mounts, animals
were anesthetized 24 hours after LPS or vehicle injection.
Subsequently, 1 ml of MSs (3 X 108/ml in PBS) was injected
continuously through the tail vein over 1 minute. Thirty min-
utes after MS injection, animals were perfused with PBS (pH
7.4) and rhodamine-labeled concanavalin-A lectin (RL-1002,
Con-A; Vector Laboratories, Burlingame, CA), 10 ug/ml in
PBS (pH 7.4), to stain vascular endothelial cells and firmly
adhering leukocytes. To perfuse the animals, the chest cav-
ity was opened, and a 24-gauge needle was introduced into
the aorta. Drainage was achieved by opening the right
atrium. PBS (50 ml) was injected to wash out intravascular
content, including unbound MSs and leukocytes. This was
followed by perfusion of 0.3 ml of ConA in 30 ml of PBS to
stain the vascular endothelium and firmly adhering leuko-
cytes. Subsequently, 15 ml of PBS was injected to wash out
excess ConA. Immediately after perfusion, the eyeball was
enucleated and microdissected. Iris, retina and choroids
were flat-mounted, using a fluorescence anti-fading me-
dium (Vectashield, Vector Laboratories). The separated iris,
retina and choroids were then observed under an epifluo-
rescence microscope (DM RXA; Leica, Deerfield, IL), with
both a FITC (excitation, 488 nm; detection, 505-530 nm)
and a rhodamine filter (excitation, 543 nm; detection, >560
nm). Images were obtained using a high-sensitivity digital
camera, connected to a computer-assisted image analysis

108 )
[0 rPSGL-1-Conjugated MS

<> 1gG-Conjugated MS o
O Calibration Beads

105
o

(x=11.25, y=27048)

104

108

Number of Molecules

(x=1, y=731)

102

100 101 102 108
Mean Fluorescence Intensity

Figure 2. Quantitative analysis of the number of rPSGL-1 molecules on
microspheres. Flow cytometric quantification of mean fluorescence values of
calibration beads (open circles) after incubation with FITC-conjugated IgG.
Mean fluorescence value of rPSGL-1-conjugated MSs (open squares) and
isotype-matched control MSs (open diamonds). Calculated copy number of
FITC-KPL-1 bound to rPSGL-1-conjugated or isotype control MSs, based on
linear regression (y = 2567x — 1836, & = 0.998).
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system. Using the Openlab image analysis software (Impro-
vision, Boston, MA), merged images of the MSs (green) with
the vessel tissues (red) were generated. The number of
firmly adhering leukocytes and MSs in iridal, retinal, and
choroidal vessels in whole tissues was obtained by count-
ing. In the retinal and iris flat mounts, the numbers of firmly
adhering MSs were counted in the entire preparations by
mosaic viewing the entire surfaces of the flat mounts under
the microscope. In choroidal flat mounts, five different fields
of view (optic disk, nasal, temporal, superior, and inferior)
were photographed and the number of the MSs in these
regions were counted, averaged, and expressed as counts
per surface area (mm™2), using a calibration piece under
the microscope at different magnifications. MSs that inter-
acted with leukocytes rather than vascular endothelium
were distinguished and the percentage of the MSs bound to
leukocytes was calculated.

Clinical Grading of Anterior Uveitis

At different time points after uveitis induction, slit-lamp ex-
aminations of the AC were performed on anesthetized ani-
mals. The scoring evaluated the absence (0) or presence
(1) of flare, miosis, and hypopyon (accumulation of leuko-
cytic exudates), in addition to the absence (0), mild pres-
ence (1), or severe presence (2) of iris hyperemia and cells
in the AC. Leukocytes in the aqueous humor of the AC are
visible due to their back-scattering of the incoming light.
Elevated protein content of the aqueous humor causes the
Tyndall effect, commonly referred to as flare. Grading of the
flare is based on the ability to visualize iris and lens details.
The individual results were evaluated on a cumulative scale
of 0 (normal) to 7 (most severe condition).?#°
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ing leukocytes. Twenty-four hours after LPS
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30 spots) inside the iridal microvessels. B: The
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Control \ritis control and EIU animals. **P < 0.01.

