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Dry eye disease (DED) is a multifactorial
disease characterized by a loss of homeostasis
of the tear film and accompanied by ocular
symptoms, in which tear film instability and
hyperosmolarity, ocular surface inflammation
and damage, and neurosensory abnormalities
play etiological roles (Belmonte et al., 2017).

Interestingly, DED shares common
characteristics with neuropathic pain, which
is defined as pain caused by damage or
disease affecting the somatosensory nervous
system. Ocular pain, more commonly called
corneal pain, has gained recognition due to its
increasing prevalence, morbidity, and resulting
social burden (Belmonte et al., 2017). To date,
the management of chronic corneal pain still
represents a therapeutic challenge. A better
understanding of the molecular and cellular
mechanisms participating in the transition
from acute to chronic pain are crucial issues
for developing the effective management
and a therapeutic strategy to alleviate this
debilitating condition. Today, much of the
knowledge of neuroinflammation-neuropathic
pain processing comes from data from the
spinal cord, but a comparatively small number
of investigations have been carried out in the
corneal trigeminal pain pathway.

Corneal nociceptive pathway: from the cornea
to the brain: The cornea is the most densely
innervated tissue in the body, with 300-600
times the sensory innervation density of the
skin (7000 nociceptors/mm?). The sensory
innervation of the cornea is provided by ciliary
nerves, a subdivision of the nasociliary branch,
which originates from the ophthalmic branch
of the trigeminal ganglion (TG) (Belmonte et
al., 2017). Sensory inputs from the cornea
are conveyed to the ophthalmic branch of
the TG by first-order neurons, which only
represent 1% to 3% of the total population of
trigeminal neurons (Launay et al., 2015). Then,
the central axons of corneal sensory neurons
make synapses in two discrete regions of the
trigeminal brainstem sensory complex: the
transition region between the subnucleus
interpolaris (Vi) and caudalis (Vc) and the
Vc/rostral spinal cord cord junction, which
constitutes the first relay of somatosensory
information.

Corneal nerve damage, inflammation and
peripheral sensitization after chronic dry eye:
Understanding the pathophysiology of corneal
neuropathic pain observed in patients suffering
from DED is essential for the development of
new therapeutic strategies and implies the
development of relevant preclinical models that
best mimic the human disease. In that context,
we recently developed a model of chronic
dry eye in mice, consisting of the excision of
the extraorbital lachrymal gland (responsible
for the aqueous constituent of the tear film)

and Harderian gland (which produces lipids
of the tear film). Glands removal markedly
reduced tear production over time and
induced corneal nerve abnormalities in the
superficial epithelium (Fakih et al., 2019). The
reduced number of intra-epithelial corneal
nerve endings in DED mice 3 weeks after the
surgery was consistent with previous animal
(Kovacs et al., 2016) and clinical studies (Labbe
et al.,, 2012; Hamrah et al., 2017). In addition
to corneal nerve abnormalities, a mechanical
allodynia (decreased mechanical threshold) and
inflammatory responses also developed at the
cornea level.

Several lines of evidence support the idea that
neuroimmune and neuronal—glial interactions
play a major role in the chronification of pain
at both spinal and trigeminal levels (Grace et
al., 2014). Indeed, the activation of immune
cells participates in the peripheral sensitization
mechanism, which is characterized by a change
in the excitability of nociceptors (decreased
threshold); an increase in spontaneous stimuli
evoked the firing rate of the sensory neurons,
leading to spontaneous pain and hyperalgesia.

Considering that, we further evaluated changes
in the spontaneous corneal nerve fiber activity
of the ciliary nerve in our preclinical model
of persistent dry eye. Electrophysiological
recordings of the ciliary nerve fibers revealed
a 100% increase of action potential frequency
between sham and dry eye mice on day 21.
These data confirm that corneal inflammation
and nerve damage are able to modify the
characteristics of trigeminal afferent neurons,
resulting in their hyperexcitability and increased
ongoing activity (Acosta et al., 2013; Kovacs et
al., 2016; Fakih et al., 2019) (Figure 1). These
results are of importance because they link
corneal nerve abnormalities, the upregulation
of the ongoing activity of the corneal nerve
and persistent pain. Such morphological and
functional alterations of the corneal nerve may
indeed explain the painful state of patients
suffering from chronic DED.

