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a b s t r a c t

Dry eye (DE) is a multifactorial condition that affects the surface of the eye and induces an

inflammatory response. Corneal nerves play an important role in the maintenance of a healthy ocular

surface. Here we review corneal structure, nerve architecture, DE conditions, and nerve regeneration

following corneal surgery and discuss how n-3 fatty acids affect the health of the cornea. Animal studies

show that resolvins, compounds derived from eicosapentaenoic acid (EPA), increase tear volume and

decrease inflammation induced by DE. After corneal surgery in rabbits, treatment with nerve growth

factor (NGF) or pigment epithelial derived factor (PEDF) in conjunction with docosahexaenoic acid

(DHA) increase nerve density and corneal epithelial cell proliferation. Increased synthesis of the novel

docosanoid, neuroprotectin D1 (NPD1), was found in corneas after the animals were treated with PEDF

and DHA. Topical application of these lipids derived from n-3 fatty acids could be useful in treating DE

and prevent clinical complications such as cornea erosion and ulcerations.

& 2010 Elsevier Ltd. All rights reserved.

1. Structure of the cornea

The cornea, an avascular and transparent tissue localized on
the surface of the eye, serves as a barrier to protect the eye’s inner
contents and as a lens to transmit and refract light. Histologically,
the cornea can be divided into 5 layers: the epithelium, Bowman’s
layer, the stroma, Descemet’s layer, and the endothelium (Fig. 1A).

The epithelium consists of three to four layers of flattened
superficial cells (Fig. 1B), one to three layers of wing cells, and a
single layer of columnar basal cells. Among the epithelial cells,
only the basal cells have mitotic activity, and therefore they also
serve as a source for both wing and superficial cells.

The Bowman’s layer is an acellular membrane-like zone present
at the interface between the epithelium and the stroma. A
postulated function of this layer is to prevent close contact
between epithelial and stromal cells.

The corneal stroma takes up 90% of the cornea’s volume. It is
composed of a highly organized and uniquely transparent
extracellular matrix (ECM) of collagen fibrils and proteoglycans
that provide both the refractive shape and the tensile strength of
the corneal tissue. Keratocytes are the principal cells of the

stroma, and are responsible for the synthesis and maintenance of
the ECM components. In normal adult corneas, keratocytes appear
as a population of flat and dendritic cells, which reside between
the collagen lamellae and connect to each other through a
network of extensive processes (Fig. 1C, D). These are mitotically
quiescent cells that have a very low metabolic and turnover rate.
The homeostatic characteristics of stroma contribute to corneal
transparency. After injury, cells at the wound periphery become
metabolically activated, migrate into the damaged area, and
transform into active fibroblasts and myofibroblasts. These cells
proliferate and produce a disorganized and fibrotic ECM to repair
the damaged area [1–5]. Myofibroblasts are distinct due to their
expression of a-smooth muscle actin (a-SMA).

The Decemet’s membrane is the basement membrane of the
endothelium and consists of a number of proteins, including
laminin, fibronectin, collagen type IV and VIII, and proteoglycans
that contain heparan sulfate, dermatan sulfate, and keratan
sulfate.

The corneal endothelium is a single layer of cells covering the
posterior of Decemet’s membrane in a well-organized mosaic
pattern (Fig. 1E). This cell layer contains ion transport pumps and
plays an essential role in maintaining corneal transparency. In the
normal human cornea, the endothelial cells have a uniform
hexagonal shape. Human corneal endothelial cells do not
proliferate in vivo but do proliferate in cell culture systems,
suggesting that the cells themselves have a mitotic capability [6].
Studies reveal that the corneal endothelium in vivo is arrested in
the G1 phase of the cell cycle [7]. In mild cases of endothelial
damage, the cells lose their shape and increase their area to
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maintain contact and cover the entire posterior portion of the
cornea. In severe cases of endothelial damage (e.g. corneal alkali
burn), the endothelium is replaced by the multilayered-retro-
corneal membrane made up of a-SMA-positive cells [5].