Statistical Analysis

All values are expressed as mean = SEM. Data were
analyzed by Student’s t-test. Differences between the
experimental groups were considered statistically signif-
icant or highly significant when the probability value, P,
was <0.05 or <0.01, respectively.

Results

Quantification of the Number of rPSGL-1-
Molecules on MSs

To quantify the number of rPSGL-1 molecules conjugated to
the surface of our MSs, we covalently conjugated nonfluo-
rescent carboxylated MSs with protein G and subsequently
coated them with rPSGL-1, based on our previous report.'®
MSs were then stained with a FITC-conjugated anti-PSGL-1
mADb or isotype-matched control and their fluorescent inten-
sities were measured by flow cytometry. The fluorescence
intensity of calibration microbeads with known site densities
of FITC-conjugated IgG was measured under the same flow
cytometric settings. A calibration curve was generated (R°
0.99892), based on which the average number of
rPSGL-1 molecules (27048) on the MS surface was deter-
mined (Figure 2).

Visualization of Accumulated Leukocytes

To quantify the inflammatory response in the iris, we
calculated the number of firmly adhering leukocytes per
surface area of the iris. The number of firmly adhering

Figure 4. Noninvasive in vivo imaging of MS
adhesion in iridal microvasculature. Anesthe-
tized normal and iritic rats were systemically
injected with rPSGL-1-conjugated fluorescent
MSs, the interaction of which in the iris vascula-
ture was visualized by intravital microscopy. A:
Video micrographs of rPSGL-1-conjugated MS
accumulation in vivo, 30 minutes after injection.
In the video still images (left), yellow-green
spots delineate adhering MSs. In the Image J
pictures (right), each dot indicates one automat-
ically counted adhering MS in the iris vessels of
normal and iritic animals. B: Quantification of
the in vivo accumulation of IgG- and rPSGL-1-
conjugated MSs in the iris vasculature of normal
animals. N.S., not significant. C: Quantification
of the in vivo MS accumulation IgG- and rPSGL-
1-conjugated MSs in iris vessels of uveitic ani-
mals. *P < 0.01.
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Figure 5. Ex vivo visualization of firmly adhering MSs in iridal vessels. 30 minutes after conjugated MSs were injected, rats were perfused with PBS and rhodamine ConA
(red) to stain the iris vasculature and remove the intravascular content and nonadherent MSs. Subsequently, the iris was microsurgically excised and flat-mounted. MSs,
yellow-green. A: Micrograph depicts ex vivo visualization of a whole iris flat mount from an iritis animal, injected with rPSGL-1-conjugated MSs. B: Micrographs depict
ex vivo visualization of iris flat mounts from uveitic animals that were injected with IgG- or rPSGL-1-conjugated MSs. C: Quantification of the firmly adhering MSs in iris
flat mounts of normal animals. N.S., not significant. D: Quantification of the firmly adhering MSs in iridal flat mounts of iritis animals. **P < 0.01.

leukocytes in the iritic animals (84.9 = 8.9, n = 8) was LPS-treated animals, significantly higher numbers of
significantly higher than in the normal controls (5.4 + 1, rPSGL-1-conjugated MSs (223.3 + 44.5) bound to the
n=28,P =23x10"%) (Figure 3, A and B). endothelium than IgG-conjugated controls (116 = 19.8;

P = 0.08) (Figure 4, A-C, and Supplemental Movie at
http://ajp.amjpathol.org), indicating that the binding of the

In Vivo Accumulation of Adhesion imaging agents parallels the physiologically relevant pro-

MO/GCU/G-COH]UQQTGO' MSs in Iridal VVessels cess of leukocyte recruitment.

