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Abstract

Ocular allergy is a disorder affecting increasing numbers of individuals worldwide. Among 
the inflammatory mediators that contribute to ocular allergy, histamine is perhaps the 
best characterized. This monoamine is released by sensitized mast cells upon exposure 

to allergen and causes symptoms such as redness and tearing. Histamine may also recruit immune 
cells that can cause long-term damage to ocular surfaces. In this chapter we will discuss the known 
functions of histamine and histamine receptors in ocular allergy and will describe promising 
therapies targeting the histamine-signaling pathway.

Introduction
Allergic diseases are widely prevalent with one study showing about 35% of families interviewed 

in the United States experiencing some form of allergy and more than 50% of those affected report-
ing eye symptoms.1 Worldwide, allergies are estimated to affect 20% of the population.2 Allergic 
pathogenesis is therefore the focus of intensive research and many studies have focused on the role 
of histamine in ocular allergy and other atopic disorders.

Histamine is a biogenic amine that plays a key role in allergic inflammation. This molecule 
is closely associated with immunoglobulin E (IgE)-mediated mast cell activation in conjunctival 
tissues.3 It also regulates physiological functions in the gut and can act as a neurotransmitter.4 As 
part of an immune response to foreign pathogens, histamine is produced by basophils and mast 
cells found in the local connective tissue. Upon release it acts to increase the permeability of the 
capillaries to other white blood cells.5 These changes in vascular permeability along with other 
effects of histamine play critical roles in the pathogenesis of ocular allergy.

Clinical Manifestations of Ocular Allergy
The manifestations of allergic eye disease comprise a heterogeneous group of clinical condi-

tions that range from simple, intermittent symptoms of itching, tearing and redness to severe, 
sight-threatening corneal complications. These conditions may be considered as part of an im-
munologic spectrum—incorporating both Type I and Type IV hypersensitivities—that affect the 
anterior surface of the eye.6 Allergic eye diseases have a degree of overlap, but are traditionally clas-
sified into five distinct entities (Table 1): seasonal allergic conjunctivitis (SAC), perennial allergic 
conjunctivitis (PAC), vernal keratoconjunctivitis (VKC), atopic keratoconjunctivitis (AKC) and 
giant papillary conjunctivitis (GPC). GPC is an iatrogenic disease that is associated with foreign 
bodies on the eye (e.g., contact lenses, ocular prostheses) and is not always included in this group-
ing. GPC invariably resolves when the cause is removed and keratopathy is rare. It was thought 
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to have a possible allergic mechanism because of the predominance of mast cells, but now the 
underlying mechanism of GPC is thought to be an inflammatory rather than an allergic response.1

Seasonal and Perennial Allergic Conjunctivitis
SAC (also known as hay fever conjunctivitis) and PAC are the most common ocular allergic 

disorders worldwide. Although neither results in blindness, they can cause severe incapacitation in 
affected patients. Both are bilateral, self-limiting conjunctival inflammatory processes that occur in 
susceptible individuals of either sex. The condition is initiated by either a seasonal (e.g., ragweed, 
birch or grass pollen) or a perennial (e.g., cat dander, house dust mite) allergen binding to IgE on 
mast cells and triggering the Type I hypersensitivity response. It is this response that leads to the 
clinical symptoms of itching and watering eyes that are associated with conjunctival redness and 
edema. Neither SAC nor PAC causes permanent ocular surface damage.

Vernal Keratoconjunctivitis
VKC is a sight-threatening, bilateral, chronic inflammatory process that mainly affects males. 

The onset tends to be early in life, usually before the age of 5 and resolution generally occurs by 
the end of puberty.1 Individuals who live in warm, dry climates tend to be more commonly af-
flicted, with the Mediterranean and Western Africa having the greatest numbers of patients. About 
three-quarters of VKC patients tend to have a significant history of atopy, often also suffering 
from asthma or eczema and a positive family history of atopy is found in two-thirds of patients.1 
Symptoms are similar to those of SAC and PAC and include pain, itching, conjunctival injection 
and mucous discharge. Although the symptoms may be present year-round, patients tend to have 
seasonal exacerbations. Clinical signs include superior tarsal conjunctival papillae, conjunctival 
hyperemia and edema. Horner-Trantas dots, which are composed of clumps of dead epithelial cells 
and eosinophils, may be found on the superior limbus. Corneal involvement in VKC with the 
development of ulceration can lead to sight-threatening complications, such as corneal scarring.

