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Animal models of allergic and inflammatory conjunctivitis

Numerous recent reports have demonstrated an increase
in the prevalence and incidence of allergic conditions
during the past years which affect approximately 25% of
the general population (1) and about US$ 6 billion alone
are estimated as direct costs of allergic rhinoconjunctivitis
(2). Whereas a large amount of studies have focused on
the pathophysiology of allergic rhinitis and asthma over
the past years, ocular allergies are less well studied.
However, allergic diseases affecting the eye are very
common (3) and pediatric studies have shown that within
distinct cohorts, up to 32% of allergic children have an
ocular allergy as the primary manifestation of allergy (4).
Allergic eye diseases such as allergic conjunctivitis com-
monly present with the symptoms of itchy, watery, red,
sore and swollen eyes, but not pain (5).

In contrast to the large amount of experimental studies
on allergic asthma and the detailed knowledge that exists
on mediators of allergic airway inflammation (6–8), there
are few experimental studies using models of allergic eye
diseases. Detailed reviews to assess the pathophysiology
and immunology of ocular allergies have been limited.

This review hopefully fills this void to provide the clinical
and translational researcher in the area of ocular allergy.

Pathophysiology of ocular allergies

Before characterizing the different animal models of
ocular allergy which have been established so far, it is
crucial to reflect that within the area of ocular allergies,
different disease entities exist and that only some of them
may be mimicked by animal models. Formally, conjunc-
tivitis may be divided into allergic and nonallergic
conjunctivitis and the allergic form may also be subdivi-
ded into IgE-mediated and non-IgE-mediated allergic
conjunctivitis (Fig. 1) (9). Clinically, the spectrum of
conjunctivitis types can be subdivided into allergic con-
junctivitis, atopic keratoconjunctivitis, vernal keratocon-
junctivitis and giant papillary conjunctivitis.

In contrast to the other forms of conjunctivitis,
allergic conjunctivitis is commonly based on an IgE-
mediated hypersensitivity reaction. Furthermore, allergic
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conjunctivitis may be divided into subgroups depending
on the duration of the symptoms. Basing on the WHO
document �Allergic Rhinitis and its Impact on Asthma�
(ARIA) and guidelines of the EAACI (9), allergic
conjunctivitis should be divided into intermittent
allergic conjunctivitis (IAC), formerly termed seasonal
allergic conjunctivitis and persistent allergic conjunctivitis
(PAC) formerly termed perennial allergic conjunctivitis.
They display the most common forms of ocular allergic
diseases caused by direct exposure of the conjunctiva to
allergens. The old terms �seasonal� and �perennial� are not
useful in zones where climatic seasons are perennial and
therefore, intermittent or persistent should be used to
describe these forms of conjunctivitis (9). Both forms of
allergic conjunctivitis are IgE mast cell-mediated hyper-
sensitivity reactions to aeroallergens such as ragweed or
grass pollen after they come into contact with the
conjunctival surface. Next to the clinical symptoms of
allergic conjunctivitis that often includes a milky or pink
conjunctiva with vascular congestion, elevated tear fluid
and serum levels for IgE are often found. In contrast to
intermittent allergic conjunctivitis, which is more com-
mon and seasonal and mainly evoked by allergens such as
grass pollens or ragweed, the persistent form is considered
to be a variant of IgE-mediated allergic conjunctivitis
which persists through the seasons. It is often caused by
dust mites or animal dander and more likely than
intermittent allergic conjunctivitis associated with other
forms of persistent allergies such as persistent allergic
rhinitis. Further causes of persistent allergic conjunctivitis
are exposures to work-related allergens that make this
condition an important occupational disease.

