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Although some investigations have demonstrated the
ability of inflammatory mediators, including vaso-
permeability and chemotactic factors, to induce acute
inflammatory reactions in vivo, little is known about the
response of various elements of the anterior segment to
the direct effects of inflammatory mediators. These
studies were initiated to develop models for the investi-
gation of inflammatory responses in this region of the
eye. Acute inflammatory reactions were induced
within the rabbit anterior chamber by intracameral in-
jection of 50 ,.d of various inflammatory mediators and
were evaluated by clinical grade, leukocyte influx into
the aqueous humor, and morphologic changes in the
corneal endothelium. Peak responses were recorded
following injection of 10-4 M formyl-methionyl-leucyl-
phenylalanine (fMLP); 5 ED5O C5fr; 0.5 mg/ml C5; un-
diluted anti-red blood cell (RBC) serum; and 10-5 M
histamine. The number of leukocytes per milliliter of
aqueous humor induced by each mediator was quan-
titated by comparison with the number of leukocytes
induced by buffer instillation into a separate group of
rabbits (mediator-induced influx/buffer-induced influx).
Comparisons were made 24 hours after instillation of
mediators. The results of these studies were as follows:
buffer alone, 1.0; fMLP, 3.1; C5fr, 61.0; C5, 8.7; anti-

RBC, 91.0; and histamine, 24.0. Clinical grades cor-
related well with these ratios. In addition, differences
were noted when the time kinetics of acute responses
induced by two different mediators (10-4M fMLP, a
synthetic preformed chemotactic factor; and a 1:5 dilu-
tion of anti-RBC, which binds to vascular and corneal
endothelial cells) were directly compared over 48
hours. Responses induced with fMLP peaked between 5
and 8 hours and resolved rapidly, whereas anti-RBC-
induced responses peaked between 8 and 12 hours and
resolved very slowly. Histopathologic analysis in-
dicated that both fMLP and anti-RBC induced a similar
sequence of changes in the corneal endothelium. With-
in 2-3 hours after instillation of either mediator, the en-
dothelial cells exhibited prominent vacuolization/re-
traction phenomena. At the peak of leukocyte influx
PMNs filled these vacuoles, then migrated back into the
aqueous humor within several hours. Normal morpho-
logic features were recovered following clearance of
leukocytes from the anterior chamber. We believe that
these models will be useful in identifying the roles ofin-
dividual mediators in acute and chronic endocular
inflammation and in the injury of corneal endothelium.
(Am J Pathol 1983, 110:1-12)

INFLAMMATORY PROCESSES, whether initiated
by infectious, immunologic, or environmental fac-
tors, represent extremely explosive and potentially
destructive biologic responses. When uncontrolled
within the limited confines of the eye, inflammation
can unrelentingly ravage the small amounts of tissues
on which vision depends.

In general, inflammatory reactions are thought to
be initiated and amplified by chemical mediators, in-
cluding vasopermeability and chemotactic factors.
Although extensive in vitro studies have implicated
these and other mediators and modulators in inflam-
matory reactions, relatively few in vivo studies have
demonstrated their specific biologic roles and mecha-
nisms. For the most part, these studies have focused

on the roles of the mediators in lung and kidney dis-
ease, with only limited application to studies of ocular
inflammation. Hence, much of our present knowledge
of mediators of ocular inflammatory reactions has
been obtained by indirect means and is largely based
on the presumption that immunologic mechanisms
which are known to be active at other tissue sites be-
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2 ROWLAND ET AL

have in a similar manner in the eye. However, the
unique anatomy and function of the eye suggest that
it has unique proinflammatory and antiinflammatory
mechanisms to maintain its critical functions. We ini-
tiated the present series of experiments to begin a sys-
tematic evaluation of mechanisms and mediators of
inflammation, injury, and healing within the anterior
segment of the eye. This region involves the key func-
tions of corneal and lens transparency, pupillary mo-
tion, and aqueous humor flow.
The tissues of the anterior chamber are susceptible

to all types of immunologic responses, including 1)
acute immune-complex-mediated and IgE-mediated
allergic responses, 2) cell-mediated responses, and 3)
corneal graft and tumor rejection. I In addition, it has
become evident that immune-complex deposition
within ocular tissues may be the cause of several
forms of uveitis, most notably those associated with
rheumatoid spondylitis, Behcet's syndrome,2 and
granulomatous inflammations.34 A number of early
experimental studies have implicated immune com-
plexes in uveitis and vascular changes seen in uveitis.5-9
More recent studies have implicated immune com-
plex deposition in uveitis by the demonstration of
complexes within the aqueous humor. 10 In other body
tissues, immune complexes are known to be highly
effective in triggering the development of inflamma-
tion by activation of the complement system, which
in turn generates inflammatory mediators, includ-
ing vasopermeability regulators and chemotactic
factors,1-13 as well as activation of coagulation sys-
tems (fibrinogenesis, fibrinolysis, and kinin gener-
ation). Previously, the measurement of direct bio-
logic effects of these mediators in vivo has been diffi-
cult and was only recently shown to be quantifiable in
lung.14 The studies described below focus on delin-
eating the ability of known inflammatory mediators
such as chemotactic and vasoactive factors to directly
induce acute responses within the anterior segment as
well as the consequences of those inflammatory re-
actions. Their purpose is the evaluation of the po-
tential mechanisms, consequences, and role of these
inflammatory mediators in the initiation and ampli-
fication of ocular inflammation and tissue injury.