Atopic Keratoconjunctivitis
AKC is another bilateral chronic inflammatory disease of the conjunctiva that has the potential 

to be sight threatening and, unlike VKC, it has a very strong association with atopic dermatitis (ec-
zema). Atopic dermatitis, a pruritic skin condition that affects 3% of the population worldwide, is 
present in 95% of patients with AKC.7 Conversely, 25-40% of atopic dermatitis patients have AKC.8 
The onset of the disease is usually between the ages of 20 and 50 years and there seems to be a slight 
male preponderance. Symptoms are similar to VKC, but patients may also complain of a mucous 
discharge, especially upon wakening in the morning. Clinical signs are also similar to VKC, with the 
exception of papillary hypertrophy, which may be present on the lower tarsal conjunctiva in AKC. In 
addition, these patients have variable signs of disease on the lid margins (thickening of the margin, 

Table 1. The spectrum of allergic eye disease

Hypersensitive Type Sight-Threatening?

Seasonal allergic conjunctivitis Type I response to seasonal allergen no

Perennial allergic conjunctivitis Type I response to seasonal allergen no

Vernal keratoconjunctivitis Type I and Type IV hypersensitivity 
(Chronic), sometimes associated with 
other atopic conditions

yes

Atopic keratoconjunctivitis Chronic, often associated with atopic 
dermatitis

yes

Giant papillary conjunctivitis Mast cell-mediated or inflammatory rarely



45The Role of Histamine in Ocular Allergy

meiobomian gland dysfunction, blepharitis with crusts) and the periorbital skin (dry and scaly skin, 
an extra skin fold of the lower eye lid and fissures of the lateral canthus of the eye).

Current Treatments for Ocular Allergy
The basic aim in treating allergic eye disease is to achieve relief from symptoms and control 

of the underlying condition. Additionally, in the more severe forms of allergy such as VKC and 
AKC, the aim also extends to preventing visual complications that may result, the most severe of 
which is sight loss. Basic treatment—applicable to all forms of allergic eye disease—is aimed at 
removing or diluting the allergens that may come into contact with the ocular surface. Patients 
are advised allergen avoidance if the inciting allergen is known, and the use of cold compresses is 
recommended for symptomatic relief of the pruritus experienced in these conditions. It is further 
recommended that patients keep their ocular medications refrigerated so that additional symp-
tomatic relief can be achieved when the cold drops are applied to the ocular surface. Lubrication, 
in the form of tear substitutes, are used to dilute the allergen and/or wash out the inflammatory 
mediators from the ocular surface, thereby providing symptomatic relief. Lubricating ointments 
can be applied to the patient’s eye just before they go to sleep and can provide moisture to the 
ocular surface overnight.

Given the prevalence of mast cells in the conjunctiva in all forms of allergic conjunctivitis (see 
below), it is not surprising that mast-cell stabilizers and antihistamines form the mainstay of topi-
cal treatments. Dual-acting agents, combining antihistamine effects with inhibition of mediator 
release, are the newest generation of anti-allergic agents. They offer the advantage of rapid relief of 
symptoms coupled with the long-term disease modifying benefits. In the more severe or chronic 
forms, additional therapy with topical anti-inflammatory treatment is also often required, usually 
in the form of topical corticosteroids. Topical steroid preparations are the most effective therapy for 
use in moderate to severe forms of allergic eye disease. However, their use should be strictly limited 
to severe cases and the patient will require careful monitoring by an ophthalmologist. Long-term 
use of these drugs is associated with an increased risk of cataract formation and glaucoma and they 
can potentiate ocular herpetic infections.