Differences between the two forms can be found by
analysis of specific IgE (10). In this respect, patients
suffering from PAC in contrast to IAC have been
reported to have elevated house dust-specific IgE serum
levels, 89% vs 43% respectively. In addition, house dust-
specific IgE levels in the tear fluid were found in 78% of
PAC patients versus none of the IAC patients. Further
differences can be found in the cellular infiltrate in the
conjunctiva exemplified by the presence of eosinophils in
25–84% of patients with PAC and in 43% of IAC
patients. A large variety of mast cell and eosinophil
mediators such as major basic protein or adhesion
molecules have also been identified in tear fluid and
conjunctival tissues (11).

Atopic keratoconjunctivitis (AKC), in contrast to IAC
and PAC, has not been clearly associated with allergens.
AKC may lead to blindness and is a chronic process,
usually related to a history of atopic dermatitis or allergic
asthma, which commonly involves the lower tarsal
conjunctiva and can involve the cornea. Clinical symp-
toms such as itching eyelid eczema, burning and tearing
tend to be more severe than that in IAC or PAC.
Histopathologically, a conjunctival inflammatory cell
influx containing mast cells, eosinophils and lymphocytes
can be detected and increased tissue levels of interleukin
(IL)-2, IL-3, IL-4 and IL-5 were found (12, 13). IL-5 tear
fluid levels in particular may be a marker for the more
chronic proliferative forms of ocular allergy (14).

Another chronic form of ocular allergy is represented
by the vernal keratoconjunctivitis (VKC) which has also
not been clearly associated with allergens. This is a severe
recurrent chronic inflammatory process with a seasonal
incidence that primarily affects the upper tarsal conjunc-
tiva. It most often occurs in prepubertal patients with a
history of seasonal rhinitis, atopy or asthma (15). Clinical
symptoms are severe and include an intense pruritus,
photophobia and foreign-body sensations. Morphologi-
cally, VKC is characterized by Charcot–Leyden crystals
within the secretions, corneal shield ulcers and transient
conjunctival or limbal yellow-white �Tantras–Horner�
dots (15). In the conjunctiva, an infiltration consisting
of mast cells, eosinophils, macrophages, basophils and
lymphocytes can be found (16). The disease may progress
to a superficial keratitis and then after degeneration of the
epithelial layer into a shield ulcer. Pathophysiologically,
the disease does not depend solely upon IgE-mediated
processes as multiple other inflammatory mediators have
been found (17, 18). Both the VKC and the AKC are in
part explained by IgE-mediated reactions and may be
classified as subgroups of IgE-mediated conjunctivitis (9).

The giant papillary conjunctivitis (GPC) which can be
related to chronic exposure to foreign bodies such as
contact lenses, has an increased incidence during the
spring pollen season but has not been related to distinct
allergens. The disease is clinically characterized by pruri-
tus, tearing, ocular discomfort and hypersecretion. Prom-
inent giant papillae can be seen commonly on upper eyelid
eversion and histopathologically, an infiltration consisting
of mast cells, basophils, eosinophils and lymphocytes can
be found. Pathophysiologically, increased levels of IL-3,
IL-4 and IL-5 (19) and IgG, IgE and IgM have been found
in tear fluids of patients with GPC (20). It is generally
hypothesized that GPC represents a type of reversible
contact allergy to allergens which adhere to a foreign body
such as a contact lens (21).

In general, ocular allergies encompass a broad spec-
trum starting from seasonal allergic conjunctivitis to
severe types such as vernal keratoconjunctivitis. These
different types share common pathophysiological findings
such as mast cell infiltration but also differ to a major
extend concerning clinical symptoms, prognosis and

Figure 1. Nomenclature of conjunctivitis.
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immunological background. In contrast to this diversity,
the presently known models of allergic eye diseases are
limited to a selected number of species and antigens and
cellular mechanisms.

Species

So far, mainly three different laboratory animal species
have been used for the establishment of animal models of
ocular allergy using a variety of antigens. To distinguish
between the different methodological approaches, it is
useful to characterize the models as IgE-mediated and
non-IgE-mediated models of conjunctivitis (Table 1).