To detect vascular injury in the iris of living animals, we

investigated endothelial P-selectin expression using our Ex Vivo Visualization of Accumulated MSs
rPSGL-1- or mlgG-conjugated imaging agents in normal

and iritis animals. In normal animals, 30 minutes after MS To examine, whether the conjugated MSs that were de-
injection, a low number of control (38.8 = 7.1, n = 5) or tected in vivo indeed adhered in the iridal vessels, as was
rPSGL-1-conjugated (41.6 = 17.1, n = 5; P = 0.9) MSs judged based on the depth of focus of the fluorescent
interacted with the endothelium of the iris vessels. In the video images, we examined the MS accumulation in per-
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Figure 6. Ex vivo visualization of interaction of MSs and Leukocytes in iridal vessels. Twenty-four hours after LPS, MSs were injected, and 30 minutes later animals were
perfused with PBS and rhodamine ConA (red) to stain the iris vasculature and adherent leukocytes. Iris was microsurgically excised and flat-mounted. MSs, yellow-green.
A: Confocal micrograph of rPSGL-1-conjugated MSs in the iris microvasculature of an iritic animal. B: The number of 1gG- or rPSGL-1-conjugated MSs adhering to
leukocytes (MS,..,,) in iridal microvessels (mm™2), in control and EIU animals. *P < 0.01, N.S., not significant. C: The number of leukocytes binding to MSs (Leuy,s) in
iridal microvessels (mm™?2) in control and EIU animals, injected with IgG- or PSGL-1-conjugated MSs. *P < 0.05; **P < 0.01; N.S., not significant.
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fused ex vivo tissue preparations (flat mounts). Epifluo- numbers of rPSGL-1-conjugated MSs were significantly
rescence microscopy of the iris flat mounts showed spe- higher than MS, ., (25.7 = 4.6, n = 8) compared with the
cific adhesion of the MSs in the iridal vessels (Figure 5, A mlgG-conjugated group (6.4 *= 1.2, n = 5, P = 0.03).
and B). In line with our in vivo fluorescence video micros- Furthermore, rPSGL-1-conjugated MSs showed signifi-
copy, the number of the mlgG-conjugated-MSs in the iris cantly higher MS, _, in the iritic animals, compared with

flat mounts (90.2 = 8.3, n = 6) did not significantly differ normal controls (0.8 = 0.3, n = 8, P = 0.0008) (Figure 6B).
from rPSGL-1-conjugated MSs (97.6 = 135, n =8, P =
0.6). The adhesion number of rPSGL-1-conjugated MSs . - :
to the iridal vessels of iritic animals (1905.7 + 85.4, n = 8) \/ISU?I/IZ&Z‘IOH of Accumulated Leukocytes Using
was significantly higher than mlgG-conjugated controls Conjugated MS

(785.8 + 143.7, n = 5, P = 0.0003) (Figure 5, C and D). To evaluate the interactivity of the adherent leukocytes

with the conjugated MSs, we obtained the number of

MS Localization firmly adhering leukocytes bound to or incorporating MSs

(Leupss) in the vessels of the entire iris. In the perfused iris
To investigate whether the MSs are within the vessels, we flat mounts, a substantial number of leukocytes adhered
used fluorescent confocal microscopy. The three-dimen- to the iridal vessels, and many of the firmly adhering
sional reconstruction of our iridal flat mounts showed that leukocytes bound MSs. The Leuyg in the iridal vessels
all MSs were indeed inside the vessels. These studies showed significantly higher values in iritis animals (IgG
further confirmed that some of the accumulated MSs 51+07,n=5 P =0.004, rPSGL-199 = 12, n = 8,
directly bound to the vascular endothelium, while others P = 0.0001) than in normal controls (IgG 0.4 = 0.2, n =
bound to firmly adhering leukocytes (Figure 6A and Sup- 5, rPSGL-1 0.6 = 0.2, n = 8). Leuys in the iris vessels of
plemental Movie at http://ajp.amjpathol.org). iritis animals that were injected with rPSGL-1-conjugated

MSs were significantly higher than in the migG-conju-

Conjugated MSs Detect Firmly Adhering gated group (P = 0.03) (Figure 6C).