2. Dry eye and n-3 fatty acids

The ocular surface is covered by a very thin layer of tear fluid,
called tear film, that is comprised of three layers: lipids, water,
and mucous. Lipid analysis of the human tear film has been
difficult and still is not precise. This is due to several factors, such
as the complex lipid composition of this film, the small amount of
available material, and the limitations of the analytical proce-
dures [8]. The upper lipid layer (0.11 mm) consists of a non-polar
phase containing lipids, such as cholesteryl esters, triglycerides,
hydrocarbons, and wax esters that represent about 60% of the
total lipids. The polar phase contains small amounts of phospha-
tidylcholine and phosphatidylethanolamine with unsaturated
fatty acids that give fluidity to the lipid layer. The main
unsaturated fatty acids are oleic, linoleic, and a-linolenic acids
[8]. This lipid layer reduces the rate of tear evaporation and assists
in uniform tear spreading. The middle aqueous layer (7 mm),
secreted by the lacrimal gland, is comprised of water and takes up
more than 98% of total tear volume. The lower mucous layer
(0.02–0.05 mm), which is derived from the conjunctiva goblet cells
and the ocular surface epithelium, is formed mainly by mucins
and serves as an anchor for the tear film, helping it adhere to the
superficial epithelium [9].

In addition, the tear film contains many biologically important
factors, including electrolytes, glucose, immunoglobulins, lacto-
ferrin, lysozyme, and albumin, and many other bioactive
substances, such as histamine, prostaglandins, growth factors,
and interleukins [10–12]. Hence, the tear film acts not only as a
lubricant and nutritional source, but also as the source of the
regulatory factors for the maintenance and repair of the corneal
epithelium.

Dry eye (DE) is a multifactorial condition that results in
symptoms of discomfort, visual disturbance, and instability of the
tear film that induce inflammation and damage of the ocular
surface [13]. Epidemiological studies have revealed the preva-
lence of DE ranging from 5% to 34% for different ages [14], with a
higher incidence occurring in older patients. In the United States,
an estimated 3.23 million women and 1.68 million men, a total of
4.91 million people, aged 50 years and older are affected [14].

DE, which usually affects both eyes, may be characterized by
several signs and symptoms: a stinging, burning or scratchy
sensation; stringy mucus in or around the eyes; increased eye
irritation from smoke or wind; eye fatigue after short periods of
reading; sensitivity to light; difficulty wearing contact lenses;
tearing; blurred vision, often worsening at the end of the day or
after visually focusing for a prolonged period on a nearby task.

Some clinical studies in women found that the amount, type,
and ratio of essential fatty acids in the diet may play a key role in
the prevention of DE [15,16]. Among other findings, it has been
shown that women with the highest levels of n-3 fatty acids in
their diets reduced their risk of DE by 20%, compared with
women with the lowest levels of n-3 fatty acids in their diet. A
dietary ratio of n-6 to n-3 fatty acids greater than 15:1 was
associated with a 2.5-fold increased risk of DE [15]. Recent
studies in animal models of DE have shown beneficial effects of
supplementation with a mix of eicosapentaenoic acid (20:5n-3;
EPA), docosahexaenoic acid (22:6n-3; DHA), and g-linolenic acid
(18:3n-6; GLA) for 2 months [17]. In a mouse model, topical
application of the n-3 fatty acid a-linoleic acid (18:3n-3; ALA)
produces a significant decrease in epithelial damage, expression
of inflammatory cytokines and macrophage infiltration [16].
The beneficial effects could be due to the action of ALA, to the
enlongation and desaturation products, EPA and DHA, or to new
derivatives of these fatty acids, such as resolvins and neuropro-
tectins [18–21].