Guinea-pigs

The first major laboratory animal species to be used for
the assessment of ocular allergies was the guinea-pig
(Fig. 2). As the first experimental studies were largely
focused on the investigation of drugs effects, this species
was chosen because of its beneficial pharmacological
properties. As with guinea-pig models of other allergic
diseases such as allergic asthma or rhinitis, the guinea-pig
model of allergic conjunctivitis proved to be a valid model
to assess the anti-allergic effects of various compounds.

IgE-mediated models. Most of the published studies using
animal models of allergic eye disease used active immun-
ization protocols. In this respect, studies used the
sensitization and topical challenge of guinea-pigs to
normal rabbit serum to test the efficacy of compound in
inhibiting conjunctival hypersensitivity (22). Using pri-
marily ovalbumin-based protocols, a large number of
well-established anti-allergic drugs were investigated:
starting from compounds such as antihistamines (23),
salbutamol, theophylline (24), nedocromil, cromolyn
sodium (25), levocabastine (26), chlorpheniramine, ket-
otifen (27), benzodiazepine (28), later also compounds

such as novel prostaglandin receptor antagonists (29),
leucotriene D4 receptor antagonists (30, 31) or 5-lipoxyg-
enase inhibitors (32) were examined.

Also, other compounds such as 2-deoxy-d-glucose, a
combination of isoproterenol and diethylcarbamazine
(22), or immunotherapy (33, 34) were examined.

With regard to the efficacy and its frequent use for the
characterization of pharmacological effects, the guinea-
pig model was also adapted to study basis mechanisms
underlying allergic conjunctivitis. In this respect, insights
into the role of platelet-activating factor (PAF) and PAF
acetylhydrolase (AH) in regulating the conjunctival
vascular permeability in allergic conjunctivitis were
gained (35) and the relationship between the release of
histamine and the production of prostaglandin I2 (PGD
I2) was examined (36).

Next to the various guinea-pig pharmacological studies
(37–39) that targeted mast cell mediators, the role of
eosinophils in allergic conjunctivitis was also assessed
using the same animal model: to determine the contribu-
tion of the very late activation antigen-4 (VLA-4)
molecule to eosinophil infiltration within allergic con-
junctivitis, effects of a monoclonal antibody against
VLA-4 were examined and it was shown that VLA-4
plays a critical role in eosinophilic infiltration (40). Cell
profile studies also underlined the importance of eosin-
ophils and basophils (41).

With regard to numerous studies from the field of
neuroimmunology of allergic airway inflammation, which
demonstrated that guinea-pigs are currently the best
small laboratory animal species to study the contribution
of the autonomous nervous system to the allergic reaction
(42, 43), guinea-pig models were also used to study the
role of neuromediators such as substance P and it was
shown that substance P is a mediator of allergic
conjunctivitis, and that the conjunctival hyperpermeabi-
lity induced by substance P occurs through NK1 recep-
tors on the blood vessels, rather than by the direct action
on the conjunctival mast cells during allergic conjunctival

Table 1. Experimental models of inflammatory and allergic conjunctivitis

Species IgE/Non-IgE Antigen Research target Examples

Guinea-pig IgE Ovalbumin Pharmacology, pathophysiology, neurophysiology (37)
Ragweed Pharmacology, pathophysiology, neurophysiology (50)
Japanese cedar pollen Pharmacology, pathophysiology, neurophysiology (51, 52)

Non-IgE Haptens Pharmacology, pathophysiology, neurophysiology (53)
Compound 48/80 Pharmacology, pathophysiology, neurophysiology (47)

Rat IgE Ovalbumin Pharmacology, pathophysiology, immunology (61)
Ragweed Pharmacology, pathophysiology, immunology (78, 79)

Non-IgE Haptens Pharmacology, pathophysiology, immunology (70)
Compound 48/80 Pharmacology, pathophysiology, immunology (85)

Mouse IgE Ovalbumin Immunology, genetics (110)
Ragweed Immunology, genetics (99)
Cat dander antigens Immunology, genetics (106, 107)

Non-IgE – – –
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reactions (44). Also, the role of nitric oxide, a previously
characterized mediator of allergic airway inflammation
(45, 46) was studied in a guinea-pig of allergic conjunc-
tivitis and a series of experiments demonstrated a major
role of this gaseous molecule in regulating the vascular
permeability and stimulating prostaglandin E2 produc-
tion (47, 48).