Materials and Methods

Experimental Animals and Method of Ocular
Instillation

The experimental animals used were 10-12-week-
old male and female New Zealand white rabbits. In-
flammatory mediators and control substances (50-,ul

samples) were instilled into the anterior chamber of
the left eye by intracameral injection, using a 30-gauge
lancet-pointed needle mounted on a microsyringe.15

Evaluation of Ocular Inflammation

The endocular inflammation was quantitated at
various times (1-48 hours) after instillation and clini-
cally graded according to the basic outline of Aron-
son et al, 16 ie, clinical grading ranging from 1 +, rep-
resenting mild irideal hyperemia and aqueous humor
flare, to 4+, representing the presence of fibrinous
exudate within the anterior chamber, dense opacity
of the cornea, and severe chemosis of the limbic area.
At various times after instillation, the rabbits were
anesthetized with ketamine (2 mg/kg) plus Acepro-
mazine maleate (Fort Dodge, Iowa) (0.2 mg/kg), and
an aliquot of the aqueous fluid (0.1-0.2 ml) was
removed from each eye by intracameral tap. Total
cells within this fluid were determined by direct
hemocytometer count and the relative percentage of
polymorphonuclear leukocytes determined following
cytocentrifuge preparation and hematoxylin-eosin
staining. Following the intracameral tap, the animals
were exsanguinated by cardiac puncture. The eyes,
both experimental and control, were enucleated, and
the anterior segment was removed, fixed in 10o
buffered formalin (pH 7.4), and analyzed in paraffin-
infiltrated, hematoxylin-eosin-stained 4-5-.i sections
by light microscopy.'4

Histopathologic studies included examination of
sections for irideal vascular congestion and edema;
cellular and fibrinous exudate in the anterior cham-
ber; the presence of cells at the corneal-irideal angles
or within the trabecular meshwork- Schlemm's canal
area; and, particularly, morphologic changes of the
corneal endothelial cells, which included the retrac-
tion/vacuolization of these cells as well as the ap-
pearance of polymorphonuclear leukocytes (PMNs)
within the endothelial monolayer.

Immunofluorescence

Corneas were frozen in O.C.T. Compound (Lab-
Tek products, Naperville, Ill) immediately following
enucleation, and 5-,u sections were cut and mounted
on gelatin-coated slides. These sections were stained
by indirect immunofluorescence techniques with the
use of goat anti-rabbit red blood cell antiserum (anti-
RBC) (1:20 dilution) and developed with fluorescein-
isothiocyanate-conjugated rabbit anti-goat IgG (1:40
dilution) (Cappel Laboratories, Cochranville, Pa).
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ANTERIOR SEGMENT INFLAMMATION OF THE EYE 3

Inflammatory Mediators and Antibodies

The synthetic chemotactic peptide formyl-methi-
onyl-leucyl-phenylalanine (fMLP) was obtained from
Sigma (St. Louis, Mo) and prepared as described pre-
viously.'7 The leukocyte chemotactic factor derived
from the fifth component of human complement
(C5fr) was generated from zymosan-activated human
serum containing E-amino-caproic acid and partially
purified by gel filtration.'8 Chemotactic activity was

quantitated with rabbit neutrophils and was expressed
as ED50,/ml."' The fifth component of human com-

plement was purified from human serum by hydro-
phobic chromatography and hydroxyapatite chroma-
tography"9 and stored frozen. Histamine was diluted
from a stock solution of clinical grade histamine
phosphate (Eli Lilly, Indianapolis, Ind). Anti-RBC
and normal goat serum were obtained from Cappel
Laboratories (Cochranville, Pa) and used undiluted
or at 1:5 or 1:10 dilutions in Hanks' balanced salt
solution (HBSS).

For general evaluation and comparison of results,
the reagents used were divided into the following cat-
egories of mediators of acute inflammatory media-
tors: 1) preformed chemotactic factors (fMLP and
C5fr); 2) precursors of inflammatory mediators (C5);
or 3) agents presumed to act by causing direct dam-
age to anterior segment tissues (anti-RBC) or vaso-

permeability changes (histamine) in the anterior
chamber.

Quantitation of Leukocyte Influx

Leukocyte influx into the aqueous humor was

quantitated as the mean (± standard error of the
mean [SEMI) number of leukocytes per milliliter of
fluid withdrawn from 2-5 rabbits per group. The dif-
ferent groups were compared by expression of the
data as a ratio of the average number of leukocytes in
mediator-instilled eyes at 24 hours after instillation
over the number of leukocytes per milliliter in buffer-
instilled eyes. Ratios greater than one thus represent
the induction of greater leukocyte influx than that
due to buffer alone.

Results

Morphologic and Histopathologic Features of
Mediator-Induced Inflammations in the Anterior
Chamber of the Eye

We performed the initial experiments to determine
the ability of known inflammatory mediators to in-
duce acute inflammatory reactions within the anterior
chamber. These reactions were evaluated 24 hours

after instillation. Leukocyte influx and clinical grad-
ing is summarized in Table 1 and is correlated with
the histologic data, which follows.