The calcineurin inhibitors cyclosporine A and tacrolimus, drugs used to induce systemic im-
munosuppression following organ transplantation, can also be effective in treating ocular allergy. 
The enzyme calcineurin plays an important role in cell receptor signaling and is inactivated by 
cyclosporine A. In addition, cyclosporine A inhibits histamine release from mast cells.9 Systemic 
cyclosporine A has been shown to improve symptoms in severe AKC,10 but its use is associated 
with potentially life-threatening side effects such as renal failure, which makes it difficult to 
justify its use in nonlife-threatening diseases. Topical preparations of cyclosporine A circumvent 
the problem of systemic side effects and a 0.05% cyclosporine A emulsion formulation has been 
licensed in the United States for the treatment of dry eye disease. In a Phase III multicentre study 
this formulation proved to be safe and well tolerated.11

Tacrolimus has been approved for topical use in atopic dermatitis. It is available as an ointment 
in two strengths, 0.1% and 0.03% and has recently been reported to be effective in treating severe 
AKC and VKC.12,13 There are a number of concerns regarding topical use of this drug, however. 
First, local immune deviation or suppression may increase a patient’s susceptibility to local infec-
tions. Second, tacrolimus, even used topically, may be carcinogenic. The US FDA issued a public 
health advisory in March 2005 about the potential cancer risk and advised that tacrolimus should 
be used only as labeled, for patients in which other treatments have failed to work.14

Allergic Responses in the Conjunctiva
It is known that two cell types participate in the initiation of the ocular allergic response. Mast 

cells, which are perhaps the key cellular component of ocular allergy, are found in increased num-
bers in all forms of allergic conjunctivitis. The second cell type is the conjunctival T cell, whose 
numbers, particularly of the CD4  memory cell subtype, are simultaneously increased with those 
of mast cells in VKC and AKC.15,16 The pathophysiology of allergic eye disease involves a Type I 
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and/or IV hypersensitivity reaction. The acute forms of allergic eye disease (i.e., SAC and PAC) 
typically involve a mast cell-mediated Type I hypersensitivity reaction, whereas in the more chronic 
conditions of AKC and VKC, a Type IV hypersensitivity response is also thought to be involved.

Ocular allergic reactions typically occur in three phases: the sensitization phase, the early phase 
and the late phase. The sensitization phase occurs upon initial exposure of the ocular surface to 
aeroallergens. These allergens are phagocytosed by antigen-presenting cells such as dendritic cells on 
the mucosal epithelium of the conjunctiva. The allergens are processed within the antigen-presenting 
cells and then presented on the cell surface as a peptide fragment in association with the major 
histocompatibility complex class II molecule. This allergen-major histocompatibility complex on 
the surface of antigen-presenting cells then interacts with naïve CD4 , or T helper (Th) cells, caus-
ing maturation of these naïve cells into Th type 1 (Th1) or Th type 2 (Th2) cells. It is Th2 cells that 
are mainly involved in the allergic response. The antigen-presenting cell-Th2 interaction results in 
the production of cytokines, which interact with naïve B cells and cause production of immuno-
globulin E (IgE)-type antibodies. The IgE binds to its high-affinity receptor Fc RI on the surface 
of mast cells and basophils. When the sensitized eye subsequently encounters the same allergen, 
the allergen attaches to and cross-links IgE-Fc RI complexes on the surface of mast cells.15 This 
leads to changes in the mast cell outer membrane, making the mast cell more permeable to calcium 
ions with subsequent mobilization of intracellular calcium. When a critical mass of IgE antibodies 
becomes cross-linked, this increased permeability causes the mast cells to degranulate, releasing a 
variety of primary inflammatory mediators that are stored in preformed granules. The mediators 
include histamine, serotonin, leukotriene C4, prostaglandin D2, platelet-activating factor, tryptase, 
chymase, cathepsin G and other eosinophil and neutrophil chemoattractants. These molecules are 
responsible for the symptoms of the “early-phase response”, usually beginning within seconds of 
allergen contact and lasting for up to 40 min after exposure (Fig. 1). In ocular allergy, tear levels 
of histamine are increased during the early phase; ocular redness, tearing and itching also occur.17