As with other species, some guinea-pig strains may be
more subtle to allergen sensitization and challenge. An

important study investigated inbred guinea-pigs selected
for high (IMM/S) and low (IMM/R) responsiveness to
ovalbumin for atopic immune responses of their con-
junctival mucosa. The high-response IMM/S animals
sensitized either by inhalation of ovalbumin, or by
instillation of antigen into the conjunctival sac, devel-
oped an acute allergic ocular inflammatory response to
conjunctival challenge with a minimum of 1 lg of
ovalbumin dropped repeatedly into the conjunctival

Figure 2. Guinea-pig models of allergic conjunctivitis. Different guinea-pig models of allergic conjunctivitis have been established so
far using different antigens such as ovalbumin (OVA) or ragweed (RW) and different time periods of allergen sensitization and
challenge. ALUM, aluminium hydroxide; chall., allergen challenge; conj., topical administration to the conjunctivae; i.p., intraperi-
toneal; sens., sensitization.
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sac being sufficient for both ocular and systemic
sensitization of the animals.

In low-responding IMM/R guinea-pigs, ocular hyper-
sensitivity was not achieved by ovalbumin-inhalation, but
only after topical administration of the antigen did some
of the low-respond strains develop ocular anaphylactic
responses of the same intensity as observed in high-
responding IMM/S guinea-pigs. It was also shown that
both IMM/S and IMM/R animals could be sensitized
passively by intraperitoneal injection of guinea-pig sera
containing homocytotropic ovalbumin antibodies, but
topical conjunctival administration of such ovalbumin
antibody sera did not lead to sensitization (49).

While most of the guinea-pig studies were performed
using ovalbumin as antigen, two other allergens have
evolved recently as effective sensitizers for guinea-pig
models: Next to topical conjunctival and nasal sensitiza-
tion and challenge to ragweed which proved to mimic
human hay fever conjunctivitis more naturally than other
animal models (50), Japanese cedar pollen has recently
been described as a sensitizing allergen in the guinea-pig
model of allergic conjunctivitis (51, 52).

Non-IgE-mediated models. Next to IgE-mediated models
of allergic conjunctivitis, also non-IgE-mediated guinea-
pig models of conjunctivitis have been used. The most
common molecules used were haptens. In one study,
conjunctivae of guinea-pigs were sensitized with IgG1
antisera to dinitrophenol carrier and challenged topically
with hapten. Assessing periorbital swelling, conjunctival
oedema and redness, and tear cytology, an early-phase
reaction (EPR) peaking at 0.5 h and a late-phase
reaction (LPR) peaking at 5–7 h were found. The
periorbital swelling was minimal 4 h after appearance
of the EPR and conjunctival oedema and redness
increased in both the early and late phases. Tear
cytology displayed an abnormal increase in neutrophils
and eosinophils in the later time periods (53). Similar
protocols with non-IgE-mediated active immunizations
were also reported in other studies (39, 54). Other non-
IgE-mediated protocols use compound 48/80 to induce
conjunctivitis (44, 47).

Inflammatory models. In contrast to these sensitization
and challenge protocols, contact lens-associated GPC was
mimicked in guinea-pigs by insertion of a sterile needle
directly into the conjunctiva of unsensitized animals
resulting in high numbers of neutrophils in the traumat-
ized tissues (41). However, these morphological changes
do clearly not represent the true histopathological picture
found in human GPC (55, 56).