Control Injections

Histologically the uninstilled eyes exhibited a typical
thin monolayer of corneal endothelial cells (Figure 1)
with no leukocytes detected within the trabecular
meshwork or aqueous humor of the eye.
The instillation of a control buffer (HBSS) led to a

low but measurable inflammatory response accompa-
nied by a small influx of leukocytes into the anterior
chamber (Table 1). These eyes also exhibited a slight
accumulation of PMNs at the corneal-irideal angles
and within the trabecular area. Generally, the corneal
endothelial cells maintained their normal structure
except for small areas that showed slight retraction or
vacuolization.
Human serum albumin (HSA) injections induced a

slight clinical response that was not significantly dif-
ferent from that induced by buffer alone. In subse-
quent studies, the effects of inflammatory mediators
on cellular influx into the anterior chamber was
quantitated by our computing the ratio of the num-
ber of cells in aqueous humor of mediator-instilled
eyes to the number of cells in buffer-instilled eyes
(legend of Table 1).

Instillation of normal goat serum (NGS) (1:5 dilu-
tion in HBSS) induced a mild inflammatory response
and histologic evidence of moderate irideal hyperemia
and small amounts of fibrinous exudate in the an-
terior chamber. Accumulations of PMNs were seen
at the angles and within the trabecular meshwork. In
several rabbits given injections of NGS a few PMNs
appeared within the corneal endothelial layer, and
approximately 40% of the endothelial cells exhibited
vacuolization.

Preformed Chemotactic Factors

fMLP
The clinical endocular inflammatory response to

the synthetic chemotactic peptide fMLP was mild, as
shown by grading at 24 hours after injection, and re-
quired much higher doses of chemotactic factor (10-4-
10-5 M) than can be measured in vitro (10-9-10-" M).17
When lower doses (10-6_10-7 M) were used in prelim-
inary experiments, they induced responses indistin-
guishable from those of buffer-instilled eyes (data not
shown). At 10-4 M and 10-5 M fMLP the clinical grade
correlated with the number of leukocytes present in
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Table 1-Leukocyte Influx and Clinical Grade 24 Hours Post-instillation of Inflammatory Mediators

Cells/ml (x 10-5) ± SEM* Experimentalt
Treatment of aqueous humor /control Clinical gradet
Uninstilled 0 0
Controls
HBSS only (control) 0.30 ± .04 1.0 1 +
Human serum albumin 25 lAglml (2.5 Ag/ml)§* 0.25 ± 0.11 0.8 1 +
Normal goat serum 1.18 ± 0.31 3.9 1-2+

Chemotactic factors
f-MLP1

10-4 M (10-5 M) 0.93 ± .27 3.1 2+
10-5 M (10-6 M) 0.53 ± N.D.** 1.7 1 +

C5fr
5 ED5O 18.3 ± 2.4 61.0 3+

15 ED50 14.2 ± 3.2 47.3 3+
25 ED50 1.6 ± 0.9 5.3 2+

Precursors/agents of direct damage
C5

1 mg/ml (100 jAg/ml) 0.79 ± .01 2.6 1 +
0.5 mg/ml (50 mg/ml) 2.62 ± .23 8.7 2-3+

Anti-RBC serum
0 (1/10) 27.30 ± 11.6 91.0 4+

1:5 (1/50) 7.20 ± 0.29 24.0 4+
1:10(1/100) 3.12 + 1.40 10.4 2-3+

Histamine
10-3 M (10-4 M) 0.72 ± .15 2.4 2-3+
10-4 M (10-5 M) 0.71 ± ND 2.4 4+
10-5 M (10-6 M) 7.21 ± .37 24.0 2-3+

The average number of leukocytes per milliliter of aqueous humor withdrawn 24 hours after instillation of the inflammatory mediator. Each
number represents the mean of leukocytes per milliliter in 2-5 rabbits ± standard error of the mean (SEM).

t Data is expressed as the ratio of the average number of leukocytes per milliliter in aqueous humor withdrawn from mediator-instilled eyes
over the number of leukocytes per milliliter in humor withdrawn from eyes instilled with buffer alone.

t Clinical grading was accomplished with the use of the 1 + -4 + grading system of Aronson, et al'5 as described in Materials and Methods.
§ Number in parentheses represents the estimated concentration of mediator in the aqueous humor assuming a total aqueous volume of 0.5 ml.
I 10-6 M and 10-7 M fMLP were also instilled into individual rabbits. The leukocyte influx was no different from that in eyes instilled with buf-

fer only.
** Not determined.

the aqueous humor. Histologically, fibrinous exudate
appeared within the anterior chamber with accom-
panying leukocytes. The leukocytes, primarily PMNs,
were massed at the corneal-irideal angle and within
the trabecular meshwork (Figure 2). The corneal en-
dothelial cells exhibited some retraction or vacuoliza-
tion (Figure 3), which resembled the irideal vascular
endothelial changes noted by Howes and McKay.8 It
is unclear at this time whether these vacuoles are sub-
endothelial or intra-endothelial, ie, whether they
directly interface with the aqueous humor.