Leukocytes
Y Molecular Imaging Evaluation of

To examine, whether adhesion-molecule-conjugated MSs Anti-Inflammatory Treatment in the Iris

detect firmly adhering leukocytes, we calculated the num-

ber of MSs bound to firmly adhering leukocytes (MS, ) in To investigate the potential of our molecular imaging
the iridal vessels per total iridal surface. In iritis animals the approach in evaluation of anti-inflammatory interven-
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Figure 7. In vivo and ex vivo molecular evaluation of anti-inflammatory treatment success. Representative micrographs depicting iridal flat mounts of uveitic animals
that were topically treated with eye drops of Dex or CsA. rPSGL-1-conjugated MSs were injected through the tail vein and 30 minutes later animals were perfused with
rhodamine ConA to stain the vasculature and adherent leukocytes. A: Ex vivo visualization of firmly adhering leukocytes in the iridal microvasculature with or without
Dex treatment. Arrows indicate firmly adhering leukocytes (bright red spots) inside the iridal microvessels. B: Quantitative comparison of the numbers of accumulated
leukocytes in the iridal microvasculature per surface area (mm™ %), with or without topical anti-inflammatory treatments. **P < 0.01; N.S., not significant. C:
Video-micrographs of rPSGL-1-conjugated MS accumulation #72 vivo of uveitic animals with or without topical treatment, 30 minutes after MS injection. In the video still
images (left), yellow-green spots delineate adhering MSs. In the Image] pictures (right), each dot indicates automated counts of adhering MSs in the iris vessels of normal
and iritic animals. D: Quantitative comparison of i vivo MS accumulation in the total iridal vasculature of iritis animals using intravital microscopy, with or without topical
anti-inflammatory treatments. *P < 0.05; *P < 0.01; N.S., not significant. E: Ex vivo visualization of accumulated MSs (yellow-green spots) in the iris flat mounts, with
or without anti-inflammatory treatment. F: Quantitative comparison of ex vivo MS accumulation in total iridal flat mounts of iritis animals, with or without topical
anti-inflammatory treatment. **P < 0.01; N.S., not significant. G: The number of MSs binding to leukocytes (MS;.,,) in iridal microvasculature per surface area (mm™?),
with or without topical anti-inflammatory treatments. **£ < 0.01; N.S., not significant. H: The number of leukocytes binding to MSs (Leuys) in iridal microvasculature per
surface area (mm™?), with or without topical anti-inflammatory treatment. **P < 0.01; N.S., not significant.
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tions, we topically treated iritis animals with eye drops higher than in all three treated groups (Dex 3.6 = 0.7,n =
containing Dex, CsA, or both, and quantified the inter- 6, P =0.0003,CsA79=1,n=6,P =0.009, Dex+CsA
action of rPSGL-1-conjugated MSs with iridal vessels 3.8 £ 0.8, n =6, P = 0.0001) (Figure 7G). Similarly,
and leukocytes. Leuys Was significantly higher in the untreated animals

We compared the numbers of firmly adhering leuko- (untreated 11.6 = 1.5, n = 6) than in the three treatment
cytes in the surface area of the iris (per mm?) in the eye groups (Dex2.8 + 0.6,n=5P=25x10"° CsA5.5 +
drop-treated and untreated groups (Figure 7A). The ad- 0.6,n =6, P = 0.001, Dex+CsA 2.6 = 0.6,n =6, P =
herent leukocyte numbers in the untreated animals 6.7 X 107°) (Figure 7H).