Resolvins were discovered in inflammatory exudates during
the resolution phase of inflammation in animals treated with EPA
and aspirin [18]. The main metabolite is resolvin E1 (RvE1; 5(S),

Fig. 1. (A) Cornea structure. (B) Projections of the superficial flattened epithelial cells taken with scanning electron microscope. (C) Transmission electron micrograph

showing a flat keratocyte embedded in the collagen lamellae of the stroma. (D) Immunofluorescence image of keratocytes stained with a live fluorescent dye (calcein

acetoxymethyl) shows the dendritic processes that touche the neighboring cells, forming a mesh between the lamellae. (E) Scanning electron microscope image of the

endothelium shows that the cells have a hexagonal, regular shape and that they make contact through tight junctions.
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12(R), 18(R)-trihydroxyeicosapentaenoic acid), which inhibits
PMN infiltration and expression of cytokines [19].

Since the pathology of DE has an inflammatory component
[22,23], we tested the action of two derivatives of RvE1
administrated topically as methyl esters in a mouse model. Both
compounds increased tear flow, promoted a healthy epithelium,
and decreased cyclooxygenase-2 (COX-2) and a-smooth muscle
actin (a-SMA) expression as well as macrophages infiltration,
demonstrating that these derivatives of the n-3 fatty acid EPA
could have a therapeutic role in DE treatment [24].

3. Regulation of tear fluid by corneal nerves

One important characteristic of the cornea is that it is densely
packed with sensory nerves derived from the ophthalmic division
of the trigeminal ganglion, autonomic parasympathetic fibers
from the ciliary ganglion, and a small number of sympathetic
nerves from the superior cervical ganglion [25,26]. Recently, we
have developed methods of immunofluorescence staining and
imaging, which, for the first time, allowed for the construction of
the whole corneal nerve architecture of both the epithelium and
stroma of the human cornea [27]. We found that stromal nerves
enter the tissue in a radiating pattern and run towards the
anterior stroma, subsequently dividing into smaller branches. The
tips of the stromal nerve branches, which are predominantly
present within the peripheral area, penetrate the basement
membrane into the epithelium and give place to long bundles.
In addition, some branches link with each other in the center
(Fig. 2).

The long bundles in the intra- or sub-epithelium run like
waving lines from the periphery to the center (Fig. 3A, D, E) and
merge into an area within the central cornea. Along its course, the
long bundles divide into numerous smaller branches, which
connect to each other and constitute a delicate nerve network

within the epithelium (Fig. 3B, F). Fine terminals or free endings
budding from the network innervate the epithelial cells (Fig. 3C).

In our study, we found that the density of epithelial nerves
together with the number of terminals is significantly higher in
the center than in the periphery. There is no difference in the
epithelial nerve density between genders, but there is a
progressive reduction in epithelial nerve densities with increased
aging; a significant decline was found in humans 70 years of age
and older.

All of these nerves play an important role in maintaining a
healthy corneal surface, and interruption of corneal innervation
may cause altered epithelial morphology and function, poor tear
film production, and delayed wound healing [26]. Damage to the
epithelium could produce epithelial defects, such as reduced
transparency, or even more serious consequences, including
corneal melting and complete opacity.

Secretion of the lacrimal glands is controlled by a neural reflex
arc of the sensory afferent nerves (trigeminal sensory fibers) of
the cornea and conjunctiva. Under normal conditions, stimulation
of the nerve-free endings in the corneal epithelium generates
afferent nerve impulses that activate the efferent nerves in the
lacrimal gland and stimulate tear secretion to the surface of
the eye. As such, changes in the ocular surface are detected by the
nerve endings, which thus initiate a rapid response from the
lacrimal gland.

4. Dry eye after refractive surgery

As mentioned above, damage to the corneal sensory nerves
impair lacrimal gland function and can cause DE. Corneal
refractive surgeries such as photorefractive keratectomy (PRK)
and laser assisted in situ keratomileusis (LASIK), two of the most
common refractive surgeries currently performed to correct
vision, result in damage to the corneal nerves. In PRK, the
removal of the epithelium injures the epithelial nerves, and the
application of the laser damages the anterior stromal nerves in
the ablation zone. During LASIK procedures, epithelial nerve
bundles and superficial stromal nerve branches in the flap
interface are cut by a microkeratome. Additional damage to the
stromal nerves is caused by excimer laser photo ablation.
Therefore, one of the most common complications after refractive
surgery is DE [28,29].