A “late-phase reaction” sustained by a complex network of inflammatory cells and mediators 
can also occur in the eye. This has been demonstrated in humans using allergen for conjunctival 
provocation of allergic subjects.18 Allergen challenge caused the typical early-phase reaction within 
20 minutes, with the initial reaction being dose dependent. With smaller doses of allergen the 
reaction was not so pronounced and spontaneous recovery occurred within a brief period. With 
larger doses, the reaction was more persistent and progressed to a late-phase reaction. Typically, 
high doses of allergen induced a continuous response manifested by burning, redness, itching, 
tearing and a foreign body sensation that began 4-8 hours after challenge and persisted for up to 
24 hours. This clinical reaction was accompanied by a significant recruitment of inflammatory 
cells in the tears: neutrophils first appeared about twenty minutes after challenge with eosinophils 
and lymphocytes increasing in prominence 6-24 hours after challenge.18

The eosinophil is the cell that predominates in the late phase reaction. It is a powerful effector 
cell, releasing arginine-rich toxic proteins that can damage the corneal epithelium.15 Eosinophils are 
not normally found in the conjunctival epithelium of non-atopic subjects, but their numbers are 
increased in the conjunctival epithelium, subepithelium and tears of patients with AKC and VKC. 

Figure 1. Histamine contributions to allergic responses.
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In VKC, this increase in eosinophils and eosinophil products is observed in both skin test-positive 
and skin test-negative patients and is not confined to ocular tissues, suggesting that systemic activa-
tion of eosinophils may be more important than IgE activation in disease pathogenesis.18

Mast Cells in the Conjunctiva
Mast cells are subdivided into subtypes based on various physical and functional characteristics. 

The majority of conjunctival mast cells are of the MCTC phenotype (with granules containing 
tryptase, chymase, carboxypeptidase and cathepsin) and are primarily found in the subepithelial 
region; the remaining mast cells are of the MCT (with granules containing tryptase only) subtype.19 
Interestingly, mast cell subtype levels can vary depending on the type of ocular allergy. MCT numbers 
increase in SAC, VKC and AKC, and in AKC the MCTC subtype predominates.19

The healthy human conjunctiva has been estimated to contain approximately 11,000 mast cells/
mm3, found below the basement membrane in the substantia propria.20 The number of mast cells in 
the conjunctiva increases in the chronic forms of ocular allergy. Mast cell localization also changes 
in the more-chronic forms of ocular allergy, from the substantia propria to the epithelial surface.20 
Interestingly, the histamine concentration in the tears of allergic conjunctivitis patients can reach 
values greater than 100 ng/mL, as compared with values of 5-15 ng/mL in control patients.21

Histamine in the Conjunctiva
In ocular responses, the primary source of histamine is mast cells, which are primarily found below 

the basement membrane in the substantia propria.7 Histamine is released in both the early phase and 
the late phase of allergic reactions. In the early phase response histamine is released from activated 
mast cells upon degranulation, whereas in the late phase allergic reaction histamine release from mast 
cells and basophils is dependent on the activity of chemokines and cytokines such as eotaxin, the 
protein regulated on activation T cell expressed and secreted (RANTES) and interleukins (IL)-1, -3, 
-5 and -6. These chemokines and cytokines are produced by inflammatory cells such as eosinophils, 
neutrophils and mononuclear cells and their release can be dependent on or independent of IgE.22

Histamine influences the activity of a variety of cell types, including immune cells, vascular cells and 
epithelial cells. Its actions on immune cells promotes a Th2 response.23 Histamine is a well-documented 
vasoactive factor, causing increases in vessel diameter and capillary permeability. In the conjunctiva, 
vascular responses to histamine increase inflammatory cell recruitment and contribute to the red-
ness and tearing associated with ocular allergy.24 Finally, histamine can have important effects on the 
barrier function of the conjunctival epithelial cells.

Histamine and the Conjunctival Barrier
Allergic inflammation predominantly occurs at mucosal surfaces. The epithelium represents a 

physical barrier that protects against the exaggerated intrusion of antigens through the function 
of tight junctions and adhesion molecules. Tight junctions are protein complexes that link the 
cytoskeleton of adjacent epithelial cells thereby increasing adhesion and stability. Tight junction 
proteins include zonula occludens 1 (ZO-1). One important epithelial adhesion protein is the 
calcium-dependant adhesion molecule E-cadherin. During allergic inflammation, alterations in 
expression of these proteins indicate destabilization of the conjunctival epithelium and loss of ocular 
surface integrity. Lost conjunctival surface integrity could in turn lead to increased penetration of 
allergen and an exacerbation of the allergic response.