CSfr
Instillation of 5 and 15 ED50s of C5fr led to a severe

inflammatory response accompanied by a large influx
of leukocytes (up to 60 times buffer-instilled eyes).
The reaction was often accompanied by moderate
swelling and opacity of the cornea. At high doses (25
ED50s) the response was greatly diminished when
measured both by clinical grade and cellular influx.
This may be due to the process of desensitization of
leukocytes at very high doses of chemotactic factors.20

Histologically, 24 hours after C5fr injection (5-15
ED,0s), the irideal vessels exhibited hyperemia. An
extensive fibrinous exudate was seen in the anterior
chamber along with many neutrophils and red blood
cells accumulated at the corneal-irideal angle (Figure

E ,

Figure 1-Normal cornea showing flat confluent layer of endo-
thelial cells (E). D, Descemet's membrane; S, Corneal stroma.
(H&E, x 1320)
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ANTERIOR SEGMENT INFLAMMATION OF THE EYE 5

4). Most of the corneal endothelial cells were vacuo-
lated, and some PMNs bound to the luminal surface
of the endothelium.

Precursor of Mediator

Whole C5

The instillation of whole human C5 (0.5-1.0 mg/ml)
also resulted in a clearly measurable response with
occasional opacity and swelling of the cornea. Histo-
logically, there was a buildup of PMNs at the angles,
but very little corneal endothelial damage. Only one
series of sections from this group showed corneal en-
dothelial vacuolization, and this eye also showed
RBCs and fibrinous exudate in the anterior chamber.
Similar to fMLP and C5fr doses, high doses of C5
(1 mg/ml) induced a lower clinical grade and leuko-
cyte influx than lower amounts of mediators.

Agents of Direct Tissue Damage and
Vasopermeability Changes

Anti-RBC

Indirect immunofluorescence of frozen sections of
cornea demonstrated the presence of RBC antigen(s)
on rabbit corneal endothelial cells (Figure 5), indi-
cating their similarity to vascular endothelial cells,
which exhibit RBC antigens.2" Anti-RBC was instilled
into the anterior chamber in an attempt to create
direct cytotoxic injury, as well as immune complex
formation in situ. A very striking dose response of
cellular influx was seen with the use of various dilu-
tions of antiserum (Table 1). At high concentrations
this antiserum led to complete opacity and distortion
of the cornea and severe chemosis of the limbic vas-

Figure 2-fMLP-treated eye 12 hours after instillation showing

Figure 3-fMLP-treated eye 24 hours after instillation. Note the
retraction/vacuolization of the endothelial cells. It is not known at
this time whether these are subendothelial spaces or intraendothe-
lial vacuoles. (H&E, x 1320)

culature (Figure 6). Following injection of a 1:5 dilu-
tion, there was a major buildup of leukocytes at the
corneal-irideal angles and large numbers within the
trabecular meshwork. A large amount of fibrinous
exudate was apparent within the anterior chamber
(present at 12 hours [Figure 7] and still at 48 hours
[Figure 1lB]). At 24 hours after injection, most of
the corneal endothelial cells were vacuolized, and
many had PMNs adherent to their luminal surface.

Histamine
Histamine was included as a test mediator in these

experiments because of the prominent role vasoactive
amines play in other immune-complex-mediated
reactions.22 Injections (105 M) into the anterior
chamber led to hyperemia of the irideal vessels and
hemorrhage into the chamber. Hence, a large num-
ber of red blood cells were found throughout the

moderate accumulation of leukocytes at the corneal-irideal angle
and within the trabecular meshwork. ac, anterior chamber; tm, Figure 4-Accumulation of leukocytes and red blood cells in the
trabecular meshwork. (H&E, x 320) trabecular meshwork 24 hours after instillation of C5fr. (H&E, x 320)
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6 ROWLAND ET AL

Figure 5-Frozen section of normal cornea stained by indirect
immunofluorescence with anti-rabbit RBC. E, endothelium; D,
Descemet's membrane; S, corneal stroma.

chamber, accumulating at the corneal irideal angle,
and within the trabecular meshwork. In some sec-
tions, it appeared that the entire chamber was filled
with a fibrin clot. In most sections, almost all of the
corneal endothelial cells showed vacuolization, al-
though no PMNs were found attached to or beneath
the endothelium. Higher doses of histamine (10-4-

*K.

A

10-3 M) induced a smaller leukocyte influx, indicating
again a possible desensitization process.

Kinetics of fMLP and Anti-RBC-Induced
Endocular Inflammation

By clinical examination of reactions allowed to
continue beyond 24 hours, it was apparent that most
resolved within 48 hours (see below). Also, in the
case of preformed chemotactic factors, and of direct
or indirect precursors of same, it appears that obser-
vations limited to 24 hours might not permit an ac-
curate description of total changes involved in these
reactions. We therefore selected two different types
of mediators for a time-kinetic analysis of the en-
docular response: 1) fMLP (10-4 M), the synthetic
chemotactic peptide, which acts directly as a chemo-
tactic factor; and 2) anti-RBC antiserum (diluted
1:5), since the response would probably derive from
combined tissue damage, complement activation, and
other intermediate reactions. Figures 8 and 9 summa-
rize the data on cellular influx in these experiments.