It had been reported that 60% of LASIK patients experience DE
1 month after the surgery [30], and 50% of these patients still have
symptoms of ocular dryness and irritation after 6 months [31].
Although there are a number of possible causes for LASIK-
associated DE, the damage to corneal nerves during the creation
of the flap is thought to be the main cause. The impairment of
corneal nerves interrupts the cornea reflex arc, affecting tear
production [32].

5. DHA potentiates the effect of NGF in corneal nerve
regeneration after PRK

In vivo confocal microscopy studies allow for observation of
nerve regeneration after PRK in the living cornea. Regenerating
subbasal nerves have been detected one week after PRK [33].
Partial, and in some cases, total recovery of subbasal nerves has
been reported to occur between 8 and 12 months after PRK
[34,35]. However, even 5 years after PRK is performed, some
corneas do not achieve a normal pattern of subbasal nerve
morphology [36]. A prospective longitudinal study showed an 80%
recovery of nerve density 2 years after myopic PRK, and
these levels remained stable during the 5-year follow-up [37].

Fig. 2. Wholemount view of human corneal stromal nerve distribution. The

images, taken from the right eye of a 45-year-old male donor, show that the nerves

are equally distributed around the limbus. These nerves divide into several

branches at the peripheral cornea. Some of the branches connect with each other

to form the stromal nerve network, but most of them penetrate upwards into the

epithelia to give rise to the long bundles to innervate the central epithelium.
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Therefore, a proper regrowth of corneal nerves into the ablated
area after PRK is essential for the recovery of a normal corneal
surface.

Several growth factors have been shown to promote neurite
extension and survival [38–40], among which nerve growth factor
(NGF), a neurotrophic and immunomodulatory mediator, is

Fig. 3. Immunofluorescence images show the architecture of epithelial nerves in human cornea. (A) Wholemount image shows the penetrating sites (arrows) of stromal nerve

branches at the peripheral cornea where several epithelial nerve bundles give rise. (B) Wholemount image shows the epithelial nerve network in the central cornea. (C)

Wholemount image at high magnification shows the terminals (arrows). (D) Transected image shows the stromal nerve (SN) branches penetrate into epithelium (EP). (E)

Transected image shows the long bundles running throughout the epithelium. (F) Transected image at high magnification shows the nerve network located intraepithelially.

Fig. 4. Images of rabbit corneal sections taken 8 weeks after PRK surgery and treated with NGF, DHA or NGF plus DHA. Controls were treated with PBS. The sections were

immunostained with a monoclonal antibody for bIII-tubilin. DAPI (40-60-diamino-2phenylindole) was used to stain the cell nuclei. Photographs were taken with a

fluorescent microscope.
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responsible for the growth, differentiation, and survival of sensory
neurons and acceleration of wound healing [41–44]. Corneal
keratocytes, as well as epithelial and endothelial cells, synthesize
NGF, and epithelial cells also express NGF receptors. Injury to the
cornea induces an upregulation of NGF [45], and topical NGF
promotes healing of corneal neurotrophic ulcers. Thus, it has been
postulated that NGF plays a role in the modulation of epithelial–
stromal communication, which is essential in the induction of
stromal healing [46,47]. In addition, corneal sensitivity after LASIK
has been enhanced by the administration of topical NGF [48].