Disruption of the epithelial barrier can occur in response to inflammation or to other fac-
tors. Some allergens, including pollen, contain active proteolytic enzymes that break down tight 
epithelial cell junctions.25 Other allergens enhance inflammation by stimulating epithelial cell 
secretion of proinflammatory cytokines and chemokines. Histamine is a particularly potent 
disruptor of tight junctions. In a study of experimental nasal allergy, locally released histamine 
caused epithelial cells to decrease ZO-1 mRNA expression and upregulated IL-8 mRNA expres-
sion.26 The former effect may increase the mucosal permeability and penetration of additional 
antigen through paracellular spaces. The latter effect could stimulate local accumulation of 
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eosinophils, thereby enhancing local allergic inflammation. A bronchial biopsy study showed 
that ZO-1 and E-cadherin were expressed at significantly lower levels in asthmatic subjects than 
in non-asthmatic subjects.27 This, too, suggests that disrupted barrier function might contribute 
to allergic pathogenesis.

Figure 2 shows the expression of the ZO-1 and E-cadherin in the mouse conjunctiva. In the 
forniceal conjunctiva, ZO-1 is found at the superficial cell layer and E-cadherin is expressed from 
the basal cell layer to the facial layer. Interestingly, conjunctival expression of these proteins does 
not decrease following exposure to allergen in a murine model of allergic conjunctivitis (Fig. 2), in 
contrast to observations for respiratory allergy.27,28 These differences may be explained by different 
functions of histamine receptor subtypes.

Histamine Receptors in the Conjunctiva
Histamine receptors are G protein-coupled receptors expressed by a variety of cell types. Of 

the four known histamine receptors (H1R-H4R), the subtypes H1R, H2R and H4R have been most 
strongly linked to ocular allergy.

Histamine H1 and H2 Receptors
H1 histamine receptors are expressed by a variety of cell types. In the conjunctiva, they are 

expressed by vascular endothelial cells.29 The H1R and H2R are expressed at higher levels in the 
conjunctiva of VKC patients compared to normal controls,29 but expression levels in other types 
of ocular allergy have not yet been assessed.

Figure 2. Expression of the epithelial proteins ZO-1 and E-cadherin is similar for nonsensi-
tized/nonchallenged (NS/NC) and sensitized/challenged (S/C) conjunctivae in wild type mice 
(WT) (left photographs upper and lower), but decreases in expression of these proteins are 
observed following allergen challenge in H4R-deficient mice (H4) (right photographs, up-
per and lower). Green: ZO-1, Red: E-cadherin. A color version of this image is available at 
www.landesbioscience.com/curie.
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Histamine signaling through H1R and H2R has been shown to increase conjunctival hyper-
emia, fibroblast proliferation, cytokine secretion and microvascular permeability.5 Stimulation of 
conjunctival H1R with histamine increases intracellular calcium via inositol phosphate activity, 
leading to the symptom of pruritus.5 Histamine stimulation of H2R on the ocular surface results 
in vasodilation, another symptom of ocular allergy.5

The H1R plays important roles in both early- and late-phase allergic responses in the eye. 
H1R-deficient mice do not display the increased vascular permeability30 and conjunctival eosino-
phil infiltration31 following allergen challenge that are typical in wild-type mice. It is therefore not 
surprising that this receptor has been targeted by therapeutic agents for ocular allergy. The H1R 
antagonist levocabastine reduced vascular permeability32 and late-phase nitric oxide production33 
in rat models of allergic conjunctivitis. In humans, topical application of levocabastine clinically 
reduces symptoms of ocular allergy as well as allergic rhinitis;34 other H1R antagonists are also used 
for treatment of ocular allergy.35 Further effects of histamine on the eye may be due to activity of 
the newest member of the histamine receptor family, the H4R.