Very early in the course of these reactions, inde-
pendent of the type of inflammatory effector injected,
there was an accumulation of leukocytes (mostly
PMNs) at the corneal-irideal angle and within the
trabecular meshwork, Schlemm's canal area. This ac-
cumulation was also evident in histologic sections
made beyond the time of apparent clinical regression
of the inflammatory response.

fMLP
Injections of 10-4 M fMLP into the eyes induced

a moderate clinical reaction as early as 3 hours after
instillation, which only rarely progressed to the stage

w

9..

i, ...

'4F

Figure 6A-Normal, uninstilled eye. B-Clinical appearance 24
hours after instillation of anti-RBC serum. Note the opacity of the
cornea and severe conjestion of the limbal vasculature.

Figure 7-Cornea and anterior chamber 12 hours after instillation
of anti-RBC serum. Note the extensive fibrinous/cellular exudate
within the anterior chamber and the leukocytes infiltrated into the
endothelial layer (arrows). (H&E, x 535)
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ANTERIOR SEGMENT INFLAMMATION OF THE EYE 7

of corneal opacity. Cellular influx (Figure 8), which
was acute and began between 1 and 2 hours after in-
stillation, showed a peak level between 5 and 8 hours
and rapidly resolved, with very few leukocytes re-
maining in the aqueous humor at 24 hours. In his-
tologic preparations 1 hour after intracameral injec-
tion, there was no evidence of morphologic alterations
in the irideal vessels or corneal endothelium. At 2
hours, leukocytes and a few RBCs appeared at the
corneal-irideal angles. The corneal endothelium ex-
hibited some subendothelial vacuolization, with
PMNs adherent to the endothelial cells (Figure IOA).
In moderate inflammatory responses, the endothelial
cells appeared by light microscopy to maintain con-
fluency, even when virtually all were associated with
vacuoles. As the reaction proceeded to 3-4 hours,
there was an increase in endothelial vacuolization,
which seemed to begin near the corneal-irideal angle
and extended to the central cornea, and an increase in
the numbers of leukocytes (mostly PMNs). A fibrin-
ous exudate appeared by 3 hours and increased in
amount until the inflammatory reaction peaked, then
slowly dissipated. At 8 hours, virtually all of the en-
dothelial cells exhibited vacuoles (Figure lOB), exu-
date filled the anterior chamber, and a large number
of leukocytes were present. Significantly, virtually all
the endothelial vacuoles contained PMNs. Except for
an occasional RBC, no other cell types have been
seen within these spaces. At 12 hours, exudates still
filled the anterior chamber, PMNs were still preva-
lent, and all of the endothelial cells remained vacuo-
lized; however, PMNs were found at the luminal sur-
face of the endothelium, not in the vacuoles (Figure

CONTRALATERAL EYE (A)

CONTRALATERAL EYE (0)

4 8 12 24 36 48
TIME AFTER INJECTION (HOURS)

Figure 8-Time kinetics of leukocyte influx into anterior chamber
following fMLP instillation.

18-

0
x

0
-2-J
LL-
(I)
21
0
LuJ

z

E

(n

wLu

0
y

JuIJ

0

TIME AFTER INJECTION (HOURS)

Figure 9-Time kinetics of leukocyte influx into anterior chamber
following anti-RBC serum instillation.

lOC). By 24 hours, the inflammation was decreasing,
the exudate was partially cleared, and leukocyte
numbers were decreased, but the endothelial cells had
not yet regained their normal morphologic features.
At 48 hours there was little histologic evidence of the
inflammatory response, except for a small amount of
fibrinous exudate on the anterior surface of the iris.

Anti-RBC

As in the case of fMLP, inflammation resulting
from anti-RBC (1:5) injection was clinically detectable
within 3 hours of instillation but progressed in many
cases to complete opacity of the cornea by 24 hours
(Figure 6). There was also an apparent secondary
glaucoma, as determined by distortion of the corneal
curvature. Figure 9 shows that the cellular influx in
response to anti-RBC peaked at 8-12 hours, slightly
later than that following fMLP injection. In general,
the anterior chamber of anti-RBC-instilled eyes was
much more slowly cleared of leukocytes than that of
eyes in which fMLP was instilled.
The histologic changes observed in eyes in which

anti-RBC was instilled generally paralleled those seen
after fMLP injection, with a few significant differ-
ences: 1) endothelial vacuolization was more vari-
able, appearing to occur in patches rather than all the
way across the cornea; 2) by 8 hours only a few PMNs
appeared adherent to endothelial cells, and massive
migration of PMNs into the endothelial layer was not
seen until 12 hours after injection (Figure 1 1A); 3) at
24 hours after instillation, the endothelial cells re-
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Figure 10-Sequence of corneal endothelial changes during the
course of acute inflammatory responses induced by intracameral in-
stillation of fMLP into the anterior chamber. A-Two hours fol-
lowing instillation, the endothelial cells have lost their normal flat,
confluent appearance and appear to have become vacuolated or re-
tracted from one another. Leukocytes are seen attached to endothe-
lial cell surface at this timepoint. However, the endothelial changes
appear prior to the appearance of large numbers of leukocytes.
B-Eight hours after instillation, at the peak of leukocyte influx, vir-
tually all of the endothelial vacuoles are occupied by leukocytes (ar-
rows). C-Twelve hours after instillation, shortly following the
peak of the inflammatory response, the leukocytes have migrated
back out of the endothelial layer. By 48 hours after instillation of
fMLP the endothelial layer has regained its normal morphologic
characteristics. (H&E, x 1320)

mained vacuolated, but these vacuoles appeared
empty except for an occasional leukocyte; and 4)
fibrinous exudate remained extensive and was not
cleared completely after 48 hours (Figure B).