In summary, the guinea-pig has proved to be a valid
species for the assessment of anti-allergic effects of
established and newly developed compounds. This species
also seems to be helpful when studying the role of the
nervous system inside the development and progression
of allergic conjunctivitis. However, with regard to the

investigation of immunological mechanisms underlying
the allergic eye disease, the guinea-pig models appear to
be clearly limited as there are only restricted numbers of
genetic and immunological data of the existing species
and different strains. In addition, techniques such as gene
depletion (57), gene arrays (58) or analysis of mRNA on a
single cell level (59) are currently not possible because of
missing genomic data.

Rats

The second major species used to study ocular allergies is
displayed by laboratory rats (Fig. 3). All major laboratory
rat strains have been used to establish allergic conjuncti-
vitis models. Next to Brown–Norway rats (60, 61), which
are also the preferred strain for the induction of allergic
airway inflammation (45, 46), Lewis rats (62, 63), Wistar
rats (64, 65) and Sprague–Dawley rats (66, 67) have been
assessed for the development of allergic conjunctivitis.
The different models all based upon the use of either
ovalbumin (68), compound 48/80 (69), dinitrophenyl
(DNP)-Ascaris immunization and di-DNP-lysine chal-
lenge (70) or passive sensitization protocols (71).

IgE-mediated models. IgE-mediated models of rat con-
junctivitis used either direct or indirect sensitization and a
large number of questions were answered with this
species. Using ovalbumin-based protocols, it was shown
that the rat models of allergic eye disease exhibit similar
pharmacological properties as guinea-pig models con-
cerning the effects of drugs such as lodoxamide, nedo-
cromil, sodium cromoglycate, levacobastine, cimetidine,
diclofenac sodium: (65, 72), or lodoxamide (73).

Further studies characterized the effects of immuno-
modulation in the rat model of allergic conjunctivitis. The
role of interferon (IFN)-c treatment was assessed in a
Brown–Norway model of ovalbumin-induced allergic
conjunctivitis (61). To investigate if the inhibitory effects
of IFN-c are exerted during the induction or effector
phase of allergic conjunctivitis, IFN-c (10 lg per time,
total 70 lg) injected intraperitoneally every other day
from the day of immunization was compared with
ovalbumin-specific T cells transferred into syngeneic rats
or to IFN-c (10 lg per time, total 50 lg) or phosphate-
buffered saline (PBS) was injected each day after the
transfer until the induction of conjunctivitis 4 days later.
Also, the role of IFN-c in the effector phase was assessed
by the injection of an anti-IFNc monoclonal antibody
(3 mg per time) on days 3 and 4. It was demonstrated that
IFN-c is a suppressive cytokine for the development of
allergic conjunctivitis and that it exerts its suppressive
effect during the induction phase (61).

Other studies focused on the effects of immunosup-
pressive compounds in rat models of allergic conjuncti-
vitis. The possible inhibition of allergic conjunctivitis
by topical application of FK506, which is an immuno-
suppressive agent that mainly targets T cells, was studied
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in a Brown–Norway ovalbumin model, and it was
shown that FK506 treatment suppressed infiltration of
both lymphocytes and eosinophils in the conjunctiva
after both active and passive immunization. Regarding
changes in the conjunctival cytokine expression, a
significant difference was noted for IL-4, and it was
suggested that topical FK506 treatment may suppress
allergic conjunctivitis by inhibition of conjunctival IL-4
production (74). Other studies on the effects of this
compound demonstrated that within a Lewis rat model
of ovalbumin-induced conjunctivitis, systemic treatment
with 200 lg of FK506 inhibits the development of
conjunctivitis both in the induction and effector phase,

whereas topical administration was not as effective as
systemic administration (75).

As the early phase reaction of conjunctivitis has been
studied extensively both in humans and animals, other
studies in rat models focused on the role of the cellular
infiltration which is the main feature of the late phase
reaction and indicated, that the cellular immunity plays a
major role in the development of allergic conjunctivitis,
both in the induction and effector phases (62, 63).