(112.3 £ 18.3, n = 6) were significantly higher than in the

three treated groups (Dex 25.6 = 11.4,n = 6, P = 0.008, ; )
CsA979+36.n=6P=05 Dex+CsA27.6 +4.1 n= Molecular Imaging Reveals Therapeutic Impact
6, P = 0.006), except for the leukocyte number in the of Topical Anti-Inflammatory Eye Drops on

CsA-treated group (Figure 7B). Choroidal \Vasculature
In vivo fluorescent video microscopy showed signifi-

cantly lower MS interaction in the topically treated groups To evaluate whether the topical anti-inflammatory eye
(Dex 27 = 7.5,n=6,P =0.0003; CsA87.25 +17.8,n = drops also affects other relevant vascular beds beyond
6, P = 0.005; Dex+CsA 54.25 =+ 15.3,n = 5, P = 0.001) the iridal microcirculation, we studied firm leukocyte ad-
compared with the untreated iritis animals (217.3 * 24.6, hesion and accumulation of our imaging agents in the
n = 5) (Figure 7, C and D). In iridal flat mounts, the retinal and choroidal microcirculation in LPS-injected an-
number of accumulated MSs in the vessels of untreated imals. We compared the numbers of firmly adherent leu-
iritis animals (1970 = 101.7, n = 5) was significantly kocytes in retinal flat mounts in the eye drop-treated and
higher than Dex (338.6 = 32.7,n =6, P = 1.5 X 1077), untreated groups (Figure 8, A and B). The adherent leu-

CsA (1411.8 £ 1443, n = 6, P = 0.01), or doubly kocyte numbers in the untreated animals (427.1 = 32.8,
(Dex+CsA 393.8 + 48.7,n =5, P =6.1 X 107°) treated n = 6) were significantly higher than in the three treated

animals (Figure 7, E and F). groups (Dex 298.3 = 215, n = 6, P = 0.007, CsA

To investigate the impact of the topical anti-inflamma- 388.7 = 67.7,n = 6, P = 0.7, Dex+CsA 267.6 = 15.9,
tory drug treatments on the interaction of MSs with leu- n =6, P = 0.005), except for the leukocyte number in the
kocytes in the iris vasculature, we calculated the number CsA-treated group (Figure 8C). We compared the num-
of MS, ., and Leuyg in the surface area of the iris (per bers of firmly adherent leukocytes in the surface area of
mm?) of the treated and untreated groups. MS, ., in un- the choroidal flat mount (per mm?) in the eye drop treated
treated animals (32.1 = 5.7, n = 6) was significantly and untreated groups (Figure 8D). The adherent leuko-
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Figure 8. I vivo and ex vivo molecular evaluation of anti-inflammatory treatment success. Representative micrographs depicting SLO or flat mounts of retinal
and choroidal vessels from uveitic animals that were topically treated with eye drops of Dex or CsA. rPSGL-1-conjugated MSs were injected through the tail vein
and 30 minutes later animals were perfused with rhodamine ConA to stain the vasculature and adherent leukocytes. A: Ex vivo visualization of firmly adhering
leukocytes (arrows) in the retinal flat-mount microvasculature of uveitic animals, with or without topical anti-inflammatory treatment. B: Ex vivo visualization of
firmly adhering leukocytes in the retinal microvasculature of uveitic animals, with or without topical anti-inflammatory treatment. Arrows, firmly adhering
leukocytes (bright red spots) inside the retinal microvessels. C: The number of firmly adhering leukocytes in retinal microvasculature of uveitic animals, with or
without topical anti-inflammatory treatment. *P < 0.05; **P < 0.01; N.S., not significant. D: Ex vivo visualization of firmly adhering leukocytes in the choroidal
flat-mount microvasculature of uveitic animals, with or without topical anti-inflammatory treatment. Bright red spots show firmly adhering leukocytes inside the
choroidal microvessels. E: The number of firmly adhering leukocytes in choroidal microvasculature of uveitic animals, with or without topical anti-inflammatory
treatment. *P < 0.05; *P < 0.01; N.S., not significant. F: In vivo SLO images of accumulated MSs in choroidal microvessels of uveitic animals, with or without
topical anti-inflammatory treatments. White spots, firmly adhering MSs in the choriocapillaris. G: Quantitative comparison of iz vivo MS accumulation in choroidal
vessels of uveitic animals, with or without topical anti-inflammatory treatments using SLO. *P < 0.05; **P < 0.01; N.S., not significant. H: Ex vivo visualization of
accumulated MSs (yellow-green spots) in the retinal flat mounts of uveitic animals with or without topical anti-inflammatory treatments. I: Quantitative comparison
of ex vivo MS accumulation in total retinal flat mounts of LPS-injected animals, with or without topical anti-inflammatory treatments. **P < 0.01; N.S., not significant.
J: Ex vivo visualization of accumulated MSs (yellow-green spots) in the choroidal flat mounts of uveitic animals with or without topical anti-inflammatory
treatments. K: Quantitative comparison of ex vivo MS accumulation in total choroidal flat mounts of LPS-injected animals, with or without topical anti-inflammatory
treatments. **P < 0.01; N.S., not significant.
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cyte numbers in the untreated animals (186.3 = 21.5,n =
6) were significantly higher than in the treated groups
(Dex 114.9 = 11.9,n = 6, P = 0.007, CsA 147.6 = 25.3,
n =26, P =03, Dex+CsA 1023 = 157, n = 6, P =
0.007), except for the leukocyte number in the CsA-
treated group (Figure 8E).