Contralateral Eye Controls
In the time-kinetic experiments the eye contralat-

eral to that in which mediator was instilled remained

untouched ("untreated control") or received an injec-
tion of control buffer ("buffer-treated control"). Leu-
kocyte influx into these "control" eyes is also shown in
Figures 8 and 9. Untreated control eyes demonstrated
no leukocyte influx in these experiments. In contrast,
buffer-treated control eyes in these two experiments
demonstrated a definite influx of leukocytes, with the
time kinetics of influx resembling those of fMLP-
treated eyes. While the number of leukocytes in buf-
fer-treated control eyes was small, when contralateral
to mediator-instilled eyes, it was 6-12-fold greater
than seen when a buffer-treated control was contra-
lateral to an untreated control eye (Table 1). These
observations suggest the possibility of reflexive vas-
cular communication between the eyes, similar to that
which has been suggested to exist between the lobes
of the lungs."4 This type of communication was fur-
ther suggested in experiments (data not shown) in
which a severe inflammatory reaction was induced in
eyes contralateral to untreated control eyes. Leuko-
cyte influx was seen in the untreated control but never
exceeded 2 x 103 cells per milliliter of aqueous humor.

Discussion

We initiated the present studies in order to begin a
systematic delineation of the processes influencing
acute and chronic anterior chamber inflammation
and tissue injury, ie, corneal endothelium. The use of
inflammatory mediators that result in PMN-rich in-
flammatory reactions at other tissue sites allows one
to develop a set of reproducible qualitative measures
of acute inflammatory reactions in the eye. Thus, we
believe these studies confirm and extend two recent
reports of endocular inflammatory activity induced
by synthetic and preformed chemotactic factors.23'24

These studies provide in vivo and correlated in
vitro evidence that endocular inflammation may be
induced by individual preformed chemotactic fac-
tors, suggesting that at least some forms of anterior
segment inflammation may develop via inflammatory
mechanisms common to other body tissues. This
model promises to be very useful for planned studies
of the action and control of endocular inflammatory
responses. This anterior segment model may also
provide an ideal tissue site for the in vivo study of the
action of other categories of biologic mediators that
are not easily quantifiable in other tissues.

Previously, biologically relevant chemotactic fac-
tors were believed to be largely derived from vascular
elements, the complement system (C3 and C5 split-
products), or from antigen-stimulated lymphoid
cells.25 For example, C5a and C5a desArg/helper fac-
tor appear to represent some of the C5-derived
chemotactic factors (C5fr) found in serum.13 Recently
chemotactic activity has been associated with certain

AJP *,January 1983
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ANTERIOR SEGMENT INFLAMMATION OF THE EYE 9

split, degradation, and denaturation products of
fibrin, hemoglobin, collagen, and arachidonic acid.26
Also, cell-derived chemotactic factors have been de-
scribed, including those elaborated from alveolar
macrophages. Macrophage-derived chemotactic fac-
tors are thought to play a role in the induction of
acute pulmonary inflammation."4 The most direct in
vivo evidence that chemotactic factors induce impor-
tant biologic consequences is from our experiments
in which intrapulmonary instillations of preformed
chemotactic factors consistently induced acute local
cellular inflammatory reactions within the alveoli of
experimental animals.14

Preformed Chemotactic Factors and Complement

The synthetic peptide fMLP, thought to be an
analog of the naturally occurring bacterial factor
produced by Escherichia coli," is active in the induc-
tion of acute inflammatory reactions in vivo."4'24 The
usefulness of this peptide in the study of inflamma-
tory responses is confirmed in the anterior chamber
in the above experiments by the acute influx of leuko-

_a

Figure 11-Corneal endothelium following anti-RBC instillation.
A-Cornea 12 hours after instillation. Alterations of corneal endo-
thelial cells follow the same sequence as in instilled eyes except
that leukocyte migration into the endothelial vacuoles occurs slight-
ly later (12 hours versus the 8-hour peak seen in Figure 10B). (H&E,
x 1320) B-Forty-eight hours after instillation. The endothelial
changes induced by inflammatory responses to anti-RBC serum are
longer-lasting than those induced by preformed chemotactic fac-
tors, as seen here by the remaining fibrinous exudate and endothe-
lial damage. (H&E, x 525)

cytes and the similarity of the morphologic changes
to that induced by the immune complex type of reac-
tion to anti-RBC injection.
The latter response presumably involves the activa-

tion of the complement cascade, including C3 and C5
cleavage to their chemotactic products, C3a and C5a.
The involvement of complement in endocular inflam-
mation has been implicated in a number of studies
of human aqueous humor and cornea by the demon-
stration of both classical and alternate pathway com-
plement components.28'29 The potential of C5 to in-
duce or enhance endocular inflammation is shown by
both C5 and C5fr instillation in the present studies.
C5fr may act by the direct induction of leukocyte in-
flux and leads to a vast number of leukocytes within
the aqueous fluid at 24 hours after instillation (2-20
times that seen with fMLP at 24 hours), suggesting
that C5fr may be much more active in the eye in vivo
than the synthetic peptide fMLP. However, as sug-
gested by the time-kinetic data of fMLP and anti-
RBC, this difference may be due to differences in in-
flux kinetics over time. This emphasizes the need to
examine the time kinetics of inflammatory responses
induced by various inflammatory mediators, especi-
ally when one is attempting to compare the role each
plays in the reaction. Peak response time differences
may also aid in the dissection of the mechanisms in-
volved in these responses and may be critical in terms
of the development of therapeutic approaches to de-
crease the endocular damage resulting from these in-
dividual responses.