As the genetic background determines the nature of
immune responses within rat models of allergic conjunc-
tivitis, and the choice of susceptible strains is of major
importance for the biological significance of the experi-

Figure 3. Rat models of ocular allergy. A variety of rat models of allergic conjunctivitis have been described using different modes of
exposition and antigens. ALUM, aluminium hydroxide; CFA, complete Freund’s adjuvant; chall., allergen challenge; conj., topical
administration to the conjunctivae; OVA, ovalbumin; PBS, phosphate-buffered saline; RW, ragweed; s.c., subcutaneously; sens.,
sensitization.
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mental model, studies were conducted to identify differ-
ences in rat strains towards allergen susceptibility. In one
study, the development of allergic conjunctivitis in Lewis
rats was compared with Brown–Norway rats, which were
previously characterized as a suitable model for the study
of allergic airway inflammation (45, 46). In this study,
also the influence of complete Freund’s adjuvant (CFA)
or aluminum hydroxide [Al(OH)3] was tested. Lewis and
Brown–Norway rats were immunized once with 100 lg of
ovalbumin in CFA or Al(OH)3 and 3 weeks later animals
were challenged topically with ovalbumin. Conjunctivitis,
ovalbumin-specific IgG, and cellular immunity were
induced in Lewis rats by using CFA or [Al(OH)3],
whereas IgE was not produced by either adjuvant. In
contrast, IgE was produced in the Brown–Norway rats
using CFA or [Al(OH)3], whereas cellular immunity was
evoked only when CFA was used. Less cellular infiltra-
tion as well as cellular proliferation was detected in
Brown–Norway rats immunized with Al(OH)3. In both
strains, Al(OH)3 induced a higher IgG1/IgG2a ratio than
CFA. IL-4 was only detected in Brown–Norway rats. It
was concluded that the severity of allergic conjunctivitis
as evaluated by cellular infiltration is dependent on
ovalbumin-specific cellular immunity in both models and
that the genetic background is more important than
adjuvants (76). In a second study, Fischer rats which were
reported to be less susceptible to experimental autoim-
mune uveoretinitis than Lewis rats, were compared with
each other concerning the development of allergic
conjunctivitis (77). It was shown that Fischer rats
developed a milder allergic conjunctivitis when compared
with Lewis rats. However, cellular proliferative responses,
IFN-c production of culture supernatant and serum IgG
specific for ovalbumin did not differ largely between the
both strains. These studies suggested that factors unre-
lated to the examined immunological parameters may be
related to the susceptibility and clinical picture of allergic
conjunctivitis (77).

Next to ovalbumin, other allergens such as ragweed
pollen were used to induce experimental allergic conjunc-
tivitis (78, 79).

Non-IgE-mediated models. Other studies used haptens
such as DNP as a model compound to induce ocular
anaphylaxis. Rats immunized with DNP-Ascaris were
skin-tested with DNP-bovine serum albumin (DNP-BSA)
and Evans blue and challenged topically with varying
amounts of di-DNP-lysine. The degree of clinical con-
junctival edema was assessed, and ocular tissues were
evaluated histologically for neutrophil, eosinophil, lym-
phocyte and atypical epithelial cell levels, which were
increased in antigen-treated animals (70). After its estab-
lishment, this model was repeatedly used (80–82) and also
modified using other species as well as other sensitization
and challenge protocols (83, 84). Other non-IgE-mediated
protocols to induce conjunctivitis use compound 48/80
(85, 86). Basing on the topical application of compound