In vivo SLO imaging of the choroidal microvasculature
showed a significant decrease in the number of accumu-
lated MSs in the Dex eye drop-treated and Dex+CsA-
treated groups (Dex 116.4 = 13.4, n 5, P = 0.008;
Dex+CsA 126 = 10.5,n = 5, P = 0.01), compared with
the untreated animals (232.6 + 30.6, n = 5). However, in
CsA-treated animals the number of MS accumulation did
not differ significantly from the vehicle-treated controls
(CsA 187.7 = 23, n = 6, P = 0.2) (Figure 8, F and G).

In line with the in vivo results, retinal flat mounts of the
Dex (178.3 £ 17.3, n = 5, P = 0.002) and Dex+CsA
(202.4 = 315, n = 5, P = 0.0006)-treated animals
showed significantly lower numbers of MS adhesion than
untreated animals (440.1 = 43.5 n = 5), whereas topical
CsA-treated animals did not show a significant difference
compared with untreated animals (429.2 = 100.5,n = 5,
P = 0.7) (Figure 8, H and 1).

The amount of MS adhesion in the choroidal flat
mounts was comparable to that in the retinas. Untreated
animals (4227.4 = 91.2 n 5) showed significantly
higher adherent MS numbers than Dex (1588.5 = 228.6,
n =5, P = 0.0001) or double-treated animals (1518.2 +
287.3,n =5, P = 0.0001), whereas CsA-treated animals
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(3512.3 = 470.7, n = 5, P = 0.1) did not differ from
untreated uveitic animals (Figure 8, J and K).

Subclinical Detection of Endothelial Injury:
Comparison of MS Accumulation with the
Existing Clinical and Experimental Evaluations

To find out whether our molecular imaging approach
detects ocular inflammation earlier than the existing clin-
ical or experimental techniques, we compared the time
course (0, 1, 6, and 24 hours after LPS injection) of the
cumulative clinical score of various readouts (flare, mio-
sis, hypopyon, iris hyperemia, and leukocytes in the AC)
and leukocyte recruitment with the imaging outcome of
rPSGL-1-conjugated MS binding in iritic animals. AC ex-
amination showed cells in the aqueous humor, cloudi-
ness of the light beam that was directed into the dark
anterior chamber, as well as effusion, all of which pro-
gressed with the duration of the iritis (Figure 9A). The
clinical score was significantly higher 6 hours (1.8 = 0.5,
n = 6 eyes, P = 0.003) and highest 24 hours (5.2 = 1.7,
n = 6eyes, P =6 X 107°) after LPS injection, compared
with normal animals (0 = 0, n = 6). However, 1 hour after
LPS injection (0.3 = 0.2, n = 6, P = 0.14) the score did
not differ from that of normal animals (Figure 9B).