C5

The C5-induced inflammatory response may sug-
gest the possible presence of enzymatic activities
within the anterior segment of the eye with the po-
tential to cleave C5 into its active chemotactic frag-
ment, C5a. This type of tissue-derived specific
C5-cleaving activity has been suggested in the lung.14
It is also known that leukocytes contain an enzyme,
elastase, which will cleave C5, yielding chemotactic
factors.30'31 Thus an early leukocyte influx initiated
by the trauma of injection may lead to C5 cleavage.
It is also possible that damage to resident cells of the
anterior segment (the endothelial cells?) leads to the
production or release of C5-cleaving enzymes or al-
ternately to the production of other chemotactic me-
diators. With the use of this and other models under
development, these possibilities should be discernible.

Anti-RBC and Histamine

The presence of RBC antigen on the corneal endo-
thelial cells (Figure 5) allows one to induce a cytotoxic
or immune-complex reaction within the anterior
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chamber without the necessity of antigen challenge
and rechallenge. This facilitates the direct compari-
son of antibody-mediated reactions with reactions in-
duced by preformed inflammatory mediators within
the anterior chamber. The use of anti-RBC antiserum
is proposed as an alternate model of inducing inflam-
mation within the anterior chamber. The clinical
changes observed in our experiments are similar to
those seen in uveitis of several causes. In addition, in-
tracorneal and intravitreal injection of fMLP and
C5a induce similar gross morphologic changes when
compared with ovalbumin injection in sensitized rab-
bits.24 While these experiments24 did not examine the
anterior chamber or corneal endothelial cells, the
time kinetics of response corresponded closely with
our own.

While anti-RBC antiserum probably acts by bind-
ing to antigen on the corneal endothelial cells and ac-

tivating the complement cascade with subsequent di-
rect cytotoxicity, antibody-dependent cell-mediated
cytotoxicity may also be involved. However, there
also may be no absolute requirement for complement
activation. Direct interaction of antibody with the
endothelial cells may induce the production or secre-

tion of endothelial cell-derived chemotactic factors.
Whatever the specific mechanisms of induction and
inflammation and endothelial cell alteration in this
anti-RBC model, the clinical and morphologic
changes were in general quite similar to those induced
by preformed chemotactic factors, suggesting that
the mechanisms underlying endothelial damage may

be similar.
In antibody-induced reactions, as well as in reac-

tions induced by direct injection of C5 or C5fr, dam-
age may also be enhanced by the potential stimula-
tion of histamine release from mast cells,32 resident in
the limbic area. Such a release of histamine, a potent
vasoactive amine with actions on both vascular smooth
muscle cells and endothelial cells,22 may lead to a

flooding of plasma proteins and blood cells into the
anterior chamber. Histamine may also directly affect
the retraction of the corneal endothelial cells. This is
suggested by the increased corneal edema and opacity
observed following direct histamine injections. It is
unlikely that this is the only reaction, since retraction
alone would not account for the percentage of poly-
morphonuclear leukocytes in the cellular influx (up
to 97Wo PMNs at 24 hours after histamine injection),
suggesting that alternate chemotactic factors may be
generated during this reaction.
The mode of action of histamine in these responses

may be investigated further by simultaneous instilla-
tion of H1 and H2 receptor antagonists. The model

can also be used to evaluate vascular changes - ie, iri-
deal vasculature permeability changes versus alter-
ations in corneal endothelial cells (discussed below).

Morphologic Alterations

The changes seen in corneal endothelial cells by
light microscopy appear to follow an ordered sequence
that is independent of the mediator instilled. Early in
the course of the reaction these cells lose their smooth,
flat appearance and become vacuolated. This occurs
before the appearance of a large number of leuko-
cytes in the anterior chamber, suggesting that this re-
action may not be due to toxic effects of leukocyte
products, but this possibility cannot be excluded. As
the reaction proceeds, leukocytes appear adherent to
the corneal endothelial cells, and at the peak of leu-
kocyte influx many are found within the endothelial
vacuoles. It has been shown in vitro that leukocytes
do not penetrate Descemet's membrane.33 Cellular
migration into the corneal endothelial layer is not
limited to acute inflammatory responses, as seen in
the published micrographs of lymphokine-induced
anterior segment inflammation.34 These lymphokine
reactions are reported to induce a mononuclear cell
influx into the anterior chamber with a few PMNs;
however, no mention is made of the type of cell with-
in the endothelial layer. It may therefore be of signif-
icance that in the present studies, even though some
monocytes and lymphocytes were observed in the an-
terior chamber, only PMNs were found to migrate
into the corneal endothelial layer. Subsequent to the
peak of leukocyte influx, they appear to migrate back
out of the endothelial layer and are removed from the
anterior chamber apparently by the natural flow pat-
tern of aqueous humor. No evidence was seen of de-
struction of the endothelial cells during this process
except for short stretches which are lost in 4 + re-
sponses. This suggests that the endothelial cells are,
for the most part, able to retain viability and recover
function after the toxic effects of the inflammatory
reaction.