We investigated the effect of NGF in conjunction with the n-3
fatty acid DHA on corneal nerve regeneration after PRK [49] in a
rabbit model. bIII tubulin was used to stain the nerves. Eight
weeks after the surgery, bIII tubulin-positive epithelial nerve area
was significantly higher in the DHA plus NGF group than in
animals untreated or treated with NGF or DHA alone (Fig. 4). More
importantly, there was a higher percentage of epithelial cell
proliferation as identified by Ki-67 immunodetection in the basal
epithelium of corneas treated with the combination of DHA and
NGF compared to NGF-treated group; DHA did not have an effect
on cell proliferation (Fig. 5). This demonstrates that treatment
with NGF and DHA promotes a healthy epithelium after PRK.
We proposed that the mechanisms could be through the action
of the DHA-derived lipid mediator, neuroprotectin D1 (NPD1).
This docosanoid has potent anti-inflammatory and neuro-
protective actions [21,50–53]. The enhancement of corneal
nerve regeneration may yield a faster anatomic and functional
recovery after PRK or LASIK, thus preventing DE and neurotrophic
keratopathies.

6. PEDF plus DHA induces corneal nerve regeneration and
NPD1 synthesis

NPD1 synthesis requires the activation of 15-lipoxygenase-1,
which converts DHA to NPD1 and is stimulated by several growth
factors. It has been found that pigment epithelial derived factor
(PEDF) is ten times more potent than NGF in stimulating NPD1

synthesis in retinal pigment epithelial cells [52]. PEDF is a potent
and broad-acting neurotrophic and neuroprotective factor that
regulates processes associated with angiogenesis, neuronal cell
survival, and cell differentiation [54,55]. In chick spinal cord
cultures, PEDF exerts a strong neurotrophic effect, increasing cell
survival and length of neuritis [56]. In the cornea it is expressed
most strongly by epithelial cells [55].

To determine if NPD1 is involved in corneal nerve regenera-
tion, we used a rabbit model of lamellar keratectomy. In this
model, we severed the stromal nerves to investigate the effect of
DHA plus PEDF on the regeneration of the nerves, and then
assessed the synthesis of NPD1. There was a 2.5-fold increase in
corneal nerve area in PEDF plus DHA-treated animals, compared
with vehicle-treated animals at 2 and 4 weeks post-surgery [57].
Eight weeks after surgery, fewer nerves were found in the
epithelial, subepithelial, and stromal areas compared to normal
corneas without surgery. The nerve density in the treated animals
was similar to corneas without surgery (Fig. 6). When rabbits
were treated with PEDF or DHA alone, there was no significant
nerve regeneration compared to vehicle-treated animals.

To determine if the treatment increased NPD1 production,
corneal tissue of animals treated with PEDF plus DHA were
analyzed by mass spectrometry [57]. No NPD1 synthesis occurred
in non-treated corneas. One week after treatment, there was a
peak corresponding to NPD1 in the treated corneas. Corneas
contain very small amounts of DHA in their phospholipids [58].
One of the interesting findings of this study was that supple-
mentation with DHA may be necessary to allow PEDF to stimulate
the synthesis of NPD1. Therefore, this signaling mechanism up-
regulates corneal nerve regeneration and may be targeted in
neurotrophic keratitis, DE after refractive surgery, and other
corneal diseases.

7. Summary and conclusion

DE is one of the most common pathologies that affects the
ocular surface. This condition worsens with age and after

Fig. 5. Ki-67 staining of the basal corneal epithelial cells (arrows) of rabbits 8 weeks after surgery and treated with NGF, DHA or NGF plus DHA. Controls were treated with

PBS. DAPI was used to stain the nuclei.
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refractive surgery and has both inflammatory and neuromodula-
tory components. In this review, we discuss some of the most
recent research from our laboratory concerning the action of
n-3 fatty acids and their derivatives, namely resolvins and
neuroprotectins. Resolvins decrease inflammation and increase
tear production, and the combination of NGF and PEDF
with DHA improves nerve regeneration after injury. Although
DHA is a minute component of lipids in the cornea [58], this tissue
can synthesize NPD1 when treated with a combination of DHA
and PEDF. Therefore, this docosanoid could have therapeutic value
useful for preventing serious consequences of nerve damage, such
as DE, epithelial erosions, and corneal ulcerations.
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