Histamine H4  Receptor
The H4R subtype is expressed on hematopoietic cells such as mast cells, eosinophils, T cells and 

dendritic cells.36 The H4R modulates a variety of physiological functions in these immune cells, includ-
ing chemotaxis, cytokine and chemokine release and adhesion molecule expression.36 Conjunctival 
biopsies from VKC patients display higher levels of H4R than does the normal conjunctiva, with 
H4R especially present in stromal inflammatory cells.29 Histamine binding to H4R may therefore 
selectively recruit mast cells, eosinophils, dendritic cells and T cells into VKC conjunctival tissue.

In vitro, H4R activation induces mast cell migration towards histamine, though it has no ef-
fect on degranulation.37 The H4R has also been implicated in the pathogenesis of ocular allergy in 
vivo. Application of an agonist specific for H4R resulted in symptoms of ocular allergy in mice.38 
Interestingly, the H4R antagonist JNJ7777120 was able to inhibit allergic conjunctivitis symptoms 
induced by both H1R- and H4R-specific agonists, whereas selective H1R antagonists such as levoca-
bastine had no effect on H4R induced allergic conjunctivitis.38 These results suggest that H4R activity 
is important for allergic conjunctivitis in vivo and that this receptor may even affect H1R-mediated 
pathogenesis, though the mechanisms for this remain unknown.

The H4R may be particularly important in maintaining barrier function of the conjunctival epi-
thelial cells in an allergic response. Although conjunctival epithelial cells in wild-type mice express 
ZO-1 and E-cadherin at normal levels following allergen challenge, decreases in expression of these 
tight junction proteins are observed following allergen challenge in H4R-deficient mice (Fig. 3A). H4R 
may therefore maintain the integrity of the conjunctival barrier in the presence of allergen, whereas 
histamine signaling via H1R or H2R may promote disruption of the conjunctival epithelium.

Tissue-Specific Roles of Histamine Receptors
Interestingly, differential effects of H4R activity have been demonstrated in different tissues. 

In the lung, H4R-deficient mice display decreases in inflammation, infiltrating eosinophils and 
lymphocytes and Th2 responses compared to wild-type mice following exposure to allergen.39 In a 
mouse model of allergic conjunctivitis, on the other hand, we have observed comparable eosinophil 
infiltration between H4R-deficient mice and wild-type mice (Fig. 3B). Differences in responses to 
H1R antagonists also differ depending on the allergy site. Although H1R antagonists are used to 
treat a variety of allergic disorders, the H1R antagonist cetirizine has differing effects when applied 
prior to allergen challenge in the skin allergy and in allergic rhinitis. Whereas pretreatment with the 
drug reduces histamine release and migration of eosinophils, neutrophils and basophils at the skin, 
similar treatment of nasal tissue causes a lesser decrease in mediator release and no change in eosino-
phil migration.40 Differential roles of histamine receptors in atopic disease may be influenced by the 
microenvironment of the tissues involved, a phenomenon that may have important implications for 
development of therapies for allergic conjunctivitis. Further research is needed to define histamine 
receptor roles in different tissues during allergic responses.
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Figure 4. Possible effects of histamine H1 and H4 receptors in allergic conjunctivitis.

Figure 3. Sensitized challenged H4R-deficient conjunctivae display decreased expression of 
ZO-1 and E-cadherin (A), but normal levels of eosinophil recruitment (B). NS/NC, nonsensi-
tized/nonchallenged; S/C, sensitized/challenged; WT, wild type.
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Conclusion
Histamine clearly plays a critical role in allergic pathogenesis in atopic conditions, including 

ocular allergy. The exact roles of histamine receptors in different tissues remain poorly understood, 
but tissue-specific differences in allergic pathogenesis may be mediated by histamine receptor 
subtypes (Fig. 4). The interplay of histamine with mast cells and other inflammatory cells, such 
as T cells and eosinophils, is another active area of research with important implications for 
treatment of allergic conjunctivitis. A better understanding of the pathways and mechanisms 
involved in allergic diseases at specific sites will greatly assist the development of more-effective 
pharmacological treatments.
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