The total tear suppression observed following
the excision of the extraorbital lachrymal gland
and Harderian gland could be considered as a
severe dry eye model. Other mild and moderate
preclinical models through reducing tear
volume have been developed. For example,
controlled environment chamber model using
exposure to low humidity and constant airflow,
as well as its combination with lachrymal gland
insufficiency generated by systemic application
of scopolamine, are well established murine
model of DED mimicking the human pathology.

Corneal inflammation spreads to the TG:
Inflammatory responses and neuronal and glial
activations have been reported in the ipsilateral
TG (containing first-order neurons) in various
models of corneal injury. For example, in an
acute model of alkali burn or in mouse models
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of benzalkonium chloride-induced corneal
neurotoxicity, corneal inflammation triggers
trigeminal inflammation which is characterized
by an increase of Ibal positive (monocytes/
macrophages) cells and an increase in the
gene expression of proinflammatory cytokines
tumor necrosis factor a and interleukin (IL)-6,
substance P and its receptor NK1 (Ferrari et al.,
2014; Launay et al., 2016). We also observed
that the mRNA levels of neuronal activation (Fos
proto-oncogene), neuronal injury (activating
transcription factor 3), astrocyte (glial fibrillary
acidic protein), and oxidative (inducible nitric
oxide synthetase type 2 and NOX4) markers
increased significantly three weeks after gland
excisions in the ipsilateral TG (Fakih et al.,
2019). In addition to the upregulation of the
gene expression of proinflammatory mediators,
persistent dry eye pain induces an upregulation
of Ibal (monocyte/macrophages), GFAP
(satellite glial cells), and ATF3 (neuronal injury
marker) immunoreactivity in the ipsilateral
TG, revealing glial and neuronal dysregulation
(Figure 1). These cumulative molecular and
cellular changes also provide a much better
understanding of interactions of the neuronal,
glial and immune systems in the context of
persistent corneal pain. In addition, there
is increasing evidence that unilateral nerve
injury may evoke contralateral responses and
such phenomenon also occurs at the level of
the eye-TG axis. In fact, clinical and preclinical
studies have shown that unilateral corneal
injury triggers inflammatory responses in
the contralateral eye and TG (Ferrari et al.,
2014; Launay et al., 2015). The release of
proinflammatory mediators, such as IL-1B,
tumor necrosis factor a and substance P, has
been proposed to mediate these bilateral
effects, although further study is required to
decipher underlying mechanisms.

Chronic corneal pain triggers
neuroinflammatory responses and
presynaptic changes in the central nervous
system: Proinflammatory mediators are
known to play an important role not only
in peripheral sensitization but also in the
transfer of nociceptive information from the
periphery to the central nervous system (Melik
Parsadaniantz et al., 2015). Indeed, it has
been well described that persistent peripheral
inflammation as well as peripheral nerve
damage may generate extensive changes in
pain processing in the central nervous system
by triggering maladaptive neuroplasticity
(neuroplastic changes and hyperexcitability
of central nociceptive neurons). Maladaptive
neuroplasticity in a chronic pain condition is
referred to as central sensitization. Indeed,
non-neuronal cells—i.e., glial cells in the
central nervous system, namely astrocytes
and microglia—become aberrantly activated
in response to sustained activation under
peripheral nerve injury (Grace et al., 2014).
Moreover, synaptic efficacy also plays a key role
in central sensitization in response to activity,
inflammation, and neural injury. Although the
cellular and molecular mechanisms that occur
in the central nervous system in the context
of pain have been elegantly described and
investigated in the spinal cord, research into
corneal pain has remained very patchy for a
long time. Thus, our recent research works aim
to decipher the neurobiological mechanisms of
chronic ocular pain.

Activated microglial cells, which are known
to release proinflammatory cytokines,



Harderian
gland

Extraorbital
lachrymal gland

Excision

low  high
Neuronal-glial
and neuroimmune
interactions

Figure 1 | Peripheral and central sensitization under persistent dry eye pain.