48/80 to the surface of the rat eye in doses ranging from 50
to 1000 lg, graded oedema of the conjunctiva and
swelling of the lid was reproducibly observed. On
histological examination, 50 lg compound 48/80 pro-
duced no changes distinguishable from those in PBS-
treated controls, while 150 lg produced mild alterations,
and 250, 500 and 1000 lg of compound 48/80 produced a
marked increase in degranulated mast cell numbers and a
mild influx of neutrophils (69). Evaluating the time course
of the response to 250 and 1000 lg of compound 48/80
over a 72-h period it was reported that both doses elicited
epithelial damage and a mild reduction in the number of
mast cell was seen at 6 h in rats receiving 250 or 1000 lg.
This reduction persisted to 72 h in rats receiving 1000 lg.
The number of neutrophils was increased at 1 and 6 h, and
at 1, 6 and 24 h in eyes treated with 250 and 1000 lg
compound 48/80, respectively (69). It was summarized
that the clinical and histological changes induced by
application of 250 lg compound 48/80 resemble those
seen human allergic conjunctivitis suggesting that a model
of ocular anaphylaxis based on the topical application
compound 48/80 can be clinically relevant and experi-
mentally practical (69).

In summary, rat models of experimental allergic
conjunctivitis display a bridge between the classical
guinea-pig models which were used to assess the effects
of pharmacological active compounds and recently
developed murine models. Future studies involving mod-
ern techniques such as microdissection-assisted single-cell
reverse transcriptase polymerase chain reaction (RT-
PCR) (59), RNA interference (RNAi) (87) or cloning
techniques (88) and classical methods such as immunoh-
istochemistry (89, 90), in situ hybridization (91–93),
Northern blotting (94, 95), Western blotting (96) or
electron microscopy (97) will help to further elucidate the
pathophysiology of allergic conjunctivitis within experi-
mental rat models.

Mice

Murine models of allergic conjunctivitis were established
only after the development, characterization and accept-
ance of guinea-pig and rat models (Fig. 4). The great
advantage of the murine model is based on the availab-
ility of genomic sequences and techniques such as
RT-PCR were used to examine the murine model (98)
and proved its pharmacological integrity by assessing the
effects of common anti-allergic drugs (98).

IgE-mediated models. The first major murine model of
allergic conjunctivitis to airborne allergens was estab-
lished in 1996 using SWR/J mice which were exposed to
ragweed by topical contact with the conjunctival and
nasal mucosae (99). The development of allergic conjunc-
tivitis was assessed by examination of clinical signs, serum
IgE levels, and histological findings and it was shown that
SWR/J mice exposed to ragweed developed clinical signs
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Figure 4. Murine models of experimental allergic conjunctivitis. Different strains, antigens and sensitization – challenge protocols
have been used to establish murine models of allergic conjunctivitis recently. ALUM, aluminium hydroxide; CFA, complete Freund’s
adjuvant; chall., allergen challenge; conj., topical administration to the conjunctivae; i.p., intraperitoneal; OVA, ovalbumin; PBS,
phosphate-buffered saline; RW, ragweed; s.c., subcutaneously; sens., sensitization.

Groneberg et al.

1108



of allergic conjunctivitis and exhibited specific anti-
ragweed IgE levels. Nedocromil sodium was efficient in
diminishing signs of allergic conjunctivitis and treated
animals showed decreased levels of ragweed-specific IgE,
as well as a reduction in conjunctival eosinophil infiltra-
tion, mast cells numbers, cytokine release and fewer
clinical signs of allergy (99).

Other centres also established modified murine models
of allergic conjunctivitis using ragweed as allergen (100)
and used the model to assess immunological mechanisms
underlying ocular allergy. In this respect, the ability of
immunostimulatory DNA sequences (ISS or CpG motifs)
to modulate allergic responses was examined. It was
shown that both the systemic and mucosal administration
of ISS oligonucleotide (ISS-ODN) after ragweed sensiti-
zation inhibited both the immediate hypersensitivity
response and the late-phase cellular infiltration and
induced a ragweed-specific Th1 response (101, 102). Also,
gene-depleted mice were screened for the participation of
different cytokines in the development of ragweed-
induced allergic conjunctivitis: the role of IL-4, IL-12
and IFN-c in the early and late phases of ocular allergy
was assessed using gene-depleted mice and neutralizing
antibodies. In these studies, it was shown that IL-12,
although described as Th1-inducing cytokine, is crucial
for the development of the late phase of allergic
conjunctivitis and that IFN-c is a limiting factor in the
late phase of ocular allergy (103).