In line with the cumulative clinical score, the numbers
of the firmly adhering leukocytes in iridal flat mounts were
significantly higher 6 hours (27.6 = 8.4,n = 6, P = 0.02)

Figure 10. Time course of leukocytes accumu-
lation in the iris vasculature. To quantify firm
leukocyte adhesion, normal and LPS-injected an-
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tive micrographs indicate ex vivo visualization of
firmly adhering leukocytes in the iridal micro-
vasculature of normal or LPS-treated animals at
different time points. Arrows indicate firmly ad-
hering leukocytes (bright red spots) inside the
iridal microvessels. B: Quantitative comparison
of the numbers of accumulated leukocytes in
iridal microvasculature per surface area (mm’z),
with or without LPS injection. *P < 0.05; **P <
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Figure 11. Subclinical detection of endothelial injury by noninvasive molecular imaging of iris. Intravital microscopy was performed and ex vivo flat mounts were
generated at different time points after iritis induction to quantify the number of rPSGL-1-conjugated MSs in the iris vessels at different time points. Az
Representative video micrographs of rPSGL-1-conjugated MS accumulation in normal and iritic animals, at the indicated time points after iritis induction and 30
minutes after MS injection. In the video still images, yellow-green spots delineate adhering MSs. In the Image] pictures, each dot indicates automated counts of
adhering MSs in the iris vessels. B: Quantitative comparison of in vivo rPSGL-1-conjugated MS accumulation in the iridal vasculature of iritic animals. **P < 0.01.
C: Ex vivo visualization of accumulated MSs (yellow-green spots) in the iridal flat mounts of normal and iritic rats at the indicated time points. D: Quantitative
comparison of ex vivo rPSGL-1-conjugated MS accumulation in iridal flat mounts of normal and iritic animals at the indicated time points. **2 < 0.01.

and highest at 24 hours after LPS injection (88.5 = 13.4,
n =6, P = 0.0002), compared to normal animals (4.7 *
1.1, n = 6). However, leukocyte accumulation did not
differ from that in normal animals 1 hour after LPS injec-
tion (6.8 £ 2.5, n =6, P = 0.8) (Figure 10, A and B).

In contrast to the cumulative clinical score and ex vivo
leukocyte accumulation, in vivo molecular imaging with
rPSGL-1-conjugated MSs showed a significantly higher
binding (132.6 = 15.3, n = 6, P = 0.0003) 1 hour after
LPS injection, compared to the low amount of constitutive
interaction in normal animals (21.4 *+ 4.1, n = 6) (Figure
11, A and B). MS accumulation further increased by 6
hours (213.6 = 17.9,n =6, P = 3.2 X 10~ ®) and 24 hours
(208.3 = 22.4,n =6, P = 1.2 X 10~ %) after LPS injection.
To confirm the in vivo findings, iridal flat mounts of ConA
perfused animals were generated and the binding of the
rPSGL-1-conjugated MSs quantitated ex vivo. Indeed, 1
hour after LPS injection there were significantly more MSs
in the iris vessels (536.8 = 57.6, n = 6, P = 0.002) than
in the normal controls (117.3 = 21.5, n = 6). The number
of accumulated MSs further increased by 6 hours
(2334.1 = 2585, n = 6, P = 4.7 X 107%) and 24 hours
(1849.4 = 217.6, n = 6, P = 0.0005) after LPS injection
(Figure 11, C and D).