After the removal of the Harderian gland and extraorbital gland in adult mice, nerve abnormalities,
inflammation and sensitization of the corneal nerves developed. These mechanisms trigger the activation
of primary sensory neurons, immune and glial cells in the ipsilateral trigeminal ganglion. This peripheral
neuroinflammation spreads to the trigeminal brainstem sensory complex, leading to persistent ocular
pain. ATF3: Activating transcription factor 3; c-fos: Fos proto-oncogene; IL: interleukin; NOS: nitric oxide

synthase.

neurotrophic factors and chemokines,
contribute to neuronal excitability and central
sensitization mechanism during chronic pain
states (Melik Parsadaniantz et al., 2015). We
found higher Ibal-immunopositive cells and
CD68 and Itgam mRNA levels in the trigeminal
brainstem complex, confirming the activation of
microglial cells in acute (7 days) and persistent
(21 days) ocular pain (Launay et al., 2016; Fakih
et al., 2019). Aside from immune cell activation,
astrocyte activation (astrogliosis) was also
confirmed by a robust astrocyte reaction
(higher levels of GFAP immunoreactivity) and
the upregulation of GFAP mRNA expression
in the ipsilateral trigeminal brainstem sensory
complex. Proinflammatory responses also
occurred in this brain structure three weeks
after gland excisions; proinflammatory
cytokines (IL-6 and IL-1B), oxidative stress
enzyme (iNOS2) and neuronal (ATF3 and
FOS) markers were increased, confirming a
dysregulation in glial cells activation in the
central nervous system (Fakih et al., 2019;
Figure 1). Overall, this study highlights
neuronal—glial and neuroinflammatory
interactions which may account for the
development and persistence of the ocular pain
reported in DED patients.

Accumulating evidence has also suggested that
chronic changes of activity in primary afferent
neurons induce synaptic rearrangements in
the central nervous system and lead to the
functional remodeling of presynaptic sites. With
regard to the synaptic mechanisms of chronic
inflammatory and neuropathic pain, it has been
proposed that changes in presynaptic function
play an essential role; however, until now,
nothing has been known about the possible
presynaptic changes during a persistent ocular
pain state. Piccolo, one of the components
of the presynaptic zone, plays a key role in
synaptic plasticity by facilitating/managing
the secretion of synaptic vesicles. A significant
finding in our study was the increased levels
of Piccolo immunoreactivity in the trigeminal
brainstem sensory complex induced by chronic
dry eye pain. The upregulated expression
of Piccolo demonstrates that a persistent
corneal nociceptive activity triggers neuronal
plasticity in the central nervous system, which
may participate in the enhancement in the
excitability of pain circuits.

Such cellular rearrangement (enhancement
of excitatory synaptic transmission in the
trigeminal brainstem complex) is in line with

a previous study from Rahman et al. (2015),
reporting that persistent (2-week) tear
deficiency in rats caused the sensitization of
ocular-responsive neurons at multiple regions
of the caudal trigeminal brainstem.

In summary, the cellular modifications we
reported in the context of chronic corneal
pain include changes in proinflammatory gene
expression, changes in cell morphology (cell
activation), and a reorganization of neural
nociceptive networks in the central nervous
system. Many experiments are still required to
further characterize the precise nature of this
central neuronal plasticity linked to pain.

To conclude, a better understanding of the
sequence and nature of the events that drive
these neurobiological mechanisms will offer
significant promise for the discovery of new
approaches and targets for the management
of chronic ocular pain. We predict that this
will be an exciting area of new investigations.
Further fundamental and clinical studies
using functional and morphological magnetic
resonance imaging studies may help to depict
how chronic corneal pain can shape the brain
and identify the morphological changes that
may occur during persistent corneal pain. An
elegant in vivo magnetic resonance imaging
study has already reported macrophage
infiltration in the TG after corneal alkali burn
in mice (Ferrari et al., 2014). Although our
knowledge of the mechanisms involved in
corneal pain has progressed over the last
decade, our efforts must be continued for the
identification and validation of new therapeutic
targets, which are currently sorely lacking.

We apologize to all colleagues and contributors
to this field who were not included or cited due
to space limitations.
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