Other studies have focused on the anti-inflammatory
role of the soluble extracellular form of P-selectin glyco-
protein ligand 1 (sPSGL-1) and demonstrated that the
antagonistic intervention of cellular interactions through
the blockade of selectin-dependent leucocyte adhesion
may lead to new therapeutic options to modulate inflam-
matory responses (104). Also, the cell adhesion molecules
ICAM-1 and LFA-1 were shown to play a major role in
the development of ragweed-induced murine allergic
conjunctivitis, since antibody treatment against ICAM-1
and LFA-1 significantly inhibited the development of
clinical and histological conjunctivitis signs (105).

A recently developed new model of murine allergic
conjunctivitis used molecular distinct cat dander antigens
(106, 107). Apart from demonstrating the significance of
IL-1 for inflammatory changes in allergic conjunctivitis
by treatment with an IL-1receptor antagonist (106), this
model was also used to enlarge the panel of functional
parameters to characterize allergic conjunctivitis on a
molecular level. As it was known that mucin proteins do
not only play a role in the pathophysiology of airway and
gastrointestinal diseases (108, 109) but also in ocular
allergy, an assay was developed to investigate MUC4 and
MUC5AC mRNA levels in experimental allergic con-
junctivitis. Next to ragweed or cat dander antigens, also
the conventional ovalbumin was used as antigen to
induce murine allergic conjunctivitis (110).

Non-IgE-mediated models. In contrast to the widespread
use of non-IgE-mediated models of airway inflammation
(111) or dermatitis (112), similar murine models have
not been established to simulate conjunctivitis so far.
However, as non-IgE-mediated conjunctivitis types are of
major clinical importance because of their severity, future
studies should establish murine models of non-IgE-
mediated conjunctivitis to target the molecular basis of
these conjunctivitis forms.

As modern molecular biology techniques enable us to
study disease mechanisms on the transcriptional, trans-
lational and functional level using genomics, proteomics,
morphological and classical physiological approaches,
the few presently established murine models of allergic
allergy apparently represent a promising tool to assess the
molecular mechanisms of ocular allergies. However, in
some instances such as defining the role of certain
neuromodulators, classical guinea-pig models of allergic
conjunctivitis may offer a closer replica to the human
condition.

Conclusions

In contrast to different forms of allergic ocular diseases
such as intermittent and persistent allergic conjunctivitis,
vernal and atopic keratoconjunctivitis and giant papillary
conjunctivitis, which represent pathophysiological dis-
tinct entities, currently available animal models of allergic
eye diseases are based on active or passive immunization
against a small number of allergens including ovalbumin,
ragweed pollen, cat allergens or haptens. Therefore, all of
these models more or less represent experimental approa-
ches to mimic acute forms of allergic conjunctivitis and
are therefore limited concerning clinical significance.
However, the pathophysiology of experimental conjunc-
tivitis with regard to the induction and effector phases of
allergic conjunctivitis can be studied efficiently and
underlying molecular mechanisms and potential thera-
peutic approaches can be revealed. Whereas guinea-pig
models of allergic eye disease were the first to be
established because of their advantages of the assessment
of drug effects, rat and murine models were later
developed. With regard to the present focus on the
investigation of molecular and genomic mechanisms of
allergy, mice are the presently preferred species for
models of ocular allergy. In future, simultaneous ocular,
nasal and aerosolic challenges with allergens may provide
a combined model of allergy which encompasses the
primary target organs: eye, nose and airways.
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