This pattern of corneal endothelial morphologic
changes, followed by leukocyte influx and efflux and
endothelial recovery, suggests that while the corneal
endothelial cells may be damaged (as demonstrated
by the edema and opacity of the cornea), they may
also be activated in response to the inflammatory
process. This activation may include the production
of both fibrinogenic and fibrinolytic activities, tissue-
produced chemotactic factors or inhibitors, or other
specific endocular mediators that aid rapid restora-
tion of corneal endothelial function.
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Implications and Future Uses of This Model System

Using this and similar models, we may delineate
the role played by specific inflammatory mediators
and processes in anterior segment responses easily
and quantifiably. This anterior chamber inflammation
model, along with the more complicated constant
perfusion model of Battacherjee et al,23 should be ex-
tremely useful in numerous studies of inflammatory
mediators. The normal absence of leukocytes in the
aqueous humor and the ease with which samples of
fluid may be obtained make these models relatively
easy to quantify.
Models of anterior chamber inflammation may be

particularly useful in elucidating the factors involved
in the development of vascular permeability changes
and tissue edema due to the nature of the tissues sur-
rounding this chamber, ie, the vascular tissue of the
ciliary body and iris and the nonvascular endothelial
layer of the cornea. Use of our model may specifical-
ly allow further definition of the "two-mediator hy-
pothesis" of increased vascular permeability,35 which
proposes a leukocyte-dependent mediator of endo-
thelial permeability change coupled with a mediator
of vascular dilation through actions on the vascular
smooth muscle cells. One of the leukocyte-dependent
mediators is thought to be C5a, whereas the enhanc-
ing factor, or smooth muscle mediator, may be an
arachidonic acid product such as PGE2.35 Evidence in
favor of the two-mediator hypothesis was obtained
by the influx of leukocytes into the anterior chamber
in response to fMLP and leukotriene B4 instillation.23
Arachidonic acid and PGE2, however, induced an in-
crease in intraocular pressure that was suggested to
be due to effects on vascular permeability.23

In our model, mediators that affect the vascular en-
dothelial cells may be found to cause similar alter-
ations of the corneal endothelial cells. Morphologi-
cally, the changes in corneal endothelial cells in the
present studies appear to be similar to those seen in
vascular endothelium in inflammatory processes.36 In
addition, the morphologic damage of corneal endo-
thelial cells appeared prior to the detection of leuko-
cyte attachment to the endothelial layer, suggesting
that direct contact of PMNs and endothelial cells
may not be necessary for endothelial permeability
change. This is in contrast to the hypothesis of Wed-
more and Williams, who suggest that direct PMN
contact may be necessary35 but does not eliminate the
possibility of "direct-action mediators" such as hista-
mine or bradykinin.35 Using the corneal endothelial
cells as analogs of the vascular endothelial cells, our
model may thus allow the analysis of factors medi-

ating endothelial change with confluent endothelial
cells on their normal basement membrane, Descemet's
membrane, in the absence of the smooth muscle ef-
fects accompanying vascular tissue. At the same
time, vascular permeability effects may be monitored
by the appearance of intravenously administered ra-
diotracers, such as '25I-albumin, in the aqueous hu-
mor, and correlated with corneal endothelial changes.
Depletion of inflammatory components such as com-
plement, fibrinogen, and leukocytes, and inhibition
of the cyclooxygenase and lipoxygenase pathways,
may be done prior to intracameral induction of re-
sponses to evaluate the role of these components in
vascular permeability and endothelial changes.

In addition to the use of our model system in eluci-
dating the mechanisms and mediators of induction of
inflammatory processes, the model should also prove
valuable in the analysis of processes involved in re-
covery and healing of anterior segment tissues. In
particular, it may be possible to evaluate the role
played by growth factors and connective tissue pro-
teins in this process by either instilling these factors
along with inflammatory mediators or looking for
their appearance in the aqueous humor during the
healing process. The presence of fibronectin in the
aqueous humor has been demonstrated,37 although
its function still remains speculative. Use of our an-
terior segment model to evaluate changes in the levels
of connective tissue proteins during inflammatory
processes may provide an easily quantifiable system
that could lead to significant insights into the mecha-
nisms involved in healing processes, not only of cor-
neal endothelial cells, but also of the general pro-
cesses that occur at sights that are not as accessible.

In summary, we have developed a simple, quanti-
fiable model for evaluation of acute inflammatory re-
sponses in the anterior segment. The model includes
the correlation of clinical observations with quantita-
tion of inflammatory responses by leukocyte influx,
and, in addition, with corneal endothelial cell mor-
phologic change or damage. This model should prove
valuable in the elucidation of mediators and mecha-
nisms involved in inflammatory responses in general
in an easily accessible tissue site, as well as the dissec-
tion of mechanisms that may be unique to the eye.
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