Discussion

Noninvasive detection of molecular events in the living
organism can revolutionize medicine. The eye provides a
unique portal for visible light-based imaging of barrier-
privileged and normal vessels. Under normal conditions,
the AC is transparent. Extravasation of leukocytes or
serum proteins into the AC under inflammatory conditions
changes the optical properties of the aqueous humor, an
observation, which is the mainstay of today’s clinical
evaluation. Before these cellular and structural changes
occur, there are molecular manifestations of endothelial
injury, knowledge of which would be of great scientific
and clinical interest. The proximity of the well-perfused
iris vasculature to the light-permeable cornea and its
direct involvement in ocular inflammation make the iris an
ideal target for noninvasive molecular imaging.

Using our previously introduced approach for endo-
thelial surface molecule imaging,®'%'® we characterize

endothelial injury in iritis animals in vivo. rPSGL-1-conju-
gated MSs accumulate significantly more in the iris ves-
sels of uveitic animals, similar to the high number of
accumulated leukocytes in iritis vessels. Strikingly, MS
accumulation in the iris vasculature occurs earlier than
the clinical signs of anterior uveitis or the increase in the
number of firmly adhering leukocytes in the iris vascula-
ture. This suggests that molecular imaging of iris vessels
might truly reveal subclinical signs of the disease. Since
the LPS-induced inflammation is primarily a systemic re-
action, our approach carries the hope that in the future
systemic diseases can be visualized through the eye.

Topical treatment with dexamethasone or CsA signifi-
cantly reduces MS accumulation in the iris vessels, indi-
cating suppression of endothelial adhesion molecule up-
regulation on treatment with these agents. The reduction
of MS accumulation is larger than the reduction of leuko-
cyte adhesion to the same vessels. This suggests that the
anti-inflammatory treatment might be more effective in
reducing the expression of individual adhesion mole-
cules, while other adhesion molecules that provide a
functional redundancy would suffice to uphold leukocyte
adhesion.

Dexamethasone suppresses adhesion molecule ex-
pression in activated endothelium,?" indicating that in vivo
quantitation of adhesion molecule expression provides
valuable insights about the degree of inflammation and
therapeutic success. Surprisingly, topical anti-inflamma-
tory treatment with dexamethasone makes a profound
impact on MS accumulation in the fundus vasculature,
similar to the effect it has on leukocyte recruitment, while
CsA does not show an effect. Knowing which drugs can
be used topically to cause beneficial effects in the fundus
is clinically important, as the more convenient topical
application of various drugs could replace their systemic
application.

Beyond direct detection of endothelial injury, it is highly
desirable to have quantitative knowledge of the number
of accumulated immune cells in the ocular vessels.
rPSGL-1-conjugated MSs bind to firmly adhering leuko-
cytes, as leukocytes express L-selectin, the binding part-
ner of PSGL-1. The significant interaction of rPSGL-1-
conjugated MSs with firmly adhering leukocytes, as
reflected in the Leuys and MS, ., ratios, indicates that our
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imaging probes reveal the amount of endogenous im-
mune response in the iris vasculature. Confocal imaging
shows that some of the MSs are indeed within leukocytes.
This suggests that it might be possible to indirectly affect
immune response by bringing MSs into the circulation
that contains immunoregulatory drugs that are taken up
by the leukocytes.

In summary, this work provides a novel means for
quantitative assessment of endothelial injury in the iris
vasculature. Molecular imaging of the iris presents a
unique opportunity to visualize endothelial injury and im-
mune response in vivo, due to the optical accessibility
and involvement of the iris in ocular inflammatory dis-
eases. Comparison of the vascular inflammatory re-
sponse in the iris vessels with the choroidal or barrier-
privileged retinal vessels provides valuable information
about the impact of various drugs, depending on their
route of application, and the evaluation of treatment suc-
cess. Our imaging approach detects the earliest signs of
disease, even before the occurrence of clinical symp-
toms, such as leakage, pain, or vision deterioration. On
subclinical detection of molecular changes, effective
treatments could be instituted to halt inflammation, before
irreversible structural damage occurs. Besides being a
powerful research tool, this versatile imaging approach
has a high chance of being translated to the clinical realm
and impacting the way medicine is practiced.
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